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New Electrode Materials for Metal-lon Batteries
Evgeny V. Antipov'23

" Faculty of Chemistry, M. V. Lomonosov Moscow State University, Moscow, Russia
2 Skolkovo Institute of Science and Technology, Moscow, Russia
3N. D. Zelinsky Institute of Organic Chemistry, Russian Academy of Sciences, Moscow, Russia

evgeny.antipov@gmail.com

Lithium-ion battery production is rapidly expanding, with the market projected to reach 8—10
TWh by 2030. These energy storage devices were originally developed for portable devices but are now
widely used as stationary energy storage devices, in electric vehicles and other applications. At the
same time, sodium-ion batteries, which offer a number of advantages over lithium-ion batteries, are
actively researched and have already been manufactured at large scale.

This report will present the current status and forecast for lithium-ion battery production globally
and in Russia, electrode and electrolyte materials whose properties determine the key battery
characteristics, development trends, the safety of metal-ion batteries, the prospects and applications of
sodium-ion batteries, and the results of our research into the development of new materials for these
energy storage devices.

Acknowledgements
This work was completed as part of Moscow State University's State  Assignment
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Ha nyTu kK coBepLUeHCTBOBaHMIO NMUTUN-UOHHbIX aKKyMyNnATOPOB

AHpapen B. Apocnasues’2, NpuHa A. CTeHnHa'

" MlHemumym o6uweli u HeopaaHudeckoli xumuu um. H. C. KypHakosa PAH, Mockea, Poccusi
2 AO «TBO3J1», Mockea, Poccusi

yaroslav@igic.ras.ru

JINTUR-NOHHbIE aKKyMymnATOpbl 4ABHO BOWMM B Haly XW3Hb, HO cdepbl UX MPUMEHEHUS
NPOAOIMKAT pacLUMPSTLCS, 8 BMECTE C 3TUM NOSBASIIOTCS U HOBbIE TUMbl 3NIEKTPOAHBLIX MaTepuanos,
3NEeKTPONMTOB, KOTOPbIE NPUBMEKAOT BHUMaHME OrpOMHOIO YuUcra uccriegoBaTenen u komnaHun. C
O[HOM CTOPOHbI, MOSIBIISIIOTCA HOBblE BO3MOXHOCTM, C OPYrol CTOPOHbI, HA Ka)XOoM M3 BbliOpaHHbIX
nyTen BO3HUKAET MHOXECTBO MpoGneM, pelleHne KOTOPbIX BHOBb TPeOyeT HOBbIX MaTepuarioB u
noaxonos. B naHHOM Ooknage npoBedeH aHanm3 OCHOBHbLIX HaMpaBfieHUN pasBUTUSE MeTanT-MOHHbIX
aKKYMYISATOPOB N HEKOTOPbLIE NPUMEPSI, UITIOCTPUPYHOLLNE BO3MOXHBLIE MYTN PELLEHWUNA.

Pa3BuTrMe MeTann-MoHHbIX aKKyMyNSATOPOB Onpefensercsa psgoM OCHOBHbIX TEHAEHLUN.
JomuHupytowen sBnsieTcs NOTPeOHOCTb B MOBLILEHWM 3HEProeMKocTU. B nepByto oyvepedb oHa
NMMUTUPYETCS EMKOCTbIO KAaTOAHbLIX MaTepmanoB, KOTOpas 3HAYMTENbHO YCTynaeT TakoBOW aHOAHbIX.
[ns NOBbILEHWS 3HEPrOEMKOCTM MCMONb3YIOT CrOUCTblIE OKCUMAbl C BCe OOonbLUMM copep)XaHuem
Hukens. OgHako NoTeHuMan aansHENLWero yBenM4YeHns EMKOCTU 3a CHET COBEPLLEHCTBOBAHMS KaTOA40B
CYLLLECTBEHHO OrpaHuMyeH. Kpome TOro, ¢ pOCTOM COAEPXaHWs HUKENS KaToAHble MaTepuanbl
CTaHOBATCA HebGe3onacHbIMK, NOBbILAs BO3MOXHOCTb BO3ropaHus akkyMynsaTopoB. /1 aTo onpegenset
CNeaymoLly0 BaXKHYK TEHOEHUMIO — CTpemMsieHne K 0e30nmacHOCTW, B CBSAA3M C KOTOPbIM TeMnbl
BHeApEHMs MaTepuarnoB C cogepXaHnem Hukens Boiwe 60% 3ameanunuck. bonee Toro, B HacTosiee
BPEMS Ha MWUPOBOM pPbIHKE AOMWHUPYIOT akKyMynsaTopbl Ha OCHOBe dpoccata nuTusa-xenesa,
oTnuyaromecs 6onee HM3KOM €MKOCTbI, HO CyLLEeCTBEHHO Gonbluein cTabunbHOCTbIO. [oCKONbKY
Oonmblas YacTb  MPOM3BOAUMbBIX  HakonuUTenew  npedHasHadeHbl AN aBTOMOOWIIBbHOWN
NMPOMBILLIIEHHOCTU, CO30aHUS pPe3epBHbIX MOLLHOCTEN AONS MoralleHust konebaHui npousBoacTBa U
notpebneHus aHeprun, GecnpoBOAHOIO 3MNEKTPOMHCTPYMEHTA, OOCTAaTOMHO BaXKHbIM MapameTpoM
CTaHOBUTCSH BO3MOXHOCTb obecrneyeHusi BbICOKOM MOLLHOCTM pa3psia Npu COXpaHeHUM BbICOKOW
emMKocTW. bnuskon no ngeonorun siBNsSeTCA 3agaya yMeHbLUEHUsI BDEMEHW 3apsia akkyMynsaTopa.

O4yeBMOHO, YTO HaWTM peLleHne, COOTBETCTBYHOLLEE MOSIHOMY BbINONIHEHMIO  BCEX
nepeyncrieHHbIXx TpeboBaHWiA, HEBO3MOXHO. TeM He MeHee, MOXHO OTMETUTb BO3MOXHOCTb
MCMONb30BaHUSA aHOOOB W3 METamn/IMYyeckoro JMTUs, aHOMAalibHO BbICOKAsi €MKOCTb KOTOpbIX
obecneynBaeT BO3MOXHOCTb 3aMETHOro BbiMrpbilla B €MKOCTU. K coxaneHuto, UX UCMosib3oBaHue
HEBO3MOXXHO COBMECTHO C XXWOKMM 3IEeKTPOSIMTOM, 4YTO onpeaensieT HeobxooMMocTb nepexoda K
TBEPOOMY anekTponuty [1]. 3To, B CBOK 04epeab, NO3BONSET O4HOBPEMEHHO NOBLICUTL CTAOUIIBHOCTb
akkymynstopa. K coxxaneHuto, peanusauunsi npemMmyLLecTs 4aHHOro noaxoia BO MHOFOM JIMMUTUPYETCS
CPaBHUTENbHO HM3KOW MPOBOAUMMOCTLIO TBEPAbIX 3MEeKTPONUTOB M 3HAYMMbIM  BKMNaaoM B
COMpPOTUBIEHNE SYENKM rPaHNULIbI pa3fena aneKkTponmTa ¢ anekTpoaamu.

Opyroi noaxon cBsidaH C UCMOMb30BaHWEM KaTOAOB Ha ocHoBe hocdata nuTusi-xenesa c
3aMelLleHNEM YacTu XKernesa Ha HUKeNb, kKobanbT U MapraHel,. Takor noaxon no3BonseT obecneynTb
BbICOKYI0 CTabMIbHOCTb MPW MOBLILEHUM PA3HOCTM NOTeHUManoB siyenkn. Kpome toro, nogobHoe
3aMelleHne MOo3BONSET 3aMETHO MOBbLICUTb CKOPOCTb KaK MpPOLECCOB 3apsida, Tak M paspsja
aKKyMynsTopa Mpu COXPaHEHUM 3HAYUTENBHOM EeMKOCTWU. [1pUYMHON 3TOro SIBMEHUS ABNSETCHA Kak
MOBLILEHME KOHLEHTpauun Hocutenen B pase 3apsbkeHHOro marepuana, Tak M U3MEeHeHue
npoTekaHusa gha3oBbIX NPeBpaLLEHNA B XOA4e LIMKNMpoBaHus [2].

Cnucok nutepatypbl
[1] Voropaeva D.Yu., Stenina |.A., Yaroslavtsev A.B. Solid-state electrolytes: a way to increase the power of
lithium-ion batteries.// Russ. Chem. Rev. 2024. V.93, Ne6. RCR5126 https://doi.org/10.59761/RCR5126

[2] Stenina I., Kulova T., Yaroslavtsev A. Evolution of Mn-doped LiFePO4 during cycling: Fast synchrotron
operando Mossbauer studies.// Mater. Today Chem. 2024. V.39 N102160,
https://doi.org/10.1016/j.mtchem.2024.102160

BnarogapHocTu
Pa6oTa BbInonHeHa npy ouHaHCOBOW nogaepxke Poccuinckoro Hay4Horo cdooHaa (npoekt Ne 23-19-00642-11).
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Pa3Butue npobnembl npeobpa3oBaHUA 3HEPrun B NMUTUEBLIX
3NeKTPOXUMMUYeckux cuctemax B Poccum

Anekcangp M. CkyHAMWH

®edeparnbHoe eocydapcmeeHHoe 6odxemHoe yupexoeHue Hayku MIHcmumym ¢husudeckol xumuu u
anekmpoxumuu um. A. H. ®pymkuHa Poccutickol akademuu Hayk, Mockea, Poccusi

askundin@mail.ru

PaboTtbl no nuTneBbIM MCTOYHMKaM Toka B CoseTckom Colo3e Havanucb B cepeguHe
CeMmaecaTbiX rogoB NOYTM OQHOBPEMEHHO B HECKOMBKMX MCCIedoBaTENbCKMX LEHTPaxX, B OCHOBHOM, B
MHTEpecax BOEHHO-MPOMBILMEHHOrO Kommfekca. Ha npoxogMBWwnMX B TO Bpems OTKPbITbIX
KOHbepeHUMsix Takme paboTbl MpakTudeckun He obcyxpanucb. Kak n Bo BCEM Mupe, COBETCKUE
uccrnegoBaTenn cocpefoTOuMUNUCh Ha CO34aHUM MEPBUYHBLIX 3MEMEHTOB C JNIUTUEBLIM aHOLOM U
pacnnaBneHHbIM UM TBEpAbIM  anekTponutoM. [lo3ke cTanu MCMnonb3oBaTb  anpOTOHHbIE
SMNEeKTPONUTbl, W [OCTUMNM  ONPELENEHHbIX YCNexoB B pa3paboTke NUTUR-TUOHUIXIOPUOHBLIX
3MEMEHTOB, a TaKKe 3NIEMEHTOB C NCMOMb30BaHMEM (PTOPUPOBAHHOIO yrrepoaa, AUOKCMAA MapraHua,
cynbduaa xenesa n HEKOTOPbIX APYrMX KaTOA4HbIX MaTepuanoB. MIMEHHO Takue CUCTEMBI OKa3anuch B
LEeHTpe BHMMaHus Ha nepBoMm (1 nocnegHem) Bcecoto3HoM coBeLLaHMm No NIMTUEBBLIM UCTOYHUKaM TOKa
(1990). BnocneacTsmm aTK COBELL@HUS NEPEPOCTV B perynsipHble (OAMH pa3 B ABa roga) KoHgepeHunmn
no akTyanbHbIM Npobnemam npeobpasoBaHUs SHEPIMN B NMUTUEBbLIX SMEKTPOXMMUYECKMX CUCTEMAX, B
KOTOPbIX NPYHMMAIM y4acTme Kak poCCUIACKMNe, Tak 1 3apybexHble, uccrnegoBartenm u pa3paboTymku.

Co BpemeHem TemaTtuka paboT Mo NUTMEBbLIM 3MEKTPOXMMUYECKMM CMCTEMaM (Tak Xe, Kak U
TemaTtuka KoHhepeHLUniA) cyLLecTBEHHO nameHsanack. B 1990 roay 6eina cpopmynmpoBaHa KoHLenLms
NIUTUA-MOHHBLIX aKKYMyIsTOpPOB, W Mepe3apsikaeMble HU3KOTEMMEpaTypHbIE CUCTEMbI 3aMETHO
NOTECHUNN TPaAULMOHHbLIE NEPBUYHbIE anemMeHTbl. B 10-x rogax 21 Beka akTyanbHbIM CcTan BOMpoc O
pasBUTMM UCTOYHUKOB TOKA Tak Ha3blBAEMOW «MOCT-NIUTUA-MOHHOW 3MOXM», TAe OCHOBHOE BHMMaHWe
yOEensnocb HaTpUWA-UOHHBIM akkyMynsitopam. B camoe nocnegHee Bpemsi 0coboe BHMMaHue
yoensieTcs Tak HasbiBaeMbiM «0e3aHOAHbIM» MUTUEBBLIM U HaTPUEBBIM aKKyMynsTopam, UMEKLUM
onpedenéHHble npeumyllecTBa nepen «KNacCUYECKUMU» MUTUR-MOHHBIMU U HATPUN-MOHHBIMU
aKKyMynaTopamu.

O6 WHTEHCMBHOCTM N NPOAYKTUBHOCTM NCCEAOBaHUA B 06nacTn npeobpasoBaHnsi 3HEPrUn B
NNTUEBLIX 3NIEKTPOXUMUYECKNX CUCTEMAax roBOPWUT TOT (hakT, YTO 3a MOCIESHIO TPeTb Beka Obinu
3awmileHbl bonee OByx OECATKOB AOKTOPCKUX AUCCepTauMi MO pasHbiM acrnekTam 3TOW BaXkHON
npo6nemsi.

Ha KoHepeHUusix HeoOgHOKPaTHO aHOHCMPOBANUCb MPOWU3BOACTBA JUTUEBLIX XUMUYECKMX
WCTOYHWUKOB TOKa, Hambonee KpynHbIM U3 KOTOpbIX Obin npoekT «Jlnotex», ogHako B obLliemM, aTa
npobnema ocTaBanacb Ha BTOPOM NriaHe, yctynas doyHaamMeHTanbHbIM UCCrefoBaHUsM.

BnarogapHocTu
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“Doping” in Ni-Rich NMC Cathode Materials,
or Best Things Come in Small Packages

Artem M. Abakumov
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a.abakumov@skoltech.ru

Overcoming the technological barrier in specific energy of Li-ion battery cells of 350-400 Wh/kg
calls for advanced cathode materials (CAMs), such as Ni-rich layered transition metal oxides providing
electrochemical capacity up to ~240 mAh/g. NMC (LiNixMnyCo:0z2, x+y+z = 1) CAMs are still the subject
of intense research aimed at increasing mass and volumetric energy density, cycle life, and performance
at elevated charge/discharge rates. Almost all elements of the Periodic Table were used to dope and/or
create protective coatings for NMCs except for highly toxic, radioactive and chemically inert ones [1].
Multiple effects are ascribed to these additives, including improving structural and mechanical stability,
suppression of phase transitions and layer gliding, preventing unwanted (electro)chemical reactions
through surface passivation and optimizing the particle size and morphology. The improvements in
electrochemical performance are most often reported when these minor additives are introduced in
rather small quantities (typically less than 1 at.%) that makes their unambiguous location extremely
difficult, hence their structural and chemical influence remain elusive.

In this talk five chemically distinct dopants — sulphur, boron, magnesium, tin, and tantalum — will
be compared allowing for embracing broad landscape ranging from anionic to cationic additives, from
the cations with moderate formal charge to highly charged cations, from solvable to immiscible species
in the NMC structure, and from structural doping to surface coating [2-5]. Combination of diffraction,
imaging and spectroscopic techniques will be used to determine the spatial location of the additives and
their entrance at certain crystallographic position of the layered oxide structure (Fig. 1). The connection
will be drawn between crystallographic and chemical ways of action and improvement in the
electrochemical performance for the discussed additives.

—— =

e S ()

Figure 1. HAADF-STEM image of the Mg-doped NMC622 with the STEM-EDX elemental maps. Scale bar is 5 A.
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Mn-Rich Layered Cathode Materials for Lithium and Sodium Intercalation
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In exploring the frontier of high-energy-density cathode materials for lithium-ion batteries,
substantial progress has been made by fine-tuning the composition of Ni-rich cathodes tailored for
operation to deliver high capacity. Equally promising are Li-rich cathode materials, which leverage the
novel mechanism of oxygen-redox chemistry to achieve enhanced capacities. Nonetheless, the practical
realization of these capacities remains elusive, falling short of the desired benchmarks. In this work, we
pioneer Mn-based Co-free and Ni-less high capacity cathode material, Lio.7s[Lio.15Nio.15Mno.7]O2 ionic
exchanged from Nao.75[Lio.15Nio.1sMno.7]O2 [1]. This material emerges as an O2-type layered structure,
distinguished by honeycomb ordering within the transition-metal layer, as confirmed by comprehensive
neutron and X-ray studies and extensive electrostatic screening. This unique structural integrity
facilitates the delivery of an exceptional quantity of Li* ions via the O2-/02"" redox, circumventing oxygen
release and phase transition. The de/lithiation process enables delivery of a substantial reversible
capacity of ~284 mAh (g-oxide)™" (956 Wh (kg-oxide)~'). Moreover, this structural and chemical stability
contributes to an acceptable cycling stability for 500 cycles in full cells to highlight the feasibility of Mn-
based Co-free and Ni-less composition, providing improved thermal stability with reduced exothermic
heat generation. This investigation marks a pivotal advancement in lithium layered cathode materials.

956 Wh (kg-LLNM)-" (half cell)

X in Liy[Lig.15Nig 1sMng 710,
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Figure 1. lllustration of the characteristics of O2 type Lio.75[Lio.15Nio.15Mno.7]Oz2.
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Systematic Insights into the Battery Chemistry of H, Li, Na, K, Rb, and Cs
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Our group has been challenged to develop new materials and reactions for secondary batteries,
that are driven with H*, Li*, Na*, K*, Rb*, and Cs™* ions. We have actively studied new materials for both
sodium-ion and potassium-ion batteries attaining comparable energy and even superior power
performances to those of modern lithium-ion batteries. For attaining such high-energy density batteries,
high-capacity, -voltage, and -reversibility electrode materials need to be combined with stable and wide
electrochemical window electrolytes. When | was an assistant professor in 1998-2004, research on
lithium-ion batteries was booming, but by 2005 we began focusing on sodium ion batteries in pursuit of
a unique scientific path that we could call our own.

First in the early 2000s, our group pointed to the importance of passivation at the interface of
the Li-GIC electrode and electrolyte, which is improved using an efficient binder-polymer coating and
suitable electrolyte additives. Based on our investigation of sodium salts as the additive to lithium-ion
batteries, we became motivated to explore the battery chemistry of sodium as it showed no insertion
into graphite. In recent years, we have conducted systematic investigation of graphite and high-
performance hard carbon in non-aqueous Li, Na, K, and Rb cells. For the positive electrode side, we
have also studied layered oxides of AxMeO2, AxMe[Fe(CN)s], Me-phosphate, Me-sulphate materials,
and so on (A = alkali metal, Me = 3d/4d/5d elements). Their composition, stoichiometry, crystal structure,
and particle morphology are key factors to optimize the electrode and battery performance. Furthermore,
we also investigated materials (Mn""OOH/Mn'VO: electrode) for reaction with the hydrogen ion of which
electrode reversibility was improved by a pH buffer and passivation. We will review these various battery
chemistries and discuss their opportunities for electrochemical science and sustainable battery
technologies.
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Electrochemical energy storage systems are playing a larger and larger crucial role in our
sustainable society. In these systems to complete a process of charge/discharge, the gain/loss of
electrons and ions are indispensable. How to tailor their transport is a challenging issue since they will
greatly affect electrochemical performance of the electrode materials, ionic conductors, and devices.
Since 1994 we have been focusing on this edge-cutting topic, and our work including research and
industrialization on this field will be primarily expounded in this report [1-10].
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Phosphate Cathode Materials for Metal-lon Batteries
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Phosphate cathode materials are the main alternative to oxide compounds as cathodes for
lithium-ion (LIBs) and sodium-ion batteries (SIBs). The key difference between phosphate and oxide
materials is the presence of phosphate (POas) or pyrophosphate (P207) groups, which form a robust
structural framework and "bind" oxygen anions. Due to these factors, phosphate-based materials
demonstrate stable cycling over thousands of charge-discharge cycles, the ability for fast charge or
discharge, as well as enhanced thermal stability, i.e., operational safety.

Figure 1. Crystal structures of LiFePOx4 (a), NasFe3(PO4)2P207 (b), B-NaVP207 (c),
LizV2(POa4)3 (d), NasV2(PO4)s (e).

The main representatives of the phosphate family used in the manufacture of LIBs and SIBs are
LiFePO4 (LFP) and NasFes3(PO4)2P207 (NFPP), respectively. Since batteries based on these materials
have lower specific energy capacity compared to those using oxide cathodes, active research is
underway to find materials with higher operating potential and/or specific capacity. The main candidates
for such cathodes are phosphates containing manganese and vanadium, as well as various solid
solutions based on them. Nevertheless, a number of fundamental limitations hinder their application in
mass-produced cells. The report will discuss the main problems arising during their synthesis and use
as cathodes for metal-ion batteries.
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Photo-Energy Conversion and Singlet Oxygen Quenching in Li-O2 Battery
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Aprotic Li-O2 batteries are promising candidates for future energy storage. However, they are
restricted to sluggish oxygen redox and irreversible degradation driven by highly reactive singlet oxygen
('02). This report focuses on the rational design of organic-inorganic semiconductor architectures for
effective photo-energy utilization in Li-O2 batteries. The formation and quench mechanism of reactive
oxygen species is elucidated. These strategies are essential for minimizing voltage polarization and
suppressing parasitic reactions, enabling high-efficiency, long-cycling Li-O2 batteries.

Different photocatalytic architectures and electron-rich quenchers are systematically reported in
Li-O2 batteries. The reaction dynamics were investigated using in situ UV-vis spectroscopy, surface-
enhanced Raman scattering, differential electrochemical mass spectrometry, femtosecond transient
absorption, and density functional theory calculations. Photo-carrier contributions were decoupled via
alternating light/dark electrochemical tests and spectroscopic tracking. The spin-forbidden deactivation
of 102 was resolved by kinetic measurements and electronic structure analyses of amine quenchers.

Research demonstrates that optimized photocatalysts can reduce voltage hysteresis to <0.20
V, elevating discharge voltages to 3.13 V and round-trip efficiency to 98.2%. The heavy-atom-induced
spin-orbit coupling in quenchers accelerates the kinetically unfavorable intersystem crossing process.
This enables a 99.5% 02 quenching efficiency and stable operation for over 350 cycles. The established
photo-carrier engineering and spin-orbit manipulation offer valuable insights into the mechanism study
for developing high-performance Li-O2 batteries.
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Figure 1. (left) Reaction mechanism of photoinvolved Li-O:2 battery with photocatalysts. (right) Conversion of spin
state during 02 quenching under heavy atom-induced intersystem crossing (HISC).
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Research Progress and Challenges of Silicon-Based Anode Materials
Bo Wang
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High specific energy is an important direction for the development of the next generation of
lithium batteries. At present, innovative research on anode materials for high-energy lithium batteries
mainly focuses on silicon-based anode, lithium metal anode, and “anode-free” direction. Among them,
lithium metal anode and “no anode” have serious interfacial side reactions and lithium dendrites,
compared with silicon-based anode, which is the best choice of anode material for realizing high-energy
and long-life lithium batteries at this stage. In this report, we will discuss the research progress,
development direction, challenges and future opportunities of silicon-based anode materials and silicon-
containing chemical systems.
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New High-Energy Anode Materials with a Disordered Structure
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The development of alternative anode materials with better Li* storage capacity and reaction
kinetics is of high importance. Transitional metal oxides (TMOs) have been explored as conversion-type
anodes for the next-generation of lithium-ion batteries (LIBs). Traditional TMOs suffer from severe
structural degradation, which is associated with crystallinity and volume change during (de)lithiation,
and low electronic/ionic conductivity. Recently, the emergence of a new class of high entropy oxide
(HEO) materials has attracted attention for developing advanced LIBs [1]. The key concept of HEO is
to use multiple constituents (usually five or more components with each concentration being 5-35%) to
increase the configurational entropy (i.e., Sconfig. = 1.5 R), which is a phase stabilization driving force.

Entropy stabilized rock-salt HEOs were first reported in 2015. The HEO lattice is distorted due
to the different sizes of accommodated atoms, causing a lattice residual stress that can alter material
properties. Thus, the HEOs exhibit configurable physicochemical properties depending on the
constituent elements. As-developed rock-salt (e.g., (CoCuMgNiZn)O) as an LIB anode can deliver a
high specific capacity of ~600 mAh/g and good stability over 500 cycles owing to the entropy
stabilization effects [2].

Besides the rock-salt-structure HEOs, spinel-type HEOs (HESOs) are interesting because of
their two Wyckoff sites and plenty of oxygen vacancies, which are favorable for reversible Li* storage.
A nonequimolar (e.g., (CrMnFeCoNi);O4) HESO was reported to have a high specific capacity
(>1100 mAh/g) and a long cycle life [3]. The rock-salt and spinel HEO anodes have shown a great
potential for LIB applications. Understanding the effects of the chemical composition of HEOs on their
phase purity and the corresponding (de)lithiation properties is critical but has not been fully
investigated yet.

In the present study, we developed a series of Co-free HEO and HESO anodes via
mechanochemically assisted solid-state synthesis. We started with a quaternary (CrNiMnFe)sO4
because these elements, neighboring to Co in the Periodic table, are relatively low-cost, earth-abundant,
and environmentally friendly. Then, the material composition was modulated with the addition of Mg and
V to form (CrNiMnFeMg)sO4 and (CrNiMnFeV);s04 HESOs. Mg is known to act as a structural pillar,
while high valence of V could increase the electrode capacity.

The samples were prepared by mechanochemical synthesis of the mixtures of simple oxides
using AGO-2 planetary mill and annealed at 600-1100°C. The morphology, crystallinity, microstructures,
valence states, and electrochemical charge—discharge properties of the as-prepared HESOs were
systematically studied. A high specific capacity was achieved. We demonstrated that various elemental
compositions of HESO anodes significantly affect their electrochemical performance.
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PerynupOBaHMe OKHa NnpoBOAMMOCTUN NOTEHUUNOPE3NCTUBHbLIX MaTepunanoB AnAd
3awWmnTbl IMTUN-UOHHbIX AKKymMynaTopoB

Oner B. JleBuH
UHemumym xumuu, CaHkm-llemepbypackuli 2ocydapcmeeHHbIlU yHUsepcumem,
CaHkm-lNemepbype, Poccus
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Matepuarnbl, cnocobHbIE MU3MEHATH CBOM CBOWCTBA MNOA 4ENCTBUEM BHELLHErO CTUMYIa, UrpatoT
BaXHYIO pOfb B CEHCOPHbIX, WCMONHUTENbHbLIX W 3alUMTHbIX cucTtemMax. [Ons NUTUA-MOHHBIX
aKKyMYJNSATOPOB 0COObIi MHTEpeC NpeacTaBnsaioT maTepuarnbl C  yNpaBrfisiEMON  3NEKTPUYECKOWN
NPOBOAMMOCTbBIO, MOCKOSbKY OHW MNO3BOMSAOT OrpaHuMyMBaTb TOKM MpU nepes3apsge U KOPOTKOM
3aMblkaHuW, CHMXasA PUCK NeperpeBa, rasoBbleneHns n Tepmmyeckoro pasronHa [1, 2]. PaHee 6bina
npeanoxeHa crparerus 3awuTbl IMTUN-MOHHBIX aKKyMYIATOPOB C UCMOMb30BAHUEM COMPSKEHHbIX
NPOBOAALLMX NOSIMMEPOB, KOTOPbIE MPU OCTUXKEHUN KPUTUYECKMX MOTEHLMANOB 3NeKTpoaa nepexoaaT
B COCTOSHME C NOBbILLEHHBIM CONPOTMUBIIEHNEM.

OdDEKTUBHOCTb  TaKMX  3alUUTHbIX MaTepuanoB onpenensaeTcs  KonokoroobpasHomn
3aBNCUMOCTbLIO MPOBOAMMOCTU OT MPUIOXKEHHOro MoTeHuuana. OTO sBfeHMe Ha3blBaeTCsl Kak
NMOTEHLMOPE3UCTMBHOCTE MO aHanormm C TepMOpPEe3NCTUBHOCTLIO. [lpakTuveckoe npuUMeHeHne
NMOTEHLMOPE3NUCTUBHOM 3alUnTbl TpebyeT CornacoBaHUSA OKHa BbICOKOW MPOBOAMMOCTM MaTepuana c
paboyMMm MWHTEpBanoOM MNOTEHUMANoB 3f1eKTPOOOB KOHKPETHOW aKKyMyMSATOPHOM cucTembl. [ns
M3BECTHLIX MPOBOAALLMX MONIMMEPOB ANAana3oH M3MEHEHUS NMPOBOAMMOCTU M MOMOXEHMNE TaKkoro OkHa
YacTo 3ajaHbl XMMUYECKOW CTPYKTYpOW nonuMepa, 4YTO OrpaHuyuBaeT  YHUBEPCANbHOCTb
3alWMTHOro cnos.

B pmoknage paccmatpuBaeTcsi Noaxod K CO34aHMI0 MOTEHLMOPE3UCTUBHLIX MaTepuarnoB C
3apaHee 3agaHHbIMM MapamMeTpaMu OKHa MPOBOAMMOCTM 3a CHET POPMUPOBAHUS KOMMO3UTOB Ha
OCHOBE NpPOBOAALLMX MOIMMEPOB W PEOOKC-aKTMBHLIX Aob6aBok. CocTaB KOMMNO3UTa BAUAET Ha
MorioXeHne MnoTEeHUMasribHOrO MHTepBana BbICOKOM MPOBOAUMOCTM, aMNUTyQy WU3MEHEeHUsi
COMPOTUBIIEHNST U XapakTep nepexoga Mexay MNPOBOASLWMUM UM BbICOKOOMHBIM COCTOSIHUSIMM.
YnpaBneHne 3TUMK MNapameTpaMmy OTKPbIBAeT BO3MOXHOCTb afanTMpoBaTb 3allWUTHble Crou K
pasnuYHbLIM TUMaM KaTodOB WM pexMMaM 3KChfyaTauum NUTUIA-MOHHBLIX akKKyMyIisaTOpOB, BKITOYasi
cuctembl Ha ocHoBe LFP u NMC [3]. lNpeanaraembli nogxod MoXeT ObiTb WMCMONb3OBaH Anis
NPOEKTUPOBaHMSA (YHKLUNOHAMNbHBLIX MOKPbITUN, KOTOPblE COBMELLAT HOPMAarbHYK 3NEKTPOHHYIO
NnpPoBOAMMOCTb B paboyem pexumme C ObICTpbIM OrpaHM4YeHMeM ToKa MNPU BbIXOOAE SYENKM 3a
Be3onacHble npegensi.
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UHTepKandumm MHoOro3apsagHbiX MOHOB MeTansmnoB

BenvamuH B. KoHgpaTbeB, Enena I'. Tonctonsatosa, EsreHns H. Kopornesa

CaHkm-lemepbypackuli 2ocydapcmeeHHnbil yHusepcumem, CaHkm-llemepbype, Poccusi
v.kondratev@spbu.ru

PaspaboTku  anbTepHaTMBHbIX  3Hepros3anacalwwmx CUCTEM C  UCMOMb30BaHWEM
MHOro3apsiiHbIX MOHOB METAISI0B, TaKMX KaK KanbLuiA, MarH1n, UWUHK U antoMUHUIA, — NpyBIeKaTenbHbI
©narogaps Ux 4OCTYNHOCTU, HA3KOW CTOMMOCTM, 9KONOrm4yeckon 6e3onacHoCT! U 4OCTaTOMHO BbICOKUM
BENMUYMHA yaenbHoW emkocTM. B nocnegHve rogbl pa3paboTkM KaTOAOB ANs TakMx CUCTEM
OEMOHCTPUPYIOT 3aMETHbIA MPOrpecc B WX XapakKTepucTukax Mo BEMWYMHAM yAEeNbHOW €MKOCTU U
NMOTHOCTWN 3HEPTUN B COCTaBE aKkKyMynsiTOPOB.

B kayecTBe kaToAHbIX MaTepuanoB ANs TakKMX CUCTEM WMHTEPECHbl GUCMONHLIE CTPYKTYpPbI
okcuaga BaHagusa (V20s5), MOaMMULMPOBAHHbIE BKIIOYEHWEM B MEXCMOEBOE MNPOCTPAHCTBO MOHOB
Yy)KEPOAHbIX WOHOB MEeTanmoB WMIW/M MOMEKyNn NpoBOASALMX OpraHM4eckux nonumepos. Cnowucrtas
CTPYKTypa BaHagMN-OKCUAHbIX KAaTOOOB C PaCLLUMPEHHbIM MEXCII0eBbIM NPOCTPaHCTBOM obecneynBaeT
BO3MOXHOCTM 06paTMMOro MHTEPKanMpoBaHUs MHOro3apsgHbiX MOHOB Kak B BOAHbIX, TaK U HEBOAHbIX
anpoToHHbIX NponuneHkapboHaTHbIX (MK) 1 aueToHUTPUNBHBIX (AH) anekTponutax.

MeTogamum Knaccu4eckoro ruapoTepmarnibHOro ¥ rmapoTepmanbHOr0 MUKPOBOMTHOBOIO CUHTE3a
B pabote nony4yeH psag okcnaos BaHaaus (h-V20s, AlkV20s, V20s/PEDOT) ¢ G1ucnoviHbIMK CTPYKTYpamMu
N M3ydeHbl WX CTPYKTYPHO-(IU3MYECKME XapaKTEPUCTUKU. ONEKTPOXUMUYECKME UCCRefoBaHUS
NpPOBOAWMM B COCTaBE TPEXINEKTPOAHbLIX SYEEK U MAKETOB MarHWi - U LIMHK-MOHHbIX aKKyMynsaTOpoB
(CR2032) B pacTBOpax pasrmnyHbIX MO COCTaBY 3NEKTPONUTOB (AN uMHKa — BoaHble 2 M Zn(CF3S03)2.
1M Zn(ClO4)2, n HeBoaHble 1 M Zn(ClOa4)2/AH, ana marHua — HesogHble 1 M Mg(ClO4)/TK, 1 M
Mg(ClO4)2/AH), ona anmtomuHusa 1 M Al(CFsSOs)s metogamu LIBA n ranbBaHocTaTuyeckoro 3apsiga-
paspsiga. YCTaHOBMNEHbl BENMYMHbI YAENbHOM €MKOCTM Of1S Pa3HblX MO NPUPOAE 3EeKTPONUTOB, WX
3aBMCMMOCTM OT NIIOTHOCTU TOKa M Yncna 3apsg-paspsaHblX LMKITOB.

Ocoboe BHUMaHWe OyneT yaeneHo OOCYXOEHUI0 TPeX BaXKHbIX aCMEKTOB 3SIEKTPOXUMUU
KaTogoB C MHOTOBaNEHTHBIMW MOHAMU:

— lMpepBaputenbHoe OONUPOBaHME OKCMOOB BaHaaWsi MOHaAMW MeTasnsioB M MOSeKyramu
NPOBOASLLMX MOMIMMEPOB Kak Cnocod co3gaHus MOACTPaMBaEMOro MEXCIIOEBOrO MPOCTpaHCTBa Ans
06paTMMON NHTEPKaNALUN MOHOB 3NEKTPOSTMTOB;

— Ponb co-uHTepkansuymoHHbIx npoueccos (M™ n H*) B BogHbIX pacTBOpax aneKTponmnTos;

— ConocTtaBneHme anekTPoOXMMUYECKOro NMOBEAEHUS KaTOAOB B pasHbIX MO MPUPOAE MOHHBLIX
HocuTenen 3apsiga BOOHbIX M HEBOOHbBIX pacTBOpax 3feKTPoSIMToB.

B poknage 6ygyT KpuTUYecKn pacCMOTPeHbl KaTodHble matepuarnbl Ha OCHOBE OVCMOMHbIX
CTPYKTYp OKCMAOB BaHaausa M obCyxaeHbl cTpaTerMm Au3avHa HOBbIX MatepuanoB AMfs XpaHeHus
3HEeprum Ha OCHOBE MHOIOBAareHTHbLIX MOHOB METAIIOB C KOHKYPEHTOCMNOCOOHbLIMUN XapakTepucTUKaMMm.

BnarogapHocTu

ABTOpbI BbipaxaloT 6narogapHOCTb pecypCHbIM LeHTpaM Hay4Horo napka CI6ry («PeHTreHoamdpakuMoHHbIe
MeToAbl MUccrnegoBaHusiy, «Pusnmdeckne MeToAbl UccrefoBaHus noBepxHocTu», «MeTogbl aHanmsa cocTaBa
BelllecTBay, «TepMorpaBumMmeTpuyeckmne " KarnopuMeTpuyeckne MeToAbl nccrneaoBaHus») 7
MEXAUCLMMIMHAPHOMY PECYPCHOMY LEHTPY MO HarpaBrieHuio «HaHOTeXHONorMn» 3a NoMollb B NpoOBedEeHUM
nccnengoBaHun.

Pa6oTa BbinonHeHa npu ouHaHcoBow nogaepxke PHO, rpaHT Ne 24-23-00224.

25



KINOYEBBIE OOKIALbI KEYNOTE LECTURES

MyTy onTuMmusaumm 6e3aHOAHbIX HATPUEBLIX aKKYMYNATOPOB

TatbsHa J1. Kynosa

®edeparbHoe eocydapcmeeHHoe 60dxemHoe yupexoeHue Hayku MIHcmumym ¢hu3udeckol xumuu u
anekmpoxumuu um. A. H. ®pymkuHa Poccutickol akademuu Hayk, Mockea, Poccusi

tkulova@mail.ru

besaHooHble  HaTpueBble  akkyMynaTopbl — NpeacTaBnsloT  cobom  ocobbii  Knacc
SMNEKTPOXMMUYECKMX HAKOMUTENEN 3Heprun. B paspsKeHHOM COCTOSIHUM Takue akKyMynsiTopbl He
codepxaTr aKkTMBHOMO MaTepuana Ha TOKOOTBOAEe OTpuvLaTenbHOro anektpoga, a mMaTepuan
NONMOXMTENBHOIO 3MEeKTpoAa COAEPXKUT MakCMMaribHO BO3MOXHOE KonmnyecTBo HaTpus. [pu 3apsage
©e3aHoHbIX HaTPUEBLIX aKKyMYyNsiTOPOB MOHblI HaTPWUsl 3KCTParnpyloTcs M3 KaTo4HOro matepuana u
OCaXJalTCs Ha MNOAJMOXKE OTpuUaTEeNbHOrO 3MeKkTpoda B BuAE METaniMyeckoro ocagka. Takum
o6pasoM, B COCTOSHMU MOJTHOrO pa3psga 6e3aHogHble HAaTpUeBble akKkyMynsiTOpbl MO CYTU SABMSKOTCA
aKKyMynaTopamu ¢ HaTtpueBbiM aHogoM. KoHCTpykumsi 6e3aHOOHbIX aKkKyMyMsiTOpOB YMpoLllaeT KX
Npon3BOACTBO, UCKMNIOYAET CUHTE3 aHOOHOro maTepuana, a UX yAenbHas 3JHeprus TeopeTudecKu
[OMkHa ObITb BbILEe yAENbHOW 3HEPTUN HATPUA-MOHHBIX U HAaTPUEBLIX aKKYMYISITOPOB.

OcHoBHble npobnembl ©e3aHOOHbIX HAaTPUEBLIX aKKYMYNATOPOB, TakMe Kak Hu3kast
KynoHoBcKas 9 eEKTUBHOCTb OCaXAEHUS-PACTBOPEHUSA HaTpus, obpa3oBaHne HaTPUEBLIX AEHAPUTOB
n 6bICTpas gerpagauus yxxe 4acTUYHO peLleHbl ONTUMU3aLmen CocTaBa U KOHLLEHTpaLUun anekTponuta
(B OCHOBHOM Ha OCHOBe 3¢hupoB), hopMMpoBaHNeEM CcTabunbHbIX nHTepdencos (SEI) n paspaboTkon
HaTpuedunbHbIX TOKOCbEMHMKOB. [pyrad npobrnema 6e3aHoOHbIX aKKyMymnsTopoB — 3TO
COBMECTMMOCTb HaTpMICOAEpXKalMX KaTOAHbIX MaTepuanoB C arnekTponutamyn ans 6e3aHogHbIX
aKKyMyNnSATOPOB, @ MMEHHO, 3MEeKTPOXMMMYECKas YCTOMYMBOCTb SMEKTPONMTOB Ha OCHOBE 3(hMPOB B
KOHTaKTe C BaHagodocdaToMm HaTpus, dTopBaHagodochaTtoM HaTpUs, HaTpurucoaepalmm
CINOUCTBIMU OKCUZAaMUN NepexofHbIX MeTannoB u deppodocdaTtom HaTpus. OTAENbHbIN BONPOC — 3TO
BO3MOXHOCTb paboTbl 6€3aHOAHBIX HAaTPUEBBIX aKKyMyNATOPOB B LLUMPOKOM Auanas3oHe TemnepaTtyp, B
0COBEHHOCTM NpU NOHMXKEHHBIX TEMMEpaTypax, a TakkKe Npu BbICOKUX CKOPOCTSX 3apsifa-paspsga 6es
3Ha4yUTENbHOW NOTEpM €eMKOCTM npu uuknupoBaHun. B poknage 6yoeTr nokasaHo, 4Tto And
ONTMMarbHbIX  3MNEKTPOXUMUYECKMX CUCTEM  yaenbHas 3Heprus  Ge3aHoOHbIX  HaTpUEBbIX
akkymynaropos moxeTt gocturate 170 n 110 Bry/kr npu +20 un —40 °C, COOTBETCTBEHHO.

BnarogapHocTu
Pa6oTa BbinonHeHa npu ouHaHcoBoW nogaepxke rpaHta PH® 25-13-00125, https://rscf.ru/project/25-13-00125/.
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Transmission Line Based Analysis of the
Electrochemical Impedance Spectra of Intercalation Materials

Oleg A. Semenikhin

Department of Chemistry, M. V. Lomonosov Moscow State University, Moscow, Russia
osemenik@elch.chem.msu.ru

Metal-ion batteries (MIBs) are widely used today for the electrical energy storage. Further
improvements in this area require new approaches to understanding the mechanism of intercalation
reactions occurring in MIB materials. Electrochemical impedance spectroscopy is traditionally used for
these purposes; however, currently the progress in this area is somewhat limited due to difficulties in
the interpretation of the experimental impedance data.

The intercalation materials typically belong to a class of so-called mixed conductors. They
feature coupled transport of electronic and ionic species as well as reactions involving them. These
reactions may be localized at the interfaces of occur in the material bulk at spatially distributed reaction
centres. This issue is of particular importance for two-phase materials whereby the intercalation reaction
results in formation of a second phase, with the phase growth occurring either at the interface between
the two phases or in the material bulk. Bulk reactions typically feature greater rates and thus may give
rise to high-performance materials.

In this contribution, we use a transmission line based approach to analyze the impedance of
intercalation materials. Transmission lines such as that in Fig. 1 are natural representations of mixed
conductors. They typically comprise two rails for the transport of electronic and ionic species,
respectively, as well as distributed elements that account for the coupling between the two, including
the intercalation reaction itself [1-4]. This approach was used to identify the occurrence of various types
of intercalation reactions from experimental electrochemical impedance data obtained for several
intercalation materials, both two-phase and single-phase, in particular, with respect to the reaction
localization in the material bulk or at the interface between the phases.

Xl X| Xl Xl

L 1

%o %o % %

Figure 1. A typical transmission line circuit for the impedance of mixed conductors. Elements x1 and x2 are the
impedances of the transport of electronic and ionic species, elements Za and Zg are interfacial impedances.
Elements ¢ represent coupling between the carrier fluxes. Adopted from [4].
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Sodium-lon Batteries: New Materials and Chemistry
Stanislav S. Fedotov
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The development of electrochemical energy storage systems is becoming one of the key factors
of technological sovereignty in electronics, transport, energy, and infrastructure. Against the background
of the rapidly growing demand for lithium-ion batteries (LIBs), complementary technologies based on a
more abundant, widely available, and potentially less critical raw-material base are gaining particular
importance. In this context, sodium-ion batteries (SIBs) are considered among the most promising
solutions for stationary energy storage, low- and medium-power electric transport, and low-temperature
applications [1-3].

The key scientific challenge in this field is to develop battery chemistries that combine sufficient
energy density, power capability, low-temperature performance, safety, long cycle life, and
manufacturability.

The talk will discuss modern directions in the chemistry and materials science of sodium-ion
batteries, including polyanion and layered cathode materials, carbonaceous and alloying-type anodes,
and electrolytes governing the stability of full cells. It will also summarize the results obtained by the
Skoltech research team in these areas. Special attention will be paid to the relationship between the
crystal structure of electrode materials, sodium-ion transport mechanisms, transition-metal redox
chemistry, and degradation processes during long-term cycling. In addition, the transition from the
fundamental design of materials to full-cell prototypes (Figure 1) and the practical requirements for future
energy storage systems will be discussed.
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Figure 1. Prototype of a 1.1 A h 50x50 pouch sodium-ion battery based on materials developed at Skoltech:
general view (left), demonstration of the charged prototype operation (middle), rate capabilities and long-cycling
tests of the prototype (right), inset — gas-pocket after formation cycles [4].
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Electrodialysis — technology for removing ions from aqueous-organic media
Evgeniya A. Grushevenko, Denis O. Kalmykov, Alexey V. Volkov, Stepan D. Bazhenov

A.V. Topchiev Institute of Petrochemical Synthesis, Russian Academy of Sciences, Moscow, Russia
evgrushevenko@ips.ac.ru

Electrodialysis (ED) is a process that uses a membrane to separate ions based on their charge.
It works by using an electric field to move ions through a special membrane. This is different from other
methods, such as distillation, which require changes in the phase of the substance or the use of
chemicals.

ED has several advantages over other separation methods. For example, it can be used to
desalinate water without changing the composition of the water or organic solution. This is because it
uses ion-exchange membranes, which only allow specific ions to pass through.

The process of electromembrane desalination involves alternating between desalination
chambers and concentration chambers in an electrodialysis device. These chambers are made of
cation- and anion-exchange membranes.

Removing salts (ions) from aqueous-organic solutions is a complex and multi-parameter
process, primarily requiring the selective extraction of salts while maintaining the composition of the
aqueous-organic medium. Aqueous-organic systems are characterized by varying permittivity, viscosity,
and the tendency to form emulsions and complexes, which complicate salt extraction.

Electrodialysis addresses these challenges through the high ion selectivity of membranes,
resistance to organic components (through the correct selection of a polymer base), and continuous
operation. The technology allows for the regeneration of process solutions, minimizing liquid waste or
recovering it. Typical aqueous-organic media that use electrodialysis include solutions of polar organic
solvents (such as methanol, ethylene glycol, DMSO, and propylene carbonate) with dissolved salts, as
well as absorption solutions based on amines, glycols, and carbonates, and wastewater from the
pharmaceutical, chemical, and pulp and paper industries.; As well as media containing organic acids
and phenols, another example of ED salt separation is the separation of heat-stable salts (HSS) from
amine absorbents used in the purification of industrial and natural gases. These amines include MEA
(monoethanolamine), DEA (diethanolamine), MDEA (methyldiethanolamine), and piperazine. During
operation, these amines react with acidic impurities such as SO,, NO,, HCI, and organic acids to form
HSS, including sulfates, thiosulfates, nitrates, formates, oxalates, and acetates. These compounds do
not decompose during standard thermal regeneration and can accumulate in the system, reducing the
absorber's capacity and increasing equipment corrosion. They also cause foaming.

Electrodialysis (ED) allows for the selective extraction of these HSS anions through the use of
anion-exchange membranes in a concentrating circuit. This process restores the free amine form without
the need for heating, extending the service life of the absorbent. The integration of an ED module into
an amine purification system can help reduce the risk of equipment failure and improve overall efficiency.

Electrodialysis is a safe and flexible technology for purifying aqueous-organic mixtures. Future
developments will focus on creating membranes that are resistant to organic contamination and
oxidation. This will involve optimizing the hydrodynamics of the chambers, using pulsed and reversed
current modes, and combining electrodialysis with filtration and adsorption processes to improve
selectivity and reduce energy consumption.
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Komno3uTtbl Ha ocHoBe HaHoyrnepoaa, okcuaa MmapraHua n nonmvaHunnHa ansa
nceBaoKoHAeHCaTOpoOB C HEOPraHN4YeCKMMM ANEeKTponnTammn

Ceprent H. Hecos

Owmckul HayyHbIl yeHmp Cubupckoeo omdeneHusi Pocculickol akademuu Hayk, Omck, Poccusi
nesov55@mail.ru

MceBpokoHaeHcaTopamu (MK) HasbiBalOT onpeaeneHHbIN TUMN CyNnepkoH4EeHCAaTOPOB, B KOTOPbIX
HakonfeHne 3apsga peanuayeTcs 3a cYeT ABYX MPOLEeCCOB: (POPMUPOBAHMS ABOWHOMO 3MEKTPUYECKOTO
CNnosi N 00paTUMbIX OKUCIUTENbHO-BOCCTAaHOBUTENBHbLIX peakumi (OBP). MoxHOo BbigenuTb [OBa
OCHOBHbIX UCCreayeMbIX Kracca 3NeKTPOXMMUYECKM aKTUBHbIX MaTepumarnoB B cocTaBe anekTpoaos MK
— OKCMAbl NepexoaHbIX MeTannoB u npososwimne nonumepbl [1]. Cpean nepBbIX NepCneKkTUBHbIMU
SABMSAIOTCA CMOUCTbIE OKCUAbI MapraHua W ABOWHbIE OKCUAbl MapraHua C WenoYHbIMKU MeTannamu
(KxMnOz2, NaxMnO2), criouctas CTpyKkTypa KOTopbix obecneunBaeT cBOGOOHYIO MHTEPKANALUMIO MOHOB
anektponuta Brnybe maTepuana. Cpeam npoBOAALMX MOAMMEPOB Havbonee WU3y4YeHHbIM U
nepcnektuBHbiM Ana npumeHeHus B [K saensetca nonuanunud (MAHW). TpumeHeHne Takmx
MaTepuarnoB OrpaHV4YMBaEeTCd WX HeOOCTaTOYHOW 3MeKTPONPOBOAHOCTLIO, HU3KOW  LIMKITUYECKOW
CTabUNbBHOCTBIO, BbLICOKOW CTOMMOCTBKD W MIIOXUMW  TEXHOMNOrMYEeCKMMU CcBOMCTBaMu. YacTtb
OrpaHNYeHUN MOXET BbITb pelleHa NyTémM pa3paboTKM KOMMNO3WTOB HA UX OCHOBE C MPUMEHEHVEM B
KayecTBe MaTpuubl CTabUIbHbIX U AOCTYMHbIX YINePOAHbIX MaTepuanos.

Komnoantel Ha OCHOBE oOKcuga MapraHua ¢opMmmpoBanuce MNyTeEM BblAepXUBaAHUA
MHOFOCTEHHbIX YrnepoaHbix HaHoTpy6ok (MYHT) B pacTBope nepmaHraHaTta kanusi npu Temneparype
60°C. Ansa aHanu3a ocobeHHoCcTen (hopMUPOBaHUS CTPYKTYPbI Y NOUCKA ONTUMATbHbBIX PEXUMOB Bbinn
nccneaoBaHbl KOMNO3UThI, MOMYyYeHHbIe € ncnons3osaHnem MYHT, noaBeprHyTbix cyHKLMOHaNM3aLmMm
B Pa3nuyHbIX OKUCMUTEMbHLIX Cpefax, a TakKe KOMMO3WUTbl, CHOPMUPOBAHHbLIE MPU Pa3NNYHOM
BpemMeHu akcrnosmumm MYHT B peakumoHHOM pactBope. VccnegoBaHa BO3MOXHOCTb MOBbILEHMS
XapaKTepUCTUK KOMMO3MTOB MNyTeM AONWpoBaHMS okcvaa MapraHua okcmgom AgOx. bBbinm
YCTaHOBIEHbI 0COOEHHOCTM (POPMMPOBAHMST HAHOYACTUL, OKCuaa MapraHua Ha noBepxHoctu MYHT, a
Takke onpegeneHbl ycnosus OpMMPOBaHWS HaHOKpUCTanNnuToB crouctoro okcvpga KxMnO2 ¢
BbICOKUMM 3HAYEHUSIMM MEXMINOCKOCTHBIX PaccTosHui (cebiie 6 A). MakcumanbHas ygenbHas
paspsigHasi €MKOCTb TakKMX KOMMO3WUTOB, paccyMTaHHas no pesynbTataMm ranbBaHOCTaTUYECKMX
namepeHui, coctasuna ~200 ®/r 8 1M NaxSO4 anektponute. Liuknuyeckas ctabunbHOCTb HE HUXe
95% 3a 1000 yuknos.

Komnoautel Ha ocHoBe [MAHW u TexHudeckoro yrnepoga (TY) ¢ pasnuyHoW yaenbHOW
nnowiaaplo  MNOBEPXHOCTM (popMmMpoBanucb MO MeToAuKe, MNpPeanoXeHHoW Hamu paHee [2].
Pacnpegenernne NMAHW no noBepxHocTu rmnobyn TY B BuAe HaAHOpPA3MEPHbIX CITIOEB MPMBOAUT K
yBenuyeHuto ckopoctu npotekaHns OBP. 3T1o nossonseTr nonyyaTe martepuanbl C  BbICOKUM
cogepxaHmem TY (~80 macc.%), obnagatowme 3Ha4eHeM yaenbHon emkoctn ~195-280 ®/r, cnabon
3aBMCUMOCTLIO OT CKOPOCTU pa3psaaa (npu Tokax Ao 1 A/r) M npuemMnemomn LUKNNYeCKon CTabunbHOCTbIO
(~75% 3a 1000 umknos) B BogHOM kucriotHoM anektponute (1M HCI). UccnegoBaHa 3aBMCMMOCTb
ckopocTun npoTtekaHusa OBP oT TonwmHbl cnod nonumMepa Ha noBepxHocTu rnobyn TY. PesynbTtaThl
LMKNUYECKON BOMbTamMnepomMeTpun nokasanu, 4to ckopoctb OBP numuTMpoBaHa TOMLMHOW crnos
nonumepa Kak ceepxy, Tak U CHU3y.
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MN3yyeHne MexaHM3MOB 3NIEKTPOXMMUYECKUX peaKkuu B MaTepuanax ans
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[na nocTtpoeHus BbICOKO3(PEKTMBHON N pecypcocbeperatoien aHepreTukm Heobxoammbl
TEXHOMNOMMM CO34aHUSA BbICOKOAIMMEKTUBHBLIX CUCTEM reHepauum U XpaHeHus sHeprum. OgHUM 13
KMOYEBbIX 31EMEHTOB TaKMX CUCTEM SABNAIOTCA MaTepuarbl Ans npeobpasoBaHUs 1 XpaHeHNs SHePruw,
NnoaToMy 3agava noBbleHns 3D(PEKTUBHOCTM CUCTEM FeHepaunm U XpaHeHUs 3HepPrun MoxeT BbiTb
pelleHa nocpeacTBOM AM3anHa HOBbIX (DYHKLMOHANbHbBIX MaTtepuanoB C 3adaHHbIMW CBOWMCTBaMU Y
pasBUTMSA MPOMBbILLITEHHBIX METOAOB NX CUHTE3A.

HanpaBneHHbI gu3aiH HOBbIX MaTepuasnoB C 3agaHHbIMW CBOMCTBaMU HEPa3pbIBHO CBS3aH C
Nouckom (pyHAaMeHTanbHbIX 3aKOHOMEPHOCTEWN «CTPYKTYpa — CBOMCTBO» UIN «CTPYKTYpa — MEXaHN3M
— CBOMCTBO». Tak, Ansa cosgaHusa B6onee eMkux U HageXHbIX akkyMynsTopoB Afs CUCTEM XpaHeHus
9HEPrumM BaXXHO NOHUMAaTb ONHAMUKY CTPYKTYPbl aHOAHbBIX M KAaTOAHbIX MaTepuanos Ans yCTaHOBMNEHNs
MEXaHW3MOB OMEKTPOXMMUYECKMX peakuui, npoTekalwwmux B XOA4e UMKNOB 3apsja-paspsga
aKKyMynsaToOpoOB, a Takke peakuui NpuBOAAWMX K Aerpajaumu akTuBHbIX maTepuanos. Knioyesown
3ajjayen reTeporeHHoro katanusa sIBnseTcsa onpeferneHne MexaHUM3MOB peakuui Ha MOBEPXHOCTU
aKTMBHbIX LEHTPOB ANis co3daHusa bornee apdeKkTUBHBLIX M CTabunbHbIX KaTanusaTopoB. Hanbonee
OOCTOBEpHbI MoAxo4 ANns peleHus 3ajad  MaTepuanoBefeHus SBMSeTCHS  UCMNOMb3oBaHue
KOMOVHaUMn AMdPaKLUNOHHbBIX, BU3yanuampyrLMX U CNEKTPOCKONMNYECKNX METOO0B.

OpgHum un3 Hambonee adeKTUBHBIX, HO ManopacnpoCTpaHEHHbIX METOAOB SBMseTcH
CMEKTPOCKOMMSA PEHTreHOBCKOro nornoteHns (XAS). B otnnume ot andpakumoHHbix metogoB, XAS He
TpebyeT panbHero nopsgka B Martepuane, 4Yto genaet ero HedameHUMbIM AN UccneaoBaHus
HaHOYacTu1L, aMOPdHbIX a3 1 OTAENbHbIX aTOMOB. K OCHOBHbIM JOCTOMHCTBaAM MeToa OoTHOcATCA: 1)
OnemMeHTHasi CEerneKkTMBHOCTb MO3BONSEeT u3bupaTenbHO Mu3yvaTb COCTOSIHWME aKTMBHOIO LeHTpa
(Hanpumep, Pt, Cu, Fe) Ha doHe cnoxHoro Hocutens, 2) YyBCTBUTENBHOCTL K JTIOKanbHON CTPYKTYpe:
aHanun3 EXAFS-cnekTpoB Mno3BorsieT ¢ BbICOKOM TOYHOCTLIO (4o 0.02 A) onpeaensats AnvHbl CBA3EN,
KOOPOWHALMOHHbBIE YMCNa U TUMbl COCEAHNX aTOMOB, 3) SNEKTPOHHOE COCTOAHME: (POPMa U NOMOXEHNe
kpasi nornoteHms (XANES) HanpsiMyto KOPpenupyrT CO CTEMEHbLIO OKMUCIIEHMS MOrTOLWAoLLLErO aToMa,
€ro 9NIEKTPOHHOW MNIOTHOCTBIO M CUMMETPUEN 3aHMMaemblx opbuTtanen. PyHgameHTanbHoe
npenmyLlectBo XAS 3aknio4aeTcsl B BbICOKOW MPOHMKAIOLLENA CMOCOBHOCTM KECTKOrO PEHTFEHOBCKOrO
n3ny4yeHnsi. ATo NO3BONSAET MPOBOAUTE U3MEPEHUS B peXume operando — HENoCcpeacTBEHHO B Xxoae
SMNEKTPOXUMUYECKNX peaKkL .

ByoyT paccMoTpeHbl TeOpeTUYECKUE U BKCMEPUMEHTarbHbIE OCHOBLI METOAAa CNEKTPOCKOMNUU
PEHTreHOBCKOro NOrmoLweHns, a Takke NpuBeaeHo peLleHne npakTuyeckux 3agad ansa uccrnegoBaHns
OMHaMUKW CTPYKTYpbl aHOAHbLIX MaTepuanoB B XOAE LMKMNOB 3apsaga-paspsaga [1], katanutuyecku
aKTMBHbIX LIEHTPOB peakuuMm BOCCTaAHOBIIEHWS Kucropoda [2], B TOM 4ucrie HOBbIMU YUCIIEHHbLIMU
MeTofamu 06paboTKM CNEKTPOB PEHTIEHOBCKOro NMOrmnoLeHns ¢ npumeHeHnem VA [3].
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According to forecasts, a significant increase in global production of lithium-ion batteries is
expected by 2030, with lithium iron phosphate (LFP) batteries accounting for approximately 40% of the
market [1]. Consequently, the development of environmentally safe and highly efficient recycling
technologies for spent chemical power sources is a pressing task. Traditional methods for recycling LFP
batteries, including pyro- and hydrometallurgical approaches, are characterized either by high energy
consumption or insufficient selectivity in separating valuable components [2]. Liquid-liquid extraction, as
one of the hydrometallurgical methods, represents the most efficient and versatile technique for metal
recovery and separation; however, its application is limited by the use of toxic and flammable organic
diluents. Currently, a promising direction involves the use of hydrophobic eutectic solvents, which,
according to literature data [3], show high potential in processes for the selective recovery of metals
from secondary raw materials.

In the course of a series of scientific studies, we have proposed new technologically viable
hydrophobic eutectic solvents based on readily available industrial extractants: triisobutylphosphine
sulfide/menthol, triisobutylphosphine sulfide/thymol, di(2-ethylhexyl)phosphoric acid/menthol, and
others. A physicochemical characterization of the eutectic solvents was carried out: solid-liquid phase
diagrams were obtained, spectroscopic analysis data were collected, temperature dependences of key
physical properties (density, viscosity) were established, and their chemical stability was determined.
As part of the research, the physicochemical patterns of Li, Cu, Al, and Fe ion extraction from model
and real hydrochloric acid leaching solutions of spent LFP batteries using the proposed eutectic solvents
were established. The possibility of regenerating and reusing the hydrophobic eutectic solvents multiple
times was demonstrated. A preliminary study of the leaching process for target elements from the
cathode and anode materials of spent LFP batteries was conducted to determine the conditions for
complete metal recovery. Based on the experimental data obtained, conceptual flow sheets for the
separation of Li, Cu, Al, and Fe ions from the leaching solution using hydrophobic eutectic solvents were
proposed. Selected stages of the technological scheme were tested using unique serial extraction
equipment consisting of a cascade of mixer-settler units to determine the operating conditions and
necessary process parameters for metal extraction.
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As is well known, the most common type of battery is lithium-ion batteries, which face high
material costs due to the geographically localized distribution of lithium resources. The development of
post-lithium (in particular, Na-, Zn-, and Mg-ion) batteries [1] is one of the important challenges of
modern electrochemical materials science. However, the use of lithium-conducting structural analogs
as electrolyte and electrode materials is not feasible in post-lithium batteries due to size factors of the
working cations: both in the case of sodium ion diffusion in solids and due to the bivalency of magnesium
and zinc cations, which increases the energy required to break the "working cation-anion" bond and,
consequently, reduces their mobility. In this regard, the rapid and efficient development of new
conductors for sodium-, zinc-, and magnesium-ion batteries is necessary.

Accelerated materials development is possible through preliminary theoretical evaluation of
conductive properties for subsequent experimental verification. For this purpose, crystallochemical
approaches can be used, including geometrical assessment of voids and channels in structures for the
possible diffusion of given working ions, as well as calculations of ion migration barriers using the bond
valence site energy method. There are also methods for evaluating diffusion coefficients and ionic
conductivity at given temperatures, such as kinetic Monte Carlo and molecular dynamics simulations.
Quantum-chemical assessment using density functional theory (DFT) allows for more precise evaluation
of ion migration barriers by taking into account the effects of electrostatic repulsion and crystal lattice
relaxation. For electrode materials, it is possible to calculate intercalation potentials and the volume
changes of structures during this process. The presence of an electronic conductivity component is
typically determined by calculating the electronic density of states. Currently, machine-learned models
(mostly based on the results of quantum-chemical calculations) also exist, enabling even faster
evaluation of the properties of functional materials.

All of the aforementioned approaches have found application in the development of battery
materials. For example, in reference [2], a screening of an inorganic compound database is presented,
involving the stepwise use of the aforementioned crystallochemical, Monte Carlo, and machine-learned
molecular dynamics modeling approaches to search for promising magnesium- and zinc-conducting
halides. We have also applied computational modeling methods to disordered structures, which is
considered a non-trivial problem in theoretical materials science and requires preliminary preparation of
the objects under study. As a result, the effectiveness of heterovalent substitution in spinel-type
structures such as MgV:204 [3] and MgFe:04 [4] was first confirmed theoretically and then
experimentally.
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Lithium iron phosphate (LiFePO4) remains one of the most extensively studied cathode
materials for lithium-ion batteries. Despite considerable research efforts, the interpretation of
electrochemical transients observed during charge/discharge processes remains controversial. Several
competing frameworks, including nucleation-growth, statistical activation, and transport-controlled
models, have been proposed to explain the kinetics of phase transformation in LiFePOs. However,
distinguishing between these mechanisms experimentally remains challenging because conventional
electrochemical techniques provide only ensemble-averaged information.

In the present work, wide-field surface plasmon resonance microscopy combined with cyclic
voltammetry and chronoamperometry was applied for in situ investigation of electrochemical
charging/discharging processes in carbon-coated LiFePO4 particles and their small aggregates in an
acetonitrile-based electrolyte. The developed approach enables simultaneous monitoring of large
ensembles of individual particles with submicron spatial resolution during electrochemical cycling.

Time-resolved optical measurements were correlated with electrochemical responses obtained
under potential sweep and potential step conditions. The influence of scan rate and aggregate size on
the optical response was analyzed. The approach combines single-particle sensitivity with statistically
significant ensemble measurements, making it possible to investigate both local electrochemical
heterogeneity and collective particle behavior during phase transformation.

The obtained results demonstrate the potential of wide-field surface plasmon resonance
microscopy as a tool for experimental validation of competing kinetic models in phase-transforming
electrode materials and for establishing direct links between particle-scale dynamics and macroscopic
electrochemical behavior.
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Figure 1. Combination of the set-up for wide field surface plasmon microscopy with electrochemical cell (a)
provides a detection of individual LiFePO4/FePOQq transition (b).
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OnekTpokatanus3aTtopbl Ha OCHOBE MepexofdHbiX MEeTanfoB SBMSAKTCA NEePCneKTUBHbIM
pelweHneMm npobremMbl BbICOKOW CTOMMOCTM OnaropofHbiX MeTanmnoB, KoTopble 9dEKTUBHO
KaTanusmpyloT peakuuu LLEeNoYHOro aneKkTponmsa BoAbl — peakumn BblaeneHus kucnopoaa (PBK) u
Bogopoaa (PBB). MNMouck onTMManbHbIX COCTaBOB BEAETCS Cpeau pasfuyHbIX KNacCoB COEAUHEHUN,
BKMNtoYasa xanbKoreHuabl nepexogHbix MeTtannos [1], a Takke nx cnoxHole okcuabl [2]. MNpu aHanuse
KnMHeTu4ecknx 3akoHomepHocter PBK 1 PBB npeanonoxeHus o npupoge MeasieHHoOW cTagum 4acto
OpPMYyNMPYIOT Ha OCHOBaHUM 3HadeHus TadeneBCcKOro HakrioHa, KOTOpbIv, B psge criyyaeB, MOXeT
HeCTn MHMOPMaLMI O MEXaHM3Me MHOro3NekTpoHHoro npouecca [3]. OgHako, NMOMUMO U3BECTHLIX
OrpaHMYeHnn [daHHOro noaxoda, CBSA3aHHbIX C  BO3MOXHOM HECTAUWMOHAPHOCTbIO  U3MEPEHUH,
3aBMCUMOCTbIO 3aMofHEHUS NOBEPXHOCTU MHTEpMeanaTaMn OT NoTEeHLMana, a Takke ¢ 3aBUCUMOCTbIO
OT noTeHumana npupoabl NUMUTUPYIOLLEN CTaauu, NpU UCMOMb30BAHUUM OKCUAHBIX COEOAVHEHUNR
nepexoiHbIX MeTarnnoB B KayeCTBe 3MeKTpoKaTanms3aTtopoB BO3HWKAET HOBbIN (hakTop, AOCTATOYHO
penko akueHTUpyeMbll B COBpPEMEHHOW nuTepaType. B oTnvune oOT OKCUAHBIX COeaUHEHUI
6naropogHbix metannos (IrOz, RuOz2), AEMOHCTpUpYOLNX MeTannuyeckuim Tun npoBOAUMOCTH,
cnouctele (okcu)rugpokemabl Ni, Fe wn  Co, dopmupyrowmecs Ha MOBEPXHOCTM  YacTul
3MEeKTpoKaTanu3aTopoB B LWEMOYHON Ccpefde, XapaKTepusylTCsl KparHe HU3KMMW  BenMynHamm
3NEeKTPOHHOW NpoBoaMMocTu (kK npumepy, 10717 — 10715 Cwm/cm gna B-Ni(OH):2 [4]), 4yTo B psige cnyyaes
NPVBOANT K CUINbHOMY BIVSIHUIO OMUYECKUX OFPaHUYEeHNA Ha Habngaemyro CKOPOCTb NPOLIECCOB.

B HacTodwel paboTe paccmaTpvBaloTCs pasnuuHble acnektbl knHetukun PBK u PBB,
CBSI3aHHbIE C HU3KOW NPOBOAMMOCTBIO MOBEPXHOCTM 3NEKTpOoKaTannm3aTtopoB Ha OCHOBE COeLVHEHUN
Ni, Fe, Co B wenoyHon cpefe. YcTaHOBneHa 3aBUCUMOCTb BENWYUHbI UCTMHHOW MOBEPXHOCTU
OUCNepcHbIX W [MafkuxX HWKENEeBbIX KaTanu3aTopoB OT MNoTeHumana npoTeKkaHus 3NeKTPOAHOro
npouecca. ObcyxxgaeTcs BNUsSHME KpUCTannmM4yeckon cTpykTypbl HaHovacTuy Ni-Fe Ha kuHeTnky PBK.
MprBOAATCA OaHHbIE O Pa3NUYHON CTENeHN BNNSHUA NageHns NpoBOAMMOCTY CMeLUaHHbIX BUHapHbIX
oucynedugoe Ni, Fe, Co Bcnenctenme mcyesHOBEHWsI CyrbpMAHOroO sigpa YacTul, Ha U3MeEHeHue
aKkTMBHOCTM Matepuanos B PBB u PBK. [na pasgeneHus BKNagoB OMMWYECKUX OrpaHUYeHun U
3aMenieHHOM KMHETUMKM nMepeHoca 9feKkTpoHa peanu3oBaHa MeToguka in situ  nsMmepeHus
NpOBOAMMOCTM KaTanMTUYECKMX CIOoeB, a Takke MpeaniokeH crnocob KONMUYECTBEHHOW OLEeHKU
NpOBOANMOCTM (OKCU)rMAPOKCUAHBIX (hOpPM 3MeKTpoKaTanM3aTopoB.
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Mcnonb3oBaHne KpemMHWsi B KayeCcTBE aKTMBHOIMO Martepuana aHodoB JIUTUA-UOHHbIX
aKKyMynSTOPOB NEePCNeKTUBHO M3-3a BbICOKOW yOENbHOM EMKOCTU U LUMPOKOW AOCTYMNHOCTU KPEMHMUS.
OpHako, 3Ha4ynTenbHoe 06 BLEMHOE pacLUMpeHe KpeEMHUSI MPU ero 06paTMoM NIMTUPOBAHMKU NPUBOAUT
K BblCTpON Aerpagauum matepuana u nageHuo éMKOCTU KpeMHUEBBIX 3NeKTpoaoB. [nsa pelueHns aton
npobnembl TpebyeTca nonyvyeHuWe matepuanoB CO creuuanbHOW CTPyKTypon. PaspaboTaHHble K
HacTosLLEMY BPEMEHN KpEMHUEBBIE MaTepuarnel, obnagatoLLme 4OCTaTO4HO BbICOKOW CTabUNbHOCTLIO
ONS UICNONb30BaHWS B NPAKTUYECKUX JIMTUA-MOHHbBIX aKKyMYFsiTOpax, MOXHO pa3genutb Ha TpU rpynnbl:
(1) kpeMHMEBbBIE HAHOHUTHU, BbIpalLEeHHbIE Ha NOANOXKE NepneHANKYNAPHO NOCKOCTN anekTpoaa, (2)
HecTexvomeTpuyeckme okeuabl kpemHuss SiOx n (3) KpemHun-yrmepogHble komnosutbl  Si-C.
Matepuanbl nocnegHnx AByX rpynmn COBMECTUMbI CO CTaHAAPTHOW TEXHOMOrMen cO0pKN NUTUIA-MOHHBIX
aKKyMYISATOPOB M NpeacTaBnsaoT Hanbonbwmn nHtepec. Si-C koMno3uTbl 4EMOHCTPUPYIOT Hanbonee
npuBnekaTeNibHble 3NEKTPOXUMUYECKME XapaKTEPUCTUKK: EMKOCTb aenutupoBaHust oo 1700 mMA-4/T,
HavyanbHyto KynoHoBckyto addekTnBHoCTb 87%. ViccnegoBaHne anekTpoaoB, NOMyYeHHbIX HA OCHOBE
Takux matepuanoB, METOAOM CKaHUPYHOLLen 3NEKTPOHHON MUKPOCKOMUW, HEe BbISIBUNO 3aMETHbIX
U3MEHEHNA UuX TOMLWMHbI Kak npu obpaTMOM NUTUPOBaHWW, Tak W MNOCre MPOLAOMKUTENBHOMO
LIMKNUPOBaHMA B COCTaBe 3MeKTpOXUMMYecknx syeek. C ncnonb3oBaHneM 3nekTpoaoB Ha ocHose Si-C
KOMMO3UTOB C Harpyskon 5 MA-u/cM? B Hawel nabopaTopumn cosfaHbl MNPOTOTUMNbI FNUTUA-UOHHBLIX
aKKyMynsaTopoB éMKOCTbO 28.5 A-4 1 yaenbHon sHeproémkoctbio 330 BT-u/kr.

Ons cvHTe3a BbICOKOEMKMX KPEMHMEBBIX aHOOHbIX MaTepuanoB, MpPUrogHbIX Ans
NpakTUYecKoro MpUMEHEHUS B JUTUW-UOHHBLIX akKymynsTopax, Heobxoaumo MCMoNb30oBaTb
dmsmdeckoe unu xummndeckoe ocaxgeHue Si n SiOx 13 rasoson ¢asel. B otnuume ot gpyrnx metoaos
CVHTe3a, ocaxgeHue w3 rasoBow hasbl MO3BOMSET MOMYyYNTb YUCTbIE BeELLECTBa, He Tpebytwouime
OYMCTKM OT NPOAYKTOB NOBOYHbIX peakunin. NMogobHas ounmcTka NPpMBOANT K OKUCIEHUIO KPEMHMEBOTO
MaTepuana, 3HauMTeNbHO YXYALLAIOWeEro ero afekTpoXMMmyeckne xapakTepucTmku.

BnarogapHoctu
Pab6ota BbinonHeHa npu duHaHcoBo nogaepxke PH®, rpaHT 23-73-30003. ABTOpbI BhipaxatoT 6narogapHoOCTb
PH® 3a nogaepxky.
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MepcneKkTUBbLI pa3BUTUA aKKYMYNATOPHbIX TEXHOSOMMM
Anekcen Hepgonyxko

Ckornikoeckuli uHCmumym Hayku U mexHorsoeaut, Mockea, Poccusi
a.nedoluzhko@skoltech.ru

B HacTosiLee BpeMs NUTUN-MOHHBbIE akkymynatopsl (JTNA) 9BnaTCS OCHOBHOW TEXHONOMMEN
XUMUYECKUX WCTOYHMKOB TOKa Kak Ans MOOUMbHOW 3MeKTPOHMKW, Tak M ANS TAroBblX GaTtapen
anekTpoTpaHcnopta. CoBpeMeHHble CTaluuoHapHbIE CUCTEMbI HAKOMMEHUS 3HEPIUM TaKKe Co3aaloTcs
npenmMyLlectBeHHO Ha ocHoBe JIVMA. [anbHenwee pasBuTme akkyMyNAaTOPHbIX TEXHOMOMIN CBA3aHO C
pelleHneM ABYX OCHOBHbIX 3agady: (1) NMOHWXeHMe CTOMMOCTU akKyMynsaTopoB M (2) yBenuyeHue
yOenbHOW 3HEProéMKOCTN akkyMynaTopoB. [apannensHo MoryT pelaTbCs U Apyrme BaXkHbIe 3a4aquu,
Takne Kak noBblweHMe 0e30MacHOCTH, pacliMpeHve TemnepaTypHoro pAuanasoHa paboTbl U
yBenu4eHne MOLLHOCTU aKKyMyInSTOPOB.

MepcnekTuBHbIMKM  NOAXO4aMW, MNO3BOMAKOWMUMUM  OOOUTLCA CHWXEeHUss cebecToMMocTun
nNpon3BOACTBa, ABMNAITCA UCNONb3oBaHWe bGonee AeLléBbIX AMNEKTPOAHbIX MaTepuarnos 1 nepexon Ha
CYXYI0 TEXHOMOIMI0 HaHECEHUS ANEKTPOAHbIX cMecen. Becbma npuBnekaTenbHON 3NEKTPOXMMNYECKON
CUCTEMON, coYeTaloLLen BbICOKME yAeNbHblIE XapakTePUCTUKM C NOTEHLMANbHOW HU3KON CTOMMOCTbLIO,
asnsietca cuctema kpeMHui/LiFePOas. JINMA Ha ocHOBe aTON CUCTEMBI, COBpaHHbIE C UCNONb30BaHUEM
COBPEMEHHbIX KOMMEPYECKUX MaTepuarnoB, OEMOHCTPUPYIOT YAENbHYK 3HEeproémkoctb 240 BT-u/kr.
370 3HayeHue moxeT ObiTb yBenudeHo npu 3ameHe LiFePOs Ha matepman, B KOTOPOM Xeneso
YaCTMYHO 3amewleHo MapraHuem. Kpome TOro, oxugaeTcs, 4YTO LEHOBble MpenmyLlecTsa
NPOAEMOHCTPUPYIOT, MO Mepe CBOEro pasBUTUSl, HATPUW-WOHHbIE aKKymynsatopbl. ELé ogHum
NOAXOAOM SBMSIETCA CHMXXEHWE CTOMMOCTW >KM3HEHHOrO UuKna GaTapenHblX YCTPOMCTB 3a CYET
KpaTHOro yBenuyeHus pabodero pecypca akkyMynatopHbix 6atapen. [NpumepoM MOryT crnyXuTb
anekTpoMobunu ¢ npoberom B 1 MUAMMOH KUNOMETPOB 6e3 3aMeHbl akkyMynsaTopHou Batapeu.

Cos3paHne akkymynsTopoB C YBENMYEHHOW SHEProéMKOCTbIO CBSA3aHO, Npexae BcCero, C
pa3paboTKkon CUCTEM C KPEMHWEBBLIMU U NUTUN-MEeTannuyeckumn aHogamu. B kauyectBe kaTogHOro
MaTepuana B Takmx akkymynatopax ucnonbsyetcs Li(NixMnyCoz)O2 ¢ BbicOkMM coaepXaHneM HUKens
(x=0.8). OrpomHble ycunust MpeanpuHUMaloTCs AN CO34aHMsA  akkyMynsiTOpOB C  TBEPAbIM
ANEKTPONUTOM, HO K HacTosweMy MOMEHTY yAanocb KOMMepuuanu3oBaTb JfUWb  «MOMy-
TBEPAOTENbHbIE» aKKyMyNATOPbI, UCNOMb3YyHLLME TBEPAbIN SNEKTPONMT B CONeTaHun ¢ xngkum. bonee
CNOXHas TEXHONOMMsi MPON3BOACTBa aKKyMyIisATOPOB, AEMOHCTPUPYOLWMNX yAEeNbHbIE 3HEPrOEMKOCTU
Bbiwe 350 BT-u/kr, oTpaxaeTcs Ha UX CTOMMOCTW, B pe3ynbTaTe TakMe akKyMyIsaTopbl HE HaxoadaT
LLIMPOKOro NpUMeHeHus. YaensHas aHeproémkoctb 500 BT-u/kr sBnaeTcs npeaenom, AOCTUTHYTbIM Ang
NPaKTUYECKUX NUTUN-UOHHBIX N NNTUA-METaNNNYeCKNX CUCTEM.

BnarogapHoctu
Pabota BbinonHeHa npu duHaHcoBow nogaepxke PHP, rpaHT 23-73-30003. ABTOpbI BhipaxatoT 6narogapHoCTb
PH® 3a nogaepxky.
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Mpo6nembl 1 TeKyLlee COCTOSAHUE KOMMepLUanusauum
NUTUN-CEPHbIX aKKYyMYnATOPOB

Enena B. Kapacesa, EneHa B. KyabMuHa, Bnagnmmp C. KonocHWUbIH

Ypumckud MlHemumym xumuu Yegpumckozo ghedeparibHo20 uccriedoeameribCKo2o UeHmpa
Poccutickol akademuu Hayk, Yepa, Poccusi

kolos@anrb.ru

Kommepuvanmsaumsi mobon TexHONMOorMM COMpsbkeHa C BbICOKMM 3aTpataMu U pyUCKamK, YTO
CYLLEECTBEHHO 3aTpyOHSIET BbIBOL, HOBbIX BbICOKOTEXHOMOMMYHBIX MPOAYKTOB Ha MOTPEOMTENBLCKUA  PhIHOK.
OcobeHHO CMOXHO KOMMEPLIManM3mMpoBaTb TEXHOMOMMM U MPOAyKTbl, TpebytoLlume ANUTENBHOMO U CIIOXKHOTO
TeCTMpoBaHMS. K 1X YiCy OTHOCSTCS HOBbIE TUMbl UICTOYHUKOB TOKA, U XapaKTepHbIM NMPUMEPOM SBISIKOTCS NATUIA-
cepHble akkymynsaTtopel (JICA).

Cepa, kaKk aKTUBHbIN MaTepran NornoXUTENbHBIX AMEKTPOAOB ANEKTPOXMMUHECKNX HAKOMUTENEN SHEpIvu,
[aBHO 1 3aCny>XeHHO NpuBreKkarna BHMUMaHWe uccneaosarenein bnarogapsa cBoen AOCTYNHOCTY U AeluesusHe. B
60—70-x rogax npoLurioro Beka 6orbLUIoe BHYMaHUe yaensnoch paspaboTke akkyMyrsiTopoB Ha OCHOBE CUCTEMBI
KMETaNTMYECKMA HATPUA — SrEMEHTapHasi cepay. VsHauanbHo, briarogaps BbICOKOW MIIOTHOCTU SHEPTUW, OHM
paccMaTpyBasIMCb Kak MEPCNEKTVBHOE peLLeHVe Ansi SreKTpoMobunen, HO OCHOBHOE MPYMEHEHVE HanM B
CTaUMOHaPHbIX CUCTEMAX XpaHEHNS 3HEPTUN.

B koHue 1990-x — Hauane 2000-x rogoB Obinv Ha4aTbl UCCIENOBaHNS, HaNpaBIieHHble Ha co3aaHune JICA,
KOTOpblE MPOJOITKAOTCA A0 CuX Mop. [lepBble MOMbITKM KOMMEpPUManu3aumm fUTUR-CEPHbIX akKyMyIsiTOpoB
npeanpuHsna komnaHnsa Sion Power Corp. B Havarne 2000-x roaos. JIUTuit-CepHbI akkyMynsaTop, paspaboTaHHbIN
Sion Power Corp., obriagan camoi BbICOKOM yAenbHou aHeprven (350 BT-u/kr) cpeoy BCex AOCTYMHbIX
aKkyMynSTOPHbIX 6aTtapei, YTo No3BonmIio GecnnnoTHOMY neTatensHoMy annapaty Zephyr 6.1 komnaHum QinetiQ
(kmacc High Alttude Long Endurance) nobutb ouumManbHbIn MUPOBOM pekopsd NPOLAOIMKUTENBHOCTY
BecnunotHoro nonéra, coctasvBlLMA 54 4yaca. MepBoHadanbHO komraHma Sion Power Corp. 3asBnsna o
noaroToBke CEpUMHOrO  MPOM3BOACTBA  IUTUW-CEPHBIX  aKKyMYyNATOPOB, O[HAaKo BriocneacTsuM, u3-3a
HepeLLEHHOCTU psaaa Npobriem, OTkasanack OT paboTbl Ha4 HUMM B MOMNb3Y NIUTUA-METaNNMYeckon batapemn.

B HacTosillee Bpemsa HameTunace TeHOEHUMs nepexoja OT CyryGo HayyHbIX WCCNedoBaHWN B
NPaKTUYECKYH NIIOCKOCTb. Mo cocToaHMo Ha Havano 2026 roga NUTUA-CEpHbIE akKyMYmSTOpPbl HAXOOSATCS Ha
aTane nepexogja OT nabopaTtopHbiX pPaspaboTOK K MPOMBILLIEHHOMY OCBOeHWo. Jlugepamu Mo
koMmepLmansaumm JICA BeICTynaeT psig, KOMNaHWiA;

- Lyten (CLUA) - abcomntoTHbI nuaep no mMaclutady 1 MHBeCTULIMSIM. KomnaHms CTpouT nepBabIi B MUPE
rvrasasog, JICA B Heeape mowHocTbio o 10 BTy (3anyck oxunaetcs B 2027 roay) u yxke B 2024—-2025 rogax
NPUCTYNMIa K KOMMEPYECKMM NMocTaBkaM HEDOMbLLNX akKyMYISTOPOB A1t BOEHHbIX JPOHOB 1 a3POKOCMUYECKON
oTpacnv.

- Li-S Energy (ABcTpanus) - HaxoamMTcs Ha aTane MacluTabuposaHus. KomnaHus nomyyuna rpaHT Ha
CTPOMTENBLCTBO 3aBoAa MoLLHOCTHI0 A0 1 'BT-4 B roa, paspaboTas akkymynsatopbl GEN3 ¢ nnoTHOCTLIO 3Hepiin
456 Br-y/kr.

- Gelion (Bennko6putaHus/ABcTpanus) - aemoHcTpupyeT JICA ¢ BbICOKOM JONTOBEYHOCTHIO. B TecTax
Ha MOHETHbIX ANEMEHTaX X TEXHOIOMUS NMokasarna coxpaHeHue 90% Teopetuyeckor émkoctv nocrie 1000 umkrios,
YTO SABMSIETCH BblJAIOLLYMCS pe3yrbTaToM.

- Zeta Energy (CLUA) - 3asiBnsieT o nnoTtHOCTK aHepmmn 450 BT-W/kr n paboTaeT Hag BbICOKOMOLLHBIMM
DaTtapesiMn, CnocobHbIMM 3apsikaTtbest 3a 6 MuHyT (10C).

Opyrve 3ameTHble urpokn: Theion (Fepmanus), kutavickuid mraHT CATL u LG Energy Solution
(Pecnybnuka Kopest) - oHU Takoke akTUBHO BeAYT UCCreaoBaHus B obriactu TexHororm JICA.

TexHonorms JICA yxxe 0EMOHCTPUPYET KOMMEPHECKUIA MOTEHLMAN B CrneuyanuavpoBaHHbIX HULLIAX, XOTS
NyTb K MaccoBOMY PbIHKY (BKMOYas arekTpoMoburnuv) BCE eLlé orpaHuMyveH psiaoM TexHudeckux Gapbepos. B
[oKnage paccMOTpeHbl  OCHOBHble MpobrieMbl, MPensaTcTBylOLLME  KOMMEpPLManu3aumMm nUTUR-CEpPHbIX
aKKyMYMATOPOB, Y BO3MOXHbIE NMYTW UX PELLIEHNS.

BnarogapHocTu
PaboTa BbINoNHeHa B pamkax rocygapcTtBeHHoro 3agaHusi no teme Ne125020601630-6 «ConbBaTHbIE NOHHbIE
XMOKOCTM — COCTaB, CTPOEHMWE, (PUNKO-XMMUYECKME W INEKTPOXMMUYECKMe CBOWCTBA. [lpuMeHeHue B

3HepFOéMKVIX HaKonnTenax sHeprum — NATUEBLIX N NNTUA-NOHHBIX aKKyMynaTopax».

39



NMPUMMALLUEHHbIE OOKNAAODbI INVITED LECTURES

YHUKanbHOCTb XMMUYE€CKUX UICTOYHUKOB TOKa Ha OCHOBEe
anekTpoxummyeckon cuctemsol Li/SOCI2 — onbIT NpUMeHeHUs1 U HOBble
BO3MOXHOCTHU

Omutpun 6. ®epotos, AnekcaHap H. Madten, Anekcen A. JlyxxaHckun

AO U® «OpuoH-XUNT» Hosouepkacck, Poccusi
orion-hit@mail.ru

Cpean MHOXecTBa ranbBaHUYECKUX nap dMeKTPOXUMUYECKM aKTUBHbLIX MaTepManoB 0CO6EeHHO
BblgenseTca napa nutun-xnopuctbid TuoHun (Li/SOCI2) [1]. Xvmuyeckme uctouHukn Toka (XUT)
cnctemblLi/SOCI2 paspaboTaHbl 1 BbINyCKaKOTCA NPaKTUYECKM BO BCEX TUMAxX KOPMYCHOrO UCMOMHEH s,
no TWMy 3NekTpoAHbIXx 6rokoB npeactaBnaemble XUT, Tawke paspaboTaHbl BO BCeX BapuaHTax
WCMOJTHEHUS BKIOYAs UCTOYHMKUN TOKa ¢ bunonspHbiMu anektpogamu. XUT Li/SOCI2 BbinyckatoTcs Kak
B COCTOSIHUM NMOCTOSIHHOM FOTOBHOCTU, TaK U B BUAE PE3EPBHbIX aMMyrbHbIX MCTOYHMKOB TOKa.

Otpacnu npumeHsowme asToHoMHble XUT Li/SOCIz: HedTerasoBas, TeNeKOMMYyHMKaUMU U
CBSi3b, MeAWLMHCKasi, OXpaHHO-MOXapHble CUCTEMbl, CUCTEMbI y4YeTa SHEepropecypcoB, BOEHHasi U
aspokocMmmyeckas [2]. lMpu 3TOM, B pPaKeTHO-KOCMWYECKOW TEXHWKe npeacTaBnieHHble XUT
ucnonb3ytotca kak npeanpuatuamm K «Pockocmoc», Tak n HACA n EKA.

O6nactn npumeHeHns XWUT Li/SOCI2 onpemensaoT MX yHUKanbHble CBOMCTBA, TaKMe Kak:
COXPaHHOCTb 3apsifa, yAernbHble XapaKTepucTuKKu, TemnepaTypHblil Anana3oH paboTocnocobHocTy,
CcTabunbHOCTb paspsiAHOro HanpsXXeHust B npoLlecce akcnnyataumm n gpyrme. OCobeHHO yHUKanbHble
XapakTepuUCTUkn NnuTtun-TnoHnnxnopuaHelix XUT npuBeaeHsl B Tabnuue 1.

Tabnuya 1. YHuKanbHble xapakmepucmuKu aumuli-muoHUXnopudHbix XUT

HavmeHoBaHue napameTpa 3HayeHve napameTpa

MpakTnyeckn OCTUrHyTas:

- yaenbHasa MmaccoBas aHeprusi, BTxu/kr Jo 700,0

- yaenbHasa o6beMHas aHeprusa Brxu/n o 1350,0

TemnepaTtypHbIN OunanasoH MwuHyc 60 + nntoc 200
pabotocnocobHocTu, °C

CT1abunbHOCTb paspsiaHOro HanpsXKeHus CtabuneHo go 90 % otaoaBaemon

€MKOCTU
[OnuTenbHbIN CPOK XpaHeHus, rogbl o 20*
TokoBbIV pexum paspsiga Hwsknin, cpegHnin, BbICOKUN™*

*) LUutnpyetca no katanory doupmbl SAFT [3]. YkasaHHble 3HaueHust nogreepxgatotca AO NP
«OpnoH-XUT» ncnblITaHUSMKN HA COXPAHAEMOCTb 3NIEMEHTOB MOCTOSHHOW FOTOBHOCTU, U3rOTOBMEHHbIX
B 1987 n 1988 rogax.

**) JIntni-tmonmnxnopugHole XUT 0OLWENPUHATO CcUMTaOTCA NPUrogHbIMM ANsl paspsana
Huskumn (oo 1 MA/cm?) n cpegHummn (4o 5 MA/cm2) nnoTHocTaMM Tokamu. OpHako, Ha OCHOBaHWUU
notpedHocten POA, ncnoneaytowen XUT nutuni-tnoHmnnxnopugHon cuctemol, AO NP «OpunoH-XUT»
Obln NpoBefeHbl paboTbl MO YCOBEPLUEHCTBOBAHMIO KOHCTPYKLMM, TEXHOMOMMU U UCMOSb3yEMbIX
MaTepuanos npu npoussoactee XMUT, 4To NO3BONWMO ANsi 31IEMEHTOB NOCTOSHHOW FOTOBHOCTU JOCTUYb
BENUYUHBI NIIOTHOCTU TOKa MNPV HenpepbiBHOM paspsge 12,5 MA/CM2 1 npu uMnynbcHOM 75 MA/cM?2
(anemeHT TMNOpasmepa ER20 («D») cnocobeH pa3psxkatbest HenpepbiBHbIM TOKOM 10 A U UMNYMNbCHbIM
TokoM 60 A), a ona pe3epBHbIX aMNyrbHbIX 3NIEMEHTOB MIIOTHOCTb TOKAa NMPW HEMPEPLIBHOM paspsge
coctaensieT 20 MA/cm2.

lMpuBeAeHHas YHUKANbHOCTb XapaKTepuUCTUK NUTUR-TUoHUNxnopugHelx XWUT nossonset
cunTaTb AaHHYH CUCTEMY OOCTaTOYHO YHUBEPCAIbHOW Of1S pasfiM4yHOro MPUMEHEHUS, a YYnTbiBas
[OCTWXKEHUS B NOBbILLEHUN NIIOTHOCTEN TOKa paspsiaa AaHHbIX XUT, BO3MOXHO paclumpeHune obnactu
NpMMeHeHns Anst obecnevyeHns aneKkTponuTaHneMm 6ecnunoTHBIX NOABOAHbIX, HAABOOHbLIX, HA3EMHbIX
N BO3AYLUHbIX 06BHEKTOB, TPEOYIOLWNX MAKCMMarbHOro BpeMeHu paboThl.

Cnucok nutepatypbl
[1] E. A. HuxHukoBckuii COBpeMeHHbIE 3NEKTPOXUMUYECKME UCTOYHMKM Toka. MoHorpadust. — M.:
PagunoTtexHuka, 2015. — 296 c.

[2] O.B. depoToe, H. W. Antowes, A. H. Madteit «OnbIT NPpUMEHEHNS NIUTUR-TUOHUNXNOPUOHBIX
MCTOYHUKOB TOKa A1151 pakeTHO-KOCMUYEeCKON TexHkuy. MaTepuans! XIIMexayHapoaHou KoHdepeHLun.
KpacHogap, 1 — 6 oktabpsi 2012 r.

[3] NuTneBble GaTapen SAFT. Katanor npoaykumun. JokyMeHT npoaykumm Ne 54083 — 2 — 1014. VspaHue:
okTs16pb 2014 T.
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Hay4Hoe conpoBoXxaeHue NPOU3BOACTBA IMTUN-UOHHbIX aKKyMYJATOPOB:
pelleHWe HeCTaHAAPTHbLIX TEXHOJNIOrMYeCKUX 3aaay

Enena B. Anekceesa'?

" UHemumym xumuu, CaHkm-lemep6ypeckull eocydapcmeeHHbIl yHUsepcumem,
CaHkm-lNemepbype, Poccus
2000 HIO «lMpommexHonumy, CaHkm-llemepbype, Poccusi

e.v.alekseeva@spbu.ru

CtabunbHoe NPOU3BOACTBO JIUTUA-MOHHBLIX aKKYMYNSITOPOB OCHOBAHO Ha BOCMPOW3BOLAMMOM
TEXHOMOMMYECKOM MpoLiecce, MOAPOOHO OMMCAHHOW METOOUKE U KOHTPONMPYEMBIX XapaKTepUCTUKaX
NCXOAOHbIX MaTepurarnoB. B 3Tnx ycrnoBusix KOMNETEHLMM TEXHOSIOra NPeAnpUaTAS NO3BONSOT 3hEeKTMBHO
NnoaaepXmBaThb 3a4aHHbIe NapamMeTpbl NpoLecca 1 kavyecTBo npoaykumm. OgHako nNpu Beixoae 3a npeaernbl
LWTaTHOW CcuUTyauun 3afaya CyLleCTBEHHO MeHsieTcsl. Ecnu BxOOHOW KOHTPOMb BbISBASET OTNUYne
MaTepuana oT OXnaaeMblX XapakTePUCTUK, OTAENbHbIE CBOMCTBA NapTMM OKa3biBaOTCA HECTAOUNbHbIMK
nnbo nomnyyeHHas OT NOCTaBLLUMKa TEXHOMOrMyeckas MetToamka CoaepKuT HETOMHOCTU UM He4OCTaTOYHO
MOMHO ONUCHIBAET KPUTUYECKNE NapameTpbl, CTaHAapTHbIE KOPPEKTUPYIOLLME AENCTBUS MOrYT OKasaTbCH
HeaphekTNBHbIMN U 3aTpaTHbiMU. [1pON3BOACTBO MpW STOM He Bcerda MOXET BbIATU Ha Tpebyemble
XapaKTEePUCTUKKN TONBKO 3a CYET NocreaoBaTeNbHOro Noadbopa TEXHONOMMYECKMX PEXUMOB.

B nogobHbIx cutyauusix TpebyeTcs Hay4HbI NOAXo4d: hopMynMpOBaHME MPOBEPSIEMbIX TMIMOTE3 O
NpUYMHaX OTKITOHEHWs], BbIOOP afeKBaTHLIX METOAOB aHanM3a, YCTaHOBIIEHME CBS3N MEXAy CBOWCTBaAMMU
WUCXOOHOTO  MaTtepuana, napameTpamMy TEXHOJIOMYEeCKOro npouecca U - 3MEeKTPOXUMUYECKUMUN
XapaKTepuUCTUKaMM TOTOBOIrO aKKyMynsiTopa. Takoe B3aMMOOEWCTBME HE 3aMeEHSIET KOMMETEHLMU
NPOU3BOACTBEHHOrO TEXHOMOra, a AOMOMHSAET MX WMHCTPYMEHTaMM Hay4yHOro MUCCrneaoBaHus U aHanmsa.
MMeHHO no 3TOM Mogenu cTpouTca coTpyaHudectBo WHctutyta xumumm CIery u OOO HIMO
«lMpomMTexHONMUT»: NPOU3BOACTBEHHAs 3ajayva opMynupyeTcs npeanpustmeM, a  3KCnepTHble
BO3MOXHOCTW BbIMYCKHUKOB U COTPYAHMKOB YHUBEPCUTETA UCNOMb3YIOTCA AN NOMCKa NPUYUHBLI U HAy4HO
060CHOBaHHOrO BbIGOPa KOPPEKTUPYIOLLIMX PELLEHWI.

OovH U3 peanu3oBaHHbIX KEWCOB Obinl CBSA3aH CO CHWXKEHUMEM EMKOCTU  BbIMyCKaeMbIX
akkyMynaTopoB. [nsi nmoucka npuunHbl Obil NpoBeQéH aHanM3 Mopollka aHOAHOro MaTtepuana.
Mony4eHHble pes3ynbTaTbl MO3BONWAM  CBA3aTb HabnogaeMoe yXyAleHUe  SNEeKTPOXMMUYECKUX
XapaKTEPUCTUK  aKKyMyJIATOPOB C  KPUTUYECKUMUW XapaKTEPUCTMKaMM MWCXOOHOro mMarepuarna, He
YyKa3aHHbIMU B MacnopTe KadecTBe, OnpeaennTb MPUYUHY CHIDKEHMST EMKOCTU U COOPMYNMpPOBaTh MyTh
peLueHns npobnembl COBMECTHO C NPOM3BOANTENEM MaTepuana.

HayyHasa nogaepkka Heobxoauma v Npy agantaumum TEXHONOMI K KNMMaTUYeCKUM OCOBEHHOCTAM
Poccuiickon ®epepaummn. MaTtepuansl, TEXHONOMMYECKUE PEXUMbI U pEKOMEHAALMN NOCTaBLUUKOB MOTyT
ObITb paspaboTaHbl AN WMHbIX YCMOBUM XpaHEeHWs, TPaHCMOPTUPOBKM M MPOMU3BOACTBA. TemnepaTtypa,
BNaXXHOCTb W CBSA3aHHbIE C HUMW W3MEHEHWs1 CBOWCTB MaTepuanoB CMOCOOHbI BNMATL Kak Ha
MPOU3BOACTBEHHbINA MPOLIECC, TaK U Ha XapaKTEePUCTMKM TOTOBLIX aKKyMyrnaTopoB. [1oaToMy nepeHoc
rOTOBOW TEXHOSOrMM TpeOyeT NPOBEPKUN FPaHNL, €€ MPUMEHUMOCTU, BbISIBIIEHUS] KPUTUYECKMX (DAKTOPOB U,
npu HeobXxoaMMOCTK, Hay4yHO OOOCHOBAHHOW KOPPEKTMPOBKM MaTepuarnoB, PEXUMOB MPOWM3BOACTBA U
METOO0B UCMbITAHNIA.

[Inst yCTOMYMBOrO peLleHnst Takmx 3a4ad NPOMbILLIIEHHOCTU HEOOXOAMMbI CNeLManmcTbl, KOTopble
O[HOBPEMEHHO MOHUMAOT TEXHOSOMIO MPOU3BOACTBEHHOrO MpoLiecca W BradetT HaBblkaMU HayYHbIX
uccrnegosaHuin. Noatomy BaxkHOM YacTbio coTpyaHudectaa CI6IY n OO0 HIMO «lMpomTtexHonut» ctanm
NPakTUKM W  CTaXUPOBKU CTYAEHTOB WHCTUTYTa XuMuUM Ha npeanpustum ¢ nocneayloLwmm
TPYOOYCTPOMCTBOM MOSNOAbLIX cneuvanuctoB. B pesynbTate Ha npeanpusitum cchopMmpoBaHa HayvHo-
uccriegoBarernbsckas nabopaTtopus, B kKOTopor paboTatoT BbinyckHuku CI6IY. Takon mexaHu3m no3sonseT
nepefasatb Hay4Hble KOMMETEHUUW HENoCpeACcTBEHHO B MPOU3BOACTBO U hOpMMpOBaTb KaapOBbIN
pe3epB, CMOCOBHLIN M BbINOMHATL OTPaboTaHHYH TEXHONOMMIO, U NPpodecCcnoHarnbHO paboTaTtk C HOBLIMK
MaTepuanamm 1 3agadaMmm TEXHONOrMYECKON aganTauun.
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MHorod)yHKLUMOHanNbHbIe NPoBOAsLLME CBA3YOLWME ANA YCUneHus
6e30nacHOCTM U ynyudlleHus 3apaa-pa3psaaHbIX XapakTepucTmk
NUTUN-NOHHLIX GaTapewn

Omutpuii B. Annuierko!, AHHa C. CeHbuykoBa', TatbsiHa M. MNukanosa’

1 CaHkm-lNemepbypeckuli 2ocydapcmeeHHbill yHusepcumem, CaHkm-lemepbype, Poccusi
dima_anishenko@mail.ru

MpoBogswme nonvMepbl MPUBREKAOT BHMMAHWE KakK MNEPCMEeKTMBHbIE  KOMMOHEHTHI
3NEKTPOAHbIX CBA3YIOLLMX B MUTUN-UMOHHBIX akkymynaTopax (JIMA). Tak, ux MOXHO ncnonb3oBatb ANnd
OOHOBPEMEHHOIO MOBbLIWEHMS pa3psgHOA EMKOCTWU, YMEHbLUEHUS nonsipu3auum n obecnedeHust
3alWnTbl OT aBapPUIAHbIX PEXUMOB, TaKMX Kak KOpoTkoe 3ambikaHue (K3).

B paboTte wuccnegoBaHbl KOMMO3WTHble katoabl Ha ocHoBe LiFePOs (LFP) c
MHOrO(pyHKUMOHaNbHbIMK  CBA3yOWMMK Ha ocHoBe PEDOT:PSS, polypyrrole:PSS u poly(3,4-
dimethoxythiophene):PSS, ¢ pobaeneHuem yrnepoga (pasnuyHble MaccoBble gonu) n 6e3 Hero.
OKCMepMeHTbl BKITHOYanu ranbBaHOCTaTUYeCKne 3apsg-pas3psigHble TecTbl MPU pasHbIX CKOPOCTSIX
TOKa, LMKINYECKYIO BONbTAMNEPOMETPUID, 3SNEKTPOXMMUYECKYID MMMEOAaHCHYI0 CMEKTPOCKOMMIO,
XPOHOAMMEPOMETPUIO, MOTEHLMOCTATUYECKOE MPEPLIBUCTOE TUTPOBAHME, a TaKkKe W3MepeHus
NpoBOAMMOCTM 00pa3uoB. [JoNoONHUTENBLHO NPOBOAMIUCH SKCNEPUMEHTBI U MOAENMPOBAHNE KOPOTKOTO
3aMblKaHKs C Ucnornb3oBaHMeM s4yeek popmata CR2032. YcTaHOBNEHO, YTO NOMYyYE€HHbIE KOMMO3UTbI
no 3apsa-paspsiAiHbIM XapakTepUcTkam He yCTynatoT, a B psife CcryYyaeB He3HA4YMTENbHO NPeBOCXoasAT
ctaHgapTHbI kaTog LFP+C+PVDF. OgHOBpEMEHHO, MOMyYEeHHbIE KOMMNO3UThI NMPOSABASIOT OT/INYHbIE
3alLMTHbIE CBOMCTBA: TaK, MPW CHYXXEHUKN MOoTeHLmana Hke npumepHo 3 B npoBoANMOCTb CBA3YHOLLMX
nagaet 6onee Yem Ha Tpu NOpSAKa, YTO NPUBOOUT K CaMOOTrPaHNYeHnIo Toka B ycrnoBusix K3 1 4ormkHO
cnocobcTBOBaTH NpeaoTBpaLleHuto neperpesa n BosropaHus JINA.

Mbl nonaraem, 4TO MpeAcTaBfeHHbIE WCCNeaoBaHWs BaxHbl Ans pa3paboTkn GesonacHbix
NUTUR-MOHHbIX aKKyMyISATOPOB, MOCKOSbKY NpeasiaraeMblii NOAX0A NO3BOSSIET CYLLECTBEHHO NOBbLICUTL
3aLLUMTHbIE XapakTePUCTUKM BaTapen Npu CoOXpaHEHUN BbICOKUX 3apaa-pas3psiaHbiX nokasaTenen.

BnarogapHoctu
Pab6oTa BbinonHeHa npu omHaHcoBow noaaepxke Poccuiickoro HayvHoro poraa. (npoekt Ne 24-73-10157).
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Oco6eHHOCTU U3MepPEeHUA INEKTPOXUMUYECKOro
MMneaaHca NMMTUN-UOHHBIX aKKyMYNATOPOB

EBreHun A. ActadbeB

®edepanbHbil uccnedosamernbcKuli UeHmMp rnpobrem xumudeckol ¢busuku u MeduyuHCKoU xumuu
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PaspaboTka 1 nNpon3BoaCcTBO HOBbIX 3PMEKTUBHBLIX HAKOMUTENEN SHEPTUU - NUTUA-UOHHBLIX
aKKyMynsATOpPOB, CYMEePKOHOEHCATOPOB, MEpPBUYHbLIX SMEMEHTOB, a Takke MaTepuanoB [AOJi HuX,
HEBO3MOXHbl ©e3  MCnonb3oBaHUS  Crneuuanu3npoBaHHOTO  06opydoBaHMs,  MO3BOMAKOLLENO
peanu3oBbiBaTb OCHOBHbIE TEXHUKM 3MEKTPOXUMMUYECKUX M3MepeHuin. B nocnegHue roael Bce 6one
nonynspeH CTaHOBUTCH METOZ ANEeKTPOXMMUYEecKoro umnenaHca. B nabopatopusix oH Heobxoamm ang
NonyyYeHnsi KOMWYECTBEHHbIX XapakKTepUCTUK MaTepuanoB, Hanpumep BenuyYMH MPOBOAUMOCTMH,
koadppuumeHtoB audppysmn. Ha npousBoacTtBe OH MCMNONb3yeTca And ObICTPOro BXOAHOMO U
BbIXOAHOrO KOHTPOMS, B YaCTHOCTM MO nacnoptHon BenuumHe ESR Ha yacTtoTe 1 k'Y unu BblLwLe.

HecmoTps Ha JOCTOMHCTBA MeTOAa, OH UMEET Lienbl pag 0COBeHHOCTEN, OT KOTOPbIX 3aBUCUT
KayecTBO M yaobCTBO ero peanu3auuy, a Takke TOYHOCTb M rnybuHa nonyyaembix pe3ynbTaToB. Tak,
Hanpumep, OOHOW W3 KIOYEBbIX OCODEHHOCTEN, BMAWAKOLWIMX Ha KayecTBO, B OCODEHHOCTU
HM3KOYaCTOTHbIX M3MEPEHWI, SBNSAETCA CTaUMOHApPHOCTb, KOTOpasi onpedensdetcss ANIMTENbHOCTbLIO
penakcauum akkymynstopa nocre ero npejlwecTBylowWero 3apsiga unu paspsga. HepocrtatodHas
CTeneHb pernakcaumm NpMBoanT K pa3bpocy TOYEK AaHHBIX U MOTEpPe TOYHOCTN.

Ha yno6cTtBo paboTbl M TOMHOCTL BE3YCNOBHO BNUSAET Ka4eCTBO, a Kak crneacTBMe U CTOMMOCTb
nameputensHoM annapatypbl. Bonee goporune nccnepoBatenbckne Npubopsl, B YacTHOCTU Poccuinckne
SmartStat npodeccrmoHanbHOM cepuy NO3BONSOT PErMCTPUPOBaTL BbICOKOKAYECTBEHHbIE CMEKTPbI
uMnegaHca Ha BbICOKOW CKOPOCTU uamepeHust npn amnnutygax ot 1 MB. MHorokaHanbHble CUCTEMbI
WMHOYyCTpranbHON 1 TexHonormdyeckon cepui SmartStat cnocobHbl obecneunTb CXOXY0 TOYHOCTL 6e3
BM3yanbHoro pasbpoca, HO yxe npu 6onee BbiCOkMx amnnutygax B 10 mB, n notpebytoT 6onblie
BPEMEHN U3MEPEHMS B PEXNME TOYHOCTH.

BesycnoBHoe ygobCTBO MpegoCTaBRsOT LUECTUINEKTPOAHbIE MOTEeHUMocTaTbl, MMerLme
BO3MOXHOCTb pEerncrpauum He OAHOro, Kak Yy YeTbIPeX3NeKTPOAHbIX, a HECKOSbKMX MageHumn
noteHumana. OTO MO3BOMSET OAHOBPEMEHHO PErMCTpPMpPOBaTb pas3gefieHHbIMW MMMedaHc katoda v
aHoga, BBeas anekTpoa cpaBHeHus. KauyecTBo M yaob6CTBO Takoro aKCNepuMeHTa OKasblBatoTCH
HeconocTaB/MMO BblLLe, YeM MOBTOPHOE M3MEpEeHUe C PyYHON nepekommyTaumen kabenen npnbopa ¢
O[HOro anekTpoAa Ha Apyron. M3nuwHe roBopuTtb, UYTO rNybuMHa UCCNeaoBaHMsI OKa3blBaeTCs Ha
NopsiioK Bbille, NPU pasfenbHOM permcTpaumm cnekTpoB umnegaHca (Mnm paspsagHbIX XapakTepucTumK)
KaToga M aHoda B TakOM cryvyae, No CpPaBHEHUIO C [OBYX3NEKTPOAHOM SYEeWKoW, Ansi KOTOpOu
nony4yaeTcsl HepasgerneHHas 1 NoYTu Bcerga Hepasaenvmas cynepnosvums CrnekTpoB nMnegaHca ang
060ounX 3NEKTPOAOB.

PasButne annapaTypbl U MpOrpaMMHOro obecneyeHns OalT BO3MOXHOCTb PEermcTpMpoBaTb
CMEeKTpbl UMNeJaHca gaxe B TOM Crlyyae, eCnu MeTo He BXOAWN B KOMMMEKT MocTaBku npubopa.
MporpammHoe obecneyeHne SmartSoft N03BONSAET BLINOMHATL PEMMCTPALNIO KAYECTBEHHbBIX CMEKTPOB
uMnegaHca, UCnonb3yst TEXHUKY ManocuUrHanbHOW LIMKINYECKON BONMbTaMnepoMeTpum, cneyuanbHbiM
obpa3omMm HacTpovB nporpamMmmartop Mo aBToOMaTU4ecKoe reHepupoBaHMe Habopa ckopocTen
pasBepTkn (4actoT). BecTpoeHHas B SmartSoft nporpammHas dyHkumns ®Pypbe-aHanusa nossonset
ObICTpO U yAoBHO paccumTaTb U3 HUX CNEKTp nMmnegaHca 6e3 npmenevyeHms CTOpoHHer 06paboTku.

BnarogapHoctu
PaboTa BbInonHeHa npu nogaepxke MuHucTepcTBa Hayku M Bbiclwero obpasoBaHust Poccuiickon denepauum B
pamkax rocygapcTBeHHoro 3agaHua PUL MXP un MX PAH (HOomMep rocyaapCTBEHHOM perucrpauum
124013000692-4).
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CuHTe3 U uccnenoBaHue 3KCTPaAKUMOHHbIX CBOMCTB HOBOro (hTOpUpOBaHHOIo
1,3-AMKeTOHa ANA CeNeKTUBHOro U3BrieYeHUsi NMINTUA U3 BOAHbIX pecypcoB

PomaHn KO. BanaxoHoB, [leHuc A. Jlazapes, AHapen A. BowwkuH

UHemumym obwel u HeopeaaHu4veckol xumuu um. H.C. KypHakoea PAH
balakhnvrman3@gmail.com

CTpeMuTenbHbIN POCT Cnpoca Ha NUTUI ONS SNEKTPOHWKM U arekTpomobunen Tpebyet
pa3paboTku HOBbLIX WCTOYHWMKOB CbIpbSl, TAKUX KaK MOPCKWE, reoTepMaribHble W MnacTtoBble BOAbI.
TpaguuunoHHble MeToabl (McnapeHue, oOXuUr pya) 3Korornyecku HebesonacHbl, SHepros3aTtpaTHbl U
HepeHTabenbHbl ANa 6eaHbIx MecTopoxaeHun. Heobxoomma paspaboTka «3eneHbiX» TEeXHOMorum
npsimoro nsenedeHus nutusa (direct lithium extraction, DLE) [1]. B pamkax gaHHOW 3afaqn XuaKocTHast
KCTPaKUUA ABMNSETCH NEepPCrnekTUBHLIM NOAXOA0M BBUAY €€ 3(pEeKTMBHOCTU, MacLUTabmMpyeMocTn u
NpoCTOTbl  annapatypHoro odopMMeHusi, OAHako eé pasBuTMe CcAepXuBaeT OTCyTCTBME
BbICOKOCEMNEKTUBHbLIX 9KCTpareHToB B ycnoBusax usbbitka Na, K, Mg n Ca. NMoatomy uensto paboTbl
ABNSAETCA CO34aHNe HOBbIX Li-CENEKTMBHBIX SKCTPAreHToB M pa3paboTka 3ddeKTMBHOIO npoLecca
3KCTPaKUMM 119 3aMKHYTbIX TEXHOMOTMYECKUX CXEM.

[ns cenekTMBHOrO 3KCTPAKLMOHHOTO N3BMIEYEHNS NIUTUS HA CETOAHSLLHUA AeHb BCE OOMbLUYIO
nonynsapHocTb HabupatoT 1,3-AMKeToHbl Bnarogapst Havnydwemy 6anaHcy Mexay CEeneKTUBHOCTBIO U
poctynHocTblo. Ocobyto  3pPeKTMBHOCTb MOKa3biBalOT (PTOPUPOBAHHbIE AMKETOHbI, Takue Kak
6eHsountpudptoparetoH (BTA) n TeHountpudtoparetoH (TTA), 6narogaps cHuwkeHuto paboyero pH
n3-3a 9MNeKTPOHOAaKLEeNnTOPHOro BNusHUSA atoma cgpropa. OgHako oHM obnafatoT TakumMu HegocTaTkamu,
Kak notepsi aKCcTpareHTa (yHoC B BOAHYH ha3y) u pasnoxeHue nocrne 60nbLIoro KonuyecTsa LUKNOB
3KCTPaKUUK, YTO He NO3BONSET MacTabupoBaTb AaHHbIV nNpolecc [2]. HuBenupoBaTh 3TM HeJOCTaTKM
MOXHO MYTEM MoandMKaLumM CYLLLECTBYIOLLMX SKCTpareHToB. BBeaeHne ANUHHBIX ankunbHbIX XBOCTOB
(Cs n bonee) nossonseT CHW3WTb PacTBOPUMOCTb B BOOHOW a3e W MOBbICUTb XUMUYECKYHO
YCTOMYMBOCTb Gnarogaps ynpoYHEHNIO XUMNYECKUX CBA3EN B CTPYKType 1,3-gukeToHa. B3siB 3a ocHOBY
BTA, Hamun Obin cuHTe3npoBaH 4,4,4-TpudTop-1-(4-(rekcageuunnokcun)denun)oytan-1,3-guoH B Tpu
cTagumn n3 KOMMepYECKN A0CTYMHbIX UCXOAHbIX COeANHEHUI. MMpenmyLLecTBOM 4aHHOW CUHTETUYECKON
CXeMbl ABnsieTcs yaobHas MacluTabvpyemMocTb KaXaon ctagun.

B pabote cuctematmyeckn uccrnenoBaHbl BAUSHUE COJKCTpareHTa (TpUOoKTUNgOochUHOKCHA,
TpubyTundocdar), KnHeTuka aKcTpakumn, BnusHue pH BoaHOM basbl, KOHLEHTpaLUN SKCTpareHTos,
COOTHOLLIEHWE BOAHOW W opraHumdeckon a3, a Takke UuKnuyeckasi cTabunbHOCTb MOMYyYEHHOro
coeanHeHus. [NpenBaputencHble pesynbTaTbhl NOKasblBalT, YTO MOAUMPULMPOBAHHBLIN SKCTPareHT
OEeMOHCTPUPYET MNOBbILIEHHYO MAPOMOBHOCTL U YCTOMYMBOCTb MPU  COXPAHEHUM BbICOKOM
CENEeKTMBHOCTM K MITUI0, YTO OTKPbIBAET NEPCMNEKTMBbI €ro NPUMEHEHUST B 3aMKHYThIX TEXHOITOMMYECKMX
CXeMax U3BMneYeHns NMNTUS 13 BOOHbIX PECYPCOB.

CigHasBr _CyeH
oH e oGt AICI3 /©)J\ w
(0] C|/\/CI MeONa
)J\/ C16H33 MeOH/Et,O C16H33

2h, 15-20°C 24h,r. t
30 h, reflux 1, 93% 2,91% 3
169.1 g, 89%

Cxema 1. CuHmes 4,4,4-mpugbmop-1-(4-(eekcadeyurnokcu)peHus)bymar-1,3-0uoHa
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aqueous solutions // Front. Chem. Eng. 2022. T. 4, C. 1008680. DOI: 10.3389/fceng.2022.1008680.
[2] Zhou G., Yan W.,, Yan S., Gao D., Zeng D., Li. D., Zeng D. Lithium solvent extraction from weak alkaline
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DOI:10.1002/aic.18703.
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Segregation as a Driving Force for Protective CEl Formation:
The Case of Ti-Segregated LiCoO:
Anton O. Boev, Ivan A. Moiseev, Anatolii V. Morozov, Artem M. Abakumov, Dmitry A. Aksyonov

Skolkovo Institute of Science and Technology, Moscow, Russia
a.boev@skoltech.ru

The role of surface segregation in governing cathode—electrolyte interphase (CEI) formation
remains poorly understood. In this work, we combine density functional theory (DFT) calculations and
experimental characterization to investigate the impact of Ti surface segregation on electrolyte
decomposition and interphase formation in LiCoOs.

Ti-substituted LiCo1xTixO2 materials were synthesized via co-precipitation and confirmed to
exhibit a layered a-NaFeO:2-type structure. HAADF-STEM and EDX analyses reveal selective Ti
segregation at (104) surfaces, in agreement with DFT predictions. Electrochemical testing shows
improved cycling stability for Ti-containing samples, with capacity retention enhanced by up to 14% after
100 cycles. Post-cycling microscopy demonstrates the formation of a silicon-rich CEl layer exclusively
on Ti-segregated surfaces, while no such layer is observed for pristine LiCoO2. To elucidate this
behavior, DFT calculations of PFs~ decomposition were performed. Ti sites strongly enhance PFs~
adsorption and induce its activation via fluorine abstraction, significantly lowering the reaction barrier
and, at high Ti concentrations, enabling spontaneous dissociation. The resulting reactive fluorine
species can generate HF in the presence of trace moisture, which attacks borosilicate glass fiber
separators, releasing silicon-containing species into the electrolyte. These species subsequently form a
stable Si-containing CEl layer on Ti-modified surfaces, consistent with calculated adhesion energies.

These findings demonstrate that surface segregation can trigger electrolyte decomposition and
promote the in situ formation of protective interphases, offering a new strategy for cathode material
design.
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B HacTosilee BpemMs OOHVMM W3 TMNPUOPUTETHBIX HamnpaBleHWA pasBUTUS XUMUYECKMX
WCTOYHMKOB TOKa SIBNSAETCA MOUCK M MogumKaumsa aHogHbIX MaTepuarnoB 4118 NOCT-NMMTUEBLIX CUCTEM,
B YaCTHOCTM ANs HATPUM-MOHHBLIX aKKyMynsTOpoB. YrnepogHble Martepuansl, ocobeHHO TBepabli
yrnepog (hard carbon), paccmaTtpuBaloTca Kak nepcnekTuBHble aHoAdbl Gnarogaps cnocobHoCcTU K
06paTUMON UHTEPKANALMM MOHOB HAaTPUSA U BbICOKOW LIMKNMYeckon ctabunsHoctu [1].

Llenb HacTosiwen paboTbl — CpaBHUTENbHBIA aHanNu3 3MEKTPOXMMMUYECKUX XapaKTepUCTUK
Tpex TUMOB YrnepoaHbIX aHOAHbIX MaTepuanoB: KOMMEPYeCKOro cuHtetuyeckoro rpadgputa (CSG),
TBEPOOro yrrnepoga, NorlyYeHHOro nasepHbIM HanbieHnem ¢ nocnegytowen obpabotkon (HCL), u
TBEpPOOro yrnepoaa, CMHTe3anpoBaHHoro ayroebim metogom (HCA). MaTepuansl Obiniv NnpeaocTaBeHbl
HOL| «®yHKUMOHanbHble HaHOMaTepuanbl» BOY um. L. Kanra.

B pabote cobpaHbl MakeTHble A4enknm MoHeTHoro Tuna CR2016 gnsi nMTueBOW cucTeMbl
(npotuBoanekTpog — Li) u CR2032 ansa HaTtpmeBon cuctembl (NpoTnBoanektpod — Na). AKTUBHYHO
nacTty HaHocunu Ha MegHyl ¢onbry, B KayecTBe cenapartopa mcnonb3oBanu Celgard 3501/2325,
anektponutamn cnyxunum 4M LiFSI B8 DME/DOL (9:1) u 1M NaPF¢ B gurnume. Cbopka s4deek
npoBogunack B aproHoBom 6Gokce ¢ ypoBHeM O, u H,O <1 ppm. 3nekTpoxumumyecKkne ucnbiTaHust
BKMOYanuM usMepeHme obpaTtMMo U HeobpaTUMOW €MKOCTMW, KYFIOHOBCKOM 3¢hdeKTMBHOCTM U
CTabuNbHOCTN LMKNUPOBaHWA. YrnepofHble maTtepuansl obnagalT pasnvyHbiMU anioTpOnHbIMU
MogudvkaumamMy, BAUSKOWMMW  Ha MeEXaHu3M MHTepKanaumMm WOHOB nuTuda/HaTpusa. [padwuT
XapaKkTepuayeTcs rekcaroHarbHOWM CITOMCTON CTPYKTYPOM C TEOPETUYECKOW eMKOCTbl 372 MA-Y/T un
He3HaumTenbHbIM 0ObeMHbIM pacwmpeHmem (~12%), OgHaKO MMeeT HU3KYID CKOpOCTb 3apsga.
YctaHoBneHo, u4to TBepable yrnepoabl HCL un HCA [eMOHCTPUPYIOT Myyllyld CKOPOCTHYIO
XapakTepuUCTUKy Mo cpaBHeHuo ¢ rpacdumtom CSG, 4TO CBA3aHO € ux TypbocTpaTuyeckon
HeynopsOo4EeHHON CTPYKTYpon, obecneumBalollen MHOXECTBEHHble nyTn anddysnm MOHOB U
CHUXeHne AN dY3MOHHbBIX OrpaHUYEHUA NPY BbICOKUX NITIOTHOCTAX Toka. PopMupoBaHue ctabunbHom
nnexkn SEI (solid electrolyte interphase) Ha noBepxHOCTU aHoOAa ABNSETCA KPUTUYECKUM (DAKTOPOM,
OonpegensiowmM LUKIUYECKY0 CTabunbHOCTb M HeobpaTuMyld eMKOCTb. HavanbHbIi noTeHuman
obpasoBaHusa SEI coctaenseT okono 0,8 B, ogHako 3aBUCKMT OT MHOXecTBa hakTopos [2].

B nuTtuneBbix siuenkax obpasel, HCA nokasan ctabunbHyo paboTy C COXpaHEHNEM EMKOCTU Ha
dopcmpoBaHHbIX pexxmmax. B HaTpueBbIX A4enkax TBepable Yriepoabl OXXngaeMo npeB3oLwnv rpagour,
KOTOPbI  MPaKTU4EeCKU He TMpOsBMsSeT aKTUBHOCTUM B  HaTPUW-UOHHBIX CUCTEMax WU3-3a
TepMOAUHaMUYECKUX OrpaHnyeHMn uHTepkansaumm Na* B ynopsigOYeHHyl CrOMCTYH CTPYKTYpY.
Mony4yeHHble pe3ynbTaThl NOATBEPXKAAOT, YTO TBEPALIN Yrnepos, ABNAeTCsA NepCnekTBHBIM aHOAHbLIM
mMaTtepuanom pAns nNoCT-NMUTMEBLIX HakonuTenen 3sHepruu. [anbHenwune wccregoBaHust 6yayT
HanpaBneHbl Ha ONTUMWU3aUMIO CTPYKTYPHBLIX MNapaMeTpoB TBepAbliX YrNepodoB W KOHTPOIb
dopmupoBaHusa nneHkn SEI ¢ uenbto yBennyeHns odpaTtuMblii EMKOCTU U CpoKa CITyXObl.

Cnucok nuteparypbl
[1] Herpadomtusmpyembliit yrnepop - aHOAHbI MaTepuan Ans MeTann-MoHHbIX akkyMynsitopos / E. H.
AbpamoBa, 3. B. Bobbinesa, O. A. [poxokuH [u ap.] // Yenexn xummn. — 2024, — T. 93, Ne 2. — C.
RCR5100. — DOI 10.59761/RCR5100. — EDN MZCFLC.

[2] Lithium—oxygen (air) batteries (state-of-the-art and perspectives) / M. R. Tarasevich, V. N. Andreev, O.
V. Korchagin, O. V. Tripachev // Protection of Metals and Physical Chemistry of Surfaces. —2017. — Vol.
53, No. 1. — DOI 10.1134/S207020511701018X. — EDN YVDIWV.

BnarogapHoctu
WccnegosaHue BLINOMHEHO NpU MHAHCOBOM Moaaepxkke Poccuickoro HayyHoro coHaa B pamkax HayvyHoro
npoekTa Ne 25-72-31032.
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BnusHue coctaBa n CTPYKTYpbl MIMTUOMDUITBHOIO NOKPbITUA HA KYJIOHOBCKYHO
3¢ peKTUBHOCTb NpoLecca ocaxXaeHUA-pacTBOPEHUA NUTUSA

Unbs M. MaepunuH’, FOnusa O. Kygpswoea', MeBan C. MapuHkuH?, Bnagumup A. lMNMeTyxos?

" MHcmumym cpusudeckol xumuu u arekmpoxumuu umeHu A. H. ®pymkuHa PAH, Mockea, Poccusi
2 HayuoHanbHbIl uccnedosamesnbckull yHusepcumem MUST, 3enerHoepad, Poccusi

ilyva@el-chem.ru

JINTUIA-NOHHBIE aKKyMYNATOPbl Ha OCHOBE NUTMPOBAHHBLIX OKCWAOB METannoB U rpaduta
Onunskn Kk npegeny nnoTHocTn 3Heprum (250-280 BT-u/kr). [Ona yaoBRNeTBOpEHMS pacTyLmX
noTpebHOCTEN aneKTpoTpaHCnopTa U ANEKTPOHMKUN HYXXHbl CUCTEMbI CMEAYIOLEro NokoneHns. 3ameHa
rpacpmMToBOro aHoda Ha MeTannMYeckun NNTUA MOXET MOBLICUTL MNAOTHOCTb 3Heprum Ha 40-50 %, HO
TpebyeT MCNOoNb30BaHWS TOHKMX MNEHok nutua (He Tonwe 20 mkm) [1]. C 9TOM TOYKM 3peHus,
NnepcrnekTUBHbIM peLleHneM BbIrnaguT KoHuenumsa 6e3aHoaHbIX NMMTUEBLIX akkyMynsaTopoB [2]. TepmuH
«6e3aHOaHbIN» O3HA4YaeT, YTO aHOoA W3HayarbHO COCTOMT TOMbKO M3 MeTannMyeckoro TOKoOTBOAa
(0BbblyHO MeaHON honbrn) 6e3 akTMBHOIO MaTepuana — BeCb NIUTUIN COAePXUTCS B kaToae. OTcyTcTBrE
aHOAHOro mMaTtepuana CHWXaeT BeC U 0ObEM akkyMynaTopa, MoBbIWas NAOTHOCTb SHEPrMK, a TakkKe
yMeHblUaeT 3atpaTtbl Ha npomsBoAdcTBO. [lpy 3apsge nuTuiA  ocaxgaeTcs Ha TOKOOTBOAE
oTpuLUaTenbHOro 3MeKTpoaa, a Npu paspsiie pacTBOpsieTC M BO3BpaLlaeTcs B KaTo4HbIA marepuan.
OpHako u3-3a BbICOKOM peaKUMOHHOW CNOCOBHOCTM NUTUS KynoHoBCKasi 3deKTUBHOCTb npoLlecca
Huskas. [NoTepu nutua m3-3da noboyHbix peakumn moryT gocturate 80 % éwmkoctu. Krrouesow
npobnemon sABnsieTcsd obpasoBaHWe AEHAPUTOB U MOCTOSAHHOE OBHOBMNEHWE TBEPAO03MNEeKTPONUTHOWM
nnéHkm (SEl), 4To BeAéT K CHWXKEHUo KyrnoHOBCKOW 3(PEeKTUBHOCTU npouecca OCaXaeHUs-
pacTBOpPEHMUS NUTUSA HA MeTannnyeckoM Tokooteoae. OaHUM 13 ahPeKTUBHBIX NyTeW peLleHns JaHHOW
npobnemsl ABnseTcs popMupoBaHne NUTUOMUIBLHOIO MOKPLITUS, NPeAcTaBnAlWwero cobor TOHKYH
MNeHKy WM MacCMB HaHo4acTWL MaTtepuanos, o6pasylwux C NUTUEM KHTepMeTannuyeckue
coeguHeHus. Takve MOKPbITUS MO3BOMAKT CHU3UTb MNEpPeHanpsPKeHWe Hykneauum Uu MnoBbICUTb
pPaBHOMEPHOCTb OCaXAEHNSI METaNNMYeCKoOro NMMTUS Npu LUKITMPOBaHUN.

[ns co3gaHms NMTMoUNBHOTO NOKPLITUS B paMKax HacTOSALWLEro uccrnegoBaHus npegaraeTcs
ucnonb3oBaTb HaHOHUTM Ge, HaHEeCEHHble MEeTOAOM 3NEeKTPOCTaTUYECKOro YnbTPas3BYKOBOro
pacnbifieHns CycneHsuM ¢ MOonMMepHbIM cBa3ylowuM. B paboTte wuccneposanu  BnusHue
TEXHOMOrM4Yecknx napameTpoB rfpolecca (TemnepaTypa, CKOPOCTb pachnbifieHus, obbem K cocTas
CyCreH3nn), Ha cocTaB, CTPYKTYpPY WU 9MNEeKTPOXMMUYECKME XapaKTepuUCTUKM (NoTeHuman Hykneauum
nnTUS U KynoHoBckas 3(deKTMBHOCTb MpoLiecca ocaxAeHus/pacTBOpeHUs nutus) opmmpyemoro
NNTUOUITBHOIO CNoA.

Ha ocHOBe MOMnyYeHHbIX pe3ynbTatoB ObinM  onpegeneHbl ONTMManbHble NapaMeTpbl
OpMMPOBaHUSA NUTUOPUIBHOIO CMOS Ha OCHOBe HaHoHWTen Ge, obecneuvBaroLMe KyNOHOBCKYHO
3pheKTNBHOCTL NpoLecca OCaXKAEHUSA-PACTBOPEHNS NNTUSA Ha ypoBHE He MeHee 99 %.

Cnucok nutepatypbl
[1] Molaiyan T. P., Abdollahifar M., Boz B., Beutl A., Krammer M., Zhang N., Tron A., Romio M., Ricci M.,
Adelung R., Kwade A., Lassi U., Paolella A. Optimizing Current Collector Interfaces for Efficient “Anode-
Free” Lithium Metal Batteries // Adv. Funct. Mater. 2024. T. 34, Ne 6. C. 1-22.

[2] Menkin S., Ayerbe E., Gunnarsdottir A.B., Olmo D., Lopez-Aranguren P., Rafique A., Rikarte J.,
Chauque S., Shi X., Guillon O., Dominko R., Schlee P., Finsterbusch M., Kvasha A., Fattakhova-Rohlfing
D. Anode-Free Cell Concepts: Critical Analysis and Development of Practical Batteries // Small. 2026. T.
22.,Ne18. C. 1-44.

BnarogapHocTu
MccnenoBaHue BbINOMHEHO Npy (OMHAHCOBOW noaaepkke Poccumckoro HayyHoro ¢poHaa rpant Ne 25-79-10341,

https://rscf.ru/project/25-79-10341/.
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In situ HaHOMHAEeHTauMA KaTogHoOro komno3mnrta Ha ocHose NMC Bo Bpems
ANEeKTPOXMMUYECKOro LUKNMpPOBaHUA
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KaTogHble maTepuanbl ans Li-MOHHBIX akKyMynsTOPOB Ha OCHOBE BbICOKOHMKeneBbix NMC
(LiNixMn,C0,02, xt+y+z = 1, x > 0.8) wucnbiTbiBaldT 0OBbEMHbIE W3MEHEHUS BO BpeEMS
ANEKTPOXMMMNYECKOTO LIMKITMPOBAHMWS, YTO MPOBOUMPYET pacTpeckuBaHue (OCHOBHOM MexXaHW3Mm
gerpagaumm MaTtepvana) U KpUTUYecKn BnusieT Ha oblme anekTpoxummnyeckne csorictBa. OaHako,
uccnenoBaHus COBCTBEHHO MexaHuyeckux xapaktepucTtuk vactuy, NMC B cocTtaBe KOMMO3UTHOroO
anekTpoaa (csasytollee, nposoasiine nobaBkM, TOKOCBEMHMK) OCTAETCHA HEPELLEHHON 3afadven.

PaspabotaH npoTOTUN 3NEKTPOXUMMYECKOW AYENKM Ha ocHoBe nony-anemeHTa CR2032 (B
KayecTBe aHoAa WCMONb30oBaH MeTannuyeckuin Li) ansa in situ HaHoMHAEeHTUpoBaHWsA. [nM3anH Takom
SIYEKN OCHOBaH Ha CO3[aHMM OKHA B HEKOTOPLIX KOMMOHEHTaX S4eNKM (aHOZHAas KpblllKa, NpyXuHa,
cnericep, MeTannuyeckun Li, 6Gop-cunukaTtHbIn cenapartop) 4518 NpsiMoro AocTyna MHAEHTopa K Katoay
Ha ocHoBe NMC HenocpeOCcTBEHHO BO BPEMS SMEKTPOXMMUYECKOrO LIMKNMpoBaHus. cnonbsysa aToT
noaxop, yCnewHo npoBedeHsbl in situ cnblTaHUa MOAenbHOro kKomMno3mTHoro katoga (LiNio.s3Co00.170z2 :
PVDF : SuperP =90 : 5 : 5 Bec. %) B opraHndeckom anektponuTte (Ethylene carbonate (EC) : Dimethyl
carbonate (DMC) : Ethyl methyl carbonate (EMC) =1 :1:1 o6bem. %, 1 M Li[PFe]) Ha Al-gonbre. C
3ANEKTPOXMMUNYECKON TOYKM 3peHus ncnosnb3oBanu MOAUMLMPOBaHHYIO TEXHUKY
NOTEHLIMOMETPUYECKOrO TUTPOBAHUSA, KOrga CUCTEMY BbiAepXuBanu Ha NoTeHumane uHTepeca nocne
da3oBoro nepexoga 00 AOCTUXKEHUS MUHMMYMa (POHOBOrO TOKa W TOMbKO MOCHE 3TOro NpPOBOAWNM
HaHOVMHAEHTMPOBaHME. ATOT NOAX0A NO3BOMMWM U3YYNTb MEeXaHUYeCcKMe CBoNCTBa cuctemsl dpas H1, M,
H2 n H3.

Bnarogaps NpoCTpaHCTBEHHOW foKanu3auuu BTOPUYHBLIX YacTuL U NPUMEHEHWUI0 mogenen
KOpPEKL MU KOMMO3UTHBIX MaTepmanoB HaMm y4anocb pasfgenuTb BKNadbl MOSIMMEPHOIO CBA3YHOLLErO U
NOAMNOXKN, YTOObl BbIAENUTb COOCTBEHHbLIM MOAYMNb YMPYroctu M TBepOoCTb (asbl KaTOAHOMo
MaTepuana B 3aBWCUMOCTWM OT CTeneHu 3apsga. Hawwm pesynbTaTbl MOKasblBAlOT BblPaXEHHOE
CHDKEHVE MEXaHNYECKNX XapaKTePUCTMK KAaTOAHOro MaTepuana npu 4enuTnpoBaHum, 4To cornacyercs
C TeHAeHUMsMW, HabnwgaembiMM B ex Siftu MccnefoBaHUAX MOHOKpUCTannuMyeckunx o6pasuos
KaToOHbIX MaTepuanoB, OAHAaKO Tenepb MOJyYeHHbIE XapaKTEPUCTUKU OLIEHEHbI B PEANUCTUYHbIX
ycnoBusx pabotbl. MccnegoBaHve co3gaeT HaOeXHy nnatopmy Ans U3yveHUs MeXaHUYeCKUx
XapakTepUCTUK KaToOHbIX MaTepuanoB, npeTepneBawWmx dasoBble MpeBpalleHus BO BpeMs
SMNEKTPOXMMUYECKOTO LUMUKMMPOBaHUS, B MNPUONMKEHHBIX K peanbHbIM YCIOBUSIX 3KCMnyaTauuu,
npegnarasi BakHble BbIBOAbI ANsi NPOEKTUPOBAHMSA MEXaHWYECKM YCTOMYMBLIX KaToO4OB CreayoLero
MOKONEHMS.

BnarogapHocTu
Pa6oTta nogaepxaHa Poccuncknm HayyHbeim PoHgom (rpaHT 25-73-00363).
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dopmupoBaHUe NONIMMEPHbLIX MEMOpPaH 1 NOKPLITUN: BNUSIHME COCTaBa U
cnocob6a nony4eHuUs Ha CTPYKTypy U CBOMCTBa

Mapus E. OmuTpeHko!, AHHa . KyabMuHoBa', AHacTacus B. MNMeHbkoBa'

1 Cankm-lemepbypeckuli ecocydapcmeeHHbill yHusepcumem, CaHkm-llemepbype, Poccusi
m.dmitrienko@spbu.ru

3a nocnegHue pecATMneTuss paspaboTka 9HeproadEKTUBHBIX N IKONOTMYECKA YUCTbIX
TEXHOMOrMIN pas3feneHnss BELecTB CTana OOHWM M3 KI4YeBbIX HanpaBlieHWn B COBPEMEHHON
XUMWYECKON UHXEHepun u matepuanosegeHni. MembpaHHble TEXHONOrMM 3aHMMarT ocoboe MecTo
KaK nepcrneKkTuBHbIe NPOLIEeCChl YCTOMYMBOro pa3sutus. B HacTosdLee BpemMs MembBpaHHbie npoLecchl,
Takune Kak nepsanopaums U HaHopunbTpauus, ABMASOTCA OAHMMU U3 Hanbornee akTUBHO U3y4aeMbIX
METOL0B pa3feneHus u 4EMOHCTPUPYIOT BbICOKY0 3(pEeKTUBHOCTbL NpU pasfgeneHnm CROXHbIX CMecen
M O4YUCTKE MPOMbILLNEHHBIX CTOYHbIX Bof. CrepoBaTenbHo, pa3paboTka HOBbIX MeMOpPaHHbIX
MaTepuanoB npeactaBnsieT CyLLeCTBEHHY Hay4YHO-TEXHMYECKYI0 3aaady. OaHMM 13 NepCnekTUBHbIX
NMOAXOAOB K MX CO3[aHMI0 ABNSIETCA NpUMEeHeHne membpaH Ha ocHoBe BrononuvepoB. bruononvmepsl
LUeHHbl 3a BropasnaraemMocCTb, HU3KY0 TOKCUYHOCTb M OTHOCUTENBbHO HEBBICOKYID CTOMMOCTb; KpOMe
TOro, MHOTME M3 Hux obnagarT BbICOKOW rMOPOMUITBHOCTBIO M XOPOLWUMMN MNIEHKOOOpasyoLwmmMm
CBOWCTBaMWU, YTO AenaeT ux npuBnekaTenbHbIMK KaHamgaTaMmu aAnss MeMopaHHON TEXHOIOMMN.

B paHHom pabote Obinu paspaboTaHbl M uccrefoBaHbl ANDAY3MOHHbIE (NSIOTHLIE) W©
KOMMO3NLMOHHBIE (C TOHKMM CENEKTUBHBLIM CITOEM, HAHECEHHBLIM Ha MOPUCTYIO NOAJSIOXKKY) MeMOpaHbI
CO CMellaHHOW MaTpulen Ha ocHoBe OuononuMMepoB, MpefHasHavyeHHble ANA nepBanopauun wm
HaHOWNbTpauMn. B kavyecTBe MONMUMEPHbLIX MaTpul, ObiNM UCMONb30BaHbl anbrMHAaT, XUTO3aH WU
kapbokcumeTunuennionosa. [Ans yny4yweHusi TPaHCMOPTHbIX XapakTePUCTUMK MembpaH B mMaTpuuy
nonuMepoB ObinnM BBEAEHbI HAHO- U MUKPOYACTMLbI OKCUAOB METassioB B Ka4YeCTBE HamosHUTENEN.
MonyyeHHble MeMbpaHbl BbINM OXapakTepM3oBaHbl NMPY MOMOLLM KOMMIIEKCA COBPEMEHHbIX METOOUK,
BKITHOYas CMEKTPOCKOMUIO, MUKPOCKOMWID, TEPMOIPaBUMETPUYECKUI aHanNn3 u Apyrme MeToapl, C Lenbio
OLEHKM KX CTPYKTYpbl, Mopconornn, u3nko-XxMMmMYeCKUX CBONCTB U TEPMUYECKOM YCTOMYMBOCTMU.
TpaHcnopTHbIe cBOMCTBa MembpaH Obinn uccnegoBaHbl B poLecce nepsanopauuy Ans gervapataumm
pacTBopuTENnen u HaHOMUNbTPaUMM BOOHBIX PacTBOPOB, COO4EPXKaLLUX KPACUTENN U MOHbI TSXKENbIX
MeTannoB. PesynbTaTbl MOKa3biBalOT, YTO BKMOYEHME HAMOMHUTENEWN CYLLECTBEHHO BIMSIET Kak Ha
CTPYKTYpHblE MapaMeTpbl, Tak U Ha TPaHCNOPTHbIE CBOWCTBA pa3paboTaHHbIX MeMOBpaH.

BnarogapHoctu

MccnegoBaHne  BbINnONHEHO 3a cyeT rpaHTa Poccuiickoro  HayvHoro  doHga Ne  25-79-10102,
https://rscf.ru/project/25-79-10102/. SkcnepuMeHTanbHasa YacTb NPOBOAUNACH NPU Yy4acTUM PECYPCHbIX LEHTPOB:
MexaucunnnuHapHbil pecypcHbI LEHTP MO HanpaBneHuto «HaHoTexHonorum», Bbl4MCAUTENbHBLIAN LIEHTP,
eomopens - LieHTp nccnegosaHust 1 MOAENMPOBaHUS reoNOrM4eCcKX 1 reo3KONorM4ecknx NpoLeccoB U CUCTEM,
KpuvoreHHein otgen, VIHHOBaUMOHHbIE TEXHOMOMMM KOMMO3WUTHBLIX HaHomaTepuanos, MeTodbl aHanusa cocTasa
BellecTBa, MarHMTHoO-pe3oHaHCHbIe MeToabl uccnegoBaHusi, HaHOKOHCTPYMpoBaHne oTOaKTUBHBIX MaTeprarnos,
OnTtuyeckne n nasepHble METOAbl UCCMEeOOBaHNA BellecTBa, TepMorpaBMMeTpUYeckme 1 KanopumeTpuyeckue
MeToabl nccnegoBaHus, Pusnmyeckne MeTobl UCCnegoBaHuns NOBEPXHOCTH, LIeHTp AnarHOCTMKM dyHKLUMOHAMbHbIX
mMatepuanos AN  MeauuMHbl, apMakonorMu W HAaHOSMEKTPOHWKM, PeHTreHoandpakuMoHHbIe MeToabl
nccneposaHuna Cankr-lNeTtepbyprckoro MocyaapcTBeHHOro YHuBepcuTeTa.
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Ha cerogHsLWHWI OeHb NIUTUN-UOHHbIE akkymynsTopbl (JIVMA) 3aHMMaloT Begyllee MecTo cpeamn
XUMWYECKMX WCTOYHMKOB TOKa, MPUMEHSEMbIX B MOPTATMBHOMN 3MIEKTPOHMKE, 3NIEKTPOTPaHCNopTe U
cuctemax XpaHeHuss aHeprum. MaccoBbii pOCT MHTepeca K 3nekTpoMobunsam  ctumynupyet
pacLuimpeHune pbiHKa 1 nogyepkmBaeT He0H6X0AMMOCTb COBEPLUEHCTBOBAHUSA TEXHONOMMIN NPOU3BOACTBA
JINA c Gonee BbICOKMMM 3KCNyaTaLMOHHbIMKU XapakTepuctukamu. Kniouesasa 3agaya — paspabotka
OelléBbIX U BOCMPOM3BOAUMbBIX METOAOB CMHTE3a aKTUBHbIX MaTepuanos ang anektpoaos JINA. OanH
U3 TakMx MeToa0B — MNa3mMOXMMUYECKNIN CUHTES.

B paHHom pabote MeTOOOM — NNasMOXUMUYECKOrO0  CuHTEe3a  Obinv  nonyyeHbl
KpeMHUMCcodepKallMe HaHoYacTuUbl, KOTOpble MOryT OblTb UWCMOMb30BaHbl MNpW  MOMAyYeHUU
oTpuuartensHblx anektpoaos JIMA Ha ocHOBe KpeMHUI-YrnepoaHbIX KOMNo3nToB. bbino nccnegosaHo
BMNMSIHME NapaMeTPOB CMHTE3a Ha XapaKTepPUCTUKUN MOSTyYEHHbIX YacTuLl,.

Kak npasuno, oTpuuaTtenbHble anektpoabl JIMA nsrotaesnueatotTca u3 rpadurta unm gpyrnx
yrnepoaHbix MartepuanoB. [loBblleHWsT WX yOenbHOW EMKOCTM MOXHO [o0OuTbCca 3a CYéeT
UCNONb30BaHUA KOMMO3UTa, COMEeTaloLero KpeMHUn ¢ yrnepoaHbIMU KOMMNOHEeHTaMu. Ho y kKpemHus
€CTb CepbEésHbl HEeAOCTaTOK, OrpaHUYMBaIOLWNA €ro NpPUMEHEHNEe — 3HauYUTENbHOE YBENMYeHue
06bEéMa yacTul, B NpoLiecce MHOrOKpaTHOrO BHEAPEHUSA-3KCTPaKL MM NNTUSA B MaTepurarn. B cBa3m ¢ aTum
aKkTyanbHOW 3afadel aBnseTcsa co3gaHne Takmx KOMNo3uTOB 13 KpeMHUEBBIX HaHOYaCTUL, 1 yrnepoaa,
B KOTOpPbIX OOBEMHOE pacluMpeHne KpemHusi Obino Obl He3HauuTenbHbIM U He npuBOAUNO Obl K
Jerpagauvv anekrpoaa.

MeTon nMasMOXMMWYECKOrO CWUHTE3a MO3BOMSeT nofyvaTtb HaHoYacTUubl cdepuyeckon
OpMbI M 3a4aHHOIO pasmepa, YTO BaXKHO AMiS ONTMMM3auuyM cocTaBa MaTtepvarna OTpuUaTesnbHOro
anektpoga. Takke MpeuMyLLeCTBOM [aHHOMO MeTOAa SBMSETCS BO3MOXHOCTb MacluTabupoBaHus
MOMyYeHNsi HAHOMOPOLLKAa, YTO BaXHO AN BHEAPEHUS TEXHONOrMM B MPOM3BOACTBO. [lonyyeHHble B
OaHHou paboTe KpemHuncoaepallue HaHOMOPOLLKU NpeacTaBnaAlT cobow vacTuubl cepudeckomn
dopMbI, NOKPbITUE TOHKMM cnoem SiOx. Hannumve okcnaHoro nNokpbITUS HA KPEMHUEBOW HaHoYacTuULe
cnocobceTByeT cTabunusaunm CTpyKTypbl NPU MHOTOKPaTHOM BHEAPEHUU-3KCTPaKLUUN NNTUS.

B paHHom paboTe npeacrtaBneHbl pesynbTaTbl UCCNEAOBaHMMN, NOCBSLLEHHbLIX MOMYyYEeHWUto
KpeMHucoaepallmx HaHOMOPOLLKOB MEeTOAOM MNfa3MOXMMUYECKOro CUHTEe3a, a Takke Co3JaHuto
KOMMO3NTOB Ha MX OCHOBE C pas3NU4YHbIMW BMAAMW YINEpOACOAepXallMx MaTepuanoB. Takke
NpoBOAWMMOCE UcCregoBaHMe o6pas3uoB  KOMMO3UTa KPEeMHMS C  YrrepogoM,  MOJTyYeHHOro
HenocpeaCcTBEHHO METOAO0M MNasMOXMMUYECKOro CUHTE3a.

Ha ocHoBe MOMyYeHHbIX KOMMO3UTOB ObINMM M3roTOBIEHbI OTPULATENbHbIE 3MEKTPoAbl,
ANEKTPOXMMUNYECKME  XaPaKTEPUCTMKM  KOTOPbIX OblMM  mMccnegoBaHbl B OBYX3MEKTPOAHbIX
ANEKTPOXUMUYECKUX SYEeKaX OTHOCUTENbHO MeTannuyeckoro nuTnMa MeTodamMu  LIMKNNYECKOn
BOMbTaMNepoMeTPUn 1 raribBaHOCTaTUYECKOrO LIMKNMPOBAHUSI.

BnarogapHoctu
Pab6oTta BbinonHeHa no temam NocyaapctBeHHoro 3agaHus, Ne rocygapctBeHHomn peructpauumn 124013000692-4
(anekTpoxmmuyeckme uccregoBanus) 125033104607-0 (NNasMOXMMUYECKUIN CUHTES).
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AKTYarnbHOCTb Hay4YHOro MCCIefoBaHUsi OOYCIOBreHa BaXKHOCTbIO PELUEHUsi NMpaKTU4YeCcKou
3agayn no paspaboTke HOBbLIX 3MEKTPOAHBIX MaTepuanoB Afsl BOOAHbIX LIMHK-MOHHBIX U NIUTUNA-MOHHBIX
aKKYMYNATOPOB C MOBbILEHHLIMM  (PYHKLUMOHAMBHBIMA CBOMCTBAMU W MOTPEGHOCTLbIO pasBUTUA
dyHOaMeHTanbHbIX 3HaHWIM B 06NacTy 3NEKTPOXMMUYECKMX NPOLIECCOB B KOMMO3UTHbBIX 3MEeKTPOAHbIX
maTtepuanax.

HecmoTps Ha akTMBHOe pasBuUTWE W POCT 4YMcna nybnukauuin no UccrnefoBaHWio KaToAHbIX
mMatepuanoB Ans LUWMHK-MOHHbIX aKKyMynAaTOpOB W MO CO34aHWI0 KOMMO3WTOB C MPOBOAALLMMU
nonuMepammu, ocTaéTcs BOMPOC O TOM, Kako MMEHHO nonumep siBnsieTcs Hanbonee apdeKTUBHbLIM
Ansi KOMMO3MTOB Ha OCHOBE OKCWZOB BaHaAWsi — B YaCTHOCTU. PacyéTHble MeToAbl B COBOKYMHOCTM C
3KCMEePUMEHTanbHbIMW AaHHBIMY MO3BOMISAOT YAaCTUYHO OTBETUTL HAa TOT BOMPOC (Hanpumep, OLeHUTb
M3MEHEeHWe JoKanbHOro 3apsiga unyM obpasoBaHne HOBbLIX CBSI3el), OQHaKO YMUCIO Takux nyGrukaumnii
HeBenuko. Kpome Toro, posib monvMmepa B MpoLeccax MHTEpPKansuuMM KaTMOHOB LiMHKa B HacTosilee
BpPEMSI OCTaéTCs ANCKYCCMOHHBIM BOMPOCOM.

MonyyeHre KOMMO3UTOB OKCMAa BaHaaus C MPOBOAALMMMU MONMMeEpPaMy MOXeT obecnednTb
NOBbLILLEHHYI0 CKOPOCTb MPOLIECCOB 3apsd-paspsda 3a CYET 3NEKTPOHHON NPoBOAVMOCTM MonMmepa.
Moandukaums NpoBoAALLMM NOMMEPOM TaKkxe No3BONSET:

. CHU3UTb paCTBOPEHNE IANEKTPOAKTUBHOIO Matepumana (Heopran-leCKoro KOMI'IOHeHTa)
B XO04e UMKINnpoBaHUA B paCTBOpE 3J1EKTPOJINTA,

* YBENMNYNTb yOESIbHYIO €MKOCTb KOMMNO3UTHOIO mMaTtepuana Ha nepBoM LUKIE;

* ynyyuwmnTb CTabuWbHOCTb B XOA4€ ANMUTENBHOIo UUKNnpoBaHU4A.

Hamn npoBegeHO MopenupoBaHuWe CTPYKTypbl OKcuaa BaHagus Ha npumepe V20s ¢
WHTepkanauuen nposogdwero nonumepa PEDOT B MexXcrnoeBoe npoCTpPaHCTBO, onpedeneHa
Hanbornee BbirogHas koHurypauums. [poBeaeHbl CUHTES, XxapakTepu3aums NofyvYeHHbIX MaTepuarnos,
N3roTOBIEHbI ANEKTPOAbl HA X OCHOBE U UCCMEAOBAHO ANEKTPOXMMNYECKoe NoBeaeHne MOL4ENbHOro
o6pasua V20s5/PEDOT. lNpeanoxeHbl NepcnekTUBHbIE MpakTUyeckne paspaboTKM HOBbIX KaTOAHbLIX
HeopraHM4yecknx matepuarnos, MOANMULMPOBAHHbLIX NPOBOAALLUMM NONUMEPAMN, ANS LUHK-UOHHbIX
aKKyMYMNSTOPOB C YNydLIEHHON EMKOCTBIO0 U CTabunbHOCTLIO B X0 e 3apsaa-paspsaga. B yactHoctn, Hamm
npeanoXeH HOBbIA CUHTETUYECKUIN NOAXO0 K MOMYYEHMIO KOMMO3UTHOro Matepuana VxOy, COBMECTHO
ponmpoBaHHoro NH4* n PEDOT [1], KOTOpbIA MPO4EMOHCTPMPOBAIT BbICOKME 3HAYEeHUs YyAerbHON
€MKOCTM U BbICOKYH LIMKITUYECKYI0 CTabuiibHOCTb. KOMNO3nThl OKcMaa BaHaausi C MONMNMpPPOIIoM Obinn
CVHTE3MpOBaHbl NocnegoBaTenbHbIMU CTaguAMn rugpoTepmMarnsHon obpaboTkm n omxkura. MNpoBegeHo
CpaBHEHUE 3NEKTPOXMMUNYECKNX CBOMNCTB KOMMO3UTOB HA OCHOBE OKCMAOB BaHaaus C NpOBOAALLUMMU
nonvMepamu B 3aBMCMMOCTU OT YCIIOBUW CUHTE3a.

Cnucok nutepatypbl
[1] Volkov F. S., Eliseeva S. N. A novel method for preparing NH4*-PEDOT-co-doped VxOy nanoneedles as
cathode material in zinc-ion batteries // Materials Letters. 2026. Vol. 404. P. 139598.
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CuHXpOTpPOHHDIE in situ nccrnegoBaHus INEKTPOXMMMYECKNX MHTepdencos
C ucnonb3oBaHMeM rpadpeHoOBbIX 3NeKTPoaAoB
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TpagvuMOHHbIE  3NEKTPOXMMUYECKME MeToAdbl OrpaHu4eHbl B BO3MOXHOCTM  MPSIMOro
HabnaeHUs 3a XMMUYECKMMM MpeBpaLLEHNAMN Ha rpaHuLe anekTpoa/anekTponut. [na npeogoneHust
3TOro OrpaHMYeHUs NpearioXeH NOAXOA, OCHOBAHHbIM Ha MCMOb30BaHMN MOAEIbHbLIX 3IEKTPOAOB 13
opHocnonHoro rpadeHa. Manasi TonwmHa rpadeHa obecneymBaeT MPOMNYyCKaHWE PEHTFEHOBCKOro
n3ny4yeHnst n POTOIMNEKTPOHOB, Aenas BO3MOXHbBIM NpsiMoe HabniogeHne XUMNYECKNX npeBpaLLeHnii
Ha uHTepdence aNeKTpoa/aNeKTponnT C NOMOLLIbIO PEHTIEHOBCKOM (DOTOSMNEKTPOHHOW CNEKTPOCKOMNNN
(P®3C) B pexxumax in situ n operando.

Cos3pnaHne MoAenbHbIX SMEKTPOXMMUYECKNX S4eek ¢ rpad)eHOBbLIM 3MekTpoaoM noTpebosano
peLLeHuns paga CnoxHbIX TEXHUYECKMX 3aaad, BKrtodas 6eccnefoBblin nepeHoc rpadeHa Ha pasnnyHble
BUAObl 9MNEeKTPOnuToB, obecnevyeHne IMeKTPUYEeCcKoro KOHTakTa M CTabunbHOCTU CUCTEMbl B XoAe
akcnepumeHTa. [pumeHeHne metoga P®POC Ha CUMHXPOTPOHHOM M3MyYeHUW B pexume in Situ
Mo3BOMNWIO HEMOCPEACTBEHHO MCCeaoBaTh NPOLECChl Aerpagauunm yrnepoaHbiX aNeKTpoAoB B NMUTUIA-
KMCMNOPOOHbBIX aKKyMymnsiTopax. YCTaHOBMEHO, YTO KMCMOpoAHble (YHKUMOHANbHbIE TPyMnbl Ha
NMOBEPXHOCTM YrNepPOAHbIX 3MNEKTPOAOB CNOCOBCTBYIOT X OKUCIEHMIO C 06pa3oBaHvem kapboHaToB [1],
a Hanuyue NervpyroLLMX aToMOB a3oTa MOBbILAET YCTONYMBOCTb K Aerpagaumm. C NOMOLLBbH JaHHOTO
nogxoga Takke OblNO 9KCNEpUMEHTaNbHO [JOKa3aHO OKUCNEeHWe MOMeKyn aueToHUTpuna
(pacTBOpUTENsl, CuUMTaBLUErocsi CTabumnbHbIM) B  YCMOBUSIX paspsga  JUTUR-KUCIIOPOLHOrO
akkymynaropa [2]. Takke ¢ MCNONb30BaHNEM CUHXPOTPOHHOrO M3nyveHust 6bIno NpoBeLeHo nNpsamoe
uccnefoBaHMe SMNeKTPOXMMUYECKOW CTabunbHOCTM TBEPAOro NUTUN-NPOBOASALLEro 3nekTponuta
Li1+xAlxGe2-x(POa)s. Bbino  akcnepumeHTansHO  3adhukcupoBaHO BoccTaHoBneHne Ge**  fo
meTannunyeckoro Ge Ha rpaHuue c rpadeHOM Npu KaTogHOW Monsipu3aummM U OueHeHa TOMWuHa
obpasytowerocs mexdasHoro cnos [3], YTO HeOoCTYNHO ANs CTaHOAPTHLIX JIIEKTPOXUMUYECKMX
MeTo[0B aHanuaa. [peanoxeHHbI aKCnepuMeHTanbHbIN MOAX04, peanu3oBaHHbIn Ha 0ase BegyLLmX
€BPOMNENCKNX CUHXPOTPOHHLIX LIEHTPOB, OTKPbIBAET HOBble BO3MOXHOCTM ONdA in Situ ANarHOCTUKM
LUMPOKOrO Krnacca 3feKTPOXMMUYECKUX MHTepPdENCoB, a Nomny4eHHble yHOaMeHTarnbHble OaHHbIE O
MexaHu3Max ferpajaumm UMerT KpUTMYECKoe 3HadeHue Ang pa3paboTkm YCTPOWCTB XpaHeHUs
3Heprum cneayroLLero nOKoONeHums.

Cnucok nuteparypbl

[1] Inozemtseva A. I. et al. On the catalytic and degradative role of oxygen-containing groups on carbon
electrode in non-aqueous ORR // Carbon. 2021. Vol. 176. pp. 632-641. DOI:
10.1016/j.carbon.2020.12.008

[2] Zakharchenko T. K. et al. Notable Reactivity of Acetonitrile Towards Li202/LiO2 Probed by NAP XPS
During Li—-O2 Battery Discharge // Topics in Catalysis. 2018. Vol. 61. No. 20. pp. 2114-2122. DOI:
10.1007/s11244-018-1072-5

[3] Inozemtseva A. I. et al. In Situ XPS Studies of Solid Electrolyte Electroreduction Through Graphene
Electrode // Journal of the Electrochemical Society. 2020. Vol. 167. No. 11. p. 110533.
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dopmMupoBaHue PyHKLMOHANbHbIX MONMMMEPHbIX CIIOEB B 3NIEKTPOXUMMUYECKUX
cucTemax: nabopaTopHble nogxonbl U TeXHONOrM4Yeckne orpaHM4YeHus

Apcenuii KO. KanbHuH', Oner B. IleBuH'

T CaHkm-lNemepbypackuli 2ocydapcmeeHHbili yHusepcumem, CaHkm-llemepbype, Poccusi
arseniykalnin@gmail.com

MonnmepHble crouM ¢ NOTEHUMan3aBMCMMOW 3JIEKTPOHHOW MPOBOAUMOCTLIO obecnevymBaroTt
BHYTPEHHIOIO 3aLLMTY NMUTUN-NOHHBIX aKKyMYyNSTOPOB, COXPaHSAs HU3KOe COMPOTUBMEHUE MPUW LUTaTHOW
paboTe u orpaHuMuMBas TOK Npu Bbixoge 3a GesonacHble npegensl. [epeknoyeHne conpoTUBNEHUs
06yCcrnoBneHo N3MeHeHeM OKUCNUTENbHO-BOCCTAHOBUTENBHOMO COCTOSHNSI NONMMepa.

Monn[Ni(MeOSalen)] — nonumep KOMMMeEKca HUKens ¢ nUraHaoMm caneHoBoro Tuna —
dopMUPYIOT  MexXay  aniOMUHMEBBIM  TOKOCBEMHWMKOM W KaTOOHOW  akTMBHOW  Maccown
3ANEKTPOXMMNYECKON NonumMepu3aumnen Ha rpadputnpoBaHHon donbre. CBOMCTBA NOKPLITUIA UCCREaYIoT
MeTo4aMV UUKNNYECKON BOMbTaMNEPOMETPUU, WUMNEOAHCHON CMEKTPOCKOMUM, MUKPOCKONUU U
nocneTecTtoBoro aHanusa. KoHTponupyemble napameTpbl BKIIOYAOT TOMWWHY, OAHOPOAHOCT,
Mexda3Hoe ConpoTMBIIEHME N 3aBUCMMOCTb MPOBOAMMOCTU OT NOoTeHuuana.

Ha katogax LiFePO4 nokasaHo yBenuueHue conpoTtuBneHus Gonee 4em B 20 pas npu
npeBbILLEHN HanpsxeHns 4,2 B; npu nepesapsge o 5 B sawwmtHoe genctemne obpatnmo, a npy 6 B
cnon obecnevyvBaeT HeoOpaTMMOE OTKMIOYEHUE SYENKM W YeTbipexKpaTHOe yMeEeHbLUeHue
rasoBblgeneHua [1]. Ona NMC532 npogemoHcTpupoBaHo coxpaHeHue o 90% emkoctu
He3aluLEeHHbIX 06pa3yoB Npu paclwmMpeHHom ananasoHe 2,8-5,0 B, a Takke orpaHMyYeHne TOKOB Npu
nepesapsfe 1 KOPOTKOM 3amblkaHuum [2]. OddEKTUBHOCTb 3allMTbl OT BHYTPEHHEro KOpPOTKOro
3aMblkaHMs NoaTBepXAeHa MOOEeNUMPOBaHMEM W UCMNbITAHWEM MNPOMBILLMEHHON MAKeTHON SAYenku
LiCoO2 emkocTbio 3,2 A-4. YCTaHOBIEHO, YTO pe3ynbTaTt onpeaensieTcss COBMECTHO CONPOTUBNEHMNEM
3aLWMTHOrO Cnosl, NPOBOAMMOCTbLIO KATO4HOrO KOMMNO3uTa U TensiooTBoLoM [3].

TexHonornyeckne orpaHuyeHust TPaguLUOHHOIO 3NEKTPOOCaXAEeHUs CBA3aHbl C HEBbLICOKOM
CKOpPOCTbI0 (DOPMMPOBAHMSA MOKPLITUS U HEOOXOOUMOCTbI noadepkaHuss 6e3BOAHbIX YCIOBUN.
AnbTepHaTVBHbBIN  BapuaHT 3NeKTPOXMMMYECKOTO CUHTE3a MO3BOMsieT nofyvaTb OUCMepcuio
nonu[Ni(MeOSalen)] npu nnotHocTn Toka 1 A/cm? ¢ BbixogoM 83% u pasmepom yacTuy okorno 30 HM
[4]. OpHako HaHeceHWe [OUCNEPCUMM pacnbiNEHMEM [OaeT MeHee OOHOPOAHbIA Cron, 4em
3NEeKTPoOCaxXaeHNe, YTO YBENUYMBAET KOHTAKTHOE COMPOTUBMEHWE W CHWXAET MOLLHOCTHbIE
XapaKTePUCTUKN 3NEKTPOO0B.

MacwTtabupoBaHne TexHonormm TpebyeT KOHTPONS TOMWMHBLI, CHAMAOLWHOCTKN, aaresnunm wu
COMPOTUBMNEHNST MOKPbITUA. 3alnTHY0 3(PEPEKTUBHOCTL HEOOXOAMMO OLEeHMBaTb COBMECTHO C
NnoTepsiMM €MKOCTM MU MOLLHOCTW, YYMTbiBasi FTEOMETPUI0 SYENKW, pacrnpepernieHne TOKOB U YCroBusi
TennooTteoAa.

Cnucok nutepatypbl

[1] Beletskii E. V., Fedorova A. A., Lukyanov D. A. et al. Switchable resistance conducting-polymer layer for
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Materials. 2023. Vol. 6, No. 21. P. 11242-11254. DOI: 10.1021/acsaem.3c02145.
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Art. 122928. DOI: 10.1016/j.est.2026.122928.
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10.1002/eem2.70179.

BnarogapHocTu
Pa6oTa BbinonHeHa npu nogaepxke CaHkT-MNeTepOyprckoro rocyaapCTBEHHOIO YHMBEPCUTETA B paMKax NpoekTa
Ne 126022017737-2.

54



YCTHbIE OOKNAAbI ORAL PRESENTATIONS

CprKTypHaﬂ ponb NUTUA B MHONOKOMNOHEeHTHbLIX OKCUAOHbLIX MaTepuanax
Onbra H. Koponéea'-?

" MlHemumym 2eoxumuu u aHanumudeckol xumuu umeHu B. Y. BepHadckozo PAH, Mockea, Poccusi
2 fOxxHO-Yparnbckuli pedeparibHbIl HayYHbIU UEHMP MUHepanoauu U 2e03K0s102uUU YparbCcKo20
omdeneHusi Poccutickoli akademuu Hayk, Muacc, Poccus

olgankoroleva@gmail.com

Ona paga cuctem cteknoobpasHble MaTepmanbl XapakTepusyoTca 6onee BbICOKON MOHHOWM
NPOBOAMMOCTbLIO MO CPaBHEHWUO C KpUCTannMMYeckumu aHanoramu OGnarogaps 6onee OTKPbITON
CTPYKTYpe amMopHOro COCTOsIHMSA. M3BECTHO, YTO CTEékna, copepXallue HEeCKOMNbKO pPasfnuHbIX
cTeknoobpasoBaTenemn, npeacraBnAoT cobon NepcneKkTUBHLINA Knacc matepuanoB ans OTOHUKM, a
TakKkKe MOryT UCMONb30BaTbCA B KAYECTBE TBEPAOTENbHbIX SNIEKTPOSNIUTOB ANSl LLEMNOYHbIX MCTOYHUKOB
Toka. [nsa nonyyeHwWst HEKpUCTanMYeCcKMx MaTepuanoB C 3agaHHbIMW CBOMCTBaAMU HeobGXxoanmo
NMoHMMaHne guanasoHa BapnabenbHOCTU X CTPYKTYPbl M BO3MOXHOCTEN YNpaBIieHns €10 NOCPeACTBOM
M3MEHEHNS COCTaBa N BHELLHNX BO34ENCTBUN.

Ocobbli MHTEpec npeacTaBnsAeT MOBEAEHUE NUTUSI B HEKpUCTAN/IMYeckux maTepuanax,
NocKonbKy paHee 6bINO NokasaHo, YTO OH AEMOHCTPUPYET YHUKanbHble CBOWCTBa [1], cnocobHble
obecneunTb NpenmyLLecTBa C TOYKM 3pPEHUS TEXHOSNOMMYHOCTU U cTabunbHoCTM MaTtepuanoB. Kpome
TOro, HEeKpUCTannuyeckne anNeKTponuTbl NpeacTaBnsalnT dyHOaMeHTanbHbIM UHTepec bnarogapst ux
noTeHLManbHOMY BKNaay B NOHMMaHWe MeXaHU3MOB UOHHOM NPOBOAMMOCTY B TBEPAOM COCTOSIHUU [2].
[Monck anbTepHaTMBHbIX MaTepuanoB MPUBEN K OKCUAHbIM CUCTEMaM, XapakTepusyrLmmcs
He3HauYUTENbHLIM M3MEHEHMEM 00bEMA B MpOLIECCe WHTEpPKansuuuM 1 OeuHTepkansumm Li-MoHOB.
OpgHako npobrnema uX HW3KOW 3NEKTPOHHOW UM WOHHOW MPOBOAMMOCTU LO HACTOSILEro BpeMEeHU
OCTaéTtcs HepeléHHon [3].

VccnenoBaHusa OKCUAOHbBIX CUCTEM, COAepXaluX LLenoYHble KaTUOHbI, BKAYas nutuin [4, 5],
MO3BOSNMMM U3Y4YUTb CTPYKTYPHbIE MEPECTPONKM, NMPOUCXOAsLME B MaTepuanax npu WU3MeHeHUu
cocTtaBa. [MonyyeHHble 3KCNepUMEHTanbHble AaHHble AatoT BO3MOXHOCTb OUEHUTb OAHOPOLAHOCTb
CTEKON, CTENEHb NUX NoNMMepusaLmn, a Takke 0CoOOGEHHOCTN NPOSABNEHUA nonuwienodvHoro addekra,
BNUAIOLWEro Ha U3BNKO-XMMUYECKNE CBOWCTBaA MaTepuanoB. C MNOMOLLbIO CMEKTPOCKOMUYECKUX
MeTOoA0B ObINI0 NOKa3aHo, YTO CTPYKTYpHAas porib NUTUS B CUCTEME OnpeaensieTCsl BbICOKOW CUMon Nons
KaTuoHa. TeopeTnyeckmne pac4ETbl, B CBOI o4epeab, NOATBEPANIN, YTO NOBEAEHNE NNTUSA B OKCUAHBLIX
CTeKIiax 1 pacrnnaBax CyLECTBEHHO OT/IMYAETCS OT NOBEAEHUSA APYIUX LLENOYHbLIX METassoB.

Cnucok nutepatypbl
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Jntuir-knecnopogHele (Bo3ayLIHbIE) NEPBUYHbBIE NCTOYHUKM ToKa (JIBUT) u akkymynatopsl (JIBA)
NpeacTaBnsloT HOBOE NOKONEHUE NIUTUEBBIX 3MEKTPOreHepaTopoB, MPEBOCXOASALLMNX MO TEOPETUYECKON
yOenbHOW aHeprv 6GOMbLUMHCTBO WM3BECTHBIX XMMMWYECKMX WCTOYHMKOB TOKa. YAenbHash €MKOCTb
MeTannuyeckoro nNutus coctanget 3860 MAY/r, YTO NOYTU B NSATb pa3 Bbllle, YeM Y LUMHKA, U Ha 30%
Bbille, YeM y aniomMuHus. HecmMoTpsi Ha NoBbILWEHHBIN MHTepec k cos3aaHuto JIBUT n JIBA B nocnegHue
10-15 neT, pasButne aTUX HAKONUTENEN IHEPTMU NPOUCXOANT HEAOCTATOYHO aKTUBHO, YTO CBA3aHO C
npobnemamu npu paspaboTke KMYEBbIX MaTEPUAnoB W KOHCTPYKUWMW UCTOYHMKOB Toka. Llenbto
HacTosiLen paboThl iBMNsieTcA 0630p COBPEMEHHOIO COCTOSIHMA nccnenoBanunn B obnactu JIBUT un JIBA
W aHanu3 NepcnekTnB Ux AanbHenLero passuTus.

Mpn paccmoTtpeHun JIBUT oOCHOBHOE BHMMaHWe ygerneHo CUCTEMaM Ha OCHOBE BOAHbLIX
3NEKTPONNTOB U 3alUMLLEHHOTO NUTMEeBOro aHoga. OnucaHbl NpMMepbl NPakTUYECKON peanusauuun
Takux JIBUT ¢ gocTmwkeHnem yaensHon nnoTHoCTH aHeprm 6onee 800 BTy/kr, npoaHanuanpoBaHbl NX
OOCTOMHCTBa W HeJoCTaTKM, a Takke TPyAHOCTU npu co3gaHum JIBA c ucnonb3oBaHWeM Tex Xe
ANEKTPONNTOB U TEXHUYECKUX pewieHnin. OTmeyeHo, 4To Hanbonee NepcnekTUBHBLIMA C TOYKN 3PEHNS
co3faHusa nepesapsikaemont Li-O2 cuctembl ABNAOTCA NUTUR-BO3OYLUHBbIE UCTOYHMKKU TOKA C XUOKUMU
W TBEepAbIMU HEBOAHbIMU (ANPOTOHHbLIMW) 3MNEKTponuMTamMu, npu 3ToM B OoMbLIMHCTBE paboT
UCCneayTcs CUCTEMbI, UCNONb3YOLLME B Ka4eCTBE OKUCMMTENS YUCTbIN Kucnopon. PaccMoTpeHsl
peakuMM BOCCTaAHOBMNEHWS U BblAENEHMS KMcnopoda, npoTekawuwume npu paspsge v 3apsage Ha
nonoxutensHoMm anektpoge JIBA, kak OCHOBHOW MWCTOYHWK MOTEPb HAMPSBKEHUS, NIUMUTUPYIOLLIMX
XapaKTEpPUCTUKN W CPOK CNyxbbl akkymynstopa. OnucaHbl MyTU CHWXEHUA NepeHanpsiKeHWn
yKa3aHHbIX  peakuui: MOWCK  MaTepuanoB  MOMOXMUTENbHOro  anektpoda, obnagawowmx
OMdYHKUMOHANbHOW KaTanuMTUYECKOW aKTUBHOCTBIO, a Takke Crneuuanu3npoBaHHbIX [00aBOK B
ANEKTPONUT, MO3BONSIOLLMX UBMEHUTb MEXAHM3M peakuumi (peaokc-meanaTtopos). Mpu cpaBHUTENBHOM
aHanuse ny4wmx xapaktepuctuk JIBA, onuncaHHbIX B nutepatype, OTMEYEHO, YTO K HacTosiLemy
BpEMEHN OOCTUrHYTbl BErMYMHbI €MKOCTM nonHoro paspsga JIBA, cyllecTBeHHO npeBocxofsiune
TUNUYHBbIE XapPaKTEPUCTUKN FNUTUN-UOHHLIX akkymynaTopoB. OpHako npu  uuknupoBaHum JIBA
ponyctumas rnybuHa paspsga coctaBnset He 6onee 5—-10% oT MakcMmansHOW, a KONUYECTBO LIUKIOB,
nony4yeHHblX B 6onbLlUMHCTBE paboT, He npesbiwaeT 200—-300. 3agava NoOBbIWEHMS 3TUX NapamMeTpoB
TpebyeT komnnekcHon ontummsauum JIBA, Bkmwoyas nOMCK MatepuarnoB [Afis MOMNOXUTENbHOro
3NeKTpoaa, 9NeKTPoNUTOB, CMOCOBOB 3alWTbl MEeTanMyeckoro nWMTUS U COBEpPLUEHCTBOBAHMWSA
ycTponctBa cuctembl B uLenom. OTaenbHOW 3agayen sBrsieTca paspadoTka MPOYHOW U FErkon
KOHCTpyKumm JIBA, 4TO HEo6X0ooMMO ANS MpPakTUYEeCKON peanusaumm rnaBHOMO NperMMyLLecTBa 3T0ro
WCTOYHMKA TOKa — BbICOKOW TEOPETUYECKOWN yaenbHOM NnoTHocTh 3Heprm (3500 BTu/kr). AKTUMBHbIV
pOCT Konm4ecTBa paboT, NOCBSLEHHbIX co3gaHunto JIBA, ¢ NOCTOAHHLIM OBHOBNEHNEM OOCTUMHYTBIX
peKkopaHbIX NapamMeTpoB eMKOCTU U LMKNUPYEMOCTM MNO3BOMSET MOMOXUTENbHO OLEeHUBaTb
nepcrnekTUBbl peLleHns YKka3aHHbIX 3a4au.
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®dU3nKo-XuMn4eckoe KOHCTpynpoBaHue NoNMMep-CUINMKaTHbIX cenapaTopoB

OapuHa A. Kpacunvna', EkatepuHa K. Xpanoea', Anekcanap M. PymsiHueB', me6 B. BaraHos'2,
Bagum E. Kpadh1'2, AHgpeii A. Kpacunmn!

1 ®usuko-mexHuyeckul uHcmumym um. A. ®@. Nogpgbe PAH, Cankm-lemepbype, Poccusi
2 @Qunuan lNemepbypackoao uHcmumyma sidepHol ¢usuku umeHu b. . KoHcmaHmuHoea
HauyuoHanbHo20 uccnedosamernbckoz2o ueHmpa «Kypdamosckuli uHemumymy — MHemumym
8bICOKOMOIEKYTSIPHbIX coeOuHeHul, CaHkm-lNlemepbype, Poccus

d.a.krasilina@mail.ioffe.ru

Ha cerogHawHWi feHb npobnema 6e3onacHor paboTbl U BbLICOKMX 3KCMNyaTauUOHHbIX
nokasartenen NUTUA-MoHHbIX akkymynsatopos (JINA) octaetcsa aktyansHon. OQHOW U3 MPUYMH BbIXOda
JINA un3 cTpos sBnsieTca HapylleHue LenoCcTHOCTM NopucToro cenapatopa. Cenapartop pasgenser
NPOCTPAHCTBO MeXAy KaTo4oM 1 aHOAOM, Noaaep>KuBas npu 3TOM 3Ha4YMTENbHbIA YPOBEHb NepeHoca
WOHOB NUTUS Mexay HuMK. CambiMy LWMPOKO ucnonbdyeMbiMu B JIMA sBnsawTcsa nonnoneduHoBbie
cenapaTopbl, Takue Kak nonuatuneH u nonvnponuneH. LLnpokoe pacnpocTpaHeHue OHW MOMny4Yunu
Onarogapsi CBOe HU3KOM CTOMMOCTM, XOPOLLMM MEXaHNYEeCKUM CBOMCTBAM, XMMUYECKO MHEPTHOCTM U
HeToKcuyHocTn. OpHako, MIoXvMe CMavyMBaeMOCTb 3SMEKTPONUTOM U TepMOCTaburnbHOCTb, HU3KMe
MopucTocTb M TemnepaTtypa MraBfleHns OaHHbIX MaTtepuanoB MOryT npvBoAUTb K npobrnemam
©e30nacHOCTU M MOHWXaTb XapaKTEPUCTUKM aKKymynsitopa B UenoM. YacTMyHO pewmnTb AaHHble
npobnembl MOXHO nNyTeM CO30aHUA YHKUMOHAmMNbHbLIX MOKPbLITUA Ha MNOBEPXHOCTU WCXOOHOro
nonuoneguHOBOro cenaparopa Unn NpMMeHeHMeM HOBbIX MaTtepuanoB. B npeacraeneHHon pabote
paccMmaTpuBaloTCs yYKa3aHHble NoaAX04bl, @ UMEHHO, MOAMdUKALIMS NOBEPXHOCTU NONUNPONMUIIEHOBOrO
cenapaTtopamMu ruapocunukatamm, a Takke pasBuUTME cenapaTtopoB U3 HETKaHbIX TePMOCTOWMKMX
NONMMMEPHbIX MaTepmnanoB Ha OCHOBE apOMaTU4ECKNX NONTIMUMUOOB.

MopocunukaTtbel SBNSAOTCA MNEPCNEKTUBHBIMU COEAVHEHUSIMM  ANS  YAyYleHUss CBOWCTB
cenapaTopoB B cocTaBe MOKpbITUsi. OHM MMEIT COCTaBHYK CTPYKTYpy M3 criost TeTpasgpoB SiOa,
BEPLUMHbI KOTOPbIX COEAMHEHbI C IMAPOKCMAONOAOOHBIM CroeM MeTans-KUCIOPOAHbIX OKTa34poB,
KOTOpble MpugaT rmapoduUibHY0 Npupoay rvapocunukatam. PasHooGpasune CTpyKTypbl CIOEB U
BapuvaHTOB WUX COEeAMHEHMS NPUBOAMT K pasHoobpasuio mopcdponoruv. B gononHeHue K BbICOKOM
TEpPMUYECKON CTabuMbHOCTM M MeXaHMYEeCKMM CBOWCTBaM, rMapocunukatbl obnapgatT 6ornbLuon
yOensHoW nnowanbio NOBEPXHOCTU U Pa3BUTON MOPUCTOCTLIO, AOCTYMNHOW ANS MOHHOMO TpaHCMnopTa.
Takum o6pa3omMm, B MNpeacTaBneHHOW paboTe MOoKpbITME NOP MNONMMPONUIAEHOBOro cenapartopa
rmapocunmMKkaTtoMm MarHusi cos3gasarno 0bnacTtb C BbICOKOW CMayMBaeMOCTbIO U CUITbHO W3BUMUCTbIMU
nopamu, KOToOpble Criaxusasv UOHHLIN TOK Yyepe3 KOMMO3WUTHLIN cenapaTtop. B cBow oyepedb, aTa
ocobeHHOCTb obecneumBana paBHOMEpPHOE pacnpegeneHve WoHoB Li* mo noBepxHOCTW NMMTMEBOrO
aHoga, npefoTBpalwiasd npouecc ob6pas3oBaHMA NMTUEBBIX AeHAPUTOB. Kpome TOro, KOMMO3UTHBIN
cenapartop nokasan yesenuyeHue npoyHocTu Ha pas3pbiB Ha 30.9 MlNa 1 OTHOCUTENBLHOMO YASIMHEHMUS
npv paspbiBe Ha 17.1 %.

Monuumug (M) — 370 XOPOLLO U3BECTHLIA KOHCTPYKLIMOHHbLIA MONMMEP, KOTOPbIN LEHUTCS 3a
CBOK MEXaHWYECKYl0 MPOYHOCTb, XUMMUYECKYHD CTabunbHOCTb W TEePMOCTOMKOCTb. OpHUM U3
appekTnBHBIX CNOCOBOB €ro NoNyyYeHUs SBMSeTCs ANEeKTPodPopMoBaHME, KOTOPOe B 3aBUCUMOCTU OT
YCNOBUI NPOBEAEHMS NO3BONSAETCS NonyyYaTb obpasLbl pasnnyHon mopdgonorun. Kpome Toro, Hannyue
NondapHbIX FPynn B CTPYKType nonuMmuaa npuaaet emy rmapodunbHOCTb, KOTopasd AOMmkKHa
obecneynBaTb XOPOLLYIO CMa4MBaeMocCTb ero anektponutom JIMA. [lencTButensHo, B faHHon paboTe
©ObIr10 NokasaHo, YTo N MmaTepman No CpaBHEHMIO C TPEXCIIOMHbLIM CenapaTopoM M3 NONUNPONUIIeEHa u
NonuaTureHa nyyle CMaynMBaeTCs 3MEeKTPOSIMTOM M MMeeT Ha Nopsgok bonbliee 3Ha4YeHue MOHHOMW
nposogmMmocTtn no Li*. B pesynbrate 3TOoro AgmckoBble MakeTbl rpacdut/LiCoO2 ¢ nonMumMmaHbIM
cenapaTtopoMm MNpoAEMOHCTpPUpoBanu Goree BbICOKOE 3HAYEHVWE EMKOCTU B TeyeHue AfUTENbHOro
LMKITMPOBaHUS BbICOKMMU Tokamm 2C Kak Mpy KOMHATHOM, Tak U npu noHmwkeHHon (0 °C) TemnepaTypax.

BnarogapHoctu
Pabota BbinonHeHa npu nopaepxke CaHkT-lMeTepbyprckoro HayyHoro doHaa u Poccuiickoro HayyHoro doHaa
[rpaHT Ne 25-19-20096], https://rscf.ru/project/25-19-20096/.
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Muracdhabpuka «<MHICUC»: poccMncknm nponsBoguTenb NMUTUN-UOHHBLIX
aKKyMYyJIATOPOB U CUCTEM HaKOMNNEHUs NeKTPUYECKON IHeprum

B.A. KpnBYeHko'
1000 «MMH3CUC», 2. Mocksa, Poccus
v.krivechenko@inesys-energy.ru

Hoknag nocesweH npoekty OO0 «MH3CUC» no cospgaHnio B KpacHoi Maxpe MockoBckoMn
obrnactm COBPEMEHHOTO MPOM3BOACTBA JIUTUA-MOHHBIX aKKYMYyJIITOPOB M CUCTEM HaKoMieHus
ANEKTPUYECKON IHEPTM NPOMBILLNIEHHOro MacwTtaba. PaccmatpumBaeTcs koHuenums ruracdpabpukm Kak
TEXHOMOrMyeckom nnoLankun, 06 beanHALLEN BbIMYCK akKyMYMNSTOPHbIX S4eek, Moaynen, 6atapenHblx
cucteM UM conyTcTBytowen WHPacTPykTypbl. ByayT npeacTaBneHbl KKYEBbIE peELLeHUs Mo
opraHusaumM Npoun3BOACTBEHHbIX NPOLECCOB, KOHTPONIO KayecTBa, obecneyeHuio 6e3onacHOCTU U
nokanusauumn KpUTUYECKU BaXKHbIX MaTepuarnos, KOMMNOHEHTOB U 000pyAOBaHMS.

B 2026 rogy ruradabpuka HaxoOMTCS Ha 3aBeplualrollen cTaguu 3anycka CepumrnHoro
NpoOu3BOACTBA JNUTUN-MOHHBIX aKKyMynaTOPOB MO OTpaboTaHHbIM TEXHOMOrMYECKUM  PELLEHUSIM.
YTBEpXOEHHas npoaykToBas nuHenka ruracdadbpukn MHICUC BkntovaeT npusMaTtvyeckne nuTui-
WOHHbIE aKKyMyInsTOpbl C kKaTogom Ha ocHoBe LFP ¢ ygenbHowm sHepruen nopsigka 180 BT-u/kr gns
CUCTEM HAaKOMMEHMS SHEPrMun, NpU3mMaTUyecKme NUTUA-MOHHbIE aKKyMYNSTOpbl C KATOAOM Ha OCHOBE
NMC c ygenbHom sHeprmen nopsigka 250 BT-u/kr gns cneumanbHOro TpaHCMnopTa, a Takke
aKKyMynsaTopbl nakeTHoro Tuna Ha ocHoBe cuctembl SiC+C/NMC c ygoensbHon aHepruen 6onee 320
BT-u/kr ana 6ecnnnoTHbIX aBUALMOHHBIX CUCTEM.

OTpenbHoe BHMMaHWe B Aoknaje yaensercs HanpasneHusam pabotsl R&D-nogpasgeneqms no
opMUPOBAHMIO OMEpEXaOLLEro Hay4YHO-TEXHONOMMYECKOro 3aaena ans paspaboTku 1 nocneaytoLlero
NPOMBbILLIIEHHOrO OCBOEHWSI UCTOYHMKOB TOKa HOBOIO MOKOMeHUs. K Takum HanpaBneHusiM OTHOCATCS
TEXHOSOrMM NPOM3BOACTBA NPU3MaTUYECKUX aKKyMYNATOPOB C KaTo4oM Ha ocHoBe LMFP, TexHonormum
CO30aHnsa NUTUIA-METanNNMYECKUX MCTOYHMKOB TOKA, @ Takke TEXHONOMMM CO34aHus HaTPU-NOHHbIX
aKKyMynsATOPOB.
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OnTUMM3auma MHOrOCTEHHbIX YrinepoaHbIX HaHOTPY6ok (MYHT)
AN NIMTUN-UOHHbIX aKKyMYJISITOPOB.
CpaBHUTENbHbIN aHanNn3 Kommep4yeckux MYHT

Bnagumup 1. KysHeuos', MapwuHa B. IleGenesa?, Cepreit B. Uynun2,
Omutpuin B. KOpnaes?, Cepreii M. MoceeHkoB!

" MiHemumym Kamanu3sa um. I". K. Bopeckoea CO PAH, Hosocubupck, Poccusi
2 Hosocubupckutli 2ocydapcmeeHHbil yHusepcumem, Hosocubupck, Poccusi

kuznet@catalysis.ru

Bbnarogapsa csoum yHukanbHbIM cBoncTBaMm MYHT ABRsOTCS OOHUM M3 BaXHbIX 3NEMEHTOB
NUTUA-MOHHBIX akkymynsaTopos [1]. 3To obycnaBnuBaeT ObICTPbIN POCT O6BHLEMOB WX MUPOBOrO
nponssoactea. CTPyKTypHble U hU3NKo-xummyeckn cesomctesa MYHT: anameTp, onvHa, mopdonorus,
TOMLWMHA CTEHOK, AedEKTHOCTb, HanMune nNpMMecemn, COCTaB NOBEPXHOCTU B 3HAYUTENBbHOW CTEMNeHU
onpeaensoTCs YCroBUsIMU UX NOMyYeHns (TUNOM KaTanu3aTtopa, yCIoBMSAMU CUHTE3a, UCNONb3yeMbIM
CbIpbeM) 1 NOCT-00paboTOK U MOTYT BapbUPOBATLCSA B LUMPOKUX Npeaenax. CBoNcTBa MHAMBUAYAIbHbIX
MYHT wn wnx wmopgonorma, B KOHEYHOM cyeTe, OnpeaensdwT WX 3MeKTPOnpoOBOAHOCTb,
ONCNEePrupyeMocTb B 3MEKTPONUTax, NpoTeKkaHne peakuMin Ha rpaHuue C TBepAblM 3MEeKTPONMTOM U
OpYyrMMum KOMNOHEHTaMU 3NEKTPOAOB U akKyMysTOPOB.

B poknage npeacrtaBneHO CcpaBHUTENbHOE UCCNeAOoBaHMe CTPYKTYPHbIX U (PUBNKO-XUMUYECKN
XapakTepuUCTUK psiga Kommepdecknx HaHoTpybok npoussoactea LG Chem, CNano, Nanocyl,
WHctutyta katannsa CO PAH (MK) n gp. B kadectBe MeTOOOB KOHTPOMS WM OXapakTepus3oBaHus
HaHOTPYBOK ObINM MCMNOMb30BaHbl MPOCBEYMBAIOLLAS SMEKTPOHHAs MUKPOCKOMWUS B COYETaHuu C
3HEepProamMcnepCcMoOHHON CNEeKTPOCKOMNUen, pacTpoBasi ANEKTPOHHAs MUKPOCKOMUA, PeHTreHodasoBbIn
aHanms, CreKTpoCKonus KOMOMHALMOHHOIO paccesiHusl, HU3KoTemnepaTypHas apcopbuusi asoTa,
renmeBor NMUKHOMETpUM n ap. MN3yyeHo BnusiHne gob6asok MYHT pasnuuHbix npoussogutenen (LG
Chem, C Nano, VK) Ha n3MeHeHue yaernbHOM EMKOCTM KaTOL4OB JIMTUN-MOHHBIX aKKyMynsATOPOB Ha
OCHOBE CMELUaHHbIX OKCUOOB NUTUS-HUKENSA-MapraHua-kobanbTa C BbICOKMM COAEpXaHWeM HUKens
(NMC, LiNit-x-yMnxCoyOz2), npu paboTe Ha BbICOKUX TOKax 3apsga—paspsga U npu LMKIMPOBaHUM.
Ocoboe BHUMaHWe yaerneHo BRAUSHUIO AnuHbl YHT B 3neKkTpoaHOM CycneHsuu Ha ctabunusaumio
KkaTtogHoro aktuBHoro maTtepuana (KAM). OnunHy HaHOTpy6OK BapbMpoBanu nyTém KOHTPOMMPYEMOro
yKkopoueHusi ogHoro tuna MYHT npu npoumx pasHbIX yCrnoBusX coctaBa M 0BpaboTku cycrneH3uu.
[MpoaHanuanpoBaHa 3aBUCMMOCTb COXPAHHOCTW YAEeNbHON EMKOCTU KaTOAO0B OT KOHLUeHTpauum MYHT
M X MOPAONOrMYECcKUX XapakTepucTuk. Tak, BBedeHWe HaHOTPYOOK CyLleCTBEHHO MOBbIWAEeT
COXpaHeHMe EMKOCTM KaToOHbIX MaTepuarnoB Mpu BbICOKMX TOKax 3apsiga—paspsga, Mnpuyém
yBeNMYeHne UxX KOHLUEHTpauuM 1 ONTMMaribHbI AMana3oH AMVHbI B CYCMEH3UW YCUIMMBAKOT AaHHbIN
aeKT. YcTaHoBNeHo, 4YTo AnnHa YHT aBngeTca BaXHbIM napamMeTpoM, onpedenstowmm cTeneHb
ctabunmsaumm KAM n acpekTMBHOCTL hOpMMPOBaHUS MPOBOASLLEN CETU, YTO MPOLEMOHCTPUPOBAHO
Ha cepun 0OpasLOB, MOMYYEHHbLIX KOHTPOMMPYEMbIM YyKOpodeHuem opgHoro Tuna MYHT.
Wcnone3oBanne MYHT WK nossonsieT AocTuYb XapaKTepuUCTUK, CONOCTaBMMbIX C UCMOSb30BaHUEM
kommepyecknx MYHT Lg Chem un Cnano, 4To noaTBepXKAaeT NepCcnekTMBHOCTb LieneHanpaBrieHHoro
noagbopa mopdponornv yrnepoaHbix HaHOTPYOOK Ans MoAudUKauMM KaTodHbIX MaTepuanoB NUTUR-
WOHHbIX aKKyMynsaTOpOB WM CO30aéT OCHOBY [Ans AanbHenwero pacluvMpeHusi uccnegoBaHui Ha
pasnuyHble KaTOAHbIE CUCTEMBI.

Cnucok nutepatypbl

[1] Zhen Tong, Chao Lv, Guo-Dong Bai, Zu-Wei Yin, Yao Zhou, Jun-Tao Li, A review on applications and
challenges of carbon nanotubes in lithium-ion battery // Carbon Energy. 2025;7:€643. DOI:
10.1002/cey2.643

BnarogapHoctu
«MccnepoBaHve BbinonHeHo npu dmHaHcoson nogaepxke ®oHaa HTW B pamkax Jorosopa Ne 70-2025-000715
ot 21 mas 2025 r».
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OTKpbiBas ceKpeTbl 3MIEKTPOSIMTOB: KOMOMHMPOBAHHbLIN NOAXOA HA OCHOBE
CMEeKTPOCKONMUYECKNX MeTOA0B aHanus3a

MpuHa B. KytoBasg'!, Onbra W. LLimaTtoBa'

1 Ckonkosckuli uHcmumym Hayku u mexHosnoaud, Mocksa, Poccus
|.Kutovaya@skoltech.ru

B coBpeMeHHOI aMeKTPOXMMMM 0BpaTHbLIA UHXUHUPWHE B PYKaX YYEHbIX SIBIIIETCA BaXXHENLLINM
WHCTPYMEHTOM 1151 U3yYEHNS U COBEPLLUEHCTBOBAHMWS CYLLECTBYIOLUNX aKKyMYMSATOPHbIX TEXHOJOMMN.
[1]1 B TO Bpems kak MeToAbl aHanv3a KaToOHbIX M aHOAHbIX MaTepuarioB XOpowo oTpaboTaHbl u
CTaHOapTU3UPOBaHbI, oNpeaeneHne coctaBa 3NeKTponuTa 1 NyTen ero gerpagauumn ocTaéTcs CNoXHOM
W HeJOoCTaTOMHO Wu3y4yeHHoW 3apjaden. [2] OTO 06ycrnoBneHO BbICOKOW MHOMOKOMMOHEHTHOCTLIO
3NEeKTPOMTOB, OTCYTCTBMEM YHMBEPCAlbHbIX NOAXOAO0B K X aHanu3y 1 HexxernaHmem npomssoauTenemn
packpbiBaTb NOMHY UHopMaLmio o cocTase. OnpeaeneHne CocTaBa SMekTponuTa KpUTUYECKN BaXXHO
ONs HAay4HbIX Y MPUKNaaHbIX 3a4ady, NOCKOSbKY MMEHHO OH BO MHOTOM OnpeaensieT aNekTPoOXuMmnyeckme
CBOWCTBa aKkKymMyndtopa, TakMe Kak MpOBOAMMOCTb, CTabUNbHOCTb WM KWHETWKY 3apsiga-paspsga.
OTcyTCTBME AaHHbIX O COCTaBE ANEKTponuTa co3gaét npobern B NOHMMaHUM B3aUMOCBS3N MeXay ero
KOMMOHEHTaMM 1 (PYHKUMOHANBHBIMWU XapakTepUCTMKaMu, YTO 3aTpyaHseT pa3paboTky HOBbIX, bonee
3 peKTUBHBLIX M GE30MNACHBIX CUCTEM.

Mbl npegnaraem cMcTeMaTU3MpoBaHHBIN anropuTM 06paTHOIO MHXMHUPWHIA, OCHOBAHHbLIV Ha
kombuHaumm AMP-cnektpockonum  ('H, 18C, '"F, 3'P), DOSY AMP. MeTog nossonsieT
noeHTMuumMpoBaTs pacTBopuTenu, conu, JobaBkM U NPOAYKTbl WX pasnoXeHus p[axe B
MHOFOKOMMOHEHTHbIX ~CUCTEMax. Ha npumepe nUTUIA- U HATPUA-UOHHBLIX  AKKYMYyNSTOPOB
KOoMMmep4yeckoro 1 nabopartopHoro o6pasuoB Mbl  AEMOHCTPUPYEM, Kak mnocrnegoBaTernbHoe
npuMeHeHne 3TUX METOLOB paspellaeT MepekpbIBalLIMECS CUrHanbl, BbISBASET MWHOPHbIE
KOMMoHeHTbl (Hanpumep, FEC, VC, PS) n konuyecTBeHHO OLIEHMBAET UX copep)kaHue. ANroputMm
yuuTbiBa€T BO3MOXHble apTedakTbl (Hanpumep, pasfoXeHue TMpu XpaHeHWM unM B Xoge
(POPMMPOBOYHBIX LMKIIOB) M BKMOYaeT dTanbl Banvgauuu 4Yepes MNPUroToBrEHWE MOAENbHbIX
anekTponuToB. [peanokeHHbIN NOAX0A YCKOPSieT 0OpaTHbIN MHXUHUPUHT U MOXET ObITb aganTMpoBaH
AN Opyrux TUMNOB akkyMynsaTOpoB, obecneymBasi MPO3payHOCTb COCTaBOB AN HAy4YHO-TEXHUYECKOro
coobLecTBa.
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PucyHok 1. CmpoeHue Memarnsi-UoHHO20 akKyMyJsisimopa.
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OnbIiT BHeapeHus B AO «CaTypH» oTe4eCTBEHHbIX MaTepuanoB
ansa nsrorosneHusa JINA

Enena B. JlanunHa'2, Anapei B. MauyeB’, ExkatepuHa A. AxuHa', Buktop IN. Kynbira',
AHpgpen B. bakan', Cepreii [l. lluxoHocos'

1 AO «CamypH», KpacHodap, Poccusi
2 @I'yYb «KybaHckul 2ocydapcmeeHHbIl yHusepcumemy, KpacHodap, Poccusi

lanina@saturn-kuban.ru

C momeHTa nepBon kBanudukauum B 2008 rogy oteyectBeHHon JIMAB, npowusBopacTea
AO «CartypH», Ha ocHoBe anekTpoxmmmdeckon cuctemol (OC) LiCoO2 (LCO) — rpadut npeanpusitue
peanu3yeT MNOMNWTUKY [OOSITOCPOYHOrO MNapTHEPCTBA B BOMPOCAx MPUMEHEHUS OTEeYEeCTBEHHbIX
maTepuanos 3C. 3a aToT nepmog ObinM yCnewHo KBanMduLnMpoBaHHbl OTEYECTBEHHbIE MaTepuarbi:
LCO un anektponut. HecmoTpsi Ha ycnex LCO, 6narogapsi ero BbICOKMM 3HA4YE€HMAM MSIOTHOCTU 3HEPIrnu,
paboyero HanpspkeHUst U CTabUNbHOCTU MPU LMKITMPOBAHWM, B COBPEMEHHbIX 3NEKTPOXUMUNYECKMX
cuctemax JIVA ero Bce 4valle 3aMeHsA0T Ha Bonee aHEPreTUYeckn eMKU NUTUR-HUKENb-MapraHUeBo-
kobanbToBbI okcua (NMC). OTBevass coBpeMeHHbIM TeHaeHumsM passutua OC, Ha npegnpuatum
nposoasaTca  pabotel no paspabotke nepcnektuBHbix AC ¢ ucnonb3oBaHuem  NMC
OTEe4YeCTBEHHOro NPOU3BOACTBA.

AKTUBHO BefyTcs paboTbl N0 KBanudmkaumMm oTe4ecTBEHHbIX rPadMTOB Kak NMPpMPOAHbIX, TaK 1
uckycctBeHHbix. Ocoboe BHMMaHWe yaensetrcd Mopdonorum 4actuy rpadura, BBUAY YHMKabHbIX
TexHonormnyeckux pewernin AO «CatypH» npu nsrotoerneHun anekrtpogos anga JIMAB. AO «CaTtypH» He
nepecrtaeT pacwmnpsitb 06nacTy coTpyaHMYeCcTBa U B 0611acT COBPEMEHHBIX 3NTEKTPOSTUTHBLIX CUCTEM
OTevyecTBeHHON paspaboTku. Takmm obpas3om, 3a nocrefgHue 2 roga Ha npegnpuatuvM npoBefeHa
npepBapuTenbHas kBanudukaumMss no TpeM Martepuanam oTtedecTBeHHoOW nokanmsauun: NMC,
NPVMPOAHOro rpaduTa n 3reKTPoNINTa C BbICOKOW CTEMEHBLIO YNCTOTbI.

B kavectBe 06bEKTOB UCMbITAHWUIA MCNOnb3oBanuce akkymynstopbl INPS5/70/82, Ha koTopbix
NpoBeAEHbl PECYPCHbIE UCMbITAHWI B 0ObEME TUMOBbLIX UCTIbITAHUIA, KCBEPXYCKOPEHHbLIE» PECYPCHbIE
UCMbITaHWS, @ TaKKe YCKOPEHHblE WUCMbITAHWA Ha COXpaHseMoCTb. B panbHenwem nonyyYeHHble
3HEepreTMyeckne Uu pecypcHble xapaktepuctukm 3C  umcnonb3yloTcs Kak  0GasloBble  Anis
fonbLuepa3mMepHbIX akkyMynSTOPOB NPOMBILLIIEHHOTO dopm-cakTopa.

Pesynbratel NpoBedeHMs  PecypCHbiX  MCMbITaHui  akkymynatopoB  INP5/70/82 ¢
ucnonb3oBaHneM otevectBeHHoro NMC no3BonwMnM  MONYyYUTb  YAErbHble  3HEepreTudeckune
xapaktepuctrkn Ha 10% npeBbiwarowue xapakrepuctnkn akkymynstopoB ¢ LCO. OTteyecTBEHHbIN
NPUPOAHLIN rpacuT Takke MMeET BbICOKUA LUKITUYECKUIA PECYPC B PEXMMAX «CBEPXYCKOPEHHbLIX»
pPeCYpCHbIX WCMNbITAaHMAX, HO UMeeT Ha 4-6% 9 HEeKTUBHOCTL MEpBOro LMKNa HWXe, 4Yem C
Mcnonb3yembiM LWTaTHLIM rpacdomMToM. B npoLiecce npoBefAeHUst UCMbITaHMI Gbina onpegeneHa npuynHa
3aHWKEHHBIX  3Ha4YeHun 3EEKTUBHOCTM NEPBOrO  LMKNA W HanpaBfeHbl pekoMeHAauuu
npousBoguTeNnto MaTepuana. AKKYMynsTopbl C  3fEKTPOSIMTOM  BbICOKOW CTEMEHW  YUCTOTHI
OTeYeCTBEHHOro NPOM3BOACTBA MMEKT X0 Aerpadalunmn SHeprun paspsga akkymynsaTopoB B pexnmax
PEeCYPCHbIX UCMbITAHWUI He YCTynalLWwun Xody Aerpagauny WTaTHbIX akKyMynsaTOpOB.
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AnekTpoxmmunyeckoe nutuposaHue MAX casbl TisAlC:

lanuHa B. Jln, Anecs B. MNapdeHbeBa, EkatepuHa B. AcTposa,
EkaTtepuna K. XpanoBa, AnekcaHgp M. PymsiHues

Qusuko-mexHu4Yeckul uHcmumym um. A. @. Mogpgpe PAH, CaHkm-lNemepbype, Poccusi
GalyaFedulova@mail.ioffe.ru

CnoucTble coeaumHeHus ¢ obwen opmynon Mn+1AXn (n=1-4), Tak HasbiBaeMble MAX dasbl,
npv o6aBNeHUN B COCTaB 3MEKTPOOHbLIX MaTeEpPUanoB A IMTUA-UOHHBLIX akKyMynsaTOPOB MPUBOAAT K
OAHOBPEMEHHOMY BO3pacTaHMUIO 3M1EKTPOHHOM N MOHHOW npoBogumMocTu [1]. MNpu 3aToM yBenuunsaeTtcs
LUUKIMYeCcKoe BPeMs XKU3HM SMeKTpoaa M NOBLILLAETCH ero eMKOCTb Ha BomnbLUmx CKopocTsx. Bnepsblie
cnocobHocTe MAX a3 coctasa Ti2SC un TisSiC2 obpatumo BHeapsTe NUTUIA BbINO OBHapyXeHo B
pabote [2]. O anekTpoxmmuveckmx csorictBa MAX dasbl TisAlC2 mano, 4To m3BecTHo. Llenbto
HaCTOSLLEro MCCrNeAoBaHUSA SBUMOCb M3YYeHWe CBOWMCTB 3NeKTPOoAoB, obpasoBaHHbix MAX dason
TisAlC2 kak TakoBOM M UX U3MEHEHUS MPU LIUKITMPOBaHUMW.

ViccnenoBaHusa npoBOAMMNNCL B ABYXAMNEKTPOOHbIX ANCKOBbLIX f4venkax CR2032 ¢ nutueBbIM
NPOTUBOSMEKTPOAOM MeTodaMu ranbBaHOCTATUYECKUX ucnbiTaHui, LIBA u  cnekTpanbHom
uMnegaHCOMeTpun. INeKTpoAabl M3roTaBnMBanMCb C MOMOLLbIO HamasHon TexHonorum ¢ PVDF
ceaAsyowumM. B kavectBe anekTponuTa ncnonb3osanca JCL-051 (Kutawn), npegcrasnsiowmn cobon 1M
pactBop LiPFs B cmecn EC/DEC/EMC = 1:1:1. KOHTponb CTPYKTYpbl 1 COCTaBa NPOBOAMIICH C MOMOLLbIO
meTogoB XRD, EDX 1 anekTpoHHON MUKPOCKOMNUH.
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PucyHok 1. 3asucumocme paspsiOHOU eMKocmu U KyfIOHO8CKoU aghghekmusHocmu om HoMepa yukna ons
anekmpoda u3 MAX ¢pasel.

UsyuaBwasaca MAX casa obrnagaeTt cnocobHOCTbl0 06paTMMO BHeApsTb NUTUKW, XOTS U B
Hebonblwom konuyectBe. OCOBEHHOCTBIO €e MNoBedeHUs SBMSIETCA POCT €MKOCTU C  KaXablM
nocreayowmm Uuknom. LiMknupoBaHue cOnpoBOXAaeTCs UCYE3HOBEHMEM C YyBenuueHueM uucna
uuknoB nukoB Ha LIBA, yTto cBmgeTtenbcTByeT 06 akTMBauuyM NCeBOOEMKOCTHOrO nosefeHus. C
MOMOLLBID UMMNEAaHCOMETPUM YCTAHOBIIEHO, YTO C KaXAbIM LWKIIOM MPOUCXOAMT YMEHbLUEHUe
COMpOTUBIEHNS NepeHoca 3apsaaa (bonbLue yem Ha nopsigok k 1000 uymkny). KosddmumeHT guddpysnm
Li B MAX d¢asze D=1-10""* cm?/cek. PeHTreHoda3oBbIi aHanu3 anekTpoga MokasblBaeT, 4TO
Kpuctannuyeckass cTpyktypa MAX-casbl COXpaHsSeTCcsl Ha MPOTSKEHUW BCEro LUMKIMPOBAHUS W
obpasoBaHus HOBbIX a3 He obHapyxuBaeTcs. PacnpegeneHme obnacten KOrepeHTHOro paccesHus
ans pednekcos 002 n 008 ykasbiBaeT Ha nosiBfieHMe AedeKkToB B4OMb OCU C.

MAX cpasa TisAlC2 obnagaet 6onee HU3KOM EMKOCTBIO MO CPABHEHMIO C OPYTMMW U3YYEHHBIMU
MAX chasamu, ogHako He siBrisieTcs 6annacTtoM, a akTMBHOW COCTaBIIAIOLLLEN KOMMO3UTOB.

Cnucok nutepatypbl
[1] Wu C., Guo R,, Cai G, et al. TizSiC2 modified Li3V2(PO4)3/C cathode materials with simultaneous
improvement of electronic and ionic conductivities for lithium-ion batteries //Journal of Power Sources.
2016. V. 306, p. 779-790. DOI: 10.1016/j.jpowsour.2015.12.084

[2] Xu J., Zhao M-Q., Wang Y., et al. Demonstration of Li-lon Capacity of MAX Phases // ACS Energy Lett.
2016, V.1, p. 1094-1099. DOI: 10.1021/acsenergylett.6b00488
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OuvHamuka TpewmHoo6pasoBaHus B kKatoge NMC Ha nepBbIx Luknax

Cepretii 1O. lyykuH, Erop M. lMNMaxeTtHoB, Mapusa A. KupcaHosa, NBaH A. Moucees

Ckornikoeckuli uHCmumym Hayku U mexHorsoeaut, Mockea, Poccusi
s.luchkin@skoltech.ru

PactpeckuBaHne BTOpuYHbIX 4YacTuy katogoB NMC oTHOcUTCA K KMo4YeBbIM  dhakTopam
Jerpagaumn NUTUR-UOHHBIX aKKyMYnSTOPOB W OMNPELEensieTcsl COBOKYMHOCTbI (DaKTOPOB, Cpeau
KOTOPbIX OCHOBHbIMU SIBMSIOTCS aHN30TpoNHas Aedopmaumns NepBUYHbIX KpUCTaNMTOB Npu dha3oBoM
nepexoge H2-H3, B3avMmHasa opueHTauuM MEPBUYHbLIX YacTul, a Takke COCTaB W XUMUYecKas
arpeccrBHOCTb 3rekTponuTta. HecmoTps Ha Gonblion OOBLEM HAKOMIEHHBIX 3KCMEpPMMEHTAaIbHbIX
[aHHbIX, JaHHbIE O KMHETUKE 3apOXXAEHMS U PaCnpOCTPaHEHUS TPELLMH B pearbHOM BPEMEHMW B XKUOKOM
3MEKTPONNTE, CKOPPENMPOBaAHHbLIE C KpuUcTansorpauU4eckorn OpueHTaumMen MNepBUYHbIX 4YacTul,
OCTalTCs KpalHe OrpaHMYeHHbIMW BBUAY CIIOXHOCTU HabGMiofgeHus 3TOro npouecca B peasibHOM
BPEMEHW C BbICOKUM pa3peLLeHUeM.

B HacTosiwen paboTe npeacTaBneH KOMMSMEKCHbIM MNOAXod, OObeauHSIIoWUA  Tpu
B3aMMOOMNOSHSALWMNX METOAA Ha OOHMX M Tex ke 4vacTtuuax. Ha nonepeudnbix wnmdax katogHoro
anekTpoga MeToooM  Audpakumm  06paTHO  pacCesiHHbIX — 3MEKTPOHOB  PEKOHCTPyMpOBaHa
KpucTannorpaguyeckas opueHTaunst NepPBUYHbIX YaCTUL, BHYTPU OTAENbHBLIX BTOPUYHBIX arfioMepaToB.
3arteM Te Xe yvacTuubl U3MEPSANIUCb METOAOM in-Situ aTOMHO-CUMITOBOW MWKPOCKOMUU B XKUOKOM
3MEKTPONNTE B XOAE NEPBOro 3apsaa-pa3psagHOro Lukma, Yto No3BoSIUIIo B PEXMME pearibHOro BpeMeHU
OTCMeXnBaTb 3apOXXAEHME U POCT MUKPOTPeELLnH. CuctemaTtMyeckn BapbMpoBanuce ABa napameTpa:
KOHLIEHTpauusa nponuneHkapboHaTa B  3MEKTPOMTE U CKOPOCTb  UuMKnvMpoBaHusi. [locne
AMEKTPOXMMUNYECKOTO LMKITMPOBaAHUA M3 BbIOpaHHOM 4YacTuubl CHOKYCMPOBAHHBIM MOHHBIM MYy4YKOM
Oblna Bblpe3aHa namernb, KoTopasi Oblna uccrnegoBaHa METOAOM MNPOCBEYMBAlOLLEN pPacTpOBOWN
3NEKTPOHHON MUKPOCKONUW ANl aHanmna3a CTPYKTYpbl FpaHnL, 3€pPeH U MUKPOTPELLUH.

MonyyeHHble pe3ynbTaTbl YyKasbiBalOT Ha XEeMOMEXaHW4Yeckylo npupogy npouecca
TpeLmHooOpa3oBaHnst U NO3BOSMSAOT YCTAHOBUTL 3aBUCUMOCTb KMHETUKM TPELLMHOOOpasoBaHus OT
COCTaBa 9MeKTpoNMTa U CKOPOCTU LIMKINPOBAHUA.

PucyHok 1. Torozpagus cedeHusi nogepxHocmu Yacmuubi NMC e npouecce yuknuposaHus: (a) 6e3 mpeujuH,
(b) nocne pacmpeckueaHus.

Cnucok nutepartypbl
[1] Suyeon Lee, Gawon Song, Byunghyun Yun, Taehun Kim, Seung Hyun Choi, Hanseul Kim, Sung Wook
Doo, Kyu Tae Lee, Revealing the Nanoscopic Corrosive Degradation Mechanism of Nickel-Rich Layered
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OpHUM 13 BaXKHbIX MPUMEHEHNI BUOreOTEXHONOMMYECKMX Pa3paboTok SBNSETCS B1oBbILLIENaYBaHNe —
N3BreYeHre SNeMeHTOB 13 pyz NPy NMOMOLLIM MYKPOOPraH13MOB. ccrneaytoTcst SKCTPEMOTONEPaHTHbIE KynbTypbl
rpuba Aspergillus niger AM1 BKM F-4815D n AM2 BKM F-4816D. A. niger F-4815D BbigeneH B 2014 . U3 eMKoCTU
C KyckoBbIM GenbiM cpocdopom, xpaHswmmes nog Bogo. OH cnocobeH obesBpexmBaTh Genbii 1 KPacHbIN
docchop, okmcnsas ero oo droccara, MeTabonmManpoBaTe CoeayHeHMs1 pocdopa 1 pacTBOPSATL HEPACTBOPUMbIE
dochaThl, BKOYas TpukansLumidocdar.

A. niger F-4816D — poyepHui wtamm, BosHuKLWMA B 2016 r. npy KynbTueMpoBaHum F-4815D. B 2018 1.
oba LwTamMmma 3agernoHUpoBaHbl BO BcepoccuineKkon KonnekummM MykpoopraHn3moB. dunoreHeTuyeckoe aepeso
roKasaro, YTo OHU OTHOCHTCS K KracTepy BHYTPU BrAa, CrieLmanusnpyoLLeMycs Ha corntobunmsamm dpocatHbIX
MuHeparnos [1]. 3To 06ycrnoBumno npUMeHeHve LLITaMMOB Ans BbIGOPOYHOMO GMOBbILLIENAYMBAHNS ANEMEHTOB U3
MuHepanoB. [na 6uosbienadnBaHusi NUTUS KynbTypbl rpuboB comnobunusatopoB docdarta npUMEHeHbI
Bnepsble. CpaBHMBanu adhpekTMBHOCTb BrOBbILLIENAYMBAHNSA B MOMHOLIEHHOM KyNbTyparbHOW cpeae 1 B cpene
©e3 uctouHmkoB dhocdopa. [Mpegnonaranocs, Yto npu gedouumute dpocdopa rpudbl OyayT MHTEHCMBHEE
pacTBOpPsiTb MUHEpar, u3Brekas MUKponpumMecy docdaToB 1 NEPEBOAS NIUTUIA B BOJOPACTBOPYIMYIO hopMy.

WIK-cnekTpbl MyHepasia COOTBETCTBYIOT NMTEpaTypHbIM AaHHbIM And crnogymeHa [2]. [NpoBeaeHHbIn
PEHTreHOMITyOpECLIEHTHBIN aHanm3 MyHepana nokasan Hamvune 0.013404 % docchopa (B nepecyeTe Ha okeng,
P20s) B ero cocrase. MyHepan He npokanueanm nepes SKkCnepuMeHTOM.

Poct acneprunnos Habriogarncsa Bo BCex BapuaHTax KynbTyparbHbIX cpef, HO B MOMHOLIEHHON cpeae C
UCTOMHMKOM pocdopa Bbin HAMHOMO MHTEHCMBHEE. [peanonoxeHue O 3arpsiBHEHUN KyrbTyparnbHOW cpeabl
docchatamn He noaTBepaMnock: cpeda 6e3 mctodHukoB dhocdopa cogepxut Beero 0.9620.13 mr dpocdart-
WOHOB/AMS, T €. Ha YPOBHE MOrPeLLHOCTU. 3HAYUT, OCHOBHBIM MCTOYHMKOM dhocdpaTa Aris pocTa CryKun MuHepann.
Yepes 14 cyToK KynbTYBMPOBAHWS KyrbTypbl AOCTUMT CTaaum BO3AYLLUHOMO MULLENs M cchopMmnpoBarni Criopbl.

Jiutnin B GBromacce rpmboB 1 KyrbTyparibHOM cpede onpeaensiim MeTogoM MnaMeHHO-3MUCCUOHHON
cniektpomeTpum [3]. LWtammbl A. niger F-4815D n F-4816D ussnekann nutuin B BuAe MOHOB Li* 13 MyHepana
cnogymeHa Konmosépckoro mectopoxaeHns (MypmaHckas obriacTtb). OCHOBHOE KONMYECTBO U3BMEYEHHOTO
3MemMeHTa Hakannmeasock B Guomacce pubos. BrinsHmne dpocdatHom NoaKopMKU OKasanoch NpOTUBOPEYMBLIM.
PocT B cpepne 6e3 chocthaToB NOBLILLIAN SKCTPaKLUMIO rutus B criyydae A. niger F-4816D, Ho ona A. niger F-4815D
Habnoganack obpartHas 3aBUCUMOCTb. BoamoxkHo, aovepHui witamm F-4816D umeeT 6onee BblpaxeHHbIe
apanTaumm k aedonumty doccpopa n 6onee ahHheKTUBHO U3BMEKAET ero U3 MUHEPAarioB no cpasHeHWo ¢ F-4815D.

BuoBbiLLENaYBaHe OEACTBATENBHO SBMSIETCA MOTEHUMANbHBIM METOAOM A00bMM nuTus. LitaMmbl
Aspergillus niger AM1 BKM F-4815D 1 AM2 BKM F-4816D nepcrekTvsHbI Ansi G1oBbILLIeNaqvBaHusi MUHEParoB
N KOHLIEHTPATOB.

Cnucok nutepatypbl
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2016. 1109 p.
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cnektpomeTpun. NMHO ® 14.1:2:4.138-98. M.: PLIAO, 2017. 22 c.
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Germanium compounds are widely used in microelectronics, optics, solar cells, and sensors.
However, their high cost often necessitates the development of methods with high, near-quantitative
yields with respect to germanium. This requires new, convenient germanium precursors with higher
reactivity and better water solubility compared to known compounds. Crystalline ammonium
peroxogermanate, (NH4)s[Ges(u-O0)s(u-O)s(OH)s]-6H20, has been proposed as a precursor for the
synthesis of a highly soluble form of germanium oxide. Thermal decomposition of this compound at
300 °C for 10 minutes yields amorphous GeO2 with a water solubility of 100 g/L, which is more than 20
times higher than that of conventional amorphous GeOz. Such a solution can be used for reactions with
both basic and acidic reagents, producing a wide range of salts, including germanium sulfide,
germanium hydrogen phosphate, and potassium germanate. In the absence of acid or base, hexagonal
germanium oxide precipitates from the aqueous GeO: solution [1]. This approach allows precise control
over the amount of germanium introduced into the system, enabling the synthesis of composite materials
based on germanium compounds with tailored compositions. In particular, materials based on
germanium oxide, sulfide, nitride, phosphide, and reduced germanium oxide with varying active phase
content have been synthesized. The applicability of these materials as anodes for lithium- and sodium-
ion batteries has been demonstrated [2—4]. Specific electrochemical capacities comparable to
theoretical values (calculated based on germanium content) were achieved at 100 mA g™* (i.e., 2595 vs.
2465 mAh g' for GesNs and 1790 vs. 1850 mAh g' for GeP) [2]. An anode based on GeS>—rGO
exhibited exceptional stability over 1000 cycles, with charge capacities exceeding 1220 and
870 mAh g' at current densities of 2 and 5 A g7', respectively.
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Because of its extremely high theoretical storage capacity (4200 mAh/g), silicon (Si) is a viable
anode material for lithium-ion batteries (LIBs) [1]. However, volume change of such anode during
lithiation/delithiation processes, reduce their cycling stability and delays its commercialization in LIBs.
Polymeric binders play a key role in preventing Si anodes pulverization and delamination by affecting
their cycling stability, although they occupy a small portion of the electrodes [1,2]. The requirements for
polymer binders include the presence of a functional OH or COOH group for coordination with silicon
particles, elasticity, as well as compatibility with the aqueous technology of obtaining an anode mass.
In this work, we have focused on polymer binders in the form of latexes.

A series of latexes based on different ratios of butyl acrylate (BuA) and acrylic acid (AA) (Fig.
1a) was obtained and compared with commercial binder BA290S3 and SBR (styrene butadiene rubber).
The average hydrodynamic diameter of particles in obtained latexes was from 600 to 1000 nm
depending on BuA/AA ratio, while for commercial samples particle diameter was 1300250 nm for
BA290S3 and 136117 nm for SBR. Zeta-potential were in range —30 to -15 mV for obtained latexes,
-15 mV for BA290S3 and —-3.5 mV for SBR samples. Using obtained latexes viscous anode masses
(1-7 wt% of polymer binder) with active silicon-containing material DXB-8 were obtained and thin anode
layers were prepared. A special feature of latex-based anodes (obtained and SBR) was their flexibility
(there was no cracking during bending, while BA290S3-based anodes cracked during bending (Fig.
1b,c). Testing of anode with polymer binders in half-electrochemical cells Li-SiC(DXB-8) showed a
capacity of up to 653 mAh/g for obtained latexes, 656 mAh/g for commercial binder BA290S3 and
648 mAh/g for SBR, which corresponds to the declared capacity of a commercial silicon-containing
material (Fig. 1d). Next, obtained anodes with polymer binder were tested in electrochemical cell
NMC811-SiC(DXB-8) for 50 cycles at r.t. and C-rate 0.1. For both commercial materials capacity
retention was 97% after 50 cycles, while for synthesized samples capacity retention depends on
presence of AA in binder and varied from 67% (absence of AA) to 97% (up to 20% AA).
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Figure 1. a) Scheme of latex synthesis; b)-c) Appearance of anode with polymer binder after bending:
b) BA290S3 binder, c) latex binder; d) Electrochemical parameters of anode with latex polymer binder in
electrochemical cells Li-SiC(DXB-8)

05

T T T T T
[ 100 200 300 400 500 600 700
C, mAh

References
[1] Ramdhiny, M. N., & Jeon, J. W. Design of multifunctional polymeric binders in silicon anodes for lithium-
ion batteries // Carbon Energy, 2024, Vol. 6, 4, P. €356. DOI:10.1002/cey2.356.

[2] Jolley, M. J., Pathan, T. S., Wemyss, A. M., Prokes, |., Moharana, S., Wan, C., & Loveridge, M. J.
Development and application of a poly (acrylic acid)-grafted styrene—butadiene rubber as a binder
system for silicon-graphite anodes in Li-ion batteries // ACS Applied Energy Materials, 2022, Vol. 6, 1, P.
496-507.

Acknowledgements
This work was financially supported by RSF and Metalion JSC grant No. 25-93-28008.

66



YCTHbIE OOKNAAbI ORAL PRESENTATIONS

OT cbipbsl K 6aTapee - npakTU4Yeckue BbI3OBbI SIOKanmM3auum nponsBoAcTBa
NIUTUN-UOHHbIX aKKyMYJISITOPOB U UHXEeHEpPHbIe peweHus komnaHum HITEP

Bynat P. My6apakiwuH, Ceprein A. Abpanasa, Mapat ®. ®anspaxmaHoB, Pamunb P. MuHrasoe

Komnanuss HOTEP, KasaHb, Poccusi
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Poccunckoe npon3BogcTBO JIMTUN-UOHHBIX aKKyMYNATOPOB pa3BMBAETCS B YCIOBUSAX BbICOKOM
3aBMCMMOCTU OT WMMOPTHOIO Cbipbs (aKTMBHbIE MaTepuanbl, 3NEKTPONuT, cenapaTtop), CTPOrux
TpeboBaHWM nokanu3auumn n pocta crnpoca Ha 6e3onacHOCTb M BocnpounssoammocTb. B 2026 r. gons
OTevyeCcTBeHHbIX GaTapen Ha MUPOBOM pbiHKke cocTaBnsier meHee 0,2%, 4YTO genaeT KpUTUYECKU
BaXXHbIMW WHXEHEepHble pelleHus MO YMnpaBreHuio BapuabenbHOCTBIO ChbipbA U TEXHOMOrMyecKkom
He3aBucumocTn npoueccoB [1]. OcHoBHas uenb paboTbl — nNpeacTaBUTb MNPaKTUYECKUN ONbIT
NPOMBILLIIEHHOrO0 MPOM3BOACTBA aHoda W KaTtoja, pelleHus no obecrneyeHuio BOCMPOUM3BOAUMOCTU
3NEeKTPOAHOro npoLecca u cucteMHon 6esonacHocTu 6atapein Ha npumepe komnaHum HOTEP.

CblpbeBasi 3aBMCUMMOCTb CErOAHS 3BYYUT KaK WHXEHEPHbI BbI30B. VIMNOPTHbIE aKTBHbIE
MaTepuanbl, 3NEeKTpoNUT 1 cenapaTtop TpebylT aganTaumMm TEXHOJOTMYECKUX PEXUMOB HaHECEHWs,
CYLLKW, KarnaHapupoBaHus Nog pearbHble napameTpbl napTui. KnoyeBblie KOHTpONUpyeMble NapaMeTpbl:
agresnsi MNOKpbITUS, OCTaToOYHas BIAXHOCTb, MOPUCTOCTb, PaBHOMEPHOCTb TonwmHbl [2]. TNepen
NPOMBILUMIEHHWKaM/  CTOUT 3ajada BOCMPOM3BOAUMOCTM 3MEKTpodHoro npouecca. [Nepexog ot
nabopaTopHbIX peLenTyp K cepuiHoMy NpousBoacTBy TpebyeT ynpaBneHus pa3bpocom CBOWCTB Chipbs
(20-30% no ypenbHOM MNOBEPXHOCTW, pasmepy Yactuy). PelleHne: Bbicokas KBanudukauus
NOCTaBLLMKOB, YHUUKALUA COCTABOB NacT, aBTOMaTU3MPOBaHHbIA BXOAHOW KOHTpOrb [3]. Heobxoaumo
Takke paccmaTpvBaTbh 6€30MacHOCTb Kak CUCTEMHYIO KOMMNeTeHUuo. KOHCTpyKTUBHaA 3alumTa 6aTtapeu
peanusyetca udepe3 nogbop xumum (LFP/NMC), anroputmel BMS, TennoBon MeHemXMEHT U yyeT
Tpeboanun [JOMNOI. Ocoboe BHUMaHWE yaenseTcsi CTabunbHOCTM cenapartopa v anekTponura [4].

PaccmMoTpeHbl aTanbl TEXHOMOrMYEeCKon nokanusauuu. 3tan 1: nokanusaumsi 3neKTpogHoro
npoussoacTea u cbopku; atan 2: obecneyeHne nmnopToHesasmcumoctu BMS n kopnycupoBaHwue; aTan
3: paclumpeHne KOHTpons Hag MaTepuanbHorn 6ason. Komnanua HOTEP ycnewHo peanusyet nepsbliii
U BTOPOWM 3Tanbl, co3fgaBas 4OOaBIEHHYK CTOMMOCTb 4Yepe3 WMHXeHepuio bataperHbix cuctem. B
bnunxavien nepcnekTMBe BUAEH YBEpPeHHbIN pocT gonu LFP B maccoBbix npuMeHeHusx 3a cyet
NoBbILLEHHON 6e30MacHOCTb M YBENTMYEHHOIO pecypca, pa3Butne KpeMHuncoaepxawmx aHogos (+20—
40% nNNOTHOCTU 3HEPrMn MNpu MOBbIWIEHHbIX TEXHOMornyeckux puckax). pyn aTom yxecTouaroTcs
TpeboBaHus k nepepaboTke akkyMynsaTopos [5].

KomnaHus HI3TEP cerogHa paeT npakTuyeckun pesynbTaT: NPOM3BOACTBO MNUTUA-UOHHBIX
aKKyMYnSATOpPOB M GaTapewn pasnuyHon KoHdurypaumm ¢ kactommusaumen nog tpeboBaHus 3akasyuka.
MpeanpusaTve KOHTPONWMPYeT KpUTUYECKMEe CTaauMm — OT SMEeKTPO4HOro npouecca OO0 CUCTEMHON
uHTerpaumm BMS, obecneunBas BOCNpOM3BOAMMOCTb XapaKTepPUCTUK 1 6e30MacHOCTb 3KChnyaTaunu.

KOHKYpEHTOCNOCOOHOCTb POCCUMCKOrO NMPOU3BOACTBA NIUTUIA-UOHHBIX CUCTEM onpegensieTcs
CMOCOOHOCTLIO yNpaBfsiTb MOJSTHOM LIEMOYKOM npeobpasoBaHns — OT BapuabenbHOro MMMOPTHOrO
Cbipbsl 40 HagexHoun GaTapenHon cuctembl. KomnaHna HOTEP geMoHCTpupyeT peanucTuyHbin NyTb
noaTanHou nokanusauumn Yepes yecuneHmne MHXeHepHbIX KOMNEeTEeHUUN.
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Xumunyeckoe penntnpoBaHne Kak metog BOCCTaHOBIIeHUA €MKOCTMU CIIOUCTbIX
KaToAHbIX MaTepuanoB NINTUN-NOHHbIX AKKyMynAaTopoB
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B cBs3M C MOCTOSAHHO pacTywmMm O06beMOM NPOU3BOACTBA W MUCMOMb30BaHUSA MUTUMA-UOHHBIX
aKKyMynSaTOpPOB B pasnuMuHbIX cepax SKOHOMUKM B MocnegHue roabl BCEé Bonee akTyarbHbIM
CTaHOBUTCH BOMPOC MX nepepaboTku. Knaccmyecknii noaxon K pelleHuo JaHHOW 3aayuum BKIOYaeT B
cebs MeToaMKMm Ha OCHOBE rmapo- M NUPOMETAnNMyprudeckmx TEXHOMOrmnh, KOTOopble SBNSTCHA
[OCTaTOYHO Tpyado3aTpaTHbIMU U SHEeproémknumun. B HacTosiee BpeMs akTMBHO pa3BMUBAalOTCA
anbTepHaTMBHbIE MOAXOAbl K peleHuo npobrembl Aerpajauun akkyMynsiTOpoB, TakuMe KaK WX
BTOPUYHOE Mcnonb3oBaHme (second life), no3Bonsaowme NPOAOIPKUTE MCNOMNb30BaHUE aKKyMyrnsaTOPOB
nocrie AOCTUXEHUsT KOHL@ NepBOHaYarnbHOro cpoka cnyxobl npu gerpagauum émkoctn oo 75-80% ot
nepBOHAYanbHOrO 3HadeHWsl, U MpsAMOe BOCCTaHoBreHMe émkocTu (direct regeneration) kaTogHbIX
MaTepuanoB akKymynsaTopoB 6e3 Heob6xooumMocTu ux nepepaboTku Ha OTAErNbHbIE 3ANEMEHTbI UMK
coeanHeHus [1-2]. Xummdeckoe pennutnpoBaHne akTMBHO pacCMaTPUBaETCS B HAyYHOW nuTepaType Kak
OMH U3 BO3MOXHbIX NOAXOA0B K MPSIMOMY BOCCTAHOBMEHMIO EMKOCTU KaTOA4HbLIX MaTepuanos. [aHHbIn
MeTOo[, B OCHOBHOM LLUMPOKO anpobupyeTca Ans maTepuanoB Ha ocHoBe LFP, B To Bpemsa kak ans
CIOUCTbIX OKCUOoB (npexae BCero, NMC) BO3MOXHOCTU ero UCrnonb30BaHus
n3y4eHbl HeJoCTaToOuHO [3].

B poknage paccmaTpvBaloTCs MEpCrnekTvBbl MeTod4a XMMUYECKOTO PenvTUMpOBaHWs Ans
BOCCTAHOBJIEHUSI yTpa4yeHHOM EMKOCTM KaToAaHblx MatepuanoB Tuna NMC, ux npeumyuiectsa u
OorpaHuyeHusi. OKCnepuMMeHTanbHO WccrefoBaHa BO3MOXHOCTb — MCMOMb30BaHUS  COEOUHEHUN
pasnuyHbIX KNaccoB (NonMapomMaTUyecKMX KOMMIEKCOB NUTUS, NIUTUEBbLIX COEAMHEHWUA XMHOHOBOTO
psiAaa Cc pasnuMyHbIMU 3aMeCTUTENAMU, OPYTMX BOCCTAHOBUTENEW B COMETAHUMN C UICTOYHMKOM NUTKSA) ANd
peLleHuns 3aaa4n BOCCTAHOBMNEHMS EMKOCTU 6e3 OTAeneHns KaTo4HOro MaTeprana oT MeTannmMyeckom
noanoxkn. [MpoAeMOHCTPUPOBAHO BNUSHWE 3NEKTPOXMMUYECKMX CBOWCTB U pacTBOPUMOCTHU
BOCCTaHOBUTENEW, MexaHu3ma aerpagaumm katogHoro matepuana (notepu 3anacoB nutus (LLI) n
notepu aktuHoro matepmana (LAM)), a Takke UHbIX aKTOPOB Ha 3(P(PEKTUBHOCTL BOCCTAHOBNEHNS
€MKOCTM NpY NOMOLLM XMMUYECKOTO PENUTUPOBAHUS.
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BnusiHne MUKPOCTPYKTYpPbl KPEMHUEBbLIX KOMMO3UTOB Ha 3NIEKTPOXUMUYECKYO
M MeXaHU4YeCKYy CTabUNbHOCTb aHOAO0B JIMTUN-UOHHBLIX aKKYMYJIATOPOB

Anna A. lNMyctoBanoBa, AgenuHa A. 3acbinkuHa, Anekcen W. Hegonyxko, Aptém M. ABakymoB
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Pa3spaboTka KpeMHUCOAepXalux KOMMO3UTOB MNpeacTaBnser cobon nepcneKkTMBHOE
HanpaBrieHne pa3BUTUSI aHOAHBIX MaTepuanoB ANs NMNTUA-UOHHBLIX akkymynsitopoB (JTMA) cnegytowiero
nokoneHusi. KpemHuin, obnagaroLwmin BolCOKOM TeOpEeTUYECKon yaenbHom éMkocTbio — 3579 MA-y-T1 (c
obpasoBaHMeM UHTepMmeTannuyeckon asbl Li14Sis npu HopmanbHbIX YCNOBUAX), MOXET cTaTtb
anbTepHaTMBoi Ans 3ameHbl rpacdmta (372 MA-4-T') B JINA C NOBBLIWEHHON SHEPrOEMKOCTbLIO.
HecmoTps Ha npenmyllecTBa KPpeMHUS, ero nNpakTuyeckoe npuMeHeHWe B 3NeKTpoaax OrpaHu4eHo
psgomM akTopoB, Npexae BCero CyLeCcTBEHHbIM 0OBbEMHbBIM pacLUMPEHMEM U CXaTuem B npouecce
NUTUPOBaHNS/AENNTUPOBAHNUS, KOTOPOE COMPOBOXAAETCS BO3ZHUKHOBEHMEM BHYTPEHHUX HaMNpPsiXeHWHN,
NPUBOASALNX K PacTPECKMBaHWIO 4YacTul, MOTepe 3NEKTPUYECKOro KOHTaKTa W  HenpepbiBHOMY
paspyLLIEHMIO Crnos TBEPAOro SMNeKTponMTHOro uHtepdenca (TAN). MNepevncneHHble U3MEHEHUS, B
CBOKO oOyepedb, MPUMBOAAT K ObicTpow Jderpagaumy Martepuana M CHWKEHUID MexaHW4eCcKon
cTabunbHoCTM anekTpoda. B cBA3u ¢ aTuMm, B nocnegHee BpeMs (OOKYC UCCNeAoBaHUA CMECTUICS K
paspaboTke KpeMHuUMcoAepXalnMx KOMMO3WUTOB, WMelwWnx 6Gornee CrOXHY  CTPYKTYPHYIO
opraHumsaumio.

Cpeaon komMMepyecku AOCTYMHbIX TUMOB KpeMHUAcoOepXKallmx KOMMO3UTOB HambonbLUnn
NpaKkTUYECKMIN MHTEpPEC BbI3bIBAIOT KpeMHUn-yrnepo (Si/C) n HeCTeXMOMETPUYECKUA OKCUA KPEMHMS,
ponunpoBaHHbii MarHmeM (Mg-SiOx). OTv ABa Tuna KpeMHUncoaepXalimx KOMNo3uToB obbeanHsaeT
obLaga koHuenuusa noaaBneHns 06 bEMHOIO paclUMpeHusl, BKYatoLas MHKaNCynsumM HaHo4YacTumL
KPEMHUS B 3NEKTPOXMMUYECKM HEAKTUBHYIO MaTpuuy. B Si/C komnosute 6ydepHyto maTpuly obpasyet
yrnepog, torga kak B Mg-SiOx — cunukaT marHusl, AaHHbI Matepuan nonyvatT MPOMbILIIEHHBIM
METOAOM OCaXKAEHWS HECTEXMOMETPUYECKOIO OKCuaa KpeMHUs 13 ra3oBom asbl C UCNOMNb30BaHNEM
MarHus ans cHmwkenus gonu SiOa.

B paHHOM paboTe npoBedeH KOMIMIEKCHBIM aHanv3 W BbISIBMEHbl KOPpensaumM Mexay
CTPYKTYpHbIMK ocobeHHocTamn Si/C n Mg-SiOx KOMNO3UTOB, UX ANEKTPOXUMUYECKUMU CBOMCTBAMM,
npoueccamu opmumpoBaHust cnod TOW n 06 bEMHbIMM U3MEHEHUAMU OTPULLATENBHbBIX 3MEKTPOAOB Ha
OCHOBE KOMMNO3WUTOB. Pe3ynbTaTbl nokasanu MpeBOCXOAdLLME 3NEKTPOXMMUYECKME XapaKTepPUCTUKK
Si/C komnoanta no cpasBHeHuto ¢ Mg-SiOx. Huskaa creneHb okucneHus kpemHusa B Si/C cHwxaet
HeobpaTMMyto EMKOCTb, @ Manbli pasmep HaHo4vacTul KpeMHus (411 HM), MHKaNCynMpOBaHHbIX B
yrnepogHon 6ydgepHon maTpuue, obecrnednBaeT OTCYyTCTBME 00 BEMHBLIX U3MEHEHMUI anekTpoaa. Kpome
TOro, yctonymMBas yrrnepogHas martpuua crnocobctByeT ¢opmMupoBaHuio cTabunbHoro crios T3AWU,
KOTOPbIN NpefoTBpallaeT HenpepbiBHOE B3aMMOLENCTBME MeXAdy HaHoyacTMuaMu KPeEMHWUS U
anektponutom. B komnosute Mg-SiOx, HanpoTvmB, pAerpagaumss MaTepuana obycroBneHa
3HAYUTENbHBIMWU OOBEMHBIMU N3MEHEHUAMM, NPENATCTBYHOLWMMU (POPMUPOBAHUIO YCTONYMBOIO Criosl
TOW u npuBogAWMMN K HENPEPBLIBHOMY OKUCMNEHUIO KPEMHUEBBLIX HaHoyacTu, (1614 HM) B npoLecce
pasnoxeHus anekTponurta. Takum obpasoMm, KpeMHUIUCOoAepXKallme KOMMO3WTbl AOMKHbI BKMNOYaTb
cTtabunbHyto BydepHyto MaTpuuy, cnocobHy orpaHuymBaTb 0O6bLEMHOE pacluMpeHue HaHo4acTwuL
KPEMHUS U X B3aUMOLENCTBUE C SNEKTPONMTOM, NpeaoTBpaLlasa Aerpajaumio matepmana.
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KaTogHble maTepuanbl Ha ocHoBe Ni-o6oraleHHbIX CIIOUCTbIX OKCUA 0B
ONA NMUTUA-UOHHbIX aKKyMYISITOPOB C BbICOKOM NMIOTHOCTLIO 3HEprum
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CTpemutenbHoOe pasBUTME CEerMeHTa 3reKTpOoTpaHcrnopTa W MNOPTaTMBHOM  3NIEKTPOHMKN
OVKTYeT XecTkme TpeboBaHMsA K XxapakTepucTukam NUTUA-MOHHBIX akkymynatopoB (JIMA). KnioueBbiv
BbI30BOM SIBMSIETCHA yBENUYEHWe 3anaca xoda anekrpomobunen, 4to TpebyeT co3gaHus KaToOHbIX
mMaTepuanoB C BbICOKON 0BpaTMMOM 3nekTpoxumumdeckon emkocTbio (>200 MAY/r). Haubonee
nepcrnekTUBHbLIM KIacCoM MaTepuanoB ANg peLleHus 3TON 3a4ayum ABNATCHA CNOUCTbIe OKCUAbI NMUTUS
N NepexogHblX MeTansnoB C BbICOKMM cogepxaHunem Hukensa coctasa LiNixkMnyCozO2 (x +y + z = 1,
x=0.6, Tak Ha3biBaemble Ni-oboraweHHble NMC). YBennueHue gonn Ni B coctae NMC o ypoBHs
x=0.85 npuBOAUT K CO3OaHMIO CITIOUCTbIX OKCUAOB, AEMOHCTPUPYIOLLMX paspsaHyo eMKocTb Ao 230—
240 mAu/r. OgHako npakTudeckas peanusauums noteHuumana Ni-oboraweHHbix NMC conpsixeHa ¢
psgomM pyHOAMeHTanbHbIX NPo6neM, CBSAI3@HHbIX C WX HU3KOW CTPYKTYPHOM U XUMUYECKOM
ctabunbHocTblo. B npouecce 3apsga npu OOCTMXKEHUWM  BbICOKMX MOTEHUMANoB matepuvan
npeTteprneBaeT cepuio asoBbiX NEPexofoB, Hanbonee KPUTUYHBIM M3 KOTOPbIX SBMASIETCA nepexos
H2—H3. OT10oT nepexon conpoBOXAaeTCst PE3KMM aHU3O0TPOMHBIM CXXaTUEM KPUCTANMYECKON peLLleTKu
BOONb OCU C, YTO reHepupyeT KonoccarnbHble MeXaHU4eCcKMe HanpsbkeHus BHYTpu arrnomepaToB. B
kommepyeckux NMC, npegctasnswowmx cobon MUKpOMETpOBble cdepudeckme arnomepatsbl,
cocTosILme U3 Criy4anHo OPMEHTUPOBAHHbBIX HAHOPa3MEpPHbIX NEPBUYHBIX 3€PEeH, AaHHbIE HaMNPsXKeHUS
NpUBOAAT K 06pa3oBaHMio MUKPOTPELLMH. PaspylleHne MeX3epeHHbIX rpaHul, He TOMbKO Hapyllaet
3NEKTPOHHY0 NPOBOAMMOCTb, HO U OTKpPbIBAEeT AOCTYN 3NEKTPONUTY BHYTPb arnomeparTa.

B paHHOM goknage 6yayT paccmatpvBaTtbCs CTpaTternm onTUMU3aummn KaTtoaHbIX MaTeprarnos
NMC, BkntovaroLme co3gaHme onTMMarnbHON KOHLEHTPaLMM TOYeYHbIX 4eEKTOB ANst O4HOBPEMEHHON
peanusaummn BbICOKO eMKOCTU, TpaHCNnopTa KaTMOHOB Li 1 cTpykTypHON cTabunbHOCTH, MogmMdukaumto
MeX3epeHHbIX rpaHuny, Ans yBenuyeHns TPeLLMHOCTOMKOCTU arfioMepaTtoB NePBUYHBIX YacTul, a Takke
ynpasneHne ¢OpMON M MPOCTPAHCTBEHHOW oOpraHuMsaumen nNepBUYHbIX YacTuy, ONs penakcauuu
HanpsHKeHUn 1 cokpalleHns nyten anddysum Li. Ocoboe BHUMaHue ByaeT yaeneHo ontumusaumu
napameTpoB CYHTE3a METOLOM KOHTPONUPYEMOro COOCaXAEeHNs1 TMAPOKCUAHBIX NpeaLleCcTBEHHUKOB U
nocriefytLlen BbiICOKoTeMnepaTypHon TepmoobpaboTke Ana nonyyeHnst kKatoaHblx mateprnanos NMC
C ynyuLlIEeHHbIMW CBONCTBaAMM.

BnarogapHoctu
MccnegoBaHne  BbINOMHEHO 3a  c4yeT  rpaHTa  Poccuiickoro  HayvHoro  ¢oHga Ne  23-73-30003,
https://rscf.ru/project/23-73-30003/».
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TpaHCNoOpT KaTUOHA NUTUSA B INIEKTPOSINTaX HAa OCHOBE COJIbBaTHO-UMOHHbIX
Xunakocten no gaHHbIM AMP n KBaHTOBO-XMMMU4Y€CKOro MoAenmMpoBaHus

Huknta A. CnecapeHko!, Manus 3. Tynubaeea', AHHa A. CnecapeHko', AnekcaHap B. YepHsik'2,
Butanuin U. Bonkoe', Onbra B. ApmoneHko!

T ®edepanbHbili uccrnedogamernscKull UeHmMp npobnem Xumudeckol ¢husuKy u MeOUUUHCKOU Xumuu
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ConbBaTHble MOHHbIE XunakocTn (CUJ) — 3TO0 OTHOCUTENBHO HOBBIN KINACC MOHHBIX XXUAKOCTEN,
COCTOSALLMX U3 KOOPAVHUPYIOLLEro pacTBOPUTENS M COnu, o6pasylowmx XenaTHbI KOMMMEKC CO
CBOWCTBaMU, OYEHb MOXOXMMWN Ha CBOMCTBA MOHHLIX xuakocTten [1]. Kak npasuno, CUI1 obpasytotca
nytem Anddy3nmn KaTMOHHOrO 3apsija 4vepe3 CBA3bIBaHWE XECTKOro KaTWoHa, 4acTo B 3¢MPHOM
pacTtsoputene [2]. Hanbonee n3secTHbIM B nutepaType siBnsietca pactesop LiTFSI B aumetnnosom
aupe TpUITMREHrNuMKoNna wnu TeTpastunenrnukons (G4). OtcytcTBue CBOBOAHBLIX MOMeKyn
pacteoputens B CUJT npugaeT M cBOWCTBA, aHaNorM4Hble CBOMCTBAM UOHHBIX XWOKOCTEW, Takue Kak
BbICOKasi WMOHHasi NPOBOAMMOCTb, TepMuyeckass CTabunbHOCTb WM BA3KOCTb, HU3Kas NeTyyecTb U
BOCMITAMEHSIEMOCTb, a TaKkKe LUMPOKas 3SMeKTpOXMMuUYeckass CTabunbHOCTb (Hampumep, COCTaB
LiITFSI(G4) nmeeT ctabunbHocTb 5.4 B otH. Li/Li* [3]). 3Tn ceoictBa genatot CUJT nogxogawmmm
KaHgmgaTamuy Ansi BICOKOBOMbTHbBIX NMUTUN-UOHHbBIX akKyMynsTOPOB.

PaspaboTaHbl HOBble COCTaBbl 3MEKTPOMIMTOB Ha OCHOBE COflbBAaTHO-UOHHOW XWMAKOCTU,
npepctaenstoLlen cobon komnnekc conu LIN(SO2CFs)z2 ¢ 1, 2 unu 4 monekynamu TetTparnima.

M3yyeH MexaHM3M WMOHHOro TpaHCMopTa B SMEeKTPOonuTax Ha OCHOBE COMbBaTHO-MOHHOW
xnakoctu coctasa LiTFSI B TeTparnume B cooTHoweHuun 1:1, 1:2, 1:4 monk. Metoabl AMP (Bbicokoro
paspeLleHns, ¢ UMNYNbCHbIM FPagNEHTHOM MAarHUTHOrO MOMs U CAEKTPOCKOMUS CMMHOBOMO 3xa) B
coyeTaHun C KBAHTOBO-XMMMUYECKMM MOLENMPOBAHNEM COCTABOB 3MEKTPONIMTOB NO3BOMNUIN BbISBUTb
MexaH1U3M MOHHOro TpaHcnopTa B cuctemax LITFSI:G4 = 1:1, 1:2, 1:4 monb. [NokasaHo, 4TO B cucteme
LITFSI-G4 (1:1 monb) peanu3yeTcsi TPaHCNSAUMOHHbLIA MexXaHW3M MnepeHoca KaTuoHa nnTus, a B
cucteme LiTFSI-G4 (1:2 monb) — o6MeHHO-NUraHaHbIN nepeHoc kaTuoHa Li+. B TpeTbem cocTaBe, ¢
n30bITKOM MOJIEKYN TeTparnmma, OH BbICBODOXOAeTCsa B OTAENbHYH hady, Kak NokasaHO MEeTOAOoM
anddepeHLmanbHON CKaHMpyoLen kanopumetpum [3].

MccnegoBaHa  BO3MOXHOCTb — MpuMeHeHuss gaHHom CUJT B nMMTUMR-MONMMMUOHBIX
aKKyMynsaTopax, UCMblTaHUs KOTOPbIX Nokasanu paspsaaHyto emkocTb 180 mAuY/r npu 20 °C ¢ coctaBoMm
LiTFSI:G4 = 1:2, yto coctaBnseT 90% OT TeopeTUYeCcKon eMKOCTM nonuuMmuaa (2-e- pegokc-nepexon)
W BbICOKYIO CTabunbHyo eMkocTb 170 MAUY/r B TedeHune 100 umknos npm +100 °C [4].

Cnucok nutepatypbl
[1] Eyckens D.J., Henderson L.C. A Review of Solvate lonic Liquids: Physical Parameters and Synthetic
Applications // Frontiers in Chemistry. 2019. T. 7. C. 263 DOI: 10.3389/fchem.2019.00263.

[2] Austen Angell C., Ansari Y., Zhao Z. lonic Liquids: Past, present and future // Faraday Discuss. 2012. T.
154. C. 9-27. DOI: 10.1039/C1FD00112D.

[3] Slesarenko A.A., Slesarenko N.A., Baymuratova G.R., Mumyatov A.V., Chernyaev D.A., Yarmolenko
0O.V. Study of the Characteristics of Solvate lonic Liquid Based on LiTFSI Salt and Tetraglyme in
Different Molar Ratios and the Possibility of lts Application in Lithium—Organic Batteries // High Energy
Chemistry, 2025. T. 59. C. S76-S81. DOI: 10.1134/S0018143925700584.

[4] Slesarenko A.A., Yudina A.V., Slesarenko N.A., Tulibaeva G.Z., Mumyatov A.V., Yarmolenko O.V. High-
temperature lithium-polyimide batteries with a solvate complex of lithium bis(trifluoromethanesulfonyl)
imide in tetraglyme as electrolyte // Mendeleev Commun., 2026, 36, 1-3. DOI: 10.71267/mencom.8010

BnarogapHocTu
AMP-nsmepeHnss NpoBoAMNNCL C MCMofb3oBaHWeM obopyaoBaHus MHOrononb30BaTeNbCKOro aHanUTUYecKoro
ueHTpa OULL npobnem xummyeckomn usmkm n meamuuHcko xummm PAH n Hay4yHoro ueHTpa B YepHoronoeke PAH
npu ¢rHaHcoBon noadepxke MuHUCTEpCTBa Haykm M Bbicwero obpasoBaHus PP paHT Ne 124013000743-3
(FFSG-2024-0008).
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AneKkTpoaHbIN MaTepuan us oTpaboTaHHOM yronbHoOn fob6aBku
KOMOMHMNPOBAHHOIO KPEeKUHra TAXenbIX HepTAHbIX OCTaTKOB AnA
3NEeKTPOXUMMUYECKMX HaKonuTenem aHeprum

Cepren A. CosunHoB, AHHa H. Mpuropogosa, Huknta C. 3axapos, NonnHa C. Co3nHoBa

®edeparnbHbili uccriedosamernbekul yueHmp yens u yenexumuu CO PAH, Kemeposo, Poccusi
sozinov71@mail.ru

CospgaHne yHKUMOHAmMNbHbIX 3NEeKTPOAHbIX MaTepuarnoB Ha OCHOBE BTOPUYHOrO YrrepoaHoro
Cbipbsl ABMSIETCH aKTyanbHOW 3ajayen B 0bnact XMMUYECKMX UCTOYHWMKOB ToKa. B gaHHow paboTte
BrepBble UCCrefoBaHa BO3MOXHOCTb WCMNOMb3oBaHWs oOTpaboTaHHOW YyronbHou pAobasku (OY[)
KOMOUHMpOBaHHOrO KpeknHra VEBA Tsxénbix HedTAHbIX OCTaTKOB B Ka4yecTBe MNpeKkypcopa Aans
ANEKTPOAHbLIX MaTepuarnoB CynepKoHOEHCATopoB. WccrnegoBaHbl TEKCTYPHbIE  XapaKTepUCTUKK
yrnepogHon matpuubl, Mopdonorms u ¢asosbii coctaB V- 1 Ni-cogepXawmx 4vactuy, a Takke
MUHepanbHble npumecn B OY[. MNpoBedeHa wenoyHas um ZnCl-akTuBauums yrnepogHoro ocraTtka.
OneKTPOXMMUYECKME CBOMCTBA N3y4eHbl METOAOM LMKIMdeckor BonbTamnepomeTpun (LIBA) B BogHOM
N OpraHM4eckom 3IreKTponuTax. YCTaHOBMEHO, YTO Ha CTagun CYCneHAMPOBaHHOIO rMAPOKPEKUHra
NPOVCXOAMUT paspyLleHne MOPUPUHOBLIX KOMMMEKCOB TSXKENbIX OCTaTKoB. B makpo- m mesonopax
yronsHon pobaskm ocaxpattces Ni m V. OBHapyxeHa koppendumss mMexagy WX coaep)KaHuew:
nepBoHa4anbHO obpasytoTca vactuubl Ni, kaTanusnpyowme pasnoxeHne donee TepmMocTabunbHbIX
BaHaaMNnopUpUHOB. Ha NoBepXHOCTM yrnepoaHOM MaTpuLbl ybTpaaucnepcHble YacTuLbl HUKeNs 1
BaHagus BCTynalT BO B3aMMOAEWCTBME C CEpoBOAOPOAOM, AdaBas cynbduabl. bnarogaps atomy
OOHOBPEMEHHO MAYT NPOLECChl yaaneHuss MeTansioB U cepbl U3 NPOAYKTOB KpekuHra. Nocne ctaguu
aKkTMBauumM B CTPYKTYpe YrnepogHon MaTpuLbl OCTalTCA HaHopa3MepHble cynbduaHble YacTuubl Ni v
V, KOTOpble CMOCOOHbI [OOMONHUTENBHO CO34aBaTb MNCEBAOEMKOCTb. [10 [aHHBIM  LMKITMYECKON
BOJIbTAMMNEPOMETPUN, EMKOCTHOM OTKIIMK CUCTEMbI HOCUT obpaTumbli xapaktep. WM3mepeHHble
3Ha4eHus yaenbHOM EMKOCTU NokasbiBatoT, 4To OY/[l 4eNCTBUMTENBHO MOXHO NCMONb30BaTh B KAYeCTBe
aKTMBHOrO 3NeKTPOAHOro Mmarepuana.

Takum o6pasom, oTpaboTaHHyH YronbHylo [06aBKy nocne KOMOGWHMPOBAHHONO KpeKuHra
MOXHO paccMmaTpvBaTb B KayecTBe [AOCTYNHOro M MHoroobGellatollero Cbhipbsi AN NONyyYeHus
PYHKUNOHANbHbLIX 3NEKTPOAHbLIX MaTepuaroB, B KOTOPbIX COYMETalTCH ABOMHOCMOMHas €MKOCTb OT
YINepoaHoO OCHOBbI M MCEBOOEMKOCTb, obecneuynmBaemas HaHopasmepHbiMu Ni/V-cogepxawmmm
daszamun. [logobHble CUCTEMbI MOTYT HaWTU MpPUMEHeHVMe Mpu  CO34aHWM 3NEKTPodoB  AJis
CyNepKOHAEHCaTopPOB, a Takke ANns rmbpunaHbIX YCTPOWUCTB C NIUTUACOAEPXKALLMMMN SNEKTPONUTaMu.

BnarogapHocTu
MccnepoBaHue  BBIMOMHEHO 3@ cyeT rpaHTa  Poccwuiickoro  HayyHoro  doHga Ne  25-29-01363,
https://rscf.ru/project/25-29-01363.
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BnusiHMe xapakTepuCTUK TeXHUYECKOro yrrnepoaa Ha 35ieKTPOXMMMUYeckue
napameTpbl KaTOAHbLIX KOMMNO3UTOB NIMTUN-UOHHBLIX aKKYMYJATOPOB

Esrenuii HO. Tutos', Ceprent H. MapueHs?, Ctaducnae C. ®enoTtos?, MeTtp A. KosHos!

" Huxeeopodckuli eocydapcmeeHHbili mexHudeckull yHusepcumem um. P. E. Anekceeaa,
Hux+ud Hoseopod, Poccusi
2 Ckornkosckuli uHcmumym Hayku u mexHosnoauti, Mockea, Poccusi

e.titivo@nntu.ru

B katogax nutui-moHHbIX akkymynsitopoB (JTMA) snektponpoBogsiwas gobaska cdopmumpyet
HEeMpepbIBHYIO 3NEKTPOHHYK ceTb Ans 3(EKTUBHOMO OTTOKA 3IEKTPOHOB C MOBEPXHOCTM YacTu
3NEeKTpoAHOro MaTepuana. HecmoTpsa Ha OTHOCMTENbHO HM3Koe cogdepxaHue (1-5 %macc),
XapaKTEPUCTUKN TEXHWYECKOro Yyrrepoda B 3HAYMTENbHOW CTeneHu onpeaensitoT 3deKTUBHYIO
NPOBOAMMOCTL 3MIEKTPOAa, MexXda3Hoe COMpPOTUBIIEHNE W CTABUNBHOCTL MNPU  LUKIMPOBAHWUN.
CoBpeMeHHble uccrnenoBaHus [1,2] nokasblBaloT, YTO KIMOYEBLIMU NapameTpamMm SBASKOTCHA HE TONbKO
yaenbHasi NOBEPXHOCTb, HO U CTeNeHb CTPYKTYPHOM ynopsao4eHHOCTU (oTHoLeHue Ip/lg), mopdonorus
arperaToB M AOCTyNHasi AN 3NEeKTPONUTa NOBEPXHOCTL yrrepoaa. YBenuyeHune nnoLlaam noBepxHocTu
W OMCNEPCHOCTU CnocobCTBYeT (POPMUPOBAHUIO MEPKOMALMOHHOW CETW, OAHaKo OOHOBPEMEHHO
ycKopsieT NOBOoYHbIE peakUumm pasnoXeHns aNeKTponmTa U pocT MexXdasHoro conpoTuBeHns. Takum
obpasom, onTumMmM3auus npoBoasiwen pobaekm TpebyeT ©OanaHca Mexgy NPOBOAMMOCTBIO W
XUMWUYECKON CTabUNbHOCTBIO.

HacTtodwee wuccnegoBaHMe HampaBneHO Ha OnpedereHne BhVSHUS  XapaKTepuUCTUK
3MEKTPONPOBOAALLMX YrIepoaHblXx fobaBok Ha paboty auenkm JIMA. Llenbto paboTbl saBnsieTcs
YCTaHOBMEHNE B3aMMOCBSI3M MeEXAy CTPYKTYPHO-MOPAOSIOrMYECKUMN NapaMeTpaMmmn TEXHUYECKOTO
yrnepoga v anekTPOXMMNYeCcKMMU XapakTepUCTUKaMMN KaTOAHbIX KOMMNO3UTOB.

B pamkax wuccnemoBaHusi NpoBeAEH (U3MKO-XUMUYECKUIA aHanu3 HOBbIX YriepoaHbIX
MaTepuanos, Nony4YeHHbIX NNa3smMoXUMMUYECKMM CUHTE30M C nocneayoLlen TepmoobpaboTkon npu 900,
1600 n 2800 °C. YrnepogHble Matepuanbl 3a4evCcTBOBaHbl B KayecTBe npoBogsuwen aobasku B
anektpogHoMm komnoaute LiIFePOs B konmyectBe 10% macc. BbINONHEHO conocTaBrieHue
ANEKTPOXNMUNYECKUX XapaKTepucTuk B syeek JIMA MOHETOYHOro Tvna B CTaHAApPTHOM JMEKTPonuTe B
CpaBHEHUN C KOMMEPYECKMMUN aLeTUneHoBbIMK caxxamu Super P n C65.

PesynbTaTbl MOKa3bIBalOT, YTO YyBENMYEHNE CTENEHW CTPYKTYPHOW YNOPSAOYEHHOCTH yriepoaa
npu TepmoobpaboTke (CHWkeHne Ip/lc, YMEHbLUEHNE MEXMIOCKOCTHOIO paccTosiHus dooz) MPUBOOMT K
POCTY 3NEKTPOHHOW MPOBOAMMOCTM U CHWXEHUIO BHYTPEHHErO COMPOTMBIEHMS sdelikn. OgHako
mMaTtepuanbl C TOBbILIEHHON YOENbHOW MOBEPXHOCTbIO W Pa3BUTOM MOPUCTOW  CTPYKTYpOW
OEMOHCTPUPYIOT YCKOPEHHYI Jerpagaumio  eMKOCTW, 4YTO CBA3aHO C YBEMWYEHMEM [LOCTYMHOM
MOBEPXHOCTM yrnepoga Anst MOOOYHbIX 3SMNEKTPOXMMUYECKMX peakunihi U pocToM MeXdasHoro
conpoTueneHust. OnTumarnbHble XapakTePUCTUKMA OOCTUrATCA MPU COMETAHUN YMEPEHHOW CTEMEHU
rpacpmMTM3aumMm M KOHTPOINIMPYEMOW arperaTtHol CTPYKTypbl, obecneumnBarowen ¢opmMmpoBaHme
A PEKTUBHON NPOBOASALLEN CETU NPU OFPaHNYEHHON peaKLMOHHON NOBEPXHOCTY.

B poknage OygyT npencTtaBneHbl pes3ynbTatbl, OEMOHCTPUPYKOLLME BIUMSAHWE YCIOBUM
NNasMoOXMMUYECKOr0 CUHTE3a M TepMu4eckon obpaboTkum Ha CTPYKTYPHbIE U 3NEKTPOXUMUYECKUE
XapaKTePUCTUKMN YriepoaHbIX MaTeprarioB B CpaBHEHUM C KOMMEPYECKUMU NPOBOAALLIMMUN JoOaBKaMMm.

Cnucok nutepatypbl
[1] Xuesong Lu., et al. Effect of carbon blacks on electrical conduction and conductive binder domain of
next-generation lithium-ion batteries // Journal of Power Sources. 2024. T. 592. C. 1-14. DOI:
10.1016/j.jpowsour.2023.233916

[2] Qingsong Liu,. et al. Structure—performance relationships of lithiumion battery cathodes revealed by
contrast-variation small-angle neutron scattering // Mater. Chem. A. 2024, 12, 33114-33124. DOI:
10.1039/d4ta06364crsc.li/materials-a
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UccnepoBaHue Alo.1sV205/PEDOT kak kKatogHOro matepumana
AN MarHUM-MOHHbIX aKKYMYJAATOPOB
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MarHuii-norHHele akkymynatopbl (MAA) paccmaTpuBaloTcsl Kak anbTepHaTMBHBIE MCTOYHMKM
3Heprum Onarogaps MOTeHUMarbHO BO3MOXHbBIM BbICOKMM  (DYHKUMOHANBHBIM XapaKTepucTukam,
OOCTYMHOMY CbIpblo M 6esonacHocTn B akcnnyatauun. OgHako mx pas3BuMTME TOPMO3WTCH M3-3a
OTCYTCTBMS KaTOAHbIX MaTepranos, CNOCOGHbIX K 0BpaTMMON MHTepKansaumMm MOHOB MarHus.

Cnouctble okcuAbl BaHaausa SBRSIKOTCA YHUMBEpPCaNbHbIMW 3NEKTPOAHbIMKM MaTtepuanamu ¢
noacTpanBaeMbiM pa3mMepoM MEXCNOEBOro NPOCTPaHCTBA. 3HaYNTENbHOE YBENUYEHMNE MEXCITOEBOr0O
NpoCTpaHCTBa Npu MoOAMUKAUMW CTPYKTYpbl OKCMAA BaHaauMs 3a CcYeT npeaBapuTeribHOWm
WHTEPKansauMM MOHOB YyXXepOAHbIX MeTanmnoB WNM MOMEeKyn MpoBOAALMX MONMMEpPoB MO3BoONdAeT
YMEHbLUNTE MOMSAPU3aLUI0 M 3HAYMTENBHO YNyYWWUTb MHTEPKANsuuio ABYXBaNEHTHbIX KaTMOHOB
anektponuta. KomOGuHauMs  pasnuMyHblX TUMNOB  MNPEAVHTEPKaNUPOBAHHBLIX  YacTuLl — MOXeT
CYHepreTn4eckn 6naronpuaTHO BNUSTb Ha ANEKTPOXUMUYECKNE XapaKTepPUCTUKN MaTepuana-xo3samHa.
Mbl 06beanHUN 3TN CUHTETMYECKME MOAXOAbl ANs nony4veHus katogoB and MUA no cnegyrowmm
npuynHaMm: npeavHTepKanmpoBaHHble MoHbI AlR* 0b6pasytoT npoyHble cBsA3n ¢ V=0 rpynnamu okcuga
BaHaawusi, NOAABMssA ero pacTBOPEHMe, U He Y4acTBYIOT B peJOKC-NpoLeccax B Anana3oHe HanpsKeHnin
MWA, a BKMOYEHHbIW B cocTaB Martepuana nonu(3,4-aTUNeHaANOKCUTUOMEH) MOBbLILLAET ero
3NEKTPOHHYO NPOBOANMOCTb.

Okcng BaHaaus, NpeauMHTepKanuMpoBaHHbI noHamu AlR* n nonn(3,4-aTuneHamokcUTnodgeHom)
(Alo.18V205/PEDQOT) 6bIn cMHTE3UpPOBaH rMapoTepMarbHbibiM METOAOM B [Ba 3Tana — BHayane 6bin
CVHTE3MPOBaH OKCuA BaHaAuMs C NpeauHTepKanmpoBaHHbiM antoMmmHmem (Alo.1sV20s), 3aTem B aTy dasy
ObIn MHTepkanupoBaH npoBogawmn nonumep PEDOT. lNMony4veHbl gaHHble O CTPYKTYpe M cOocTaBe
MaTepuana, noaTeepxaeHo npucytcTeue moHoB AlR* B crioucton ctpyktype Alo.1sV20s n PEDOT B
Alo.18V205/PEDOT.

OnekTpoxumuyeckme xapaktepuctukn katogoB  Alo.1sV20s/PEDOT  Obliu  uccrnegoBaHbl
MeToZaMu LMKINNYECKON BONbTaMnepoMeTpuu U ranbBaHOCTAaTUYECKOro 3apsifa-paspsga B MakeTax
MarHUM-MOHHbIX aKKyMYyNsiTOPOB C aHOAaMu Ha ocHose akTusuposaHHoro yrns u 1M Mg(ClO4)2/AN B
KauyecTBe 3MeKTponuTa. YBenuMYeHHoe Mexcrioesoe paccTosiHue (14.02 A) u crabunuamposaHHas
CTPYKTYpa KaTo4HOro matepuana obecneuunnum ero ctabunbHble 3NEeKTPOXMMUYECKME XapaKTePUCTUKN
N obpaTMMylo MHTepkansuuio nMoHoB Mg?*. MccnegoBaHus 3apsg-paspsiaHbiX KPUMBLIX MPU pasHbIX
NNOTHOCTSX TOKa MoKasanu cpegHo yaenbHyto emkocTb Alo.1sV20s/PEDOT 138, 111, 97, 86, 64 n 45
MA-4/r npn nroTHocTaAx Toka 0.02, 0.05, 0.1, 0.2, 0.5 1 1.0 A/r cOOTBETCTBEHHO. YaenbHasi EMKOCTb Npu
nnotHocTu Toka 0.02 A/r Bo3BpaLLanacb K MICXOAHbIM 3Ha4YeHNsIM Nocre TECTUPOBaHUSA maTtepuana npm
BbICOKMX MMOTHOCTSIX TOKa, 4TO MOATBepxAaeT obpaTtumMoCcTb MPOLECCOB  MHTepkanaumu-
nevHTepkansauum noHos Mg?* B Alo.18V20s/PEDOT. KaToabl npoaemMoHCTprpoBanu npeBOCXoAHble
LMKNU4eckme xapakrtepuctuku, coxpaHme 955 % emkoctu nocne 500 uuknos npu 0.1 A/r.
MpenBaputenbHoe wuccrnegoBaHWe MexaHusMa nokasano npeobnagawownn nNceBgoOEMKOCTHOM
KOHTpOIb npouecca uHTepkanauum noHos Mg?* B Alo.18V20s/PEDOT.

BnarogapHoctu
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74



YCTHbIE OOKNAAbI ORAL PRESENTATIONS

MoaucduumpoBaHHble cepoi NOpuUCTbIe yrinepoAHble aHOAHble MaTepuanbl
NIUTUNA- U HATPUN-UOHHbBIX aKKyMYJATOPOB

KOnus B. PepoceeBa, EneHa B. Jlucuua, AHHa A. Bopdonomeesa, Butanuin U. Ceicoes,
Jlobosb . Bynywesa, AnekcaHap B. OkoTpy©

' Unecmumym HeopeaHuyveckol xumuu um. A. B. Hukonaesa CO PAH, Hoeocubupck, Poccusi
fedoseeva@niic.nsc.ru

MopucTele yrmepoaHble mMatepuanbl obnagalT psSaoM NpevMyLLecTB, B TOM YUCIe HU3KOW
NIOTHOCTbLH, 60NbLION YAEMNbHON NOBEPXHOCTU, PA3BMTON MOPUCTON CTPYKTYPON, BbICOKO XMMUYECKOM
CTabunbHOCTLIO WM XOPOLUEeW 3NEeKTPONpPOBOAHOCTbIO, a Takke HU3KOM CTOMMOCTbI. OTu
XapakTepUCTUKM  OenalwT UX BecCbMa MNEepCreKkTUBHbIMKA  ANEKTPOAaMWM  SNEKTPOXUMMUYECKUX
HakonuTenem aHeprun, B YacTHOCTU, NIMTUN-UOHHBIX U HATPUN-UOHHBIX aKKyMynaTopoB. Xumuyeckas
MoaMdUuKaLnMsa YrnepoaHblX MaTepuanoB pPasfUYHbIMU - PedoKC-aKTUBHbIMU  CepoCcoaep)KaLlmMm
dyHKUMOHaNbHbIMK rpynnamu ByaeT cnocobcTBoBaTh afcopObumm MOHOB LUEMOYHbIX MeTansioB U
YBEITMYEHUI0 E€MKOCTU 3MEeKTPOAHOro matepuana. OTo genaeT MOoAMUUMPOBaHHbIE YriepoaHble
MaTepuanbl NepCneKkTMBHbIMU 3NEKTPOAAMU JIUTUA-MOHHBIX U HaTPUWA-UOHHBIX aKKyMynatopos. B
AaHHon paboTe B ka4yeCTBE MCXOLHOMO MOPUCTOro YrNepoAHOro aHOAHOro Matepuana Mcnonb3oBarcs
Martepuan, MonyyYeHHbln MEeTOAOM XUMMYECKOro OCaXAeHWd u3 napoBon dasbl M3 3TaHona Ha
TeMnnaTHbIX HaHo4acTMuax okcuaa kanbums. JaHHbin maTepuan obnagaeT BbICOKOW MMOLaabo
rnoBepxHocTn okono 1200 mM?/r n me3onopucTon cTpykTypoi. Mpu nnotHocTn Toka 0.1 A/r, eMKOCTb
maTepuana coctaenset 110 MA-4/r B HATPUN-MOHHBLIX akkyMynsaTopax u 440 MA-4/r B NIUTUNA-NOHHBIX
akkymyngaropax. ®TopupoBaHMe NOPUCTOrO  YrAepoaHOro Matepuana  WUCNonb3oBarnocb — Kak
npeaBapuTenbHas Moaudukaums € Uenblo yBEeNUYeHUs1 KOHLIEHTpauuuM cepbl MNpu AanbHeunwen
obpaboTke. WcxoaHblh 1 OTOPUPOBaHHbLIA NOPUCTbIE YrNepodHble MaTepuansl MoABepranuch
ObicTpoMy HarpeBy B aTtmocdgepe cepoBogopona npu 400 °C. Mopdonorusi, coctaB U CTpoeHue
obpasLoB MccnegoBanocb MeTogamMmm 3NIEKTPOHHOW MUKPOCKOMNUW, CMEKTPOCKONUN KOMBUHALMOHHOIO
paccesiHua cBeTa, PEHTreHOBCKOW (POTOINEKTPOHHOW CNEeKTPOCKONUM W  CMIEKTPOCKOMUUA TOHKOW
CTPYKTYpbl PEHTreHOBCKOro nornoweHns. MeTtogamn peHTreHOBCKOM  CNeKTpockonuui  Obino
uccrnegoBaHo B3aMMOAENCTBME NMUTUSA U HATPUs ¢ MOAUMMLMPOBaHHBIM CEPOI MOPUCTLIM YIIepoaHbIM
mMaTepuanom, Ang 3TOro Ha UCXOAHble U MOAUMULMPOBaHHbIE 06pasubl NPOBOAMIMOCE OCaxXAeHue
aToMOB METanmnoB M3 NapoBOM B YCMOBUSAX BbICOKOrO BaKyyMa. JINEeKTPOXUMUYECKME WUCMbITaHUA
MOAMPULMPOBAHHBLIX CEepOM MOPUCTLIX YIMEPOoOHbIX MaTepuanoB B KavyecTBe aHOAOB B NUTUN- U
HaTpU-UOHHbIX BaTapesax NPOBOAUNOCH B raribBaHOCTAaTUYECKOM U MOTEHLNOCTAaTUYECKOM pexumax,
C WUCNONb30BaHMEM CMEKTPOCKONUN 3NEKTPOXMMUYECKOTO mMmneaaHca. M3 peHTreHocneKkTpanbHOoro
aHanu3a ObiNu BbISIBMEHbI BbICOKAs KOHLEHTpauus NUTUS U CUMbHOE B3auMoOAdenCcTBME NUTUS C
yrnepogomM Ha MOBEPXHOCTUM CepocofdepKallero yrnepogHoro martepvana, Y4Tto OObACHSeT ero
yNnyylleHHbIE 3NEeKTPOXUMUYeckne cBoncTBa. [lonyyeHHble pesynbTatel OyoyT cnocoGeTBOBaTh
MOHUMAaHWIO 3ANEKTPOXUMUYECKNX NMPOLIECCOB, MPOTEKAIOLLMX B CEPOCOAEPKALLNX YTTIIepOaHbIX aHOOHbIX
MaTepuanax nMTui- U HaTPUN-MOHHbBIX aKKYMYyNATOPOB.

BnarogapHocTtu
Pa6oTa BbInonHeHa npu nogaepxke Poccuinckoro Hay4yHoro dooHaa, rpaHt 25-23-00921.
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UccnepnoBaHne KNUHETUKU OKUCIIUTESNIbHO-BOCCTaHOBUTESNbHbLIX NPOLIECCOB
nonu(TEMPO-meTtakpunaTta) (PTMA) Ha chyHKLMOHANU3npoBaHHbIX
yrnepoaHbIX 35IeKTpoaax MeToAoM BpallaloLerocs AUcKa ¢ KonbLom

Kcenus A. XapucoBa, Enena B. AnekceeBa, Oner B. JleBuH

CaHkm-lemepbypeckuli 2ocydapcmeeHHbil yHusepcumem, CaHkm-llemepbype, Poccusi
e.v.alekseeva@spbu.ru

Penokc-akTuBHbIE HUTPOKCUIbHbIE MONMMepbl, B 4acTHoctu nonu(TEMPO-meTakpunara)
(MTMA), paccmaTpuBaloTCa Kak MepcrnekTuBHble MaTtepuanbl AMs SNeKTPOXUMMUYECKUX YCTPOWUCTB
HaKOMNMEeHNs 3Heprnn, BKNYas opraHnyeckue peaokC-npoTOYHbIE akKyMynaTopbl. APAPEKTUBHOCTb MX
paboTbl onpegensieTcAd He TOMbKO PenoKC-MOTEHUMAnoM HUTPOKCUIbHBIX (PparMeHToB, HO W
Mexda3HbIMM MpoLeccamMun Ha rpaHuue 3neKkTpoad/pacTBop, BIMSIOWMMUN Ha AOCTYMHOCTb aKTUBHbIX
LEHTPOB M CKOPOCTb 3MEKTPOHHOrO MepeHoca. [ns pacTBOPUMBIX W YacTUYHO PaCTBOPUMbIX
MaKpOMOJIEKYNSPHBIX CUCTEM KONMWYECTBEHHOE pasferneHue BKagoB agcopbuuu, gecopbuum wn
O dPY3NMOHHOrO TpaHCcnopTa OCTaeTcss MeToANYECKN CIIOXKHOM 3adadven.

B paboTte m3yyeHbl  OKMCNUTENBHO-BOCCTaAHOBUTENbHble  npoueccbl [MTMA  Ha
PYHKLUNOHANN3NPOBaHHbLIX YrNepoaHbIX 3MeKTpoAax MeToAoM Bpallalolleroca Auvcka ¢ konbuom. B
KayecTBe MoAuMKATOPOB [UCKa WCMONb30OBanNu yrnepoaHble MaTepuansl € pasfuyHbIMU
NOBEPXHOCTHbIMU (PYHKLIMOHaNbHLIMK rpynnaMmu. PasgensHas peructpaumsa TOKOB Ha ANCKE U KOnbLie
no3sonuna npocrneauTb NpeBpalleHus OKUCIEHHOM W BoccTaHoBneHHou copm MNTMA, a Takke
OLUEHUTb, MPU Kakmx YCIOBMSX TOKOBbIA OTKIUK OMNpedenseTcss yoepXvBaHWeM MakKpOMOIIEeKyn Ha
MOBEPXHOCTM 3MEeKTpoaa UM nx Nnepexoaom B pacteop. MiamepeHus npu pasHbiX CKOPOCTAX BpaLLeHUst
nokasanu, 4TO XMMUYeckasl npupoda MOBEpPXHOCTU YINEepOAHOro martepuana BrusieT Ha CTeneHb
yOEPXKMBAHMSA MNonumepa, KWHeTWKY gecopbumv u [OMN  pacTBOPUMBIX Lenew, OOCTUralLmnx
KONMbLIEBOrO 3NeKTpoaa.

Ona wHTepnpeTauum p[aHHbIX paspaboTaHa MaTemaTudeckasi MOAEenNb, YyuTbiBaloLlasi
agcopbumo n pecopbumio NTMA, 3nMeKTPpOHHbLIN NEepeHOC Ha [OUCKOBOM 3MnekTpode U nepeHoc
BellecTBa OT AucKa K Kombly. [lonyyeHHble aHanuMTUYecKne BbipaXXeHUs CBA3bIBAT OWCKOBbLIN U
KOMbLIEBON TOKM C MNOBEPXHOCTHOW KOHLIEHTpauuen nonMMmepa, KMHETUYECKMMU KOHCTaHTamu wu
TONWMHON AN Y3MOHHOrO CMosi, 3aBUCSLLEN OT CKOPOCTM BpalleHus. Takass moaenb nossonseT
KONMWYECTBEHHO OLEHMBATb BKIa4 MOBEPXHOCTHO-KOHTPONMPYEMbIX MNPOLIECCOB W COMOCTaBNSATb
yrnepogHble Matepuanbl Mo UX CNOCOBHOCTU CTabunNnanpoBaTh SMEKTPOAKTUBHbLIE MaKPOMOIIEKYIbl y
MOBEPXHOCTM 3MeKTpoaa.

COBOKYMHOCTb 9KCMEPUMEHTarbHbIX AaHHbIX W MOZEenupoBaHuMs (OPMUPYET OCHOBY Arid
HanpaBneHHOro Bblibopa (YHKLMOHANM3NPOBAHHBLIX YIIEPOAHbIX MOBEPXHOCTEN, obecneyvnBaroLmx
bonee adpekTMBHOE npoTekaHue pepnokc-npoueccoB NMTMA n 6onee KoHTponvpyemoe nosefeHune
NONUMEPHbIX PeAOKC-aKTUBHbIX KOMMOHEHTOB B NPOTOYHbIX 3MNEKTPOXMMUYECKUX CUCTEMAX.

BnarogapHocTb
Pab6oTta BbinonHeHa npu douHaHcoBow noaaepxke PH® B pamkax npoekta Ne 25-13-00185.
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CeTyaTble HAHOKOMMNO3UTHbIE NOIMMEpPHbIe 3NIeKTPOSIUTbI HA OCHOBe
onuroacupaomakpunaTos ¢ BBe4eHMEeM MOHHOM XUAKOCTU
ONs NIUTUEBbIX UICTOYHUKOB TOKa

KioHebiny . Xatmynnuna'2, Onbra B. ApmoneHko!

T ®edepanbHbili uccrnedoeamernbckull UeHMpP npobriem xumuyeckoli ¢husuxku u MeSUUUHCKOU Xumuu
PAH, YepHozonoeka, Poccusi
2 HNY «M3U», Mocksa, Poccus

khatmullina_k@mail.ru

MMony4eH HOBLIN BUA 9MNEKTPONIUTOB HA OCHOBE 5-KOMMOHEHTHOrO COCTaBa, NpeAcTaBNALLMX
cobori pasHble Knaccbl COeAWHEHUN (ONMroMepbl, CONMU NUTUS, anpPOTOHHAsi MOHHAs >XWUAKOCTb,
anpoTOHbIN  OpraHU4eckui pacTBopuTenb, HeopraHudeckue nopowkn SiO2/TiO2). CosgaHue
NONUMEpPHON CeTyaToON apXUTEKTYpPbl OOHOBPEMEHHO C MWOHHBIM U  MONEKYNSPHbIM  AN3akiHOM
MO3BOMNWMO MOMY4YMTb COCTaB CETYATOr0 HAHOKOMMO3WUTHOrO refb- nonmMmepHoro anektponuta (HIM3)
Ha ocHOBe Auakpunarta nonuatunenrnukonsa (MAFOA), koTopbin npu cogepxaHum 30 mac.%
yoepxusaeT go 50 mac.% noHHom xugkocTn TeTpadtopbopata 1-31nn-3-metunumugasonus (EMIBF4)
n 0o 10 mac.% HaHo4vacTuy SiO2 u TiO2, 4TO NO3BONMIO Hapsay C BbICOKOW MPOBOAVUMOCTLIO MOMYYUTb
BbICOKY0 TepMOCTabunbHocTb anekTponuta o 320 °C 3a cyeT 6e30MacHbLIX KOMMNOHEHTOB.

HainpeHo, yto nydywasa nposoammocTs y HING ¢ BBeAeHNEM MOHOOEHTAHTHbLIX OpPraHU4eCcKnX
pacTtBopuTenen (atuneHkapboHat, 3K), a 6u- n nonuaeHTaHTHbIe (AUNUM U TeTparnum) NoHWXarT
NpoOBOAMMOCTb B Cpefde WOHHOW XuakocTwu. Jlydwime cocTaBbl Ha OCHOBE [uakpunarta
nonuatuneHrnukons, conu LiBF4 n EMIBF4c BBegeHnem HaHouvacTuy SiO2 n TiO2 umetoT npuemnemyto
NPOBOAMMOCTb B LLMPOKOM TemnepaTtypHoM nHtepsane ot —40 go 100 °C. NpoBoguMOCTb cocTaBnseT
0.1 mCwm/cm (40 °C), 1 mCwm/cm (25 °C) n 10 mCm/cm (100 °C).

B pabote HangeHo, yto HINO Ha ocHoBe noHHoM xugkoctn EMIBF4 coBMecTMMa He TOMbKO C
NUTUEBBLIM aHOAOM, HO U HeopraHudeckum (LiFePOs) n opraHudeckumun katogHbiMKM MaTepuanamm
(conb Npou3BogHOro NeHTaasaneHTaueHa u nonu(deHnn-geHasrH), KOTopble NpyMHagnexar K pasHbiM
N- 1 p- TMNam pegokc - MaTepuarnos, COOTBETCTBEHHO.

PecypcHble ncnbiTaHus NUTUEBLIX akkyMynaTopoB ¢ anektponutom Si-HIM32 u kaTtogom Ha
OCHOBE COMnv NPOU3BOAHOrO NeHTaasaneHTaleHa nokasanu paspsaHyo emkocte 150 MAY/r B TeueHue
100 uwuknoB. McnblTaHUS nUTUEBBLIX aKKyMynsTopoB ¢ anektponutom Ti-HIM32 nposogunm ¢
HeopraHuyecknm LiFePO4 n opraHnyeckum katogom Ha ocHoBe nonu(deHun-cpeHasunnHa). MNpoTtoTnn
Li//LiFePO4 nokazan ctabunbHyto emkocTb 120 MAY/r B TedeHme 100 LMKNOB, a NUTUN-OpPraHU4ecKkui
akkymynarop 150 mAuY/r B TeueHune 100 LmMKNOB Npu KOMHATHOM Temnepartype. 3TO NO3BONSET CUMTaTb
Nnony4YyeHHble TePMOCTabUIbHbIE HAHOKOMMO3WTHbIE 3NEKTPONUTLI NEPCMNEKTUBHBIMU AN NONy4YeHUs
©e3onacHbIX MUTUN-NONIMMEPHbBIX aKKyMYNSATOPOB HOBOTO MOKOMNEHMS.

BnarogapHocTu
Pa6oTta BbinonHeHa npu rHaHcoBon nogaepxke MuHUCTEpPCTBA Haykv U Bbicllero obpasoBanus PO (Mpoekt
Ne 075-15-2024-532), dUL, NMXD n MX PAH.
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Preparation and Energy Storage Performance Study on LiFePOs-Ferricyanid
Electrolyte for Flow Batteries
Xin Jia, Songtao Lu, Wei Qin, Xiaohong Wu

Harbin Institute of Technology, Harbin, China
jiaxin2024@hit.edu.cn

Battery technologies play a critical role in grid-scale energy storage. While lithium-ion batteries
(LIBs) based on LiFePO4 (LFP) are currently the most mature and commercial technology, safety
concerns remain when LFP-based LIBs are widely deployed at a large scale.

Redox targeting-based flow battery (RTFB) is an emerging technology for grid-scale energy
storage. While technological advancements have been made, the design of the solid capacity boosting
material with redox potential matching that of the redox molecule remains a formidable challenge. With
LiFePO4 (LFP) and ferrocyanide/ferricyanide ([Fe(CN)s]*~4-) as capacity booster and redox mediator,
respectively, this paper presents a facile and controllable strategy to tune the redox potential of solid
material based on its Nernst potential dependence and demonstrate an aqueous redox flow battery. The
[Fe(CN)e]>"4--LFP catholyte shows a low-capacity loss rate (0.009% per cycle or 0.061% per day) over
60 days and the volumetric capacity reaches 174.2 Ah L-'. When paired with a zinc anode, the
Zn/[Fe(CN)e]>-LFP flow battery has achieved an energy density of 214.3 Wh/L at 20 mA/cm? and a
peak power density of 193 mW/cm? at 284 mA/cm? that is substantially higher than those previously
reported. In addition, the cell allows for fast charging at a current density as high as 80 mA/cm? with
almost no loss of capacity. The underlying SMRT reaction mechanism between LFP/FP and
[Fe(CN)e]>"4- is delineated with computations, in-situ Raman, operando UV-visible, ex-situ XPS and
galvanostatic intermittent titration technique. The robust and high-capacity [Fe(CN)s]*~4--LFP catholyte
system and the method of tuning redox potential could pave the way for the deployment of RTFB
technology for large-scale applications.

w e

Loading LFP 174.2AN/L

Scheme 1. Schematic of [Fe(CN)e]°7#~-LFP catholyte.
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Practical Research on Sn-Based Anodes for Na-lon Batteries
Zhao Chen'?, Fei Xie', Yong-Sheng Hu'?2
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Sciences, Beijing, China
2 College of Materials Science and Optoelectronic Technology, University of Chinese Academy of
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Alloy-based anodes offer high theoretical capacity and compacted density for boosting both mass and
volumetric energy densities of Na-ion batteries, yet their severe electrochemical instability hinders practical
deployment. Existing strategies have to make concession between performance and scalable fabrication by
focusing on the volume expansion retardance, while the in-depth mechanisms affecting cycling stability and
exploration of their practical applicability are still limited.

Herein, we design a micron Sn anode with a high active material ratio of 92%, delivering exceptional Na-
storage capacity (789.4 mAh g=) and high cycling stability (over 6,000 cycles at 2 A g™'). The resulting Sn anode
was scaled up and applied into Ah-level Na-ion batteries, achieving a volumetric energy density of 453 Wh L™
and 75% capacity retention after 600 cycles. The low-temperature performance of the Sn-based pouch cell is also
superior to that of the LiFePOas/graphite cell. Through multi-scale characterizations, computational modeling, and
machine learning-driven statistical analysis, we reveal the key effect on the sufficient and continuous topological
morphological evolution of the Sn particles that meanwhile be well reinforced by the constructed cross-linked
networks from single-walled carbon nanotubes, which provide stable electrical connection and high utilization of
active material during the life cycle.

This work emphasizes the key insight of achieving an optimal balance between the topological
morphological evolution and the capacity delivery during stable cycling towards future designing of high-
performance Sn anodes and reveals the great potential for next-generation high-energy
Na-ion batteries.
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Figure 1. Modification strategies and practical performance of Sn anode. (a) The SWCNT cross-linked network in micron Sn
anodes promotes full topological evolution and sustains steady mechano-electrical interconnection of Sn particles upon
cycling. (b) The real photos of production process. (c) The electrochemical performance of the Ah-level pouch cell.
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BrnuaHue nob6aBku rmuuepuHa B aHOAHYH CYCMNEH3U0 Ha LIUKNMYeCKyro
CTabUNIbHOCTb KPeMHUN-TPachMTOBLIX INEKTPOAOB B NOJHbIX s4enkax ¢ LFP
Ilaga A. UbiraHkoBa, Hatanua A. HoBukoBa

AO «HUAUN « ICTOYHUK»
tsygankova.l@niai.ru

KpemHun-rpacpmToBble  KOMMO3UTbl  SABMASIOTCS  OOHUMW U3  Hauboree nepCcrnekTUBHbIX
MaTepuanoB AnNd aHoOOB MUTUMA-UOHHBIX akKyMynsaTopoB ©Onarogapsi BbICOKONM TeopeTudecKoun
yaenbHoW eMKocTu KpeMHus (4o 4000 MA-4/r). OgHako NpMMEHeHMe Taknx aNeKTPOAOB CaepXMBaeTCs
UX WHTEHCMBHOM MEXaHWYeCKOM [gerpagauven, BbI3BAHHOW  3HAYUTENbHbIMM  OOBbEMHbLIMMU
n3MeHeHnsiMM KpeMHueBon ¢asbl (go 300%) B npouecce UUKIMPOBaHWs. OTO MNPUBOAUT K
pacTpecKnBaHUIO aHOOHOMO MOKPLITUS U YCKOPEHHOMY PacXOL4OBaHMI0 OrpaHMYEHHOro 3anaca nuTus B
akkymynaropax [1]. B HacTosiwen pabote uccnepyetcs BNuUAHWE BBEAEHUS IMULEPUHA B COCTaB
aHOOHOWM CyCMeH3MM Ha MOPAOSIONMYECKY0 CTabUNbHOCTL KPEMHUA-rPacOUTOBOrO arekTpoda wu
3ANEKTpOXMMMUYEckue xapakrepuctmkm nonHom s4venkn Si-C/LFP. Kak 6bino obHapyxeHo paHee,
dYHKUNOHANbHbIE TPYNnbl  FAMUEpUHa CNOCOBHbI  MOAUMULMPOBaTL CTPYKTYPY 3MNEKTPOLHOro
MOKPbITUS, MOBbILLIAS €r0 3NTAaCTUYHOCTb M yNny4llas MexdasHble KOHTaKTbl, YTO MOTEHLMaNbHO MOXET
CKOMIMEHCMPOBATL  LMKITMYECKNE HAMpPsSKEHUss B KPEeMHUU-TpaduToBbIX cuctemMax [2]Owmbka!l
MCcTOYHUK CChINKKU He HaWAaEeH..

Wceneposarme npoBoauock Ha 20 nabopaTopHbIX MakeTax akkyMynaTOPOB MakeTHOro tmna
(«pouchy»). AHogHas yacTb 6bina npedcTaBneHa KpeMHUN-rpacpmMToBbIM KOMMO3MTOM € JobaBneHnem
rIMuepuHa B aNeKTPOaHYI0 cycneH3uio (koHueHTpauus 1,5 mac. %), katogHas YacTb — KOMMeEPYECKUM
mMaTepuanomMm Ha ocHoBe nutumr-xenesodocdara (LFP). CooTHoweHe emkocTen aHoga K katopdy
BblaepxxaHo B ananasoHe 1.10—1.15. OueHka MexaHU4eckon aerpagalmm aHoga npoBogunach AByMsi
MeTofaMu: 3NEeKTPOXUMUYECKM — METOOOM ANUTENBHOrO rarbBaHOCTATMYECKOro LIMKIMPOBAHUS
MOmMHbIX siyeek B AuanasoHe HanpsbkeHun 2.5-3.65 B npu cune Toka 0.5C, n mopdonornyeckn —
METOLOM pPacTPOBOWM 3EKTPOHHOW Mukpockonun (POM/SEM), Bkntovass aHanui noBEepXHOCTU
anekTpoaoB post-mortem nocrne 3aBepLleHns PeCypCHbIX UCTIbITaHWA.

MeTtonom POM ycTaHOBNEHO, YTO BBEAEHME rMULepuHa cnocobecTByeT hopmupoBaHuto bonee
pasBUTOM MOPWUCTON CTPYKTYpbl aHOda, a TakKe CHWKaeT MMNOTHOCTb MUKPOTPELUMH nocne
LUUKIMPOBaHUS MO CPaBHEHMIO C HEMOANMDULMPOBAHHBIM 06pa3uom. DNEKTPOXNUMUYECKME UCTIbITaHUS
noaTsepxaarT, 4to nocne 250 UMKNOB 3apsaia-paspsa COXpaHeHUe eMKOCTU aKKyMyrnsaTOpoB C
MOAMUUMPOBAHHBIM  [MMLEPUMHOM aHoAOM B cpedHeM Ha 8,7% npeBbillaeT MnokasaTenb
aKKyMYJNSATOpPOB CpaBHeHMs1. Habniopgaembinl ahdeKT OOBACHAETCS CHWXKEHMEM HeobpaTumoro
notpebneHns nutns ns LFP-katoaa Ha nobo4yHble peakumu BocctaHoBneHusa SEl, yto obecneunBaetcs
3a cYET MeXaHU4YeCKOMN LeNIOCTHOCTM aHOOHOMO MNOKPbLITUS.
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PucyHok 1. CpasHeHue Oeepadayuu emkocmu rpu 0numernbHOM yuknuposaHuu syeek Si-C/LFP: aHoO 6e3
dobaeku (4YepHasi kpueasi) u aHo0, MOOUGhULUUPOBaHHbIU efluyepUHOM (KpacHasi kpusasi). CoxpaHeHUe eMKocmu
nocne 250 yuknos ebiwe Ha 8,7%.

Cnucok nuteparypbl

[1] Jang J, Kwon T. Various Technologies to Mitigate Volume Expansion of Silicon Anode Materials in
Lithium-lon Batteries // Batteries. 2025. Vol. 11(9). 346. DOI: 10.3390/batteries11090346

[2] Park, K. et al. Glycerol as a Binder Additive for Low-Resistance Graphite Anodes in Lithium-lon Batteries
/I Journal of The Electrochemical Society. 2022. Vol. 12(4). 169. DOI: 10.1149/1945-7111/ac6837
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AneKkTpoaHasa cuctema ANA KOPPEKTHOro U3MepeHUs ANeKTPoNnpoBOAHOCTH
BbICOKONPOBOAALMX NOTEHLNOPE3UCTUBHbIX NOJIMUMEPOB
ANA NUTUN-UOHHbLIX GaTapen

Bnaamnmunp A. Ynpkos, [eHnc B. XKypasnés, Cepren A. Bacunekos, Unba A. Enarun, Oner B. JleBuH

1 CaHkm-lNemepbypeckuli 2ocydapcmeeHHbili yHusepcumem, CaHkm-llemepbype, Poccusi
v.chirkov@spbu.ru

OAHMM 13 LUMPOKO UCNONb3YEeMbIX TUMOB CUCTEM XPaHEHUS 3NEKTPOIHEPTUM ABNAOTCHA NUTUIA-
noHHole Gatapewn (JIUB), koTopble, oAHako, MOryT NpPeAcCTaBNATb 3HAYUTENbHYO OMacHOCTb B
HelTaTHbIX cuTyauuax. Hactosiwee nccnenoBaHue BbI3BAHO MOSIBNEHWEM U OOCTYMHOCTbIO HOBbIX
NMOTEHLMOPE3UCTUBHBIX MONMMMEPOB, NMPUMEHUMbIX OS5 3alUUThl IMTUR-MOHHBIX GaTaper OT onacHoro
NpoTEeKaHUs TOKa W MneperpeBa B YCMOBUSAX KOPOTKOro 3ambikanus [1,2]. Hanbonee noaxopgswine
0o6pasupbl TakMx MaTepuanoB OOMKHbI 06riafaTh BbICOKOW MPOBOAMMOCTLIO B HOPMAarbHbIX YCITOBUSIX
paboTbl NUTUIA-UOHHBLIX OaTapen AN MUHMMM3auuK MNoTepb HanpsbkeHus. OgHako 3TO cosfaeT
npobnemy HETOYHOrO U3MEpPEHUs MPOBOAMMOCTM MPU UCMONb30BAHUMN LLUMPOKO PACMpPOCTPaHEHHbIX
rpebenyaTbix anekTpoaos (interdigitated electrodes, IDE).

Uenb gaHHom paboTbl — onpegenutb nNpeaen BbICOKOW MPOBOAMMOCTU TPaAULMOHHbBIX
namepeHun Ha ocHose IDE-anekTpooB M MPeanoXutb reoMeTpuio anekTpoaa, noaxoadilyo Ans
bonee npoBOOALINX MOTEHUMOPESUCTMBHBIX MONMUMEPHLIX CroeB. Bo-nepBbix, ponb napasuTHOro
nocrnegoBaTenbHOrO  COMPOTUBNEHUS B koMmepdeckux  IDE-anektpogax 6bina  oueHeHa
3KCNEPUMEHTANbHO C WCMNOSMb30BaHMEM 3TasnoHHbIX pacTBopoB KCl n He3aBUCUMMOro M3MepeHus
MeTannmMyeckoro Bkraga. Bo-BTopbix, Gbina peanusoBaHa YnCrieHHas Moenb, YTobbl nokasaTtb, Kak
KOHEYHOE COMpOTMBIIEHNE KOHTaKTOB IDE-3nekTpodoB orpaHmMymMBaeT U3BrevyeHne NnpoBoAMMOCTH Npuy
BbICOKOM MPOBOANMOCTM nonmmepa. HakoHeu, Gbina npegnoxeHa cuctema ¢ OAgHUM U3MEepPUTENbHbLIM
3a30pOM MeXZy MacCCUBHbIMW 3IIEKTPOAAMU C HM3KOOMHBIMW 30f10TbIMM LUMHAMKM B KayecTBe
MOAMPULNPOBAHHON OTKPLITON 3NEKTPOXUMUYECKON FEOMETpUM, KOTopas COXpaHseT [OoCTyn K
3NEKTPONUTY, OAHOBPEMEHHO pacLUMpaa AOCTYNHbIA ANana3oH NpoBOAUMOCTMN.

PesynbTatbl nokasbiBalOT, YTO OMWYECKUM BKMag MpPOBOASALLUMX [OPOXEK He sABnseTcd
npeHebpexmmo manbiM Ans  uccregyemblx IDE-anekTpogoB M MOXET uUCKaxaTb pesynbTaTtbl
onpegeneHnsa NnpoBoAUMOCTHU, €CNU €ro SBHO He BblYMTATb U3 NONyyYaeMblX 3HA4YEHUN. TeM He MeHee,
IDE-anekTpoabl 60onblLUe NogxoasaT Ansi Cpef C HU3KOW NPOBOAMMOCTLIO, rae 60MnbLUNA TOKOBbIN OTKIMK
ABNSAETCA NPENMYLLECTBOM, B TO BPEMSI KaK 3I1IEKTPOAbI HOBOIO TMMNa paclUMpsoT Mana3oH U3MepeHnin
B CTOPOHY BbICOKOMPOBOASALLMX NOSTIMMEPHBLIX UIN 3NIEKTPOSTUTHBLIX CITOEB.

Cnucok nutepatypbl
[1] Song I. T., et al., Thermal runaway prevention through scalable fabrication of safety reinforced layer in
practical Li-ion batteries // Nat Commun. 2024. Vol. 15, no. 1, p. 8294.
DOI: 10.1038/s41467-024-52766-9.

[2] Beletskii E. V., Volkov A. |., Alekseeva E. V., Anishchenko D. V., Konev A. S., and Levin O. V. Potential-
Controlled Switchable-Resistance Polymer Layer for Enhanced Safety of Lithium-lon Batteries with
NMC-Type Cathodes // ACS Appl. Energy Mater. 2023. Vol. 6, no. 21, pp. 11242-11254. DOI:
10.1021/acsaem.3c02145.
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BnusaHune 3amelwieHunsa umpkoHus B cTpyktype LisZrV(PO4)s Ha nokanbHoe
okpyxeHue no gaHHbiMm EXAFS n XANES

Oner O. Wwryanun'2, Hukuta M. MeaHos'2, AnnHa . Cepowtan’=2,
MonuHa A. Mapmasa'2, Bnagumwup J1. Pactopryes?

1 CaxanuHckuli eocydapcmeeHHbIl yHusepcumem, FOxHo-CaxanuHck, Poccusi
2 [lanbHesocmoyHbIl ¢hedeparnbHbili yHUsepcumem, Brnadusocmok, Poccusi

oleg_shich@mail.ru

CuHxpoTtpoHHble meToabl EXAFS n XANES saBnatoTca Kno4eBbIMU NS aHanu3a noKarbHON
CTPYKTYpPbl KaTOOHbIX MaTepuarioB HaTPUN-MOHHBIX U NUTUN-MOHHBIX akkyMynsiTopoB. B HacTtodwen
paboTte uccnegoBaHO BAWSHME YACTMYHOMO 3aMeELLeHUs LUUPKOHMS B no3vuuu Zr B CTPYKType
LisZrV(POa4)s Ha napameTtpbl 6nuxkHero nopsigka. O6pasubl CUHTE3UPOBaHbl 30MNb-renb LUUTPaTHbIM
MeTogoM C nocneaywowum omkurom npu 900 °C. 3kcnepuMeHTbl BbIMOMHEHbI Ha CTaHUMu
KypuatoBckoro cuHxpoTpoHa (KISI-Kurchatov) npu aHeprum B6nusm K-kpasa Zr (17.8-18.6 kaB).
MeTtopmonorua Bkntovana wusmepeHne XANES B pexume dnyopecueHummn u  EXAFS B
TpaHcMUccMoHHOM pexxnme. Ob6paboTka cnekTpoB NpoBeAeHa ¢ ucnonb3osaHmnem naketos LZVP-1% un
IFEFFIT. Ha pucyHke npeactaBneHbl cnektp XANES n ®ypbe-TpaHchopmarHTta EXAFS, nonyyeHHble
ans obpasuya LZVP ¢ cogepxanmnem umpkoHust 1%. dopma ocumnnsumi B obnactu XANES cxoxa co
CMEKTPOM, paHee nony4yeHHbiM ans LVP, 4yTo cBMaeTenscTByeT 00 MOEHTUYHOW CTENEHN OKUCTIEHUS ZT.
lMpakTuyeckn NONHOe COBMadeHUe KPMBbIX yKa3biBaeT Ha OTCYTCTBME COEAVHEHWUN LIMPKOHUSA B MHON
ctenenn okmcnerus. Kpueas EXAFS cogepxuT gBa YETKO BblpaXXEHHLIX NUKa: NepBbIi pacnonaraetcs
npu R ~ 1.1 A n xapaktepusyeT KUCropoa B NepBoi KOOPANHALMOHHOM 060M0YKe, BTOPON — B 06MacTm
1.5-1.6 A 1 onncbIBaeT OKpyXalLLWin LMPKOHUI BaHaawii. OcTanbHble CUrHarbl 3HauYnTenLHo crnabee
n TpebytoT 6onee geTanbHOro paccMoTpeHus. Npu CHXeHU gonu Zr ot ctexmomeTpudeckor oo 1%
HabniogaeTca yMeHblUeHne uHTeHcmBHocTM Gernoro nuka XANES w casur nopora moHusauuu Ha
+1.23B, 4TO yKasblBaeT Ha yBenuM4yeHue CTEMEHU OKUCMEHWUS BaHaOUs M YACTMYHYIO KaTUOHHYIO
pasynopsgoyeHHocTb. AMnmutyga ocumnnaumi EXAFS (Zr-O, Zr-V) cHwuxkaetcs Ha 30—-40% no
CpaBHEHWMIO C UCXOAHbIM cocTaBoM. Pacuétbl B mogenu LZVP-1% noatBepXpalT yMEeHbLUeHue
KOOPOMHALUMOHHOIO 4ucna kucnopoga B nepson coepe Zr ¢ 6.0 go 5.2. lNMonyyeHHble OaHHble
MO3BOMSAKT 3aKMioYnTb, YTO 3amelwleHne Zr — BakaHCUS NPUBOAUT K JIOKaIbHbIM UCKaXKEHWUSIM
nonuagpoB U MOXeT  ObiTb  UCNOMb30BaHO  Afs  LEerNieHanpaBfieHHOro  U3MEHEeHUst
3ANEKTPOXMMNYECKUX CBONCTB.
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PucyHok 1. HopmuposaHHbie XANES-cnekmpbi Zr K-kpasi 0nst LizZrV(PQO,)s ¢ pasnuyHolU cmerneHbro
3ameujeHus1 yupkoHusi; @ypbe-npeobpasosaHue EXAFS (Zr-O u Zr-V) u gpumure 8 modenu LZVP-1%.

BnarogapHoctu
CuHTe3 MaTepuanoB U UccrnegoBaHme X 3NeKTPpoOXmMMmmn4eckmnx CBOWCTB BbIMOSIHEHbI B paMkax rocyaapCTBeHHOro

3apaHusa CaxanuHcKoro rocygapcrtBeHHoro yHusepcuteta Ne FEFF-2024-0001.
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Hekap6oHaTHble pacTBOpUTENM B AU3aliHe 3N1IeKTPONIMTOB ANA MeTan-UoHHbIX
aKKYMYISATOPOB C pacliMpPEeHHbIM (pyHKLMOHANOM

Onbra U. Umatoea, VpuHa B. KytoBas, Anekcen B. NeTpoBuyeB, AnekcaHap A. XusoynnuH,
AHacTacus P. JlornHoBa, CemeH M. EBceeB

1 Ckonkosckuli uHcmumym Hayku u mexHosnoaud, Mocksa, Poccus
o.shmatova@skoltech.ru

B nuTUR- © HaTPUR-MOHHBLIX akKymynaTopax TpagULWMOHHO MPUMEHSIOTCS KapboHaTHble
opraHuyeckue  pacTBopuTenu  (3TuneHkapboHar, nponuneHkapboHat,  AMMeTUnkapboHaT,
auatunkapboHat, aTunmetunkapboHat). OTm coeauHeHWs obecneymBaloT  XOPOLUME  MOHHYHO
NPOBOAMMOCTb W CMauyMBaHWe 9fekTpoaoB, a Takke ((opMMpoBaHMEe MNacCUMBUPYHOLLETO
TBEPOO3NeKTponuTHOro cnos Ha aHoae (SEl). Bmecte ¢ Tem kapboHaTHbIE 3NEKTPONUTLI UMEIOT psag
OrPaHNYEHUI: Y3KMN pabounin TemnepaTypHbIi AnanasoH 13-3a BbICOKOW BA3KOCTU U 3aMep3aHus npum
HU3KMX TemnepaTypax, OTHOCUTENbHas HecTabunbHOCTb MPOTUB BbICOKOBOMbTHBLIX KaTOOHbIX
MaTepuanoB (npegen okucnuTenbHon crtabunbHoctm — 4.3 B oTH. Li*/Li), HecoBmecTMMOCTb C
HEeKOTOPbIMU NEPCNEKTUBHLIMU 3NIEKTPOAHBIMU CUCTEMaMU U roptodecTb [1].

B Hawen paboTe B kayeCTBE OCHOBHbIX KOMMOHEHTOB anektponuTta Anga Li- n Na-cuctem
nucnonb3ylTca HekapboHaTHble pacTBOpPUTENM (MPOCTble N CNOXHbIE 3upbl, bocdaTbl, HATPUIDbI).
Mcnonb3oBaHMe 3TUX KOMMOHEHTOB U WX CMecen ¢ kapboHaTHbIMU pacTBOpPUTENAMU MNO3BONSAET
perynupoBatb (U3NKO-XMMUYECKME CBOWCTBa anekTponuta u SEI. Mbl paspabotanu nuHernky
3NEKTPONMTOB C pacLUMpeHHbIM (PYHKLMOHANOM: Heroptoume coctaBbl (ocdaTbl U (PTOPUPOBaHHbIE
pacTBOPUTENM), ANEKTPONUTBLI AFS BbICOKOBOJSIBTHBIX CUCTEM ((PTOPMPOBAaHHbIE COCTaBbl) K COCTaBbl
ONS HU3KOTeMnepaTypHON 3KcnyaTauumn (NPoCTble U CROXHbIE 3UPbl, HUTPUIbI).
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PucyHok 1. Cmpykmypbi MosieKysn pacmeopumenet, Ucrosb308aHHbIX Ons co30aHus 3/1eKmporiumHbIX cucmem
8 Memarnsn-UoHHbIX aKKymyridmopax.

HoBble cuctembl TecTupoBanucb ¢ katogHbiMu maTtepuanamm NMC811, LiFePO4, NaCrO:2 un
NaVPOsF (KTP-tmna), a Takke C aHogamu: MeTanfMyeckuin nuTMR U HaTpuwh, rpadwr,
HerpauUTU3NPyeEMbI  yrnepos, BUCMYTOBbIE, CBUMHLIOBbIE W antOMUHWEBblE aHodbl. McnbiTaHus
BKITHOYanu onpeneneHme OCHOBHbIX OU3MKO-XUMUYECKNX CBOWCTB 3MNEKTPONUTOB (BA3KOCTb M MOHHas
NMpOBOAMMOCTb MNPW  pasHblX TemnepaTtypax, T[OplYeCcTb, COCTaB COMbBaTHOM  0OOMOYKK),
raribBaHOCTaTU4YECKOe TEeCTMPOBaHWE MpPU KOMHATHOW M MpPU  MOHWXKEHHbIX TemnepaTtypax B
ANEKTPOXUMUYECKUX siYelikax C KOMMEPYECKM 3HauYMMbIMK 3arpy3kamy akTMBHOrO MaTtepuana
(>2 MA-4/cM?) 1 Ha npoToTMnax B Msrkom koprniyce. [MonyyeHHble pes3ynbTaTbl AEMOHCTPUPYHOT
YIYYLIEHHYO LMKIIMYECKYHD CTabUNbHOCTb, COBMECTMMOCTb C BbICOKOBOSbLTHLIMU MaTepuanamu,
MeTannMyeckuMmm aHogamu u/unmn paboTocnocobHOCTL NPY NOHMKEHHBLIX TEMMepaTypax.

Cnucok nutepatypbl
[1] Wieczorek W., Ptocharski J. Designing Electrolytes for Lithium-lon and Post-Lithium Batteries. Jenny
Stanford Publishing Pte. Ltd., 2021. 3 — 42 c. ISBN 9789814877169.

BnarogapHoctu

ABTopbl GnarogapsTt CtaHucnaesa depotosa, Buktoputo HukutuHy, Omutpus AkceHoBa, TaTbsiHy AGakymosy,
OnbBupy Ctioch, Muxamna ArankuHa, Mapuio MakapoBy n CemeHa Llpaepa 3a KOHCynbTaumMuM U NMOMOLLb B
uccrnefoBaHusix, a Takke 3a NpefoCTaBleHHbIE 3MeKTPoaHbIE MaTepumarsl.
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Mupodocdartel coctaBa ABP207, A = Li, Na, K; B = Al, Ga, In, Sc, kak
nepcnekTUBHbIe MaTepuanbl TBEPAOro 3aneKTponuTa

Esrenunt [1. bontkoB', Anekceii O. Monesuk!, AHactacus M. Anekceeea', Oner A. JpoxckuH?,
EsreHut B. AHTUnoB'2

' Mockoeckuli 2ocydapcmeeHHbill yHusepcumem umeHu M. B. JlomoHocoea, Mockea, Poccusi
2 CkorkoscKull uHcmumym Hayku u mexHonoeuti, Mockea, Poccusi

boltkov@inorg.chem.msu.ru

B coBpeMeHHbIX akKymymnsTopax MpakTU4ecku BCerda MCMONb3YHT XUOKAWA 3NEKTPoNnuT Ha
OCHOBE OpraHM4yecKknx pacTBopuTenen, MNpPONUTbIBAKOWMIA MOPbl MNOSIMMEPHON MaTpuubl. Takon
SMNEKTPONUT MOXET BbITEKATb UMM NCMAPATLCHA, CKBO3b NMOMMMEPHYI0 MeMOPaHy MOryT BO3MOXEH pPOCT
OEHAPUTOB, @ OPraHUYecKkuii pacTBOPUTENb TakKke MOXET BOCMIAMEHATLCS U FOPeTb B pesynbrarte
KOpPOTKOro 3amblkaHusa. OavH n3 crnocoboB pelleHus aTonm npobrnembl — nepexon K TBepaomy
HeopraHMyeckoMy anekTponuTy. M3y4yeHO MHOro KnaccoB TBepAblX 3MEKTPOSITOB, Hanpumep, C
Kpuctannuyeckon ctpyktypou rpaHaTta, NASICON unn nepoBckuta, a Takke xnopuabl, Cynbguabl
NNTUS U UX NPOM3BOAHbIE. TEM HE MEHEE, BCE OHM UMEIDT psig HegocTaTkoB. K HUM OTHOCAT rmgponus
C BbldereHneM TOKCUYHbIX ra3oB, CMOCOOHOCTb pearMpoBaTh C LIEMOYHbIMU MeTarnnamu, CITOXHYH
¢OpPMOBKY, BbICOKOTEMMNEPATYPHbIA CUHTE3 UIK XPYNKOCTb KepamMmuku [1].

C ppyron cTtopoHbl, nupodocdatel coctaBa ABP207 npaktuyeckn He wnccnegoBaHbl Kak
TBepAble anekTponutbl. OHWM XMMUYECKU CTabuIbHbI, MOTYT ObITb NIErKO CUHTE3MPOBAHbI U3 JOCTYMHbIX
UCXOOHbIX BELLECTB, HE pearupylT ¢ KOMMNOHEHTaMM BO34yXa U LWEeNoYHbIMY MeTannaMu B LUMPOKOM
OuanasoHe Temnepatyp. W xoTa MHorve wuccnegoBaHHble nupodocdaThl Takoro cocTtaea
XapaKTeEPU3YOTCSt YMEPEHHbIMW  TPaAHCMOPTHLIMM  CBOMCTBaMMW, HEKOTOpble W3 HUX obnagatoT
[OCTaTOYHOW MOHHOW MPOBOAUMOCTLIO, Hanpumep, B-NaVP207, kpuctannmsyloLwmincs B CTPYKTYPHOM
Tnne KAIP207 [2,3]. Takum obpasom, uccrnegoBaHme TpaHCNOPTHbLIX CBOMCTB NupodocdaToB cocTaBa
ABP207 pa3nnyHoOro CTpoeHmsi 1 NOUCK 3aKOHOMEPHOCTEN MEXAY COCTaBOM, CTPYKTYPOM 1 CBOMCTBaAMMU
npeacTaBnsaeTcs akTyanbHbIM Y NEPCNEKTUBHBIM.

B pamkax HacTtodwen paboTbl C NpUMEHEHMeM MEeTOAOB MSIKOW XMMWUU CUHTE3MPOBAaHbI
nupodocaTel LixAlxTi1xP207, x = 0, 0.05 1 0.1; ABP207, A = Na, K; B = Al, Ga, In, Sc, B TOM uncne nx
paHee Hen3BeCTHble HU3KOTeMMnepaTypHble nonumopdbl. N3 aTux coegmHeHUIn nonyveHa nrnoTHas
KepaMmka MeTodoM MCKPOBOMO NIIa3MEHHOr0 CrekaHnsl C OTHOCUTENbHOW NIOTHOCTBIO OoT 80 o 95%.
NccnepoBaHbl TpaHCMOpTHble CBOWCTBA M HaWAEHbl KOPPENnsauMuM MexXay 3Ha4YeHUsiIMU WMOHHOM
NPOBOAMMOCTM U NapameTpaMm KpUCTamNIMYECKON CTPYKTYpbI.

Cnucok nutepatypbl
[1] Zhang Z. et al. New horizons for inorganic solid state ion conductors // Energy Environ. Sci. 2018. Vol.
11, Ne 8. P. 1945-1976. DOI: 10.1039/C8EEQ01053F.
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2019. Vol. 31, Ne 18. P. 7463—-7469. DOI: 10.1021/acs.chemmater.9b02124.

[3] Mendil R., Nasri S., Oueslati A. Structural investigation, vibrational study, and Na-ion transport properties
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The requirements for cathode materials for LIBs are diverse, and when searching for a
compromise between functional characteristics and other factors as availability of raw materials, cost of
the resulting LIB material, its environmental friendliness and recyclability, the attention of researchers
has been attracted by stable crystalline phases based on LiMn204, LiMnO: and Li2MnOs3, belonging the
Li-Mn—0O system. However, the use of these phases in LIBs in pure form is limited by a number of well-
known disadvantages. To overcome these, various additives are introduced, which lead to either the
formation of solid solutions or composite materials [1]. Literature survey exhibits that one of the most
effective doping elements is vanadium: its introduction preserves the crystalline structure, significantly
improves cyclability and prevents other undesirable processes occurring on the LIBs cathodes.

This research aims to assess the possibility of homogeneous substitution of Mn by V in stable
crystalline phases of the Li-Mn—O system and to study the related subsolidus phase equilibria in the
Li2O-MnO«-VO, system.

Based on the obtained experimental data, it was found that in the case of the Li2Mn1-,V,Os3
series, the formation of homogeneous solid solutions was detected for x not exceeding 0.02, the LiMn1-
xVxO2 series samples with x < 0.02 remain single-phase, representing a limited solid solution with the
orthorhombic LiMnO: structure. Homogeneous samples with the cubic spinel structure were obtained
for x = 0.02 (600 °C) and for x = 0.05 (700 °C). On the basis of the data for larger x values, a diagram
describing subsolidus phase equilibria in quasi-ternary Li2O—VO,—MnO, system at P(O2) = 21 kPa was
plotted for the first time (Fig. 1). LiIMnO2 does not form in air and hence placed in brackets. In the case
of pseudo-binary systems VO,—~MnO, and Li2O-VOy, only those crystalline phases are given in Fig. 1,
the formation of which was observed experimentally within the framework of this research. Fig. 1 indicate
ternary equilibria Li2O-LisVOs—Li2MnOs3, LizVO4—Li2MnO3—LiMn204, Lis3VOs—LiVO3—LiMn204, LiV3Os—
LiMn204—LiMnVQg4, LiVO3-LiMNVOs+—Mn2V207, LiIMNVO4—Mn2V207-MnOy (Mn203), LiVO3—Mn2V207—
MnV206 and LiMNVO4—Mn2V207-MnOx (Mn203).

Equilibria involving LiMNO2 (LiIMNO2—-Li2MnO3-LizVO4 n LiMNO2—-LiMn204-LisVOa4), as well as

some involving LiV3Os (LiV3Os—MnV206-LiVO3 and LiV3Os—MnV20e-VOy (V20s5)) were not observed
experimentally in the present study and are depicted as hypothetical ones. In Fig. 1, the LisVOs—
LiMnVOq tieline is marked with a dashed line, since in the range of 500-600 °C the triangulation
changes: the LiVO3—LisVOs—-LiMn204+—LiMnVOs quadrangle is divided by the LisVOs—LiMnVO4 node
instead of the LiVOs—LiMn204 node, which is apparently associated with the formation of a melt.
The possibility of substituting Mn for V in stable phases of the Li-Mn—O system was estimated and does
not exceed 5 mol. % (for spinel LiMn204) and 2 mol. % for LiMnO2 and Li2MnQs; vanadium doping does
not allow to stabilize LiMnO2 manganite polymorphs phase in air. It was shown that spinel LiMn204 can
form thermodynamically stable composites with LiVOs, LisVOs and LiMnVOs, and the monoclinic
Li2MnOs phase — only with LizVOa.

1/2Li,0
LipMn,. VO35
Ax=0.02-0.2
LiMn,,V,0,. (air)
LisVO, £x=0.02-02

AN LiMn,..V,0,.. (argon)
YONS . 4x=0.02,005,007
e LiMNO, LiMn,,V,0,.
Y o) Ax=002-02
LiVOsf o o y oood o (LIMNO,) Z/X/V:lnoﬁ,q,
 LiMnV ;
R Sl LiMn,0,
LiV4Og
VO, MnO,
MnV,0, Mn,V,0,

Figure 1. Isothermal diagram of the ternary Li20O-VOx—MnOy in air and studied composition series.
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AneKkTpoxumMmnyeckme CBOMCTBA HAHOCTPYKTYPUPOBAHHOIO aMOpPHOro
aHOQHOro mMatepuvana B NMIUTUKA-UOHHBLIX aKKyMynsATopax Npu pasfMyHbIX
3Ha4YeHusAX NMOTHOCTU TOKa 3apsaa-paspaga

EkatepuHa J1. BaceHbkuHa, Mpuropun B. Kupuuyk, MNetp B. Weew, Anekcen V. I'pyHWUH
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OaHVMM 13 BEKTOPOB NMyTW pa3BUTUS NUTUEBLIX akKyMYMSTOPOB, NOAAEPXKMUBAIOLLNX BbICTpble
ckopoctn 3apaga (3C wn Bbiwe) npy ANUTENBHOM LUUKNUPOBAHUW, SBNAETCA pas3BUTME aHOAHbIX
MaTepuanoB Ha OCHOBE amMopHOro HaHOCTPYKTYpUpoBaHHoro yrrnepoaa (aanee nC) [1,2].

CvHutes nC ocywecTBnancad MeTogoM  OyroBoro paspsiga, MeTtog — oTnuvuyaeTrcs
BOCMPOM3BOANMOCTBIO M MacLTabupyemMocTblo. ONEKTPOXMMUYECKUE MWCMbITaHUSA MNPOBOAUNNCE B
nonys4yerikax dpopm-caktopa CR2016 npoTusB NUTKs B rafibBaHOCTAaTUYECKOM PEXMME.

Mo pesynbTaTam UMKIMPOBaHWS MaTtepuan MNpOAEeMOHCTPMPOBar yAenbHYH €MKOCTb Mpu
nnotHocTn Toka 39 MA/r (0.01C) 520 MAY/Ir 1 BbICOKYH CTabUITbHOCTb NPW OJIMTENBbHbLIX UCMbITAHUAX
npu nnotHoctn Toka 386 MA/r (1.1C), nokasaB KynoHoBckyto adpektusHocTb (CE) 98%. [lpu
MOBbILLIEHMN MNIOTHOCTU TOKa OTMEYaloTCsl BbICOKME EMKOCTHble 3HaudeHus (772 MA/r (2.67C) —
290 MAuY/r, 1544 MA/r (6.35C) — 240 MAuY/r, 2317 MA/r (11.48C) — 200 mAY/r) Be3 peskon aerpagauum
mMaTepuana. Tem He MeHee BeAyLIMM HEOOCTaTKOM Ha CErofHsLWHWA MOMEHT saBnsieTcs bonbline
3Ha4yeHus HeobpaTumon emkocTu npu opMupoBOoYHbLIX uuknax (CE 1-ro uukna ~68%). OaHHaa
npobnema peluaeTcsi MOUCKOM YCITOBUMA OMTMMaribHOW MOCT-06paboTknm maTtepuna m koMbuHaumm
ANEKTPOXMMUNYECKON CUCTEMBI, paboThbl MO JaHHON TEMaTUKe y)Xe aKTUBHO BeAyTCH.

MMonyyeHHble pe3ynbTaTbl MO3BOMASIT CyAWTb O MNEpPCrneKTMBHOCTM MaTepuana nC, no
CpaBHEHMIO C Hauboree 4acTo MpPUMEHSIEMbIM TpadUTOM, €MKOCTb KoToporo npu 36 MA/r He
npesbiwaet 360 MAY/T [3].
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PucyHok 1. 3asucumocme 3apsa0HOU eMKocmu om HoMepa Yukna rpu énumesbHoe UUKIUposaHUU MoKoM
386 MA/2 — criesa, 3agucuMocmb 3apsIOHbIX U pa3psaoHbIX KpUBbIX OM HarnpsKeHUs rpu pasiuyHbIX
MIOMHOCMSIX moka — cripasa.
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UccnepoBaHue BaHagata ammoHusa NH4V4010 Kak kKaTogHOro matepuana ans
MarHMM-MOHHbIX aKKyMyNATOPOB
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BaHagaT amMoOHMS paccMmaTpuBaeTCs  KaK MepCneKkTUBHbIA  3NEeKTPOAHbIA  MaTepuan
WHTEPKansunoHHOrO Tuna Of19 COBPEMEHHbIX METalI-MOHHbIX aKKyMyIsTOpOB, MMEHLMIA BbICOKNE
TeopeTu4eckne BeENWYUHbI YAEnbHOW emkocTu. [lpoBogumble B MnocnegHve roAbl MCCneaoBaHus
BaHajaTa aMMOHMS Kak KaToOHOro Matepuana Ans LUHK-MOHHbIX akKyMynsiTopoB Obinv HanpasneHbl

Ha ynydweHuna ero (byHKLI,I/IOHaJ'IbeIX XapaKTepuctmk — nosblilLeHne I'IpaKTI/I‘-IeCKOIZ E€MKOCTN ¥
ctabunbHOCTM B XxoAde 3apAan-pas3pAagHoro UUMKInMpoBaHUA. 311 3agayn MoryT ObITb peleHbl, B
YacCTHOCTH, 3a cyer ero HaHOCTPYKTYpUpoBaHUA n npeanHTepKkannpoBaHna

NPOBOASLLMMN NOSIUMEPAMMU.

B kavecTtBe kaTtogHOro matepuana Ansg MarHWA-MOHHbIX akKKyMynaTOpOB BaHadaT aMMOHWS B
HacTosilLlee BpeMsi MCcnedoBaH mano, TeM He MeHee, eCTb BCe OCHOBaHMA nomnaratb, YTO 3TU
cTpaterMm cuHTe3a Takke 9MEeKTMBHbI Ans  MNOMAyYeHWss MaTepuarnoB C  yIyYWeHHbIMU
ANEKTPOXNMNYECKUMU XapaKTEPUCTUKAMMN ANt MarHUi-UOHHbIX aKKyMyIsiTOPOB.

BaHagat ammoHunst NH4V4O10 Obin cuHTE3MpOBaH rugpoTepmaribHbiM MEeTOAOM, M 3aTeMm
WHTepKanupoBaH nonu-3,4-atuneHgmokcutnodeHom anga nonyderHms matepuana NHsV4O1o/PEDOT B
YCINOBMSIX MUKPOBOSTHOBOIO rMapoTepmarnbHOro cuHTesa. MccnegoBaHa Mopdonorusi nonyyYeHHbIX
matepuanoB. NH4V4010 u NH4V4010/PEDOT umenu doopmy HaHOMNEHT CO cpeaHen wupuHon okoro 100
HM 1 anuHomn okono 500 HM, cobpaHHbIX B KNyoKu.

NH4V4O10 obnagaet cnoucTon CTPYKTYpORn, KOTopasi No3BONsSeT perynMpoBatbh MeXCnoeBoe
paccTosiHue B xofe cuHTe3a. Mexcrnoesble paccTtosiHus B nonyveHHbiX NHaV4O10 n NH4V401o/PEDOT,
onpeeneHHble METOAOM MOPOLUKOBON PeHTreHoBCKoI Andpakumn, coctasnsmm 10.18 n 10.15 A, uto
Bblle O6bIYHOM Ans 3Toro maTtepuana sennuunHbl (9.5 A). Metogom TIA 6bino onpegeneHo
cogepxanve PEDOT (3.5%) B matepnane NH4V1O1o/PEDOT.

Onektpoxummyeckme cBorctBa NH4V4O010 n NH4V4010/PEDOT B cocTaBe KaTOAOHbIX
MaTepuarnoB OblN N3y4YeHbl METOAAMU LIMKITMYECKOW BOSIbTaMNEPOMETPUM U raribBaHOCTATUYECKOTO
3apaga-paspaga B 1M Mg(ClOs)2 aueToHUTPUIbHOM 3MekTponuTe B MakeTax MarHUA-UOHHbIX
aKKyMynsaTOpPOB C aHOAOM Ha OCHOBe akTuBupoBaHHoro yrns (AC). MaTepuansl nokaszanu ctabunbHble
BONMbTaMMNEPOMETPUYECKME OTKMMKWN, CBUOETENbCTBYIOLIME O COXPaHEHWUM CTPYKTYpbl B Xode
LIMKNUPOBaHMSA B LLMPOKOM AnanasoHe noteHumanos (8o —1.2—1.2 B oTH. AC), KOTOpbIN B AanbHelLem
ObIN NCMONb30BaH AN 3apsag-paspsiAHOroO LMKNMPOBaHMS.

Wccneposanmna 3apag-paspsaaHbix kpubix NHaV4O10 npy pasHbiX NAOTHOCTAX TOKa nokasanu
CcpeaHto yaernbHyto emkocTb 198, 176, 143, 117 n 90 MA-4/r npu nnoTtHocTax Toka 0.1, 0.2, 0.5, 1.0 n
2.0 A/r, cooTBeTCTBEHHO. MccnegoBaHus 3apsa-paspsgaHbix kpuBbixX NH4V4O10/PEDOT npu pasHbix
MIOTHOCTSX TOKa MOKas3anu CpenHio yaenbHyto emkocTb 196, 180, 164, 152 n 136 MA-4/r npu
nnotHocTax Toka 0.1, 0.2, 0.5, 1.0 n 2.0 A/r, cooTBeTCTBEHHO. [1pn Bo3BpaLleHun k Toky 0.1 A/r emkocTb
aona  obomx maTepuanoB  Bo3Bpallanacb K  UCXOAHbIM  3HadeHusaM. Takum  obpasom,
npeguHtepkanuposaHme NH4V4O10 npoBogsawmm nonumepom PEDOT nossonuno 3HauuTensHO
YNYYLIUTb €r0 3NEKTPOXMMMUYECKNE XapaKTEPUCTMKN NPU BbICOKMX TOKax. [poBeaeHHbIE nccneaoBaHums
katopoB NH4V4010/PEDOT ykasbiBatoT Ha NepCnekTUBHOCTb UX AanbHelwen pa3paboTku.
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Pa3paboTtka 3hdeKTUBHBIX (DYHKLMOHAmNbHbIX 400aBOK B 3MEKTPONUT SABMSAETCS KIOYEBLIM
WHCTPYMEHTOM MOBbILIEHUSA CTabUNBHOCTU NUTUN-MOHHBLIX aKKyMynsTOpPOB, OAHAKO TPaAULUOHHbIE
pecypcHble  WCMblITaHMs  TpebyloT  3HaYUTENbHbIX  BPEMEHHbIX 3aTtpaTt. [ns  yckopeHus
nccrnegoBaTenbCKOro LMKINa KPUTUYECKN BaXKeH nepexon OT ANMTENbHOro LUKNMPOBaHUA K MeTodam
onepaTtMBHON MAeHTUdUKaUNM MexaHM3MoB dopmupoBaHus MexdasHbix crioes (SEI/CEI). B gaHHon
paboTe nNpennoXeH KOMIMIIEKCHbIM NOAXo4 K CKPUHWMHIY >XEePTBEHHbIX [00aBokK, coyeTarolni
BbICOKOTOYHbIA  3NIEKTPOXUMUYECKUIA aHanmM3 U U3MKO-XMMUYECKYD Bepudumkaumio coctasa
NOBEPXHOCTM 3MEKTPOAOB.

Ucnonb3oBaHne meTtofa AauddepeHumansHon emkoctn (dQ/dV) Ha HavanbHbIX LMKNIax
(hOPMOBKM MO3BOMSET C BLICOKON TOYHOCTBLIO 3addUKCUPOBATL MUKW, COOTBETCTBYIOLLME NOTEHUManam
OKMCMNEHMS U BOCCTAHOBIIEHMS XXePTBEHHbIX 400aBOK. AHANN3 NOMNOXEHUS N UHTEHCMBHOCTMW AaHHbIX
NMKOB AaeT BO3MOXHOCTb Onpeaenntb TepMOAMHAMWYECKYD CTabunbHOCTb JobOaBkM u  ee
NPUOPUTETHOCTb B MPOLECCE Pa3NOXEHUSA MO CPaBHEHUIO C OCHOBHbLIMW KOMMOHEHTaMM 3EeKTponuTa.
[Ons noareepxaeHus adheKTMBHOCTU hOPMMPOBaHUS 3aLLMTHOMO Crios NPOBOAUNN MccredoBaHue
MOBEPXHOCTM 3NEKTPOAOB MeTogaMu Uanko-xmmmyeckoro aHanmsa (PO3C, COM). OcHoBHoe
BHMMaHWe yaensieTcs CTabunbHOCTU NPOaYKTOB pasfoXeHus.

B xope paboTtbl Obina npoTecTUpoBaHa Cepusi MNEPCNEKTUBHbIX [00aBOK B s4vemrkax
NMC622/rpacout MOHeTOYHOro cpopmara. YCTaHOBMEHO, UTO KOPPEeNnAumMs Mexay noTeHunanom
pasnoxeHust Ha kpuebix dQ/dV 1 aneMeHTHbIM COCTaBOM MOBEPXHOCTU, MOSTyYEHHbIM B XOA4€e MOCT-
MOPTEM aHanusa, sIBNSETCS HaAeXHbIM WHAMKAToOpoM 3adhdekTuBHOCTU pobasku. MNMpeanoxeHHas
MeToavka nossonseT 39P@EKTBHO oOTceMBaTb KaHOMOATOB Ha paHHUX CTagusix, WUCKNoYasi
HeobOX0AMMOCTb MPOBeAEHNss MHOFOMECSYHBIX PECYPCHbIX UCMbITAHUA ANS 3aBe4OMO HeCcTabunbHbIX
COCTaBOB.
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docdaTtHble KaToAgHble MaTtepuanbl OIS JIMTUA-MOHHBIX aKKyMYNSTOPOB CO CTPYKTYpoWn
onvBuHa, Takme kak LiFePOs (LFP) n — noteHumanbHo — LiMnPO4 (LMP), npuBnekaT BHUMaHue
uccrnegoBatenen u paspaboTuvMkoB 6narogaps CBOEW TEPMMUMYECKOW W 3NEKTPOXUMUYECKOM
ctabunsHocTn [1]. OgHaKO UX SNEKTPOXUMUYECKME XapaKTEPUCTUKM CUMBHO 3aBUCAT OT MOpdhonorum
4YacTuL, KOTOPYHD MOXHO KOHTPONMPOBATbL Yepes3 YCrOoBWUsSi CONMbBOTEPMANbHOIO cuHTe3a. B gaHHom
paboTe cucTeMaTU4eckM UCCMNELOBaHO BnUSHME YeTbipéX TUMOB pacTeBopuTenen (Boaa,
BOAA/3TUNEHINUKONb, BOAA/ANITUNEHINNKOMb, BOAA/NPONUNEHINNKOMbL) HA pa3Mep vacTtul, (asoBbii
cocTaB U anekTpoxummnyeckoe nosegeHne LFP n LMP. O6HapyXeHo, Y4TO Npu OAMHAKOBbLIX YCIOBUSIX
cuHTe3a LMP o6pasyeT 3HauuTenbHo 6onee Menkue vactuubl (TONwmMHa nNnacTMHOK 15—45 Hm), yem
LFP (30—400 Hm), a pa3mep 4actuy LMP cnabo 3aBucuT OT TMna copactBoputens. 3To 06bsAcHAeTCS
Gonee BbICOKON pacTBOPMMOCThLIO NMPOMEXYTOoYHOro coeauHeHns Mns(POas)z2-8H20 (MP = 6,13-10732) no
cpaBHeHuto ¢ Fes(PO4)2:8H20 (MP=1,0-1073¢). Kpome Toro, B paboTe Gblnio 0GHapy»KeHO, YTO 3HAaYEHUS
AseTta-noteHumana no moayrno Hmwke ans LMP u coctaenaoT —19...—-27 MB, 4TO NpMBOAMT K arperaumm
yacTtuu, Torga kak anst LFP oH pocturaet —33...-42 MmB, 4TO obGecneuynBaeT BO3MOXHOCTb pocTa
KpUCTannuToB B COOTBETCTBUM C co3peBaHneM OcBanbga. HavmeHbline dactuubl ans obowx
mMaTepuanos nony4densl B cucteme H20/anatnnenrnukons (DEG), 4To cBA3aHO C BbICOKOWN BA3KOCTbIO,
HU3KOW OUANEKTPUYECKON MPOHMLAEMOCTBIO W BbLICOKOM TEMMEepaTypon KUMEHUs, a Takke
nsbupartensHoi agcopbumnen monekyn DEG Ha rpaHu {010}, orpaHuumBatoLLen pocT kpuctannos. Ons
LMP ata mopdonorusa obecrnednBaeT MakCUmarnbHY yaenbHyto éMkocTb: 117 MA-u/r npu 25 °C un
138 MA-u/r npn 50 °C (C/10), a TakKke HauMeHblLee COMpPOTUBNEHNE MepeHocy 3apsiga. BrnvsHue
pacTBOpPUTENS Ha 3rekTpoxmMmmyeckne ceonctBa LFP BbipaxkeHo crnabee M cTaHOBUTCHA 3aMeETHbIM
TONMbKO MPU BbICOKMX MMAOTHOCTSX TOKa. [lonmyyeHHble pe3ynbTaTbl OEMOHCTPUPYIOT, YTO BbiGOp
copacTtBopuTens gasndetca aPMEKTUBHbLIM MHCTPYMEHTOM YynpasneHus mopdosnorven LMP ans
OOCTWDKEHUST BEICOKUX 3NTEKTPOXUMUYECKNX XapaKTEPUCTUK.

PucyHok 1. COM-uzobpaxeHusi LiFePO4 (a) u LiMnPO4 (6), cuHme3upo8aHHbIX 8 pa3/iuyHbIX pacmeopumernsx:
H20, H20/EG, H20/DEG, H20/PG.

Cnucok nutepatypbl
[1] Padhi A. K., Nanjundaswamy K. S., Goodenough J. B. Phospho-olivines as Positive-Electrode Materials
for Rechargeable Lithium Batteries // Journal of The Electrochemical Society. 1997. T. 144, Ne 4. C.
1188-1194. DOI: 10.1149/1.1837571
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I'IonyquMe erMHMﬁ-yrﬂepO.ﬂHbIX KOMMNO3UTHLIX MaTepuanosB A5 aHoOAA
NINTUN-NOHHbIX AKKymMmyndaTopoB MmeToAoOM paCHblnMTe.ﬂbHOﬁ CYLUKKH

Apnenuna A. 3ackinkmnHa, Anna A. lNycTtoeanosa, dneeupa A. Ctiody, Anekcen . Hegonyxko

CkornkoecKkul uHcmumym Hayku u mexHorsnoeaud, Mockea, Poccusi
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PaspaboTka KpeMHMEBBIX aHOOOB SABMAETCH KPUTMYECKU BaXKHOW 3adadven Ans NpeoforneHnst
OTPaHNYEHUIN 3HEPreTMYECKOW MIOTHOCTU COBPEMEHHbBIX JIUTUIA-UOHHBLIX akkymynsTopoB (JTNA),
MOCKONbKY TeopeTuyeckas yaenbHasi eMKOCTb KPEMHMSI Ha MOPSAOK NPEBOCXOAWT KOMMEPYECKU
ucnonb3yemblin rpacout U coctaensetr 3579 MA-u/r (ans LisSis) [1]. OpgHako npu 3apsge JIMA B
pesynbTate BHeApeHMs 60MnbLIOro KoNnMyecTsa aTOMOB NUTUS B KPUCTANIMYECKYI0 peLleTKy KpeMHUst
n obpasoBaHus cnnasa LixSiy npoucxoant kpatHoe yBenuyeHune obbema KpeMHWeBOro martepuana.
OTOT ahheKT NPUBOANUT K PACTPECKUBAHUIO U U3METNBYEHNIO KDEMHUEBBIX YaCcTUL, U OTAENEHUIO UX OT
TOKOCbeMHUKa [2]. [Mpu aToM 06pa3oBbIBaeTCA HOBasi MOBEPXHOCTb, YTO BbI3blBAET HEKOHTPONUPYEMbIN
pocT TBEpAOoro anekTponutHoro cnosi (TOC), HeoOpaTMMLIN pacxod NMUTUS N CHUXKEHME KYTTOHOBCKOM
adppekTnBHOCTU. PelueHne npobnembl GbICTPON Aerpagauumn KPEMHUEBLIX aHOLOB BO3MOXHO 3a CYeT
CO30aHNs KOMMO3UTOB KPEMHMS C yrnepogHbIMYM MatepuanamMmu, HanpuMep, ¢ aMopgHbIM YriepogoMm.
YrnepogHasa matpuvua npuHMMaeT Ha cebsa gedopmaumio M nogaensieT o6beMHble HanpsikeHusi, He
NO3BOSIAA KPEMHMEBLIM YacTuLaM paspyLwmnTb anekTpog [3].

B HacToswem wvccrnefoBaHUM MeTOA pacnbifUTENbHOW CYLIKM MPUMEHEH Ans CuMHTesa
KOMMO3UTHOIO  KPEMHUW-YINEepOAHOro aHOAHOro MmaTeprana C  MOBbIWEHHbIM  pecypcoM Mo
LUMKNUPOBaHMIO. YacTuubl KpemMHMEBOro maTepuana COBMECTHO C TEeXHUYECKUM yrrepoaom
noasepranvcb MexaHOaKTMBaLMM B LUAPOBOM MenbHULE, 3aTeM Mofy4YeHHas cycrneH3us 6bina
pacnblfieHa Ha pacnbINUTENbHON CYLUWIIKE, B pe3ynbTaTe Yero 661nm nonyyeHsl MUKpocgepbl KpeMHURN-
yrnepogHoro komnosuta. [lpoBedeH aHanu3 NOpUCTON CTPYKTYPbl MOMYyYEHHOro MaTepuana MeTogom
HM3KoTeMnepaTtypHon copbummM as3oTa, aHanu3 coctaBa W Mopdonmormm Yactuy MeTodamu
CKaHMpYHOLLEN 3MEKTPOHHOW MUKPOCKOMNUU, SHEPrOoANCNEPCUOHHON PEHTIEHOBCKOW CMEKTPOCKONUN, 1
peHTreHohas3oBoro  aHanusa.  TakkKe  BbIMOMHEHbl  3NIEKTPOXUMWUYECKME  UCCregoBaHus
CVYHTE3MPOBaHHOIro Matepuvana ans onpegeneHus ero XxapakTepucTuK Mpu LUKIMPOBaHWM B COCTaBe
3NeKTpoAa B akkyMyrnsTope.

Takum o6pasoM, MeTon pacnblfIMTENbHOM CYLUKX MO3BOMWS MOMYYUTb MOPUCTbIA KPEMHUIA-
YrNepoaHbld KOMMNO3WUTHbLIA MaTepuasn, B KOTOPOM TEXHWYECKMIW yrnepon BbINOMHAET yHKLMIO
OedopmaLnoHHo-KkoMneHeupytoLlen BydepHon cpenbl. JoCcTUrHYTO paBHOMEpPHOe pacnpeneneHve
KPEMHUS  BHYTPU  W3rOTOBMEHHbIX  MUKpocdep. Bnarogapss  onTummsauum  CTPYKTYpPHO-
MOPPONOTMYECKNX  XapaKTEPUCTMK KOMMO3UTa ydanocb [OOCTWYb  MOBbLILEHHOW  HayanbHOW
KYNOHOBCKON 3O(EKTUBHOCTU W YBESIMYEHHOrO UUKIIMYECKOro pecypca martepuana npu  ero
NPVYMEHEHWMN B 3NIEKTPOAE aKKyMynsaTopa.

Cnucok nutepatypbl
[1] Je M., Han D.-Y., Ryu J., Park S. Constructing Pure Si Anodes for Advanced Lithium Batteries //
Accounts of Chemical Research. 2023. T. 56, Ne 16. C. 2213-2224. DOI:
doi.org/10.1021/acs.accounts.3c00308.

[2] Dou F., Shi L., Chen G., Zhang D. Silicon/Carbon Composite Anode Materials for Lithium-lon Batteries //
Electrochemical Energy Reviews. 2019. T 2. C. 149-198. DOI: 10.1007/s41918-018-00028-w.

[3] Ahmed H., dos Reis G.S., Molaiyan P., Lédhde A., Lassi U. Silicon/carbon composite anode materials for
lithium-ion batteries: materials design and synthesis, current state, progress, and future perspectives
/I Progress in Energy. 2025.T. 7. C. 022003. DOI: 10.1088/2516-1083/ada90f.
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AnekTpodopeTuyeckoe ocaxaeHne KaTogHbIX MaTepuanoB Ha MeTannuyeckue
NoANOXKN

Esrenuna A. inbuna, Ecoum [. JlanvH, EneHa I'. KanuHuHa

UHemumym ebicokomemnepamypHoul anekmpoxumuu YpO PAH, ExamepuHbype, Poccus
ilyina@ihte.ru

[MonHocTbIo TBEPAOTENBHBIE MCTOYHMKN TOKA OTHOCAT K MOCT NMIUTUEBLIM CUCTEMaM HaKOMMeHUs
aHeprun. MNepexon OT XMOKOro 3neKTponuTa K TBepAoMy NO3BOMUT UCMOfb30BaTh B KAYecTBe aHoAa
BMECTO YrrepogHbiX MaTtepuanoB MeTanMyeckni nWTUAR KU, TeM CambiM, MOBbICUTb EMKOCTb
akkymynaropa ¢ 280 go 400 Bt u/kr. [Ana goctmxkeHnss nogobHbIX XapakTepuUCTUK TOMLWUHA TBEPOOoro
anektponuta pomkHa coctaBnate 20-30 mkm [1]. [MoaTomMy B HacTosillee Bpemsa aKTMBHO
paspabatbiBaloTCa pasnunyHblie MeToabl (POPMUPOBAHUSA TOHKUX NIIEHOK MaTepuanoB 3anekTponuta u
katoga. Meton anekTpodopeTmnyeckoro ocaxaeHua (OPO) obnagaer BO3MOXHOCTbIO MHKO
perynupoBaTtb cocTtaB, MOPGOSOrMi0 U TOMLUUHY HAHOCUMOrO MOKPbLITULA, MPOBOAUTL dOpMUpPOBaHME
MHOFOCHOWHBIX CTPYKTYp, YTO akTyanbHO Ans OPpMUPOBaHMS BbICOKOMPOBOASLLErO CIOsi AneKTponuta
W KaTtoda, perynmpoBaHnsi CBOMCTB MHTEPdENCHONM 061acTh aNeKTpo|anekTponut [2].

B kayecTBe kaTtogHbIXx MaTepuanoB ObliM MCNOMNb30BaHbl KOMMEpPYECKUe MOPOLLKOBbIE
matepuansl LiFePOs (LFP) u LiNi1/sMn13C01302 (NMC) dupmbl Standong Tianjiao New Enerdgy Co.,
Ltd., Kutain. YgenbHasi noBepxHOCTb ucxoaHbix nopowkoB NMC u LFP, cornacHo gaHHbiM BOT,
coctaenseT 0,4 n 15,5 m2/r, cootBeTcTBeHHO. [Mopoiiok NMC npeacrtaBnsetr coGoi arnomepartsl
yacTuy, co cpeaHuM pasmepom 10 MKM, cocTosLLMe U3 BOMbLLOro KONMYECTBA YacTUL, pa3MepoM MeHee
1 mkm. MNopowwok LFP cocTtont s menkux 4actul npenmyLlecTBEHHO cepuyeckon opmbl (MeHee 1
MKM) 1 ux arperatos (4o 2 Mkm). Metogom 3P0 6biniv nonyyYeHbl NOKPLITUSA KAaTOAHLIX MaTepuanos n3
cycneHsui LFP n NMC c koHueHTpaumen 10 r/n B nsonponaHone ¢ go6asneHnemM nonuaTuneHnMmnHa
(0.26 r/n) n auetnnaueTtoHa (0.8 r/n). PO npoBoauNN NpyM NOCTOAHHOM HanpsikeHun 80 B, Bpemsi
ocaxaeHusi BapbupoBanu 3—5 muH. KatogHblie maTepuansl LFP n NMC Obinv HaHeceHbl Ha pas3nuyHble
MeTannuyeckune noanoxku (Al, Ni, Ti).

Mony4yeHHble 06pasubl NpeacTaBnNAny cobon CnowHoe NoKpbiITUe 6e3 kaknx-nnbo aedekToB.
Ha mukpodoTorpadusx noBepxHocTu nokpbiTui NMC Habnoganocb nsmeHeHne Mopdosiornm YyacTtuy,
WUCXOOHOro MopoLlka, B MpoLecce OCaXAeHUs npoucxoauna 3nekTpoxXumuyeckas Koarynsums,
CyCrneH3nst KaTogHoro matepuana B6nu3mn anekTpoaa Tepsifia CBOK YyCTOMYMBOCTL (arpermposana) u,
Takum 0Bpa3oM, Ha MOBEPXHOCTU NOAMOXKU (POPMUPOBANOCh MOKPbITUE MUKPOPaA3MEPHbIX YacTuy,
HenpaBunbHo ¢opMbl. B To Bpemsa kak mMopdonorusa yvactuy ocaxaeHHoro LFP cootsetcTByet
MUKPOCTPYKType ucxogHoro nopowka. CornacHo faHHbiM P®OA, dasoBbii cocTaB OCaXAeHHbIX
KaToOHbIX MaTepmanoB COOTBETCTBYET (Da30BOMY COCTaBY MCXOAHbIX MOPOLLKOB.

Takum obpasom, B xode paboTbl 6Gbina nokaszaHa nNpuHUMNnanbHas BO3MOXHOCTb OCaXKOEeHWS
pasnMyHbIX MOPOLUKOB KAaTOAHbIX MaTepuarnoB Ha MeTannuyeckue MoAnoXkn ¢ dopmupoBaHnem
CMJIOWHOr0 U OAHOPOAHOro NOoKpbiTUA. [JanbHenwas paboTta HanpaeneHa copmupoBaHne OPO-
MOKPLITUM KAaTOAHOrO MaTepuana C 3fIeKTPOH-NPOoBOAsLLEN A00aBKOW (Caxa) U CBA3YOLWMM (Nonnvep),
NCMNOMb3yeMbIMU B TPAOULMOHHbBIX NMUTUNR-MOHHBLIX aKKyMYNSTOpax.

Cnucok nutepatypbl
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Ucnonb3oBaHue nonu-(H2MeOSalen) B kauecTBe npoBoAsiLLen MaTpULibl ANA
kaToaoB Ha ocHoBe LiFePO4

Muxann A. KameHckun, AHHa C. 3uraHwumHa, KOnusa A. MNonoxeHueBa, Mapusa B. HoBoxwunosa

@usuko-mexHudeckul uHcmumym um. A. @. Mogpgpe PAH, CaHkm-lNemepbype, Poccus
kamenskiim689@gmail.com

JINTUR-NOHHBIE aKKyMyMATOPbI 3aHMMaloT NMAMPYIOLLME NO3MLMKN CPean CUCTEM XPaHEHUs U
3anacaHus 3HeprMn BCreACTBME BbICOKMX BENUYMH yOENbHOW MOLHOCTM M 3Heprun. Cpeau Hux
aKKyMYISATOpPbI C KaTOAHbIMM MaTepuanammu Ha ocHoBe LiFePO4 (LFP) akTnBHO pa3BuBatoTcs 3a cyeT
BbICOKOM LIMKNUYECKOW U TEPMUYECKON CTabunbHOCTK, a Takke 6e30nacHOCTM U CTOUMOCTU. TeM He
MeHee, OHM YCTynalwT KaToaM Ha OCHOBE CMOMWCTbIX OKCMAOB HUKENs MO NpakTUYeckon yaernbHou
emkocTu (150 n >195 MAY/r) n pabodemy HanpskeHuto (3.5 B 1 >4.2 B), COOTBETCTBEHHO.

OpaHuM 13 cnocoboB yny4weHns yHKLNOHaNbHbLIX CBOMCTB KaTOAHbIX MaTepuarnoB, HapaBHe
¢ nx moamdukaumnen (NOBEPXHOCTHOM UNN Ha YPOBHE KPUCTaNMMYeCcKon peLueTkn), asnaetca bonee
npocTonn n 3EEKTUBHBIA METO4 W3MEHEHUs COCTaBa JNekTpoaHoro matepuana. PaHee 6bino
nokasaHo, YTO NCMONb30BaHMe NPOBOAALLMX MONIMMEPOB B KayecTBe CBA3ylowero matepvana [1] nim
npososwen [obaBku [2] NO3BONSET yBENUYUTbL MEXaHWYECKME U IMEKTPOXMMMUYECKME CBOWCTBA
KaToOHbIX MaTepuarnos.

B paHHom pabote Obin paccmoTpeH nonumep nonu-(H2MeOSalen), koTopbii obnagaet
COBCTBEHHOWN 3MEKTPOXMMUYECKON aKTUBHOCTBIO B TEX XK€ YCMOBUSAX, YTO M O0Bpa3oBaHHbLIN U3 HEro
HukenesbIn komnnekc [3]. OH Bbin NpMMEHEH B KayecTBe AONOMHUTENBLHOM npoBoasdilen aobasku ¢
Lenbio MMHMMM3aLMM JONU TPaaULMOHHO UCNONb3YyEMOK YIIepoaHON Caxu, Unu ee NOMnHOW 3aMeHbl.
Bbin Mcnonb3oBaH MeTon in Sifu NonMMepusauMum UCXOAHOro MOHoMepa B pacluupeHHom ao 4.3 B
OTH. Li/Li* pnanasoHe HanpspkeHun. NMonyyeHHble pe3ynbTaTbl NOATBEPXAAOT, YTO UCNOMb30BaHUE
npoBogsero nonvMepa Haubonee adpekTMBHO MNpu coxpaHeHun Hebonbwmx (8o 2.5 macc.%)
KONMWYeCcTB YrMepogHOW CaXu, MOCKOMbKy COOCTBEHHas 3NeKkTpoHHas MpoOBOAUMOCTb  MOMu-
(H2MeOSalen) HegocTaToyHa AN 3(PEEKTMBHOMO HAKOMSIEHUA E€MKOCTW MPU BbICOKMX CKOPOCTSIX

3apsg/paspsiga.
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PucyHok 1. 3asucumocmsb ydernbHOU eMKocmu om moka pa3psida 0r1si kKamodoe Ha ocHose LFP ¢ pa3nu4HbimM
cocmaeoMm 3nekmpoOHo20 Mamepuarna.
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AHTapHbIN aHrMapuAa Kak adhekTMBHaA fob6aBKa B 3NEKTPONUT
ANs NIMTUN-UOHHbIX aKKyMYJSTOPOB

Mapust M. KnumeHnko', Hatanusa A. Mso3auk!, Hatanbs C. Katoposa', EBreHunit B. AHTunos"2:3

' MUnemumym opeaHuyeckol xumuu um. H. []. 3enuHckoeo PAH, Mocksa, Poccusi
2 Mockoeckutli eocydapcmeeHHblili yHusepcumem um. M. B. JlomoHocoea, Mockea, Poccusi
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CoBpemeHHble TpeboBaHWS K 3HEprocnucTteMamM AWKTYIOT HEeOOXOAMMOCTb CO34aHus NUTUIA-
NOHHbIX akkymynsaTopoB (JIMA) ¢ BbICOKOM yAENbHOW 3HEPrMern U ANUTENbHLIM CPOKOM CITYXObl.
OnTumaneHbIM COYEeTaHWEM XapakTepucTuMK obnagalT cucTeMbl Ha OCHOBE CMOUCTOrO KaTtoga
LiNio.sMno.2C00.202 (NMC622) u rpacutoBoro aHoga. OgHako aKcniyaTtaunoHHas cTabunbHOCTb TaKkmx
CUCTEM CUMBbHO 3aBUCUT OT COCTaBa ANeKTponuTa n opmMupoBaHns YCTONUYMBLIX 3alLnUTHBIX crioes (SEI
n CEIl) Ha noBepxHOCTSX 9neKkTpoAoB. TpaguuMOHHO wucnonb3yemble [00aBKW, Takue Kak
BuHuneHkapboHatr (VC) wn  dTopatuneHkapboHat (FEC), addektuBHbl, HO oTnu4arTca
BbICOKOM CTOUMOCTbIO.

B naHHoM paboTe B kayecTBe anbTepHaTUBHOM Jo6aBKM NpeanoXeH AHTapHbIn aHrmapug (SA).
OcHOBHOE BHUMaHWe yaeneHo YNCToTe KOMMOHEeHTa: paspaboTaHa npoueaypa nepekpuctannmnsaumm
TexHnyeckoro SA us 6e3BogHoro xnopodopma ans yaaneHus npumecen Bogbl U AHTApPHOW KUCMOThI.
McnbiTaHnsa npoBogmnmck B NosnHbix sverikax NMC622/rpacdunT ¢ MCNonb30BaHMEM SEKTPONMTa Ha
ocHoBe LiPFe 1 cmecn kapboHaTHbIX pacTBopuTenen. 3NekTpoXxMMMyeckme CBOWCTBA OLLEHUBANMUCh
MeTo4aMu ranbBaHOCTaTUYECKOro LMKIMPOBaHNsS 1 aHanmaa auddepeHumnansHon emkoctn (dQ/dV).

YCTaHOBNEHO, 4TO  MCMNOMb30BaHME  HEOYMULLIEHHOro TexHuyeckoro SA  BegeT K
KaTtacTpodudeckon perpagaumm (coxpaHeHuve nuwb 76% emkoctu nocne 200 umknoB) u3-3a
WHULMaLMM oBpa3oBaHUs MNNABMKOBOW KUCIOTbl MPUMECSMU SHTAPHOW KUCIOTbl. ONEKTPOnuT,
copepxawmm 1 06. % nepekpuctannmnsosaHHoro SA, obecneunn coxpaHeHme 92% emkoctu nocne 200
LMKNOB. JTOT pe3ynbTaT COMOCTaBMM C nokasaTensmu kommepuyecknx nobasok VC u FEC (91%).
MokasaHo, YTO SA pasnaraetcd B AguanasoHe noteHuuanoB 2,4—-2,8 B, 4yTo mpoucxogut paHblue
pasnoXeHnsi OCHOBHbIX KOMMOHEHTOB 3MeKkTponuTa. 310 cnocobcTByeT hOPMMPOBAHUIO OQHOPOOHbIX
M CTabuNbHbIX 3alMTHBIX CMOEB, MOAABMSIOWMNX AarbHenlee OKUCINeHWe/BOCCTaHOBEHNe
3NEeKTponnTa n pacTBOPEeHNe NepexoaHbIX MeTansoB 13 Katoaa.

Takum o06pa3oMm, SHTaApHbIA aHrMapuUAa SBRASETCA LOCTYMHOM U BbICOKO3h(EKTUBHOM
anbTepHaTMBOW AoporuM umnopTHeiM gobaskam ana JIMA. Ero BHeapeHue nos3BonsieT AOCTUYbL
onTumanbsHoro 6anaHca mexay yaernbHOW eMKOCTblo, CTabunbHOCTBIO LMKIMPOBAHUSA U CTOMMOCTbIO
KOHEYHOro YCTPOMCTBA, YTO OTKPbIBAET LUMPOKUE NePCNeKTUBbI AMsi NPOMbILLEHHOro NPUMEHEHUS.

BnarogapHoctu
Pab6oTta BbinonHeHa npu nogaepxke Poccuiickoro HayydHoro dooHaa (npoekT Ne 26-73-32002).
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OnTumMusaumsa nportokona popMmMpoBaHUA NOBEPXHOCTHbLIX CNoeB Ans
YCKOPEHUS 3NeKTPOXUMUYECKUX UCNBITAHUN NIUTUN-MOHHbIX aKKyMYNATOPOB
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boriskoch@ioc.ac.ru

3a nocnegHue pecaTuneTuss NUTUR-MOHHbIE akkymynaTopbl (JIMA) ctann gomuHupytowen
TexHonorven xpaHeHusi aHeprum. OgHon us Hanbonee KPUTUYECKNX U BPEMS 3aTpaTHbIX CTaauin npu
cbopke n TectmpoBaHum JIMA aBnsetcsa ctaamsi popMOBKM — MEPBbLIX LIUKIOB 3apsida-paspsiaa, B Xoae
KOTOPbIX Ha MOBEPXHOCTU 3MEKTPOAOB 0Opa3yroTCH 3aLLUTHBIE CITOU CIIOXHOW CTPYKTYpbI (SEIl Ha aHoge
n CEl Ha kaToge), 4er cocTaB BO MHOMOM onpefenseT OONroBeYHOCTb paboTbl akkyMynatopa.
Knaccunuyeckue nogxoabl TpebytoT ANMTENbHOrO LUKNMpOoBaHUa (8o 5 umknos npy manbix Tokax C/20—
C/10), uTo 3aHMMaeT oT 2 80 5 cyToK. B ycrnoBusx BbICOKONPOM3BOAUTENBHOIO MOMCKA HOBbIX COCTaBOB
3NEKTPONMTOB Takue BpEeMEeHHble 3aTpaTbl CYLWECTBEHHO CHWXalT 3PQPEKTUBHOCTb Hay4HO-
nccnegoBaTenbcknx pador.

B pgaHHOM paboTe, Ha OCHOBaHWM aHanu3a -nuTepaTypHbiX [AaHHbIX M MEXaHWM3MOB
ANEKTPOXMMMNYECKOTO Pa3NoXeHWs KOMMOHEHTOB 3fekTponuvTa, Obifio NpoBEeAEeHO CpaBHUTENbHOE
uccrnegoBaHue Knaccu4eckoro npotokona hOpMOBKM U psifa anbTepHaTMBHbBIX METOAMK YCKOPEHHOTO
(POPMMPOBaAHUSA MOBEPXHOCTHbLIX CMOEB. W3y4yeHHble CKOPOCTHblE MNPOTOKOMbl —pasnu4yaroTcs
BapbMpyeMbIMU 3HAYEHMSIMU MOTEHUManoB, TEMMEepPaTypHbIX YCIOBUWA, WUMMYMbCHBIX HAarpy3ok U uX
KOMBUHaLMAMN. IKCNepUMeEHTbl NPOBOAMMNCH Ha MOMHbIX s4verikax copmata CR2032 ¢ kaTtogom
LiNio.sMno.2C00.202 (NMC622) u rpacdutoBeiM aHogoM. KoHTponbHas rpynna guyeek nogsepranach
cTaHOapTHoOM (OOPMOBKE, MOCMNe 4Yero crneoBano ANUTENbHOE LMKNMpOBaHWe Ans onpefeneHus
CKOpOCTM ferpagaumnm emkocTu. [ns OueHKM KayecTBa CHOPMUPOBAHHBIX CMOEB MNPUMEHSNCH
KOMMNEKC (PU3MKO-XMMUYECKMX METOAO0B aHanu3a: peHTreHoBckasi )OTOANEKTPOHHAsA CNEKTPOCKOMNUS
(XPS), MK-cnekTpockonus HapyLeHHOro NofiHoro BHyTpeHHero otpaxeHus (ATR-FTIR), ckanHupytowlas
anekTpoHHasa (SEM) n atomHo-cunosas mukpockonus (AFM).

B pesynbrate pabotbl Obim anpobupoBaHbl pas3nuyHble METOAMKN YCKOPEHHOW (DOPMOBKM
NIUTUA-MOHHBIX aKKyMyNATOPOB MOHETOYHOro Tuna. llokasaHa MpUMEHMMOCTb MNoAxodoB ObICTPOK
¢opMOBKM Ans NonHbix sveek popmata CR2032 NMC/rpacut. MNMony4veHHble pe3ynbTaThl NO3BOAUN
yBuaeTb pasHuuy B SEI/CEl B 3aBMCMMOCTI OT NpUMEHAEMOro npoTokKosia hOpMOBKU.

BnarogapHoctu
Pab6oTta BbinonHeHa npu nogaepxke Poccuiickoro HayyHoro dpoHaa (npoekt Ne 26-73-32002).

95



NMOCTEPHbIE OOKNAObI POSTER PRESENTATIONS

BnusHue npupoAabl 3f1eKTPpOonuTa Ha KYNnoHOBCKYH 3pheKTUBHOCTb npoLuecca
ocaXAeHUs-pacTBOPEHUsA NUTUA B 6€3aHOAHbIX IMTUEBbIX aKKyMynsiTopax

Onusa O. Kyapsiwosa', Unbs M. FaBpunun?, Cepren A. Jn'

' ®edeparnbHoe eocydapcmeeHHoe 6rdxxemHoe y4YpexoeHue HayKu
UHecmumym ¢busudeckol xumuu u srnekmpoxumuu um. A. H. @pymkuHa Pocculickol akalemMuu Hayk,
Mockea, Poccus

Yulia.kudryashova@mail.ru

B ycnoBusix MHTEHCUBHOIO pPas3BUTUS SMEKTPOTPAHCMOPTa, MOPTATUBHOW 3MEKTPOHUKUA U
CUCTEM XPaHEHUS dHEPrum AN BO30OHOBMSEMbIX NCTOYHUKOB KPUTMYECKN HEODXOOUMBI XMMUYECKMe
WCTOYHMKN TOKa Creaylowero MoKoNIeHWs C CyLlecTBeHHO 6ornee BbLICOKOW YAENbHOW 3HEepruen.
YpenoHas SHeprust NUTUR-MOHHBLIX aKKyMyrNSiTOPOB Ha OCHOBE 3NIEKTPOXMMUYECKOW CUCTEMBI
«NIMTUPOBaHHbIE OKCUAbI MeTanmnoBs — rpacduT» npubnmxaetca k csoemy npegeny (~270 BT-u/kr). 310
He No3BOnsieT B NOSTHOWM Mepe YAOBMEeTBOPUTb pacTylime NoTpebHOCTU Ha3eMHOro U BO3AYLUHOrO
3MeKTPOTPaHCNopTa, NOPTATUBHOM SMEKTPOHNKN 1 Pa3nMyHbIX 3NIEKTPONPUBOAHLIX YCTPOWCTB. B cBA3N
C 3TUM 0cobylo aKkTyanbHOCTb npuobpeTtaeT paspaboTka Ge3aHOAHbIX NUTUEBBLIX aKKyMynaTOPOB,
yoensHas aHeprusa kotopbix Ha 30% Bblille, NO3BOMAKWASA 3HAYMTENBHO PacLUMPUTL BO3MOXHOCTU
NPVYMEHEHNS SHEPrOHAKOMNUTENEN B KIMHOYEBbLIX TEXHOMOMMYECKNX 00nacTaX.

BesaHogHble NMTUEBbLIE aKKyMyNnsSTOpbl MNpPeacTaBnAsioT COOOM  MHHOBAUMOHHBLIA - TWM
nepesapsikaeMblX MCTOYHMKOB TOKa, B KOHCTPYKLMWM KOTOPbIX OTCYTCTBYET TPaAMUMOHHBIN aHog. Ero
PYHKLMIO BbINOMHAET MeTanM4ecknuini TOKOOTBOA, Ha NOBEPXHOCTM KOTOPOTO NMpu 3apsige ocaxagaeTcs
nMTUIA B BMAE MeTannmMyeckoro ocagka. KnioueBow npobnemon npu paspaboTke 3GEKTUBHBIX
©e3aHoHbIX NMUTUEBLIX akKyMyNSATOPOB SIBNSAETCA HM3Kas KyNOHOBCKas 3h(EKTUBHOCTb OCaXKAEHUS-
pacTBOpEHMs1 NUTUS Ha TOKOOTBOAE, KOTOpas Bbi3BaHa HEKOHTPONMPYEMbIM POCTOM [OEeHOPUTOB.
N3yueHne mexaHn3amoB OPMUPOBaAHUS MUTUEBLIX OCAAKOB B pasHblX 3MNEKTPonuTax Mno3Bonuno
MOBbLICUTb KYNMOHOBCKYI0 3O(PEKTUBHOCTb OCaXKAEHUA-PACTBOPEHUS NMUTUS 3a CYET MUHUMAIIbHOro
obpasoBaHus AeHOpUTOB U hopMmnpoBaHna 6onee kadecTBeHHbIX cnoes SEI.

ObecneyeHne cTabunbHOCTU Mpouecca OCaXOEHWUA-PacTBOPEHWUS NUTUS MPU ONUTENbHOM
LUUKIMPOBaHUM 00yCcnoBneHo NnoAb0opoOM 3NeKTponuTa v NMMTUOMUIBLHON NOAMOXKKN, KOHTponupyoLwme
ocaxgeHue nutus n GopMmnpyoLLme 3aLmnTHBIN CIoN Ha ero NOBEPXHOCTU. B kayecTBe NUTUOUITBHOIO
cnosi ObINO NPeAnoXeHO WUCNOoMNb30BaTb HAHOHWUTM repmaHus, COPMUPOBAHHbLIE Pa3NMYHBLIMU
crnocobamu Ha NoanoXkax n3 meam u TutaHa. Ha KynoHoBCKyt0 9eKTMBHOCTb NpoLecca OCaxaeHNs -
pacTBOpeHMs NUTUSA TaKkKe CUMNbHO BIMSIET U COCTaB anekTponuta. B paHHom pabote uccnenosaHo
BNUAHME XUOKUX INEKTPONUTOB Ha ocHoBe nutuncogepxawux conen LiTFSI n LIODFB B cmecu
KapboHaTHOro 1 3UPHbLIX pacTBOpUTENEN Ha KYNOHOBCKYH 3dEKTUBHOCTb OCaXKAEHUA-PACTBOPEHNS
NNTUS Ha NOANOXKaX C repMaHMeBbIM NUTUO(UNbHHBLIM croeM. MNMpoBeAeHO CpaBHEHWNE KYNTIOHOBCKOM
3 hEKTUBHOCTN, CTAOUNBHOCTU LMKNMPOBAHUSA, a Takke KavyecTBa CHOPMUPOBAHHBLIX JMTUEBBIX
0CafKoB Ha noanioxkax B anektponutax coctasoB 1 M LiIODFB B MNK-AM3 B cooTHoweHumn (7 : 3),
1 M LiTFSI B8 LO-OM3 B cootHoweHun (1 : 1) n 1 M LiTFSI B JO-[OM3 B cooTHoweHun (1 : 1) +
0.25 M LiNOs. YcTaHOBMEHO, YTO KynOHOBCKas 3(pEeKTUBHOCTb B MOCNEAHEM M3 MEepPeYUCrEHHbIX
cocTtaBos (c gobaskon LiNOs) coctaBuna okono 97% v He CHuxXanack nNpu ANUTENbHOM LMKIMPOBaHUN
B OoTnMumMm oT anektponutoB 6e3 gobasku LiNOs, B KOTOPbIX KyrnoOHOBCKas 3dpdeKTUBHOCTb Obina
CYLLLECTBEHHO HUXeE.

BnarogapHoctu
Pabota BbinonHeHa npu  duHaHcOBOM  nopaepxke  rpaHta  PH®, npoekt Ne  25-79-10341,
https://rscf.ru/project/25-79-10341/.
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Bnusinne aerpagaumm HaTPMN-MOHHbLIX aKKYMYNSITOPOB
Ha napameTpbl X 6e3onacHoOCTH

Cepren M. KysoBunkos', Bepa C. HeygaumHa', Makcum CupoTtuH?,
TaTtbsiHa K. 3axapueHko?, Omutpuin Hukndgopos!, JaHuun M. Utknc?

1 ®edeparnbHbili uccrnedosamernbscKull UeHmMp xumudeckol gpusuku um. H. H. CeméHosa PAH,
Mocksea, Poccus
2 Bar-llan University, Ramat-Gan, Israel
3 Mockoeckuli chusuko-mexHudeckuli uHcmumym, [oneonpyOHsbil, Poccusi

s.kuzovchikov@chph.ras.ru

HaTpuii-MoHHbIE aKKyMynsaTopbl B MOCHeAHWE oAbl HavyuMHaloT HaxoguTb MPUMMEHEHVE B
nopTaTMBHOW 3NEKTPOHMKE, B MEPBYH oyepedb Onarogapst HU3KOW CTOMMOCTU MO CPaBHEHMWIO C
KNacCn4ecknMn NUTUN-MOHHBIMU akKyMymnsaTopaMu. Takke, HaTpUA-MOHHbIE aKKyMYyNSaTOpbl CYMTaloTCA
3KOMNOrMyHee, MolLHee u 6esonacHee, N0 CPABHEHWUIO C MUTUN-UOHHBIMW akkyMynsTopamu. Kpome Toro,
3HAYUTENbHBLIN  MPOrpecc Oblnl  AOCTUMHYT B YNYYLIEHUW SMEKTPOXMMUYECKMX XapaKTEPUCTUK,
TEPMUYECKON M LIMKIMYECKON CTabMMbHOCTU HaTPUN-MOHHBIX akKyMynatopoB. [na npousBoacTsa
HaTPU-UOHHBIX aKKyMYNATOPOB WUCMOMb3yeTCs LMPOKO PacnpoCTpaHEHHOE CbipbE, 4YTO HaHOCUT
MEHbLLMIN Bpe 3KOMOrMmn 1 CyLLeCTBEHHO CHXKaeT cToumocTs [1]. OaHako, B 0TNUYME OT NUTUA-UOHHbIX
aKKyMynSaTOpPOB, HATPUW-UOHHbIE MCCNeaoBaHbl HaAMHOMO MeHblUEe B KOHTEKCTe 6Ge3onacHoCcTU Mt
TepMU4ecKon cTabunbHOCTU, OCOGEHHO B 3aBNCMMOCTM OT COCTapuUBaHUS.

Llenbto gaHHOro uccrnegoBaHust ObiNO M3yveHWe BIMAHMSA Aerpagauuym  HaTPUA-MOHHBIX
aKKyMynsATOPOB Ha napaMeTpbl, TEPMUYECKOW CTabunbHOCTK, Ge3onacHOCTN 1 camopasorpesa. [Ons
3TOro cocrtapvBanu 2 MOAENN KOMMEPYECKNX HAaTPUN-MOHHBIX akkyMynsaTopoB (cdopm-cdaktop 18650,
changui, KHP), n 3atem onpepgensnu TemnepaTypy ctapTa X TEPMUYECKOrO pasroHa.

Ona ob6eux Moaenen akkymynsaTopoB ObiNu onpefeneHbl XapakTepucTukn u CocTaB
3NeKTPoaOoB, cenmapatopa W 3nekTponuTa npu MOMOLLM MEeTOOO0B PEHTTeHOBCKOW Andpakumm,
3NEKTPOHHON MUKPOCKOMNUW, SiAEePHOr0 MarHUTHOro pesoHaHca u ap. CoctapvBaHue akkyMynaTtopos
NPOBOAMMAM NPU MOMOLLM LMKIIMYECKOro 3apsa-paspsga MOCTOSHHbIM TOKOM, AN YMeHbLUeHUs
émkocTtun 00 95%, 90%, 80% oT ncxogHonm.

OnpepgeneHne TemnepaTypbl TEPMWYECKOrO pasroHa NPOBOAUNM MpU MOMOLUM Harpesa
aKKyMynsTopa C NOCTOSIHHOW CKOPOCTbIO B rEepMEeTUYHON Kamepe, ¢ dmKkcaumen obLlero gaBneHms u
TemnepaTypbl akkymynsaTopa. Takke nocrne TepMuU4eckoro pasroHa otbupanu obpasoBaBLumecs rasbl,
ONS aHanmsa Ux roproyecTy U TOKCUYHOCTH.

B pesynbtate 6biN0 NokasaHo, 4YTO Tepmudeckass CTabunbHOCTb o0b6eux Moaenewn
aKKyMYNSaTOPOB YMEHbLUAETCs Npu cocTapmBaHuu. [pn aTOM J0MsS TOKCUYHBIX Fa30B, BblAENSAOLLMXCA
npy TEPMUYECKOM pa3roHe, Npu COCTapuMBaHUM NagaeT, HO AOMs roprymx ra3oB Bo3pacTaeT. Takke
ObIr0 06HApPYXXEHO pasnuune Mexay MoaensMu Kak B AMHaMUKe CoCcTapmBaHus, Tak 1 B TEPMUYECKOMN
CTabunbHOCTU — YeM Bbllle TepMuyeckasi CTabunbHOCTb, TEM BbIlle CKOPOCTb COCTapuBaHWs, YTO
MOXET ObITb CBA3aHO C COCTaBOM 3feKTponuTa.

Takum ob6pasom, nokasaHa [OUHaMuMKka W3MEHEHWs XxapakTtepuctuk 6esonacHocTM U
TEPMUYECKOW CTabWUMBbHOCTM HaTPUA-UOHHBIX aKKyMyNsiTOPOB B MNpouecce WX LMKINYECKOro
COCTapuBaHus.

Cnucok nuteparypbl

[1] Kausthubharam u gp. Perspective on Thermal Stability and Safety of Sodium-lon Batteries // ACS
Energy Lett. 2025. T. 10, Ne 11. C. 5383-5397.
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Pa3paboTka KOMNO3nTHLIX nonuonegmnHOBLIX cenapaTopos
ANs NIMTUN-UOHHbIX aKKyMYJSTOPOB

ApTtém A. KypnbikuH'2, FOpui tO. Ouxtap’-3, Aptém B. KonecHukos?, Onecs O. KanutaHoea'?

1 AemoHomHasi HekoMMepueckasi opaaHusauusi “ULES”, Mockea, Poccusi
2 Poccutickuli XuMUKO-mexHorosu4yeckue yHusepcumem um. . V. Mendeneesa, Mockea, Poccusi
3 Mockosckull eocydapcmeeHHbIl yHusepcumem um. M. B. JlomoHocoea, Mockea, Poccusi

artem.kurlikin@scientificideas.org

BBegeHne HeopraHnyeckmx TBepObIX 3MNEKTPONWTOB B CTPYKTYpy CeEnapatopoB SABMSETCS
NnepcnekTUBHbLIM MNOAXOA0M K MOBbLILLEHNIO 6&€30MaCHOCTU U SKCNIyaTaLMOHHbIX XapaKTepuUCTUK NUTUR-
NOHHbIX akkymynsaTopos [1]. Ocobbin nHtepec npeactasnsaoT NASICON-nogobHele maTepuansl, Takne
kak LATP (Li1.3Alo.3Ti1.7(POa4)3), obnagawowme BbICOKOW NUTUIA-MOHHOW MPOBOAMMOCTBIO, XUMUYECKON
CTabnnbHOCTLIO MO OTHOLLEHMIO K BbICOKOBOMbTHBLIM KaTOAHbIM MaTepuanam [2].

Llenbio gaHHon paboTbl siBNsieTCA uccrefoBaHWe BnusHWs pasmepa 4Yactuy LATP Ha
MOPONOTMI0 1 3NMEKTPOXMMMUYECKME CBOWCTBA KOMMO3UTHBLIX MONMONedrHOBbLIX CcenapaTopoB.
MoauduumnpoBaHHble cenapaTopbl 6biy NOyYeHbl NyTeEM HAaHECEHUsT CycrneH3nmn Ha ocHoBe LATP un
nonuMepHoro ceBasytoLero Ha kommepyecknin cenapatop Celgard 2500. Beinu nccnegosaHsl ob6pasLbl
C pas3nuyHbiM pasmepom Yactuy LATP: ~50 Hm, 300 HM, 600 HM 1 ~1 MKM. HaHOpa3MepHble YacTuubl
ObInM Nony4YeHbl pacTBOPHbIM MeToA0M. CyOMUKPOHHbBIE Y MUKPOHHBIE YacTuLbl BbInn CUHTE3NPOBAHbI
TBepaodasHbiM MeTtogoMm. PasoBbit aHanu3 nonydeHHbIXx obpasuyoB LATP npogemoHcTpupoBan
npenMyLLecTBEHHO oaHoasHble cocTaB. TOMLMHY MOKPLITUA BapbMpoBanu B Anana3soHe oT 3 go 10
MKM. [1pOoAEMOHCTPUPOBAHO yry4lleHne TEPMUYECKON CTabubHOCTU KOMMNO3WTHBIX CENapaTtopoB Mo
CpaBHEHMIO C UCXOAHbIM.

ONeKTPOXMMUYECKME CBOMCTBA KOMNO3UTHBIX CEnapaTopoB U3yyYanu B CUMMETPUYHBIX Suenkax
METOAOM MMMNEAAHCHOW CMEeKTPOCKOMUU M rarnbBaHOCTATMYECKOro LMKNnpoBaHus. [lokadaHo, 4To
Mogudvkauma cenapaTopa KepamMU4eckum MOKPbITUEM MPUBOAMT K YMEHbLUEHWIO WOHHOTO
COMPOTUBMEHMIO U YNYYLLEHUIO CTaBUNBHOCTY LIKNNPOBaHUA. YCTaHOBMEHO, YTO pa3mep vactuu LATP
CYLLECTBEHHO BIMAET Ha (OpPMMPOBaHME MOKPbITUS W, KaK CNeAcTBUE, Ha 3neKTPOXMMUYECKUe
XapakTepucTtvkn. Hannyywme pesynbraTbl 4EMOHCTPUPYIOT cenapaTtopbl C MOKPbITUEM TOMWMHOW 3
MKM 1 pasmepom vacTtu, 300 HM, AN KOTOPbIX AOCTUraeTcsa onTMMarnbHoe codeTaHne OaHOPOAHOCTHU
NOKPLITUS U 3PPEKTUBHBIX MOH-TPAHCNOPTHBLIX CBOWCTB.

B pesynbTtate nokasaHo, 4TO onTMMusauus aucnepcHoctn LATP aBnsetcsa kno4veBbiM
napameTpoMm npu paspaboTke KOMMO3UTHLIX MonMoneduHOBLIX cenapaTopoB. [lony4yeHHble
pesynbTatbl OEeMOHCTPUPYIOT NEPCNEKTUBHOCTb WCMOMb30BaHUS KepaMuyeckux Yactuiy Ang

PucyHok 1. CHumMKu pacmposoli 351ekmpoHHOU Mukpockonuu (POM) Celgard 2500 (cnesa) u
ModughuyuposaHHO20 cenapamopa.

Cnucok nutepartypbl
[1] Tianhang Zhang v gp. Improving the Safety of HED LIBs by Co-Coating Separators with Ceramics and
Solid-State Electrolytes // Energy Mater Adv. 2024. T. 5.0085. DOI:10.34133/energymatadv.0085.

[2] Diancheng Zhou u gp. Glass-ceramic two-phase sintering enhancing electro-chemo-mechanical
properties of NASICON electrolyte for solid-state batteries // Chemical Engineering Journal. 2025. T.
250, C. 165760. DOI: 10.1016/J.CEJ.2025.165760.

BnarogapHocTtu
MccnepnoBaHue BINOMHEHO 3a cyeT rpaHTa Poccuickoro HayvHoro ooHaa (Ne 24-79-10126).

98



NMOCTEPHbIE OOKNAObI POSTER PRESENTATIONS

JInTnpoBaHHbLIN CNOUCTLIN OKCUA HUKENA, KobanbTa n antoMUHUA ans
6e3aHOAHbIX NUTUEBbLIX aKKyMYJATOPOB

Cepren A. In', Nnbs M. Faspunun?, Onus O. Kyapsiwoea'

1 ®edepanbHoe eocydapcmeeHHoe 6ooxemHoe yupexdeHue Hayku MHcmumym ¢huaudeckol xumuu
u anekmpoxumuu um. A. H. ®pymkuHa Pocculickoli akademuu Hayk, Mockea, Poccusi

li.sergey.99@mail.ru

JINTMpOBaHHLIA  CNOUCTBIN  OKCuA, Hukens, kobanbta wn anmomuHua (NCA) aensetcs
MepcrneKkTUBHLIM  KaToAHbIM MaTepuanom Ans 0e3aHOAdHbIX NUTMEBbIX akkymynsatopoB. Ero
TeopeTuyeckasn 3apsigHasi éMkocTb cocTaBngaeT 279 MAY/r (ans LiNio.sCoo.15Al0.0s02). B HacToswen
paboTe paccMOTpeHbl 3MEKTPOXMMUYECKME XapaKTEPUCTUMKU [AaHHOrO KaToAHOro marepuana npu
pabote B 1 M pacTBOpe nepxrnopara nuTns B CMecu AMOKCoMNaHa u AMMeTOKCUaTaHa B 9KBUOOHEMHOM
cooTHoweHun (1 M LiCIO4 8 JO-OMO3 (1 : 1 06.)).

Ha puc. 1 (cnesa) npuBeaeHbl LIMKNMYECKNE BoNbTaMneporpamMmmel anektpoaa Ha ocHoBe NCA,
3apErMcTpUpOBaHHbIE MNPWU  pPasHbiX CKOPOCTSIX pPas3BEPTKM MNoTeHuuana. 3TU KpUBblE XOPOLUO
COOTHOCATCS C AaHHbIMK, nonyyeHHbIMU B [1] ansa anektpoaa Ha ocHoBe NCA B 1 M pacteope LiClO4
B CMecu nponuneHkapboHaT—gmMmMeTokcuTaH (7 : 3).

Ha puc. 1 (cnpaBa) npefcraBneHbl pesynbTaThl LMKIMPOBaHMSA anekTpoda Ha ocHoBe NCA B
raribBaHOCTaTUYECKOM pEeXume Mpu pasfuyHbIX NIOTHOCTAX Toka. Bce 3apsigHO-pa3psigHble KpuBble
umetoT Bug xapaktepHbin ans NCA. Npu nsmepeHmsx B UOKCONaH-AMMETOKCM3TAHHOM pacTBope npu
HebonbLon nNoTHOCcTK Toka (20 MA/T) cpeaHuii 3apsiaHbIN U paspsigHbIA NOTeHUuanbl NpakTUYecKu
coBnagatoT n coctaBnaT 3.81 n 3.79 B, cooTBeTCTBEHHO. [OBbILLEHME NAOTHOCTU TOKA NPUBOAUT K
YBENUYEHUIO MONSApM3aUnnM, Y4TO MPUBOLAMT K YBEIMYEHUIO 3apsSAHOMO U CHWKEHMIO PpaspsigHOro
NnoTeHLManos.

1500+
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PucyHrok 1. Luknuveckue gonnbmamnepozpammbl (Criega) u 2anbeaHocmamuyeckue 3apsiOHo-pa3psiOHbIe
Kpusble (cripasa) anekmpodos Ha ocHoge NCA 8 1 M LiClO4 e cmecu AuokconaH—-Oumemokcusman (1:1).

Cnucok nuteparypbl

[1] CkyHouH AM., Kynoea T.J1., FaBpunuH .M. 1 gp. BnusiHue coctaBa NUTUItCOAEPXKALLErO SMeKTponuTa
Ha 3NEeKTPOXMMUYECKNE XapaKTePUCTUKM CITIOMCTOrO okcuaa Hukens, kobaneTta n antoMunHns // XKypH.
duns. xumum, 2025. T. 99 C. 975. DOI: 10.7868/S3034553725100177.
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WccnepoBaHune BNUsHUA NNaTMHUPOBAHHONO yrnepoaHoro matepmana Ha
aneKkTpu4yeckue xapakrepuctukm XUT anektpoxummnyeckomn cucrtemnl Li/SOCI:
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" AKuuoHepHoe obuiecmeo uHxeHepHas gpupma « OpuoH-XUT» Hosovepkacck, Poccust
2 FOxHo-Poccutickuli eocydapcmeeHHbili nonumexHu4yeckull yHueepcumem umeHu M. U. [Mnamoea,
Hosoyepkacck, Poccusi

orion-hit@mail.ru

onekTpoxumuyeckass cuctema  nutui/tmonunxnopug  (Li/lSOCL2)  obnagaet  Bbicokow
TEOpPEeTUYECKON N MPaKTUYEeCKN OOCTUTHYTOM yOEenbHOW SHEeprnen, Yto genaeTr €€ nepcrnekTUBHOW K
NPUMEHEHUIO MpPU MPOEKTUPOBaHUN WU pa3paboTke XUMUYECKUX WCTOYHUKOB Toka (XUT) [1,2].
BonblnHcTBO BapmnaHToB ncnonHeHui XUT cuctemsl Li/SOCI2 aBnsioTca KaToAHONMMMUTUPOBAHHBIMU.
TuoHunxnopug, KOTopbIN ABNSETCA akTMBHbIM BELLECTBOM — >XUOKMM KaTO4OM, BOCCTaHaBMMBaeTCA
Ha NOpPUCTOM 3neKkTpoae M3 yrnepoaHoro marepuana [2] U, COOTBETCTBEHHO CBOMCTBA NMOBEPXHOCTU
TaKoOro 9MeKTpoAa OKasbiBalOT CYLLECTBEHHOE BIMSIHWE Ha anekTpudeckue xapaktepuctukn XUT B
uernom. OgHUM 13 cnocoboB yny4lleHnsa anekTpudeckmx napametpoB XUT cuctemsl Li/ISOCI2 aenseTtca
BBEJEHME pasnuyHbIX KaTanu3aTopoB B COCTaB yrnepogHoro Matepuana. CornacHo nuTtepaTypHbIM
OaHHbIM M Hay4YHO-TEXHMYECKON [OOKYMEHTauMuM BBEeAEHME NnaTuHbl, MO CPaBHEHUIO C TaKMMM
MeTannaMmm Kak nannagum 1 pyTeHWW, OoKCuaamMu U HUTpugamu MeTannoB, sBRAseTcd Haubonee
3(heEKTUBHBIM  MeponpuaTMEM AN obecneyeHus KaTanUTUYECKMX CBOWCTB B 3MEKTPOSHOM
matepuane [3]. [laHHoe uccnegoBaHMe HanpaBNeHO Ha MOAEPHM3ALMI0 TEXHOMOMMN W3roTOBIEHMUS
MONOXUTENBHOTO  3nekTpoga NuUTUA/TMoHunxnopmnaHbix XWT. OcHoBHas uenb paboTel —
nccnegoBaHue BrvsSHWS NNaTUHUPOBAHHOIO YINepoAHOro Matepuana Ha MOLLHOCTb U eMKocTb XUT.

B pamkax akcnepumeHTa Obinv M3roToBreHbl 0bpasubl YrnepodHbIX MAacTUH C pasHbiM
cofepXaHveM HaHo4YacTuL NNaTuHbl Ha yrnepogHom Hocuterne: 0% — Kak KOHTPOrbHbIV obpased, 1 %,
5%, 10 % 1 20 %. NccnenoBaHme aNeKTpUYECKNX XapaKTepUCTUK NPOBOAMIIM NPU NAOTHOCTSX TOKa 5,
10 n 20 MA/cM?2 B HopMarbHbIX KMMaTUYECKUX ycrnoBusix. Ha pucyHke 1 npuBegeHbl rpaduku
3aBMCMMOCTM yAenbHOW emkocTu (Qv) n HanpskeHusa B cepeauHe paspsga (Uep) oT copepxaHus
HaHo4acTuy nnatuHbl (Pt) B yrmepogHoM Matepuarne NofoXUTENbHOMO 3NeKkTpoda Npu pasfinyHbIX
NNOTHOCTSX TOKa paspsiaa.

Qv i Uep, B 345
Avjewd

naoTHOCTE
Toka § A/

naoTROCTH

nI0THOCTE ToKa Tora 10 MA/Cw

320
HAGTHOCTE =
Toka 10 sa/ex?

I0THOCTE TOKA
20 mA/en? 310

n0THOCTE ToKa
2050a7en

0 s 10 15 20 25 % s 10 1 2
Coxepaanue Pt 8 VM, % CoepmanuePts YM, %

PucyHok 1. 3asucumocme 06beMHOU ydernbHOU eMKocmu U pa3psiOHO20 HarpsKeHUs om Koudecmeaa
HaHoYacmuuy nnamuHel Ha y2iepoOHOM Hocumerse

Cnepyetr OTMETUTb, YTO WUCMONb30OBaHWE MIIATUHUPOBAHHOIO YINEpPoOA4HOro Marepuana
NPVMBOAUT K CHWXKEHMWIO yOENbHOW eMKOCTWM MO OTHOLUEHUIO K KOHTpONbHOMY o6pasuy. Tak npu
MNOTHOCTU TOoKa 5 MA/CM2 MOXET MpPOUCXOAUTb CHUXEeHUEe eMKOCcTU A0 38 %, npu NIoTHOCTU Toka
10 mA/cm? Ha 22-23 %; npu nnoTHocTn Toka 20 MA/cM? Ha 26 %. BmecTe c Tem c yBennyeHuem
KOnv4yecTBa NnaTuHbl B YrIepoaHoM Matepuarne HabnogaeTcst pocT pa3psgHoOro HanpsikeHUs Npy BCex
NIOTHOCTAX TOoKa B cpeagHem Ha 0,06 B npu 1 % Pt; Ha 0,09 B — npu 5 % Pt; Ha 0,13 B npn 10 % Pt; Ha
0,18 B — npu 20 % Pt. Takum obpasom MOXHO caenaTtb BbiBoA, YTO BBeageHue 10-20 % Pt B
yrnepogHbldi  MaTepvan no3BOSINT  YBEMWUUTL pas3psigHoe HanpshkeHue, Hanpumep, ana 10
nocrieqoBaTenbHO COeAUHEHHbIX ariemMeHToB Ha 1,3—1,8 B, Npu CHMXEHMMN EMKOCTU OPUEHTUPOBOYHO
Ha 20 % Takum obpasom, Hambonee LenecoobpasHO NPMMEHEHWE NNaTUHUPOBAHHOIO YrNepOAHOro
MaTepuana B Tex crnydasix, korga k XUT npegbsiBNSAOTCA BbiCOkMe TpeboOBaHMA MO MOLLYHOCTU Mpu
(PYHKLMOHNPOBAHUN B TEYEHUE KOPOTKOro BpeMeHW. Ocobbli MHTEpEC 3akn4vaeTcsi B M3ydeHuu
pabotocnocobHocTn XUT nocne OnvTenbHOrO XpaHeHWs!, BIIUSIHUSA NNaTMHUPOBAHHOIO YriiepogHoro
MaTepuana Ha anekTpuyeckue xapakrepuctukn XUT nocne xpaHeHust B TedeHme 3-5 ner.

Cnucok nuTteparypbi
[1] CoBpemeHHble xuMniecke MCTOUHMKM TOKa. ManbBaHMYECKNEe 3NIEMEHTbI, aKKyMYIATOPbI, KOHAEHCATOpPbI. —
Cne6.:CMnerykuT, 2009. — 90 c.

[2] CepBuHoBckmii M. FO. NTUTHeBbIE MCTOYHMKN TOKA KOHCTPYKLMM, MIEKTPOAb!, MaTepuaribl, Cnocobbl M3rOTOBMEHUS 1
YyCTPOWNCTBa Ansi U3rotoBneHus anekrtpogos — Poctos H/A.: N3a-Bo Pocrt. yH-Ta, 2001. -155 c.: un.:

[3] Eichinger G., Semrau C., Jacobi W., Heydecke J., Development of high power lithium thionyl chloride batteries. //
Proc. 34" Int. Power Sources Symp., Cherry Hill, N.Y., lune 25-28, 1990. — New York, 1990. — P.250-254.
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UccnepoBaHue kKatogHoro matepuana Ha ocHoBe NasV2(PO4)202F B
KapOOHaTHbIX U FMMMUMOBbIX 3NEKTPONUTax
AnA 6e3aHOAHbIX HAaTPUEBbIX aKKYMYJSATOPOB

ApTém A. MakcumkmH', TaTtbsiHa J1. Kynosa', Vinbs M. MaBpunun?, dapbs A. [lpoHoBa?,
Bekpnasnat b. Homo3os?, EBreHust B. KoBTyLueHko!

" MlHemumym ¢busuyeckol xumuu u anekmpoxumuu um. A. H. ®pymkura Pocculickoll akademuu Hayk,
Mocksa, Poccusi
2 HauuoHarnbHbIl uccriedosamensckuli yHueepcumem «Mockogckuli uHCcmumym 37€KmpoHHOU
mexHUKu», 3eneHoepad, Poccusi

artem.maksimkin18@gmail.com

B ycnoBusx UCTOLLEHUS NPUPOAHbLIX 3anacoB NUTUS U KonebaHus LLeH Ha PbIHKE 3MEKTPOLHbIX
MaTepuanoB paspaboTka NOCT-NMUTUEBBLIX Nepes3apsikaeMbliX UCTOYHUMKOB TOKa SIBMSIETCA aKTyanbHOMW
3afavyent B 3HeEpreTU4eckux crpaTernmsax MHorux ctpaH mupa [1]. B cBasu ¢ atum, 6e3aHoaHble
HaTpUeBblE aKKyMynsTOpbl MNPEACTABMSAT 3HAYMTENbHbIA MHTepec Onarogaps KOHKYPEHTHbIM
XapaktepucTtukam, 6ornee HM3KOW CTOMMOCTWM M YMNPOLLEHHOW TexHonorMm npoussogctea. OgHako,
CYyLLIECTBEHHbIM HEAOCTATKOM TakUX CUCTEM SABMAETCH HEAOCTATOYHAsA CTabMMbHOCTb HATPUS B XKUOKNX
anpoTOHHbIX aneKkTponuTax. Takum obpasom, paspaboTke 6onee aHEProeMKnxX KaTogHbIX MaTepunanos
yAeneHo 3Ha4ynTensHoe BHUMaHue [2].

B maHHoOIM paboTe uccrnenoBaHbl 3MEKTPOXMMUYECKUE XapakTEPUCTUKN KaTOOHOro Matepuana
Ha ocHoBe pTopua-docdaTa BaHaaua-nnTmsa (NasVz(PO4)202F, NVPOF) B pa3nuyHbIX 3NeKTponuTax.
NVPOF cuHTe3npoBanu npu noMoLm ruapoTepmManbHOro MeToaa 13 BOAHOro pacTBopa, Coaepallero
0.02 monb H3PO4, 0.03 monb C2H404, 0.02 monb NH4VOs3, 0.04 monb NaF ¢ pobasneHunem 0.025 r
yrnepoaHbix HaHOTpybok. CuHTE3 mpoBoaunM B repMeTM4HOM cTanbHoM aBToknase npu 180°C B
TedyeHne 6 4acoB. AKTMBHYIO Maccy nonyuunu nytem cmewmsaHus NVPOF, caxu wu
nonusmHunuaeHdTopuga (PVDF) B cooTHoweHumn 8:1:1 (macc.). NpegBaputensHo PVDF pacteopsinu
B N-meTun-2-nnppunuaoHe. AKTUBHYIO MacCy HaHOCWUW Ha TOKOOTBOA W3 HepXaBelollen ctanu.
3arpyska akTMBHOM Maccbl cocTaBnsna okono 8 mr/cm?. [onyyeHHble 3nekTpoabl CYLMAM Mpu
TemnepaType 90°C B TeyeHne 4 4YacoB U NPeccoBarnv Ha rmapaBnMyeckom npecce gaeneHmem 1 T/cm2.
Mepen cOopkom ayeek anekTpoabl CyLIMM B BaKyyMHON nevn npu temnepatype 120°C B TeveHune 12
yacoB. B «kauvectBe anektponuta wucnonb3oBann 1M LiCIO4 B cmecu nponuneHkapboHaT-
atuneHkapboHat (PC-EC) (1:1 06.) u 1M NaPFs B AMmeTnnosom aunpe AMaTUNEeHrnukons (gurnumve).
ONEKTPOXMMNYECKNE WUCCNELOBAHMS MPOBOAMIIN B TEPMETUYHBLIX TPEXANEKTPOAHLIX S4Yenkax, B
KayecTBe BCMoOMoOraTtefibHOro 3fekTpoga M 3nekTpoda CpaBHEHUSI MCMOMb3oBany MeTannumyeckui
HaTpui. COOpKy a4eek NpoBoaUNM B repMeTUYHOM nepyaTodHOM Bokce B aTMocepe aproHa.

CtabunbHoCcTb  anekTpoxumudecknx  xapaktepuctuk NVPOF  6Gbina  nokasaHa npu
ranbBaHOCTAaTUYECKOM 3apsife-paspsiAe Npu pasnnyHbiX NIoTHocTAX Toka (oT 10 go 800 MA/T) B oByX
AMEKTPONUTHBLIX CUCTeMax. YaenbHas paspsgHas emkoctb npu Toke 10 m 800 mA/r coctaBuna,
cootBeTcTBEHHO, 107 1 20 MA-u/r. CHWKeHne paspsagHon eMkocTu B TedeHun 100 umknoB 3apsiga-
paspsiga Tokom 100 MA/r He npeBbiwano 0.2%/unkn, 4YTO MOXET CBUMAETENbCTBOBATb O HU3KOM
perpagaumm matepuwana. Takum o6pasom, cuHTesupoBaHHbll NVPOF nokasbiBaeT XxopoLuyto
cTabunbHOCTb B 00EMX pPacCMOTPEHHbIX JMEKTPONUTHbIX CUCTEMax, npeanaras KOHKYPEeHTHble
XapaKTepPUCTUKN B Ka4eCTBe KaTOAHOro Matepuana anst 6e3aHogHbIX HaTPUEBbLIX aKKyMYIATOPOB.

Cnucok nutepatypbl
[1] Wang J. Critical Risks in an Industry Chain-Based Global Lithium Supply Networks: Static Structure and
Dynamic Propagation. Process Safety and Environmental Protection, 2025. 198. 107137. DOI:
10.1016/j.psep.2025.107137

[2] Weldegebieal G.K. Sodium-lon Batteries: From Conventional to Anode-Free Configurations: Materials,
Mechanisms, and Future Prospects. Journal of Energy Storage. 2025. 135. 118386. DOI:
10.1016/j.est.2025.118386
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101



NMOCTEPHbIE OOKNAObI POSTER PRESENTATIONS

Bo3moxHocTb npumeHeHusa B XUT Li/SOCI2 nutueBoro anekrpoaa,
M3roTOBJIEHHOr0 MeTOAO0OM MarHeTPOHHOrO HanbIIEHUA.
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B cBsI3M C NOCTOSIHHO pacTywumMu TPebOBaHUAMU K YPOBHIO MowHocTM XUT, noBbileHne
XapakTepUCTUK NPU coxpaHeHun rabapuTHbIX pa3mMepoB ABNAETCH akTyanbHou 3agadven. OgHuUM u3
crnocoboB yBenunyeHuss mowHocTn XUT gBnsdeTcsa CHwXKeHue MIOTHOCTM TOka paspsiga 3a CYéeT
yBenuyeHns nnowaam aNeKTpoaoB Npy YMEHbLUEHUN 1X TOoNWmHbL. CyLLecTBYIOLNA TUMOBOW MeToq
N3roTOBMEHUS NMUTUEBBIX 3NIEKTPOAO0B MYTEM NMPOKATKM NUTUEBLIX NEHT HA KOMMEKTOp TOKa No3BonseT
nony4yatb 3nekTpoabl TonwmHon ot 150 MKM. AnbTepHaTUBHBIM METOAOM U3roTOBIEHUS NUTUEBOrO
3ANeKTpoaa SABNAETCS MeTo OCaXAEeHWs NMTUS U3 pacTBoOpa B XUOKOM aMMuake, KOTOPbIN NO3BONSET
nony4yatb anektpoabl TonwmHon ot 100 Hm go 50—100 mMKM, HO OAHMM M3 MUHYCOB [JA@HHOro MeToAa
ABNSAETCA €ro TOKCU4YHOCTb [1]. VMIHHOBaAUMOHHBIM CNOCOGOM WM3rOTOBIIEHUS FIMTUEBOrO 3reKkTpoaa,
SABNSIeTCA MeTOo MarHeTPOHHOro HanbiNEeHWss MeTanfuyeckoro fuTUS, KOTOPbIN MMeEeT BbICOKYHO
CKOpPOCTb HaHeCeHMs Crnosi OTHOCUTENbHO cnocoba ocaXaeHus u3 ammuaka, TOYHOCTb NMapameTpoB
Nno3BonsieT HaHecTu cron nNutna ot 5 mkm [2]. OCHOBHasa uUenb WUCCnefoBaHWs — 3TO OLEeHKa
BO3MOXHOCTU npumMeHeHus B XUT anektpoxmmmyeckon cuctembl Li/SOCI2 nutueBoro anekrpoga,
W3roTOBIEHHOTO METOAOM MarHeTPOHHOrO HamnbIMeHUs C Lenbl MOBbIWEHUS €ero MOLLHOCTMW.
HaHeceHve nnTus Ha KONNekTop Toka Ansi NPOBeAEeHUs UCCNeA0oBaHWN, BbINOSHANOCH cneunanicTamMmm
oTAena 3nekTpoOXMMUYeckon aHepreTukn Ydumckoro UHCTUTyTa Xummm Ydumckoro egepanbHOro
nccrnegoBaTenbcKkoro ueHTpa PAH.

B xoge vccnenoBaHwuin cpaBHUBaNWCh pesynbTaThl paspsiia 9MNeKTPOXMMUYECKUX A4yeek, B
ANEKTPOAHbIX BIIOKax KOTOPbIX MCMONb30BaNIMCh KOHTPOMbHbIE JINTUEBBIE 3NEeKTPOoAbl (M3rOTOBMEHHbIE
MeTo4OM npoKaTkm TonwuHon 210 MKM) W oOnbiTHble obpasubl (MONyYeHHblE MarHeTPOHHbIM
HanbIfIeHMEM C TonwmHoOM NMutua — 5, 10, 25 mkm). st KpaTkocTn 00pasLbl « HanbINEHHbLIX» JIMTUEBbIX
anektponoB obosHayeHbl «30/5», «30/10», «30/25», roe nepBasd uudpa obo3HayaeT TOMLUMHY
KOMfeKTopa Toka, a BTopas — TOMLWWUHY Cros NUTUS Ha KaXOOW CTOPOHEe Korrektopa. Onsa oueHku
€MKOCTM NUTMEBOro anekTpoAa BblOpaHa KOHCTPYKUMS 3NeKTpoAHOro 6roka, B KOTOPOM EMKOCTb
NMMUTUPOBAaHa aHOAHbIMW Mpoueccamn 3a CYET NpUMeHeHus nonoxuTtenbHoro anekrpoga SOCI/C
3aBeomMo HonbLuen éMKOCTHU.

Ara/em’®
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«30725%

0.8 «30/10»

0.6
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PucyHok 1. 3agucumocms yOenbHOU eMKocmu fiumuesbiX 351ieKmpodo8 om niaomHocmu moka paspsoa.

Mpn yBenuyeHmn nRAOTHOCTM Toka Bbilwe 10 MA/cMZ2 Yy  KOHTPOMbHOTO  (KaTOAHO-
nMMUTUPOBaHHOro) obpasua ¢ TonwuHon nutua 210 MKM NpomM3oLLnO peskoe najeHue yaenbHON
€MKOCTM, COXPaHUBLLEECS WU NMpU paspsge nnoTHocTblo Toka 20 MA/CM?, UTO MOXET ODBbSICHATbCA
orpaHnyeHueM  «rnyOuHbI»  NpopaboTKM  MOMNOXUTENbHOMO  3AnekTpoga W NocrneayloLwmm
BO3HMKHOBEHMEM ANMDEY3MOHHBIX OrpaHnyeHnn. B To ke Bpewmsa, y o6pa3uoB (aHOOHO-
NNMUTUPOBAHHBIX) C TOHKOCIIONHBIM MIUTUEM NPY NOBbILLEHWUM MAOTHOCTM TOKa pa3psaaa, 3HauuTenNbHbIX
N3MEHEHNA yOEeNbHON €MKOCTM He MPOU30LUIIO, KONIMYECTBO «MPOPabOTaHHOro» NUTUS HE AOCTUIIIO
3KCTpPEMYyMa, NMpU KOTOPOM B MOMOXUTENBHOM 3MEKTpoae BO3HMKAOT ANDPY3NOHHBIE OrpaHUYeHUs.
Taknm o6pasom, B pesynbraTte NpoBeAEeHHON paboTbl MOATBEPKAEHO, YTO CHWDKEHUE TOSLLMHbI
nuTneBoro anekTpoaa ¢ 210 oo 25 MkM npu NoTHOCTSAX Toka paspsiga ot 10 go 20 MA/CM? He okaxeT
BNUSAHMSA Ha 3Ha4YeHusa emkoctn XUT B Lenom, npu 3ToM 3a c4eT ocBoboxaaroLlerocs odobema 3a cyeT
CHUXEHUS TOMLUMHbI NIMTUEBOrO 3MNeKkTpoaa BO3HMKAeT BO3MOXHOCTb yBenuueHus oblien nnowiaau
ANEeKTPOAOB, YTO NO3BOSIUT MOBLICUTbL MOLLHOCTL XUT.

Cnucok nutepatypbl
[1] 7 ©108 1.89r. MopucTbie NUTHUEBLIE 3NEKTPOAbI M UX UCMONb30BAHNE B NUTUEBLIX MCTOYHMKaX Toka. Porous lithium
electrodes and their use in non-aqueous electrochemical cells: Mar. 4780380 CLUA, MKW/* H 01 M 6/16 / Prater K.B.;
Standart Oil Co. (Indiana). — Ne618243, — 3asasn. 07.06.84; Ony6n. 25.10.88; HKN 429/194

[2] NaTenT P® 2135634 «Cnocob v ycTPOMCTBO MarHeTPOHHOTO pachbineHusy»; 27.09.1999/Bacunses B. I,
nateHToobnanatens — CaHkT-leTep6yprckuii rocyapCTBEHHBI TEXHUYECKUIA YHUBEPCUTET.
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UccnepoBaHue aHogHoro matepuana PNbeO2s ancpakumoHHbIMU U
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marenko.andrey@mail.ru

AKTyanbHON 3afa4en 3NeKTPOXUMMYECKOrO MaTepmnanoBeaeHns aBnsaeTca paspaboTka HOBbIX
aHOAHbIX MaTepuanoB Ans  NUTUR-MOHHBLIX  aKKyMyISTOPOB, XapaKTepU3yHLMXCS  BbICOKOW
aKcnnyaTauuoHHoM 6e30nacHOCTbIO U CcTabunbHOCTBIO [1]. [lepcneKkTMBHBIM aHOAHBIM MaTepuanom
aBnsieTcsa crnoxHbi okeng PNbeO2s, TeopeTuyeckast EMKOCTb KOTOPOro npesbiwaeT 250 MA-Y- 1, yto
cooTBeTCcTBYeT MHTepkanauum 12Li* Ha ¢d.e. Kommepumnanuszaumm PNboO2s npenarcrByeT Huskas
KynOHOBCKasi apeKTMBHOCTb, OCODEHHO B HaYarnbHbIX LMKNax 3apsga-paspsaga, NpUYnHbl KOTOPOW He
[0 KOHLa u3ydeHbl. Llenb gaHHon paboTbl COCTOMT B MOMy4YEHUMM aHOAHOrO MaTtepuarna Ha OCHOBe
PNboO25, uccnegoBaHumM ero 3neKkTpOXMMUYECKMX CBOWCTB, a Takke (pa3oBbIX W CTPYKTYPHbIX
npespaLleHnit B npoliecce Li*-(ae)uHTepkansaumm.

Onsa nonyyeHuns obpasuoB PNboO2s ¢ pasnuyHoOn MUKPOCTPYKTYpPON (CpeaHun pasmep 4actul
or 200Hm pgo 10 MKM) wuCnonb3oBaHbl TBepaodasHbil U 30Mb-refle METOAbl CUHTE3a C
gononHutenbHbiM nomonom. Obpasubl oxapakTepu3oBaHbl METOOOM MOPOLLKOBOW PEHTreHOBCKOMW
OndpakumMm U1 CKaHUPYIOWEN 3MEeKTPOHHOM MUKPOCKOMWUW.  YrnepogHoe MOoKpbiTMEe HaHeCceHo
ocaxaeHvneM yrrepofcogepxallero npekypcopa (rmwoko3a, NOMMakpuUimoHUTPUIT) U3 pacTBopa wunu
nyTem nomoria B MfaHEeTapHOW MeNbHULE C rocreaywlwen TepmoobpaboTkon. [lony4veHHble
MaTepuanbl UICCNef0BaHbl B ABYXANIEKTPOOHbIX IMEKTPOXMMMNYECKUX S4Yenkax ¢ meTannmyeckum Li nnm
LiFePOs B KayecTBe nNpOTUBOANEKTpoAa B [AuanasoHe noteHumanoB 1-3 B otH. Li/Lit.
MocnepoBaTtenbHOCTL (ha30BbIX MpPeBpaLleHUn B NpoLecce 3apsifda-paspsiia uccrnegoBaHa MeToaoMm
NMOPOLLKOBON PEHTIEHOBCKOW Andpakumm B pexmnmax operando n ex situ. NonyyeHHble pesynbTaThbl
COMoCTaBrieHbl C operando-AaHHbIMU PEHTTEHOBCKOW CMEKTPOCKONUM NOrnoLweHus. YCTaHOBMEHO, YTO
(oe)uHTepkansuma Li npoTekaeT Yyepes nocneoBatenbHOCTb ABYX(a3HbIX NepexoaoB C NOHMXKEHNEM
cummeTpun. AHanua EXAFS cnekTpoB MO3BOMWM BbISIBUTb [Ba COOTBETCTBYHLMX UM OUCKPETHBIX
coctosiHusa PNbgO2s n onpegenvte napameTpbl OKpY>XeHWs Huobus. [Ons matepwuana, nonyyYyeHHOro
TBEpAOdA3HbIM CMHTE30M C YINepoaHbIM MOKPbITUEM M3 TIHOKO3bl, JOCTUrHyTa obpaTtMMas eMKOCTb
H6onee 220 MA-4-r~! npn kynoHoBckoW adbdekTMBHOCTH, 6Gnnskor k 100%, u coxpaHeHuem 6onee 90%
€MKOCTM Mnocre CTa LMKINOoB 3apsga-paspsga npu nnotHoctv toka 1C.

a) Nb-Nb Nb-0
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PucyHok 1. SkcriepumeHmarbHbie U ModerbHbie @ypbe-mpaHcgopmaHmel operando-EXAFS criekmpos 8
npoyecce 3apsida-paspsida PNbsO2s (a); 3asucumocms eMKOCmU U Ky/I0HO8cKoU aghghekmusHocmu om HoMepa
yukna 0r1s aHoOHo20 Mamepuara Ha ocHose PNbgO2s ¢ HaHeCeHHbIM y2r1epOOHbIM MOKPbIMUeM
(1-3 B omH. Li/Li*, nnomHocme moka 1C) (6).

Cnucok nuteparypbl

[1] Sieffert M., Bazylevych S. Anode Materials for High-Power Lithium-lon Batteries // Annual Review of
Materials Research. 2025. T 55. C. 231-253. DOI: 10.1146/annurev-matsci-080423-115453
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JINTUN-NOHHBIN aKKyMYNATOP «MOrPY>KHOro» Tuna.
BO3MOXHOCTU N NepCNeKTUBDbI

TatbaHa U. Hukonaesa, Mapua A. MapTbiH, Muxaun B. MNTuubiH

OO0 "Hay4yHo-mexHonozauveckul yeHmp "AHK", Cankm-llemepbype, Pocculickass ®edepayusi
ank.info@mail.ru

OcBoeHne MmmHeparnbHbIX pecypcoB MupoBoro okeaHa TpebyeT co3naHust crieumanbHbIX TEXHUHECKUX
CPEeACTB U KOMMIEKCOB, NpeaHa3HayYeHHbIX AN AnUTeNbHOro (yHKLIMOHNMPOBaHMS B YCIOBUSX MOBbLILLEHHOTO
rMapocTaTUYecKkoro AasneHust. o mepe Toro, kak yCroBums aKCrnyaTaLumm Tako TEXHWUKU CTaHOBATCS BCe Bonee
3KCTpeMarbHbIMM, BCe Oorbliuee YMCro NOoABOAHbIX OnepaTtopoB MpUberalT K €€ YaCTUYHOM WM MOSHOW
anekTpumKaumm, YTobbl ONTUMM3MPOBATL 3aTpaTbl M CHU3UTL BO3OEVCTBME HA OKpYXaroLyto cpegy. Poct
noaBOAHON anekTpucmKkaLmmn TpebyeT co3naHns BbICOKOSHEPrOEMKUX akKyMYNATOPHbIX BaTapen, HaoeXHbIX 1
Be3onacHbIxX Npy akcnyaTauyu.

[MpOMBILLEHHO BbINYCKaeMble NUTUA-MOHHBIE aKKyMYMSTOPbl HE paccyUTaHbl Ha KCrnyaTaumio nog
BOAON. Kak npuamaTuyeckue, Tak 1 LMnMHOpUYeCKUe SHenkm coaepkaTt HEKOTOpOe KONMYECTBO BO3yXa BMeCTe
C 3neKTpoJamu BHYTPU XECTKOrO MeTannuyeckoro koprnyca. Korga Bo3gyx CXKMMaeTcs nof OencTBUEM
BHELLIHETO MMapOCTaTUYECKOrO AaBEHNS, KOPMyC AePOPMUPYETCS U paspyLLaeTcs, BbIBOASA 3MIEMEHT 13 CTPOS.
AKKYMyNATOPbl MOXHO MOMECTUTb B FEPMETUYHBIN KOPMYC, PacCYUTaHHbIA Ha BbICOKOE AdaBfeHue, HO 3TO
CO30aéT [OOMNOrHUTENbHBLIE PUCKM, CBA3AHHbIE C HarpeBOM, a TakkKe yBEnuYMBaeT MacCy W CTOMMOCTb
KOHCTPYKLIMK.

HekoTopble NUTUN-UOHHbIE akKyMYNATOpPbI CreLuansHO pa3paboTaHbl Ans NOABOAHOMO NPUMEHEHUST: K
MeTannmmMyeckomy Kopnycy nprBapvBaeTCs CKUMaeMbli cunboH. [pyro BapnaHT — rubkue akkyMynaTopbl B
MSrko oboroyke (pouch-areMeHTbl), KOTOpbIM CUMb)OH He TPebyeTcsi, HO OHWM BCE paBHO MOryT ObITb
MOBPEXOEHbI, €CIN B 000JI04KE OCTAETCS CIULLKOM B0rbLLO 06 BEM HE3aMOSTHEHHOMO BO3ayXa. BomnbLUMHCTBO
NPaKTUYECKN NMPUMEHSIEMbIX aKKyMYITATOPOB — CTaHAAPTHbIE «pouchy» aremeHTbl, KoTopble Obinv 0TobpaHsl,
KBanMuUMpoBaHbl M MNPOTECTUPOBAHbI, 4TOObI rapaHTUpPOBaTb MUWHUMAarbHOE COAepXKaHWe rasa U
3 heKTUBHYHO paboTy B KOHKPETHBIX NOABOAHBLIX YCroBusix [1].

B otnnume ot «pouchy» akkymynsitopoB, paspaboTanHbin HTL, «AHK» norpykHOM IUTUIA-UOHHBIN
aKKyMyrnaTop MMeEEeT MNPOYHbIN MEeTansfMyeckuin KOpryc, 3arofiHAeMbI CreumansHoOM  AManeKTpU4ecKon
XKMOKOCTbBIO, Nepedarollen BHeELIHee mapocTaTMieckoe OaBfeHue Kak Ha BHELLHWE CTEHKW Kopryca, Tak U
BHYTPb akkymynstopa. [mgpoctatndeckoe OdaBreHue nepejaeTcsl BHYTPb KOpryca 4epes KOMMeHcaTop,
YCTaHOBIEHHbIM Ha KpbILLKE akkymynsaTopa [2].

[Morpy>kHOM MUTUA-MOHHBIA aKKyMYMATOp OaHHOro Tuna PakTU4ecku He SIBNSIETCH repMETUYHBIM.
MHepTHas amanekTprieckas XXMOKoCTb 3alUMLLAET SMEKTPOAHBIN BGII0K M SNEKTPONUT OT BO3OENCTBUSA BHELLHEN
atmoccbepbl UM cpeabl U OQHOBPEMEHHO ObecneymBaeT CBODOAHLIN BbIXOM, ra30B B aBApUAHON CUTYaLIMW,
[ernas NUTUIA-NOHHbIN akKyMynaTop B3pbiBOOE30MnacHbIM.

ke " P Y W ¢
; MM,&H ‘Lh""%ﬁ”"‘q)\' "“‘4"';%\2&:\\_}\;}\3‘,_ ==

PucyHok 1. [JuHamuka usmeHeHuli eMkocmu rno2pyxHbix LFP akkyMynsmopos 8 pasfiuyHbIX pexumax u
ycrosusix nposedeHusi 3apsaOHO-paspsIOHbIX Uukios 3a rnepuod ¢ 03.2023 e. no 08.2026 a.

Cnucok nutepatypbl
[1] Woods Hole Oceanographic Institution. A-6500 HOV Battery System Safety Assessment: technical
report [OnekTpoHHbIN pecypc]. URL: https://darchive.mblwhoilibrary.org/handle/1912/554 (nata
obpaLeHus: 2026). P. 43.

[2] MaTeHT Ne217149, 2023 rog.
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AHoAbI ANA NUTUN-UOHHbIX aKKYMYJAATOPOB Ha OCHOBe HaHO-Si n 2D Mxene

Anecs B. MapdeHbeBa, Anekcangp M. PymsaHues, EkatepuHa B. AcTpoBa

@usuko-mexHu4Yeckul uHcmumym um A. B. Mogbgbe PAH, CaHkm-llemepbype, Poccusi
cheal@mail.ioffe.ru

Ona pelwweHua npobnemsl GbICTPON NOTEPU YAENBHOM €MKOCTM M Aerpajauuu anektpoaa Ha
OCHOBe KpeMHus (Si) npegnaraeTcs MCNONb30BaTb HOBLIM KNacc [ABYMEpHbIX MaTepuanos,
HasbiBaeMbln MXenes. Takne coeguHeHWUs NonyyalT MyTEM CENEeKTUBHOIMO TpaBfeHusl arnemeHTa
rpynnbl A n3 ncxogHon MAX-casbl (rge M — nepexogHbii MeTans, A — anemeHT rpynnbl A (Hanp., Al,
Si, Ga, Ge), X — C vnn/u N). briarogaps cBOMM YHMKanbHbIMW CBOMCTBaMU, MXenes MoryT BbICTynaTb
B POfM CBA3YHLLLEro, cnocobHoro obecneunTb He TONMbKO afare3nto K TOKOCHEMHUKY Y MEXaHUYECKYHO
LeNTOCTHOCTb 3M1eKTpoAa, HO N COXPaHUTb BbICOKYIO MPOBOAUMOCTb.

Cpeon CUHTE3MpOBaHHLIX Ha CerogHsIlWHWM OeHb MartepuanoB TisC2Tx obnagaeTr camon
BbICOKOW 3EKTPONPOBOAHOCTLIO M CTabMMbHOCTBbIO UuknupoBaHusa. C nomowbto metoga MILD
(minimally intensive layer delamination) [1] Hamu 6bIn nonyyeH Takon Mxene, nytem TpasneHns MAX-
dasbl (TisAIC2) ¢ HenpsaMbiM ncnonb3oBaHneMm HF, koTtopas obpasyetcsa in situ B cmecu HCI+LIF.
Pa3psaHas emkocTb HeBenuvka ~ 100 MAUY/T (TeopeTudeckas BenuuunHa coctasnseT 320 MAY/r), ogHako
nony4yeHHbln TisC2Tx AEMOHCTPUPYET BbICOKYIO CTabUMbHOCTb NPU LUKNUYECKMX UCMbITaHUAX (Bonee
1300 umknos) [2].
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PucyHok 1. 3asucumocme pa3psadHol eMKocmu om HoMepa yukra O KOMIo3umos ¢ pasHbIM COOMHOWEHUEM
Mx k n-Si (nepecuem Ha maccy Si).

[ns nccnegoBaHns aNEKTPOXMMNYECKMX CBOMCTB KOMMO3WTa € Si anekTpoabl M3roTaBnMBanunch
Mo HaMa3HOWM TEXHOJIOMMN Ha MedHoW onbre, UCNOMb3ysi BOAHY CyCrneH3uto nony4vyeHHoro TisCaTx n
HaHOpa3MepHOro kpemHus (n-Si), B3ATbIX B pasHbIX COOTHOLWEHUSX. MchbiTaHus npoBOAMIUCH B
OBYX9NeKTPOAHbIX siyenkax B guanasoHe HanpskeHun ot 3 B 4o 0.01 B, nnOTHOCTbL TOKa NepBoro Lukna
20 mA/r, nocnegywowmnx 100 mA/r. Takke GbiNU NpoBeAeHbl CKOPOCTHbIE UCMbITAHUSA MNONYyYEeHHbIX
3NeKTPoaOoB. YCTAHOBMEHO, YTO NMpu M3MeHeHun Toka co 100 go 1000 MA/r, yaenbHas eMKoCTb And
obpasua ¢ 6onbinM cogepxkaHnem Si nagaet B 20 pas, a ons obpasua ¢ MeHbLUMM cofepkaHuem Si
BCEro nuwsb B 2,5 pasa.

MepBble MOMyYeHHblE [aHHblE [OEMOHCTPUPYIOT YETKYH 3aBUCUMOCTb CTabWUrbHOCTU
LUUKIMpOBaHus oT konudectea Mxene (puc. 1) n oT Hanuuusa yrnepoga B coctaBe anekTpoga. MHtepec
BbI3bIBAET BbICOKOE 3HayYeHue aheKTMBHOCTM nepBoro uukna (85-87%).

Cnucok nutepatypbl
[1] Naguib M., Kurtoglu M., Presser V., Lu J. et al. Two-dimensional nanocrystals produced by exfoliation of
TisAlC2 // Adv. Mater. 2011, 23, 4248. DOI: 10.1002/adma.201102306

[2] Parfeneva A.V. Ulin V.P., Khrapova E.K. et al. Acceleration of the chemical lamination of TisAlC: crystals
in the presence of chloroauric acid with the formation of 2D MXenes // Materials Science & Engineering
B. 2026. V. 323. P. 118811. DOI: 10.1016/j.mseb.2025.118811
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PaboTta BbinonHeHa npw nogaepxke MuHUcTepcTBa Hayku M Bbicllero obpasoBaHusa Poccuiickon ®efepauum B
pamMkax rocygapcTtBeHHoro 3aganus (npoekt Ne FFUG-2024-0017).
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Cellulose Derived from Miscanthus as Promising Material for Production of
Separators for Electrochemical Energy Storage Devices

Alina A. Perebeinos, Mariia A. Mozyleva, Tatiana B. Medvedeva, Marina V. Lebedeva,
Nikolay V. Gromov, Valentin N. Parmon

Novosibirsk State Technical University, Novosibirsk, Russia
alina.perebeinos@mail.ru

The ever-increasing demand for energy and the widespread use of devices with self-contained
power supplies are driving rapid growth in the production of energy storage devices such as lithium-ion
batteries (LIBs) and supercapacitors (SCs). The growing production of electrochemical energy storage
systems inevitably raises the issue of their disposal at the end of their service life, including the recycling
of their key components, such as separators. Traditionally, their disposal is carried out by incineration,
which is extremely unfavorable for the environment, as the combustion of organic separator materials,
primarily made of synthetic polymers (polyethylene, polypropylene, etc.), causes CO2 emissions. High
environmental risks necessitate the development of new separator materials based on alternative raw
materials to fossil fuels [1]. It is generally recognized that the use of cellulose, a plant-based
polysaccharide, in separator manufacturing offers promising results in terms of environmental safety
and is consistent with sustainable development principles. It has previously been shown that complete
thermal degradation of a polyolefin separator with a molar mass of 100,000 g/mol results in CO2
emissions of 3.1 g/g of polyolefin, compared to 1.6 g/g for a cellulose membrane [2]. Considering that
the same amount of COz2 is absorbed during growth of the plant from which the cellulose is isolated,
carbon dioxide emissions and the carbon footprint of disposal of separators based on this natural
polymer are reduced to virtually zero. Furthermore, due to properties such as good wettability of
cellulose with water and water-based electrolyte solutions, this natural biopolymer is already being used
in industrial separator manufacturing.

This work proposes a method for manufacturing separators based on cellulose isolated from
the "energy crop" miscanthus using various approaches (oxidative delignification and reductive catalytic
fractionation, combined treatment with nitric acid). The isolated miscanthus cellulose samples differed
in the amount of impurities (lignin and hemicelluloses) and degree of polymerization (DP). Cellulose
separators for SCs and cellulose acetate-based composites for LIBs were fabricated from
the obtained celluloses.

The cellulose separators were obtained by phase inversion: 1) from a cellulose (2.5
wt%)/DMAC/LICI mixture, and 2) using [Emim]CIl/ZnCl.. The prepared separators possessed
characteristics comparable to commercial ones. Specifically, porosity ranged from 48 to 65%, thickness
from 18 to 90 um, and electrolyte (1 M Na2S0a) uptake from 44 to 132%. The separators were tested in
a prototype SC housed in a CR2032 coin cell battery using 1 M Na2SOs as the electrolyte (the electrode
was commercial coconut carbon). Cyclic voltammetric curves were obtained (with a potential scan rate
of 10 mV/s). Among the cellulose separators, the sample made from miscanthus cellulose isolated by
oxidative delignification and using [Emim]Cl/ZnClz exhibited the lowest resistance and a typical curve
shape of a semicircle and a sloping Warburg curve, comparable to a commercial separator.

Cellulose acetate-based composites were tested in LIBs. The test data will be presented
in the report.

References
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YrnepogHble aHOAHbIe MaTepuanbl AN rmMopuaHbIX HAaTPUN-UOHHbIX/HAaTpPUN
MeTanIM4yeckux akKkyMynsaTopoB

Onecsa W. MepmuHosa', Mpuropuit M. NakmeHko'2, Oner A. Jpoxckun?2

' Mockoeckutli 2ocydapcmeeHHbil yHusepcumem um. M. B. JllomoHocosa, Mockea, Poccusi
2 CkonkoscKkull uHcmumym Hayku u mexHonoeut, Mockea, Poccusi
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B HacTosilee Bpemsi HabnwgaeTcs aKTMBHOE pPas3BUTME TEXHOMOTMWU  HaTpPUA-UOHHBLIX
aKKyMYJSTOPOB, KOTopble, briarogapsa pacnpocTpaHEeHHOCTU M OCTYMHOCTM HaTpUsl, paccMaTpuBarTCs
KaKk MnepcrnekTUBHas anbTepHaTMBa JIMTUR-MOHHBbIM akkymynatopam. OpfHako wux yaenbHasi
SHEProeMKoCTb YCTynaeT NUTMEBLIM aHanoram. MmbépuaHble HaTPUN-MOHHbLIE/HATPUA-MeTanIMyeckme
cuctembl (anode-less) No3BonNsOT NpeoaoneTb 3TO OrpaHUYeHne 3a CHET OCaXaeHNss MeTanIMyeckoro
HaTpusl Ha YrnepoaHy MaTpuly, 4YTO MoBbiaeT obulyo emkocTb aHoga [1]. OgHako paspaboTka
JaHHOM TexHONnormm cTankuBaeTcd C npobGnemon, CBA3aHHOW C HeaocTaTouHOM 0BpaTMMOCTbIO
NpOLECCOB OCaXAeHUs1 MeTanfM4eckoro HaTpusl, YTO HEraTMBHO CKa3blBAaeTCs Ha MokasaTensix
KyTNOHOBCKOM 3ppeKkTnBHOCTH [2].

B paHHom paboTe wuccneaytoTcs yrrepopHble maTepuarnbl pasnvMyHon mopdonornm ans
onpeneneHns aNeKkTPOXMMUYECKNX XapaKTEPUCTUK, TaKMX Kak EMKOCTb, KyNTOHOBCKas 3(deKTUBHOCTb
N LUMKIMPYEMOCTb. OKCMepuMMeHTarnbHasi 4acTb paboThbl BKIOYania W3roTOBMEHME 3IEKTPOAOB U3
OTOOpaHHbIX YrNepoAHbIX MaTepuanoB, COOPKY 3NEKTPOXMMUYECKMX SYeeK U  MNpoBefeHue
ranbBaHOCTATUYECKOro 3apsiAHO-Pa3psAHOrO LUMKIMPOBaHMS B AMana3oHe NiioTHOCTeN Toka oT 25 o
250 MA/r npu TemnepaTtypax 10, 25 1 50 °C.

Bbinv npoBefeHbl 3MNEKTPOXMMUYECKME WCCMEAOBaAHMS C NPUKNaAbIBAHWEM pPasfMYHOMo
haBneHust Ha anekTpoabl BHyTpM advenkn ot 130 go 390 KlMa. B uensx npegorspalleHns KOPOTKOro
3aMblkaHNUs TECTUPOBANMUChL CIOW CenapaTopOB PasfIMYHOWM TOMLWMHBLI, Y4TO MO3BOMWIO YCTAHOBUTL
B3aUMOCBSI3b paboTbl ANIEKTPOXMMUYECKON AYENKM OT BEMMYMHbBI NPUIOXKEHHOTO OABMNEHUS.

Kpome 3aToro, Obino wuccnegoBaHO BAMsIHAE pasMepa 4vacTul, Ha  SNEeKTPOXMMUYECKue
XapakTepUCTUKN Herpadutusmpyemoro yrrnepoga. [lonydeHHble 3KCNepUMeEHTarnbHble AaHHble
OEMOHCTPUPYIOT YETKYIO 3aBUCUMOCTbL: HadanbHas KyrioHOBckas 3((EKTMBHOCTb MOCrefoBaTeNbHO
Bo3pacTaeT ¢ 82,6% no 85,9% no mepe yBenuueHus pasmepa vactuy ot 0.2 go 1.6.

B xope wuccnepoBaHus ObiO YCTAHOBMEHO, YTO B 3aBUCMMOCTM OT TuMNa YrriepogHoro
mMaTepuana, MCnonb3yemMoro B KayecTBE 3eKTpoda, TemnepaTtypbl OTXuWra u Apyrux napameTpoB
rmbpuaHas cucteMa EMOHCTPUPYET pa3HOE 3MEKTPOXMMUYECKOE NOBEOEHME.

Cnucok nuteparypbl

[1] Shpalter D. et al. Hard carbon anode materials for hybrid sodium-ion/metal batteries with high energy
density //Journal of Power Sources. 2024. T. 624. C. 235547.

[2] Deysher G. et al. Design principles for enabling an anode-free sodium all-solid-state battery //Nature
Energy. 2024 T.9. Ne. 9. C. 1161-1172.

107



NMOCTEPHbIE OOKNAObI POSTER PRESENTATIONS

UccnepoBaHme NOHHOM npoBOAMMOCTUN CMecCeBbIX NOJIMMEePHbIX
ANEeKTPOJINTOB Ha OCHOBE HOHVIBVIHVIHVI,D,GHQ)TOPM,D,a,
nonurnmumngunMeTakpunatTa n nonV|-2-ru.qpoxcu3mnMeTavamaTa

Aptém P. PeBeHkoB, Buktop B. Knumos, Anekcen H. MangaavnH, AnekcaHgp B. Haspoukun

Borneozpadckull 2ocydapcmeeHHbIl mexHudeckul yHueepcumem, Bonzoepad, Poccus
Ar-revi@mail.ru

JInTuR-nonHHbIe akkymynsaTopsl (JINA) 3aHUMalOT JOMUHMPYIOLLEE NOMNOXKEHUE Ha PbIHKE UCTOYHMKOB
TOKa U LUMPOKO MPUMEHSIIOTCA B NOPTATMBHOW 3MNEKTPOHWUKE, 3MEKTPOMOOMUNAX M CUCTEMAaX HaKomnmneHus
aHeprum. Hamnbonee wmpoko pacnpoctpaHeHbl JINA, cogepalliye Xuakue opraHudeckue 3neKTponuThl,
KOTOpble, HECMOTPS Ha BbICOKYHD WOHHYK npoeoauMocTb (1072 Cwm/cm), obnapaloT CyLecTBEHHbIMU
HeJoCTaTkaMU: BbICOKOW FOPHOYECTBIO, CKIOHHOCTBLIO K YTEeYKe, TEPMUYECKON HECTabUMbHOCTLIO U PUCKOM
pocTa AeHOPUTOB NIUTKSA, YTO NPMBOAMUT K KOPOTKOMY 3amblkaHuio [1]. TBEpObIE NONMMEPHbIE 3NEKTPONUTHI
(TM3) paccmaTpmBatloTCs Kak MEPCNEKTMBHAA anbTepHATMBA XXUAKMM: OHU HEroplouMe, UCKIHoYaloT YTeuKy
3MEKTPOonmMTa U COBMECTMMbI C MMTUEBLIMU aHodamn. Hanbonee nsyyeHHbIM nonumepom ans T3 asnsetcs
nonuatuneHokeua (M30), ogHako BCreacTBME BbICOKOW KPUCTaNMMYHOCTU €r0 MOHHAasi MPOBOAMMOCTb NpU
KOMHaTHOW TemnepaType He npesbilaeT 108 Cv/cm, a yaoBNeTBOPUTENBbHBIE XapaKTEPUCTUKN JOCTUrar0TCS
n1wb Npu Temnepatypax Boiwwe 60 °C [2]. 3To orpaHWYMBaET NpaKTUYECKoe NPUMEHEHUE CUCTEM HA OCHOBE
M30 u cTumynmpyeT NOUCK anbTepHATUBHBIX MONMMEPHbBIX MaTPULL.

B paHHoM paboTe uccneayroTcs KBasu-TBEPAbIE CMECEBbIE MONMMEPHbIE AMNEKTPONUTLI HA OCHOBE
nonveuHunuaeHgpTopmaa (MNBOAP) n MeTakpnnoBbIX NONMMMEPOB: nonurnmuumannmMetakpunata (MMMVA) m
nonu-2-rmgpokcmatunmveTtakpunata (MrOMA). [aHHble nonuMeTakpunatbl SIBASOTCA amMopdHbIMKM, YTO
CNOCcOOCTBYET YBENMMYEHMIO CErMEHTasnlbHOW MOOBWXHOCTM Lienel U pOCTy WMOHHOW MPOBOAMMOCTY MpU
KOMHaTHOM Temnepatype. [loMMMo 3TOro, Kakapldi W3  BbIOPaHHbIX  MOMMEPOB  COAEPXUT
aneKTpooTpuLaTensHble (PYHKUMOHANbHbIE TPYNMbl, CMOCODCTBYHOLLME AUCCOLMAUMMA FIUTUEBON CONMU U
KOOpAUHALIMM MOHOB NUTUSE: AnokeuaHble rpynnbl B [NITMA 1 rugpokcuneHble rpynnsl 8 NMTOMA.

B xone paboTkl Bbinm nonyyeHb! KBasu-TBEPAbIE CMECEBbIE NMONMUMEpPHbIE 3NEKTPONUTLI METOAAMM
nuThs 13 pacteopa M in-situ Y®-nonumepusavuen. Hamnyywime nokasaTenu MOHHOW NPOBOAMMOCTU npu 25
°C npoaeMoHcTpupoBanu nnéxku NBAS-—TITMA, nocturHys 3HadeHui nopsigka 1074 Cm/cm npu cogepykaHum
octaTtouHoro pacteoputenst o 30 macc. %. AnekTponuTel Ha ocHose MNBAD-TITOMA un NBOADG-TITOIMA
rnokasanu NpoBoAMMOCTb Ha ypoHe 1075 CM/cM Npu aHanorMyHoM cofepXkaHnm OCTaTOuHOro pacTBOPUTESS.

Uucna nepeHoca kaTuoHa Li*, onpegenéHHble MeToooM nonspu3aumMm MOCTOSHHBIM - TOKOM,
coctaurm 0,45 gnsa cuctembl NBOP-TITMA un 0,56 ana cuctembl NBOD-TITOMA, yto yKkas3biBaeT Ha
NMPeMMyLLECTBEHHO KaTMOHHbIM XapakTep MepeHoca 3apsga WM CBMOETENbCTBYET O  BbIFOQHOM
B3aMMOOENCTBUN MEXOY MOHAMU NIUTUS U NONSAPHBIMU (DYHKLMOHAMNBHBIMU FPyMnammn NonMMEpPHbIX MaTpu,

OnekTpoxummdeckue ucnbltaHus sdveek LiFePOs | NBA®-MNITMA + 50 macc. % LiPFe | Li npu 25 °C
noaTeepauny paboTocnocobHOCTb MOMyYEHHbIX 3NEKTPONUTOB: yaAenbHas paspsaHas EMKOCTb CocTaBuna
154 mAY/r npu C/10, a umknmyeckasa yctondumBocTe — He MeHee 500 umknoB npu 1C 6e3 3HauMTenbLHOM
JerpagjaumMm émKoCTW, YTO CBUAETENLCTBYET O CTAbWUMBHOCTU MeEXEasHbIX rpaHuL, M MeXaHWYeCKown
LIeNOCTHOCTU NIEHKM 3NEKTPOnuTa.

Takum obOpasom, B HacTosilen paboTe paspaboTaHbl KBa3u-TBEPALIE CMECEBbIE MONMMEPHbLIE
anekTpormTbl Ha ocHoee MNBA® 1 meTakpunoebix nonumepos — MNIFMA, NIFOMA. NokasaHo, 4YTo BBeAEHNE
amMopdHbIX MOMNMMETAKPUIATOB C 3MeKTpooTpULaTeNnbHBIMU (OyHKUMOHANBHBIMK rpynnamMy obecneunsaeT
BbICOKYH MOHHYt0 npoeoamnMocTb Ao 10~* Cm/cm npu Temnepartype 25 °C.

Cnucok nutepatypbl
[1] Wang, L. Solid Polymer Electrolyte with Dual Lewis-Acid Filler for Ultra-Stable Lithium Metal Batteries /
L. Wang [et al.] // Advanced Materials. — 2025. — DOI: 10.1002/adma.202501142.

[2] Review on Comparative Study of Solid Polymer Electrolyte Polyethylene Oxide (PEO) Doped with lonic
Liquid / [et al.] // Macromolecular Symposia. — 2024. — Vol. 413, Ne 1. — DOI:
10.1002/masy.202300050.

BnarogapHocTtu
ABTOpbl BriarogapsT KONneKkTns nog pykosoacTsoM npodpeccopa Cepreesa B. M. 3a npoBeaeHve 3KCNepyMeHTOB
psiaa 9aNeKTPOXMMUYECKUX UCCnefoBaHuii u o6cyxaeHus pesynobtaTtos (MIY, kad. BMC).
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NMpuMeHeHne BLICOKOAOHOPHLIX pacTBOpUTENen ANA yny4lleHUsa pa3psagHbIX
XapakTepuUCcTUK NepBUYHbIX NUTUN-pTopyrnepoaHbix XUT

BsiyecnaBs C. CaBuH'2, AnnHa . MHo3eMueBa?

1 ®akynbmem ¢byHOameHmasbHol ¢busuko-xumuyeckol uHxeHepuu, Mockoackuli 2ocydapcmeeHHsbil
yHusepcumem umeHu M. B. JlomoHocosa, Mockea, Poccusi
2 QedeparnbHbill uccriedosamesibCKull ueHmp xumuyeckol ¢pusuku um. H. H. CemeHoea
Poccutickol akademuu Hayk, Mockea, Poccusi

s.v.s.alch@gmail.com

JIntun-cbropyrnepogHbie (LI/CFx) UCTOYHMKM TOkKa XOpOLO M3BECTHblI Grarogapst BbICOKOMW
TEOpPETUYECKON EMKOCTHW, NITOCKON pa3psaHON KPMBOW M LLUMPOKOMY AuanasoHy paboumx TemnepaTyp.
OHKM HaxogAT NpUMMEHEeHWe B Takux obnacTax, Kak MeAMUMHCKas 3MEeKTPOHMKA, BOEHHas TeXHMKa U
KOCMMYecKass oTpacib, rge npegbsaBrsioTCS BbICOKME TpebOoBaHUS K MIIOTHOCTU 3HEpPrv U
©esonacHoctn. OgHako, OCHOBHbIMK NMpobrieMamu cuctembl Li/CFx SABNSOTCS HM3Kasi 3NEKTpOoHHas
NpPOBOAMMOCTb KaTOOHOrO Martepuana u cuna cBssu yrrepoga ¢ hTOpoM, YTO NPUBOAUT K CUIbHOW
nonspusanmm N K CyLLeCTBEHHOMY CHWXKEHUIO pabovero HanpsikeHUss OTHOCUTENBHO TEOPETUYECKOTO
3Ha4YeHus, a Tawkke YXYOLIEHMIO XapaKTEPUCTUK MpU BBLICOKMX TOKax paspsiga. Takum obpasom,
paspaboTka 3pEeKTMBHLIX CMNOCOOOB MOBLILEHUS Pa3PSALHOrO HarnpshKEHUsT MpU  COXPaHeHUn
KMOYEBbIX NPEVMYLLECTB SBMSETCS MpUopuTeTHOM 3apadven. Hambonee 3KOHOMWYHBIM MOAXOAOM
cuMTaeTcs oNTUMU3aLms cCoCcTaBa MekTponuTa, YTobbl MOHN3MTL 3HEPIUI0 CBA3U dhTopa C Yriepoaom
M TEM CaMbIM MOBLICUTb paboyee HanpsXXeHne Npu BbLICOKMX TOKax paspsaa.

B nutepatype Obinn npencTaBrneHbl CBUAETENbCTBA TOrO, YTO YBENWYEHWE [OOHOPHOCTU
pacTBOpuTENS MOBbILLAET CpegHee HamnpshkeHve npu pas3psge, OAdHako, Takas Koppensuus
HabniogaeTca He OnNs Bcex pacTBopuTenen. B Hactosiwen pabote Mbl uccnegyem paspsigHble
xapaktepuctukn Li/CFx anemeHTOB, cogepxawme B COCTaBe 9nekTponuTa cnegylouue
BbICOKOJOHOPHbIE pacTBopuTENM: N,N'-gumeTunnponunneHmoyesuHa (DN=38),
1-metTunumunaason (DN=33), 1,3-gumeTun-2-ummaasonuanHoH (DN=27). [Ins aaHHbIX pacTBOpuTEnen
ObINM nccnegoBaHbl 3aBMCMMOCTU paboyero HanpsiKeHus OT LOHOPHOMO Yucrna v gpyrux napameTpos,
TaKMx Kak MpoBOAMMOCTb, YACNO nepeHoca no Li* u sHeprus conbBatauuu Li*. Beino nokasaHo, 4to
MCMNOMb30BaHNe BbICOKOAOHOPHBIX PacTBOPUTENEN B COCTaBE 3NIEKTPONUTa MO3BOMSET MOBLICUTH
paboyee HanpsikeHue ¢ 2.5 B (B 3neKTponnTe Ha OCHOBE YMCTOro nponuneHkapboHarta) go 2.7-2.8 B.
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MccnepoBaHue BNUsiHUs cofepXaHUA GMHAEPOB Ha 3NIEKTPOXUMMUYECKUE U
3KcnnyaTauMoOHHbIe XapaKTePUCTUKN aHOAOB NMUTUN-MOHHbIX aKKYMYNATOPOB C
CUNULUMPOBaAHHbIM rpad)MTOM B KayecTBe aKTUBHOro maTtepuana

Cepren [1. Cyrno6os’, lapbs A. CemeHeHKo2, EneHa B. AnekceeBa?

" HIMO «lNpommexHonumy, CaHkm-llemepbype, Poccus
2 UIHiemumym xumuu, CaHkm-lNemep6ypackull 2ocydapcmeeHHbIl yHUeepcumem,
CaHkm-lNemepbype, Poccus

s.suglobov@promtechnolit.ru

VMcnonb3oBaHme KpeMHUA-rpacpUTOBbIX KOMMNO3UTHBIX aHOO0B OTKPbIBAET NEPCNEeKTUBHbLIN NYTb
K pa3paboTke NUTUI-NOHHBLIX BaTapel ¢ bonee BbICOKON NNOTHOCTLIO 3Heprumn. OgHaKo reTeporeHHOCTb
npoLeccoB 3apsifja-paspsigia W 3HaunTenbHoe OObEMHOe pacluMpeHue KpeMHus cos3garoT
CYLLECTBEHHbIE MPENnATCTBUA Ha MYTU K MPaKTUYECKOMY WUCNONb30BaHW Takux cuctem. OpgHa u3
3(pPEKTUBHBIX CTpaTErMin NOBbILWEHUS CTabUNBbHOCTM 3TUX 3NEKTPOAOB 3aKMNioYaeTcsl B ONTUMU3aLmm
MX COCTaBa, B YaCTHOCTU TWMNa 1 COAEP>KaHWs CBA3YHOLLMX MaTepuarnos.

B paHHOM mccnegoBaHMy M3yyanochb ANEKTPOXMMMUYECKOe NOBeAeHUEe KPpeMHUCOAepKaLLmX
KOMMO3WTHbIX aHOAOB B 3aBUCUMOCTM OT cOCTaBa cBssyowero. cnone3oBanacb TponHasi cuctema
CBSA3YHLMX, CocTosWasa u3 kapookcumetunuenntonosbl (CMC-Na), nonuakpunarta nutns (PAA-Li) n
OytagmneH-ctuponsHoro kaydyka (SBR), npm a3TOoM cogepxaHue nepBbIX [ABYX KOMMOHEHTOB
BapbUpOBanocCh And OLEHKN ero BIIMSHUSA Ha XapakTepUCTUKM ANeKkTpoaa.

Bbinn OueHeHbl KMYeBble 3NEKTPOXUMUYECKUME XapaKTePUCTUKW, BKIKOYas KYNOHOBCKYHO
3(pPeKkTBHOCTL U yAEeNbHYI0 €MKOCTb B YCMOBUSAX ranbBaHOCTATUYECKOro 3apsifa-paspsiga npu
pasnuuHbiX ToKax. [lonroBpemMeHHas CTabunbHOCTb 3JNEKTPOAOB MpM  3KCInyaTauum Takke
oueHVBanacb onpegeneHMemM COXPaHEeHWst eMKOCTU MpU ANUTENbHOM LUMKITMPOBaHWM C MOCTOSHHOWN
CKOpOCTbIO 3apsga-paspsga. Kpome Toro, Kaxylimecs kKoapduumeHTsl anddysmm MOHOB NUTUA U
nonsipusaLMoHHOe NMOBEAEHUE aHaNM3MpoBanucb C UCMOMb30BaHMEM METOAa rarlbBaHOCTaTUYECKOro
npepbiBUCTOr0 TUTpoBaHusa (GITT), 4TO MO3BONMIO MNOMNYyYUTbL OOMOSHUTESBHYK MHOPMaUuUo o
KMHETWKE 3NeKTPOOHbIX NPOLIECCOB.

PesynbTatbl MokasbiBalOT, YTO COCTaB CBA3YHOLEro BellecTBa OKasblBaeT 3HaYUTENbHOe
BNUSAHME Ha CTabUNbLHOCTL 3NeKTpoaa U MOHHbIN TpaHCnopT. XOTH NofnyYeHHble pe3ynbTaTbl OTHOCATCH
K MaTtepuanam, Ucnonb3oBaHHbIM B JaHHOW paboTe, uccnegoBaHme yCctaHaBnNuBaeT NPakTUYECKUn n
cucTemMaTMYeCcKUn Noaxod K onTMMM3auuMM cocTaBa 3MekTpoaoB. JTa MeToaoriorns MoOXeT ObiTb
npuMeHeHa AN onNTUMU3auum cocTaBa uUcnonb3yemMoro 6GuHaepa Ha OCHOBE MMeEIOLLEerocsi Ha
Npon3BOACTBE Cbipbsl, YTO crnocobcTByeT paspaboTke 6Goree HageXHbIX U BbICOKOI(PEKTUBHBLIX
3NEeKTPOaOoB.
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In-depth analysis of commercially available sodium-ion batteries
Mikhail Yu. Tashlanov, Anatoly S. Volkov, Maria V. Makarova, Stanislav S. Fedotov

Skolkovo Institute of Science and Technology, Moscow, Russia
m.tashlanov@skoltech.ru

In recent years, the fundamental research and development of sodium-ion batteries have been
complemented by the transfer of this technology into the real market with an emphasis on large-scale
applications (grid energy systems, freight and passenger transport, and so on). Although a significant
number of manufacturers are introducing their products to this market, independent tests and
comparison of such sodium-ion batteries is currently limited to a few studies [1—4]. In addition, important
aspects of sodium-ion battery performance at low temperatures and cell behavior during discharge and
further storage at 0 V are often omitted in abovementioned works. Therefore, comprehensive
characterization of commercial sodium-ion batteries remains a pressing task now.

The report will present the results on reverse-engineering a series of 18650, 32700, 32140
cylindrical and 7 Ah pouch-type sodium-ion battery cells produced under the number of brands (HiNa,
Hakadi, LiitoKala, Selian Energy, VariCore, and others). Crystal structures, chemical composition, and
morphology of the electrode materials recovered from these cells were studied and juxtaposed. It was
found that most manufacturers of cylindrical cells prefer O3-type NaNivsFe13Mn1302 layered oxides as
the cathode material, while polyanionic compounds (e.g., NasFe3(PQO4)2(P207)) or Prussian blue
analogues are much less common. Scanning electron microscopy revealed that the particles of layered
oxide cathodes have either spherical morphology with monomodal or bimodal distribution in the
electrodes, or a so-called “single-crystal” morphology, while the plate-like irregular particles are typical
for all hard carbon anodes. In addition, doping and/or surface coating with alkaline-earth and some other
elements were observed for the layered oxides. Long-term and rate performance tests were carried out
to estimate key electrochemical characteristics and assess compliance with the parameters declared by
the manufacturer. Moreover, cells’ performance under low-temperature conditions were correlated with
the electrolytes’ formulations from the NMR spectroscopy data. As for the latter, organic carbonates
both cyclic and linear are proved to act as the main solvents in electrolytes, while the main differences
lie in the additives.

In the talk, details of the cells’ reverse-engineering will be presented to compile the
understanding of the current state-of-the-art sodium-ion battery technology and market.

References
[1] He M. et al. Assessment of the first commercial Prussian blue based sodium-ion battery // Journal of
Power Sources. 2022. T. 548. C. 232036.
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drop-in potential // Cell Reports Physical Science. 2024. T. 5. Ne 5. C. 101945.
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NMocnepoBaTtenbHOE U3BrNevYeHUe NUTUSA, MapraHua u kobanbta us pacrtesopa
BblWwenaymBaHmAa oTpaboTaHHbIx JIMA, nony4yeHHoro
C UCMOJNIb30OBaHUEM JIMMOHHOMN KUCNOTbI

Bacunuin A. Tpounukmin®2, Anekcerr C. byaHukos2. PomaH P. Jlorunos!, Omutpuii KO. ByTbinbckuin,
HuHa B. CmupHoBa?

1 [Tabopamopusi CospeMeHHbIe rTumuesble MmexHoIo2auu,
KybaHckuti 2ocydapcmeeHHbIl yHusepcumem, KpacHodap, Poccusi
2 IOxHo-Pocculickuli eocydapcmeeHHbil nonumexHudeckuli yHusepcumem (HI)
umeHu M. U. MNnamoea, Hosouepkacck, Poccus

[5] troiczkij. 1999@mail.ru

MepepaboTka NUTUN-MOHHBIX akkymynaTopoB (JIMA) — BaxHaa 3KOHOMMYEcKas U
akonorudeckas 3agada. lNupomeTtannypruyeckme MeToabl HENPUMEHUMbI B CriyYyae N3BMeYeHns NnuTus,
a Knaccuyeckne rmgpomeTannypruyeckue Metoabl (BblllienaymBaHne HeopraHMYeCcKMMmn KMcnoTamm ¢
OoCaxAeHeM) co30at0T BbICOKYH 9KONOMMYECKYIo Harpy3ky. AnbTepHaTUBOM ABNAOTCHA Ge3peareHTHble
MeMbpaHHble MeToAbl pa3geneHus (anekTpobapomeMbpaHHbI, CenekTUBHbIN anekTpoananus) [1, 2].
Mcnonb3oBaHne opraHMYecKknx KUCIoT (JIMMOHHOW, LLaBerieBon, MypaBbUHOWM) AN BbllenaynBaHus
katogoB NMC no3BonsieT NpMMEHSATb KIacCUYEeCKUn 3NeKTpoananma, Tak kak obpasytoTcs aHUMOHHbIEe
komnnekcbl Ni, Co u Mn, He B3aumopgencTsywowme ¢ Li*. JIuMoOHHas kucrnoTta npegnodTuTenbHa
Onarogaps 6GuopasnaraeMocTu, 3KOMOrMYHOCTU N HU3KoW ctommocTy [3]. B paboTe [2] knaccuyecknm
anekTpoamanusom nssnedyeHo 6onee 70% nuTus, ogHako B pacTBope ocTaroTcs LieHHble MoHbl Ni, Co
n Mn. Lenb paboTbl — uccnegoBaHve onTuMarnbHbIX 3Ha4YeHMM pH Ans nosTanHoro mssneyeHust
aHWoHHbIX komnnekcoB Co, Ni u Mn anektpoananusom. [nsi 3TOr0 UCNOMb30BaH NPOrpamMMHbIN

komnnekc Medusa-Hydra. Ha pucyHke 1 npeacraBneHsl pacnpegeneHnst fonen coeanHeHn mapradua
1 KkobanbTa B IMMOHHOW KMCNOTE B 3aBUCUMOCTU OT pH.

[Mn?*]op = 250.00 mM 1= 5.500 M a) [Mn?*];op = 250.00 mM 1=5.500 M 6)
[Co**]pop = 250.00 mM [cit*Tpor = 1.00 M [Co**]1op = 250.00 mM [cit?]por = 1.00 M
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e PucyHok 1. [Juazpammbl pacnpedeneHuli coeduHeHuld Mn?*(a) u Co?*(6) & numorHol kucriome npu 25°C

CornacHo pucyHky 1, npu pH = 3 uuTtpaT mapraHua u uutpat kobanbta 3(dEKTUBHO
pasgensalTcsa: nepBbli HAXOAUTCA B BMAE aHWOHHOrO KOMIMIeEKca, BTOPON — B BUAE HeUTparibHON
Mornekynbl. Takum ob6pa3om, NpoLeCC MNO3BONUT CHU3UTb MNOTEHLMANBHYIO SKONTOTMYECKY0 Harpy3Ky 3a
CYET 3aMeHbl HEOPraHU4eCcKMX KUCIOT OpraHMYECcKMMM M nepexoda OT peareHTHOro OCaXAEHUsl K
MeMOpaHHbIM MeToAam.

Cnucok nutepatypbl

[1] Troitskiy V. A., Pasechnaya E. L., Smirnova N. V., Apel P. Y., Butylskii D. Y. Lithium recycling from
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electrobaromembrane method // J. Water Process Eng. 2024. T. 66. C. 105919.

DOI: 10.1016/j.jwpe.2024.105919

[2] Badre-Eddine S., Muhr L., Chagnes A. Innovative Integration of Citric Acid Leaching and Electrodialysis
for Selective Lithium Recovery from NMC Cathode Material //Metals. 2025. T. 15. Ne. 6. C. 598.

DOI: 10.3390/met15060598

[3] Gerold E., Schinnerl C., Antrekowitsch H. Critical evaluation of the potential of organic acids for the

environmentally friendly recycling of spent lithium-ion batteries //Recycling. 2022. T. 7. Ne. 1. C. 4.
DOI: 10.3390/recycling7010004
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112



NMOCTEPHbIE OOKNAObI POSTER PRESENTATIONS

MpumeHeHMne 3a(hUpPHbLIX INEKTPONUTOB AN obecneyeHns paboThbl
LefibHOMeTanMM4Yeckoro BUCMyTOBOIro aHOAA B IMTUMA-MOHHbIX aKKyMynsiTopax

Anekcanap A. XusbynnuH, MpuHa B. KytoBasi, Onbra W. LLiImatoBa

CkornkoecKkul uHcmumym Hayku u mexHorsnoeaud, Mockea, Poccusi
Alexander.Hizbullin@skoltech.ru

CoBpemMeHHble ycTponcTBa TPebyloT KOMMAKTHbIX M AOMArOBEYHbIX WMCTOYHUKOB MUTaHWUS C
BbICOKOM OOBLEMHOW W yOENbHOW SHEProéMKOCTbI. JIMTUN-MOHHbIE aKKYMYMSTOPbl  NUAUPYIOT
©narogaps BbICOKOW MMAOTHOCTM SHEPrum, HO UX XapaKTepUCTUK yxe HepocTaTodyHo. Metannbl —
nepcnekTMBHbIE aHOAHble MaTepwuarnbl Onarogapsi BbICOKOM MAOTHOCTU U TEOPETMYECKOW EMKOCTU
(385 MA'y'r™" ons BucmyTa, 994 ons onosa, 3860 gns nutusa) npotue rpaguta (372 MA-Y-TT).
[MNoTHOCTL MeTannoB [aéT BbIUrpbill B OOBLEMHOW 3HEPrOEMKOCTU, BaXKHbIA ANs MUHUATIOPHbIX
yctponcte. OOHAKo Ha npakTvke WM MelawT cuibHoe OOBbEMHOE pacluvMpeHue, paspylueHue
CTPYKTYpbl 1 noTeps 3ppekTUBHOCTH, YTO TpebyeT HaHOCTPYKTypupoBaHusa [1], komno3utoB [2] u
TwaTenbHOro Bblbopa anekTponuTa, cTabunuaupylowero rpaHuly MeTann/anektponut. PaHee
3UpHbIE 3ANEKTPONNUTLI MoKasanu MHoroobelatolwme pesyneTaTthl B s4enkax Bi||LiFePOs4 [3].

B gaHHom paboTe BMCMYyTOBbIE aHOAbI, MOJTYYEHHbIE (PU3NHECKMM OCaKAEHMEM U3 ra3oBOW
da3bl (0e3 cBsA3yOWMX M npoBoaawmnx [obaeok), Obinm obbeamHeHbl ¢ katogamu LiFePOs ¢
NCNosb30BaHUEM HOBOW 3OUPHOW SNEeKTPONUTHOM cucTeMsl. Averiku Tuna «pouch-cell» ¢ kommepyeckm
3HAYUMMOW MacCOBOW 3arpy3kor MPOAEMOHCTPMPOBAnM OTIIMYHYK LMKIIMYECKYID CTabuIbHOCTb:
cpenHas KynoHoBckasa addekTmBHOCTb 99,9% un coxpaHeHue okono 90% émkoctn nocrnie 380 yuknos
(Puc. 1). Cnuctema pabotaeT ¢ LeNbHbIM MeTannImMyecknMm aHoaoM, AEeMOHCTPUpYS noTeHuuan ans
YNPOLLEHHBIX apXUTEKTYP 3ANeKTpoaoB. XOTA AeTanbHble MeXxaHu3Mbl HabniogaemMon ctabunbHOCTU
TpebyloT ganbHenwero m3ydeHusi, NpefcTaBfeHHble pes3ynbTaTbl AalT LEHHYH MHdopmaumio o
noBeeHMM BUCMYTOBbIX aHoAoB. [1poaeMOHCTpUpOBaHHble CTabunbHble XapakTepPUCTUKU C
YNPOLLEHHOW apXUTEKTYPO NOAYEPKNBAIOT NOTEHLMAN BUCMYTa 45151 CO34aHMS BbICOKOIHEPreTUYeCKnx
NUTUAR-MOHHBIX aKKyMyMSiTOPOB CrieyHoLLIEro NOKOMNeHus.
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PucyHok 1. Snekmpoxumuyeckue xapakmepucmuku ssqeek Bil|LFP (400 MA-4) ¢ HO8bIM 3¢bUpHBIM
anekmponumom & duara3oHe HanpsixeHul 2,2—3,0 B: coxpaHeHue ydesnbHoU pa3psadHol eMKocmu 8 pexume
3apsida/paspsada 0,5C/0,5C (c mpems npedsapumenbsHbiMu yuknamu nipu 0,1C) u coomeemcmsyrowjue
KyrnoHogckue aghghekmugHocmu.

Cnucok nutepatypbl

[1] Chen J. n ap. Electrolyte design for LiF-rich solid—electrolyte interfaces to enable high-performance
microsized alloy anodes for batteries // Nature Energy. 2020. T. 5. Ne 5. C. 386-397. DOI:
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[2] Zhu D. v gp. Bismuth anode engineering for tomorrow’s batteries: A review of cutting-edge strategies //
Energy Storage Materials. 2025. T. 75. C. 103978.] DOI: 10.1016/j.ensm.2024.103978.

[3] Sadan M. K. n gp. Extended cycling performance of micron-sized bismuth anodes for lithium-ion
batteries: self-healing of an alloy-type anode for lithium batteries // Journal of Materials Chemistry A.
2023. T. 11. Ne 28. C. 15466—15474. DOI: 10.1039/d3ta00712j.
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NMony4yeHne n cBoMCTBa NONIMMEPHbIX OPraHUYeCcKMUX asporenen

Enena E. Wesenesa, Bnagumup I'. NMumeHos, Anekcen M. Caxapos

®edeparnbHoe eocydapcmeeHHoe 6rdxemHoe yupexx0eHuUe HayKku MIHcmumym opeaHu4eckol Xumuu
um. H. [. 3enuHckozo Pocculickol akademuu Hayk (MOX PAH), Mockea, Poccusi

sheveleva@ioc.ac.ru

OpraHuyeckue MNONMMEpPHbIE a3porenn sIBNSTCA HOBLIM KIACCOM MOMMMEPHbLIX MOPUCTbIX
MaTepuarnoB, LUMPOKO MPUMEHSIEMbIX B Pa3fIMYHbIX OTPacrsX HaykM M TEXHWKU Kak COpPOEHTbI,
MOZenbHbIE MOPUCTbIE CPeabl, CYyNEePKOHAEHCATOPbI, ANIEMEHTbI aKyCTUYECKUX YCTPOMCTB, Na3epHble
mMueHn. B nabopatopumn paspaboTaHbl METOALI NPUTOTOBIIEHMS a3porenen pasnmMyHon XMMUYECKON
npvpoabl C WCMOSb30BaHMEM 30Jib-feflb TEXHONOrmn. JTO CTaHZapTHbIM Cnocod dopMupoBaHUs
N30MMPOBaHHOM MONIMMEPHON MaTpuLbl, 3akoYalLWUncs B MNPUrOTOBINEHMM Fens-npekypcopa Ha
nepBon CTagum u yaaneHun Xungkon gasbl 4BYXKOMMNOHEHTHOW CUCTEMbI MONIMMEP-PacTBOPUTESTb Ha
BTOpON. YpaneHwe pacTBOPUTENS  OCYLIECTBRSANW METOAOM  CBEPXKPUTUYECKOW CYLWKN C
ucnons3osaHnem CO2. lenn nepBoro TunNa (XMMWYECKME Trenu) ToTOBUNM B XO4Ee CUHTEe3a
OuaHodopManberMgHoro wnu  pesopuunHdopManeaeruaHoro nonMMepoB, renu BTOPOro  Tuna
(cbusmyeckme renun) nonyyanu Npu NCNONb30BaHWN PAacTBOPOB NONUCTUPONA, TpMaLeTaTa Lennonossol,
OeViTepononuatuneHa, NonMBnHUNMaeHdgTopraa.

Mony4yeHbl asporenu u3 gertepononuatuneHa (NnotHocTb 20+200 mr/cm3) B TOM uucne ¢
cofepXaHveM KnacTepoB Xenes3a B asporeneBomM maTtepuane oo 5 mac. %, asporeny Ha OCHOBe
TpuauetaTa uennonossl (TAL), a Takke HanonHeHHble knactepamn megun (8o 10% macc. Cu) wnm
xnopuvpoBaHHblie (4o 20% macc. Cl). MNpurotoeneHsl asporeny us nonuemHunugeHdTopuaa (MNBOP), a
Tarke n3 NBOP ¢ gpobaskamn okcuaa rpadeHa B konudectee 2,24—-17,6 mac. %. NokasaHo, 4To npwu
YaCTUYHOM OernapodTOpUMPOBaHNM CUHTE3UPOBAHHOIO rensd yAaenbHas Mnowadb MOBEpPXHOCTU
asporensi NoNMBUHUNMAEHMTOPMAA U KOMOMHMPOBAHHBLIX asporenen yasameaeTcs n gocturaet 114,73
£+ 1,11 M2 n 94,61 £ 0,74 M2 coOTBETCTBEHHO (OCcTaTo4YHOE coAepaHuwe Topa nocne
aermapodptopmpoBaHus gocturaet 27%). B wwupokom auanasoHe nnotHocten (13+200 mr/cmd)
nony4yeHbl asporeny Ha ocHoBe AnaHodopmansaernaHoro nonumepa [1]. OcobeHHOCTbI0 Takoro Tuna
asporenen sBnseTca WX CNOCOBHOCTb K kKapboHM3auuw, yBenuuMBalwLllen nnowanb yaenbHON
rnoBepxHocTn o 680 M2/, YTo cBSA3aHO C 3PIEKTUBHBIM BbIFOPAHMEM YacTW MONIMMEPHOro Kapkaca
neHbl 1 POPMUPOBAHUSA B HEM Pa3BMTOrO MMKPOMOPOBOrO NPOCTPaHCTBA.

MeTogamu ctaTtuyeckoro u anHammuveckoro paccesiHns ceeta (CPC u [IPC), ckaHupytowen n
NPOCBEYMBAIOLLEN  3MEKTPOHHOM  Mukpockornum (COM  wun  TIOM) mn3y4veHbl 3aKOHOMEPHOCTU
hOopMMpPOBaHUS TPEXMEPHOM NOMMMEPHOW CETKN B pacTBOPE, NCCNeaoBaHO CTpoeHne obpasytoLmxcs

S, ’ fS A i
16) o) R

PucyHok 1. Cmpykmypa aspoeenel: a) us lNBA®; 6) Ha ocHose AelimepononuamurieHa; 8) Ha OCHoge
OuaHoghopmarnbOeaudHo2o nonumepa; 2) Ha ocHose TAL| ¢ dobaskamu Cu.
Bapbupyst xumu4eckuin coctas, pasMmep nop, NOpUCToCTb, YAENbHYIO NOBEPXHOCTb, MOTHOCTb
asporerneu, BO3MOXHO peLlaTb cneunduryeckne 3agayum nx UCNonb30BaHUS.

Cnucok nutepatypbl
[1] Mumenos, B. I., Weeenesa E. E., Caxapos A. M., Mukynux A. M., PenuH W. B., Cenemup B. . Cnoco6
Nnony4YeHUs1 OpraHNYeCKoro renst Ha ocHoBe hEHONBHOro COeAUHEHNS 1 cnocob nony4YeHust
opraHunyeckon netsbl. MaTt. 2565209 Poc. Pepepaums. 2015.
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Komno3utbl Ha ocHoBe Sn4P3 B KayecTBe maTepuana aHoaa
NINTUM-UOHHOM baTapeun

Anekcangpa B. LesentoxuHa', Enena 0. Ban', TatbsiHa 1. CylwikoBa?,
anuHa B. CemeHoBa?, Buktopus B. JlapuHa’

' Banmutckuli gpedeparnbHbil yHUBepcumem umeHu UmmaHyuna Kanma, KanuHuHepad, Poccusi
2 BopoHexckuli 2ocydapcmeeHHblll yHusepcumem, BopoHex, Poccusi

alexandrashevelyuhina@yandex.ru

B HacTosiee Bpems 0cobbii MHTEpec NpeAcTaBnsieT npuMeHeHue ¢ocdmaoB onosa B
KayecTBe aHOOHbIX MaTepMarnoB NUTUIA-MOHHLIX BaTapei. YncTble pochmabl onoBa He NPUMEHNMbI Kak
9NeKTPOAHbIA MaTepuarn, YTo CBSI3aHO C AeHOpuTooOpasoBaHWeM B Mpoluecce 3apsiga/paspsiga, u
cneacTBMeM 3TOro SBMsieTcs paclwmpeHue aHoaa 6atapeu [1]. Takon HeraTuBHbIA 3(PEEKT MOXHO
n3bexaTb ecrnv NPUMEHSTb KOMMNO3MTHLIE MaTepuanbl Ha OCHoBe hochmaoB onosa u rpadura. Lenb
HaCTOSILLLEr0 UCCrefoBaHUs — U3roTOBIIEHME KOMMO3UTHOMO mMatepuana Ha ocHoBe docduaa onosa
Sn4P3 u rpacuTa, a Takke nccnegoBaHe ero 3NeKTPOXMMMUYECKNX CBONCTB [2].

B xone paboTbl HaMu BGbINO YCTAHOBMNEHO, YTO MNPOCTOE MeXaHu4yeckoe cMmelleHne gocduaa
oroBa 1 rpaduT He NO3BONSIET AOCTMYb OXUAAEMbIX pPe3ynbTaToB, MO3TOMY B HacTosien paboTte mbl
NMPUMEHSANN OCHOBbI METOAMKM XMOKOCTHOWM 3KConmauum, Kotopas XopoLwo n3BecTHa ans rpadwura
[3]. B pamkax HacTosiLero akcnepumeHTa Obinn NPUroTOBIEHbI ABa komno3suTa: SnsP3-C (C-rpacur
Mapkun AGP-2) (cooTHoweHue 1:2 no macce) B N-meTun-2-nupponuaoHe u SnsP3-C (cooTHoweHne 1:2
no macce) B gumetundopmammuae. KoHueHTpaumsi nonyyaembix pactBopoB coctaenseT 1 r/mn. Oba
obpasua ob6paboTaHbl yNbTPasByKOBbLIM 30HAOM B UMMYIbCHOM pexume (BKM./BbIkM. 6¢/4C) B TedeHne
1 yaca. YnbTpa3sBykoBasi 06paboTka No3BOMsieT YBENMYUTL LLEPOXOBATOCTb U CIIOUCTOCTb UCXOAHbIX
mMaTepuanoB. Cyxue KpucTannmyeckme NopoLLKM KOMNO3UTOB MCMNOSb30Banu A4S M3roToBeHUs aHoda
NUTUA-MOHHON GaTapen MoHeTHoro Tuna. Mo nepBomy UMKNY 3apsaa/paspsga NoslyYeHHble
KOMMO3UTHbIE MaTepuanbl nokasbiBaloT eMkocTb 6onee 250 mA-y/r. K koHuy 50 umkna npu 2,5 B
eMKocTb cHmkaeTca 4o 100 mA-u/r. CTpykTypa KOMNO3uTOB UccregoBaHa metogamm COM u EDX. lNo
faHHbiM COM-EDX u kapTupoBaHMs Mbl npegnonaraeMm Hanvyune BaH-Aep-BaanbCOBOW CBA3U B
komnoaunte Sns4Ps-C.

MonyyeHHble pe3ynbTaTbl MOKa3bIBAOT, YTO MeToA 06paboTKM ynbTpa3ByKOM MPUMEHUM AONsi
KOMMO3UTHbIX MaTepuanoB SnsP3-C, a camun maTepuarnbl SBASTCS MHOroobellawmmMm oobekTamu,
KOTOpble BO3MOXHO MPUMEHSITb HE TONBbKO B NUTUR-MOHHBLIX OaTtapesix, HO U B HATPUNA-UOHHbIX
akkymynsaTopax [2]. C uenbio yBenmM4YeHnss EMKOCTM MoslydaeMbix MaTepuanos, HE0OX0OANMMO BHECEHMWE
He3HaYMTENbHbIX UBMEHEHWI B METOANKY MX 06paboTku.

Cnucok nutepatypbl
[1] Cabana J., Monconduit L., Larcher D., Palacin M. R. Beyond intercalation-based Li-ion batteries: The
state of the art and challenges of electrode materials reacting through conversion reactions// Advanced
Materials. 2010. V. 22. P. 170-192. DOI: 10.1002/adma.201000717.

[2] Zhao W. Ma X., Gao L., Li Y. et all. Engineering carbon-nanochain concatenated hollow Sn4P3
nanospheres architectures as ultrastable and high-rate anode materials for sodium ion batteries// Carbon
N. Y. 2020. P. 167. DOI:10.1016/j.carbon.2020.06.050.

[3] Tian, R. Griffin, A., McCrystall, M., et al. Liquid Exfoliated SnP3 Nanosheets for Very High Areal Capacity
Lithium-lon Batteries// Advanced Energy Materials. 2021, V. 11. 2002364.DOI:10.1002/aenm.202002364

BnarogapHocTu
MccneposaHve BbINONHEHO Npu UHAHCOBOW nopaepxke Poccuiickoro HayyHoro goHga B paMKax HayyYHOro
npoekTa Ne 25-72-31032.
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Effect of Ni and Fe redox transformations on electrochemical properties of
03-NaFe1xyNixMnyO2 materials as cathodes for Na-ion batteries

Vitalii A. Shevchenko?, Oleg A. Drozhzhin', Evgeny V. Antipov'?2

" Faculty of Chemistry, M. V. Lomonosov Moscow State University, Moscow, Russia
2 Center for Energy Science and Technology, Skolkovo Institute of Science and Technology,
Moscow, Russia

Shev110195@rambler.ru

Na-ion batteries are considered as future alternative to Li-ion due to low cost and wide
abundance of sodium. In turn, O3-type NaNiixyFexMnyO2 cathode materials are an excellent alternative
to Li-containing layered oxides such as LiCoO: and its derivatives [1]. These compounds are
isostructural to a-NaFeOz (s.g. R3m) with Ni, Fe, and Mn in NaNiisFe1sMn1302 being in the 2+, 3+, and
4+ oxidation states, respectively. The possibility of using Fe3*/Fe** redox pair in cathode materials for
SIBs is one of the main features of the Na-ion system in contrast to Li-ion. However, the peculiar crystal
chemistry of iron cations introduces certain problems in the (de)sodiation process of layered sodium
oxides.

Here, we present operando and ex situ studies of O3-NaNii;sFe13sMn1302 using powder X-ray
diffraction (PXRD) and X-ray absorption spectroscopy (XAS) combined with 5"Fe Mdssbauer
spectroscopy (MS). Our approach revealed the sequence of the redox transitions and allowed us to
observe =12% of the Fe** cations that occupied tetrahedral positions. To the best of our knowledge, this
is the first instance of Mossbauer spectroscopy detecting the presence of iron cations in the sodium
layer in NaMO: oxides, as well as the first indication of its oxidation state [2]. Furthermore, we accurately
analyzed the effect of the Mn/Fe/Ni ratio on the iron migration and kinetics of Na* (de)intercalation in
03-NaMO:2 oxides [1]. Our study demonstrates that Mn has a clear positive effect on such important
electrochemical properties as cyclic stability and thermal safety. Increase in Ni amount reduces average
working potential and the kinetics of sodium (de)intercalation, and lowers the onset temperature of
thermal decomposition, which makes nickel-rich oxides potentially dangerous for large size power
sources. Excess of iron also reduces the cyclic stability and leads to large heat release from the charged
electrode. We are planning to use our approach to investigate the effect of some other possible dopants
on iron migration in O3-NaMO,, oxides.
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Figure 1. Redox transformations of Fe and Ni cations in O3-Na1-xNivsFe13Mn1302 during charge/discharge.
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PeHTreHodnyopecueHTHbIN MOHUTOPUHT BarieHTHoro coctosHua NMC-tpuaabl
(Mn-Co-Ni) B npoueccax aerpagaumm IMTUN-UOHHbIX aKKyMyNATOPOB
JleB A. batanos’, H. B. KHsi3eB?
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WNccnepoBaHve gerpagalMoHHbIX NPOLLECCOB B KATOAHLIX MaTepuanax Ha OCHOBE CIOMUCTbIX
okcngoB nepexogHblx Metannos Buaga LiNikMn,Co,O, (NMC) TpagnumoHHo TpebyeT AnuTenbHbIX
3MNEKTPOXMMUYECKMX UCMbITAHMIA UNN UCNOSB30BaHNS pa3pyLUaloLLMX METOLOB KOHTpONs. B HacToswen
paboTe npeanoXxeH n akcnepMMeHTanbHO 060CHOBaH MeTon 6ECKOHTaKTHOIrO 3KCMPECC-MOHUTOPUHIa
SMNEKTPOHHOIO CTPOEHUSI aKTMBHbLIX LIEHTPOB KaToda HEMOCPEACTBEHHO B repMETMYHBLIX Kopnycax
XUMUYECKUX NCTOYHMKOB Toka (XWT) 6e3 HapyLueHuns nx uenoctHocTtu [1].

OkcnepyMeHTanbHble nccnegoBaHust NPOBOANIINCH Ha 3HEProanCcnepPCUOHHOM
peHTreHonyopecueHTHoM crniektpomeTpe [2] BPA-135F (puc. 1). O6bektamu nccrenoBaHms Cryxunu
NUTUA-MOHHbIE  aKKyMYNATOPbl  Pa3NIMYHOM  apXMUTEKTYpbl W CTeneHn fgerpajauuu, BK4vas
HOMWHarnbHbIE, BbIpabOTaHHbIE M MMELLME BbIPaXXEHHYH reomMeTpudeckyto gecdopmauuio (B3gytme)
ayenkn. [Ana npeunsmoHHoro Bo30yXaeHUsa u n3snevyeHus nonesHoro aHanutuyeckoro curHana NMC-
Tpuagdbl UCMOMb30BanNNCh Cneunanm3npoBaHHbIE annapaTtypHble pexyMbl paboTbl PEHTTeHOBCKOM
Tpy6km ¢ cepebpsHbiM aHogoM. OCHOBHOM M3MepUTENbHbIM MaccuB B Anana3oHe aHepruin 5.4—8.5 kaB
HabpaH B pexnmax c yckopsitowmm HanpsbkeHnem 20.1 kB n Tokom go 1000 MkA npu o6a3aTtensHomM
NPUMEHEHNN CENEKTUBHOW bunbTpauny NepBMYHOIO ny4vka kagMueBbiM (UNbTPOM. JTO NO3BOMAWIIO
MOMHOCTBI MOAABUTL MELLAKLWMN HU3KO3IHEPTeTUYECKUA TOPMO3HOW KOHTUHYYM, MWHUMW3MPOBATb
MyacCoOHOBCKMMA  WYM U o0Decneyntb  MakCMMarbHOE  COOTHOLIEHWe  curHan/cboH  ans
XapakTepuctuieckmx nuHui MapraHua, Kobanbsta n Hukens.

CHOBHOE BHMMaHWe B paboTe yaeneHo maTteMaTu4yeckomy aHanm3g npodounen n cMmeLleHus
LEeHTpOMOOB xapaktepuctudeckux Ky u Kz nuHnia  MapraHua, Kobanbta wu  Hukens [3].
OKCnepyMeHTanNbHO OOHapPYXEH CUCTEMATMYECKUA XUMWYECKUA COBMUI LEHTPOWOOB CNEKTParbHbIX
nnHnin Kobanbta n Hukenst B o6nacte 6onee BbICOKMX 3Heprui (Ha BenuumHy o 3-5 aB) no mepe
ncYepnaH1Mst EMKOCTU akKyMynsiTOPOB U AeCTPyKuun nakeTta. Habniogaembliin KBAHTOBO-XMMUYECKUI
COBUT HanpsMyto oByCrioBMneH M3MeHeHneM 3PeKTUBHOro 3apsida U BarieHTHOro COCTOSIHMS MOHOB
nepexogHbix Metannoe Co% B Co*, Ni* B NiF*#* npu rnyookoh OeuHTepkansuum nutus U
COMNYTCTBYIOLLIEN NEPECTPOMKE KPUCTASNNYECKON peLLEeTKMN.

PaspaboTaHHbIA  3KCnpecc-meTon  MO3BOMSET  onepaTtMBHO  douKkcupoBaTb  (has3oBble
HEO4HOPOAHOCTM, NOKanbHbIE HapPYLIEHNS CTEXMOMETPUM U Aerpajauuvio Tpyadbl METannoB BHYTpU
repMeETUYHOrO Koprnyca, 4To MpeacTaBnsieT CcoOOM  MPUHUMMMANBHO HOBYHO  aHaNUTUYECKYHD
WMHOPMaLUMIO, HEeJOCTYMHYK ANd CTaHOapTHbIX BONbT-aMnepHbix TecToB. MeTtog MoxeT 6bITb
MCMNosb30BaH 4111 Hepa3pyLUatoLLero KOHTPOS Ka4yecTBa M OLEHKM cTabunbHOCTM CTpykTypbl XUT Ha
cTagusax NpousBoACTBa U dKCNyaTauumn.

PucyHok 1. OkcriepumeHmaribHble POA-criekmpbl uccrnedyeMbix IUMUU-UOHHbIX akKyMyismopos pasnudyHou
cmeneHu Oezpadayuu 8 duanas3oHe xapakmepucmu4yeckux nuHuli NMC-mpuadbi nepexo0HbIX Memarios
(vekopsirowee HanpsikeHue 20.1 kB, kaOmuessbili ¢huribmp Nep8u4yHO20 fy4Ka).
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3a NpeLm3noHHOe NpoBeaeHNe PeHTreHoNyopPeCLEHTHbIX U3MEPEHNIA N COAEeNCTBME B 06ecrneveHnn CTabunbHbIX
annapaTypHbIX pexumoB cnektpomeTpa bPA-135F Ha 6a3e UL «BypeBecTHuk».
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UccnepoBaHue achhpeKTUBHOCTU YCOBEPLUEHCTBOBAHHOIO OUNONSIPHOIo
anekTpoauanusa npu nony4veHuun LiOH u3 anroatoB npupoaHbIX pacconoB
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Knaccuuyeckme TexHonorun nony4veHms LiOH TpebytoT GonbLLoro Konnyectsa peareHToB Unm
BpemeHn [1,2]. bunonsipHbin anektpoamanms (bBMN3[) nossonset nonydate LIOH 6e3peareHTHO ¢
ncnonb3oBaHneM NOHOObMeHHbIX MembpaH. B gaHHon paboTe npeacTaBneHbl pe3ynbTatbl UCMbITaHUSA
ycoBepLueHcTBoBaHHoOro bIMN3/ moayns, B kamepy obecconmBaHus KOTOPOro 3arpyeH Li-CenekTuBHbIN
copbeHT. Takasi cuctema KOMOMHUPYET KOHUeHTpuposaHue LiCl 3 pacconos u ero koHsepcutio B LIOH.

Ona askcnepumeHTa 6Gbina cobpaHa anekTpoavanu3Haa auyenka (Puc. 1a) ¢ membpaHamu
koMmnaHuu Lanran (Kutan): katmoHoobMeHHon CT-4 (KOM) n 6unonspHon BP-2. MoaensHbIn pacTBop
antoata (3181 wmr Li*/n, 849 mr Na*/n, 272 mr K*/n) npokadnBanca yepes kamepy obecconmBaHus,
3arnoriHeHHY0 COpPOEHTOM; Yepes LEeNoYHY0 KaMepy — AeMOoHU3oBaHHas Boda. B oTcyTcTeBme Toka
npoTtekana copbums nMTUSA Ha rpaHynax copbeHTa, 3aTeM 3agaBancsd TOoK Ansd reHepauum H* Ha
bunonsipHo membpaHe — noHbI Li* gecopbupoBanucb 1 NePeHOCUNIUCh B KaMePY KOHLLEHTPUPOBaHMS
yepe3 KOM. AHanus npob npoBoannu Ha niaMmeHHom gotomeTpe FP6440 (Kutai).

[MokasaHo, YTO KOHLEHTpauus MOHOB Li* B Kamepe KOHUEHTPMPOBaHMS yBervymBaeTcsl CO
BpemeHeM (Puc. 1 6). MNMoTtok noHoB nuTtusa 4yepes KOM ¢ ucnonb3oBaHMEM YyCOBEPLLUEHCTBOBAHHOMO
BMN3[ npeBocxoanT NoTok npu obblyHOM akcnnyatauun (0,2 npoTtme 0,1 Monb/M2xy). Bbixog Mo TOKY
yBenunuunca B 1,5 pasa, uuctota LIOH coctaBuna 82,6 %. lNMony4eHHbIN NpoayKT COOTBETCTBYET
TEXHUYECKOMY rMapoKCUay NUTUS U MOXKET UCNONb30BaTbCA ANS NPOM3BOACTBA KaTOAHbLIX MaTtepmanos
nocre KOHANLNOHUPOBAHKS.

Kamepa, 3anonsennas ¢ (Li*), mr/n
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PucyHok 1. Cxema modugpuyuposarHHol BIN3J-a4eliku (a) u KuHemuyYeckas Kpueasi KoHueHmpayuu Li* (6).

Cnucok nutepatypbl
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use in lithium ion battery cathodes and lithium ion batteries // Resources, Conservation & Recycling.
2021. Vol. 174. C. DOI: 10.1016/j.resconrec.2021.105762

[2] Victoria Flexer, Celso Fernando Baspineiro, Claudia Inés Galli. Lithium recovery from brines: A vital raw
material for green energies with a potential environmental impact in its mining and processing // Science
of the Total Environment. 2018. V. 639. P. 1188-1204. DOI: 10.1016/j.scitotenv.2018.05.223
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CerogHsa B yCcrnoBusix CTPEMUTENbHO Pa3BMBAMOLLENCH OTPaCiM aBTOHOMHbBIX 3HEPreTUYecKmnx
cucteMm npobrnemMa co3daHusi HOBbIX BbICOKO3HEPTOEMKMX WM MOLLHbIX BTOPUYHBIX WCTOYHWMKOB TOKa
ABMSIETCA BecbMa akTyanbHOW. JIMTUM-MOHHbIE W MNUTUA-MONMMEpPHbIE aKKyMymnsTOpbl BBMAY CBOWUX
BbICOKUX SHEPreTUYECKUX W ISKCMIyaTauMOHHbIX XapaKTEPUCTUK HE WCMbITLIBAOT KOHKYPEHLMU CO
CTOPOHbl TPAAMUMOHHBIX HENUTUEBLIX cucteM. OpHaKo CTOMT OTMETUTb, YTO WMMEHHO IUTUEBLIE
WCTOYHMKM TOKa 0bnagatoT HaMbosbLLMM NOTEHUMANOM A5 AanbHENLLErO pa3BUTUS.

B kauecTBe aKTMBHOWM Macchl kaTofa B HacTosILLLEE BPEMSI LLMPOKO NPUMEHSIETCS HUKENAT NUTUS
(LiNiO2) [1]. N3BecTHO, 4TO cNocob CMHTE3a aKTUBHbLIX TBEPAO(A3HbIX BELLECTB CYLLIECTBEHHO BNMSIET HA
UX CTPYKTYpPHblE U 3MNEeKTpOXMMUYECKME XapakTepucTukn. B HacTosiwee Bpemsa LiNiO2 B OCHOBHOM
nony4atoT B pe3yrbTaTe BbICOKOTEMMNEPaTYpPHOro TBepaodasHoro cuHTesa. Beixog npogykra, ero pasmep
N 3NEKTPOXMMUYECKME XapaKTEPUCTUKN MNP 3TOM SBIISIKOTCA YyBCTBUTENbHBIMM K TOMOreHM3aumMm cmecu
MCXOAHbIX KOMMOHEHTOB, a Takke K TemnepaType U NpoAoIIKUTENBHOCTU CUHTE3a [2].

M3BecTHO, 4To Nnactuyeckoe gecopmmpoBaHve Ha annapaTtype bpympkmeHa aBnseTcs MOLHbIM
WHCTPYMEHTOM TOMOTEHM3auuM 1 MOBbILEHNS PEeaKLUOHHOMW CMOCOBHOCTM MpPEeKypcopoB CUHTe3a
aKTUBHbIX BELLIECTB MOJNOXUTENBHBLIX 3IEKTPOOOB NMUTUEBBLIX MCTOYHWKOB ToKa [3]. B annapaType aaHHoro
TMna obpabaTtbiBaeMbIi MaTepuan pasMmeLlaeTcs Mexay HakoBarbHAMU U NOABEPraeTcsl O4HOOCHOMY
cxkatuio gasneHvem ot 1 go 3 Mla npu nosopoTe Ao 360° npu 3aTom obpasyeTcs GonbLIOEe KONMYECTBO
0edEeKTOB U MPOTSDKEHHbIA  KOHTAKT  MeEXAy pas3HOPOAHbIMM  KOMMoHeHTamu. Bcneacteue
BbILLECKA3aHHOIO MOSIBMSIETCA BO3MOXHOCTb CHWXKEHUSI TemnepaTypbl W NPOOOIHKUTENbHOCTH
BbICOKOTEMIMEPaTypPHOro CUHTE3a, MPW NOBbLILUEHUN AMCNEPCHOCTM MaTepumarna u ero YucToThl.

MpencraBnano uHTepec nccnegoBaHne BVSIHUS Ha BbIXOA M XapaKTePUCTUKN HUKenaTa nnutus
BKJTIOYEHMS B NPOLIECC €r0 CUHTEe3a CTaaMu MexaHoakTuBaumu Ha annapatype bpugpkvena. B kavectse
NpPeKypcopoB Ucnosnb3oBanu nopoLuku okcmaa Hukens (NiO) n rugpokenga nutua (LIOH) ksanudpmkaumm
X.4. B cooTBeTCTBUM C METOAOM MPEKYpcopbl B CTEXMOMETPUYECKOM COOTHOLUEHWM HacbiNanmu B
KepamMMYecKyto YallKy 1 nepemMeLLnBaniy CTEKNSHHOM Nano4vkoi. Mony4yeHHyo Maccy pasMmeLlany Mexay
HakoBanbHsaMU BpumxkmeHa u noaeeprany OTHOCUTENBHOW AedopMauuy B LUMPOKOM AuanasoHe npu
naBneHun He meHee 2.2 [Tla. B pesynbrate nonyyanu nnockue AWUCKW, TOMWmHOM oT 1,5 Ao 2 mwm,
KOTOpbIE OTXXUranu B MydernbHOM neum B aTMocdepe Kncrnopoaa, NPOAOIPKUTENBHOCTb U TeMnepaTypy
OTXXura BapbupoBasnu.

PeHTtreHodasoBbii aHanmn3 nposoaunun Ha gudpaktometpe EMPYREAN (CuKa-unanyyeHue,) B
obnacTtu yrnos 26 ot 5 go 100°. Micnonb3oBanu nporpaMmmbl aBTOMaTU4ECKOW permcTpauum cbemku. s
NOATBEPXKAEHUST HaWAEHHOro (ha3oBOro cocTaBa MPOBOAWMM YTOYHEHWE MeTodoM PuteBenbga no
nporpamme MRIA.

YCcTaHOBMEHO, YTo Hambornee Bbicokui Bbixop ¢asbl LiNIO2 B TOHKOAMCMNEPCHOM COCTOSHWM
UMEeeT MECTO Mpu BENMYMHE OTHOCUTENbHOM AedhopmMauum oT 22 0o 26 u pexume TepMoobpaboTkm
700°C B TeueHue 5 yacoB. Bbixog BbiLLEONMCAHHbIX NAapaMeTPOB 3a Yka3aHHble Npeaernbl NpuBoanuT Nnbo
K CHWKEHMIO BbIXOo4a NpoAyKTa, NMbo K CIIMMaHWIo YacTuL, B KpyMNHbIE arperatbl.

Peanusauusi ykasaHHoro crnocoba cuHTe3a MO3BOMSEeT YBENMUYMTb €MKOCTb MOMOXUTENbHbIX
SMEeKTPOAOB Ha OCHOBE HMKemnata nuTus Ha BenundmHy o 20%, a Tawkke 3HAYUTENbHO MOBLICUTb
BOCMPOU3BOANMOCTb CUHTE3a NPU MacCOBOM NPOU3BOACTBE.

Cnucok nuteparypbl
[1] Apocnaeues A.B., Kynosa T. J1., CkyHauH A.M. // Ycnexu xumun.2015.T.84. Ne 8.C.826-852.

[2] Kocoea H.B., [leBsTkuHa E.T.,Cno6oaeHiok A.B. // Xumus B UHTepecax yCTOMYMBOrO pa3BUTUS.
2009.T.17.Ne 2.C.141-149.

[3] A.T. KapTywuH, N.A. NMyusinos, B.A. >KopuH, C.E. CMmupHoB, C.A. dateeB // Anektpoxumus, 2021, T.
57, Ne 7, cTp. 424-428.
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UccnepoBaHue 1 noabop onTuManbHbIX NapaMeTpoB pacTBOPEHUSA
HEKOHAULMOHHBLIX NPEKYpPCOPOB U KaToAHbIX maTepuanos Tuna NCM

Ana O. KoxxyxoBa, MpuHa H. XomsikoBa, MapuHa A. JlacToukuHa,
BukTtopusa A. KanuHa, Jlunua B. MawbsaHoBa
OO0 «MHcmumym unpoHukens», CaHkm-lemepbype, Poccus
Yanagood@inbox.ru

CornacHo npoMGILLSIEHHONM NPaKTUKe, B X04e CUHTEe3a rmapokeuaHbix npekypcopoB (pCAM) u
katogHblx MmartepuanoB (CAM) Tuna NCM (Hukenb-kobanbT-mapraHel) Qaxe TMpu  KEeCTKOM
cobniogeHnn  onTUMarnbHbIX — TEXHOMOrM4yecknx napameTpoB obpasyetcs He MeHee 2%
HEKOHAMLMOHHOIO Matepuana (OTKMOHEeHUA Nno MopdONornmm MOBEPXHOCTW, FpaHyrnoMeTpudeckomy
COCTaBY, MUKPOCTPYKTYpE NEPBUYHbLIX YacTuL, 1 Ap.), coaepxallero ueHHble komnoHeHTbl (Ni, Co, Mn,
Li). Uenb pabotel — wuccrnegoBaHne W noabop ONTUManbHbIX MNapaMeTpoB pPacTBOPEHUsI
HekoHAMLUMOHHbLIX pCAM n CAM tuna NCM 1 noBTOpHOE 1CNOMNb30BaHWE NOSyYeHHbIX pacTBOPOB Npu
CUHTE3€e MPEKYpPCOpPOB KaToAHbIX MaTepuanoB. B pabote ucnonbsosaHbl pPCAM 1 CAM ¢ pasnuyHbIM
oTHoweHmeM Ni:Co:Mn, nony4veHHble B YCNOBWsIX, OMucaHHbIX B paboTtax [1,2]. PacTtBopeHue
maTepuanoB Benn B cmecn H2SOs4 n H202 npu BapbupoBaHum XK:T, Temnepatypbl U yAenbHbIX
pacxodoB peareHToB. XMMWYECKMA COCTaB BCEX MaTepuarioB uccregoBancd MeTogoM aTOMHO-
3MUCCUOHHOW CMEKTPOMETPUN C MHAYKTMBHO cBsA3aHHoW nnasmon (EXPEC 6500), mopdonorus
NMOBEPXHOCTM YacTuL, uccnenoBaHa MeToooM pPacTpoBOW anekTpoHHou mukpockonuu (LYRA3 GMH,
TESCAN), pacnpegeneHne yacTtuy, no pasmepam onpeaensanocb METOAOM nasepHon Audpakuuu
(ANALYSETTE 22 NeXT, FRITSCH).

Mpu pactBopeHuun pCAM ycTaHoBneHo, 4To pacxoq H202 nnHenHo 3aBucKT OT coaepkaHna Mn
B UICXOOHOM TBepAoMm, ogHako aAna CAM Takas 3aBUCMMOCTb OTCyTCTBYET. [1onHoe pactBopeHne pCAM
pocturaetcd npu XK:T=6, pacxoge H2SO04 1,15-1,17 r/r 8., H202 — 0,917 mn/r Mn, Temnepartype 60 °C.
OnTumManbHble NapamMeTpbl nofnHoro pactBopeHnss CAM: XK:T=10, pacxog H2SOs 1,5-1,6 r/r TB.,
H202 — 0,6-1,6 mn/r TB., Temnepatypa 60-85 °C.

[MonyyYeHHble CEpHOKMCNbIE pPacTBOPbl MOCME KOPPEKTUPOBKKM cocTaBa (YKpenmneHus)
ucrnonb3oBanu Ansi CMHTE3a HOBbIX MNPEKypcoOpoB METOAOM coocaxaeHus. PUsmko-xummuydeckune
xapaktepuctukn (puc. 1) nonyydyaemblx Takum obpasom pCAM (Cl1P-23) conoctaBumbl C
XapakTepucTukamm NpekypcopoB, CUHTE3UPOBAaHHbLIX 13 pacTBopa NepBuYHbIX cynbdaTtos (CI1P-25).

PucyHok 1. Mukpogomozpaghuu rnosepxHocmu rpeKypcopos, (criesa) cUHmMe3Upo8aHHbIX Ha pacmeope
8MOPUYHBIX Cy/bghamos, (cripasa) CUHMEe3UpPOo8aHHbIX Ha Pacmeope Nep8uYHbIX Cybgamos.

Cnucok nutepatypbl
[1] A.A. KopxakoB v Op., “iccrnenosaHne BMSHWS NapaMeTpOoB NPOLEcca COOCaXAEeHUs Ha OU3NKO-
XMMUYECKNE XapaKTepuCcTUKM npekypcopa katogHoro matepnana NCM811” N3sectua CapaToBckoro
yHuBepcuteta. Hosasi cepust. Cepusa: Xumus. buonorusa. Jkonorus., 2025, T.25, Bbin. 4, ¢. 375-384.
https://doi.org/10.18500/1816-9775-2025-25-4-375-384

[2] NaTenT P® 2850177C1. Cnocob nonyyeHnst kKaToAHbIX MaTepuaroB BbICOKOHUKENEBbIX NMUTUN-UOHHBIX
akkymynsitopos/ Monos B.A. n gp. 3asen. 08.04.2025. Ony6n. 06.11.2025
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AHanu3 cnekTpoB 3NEeKTPOXUMMUYECKOro umnegaHca MMTUN-NMTUEBbIX S4YeeK C
TBEpAbLIM anekTponutoMm DRT. BnuaHue amnnutyabl BO3MyLalowero curHana

Omutpun B. KonocHuubiH, KOnusa A. MNuntoruna, Jliogmuna I, TonybaTHukoBa,
Enena B. KysbmuHa, Enena B. KapaceBa, Bnagnmup C. KonocHuLbIH
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HeobxogumocTb co3gaHusa 6e3onacHbIX, SHEPrOEMKUX XMMUYECKMX UCTOYHUKOB Toka (XUT)
CTUMYIMPYET aKTUBHbIN MNepexo OT TPaAWULMOHHBLIX XWUAKUX 3JMEKTPONUTOB K TBEPAOTENbHbLIM
aHanoram. Cpean nocnegHux ocoboe MecTo 3aHUMaloT TBEpAble NonumepHble anektponutel (TI13),
KOTOpble co4yeTaloT B cebe yHuKanbHble JKCnryaTalMOHHbIE U TeXHONoru4yeckMe npeumylectsa. B
OTNMYMEe OT XPYMNKUX HEOPraHU4ecknx Kepamuk, MOnMMepHble MaTpuubl 06nagatoT BbICOKOW
MEXaHW4YeCKOM NMPOYHOCTbLIO, MNAaCTUYHOCTBIO, YTO 06ecneynBaeT HaAEXHbIA KOHTaKT C MOBEPXHOCTbIO
3MEKTPOAOB U KOMMEHCUPYET 0O bEMHLIE M3MEHEHUS aKTMBHbBIX MaTepuanoB Npu UuknmpoBaHum XUT.
TM3 AeMOHCTPUPYIOT NOBbLILLEHHYO YCTONYMBOCTbL K 0Bpa3oBaHuo NMUTUEBLIX OAEHAPUTOB, UCKMOYaloT
PUCKM NPOTEYEK M BO3ropaHud, a Takke COBMECTUMbI C NPOMbILWNAEHHbIMKU roll-to-roll TexHonorusmu
HaHeceHunss n3 pacTteopoB [1, 2]. OCHOBHbIM MHCTPYMEHTOM aHanusa TPaHCMOPTHO-KMHETUYECKMX
napamMeTpoB  3NEeKTPOXMMUYECKMX CUCTEM Ha ocHoBe TIMQ  saBndetcs  cnekTpockonusi
anekTpoxummudeckoro umnegaHca (C3UN). OpgHako wuHTepnpetTaums pesynbTaToB UMMNEOaHCHbIX
uccrnegoBaHUM 3a4acTylo BbI3bIBAET TPYAHOCTU, OOYCIOBIIEHHYIO TEeM, YTO B 3NEKTPOXUMUYECKMX
cuctemax npu nonsgpusaumm o4HOBPEMEHHO MPOTEKAeT HECKONbKO NPOLEeCCOB pasnuUYHOM Npupoabl.
Ona wHTepnpetaumm COW  npeanoxeHo UCNonb3oBaTb pPasnuuMs  OTKIMKOB  (PU3MYECKMX U
3ANEKTPOXMMNYECKUX MNPOLIECCOB HAa WMHTEHCUMBHOCTb BO3byxaatollero Bo3gencTBus. dusnyeckue
NPOLECChl B 3NEKTPOXNMMNYECKUX AYENKaX XapaKkTepU3yTCS NIMHEVHbIM OTKIMKOM Ha BO3MYyLLAKOLLNA
ANEKTPUYECKUIA CUTHAr, @ 9MNEeKTPOXMMMUYECKME MPOLLECCHl — HEMMHENHbIM.

Insa ananusza C3UN nutuii-nutneBbix siieek ¢ TINO Ha OCHOBE NONUITUIEHOKCKMAA U Nepxropara
nutns 6bln NpUMMEHEH MeToa pacnpeeneHuns sBpeMéH penakcaumm (DRT — Distribution of Relaxation
Times), KoTOpbIN, B OTNU4Me OT TPagMLMOHHOINO METoda 9KBUBANEHTHbIX CxeM saBnsetca 6Gonee
OOBHEKTMBHBIM M MO3BOMSET pas3fensaTb NepekpbiBaloLLMecss 3MneKkTpoxXumMuyeckne npoueccbl 6e3
anpwuopHoro Bbibopa mogenu. KoppektHocTb NnpumeHeHns metoga DRT 3aBucnT oT BoiOOpa napameTpa
perynspusaumMm — CruwKom criabas perynspusauus NpUBOAMT K YpPE3MEPHO OCLMIIIMPYIOLLEMY,
LLYMO3aBNCMMOMY PELLEHWIO, TOr4a Kak Ype3mepHas perynspusaums nogasnsdeTt GU3nyeckm sHauymmble
NUKK, UCKaxasa MHTepnpeTauumto. Noatomy npu obpabotke CON onTumManbHoe 3HayeHue napameTpa
perynapusaumm onpeaensann utepatMBHbIM NYTEM, UCXOAS M3 CTEMEHM COrnacoBaHHOCTU Mexay
3KCMEepMMEHTarnbHbIM MMMNEAaHCHbIM CMEKTPOM W  CMEKTPOM, PEKOHCTPYMPOBAHHbIM Ha OCHOBE
nony4vyeHHoro DRT-pacnpegeneHus.

MonyyeHHble pe3ynbTaTbl MOKasamu, 4YTO U3MKO-XMMUYECKME MpPOLECCH MPOSABMSIOT
YMEPEHHYI0 3aBMCMMOCTb OT aMnnmnTyAbl BO3MyLlawLLero curHana. Npn maneix BoamyLeHusx (5 mB)
OHU MI0X0 pa3peLlatTCs U BbIMMSAASAT Kak OOUHOYHbIN LWMPOKUIA NUK. YBenuyeHve amnnutyabl o 200—
500 mB npuBoauT K pacLLenneHmnto Ha HECKOMNBbKO KOMMOHEHT, YTO BO3MOXHO OTpaXaeT reTepOreHHOCTb
Mexdas3Horo crosi. ANeKTpoXuMmyecKkne nNpoLecchbl 4EMOHCTPUPYIOT HENUHENHOCTL: pe3koe nageHune
COMPOTMBIEHUS, COBUI BPEMEH periakcaumm 1 nosiBfieHne HOBbIX MWKOB B HM3KOYACTOTHOW obracTu.
HapyweHune cooTHoweHun Kpamepca—KpoHura B 3TOM Auanas3oHe noaTBepxaaeT HEenUHEWHbIN
XapakTep AaHHbIX npoueccoB. [MpeanoXeHHbIn MeTOA0NOrMYeCckUin nogxon Ans nHrepnpetauun C3U
No3BOMSET KOMMYECTBEHHO pa3rpaHUYMTb BKNadbl (PU3MYECKMX U INEKTPOXMMUYECKMX MNPOLLECCOB B
UMnegaHc CUMMETPUYHBIX NUTMEBbIX adeek ¢ TIN3. dusnyeckue npoueccobl (06bEMHas NPOBOAUMOCTb)
OEeMOHCTPUPYIOT BbICOKYKD CTabuUNbHOCTb NMapamMeTpoB BO BCEM AuanasoHe amnnuTyg u xopollee
cooTBeTcTBME  kpuTeputo  Kpamepca—KpoHura.  OneKkTpoxXmmmyeckne  Mpouecchbl, HanpoTuBs,
XapaKTepUu3yloTCsl  BbIP&XXEHHON 3aBMCMMOCTbIO MapamMeTpoB OT  aMmnuTyAbl BO3MYLUEHMS U
cucTemMaTUYecKMM OTKIOHeHreM oT kputepus Kpamepca—Kponura. NonydeHHble pesynbTaTtsl CO34aloT
OCHOBY NS NOCTPOEHUsT (hr3ndeckn 060CHOBAHHbIX 3KBUBANEHTHbIX CXEM TBEPAOTENbHbIX MUTUEBbIX
aKKyMynsaTOpOB.

Cnucok nutepatypbl
[1] Janek, J., & Zeier, W. G. A solid future for battery development // Nature Energy. 2016. V.1, Ne 9,
16141. DOI: 10.1038/nenergy.2016.141
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AnekTpoxmmmyeckoe otaeneHme karogHoro martepuana LiNio.sMno.1C00.102 ot
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B rmgpometannyprnyeckon  nepepaboTke  NIUTUA-UOHHBIX — aKKYMyNSTOPOB  LLUMPOKO
NPUMEHSIETCA MpsMOe BbilWenayMBaHuMe KaToAHbIX MaTepuanoB B cepHouM kucnote [1,2],
COMPOBOXAAIOLWEECs pacTBOPEHWEM antOMUHMEBOrO TOKOCHEMHMKA U HakonneHuvem AlR*, yto
ycnoxHsieT pasgeneHve Ni, Co n Mn [2,3]. B gaHHon paboTe npeanoxeHa AByxXCTaaunHasi cxema
nepepabotkn NMC-kaTogoB, BKNOYAOLLAA 3MEKTPOXMMMUYECKOe OTAEeNeHne akTUBHOIMO Matepuana u
nocriegyroulee KMCNOTHO-NEPOKCUAHOE BhilLienavmBaHue.

OnekTpoxummnyeckoe oTtaeneHue nposoawnu B pacteope 1,2 M H,SO, npu Temnepartype
22-25°C npu noctosiHHoMm Toke 0,5 A (kaTogHas nonspusauus antoMuvHueBon conbrn). Pabouun
anekTtpoa — katog (Al/NMC), npotuBoanektpog — OPTA. lNonHoe oTCrnoeHne akTMBHOrO MaTepuana
npoucxoguno B TedeHne 10—-20 MuH. antoMmnHueBada ponbra He nogsepranacb KOppo3un. YaenbHbIN
BbIX0[ OTAENEHHOrO akTUBHOIO MaTtepuasa CocTaBuIl OKOMo 6,7 I Ha OAMH 3NEeKTPOA.

AHanus snekTponuTa nokasan, 4to cymmapHbin nepexog Ni, Co n Mn B pacTtBop coctaBnsiet
1,19 r (meHee 10% oT mx oOWero cogepxaHus B WUCXOOHOM KaTOAHOM MaTepuane), Toraa kKak
KOHUEeHTpauus anoMuvHnsa He npesblwaeT 50 mr/n (<3%). MonyyeHHbin nopowok NMC noasepranu
BbienaymsaHmio B 2,0 M H2SO4 ¢ gobasneHnem 2 06.% H202 npn 8512°C B TeueHne 60-90 muH. B
3TUX YCNOBUSAX [OCTUraeTcsl MNpPakTUYECKU KONMMYECTBEHHOE W3BMeYeHWe MeTanfnoB MNpu HU3KOM
cofepxaHumn anomnHusa B pacteope (<0,05 r/n).

MpeanoXeHHbIN MOAXOA CHWXaeT 3arpsi3HeHVe anioMUHUEM W MOBLbILWAET CEereKTUBHOCTb
m3eneyeHna Ni, Co u Mn, uto penaetr ero nepcnekTUBHbIM AN  nepepaboTku
akkymynsatopoe NMC-tuna [3].

1,2 M H,SO,, 0,5A, 25°C
OtpaboTaHHbIi katog NMC 2,0 M H,S0, + H,0,
(AL + LiNiy 3sMng ;Coq 10,) 85 °C, 60-90 muH

Al/NMC (-)

NiZ*, Co?*, Mn?*

(Hu3kui Al)

qéprI}/’l Hdpbmw (NMCQ) Yuctaa Al donbra

+ Manoe pactsopenue Al (< 0,05 r/n)
J CenekTtueHoe m3enederHue Ni, Co, Mn

" VHTeHcndukaums npoyecca

PucyHrok 1. Cxema ds8yxcmadutiHol nepepabomku kamodHo2o mamepuana NMC: anekmpoxumuyeckoe
omOersieHUe akmu8HO20 Cf1051 Om astoMUHUe8oUl ¢honbau ¢ nocnedyuum
KUCITOMHO-MEPOKCUOHLIM 8bileniaqyueaHuem.

Cnucok nutepatypbl
[1] Li L., Dunn J.B., Zhang X.X. et al. Recovery of metals from spent lithium-ion batteries with organic acids
as leaching reagents // Journal of Power Sources. 2013. DOI: 10.1016/j.jpowsour.2013.01.135.

[2] Zhang P., Yokoyama T., ltabashi O. et al. Hydrometallurgical process for recovery of metal values from
spent lithium-ion secondary batteries // Hydrometallurgy. 1998. DOI: 10.1016/S0304-386X(98)00008-1

[3] Zheng X., Zhu Z., Lin X. et al. A mini-review on metal recycling from spent lithium ion batteries //
Engineering. 2018. DOI: 10.1016/j.eng.2018.05.018.
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BnunsaHue KaTMUOHHOro cocTtaBa Ha TepMmun4yeckoe noeegeHne KatogqoeB Ha oCcHoBe
oboraleHHbIX IMTUEM OKCUAOB nepexogHbIX MeTannoB

Enena B. MaxoHuHa, AHHa E. MegBepneBa, Anekcen A. Muxannos

UHemumym obwel u HeopeaaHu4veckol xumuu um. H. C. KypHakoea, Mocksa, Poccus
evma@igic.ras.ru

Tepmuyeckass CTabWIbHOCTb  CMOWUCTBIX  KaTOOHbIX — MatepuanoB B NIUTUA-UOHHbBIX
akkymynsatopax (JIMA) — oanH M3 KpUTUYECKUX akTOpPOB ANS UX KOMMepLumanm3aumm. 3ToT dakTop
0COBEHHO BaXkeH ANs KaTOAHbIX MaTepuarnioB Ha OCHOBE MepexoAHbiXx MeTannoB, oboralleHHbIX
nutuem (Li-rich), nepcnektuBHbix Ana JIMA cnepytowero nokoneHns ¢ 6ornee BbICOKOW paspsgHON
eMKoCTbt. OKUCNUTENBHO-BOCCTAHOBUTENbHAsS peakuust kucrnopoga B Li-rich katogax obecneuvBaet
OOMONMHUTENBHYI0 EMKOCTb, OHAKO NPUBOAUT K UBMEHEHMIO CTPYKTYPbI U BbIAENEHNIO KMCITOPOAA, YTO
3HAYUTENBHO BIIUSIET HA €ro TEPMUYECKYHO CTabUbHOCTb.

B paHHoOm pabote meTooom AnddepeHumnansHon ckaHupytowen kanopumetpum (OCK)
uccnegoBaHa TepMmumyeckas cTabunbHocTb Li-rich katogHbix matepuanoB obuwen dopmynbl
0.35Li2Mn0O3*0.65LiMO2 (rae M — Ni, Co, Mn) B 3apskeHHOM COCTOSIHUM MPW Pa3HOM KOHEYHOM
HanpsbkeHun (4.3 B n 4.7 B) B 3aBUCUMOCTM OT COOTHOLLUEHUS nepexogHbix metannos (M) B
koMmnoHeHTe LiMO2 (NMC) Kaxgbin 3apsbkeHHbI anemeHT pasbupanvm B cyxoM 6okce, katod
npomMbIiBanu gumeTunkapboHaTom, BbiCyLUMBaNN, COCKabnmBany ¢ TOKOCbEMHUKA U repMeTU3npoBan
B antOMUHMEBbIX TUIMAX. AHanu3 npoBoaWnu B Toke aproHa B mHTepBane 25-600°C co ckopocCTbio
5°/muH. Pa3Hoe 3apsgoBoe coctosHue (40 4.3 n 4.7 B) — doukcupyeT pasHyto cTeneHb AenuTnpoBaHus
W, KaK crneacTBue, pasfMyHOe COCTOSIHME KPUCTaIMYECKOW PELUETKM U BIUSIHUE Ha TEePMUYECKYHO
CTabunbHOCTb OKUCMNNTENBbHO-BOCCTAHOBUTENBHOM peakumn kucnopoga. OCK obpasuos nposoannm
nocrie 2 umknos o 4.3 B, B cnyyae koHeyHoro noteHuwana go 4.7 B, OCK nposoaunu nocne
NMOCTENEHHON akTMBauumn KomnoHeHTa Li2MnO3 — no 2 uukna npn 4.3, 4.5, 4.6 n 4.7 B.

Mpn noTeHumane 3apsga 4.3 B nuTuin nsBnekaetTcs M3 NUTUEBLIX CrOEB, B TO BPeMs Kak
n3bbITOYHBIM NuTKMIA B cnosax MM ocTaetcsa B cTpykType. [deunHtepkanauusa nutusa obecneymBaeTtcs
OoKuUCrieHnem Hukensa n kobanbeTa. [Npu HarpeBe B [ICK siuerike HMKenb, obnagatowmn MansiM MOHHBIM
paanycoMm, CXOXNM C MOHHBIM paguycoM NMTUS, HAYMHAET MUTPMPOBaTh B BaKaHTHbIE MO3ULNW NUTUS.
McxogHasa cnonctas CTpykTypa nepectpanBaeTcs B Kybudeckyto wnuHens [1, 2] B o6nactu 200-350°C.
B cnyyae obpasLoB, 3apsikeHHbIX 00 4.7 B, HabnogaeTcsi CHMKeHne TepMnyeckon ctabunbHOCTU, YTO
obycrnoBneHo npeaBapuTenbHOM akTuBaumen komnoHeHTa Li2MnOs, npu koTopon nosiBnsAwTCA
BakaHCUM He TONbKO B NUTUEBbLIX Crosix, HO U B cnosix MM, a Takke nosiBNieHNe akTUBHbLIX HOpM
KMcnopoga, YTo NpUBOAMT K YCKOPEHHOW Aerpajaunm CTpYKTypbl NPy HarpeBse.

M3 mnccnegoBaHHbIX 06pa3uoB ¢ pasnuyHbiM coctaBoM LiMO2 (NMC111, NMC451, NM55,
NM64) ny4diyto TEPMUYECKYI0 CTabUNbHOCTb (MEHbLUYK BENUYMHY TensnoBoro addekta n 6onbLuyto
TemrnepaTypy ero Hadana) nokasan katog Ha ocHoBe NMC111. YMeHblleHne kobanbTa B cocTaBe
MaTepuanoB BedEeT K YXyOWEHU UX TEepMUYECKOM CTabWIbHOCTW; MEHbLUEN TepMU4ecKown
cTabunbHoCTb0 0bnagaeT 6eckobanbToBbIV 00pasey, NM55.

Cnucok nutepatypbl
[1] Muhammad S., Lee S., Kim H., Yoon J., Jang D., Yoon J., Park J-H., Yoon W-S. Deciphering the thermal
behavior of lithium rich cathode material by in situ X-ray diffraction technique // JPS. 2015. V. 285. P.
156-160. http://dx.doi.org/10.1016/j.jpowsour.2015.03.054

[2] Haochong Zhao, Wenxiong Zhang, Hisao Kiuchi, Mustafa Al Samarai, Daobin Liu, Hao Lia, Yoshihisa
Harada. Unravelling thermal behavior change of long-cycled Li-rich cathode by X-ray spectroscopy //
Materials Sci. & Engineering B 2025. V. 321. P. 118509-118519.
https://doi.org/10.1016/j.mseb.2025.118509

BnarogapHoctu

MccnepnoBaHust npoBogunuck ¢ ncnons3oBaHmem o6opyaosanust LIKIM MU MOHX PAH

Pabota BbinonHeHa npu duHaHcoBoW noaaepxke MuHobpHaykm Poccum B pamkax rocyaapCTBEHHOro 3agaHus
MOHX PAH.
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CuHTe3 n uccnepoBaHue NpPeKypcopoB MU KaTOAHbIX MaTepuarioB NOKONeHus
NMC9:05:05, cpaBHeHMe XapakKTepPUCTUK C UX KOMMEpPYEeCKMMM aHanoramm

Anekcen A. Kopxakos, AHa O. Koxyxosa, Bnagumup B. MNakanbHuc, Mnbs H. Kochix,
Muxaun A. KameHckuii, EneHa A. MeaHoBa, Omutpuin M. BoraTteipes, Jlunua B. MawbsaHoBa

OO0 «MHcmumym unpoHukens», CaHkm-lemepbype, Poccus
YafarovaLV@nornik.ru

KatogHble matepuanbl  (CAM) Tmna NMC  (LiNitxyMnxCoyO2) Gnarogaps cBouM
XapaKTepuUcTMkamMm HaxogAT LWMPOKOEe MpPMMEHEHWe B pasfnuyHbix obnactsx, npu 3ToM OKyC
akagemMuyecKkMx UCCrnefoBaHUA U NPOMbILLIEHHbIX KOMMNaHUA CMeLlaeTcs B CTOPOHY MaTtepuanos C
BbICOKMM copepxaHmem Hukens (290%). B HacTosdllee BpeMsi OOHOW M3 OCHOBHbIX TEXHOMNOrum
nonyyeHnss KaToOHbIX MaTepuanoB sBnsieTcs ABYyxdTanHbld cuHTes: 1. [MonyyeHue npekypcopa
katogHoro matepuan (pCAM) COBMECTHbIM OCaXKAeHMeM CMeCUK rmapoKCUA0B NepexoaHbIX MeTannos;
2. BeicokoTemnepaTypHbii nutupytowmin obxur pCAM. TexHonorus nonyyeHns pCAM n CAM tpebyet
XKECTKOro cobnogeHns TEXHOMNOrMYECKUX napameTpoB, TaK Kak Nobble OTKMOHEHWUs nnm konebaHms
HeobpaTMO BNUSIOT Ha PYHKUMOHAmbHbIE XapakTepUCTUKMA KOHEYHOrO MaTepuana.

B OO0 «UHcTuTyT 'vnpoHukenby paspaboTaHa TEXHOMOMNSA NOJTYYEHUS HUKENbCOoAEPKALLMX
pCAM un CAM pasnuyHbiX MOKOMEHUN W COCTaBoB. Llenbio AaHHOro WCCredoBaHUsA SBNSAETCH
CpaBHEHME KIYEBbIX XapaKTepucTuk paspabaTbiBaeMblX MaTepuanoB C XapaKTepucTukamu
KOMMepYeCcKn JOCTYMNHbIX U ncnonb3dyembix pCAM n CAM.

pCAM katoaHbix maTtepuanos (LKA-85M 1 LKA-95) 6binv nonyyYyeHsl METOAOM COOCaXAEHUS B
HenpepbIBHOM pEXMMe COrnacHo ycrnosusam, onvcaHHbiM B [1]. CAM 13 cuHTesupoBaHHbIx pPCAM u ero
kKommepyeckoro aHanora (GZN-9007) cuHTe3MpoOBaHbl COrnacHo TemnepaTypHou mnporpamme u
onepaumsimM, onucaHHbIM B [2]. CpaBHeHME KMNoYEBbIX XapakTePUCTUK CUHTE3UPOBAaHHbLIX MaTtepuanos
nposoaunu ¢ kommepyeckum CAM (ZH9000C?2). Bce maTtepuansl nccrnegoBarbl metogamu: ICP, XRD,
BET, SEM+EDX, pacnpefneneHus 4actuu no pasmepam, niioTHOCTU C YTPSACKOW. DNEKTPOXUMMYECKNE
XapakTepuUcTuUkn obpasLoB Obinn onpeaeneHbl B AUCkoBbIX MakeTax CR2032. YcTaHOBNEHO, 4TO
paspaboTaHHasi TexHonorus cuHtesa pCAM no3BonseT C BbICOKON TOYHOCTBLIO Mofy4YyaTe matepuansl
3aaHHOr0 XMMMYECKOro coctaBa C BOCMNPOU3BOAMMON MopdhosiorMert MNOBEPXHOCTU, YCIIOBUS
nutupytowlero obxura ontumansHbl, CAM no KnOYEBbIM XapakTepucTMkam He YCTynawT CBOUM
KOMMepyeckum aHanoram (PucyHok 1).

0.1c 0.2C 0.5C ic 2C 0.1C

MaTepuan Xama. hopuMvaa %‘ 200
CAMLKA-85M i

Li; 0aNig 0gCop 0raMng 01205 | & 1s0
CAMLKA-95 Li; 03 Nip 62C 0%, pssMi 0110 o 7T
CAM GZN-5007 Li; ooNip g5Coyg gsMing s05 - i;;-:;?
ZHS000C2 L5 05 Nig 62C0p p33M1 05005 | TN |

I B it 16 2 26
HomMep umnkna

PucyHok 1. HaumeHosaHue uccriedogaHHbIX Mamepuarios U Ux xumuyeckull cocmas (crieea). Pe3ynbmamel
uccriedogaHull 311EKMPOXUMUYECKUX Xapakmepucmuk Mamepuarios (crpasa).

Cnucok nuteparypbl

[1] Kopxakoe A. A., MapuHa M. V., MakanbHuc B. B., Maxos C. B., BoraTtbipes B. A., MiBaHoBa E. A.,
MawbsiHoBa J1. B. // sBectuss CapaTtoBckoro yHusepcuteta. Hosas cepus. Cepusa: Xumus. bBuonorus.
Okonorus. 2025. T. 25. C. 375-384. https://doi.org/10.18500/1816-9775-2025-25-4-375-384

[2] Nonoe B.A., Kocos A.U. u gp. MateHt RU28501771 C1. Cnocob nony4yeHnsi kaTogHbIX MaTepuarnos
BbICOKOHWKENEBbIX NIMTUIA-MOHHBIX akkymynsaTopos. Ony6n. 06.11.2025 Bron. Ne31
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UccnepoBaHuMe 3aneKTpoKaTanMTUYECKMX CBOMCTB NOPUCTLIX 3NEKTPOAHbIX
maTtepuanoB ¢ Ni-Mo no oTHoweHUIO K peakuuu BbiaeneHnsa Bogopoaa

BsayecnaB C. HukutuH, Hatanbs P. lNpoxopoBa, TaTbsiHa H. OcTaHuHa

" Ypanbckuli gpedeparnbHbill yHUSEpCcUMem umeHU nepsoeo lMpesudeHma Poccuu b. H. EnbyuHa,
EkamepuHbype, Poccus

v.s.nikitin@urfu.ru

AKTyanbHOM npobnemon BOAOPOAHOW 3HEPreTUKU SBMSIETCS CHWXEHME 3HeprosaTpart npu
3NEKTPONM3e LWEeNoYHbIX PAaCTBOPOB, NMO3BOMSIOLLEM NOMy4aTh IKONOrMYeckn YncToii Bogopod. OgHum
13 cnocoboB peLleHns JaHHOW Npobriembl ABMNseTca pa3paboTka NOPUCTLIX AMEKTPOOHBIX MaTeprarnos
C BbICOKOPa3BUTOM MOBEPXHOCTbIO (NeHbl MeTanmnoB). Takve anekTpoAbl (Kak npaBuno, HUKenesble)
MOXXHO AOMOMHUTENbHO MOAMMULMPOBATL ANEKTpoKaTanmsaTopamMm, CHUXKaLWMMN nepeHanpsiXXeHnst
peakuui BblaeneHus Bogopoaa u kucnopoaa. K unmcny takux anekTpokatanvM3aTopoB OTHOCUTCS Crnas
Ni-Mo. Llenb paboTbl — OUeHKa anekTpokaTanuTuyecknux CBOMCTB MeH HWUKensi, MOAMULNPOBAHHbIX
anektpokatanunsatopom Ni-Mo.

Pabouve anekTpoabl Obiniv N3roToBNEHbI U3 MeAHbIX NNAacTUH C NpeaBapuUTenbHO HAHECEHHbIM
cnoem Hukens. MNeHy HUKenst ocaxxganu B TevyeHne 5 MUHYT 13 pacTtBopa, cogepxawero 0,2 monb/n
NiCl2 n 2 monb/n NH4Cl (pH = 3,2+3,4), npu nnotHocT Toka 0,3 A/cM? B pacyeTe Ha MCXOAHYH
NOBEPXHOCTb rMagdKoro anekTpoda. Ha nonyyeHHyo neHy anekTpoxummyeckn HaHocunu cnnas Ni-Mo
u3 pacteopa, cogepxauwtero 139 r/n NiSOas, 5,8 r/m Na:MoOs, 33,3 r/n H3BOs, npu noctosiHHOW
nnotHocTn Toka 0,025 A/cm? B TeueHne 60 MUHYT. KaToaHble NonspusaLnoHHbIE KpUBbLIE CHUMANWU Ha
rmagkom HUKeNeBOM anekTpoAe, neHe Hukens 6e3 katanusatopa v neHe ¢ katanusatopom Ni-Mo B
pactBope 1 monb/n NaOH npu nomowm anektpoxmmmuyeckon ctaHumm Solartron 1280C co ckopocTbio
pasBepTku noTeHuuana 3 mB/c. [NoTeHUnan n3amepsinu OTHOCUTENbHO XnopuacepebpsHoro anekTpoaa
CpaBHEHUs C MocneylowmM nepecyeToM Ha LiKany HopMarnbHOro BOOOPOAHOro anekrtpoga. Bce
OnbITbl NPOBOAMMY Npu Temnepatype 25 °C.

PesynbTaTbl NONApM3aunOHHbIX MCCNeAoBaHWI, NpeacTaBneHHble Ha pucyHke 1, nokasanw,
YTO KaToAHbIE KpMBbIe Ha NEeHax HUKENs CABUHYTblI B Bonee nonoxuTeneHyto 06nacTb NoTeHunanos,
YeM Ha rMagKkoM HUKENEeBOM 3MeKTpoAe, YTO AOMMKHO CMocobCTBOBATL CHWXKEHMIO MepeHanpsiKeHus
peakumm BblgeneHus Bogopoga (PBB). 3710 obbsAcHseTcs BbICOKOPA3BMTOM MOBEPXHOCTbLIO MEH,
obnagarowmx NopucTon CTpykTypoi. lNpu aToM neHa Hukensi ¢ katanusatopom Ni-Mo nossonset B
fonblien cTeneHn CHU3UTL nepeHanpsbkeHne PBB npu anekTponu3e BOAbl, YE€M UCMOSb30BaHUe
rnagkoro HUKeNeBOro 3nekTpoda unv neHbl Hukens 6e3 katanusaTtopa. [lopuctas cTpykTypa neH
noaTeepxaaeTcs MUKpohoTorpacusamMmn NoOBEPXHOCTU ANEKTPONUTUYECKNX OCAOKOB.

-0,3 ~

I=)
N
.

-0,1 1

MnoTtHocTb TOoKa, Alcm?

-0,8 -0,9 -1,0 -1,1 -1,2 -1,3 -1,4 -1,5 -1,6
MoteHuunan, B (H.B.3.)

PucyHok 1. KamodHele nonspu3ayuoHHble Kpusbie peakuyuu ebideneHus 8odopoda, CHAmMbIe 8 pacmeope
1 mornb/nn NaOH Ha enadkom Hukene (1), neHe Hukens 6e3 kamanu3amopa (2) u ¢ kamanuzamopom Ni-Mo (3).
Ckopocmb passepmku nomeHyuana 3 mB/c.
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q)yHKLIVIOHaHbHaﬂ MO.CI,M(*)VIKaLI,VISI KaTOAHbIX MaTepuanoB Ha OCHOBée
BbICOKOHUKENEeBbIX OKCUAOB ANA NMUTUN-UOHHbIX AKKymMyndaTopoB
MeToA4OM aTOMHO-CJ10€eBOro ocaxgeHus

Bnagumup B. MakansbHuc!, exnnc A. Onbxosckuii?, inba H. Kocbix'!, Muxaun A. KameHckuin',
Makcum 0. MakcumoB?, Jlunua B. MawbsaHoBa'

" MHemumym «lunpoHukenb», CaHkm-llemepbype, Poccus
2 CaHkm-lNemepbypackull nonumexHuyeckul yHueepcumem lNempa Benukoeo,
Cankm-lNemepbype, Poccus

PakalnisVV@nornik.ru

Cnouctble okeuabl nepexogHbix metannoB LiNixCoyMnzO2 (NCM) ¢ Bbicokum (x > 0.8)
cofepXaHveM HUKens ABNSTCA OgHMMU U3 Hanbornee NepcrnekTUBHbLIX KAaTOAHbLIX Matepuanos Anis
NUTUA-NOHHBIX aKKyMYJIATOPOB 3a CYET BbICOKOW TeopeTMyeckonm n npaktunveckorn (okono 200 mMAY/T)
yOenbHOM EMKOCTU, BbICOKOTrO 3Ha4eHus paboyvero HanpsbkeHus (E > 3.8 B oTH. Li/Li*) [1]. OgHako ans
OaHHbIX BbICOKOEMKMX MaTepuaroB B CUMY CyLLECTBEHHbIX CTPYKTYPHbIX U3MEHEHUIN KpUCTaninyeckon
PELLETKUN B XOA4€ LMKNMPOBaHUS, a Takke KaTMOHHOro cMelleHus Li*/Ni2* xapakTepHbl HU3KME 3Ha4YeHUs!
LMKINYeCcKorn cTabunbHocTu [2].

Onsa  ynydweHus dyHKUMOHaNbHbIX CBOWCTB KaTOOHbIX MaTepuanoB Haubonee 4acto
UCNonb3ylTca MeToAbl MoAuMKaUUM MNOBEPXHOCTU UMM HENOCPELCTBEHHO KpUCTannumyeckomn
peweTkn (gonuposaHue) [3]. OgHUM M3 NEPCNEKTUBHbIX METOAOB MNONyYeHUs (YHKLMOHANbHbIX
MOKPLITUA SIBMSIETCS aTOMHO-CIOEBOEe OCaXAeHue, KOTOpoe MOo3BOonsieT co3gaBaTb OOHOPOAHOE U
paBHOMEpPHOE MOKPbITUE 3afaHHOW TOonNWwUHbL. cnonb3oBaHMe AaHHOro noaxoda Ans KatogHoro
MaTepuana no3BoMumno YBENUUUTb Pas3psgHyrd eMKOCTb Mpu nnoTHocTM Toka 1 C n UuKNu4eckyro
cTabunbHocTb [4]. Mexay Tem, BO3MOXHOCTb MogMdUKaLumMm NnpealecTBeHHNKa KaTOAHOro MaTepuana
(cmewwaHHoOro rmgpokcmnaa nepexoaHbix metannoB, PCAM), ykazaHHbIM cnocoboM, MHTepecHa BBUAY
BO3MOXHOIO gonupytoLiero agpdpekra, 4OCTUraeMoro Ha ctagum NUTUPOBaHNS NpeKypcopa.

Takum obpasom, uenblo AaHHOW paboTbl ABMASAMOCH M3yYeHue BAUSHUS (PYHKLMOHAINBHOMO
MOKPbITUS Ha OCHOBE AMOKCuAAa TUTaHa, HaHEeCEHHOro Ha MPeKypcop KaTogHOro marepuana MeToaoM
aTOMHO-CITOEBOIO OCaXXAEHUsl, Ha CBOWCTBAa MOMy4aemoro kaTtogHoro Mmartepuana. B kadvectse
UCTOYHMKA TuTaHa Obin ucnonb3oBaH TiCls. XnMmuueckuit aHanma NOKPbITbIX YacTuy, onpenensncs
METO0M aTOMHOW SMUCCUOHHOW CMEKTPOCKOMUU C MHAYKTUBHO-CBA3aHHOMN nnasmon. ®a3oBbin cocTas
MOAMPULMPOBAHHOIO KATOAHOrO MaTepuana uccrnefoBancs MeTtogamu peHTreHOBCKOM Andppakuumn m
WH(ppaKpacHON CMEeKTPOCKOMUU. JNEKTPOXMMUYECKUE WCCReLOBaHUA MaTtepuanoB npoBOAUNUCH
METOL0M ranbBaHOCTaTMYECKOro 3apsaaa/paspsaa.

B xopme wvccnepoBaHui GbinM yCTaHOBMEHbI TEXHOMOrMYeckas npouenypa v napameTpbl
npoLecca HaHeCeHns1 TOHKOCIoNHOro (5 n 10 HM) NOKPLITUST oKeuaa TMTaHa Ha noBepxHocTb PCAM.
Hannune TutaHa B MoaucumumpoBaHHbIX obpasuax Obino  NoATBEPXKAEHO  SMUCCUOHHON
CMEKTPOCKOMMEN, KOHLIEHTpaLUmMsa TUTaHa ans obpasua ¢ NpubdnmnanTenbHONM TOMLWMHON 5 HM cocTaBuna
0.014 macc.%, a gnsa obpasua ¢ npubnuautensHor TonwmHonm 10 HM — 0.074 macc.%. BHegpeHue
oKcuaa TUTaHa B CTPYKTYpy kKatoda B Xxofde ChnekaHWsi MOKpbITbiXx 06pa3LoB NOATBEPXKAEHO MeTO4AMM
PEHTIEHOBCKOM [OMdPaKUMN U MHEPAKPACHOW CNEKTPOCKONUN. INEKTPOXUMUYECKME WCMbITaHUS
MOOUPMLMPOBAHHLIX KaTOAOB MOKasanu MONOXUTENbHbLIN 3heKT HaHeceHUs MOKPLITUIA okcuaa
TUTaHa TONLWMHON NpuMepPHO 10 HM Ha EMKOCTHbIE XapaKTEPUCTUKN MaKeTa Npu BbICOKUX MITOTHOCTSAX
TOKa M B XOA4€ ANUTENBbHOIO TECTUPOBAHMS.

Cnucok nutepatypbl
[1] Tian X. et al. High-performance high-nickel multi-element cathode materials for lithium-ion batteries //
Batteries 2023. V. 9. Ne 6. P. 319. DOI: 10.3390/batteries9060319.

[2] Hausbrand R. et al. Fundamental degradation mechanisms of layered oxide Li-ion battery cathode
materials: Methodology, insights and novel approaches // Mater. Sci. Eng. B 2015. V. 192. P. 3-25.
DOI: 10.1016/j.mseb.2014.11.014.

[3] Ahaliabadeh Z. et al. Extensive comparison of doping and coating strategies for Ni-rich positive electrode
materials // J. Power Sources 2022 V. 540 P. 231633. DOI: 10.1016/j.jpowsour.2022.231633.

[4] Olkhovskii D. et al. Atomic layer deposition titanium oxide coating for C-rate improvement of Li-ion
cathodes // J. Electrochem. Soc. 2024. Vol. 171. P. 020508. DOI: 10.1149/1945-7111/ad242c.
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Pa3paboTka n uccnegoBaHue BbiICOKO3(h(heKTUBHOIro Katoga MCTOYHUKA TOKa
MMNIaHTUPyeMoro KapguoBepTepa-gedmdbpunnatopa

Omutpuin B. MatkmH, Omutpuin H. AradgpoHos, MeaH A. INMyubinos

®edeparnbHoe 2ocydapcmeeHHoe brodxemHoe obpasogameribHOe yupex0eHuUe 8bicuIe20
obpa3sosaHus "HayuoHanbHbIl uccriedosamernbckuli yHueepcumem "MOU", Mockea, Poccusi

PiatkinDV@mpei.ru

MmnnaHtupyembin kapauoBepTep-aedunbpunnarop (MKL) — yCTpoWCTBO, MMNNaHTUpyeMoe B
Teno 4enoBeka Ans NoadepaHus 4acToTbl cepAedHbix cokpalleHun. OHO codeTaeT B cebe hyHKUMM
Kapavoctumynstopa u gedwmbpunnatopa. B craHgapTHOM pexvMe  YCTPOWCTBO — OCyLLECTBNSAET
KapaMOBEPCUIO W KapauocTumynsiumio. B cnyvae BO3HWMKHOBEHUS hubpunnsaumm  ocyllecTBnseTt
necunbpunnaumio. ObecneyeHne aHepruen Takoro yCTpomucTaa ABNaeTC YpesBblHaiHO CMOXHON 3a4ayen,
TaK Kak XMMUYECKUIA NCTOYHMK TOKa JOIPKEH NOAAEPKMBATL KpaiHe Marble TOKM B CTAHAAPTHOM peXume U
BbICOKME MMMYbCHbIE TOKU B pexkume gecdunbpunnaumm.

B HacTosiee Bpemsi B IK[ ncnonb3ayroTcs XMMUYECKME MCTOMHUKN TOKa HAa OCHOBE CUCTEMbI NTUTUI
— BaHapgat cepebpa (Li — Ag2V4O11), Tak Kak BaHagaT cepebpa cnocobeH K BbICOKOTOKOBOMY pa3psiay.
OpHako, eMKOCTb Takoro marepuana He Bbicoka. B cBowo oyepedb, HavbombLUE €MKOCTbIO Cpeau
TBepaodasHbix matepuanoB obnagaet (CFx)n [1,2]. OpHako kpalHe Hu3Kasd SrekTpornpoBOAHOCTb
OrpaHN4YMBaET MOLLHOCTb 31eKTpodoB A0 ypoBHs 50 BT/kr. B cBsisn ¢ BbilecKa3aHHbIM NpeacTaBnseT
fonbLuon MHTepec pa3paboTka M mccrnegoBaHWe KOMMO3WUTHBIX KaTodoB, B COCTaB KOTOPbIX BXOOWUT
Ag2V4011 1 (CFx)n.

[na 1“3roToBNeHWs1 aNeKTpo4oB MCMONb30Banu TPaAULMOHHYKO TEXHOMOMMI0, B COOTBETCTBUM C
koTopon akTmeHble BewectBa — AgzeV4011 U (CFx)n — CMelumBany ¢ aLeTUreHOBOW CaXeln B CyXoM BUe.
CooTHOLLEHME aKTUBHLIX KOMMOHEHTOB BapbupoBanu. B npouecce nepemeluvBaHus B CMECb BHOCKIU
3TUNOBLIV CNUPT U bToponnact mapku ®4[], nepemellBaHMe NPOAOIDKANU A0 KOoarynsuum akTMBHON
Macchl. lNMocne koarynaumm akTMBHYKO MacCy packaTbiBanu Ha BanbLax [0 MAacTUH TOSMLWMHON 2 MM U
noaeepranu cyluke npy 90°C B TeyeHue 2 yacos. [lanee ocylleHHbIe NacTUHbI NPONUTLIBaNv 3TUITOBbIM
CMMPTOM U NOCTENeHHO packatbiBann Ao 1,5 mm 1 150 MKM, nocrne 4Yero OCyLLeCTBANM HakaTKy Ha
TOKOOTBOZ, NPEACTaBNSAIWNA COOON CETKy M3 HepXaBetowen CTanm C HUKeNeBbiM TOKOBbIM BbIBOAOM.
TonwwmHa akTnBHOM Macckl anekTpoaa coctasnsana 900 mkm 1 100 Mkm. Ha domHanbHOM cTaamm anekTpoap!
TepmoobpabaTbiBanyv B BakyyMHOM CyLLMITbHOM Likadyy npu Temnepatype nitoc 150°C B TedeHne 5 yacos.

OnNEeKTPOXUMUYECKME WCMbITaHUS NMPOBOAMIN B TPEXANEKTPOOHOM SYeiKe M3 MONMNponuneHa, B
KayecTBe 3nekTpoda CpPaBHEHUS WM MPOTMBO3INEKTPOL4A MCMOMNb30Banu NnUTUEBLIE anekTpoapl. Paspsg
ocyLlecTBnanu Ha noteHumoctate Elins P20x8. Luknorpamma paspsga B paspese CyToK npeactasnsana
cobon paboTy MakeTa WCTOYHMKA Toka B TeveHum 23 4yacoB 58 MuHyT 30 cekyHO B pexume
KapAMOCTUMYINsiTopa farnee 3anyckanu pexum aedmbpunnsauum npogormkntensHocTbio 90 cekyHa. Takum
obpasom, pabouve TokM BapbupoBanucb oT 0,16 MkA/cm? go 35 mA/cMm2. Llvknorpammy paspsiga
peanu3oBbiBany Ha npoTsxkeHun 20 cyTok. Bbino ycraHOBMEHO, YTO KOMMO3WLMOHHBIE 3MEKTPOoabl,
cogepxawpe cmecb AgaVsO11 u (CFx)n, vMeT npeumyLlecTBO neped kKatogamMyM Ha OCHOBE
VHAVBUAYarbHbIX KOMMOHEHTOB. DIEKTPOXMMUYECKUE UCTIbITAaHWS NoKasanu, YTo Hanbornee addeKkTnBHas
peuenTypa katoga umeet cooTHoweHne Ag2V4O11: (CFx)n Ha ypoBHe 70Mac% : 30mac%. Tak xe ctouTt
OTMETUTb, YTO HaNBOMbLLYIO CTAaBUIBHOCTL B pexunmMe Aehnbpunnatopa nokasanm anekTpoabl C TOMNLWMHON
akTuBHom Macckl 100 MKM.

Mony4yeHHble pesynbTaTtbl fernM B OCHOBY pa3paboTku mpoToTuna UcTouvHvka Toka ans WKL,
MogennposaHne nposoamnm B CAINP Komnac-3D. Paspsg maketa npoTtoTtumna u peanbHoro obpasua
nctoyHuka Toka VK[ nokasan npemMmyLLEeCcTBO Hallelk pa3paboTku kak No cpeaHepas3psaHOMY HanpsikeHMHO
B PEXUME KapAMOCTUMYMALWK, TaK U Ha MPOTSHKEHUN NEPBbIX OBYX CEPUIA BbICOKOTOKOBBLIX MMMYIbCOB B
pexme aedunbpunnsaumm.

Cnucok nutepatypbl

[1] CkyHamH A. M. Xummnueckme uctouHmkm Toka: 210 net / A. M. CkyHavH, . A. BopoHkos — M.
Mokonenwne, 2010. — 352 c.

[2] Baroukuin B. C. Xumunueckue nctodHmkm Toka / Baroukuin B. C., CkyHauH A. M. // M.: QHeprouspar. —
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CocTaB 1 TpaHCNOPTHbIE CBOMCTBA CMELUAHHbIX CONlbBaTHbIX KOMMJIEKCOB
nepxnopara u nonucynb@uaos NUTUA B CUCTEMAX HAa OCHOBe cynbdonaHa

Anekcarngpa A. CaeeuHa, EneHa B. Kapacesa, Bnagumunp C. KonocHuubIH

Yepumekul Mucmumym xumuu Ypumckozo ghedeparnbHo20 uccriedogameribckozo uyeHmpa PAH,
Yopa, Poccusi

asavvina@gmail.com

Jntunir-cepHble akkymynaTopbl (JICA) Bbi3biBaOT O0MbLLOM MHTEPEC B KAYECTBE NEPCNEKTUBHBIX
WUCTOYHMKOB TOKa Onarogapsi BbICOKOW TEOPEeTUMYECKOW YOEeSbHOW 3HEeprum SrekTPOXUMUYECKOWN
cuctembl nutuii-cepa. B npouecce paspsga JICA obGpasytotcsa nonucynbdugbl NUTUs,, KOTOpPble
CBSI3bIBAIOT B COMIbBATHbIX 060M04Kax KaTUoHa NMTUSE MOMEKY bl pacTBopuTenei. Mo mepe yBenuyeHus
rny6uHel paspsiga JICA koHUEHTpaLns NonNMcynbUO0B NUTUA B ANEKTPONUTaX YBENUYMBAETCS, U OHU
BbIOENSAOTCA B OTAENbHYIO (ha3y B BUAE COMbBATHLIX KOMMMEKCOB. [1py orpaHM4YeHHOM cogdepkaHum
anektponuTa npu paspsge JICA B otaensHyto a3y BblAeNs0TCS U CONbBaTHbIE KOMMNEKChI MUTUEBbIX
conen. B koHe4yHoMm mTore B npouecce pa3psga JICA anektponuTHasa cuctema TpaHcopMupyeTcs B
CMeCb COMbBaTHbLIX KOMMSIEKCOB MONMUCYNbMUAOB NUTUS U JIMTUEBLIX COMEA C 3MEKTPOSIUTHBLIM
pactBopuTenem. CocTaB M CBOMCTBA 0Opa3yloLLMXCS CMECEN CONbBaTHbIX KOMMIIEKCOB (haKTUYECKU
onpenensT 3HepreTMyeckne M aSkcnnyataumoHHble ceovictBa JICA. B goknage cymmupytotcs
pesynbTatbl UCCNegOBaHUW COCTaBa WM CBOWCTB CMecel COfbBaTHbIX KOMMSEKCOB cyrbd)osiaHa ¢
nepxmnopaTtoM nuTus 1 NoNucynbugamMmu NUTUS pasfMYHON PasMepHOCTU.

YOobHblM METOOOM UCCrefoBaHUs COCTaBa CONbBATHbIX KOMMIIEKCOB JIMTUEBLIX CONen
SABNsieTCa MeToa BakyyMHomn rpasumeTpuu [1]. UccnepoBaHua nokasanu, 4to TeTpacynbdu nutms c
cynbdonaHom obpasyeT rekcaconbBaT, obrafatoLmin HU3KOM 3NekTponpoBoAHOCTLI0 (3.9-107% Om™!
cm™', 30°C), HO BbICOKMM KaXkyLUMMCSi 4MCrioM nepeHoca katuoHa nutust (0.92, 30°C). BeegeHue
nepxnopata nuTusa B cuctemy nonucynbdug nutusa — cynbonaH NpMBOAUT K CHMDKEHUIO CpeaHero
COMbBATHOrO YMCNa KaTUoHa NUTUSA, YBENUYEHUIO YAENbHON 3NEKTPONPOBOAHOCTU, HO YMEHbLUEHWUIO
KaXkyLLlerocs ymcna nepeHoca KaTMoHa NUTUSA B CMeLLaHHbIX CONMbBaTHbLIX KOMMNeKcax.

Ha ocHoBaHuK pe3ynbTaTtoB UcCnefoBaHWA NPeanosioKeEHO, YTO CoNbBaTaLUUsA KaTMoOHa NUTUA
B CONbBATHbIX KOMMJEKcax MONUCynbuaoB NUTUS U UX CMECEN C CONbBaTHbIMW KOMMIekcamu
nepxnopata NMTUA OCYLLECTBISIETCA He TONMbKO MONeKynamu pacTBOPUTENS, HO M aToMamMu Cepbl
nonucynbduaHbix Uenen. KoHTponb conbBatauuu kaTvoHa INUTUS Yepe3 ONTUMMU3aLuMio COocTaBa
3AneKkTponuTa MoXeT ObITb OOHVMM M3 CNOCODOB yNy4LLEHWS SHepreTnyecknx xapakrepuctuk JICA.

Cnucok nuteparypbl
[1] Karaseva E.V., Savvina A.A., Kuzmina E.V., Kolosnitsyn V.S. Studying the Composition of Solvate
Complexes of Lithium Perchlorate with Sulfolane via Vacuum Gravimetry // Russ. J. Phys. Chem. A.
2022. V. 96. Ne 1. P. 93-98. DOI: 10.1134/S0036024422010150

BnarogapHocTu
PaboTa BbINnONHeHa B pamkax rocyaapcTBeHHoro 3agaHusi no teme Ne 125020601630-6 «ConbBaTHbIE MOHHbIE
XKMOKOCTU — COCTaB, CTpOEeHue, (PU3NKO-XUMUYECKUE U SMEKTPOXMMMYECKne cBOMWCTBa. [lpuMeHeHue B

3HepFOéMKVIX HaKonnTenax sHeprum — NATUEBLIX N NNTUA-NOHHBIX aKKyMynaTopax».
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000 «OMJIMBEPCAHHC» - xommwickcHsli B2B-mocTaBmuk npemusnoHHoro obopynoBanne am1 R&D u
npouzpojictea AKB, HCHOBITATENBHBIX KOMIUIEKCOB H BRICOKOYHCTHIX MATEPHAIIOB YIS HCCIEAOBAHHH H
MIPOH3BO/ICTBA JIHTHH-HOHHEIX aKKyMyIsaTopos (JIMA) # HaTpui-nOHHBIX akkyMysatopos (HHA).

Hangexnoe MaTepHATPHO-TEXHHUCCKOe olecnicyeHue HayuHex rpantoB PH®, xX03710roBOpHBIX mporpaMM H
OTIFI THO-TIPOMBITIIEHHBIX VUACTKOR B CTPOTOM cooTeeTcTRHH ¢ Deepanbabivu 3akoHaMu 44-D3 u 223D 3.

ONeKTPOXUMUYECKUU aHaANN3 U pecypcHble ucnboitauua XUT

3apanHo-pazpangHeie creHaAbl Neware (cepun BTS4000, BTS9000 u np.): anmapaTHO-TPOrpaMMHBIE KOMIDIEKCH! TS
TIPEIIHM3HOHHOTO TeCTHPORAHHWA H PECYPCHBIX MCIBITaHHH XM T B MOOBX KOHCTPYKTHBHEIX HCTIONHEHHAX (OT JHCKOBEIX
anementror, CR20xx, 1o IMMHIpHYecKEX sueek hopmaror 18650, 21700, 4680 1 rricokoemknx Pouch-31emMeHTOR 1 1p.).
DnexTpoxuMHIecKnii  aHanuz Ga30BBIX  TPOIECcOB  0feCleUHBAETCs]  OJHOKAHAIBHBIMH M MHOTOKAHAILHBIMH
NOTCHIHOCTATAMU-TAJILRAHOCTATAMH cepuii(cepusa CS3XO0M, CS2350M u CS310X) nogaepKHBAROIUMEH METOBL
Npe 3 HoHHOrO 3apsaa-pazpsana (GCD, mvnynecusrit PCD), cHeKrpockoIHio 3eKTpoXuMuIeckoro umnemanca (EIS), a
TaKKe KHHeTHUeCKoe orpesieneHne Koahdmmenror auddyaun metogavi GITT n PITT.

Jnd  BepHpUKAIMH  (QYHKIIHOHATBHEIR  XAPAKTEPHCTHK | HCCHSIVeMBIX | cHCTeM B PEryIupYyeMBIX TeMIepaTypHO-
BIaKHOCTHEIX JIHATIA30HAX KOMILIEKC MHTEIPHPYETCA ¢ TEPMOCTATHPYIIHMH HCNBITATE/IBHBIMH KJIAHMATHYECKHMH
KaMepaMHu.

O6opynoBaHue ans R&D u npoussogctea AKB JIMA/HUNA

Kommmekensic penrcHus 11 GyHIAMEHTATBHBIX H TPHKTATHHX HCCTCTOBAHHH B 00MIACTH XHMHUCCKHX
HCTOYHHKOB TOKa

JIuHus OpenM3HoHHOH COOPKH NMPOTOTHIOB AHCKOBLIX 371eMeHT OB (Coin Cells);

JIHHHUA HITOTOB/IEHHS H TepMeTH3AIHH ONBITHLIX 06pa3oB MakeTHpoRaHHLIX (Pouch) siueek;

JInHHA cG0pPKH H NPOH3BOACTBA HINTHHAPHYCCKHX AKKYMYJIATOPOB;

TexHonornyeckie JHHHH I0IHOr0 WHK/IA: TIPOEKTHPOBaHNE IO cllelidHIecKHe HayIHO-HCCIeJ0BaTelbCKIe 1
MPOM3BOACTBEeHHBIE 3a1aun 3akazunka (Custom/Turnkey perenms);

XuMmunueckme martepuanbl U KOMNOHEeHTbI Battery Grade

Bobicokounctble Mera/uibl: Merannmuecknii THTHH M HATPWEL BBICOKOH YHCTOTH (KaluOpPOBOYHBIE NHCKI/ YHIIBL,
YILTpaTOHKas GHoNbra A aHOTHEIX CTPYKTYP), (hoNbra anloMHHHEBAs H MeAHasT,

AKTHBHbIEe KOMNOHeHTBI: [paduroBre, Kpemuub-yrmepoansie (Si/C) amomupie nopomky, Hard Carbon, karonHwbie
maTtepHansl Hoporo mokonenus s JIMA (LFP, NMC) u  HHA ((cnowmersie okcmuel (O3, P2), Na,V,(PO,%);
(Na, V,(PO,),F,); aranorn Gepiunckoi nazypu (PBA).

KoMIOHEHTHI 3TeKTPO/HTOR, CENAPATOPLI H CBAIYIOITIHE MATePHAJBI: YIHTPATHCTHIE AMEKTPONUTHEE CONH (BKITIOYAT
LiPF), opraniieckne pacTBOPUTENH 1 QYHKITHOHATLHES COPACTBOPHTENH, MOTMDHITUPYIONTHE JOGABKH K STeKTPOTNTY,
MHEPOTIOPUCTHE TIOMHMepHbie cemapatopsl Celgard u Ap, cTeIMATH3MPOBAHHBIE CRA3VIOMMe MatepHanbl (PVDEF, CMC,
SBR u mp).

A TAKXE

Ckiajackas nporpamva B PO: Kinouesnie pacxopnbie Matepuansl Battery Grade u GazoBkie MOAHpUKAIIMN TPHGOPOR
HAXOJATCH B [IOCTOAHHOM HATMYHH Ha CODCTBEHHOM cknaje B POCCHH, MUHHMIZHPYS 3aJepKi B Bammux R&D-1mknax.
OrcneptHaa B2B-moagepikka: becrmatHoe copmelicTBMe KOHTpakTHRIM ciyskbaM Ha sTamax obocHoBanms HMIIK,
noAToToRKH T3 M NPOXO#AIEHNA BHY TPEHHHX BeJOMCTBEHHHEIX TPOBEPOK.
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YCTHbIE OOKNAAbI ORAL PRESENTATIONS

HanpaBneHHasa mogudmkauusa aHogHOro maTepuasra Ha OCHOBe CMeLLaHHOro
c¢doccpaTta HaTpuA n xpoma-Hmooumsa

Enunzaeeta 1. besobpasoa', Nnbs P. YepkaleHko'2, Hennu P. XacaHoBa', PognoH B. MNaHuH',
MBeaH B. Muxees'

" Mockoeckuli 2ocydapcmeeHHbil yHusepcumem umeHu M.B. JlomoHocosa,
xumudeckud ¢pakynbmem, Mockea, Poccus
2 Ckonkosckuli uHcmumym Hayku u mexHonoauli, Mockea, Poccusi

bezobrli@gmail.com

LLIMpokOMy MNPUMEHEHWIO TNUTUN-MOHHBLIX aKKyMynsTOPOB B COBPEMEHHOW 3HEpreTuke
NpenaTcTByeT OrpaHMYeHHOCTb 3amnacoB NUTUSA, YTO AenaeT pas3BMTUE HATPUN-UOHHBLIX aHanoros
0COBEHHO akTyanbHbiM. B KayecTBe MNepCneKkTUBHbIX aHOAHbIX MaTepuanoB AnAs HUX  MOryT
ucnonb3oBaTbca hocdaTbl HMobusi co cTpyktyponnt NASICON, B yactHocT NaCrNb(PO,)s. NIHTepec k
3TOMY COELMHEHMIO Bbi3BAH AOCTYMHOCTBIO U AELIEBU3HON €r0 KOMMNOHEHTOB, CPaBHUTENBHO HU3KUM
noteHumManom pepokc-nepexogoB (Cr¥*/Cr?* un  mynbtnanektpoHHoro Nb®*/Nb3"), a Takke
YCTOMYMBOCTBIO BanNeHTHbIX hOpM Xpoma U HMOOKS Ha BO3Ayxe, Kak C TEPMOAMHAMUYECKOW, Tak U C
KMHETUYECKOM TOYKM 3pPEHUS, YTO obneryaeT ero nony4veHue.

Hepoctatkom NaCrNb(PO4): saBnsieTcs nageHne eMKOCTM Ha BbICOKMX MMOTHOCTAX TokKa
BCNEeACTBME SH-TENNEepPOBCKOro McKakeHusi oktasagpoB Cr2*Os. [ns pelleHuss 3Toll npobrembl
NpOBOAWMOCE M30BarieHTHOE 3aMelleHne XpoMa Ha antoMuHUA. 1o AaHHBIM 3NEKTPOXMMUYECKMX
N3MepEHU, CHXKEHNE TncTepesnca noTeHumana B LUMKIUYECKOW BONbT-amneporpaMme, HaKMOHHbIN
y4yacToKk BMECTO nraToobpasHoro B obnactu nepexoga Cr3*/Cr2* Ha ranbBaHOCTATUYECKUX KPWBbIX
Nno3BOMST CyauTb 0 NnogaeneHunmn adcpekta AHa-Tennepa v UBMEHEHUN MEXaHU3Ma UHTEPKaNsLumn co
CMellaHHOro Ha ofgHodasHbin. OfHako npu  ANUTENbHOM  LuMknupoBaHuu nocrne 100 uumknos
coxpaHsinock 82 % Ha4YanbHOW EMKOCTU, YTO NOKa3blBAET HEBbLIAAMOLLYOCS LIMKITMYECKYH YCTONYMBOCTb
NONMYYEeHHOTO  COEAMHEHMUS. Mpn paccMOTPEHMU UHBLIX TPEXBANEHTHLIX KaTMOHOB B
kayecTBe anbTepHaTBbl Al¥* CTAHOBWUTCA MOHATHO, 4YTO HeobxoaMma WHas cTpaTerus Mo
npeogonexuto HegocTatkoB NaCrNb(PO4)s: Fe anekTpoxmmmyeckn akTuBeH B BbiIbpaHHOM guanasoHe
NoTEeHUManoB C MOTEeHUMarioM BbICOKMM Afs aHogHOro matepuana; Sc, Ga, In MMelT BbICOKYHO
CTOMMOCTb, a V TpebyeT uHepTHOM aTMOocdepbl NPy CUHTE3E.

Odbdekt AHa-Tennepa MoxeT nopaBnsTbcA Onarogaps 3ameweHuto yYactu Cr Ha Nb B
coeauHeHuu npegnonaraemoro coctaBa Na1-2xCrixNb1+x(POa4)s, rae x=0.2-0.4. JedunumT noHos Na* B
nosuuum Nal npuBoaUT K akTMBaLMM 3TOW NO3NLMM NPU 3apsige NOMUMO OOLLEro Ansi COeAMHEHUI CO
ctpyktyporr NASICON 3anonHeHusa nosuuun Na2. 3710 obecneuymBaeT BbICOKYHD TeOpPETUYECKYHO
emMkocTb geduuntHoro docdata, coctapnawowyo 189 MA4Y -r'. [lo [aHHLIM  LMKIIMYECKOM
BOMbTaMneporpamMmmbl 4eNCTBUTENBHO NPOUCXOAUT akTuBaums no3vummn Nal, a ranbBaHocTaTu4eckue
N3MepeHUsl MokasblBaloT, YTO eMKOoCTb npu nnotHoctn Toka 0.1C npeBocxoanTt 180 MAY -r', yTO
NPUOMKEHO K TEOPETUYECKOMY 3HAYEHMIO N MPEBOCXOANT TAKOBbIE AN CTEXMOMETPUYHOro CocTaBa.

Cnucok nutepatypbl
[1] Panin R. V., Cherkashchenko I. R., Zaitseva V. V., Samigullin R. R., Zakharkin M. V., Novichkov D. A,,
Babkin A.V., Khasanova N.R., Antipov E. V. Realizing Three-Electron Redox Reactions in NASICON-
Type NaCrNb(PO4)3 for Sodium lon Battery Applications // Chem. Mat. 2024, Vol. 36, P. 6902-6911.
DOI: 10.1021/acs.chemmater.4c00933

[2] Cherkashchenko I. R. et al. NaAINb (PO4)3 NASICON-type phosphate with the Nb5+/Nb4+/Nb3+
multielectron redox activity on sodium intercalation //Mendeleev Communications. — 2025. — T. 35. — Ne.
4. —C. 393-395. DOI:10.71267/mencom.7637

BnarogapHocTu
Pa6oTa BbinonHeHa npy ouHaHcoBoW nogaepxke rpaHta PH® 23-13-00071-11 (80 M)
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BnusiHne aMana3oHa Hanps>keHU Ha ANeKTPOXMMUYECKne CBOMCTBa KaToa Ha
ocHoBe VsO13/PEDOT B UMHK-MOHHBbIX aKKyMynsiTopax

dununn C. Bonkos', CeBetnana H. Ennceesa’

T CaHkm-lNemepbypackuli 2ocydapcmeeHHbili yHusepcumem, CaHkm-llemepbype, Poccusi
Sokkorat@gmail.com

LIMHK-noHHbIe akkymynsaTopbl (LWA) sBNal0TCA NepCnekTMBHBIMU XUMUYECKUMWU MCTOYHUKaMK
TOKa Grarogapsi MX 3KONMOrMYHOCTM, AeLleBU3HE U BbICOKOW 6e30nmacHOCTM 3a CYET UCMOMb30BaHWS
BOAHbIX anekTponutos [1]. CoeanHeHnss Ha OCHOBE OKCMOOB BaHagus OTHOCATCHA K 4Mcry Hambonee
nepcnekTUBHbIX KATOAHbIX MaTepuanos ans LIMA 6narogaps pasHoobpasnto CTpyKTyp, 6riaronpusitTHbIX
ans uHTepkansauum Zn?*, U MHOFO3MEKTPOHHLIM OKUCIUTENbHO-BOCCTAHOBUTENMBHBLIM MpoLeccam,
COOTBETCTBYIOLLNM U3MEHEHUIO CTEMEHM OKUCNIEHMS BaHaamMs OT +5 Ao +3, uTo obecneynBaeT BbICOKYHO
TEOPETUYECKYIO YAENbHYH EMKOCTb. HecMoTps Ha 3Ha4MTEnbHBIN NOTEeHLMarn, Katogbl Ha OCHOBE
OKCUZOB BaHagus CTankumealoTcsl ¢ npobnemamy pacTBOpeHUs BaHaaust M pa3oBbiX MpeBpaLLeHUN,
OrpaHN4YMBatoOLLMX JONITOBPEMEHHYIO LIMKINYECKYH CTabnnbHOCTD [2].

[ns npeogoneHus npobnem, CBOWCTBEHHbIX KaTo4aM Ha OCHOBE OKCMAOB BaHaausi, B JAHHON
paboTte Obll  yCMEWHO CUHTE3MPOBaH KOMMO3uUTHbIM  Matepuan VeO13/PEDOT  (nonwu(3,4-
3TUNEHONOKCUTNOGEH)) rmapoTepmarnbHbiM MeToAoM B MsArkux ycnoeusx (T = 120 °C, t = 24 4) ¢
ucnonb3oBaHneM AocTynHbix npekypcopoB (V20s, EDOT (3,4-stuneHgmokcutnodeH), H20z2).
[Mony4eHHbIN KOMNO3UT BblN OXapakTepn3oBaH KOMMMEKCOM (PU3UKO-XUMUYECKUX MeTtoaos: POA, TTA,
P®3C, COM, 34C n UK-®Oypbe cnektpockonuen. POA nokasan, 4To B XO4e CUHTE3a NPOUCXOAUT
YyacTu4yHoe BoccTaHoBreHne V5 moHomepom EDOT ¢ o6pasoBaHuem dasbl VsO13 1 nonumepa PEDOT.
UK-®ypbe cnektpockonua u POIC noatsepaunu copepxanve PEDOT B coctaBe komnosuTa u
CMeLLaHHOBAaNEeHTHOe cocTosAHMe okcuaa BaHagus. COM-n3obpaxeHus npoaeMOoHCTpUpoBanu, 4YTo
KOMMO3WUT MpeacTaBnsdeT coboN LBETKOBUAHbIE MepapXuyeckue CTPYKTypbl, COCTOsLWME U3
HaHonucToB, a QC-aHanu3 noaTBepann paBHoMepHoe pacnpeneneHme PEDOT no Bcemy o6bemy
komnosuta. Metogom TI'A yCTaHOBMEHO, YTO coep)KaHue nonumepa B Komnosute coctasnset 15,9
macc. %.

Ha ocHoBe nomnyyeHHOro martepuana ObifM M3rOTOBMEHbl ANEKTPOAbl MyTEeM CMeELUUBaHUS
komnosuta VeO13/PEDOT, caxu (C) n nonusmHunuageHdTopuga (PVDF) B N-meTtunnupponuaoHe B
mMaccoBoM cooTHoweHun 70:20:10 ¢ nocneaywWmMM HaHECEHWEM 3SMNEKTPOLHOW CycneHs3un Ha
TUTaAHOBYIO ponbry. [ns SnekTpoXuMmyecknx ucnbiTaHui 6binn cobpaHbl suverkun tuna CR2032 ¢
NUCNonb30BaHWEM MeTannmMyeckoro UuHka B kadectBe aHoga uM 2,3 M Zn(CF3SOs). B kayecTBe
anekTponuTa. TecTupoBaHve MaTepmana ocyLLeCTBRANOChk B ABYX Anana3oHax HanpsbkeHun: 0,3-1,4
B wn 0,3-1,6 B.

BbIo BbIABNEHO, 4TO Npwu UMKNMpoBaHun B amanasoHe 0,3—1,6 B Ha nepsbIX UMknax
HabnogaeTca HeobpaTUMOE OKMCIEeHMe, YTO MPEANnoNoXMTENBHO CBA3aHO ¢ okucneHvem VeO13 Ao
V205:nH20. [aHHbIM npouecc COonpoBOXOAETCH CYLWECTBEHHbIM POCTOM YAENbHOM EMKOCTU U
nosiBNEHMEM AOMNOMHUTENBHOMO NNaTo Npu HanpskeHun okono 0,9 B B xoae HavanbHbIX LMkNoB. MNpu
umknmpoBaHmm B grnanasoHe 0,3—1,4 B npouecca aktnsauumn He Habntogaetcs, B xoge 300 umknos npu
nnotHocTsax Toka 1 n 5 A-r' HabntogaeTcs Bbicokas cTabunbHocTb émkocTh (~100 %). OgHako B xoae
1000 uuknoB ana guanasoHa HanpsbkeHun 0,3-1,6 B yctaHoBneHo 6Gornee BbICOKOE COXpaHeHue
EMKOCTN.

Cnucok nuteparypbl

[1] Tang M., Liu Q., Zou X., Zhang B., An L. High-energy-density aqueous zinc-ion batteries: recent
progress, design strategies, challenges, and perspectives // Advanced Materials. 2025. T. 37, Ne. 48.
2501361. DOI: 10.1002/adma.202501361

[2] JinH., Li R, Zhu L., Han Q., Qiu X., Yang X. et al. Development of vanadium oxides as cathodes in
aqueous zinc-ion batteries: A mini review // Electrochemistry Communications. 2024. T. 159. 107650.
DOI: 10.1016/j.elecom.2023.107650

BnarogapHoctu
[aHHas paboTa BbinonHeHa npu nogaepxke CaHkT-MNeTepbyprckoro rocyaapcTBeHHOro yHuBepcuTeTa (npoekT Ne
125022002749-4).
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AdmpHbIe anekTponuTbl ¢ ABoMHOMN conbio NaPF4,-NaOTf gna HaTpun-MoHHbIX
aKKyMyJnSITOPOB LUMPOKOro TeMmnepaTypHoOro gmanasoHa

AHHa C. yuwkosa', AHacTtacusa A.PennHa'2, AnuHa W. VIHosemueBa'2

1 Mockosckuli ®usuko-TexHu4Yeckuli MHcmumym (HauuoHasbHbIl uccriedosamerbeKull
yHusepcumem), [lonzonpy0dHsid, Poccusi
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Poccus

glushkova.as@phystech.edu

AKTVBHbBIA POCT WCCMNEeAOBaHUN HATPUM-MOHHBIX akkymynsitopoB (HWA) obycrnoBneH wux
noTeHumanbHbIM 9KOHOMUYECKUM MPENMYLLECTBOM MO CPABHEHMIO C NTUTUN-UOHHBIMW aKKyMynsiTopamu
(JINA), nockonbky HaTpui 6onee pacnpocTpaHéH B npupoge [1]. 3To oTKpbIBAaeT BO3MOXHOCTU AN
CHWKEHWS CTOMMOCTM aKKyMyNSTOPOB, O4HAKO MO CPOKY CNy»0bl M cTabunbHocTv umknuposaHms,HUA
noka yctynawT JIMA. BaxHbiMn 3ajayamMu Takke OCTaloTca noBbleHue 6esonacHoctv HUA un
obecneyeHne CTabnnbHOro LMKNMPOBaHMA B LLMPOKOM TeMnepaTypHOM Anana3soHe. B pamkax gaHHon
paboTbl 4Ns peLleHns 3Tux Nnpobnem 6bino NpeanoxeHo NCNoNbL30BaTh ABOVIHbIE COMKW, NO3BONAOLLINE
006beauHNTb NPenMyLLeCcTBa pasfnnyHbIX KOMMIOHEHTOB 3MEKTPONnTa.

B kauecTtBe 00beKTOB UccnenoBaHus 6binm BoibpaHbl conn NaPF ¢ u Tpudnat HaTpust (NaOTH)
B 9(pMpHbIX pacTBOpuTEnAX (rmMmMmax) pasnuyHon AnvHbl uenu: moHo-(DME), ou-(2G), tpu-(3G) un
Tetparnum (4G), ¢ BapbupoBaHueM cooTHoweHust conen NaPFs:NaOTf (1M:0M, 0,5M:0,5M,
0,9M:0,1M, OM:1M). Bbibop conen obycnoeneH tem, 4to NaPF, obecneunBaeT addeKkTuBHOE
dopmupoBaHme SEI n ctabunbHoe UMKNMpoBaHMe, HO ML NP KOMHATHOW TeMnepaType, Torga kak
NaOTf gemMOHCTpuUpyeT nydlliMe XapaKTepUCTUMKU MpU MOHWXKEHHbIX TemnepaTypax 3a cYéT Gonee
adppekTnBHOM conbBaTauum Na* [2]. DdupHble anekTponuTbl BbiOpaHbl Grarogaps uX HU3KON
TOKCMYHOCTN, CMOCOBHOCTN (hOPMUPOBATL CONbBATHbIE KOMMMEKCHI U LLUMPOKOMY TemrepaTypHOMY
OunanasoHy ctabunsHoctu [3]. B kayectBe aHoaa npumMmeHsnca HerpaduTtusnpyemsin yrnepog (HC —
Hard Carbon), cnocobHbIn 0b6paTtnmo nHtepkanupoBaTb MoHbI Na*, B oTnindme ot rpadura [4].

B xoge paboTbl ObiNM OxapakTepumsoBaHbl CBOWCTBA MWCCMEQYeMbIX SNeKTPONMUTOB:
NpOBOAMMOCTM, OKHa CTabuNbHOCTU M CconbBaTMpyloWass CnocobHOCTb. BbiNoO nokaszaHo, 4YTO U3
BblOpaHHbIX COCTaBOB 3NEKTPONMTOB Hanbonblien nposoaumocTbto obnagaet 1M NaPF, B DME, a
pobasneHne NaOTf n ncnonb3oBaHume rMuMoB ¢ 6onbLLEen ANMHON Leny NPUBOAUT K ee CHuKeHuto. No
naHHbIM KP-cnektpockonuu, BBeaeHne NaOTf B coctae anektponuTta ocnabnset koopauHaumio Na* ¢
achmpamum.

Ona BbIGpaHHbIX COCTABOB anekTponuta 6binM npoBedeHbl  LMKANYeCcKUe UCMbITaHus
nonys4veek Na/HC npu temnepatypax —30, +25 n +40 °C. Pe3synbTaTbl LMKNMPOBaAHUSA 4EMOHCTPUPYIOT,
4YTO NPWU KOMHATHOW TemMnepaTtype Haunyylive XapakTepUCTMKM AOCTUraltTCa A58 YMCTbIX conewn (o
270 MA-4/r), npu +40 °C po6asneHne 10% NaOTf noBbiwaeT émkocTb ¢ 200 MAY/r ans ynctoro NaPFe
no 250 mAuY/r, Torga kak G6ornee Bbicokme KoHueHTpauun NaOTf npuBoasT k GbiCcTpon gerpagaumm
émkocTu. Mpu —30 °C anektponuTbl ¢ YicTeiM NaPF4 He obGecneumBaloT LUMKIMPOBAHUS NOMysAYeek,
ogHako pobasneHne 10-50% NaOTf nossondetr goctmydb éMkocTn ao 170 MA-4/r. Takum obpasom,
ncnonb3oBaHWe OBOWHBLIX COMNen paclumpseT TemnepaTypHbli ananasoH pabotel HAA, obecneunsas
0o 60% émkocTn aHoga npu HU3Kux TemnepaTypax v o 80% npu nosbiweHHbIX. B aanbHenwem
nnaHMpyeTcs NPOBECTU LIMKITMYECKUE UCMbITAHWUS NMOSHBLIX SYEEK NPY pasfnunyHbiX TemnepaTypax.

Cnucok nutepatypbl
[1] Chuanchuan Li, Hongyue Xu, Ling Ni, [et al.] Liquid Electrolytes for Sodium - lon Batteries:
Fundamentals, Progressand Perspectives, 2023. DOI: 10.1002/aenm.202301758.

[2] Akila C. Thenuwar, Pralav P. Shetty, Neha Kondekar, [et al.] Enabling highly reversible sodium metal
cycling across a wide temperature range with dual-salt electrolytes, 2021. Doi: 10.1039/d1ta00842k.

[3] Shuaigi Li, Xinrui Song, Pengwei Jing, [et al.] Trace NaBF4 Modulated Ultralow-Concentration Ether
Electrolyte for Durable High-Voltage Sodium-lon Batteries, 2025. Doi:10.1002/adfm.202422491.

[4] Sishi Li, Jiaqi Liu, Yuecong Chen, [et al.] Graphitization Induction Effect of Hard Carbon for Sodium-lon
Storage, 2025. DOI: 10.1002/adfm.202424629.
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MNMnaTo, konokon nnu aptecdakr? O6 0CO6eHHOCTAX NOTEHUMOPE3NCTUBHOIO
OTKIIMKA NMPOBOASLUMX NONIMMEPOB

AHactacus I". Jonmatoea', AnekcaHap C. KoHes', Anekcelr U. Bonkoe', Oner B. JleBuH'

T CaHkm-lNemepbypackuli 2ocydapcmeeHHbIl yHuUsepcumem, VIHcmumym xumuu,
CaHkm-lNemepbype, Poccus

st097759@student.spbu.ru

OnekTponpoBOAHOCTb MPOBOASALLMX NONIMMEPOB, OOYCINOBIIEHHAs HanM4YneM Kak COMnpsiXKEeHHON
T-CUCTEMbI (NONUNNPPOIbl, NONUTUOMEHLI) TaK U PeaoKC-aKTUBHBIX LLeHTpoB, Hanpumep TEMIIO,
4YacTO OKa3blBaeTCs NOTEHUMan-3aBUCUMON, YTO NPeACcTaBnseT nHTepec Ans paspaboTku matepmnanos
C NepeMeHHbIM COMPOTUBIIEHNEM, MO3ULNOHMPYEMBIX AN 3aLUUTLI NUTUA-MOHHBLIX aKKyMynsTOPOB OT
BO3ropaHusi 1 B3pbiBa B pe3yfibTaTe KOPOTKOro 3aMblKaHMsI.

CornacHo nutepaTypHbIM aHHbIM, NPO(UbL 3aBUCUMOCTU MPOBOAUMOCTI OT NOTeHUMana B
obnactm MakcumanbHOW NPOBOAUMOCTU UMEET NUBO «KONoKONoobpasHbI» BuA, NMMOO BbIXOOUT Ha
nnarto. OTo pasnu4yne B hopme NOTEHLNOPEIUCTUBHOM KPMBOI HYAacTO UHTEPNPETUPYETCS Kak pasnuyve
B MexaHu3Mme nepeHoca 3apsga: BbIXOA Ha «MNnato» WHTEPNpeTUpYIT Kak peanv3aumio 3MNeKTPOH-
ObIPOYHOW NPOBOAUMOCTW aHanorM4Ho Habngaemon B HEOpraHMYeCcKnx NonynpoBogHMKax, Toraa kak
napabonnyeckuin BUO, KPMBOW CBA3bIBAIOT C «OUCKPETHbIM» MexaHu3MoM (“electron hopping”)
NpOBOANMOCTMW.

XoTa obe uHTepnpeTauum UMeEKT nog cobon duamyeckoe ob6OCHOBaHME, MPUMEHATb UX K
KOHKPETHOMY MaTtepuarny CTOMT C OCTOPOXHOCTbIO. B gaHHoM paboTe nokasaHo, YTO MPUYMHOWN
NposiBNeHUss nraTonogobHOro Npoduns MOXET SABMATbCA HanMyMe napasvMTHOro COMPOTUBMEHUS,
COMOCTaBUMOro C CONpoTUBRAEHMEM nonumepHon nneHkn (Puc. 1). [ina yctpaHeHus aToro aptedakTa
Obina paspaboTtaHa npoueaypa Koppekunn pesynbTaToB U3MEPEHUIN HA NapasnTHOE CONPOTUBMNEHMKE C
MCMNOfb30BaHNEM BbLICOKOMPOBOAALLErO mMatepuana — pTyTu. Ha npvmepe nonumepoB € pasHbIMU
3asBMNEHHbIMM MexaHn3Mammn nepeHoca 3apsga (nonunupporn, nonutuodeH n nonu(TEMMNO-nnppon))
nokasaHo, 4YTO B pe3ynbTaTe KOpPeKUMM UCXOOAHOro npodwns MNpoBOAMMOCTM NNaTtonogoOHbIV
npodune nNpoBOAMMOCTM npeobpasyetca B OnuM3kuin Kk napabonuyeckoMy, 4TO MO3BONSET
npegnonarate peann3auunio ANCKPETHOro MexaHu3ma NPoOBOAMMOCTM BO BCEX TPEX CryYasX.

1.0 T T T T
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b
©
0.4 4
0.2 4
Gfilm << Olead
OO T T T T
0.0 0.2 0.4 0.6 0.8 1.0

PucyHok 1. 3aBUCMMOCTb OTHOCUTENBbHOM npoBOAMMOCTHU OT CTeneHn gonnpoBaHunAa and nofiuMepHbIX
MNeHOoK C pa3HbIM COOTHOLLUEHNEM Ofilm/Olead

Cnucok nutepatypbl
[1] Karlsson C., Huang H., Stramme M., Gogoll A., Sjédin M., I. lon-and electron transport in pyrrole/quinone
conducting redox polymers investigated by in situ conductivity methods //Electrochimica Acta. 2015. T.
179. C. 336-342. DOI: 10.1016/j.electacta.2015.02.193

BnarogapHocTu
Pa6oTa BbinonHeHa npy ouHaHcoBow nogaepxke PH® (rpaHT Ne 24-13-00204).
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Mounck onTUManbHbIX YrNnepoaHbIX HOcUTenen AnsA NoBbILWEHUA aKTUBHOCTU B
peakuumn BOCCTAaHOBIIEHUA Kucnopoaa n ctabmnoHoctu Pt/C
3NneKTpoKaTannsaTopos

Anbeupa A. 3anuea’, Kupunn O. Manepx’, Onua A. basn', Bnagumup E. MN'ytepmaH!

" fOxHbIO @edeparnbHbill yHUBepcumem, 2. Pocmos-Ha-LoHy, Poccusi
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TonnueHblE 3NEMEHTbI C NPOTOHHOOOMEHHON MeMOGpaHHOW paccMaTpuBalOTCA Kak ogHa U3
KNiOYeBbIX TEXHOMorni BogopoaHon aHepreTukn [1,2]. Ux wmpokoe BHeapeHue caepxuBaeTcs
OTCYTCTBMEM KaTOAHbIX MaTepuanoB, KOTOpble OAHOBPEMEHHO 06nagalT BbICOKOW KaTanuTU4eckon
aKTMBHOCTbIO B  peakumm BoccTaHoBneHust kucnopoga (PBK), ontumanbHoOM nnowagbio
3MEKTPOXUMUYECKM aKTUBHOM MOBEPXHOCTbI (OXAIN) M yCTOMYMBOCTBLIO K Aerpajaumm B YCrOBUSIX
anutensHonm akcnnyatauun. Haubonblee pacnpocTpaHeHne nonyynnu PH/C  cuctembl, rae
HaHoyacTuubl (HY) nnatvHbl pacnpepgeneHbl MO MOBEPXHOCTU yrrnepogHoro Hocutens (YH).
YrnepoaHble HOCUTENW pasnMyalTca Mo CTENeHn rpaduTusaumm, yaenbHOn Niowaam noBepxXHOCTH,
XUMUYECKOMY COCTaBy U KOPPO3UOHHOW CTOMKOCTM, YTO BNUSIET HA (DYHKLMNOHAMNbHbIE XapaKTepUCTUKU
KaTtanms3aTopoB, OAHaKo CUCTEMaTUMYeCKUX KpuTepueB Bblibopa onTumanbHoro YH no cux nop He
paspaboTtaHo. B cBsA3n ¢ 9TUM Uenb JaHHOW paboTbl — OLEHUTb BMAUSIHUE YETbIPEX KOMMEpPYECKU
JocTynHbeIxX yrnepoaHbix matepuanos (Vulcan XC72 (V), ECS-002402 (PJ), Ketjenblack EC-300J (KB)
n ero asot-gonupoBaHHoro aHanora (KB_N)) Ha kuHeTuky 3apoxaeHus HY Pt, MukpocTpykTypy u
ANEKTPOXMMUNYECKME XapaKTEPUCTUKM UTOrOBBIX KaTanm3aTopoB, a Takke onpegenvTb Havbornee
NepCneKTUBHbIA HOCUTENb AN co3gaHusa cTabunbHbix PH/C maTepunanos.

Cwuntes Pt/C matepuanoB npoBogunu xuakodasHbiM MEeTOAOM, Fde poflb BOCCTAHOBUTENS
BbINOMHSANA NIMMOHHAs kucrnota. B npouecce cnHTe3a npumMeHsinv pa3paboTaHHy0 HaMy METOAMKY in
Situ-MOHUTOpPUHra KMHETUKN ha3oobpaszoBaHNSA NNaTUHbLL. YCTaAHOBIIEHO, YTO HE3aBMCMMO OT Tuna YH
OOMUHUPYET rOMOreHHbIV MexaHM3M Hykneaumn ¢ nocneaytouien aagcopbunen obpasosasumxca HY Ha
NnoBepxHOCTM Hocutend. MeTogom npocBeynBaroLLlen 3NEeKTPOHHOW MUKPOCKOMUWM uccrnepoBanu
MUKPOCTPYKTYPY, NPOCTPAHCTBEHHOE pacnpeneneHve u cpegHun pasmep yactuy. Bo Bcex obpasuax
cpegHuin pasmep HY Pt coctasun 2.5-2.8 HM. C ncnonb3oBaHUEM LIMKNNYECKON BONbTaMNepoMeTpumn
W BONbTaMnepoMeTpuun ¢ NiMHenHon passepTkon onpeaensanu IXAl n kaTanMTuyeckyto akTUBHOCTb B
PBK. 3HaueHns OXAIl BospactatioT B psgy V < PJ < KB = KB_N, aHanornyHas TeHAEHLMS
NnpocrnexuBaeTca M Ons macc-aktmBHoctu B PBK. YuutbiBas 6nm3octb cpegHux pasmepoB HY,
nonyyYeHHble pasnuyunsg obbACHAIOTCA pas3HOW cTeneHblo arperaumm HY: mMyHumanbHasa arperauusi
pocturaetcsa Ha HocuTensax KB n KB_N. O6pasey Ha ocHoBe KB_N npogemMoHCTpupoBan Hanny4wme
nokasatenu: IXAM 72 m2/r(Pt) n macc-aktuBHocTb 398 A/r(Pt), yto B 1.2-1.4 pasa Bbilwe, Yem Yy
kommepyeckoro aHanora HiSPEC4000 (58 m2/r(Pt) n 276 A/r(Pt)). UcnbitaHmsa Ha ycTOMYMBOCTb K
Jerpagaumm nokasanu, YTO MakcumarbHasi noTeps akTUBHOCTW XapaktepHa ans obpasuoB V u
HiSPEC4000, Torga kak katanusatopbl Ha ocHoBe PJ n KB_N saBnstoTcsa Hanbonee ctabunbHbIMU.
Takoe nosefeHne 06bACHAETCA OCOBEHHOCTAMU 3aKpENeHUs 1 NPOCTPaHCTBEHHOrO pacnpeaeneHus
HY no nosepxHoctn YH. Takum o6pasom, matepuansl ECS-002402 n N-gonunposaHHbI Ketjenblack
EC-300J paccmaTtpuBaloTca Kak OnTMMarbHble ANS CO34aHus KaTanm3aTopoB, MEpPCrneKTUBHbIX ANS
NPVYMEHEHNS B TOMMMBHBIX 3fIeMeHTax ¢ NPOTOHHOOOMEHHON MeMBpaHoNn.

Cnucok nutepatypbl
[1] Banham D., Ye S., Current Status and Future Development of Catalyst Materials and Catalyst Layers for
Proton Exchange Membrane Fuel Cells: an Industrial Perspective // ACSEnergy Lett. 2017. T. 2, C.629—
638. DOI: 10.1021/acsenergylett.6b00644
[2] Wang X. X., Swihart M. T., Wu G., Achievements, Challenges and Perspectives on Cathode Catalysts in
Proton Exchange Membrane Fuel Cells for Transportation // Nat. Catal. 2019. T. 2. C.578-589. DOI:
10.1038/s41929-019-0304-9

BnarogapHocTu
Pa6oTa BbInonHeHa npy ouHAHCOBOW nogaepxke Poccuickoro HaydHoro cooHaa (Ne 26-19-00210) u npu

nopgepxke NporpaMMbl CTpaTernyeckoro akagemmnyeckoro nugepcrtea FOxHoro defgepansbHOro yHMBepcuTeTa
«MproputeT-2030».
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AneKkTpoKaTanuTuyeckoe OKUCINeHUe rmapasvuHa Ha afneKkTpoaax, B
NPUCYTCTBUM NPOU3BOAHLIX aHTPaXUHOHA: BnNusiHue pH Ha
BONbTaMNepoMeTPUUYEeCKUIM OTKNUK anuM3aprMHa U XMHU3apuHa

Hukuta C. 3axapos', Maeen B. OcbkuH', Oapbsa I. JlaBpoea’

T Tynbckuli 20cydapcmeeHHbIl yHugepcumem, Jlabopamopusi 3Kkoroaudeckoll u
meduyuHckol buomexHonoauu HUL «buoXumTex», e. Tyna, Poccus

zakharofnikita@gmail.com

MmapasvH wncnonb3yeTcd B KayecTBe paKeTHOro TOMMMBA, W Kak BOCCTaAHOBUTENb B
opraHnyeckoM cuHTese. B 1960-x rogax npMBnek BHUMaHMe Kak SHeproemMkoe TOnnNmBOo A5 TONNMBHbIX
anemeHToB (T3). M'MapasunH ABNsieTCs NpuBrekaTensHON anbTepHaTUBOW BOAOPOAY MO HECKOMbKAM
nNpUYMHaM: UMeET BbICOKYH MMOTHOCTb aHeprun (5,40 kBTY/n) n NONHOCTbLIO CMeLUMBaeTCs C BOAOW,
obneryas obpaileHve ¢ HAM. OgHaKo, BaXXHO MMETb Kak MOXHO 6onee HM3Koe nepeHanpsikeHne npwm
€ro anekTpoKaTtanuTU4eckoM OKMCIEeHUn Ans obecneyvyeHus BbICOKOW MIIOTHOCTM MOLWHOCTU B TO.
MoaTomy BegeTcst MOUCK NEPCNEKTUBHBIX 3MEKTPOKaTann3aTopoB ANs peakuun OKUCIEHUS rMapasvHa
[1]. Uenbio paboTbl SIBMANOCH pacCMOTPEHUE 3IEKTPOKATaNIMTUYECKOrO OKMCIIEHMS TMapasvHa B
NPUCYTCTBUN Pa3NNYHbIX MPON3BOAHbBIX aHTPaXMHOHA.

ONEKTPOXUMNYECKUI OTKIMK perucTpupoBann MeOoOM LMKIIMYECKOW BOMbTamnepomeTpun B
AuanasoHe noteHuunanos ot -1,0 go 1,0 B otHocuTenbHO anekTpoaa cpaBHeHus Ag/AgCl npy ckopocTtu
passepTkn noteHumana 100 mB/c. PactBop coaepxan ruapasvH rugpocynbdarta ¢ KoHUeHTpauuven 1
Mmonb/am3 n 1 Mmornb/am3 npousBoaHoro aHTpaxuHoHa npu pH 12 [2]. Ha pucyHke 1 npencTtaeneHa
rmctorpamma nOTEHUMANoB W NepeHanpsiKeHUn peakumMm OKUCIEeHUA ruapasvHa pasfnuyHbiMu
NPOU3BOAHBIMY aHTPaXMHOHA.
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PucyHok 1. [ucmozpamma nomeHyuanoe U nepeHanpskeHull peakyuu oKUCeHust udpasuHa
pasnuYHbIMU MPOU3B0OHLIMU aHMpPaxUHoHa

HavMmeHblMMKN NOoTeHUuanaMmmM OKUCIIEHUS rMapasvMHa W Kak CcrneacTBUME camMbiMUM HU3KMMWU
nepeHanpshKeHMsSMMN peakLum SBnsIoTCS NPOU3BOAHbIE 3-HUTpOoanu3apuHa U XuHu3apuHa. Beugy atoro
3TU MONEKYbl ABMSOTCA Hanbonee NepcnekTUBHbIMK KaHOMAaTaMU Ha poslb 3NEeKTpoKaTann3aTopos
ana TO.

Cnucok nutepartypbl
[1] Burshtein T. Y. n ap. Hydrazine Oxidation Electrocatalysis // ACS Catal. 2024. T. 14, Ne 4. C. 2264—
2283. DOI: 10.1021/acscatal.3c05657

[2] Miao R., Compton R. G. The Electro-Oxidation of Hydrazine: A Self-Inhibiting Reaction // J. Phys. Chem.
Lett. 2021. T. 12, Ne 6. C. 1601-1605. DOI: 10.1021/acs.jpclett.1c00070

BnarogapHoctu
PaGoTa BbinonHeHa npu duHaHcoBoW noadepxke MUHUCTEpCTBa Hayku 1 Bbicliero o6pa3oBaHus PO B pamkax
rocygapcteeHHoro 3aganuns Ne FEWG-2024-0003.
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CuHTe3 n nccnepgoBaHue 3ﬂeKTpOKaTaJ1MTM‘-IeCKOﬁ aKTUBHOCTU yrnepoaHbIX
CTPYKTYP N3 CLUUTBLIX NONIMMEPOB B peakunn BOoCCTaHOBIIeHUA Kucrnopoaga

Oapbs A. CemeHeHko', Kcenuns A. Xapucosa ', EneHa B. Anekceea’, Oner B. JleBuH'

1Crery, Mucmumym xumuu, CaHkm-lemep6bype, Poccusi
st117560@student.spbu.ru

OneKTpOXMMMYECKOe BOCCTAHOBIIEHWE KWCIMOPOAA OTHOCUTCHA K KIYEBbIM  KaTOAHbIM
npoueccaMm B cuctemax npeobpasoBaHusa dHeprun. Ons ero yckopeHus TpaguLMOHHO NPUMEHSIOT
NNaTMHOBbIE KaTanu3aTopbl, OAHAaKO WX BbICOKAsh CTOMMOCTb W OrpaHW4YeHHas YCTOWYMBOCTb
CTUMYINUPYIOT pa3paboTky Gonee AOCTYNHbIX MaTepuanoB. OAHVM U3 NePCNEKTUBHbLIX HanpaBneHuin
SABNSieTCA MnofyvYeHue AONUPOBAaHHbIX retepoatoMamu YrnepoaHbIX CTPYKTYp U3 asoTcofepallimx
nonuMepHbIX npekypcopos [1].

OcHoBHasa npobnema COCTOUT B TOM, YTO CBS3b MexXy CTPOEHMEM WMCXOLHOro nonumepa,
YCMNOBUSMU NUPONU3A U ANEKTpoKaTanuTMyeckumMm CBOWCTBaMM KOHEYHOro yrnepoaHoro maTtepuana
OCTaéTCsa HeJOoCTaTOYHO onpeaenéHHon. B cnyyae ClUMTLIX NosiMakpunaMmugHblx rugporenen creneHb
CLUMBKN MOXET OAHOBPEMEHHO W3MEHATb MPOCTPAHCTBEHHYIO OpraHu3auuio ceTku, pacnpegerneHue
asoTa 1 kucropoga, MopdosiorMio yrinepogHoro octatka U AOCTYMHOCTb aKTUMBHBIX LLEeHTPOB. [MoaTomy
BMNMsSIHME 3TOro NapameTpa He CBOAUTCH K MPOCTON MOHOTOHHOWM 3aBUCUMOCTMW.

Llenb paboTbl 3aknioyanacb B YCTAHOBIIEHWM CBSI3UM MeEXAy COCTaBOM W CTPYKTypoOu
nonuakpunaMmmnaHblx MNPeKypcopoB, TeMnepaTtypon WX NUPONu3a U akTUBHOCTbIO MNONYyYEHHbIX
MaTepuanoB B peakuun BOCCTAHOBMNEHUSA kucnopoga. [Ansa atoro 6biny UccrnenoBaHbl rMaporenu ¢
pasnuyHbiM cogepxxaHuem N,N'-meTuneHbrncakpmnamuaa, NnpoBeAEéH UX NMPONM3 B atMocdepe aproHa
B AnanasoHe 400-900 °C v BbINONHEHa KOMMNIEKCHAsA XapaKkTepucTmKa yrnepoaHbIX NPoayKTOB.

MeTtoponorus Bkntoyana WK- n PamaHOBCKyO CMEKTPOCKOMUIO ANs aHanmM3a WCXOAHbIX
NMONMMMEPOB, CKaHVPYIOLLYHO 3NEKTPOHHYI0  MWKPOCKOMWUIO, PEHTIEHOBCKYID  (DOTO3MEKTPOHHYIO
CMEKTPOCKOMMIO N HU3KOTEMMEpPaTYpHY0 agacopbuuto/gecopbumio asota Ans OLEHKM MOpdonornm,
XMMWYECKOTO COCTaBa M TEKCTYPHbIX XapakKTepUCTUK. ONeKTpoKaTanuMTUYecKyld aKTMBHOCTb
onpegensanu MetTogamu LMKITMYECKOW BONbTamMmnepoMeTprm 1 BpaLLalLLerocs AMCKOBOIO anekTpoda ¢
KOMbLIOM, YTO MO3BOJIANO OLEHUTb KNHETUYECKME NapameTpbl peakunm u e€ CenekTUBHOCTb.

Mony4yeHHble AaHHbIE MOKa3blBalOT, YTO CTEMEHb CLUMBKW MpeKypcopa BNUSeT Ha CBOWCTBA
KaTtanusaTopa HenvHenHo. B pagy martepuanos, NOMyYeHHbIX U3 MONMakpunaMmmnaHoro rmgporens c
copgepxaHvem cuwwuBatowero areHta 0, 5, 15 n 20 %, Hambonee BbLIPAXEHHYIO aKTUBHOCTb
npoaemMoHcTpupoBan obpasey Ha 0cHoBe nonumepa ¢ 5 % clumBaTtens: Anst Hero OTMeYeHbl MeHblLee
nepeHanpsbkeHne Hadana peakuunm wn 6Gonblwad MNOTHOCTb ToOKa. TemnepaTypa nuponusa
OOMOSNHUTENbBHO BIMsANIa Ha CTPOEeHMEe MNop W pacnpefeneHve akTMBHbIX LEHTPOB B WTOMOBOM
YrnepoaHoOM Kapkace, YTO OTpaXanocb Ha akTUBHOCTM M CENEKTUBHOCTM npoLecca [2].

Takum obpasom, clwuTble MonMakpunamugHble TMAPOrenn MOXHO paccMaTpuBaTb Kak
ynpaBnsiemyto  nnatopmy  Ans MOMyYeHWs  reTepoaTtOMHO-AOMWPOBAHHbLIX  YINEPOAHbIX
anekTpokaTanusaTopoB. Pabota yToyHSeT 3akOHOMEpPHOCTW (POPMUPOBAHMS aKTVBHbBIX LEHTPOB B
nonuMep-npon3BOAHbIX YrIepoaHbIX MaTtepuanax M MOXeT OblTb MCnonb3oBaHa npu paspaboTke
HeJopornx n adeEKTUBHbBIX KaTOAHbLIX MaTepuanos.

Cnucok nutepatypbl
[1] Daems N., Sheng X., Vankelecom I. F. J., Pescarmona P. P. Metal-free doped carbon materials as
electrocatalysts for the oxygen reduction reaction // Journal of Materials Chemistry A. 2014. Vol. 2, Ne
12. P. 4085-4110. DOI: 10.1039/C3TA14043A.

[2] Guo D., Shibuya R., Akiba C., Saiji S., Kondo T., Nakamura J. Active sites of nitrogen-doped carbon
materials for oxygen reduction reaction clarified using model catalysts // Science. 2016. Vol. 351, Ne
6271. P. 361-365. DOI: 10.1126/science.aad0832.
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CuHTe3 1 anekTpoxmmmnyeckoe nccnegosaHme 6esHatpmeBbix NASICON-
noAo6HbIX CMeLlaHHbIX hochaToB HUOOUA Kak aHOAHbLIX MaTepuanos ons
HaTPUN-UOHHbIX aKKyMYyJsiTOPOB

Unbsa P. YepkaweHko'2, PoanoH B. MaHuH 2, Bapeapa A. Pasyeaesa?, AHToH O. boes', AMuTpuit A.
AkcéHoB', ApTém M. AGakymoB', EBreHuin B. AHtunos? ', Hennu P. XacaHoBa 2

T Ckornkosckuli UHcmumym Hayku u mexHosioauti, Mockea, Poccusi
2 Mockoeckuli eocydapcmeeHHsbil yHueepcumem, Mockea, Poccusi

ilyache.msu@gmail.com

CoeguHeHna co cTtpyktypamn NASICON wun  Anti-NASICON paccmatpuBatoTca  Kak
nepcnekTuBHble 6e3onacHble N BbICOKOMOLLHbIE aHOAHble MaTepuansl Ansa HAA 6narogaps BbICOKOM
XUMUYECKON U TEPMUYECKON CTABUNBHOCTW, @ Takke OTIIMYHOMY COXPaHEHWMIO EMKOCTM Ha BbICOKUX
nnoTHocTax Toka [1-3]. KnioyeBbiM HEOOCTAaTKOM OaHHOro Tuna maTepuarnoB ABNSETCS HEBbICOKas
WHTEpPKansUMOHHas eMKOCTb, KOTopasi cocTaBnsieT npuMmepHo 170 MA-4/r. YBenMyYeHne eMKoCTu MOXeT
ObITb JOCTUIHYTO 3a cyeT MogudmKaumm KaTMOHHOIO CocTaBa M MofyveHus gas, He coaepalumx
aTOMOB HaTpUs B NUCXOOHOWN CTPYKType, 3TO NO3BOSISET BOBIEYb B MPOLECC UHTEpKansauun bonbluee
KONM4ecTBO WOHOB. MeTogamu 3onb-reflb M TBEPAORA3HONO CUMHTE3a MOJydeHbl COEOUHEHUS
Mo.sNb1.5(POa4)s (M = Al, Cr, Sc) n TiNb(POa)s, pasoBbin cocTaB nogTBepxaeH MeTO40M NMOPOLLKOBOM
PEHTIEHOBCKOM AUMpakuMmM U MPOCBEYNBAIOLLEN IMEKTPOHHOM MUKPOCKOMUU. DNEKTPOXMMUYECKUE
XapaKTEPUCTUKN U3YyYEHbl C MOMOLLBIO raribBaHOCTATUYECKOTO LUUKIMPOBAHUS U LIMKIIMYECKOM
BONbTAMMEPOMETPUN, a OKUCIUTENbHO-BOCCTaHOBUTENbHbIE nepexoabl Nb%*/Nb3* un  Cr3+/Cr2+
BepudunumpoBaHbl metogom XANES-cnekTpockonuum.

O6pasubl coctaBa Mo.sNb1s(PO4)s (M = Al, Cr, Sc) npegcrtaBnsnum cobon cpocTku a3 co
ctpyktypamm NASICON u Anti-NASICON; B npouecce anekTpoXMMUYECKNX UCTbITaHWUIA Habnoganoch
CyLLEeCTBEHHOE MafeHne €eMKOCTW, KOTOpOe MOXHO OOBACHWUTb 3HAYUTENbHbIM OUGEY3NOHHBIM
bapbepom Ha dasoBon rpanHuue [4]. B cnyyae TiNb(PO4)s yganocb cuHTe3anpoBaTb OgHOMA3HbIN
obpasey, co cTpykTypHbiM kapkacom NASICON, nony4yeHHble B XoAde rarbBaHOCTATUYECKOro
LUMKMMPOBaHUSI €MKOCTW MOATBEPXOAlT NPOoTEeKaHMe MHOrO3SIEKTPOHHbLIX MpoleccoB. HecmoTpsa Ha
OOCTUTHYTbIE pe3ynbTaTthbl, 3HAYEHUS Ha4vanbHOW KyJIOHOBCKOM 3O(PEKTUBHOCTM, a Takke AaHHble
ONOPaKLMOHHOrO aHanmM3a Mnocfe  UUKIMPOBaHUS MOATBEPXKAAIOT  HEMOMHyt obpaTumocTb
WHTEPKansUNOHHbIX NPOLLECCOB 1 TpebyeTcs AanbHeNLeR onTUMU3aLmMs cocTaBa U yCroBUi CUHTE3a
ONs NoBblWeHMs 06paTMMOro Bkraga eMKocTw. lMonyyeHHble pesynbTaTbl OTKPLIBAKOT NEPCMeKTMBEI
[anbHenwero HanpaeneHHoro amsarnHa 6esHatpueBblx U HaTpuii-geduunTHeiX NASICON-nogoGHbIX
docaToB ANs cO3AaHMSA BLICOKOEMKMX M CTAabUNBbHBIX aHOL4O0B HATPUN-MOHHBIX aKKyMYyNSTOPOB.

Cnucok nutepatypbl
[1] Hsiao J. C., Hou C., Zhang T., Krumland-Dunning R., Alter E. D., Ko S. L., Varley M.S., Anderton K.J.,
Griffith K. J. Lithium and Sodium Intercalation with Multielectron Redox in Vacancy Ordered and
Vacancy Disordered Cation-Deficient Anti-NASICON Niobium (V) Phosphates // Journal of the American
Chemical Society. 2026. 148, Ne7, C. 7132-7147. DOI: 10.1021/jacs.5¢c18537.

[2] Patra B., Narayanan S., Halder S., Sharma, M. Sachdeva, D., Ravishankar N., Pati S.K., Jain S.K.,
Senguttuvan P. NASICON-NaVO0. 25A10. 25Nb1. 5(P0O4)3/C: A High-Rate and Robust Anode for Fast
Charging and Long-Life Sodium-lon Batteries // Advanced Materials. 2025. 37, Ne24, C. 2419417. DOI:
10.1002/adma.202419417.

[3] Panin R. V., Cherkashchenko I. R., Zaitseva V. V., Samigullin R. R., Zakharkin M. V., Novichkov D. A,
Babkin A. V., Mikheev |. V., Khasanova N. R., Antipov E. V. Realizing Three-Electron Redox Reactions
in NASICON-Type NaCrNb(PO4)3 for Sodium lon Battery Applications // Chemistry of Materials. 2024.
36, Ne14. C. 6902-6911. DOI: 10.1021/acs.chemmater.4c00933.

[4] Panin R. V., Cherkashchenko I. R., Novichkov D. A., Abakumov A. M., Aksyonov D. A,, Kirsanova M. A.,
Antipov E. V., Khasanova N. R. Intergrowth of NASICON and antiNASICON frameworks in
MO0.5Nb1.5(P0O4)3 (M = Al, Cr, Sc) phosphates and its impact on electrochemical activity // Materials
Research Bulletin. 2026. 182. 114085. DOI: 10.1016/j.materresbull.2026.114085.
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CTpyKkTypa v anekTponpoBoAHOCTb cTekon cuctembl Na20-Cs20-SiO2 no
pe3ynbTaTamM pamMaHOBCKOM cnekTpockonuu, POA n umnegaHcHomn
cneKTpocKkonuu
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CB3b NPOBOAMMOCTU TBEPAOTESNbHBIX 3NEKTPOSNIUTOB CO CTPYKTYPON, XMMUYECKUM COCTaBOM U
CTEMNeHbl KpucTannusaumm — OfHa W3 LUeHTpanbHbiX TeM U3k TBEPOOro Tena w
MaTepunanosegeHusi. CBONCTBA MOSMLLENOYHBIX CUMMKATHBIX CTEKONT OMNpedensitoTcs MX COCTaBOM,
COOTHOLLEHMEM LUENOYHbIX KaTUMOHOB M CTPOEHMEM CTekrnoobpasHonm matpuubl. M3 pabot [1, 2]
M3BECTHO, YTO KpuUCTannmMsaumsi CTEKOST MOXET CYLEeCTBEHHO MW3MEHATb WX CTPYKTypy U
dYHKUMOHanNbHble CBOMCTBA. [N OKCUAOHBLIX CTEKON OCOObIN MHTEpPeC MPeACcTaBrsieT CBA3b Mexay
COCTaBOM, CTPYKTYPOW, CMOCOBHOCTBIO K KpUCTanmsauum N aneKTpuy4eckon NnpoBogUMOCTLIO.

B paHHOM paboTte wuccnepoBaHbl crtekna cuctembl Nax0-Cs20-SiO2, pasnuuatowmecs
COOTHOLUEHMEM  LUENOYHbIX KOMMOHeHToB. OO6pasubl nofyyYanu OXnaXAeHWeM pacniaBoB C
nocriegyollen TepMmoobpaboTKon, HanpaBneHHOW Ha BbISBIIEHUE UX CMOCOBHOCTM K KpUcTannmsawumu.
CTpyKTypHble OCOOEHHOCTM CTEKON OueHMBanMM MeTOOOM  CreKTPOCKONMM  KOMBUHaLWOHHOMO
paccesiHusl, a AMfs KPUCTannmM3oBaHHbIX 00pasuoB ObiMM CHATbI AUdpakTorpaMMbl U BbIMNOSHEH
peHTreHoasoBbI aHanus. Mo gaHHbIM KP-cnektpockonun u P®A ycTaHOBMNEHO, YTO U3MEHeHue
cooTHoweHuns NazO n Cs20 BnusieT Ha CTpoeHne CTeknoobpasHon MaTpuyLbl U KPUCTanIM3aunoHHoe
noeegeHne o6pasuyoB. B 3aBucumocTM OT cocTaBa HabnwgawTca pasnuuus B CTeneHu
Kpuctannusauum n Habope dopmupyroLmnxcs ¢as, YTo ykasbiBaeT Ha pPOfib LLENOYHbIX KaTUOHOB B
YCTOMYMBOCTU CUIMKATHOW MaTpuLbl Npu TepmoobpaboTke.

ONeKTPMYECKYIO MPOBOAUMOCTL CTEKOSNT U3MEPSANIN METOAOM MMMEAAHCHOW CMEKTPOCKONUMU.
lMony4yeHHble AaHHble OblM COMOCTaBMEHbl C COCTaBOM 06pasLoB, COOTHOLLUEHUEM  LLENOYHbIX
KaTMOHOB, CTPYKTYPHLIMWU OCOBEHHOCTAMW M CNOCOBHOCTLIO CTEKON K KpucTannusaumu. OnpegeneHa
B3aMMOCBSI3b M3MEHeHUs1 cooTHoweHnss Na* u Cs™ B cTeknoobpasHon matpuue C U3MEHEHUsiMu
nposBoaMmoctu o6pasuoB. [MonyyeHHble pe3ynbTaTbl MNOKA3bIBAKT, YTO COOTHOLUEHME LLENOYHbIX
KaTUOHOB ABMsieTCA OOHUM 13  (DaKTOPOB, OMNpedensowmx kak d¢a3zoobpasoBaHme npwu
TepmoobpaboTke, Tak WM NPOBOAMMOCTb Wuccriegyembix cTekorn. ConocTaBrneHne pesynbTaToB
CTPYKTYPHbIX ~ UCCMedoBaHMM C  WMMNEOAHCHOW  CMEKTPOCKOMMEen  MO3BONSET  KOMIMIIEKCHO
OXapaKkTepusoBaTb CTPYKTYpY, CMOCOOHOCTb K KpuUCTannu3auum K SMeKTPUYECKytd MpPOBOAUMOCTb
ctekon cuctembl Na2O—-Cs20-SiOz.

Cnucok nutepatypbl

[1] Terai R. The Mixed Alkali Effect in the Na,O-Cs,0-SiO, Glasses // Journal of Non-Crystalline Solids.
1971. Vol. 6. P. 121-135. DOI: 10.1016/0022-3093(71)90051-2.

[2] Jain H., Peterson N. L., Downing H. L. Tracer Diffusion and Electrical Conductivity in Sodium-Cesium
Silicate Glasses // Journal of Non-Crystalline Solids. 1983. Vol. 55, Ne 2. P. 283-300. DOI:
10.1016/0022-3093(83)90676-2.
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BnusiHne NOCTCMHTETMYECKOro OKUCITUTENIbHOIO rMApPOoNn3a Ha 3NeKTPoAHbIe
cBouctBa komno3ntoB poly[Ni(CH;OSalen)]/yrnepoaHbie HaHOTPYOKM
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Pa3paboTka KOMMO3MLMOHHBIX 3MEKTPOAHBLIX MaTepuanoB € perynmpyemon mopdonorven m
NOBbILLEHHON 3NEKTPOXMMNYECKON aKTUBHOCTbLIO SBISIETCA akTyarlbHOW 3ajayen 3NeKTpOXMMNYECKOn
3HepreTukn. [lepcnekTMBHO MCMNOMb30BaHME KOMMO3UTOB Ha OCHOBE YrNepoAHbiX HaHOTpYyGoK w
NMONIMMEPHBbIX KOMIMIIEKCOB NepexoaHbix MeTannoB, B ToM uncne poly[Ni(CH;OSalen)], coueTtaroLmx
3NEKTPOHHO-NPOBOASALLYI0 MaTPULLy U PeLoKC-akTUBHbIe dparMeHTbl. X npakTudeckoe npumeHeHune
OrpaHNYMBaETCA CINOXHOCTBIO MNONyyYeHUss nepepabatbiBaeMblX MOPOLLUKOBLIX (POPM, MNOCKOSbKY
MaTepuanbsl YacTo (POPMUPYIOT HEMOCPEACTBEHHO Ha ANEKTPOAE ANEKTPOXMMUYECKUM OCaXKOEHUEM.

Llenbto paboTbl ObINO uUccrnegoBaHWE  BIMSIHUS  MOCTCUHTETUYECKOTO  OKMUCIUMTENBHOMO
raponu3a W npupoabl  YrmepoaHoW MaTpuubl Ha EMKOCTHble XapaKTepUCTUMKU  KOMMO3WUTOB
poly[Ni(CH;OSalen))/YHT. KomnosuTbl nonydann XUMUYECKOW OKUCITUTENbHOW norvMepusauven B
NPUCYTCTBUN  OOHOCTEHHbIX W CyNb(UPOBAHHbLIX  OAHOCTEHHbLIX  YINEPOAHbIX  HAHOTPYOOK.
MocTcuMHTETMYECKYO 06paboTKy MPOBOAMITN NEKTPOXNUMNYECKMM LUKIMPOBAHUEM B LLLENOYHOM Cpeae,
NPUBOOSALUMM K OKWUCIIUTENBHOMY TMOPONM3y nonvmepa. ONekTpoaHble CBOWCTBA OLEHMBanu Mo
OaHHbBIM LMKINMYECKOW BOMbTaMMNeEPOMETPUM.

lMokaszaHo, YTO MCNONb30BaHWE CyNb(UPOBAHHbLIX OLHOCTEHHbIX YrNepoAHbIX HaHOTPYyOOk
NPUBOAWT K YBenuYeHuto yaenbHon émkocTu. [locTcuHTeTMyeckas obpaboTka conpoBoOXAaeTcs
npeobpa3oBaHMEM MNOMMMEPHOrO KOMMekca ¢ OpMUPOBAHMEM HUKENbCOAEPXKALLUMX OKCUOHO-
rMOPOKCUAHBIX YacTuL, Ha NOBEPXHOCTU HaHOTPYOOK. Bbornee BbICOKUIM 3MEKTPOXUMUYECKUIA OTKINK
KOMMO3MTa Ha OCHOBE CYfb(MUPOBaHHbLIX HAHOTPYOOK CBSA3aH C yrydlleHWeM OucrneprupyemMocTuy
WCXOOHOW MaTpuubl 1 6ornee paBHOMEPHbLIM pacnpegeneHnem nonMmepHon dasbl U MPOAYKTOB €€
npeBpaLLeHNs.

Takum obpasom, xummnyeckun cnHted komnoauta poly[Ni(CH;OSalen)]/YHT ¢ nocnegyrowmnm
OKUCTIUTESNbHBIM MMAPONIM3OM MOXET paccMaTpmBaTbCA Kak MoAxXod K MOMYYEHMHIO MOPOLLKOBbLIX
HUKeNbCOAEPXaLMX YrnepoaHblX MaTepuanoB C yrnpaBfseMbiMU 3NEKTPOAHbIMU  CBOMCTBaMU.
Hanbonee BblpaXXeHHbIN €MKOCTHbIN OTKMWK MOKa3aH Arisl KOMMO3MTa Ha OCHOBE CyNb(MPOBaHHbIX
OLHOCTEHHbIX YrNepOoAHbIX HAHOTPYBOOK.
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Buildings consume nearly 40% of global energy, with heating, ventilation, and air conditioning
(HVAC) systems accounting for approximately half of this demand.[1] Switchable dual-band windows
enable intelligent management of sunlight entering building interiors, thereby offering a direct route to
reducing HVAC loads and demonstrating significant potential for the construction of zero-energy
buildings.[2] Among the available technologies, inorganic all-solid-state dual-band electrochromic
devices (DECDs) are particularly appealing, featuring low operating energy, fast optical response, and
spectrally selective modulation of visible (VIS) and near-infrared (NIR) solar radiation.[3] Nickel oxide
(NiO) is a representative anodic electrochromic material for such devices, owing to its pronounced
visible-light optical contrast, elemental abundance, and compatibility with solid-state electrolytes.
Nevertheless, repeated ion insertion and extraction in NiO inevitably induces lattice distortion and
volume expansion, often accompanied by parasitic reactions. These side reactions further lead to
progressive structural degradation, posing key obstacles to the long-term operation of all-solid-state
DECDs.

In this study, we propose a distortion-tolerant coordination-texture engineering strategy to
mitigate lattice degradation in electrochromic NiO electrodes. Flexible TiOs octahedral units are
introduced into the NiO lattice to adjust the relative stability of different facets and promote exposure of
the (200) facet. This modified coordination environment helps accommodate local octahedral distortion
during repeated Li* insertion and extraction, thereby reducing strain accumulation in the NiO framework.
Ex situ X-ray absorption spectroscopy (XAS) shows that lattice distortion in the modified (200) NiO
electrode is reduced by 67.6%. The relative increase in the Ni—O Debye—Waller factor decreases from
112.5% for pristine NiO to 36.4% for the modified electrode. We further pair the (200) NiO electrode with
a stable WOs counter electrode to construct large-area all-solid-state DECDs with an active area of 100
cm?. The devices retain 87.2% of their initial transmittance modulation after 30,000 cycles, while also
showing a temperature-regulation capability of 14.5 °C, annual energy savings of up to 165.82 MJ m,
and an energy-recovery efficiency of 48.8%. These results show that coordination-texture engineering
can be used to suppress lattice degradation in NiO electrochromic electrodes and provide a practical
route toward durable all-solid-state smart windows.
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An increasing demand for electricity in the modern world leads to the necessity of production of
efficient energy storage systems. Sodium-ion batteries (SIBs) have emerged as a promising energy
storage system, particularly for stationary and grid-scale applications. The commercialization of SIB
technology strongly depends on the development of advanced electrode materials capable of delivering
competitive electrochemical performance.

Pyrophosphates (P207* -based materials) with polyanion frameworks are intensively studied
cathodes for SIBs due to their excellent thermal and structural stability, providing long cycle life and
ability to operate at high current densities. Additionally, a strong inductive effect of P207* group
increases the operating voltage of transition-metal redox couples.

One of the most promising representatives of pyrophosphate cathode materials is BNaVP207
exhibiting a high average working potential of app. 3.9 V vs. Na*/Na, associated with the V4*/V3* redox
[1]. It can be supposed, that the average operating potential of BNaVP207 and, consequently, the energy
density, can be enhanced more by activating an additional V5*/V4* redox. Such high-voltage redox can
be realized by substitution of vanadium by electrochemically inactive cations [2].

This study focuses on the synthesis and investigation of novel cathode materials B-
NaV1-xMxP207 with isovalent substitution of V(IIl) by M = Al and Sc. The samples were obtained by a
hydrothermal route followed by high-temperature annealing and studied by powder X-ray diffraction and
scanning electron microscopy applying EDX. The replacement of vanadium by aluminum and scandium
up to x = 0.5 completely preserves KAIP207 type structure of 3-NaV2P20y. It is accompanied by small
changes in the framework corresponding to decrease and increase in M-O distances within (V,M)Os
octahedra for M = Al and Sc respectively. Carbon-coated B-NaVi-xMxP207 (M = Al, Sc), x = 0.25
demonstrate a specific capacity up to 90 mAh-g' which corresponds to a two-electron V3*/\/4*/V/5*
process within a voltage range of 2.5-4.7 V vs. Na+/Na, following a predominantly solid-solution
mechanism, as shown by operando and ex situ powder X-ray diffraction. The potential of V5*/V** redox
(~ 4.7 V vs. Nat/Na) is the highest reported to date among vanadium phosphate-based cathode
materials for sodium-ion batteries. These findings confirm that targeted cation substitution is an effective
route for unlocking previously inaccessible redox activity in B-NaV2P207 framework.

Overall, the developed substituted pyrophosphates provide a new platform for designing high-
voltage cathodes and advancing the performance of sodium-ion energy storage systems.
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AHOOHOE OKUCIeHVe $BMsieTCA OAHMM Uu3 Havbonee 3(PEPEKTUBHBLIX 3IMEKTPOXMMUYECKNX
mMeTogoB ouncTku [1]. OgHako aTOT MeTond MMeeT psfd HedOoCTaTKOB, OOHMM M3 KOTOpbIX SABMSETCS
OTCYTCTBME aHOAHbLIX MaTepuanoB C NoaxogsdWwMMM CBOWCTBaMW. HecMOTps Ha TO, YTO anmasHbIN
anekTpoa, AonupoBaHHbIi 6opom (BDD), wmnpoko npumeHsieTcs B faHHOM obnactu [2], ero Bbicokas
CTOMMOCTb 3acTaBnsieT uccrnepopartenen paspabatbiBate 60nee OCTYNHble aHanorn. AnekTpoaHble
mMaTepuanbl Ha OCHOBE MaCCUBOB HaHOTPYOOK M3 cybokcMpga TuTaHa MOryT ObiTb OTIMYHOW
anbTepHaTMBon Grnarogaps SKOHOMUYECKON 3ChPEKTUBHOCTU 1 BbICOKOWM NPON3BOANTENBLHOCTK [3].

B pamkax akcnepvMmeHTa ObIM CUHTE3NPOBaHbI aHOAbl HA OCHOBE MacCcUBOB HaHOTpPybBok u3
cybokcmaoa TuWTaHa, OONMMPOBaHHbIE B pacTBopax Cynbdara KobanbTa pasnuyHbIX KOHLEHTpauui.
lMpouecc cuHTe3a COCTONAN M3 HECKONbKMX CTagun, BKMOYasi aHOAMPOBaHWe, BblCOKOTEMMNEPATYPHbIN
0BXUr 1 3NEeKTPOXMMUYECKOe BOCCTaHoBreHue. Mopdonornss u aneMeHTHbIN aHanu3 MOBEPXHOCTU
HaHOTPYbOK uccrnedoBaHbl C MOMOLLBK CKaHWMPYIOLEro 3MEKTPOHHOIO MWKPOCKOMNa C MofeBou
amuccuen JSM-7500F (JEOL Ltd., Akishima, AnoHus). 3nekTpoxMMmyeckue XapakTepUCTUKU
3NeKTPoAoB ObiNM UCCNefoBaHbl C MOMOLLLIO METOAA LIMKIMYECKON BONbTaMNePOMETPUN.

Ha nony4yeHHbix C3M wu300paxeHusX BWOHblI BbICOKOYNOPSIAOYEHHbIE HAHOTPYOKM C
perynsipHov CTPYKTYpon 1 oTBepcTusimm guameTtpom 50-100 HM, a Takke NpubnmnanTensHOM TOMNLWMHOM
cteHkn 10 HM. [ToBEPXHOCTb NOKPbLITUSA B LIENOM NIiockasd ¢ MUHUMAanbHbIM KONMYECTBOM OedEeKTOB.
MopobHasn CTpyKTypa XxapakTepuayeTcsl BbICOKMM 3HAYEHWEM MIOLLAAMN 3NEKTPOXMMUYECKN aKTUBHOMN
MOBEPXHOCTM, YTO NOATBEPXKAAETCH pe3ynbTaTamMmu LUKITMYECKON BONIbTaMNePOMETPUN, B CBA3UN C YEM
OaHHble 3MNeKTPOoA4HbIe MaTepuraribl MOryT ObiTb BbICOKOI((EKTVBHBI B NPOLIECCE aHOAHOIO OKUCIIEHNS
OpraHU4ecknx 3arpsisHuTenen.

PucyHok 1. CHUMKU CKaHUpytou,e20 31eKmpoHHO20 MUKPOCKoMa arnekmpodHo20 obpa3sya 6 macwmabe 10 MkMm
(cnesa) u 100 HMm (cripasa).
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AHOOHbLIN MaTepuan Ha ocHoBe Sasa kurilensis gpNA HaTPUN-UNOHHbIX
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PasButne HaTpMnN-MOHHBIX akKyMynsTopoB TpebyeT AOCTYMHbIX U 3KONormdeckn 6esonacHbix
aHogHbIX maTtepmanos [1]. OgHUM 13 Hanbonee NepcnekTUBHbLIX KNacCoOB aHOAOB SABMSETCS TBepAbIn
(HerpachnTM3Mpyembiii) yrnepod, nonydaembii U3 Bo306HoBNAemon Guomacchl [2]. B HacTosiwen
paboTe BnepBble CMHTE3MPOBaAH TBEPAbIN yrrepon u3 Sasa kurilensis nytem nuponusa npu 900 °C n
N3y4yeHo BNUsIHWE NpPeLBapUTENbHON LLEMNOYHOM 00paboTKkM Ha CTPYKTYPHbIE M 3NEKTPOXUMUYECKNE
XapakTepucTukmn aHogHoro matepuana ans HAA.

MaTtepuanbl oxapakTepu3oBaHbl MeTodamMu peHTreHoBckon audppakuuun, WK- un  KP-
CMEKTPOCKONUN, CKaHUPYIOLLEN SMEKTPOHHOM MUKPOCKOMWUU, PEHTIEHOBCKOW MWKpOTOMOrpadumn wu
HU3koTemMnepaTypHon agcopbuun-gecopbumm asoTta. INEKTPOXUMUYECKME CBOWCTBA OLIEHEHbl B
raribBaHOCTaTMYECKOM pexmnme LMKNMpoBaHWA B MHTepBane noteHuuanos 0,02—-2 B npu nnoTHOCTU
Toka 25 MA-T! B nonysiyenkax c HaTpMeM B Ka4ecTBe NPOTMBOINEKTPOAA.

HeobpaboTaHHbIn 06pasel (B-900) aemoHcTpupoBan paspsiaHyto emkoctb 160 MA-Y ! k 6-my
uukny (HayanbHas obpaTmas emkocTb 77 MA-Y !, HaYanbHas KyrnoHoBckas addeKTUBHOCTb ~47 % ).
LenoyHas aktuBauusa (B-NaOH-900) npuBogmna Kk 3Ha4YMTESNTbHOMY POCTY YAEeNbHOW NOBEPXHOCTH (40
556 m2:r'), YyTo BbI3bIBANO Pa3fOXEHWE 3MEeKTPONMTa U CHUXEeHUe emkocTu Ao 114 mA-y-r' npu
HayanbHOW KynoHoBckon addekTmBHocTU 40 %. MexnnockocTHoe pacctosHue dooz Ana oboumx
obpasuoB coctaenano okono 0,379 HM, yTo GnaronpusaTHO AnNs MHTepkansuum Na*; oTHoLeHue
MHTeHcmBHocTen nonoc D/G B cnektpax KP-cnektpockonun Bo3spactano ¢ 1,04 go 1,14 nocne
aKTMBaLMK, yKasbiBasi Ha YBENUYEHMNE KONMMYECTBA aKTUBHbIX LIEHTPOB.

MukpoTomorpadust 1 COM nogTeepaunm coxpaHeHne NopuCcTon CTPYKTypbl Buomacchl nocne
nuponusa. [lonyyeHHble pe3ynbTaTbl AEMOHCTPUPYIOT MEPCNeKTUBHOCTL Sasa kurilensis kak
pervoHansHOro BO306HOBNAEMOro Npekypcopa Anst Npou3BOACTBA aHOAHbLIX matepuanos HVA npu
OTHOCUTESIbHO MSATKUX YycroBuax nvponusa [3]. [danbHenwune wuccrnegoBaHUs HanpaBfeHbl Ha
onTMMM3auMilo TemnepaTypbl NMUPONM3a M MeTOAOB NpedobpaboTku Ans MOBbIWEHUS HayanbHOW
KYyTNOHOBCKOM 3(p(PEKTUBHOCTM M LMKNUYECKON CTabUNbHOCTH.
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[1] YuT., LiG., DuanY.,WuY., Zhang T., Zhao X., Luo M., Liu Y. The Research and Industrialization
Progress and Prospects of Sodium lon Battery// Journal of Alloys and Compound. 2023. T.958. C.
170486. DOI: 10.1016/j.jallcom.2023.170486.

[2] Qiao S., Zhou Q., Ma M., Liu H.K., Dou S.X., Chong S. Advanced Anode Materials for Rechargeable
Sodium-lon Batteries// ACS Nano. 2023. T.17. C.11220-11252. DOI: 10.1021/acsnano.3c02892.

[3] Marmaza P.A., Shichalin O.O., Priimak Z.E., Seroshtan A.l., lvanov N.P., Lakienko G.P., Korenevskiy
A.S., Syubaev S.A., Mayorov V.Yu., Ushkova M.A., Tokar E.A., Korneikov R.l., Efremov V.V., Ognev
A.V., Papynov E.K., Tananaev |.G. Evaluation of Sasa kurilensis Biomass-Derived Hard Carbon as a
Promising Anode Material for Sodium-lon Batteries// Journal of Composites Science. 2025. T. 9. C. 668.
DOI: 10.3390/jcs9120668.

BnarogapHocTu
Vlccne,qosaHMe BbINOJIHEHO B paMkKax peanu3aunn rocygapCrtBeHHOro 3agaHua |V|VIH06pHayKVI Poccun Ne
FEFF2024-0001.

148



NMOCTEPHbIE OOKNAObI POSTER PRESENTATIONS

AnekTpoxumu4yeckme ceoncrtea komnosuta V20s/PPy kak katogHOro matepmana
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BogHble LMHK-MOHHbIE aKKyMyMsTOpbl PacCMaTpuBalOTCA Kak MEepCrneKkTUBHbIE CUCTEMbI
HakonneHns saHeprum bnarogaps 6€30MacHOCTU, HU3KOW CTOMMOCTU, 3KONOTMYHOCTY U BbICOKOW MOHHOM
NpOBOAMMOCTM BOAHbIX 3nekTponutoB. Cpean KaToAHbIX MaTepuanoB HavbonbLnA WHTEpec
npeacTaBnAlT okcuabl BaHaams, B YacTHocTn V205, 06nagatoLmin BbICOKON TEOPETUHECKON EMKOCTbIO
(mo 589 MA-uT') M crnocoBGHOCTbO Kk obpaTumol MHTepkansuum Zn2*. OpHako npakTU4eckoe
npumeHeHne V20s OrpaHM4eHO HU3KOW 3MNEKTPOHHOW NPOBOAMMOCTbLIO, CTPYKTYPHOW Aerpajauuven v
pacTBOpeHMeM KaTofa B 3MNeKTponuTe, 4YTO NPUBOAUT K CHMKEHUIO EMKOCTU U LIMKIIMYECKOW
ctabunbHocTu [1].

OhpeKkTnBHLIM NOAXOAOM K YIYULLIEHUIO AMNEKTPOXMMUYECcKUX xapakrtepuctuk V205 asnseTcs
mMogudvkauma nposoaawummn nonvmepamu. NposogsiimMe nonvMMepbl MOBbILAKT 3MEKTPOHHY U
WOHHYIO MPOBOAMMOCTb KOMMO3WTOB, CTAOWMM3UPYIOT CIIOMUCTYIO CTPYKTYpPY 3a CYET yBenuMyeHus
MEXCIOEBOr0 PAcCTOSHUSA U NoAaBNAlT MobOYHble MexdasHble peakumm [2]. Kpome Toro,
npeaBapuTenbHas WHTEpPKanauMs MNONMMEpPoB CnocobCTBYeT yckopeHuo auddysum  Zn?* nu
MOBBLILIEHWIO YAETNBbHON EMKOCTU U CTaOWUMBbHOCTM NPY LMKNMPOBAHMK, YTO AenaeT Takme KOMMO3UThI
NepcnekTUBHbIMY KaTOAHBIMW MaTepmranamu ns BOAHbIX LIMHK-MOHHbIX aKKyMYMsSTOPOB.

MpoBogsawwmi nonumep nonunuppon (PPy) sBnaeTcs nepcnekTUBHbIM KOMMNOHEHTOM KaTOAHbIX
MaTepuanoB Ans BOAHbIX LIMHK-MOHHbIX akkymynatopos [3,4]. bbino ycraHoBneHo, 4to BBeaeHne PPy
CNOCOBCTBYET CHMXKEHUIO BHYTPEHHErO CONPOTUBMNEHUS AMEKTPOAO0B U YIyULLIEHUIO KUHETUKN NepeHoca
3apsiaa, YTo NONOXMTENbHO BIUSIET HA XapaKkTePUCTUKN HakonneHns Zn2*. KpoMe Toro, MHTepkansuus
PPy B cnouctble CTpyKTypbl NMO3BOMSET YBENMMUYUTD MEXCIOEBOE paccTosiHue, obnerdas anddysmto
WOHOB LIMHKA M NOBbIWAas CTPYKTYPHYIO CTabUNbHOCTb MaTepuaros Mpu LUKITMPOBaHNN.

KomnoauTel okcvaa BaHagwusi C MONMNMPPOSIOM OblfiM CUHTE3NPOBaHbI MOCregoBaTeNbHbIMU
cTagusiMm rugpoTtepmanbHo obpaboTkm u omkura. Ha nepson cragum kommepyeckun V20s
CMeLuMBanu C K030 B pa3fiUYHbIX COOTHOLLEHUSIX M MOABEPranyu ruapoTepManbHOMy CUHTE3Y Mpu
180 °C B TeueHune 6 4. MNonyyeHHbIn maTepman omxuranu npu 300 °C B TeyeHue 2 4, Nocne 4ero
nobasnanu NnMppon 1 NPoBOAMMAY NOBTOPHYIO rmapoTepMarnbHyto obpabotky npu 120 °C B TeyeHue 2 u.
CTtpykTypa 1 Mmopconorus nomny4eHHbIX KOMNO3UTOB nccnegosaHsl metogamm C3M, FTIR n XRD.

Ha ocHoBe cuHTEe3MpoBaHHbIX 06pa3sLiOB ObifiM NPUrOTOBMEHbI 3MNEKTPOAHbIE MaTepuansl u
uccnefoBaHbl B KayecTBe KaTOAOB BOAHbIX LIMHK-MOHHBIX aKKyMYyNATOPOB. JNEeKTPOXUMUYeECcKne
XapaKTepPUCTUKN M3y4anu MeTogaMW LUMKIMYECKOW BOMbTaMMepoMeTpuu U ranbBaHOCTaTUYECKOro
3apsg-paspsga.
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BbicokoadhekTnBHOE aHOQHOE OKMCINIeHUe OpPraHMYeCcKMUX 3arpsa3HnTernien Ha
nepenoBbIX ANEKTPOAHbLIX MaTepuanax

BukTtopus B. Mnuc'!, Bepa B. N'ynseea, Angpein I'. Kucnbiid, AHactacus B. Kneeuosa'

" KybaHckuli eocydapcmeeHHblIl yHusepcumem, KpacHodap, Poccusi
viikapliss@mail.ru

Cpeaon anexkTpoXMMUYeCcKMX MEeTOAOB aHOA4HOEe OKWUCMeHMe Hamboree mnepcnekTnBHO
Onarogaps Bbicokon 3¢EKTUBHOCTU, MPOCTOTE aBTOMaTU3aLmMmM U OTCyTCTBUIO peareHToB [1]. OgHako,
OaHHbI METO4 MMEET HEeKOTOpble OrpaHM4eHus], BKIYas MOTPeOHOCTb B MOAXOASLIMX aHOAHbIX
MaTepuanax. [oporoBuM3Ha anmasHoro anekrtpoza, gonuposaHHoro 6opom (BDD) BbiHyXAaaeT
uccnegoBsaTtenen MUckaTb U CUHTE3WpoBaTb Hambornee SKOHOMWYHbIE aHanoru. Tak, anekTpoAHble
MaTepuanbl Ha OCHOBE MacCuMBOB HaHOTpPybok wn3 cybokcmaa TuTaHa MOryT ObiTb OTNIMYHOM
anbTepHaTMBoW 6narogapsa onTUManbHbIM CBOMCTBAM M HA3KOW CTOUMOCTM [2].

B pamkax nccnegosaHusi 6binv npoBeaeHbl 3KCNEPUMEHTbI N0 aHOAHOMY OKUCIIEHUIO BOOHOMO
pacTBopa rMgpoxmHoHa Ha BDD 1 nnaTMHOBOM 3reKTpodax, a Takke Ha CMHTe3UpOBaHHbIX obpasuax
Ha OCHOBe HaHOTPYOOK M3 cybokcuaa TuTaHa, OOMMPOBaHHbIX B pacTBopax cynbdara kobanbta
pasnMYHbIX KOHLEHTPaUW (3Ha4YeHNs yKasaHbl Ha rpadukax B nereHge). AkcrneprMMeHTbl MPOBOAMIMCH
B raribBaHOCTATU4ECKOM PEXMME NPU NMOCTOSIHHOW NNOTHOCTM Toka 5 MA/CM? B NpuCyTCTBUM (hOHOBOIO
anekTponuta cynbdarta Hatpusi. OT6op Npob BLINOMHANCA Nepen HavanoM NPoOBEAEHUs N B TeYeHne
BCEro akcnepumeHta. Xumuyeckoe noTpebnenune kucnopoga (XIK) npoBoamnocb no MeToauke,
npeactasneHHon B FOCT 31859-2012 «MeTo onpeaeneHms XumMuyeckoro notpebneHums kucnopoaa.

MpuBenéHHble rpacukm OEeMOHCTPUPYIOT BbICOKYIO CTENeHb OKUCMEHMSI MMOPOXMHOHA Ha
CUHTE3MPOBaHHbIX 0bpasLiax, CONoCTaBMMYIO C pesynbTaTamu, nonyyvyeHHsiMn Ha BDD anektpoge —
NnonHoe ypaaneHuwe 3arpsisHUTENns ocyulecTBnsieTcs 3a 3 4vaca. [loBbllleHHas 3dEKTUBHOCTb
OOBACHAETCS MHTEHCMBHOW reHepauven rmapoKCUITbHbIX paguKaroB Ha MOBEPXHOCTU 3M1EeKTPOAOB U
yBenM4eHneM maccornepeHoca K NoBepXHOCTM HaHOTPYOoK. MnaTUHOBLIN 3NeKTpoad B JaHHOM crny4ae
ABNseTcd HaumeHee 3PQEKTVBHBIM MaTepuanomMm BBUOY Mariol CKOPOCTW reHepauuu YacTu,
OKVCNSIOLLNX OpraHnyYecKMe MoseKynbl.
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PucyHok 1. pacbuku 3agucumocmu cmeneHu ydasieHuUsi opeaHU4YeCcKo20 3a2psisHUmeris (creea) u ebixoda no
moky (cripasa) om epeMeHu nposedeHuUs1 IKCriepuMeHma (8 nezeHoe ykazaHbl KOHUeHmpauyuu
Molugbuyupyroule2o pacmeopa cyrnbthama kobanbma 0r1s1 CUHMe3upo8aHHbIX 06pa3y0s).
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Catalysis. 2018. T. 8, Ne 5. C. 4278-4287. DOI: 10.1021/acscatal.7b04340
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MccnepnoBaHue anekTpoOXMMUUYECKMX CBOMCTB PacTBOPOB NONMMMEPHbIX
HaHoresneun Ansi NPOTOYHbIX aKKYyMYNATOPOB
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[MpOTOYHbBIE aKKyMymnATOPbl SIBASAOTCA OAHMM W3 BO3MOXHbIX CTaUMOHApHbLIX HakonuTenewn
3Heprun. KommepunannampoBaHHbIe Ha HAaCTOSILLUIA MOMEHT BaHagueEBbIE NMPOTOYHbIE aKKyMyMsTOpPbI
UMEIT CYLLEeCTBEHHbIN HEOOCTaTOK B BWAE BbICOKOW CTOMMOCTWU M 3KOMNOrMyeckon HebGesonacHoCTH
BaHaaMeBbIX MPEKYPCOPOB W 3MNEKTPOSIMTOB Ha OCHOBE KOHLLEHTPUPOBAHHOW CEPHOW KUCNOThI.
AnbTepHaTMBOM MM $BRSIETCA UCNOMb30BaHUE MPOTOYHbIX aKKYMyMsTOPOB C 3nekTponuTamu,
cofepxaLlMMu 3NeKTPoaKTUBHbIE OpraHnyeckue monekynbl. OgHaAKo, ANS HUX CTAHOBUTCS akTyanbHOW
npobnema KpoccoBepa, T.€. NMPOHUKHOBEHUS MOMEKYN peareHToB yepe3 MembpaHy, pasgensioLLlyto
ANeKkTponuTbl. [Nna yMmeHbLUeHWss KpoccoBepa B [AaHHbIX YCTPOMCTBAX OBbIYHO WMCNONb3YHTCA
KOMMep4eckne noHoobmeHHble MembpaHbl Tuna Nafion, kKoTopble OTAMYaTCA BbICOKOW CTOMMOCTbIO
[1].

IOna Ttoro, 4TtoObl CHM3UTL TpeboBaHMA K MembOpaHe W ee CTOMMOCTb, B nutepaTtype
npegnaraeTcsi UCMOMb30BaTbh B KA4Ye€CTBE ANEKTPOSNIMTOB BOAHbIE PACTBOPbI MOMMMEPOB, K KOTOPbIM
NPULWNTBI 3NEKTPOoakTMBHble rpynnbl. OgHako, AN pacTBOPOB JIMHEWHBIX MONMMEPOB XapaKTepeH
CYLLIECTBEHHbIN POCT BA3KOCTW MPW MOBBILLEHUN KOHLEHTpauun pacteopa. N3BecTHO, 4YTO pacTBOpbI
pasBeTBMNEHHbIX NONMMEPOB U MUKpO/HaHorenen obnapatoT 6ornee HU3KOW BSA3KOCTLIO MPU TOM Xe
KOHLIEHTpauuK, B CBA3M C YeM Takue 3NeKTPonuTbl NPeaCcTaBnsoTCs NepCcnekTUBHOM anbTepHaTUBOM
[2]. OpHako, anekTpoxXMMMYeckume CBOMCTBA MUKPO/HaHOrenewm u pasBeTBMNEHHLIX MONMMEPOB K
HaCcToALLEMY MOMEHTY MPaKTUYECKU HEe OXapakTepusoBaHbl, U1 OTCYTCTBYIOT JaHHble O BO3MOXHOCTU
NCNonb30BaTb MX B KAYECTBE SMEKTPONUTOB ANSA NPOTOYHbLIX aKKyMYMsTOPOB.

B paHHoM paboTe OblMM MCCNedoBaHbl 3INIEKTPOXMMUYECKME CBOWCTBA pPa3BETBIIEHHbLIX
NMonMMEPOB W HaHOreriem Ha OCHOBE MONMAKPUOBOW  KWUCMOThI,  (PYHKLUMOHANU3NPOBAHHbIX
anekTpoakTnBHbiMM TEMIMO- n BronoreHoBbIMK rpynnamu. B xoge paboTbl METOOOM LMKITMYECKON
BONMbTaMMNepPoOMETPUN C WCMONb30BaHMEM AMCKOBbLIX 3MEKTPOAOB U3 CTeknoyrnepoga u rpadwura,
OPVMEHTUPOBAHHOIO KpaeBOW MMOCKOCTbIO, Obina npoBedeHa XxapakTepusauus 3NeKTPOXUMUYECKMX
CBOWCTB pacTBOPOB MONUMEPOB U MNOATBEPXAEHa 0bpaTMMOCTb OKUCIEHUSA/BOCCTaHOBIEHUA
NPULLNTBIX K HUM 3MNEKTPOaKTUBHbLIX rpynn. lMpy 3TOM ObINO YCTAHOBMEHO, YTO AN MONUMEPOB,
dyHKUnoHannsnposaHHeix TEMPO-rpynnamu, xapaktepHa cunbHas agcopbumsi Ha MOBEPXHOCTU
3NEeKTPOaOB.

Kpome Toro, BaxkHov npobnemoin NpoTOYHbIX A4eek ABnsgeTcs nogdop martepuana anekrpoaa,
B KayeCTBE KOTOPOro OObIYHO WCMONb3YKTCA pasfnuyHble YrnepoAHble Matepuanbl, U YCrioBUIA €ero
npeaBapuUTeNbHOM 0bpaboTku (akTuBauun). OnutenbHoe LUUKNUpoBaHue MeToO0M
BonbTamnepomeTpun 0.01 M pactBopa mogenbHoro peareHta TEMPOL B 1 M KCI Ha OTOXCKEHHOM 1
HEOTOXOKEHHOM YINEepodHOM BOWMOKE YKasblBaeT Ha MOSIBIEHUE [AOMOSNIHUTENbHOro obpatumoro
ANEKTPOXMMMNYECKOTO MpoLecca HEN3BECTHOW MPMPOAbl HA HEOTOXOKEHHOM BOMIIOKe. 3TO Mo3BonsieT
npegnonaratb, YTO B MPOTOYHbLIX aKKyMynaATopax B KayecTBe anekTpoda cregyeT UCnorb3oBaTb
UMEHHO OTOXOKEHHbIW BOMMOK. [pn aTOM, B 3KCNepUMeEHTaXx, NPOBEAEHHLIX C TEMU Xe aneKkTpodamu ¢
NNHENHbIM 9NEeKTPOAKTMBHbLIM NONIMMepPOM, NOH6OYHBLIX NPOLLECCOB He HabNaanock, OAHAKO CHUKEHUE
3Ha4yeHMs1 NUKOBOrO TOKa B MpoLiecce LMKIMPOBaHUS MOXET YyKasbiBaTb Ha MPOLLEeCC MOCTENeHHOW
Jerpagauun nonuvepa.

Cnucok nutepatypbl
[1] Lai Y. Y., Li X., Zhu Y. Polymeric Active Materials for Redox Flow Battery Application // ACS Appl.
Polym. Mater. 2020. T. 2, Ne 2. C. 113-128.

[2] Kozhunova E. Yu. n gp. Nanoarchitectonics and electrochemical properties of redox-active nanogels for
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UccnepoBaHMe coyeTaHMA aHOAHOroO MaTtepuana Ha ocHoBe Saccharina
japonica coBmecTHO ¢ Li3V2(PO4)3/C
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B anoxy yckopeHHOro pasBuTus CUCTEM XpPaHEHUS 3Heprumn TpebyeTcs NOMCK MHHOBALMOHHbIX
MaTepuraroB C BbICOKOW S3HEPrOEMKOCTbIO, 3KONOrMYHOCTBIO Y JOCTYMHOCTBIO ChIPbS A1 IMTUA-NOHHbIX
akkymynsatopoB (JIMA). LLnpoko mcnonb3yemble kKoMmepyeckne katogHble maTepuansl (NMC) nmetoT
psAa HegocTaTkoB, B TO BpeMs Kak LisV2(PO4):/C aBnsietca 6onee HagexHbIM BapuaHTOM 3a cyeT
CTabUNbHOM CTPYKTYPbI Y LOCTYNHOCTM NPOU3BOACTBA. AHOAbLI N3 CUHTETUYECKOrO rpaduTa 3aBUCAT OT
UMnopTa, YTO akTyanusanpyeT UccrneaoBaHWsi UCMONMb30BaHUA PermoHanbHON GuomMacchl B KayecTBe
aHogHoro maTepuana. PaspaboTka nonHom sdenkn Ha ocHoBe kaTopa LisV2(PO4)s/C B MonspHoM
COOTHOWeHMN 1:1, CUHTE3NPOBAHHOIO 30SMb-feflb METOAOM, M aHoga u3 buoyrna Buaa Saccharina
Japonica nocne KMCMNOTHO-LLENOYHON 0BpaboTKM M BbICOKOTEMMEPATYPHOro nNuponusa B atmocdepe
aproHa, akTyanbHa B KOHTEKCTe rnobanbHoro nepexofa K «3eféHon» 3HepreTuke ¢ UCMoNb30BaHNEM
pernoHanbHOro BO300HOBNsSIeMOro chipbsl [lanbHero BocToka. Saccharina japonica sBnsieTcsi pecypcom
CaxanuHckon obnacTtu, eXerogHo AOCTynHbiM B 0O0béme Oonee 800 TbiCAY TOHH, paHee He
npumeHsBLnica ansa aHogoB JIMA, 4To cnocoOCTBYET MMMOPTO3aMELLEHMIO.

B HacToswen paboTe npenctaBreHa nonHasa sdverika n3 cuHTesnpoBaHHoro LisVz(PO4)3/C ¢
MOMSIPHBIM COOTHOLEHWeM 1:1, n BNepBble NONy4YeHHOro TBEpAOro yrnepona us Saccharina japonica
METOAOM BbICOKOTEMMEPATYPHOrO NUPOnn3a.

“h Y A 900 °C

ICSD 96962 : Li,V,(PO,),

Intensity, a.u.
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PucyHrok 1. [Jugppakmoepamma nosy4eHHo20 kamoOHo20 mamepuana LizV2(PO4)s/C 1:1.
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Ruthenium-Based Durable Acidic Oxygen Evolution Reaction Electrocatalyst
for Proton Exchange Membrane Water Electrolysis
Xiaodan Wen', Shuaifeng Lou'
T Harbin Institute of Technology, Harbin, China
2847128596@qg.com

Low-cost and highly active ruthenium-based catalysts show great potential to replace iridium-
based counterparts in proton exchange membrane water electrolyzers (PEMWE). However, their
stability under acidic oxygen evolution reaction (OER) conditions remains a critical challenge. The
covalency of the Ru-O bond is key to their performance: excessively strong Ru-O covalency promotes
lattice oxygen reactivity, leading to overoxidation of Ru into soluble high-valence Ru™ (n > 4) species;
overly weak covalency triggers surface Ru demetalation, ultimately destabilizing the RuO: lattice. Thus,
balancing the activity and stability of RuO2 during acidic OER remains a major challenge.

In this study, a Ru/RuOz2 heterostructure catalyst was successfully synthesized via the sol-gel
method, providing a new strategy for the development of high-performance and durable ruthenium-
based acidic OER catalysts.The formation of the Ru/RuQOz2 heterostructure optimizes the covalency of
Ru-O bonds. This optimized electronic structure significantly enhances the stability of the material in
acidic media while maintaining high catalytic activity.

The results demonstrate that the electronic structure rearrangement induced by the Ru/RuO:2
interface synergistically enhances both the activity and stability of the catalyst, achieving a low
overpotential of 231 mV at 10 mA cm? and stable operation for 120 hours. This work provides a
promising solution to overcome a key bottleneck hindering the commercial application of ruthenium-
based catalysts.
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Figure 1. (left) Diagram of the molecular orbital. (right) Chronopotentiometric tests of different samples.
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Ice-Templating Construction of Directional Pore Channels for Solar
Desalination
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Escalating global freshwater scarcity has intensified research on solar-driven desalination as a
sustainable, energy-efficient solution to water shortage. However, evaporation efficiency remains
constrained by insufficient water transport and excessive heat dissipation. A central consensus has
emerged on the necessity of developing advanced porous evaporators that maximize solar absorption
while simultaneously facilitating rapid water conveyance from the bulk to the evaporation surface and
enabling unimpeded vapor escape.l'l Unfortunately, conventional porous materials often suffer from
tortuous, randomly oriented pore networks that inherently limit mass transfer and compromise overall
performance. Engineering aligned porous structures is therefore critical to promoting rapid capillary
wicking and directional vapor release.?

Herein, we present an ice-templating strategy using chitosan/poly(vinyl alcohol) (PVA)
composite hydrogels as precursor matrices to fabricate aligned porous architectures. By designing
molds with copper and polytetrafluoroethylene (PTFE), we manipulated the directional growth of ice
crystals during freezing. Copper molds imposed vertical and radial thermal gradients, yielding multi-
directionally aligned channels, as shown in figure 1. When integrated with a solar-absorbing layer, the
resulting anisotropic chitosan/PVA aerogels exhibited an evaporation rate of 6 kg m2h-!' under one-sun
illumination all stemming from their tailored pore alignment, superior hydrophilicity, and excellent
structural integrity. Furthermore, by further engineering the mold configurations, we realized an even
broader spectrum of directionally aligned pore architectures, highlighting the remarkable tunability and
versatility of this mold-guided ice-templating platform.

This work demonstrates that mold-guided ice templating is a facile yet powerful approach to
customizing pore orientation in biopolymer-based aerogels, offering a versatile platform for high-
performance solar-driven desalination and advanced water treatment applications.

Water vapor
sublination

Controllable growth Directional
of ice crystals channel

100 pm

Figure 1. Aligned porous aerogels with directional pore channels fabricated via ice-templating
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Phase Purification and Crystallology Engineering Enable Fast-Charging
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NasFes3(POa4)2(P207) (NFPP) holds considerable promise among sodium-ion batteries (SIBs)
cathodes benefit from non-toxicity and structural stability [1]. However, the concomitant inactive
NaFePO4 impurities (NFP) and low intrinsic electronic conductivity hinder the practical application,
especially for fast-charging and wide-temperature utilization [2]. Herein, a novel NFP absent phase-
purified NasFe29Nio.1(PO4)2(P207) (NSFNPP) with high electronic conductivity and low Na+ diffusion
barrier is successfully developed through Na enrichment and Ni introducing. The incorporated strategy
aiming at hybrid orbital diversification (Ni-O) and spin-state transition (Fe 3d) is predicted by DFT
calculation to narrow the band gap, as well as the structural framework stabilizing and Na+ diffusion
accelerating induced by lattice tuning and electronic delocalization. Benefiting from the original coupling
designs, the NSFNPP cathode exhibits an excellent discharging capacity (112.9 mAh g™ at 0.1 C), and
outstanding fast-charging performance (87.1 mAh g™ at 10 C, 95 % for 2000 cycles). Particularly, it
exhibits excellent applicability in a wide temperature range of -30 to 60 °C. This work sheds light on
comprehensive consideration of electron tuning, lattice adjustment, and phase purification on advanced
polyanion phosphate cathode construction, as well as provides a guideline for fabricating other
advanced cathodes and fast-charging, wide-temperature SIBs.

References
[1] Z.-H. Ruan et al., Theoretical estimation of temperature-dependent radiation properties of molten solar
salt using molecular dynamics and first principles // Energy. 2022. 246. 123379. DOI:
10.1016/j.energy.2022.123379

[2] C. Geng et al., Adaptive Variable Emissivity Reflector for Seasonal and Daily Thermal Regulation in
Regions with Significant Temperature Variations // Advanced Functional Materials. 2024. 34. 2410819.
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BnnsiHne MHOroCTeHHbIX yrnepoaHbIX HaHOprGOK Ha UMKITNYEeCKYHO
CTabUNbHOCTb NIUTUN-UOHHbIX AKKyMyInATOpPOB C erMHMﬁ-yrnepo,qulmw
KOMMNO3UTaMM B Ka4yeCcTtBe aHOAOB

KabupmkoH A. Abaymkab6opos’, Wax6os L. NcokkaHos!, Onecs M. KapakynuHal,

Cepren B.Yynun2, Banepuin B. Kpuseukuit!
" Mockoeckuli pusuko-mexHudeckuli uHcmumym, Mockea, Poccusi
2 Hosocubupckutli eocydapcmeeHHsblli yHusepcumem, Hosocubupck, Poccusi
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KpemHuin-yrnepoaHbie KOMMNo3uTbl — NEPCMNEKTUBHbBIE BbICOKOEMKME aHOAHbIE MaTtepuansl Ans
NUTUIA-NOHHBIX akkymynatopoB (JIMA). OgHako, nx NPUMEHEHME OrPaHNYEHO PacCLUMPEHNEM KPEMHUS
00 300% v HM3KOW SMEKTPOHHOW MNpoBoaMMOocTbio [1]. BBegeHue yrmepogHbix HaHOTpyGok (YHT)
CO34aéT MpPOYHYI MPOBOASLLYIO CeTb, KOMMEHCUPYIOLLYIO HanpskeHns u CcTabunusnpyoLLyto
WUHTepdasy anekTpoa-anektponut. OddekTnsHocTb YHT 3aBucut ot anuHbl: ~1000 MKM CKMOHHbI K
arnomMmepaLmu, CruLIKOM KOpoTKMe (2 MKM) He dhopMupyloT ceTb 1 nospexaatoT SEl. PaHee BnvsHue
anvHel YHT 6bino m3yyeHo Tonbko Ans HaHo-Si m SiOx/C, toraa kak gns Si/C koMno3utoB C
Mukpoyactuuamn (~10 MKM) MccrnenoBaHWs He MPOBOAMIUCE, XOTA OHM ucnonb3ytotcea ansa JINA c
BbICOKOW YAENbHON EMKOCTbIO N0 00beMYy.

[nsa oueHkn BNUSIHWSA ANWHBbI MHOrocTeHHbIX YHT (MYHT) 6binv ucnbitadbl cycneHsmm c 1 m 10
MKM MYHT, nony4yeHHble ynbTpa3ByKOBOW KaBuTauuen, U NpoBeAeHO CpaBHEHME C KOMMEPYECKUMU
YHT (Gelon, KHP). 3nekTpoxumuyeckne ucnbiTaHus Obinn npoBefeHbl B nonysderikax Si/Cl|Li w
nonHeix siderkax ¢ katogom NMC811. WcnbitaHus nonysdeek Si/Cl|Li nokasanu, 4To aHoabl C
AnvHHbiMn - MYHT  obecneuunBaioT ©6omnee BbICOKYIO yAenbHYD EMKOCTb MO CpaBHEHU C
KoMmMmepyeckumun (Tabnuua 1). B nonHeix avenkax NMC811||Si/C ¢ kopotkumn MYHT HavanbHas
paspsigHast EMKOCTb cocTaBuna 612 mA-y/r, a nocne 100 UMKNOB COXpPaHEHME €MKOCTW COCTaBWIIO
85,8%. Onsa anuHHbix MYHT 311 nokasatenu 6binm Huxe: 606 MA-4/r n 80,4%, cooTBeTCTBEHHO (pyc.1).

Tabnuua 1. XapaktepucTtnku nonysdeek syeek Si/C||Li

O6pasel PaspsagHas emMKocTb, 3apsagHas eMKOCTb, WcxonHas kynoHoBckasi
MAY/r MAuY/T adekTmBHOCTb (%)
Si/C_1mkm MYHT 61517 566118 92,0+0,4
Si/C_10mkm MYHT 67017 6117 91,240,02
Si/C_kommep.-YHT 65017 610+4 93,8+0,4

600 M\
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EMkocTb, MAU /T

4757 4 MYHT 10 Mkm
MYHT 1 Mkm
MYHT GLNA koMMepueckme

0 20 40 60 80 100 -~
%
Homep umkaa k i

PucyHok 1. Luknudeckasi cmabunbHocmb ronHbix ssseek NMC811||Si/C MYHT npu moke 0,1C (cnesa).
COM-u3zobpaxeHue nosepxHocmu aHoda Si/C MYHT 1mkm (cnipaea). KpacHbim ommedeHbl MYHT.

rs

4251

MpeanoxeHHble MYHT npeBocxogaT kKOMMepYeckmint obpaseL, No NofiokUTENbHOMY BITUSIHUIO
Ha umknuyecknin pecypc. B nonHeix gyenkax 1 mkm MYHT nokasanu npeumyliectso nepeg 10 MKm
MYHT, B cBA3u ¢ obpasoBaHMeM NpoBoasLen n apmupytowien cetn ns MYHT (puc. 1).

Cnucok nutepartypbl

[1] He Z. [et al.]. Advances in Carbon Nanotubes and Carbon Coatings as Conductive Networks in Silicon-
based Anodes // Adv. Funct. Mater. 2024. V. 34(48): 2408285.
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Nanocomposites as Anode Materials for Lithium-lon Batteries
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Petersburg, 197101, Russia
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Silicon dioxide (Si0,) is a promising anode material for next-generation lithium-ion batteries
(LIBs) due to its high theoretical capacity and environmental abundance. However, its practical
application is limited by poor electronic conductivity and significant volume expansion during
lithiation/delithiation. While graphene oxide (GO) and reduced graphene oxide (rGO) is often used to
address these issues, achieving strong interfacial attraction between Si0, nanoparticles and GO
nanosheets remains a significant challenge.

In this work, we propose a ternary architecture Si0, @C@rGO synthesized via a multi-step in situ
coating strategy. By introducing an intermediate amorphous carbon layer (Si0,@C), we effectively
modified the surface chemistry of the silica nanoparticles, providing a "chemical bridge" that facilitates
superior adhesion and uniform distribution within the rGO framework.

Structural characterization confirmed a successful core-shell-shell architecture, providing a
seamless electronic pathway. The ternary Si0,@C@rGO composite exhibited superior performance
(1050 mAh/g; 91% retention) compared to Si0,@C (720 mAh/g) and pristine Si0, (310 mAh/g). This
study proves that the intermediate carbon layer is essential for optimizing interfacial bonding and
ensuring the stability of silica-based.

N\ Glucose
TEOS+ \\\
NH3+ \
Ethanol S—)

Sterring Sio,@C@rGO
24h,50 °C 180 °C, 10h 180 °C, 12h 2Ce@

Scheme 1. In situ synthesis method of SiO:@C@rGO.
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BnunsHue HeopraHM4eckux 4acTuLl Ha MOHHYO NMPOBOAUMOCTb TBEPAbIX
NoNMMepHbIX 3rekTponutoB Ha ocHoBe MNBAO® u LiTFSI

KOpun O. Anekcangpos', EereHuin 1. bonTtkos'!, Anekcanap B. Babkun', AHgpeii B. CbibaymH’

"Mockoeckuli 2ocydapcmeeHHsbili yHusepcumem umeHu M.B. JlomoHocoea,
xumudeckul ¢gpakynbmem, Mockea, Poccus

Aleksandrov-Yura@yandex.ru

OCHOBHbIE TEHAEHUNW PA3BUTUS JIUTUA MOHHBIX akKyMyNnsSiTOPOB HarpaBfeHbl Ha yBenMyeHne
€MKOCTU, YMeHbLLEeHNe macchbl U obecneveHne 6e30nNacHOCTM U AONroBeYHOCTM paboTel. OgHMM U3
nyTen passBuTUs SBNSETCH Nepexod K TBepAbIM U KOMMO3NLMOHHBIM MONIMMEPHBLIM anekTponutam. B
CpaBHEHWUW C TBEPALIMW HEOPraHNYECKUMM SNEKTPONTMTaMM NONIMMEPHbIE 3NEKTPONUTLI 06ecneynBaroT
nyywmnin Mexxd)asHblii KOHTaKT Ha rpaHuLLEe C anekTpodamn. A B CPaBHEHUM C XXUOKUMU 3NEKTPONUTaMM
OHU obnapalT BGonblUen MeXaHU4YEeCKOM MPOYHOCTBIO M 3MNEKTPOXMMUYECKON YCTOMYMBOCTBIO, HO
MEHbLLUEN NOHHOW NPOBOAMMOCTbLIO, 3a4aCTyl0 HE AOCTATOYHOW Af11 KOMMEPYECKOro MCNOMNb30BaHuUs.
OfgHUM M3 MNOAXOAOB K YBENUYEHUO WMOHHOW NPOBOAMMOCTU SBISIETCS BBEOEHWE Pa3fINYHbIX
HeopraHuyeckmx o6aBOK 1 NEPEXOA K KOMMNO3ULMOHHBLIM NOMMMEPHBLIM 3MekTponuTam [1].

Llenbto pgaHHoOM paboTbl ObINO uMccnegoBaHWe BRMSHUS HeOpraHuveckux [AobaBok Ha
MEXaHW4YeCKME U INEKTPOXMMUYECKNE CBOWCTBA KOMMO3MLMOHHBIX MOSIMMEPHbIX 3MEKTPONIMTOB Ha
ocHoBe nonueuHunugeHdgTopuga (PVDF) n 6uc(tpudtopmeTtaHcynbgoHun)ummuga nutusa (LiITFSI).
KoMMno3numnoHHbIe NONMMeEpHbIE 3MNEKTPONUTLI FOTOBMM METOAOM NUTbSA M3 pacTBopa, B KayecTBe
pacTBopuTens ucnonb3oBanu aumetundgopmamug (AMOA).

B xoae paboTbl 661510 N3y4eHO BNUSIHUE KOHLLEHTpaumMm HaHovacTuy anokenaa tutana (TiOz2) n
nntus-antoMuHua-TuTaHo-goceata (LATP) Ha usmko-xmmudeckme CBOWCTBA KOMMO3ULMOHHbIX
NonuUMepHbIX 3nekTponutoB Ha ocHoBe PVDF. YctaHoBneHo, 4to BBeaeHue 5% HeopraHuyeckom
nobaskn LATP npuBoanT He TOMbKO K YBENUYEHUIO MEeXaHUYeCKOW NPOYHOCTM anekTponuTa Ha 40%,
HO 1 obecneynmBaeT pocT MOHHOW npoBoaumocTh ot 1,7-107 go 3,1-10°5 Cm/cm npu ogHOBpEeMEHHOM
yBENMYEeHUN KaTMoHHoro ymcna nepeHoca ¢ 0,33 go 0,75. MNpwu atom BeBeaeHne 10% pobaekm TiO:2
NpMBOAWUT K POCTY MEXaHWYEeCKOW MpPOYHOCTU anekTponuta Ha 25%, yBEnWYEeHUIO WOHHOW
nposoammocTth ot 1,7-107 go 1:104 Cm/cm 1 yncna nepeHoca go 0,62.

Cnucok nutepatypbl
[1] Li, P., Huang, Y., Yu, Y., Ma, X., Wang, Z., Shao, G. Recent advances and future prospects for PVDF-
based solid polymer electrolytes // Journal of Power Sources. 2025 vol 628. DOI:
10.1016/j.jpowsour.2024.235855.
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Bnusinne cnoco6a hopMmnpoBaHUA HUKENb-XKeNe3HbIX OKCUTMOPOKCUAHbIX
CNoeB Ha KMHEeTUKY BbiAerieHUs KUcropoaa B Leno4Hou cpege
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PaspaboTtka Hepopornx u adEKTMBHbBIX KaTanv3aToOpoB peakuui BblAeneHus Kucnopoaa
(PBK) n Bogopoga (PBB) B Lieno4yHon cpefe AN 3aMeHbl MaTtepuarnioB Ha OCHoBe 6naropofHbixX
MeTasfioB Ha CErOaHSALIHNIN OeHb OCTaeTCcs akTyanbHoN 3agaden [1]. KatanuaaTopbl Ha OCHOBE HUKENS
LMPOKO MPUMEHSAIOTCA B LIENOYHOM 3NeKkTponuse BoAbl Gnarojaps WX CPaBHUTENbHO HU3KOW
CTOUMMOCTWN W CTabUNBHOCTU B LWEMOYHbIX PacTBOpPax, OAHAKO BOMPOCHI, CBSA3aHHbIE C BIUSHUEM
cocTaBa M MoOp@OnorMM matepuanoB Ha 3MeKTpoKaTanUTUYECKYl0 akKTUBHOCTb, MPOBOAUMOCTLIO
KaTanutuyecknx croes B ycnoeusix PBK, a Takke C BnMsHMEM MNPUMECHBIX WMOHOB Xenesa Ha
aKTMBHOCTb W CTabUINbHOCTb MaTepuanoB Ha OCHOBE HUKErns, OCTalTCA MpegMeToM aKTUBHbIX
uccrnegosaHnn [2,3]. N3BecTHO, 4To B ycnoBuax PBK wncxogHble matepranbl Ha OCHOBE HUKENS
(Hanpumep, MeTannuyeckMe  4Yactuubl, okcuabl, cynbduabl, dochuabl) noasepraTCH
ANEKTPOXMMNYECKOMY OKUCINEHMIO C 06pa3oBaHNEM aKTUMBHBIX OKCUrMAPOKCMAHbIX cnoés. OgHako, Ha
CErofHsAWHWA AeHb HET eANHOr0 MHEHUS O MeXaHu3Me BIUAHUS Npupoabl Mpekypcopa Ha akTUBHOCTb
CchopMUpPOBaHHBLIX OKCUTMOPOKCUAHBIX CNOEB, a TakkKe OTCYTCTBYHOT AaHHble, NO3BONSALMe caenaTb
pauvoHanbHbI BeIGOp Npekypcopa A5 ONTUMU3auun SMekTpoKaTanmMTUYeCKnX CBOWCTB COeaNHEeHNN
Hukensa. B cBA3M C 3Tmm, uenblo HacTodwen paboTbl ABMNSETCA CpaBHUTENbHOE WCCregoBaHue
3NeKTpoKaTanmnTMYeCckux CBOWCTB OKCUIMAPOKCUAHBLIX CNOEB, COPMUPOBAHHBIX W3 Pa3fMYHbIX
npekypcopoB B ycrnosuax PBK, ana BbiSBAeHWs B3auMOCBA3W Mexdy CBOMCTBAMM MWCXOAHOrO
npekypcopa v KaTanuTn4eckon akTUBHOCTbLIO.

B kauyectBe npekypcopoB Ans (GOpPMUPOBAHUS OKCUIMAPOKCUMAHBLIX CMNOEB MCMNOMb3oBanm
ONCMEPCHbIE 3MNEKTPOOCaXKAEHHbIE HUKENEBbIE MOKPbITMS (MCTUHHAs MOBepxHOCTbio 16-370 cm?), a
TaKkKe SNEKTPOOCaXAEHHbIE MOKPLITUS Ha OCHOBE rmapokcuga u avcynbduaa Hukens. TonwmHy
KaTanunTMyeckoro Crios BapbmMpoBanu nytemMm nsaMeHeHust BpemeHu ocaxaeHus (ot 10 cekyHa Ao 1 yaca),
npu 9TOM TakKe U3MEHANUCb MOPdONOrnsa, OMMUYECKOe COMPOTMBIIEHME U UCTUHHAas MOBEPXHOCTb
NMOKPbITUA. ICTUHHYIO MOBEPXHOCTb, AOCTYMNHYIO Ans npoTekaHus PBK, oueHmBanu us BennyunH obLuen
nonapn3aLMoOHHON eMKOCTW, onpeaeneHHoN BONbTaMnepoMeTpUdeckm U 13 AaHHbIX CNEKTPOCKONun
ANEKTPOXMMMYECKOro umnegaHca. Mopconornio 1 TONLWMHY MOKPLITUA 40 M NOCMe OKUCIUTENbHOMN
PEKOHCTPYKUMM UcCcnefoBann MeTOAOM CKaHMPYIOLEeN 3reKTPOHHOM MuKpockonuu. [Ona kaxgoro
npekypcopa uccrneoBanu TpyU TOMWMHbI MOKPbITUA ANS aHanusa OrpaHuYeHui, CBS3aHHbIX C
oMuyecknmmn acpdektamn. Npu 3TOM, OMUYECKOoe CONPOTUBMNEHUE KaTanmnTUYeCcKoro crios onpeaensanm
U3 annpokcumauun Monspu3auMOHHbIX KPUBBLIX YPaBHEHUAMM MOAENU SnekTpoga C  HU3KOW
3NEKTPOHHOWN NPOBOAUMOCTLIO [4].

Hanbonee BbicOKylo akTMBHOCTbL B PBK npogemMoHcTpupoBanu martepuarnbl, NosyYeHHble n3
cynbUaHbLIX MPEKYPCOPOB (MepeHanpsbkeHne npu nnoTHoctM Toka 10 MA/cm? okono 250 wmB,
Tadgenesckunin HaknoH — 40 mB/gek). [ina obpasLioB Ha OCHOBE AUCNEPHBIX METaNnMYecknx nNoKpbITUNI
nepeHanpskeHus coctaBnanun okono 270 mB, B To BpeMs Kak asis 3f1eKTpooCaXaeHHbIX MTMApPOKCUa0B
Habnoganucb HanbonbluvMe nepeHanpskeHnss n  Havboree BbICOKME Tad)eneBCKUE HaKIOHbI
(nepenanpspkeHuna 6onee 290 MB 1 Tadenesckue HaknoHbl Bbilwe 44 mB/gek). C yyeTom 6nm3koro
XUMUYECKOro coctasa CHOPMMUPOBAHHBLIX OKCUMMOPOKCUAHBIX CIOEB U OLIEHOK UCTUHHOW NMOBEPXHOCTH,
nonyyYeHHble pe3ynbTaTbl NO3BONUIN OOBSCHUTE BbICOKYHD aKTMBHOCTb OKCUIMOPOKCUOHbBIX CrOEB,
chopMmpoBaHHbIX U3 CyrnbUaHBIX NMPEKYPCOPOB, COYETAHNEM BbICOKOW NPOBOAMMOCTU NOBEPXHOCTH
M ONTUManbHOM AOUCMEPCHOCTM MaTepuana, AOCTUrHYTOW MpU OKUCIUTENbHOM TpaHcdopMaunm
npekypcopa. Takke caenaHbl BbiBOAbI O BfWSHUU MPUMECHBLIX WOHOB Xenes3a Ha MnoBblleHWe
NPOBOAMMOCTU N YBEMNUYEHNE NOBEPXHOCTU OKCUTNMOPOKCUOHBIX CIOEB.

Cnucok nutepatypbl
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MoBblWeHNe yaenbHOW 3HEProéMKOCTU U 6e30NacHOCTM NUTUIA-NOHHBIN akkyMynsTopos (JTUA)
SABMSAIOTCA OOHUMU W3 MPUOPUTETHBLIX 3a4ay COBPEMEHHOIO 3MEKTPOXMMUYECKOro MNpou3BOACTBA.
OpaHol 13 oCcHOBHbIX Npobriem coBpemeHHbIx JIMA aBnaeTca HeCcTabunbHOCTb XUAKOro anekTponura:
B 3aBUCMMOCTW OT €ro cOoCTaBa, TWUMa W KOHUEHTpauuu NUTUEBOW COMU €ero pasfnoXeHwe MOoXeT
MHULMMPOBATLCA yXKe Npy noTeHumnanax <4,3B u Temnepatype ~70 °C.

VMcnonb3oBaHue MeTannuMyeckoro NUTUS B Ka4ecTBe Matepuana oTpuuaTtenbHOro anekrpoa
No3BONISIET KPATHO NOBLICUTL yaenbHYto aHepruto JINA. Tpyn 3TOM HEKOHTPONMPYEMBbIN POCT NNTUEBBIX
OEHAPUTOB OrpaHNyYnBaeT BO3MOXHOCTU NPUMeEHeHUs Takmx cuctem. OBo3HayveHHble NpobnemMbl MoryT
ObITb peLleHbl MyTEM 3aMeHbI XUAKOrO 3NEKTPONNTa Ha TBEPAbIN MONTMMEPHbIN 3NIEKTPOSINT.

B HacToswen paboTte mnokasaHa BO3MOXHOCTb WCMOMb30BaHUS  refb-NofMMEpPHOro
anekTponuta Ha ocHoBe nonueuHunNuaeHdgTopuaa (MBAD) n Guc(tpu)dTopcynsdoummaa nutud
(LITFSI). Bapbupys TemnepaTypy NpuroTOBREHUA pacTBOPOB NMONMMEPOB, YAAETCA B 3HAYMTESbHOM
cTeneHn ynpaenaTb MopdOnorMen MonMMEpPHOM MaTpuubl (perynupysi cTeneHb MNOpUCTOCTH,
cofepaHue O0CTaToOYHOro pacTBOPUTENS U pa3mMep KpUCTannuTos).

B pamkax paboTbl YCTaHOBMEHO BNUSAHWE KOHLUEHTpauuM INUTUEBOM COMU Ha WOHHYHO
NPOBOAMMOCTM refnb-nonmmepHoro anektponuta MNBO®-LITFSI. Mo aaHHbiM UK-gypbe cnekTpockonum
N peHTreHoa3oBoro aHanuia onpegeneHbl gonsa B-casel B NBO®P, cTeneHb KpuUCTanIM4HOCTU
NONMMMEPHOWN MaTpuupbl, a Takke COAepXKaHWe OCTaTOYHOro pacTBOpPUTENS. YCTaHOBEHO BMWSHUE
TemnepaTypbl Ha WOHHYH MPOBOAMMOCTb refb-MONMMEpPHOro anektponuta. [lokaszaHo, 4TOo B
pe3ynbTaTte HarpeBa MpoOUCXOAUT nnaeneHne komnnekca DMF-LITFSI, 4to cnocobceTByet
3Ha4YUTENbHOMY POCTY WMOHHOW MNPOBOAMMOCTU renb-nonumepHoro anektponuta. lpu aTom, npwu
nocriegyoLemM oxXnaxaeHum u Kpuctannusawuum notepu NpoBOAMMOCTU HE NPOUCXOANT.

WccnenoBaHbl  3NEKTPOXMMUYECKME — XapaKTEPUCTUKU  MOMYYEHHbIX  renb-NonuMepHbIX
3NEKTPONIMTOB B NUTMEBbLIX 3NEKTPOXMMUYECKUX HAYenkax. [enb-nonuMepHbIn anekTponuT ¢
ONTUMarnbHbIMU XapakTepPUCTUKaMN OEMOHCTPUPYET BbICOKYI pa3psgHyto éMKocTb (~150 MAY/T) npu
nnotHoctTn Toka C/3 M UMKIMYecKylo cTabunbHocTb (bonee 100 umknoB 3apsiga/paspsga) npu
KOMHaTHOM TemnepaType.

Takum obpasom, BbIOOp MOMMMEPHOW MaTpuubl, BapbMpOBaHME COCTaBa U COOTHOLLEHUSI
UCXOOHbIX KOMMOHEHTOB, a TakKke YCIMOBUW MNOMNyvYeHus onpegensiowmm obpas3om BAusieT Ha
XapaKTePUCTUKMN refb-NoSIMMEPHOro 3NeKTponuTa.

BnarogapHocTtu
Pa6oTa BbinonHeHa no rocotopxkeTHon TemaTtnke HUP (Homep LIUTUC: 121031300084-1).
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UccnepoBaHue CTPYKTYPbl OKCUMAOO0B NnepexoaHbIX MeTannoB AnA nuTUN-
UOHHbIX aKKyMynAaTopoB MeTo4aMMU peHTreHO(*)a3OBOFO aHanunsa

Anekcen . bapkos', Anekcein B. Muxnsies, Niogmuna . Fony6saTHukoBa, Enena B. KyabMuHa,
Brnagmumunp C. KonocHuubIH

T Yepumekuti Iicmumym xumuu Ygpumckoeo ghedeparbHoeo uccnedosameribckoeo yeHmpa PAH,
2. Yoba, Poccus

barkov.lesha@mail.ru, kuzmina@anrb.ru

JIntnir-norHsle akkymynstopsl (JIVMA) Wwmnpoko pacnpocTpaHeHbl B COBPEMEHHON TEXHUKe. NX
3KCMIyaTauMOHHbIE  XapaKTEePUCTUKM B 3HAYMTENbHOW CTEMEeHW OnpefensTcs CBONCTBaMM
3MNeKTpoAHbIX MaTepuanos. K Hanbonee nepcnekTUBHbLIM KaTOAHLIM Matepuanam OTHOCSIT CIIOUCThbIE
okeuabl LiCoOz2, LiNi13Co13Mn1302, a Takke wnuHernbHble - LiMN204. SnekTpoxumuyeckme napameTpbl
TaKMX COEOMHEHMI CBsA3aHbl C OCODEHHOCTAMW WX KPUCTAmNMYECKON CTPYKTYpbl, CTENEHbLH
ynopsiAoYeHNs KaTUOHOB, (DA30BOW YNCTOTON N YCTOMYMBOCTLIO CTPYKTYPbI MPU LIUKIMPOBAHNN.

OpHum un3 Hambonee WHMOPMATMBHLIX METOAOB WCCNEOOBaHUSI YKa3aHHbIX MaTepuanos
ABnsieTca peHTreHodasoBbin aHanuns (P®A), koTopbii no3sonsetr uaeHTuduumposatb as3oBbIn
coctaB 06pasLoB, YyCTaHaBnMBaTb TWUM KPUCTANNIMYECKOW peLleTkn, onpedensTb napameTpbl
3N1eMEHTaPHON AYENKN U BbISBNATE Hanu4umMe npuMecHbix das. [nsg cnoncteix KaTogHbIX MaTtepunanos
0COBEHHO BaXKHOW 3agadven SABNAETCS OLUeHKa CTeneHn KaTMOHHOTO CMELLEHMS MeXay CIOsSIMU NMTUS U
nepexoaHbiX MeTannoB. WM3BECTHO, 4YTO ANA CTPYKTypbl TWna R3m XapakTepHo pacuiensieHne
pecnekcos (006)/(102) n (108)/(110), 4To CBUAETENBLCTBYET O XOPOLLEM CTPYKTYPHOM YNOPSAL0YEHUN.
[ononHUTenbHbIM KPUTEPUEM CAYXUT OTHOLLEHUE MHTEeHCUBHOCTEN (loos/l104): €r0 CHUXEHME yKa3biBaeT
Ha yBenuyeHve OONM KaTWMOHOB HUKENS B JIMTUEBbLIX MO3MLUUSAX, YTO yXyALIaeT MOABWMKHOCTb MOHOB
NUTUA 1 oTpULAaTEeNbHO BIIMSIET HA EMKOCTHbIE XapakTepUCTMKN Matepunana.

Takum 06pa3om, peHTreHOa30BbIN aHanu3 SBNAeTCs 6a30BbIM UHCTPYMEHTOM MCCNEA0BaHMWS
okcupoB nepexogHbix metanno ansa JIMA. MNMpumeHeHne POA B coyeTaHun C NOMHOMNPOMUITbHBIM
aHanu3om fenaet BO3MOXHOW LeNleHanpaBfeHHY0 ONTMMU3aumMio CocTaBa UM CTPYKTYpPbl KaTOOHbIX
MaTepuarnoB, YTO OCOOEHHO BaXHO Mpu pa3paboTke BbICOKO EMKUX M OOSNTOBEYHbIX aKKyMYISATOPHbIX
CUCTEM HOBOTO MOKOMEHUS.

B pabote O6binM wuccrnegoBaHbl  PEHTreHOrpaMMbl  KOMMEPYECKMX 06pasuoB  OKCKMOoB
nepexogHbiX MEeTaslIoB U OKCMOOB, CUHTE3MPOBAHHLIX TEPMUYECKUM pPasfOXEHWEM aueTaToB
(pucyHok). B goknage nogpobHO obCyxaeHbl peHTreHorpamMmmbl KOMMEPYECKMX U CUHTE3MPOBAHHbLIX
OKCMAOB MepexonoB MeTannoB. M3yyeHO BNusiHME yCcnoBun TepMoobpaboTkM Ha peHTreHorpaMMbl U
CTpPOEHME OKCMAOB MEPEXOAHbIX METansos.
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PucyHok 1. POA kommepueckux 06pa3yo8 okcudos nepexoOHbIX Memarios u okcudos riepexo0HbIX Memariios,
CUHME3UpPOB8aHHbIX MepMUYecKUM pasrnoxeHuem auemamos: 1 — NMC325, 2 -LNMO, 3 - NCMA, 4 - NMC111, 5
— NCA, 6 — NMC811, 7 - LixNip.33Mny.33C0,.5502, 8 - (Ni,Mn,Co)304/(Ni,Mn,Co)O,, 9 — LiNiO2, 10 — NiO, 11 —
Mn20s, 12 — C0203

BnarogapHocTu
Pa6oTa BbINnonHeHa B paMka rocyaapcTBeHHoro 3agaHmsa 124032600061-3

163



YCTHbIE OOKNAAbI ORAL PRESENTATIONS

The Influence of Electrode—Electrolyte Interphase Chemistry on the
Performance and Safety of Si/C Anodes and LTO-NMC Electrodes in Lithium-
lon Cells

Yulia S. Vlasova'?, Valeriy V. Krivetskiy'?

" Moscow Institute of Physics and Technology, Dolgoprudny, Russia;
2 L omonosov Moscow State University, Moscow, Russia

iuliia.vlasova@chemistry.msu.ru

The electrode—electrolyte interphase governs cycle life, rate capability, and thermal safety in
lithium-ion cells. For silicon—graphite (Si/C) composite anodes, repeated volumetric expansion (~300%)
during lithiation mechanically destabilizes the solid electrolyte interphase (SEI), causing continuous
lithium loss, electrolyte degradation, and impedance rise. On the cathode side, conventional LiPFe-
based carbonate electrolytes produce a cathode electrolyte interphase (CEIl) susceptible to HF release,
transition-metal dissolution, and gas evolution at elevated potentials. This work addresses both
interphases through rational pairing of a flame-retardant phosphazene additive with systematic variation
of the lithium salt anion.

For the anode study, hexakis(2,2,2-trifluoroethoxy)cyclotriphosphazene (HFEPN, 0-15 wt%)
was added to 1 M LiPFs in EC/EMC with vinylene carbonate. Galvanostatic cycling of Gr||[NMC and
Si/C|INMC full cells, combined with EIS and XPS, showed that HFEPN undergoes reductive
decomposition at ~1.3 V vs. Li/Li*, enriching the SEI with P-OxFy and LiF-like species. This reduces
interfacial charge-transfer resistance and stabilizes Coulombic efficiency over extended cycling, while
simultaneously suppressing electrolyte flammability — positioning — HFEPN as a dual-function additive
acting as both an SEI modifier and a gas-phase flame retardant [1].
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Figure 1. Electrochemical response of the LTO||NMC cell in EC/EMC (1:3 v/v) electrolyte. (left) First-cycle
specific discharge capacity for systems employing different salts and additives. (right) Charge/discharge voltage
profiles at 1C rate after 100 cycles in 1 M LiPFe baseline electrolyte with the addition of 15 wt% phosphazene
additive.

The cathode-focused extension employs LTO|INMC cells, where the nearly strain-free Li4TisO12
anode (~1.55 V vs. Li/Li*) eliminates anodic SEI contributions, enabling isolated study of the CEI. Four
salts — LiPFe, LiTFSI, LIDFOB, and LiBOB — are evaluated in EC/EMC (1:3 v/v) with and without 15 wt%
HFEPN. Borate-containing salts (LiDFOB, LiBOB) are expected to yield thinner, B—O-rich passivation
films suppressing Ni/Mn dissolution; HFEPN may mitigate Al current-collector corrosion in LiTFSI
systems through competitive passivation. Based on the anodic findings, phosphazene-derived
fragments incorporated into the CEl are hypothesized to scavenge HF and preserve NMC surface
structure, reducing impedance growth and improving capacity retention. Together, the published anodic
results and the ongoing cathodic investigation outline a coherent interphase-engineering strategy in
which rational salt—additive pairing reconciles energy density, cycle life, and intrinsic safety [2].
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PEDOT-Quinone Copolymers in Water-in-Salt Electrolyte:
From Hydroquinone to a Quinone Family
Alexey |. Volkov', Sofia F. Valova, Oleg V. Levin'

' Saint Petersburg State University, Saint Petersburg, Russia
a.i.volkov@spbu.ru

Conducting-polymer/quinone hybrids combine the fast charge transport of PEDOT with the high
theoretical capacity of quinone redox centres, yet their behaviour in water-in-salt electrolytes (WiSEs),
which suppress water activity via ionic coordination shells, stabilising in principle both the polymer
backbone and the proton-coupled quinone redox, has been mapped only for isolated examples.

Here we use 21 m lithium bis(trifluoromethanesulfonyl)imide (LiTFSI) as the WISE platform and
our previously reported direct pulsed electropolymerisation of EDOT with hydroquinone (HQ) as the
entry point to a broader family of co-electropolymerisable quinone precursors. PEDOT-HQ copolymers
were synthesised from acetonitrile solutions containing =0.01 M EDOT, variable HQ, and 1 M LiCIO4 by
pulsed electropolymerisation, then transferred to 21 m LiTFSI for cycling, Randles—Sevéik analysis,
operando UV-Vis spectroelectrochemistry, and operando conductivity on interdigitated electrodes. For
EDOT:HQ ratios of 2:1, 1:1, and 1:2, estimated specific capacities reached 88, 137, and 160 mAh/g,
respectively, while capacity retention after 500 CV cycles in 21 m LiTFSI dropped from 76% (2:1) to
29% (1:1) and 16% (1:2), evidencing a clear capacity—stability trade-off driven by HQ loading. Operando
UV-Vis confirmed the full neutral — polaron — bipolaron sequence with a TT—1* shift to 480-500 nm at
higher HQ content, and operando conductivity showed that the conducting PEDOT scaffold is preserved
across compositions, supporting use without additional carbon binders. Building on these reference
data, we are extending the same synthetic routine, with adjustments to the upper pulse limit and
electrolyte composition, to three further quinone-class precursors selected to probe regiochemistry, the
absence of a quinone, and the redox-potential range: catechol (ortho-dihydroxybenzene,
complementary o-quinone couple), resorcinol (meta-isomer, structural control with no accessible
quinone), and anthraquinone (extended r-system shifting the redox couple to more negative potentials,
accessing canonical aqueous AQ chemistry). Comparison of CV stability, operando UV-Vis signatures,
and operando conductivity of the resulting copolymers in 21 m LiTFSI will test whether the trends
established for HQ generalise across the quinone family and identify which structural motifs are worth
pursuing toward full-cell prototypes.
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Figure 1. PEDOT-HQ copolymers’ cyclic voltammograms in 21 m LiTFSI.
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Design and Function of CMC/Fe;O0, Membranes for Enhanced Mass Transfer in
Energy-Efficient Electrochemical Systems

Valeria Vorobeva, Mariia Dmitrenko, Sofia Perminova, Anna Kuzminova, Anastasia Penkova.

St. Petersburg State University, 7/9 Universitetskaya nab., St. Petersburg 199034, Russia
vorobevalera05@mail.ru

In the context of advancing sustainable electrochemical energy, there is a growing demand for
membrane materials capable of providing controlled ion transport, high selectivity, and chemo-
mechanical stability in harsh environments. Membranes based on renewable biopolymers, particularly
carboxymethylcellulose (CMC), have attracted significant attention due to their biocompatibility, and
hydrophilicity. The intensification of mass transfer and the enhancement of energy efficiency in
electrochemical devices—such as flow redox batteries (RFBs), electrodialysis systems, membrane
electrolyzers, and fuel cells—require the development of membranes with optimized structures and
transport characteristics. The incorporation of metal oxide nanoparticles, specifically magnetite (FezOa4),
into polymer enables the formation of hybrid matrices with a developed network of ion-conducting
channels, enhanced ionic conductivity, and improved swelling resistance.

This work is devoted to the development and investigation of CMC/Fe3O4 membranes, which
hold promise for application as separators and ion-selective barriers in electrochemical energy systems.
Chemical cross-linking of the polymer network was performed using glutaraldehyde (GA) in the
presence of sulfuric acid to enhance membrane stability in aqueous and ion-containing electrolytes. The
structure and morphology of the composites and membranes based on them were investigated using
spectroscopic and microscopic methods. The membrane transport properties were evaluated under
conditions simulating mass transfer in electrochemical systems, with measurements of permeability and
rejection for the separation of model solutions with various ions.

It was established that magnetite nanoparticles facilitate the formation of ordered transport
channels through interactions and coordination with CMC functional groups, thereby intensifying mass
transfer. The developed membranes demonstrate significant potential for application as ion-selective
barriers in electrochemical energy devices, where controlled mass transfer, chemical stability, and high
energy efficiency are critical.
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Composite solid electrolytes based on cross-linked polymer with ionic liquid
for lithium metal batteries
Robert Gaianov, Daria Zakharova, Artem Tarasov, Andrey Stoporev, Victor Vizgalov, Sofia Morozova

Moscow Institute of Physics and Technology, National Research University, Dolgoprudny, Russia
Gaianov.ri@mipt.ru

Solid-state electrolytes (SE) can be a promising alternative to the liquid electrolytes due to the
increased safety and energy density unachievable for traditional systems [1]. However, achieving high
ionic conductivity whilst maintaining the mechanical integrity of the membrane remains a significant
challenge. This issue can be addressed through the formation of a cross-linked structure on the base of
ion-conducting polymer, which enables the incorporation of a high content of additives without
deterioration of the membrane’s mechanical properties.

A series of SE consisting of ionic monomer diallyldimethylammonium
bis(trifluoromethanesulfonyl)imide (DADMATFSI), the crosslinker polyethylene glycol diacrylate
(PEGDA), the initiator azobisisobutyronitrile (AIBN), the lithium salt LiTFSI and 1-ethyl-3-
methylimidazolium bis(trifluoromethanesulfonyl)imide [EMIM][TFSI] ionic liquid (IL) as additive was
synthesized via free-radical polymerization. Obtained samples were characterized using
electrochemical impedance spectroscopy (EIS) in the temperature range from -30 to 60 °C in order to
evaluate the ionic conductivity and its temperature dependence. To determine transference number of
SE Bruce-Vincent method was used [2]. Further to address practical applicability linear sweep
voltammetry (LSV) was used to measure the electrochemical stability window (ESW) and then the most
promising sample was tested in lithium metal/LFP battery at both room and elevated temperature.

Based on the results for the DADMATFSI-PEGDA-LITFSI system the state diagram was
constructed (Figure 1 (a)), revealing the compositions capable of free-standing SE membrane formation.
A series of samples with the different ionic liquid content ranging from 0 to 30 wt% were obtained. It was
found that incorporation of the IL not only leads to the sufficient increase in ionic conductivity from 2.4 -
1075S-cm™ (0 wt% IL) up to 1.9:107*S-cm™?! (23 wt% IL), but also positively impacts the upper
boundary of the ESW increasing it to the 5 V vs Li* allowing the battery application. Assembled Li/LFP
cell demonstrated a measured capacity of 5,5 mAh corresponding to 87% of the nominal theoretical
capacity at room temperature, increasing to 6 mAh (95%) at elevated temperature (60 °C).

a) b)

Film quality

fragile

0,
% % e
% v, | 10-5
R Y-
. \NE % 0
optimal $ @ ° 6 10—6
o ° '—A ' % 0
b‘rk 1 100 80 60 40 20 0 1077 100 80 60 40 20 O
sy Li-salt, wt% .
e Li-salt, wt%
1078

Figure 1. (a) State diagram for a crosslinked polymer system. (b) Dependence of the ionic conductivity on the
concentration of LiTFSI salt and ionic liquid (IL).
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AnekTpoxmmunyeckme ceomcTtea komnosuta Si/rGO B kKauecTBe oTpMUATENbHOIO
3IneKTpoAa NMUTUN-UOHHbIX aKKyMYyNnsTOPOB
A.C. peukux', B. I'. Konmakos', E. HO. EBLKK'

" ®edeparnbHsbili uccriedogamernscKuli UeHmp npobnem xumudeckol ¢husuxku u MeOUUUHCKOU XUumuu
PAH, 2. YepHozonoeka, Poccusi
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PocT uncna BbICOKOMOLLHBIX MOPTATMBHbBIX YCTPOWCTB MOBbILAET TpeboBaHUS K eMKOCTU U
pecypcy Li-ion akkymynstopos (JTMA), nuonpyowmx no nioTHOCTU SHEPTMU, HU3KOMY camopaspsiay,
ObicTpon 3apsgke wn pecypcy >1000 uumknoB. [Ona yBenuvyeHWss yaernbHOW 3HEProemKoCTu
paspabaTtbiBaloT MaTepuanbl OTpuUaTeNlbHbIX 3MEKTPOOOB, TakMe KakK KpPeMHWiA-yrnepoaHble
KOMMO3WTbI: COYETalLIME BbLICOKYID EMKOCTb Si C MeXaHU4eckow MNPOYHOCTLI0, NpedoTBpallas
paspywweHue oT 300%-Horo paclumpeHus Si npu NMTUPOBaHUK.

Llenbto gaHHOM paboTbl SABNSIETCA MUCCreAoBaHME 3MEKTPOXMMMUYECKUX CBOWCTB MOSyYEHHbIX
KOMMO3MTOB Ha OCHOBE KPEMHUS M BOCCTAHOBMEHHOro okcuaa rpadpeHa (Si/rGO) B kayecTse
MaTepuana otpuuartenbHoro anektpoaa JINA.

IOna cuHTtesa SirGO BoaHyto cycneHauto okcuga rpadeHa (15 mr/mn, «padeHOKe»)
cvewwmBanu Cc HaHo-Si@SiOx (cpegHun pasmep uyactvy 37,9 HM, MOfy4YeHbl MeToAOoM
nnIa3mMoxXMMMYeckoro cuHtesa [1]), B ynbTpasBykoBOW BaHHe Npu cooTHoweHun 1:1. CycneHsuto
rmgpotepmuyeckn obpabartbianu 6 4 npn 180 °C B TechbrioHOBOM aBTOKNaBe, 3aTeM CyGrIMMMPOBAHO
CyLwmnu.

OneKTpoAHy MacTy 3amelmBanu B nnaHetapHou menbHuue. Coctas: 80% SirGO, 10%
nonusuHunuaeHdTopuna, 10% auetuneHoson caxu u N-MetunnupponuaoH. lMony4deHHyo nacty
HaHOCUITN Ha MefHY1o donbry pakenbHbIM MeTogoM Ha npubope Dr. Blade.

OneKkTpoxnMmnyeckoe TeCcTMpoBaHWe NPoOBOAUNM B nonys4venkax MoHeTovHoro tuna CR2032.
MpoTtuBoanekTpoa — metannuyeckun Li. Onekrponut — 1 M LiPFs B cmecn EC:DMC:EMC 1:1:1 (TOB
New Energy, Kutan). Onektpoabl M3y4eHbl MeTOAAMWU TrarbBaHOCTATUYECKOro LMKIMPOBAHUA C
HopMUupoBaHHbIM TokoM 1000 MA/T [2] U LMKNMYECKON BONbTaMNEPOMETPUN B MHTEPBAse NoTeHunanos
ot 10 go 3000 mB, npu 0,1 mB/c.

EmKocTb oTpuuaTenbHoro anektpoga Ha ocHoBe Si/rGO npesbiwaeT 900 MAY/T B NepBbIX NATH
uuknax. [Nocnegyrowee nageHne €MKOCTW BbI3BaHO paspyLUEHUEM YINEepOAHOro Kapkaca Wus-3a
paclimMpeHnst KpemHusi. [Ons noBbIWEHUS MNPOYHOCTM MaTtepuana npegnaraeTcs WCMonb3oBaTb
cBasylolee kapbokcmmeTunuennonosy [3] unu dopmmnpoBaTb HENPEPbLIBHYIO rpacheHOBYIO CEThb.
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DOI: 10.1134/S107042722306006X

[3] Influence of a binder on the electrochemical behaviour of Si/RGO composite as negative electrode material
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BnusiHue npupoabl HOCUTENA KatannsaTopoB Ha 3¢ ¢eKTUBHOCTL npouecca
3NeKTponusa BoAbl

Bnagucnae M. [aeblgos’, Kupunn KO. BuHorpagos', EneHa O. TokpaHosa', PomaH B. lWagurynuH?,
AHgxena B. BynaHoea'

" Camapckuli yHusepcumem um. Koponesa, Camapa, Poccusi
vdavydov937@gmail.com

Pa3paboTka BbICOKOI(MEKTMBHBIX HEMMaTMHOBLI KaTanmM3aTOpoOB peakuui  BblAeneHus
BOAOPOAA WU KUCMOpOAa MMeeT NepBOCTENEHHOEe 3HayeHue Ans BOOAOPOAHOW dHepreTuku. B pabote
ObINM CMHTE3UPOBaHbI U UCCNEeAOBaHbl MaTepmarbl HA OCHOBE MHOTOCIIOMHbIX YIIepoAHbIX HAHOTPYOOK
(MWCNT) n nuponusaTa meTannoopraHnyeckoro kapkaca (INMOK), nonmpoBaHHble dhTanounaHnHamm
Xenesa u kobanbTa M MoaMdUUMPOBaHHbIE nannaanemMm. Boibop nopnoxek obycnoBrneH BbICOKON
MeXaHWUYEeCKOW NPOYHOCTLIO U XMMUYeckon aHepTHocTbio YHT [1] u cnocobHocTbio NMMOK BeicTynaTth B
pPONU OONOMNHUTENbHbIX aKTUBHbIX LEHTPOB [2].

[MopomeTpuyeckmii aHanmns nokasan pocT yaerbHOW NnoLaan NoBepxXHOCTN ANg KaTanu3aTopa
Ha ocHoBe YHT, Torga kak ans NMOK un3-3a nepekpbiTua nop HeynopsaoveHHbIMU rpadpeHoBbIMU
cnosmmn Habnwoganocb eé cHuxeHue. PeHTreHOda3oBbI aHann3 BbIBUI dasbl MHTEpMeTannMaos
CoPd u okcupa Fe3;O, B obpasue MWOCNT_CoPc FePc Pd, B 10 Bpema kak B Pyr MIL-
53(Al)_CoPc_FePc_Pd obpasosanucek ¢asbl Fes;Pd, Co;0,4 1 y-Al,O3. NaHHble POSC noateepannm
Hannyne Ha NOBEPXHOCTU 06OMX MaTepmnanoB paBHOro konu4yecTtsa a3ota (~9,5%).

Mo gaHHbIM NUHENHOW BONbTamMNepoMeTpun, HanbOrbLUYHO 3MEKTPOXMMUYECKYH aKTMBHOCTb
NposiBUN KaTtanusaTtop Ha YrnepoAHbIX HaHoTpybkax. [Ons [OCTMXEeHMs OOUHAKOBbIX TOKOB eMmy
TpebyeTca MeHbllee nepeHanpskeHuve. OTO obObsCHAEeTCs TeM, 4YTo dopmupytominca Ha YHT
nHtepmetannug CoPd gaBnsieTcs ©onee akTMBHLIM KaTanUTUYECKUM LEHTpoM, yYem Fe;Pd, 4to
cornacyeTcs C AdaHHbIMU CTOPOHHWX uccneposaHuin [3-4]. Takum obpasom, npupoda noANOoXKKU
HanpsiMyto onpeaenseT asoBbIi COCTaB U 3(PEKTUBHOCTb KaTanusartopa.

14 ——MWCNT_CoPc_FePc_Pd ——MWCNT_CoPc_FePc_Pd
12 ——Pyr_MIL-53(Al)_CoPc_FePc_Pd 2 ——Pyr_MIL-53(Al)_CoPc_FePc_Pd
10 2
% 8 % -i
-
<6 <6
i
2 -12
0 y -14
04 05 06 0.7 08 0.9 -16 14 12 -1 -08
E, vs.Hg/HgO, B _ E, vs.Hg/HgO, B

PucyHok 1. JIBA cuHme3upo8aHHbIX KamaJsiu3amopos 8 HackiueHHoM azomom pacmeope 0,1 M KOH npu
ckopocmu epauweHusi anekmpoda 1500 06/MuH.
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Development And Characterisation Of Novel Composite Membranes Based On
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Darya Devyatirikova, Anna Kuzminova, Mariia Dmitrenko, Anna Mikulan, Anastasia Stepanova,
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Saint Petersburg State University, Saint-Petersburg, Russia
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In electrochemical energy systems — such as fuel cells, lithium-ion batteries, and redox flow
batteries — high purity of solvents is essential. For instance, isopropanol is used for electrode washing,
while methanol serves as a fuel component in direct methanol fuel cells (DMFCs). Impurities such as
water or by-products reduce conductivity, stability, and service life of the devices. Therefore, energy-
efficient and environmentally friendly solvent purification methods are required.

Membrane technologies, in particular pervaporation, enable the separation of azeotropic and
thermally labile mixtures without the use of hazardous reagents. Pervaporation is effectively used for
the dehydration of organic solvents, including isopropanol. Of special interest are mixed matrix
membranes (MMMs) — composite materials in which a polymer matrix is modified with organic or
organo-inorganic (hybrid) fillers, such as metal-organic frameworks (MOFs). Such membranes can
exhibit higher permeability and selectivity compared to pure polymer membranes.

. In the presented work, novel membranes intended for the pervaporation dehydration of
isopropanol were developed. A biopolymer, carboxymethyl cellulose (CMC), was chosen as the base
material, into the matrix of which copper-based metal-organic frameworks (MOFs), namely HKUST-1
and HKUST-1-AcOH, were introduced. The fabrication of such hybrid composite membranes made it
possible to significantly improve their transport characteristics compared to unmodified samples made
of pure CMC, due to various structural and morphological changes of the polymer matrix induced by the
MOF particles. A set of analytical methods was used to analyze the structural transformations in the
modified membranes: scanning electron microscopy (SEM), atomic force microscopy (AFM), FTIR
spectroscopy, thermogravimetric analysis (TGA), as well as swelling degree and contact angle
measurements. The transport properties of the membranes were evaluated during the pervaporation
separation of a water—isopropanol mixture in the water concentration range from 12 to 90 wt.%.

. It was found that the composite containing 10 wt.% HKUST-1-AcOH exhibits the best
characteristics. In order to further increase permeability, supported membranes were fabricated, the
selective layer of which was formed by a dynamic method on a porous polyacrylonitrile (PAN) support.
To ensure stability in dilute solutions, the membranes were additionally cross-linked with glutaraldehyde.
Experimental data showed that modified supported membranes based on CMC with the addition of
HKUST-1-AcOH demonstrate significantly higher permeability compared to unmodified samples, while
maintaining high selectivity. The obtained results confirm the potential of using such hybrid materials for
the development of high-performance membranes for pervaporation separation of liquid mixtures.
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M'MbpunaHblie matepuanbl Ha ocHoBe MoS:2 u BOI™ ana HM3KoTeMnepaTypHbIX
JTINA n HUA
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HecmoTps Ha WMpOKOe pacnpocTpaHeHUe IUTUA-UOHHBIX aKKyMyNnsTOpOB U aKTUBHOE
pasBUTME HaTPUM-NOHHBIX aHanoros, CHXXeHue pabounx Temnepatyp (< 0 °C) cywecTBeHHO yxyawaeT
UX 3NEeKTPOXMMMUYECKUE XapaKTepucTukun. MNMpu HM3KMX TemnepaTtypax OCHOBHOW MPUYMHOWN CHUXEHUS
€MKOCTM SABNSAETCH HU3Kas KNHETUKA SNEKTPOXUMNYECKUX PeaKkLUn, a Takke 3HauYMTeNnbHOe yBennieHue
COMPOTUBMNEHNS U3-32 YMEHbLLUEHUS MOHHOW npoBoaMmocTu anektponuta un cnosa SEI [1]. Moatomy
OLHOM W3 aKTyanbHbIX 3aJad 4SBMSETCs co3faHue (QYHKUMOHAmNbHbIX aHOAHbIX MaTepuaros,
COXPaHSIIOLWUNX  3MNEKTPOXMMUYECKYID aKTUBHOCTb W CTPYKTYPHYIO LIEMOCTHOCTb B LUMPOKOM
TeMmnepaTypHOM AnanasoHe.

Oucynedun monnbaena (MoSz) ¢ pacctosHuem mexgy cnosmu 0,62 HM 1M TeopeTUyYecKon
emMKocTbio 669 MAY-T-! paccmaTpuBaeTcsl Kak NepcrnekTUBHbIN kaHauaat ans adogos JIMA n HUA.
OpgHako B npouecce AONroBpeMeHHOro uuknmpoBaHua MoS2 nogBepKeH 3HaYnTENbHbIM U3MEHEHUSAM
ob6bema, YTO BbI3bIBAET MEXAHMYECKYHO Aerpagaunio anekTpoga u nocregyroullee nageHne yaernsHon
€MKOCTU. OPPEeKTUBHON cTpaTernen ABnsSeTcs CUHTE3 rmbpuaHoro matepuana ¢ BOCCTaHOBIEHHbIM
okcugoMm rpacdeHa (BOIN). YrnepogHass matpuua opmMupyeT HenpepbiBHYHO MPOBOASLLYHO CETb,
3HaAYUTENbHO YNydllas 3NEeKTPOHHYK MPOBOAMMOCTL 3MeKTpoda, KoMMneHcupyeT oObbeMHble
pacluMpeHMss U MOXET npegoTBpalwlate arnomepaumio 4vactuy MoS2. Takke obpasoBaHue
koBaneHTHbIX cBsasen (C-S, C—O-Mo) mexay KoMnoHeHTamu ctabunusupyet cTpykTypy [2]. OaHHas
cTpaTterus BnusaeT Ha paboTy akkyMynsTopa B YCNOBMAX HU3KUX TeMMeparyp.

B HacTosiwen paboTe rubpuaHsie matepunansl MoS2/BOIT cuHTe3npoBaHbl MeTO40M BbICTPOro
TepMonmusa asporenen TetTpatnomonnbgata aMmoHust n okeuaga rpadpeHa npm 600 n 700 °C B MHEpTHON
atmocdepe. CornacHo gaHHbIM POM n KPC, nonyyeHHble rmbpuaHbie Matepuarbl 0b6ragatoT CXoxXemn
MOPdONOrnen n ConocTaBUMON NAOTHOCTLIO AedeKTOB B yrnepoaHon maTpuie. Pasnuuns B coctase
1 B3anMHOW opueHTauum crioeB MoS:; oTHocuTenbHo noBepxHocTn BOI™ onpegeneHsl metogamm POSC
n NM3M. DnekTpoxmmmnyeckoe TeCTUpOBaHME NPOBOAMMM B NONyanemMeHTax ¢ NPoTUBO3NEKTpoAaMn n3
meTannuyeckoro Li unm Na npu +25, 0 n —20 °C.

YCcTaHOBMNEHO, YTO B NUTUEBLIX A4yenkax obpasel, MoSz/BOI_600 geMOHCTpUpYeT yaenbHyo
emkocTb 1370 MAY T~ (npun 25 °C) 1 682 MAY-r~" (npn —20 °C) npu nnotHocTn Toka 0,1 A-r~'. Bbicokune
3Ha4YeHns1 eMKocTM obycroBneHbl M3BbITOYHBIM COAEepXKaHuem cepbl B obpasue, MO CPpaBHEHMIO C
aHanorom. Mpu cHwxkeHnn Temnepatypbl 4o —20 °C 1 NOBbIWEHMM NNOTHOCTU Toka A0 2 A-T™' gaHHbIN
obpasey coxpaHun 62 n 22 % emkoctu. B H/A B ycnoBusix HU3kon Temnepatypbl fyylime nokasarenu
npogemoHcTpuposan MoS2/BOI"_700. Ans Hero npu 0 °C coxpaHeHne eMKOCTU cocTaBumno 66 n 48 %
npu nnotHoct Toka 0,1 n 2 A-r-'. Bbicokas addpektnBHocTb B HUA o6bsicHsieTcst oboraleHmem
CTPYKTYpbl BepTUKaNbHO OpPUEHTUPOBAHHbIMU crosiMn MoS2, KOTOpble KOBaneHTHO CBA3aHbl C
nosepxHocTbio BOI. M3M n PO3C nccnenosaHue anekTpofoB nocne AMUTENbHOro LIMKNMPOBaHNUS
(nocne 410 uuknoe B JIMA n 310 uymknoe B HNA) npoaemMoHCTpupoBano COXpaHeHue CroucToun
CcTpykTypbl 2H-M0S: 1 o6pasosaHue 1T-MoS2 u Li2S (Naz2S).
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TBepAabiv yrnepoa n3 6ypbix Bogopocrenn AnoHCKOro Mops Kak aHOAHbIN
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B paboTte npepcrtaBneHbl pes3ynbTaTbl UCCIEOOBaHUS ANEKTPOXMMUYECKMX XapaKTepUCTUK
aHOOHbIX MaTepuanoB pAns  HaTtpui-uoHHblX (HWA) 1 nuTun-noHHbix (JIMA)  akKymynsiTopos,
nony4YeHHbIX 13 6ypbix Bogopocnen Sargassum pallidum wn Costaria costata, cobpaHHbIX B NpnbpexxHon
yacTu 3anmBa lNetpa Benunkoro AnoHcKoro mops.

Muponns Bogopocnen C Uenbko MNofnydeHus TBepAoro yrrepoda BbINOMHANU B MHEPTHOW
aTtMocdepe (aproH) npu pasnuuHbix Temnepartypax: 810, 1050 n 1300 °C. YctaHoBneHo, 4To Ans
nonyyeHuss TBEpAOro yrnepoga C HaunyudwMMUM MUKPOCTPYKTYPOW, YAEMNbHOW MOBEPXHOCTLIO W
3MEKTPOXMMUYECKMMN CBOMCTBAMM ONTUMAIbHOM siBnsieTcs Temnepatypa 810 °C.

PaspaboTtaH cnocob 04nCTKM NONy4YEeHHOro NMPONN30oM TBEPAOIO yrinepoda OT HeOpraHM4YeCcKmx
npumecen, 3aknovarowmncst B oopabotke pacteopom HCI (4ns 04NCTKM OT COEAMHEHU LLENOYHbIX U
LeNoYHO3EMENbHBIX  METannoB) W, QONOMHUTENbHO, C MOcnedywwmuM rMapoTepMarnbHbIM
Bo3genictBueM B pactBope NHsHF2 (ona ypoanenusa SiO2). Takas obpaboTka TBepaoro yrrnepoga
cnocobCcTByeT yBENUYEHUIO ero yaenbHOW €MKOCTM B HECKOMbKO pa3 M MOBbLILEHUIO KYNOHOBCKON
3(PPEKTMBHOCTN Ha NEPBOM LIMKIE.

M3y4yeHo BNUSAHME OKMUCMEHUS NOBEPXHOCTUN NONy4YyaemMoro u3 BOAOpOCnen TBEpAoro yrnepoaa
B cMmecu koHLeHTpupoBaHHbiX HNO3s u HCI B cooTHowweHun 1:3 no obbemy (Lapckas BOAka) Ha ero
dyHKUMOHanNbHbIE cBOMCTBA. [1okasaHo, YTO Takoe BO3AeNCTBME CNocobCTBYET NPUPOCTY yAernbHOW
€MKOCTM MaTepuvana: Npu HU3KNX U CPeOHUX MAOTHOCTSIX TOKa €MKOCTb YBENMYMBaETCs MOYTM B ABa
pasa, a Npu BbICOKMX TOKOBbIX Harpyskax — 6onee 4em B gecaTb pas (4ns noaBeprHyToro obpaboTke
TONBKO COMSIHOW KMCNOTON obpasua TBepaoro yrrepoaa, npMpocT eMKOCTY COCTaBMIT MONTopa U WecTb
pa3 COOTBETCTBEHHO). B HaTpueBbIXx monysyerikax Ha NEepBOM LMKIEe Mpy NMAOTHOCTM Toka 20 MA/T
obpaTumasi eMKOCTb OKMCIIEHHOro TBEPAOro yriepoaa coctaBsuna 227 MA-4/r. MNpu nnoTHocTr Toka 40,
100, 200, 400 1 1000 mA/r maTepuan oeMOHCTpUpPYeT obpaTuMyto eMKOCTb, paBHyto 191, 169, 156, 138
n 100 MA-4/r cooTBeTCTBEHHO. Linknnyeckne mncnbiTaHnsi OKUCNEHHOro TBEPAOro yrnepoaa nokasanu,
YTO OH MMeeT paspsagHyto emkocTb 153 MA-u/r n acpdektnsHocTb 6onee 99 % nocne 120 umknos
3apsaga—paspsga npy nnotHocTr Toka 200 MA/r. B nuTreBbIx nonysidenkax Ha NnepBoOM LiMKne 3apsaHas
N paspsaHas eMKOCTb OKUCIIEHHOro TBepAoro yrinepoaa coctasmna 922 n 523 mA-4/r npu 20 MA/r. 370
cooTBeTCcTBYET achpekTmBHOCTM ~57 %. [Npn nnotHocTn Toka 40, 100 1 200 MA/r yaenbHasi eMKOCTb
MaTepuana B cpegHem paBHa 398, 314 n 271 MA-4/r COOTBETCTBEHHO. Ha NpOTSKeHUN NocneayLwmx
LMKINOB Npw TokoBoM Harpyske 200 MA/r TBepabI YINEepPOA C OKUCIIEHHOW NMOBEPXHOCTLIO NoKa3biBaeT
CTabnnbHOCTb NPY LUKNNMPOBaHUK, Ha 80 UMKIe Npu 3TOW NNOTHOCTK TOKa ero eMKOCTb cocTaBuna ~270
MA-uY/T.

B pesynbTtate npoBedeHHbIX WCCNeAOBaHUN He OBHApY>XEHO CyL|eCTBEHHbIX OTNNYMA B
3ANEKTPOXMMUYECKUX MoKasaTensx TBepaoro yrnepoda, nNoryyYeHHoro wu3 OypbiX BoAopoOCnewn
pasnuuHbix BUOoB (Sargassum pallidum v Costaria costata).
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PaspaboTka TBepOOTENbHbBIX NEKTPONUTOB AN MNOBbILLEHUS 6€30MacCHOCTN U SHEProeMKOCTH
WUCTOYHMKOB TOKa SBMSETCHA akTyanbHOW 3ajadern COBpPeMEeHHOW Hayku. Teepable MNosiMMepHble
anektponutbl (TM3O) npegnoytuTensHee HeopraHuyecknx Gnarogapsa rMbKOCTU, TEXHOMOIMYHOCTU Y
OTCYTCTBMIO yTeUek, OHAKO MX KrnoyeBas npobrnema — HM3kas MOHHasi NPOBOANMOCTb NpU KOMHaTHOW
TemnepaType, 0ObiMHO He npeBbiwatowas 107° Cwm/cm [1]. Cpean nonMmepoB NepCrneKkTUBEH
nonusuHunuaeHdgTopng  (MBAOD) m3-3a  BbICOKOW  OMINEKTPUYECKOW  MPOHMLAEMOCTU U
ANEKTPOXMMMNYECKON CTabUMbHOCTU, HO OH obecneyvvBaeT AOCTaTOMHON MOHHON MPOBOAMMOCTU M3-3a
HU3KOWM CONbBaTUPYIOLEN CNOCOBHOCTU MOHOB nnTus [2]. OanH n3 adPeKTUBHbLIX NyTEel peLleHust
ABMNseTCA BBedeHMe nonuMepa C BbICOKOW COMbBATMPYHOLWEN CMOCOBGHOCTBIO,  Hampumep
nonuatuneHokeuga (M30). Takve cmecum ABYX MNONMMMEPOB CMNocobCTBYeT QOPMMPOBAHMIO Ha
MeXasHbIX rpaHMLax CeTu KaHasnoB, KOTOpble, BEPOATHO, YCKOPSAKT MOHHbLIA TpaHcnopT. bonbLlion
BKNag B BENWYMHY WMOHHOM MPOBOAUMOCTM BHOCUT KOMMYECTBO OCTATOMHOIO pacTBopuTens, npu
BbICOKOM cofepxaHun (35-70 macc.%) komnosuuusa 4BnsieTcs reneobpasHbiM  NONUMEPHbIM
anektponutoMm (M), xapakTepusyloLlMACA BbICOKON WOHHOW MPOBOAUMOCTBIO, HO  HMU3KOW
BesonacHocTblo U cTabunbHOCTbIO. Onektponutbl ¢ 20-30 macc.% pacTBoputenss ABNATCA
ksasuteBepabiMn  (K-TM3) wn, aBRNAACE NPOMEXYTOYHbIM cocTosHMeM wmexay [T wn TMNJ3,
XapaKTepusyeTcsi BbICOKOW MOHHON MPOBOAMMOCTLIO M 6€30MacHOCThHO.

B wuccnepoBaHum wucnonb3oBanu nonueBuHunuaeHdpTopmg (MBO®P) mapkm Solef 5130 un
nonuatuneHokeung (M30) mapkn PEG 100000 B maccoBbix cooTHoweHusx 100:0, 75:25, 50:50 n 25:75.
MonvmepHbIe NMNEHKN M3roTaBMMBaNM pacTBOPEHUEM MonvMMepoB B anmetundopmamuge (OMPA) c
nocnegyoLien romoreHn3aumen, Nocrne Yero pacTBop HanvMeanm Ha MHEPTHYO NOANOXKKY. Kaxabin ns
nony4yeHHblx coctaBoB cywunu npu 30 n 50 °C. [Ong nony4vyeHus MNONUMEPHbLIX 3SMEKTPONUTOB
BbICYLUEHHbIE oT pacTtsBopuTens NNEHKN nponuTbIBanu B 1 M pacTeop
buc(tpudtopmetaHcynedoHumummuga nutua (LiITFSI) B nponunexkapbonate (MK) B TeyeHue 60
MUHYT. [Janee nony4eHHble 3NEeKTpOonuTbl UccrnepoBany MeTogaMmyv UMNegaHCHOW CNEKTPOCKONUnU 1
N3MepsAnu Ymcna nepeHoca nuTtus.

YCcTaHOBNEHO, YTO MOBbILIEHNE TemnepaTypbl cywky 4o 50 °C no3sonseT yMeHbLINTb CTENEHb
MOPUCTOCTW MIEHOK B TPU pasa, YTO NMPUBOAUT K CHUXKEHMIO UX CTEMEHWU MPOMUTKA B pacTBOpe COMnu
npakTuyeckn B Tpu pasa. YBenuuyeHve gonu 130 B KOoMMmo3uumm cnocobCTBYyeT POCTY CTeneHu
HabyxaHus MNEHKN B pacTBOpEe, OTHOCUTENBHO cocTaBa Ha ocHoBe umucToro MNBO®P oHa Bo3pacTaeT B
TpU pasa, 4YTO MO3BOMSET YBENMUUTbL COAEPXaHWe COnu B matepuane B ABa pasa. Takow npupocT
KonuyecTea conu obecrneynBaeT NOBbILLEHNE MOHHOW NPOBOAMMOCTM Ha ABa nopsigka: ¢ 10 Cm/cm
ans ynctoro NBA® go 104 Cm/cm ana komnosuumm MBAD: N30 B maccoBoM cooTHolleHumn 50:50 npu
30 macc.% octaTtouHoro MK B nneHke. OQHOBpEMEHHO C 3TUM BO3pacTaeT Y YUCNO NepeHoca NUTKS: ¢
0,36 gna NBO® po 0,68 ons cmecu 50:50. Micnonb3oBaHne cMmecy NONMMEPOB U Manoro coaepXxaHus
MK nossonset nonyuntb K-TI3 ¢ xopoLwmmmn anekTpoxXMMmyeckumMmn xapakrepucTukamu.

Cnucok nutepatypbl
[1] Yun S. et al. Composition-driven design of solid polymer electrolytes: effects of non-coordinating and
coordinating polymers on ionic transport in PVDF-HFP/PEG blends //Journal of Materials Chemistry A. —
2026.—T. 14. — Ne. 6. — C. 3534-3546.

[2] Wu Y. et al. Advances and prospects of PVDF based polymer electrolytes //Journal of Energy Chemistry.
—2022. - T.64. - C. 62-84.
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Jlntun-mapraHuyeBas wnuHens LiMn20s4  (LMO) — koMMepuuanusoBaHHbI  MaTepuan
MONOXUTENBHOIO 3rekTpoda ANs JNMTUR-UOHHbIX akkymynaTopoB (JIMA). OT gpyrux nonynspHbIX
KaTogHbix matepuanos LMO oTtnuyaeT gelweBmsHa, 3KOMOMMYHOCTb, OOCTYMHOCTb, OTHOCMTENbHAst
Be3onacHocTb, a Takke CrnocobHoCTb paboTaTb B (POpPCMpPOBaHHBIX pexunmax 3apsga/paspsga u B
obnactu oTpuuaTenbHbix Temnepatyp [1]. HecmoTpa Ha npeumywectea, LMO He ucnonb3yeTcsa B
npoussoactee JIMA kak nHameuayanbHbln matepuan, a Tonsko B cmecsx ¢ LiNixMnyCozO2 (x+y+z=1)
(NMC) [2]. OTo cBsaAsaHo ¢ 6bicTpon aerpagaumen LMO B koOHTakTe Co CTaHAAPTHLIMU 3NEKTPONUTHLIMU
pactBopamu, cogepxawmmm LiPFe, BCnegoctBMe ObICTPOro npoTekaHmss MNOBOYHBIX XUMUYECKUX
peakuui Ha rpaHuue anekTpoa/anekTponuT. Kak 6bino yCTaHOBMEHO HaMu, MpUYMHa 3akodaeTcs BO
B3aMMHOM TepmoanHamuyveckon HeyctomumBoctn LiMn20Os u  LiPFe. Peakumm Ha rpaHuue
LMO/anekTponuT npuBoasT k 06pa3oBaHMIO pbIXIOro, MexaHnyeckn HenpoyHoro crosi CEl (cathode
electrolyte interphase), koTOpbI NpoOHMLAEM L7151 3MEKTPOSIMTHOrO pacTBopa M MO 3TOM MPUYUHE He
npenoTBpallaeT ganbHenwee B3aMMOAENCTBUE LINNHENN C 3NekTponuTom [3]. NMNoboyHbIe XumMmyeckne
peakuum Ha MOBEPXHOCTU aKTMBHOrO MaTtepuana afekTpoga MOXHO NpefoTBpaTuTb MNyTeM
dusnyeckoro pasgeneHna LMO u anekTponuTHOro pacTtBopa C MOMOLLbI0 HaHeCEeHWUst 3aLUTHbIX
NoKpbITUA. B kayecTBe TaKOBbIX MEPCNEKTUBHbI COeAMHEHMS U CcTékna cuctembl Li20-B20s,
obnapatolme 3aMeTHON NPOBOAMMOCTBLIO MO MOHaM Li*, a Takke HEBbLICOKON BA3KOCTbIO U XOpOLUEW
CMa4yMBaeMOCTbIO B BUAe pacnnaBoB, 4To obrneryaet npoLecc ux HaHeCeHus.

3HauMTeNbHOE CHWXEHME CKOPOCTU Aerpagauun NMTUA-MapraHueBOoOn LUMMHENN MOXET Takke
ObITb 4OCTUTHYTO NYTEM AONWPOBaHMA MO nogpeléTke MapraHua. Hanbonee nepcrnekTMBeH cocTas
LiNio.sMn1.504 (LNMO), koTOpbI/ HE TONBKO HacrnegyeT OnMcaHHble Bbiwe npenmywectsa LMO, Ho u
obrnagaeTt 0gHMM M3 CaMbiX BbICOKUX pa3psifHbIX HAMPSXKEHUN cpeam NpakTUYecKn 3Ha4YMMbIX KaTOAHbIX
maTepuanos JIMA (~4.8 B) u nnoTHOCTbIO aHeprum 650 kBT4/kr. DTO OTKpbIBAET BO3MOXHOCTb CO34aHust
Ha ocHoBe LNMO cwunoBbix JIMA ¢ ynydlleHHbIMM XapaktepucTukamu, 6onee 6esonacHbiX,
SKOJIOTMYHBIX M 3KOHOMMUYECKN BbIFOAHbIX. Hamu 6bin pa3paboTaH HOBbIN GECCTOYHbLIA METOA CUHTE3a
LNMO B peakuusix ropeHusi M3 pacTBoOpa, MNO3BONSOWNA MNofyvyaTb MpPOayKT C ONTUMarbHbIM
COOTHOLLIEHMEM YyropaaoYeHHoW (P4332) n HeynopsagodveHHoi (FA3m) das [4]. MNokasaHo, 4yTo, B
otnnune ot LMO, cuHTe3MpoBaHHash TakMM CMOCOOOM NUTUA-HUKENb-MapraHueBas LUMUHENb
YCTOMYMBO LMKNMPYEeTCs B CTaHOAPTHOM 3M1EKTPONUTHOM pacTBope, cogepxallem LiPFs, B guanasoHe
noteHumanos 4o 5 B. MNepcnekTuBbl AanbHenwero noebiweHus ycronydnsoct LNMO, B Tom uucne, npu
MOBbILLEHHbIX TEMNepaTypax, CBsi3aHbl C MOMCKOM ONTUMaribHOr0 CocTaBa 3alUTHOIO MOKPbLITUS U/Mnu
ajanTtauuen coctaBa aNeKTPONMTHOro pacTeBopa.

Cnucok nutepatypbl
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[3] Koshkina A.A., Yaroslavtseva T.V., Ukshe A.E., Kuznetsov M.V., Surikov V.T., Bushkova O.V. Surface
Degradation of Lithium—Manganese Spinel in Contact with Lithium-Hexafluorophosphate-Containing
Electrolyte Solution // Russ. J. Electrochem. 2024. T. 60. C. 263-282. DOI:
10.1134/S1023193524040049.
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2847273 Poc. denepauusi. Ne 2025107700; 3asen. 31.03.2025; onybn. 02.10.2025, Bron. Ne 28.
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Na-ion batteries are considered a promising alternative to Li-ion systems due to the natural
abundance, low cost, and wide geographical distribution of sodium resources, making them particularly
attractive for large-scale energy storage applications. However, the development of high-energy
cathode materials with stable high-voltage operation remains a key challenge limiting their practical
implementation. NaVOPO4 with a KTiOPO4-type crystal structure is a promising cathode material for
sodium-ion batteries, exhibiting a high average operating voltage (~3.9 V vs. Na/Na*), practical capacity
(~115 mAh g at C/10), and long cycling stability (~75% capacity retention after 1000 cycles at C/2).
Nevertheless, its performance is limited by the partial loss of electronic conductivity associated with the
V4*/V/5* redox couple, which hinders the full utilization of high-voltage activity and may lead to increased
polarization during cycling.

The present work aims to improve the electrochemical performance of NaVOPQO4 through
targeted synthesis modification and microstructure control.

A modified synthesis route introducing precursor separation and treatment stages was
developed. This additional parameter enables precise control over particle morphology and phase
composition of the final material. Comparative analysis demonstrates that the modified approach results
in higher dispersion (reduced particle size) and improved homogeneity, which are expected to enhance
ions diffusion and overall electrode performance [1]. Furthermore, post-treatment of ion-exchanged
samples at elevated temperatures leads to the formation of a minor secondary phase X, as confirmed
by phase analysis. High-temperature X-ray diffraction experiment at synchrotron was performed in order
to understand the nature of unidentified phase X. It was found that after 500 °C two-phase sample
transforms into a monoclinic form of NaVOPO4. Thus, we suspect chemical formula of phase X to be
close to NaVOPO4 stoichiometry, which was also supported by comparison of its Raman spectra to
known polymorphs. Galvanostatic cycling in half-cells revealed the correlation between the amount of
phase X and increased electrochemical activity, suggesting its possible role in stabilizing high-voltage
redox processes, improving electronic transport, and ultimately enhancing energy density. These
findings indicate that precursor engineering and controlled phase composition are pivotal strategies for
stabilizing high-voltage activity in vanadium-based cathode materials. The report will focus on
elucidation of the underlying mechanism and synthesis optimization strategy.
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electrode material for Na-ion batteries // Energy Storage Materials. — 2024. — Vol. 68. — Art. 103358. —
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Membrane technologies play a key role in the intensification of mass transfer and energy
efficiency of separation processes for electrochemical devices and energy systems. Organic solvent
nanofiltration (OSN) is a rapidly developing approach for the purification of organic solvents, recycling
of heat transfer fluids, and preparation of electrolytes for electrochemical devices (e.g., redox flow
batteries), enabling significantly lower energy consumption compared to conventional distillation.

In this work, advanced supported polyether block amide (PEBA) membranes modified with
metal-organic frameworks (MOFs) based on Fe®*(FeBDC), Ni?* (NiBDC), and Co?* (CoBDC) were
developed for the removal of dyes (congo red, methylene blue, yellow “sunset”, alphazurine) from
ethanol.

The MOFs were synthesized by the solvothermal method and characterized by powder X-ray
diffraction (PXRD), Fourier transform infrared spectroscopy (FTIR), scanning electron microscopy (SEM)
with energy-dispersive X-ray spectroscopy (EDX). The transport and physicochemical properties of the
fabricated supported PEBA and PEBA/MOF membranes were studied by scanning electron microscopy
(SEM), atomic force microscopy (AFM), Fourier transform infrared spectroscopy (FTIR), and contact
angle measurements.

The modification of PEBA with MOFs led to an improvement in membrane transport
characteristics. The developed mixed matrix membranes demonstrated high permeability and rejection
coefficients for dye solutions. In vitro analysis performed using THP-1 and K562 cell lines confirmed
high biocompatibility of the obtained membranes..

The developed PEBA/CoBDC mixed matrix membrane shows promising potential for energy-
efficient organic solvent nanofiltration (OSN) processes, including the purification of organic solvents,
recycling of heat transfer fluids, and preparation of electrolytes for electrochemical devices. The
developed membranes can be effectively used in electrochemical systems (e.g., in redox flow batteries)
for the purification and recycling of organic solvents, minimizing cross-contamination of electrolytes, and
enhancing the long-term stability and energy efficiency of the devices.
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Membrane technologies play a key role in the intensification of mass transfer and energy
efficiency of separation processes for electrochemical devices and energy systems. Organic solvent
nanofiltration (OSN) is a rapidly developing approach for the purification of organic solvents, recycling
of heat transfer fluids, and preparation of electrolytes for electrochemical devices (e.g., redox flow
batteries), enabling significantly lower energy consumption compared to conventional distillation.

Polyether block amides (PEBAs) have emerged as highly promising materials for membrane
technologies due to their unique block copolymer structure, consisting of rigid polyamide and flexible,
ion-conductive polyether segments. The incorporation of transition metal-based metal-organic
frameworks (MOFs) as active fillers is a powerful strategy to design high-performance mixed-matrix
membranes (MMMs) with tuned surface properties, electrostatic charge, and molecular transport
channels. This work systematically investigates the influence of varying the metal center (Fe®*, Ni2*, and
Co?*) in isostructural BDC-based MOFs on the structural, morphological, and transport characteristics
of supported PEBA/MOF membranes cast on a porous polyvinylidene fluoride (PVDF) substrate.

A comprehensive suite of characterization techniques (Fourier transform infrared spectroscopy
(FTIR), scanning electron microscopy (SEM), atomic force microscopy (AFM), and contact angle
measurements) was coupled with quantum-chemical modeling to elucidate the interfacial polymer-filler
coordination chemistry. The results revealed that the nature of the metal node dictates the membrane's
surface charge, roughness, and hydrophilicity, which are crucial for ion-transport and electro-assisted
separation processes. When evaluated in the nanofiltration of charged organic molecules in ethanol, the
optimized PEBA/CoBDC (5 wt.%) membrane exhibited outstanding transport properties. The tunable
surface charge, high chemical stability, and presence of transition-metal active sites suggest that these
biocompatible hybrid membranes are highly promising not only for organic solvent nanofiltration but also
for electrochemically driven processes, including electromembrane filtration, ion-exchange systems,
and solid polymer electrolytes for energy applications.
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JIutun-norHble akkymynstopbl (JIMA) ABNSIOTCA LWIMPOKO WCMOMb3YEMbIMU  BTOPUYHBLIMU
XUMUYECKMMU  UCTOYMHMKaMK  Toka ©Gnarogaps wux aHeproadekTMBHOCTM, 6e30macHOCTU U
CTabunbHOCTY NP ANUTENBHONM aKcnnyaTaumMu. KatoaHbln matepuan — OguH N3 OCHOBHbIX 31TEMEHTOB
aKKyMynsaTopa, KOTOpbI BO MHOTOM ONpeAenseT ero xapakrepucTuki. B HacTosiee Bpemsi O4HUM 13
MaTepuarnoB, HaleawnMm NpMMeHeHMe B koMMepyeckon cdepe, sinsietca LiFePO4 co ctpykTypon
TpudpmnmHa Grarogaps psgy NpeumyLllecTB: 3Korormyeckas 6esonacHocTb, 6e3onacHocTb B xode
akcnnyaTauun u cebectommoctb. docdart nutms-mapraHua LiMnPOs4 ¢ aHanornyHom cTpykTypomn
npeactaBnsaAeT ocobbli MHTEpec BCreacTBMe ero Oonblledt SHEProeMKoCTU  (OKUCIUTENBHO-
BOCCTaHOBUTENbHbIN noTeHunan Mn3*/Mn?* coctaBnsieT 4.1 B oTH. Li*/Li, a Fe3*/Fe?* — 3.4 B oTH. Li*/Li).
OpgHako HepocTaTKOM JaHHOMO martepuana  sBNAeTcs peskoe nafeHwe paspsaHOM eMKOCTW,
orpaHu4yumBaroLlee ero npuMeHeHve. [laHHbIn npouecc NPeanorioXUTENBHO B NEPBYIO o4epeb CBA3aH
C B3aumopeuncTememM nosepxHocTn yactuy LIMnPO4 c anekTponuToMm, nNpoTeKarowmmM HECMOTPS Ha
Hanvyne yrnepogHoro NpoBoAsLEro NOKPbITUS U MPUBOAALLMM K 06pa3oBaHMI0 HENPOBOASALLErO CIost
nupodpocdaTa nutus LisP207 [1,2].

Ons peweHuns aton npobnembl BO MHOTMX paboTax npegnaraeTcsl co3fgaBaTb YacTvubl Tuna
«aapo-obonovka» LiIMNnPOs@LiFePO4. B kavectBe «obonoukm» BbicTynaet LiFePOs, koTopbin
MUHUMW3MPYET KOHTakT «sgpa» LiIMnPOs ¢ amekTponutoMm, 4TO MO3BOMSET  yNyylwuWTb
AMEKTPOXMMUYECKME XapaKTEPUCTUKM Takoro matepuana [3]. B gaHHOM paboTe npeasiokeH HOBLIN
MeToA MNOoNydeHus KaTtoaHbIX matepuanoB Ha ocHoBe Li(Mn,Fe)POs4 ¢ rpagmeHTHbIM COCTaBOM,
MOBEPXHOCTb KOTOPbIX OboraiwjeHa >xenesom, a sApo — MapraHuem. bbina nposegeHa cepus
rmapo(conbBo)TepMarnbHbIX cnHTEe30B MaTepuanoB LiMnNPOs, moanduumposaHHbix Fe (Il), npu atom
BapbMpoBanucb ANNTENLHOCTL U TeMNepaTypa CUHTE3a, KOHLEHTpauusa peareHToB U pacTBOPUTESb.

MonyyeHHble ob6pasubl BbiNM OxapakTepmsoBaHbl MeTo4aMu MOPOLUKOBOW PEHTreHOBCKOMW
Ondpakumm,  CKaHUpPYOLWEN  3MEeKTPOHHOM  MMKPOCKOMWMK,  MPOCBEYMBAlOWEN  SNEKTPOHHOM
MUKPOCKOMMWK,  ANEKTPOXUMUYECKOTO  FanbBaHOCTATUYECKOTO  LUUKIMPOBaHUS,  BbICOKOYIIOBOW
KOJbLIEBON TEMHOMOJSIbHON CKaHUPYHLLEN MNPOCBEYMBAOLLEN 3NEKTPOHHOM Mukpockonum (HAADF-
STEM), MeccbayapoBckor crnekTpockonuu. lokasaHo, 4YTO MOAMUUMPOBaHHbIE Takum ob6pasom
mMaTepuansl Ha ocHoBe LiIMnPO4 gencteuTensHo obnagatwT rpagueHTHOM CTPYKTYPOW, 4EMOHCTPUPYIOT
YBEINUYEHHYIO paspsgHY0 eMKOCTb U YNy4LIEHHYH CTabWUnbHOCTb NPWU AMUTENBHOM LMKITMPOBAHUM.
OpHako nocrie omxura Ans co3faHus YrnepoaHOro MOKPbITUST KEne3o M MapraHel, paBHOMEPHO
pacnpefenslTca B OObeMe 4acTuu, a CHWKEHMe TemnepaTypbl OTKUra He npefoTBpallaeT ux
romoreHusaumio. Tem He MeHee, npegnaraembln mMeTod MoauduKauunm MNOBEPXHOCTU MOXET
NPUMEHSATLCSA ONs OpYrmx KatogHblx matepuanoB ans JIVMA, He Tpebylowmx cTtagum TepMUYECcKowm
06paboTkm nocne popMNPOBaHUSA rPaAMEHTHON CTPYKTYPbI.
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The demand for energy storage systems is growing every year, and sodium-ion batteries (SIBs)
can serve as such systems. Graphite, which is used as an anode material in lithium-ion batteries, is not
suitable for use in SIBs due to its low specific capacity. As an alternative, hard carbon (also known as
non-graphitizable carbon) is widely used — a disordered carbon material with predominantly sp?
hybridization. It is believed that a significant portion of the capacity in this material is realized through
the filling of micropores with sodium. Therefore, studying the porosity of the material is a highly relevant
task. The porosity of hard carbon can depend on both the precursor source and the synthesis procedure.
By optimizing the type and composition of the precursor as well as the synthesis method, it is possible
to obtain a material with a larger volume of pores closed to the electrolyte, which, in turn, will increase
the reversible capacity while maintaining high Coulombic efficiency.

To analyze the influence of the precursor type and synthesis process on the physicochemical
characteristics of hard carbon, we selected two precursors — glucose and phenol-formaldehyde resin
— and studied their carbonization process. The resulting materials differ in specific capacity: hard
carbon derived from glucose demonstrates a reversible capacity of 300 mAh/g, while that derived from
phenol-formaldehyde resin shows 400 mAh/g. To explain this difference in capacity, a comprehensive
analysis of various material parameters was carried out to identify differences in their microstructure.
Samples obtained at different temperatures were analyzed using low-temperature N, and CO,
adsorption, galvanostatic cycling, Raman spectroscopy, scanning electron microscopy, small-angle X-
ray scattering (SAXS), CHNO elemental analysis, and IR spectroscopy.

Calculation of the micropore volume using the DFT model from CO, adsorption data revealed a
difference between the two types of hard carbon, which explains the variation in their electrochemical
capacity. This is also supported by the difference in pore volume determined from N, adsorption data at
the early stages of carbonization. Such a difference in pore volume may be associated with the distinct
structural evolution processes during thermal treatment.
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JINTUR-CepHbIE  akKKyMynATOpPbl — SABMSKTCA  MNEPCNeKTUBHOM  3aMEHOW  NIUTUN-UOHHbIX
aKKyMymnsaTOpoB, T.K. 06M1agalT BbICOKOM TeOpeTUdecKon yaenbHon aHepruen 2600 Bt-u/kr, korpa
yOenbHasi 3Heprusi COBPEMEHHbIX NUTUA-UOHHBIX akKKyMyIsaTOPOB COCTaBnseT okorio 260 Br-u/kr.
OpHako, JaHHas anekTpoxXMMuyeckas cuctema obnagaeT Takumu HegocTaTkamu, Kak ObICTpbIn
camopasps U ybbinb akTMBHOrO BeLLeCTBa (Cepbl), YTO NMPUBOAUT K BbICOKOW CKOPOCTW NageHus
€MKOCTM B NpoLecce LNKNNPOBaHUS.

B naHHon paboTe Gbina npeanpuHsaTa NonbITKa CHU3UTbL CKOPOCTb Aerpajauun npumMmeHeHuem
NOpUCTbIX YrNepoaHbIX MaTtepuanoB: BocctaHoBneHHoro okcuaa rpadgpeHa (BOIN) n mukponopuctoro
yrnepoga (MI1y). BOI
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PucyHok 1. 3asucumocme pa3psidHol EMKocmu om HoMepa yukia anekmpodos ¢ BOI u MI1Y.

U3 puc. 1 BugHo, 4to anektpof ¢ BOI nveet 6onee BbICOKYO EMKOCTb, YeM anekTpog ¢ MIY
(1052 n 592 MA-4/r, COOTBETCTBEHHO), YTO, BEPOSITHO, CBA3AHO C pPas3fMyMeM CTPYKTYP AaHHbIX
mMaTepuanoB. B To xe Bpemsi, no mMepe uuknupoBaHus anekTpon ¢ MIY nokasbiBaeT 6GonbLuyto
cTtabunbHocTb: Ha 20 umkne émkocTb anekTpoga ¢ BOI™ coctasuna nuwb 40%, a y anektpoga ¢ MIMY —
66,1%. OgHako, o6e KpuBble UMEIOT TEHAEHLMIO K BbIXOAY Ha NNaTto, YTO FOBOPUT O AOCTATOYHO HU3KOW
CKOpOCTM Aerpagauuu

BnaropgapHocTb
Vlccne,qoeaHme BbINOJIHEHO B paMKaXx rocygapCTtBeHHOro sagaHua
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Electronic Structure Engineering of Ce-Doped High-Entropy Spinel Oxides:
Advancing Structure-Property for Photothermal Conversion
Sainan Liu', Xinzhi Wang', Yang L', Songtao Lu', Xiaochong Wu'
" Harbin Institute of Technology, Harbin, China
22b925078@stu.hit.edu.cn

Driven by the global imperative for sustainable development, harnessing solar energy via next-
generation photothermal functional materials represents a pivotal frontier in green energy technologies.
High-entropy spinel oxides (HESOs) offer an exceptional inorganic platform for solar-to-thermal
conversion due to their compositional flexibility, yet establishing precise structure-property correlations
to optimize their intrinsic light trapping remains a key challenge. In this study, aligned with the
development of high-efficiency energy-efficient devices, we successfully synthesized a novel series of
cerium (Ce)-doped HESOs and systematically investigated their local atomic and electronic structures
to reveal the underlaying solar thermalization mechanisms.

The synthesis was carried out via a scalable sol-gel auto-combustion method using metal
nitrates as precursors and citric acid as a chelating agent, followed by high-temperature calcination at
900 ° C to ensure complete phase formation. X-ray diffraction and transmission electron microscopy
confirmed the homogeneous distribution of the constituent elements within a single-phase cubic spinel
framework without any detectable secondary phases, demonstrating outstanding structural integrity and
compositional homogeneity. Benefiting from the unique 4f orbital characteristics and mixed-valence
states (Ce3*/Ce**) of cerium ions, the local coordination environment of the transition-metal matrix was
significantly modulated. Advanced spectroscopic diagnostics revealed that this doping strategy induces
severe lattice distortion and a high density of oxygen vacancies, creating intermediate localized states
within the bandgap that dramatically enhance non-radiative recombination pathways.

Consequently, ultraviolet-visible-near-infrared  (UV-Vis-NIR) spectroscopy evaluations
demonstrated that the Ce-doped HESOs exhibit an extraordinary broadband absorption across the
entire solar spectrum (250-2500 nm}). To evaluate its practical application, the synthesized powders
were fabricated into photothermal coatings on localized hydrophilic substrates. Driven by the enhanced
light absorption and suppressed radiative transition, the optimized Ce-doped HESO configuration
achieves an outstanding solar-to-thermal conversion efficiency of 92.5% under 1kW m2 solar irradiation,
substantially outperforming the pristine undoped counterparts. Furthermore, the material retained its
structural stability and conversion performance after 50 continuous cycles, showcasing its commercial
reliability. This work not only provides fundamental insights into the electronic structure engineering of
high-entropy ceramics but also offers a promising material candidate for sustainable energy harvesting
applications.
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BnusiHme cocTaBa XUOKOW aNEeKTPONIMTHOM CUCTEMbI HA HU3KOTEMMNepaTypHblie
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HaTtpuii-noHHble akkymynsitopbl (HWA) — 3To NepcnekTUBHbIE BTOPUYHBIE MCTOYHMKN TOKa Ans

KpynHOMacLTabHbIX NpunoxeHni. [JonycTumbld guanasoH paboumx Temnepatyp y HUA Haxogutes B
npegenax ot -30°C pgo +55°C [1], 4TO oOrpaHMuYMBaeT WX MPUMEHEHMe. Jkcnnyatauus npu
TemnepaTypax Huxe Hero MoxeTt ObiTb HebesonacHa M comnpsbkeHa CO 3HAYUTENbHbIM CHUXKEHUEM
€MKOCTM U KYNOHOBCKOM 3(PPeKTUBHOCTU. TUM U COCTaB 3NEKTPONMUTHON CUCTEMbI CYLLECTBEHHO
BNUAIOT HA HU3KOTEMMepaTypHblE CBOMCTBA METanf-MOHHbIX akKyMyrnsaTopoB [2].

B pabote nccnegosannck HU3KOTEMNEPaTYpPHbIE CBOMCTBA XXUOKUX SMNEKTPONUTHBIX CUCTEM Ha
ocHoBe pacTtBopoB NaPFe B cmecsix kapboHaTOB C pasnyHbiM OO bEMHBLIM COOTHOLIEHNEM. [1aHHble O
da3oBbIX nepexodax, MofydYeHHble MeTO4OM Bu3yanbHOro HabnwogeHus u auddepeHumansHom
ckaHupytowen kanopumetpumn (OCK), 6biny conocTaBneHbl C pesyfbTaTtamn 3NEeKTPOXUMUYECKMX
3KCNEPUMEHTOB B CUMMETPUYHbLIX, MOJTY- U MOSHbIX S4Yeikax C UCNOSIb30BAaHMEM 3J1EKTPOAOB M3 CcTanu,
MEeTannM4yeckoro HaTpus, aktuBHblx matepuanoB Tuna NASICON v gp.

YCTaHOBMNEHO, YTO 3MEKTPOXUMMYECKME CBOMCTBA TakuUX pacTBOPOB MPW HU3KOW TemnepaType
He coBMnagaltT B TOYHOCTU C UX TEPMOANHAMNYECKUMMU XapaKTepucTMkamu. TeM He MeHee, CyLLLeCTBYET
onpefeneHHas B3aMMOCBA3b Mexay nukamy Ha kpuBbiX [JCK v gMHaMUKON U3MEHeHUs yaenbHowm
3NEeKTPONpPOBOAHOCTYU (O) Npu oxnaxaeHun. Cpeaun nccnefoBaHHbIX CUCTEM Y paCTBOPOB C 06BLEMHOM
ponen umknudecknx kapbonatoB (EC, FEC) meHee 50% 3aBMCMMOCTb BEMWYMHLI  YAEIBLHON
3NEeKTPONPOBOAHOCTM OT TEMNEpPATYypbl HE UMerna Tovek nsnoma, a npu -40°C HanbonbLLen BENNYUHOWN
o = 1.7 mCwm/cm obnagan 1M pacteop NaPFs B EC:DEC:DMC:EMC = 1:1:1:1 + 2.2% FEC. lNpu atom
HU3KOTEMMepaTypHble NMPENMYLLECTBA TaKMX CUCTEM MOXHO MCMOMb30BaTb NULb B Clly4ae A4yeek C
WHTEPKANALUMOHHBIM TUMOM 3IEeKTPOAOB, rAe OTCYTCTBYET aKTMBHbIA MPOLECC OCaXKAEHMS U
pacTBOPEHMS METaNSIMYECKOro HaTpusl, Tak Kak B X04e 3KCNEPMMEHTOB B CUMMETPUYHbIX siuelikax Obino
YCTaAHOBJIEHO, YTO OCHOBHOW BKIaz B NONApu3aLOHHbIE MOTEPU BHOCUT rpaHuLLa HaTpUA/3NeKTpornT.

T,°C
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PucyHok 1. a) Basucumocms ydenbHol anekmpornposodHocmu 1M pacmeopos NaPFs om memnepamypbi;
6) Kpussle 3apsda-pa3psda nornHbix g4eek ¢ anekmpodamu murna NASICON u 1M pacmeopom NaPFs
EC:DEC:DMC:EMC=1:1:1:0 +2.2% FEC npu pasnu4yHbix memrepamypax.

Cnucok nutepatypbl
[1] Bai Z., Yao Q., Wang M., Meng W., Dou S., Liu H., Wang N. Low-Temperature Sodium-lon Batteries:
Challenges and Progress // Adv. Energy Mater. 2024. Vol. 14. Ne17. P. 2303788. DOI:
10.1002/aenm.202303788

[2] Kynoea T. J1., CkyHauH A. M. Mpo6nembl HU3KOTEMMEPATYPHbIX NIUTUA-UOHHBIX aKKyMyNsTOPOB //
OnekTpoxummnyeckas aHepretuka. 2017. Ne2. C. 61-88. DOI: 10.18500/1608-4039-2017-17-2-61-88
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Anektponutbl ansa HUA Ha ocHOBe acuMmMeTpUUHbIX conen 6opa NaB[OR]4
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HaTpuii-noHHble akkymynatopsl (HWMA) B nocnegHve rodbl MpuBMEKalT 3HaYMTeNbHOE
BHMUMaHWe uccneposatenen OGnarogaps BbICOKOWM AOCTYNHOCTU HaTpus U TEXHONOrMyeckoun
NpPeeMCTBEHHOCTN MPOLLECCcCoB COOPKM NO OTHOLLEHWUIO K NIUTUMA-MOHHBIM akkymynsaTtopam (1TMA) [1]. B
JINA B kayecTBe NPOBOASLLEN COMM 3MNEKTPONMTa LUMPOKO MpuMeHsieTcs rekcadptopdocdart nutus
(LiPFs); ananormyHas HaTtpueBas cornb NaPFs Takke moxeT ObiTb MCMONb3oBaHa B CMeECHX
kapOoHaTHbIx pacTtBoputenen ans HANA. 3ameHa nuTus Ha HaTpPUIA NO3BONSET CYLLECTBEHHO CHU3UTb
3aBMCMMOCTb OT reorpaddM4yecku orpaHUYeHHbIX 1 HEPAaBHOMEPHO pacnpenenéHHbIX pecypcoB NUTUS,
TeM CaMbIM MOBbILLIAs SKOHOMWUYECKYHO AOCTYNMHOCTb TEXHOIOMNN.

BmecTte ¢ Tewm, BcrnegctBue OCOBEHHOCTEN MPUPOAbLI KaTMOHa HaTpwsi, Ha MOBEPXHOCTU
anektponos HUA cdopmupytoTca MmeHee cTabunbHble TBEpAbIE SNeKTPonuTHble nHtepdassl (SEI) n
(CEIl). Ona nosblweHua ctabunbHocT anekTpogoB B HWA nepcnekTvBHbIM MOOXOAOM SABMSETCSH
npumeHeHne 6Gopcoaepxalumx coeguHeHun. YctaHosrneHo, 4to conm Na[B(hfip)s-OME (hfip =
rekcadptopusonponunokc, —OiPrF) un Na[B(pp)2] (pp = nepdTopnuHakonato, —02C2(CF3)s4)
obecneunBaloT popMmpoBaHune 6onee ctabunbHbix SEI no cpasHeHuto ¢ TpaguuunoHHseiM NaPFe, uTto
OblNo noATBEpPXOEHO MEeToAaMu CNEKTPOCKOMUM 3MNEKTPOXMMUYECKOTO MMMegaHca M LUKIMYECKON
BoSNibTamnepomeTpum [2].

B HacToswen pabote npegnpuHATa MOMbITka COBMECTUTb MPEUMYLLECTBA YKa3aHHbIX COnew
nyTéM CUMHTE3a acummeTpudHon 6opcoaepxawen conu Na[B(pp)(OPhF)z]. lNMNony4yeHHoe coeauHeHne
oxapaKkTepusoBaHoO MeTogamu AMP " WK-cnekTpockonuu. CornacHo OaHHbIM
TepMorpasumeTpuydeckoro aHanusa (TIFA), conb NPoABNSET BbICOKYIO TEPMUYECKYIO CTabUNBHOCTL B
OuanasoHe pabouux TemnepaTyp akkymynstopa: pasnoXeHue HauuHaeTcs nuwb npu 252 °C.
JInTepaTypHble OaHHble CBMOETENLCTBYOT O BbiCOkOW u4yBcTBUTENbHOCTM Na[B(OPhF)4]-OAME «k
Kucnopogy v Bnare Bo3gyxa, Toraa kak Na[B(pp)2] oeMOHCTpupyeT AOCTaTOuHYK aTMOCepHyto
cTabunbHOCTb, He 0OHapyxMBasa Npu3HakoB pasnoxeHus B cnektpax 1H n 13C AMP B TeyeHue 72 u.
CuvHTe3MpoBaHHas aCMMMETPUYHas Cosb Takke NPosiBUa BbICOKYHO yCTOMYMBOCTL: Ha MIK-cnekTpax He
ObINI0 3ahMKCMPOBAHO MPU3HAKOB Pa3NoXeHUs B TeveHne 172 u.

M3 Na[B(pp)(OPhF)z2]-AME 6binu npurotosneHsl cepun anektponuTos: 0.5 M n 1.0 M pacTsopebl
B IME, a takke 0.5 M n 1.0 M pactBopbl B cMecu 3TurneHkapboHat : amatunkapboHat : OME.
OneKkTpoXMMUYeckMe  UcnbiTaHuMs  npoBogurim B nonysdenkax Na || NasVz(POs)s B
ranbBaHOCTAaTU4ECKOM peXuMMe B WHTepBane HanpsbkeHun 2.5-3.6 B. HawvBbicliaa kynoHoBckas
ahbpekTnBHOCTL Ha nepBoM uukne (98.2 %) 6oina gocturHyTta ans 0.5 M pactesopa Na[B(pp)(OPhF)2]
8 OME, Torga kak HaumeHbLUYO0 ckopocTb aerpagaumm émkoctu (0.02 mAY/r-umnkn) Habnoganu ons
1.0 M pacteopa Na[B(pp)(OPhF)2]-AME B cmecu kapboHaToB.

B poknapge 6yneT npeacTtaBneH AeTarbHblii aHanu3 BRAWAHWUS 3amectutenei -pp n -OPhF B
bopcogepxallemMm aHMOHe Ha PacTBOPUMOCTb COJSN, MOHHYIO MPOBOAMMOCTb U 3NEKTPOXUMUYECKYIO
CTabUNbHOCTb SMNEKTPONMTOB A1 HATPUM-UOHHBIX aKKyMynSTOPOB.

Cnucok nutepatypbl
[1] Kundu, D.; Talaie, E.; Duffort, V.; Nazar, L. F. The Emerging Chemistry of Sodium lon Batteries for
Electrochemical Energy Storage // Angew. Chem. Int. Ed. 2015, 54(11), 3431-3448.
DOI: 10.1002/anie.201410376
[2] Ould, D. M. C.; Menkin, S.; Smith, H. E.; Riesgo-Gonzalez, V.; Jonsson, E.; O'Keefe, C. A.; Coowar, F.;
Barker, J.; Bond, A. D.; Grey, C. P. Sodium Borates: Expanding the Electrolyte Selection for Sodium-lon
Batteries // Angew. Chem. Int. Ed. 2022, 61(32). DOI: 10.1002/anie.202202133
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3MeKTPOAOB Ha UX CTPYKTYPHYIO Aerpagaumio B npouecce
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B paHHOM paboTe uccnenoBaHO BRMSIHUE MOPCONOrMM MNOBEPXHOCTU TOHKOMSEHOYHbIX
SMNEKTPOAOB Ha CTPYKTYPHYIO Aerpajauunio KpeMHUS Npy NMTUpoBaHMu/gennutmpoBaHnn. KpemHuesble
anekTpoAbl ObiNM NonyyYeHsl Npu MOMOLLM METOOUKM SMEKTPOHHO-NYYEBOro HanbifieHus. lMpouecc
HanbINIEHMsT COMPOBOXAArNCcs BpalleHUMeM TUTAHOBOW (honbrn, KOTopasl CryXuna TOKOOTBOAOM, C
pasnnYHOM OCEeBOW CKOPOCTLI0 (w). Popma vacTuL, KpeMHUS MeHsinack oT cnupanen (w=0.1 06/MuH)
po cronébukoB (w=0.2-0.4 06/MyH) 1 mobyn (w=0.5 06/mMnH). TonwmHa crnost KPEMHUS, B CPEeLHEM,
coctaBnsna 2-3 MUKPOHA. JNEKTPOXUMUYECKME WCCredoBaHWs MNpoBOOUNIM B TEPMETUYHbIX
TPEXANEKTPOAHbIX S4Yenkax, nutmeBas dorfbra ucnosfb3oBanacb B KavyecTBe BCMOMOraTterbHOro
3MeKTpoAa M anekTpoda cpaBHeHus. AnekTponutom cnyxun 1M LiPFs B cmecu aTuneHkapboHar-
auatunkapboHat (1:1 06.). [anbBaHOCTaTMYecku 3apsa-paspsi NpoBOAMMNM MPU  KOMHATHOM
Temnepatype Tokom 0.06 MA/cM? B ananasoHe noTeHumanos ot 10 go 2000 mB.

3apsigHo-paspsigHble  KpuBble ONS BCEX UWCCeAoOBaHHbIX 00pasuoB  uMMerT  copmy,
XapaKTEPHYI0 AN 3MNEKTPOXMMUYECKOTO B3aMMOAEWCTBUSI NUTUS C aMOP(HbLIM KpeMHWEM, B
pesynbTate KOTOporo obpasyeTrcs cnnas c obuwen dopmynon LixSi. O6 atom cBugetenscreyet
nnaBHoe M3MeHeHUe noTeHumana otpuuaTtensHee 500 MB 1 oTCcyTCTBME SIBHO BbIpa)KeHHbIX nnato [1].
OcCHOBHOE OTNMYME 3aKMNyaeTCss B KONMYECTBEHHOW pasHuue Mexady 3HadYeHUSAMU yAaernbHbIX
emkocTeln. Hanbonbluen paspsaHoin eMKocTbio obnagatoT ob6pasiubl co cnupanesugHoi (0.64 mA-u/cm?)
n crton6yaton (0.42 MA-4/cM?) CTpyKTypamu, HaumeHbluelr — cdepudeckne (0.18 MA-u/cm?).
AHanorMyHbI pesynbTaT Obi NOyYeH NPy pacyeTe KyNOHOBCKOM adhhpeKTUBHOCTU: ANs 06pa3LoB Cco
cnvMpaneBuaHoOM CTPYKTypon aTo 3HadveHue coctasnseT 80.3%, a ans cpepudeckux — 73.1%. Takon
pe3ynbTaT MOXeT OblTb CBA3aH C TEM, UYTO CTPYKTYpbl MMEKT pasHylo nrowaib 3NeKTPOXUMUYECKN
aKTMBHOW noBepxHOCTU. V3 aHanu3a 3aBUCUMOCTEN yAENbHOW €MKOCTU OT HOMepa LMKIa MOXHO
chenaTtb BbIBOO O TOM, YTO HauMMEHbLUEE CHWXEHWE eMKOCTU 3a UMKn Habniogaetcs y o6pasuos,
NMOBEPXHOCTb KOTOpLIX NpeAcTaBneHa cTonbukamu. OpHako, Takue anekTpoabl obnagatT Gonee
HU3KoW paspsiaHon emkocTbio (0.42 MA-uy/cM2) No cpaBHeHUo ¢ obpasuom co cnupaneobpasHbiMu
yactmyamu (0.64 mA-y/cm?). Takum 0bpasoM, HECMOTPS Ha pasHULY B BENMYMHE YAENbHOW EMKOCTH,
KPEMHMEBbIE 3rekTpoabl co cTtonbuyatonm cTpyktypor (w=0.2 o6/mMuH) obnagatoT Gonee BbICOKOM
OCTaTOYHON €MKOCTbI0 MPY NMPOAOIKUTENBHOM LUKIMPOBaHUN, YTO MOXET CBUOETENbCTBOBATb O WX
©onee HU3KOW CTPYKTYPHOW Aerpagauuu.

Cnucok nutepatypbl
[1] McDowell M.T. 25th Anniversary Article: Understanding the Lithiation of Silicon and Other Alloying
Anodes for Lithium-lon Batteries. Advanced Materials, 2013. 25. 4966-4985. DOI:
10.1002/adma.201301795
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B HacTosLlee BpemsA B KayecTBe aHOAHbIX MatepuanoB AMs NUTUN-MOHHBIX akKKyMyrsTOpOB
(JIMA), npuMeHsieMbIX B 3SHeEpreTMke W TpaHCMNopTe, MNPEMMYLLECTBEHHO WCMONb3YTCS rpacguT
(MPUPOOHBIV U CUHTETMYECKUI), @ TaKKe KOMMO3NLMOHHbIE aHOoAbl Ha ero ocHoBe. OCHOBHbIE MNOCTaBKU
OaHHbIX MaTepuarnioB Ha POCCUWCKMIM PbIHOK OCYLLECTBASIOTCA 3apybexHbIMW Mpou3BoauTENsiMU
(Kutan, AnoHusa, KOxHas Kopes), uto ¢hopmumpyeT 3aBMCMMOCTb OT umnopTta. B cBasu ¢ atum
aKkTyanbHOM 3ajadven aBnseTca pa3paboTka oTeHEeCTBEHHbIX anbTepHATUBHbIX aHOAHbIX MaTtepuarnos
Ha OCHOBE AOCTYMNHOro 1 BO306GHOBMSEMOrO ChIPbSi.

ExxerogHo Ha nobepexbe 0. CaxanuH WTopMamMu BblBpackiBalOTCH 3HaAYUTENbHbIE O6BHEMBI
MOpPCKUX MakpodutoB. B 2022 roay nx obwmii o6vem coctaeun 172 640 m3. Mcnonb3oBaHne 6uomacchl
B Ka4eCTBE MCXOOHOrO ChIpbs A1 YIIepOAHbIX MaTepraroB NO3BONSET OAHOBPEMEHHO peLlaTh 3agayuu
pecypcochepexeHnss U CHUKEHUs] 3Korormyeckon Harpysku [1,2]. B gaHHon paboTte npeacTaBneH
crnocob nonyyeHus u mMccnegoBaHWss aHOOHOrO mMatepuana Ha OCHOBE BO30OHOBMSIEMOrO Chipbs —
Oypow Bogopocnu Saccharina japonica. MaTepuanbl oxapaktepusoBaHbl metogamu POA, UK- n KP-
cnekTtpockonuu, POM 1 HM3KoTemMnepaTypHOM agcopounn-gecopbumm asoTa.

[nsa oueHKn aNeKTpOXMMUYECKUX XapaKTepucTuk Bbina npoBeaeHa cbopka ABYXINEKTPOAHBIX
slYeeK C MCNOoNb30BaHNEM MeTannmM4eckoro NUTUS B Ka4yecTse NPOTUBO- U pedepeHTHOro anekTpoaa.
[[anbBaHOCTaTMYECKOE LIMKNMPOBaHWE 3apsaa-paspsiia BbINOMHANM Ha MHOrokaHansHoM 6atapenHom
Tectepe (Neware, Kutan) npym nnoTHOCTSIX TOKa, COOTBETCTBYOLWMX pexumam C/10, 1C, 5C, 10C n 20C,
ncxoasa U3 TeopeTnyeckorn EMKOCTM MaTepuana, B gnanasoHe HanpsikeHun 0,01-3,0 B (oTH. Li/Li*).
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PucyHok 1. [anbeaHocmamuyeckue Kpueble YuknuposaHus (a) u POM-usobpaxeHue nosepxHocmu obpasya
yanepo0Ho2o0 Mmamepuarna Ha ocHoge Saccharina japonica (6).
Mony4yeHHble obpasLibl AEMOHCTPUPYIOT yAeNbHY0 EMKOCTb B AnanasoHe 400-500 MA-y/r npu

KynoHoBckon adpdpektuBHocTn Gonee 60%. PesynbTatel noarBepX4aeT BbICOKUA MOTeHUMan
JanbHEenWwnx cuctematuyeckux WCCNedoBaHMM WM WCMONb30BaHMSA JOKalNbHbIX BO30OHOBNAEMbIX
OuopecypcoB, Takux kak Saccharina japonica, B kauecTBe aHOOHbIX MaTepuanoB A NUTUA-UOHHBIX
aKKyMynsATOPOB.

Cnucok nutepartypbl
[1] Seroka N. S., Luo H., Khotseng L. Biochar-Derived Anode Materials for Lithium-lon Batteries: A Review
// Batteries. 2024. T. 10, Ne 5. C. 144. DOI: 10.3390/batteries10050144.
[2] Feng D. n gp. Biomass derived porous carbon anode materials for lithium-ion batteries with high

electrochemical performance // International Journal of Energy Storage. 2024. T. 19, Ne 3. C. 100488.
DOI: 10.1016/j.ijoes.2024.100488.
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Mixed Matrix Membranes Based on Sodium Alginate: Development and
Application for Electrochemical Separation Processes
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Modern electrochemistry faces a number of fundamental problems that hinder the development
of new generation energy systems. Pervaporation and nanofiltration membranes can serve as valuable
auxiliary components in electrochemistry, addressing challenges related to medium conditioning,
electrolyte purification and reagent regeneration. Organic solvent-based electrolytes are critically
sensitive to water. Even trace amounts can trigger the hydrolysis of lithium salts, degradation of the
solid-electrolyte interphase layer, and gas evolution. Pervaporation enables deep dehydration without
decomposing the electrolyte components, thereby extending the cycle life of the battery. Nanofiltration
proves useful in electrochemistry for the purification of complex multicomponent solutions. Following the
electrodeposition of copper, nickel, or chromium in galvanic baths, dilute solutions remain that contain
a mixture of these metal ions together with sodium and potassium. A nandofiltration membrane effectively
retains divalent ions while allowing monovalent ones to pass. The resulting concentrate, enriched in the
target metal, can then be returned to the electrochemical cell for re-deposition. In this context, the
development of mixed matrix membranes (MMMs) based on biopolymers with tailored properties is a
strategic direction.

Sodium alginate, a biopolymer with excellent film-forming ability and reactive carboxyl groups,
looks like an ideal base for a new generation of membranes. However, its practical application is
hindered by low permeability and insufficient stability in aquatic environments of membranes from it. To
overcome these limitations, an approach to the formation of MMMs is proposed by introducing metal
oxides (ZnO, Cr20s3, TiOz, etc.) into the polymer matrix. Metal oxide particles act as physical modifiers,
increasing the free volume of the polymer matrix and reducing the activation energy of the transport of
penetrating molecules due to the creation of additional sorption centers on the MMMs surface. The
hydrophilic nature of metal oxides also contributes to the formation of preferred routes for the transport
of desired molecules.

In this study, MMMs based on SA/metal oxide were fabricated and studied. The effect of filler
type and concentration on the properties of the resulting materials was investigated. To enhance the
permeability of dense membranes, supported analogues with a thin selective layer of SA or its composite
deposited onto a porous substrate were developed. To ensure membrane stability in solutions with a
high water content, cross-linking was performed using a 1.25 wt.% aqueous calcium chloride solution.
The structural and physicochemical characteristics of the prepared membranes were evaluated by
scanning electron microscopy (SEM), atomic force microscopy (AFM), X-ray photoelectron
spectroscopy (XPS), Fourier-transform infrared spectroscopy (FTIR), thermogravimetric analysis (TGA),
as well as water contact angle and swelling measurements. Transport properties were studied during
pervaporation dehydration of isopropanol and nanofiltration separation of dyes, along with heavy metal
ions from aqueous solutions.
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St. Petersburg State University, St. Petersburg, Russia
mihajlovskaya.olga.1@yandex.ru

Membrane technologies are widely used in electrochemical industries and energy-related water
treatment systems, including electrodialysis, electrodeionization, electroplating wastewater treatment,
and membrane-assisted separation processes. In such systems, porous (in particular, ultrafiltration)
membranes are employed as pretreatment stages for the removal of colloids, emulsified oils, organic
macromolecules, and suspended particles that can cause membrane fouling, reduce ion-transport
efficiency, and destabilize electrochemical processes. Therefore, the development of membranes with
enhanced permeability, controlled porous structure, and high separation efficiency is of considerable
interest.

In this work, porous polyacrylonitrile (PAN) membranes modified with highly oxidized graphene
oxide (GO) were developed. To regulate membrane morphology and mass transfer characteristics,
calcium chloride was introduced into the casting solution as a pore-forming agent. In addition, the
composition of the coagulation bath was varied in order to control the phase inversion process and
optimize membrane structure formation. The obtained membranes were characterized using scanning
electron and atomic force microscopy, infrared spectroscopy, nuclear magnetic resonance
spectroscopy, X-ray photoelectron spectroscopy, porosimetry, thermogravimetric analysis, and contact
angle measurements. The transport performance of the prepared PAN-based membranes was
examined during the filtration of aqueous solutions containing dyes, proteins, heavy metals, and cutting
fluid emulsion. It was found that the combined application of GO modification and the pore-forming agent
CaClz had a synergistic effect characterized by a substantial increase in membrane permeability while
preserving high retention efficiency. The developed modified membranes demonstrate significant
potential for membrane-assisted purification processes and pretreatment stages in electrochemical and
energy-related applications due to their enhanced mass transfer properties and stability toward complex
media.
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ConbBoTepManbHoOe NnoslydeHue KaToaHbIX MaTepuMarnoB Ha OCHOBe
LiFe1xMnxPOs4 c ucnonb3sosaHmnem okcugoB d-mMeTannoB
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JIntnir-noHHeble akkymynatTopbl (JIAA) aBNAOTCA KITHOYEBON TEXHOMOIMEN ANsi HAKOMEHUS U
XpaHeHWs1 3Heprum, Npyu 3TOM MX IKCMIyaTauMOHHbIE XapaKTepPWUCTMKM BO MHOMO OnpeaensTcs
npupogon katogHoro matepmana. Katogbl Ha ocHoBe dhocaToB MepexoaHOoro Metansa-nuTusa co
CTPYKTYpOoM onmBuHa, B 4YacTHocTu LiFePOs, nonyuyunu wmnpokoe pacnpocTpaHeHue 6narogaps
KNtoYeBbIM JOCTOUHCTBAM: NOBbILLEHHON 6e30NacHOCTU, JONTOBEYHOCTU, AKOMOrMYHOCTN 1 AeLleBU3He
npon3BoacTBa. B HacTosillee Bpems Takke BeOyTCs aKTUBHble WCCRnedoBaHUA no paspaboTke
TEXHONOrMmM NosnyyYeHus Mmatepmana Hooro nokonexHus — LiFe1xMnxPOs (LFMP), B koTopom KaTMoOHHOE
3amMelleHne B noapelletke d-meTanna no3BOMsieT yBENUUMTL OOLLYO yAenbHY SHEProéMKoCTb 3a
CYET MoBbILWEHHOro noteHumana napbl Mn2*/Mn3*. CosgaHue noaxogsen LenoYkm CUHTETUYECKMX
NpoLEeCcCOB ABMAETCHA akTyalnbHOW U HETPMBMANbHOW 3adaver Ans noslydyeHus KaTtogHbIX MaTepuanos
C onTumanbHbIMKU Ans ucnonb3oBaHusa B JIMA xapaktepuctnkamu. OgHMM M3 OCHOBHbBIX METOAOB
MOMyYeHnsi, NCMONb3yEMbIX B Hay4HbIX UCCMEeQOBaHUSAX, SBMASETCA CONMbBOTEPMarbHbIN cuHTe3. Ero
pacnpoCcTpaHeHHOCTb OOycrnoBreHa OOLIMPHBIMA BO3MOXHOCTSIMUA HarnpaBieHHOro BapbMpOBaHUSA
¢a3oBoro coctasa u MopdoorMm maTepmanoB Ans JOCTUXKEHUS onpedeneHHbIX XapakTepUCTUK.

TpaovunoHHble MeToabl conbBoTepmanbHoro cuHtesa LFP / LFMP ocHoBaHbl Ha
ucnonb3oBaHun BogopacTBopumblx conen Fe (II) 1 Mn (ll). OgHako MX NPUMEHEHNE COMPSHKEHO C
pPSOOM  OrpaHWYeHURn, CBHA3AHHbIX C WX CKIOHHOCTbIO K OKUCMEHMIO, HEernoCTOSHCTBOM COCTaBa
(konunyecTBO KpucTannuyeckon H20) 1 HeO6XOAMMOCTBIO B O4MCTKE CTOYHbIX BOA, OT aHUOHHbIX hOpM,
4YTO 3aTPyOHSIET MPOLIECC peanusaumn TEXHOSOMMM B MPOMbILNEHHbIX MacwTabax. B cBasu ¢ atum
aKkTyanbHOW 3ajayen sBnsieTcd paspaboTka anbTepHaTMBHbIX MOOAXOAOB C MCMONb3oBaHWeM bornee
CTabunbHbIX NPEKYPCOPOB.

Llenbio gaHHOW siBNsinacb pa3paboTka MEeTodOB CONbBOTEPMANibHOTO CUHTE3a KaTOOHbIX
maTepuanos LFP n LFMP ¢ ucnonb3oBaHneM OKCUAOB NepexoAHbix MeTtannoB (a-Fe20s, B-MnOz).
[aHHble oKCabl ABNSATCA OAHMMMU U3 Hanbonee WPOKOOOCTYMNHBIX U CTabunbHbIX (POPM NCTOYHMKOB
Fe, Mn.

M3yyeHbl OBa nogxoda K MOMyYeHU0 KaTOAHbIX MaTtepuanoB: 1) conbBoTepMarnbHoe
dopmupoBaHue pochaToB NepexoaHbIX MeTanMoB C NOCNeAyLLNM BbICOKOTEMMEPaTYPHbIM OTXXUIOM
C UCTOYHMKaMW NUTUS U YrIepoacoaepKallero CoefmMHeHns; 2) NpsiMo CoNbBOTEPMATIbHbIA CUHTES
nutuni-cogepxawux ¢as. OBHapyxeHO, 4YTO BapbUpOBaHWE MNapameTpoB CUHTE3a NPUBOAUT K
dopMupoBaHmMio 06pasLIoB, pasnMyarLmxca no gpasoBomy coctae (Mo gaHHbIM POA) n mopdgonorun
yacTtuy (No gaHHbiM POM), yeM MOXHO ynpaBnsiTb NyTeM BbibOpa pasfmnyHbIX BOCCTAHOBUTENBbHbIX U
Komnnekcoobpasyowmx peareHToB unu MAB. [Ons nonyveHHbIX o6pasuUoB KaTOAHbLIX MaTepuanos
yCTaHoOBIeHa B3aMMocBs3b Mexay coctaBom (MCI-AJ3C), cTpykTypHbiMM xapaktepuctukamu (PCA,
JIPCA) n 9nekTpoXMMUYECKMMM CBOMCTBaMM MOJTyYEHHbIX MaTepuanoB. HamgeHbl Haunbonee
noaxofsiine ycrnoBusi NpoBeAEeHUSA CUHTe3a ANnd nonyyvyeHuss maTepmanos, AeMOHCTpupytowmx ~80-
85% OT TeopeTnyeckon paspsiaHON EMKOCTU.

Mony4yeHHble pe3ynbTaTbl CBUAETENLCTBYIOT O BO3MOXHOCTM WCMOMNb30BaHWUS OKCUMAOB B
KayecTBe AeLleBblX U CTabunbHbIX NPEKYPCOPOB AN CUHTe3a kaToaHbIx maTtepuanos LFP n LFMP, yto
OTKpbIBAET NEPCNEKTUBbLI Ansi pa3paboTky TEXHONOMUN B MPOMbILLIIEHHBLIX MacLuTabax.

BnarogapHoctu
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BnnsiHne KOMNoO3nTHOro HocuTensa Ha CTPYKTYPHbI€ U INNIEeKTPOXNMn4veckKkume
XapaKTepnucTmkKu Pt-KaTanM3aTOpOB AnA KatToAaa TONJIMBHOIO JyieMeHTa
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MoBbIlWEHNE [OOMTOBEYHOCTM WM aKTMBHOCTM 3EKTPOKaTanM3aTopoB SBMSETCH BaXKHbIM
yCrnoBMEM AnNsi LUMPOKOrO BHEAPEHMSI TOMMMBHBLIX 3NIEMEHTOB C MPOTOHOOOMEHHON MemOGpaHOoM
(TOMOM) [1]. OcCHOBHbIM OrpaHM4YeHMeM BbICTynaeT Aerpajaumsi TPagULMOHHBIX  YrNepoaHbIX
HocuTenen (Vulcan XC-72), BbI3BaHHasA KOppO3uen yrinepoga v nocrnenyowmm oTpbiBOM NIaTUHOBLIX
HaHO4YacTML, 4YTO NpMBOAUT K noTepe 3ddeKTMBHOCTU. [lepCneKkTUBHLIM NOAXOAO0M SBMSETCS
MCMNOMb30BaHNe KOMMO3UTHbIX HOCUTENEW, COYETAIOLLMX YIIepoa C KOPPO3MOHHOCTOMKUMU kapbugamu
MEeTannoB, B 4acTHOCTU kapbugom Bonbcpama (WC) [2, 3]. HaHHaa paboTa HanpaBreHa Ha
yCTaHOBMEHME BIWSHWS COCTaBa M MUKPOCTPYKTYPbl KOMMO3UTHONO HOCWUTENS Ha aKTUBHOCTb,
CTabuNbHOCTL U (PYHKUMOHANbHBLIE XapakTepUCcTUkn Pt-kaTannsaTopoB B peakuun BOCCTAaHOBIEHMS
kucnopoga (PBK).

B pabote wuccneposaHbl Tpu Tuna katanusatopoB ¢ 20% macc. Pt: PY/S (HocuTens,
cofepxawmn kapbug sonbdpama), PtV (kommepyeckun yrnepoaHeli Hocutens Vulcan XC-72) wn
Pt/S+V (cmelwaHHbIi HocuTenb 1:1), a Takke kommepdeckun Pt/C (HISPEC3000, Johnson Matthey,
20% Pt). KomnnekcoMm U3MKO-XMMUYECKUX U ANEKTPOXUMUYECKNX METOAOB NpoBedeHa OueHKa WX
MUKPOCTPYKTYPbI, 3MEKTPOXUMUYECKM aKTUBHOW nrowiagn nosepxHocTn (OXAIll), katanutudeckon
aKTMBHOCTM U CTAOMMBLHOCTMW.

YcTaHoBNEHo, 4To kaTtanuiatop Pt/S+V pgemMoHcTpupyeT Hambonee BbICOKME HavarbHble
xapaktepuctukm: OXAI gocturaet 110 m?/r(Pt), a macc-aktnBHocTb B PBK npn 0.90 B coctaBnsiet 329
A/r(Pt), uto Bbiwe nokasatenen Pt/V (288 A/r(Pt)) n kommepuyeckoro obpasua (254 A/r(Pt)). CpegHun
pasMep HaHo4YacTWUL, NnaTWHbl Ha KOMMO3UTHbIX HocuTensax coctaenseT 1.9-2.3 Hm. KnoueBbiM
pe3ynbTaToM SIBMSETCS BblCOKasi CTabMIMbHOCTb kKaTanM3aTopoB Ha OCHOBE HocuTenen S u S+V: nocne
cTpecc-Tecta oHu coxpaHsatT Ao 90% oT nepBoHa4anbHbIX 3HadeHnn XAl n macc-akTUBHOCTU, Torga
kak Pt/V n kxommepueckun obpaseu tepsaoT 6onee 40% macc-akTUBHOCTU.

Pa3paboTaHHble KOMMO3UTHbIE HOCUTENW, codepalumne kapbua Bonbgpama, obecneymsarot
He TOSIbKO BbICOKYIO Ha4asbHYyH akTUBHOCTbL Pt-kaTanunsatopos B PBK, HO 1 nX BbICOKYO YCTONYMBOCTb
K gerpagauun. lNepBble TecTbl B cocTaBe MeMOpaHHo-anekTpogHoro onoka (M3B) noarsepavnnu
NepcrnekTUBHOCTb kKaTanuadaTopa Pt/S+V, 4OCTUrHyB MakcMMarnbHON yaenbHOM MoLHocTH 620 MBT/cw?,
YTO C€O3JaeT OCHOBY AN CO34aHUsl 3MeKTpoKaTanvM3aTOpoB HOBOIO MOKOMEHMS C MOBbILIEHHON
CTabUNBHOCTBIO U AaKTUBHOCTBHD, CMNOCOOHLIX CYLLIECTBEHHO MOBLICUTL 3PEKTUBHOCTL U CPOK CIYXObI
3HeproycTaHoBok Ha ocHoBe TIMNOM pasnuyHoro Tuna.
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Komnoautel Ha OCHOBE MPOBOASALLMX NONMMEPOB U NMONNANEKTPONIMTOB 061agatoT MHOXECTBOM
MOMe3HbIX CBOWCTB WM HaxoAST MPUMEHeHMe B CaMbiX pasHbiX cdpepax Haykm u TexHonoruu. B
YaCTHOCTKN, KOMMepYecku AocTynHei komno3mT PEDOT:PSS (nonu(3,4-aTuneHamokcuTnodeH) :
NONUCTUPONCynNbGOHaT) UMEET BbICOKUIN YPOBEHb 3NEKTPONPOBOAHOCTU, BNN3KUIN K YPOBHIO METannos,
a Takke TMpPEBOCXOAHYI0 JNEeKTPOXUMMUYECKYIO CTabUNbHOCTb, HO HU3KYH paBUMETPUYECKYHO
3ANeKTpUYEeCKyto eMKocTb [1].

PaHee ©bin u3yyeH komnnekc nposogsuwiero nonumepa PEDOT ¢ cynbdupoBaHHbIM
nonusuHunnupokatexnHoMm (SPVC), koTopbin aBnseTca CTpykTypHbIM aHanorom PEDOT:PSS [2, 3].
Komnnekc PEDOT:SPVC obnagaet 3HauMTenbHO BOMbLUIMM YPOBHEM TEOPETUYECKOW 3MNEeKTpU4eckomn
emkocTh (330 MAY ' npoTtue 21 MAY 'y PEDOT:PSS), uto genaeT ero nepcrnekTuBHbIM KaHAUAATOM
Ha porib KaTOOHOro mMaTepuana B OpraHuM4eckMx akkymynaropax. Tem He MeHee MakcumarnbHasi
npakTtuyeckas emkocts PEDOT:SPVC coctaBuna nuwb 95 MAY ', 4To CBSI3aHO C HU3KUM CpPOACTBOM
Mexgy nonumepamu: matepuan ©Obin HeogHopogeH, SPVC Bbigensancs B oTAenbHyto  dasy,
obragaroLLyo HU3KOW 3NEKTPOAKTUBHOCTBIO 13-3a BbICOKOrO CONMPOTUBIIEHUS CaMOro nonvMepa.

3Ty npobnemy MOXHO pewntb nytem BeeaeHus SPVC B komnnekc ¢ nonnaHunuHom (PAni),
KOTOpPbIA MpX onpeaeneHHbIX YCNoBUAX CYLWeCTBYeT B Buae nonukatuoHa. CornacHo nepBUYHbIM
pesynbtatam, B komnnekce PAni:SPVC HabniogaeTcs NOBbILLEHHbIN YPOBEHb 3MEKTPOAKTUBHOCTU B
cpasHeHun ¢ PEDOT:SPVC.

HaHHas paboTa GyaeTt noceslleHa n3yvyeHuUo MeTOA0B AaNeKkTpocuHTe3a komnnekca PAni:SPVC
N UCCNEOOBaHUIO €ro 3r1EKTPOXUMMYECKNX CBOMUCTB (puc.1).

+H 0,4n 0,6n
) o, ©
ﬁ/
H 0.8 OH OH
n m 3 OH OH

PAni SPVC

PucyHok 1. CmpykmypHasi ghopmysia rnonusnekmposium+Ho2o komrinekca PAni:SPVC.
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OCHOBE nrPoBOAALLNX U PEAOKC-NMOJIMMEPOB

Bacunwuii B. MoTaneHkos!, FOnus H. Mectepesa’, Amutpuin [1. KHA3bKKH'

1 Cankm-lemepbypeckuli ecocydapcmeeHHbill yHusepcumem, CaHkm-llemepbype, Poccusi
v.potapenkov@spbu.ru

AKKYMyrnaTOpbl Ha OCHOBE OpraHM4Yeckux MaTepuanoB WMEKT CXOXUEe MOLHOCTHbIE
XapaKTEPUCTUKM C HEOpraHMYECKMMU akKKyMynsaTopamy, HO WX MNPOU3BOACTBO U  yTUNM3aLMS
noTeHUManbHO ABMSTCA Goree aKoNorMyHbIMK 1 AeleBbiMy npoueccamu [1].

PaboTocnocobHOCTb OpraHUYeckMX akkymynsiTopoB obecneymBaeTcsl 9SneKTPOaKTUBHbLIMMU
pegokc-nonumepamn. Pegokc-nonuMmepbl Ha  OCHOBE  NUpoKaTexMHa o00nagalT  BbICOKMM
OKUCIUTESbHBIM MOTEeHUMAanoM 1 60MbLUIO FPaBUMETPUYECKON 3NEKTPUYECKOM EMKOCTLIO, YTO AenaeT
MX MNepcneKkTuBHbIMM obGbekTamun uccnegosaHui [2]. Ho, HecmMoTps Ha CBOM [OOCTOMHCTBa, Takue
nonumepsl obrnagalT HU3KOW 3NEKTPONPOBOAHOCTLIO, YTO 3HAYMTENbHO MOHWXKAeT YPOBEHb MX
3MEeKTPOaKTMBHOCTU. OAHaAKO 3TO MOXHO MCMPaBUTb NMYTEM BKITIOYEHUS NX B KOMMO3UT C NPOBOAALLUMMU
nonvvmepamm [3].

[aHHasa pabota OygeTr nocBsilleHa CUMHTE3y U U3YYEHUI0 CBOWCTB WHTEPMNONMMEPHbIX
KOMMJIEKCOB Ha OCHOBE Cynb(MPOBAHHOrO nonmBuHuNNupokatexmHa (SPVC) n psga npoBoasimx
nonumepo (PEDOT, PPy, PAni) (puc. 1). B yactHocTn, ByayT uccnenoBaHbl pasHble MOAXOAbl K
CUHTE3Y KOMMIIEKCOB, UX BIIMSIHAE Ha COCTaB U MOPAOSIOri0 NOBEPXHOCTH, @ TaKKe BIUSIHUE NPUPOAbI
NPoBOASALLEro NONMMepa Ha anekTpoxmmmndeckoe nosegeHue SPVC.

{0 0,5n 0,5n
O O ’ .
/ \
S 'n n _033 OH OH
OH OH

PEDOT PPy-N PAni SPVC

PucyHok 1. CmpykmypHbie ¢popmyribi 06ekmos uccriedo8aHusl.
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One-Step Synthesis of Mixed Valence Vanadium Oxide/PEDOT Composite for
High-Stability Lithium-lon Battery Cathodes
K. Rashitova', F. Volkov'!, O. Osmolovskaya', S. Eliseeva'

1 St. Petersburg State University, Saint Petersburg, Russia
k.rashitova@spbu.ru

Vanadium pentoxide is a promising cathode material for lithium-ion batteries (LIBs) due to its
high theoretical capacity and layered structure. However, its practical application is hindered by low
electronic conductivity, slow Li* diffusion, and severe structural degradation during cycling, leading to
rapid capacity fade. While combining V20s with conductive polymers or inducing V#* self-doping has
shown individual benefits, a simple, fast, and synergistic strategy integrating both modifications remains
unexplored.

Here, we report a rapid microwave-assisted hydrothermal synthesis of a V20s/poly(3,4-
ethylenedioxythiophene) (PEDOT) composite. The in situ oxidative polymerization of EDOT was
performed in the presence of V205 powder at varying temperatures (140-180°C) and EDOT/ V205 molar
ratios (0.25-0.5). The resulting materials were characterized by XRD, SEM, TEM, and XPS.
Electrochemical performance as LIB cathodes was evaluated via galvanostatic cycling, cyclic
voltammetry, and impedance spectroscopy.

The synthesis induces a controlled, progressive recrystallization of pristine V205 plates into a
layered V10024-12H,0 structure. This transformation is accompanied by partial reduction of V5* to V4*
(self-doping), generation of oxygen vacancies, and homogeneous incorporation of PEDOT, all tunable
by temperature and EDOT concentration.

Figure 1. SEM images of the samples obtained (arrows — sample progression by recrystallization progress).

The most transformed composite (EDOT/ V205 = 0.5, 180°C) exhibits a charge capacity of ~185
mAh-g-! with exceptional cycling stability, achieving 107% capacity retention after 100 cycles at 0.02
A-g'. In contrast, the unmodified V205 sample retained only 45.6% of its initial capacity. The superior
stability arises from the synergistic effect: the layered V10024:12H,0 structure enables reversible Li*
(de)intercalation, while PEDOT enhances electronic conductivity and buffers volume changes.

This work demonstrates a simple, cheap, and fast one-step strategy that simultaneously
achieves V#* self-doping and conductive polymer integration. The resulting mixed-valence vanadium
oxide/PEDOT composite with a layered morphology offers a promising cathode material for LIBs with
significantly enhanced electrochemical stability, addressing key limitations of conventional V20s.
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Functionalized Chitosan Mixed-Matrix Membranes with Metal Oxides for
Improved Mass Transport in Low-Energy Membrane Operations
Anastasia Stepanova, Anna Kuzminova, Mariia Dmitrenko, Anastasia Penkova

1 St. Petersburg State University, 7/9 Universitetskaya nab., St. Petersburg 199034, Russia
st113221@student.spbu.ru

The stable operation of modern electrochemical devices and energy storage systems depends
directly on the purity of the working media. The presence of ionic impurities, water, and organic
contaminants in the reagents leads to rapid degradation of functional components and a decrease in
the overall efficiency of energy systems. To ensure the required quality of media, resource-saving
separation methods are needed to replace traditional ones, which require significant energy
consumption. Membrane technologies address this challenge; however, their widespread adoption
requires materials that combine high selectivity with sufficient permeability. Renewable biopolymers,
particularly chitosan (CS), are attracting attention due to their availability and broad potential for
chemical functionalization, which allows for the control of sorption properties. Nevertheless, CS-based
membranes demonstrate limited performance. Improved transport characteristics of the membranes can
be achieved by modifying them through the introduction of organic and/or inorganic fillers into the
polymer matrix. Thus, in this work, mixed-matrix membranes (MMMs) based on chitosan modified with
metal oxides were developed. The effect of the modifier on the transport and structural characteristics
of the resulting membranes was studied, and the potential of the materials for intensifying mass transfer
and integration into energy-efficient circuits for the purification and recovery of media used in
electrochemical and energy systems was evaluated.

Membranes based on chitosan and its composites containing metal oxide nanoparticles were
prepared by solution casting followed by solvent removal. To ensure mechanical stability and reduce
hydrodynamic resistance, the selective layer was applied to a macroporous substrate. The stability of
the polymer matrix in aqueous media was ensured by ionic cross-linking with sodium tripolyphosphate
(NasP3O10, TFP). The transport characteristics of the developed membranes were investigated during
pervaporation and nanofiltration separation. Morphology and structure were investigated using
physicochemical methods, such as scanning electron microscopy (SEM), atomic force microscopy
(AFM), measurement of water contact angles, and study of the degree of swelling.

It has been established that the formation of a thin selective layer on a porous substrate
significantly reduces mass transfer resistance, increasing permeability compared to dense membranes.
The introduction of oxide nanofillers promotes the ordering of the free volumes of the polymer matrix
and the formation of additional transport channels, which leads to an increase in flux while maintaining
high selectivity. lonic crosslinking prevents excessive swelling, ensuring stable membrane performance
under high humidity conditions. The obtained data confirm the effectiveness of the proposed approach
to composite membrane engineering, which opens up prospects for their application in energy-efficient
purification and recovery circuits for electrochemical and energy systems.
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Oco6eHHOCTN KaTUOHOOOMEHHbIX MeMbpaH «lMonukoH K», doopmupyembix
NONMMKOHAEHCALUMOHHbLIM HaNOJIHEHMEM BOJIOKHUCTON MaTpULibl
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Pa3paboTka KaTMOHOOOMEHHbLIX MeMOpaH C BbICOKMMU MOHOOOMEHHBLIMU U TPaHCMOPTHLIMU
XapakTepuctukamu npegcraBnser cobonm ogHy M3 akTyanbHbIX  33agay  COBPEMEHHOrO
MaTepuanoBefeHunsi, ocObEeHHO B KOHTEKCTe co3faHus 3eKTUBHbIX CEnapaTtopoB AN NUTUEBbIX
anekTpoxmmmnyecknx cuctem [1]. Kak n3BEeCTHO reTeporeHHble mMemMOpaHa noflydyaemble ropsynMm
npeccoBaHNeM NMEIT psifi OrpaHuUYeHunn [2], cBA3aHHbIX C HEMOSTHON COBMECTUMOCTBIO KOMMOHEHT.

MepcnekTnBHOM anbTepHaTUBON BbICTynaeT MembpaHa «lMonunkoH K», cosaaBaemas MeToaoMm
NOMUKOHAEHCALMOHHOIO  HamnonHEeHWs MONMMEPHOM BOMOKHUCTOM cucTembl, obecneunBaroum
XUMUYECKOE CLUMBaHWE MeXOY KOMMOHEHTaMuM U hOPMMPOBAHWE MOHOMMTHOWM akTUBHOW (hasbl. B
HacTosLen paboTe uccnegoBaHO BrMSIHWE MOMUKOHAEHCALMOHHOMO HanomHeHUs Ha Mopdonorno n
3IEMEHTHBIV COCTaB KaTMOHOOOMEHHON MembpaHbl «[lonukoH K». B kauecTBe apmMupytowen OCHOBBI
ncnonb3oBaHa TkaHb Mapku «KarHon» 13 HoBomna4vHbIX heHondopmanbaerngHbix BOOKOH, KOTOpbIE
BCTYNalOT B peakuuio 3amelleHunsi B (PeHWmbHbIX rpynnax ¢ obpasoBaHMemM MOHOOOMeHHoW dhasbl
HenocpeaCTBEHHO B CTPYKType BOMOKHa. [ponuTbiBaloWwuin cocTaB BKIOYan KUCNOTHbIV kKaTannsaTop
N UCTOYHUK cynbdorpynn v clumBarowmn areHT. CuHTes nposoannu npu 40 °C n 60 °C ¢ nocnegyowmm
oTBepxaeHnem npu 100 °C.

PesynbTupytowlee COOTHOLUEHME TKaHM K MpPONUTbIBaKOLLEN CMecu cocTtaBuno 28:72.
Mopdonormio NOBEPXHOCTU M3yyanu MeToAOM CKaHMpytoLen anekTpoHHon mukpockonuu (TESCAN
MIRA 1l LMU). Ha C3M wu3obpaxeHusx HabniwogawTca OAHOPOAHblIE BOMOKHA C PaBHOMEPHbLIM
pacnpegeneHnem nofiMMepHoOn MaTpulbl B MEXBOSIOKOHHOM NPOCTPAHCTBE, YTO CBUOETENbLCTBYET O
Ka4yeCTBEHHOM NPONUTKE U (POPMUPOBAHUN MOHOJIUTHOW CTPYKTYpbl. OTHOCUTENbLHBIA rPpagueHTHbIN
nepexog B KOHTaKTHbIX 30Hax MOATBEMKAAET BbICOKYHD aare3vio Mexay KOMMOHEHTaMW.
OKcnepuMMeHTanbHOEe 3Ha4YeHne cTaTU4eckor OOMEHHOM EMKOCTM cocTaBuio ~3,2 Mr-ake/r [3], uTo
corracyeTcs ¢ nUTepaTypHbIMU Y pacyYeTHbIMW AaHHbIMU A8 4aHHOTO TMna Matepuarnos.

MonyyeHHble gaHHbIe NOATBEPXKAAIOT, YTO MONIMKOHAEHCALUMOHHOE HanonHeHne obecneynsaeT
BbICOKY0 OJHOPOAHOCTb pacnpeaeneHms MOHOOBMEHHbIX LIEHTPOB U MPOYHYHO CBA3b aKTUBHOW dasbl C
HocuTenem. Takas apxuTekTypa Martepuana nepcnekTMBHa ANd CO3[aHus cenapaTtopoB U
MeMOpaHHbIX 3MNEKTPOSIUTOB B JIMTUEBLIX 3NEKTPOXMMMUYECKUX CUCTEMAX, rae TpebyeTca codeTaHue
WOHHOW  MPOBOAUMOCTW, MEXAHWYECKOM MPOYHOCTM U YCTOMYMBOCTU K  OKUCIUTENbHO-
BOCCT@HOBMWTESNbHBIM BO34eNCTBUAM. [anbHellwme nccnegoBanms OyayT HanpasreHbl Ha U3yveHue
TPaHCMOPTHBIX CBOWCTB M CTabnnbHOCTM B paboumx cpegax.
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[2] Dobryden S. V., Akberova E. M., Mamonov D. R., Bespalova Ya. R, Vasil’eva V. |. Condensed Matter
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CTPYKTYPY @aHMOHOOOMEHHbLIX MeMbpaH “IMNonukonr” / [1. B. TepuH, M. M. Kapgaw, H. A. KOHOHEHKO 1
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BnusHne TexHONorM4eckux napameTpoB Ha NPOBOAUMOCTb B TBEpPAbIX
anekTponutax cucremol LAGP
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PaspaboTka TBepAOTENbHbIX NUTUEBBLIX akKymynatopoB ¢ anektponutamu Tuna NASICON
TpebyeT onTMMU3aumMmM CMHTE3a N TEXHOITOTMYECKMX NapamMeTpoB 06paboTkm AN NOBbILLEHWS NOHHON
npoBoaMMocTu. B HacTosilwen pabote nccnegoBaHbl 3aKOHOMEPHOCTM DOPMUPOBAHUST 3NEKTPONUTA
cocTaBa Li;.s;Alp.5Ge;.5(PO.)s (LAGP) 1 ero nermpoBaHHbIX MogndmKaLuni.

MpumeHeHMe cTagun nNpeaBapUTENbLHOrO HU3KOTemnepaTypHoro cuHTesa (PucyHok 1)
No3BOMWMO YCTAHOBWUTb KOPPENSAUMIO MEXAy TEeMMepaTypon Bapku CTekna M MoTepen neTy4qmx
KOMMOHEHTOB: CHUXeHne Temnepatypbl ¢ 1450 °C go 1230 °C npu cokpalleHun BblAepXku Ao 45 MuH
obecneunBaeT coXxpaHeHMe CTEXMOMETPUM N YMEHbLLEHNe coaepkaHus HenpoBoaswmx a3 (GeO,,
AIPQO,) no yposHs <1% [1]. BeisBneHo, 4To nermposaHue Tennypom (1-5 a1.%) 1 cypbmoin (8o 7 at.%)
cucTeMaTUYecKkn BMAWSET Ha KUHETMKY KpUCTannmusauum u TpaHCMNOpTHble CBOWCTBA: BBedeHue Te
CHUXaeT 3Hepruo aktueaumm kpuctannusaumm (382 — 358 k[pk/Monb), UTO COKpallaeT onTMMarnbHoe
BpeMs omkura B 2-3 pasa, Torga kak gonvposaHue Sb** yBenuumMBaeT napameTpbl 311€MeHTapHON
SYENKN M SHTPOMMUIO MUrpauumn nutus, obecneumBasi poCT MPOBOAUMOCTU 3epeH U rpaHuy [2].
YCTaHOBNEHO, YTO rPaHyIOMETPUYECKNI COCTAB NOPOLLIKA, NMOJTyYaeMbIi MEXaHUYECKMM pa3morioM (deg
= 1,7 MKkm), obecneumBaeT Ha NoOpsAOoK Goree BbICOKYHO MPOBOAMMOCTb MO CPaBHEHUIO C PYYHbIM
n3Mernb4YeHNEeM, YTO CBS3aHO C YMEHbLUEHMEM COMPOTUBIEHUS MEX3EepEeHHbIX rpaHuny. ViccrnegoBaHue
TemnepaTypHOro pexuma CrnekaHus BbISIBUINIO HENMHENHYK 3aBMCMMOCTb (Da3oBOro coctaBa OT
Temnepatypbl: npu 800 °C pgocturaetca MuHuMManbHast nopuctoctb (~13%) 6e3 obpasoBaHus
BTOPUYHbIX (ha3, Torga Kak OTKITOHEHUE B NoOy0 CTOPOHY NMPUBOAUT K BbiNageHWI0 HU3KOMPOBOASALLNX
npuMecen. ONeKTPOXMMNYECKNE UCTIbITAHUS B CUMMETPUYHLIX SiYelikax nokasanu, 4To NpoBOAMMOCTb
ontummaupoBaHHoro LAGP coctaBnsieT 5,2-107 Cwm/cm npu 25 °C, nervpoBaHue 5 at.% Tennypa
nosbiwaet eé€ go 7,7-107* Cm/cm, a obpasubl ¢ 7 at.% CypbMbl AEMOHCTPUPYIOT ABYKPATHbIA POCT
NpOBOAMMOCTM rpaHnL 3epeH. BbisBneHa ycTonumMBasi KOppensauus mMexgy CHWKEHWEM coaepaHusi
HenpoBoAAWMX a3, yBennyeHVeM SHTPONUM MUrpauuyM HOCUTENEN W yMyylleHUEM LMKITUYECKON
CTabuNbHOCTW MPU MOBBILIEHHbBIX MIIOTHOCTSAX TOKA.

Wl Yol Yo f Yo £ N N @

MpecuHTes Cyuwika CuuTes LAGP 3akanka Omxmr Kpucrannusaums
250 °C 1230 °C (45 MuH) 450 °C (2 v) 820°C (6 u4)

MWW MWW
= LAGP LAGP
e cTersio KepaMuKa

PucyHok 1. TexHonozuveckasi cxema cuHmesa LAGP co cmaduel rpedsapumeribHO20 CUHme3sa.

AlLO; GeO, Li,CO;
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KomnbromepHbIl du3aliH HOBbIX KOBaNeHTHbIX OpraHM4YeCcKMX KapKkacoB Ha
ocHoBe CTF-0 AnA NUTUN-MOHHBLIX aKKYMYISAITOPOB
A. UlamcueBa, O. HegonekuH, [1. Tatopckui

KasaHckul ¢pedepanbHbili yHugepcumem, KasaHb, Poccusi
aigul-shamsieva@mail.ru

lMonck HOBBLIX 3MEKTPOAHbLIX MaTtepuanoB Ansl NUTUMR-UOHHBLIX GaTapen (JIMB) — ogHo wm3
KIMOYEBbIX HanpaBfeHU COBPEMEHHOW 3HepreTukn [1]. OkcnepumeHTanbHasi pa3paboTka Takux
MaTepuanoB TpebyeT OOnblMX PecypcoB M BpEMEHW, MO3ITOMY KOMMbIOTEPHOE MOZAenvMpoBaHue
CTaHOBUTCH HEODXOAUMBIM MHCTPYMEHTOM AN1S YCKOPEHHOW OLLEHKN MX NoTeHumana.

B paHHOM paboTe 6bin uMccrnefoBaH KoBamneHTHbIW opraHuyeckun kapkac CTF-0 (Covalent
Triazine Framework) — nopucTbii azoTcoaepaLluin nonnumep, NeEPCNeKTUBHbLIN AN NCNONb30BaHUS B
KayecTBe Kak aHOOHOro, Tak U katogHoro matepmana ansa JIMB. basosbin CTF-0 6bin gonupoaH
pasnuyHbiMu atomamu (P, F, Si n gp.) ¢ uenbto ynyyweHnss EMKOCTHBIX XapakTEPUCTUK U KUHETUKU
nepeHoca nutusa [2]. Bce pacyéTtbl aMEKTPOHHOM CTPYKTYpbl, 3Heprim agcopbuun nutus, Gapbepos
anddy3nm, MEXaHNYECKUX N TEPMUYECKUX CBOMCTB NPOBOOUIIUCE C UCMOMb30BaHNEM NMPOrpamMmmMHOro
naketa VASP B pamkax Teopun oyHKunoHana nnotHoctu (DFT).

Pesynbratbl nokasbiBaloT, 4YTO MoAepHu3upoBaHHbin CTF-0 obGnagaet ©onee BbICOKOWM
TEOPETUYECKON YOENbHOM EMKOCTBIO MO CPABHEHUIO Kak ¢ ncxogHbiM CTF-0, Tak 1 ¢ TpaguLMOHHBIMK
MaTepuanamm (B 4HaCcTHOCTUY, rpaduTom). MNMpn aTOM paccuntaHHble 6apbepbl AU dY3UN MOHOB NNTUS
ocTalTCcs JOoCTaTtouHO Hu3kmmu (<0,6 aB), uTo ykasbiBaeT Ha BbICTpyl0 CKOpPOCTb 3apsaa-paspsja.
Ba)kHO OTMETUTb, YTO B XOA4€ MOAENMPOBAHNS MeXaHUYEeCKas U TepMuyeckas CTabunbHOCTb CTPYKTYpb!

coxpaHsitloTcs — MoAepHusmpoBaHHbli CTF-0 He nposiBNsSieT npu3HaKoB paspyLUeHus wnm
HeobpaTumon aecpopmaumm B pabovyem AuanasoHe Temnepatyp U Npu MakCcMManbHOW cTeneHewn
NUTUPOBAaHMUS.

Takum 06pa3om, COBOKYNMHOCTb MOMYYEHHbIX PaCYETHbIX AaHHbIX CBMOETENbCTBYET O TOM, YTO
ponupoBaHHbii CTF-0 aBnsieTcs MCKMIOUMTENBHO MEPCMNEKTUBHBbIM 3MNEKTPOAHLIM MaTepuanomMm arnis
JINB. lMpepnaraemsbiini noaxon OTKPbIBaET LUMPOKME BO3MOXHOCTU pauMOHanbHOro KOHCTPYMpOBaHUS
3MEKTPOAOB C yIyYLLEeHHbIMW XapakTepUcTMKaMu Ans co3gaHmsa 6atapen HOBOro MOKOMEHUS.

a) 6)
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PucyHok 1. a)KosaneHmHbili mpua3uHosbIl Kapkac, dornuposaHHbIl ¢omopom u kpemHuem (F,Si@CTF-0); 6)
KoeasieHmMHbIU mpua3uHosbIl Kapkac, donupoeaHHbili pocgpopom (P@CTF-0).
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The development of high-energy cathode materials is a key research direction for accelerating
the competitiveness of sodium-ion batteries (SIBs) with lithium-ion batteries based on lithium iron
phosphate and graphite. A recently developed family of compounds with the general formula NaVPQO4X
(X =F, O), crystallized in the KTiOPO4 (KTP) structural type, has gained considerable attention due to
its exceptionally high theoretical specific energy of >550 Wh/kg (145 mAh/g - 4 V) [1,2]. The main
drawback limiting the perspective of KTP-NaVPO4F cathode material is its low cycling stability, caused
by the degradation of both crystal structure and surface due to the dissolution of vanadium at elevated
potentials (>4.0 V vs. Na*/Na). In this study, a single elegant solution representing enhancement of the
lattice energy of KTP-NaVPO4F through elemental composition engineering is proposed for both
problems: introducing potassium ion into the alkali metal sublattice induces the "pillar effect," while
partially substituting vanadium with aluminum we yield stronger bonds with the anionic sublattice [3].

The purpose of this work is to increase the cyclic stability and reduce vanadium dissolution in
KTP-NaVPOsF and corresponding high-voltage SIB by doping the cathode material with potassium or
aluminum.

Single-phase samples in the Na1xKxVPOsF (x < 0.2) and NaV1xAlxPO4F (x < 0.1) solid solution
series were obtained using a previously reported two-step synthesis with some modifications. Analysis
of NaV1xAlxPO4F crystal structure refinement results using the Rietveld method demonstrated shortened
average interatomic distances M—X (M =V, Al; X = O, F), which may be correlated with an increased
lattice energy. The study of potassium content evolution from ex situ EDX spectra of Na1xK«VPO4F
electrodes extracted at selected cycles revealed the preservation of potassium in cathode material after
250 cycles when x < 0.15, which confirms the "pillar effect." The capacity retention for the K 10,15%
and Al 5,10% compositions was ~95% after 250 cycles in comparison to ~85% for NaVPOsF in half-
cells vs. sodium metal, which is a significant improvement. Cycling and disassembling of full cells with
hard carbon (HC) revealed sodium plating on the HC electrode only after interaction with undoped
NaVPOsF. Dissolution of the HC electrodes and separators removed from the full cells revealed that
when introducing 10 mol% of Al, the concentration of vanadium decreases by 2.6 times, and for the
case of 15 mol% of K — by 1.6 times, based on ICP-OES data analysis. The obtained EDX spectra
measured from ex situ HC electrodes after 100 cycles confirmed the tendencies at a qualitative level.
The proposed modification was translated to a level of 4V-SIB prototype with a capacity of 1.1 Ah and
practical specific energy 104 Wh/kg based on the most promising cathode material NaVo.oAlo.1PO4F
paired with HC. The prototype tests have demonstrated capacity retention of 97% after 100 cycles at a
charge/discharge rate 1C with average coulombic efficiency of 100.0(1)% as well as >50% of specific
capacity retention at 3C charge/discharge rate, securing a compelling proof of practical feasibility.
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Lithium metal batteries (LMBs) are promising next-generation high-energy-density energy storage
devices, yet their practical deployment is severely hindered by poor electrolyte-electrode compatibility,
severe side reactions, and inferior operational safety of conventional electrolytes. Traditional deep
eutectic electrolytes (DEEs) also suffer from low reduction stability, aggravated high-voltage side
reactions, and poor high-temperature cycling performance, restricting the comprehensive performance
of LMBs. This work summarizes two innovative DEE design strategies to address the above bottlenecks.
One study develops a dimethylmalononitriie (DMMN)-based polymer DEE. Benefiting from the N-Li
coordination and hydrogen bonding between DMMN and TFSI, LiTFSI is effectively dissociated. Unlike
traditional succinonitrile-based DEEs, DMMN without active a-hydrogen exhibits superior reduction
stability toward Li metal. The optimized composite electrolyte delivers a high ionic conductivity of 0.67
mS cm, a wide electrochemical window of 5.0 V, and non-flammability. Assembled Li||lLFP and
Li|[NCM811 batteries achieve excellent rate capability and long-cycle stability under high-voltage
conditions. The other work proposes a weakly solvating DEE using tetrahydropyran (THP) with an
ultrahigh LiTFSI/solvent molar ratio of 1:1.7. The weak solvation effect of THP reconstructs anion-
dominated solvation structures, eliminates free solvents, and fundamentally inhibits transition metal
dissolution and electrolyte corrosion. The optimized THP-based DEE presents an ultra-wide window of
5.3 V and induces the formation of robust LiF-rich interfacial films. The Li||LiMnO cells maintain a
capacity retention of 96.02% after 600 cycles at room temperature and 91.72% after 120 cycles at 55
°C, showing outstanding high-temperature adaptability. In conclusion, rational molecular regulation and
solvation structure optimization endow functional DEEs with excellent safety and interfacial stability.
Future researches will focus on developing low-viscosity, high-lithium-transference-number DEEs with
universal electrode compatibility, exploring scalable and low-cost formulas, and promoting their
applications in high-performance LMBs under extreme working conditions.
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Figure 1. Design principles of the deep eutectic electrolyte. Revealing the solvation structure of the DEE.
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A novel Mg?* and Br~ co-doped Li3;V,(PO,)s/C material (LVMPBI/C) is designed and synthesized via a
solid-state reaction. Systematic structural characterizations, including X-ray diffraction, Rietveld refinement, and *'P
solid-state nuclear magnetic resonance spectroscopy, demonstrate that Mg?* and Br~ ions successfully occupy the
V3* (16¢) and O* (32e) crystallographic sites, respectively, leading to expanded unit-cell volume and elongated Li—
O bond lengths. X-ray photoelectron spectroscopy further confirms the incorporation of Mg and Br with their
anticipated valence states. Benefiting from the synergistic effects of cationic/anionic co-doping, the as-prepared
LVMPBI/C cathode delivers a remarkable reversible capacity of 122.7 mAh g~ at 0.5 C with significantly enhanced
rate capability and Li* diffusion kinetics. Notably, the material exhibits exceptional low-temperature tolerance,
retaining 85.0% of its room-temperature capacity (107.9 mAh g™) at -20 °C. The substantially improved
electrochemical performance is attributed to the enlarged Li* migration channels, reduced charge transfer
resistance, and enhanced electronic conductivity originating from the optimized crystal structure. This work
highlights the efficacy of dual-site co-doping engineering in developing high-performance polyanionic cathode
materials for advanced energy storage applications.
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Hydrogen production by alkaline water electrolysis is promising for sustainable energy
conversion, yet the hydrogen evolution reaction remains limited by sluggish charge transfer, insufficient
utilization of active sites, and inadequate electrode stability under continuous gas evolution [1,2]. Here,
we report a deep eutectic solvent-assisted laser-induced deposition strategy [3] for the direct fabrication
of Fe and Fe+MXene composite electrodes on carbon paper for alkaline hydrogen evolution.

A precursor solution based on choline chloride and tartaric acid was used as the deep eutectic
solvent, with FeCl3-6H20 as the Fe source and TisC2Tx MXene introduced to form the composite
precursor. After coating and drying, the precursor layer was converted in situ by scanning with a 455
nm laser. The deposition process showed good reproducibility. Compared with Fe alone, the Fe+MXene
electrode exhibited more uniform surface coverage and improved hydrogen-evolution performance. The
composite electrode delivered lower overpotentials over the tested current-density range and a reduced
Tafel slope from 166 to 156 mV dec-1. It also showed a substantially higher double-layer capacitance,
increasing from 25.64 to 60.16 mF/cm?, together with lower resistance values. In addition, the
Fe+MXene electrode maintained more stable responses during 6 h potentiostatic and galvanostatic
tests and showed nearly unchanged cyclic voltammetry features after 1000 cycles.

These results demonstrate that deep eutectic solvent-enabled laser-induced deposition
provides a practical route to robust Fe-based electrodes, while MXene incorporation improves charge
transport, active-site accessibility, and operational stability. This approach offers a scalable and low-
cost strategy for durable alkaline hydrogen-evolution electrodes.
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Figure 1. HER activity (a) and durability (b) of Fe and Fe+MXene electrodes prepared by deep eutectic solvent-
assisted laser-induced deposition in alkaline electrolyte.
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Organic molecular contamination is a critical issue affecting the operational reliability and
service life of chemical power sources under complex service conditions. Zeolite-based molecular
adsorption coatings offer a promising solution due to their customizable and scalable nature. However,
the inherent microporous structure of zeolites restricts mass transfer and the diffusion of contaminant
molecules, thereby substantially limiting the overall adsorption capacity. In this study, we propose an
ultrasound-assisted etching process to engineer hierarchical 13X zeolites, successfully increasing the
mesopore volume from 0.0035 cm3-g~' to 0.1038 cm3:g~'. A zeolite coating with a hierarchical,
interconnected macro-/meso-/microporous structure was constructed using a room-temperature spray-
coating technique to enhance molecular contamination adsorption. The resulting coating exhibits a high
specific surface area (362.28 m2-g~'), enhanced mechanical strength, and superior vacuum adsorption
capacity (266.7 mg-g™"). Furthermore, the coating maintains strong binding under vacuum heating
conditions without desorption, effectively preventing molecular re-contamination. The adsorption
mechanism was elucidated through Grand Canonical Monte Carlo (GCMC) simulations and Density
Functional Theory (DFT) calculations. Within the hierarchical system, macropores improve accessibility
by shortening diffusion paths, mesopores serve as intermediate channels to mitigate diffusion resistance
and provide supplementary sites, while micropores act as the primary high-affinity domains for
contaminant molecules. These multi-scale pores synergistically maximize adsorption efficiency. This
work provides a practical and scalable approach to developing functional protective coatings for
chemical power sources, which helps improve operational safety, reliability and long-term stability in
practical engineering applications.
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Figure/Scheme 1. Design diagram of molecular adsorption thermal control coating.
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NMony4yeHne cBo6OAHOCTOALWMX INEeKTpoaoB Ha ocHoBe LiFePO4 u yrnepoaHbIx
HaHOTPYOOK U3 BOAHbIX AUCNepcumn
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TMrY um. M.B. JlomoHocosa, Mockea, Poccusi
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OfHUM 13 NOAX0A0B K MOBbLIWEHWIO YAENbHON EMKOCTU NIMTUA-UOHHBLIX akkymynsatopos (JTUA)
SIBNSETCS UCKITIOYEHNE INEKTPOXMMUYECKM HEAKTUBHBIX KOMMOHEHTOB. [epCneKTMBHLIN NyTb pa3BUTUSA
JINA — oTKa3 oT MeTannmMyeckoro TOKOCbeMHUKa 1 paspaboTtka csobogHOCTOAWMX anekTpoaos [1].
Llenbto Hactosiwen paboTbl sBnsinacb paspaboTka METOAUKM MONyyYeHuMsi CBOOOAHOCTOSILLMX
3NeKTPoaO0B Ha ocHOBe NuTun-xeneso-gocdara (LiFePOs, LFP) ¢ BoicokuM coaepxaHnem akTUBHOro
Martepuana MeTogomM BakyyMHOW (bnnbTpauumn BOGHOM CyCneH3nn.

MeToguka BkM4Yana nNPUrOTOBIIEHNE YCTOMYMBOW OUCMEPCUMN OOHOCTEHHbIX YriepoaHbIX
HaHoTpybok (OYHT) B BOAHOM pacTtBope kapbokcumetunuenntonossl (KMLU), nocnegytowyto
KOHTpONMpyeMyto Koarynsaumio un  dunbtpaumo. OnTuManbHas KOHUEHTpauus KOMMOHEHTOB B
aucnepcun coctaBuna 1 mr/mn anga OYHT m 2 mr/mn gna KML,. Koarynsaumto nposoamnu obpaboTkon
CYCMNeH3un pacTBopamMu ocaguTenein B usonponaHorne; 6binm nccnegosaHsl Asa tuna areHToB: FeCls
(5-1073 M) n LiNOs (0,35 M).

YcTtaHoBneHo, 4to npucytcteue FeCls npy ocaxgeHuy ucnepcum Bbi3biBaeT CyLLECTBEHHOE
nageHue emkoctu LFP 1 pocT nonsipmusauum npy BeICOKMX NNIOTHOCTSAX Toka. B otnunyune ot atoro, LINO3
He oOkasblBan 3aMEeTHOrO HEeraTMBHOIO BIMSIHUA Ha 3NIEKTPOXMMUYECKME XapakTepucTukm LFP.
MNarotoBneHbl anektpoabl ¢ cogepxaHvem OYHT 1, 2 n 4% macc. HecmoTpsa Ha 3HaunTenbHoe
npeBbILLEHME Mopora nepkonsiumu [2], yBenuueHne [onuv npoBoasiien nobaBku He MpUMBOAUIIO K
3HAYUMOMY POCTY EMKOCTU UIN CHIDKEHMIO Nonsipu3aummn. [laHHbI pe3ynbTaT CBUOETENbCTBYET O TOM,
YTO OCHOBHOE OrpaHMYeHMEe HaknagbiBaeT He 3reKTPOHHas MNpPOBOAMMOCTb MOSIOXKUTENBHOMO
3NeKTpoaa, a KonmyecTBo cBaAsytowero: n3dbitok KML, 6rokmpyeT noBepXHOCTb aKTMBHOIO Matepuana,
3aTPyAHAS MOHHBLIM TpaHcnopT. BapbupoBaHMeM cocTaBa U METOAMKM MOSNYYEHUS W3rOTOBIEHbI
3neKkTpoabl ¢ paspsigHoi emkocTb 150 MA-4-r~1 npu Toke 1C (copgepxaHnem akTUBHOro Matepuana ao
97% macc. u 3arpyskoi 15-20 mr-cm=2).

Takum obpasom, paspaboTaHa M anpobupoBaHa MeToAMKa MNOSlyYeHuss CBODOAHOCTOSALLMX
KaTogoB METOAOM BaKyyMHOM chunbTpauumn BogHon gucnepcum. MNMokasaHo, YTO npupoga KoarynsHta
CYLLIECTBEHHO BIMSIET Ha anekTpoxmmMmuyeckune xapakrepuctuku: FeCls nHrmbmnpyet paboty LFP, Torga
kak LiINOs He okasbiBaeT HeraTtMBHOro adpdpekra. YcrtaHoBneHo, 4to B cucteme LFP/KMU/OYHT
KMoYeBbIM (DaKTOPOM, OFPaHUYMBAOLLMM MOLLHOCTHbIE CBOWCTBA 3MeKTpOAa, SIBNAETCA cogepkaHune
cBsasytowero. [NpegnoXeHHbIN Noaxon MOXET ObiTb NEPCNEKTMBEH ANS CO34aHUSA BbICOKOeMKMX JIMA.
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MpomnsBoacTteo JIMA (NMUTUR-MOHHBIX akkymynsatopoB) gocturno 36,7 mnpg B 2019 rogy, a k
2027 rogy oxmngaembli cnpoc oueHnBaeTca npumepHo B 129,3 mnpa [1]. HecmoTps Ha geuumnTHOCTD
N TOKCUYHOCTb kobarnbTa, a Takke TakMe HedoCTaTKW, KaK OTHOCUTENbHO KOPOTKMM CPOK CryXbbl,
HU3Kas TepMOCTabMMbHOCTbL W OrpaHuMYeHHasi Harpy3odHasi cnocobHocTb, npumeHeHue JINA ¢
Katogamu 13 okcnaa nutus-kobanbTta B 2017 rogy coctasnsano okono 30 % pbiHka. LCO (LiCoOy2)
ABNseTcs ygoOHbIM MOAenbHbIM OOBbEKTOM Ans OUEHKM MEePCNeKTUBHOCTU HOBbLIX TEXHOMOMMMI
npouM3BoACcTBa KaToAHblx MaTtepuanoB. Cpeam pasnuuHblx MeTogoB npoussoactea NMC
(LiNixMnyCo0:02) B Hay4HbIX CTaTbsX W, Hago nonaratb, B MPOMbIWIIEHHOCTU AOMUHUPYET
rmapoTepmarbHbli MeTod CuHTe3a. MeTogbl cuHTE3a B peakuusix ropeHus u crnpemn-nuponusa B
nybnukauusx saHumarot 5,1 1 2,3 % cooTBeTCTBEHHO [1].

HacTtodwee wuccrnegoBaHue BLIMOMHEHO AONs  OUEHKM  NEepcrnekTMB  MCMOSb30BaHUS
cnpen-nuponuaa [2] cycneHsumn kobanbTa yriekncrioro OCHOBHOrO BOAHOIO B Ka4eCTBE NpeKypcopa ans
cuHtesa LCO. PactBop ¢ nynbnon npombilneHHoro peaktuBa (FOCT 5407-78 uuctbin,
CoCO3*xCo(OH)2*yH20) pacnbinanu npu Temnepatype 220 °C B pacnbiUTENbHOW CyLUWIIKe
BIORUS-8000 c pobGaBneHnem xenatmHa B KadecTBe cBaA3ywLwlero. [lonyyeHHbIn npekypcop
NponNUTLIBaNM CTEXMOMETPUYECKMM pPacTBOPOM  HUTpata nWTUS, CywunuM WM nogsepranm
OBYXCTaAWMHOMY OTXUry B MydenbHon neun npu temnepatypax 750 n 930 °C ¢ npoMexyTOYHbIM
namernbyeHnem. ATtectauus npekypcopos 1 LCO npoBegeHa metogamm peHTreHodasoBoro aHanmsa,
CKaHVpYIOLLEN 3NEKTPOHHOW MUKPOCKOMMU, CEOUMEHTALMOHHOIO aHanuaa, takke bbina onpegeneHa
yoenoHass noBepxHoCcTb no Metony bpyHayapa-Ommeta-Tennepa. [anbBaHocTaTuyeckoe
LMKNUpoBaHue 3apsga/paspsga dNeKkTpoOXMMUYECKUX sveek NpoBOAWNM B AMana3oHe HanpsXeHuin
2,7-4,3 B oTHocuTenbHO Li/Li* npu pasnuyHbix ckopocTax umknuposaHus 0,1C-0,5C ¢ ucnonb3oBaHnem
MHOrokaHanbHoro noteHyuoctata P-20X80 (Elins, Poccus).
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PucyHok 1. Mukpogomoepaghuu riopowika kobarnbma yareKkucsio2o rnocne pacrblneHus (cresa) u
ceduMeHmMayuoHHbIl aHanu3 0o (peakmus) U rocne pacrblieHus (crpasa).

Cnucok nutepatypbl
[1] Monu Malik, Ka Ho Chan, Gisele Azimi. Review on the synthesis of LiNixMnyCo1-x-yO2 (NMC)
cathodes fo lithium-ion batteries // Materials Today Energy. 2022. T. 28. C. 101066.
DOI: https://doi.org/10.1016/j.mtener.2022.101066.

[2] Guiyan Zang, Jianan Zhang, Sigi Xu, Yangchuan Xing. Techno-economic analysis of cathode material
production using flame-assisted spray pyrolysis // Energy. 2021. T. 218. C. 119504.
DOI: https://doi.org/10.1016/j.energy.2020.119504.
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TepmMmuyeckoe noBegeHne KatogoB Ha OCHOBE oboraleHHbIX NTMTUeM OKCUAoB
npu pa3rnmMyHbIX NoTeHUuMnanax sapsaa.

Tamapa B.bapaHoBa', EneHa B.MaxoHnHa2, AHHa E.MenBenesa?

"BopoHexkul eocydapcmeeHHbill yHusepcumem, BopoHex, Poccus
2NHemumym obwel u HeopeaHudeckol xumuu um. H.C. KypHakoea, Mockea, Poccusi
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vv.tomma@yandex.ru

KaTogHble Martepuanbl JIMTUA MOHHOTO aKKyMynsiTopa Ha OCHOBE OOOraljeHHbIX JUTUEM
OKCMOB NMepexofHbiX MeTannoB 06/agalT BbICOKMMU 3HAYEHUAMU yOENbHOW paspsiAHOA €MKOCTH,
paboyero HanpshKeHNst U UTOFOBOW SHEPrOEMKOCTU, YTO AeNaeT X NePCNEKTMBHBIMU KaHauaaTaMmmn ansi
npakTn4eckoro npumeHeHusi. Kommepuuanusaumm Li-rich okcngoB NpensTCTBYHOT nNpucyline mwm
HeJocTaTKn— BbICTpOe NageHne HanpsbKeHUs U paspsiaHON eMKOCTU M3-3a CTPYKTYpPHOW Aerpajaumu
B MpoLecce UMKNMPOBaHUSA, KOTOPblE Ha [aHHbI MOMEHT He npeofoneHbl. K ToMy e CNoXHOCTb
CTPYKTYpbl, BO3MOXHasA BapMaTUBHOCTb €€ B 3aBMCUMOCTM OT COCTaBa 3aTpPyAHSIIOT NPOrHO3MpOBaHmne
3ANEKTPOXMMNYECKOro MNOBEeAEHUsT MaTepuana, 4YTO NpPensTcTByeT pa3paboTke YHMBepcarbHbIX
pekoMeHaaumn ctabunusauumn nogobHbIx okenaoB. B HacTosLee BpemMs HayYHbI NOUCK CMECTUNCS B
CTOPOHY noabopa onTumanbHbIX COCTaBoB Li-rich okcMaoB, oTBevalowmx onpeaeneHHbIM HULLEBBIM
TpeboBaHusIM, a Takke cnocobam cTtabunusaumm CTpyKTyp 3TUX COCTaBOB. Icnonb3oBaHMe KaTOOHbIX
MaTepuarnoB B LUMPOKO pacnpocTpaHeHHbIx JIMA HaknagbiBaeT xecTkme TpeboBaHUsA K TepMUYeCcKomn
Oes3onacHoCcTM maTepuana, NO3TOMYy UCCedoBaHME UX TEPMUYECKOW CTabMIbHOCTU B 3apsKEHHOM
COCTOsIHUMM — 0653aTenbHOE YCroBMeE Npy UCMNbITAHUN CUHTE3MPOBAHHBLIX MaTep1aros.

Ob6bektamn  uccnegosaHus  BbicTynanu  Li-rich  okeugbl, onucbiBaemble  dhopmyrnon
0.35Li2MnO3*0.65LiIMO2 ¢ BapbupyeMbiM KaTMOHHbIM COCTaBOM CrOMCTOro KomMnoHeHTaLiMO2 Ha
OCHOBe Hukensi, MapraHua, kobansta (NMCxyz). Bbinv nsyyeHbl CocTaBbl C COOTHOLLEHNEM METanos
NMC111, NMC451, a takke 6eckobansTtoBble okcuabl NM55 n NM64. Tepmudeckyto cTabunbHOCTb
06pa3suoB, 3apsbkeHHbIX A0 noTeHuunanos 4.3 B 1 4.7 B, nccnegosanu metoaom auddepeHLumansHon
ckaHupytowen kanopumetpum (OCK) Ha npubope ShimadzuDSC-60. WamepeHnss npoBogunu B
repmMeTUYHbIX artoMUHUEBBLIX TUMMSIX B aTMocdepe aproHa B TemnepatypHom uHtepBane 25-600 °C
npu CKOPOCTU Harpesa 5°/MUH.

Llenbto gaHHom paboTbl 6bI510 UccnegoBaHMe BAMSIHUSA KOHEYHOro noteHumana 3apsiga (4.3 B
n 4.7 B) Ha Tepmudeckoe nosefeHusa Li-rich okcMaoB, a Takke yCTaHOBNEHWE B3aVMOCBA3U MeXAy
COOTHOLLIEHVEM MepexoaHbIX MeTansnoB B koMnoHeHTe LiIMO2 n TemnepaTtypon Hayana CTpyKTypHOW
nerpagaumn.

[nsa Bcex nccnegoBaHHbIX COCTABOB 3aMKCMPOBAHO 3aKOHOMEPHOE CHUXKEHUE TemnepaTypbl
3K30TEepMUYeckoro nuka npu nepexope ot 4.3 B k 4.7 B. [JaHHbI 3cpdekT oBycnoBneH tem, 4Yto npwm
BbICOKOM noTeHumane (4.7 B) npoucxoaut akTmBauusi kKomnoHeHTa Li2MnQOs, conpoBoxgatowiasicsi
N3BMNEYEHNEM IUTUSA M3 CNOS NEPEXOLHbIX METamnnoB M 00pa3oBaHWEM W3ObITOYHLIX BaKaHCUN.
dopMupoBaHne TEPMOAMHAMUYECKN HECTabUNBbHOM CTPYKTYpbl W MNOSIBNIEHWE aAKTUBHBLIX (HOPM
KMCnopoga B KPUCTalIMYECKOM peLleTKe 3HavyuMTerNbHO CHWXKAKT 3SHepreTudeckun 6Gapbep ee
TpaHcdopMaL M1, NPUBOAS K YCKOPEHHOW Aerpagaumyi matepuarna npu Harpese.

Jlyuwiyo Tepmudeckyto cTabunbHOCTb Npu NoTeHuuwane 3apsga 4.7 B (MeHbLuylo BENUYMHY
Tennosoro addekta u Bonbllyld TemnepaTypy €ero Hadana) nokasan matepuan Ha OCHOBe
NMC111,MmeHbLUYI0 TepMUYECKYI0 CTabunbHOCTL AeMOHCTprpoBan 6eckobanbToBbin 0bpasel, NM5S5.

Cnucok nutepatypbl
[1] BoulineauA., CroguennecL., DelmasC, WeillF., Structure of Li2MnO3 with different degrees of defects //
Solid State lonics. 2010. V. 180, P. 1651-1659.DOI: 10.1016/j.ssi.2009.10.020.

[2] MuhammadsS., et Deciphering the thermal behavior of lithium rich cathode material by in situ X-ray
diffraction technique// JPS. 2015. V. 285, P. 156—160.DOI: 10.1016/j.jpowsour.2015.03.054.
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MepeHoc 3apsiga B nonumepHbix nnéHkax PEDOT/rmapoXmMHOH B aneKkTponuTe
TUNa «BoAa-B-Conn»: BNIMAAHNE COOTHOLLEHUS KOMMOHEHTOB cononumepa

Codbsa @. Banosa, Anekcen M. BonkoB

CaHkm-lNemepbypackul eocydapcmeeHHbil yHugepcumem, MIHCmumym xumuu,
CaHkm-lNemepbype, Poccus

st117551@student.spbu.ru

Cononumepbl  nonutnodeHa C XUHOHAMW  pacCMaTpMBAIOTCS Kak  MepCnekTUBHbIE
OopraHuyeckue anekTpogHble mMaTepuanbl NS CUCTEM HaKoMneHws aHeprum Gnarogapsi coyeTaHuto
BbICOKOM 3MEKTPOHHOW NPOBOAUMOCTU MONMUTUOMEHOBOW MaTpuLbl C BbICOKOW YAENbHON EMKOCTbIO
XUHOHOBBIX dhparmeHTOoB [1].

Paspabotka 6e30nacHbiX BOAHbLIX MeETanM-MOHHbLIX akKKyMynsTOpOB C OpraHU4ecKkummu
3ANEKTPOAHLIMU MaTepuanamMmm sIBNAETCA akTyanbHbIM HanpaBneHneMm MCcrnegoBaHWmM, HO OrpaHM4eHa
Y3KUM  OKHOM  9JIEKTPOXMMMYECKOM  cTabunbHOcTM  Bogbl  (~1.23  B). MpumeHeHune
CBEPXKOHLEHTPMPOBAHHbLIX 3MEKTPONIMTOB TUMa «BOAa-B-CONMM» MOAABMSET NPOLECChl BblOENEeHUs
KMcrnopoga v Bogopoda 3a CYET CBA3bIBaHMSA MOJIEKY BOAbI B KOOPAMHALMOHHOW cchepe MOHOB Conw.
CHmXeHne akTMBHOCTM CBOOOAHOM BOAbLI paclUMpsSieT OKHO 3IEKTPOXMMMYECKon cTabunbHocT oo 3 B
[2].

B pabote wuccrnegyloTca npouecchbl nepeHoca 3apsfa U dnekTpoXMMUYeckoe MoBeAeHune
nnéHok cononumMmepa nonu(3,4-aTuneHanokcuTnodeH-co-rmapoxuHoH) (PEDOT/HQ) ¢ monbHbIMU
COOTHOLLEHNAMM MOHOMEpPOB EDOT:HQ = 1:2, 1:1 " 2:1 B 21 MO-b/Kr
buc(tpudptopmetaHcynboHmnmumuaa nutna (LITFSI) — TunnyHom npepctaBuTene 3aneKkTponuToB
TMnNa «Boga-B-conmmy». [INEHKM nonyyYyeHbl METOAOM  3JMEKTPOXMMMUYECKOW COMonvMMepusaumm.
BapbupoBaHue cocTaBa MO3BOMSET HanpaBfeHHO M3MEHSATb COOTHOLUEHME MPOBOASLLErO U peaoKC-
aKTVMBHOIO KOMMOHEHTOB U, KaK CNeAcTBue, BKNaaoM pasfnyHbiX MexXaHM3MOB nepeHoca 3apsga.

Cononumep OeMOHCTpUpYeT cTabuibHOE 3NeKTPOXMMMYECKOe MOBEAEeHMe B JdnanasoHe
noteHumanos -1.2 B go 0.8 B (otH. Ag/AgCI), gocturas paboyero okHa 2.0 B, 4TO cyLlecTBEHHO
npesbILLAET npeaen ctabunbHOCTY pa3baBneHHbIX BOOHbIX anekTponutoB. Matepuan gemoHcTpupyet
BbICOKYI0 CTabunbHOCTb Npu uUMknupoBaHum — 3a 100 UMKNOB nepesapsagku maTtepuan coxpaHset
97.9% OT ucxogHoro 3HaveHus. [oTeHuman ok1CrneHns XMHOHOBLIX dparmeHToB coctasnsieT —0.1 B
(oTH. Ag/AgCl), uTo cornacyeTcsa ¢ nNUTepaTypHbIMU AaHHbIMU [3]: NPU KOMMeHcaumum 3apsaa MoHamu
Li* noteHuman cMmeLLéH B KaTOAHY 06nacTb OTHOCUTENbLHO KUCMbIX CpeA, rae KoMneHcauumo 3apsaa
obecneunBaloT NPOTOHBI. 118 xapakTepusaumm nepeHoca 3apsga B cononmMmepax pa3fiMyHoro coctasa
NPUMEHSETCA KOMMIIeKC MeTOAOB: operando W3MepeHWUs 3eKTPONpPOBOAHOCTU Ha rpebeH4YaTbix
anekTpoaax, operando Y®P-Bug-cnekrpockonusi 4ns nsyyeHns USMeHeEHUIM 3N1eKTPOHHON CTPYKTYPbI Mpu
[OMMPOBaHUN, a TaKkkKe XapakTepusauumsa MNNEHOK nocrne umknvpoBaHust metogamum PO3C n C3OM.
JononHntensHO  npoBoauTCA  MeTogudveckass anpobauus  3NeKTPOXUMUYECKOW  KBapLeBON
MUKPOrpaBUMETPUN NPUMEHUTENBHO K AaHHON CUCTEME.

Cnucok nuteparypbl

[11 A. 1. Volkov, A. S. Konev, E. V. Alekseeva, O. V. Levin / Direct electrochemical co-polymerization of
EDOT and hydroquinone // J. Mater. Chem. A. — 2025. — DOI: 10.1039/D4TAQ7307J.

[2] K. Oka, C. Strietzel, R. Emanuelsson, H. Nishide, K. Oyaizu, M. Streamme, M. Sjédin / Characterization
of PEDOT-Quinone conducting redox polymers in water-in-salt electrolytes for safe and high-energy Li-
ion batteries // Electrochem. Commun. — 2021. — DOI: 10.1016/j.elecom.2019.106489

[3] H. Senoh, M. Yao, H. Sakaebe, K. Yasuda, Z. Siroma / A two-compartment cell for using soluble
benzoquinone derivatives as active materials in lithium secondary batteries // Electrochim. Acta. — 2011.
— DOI: 10.1016/j.electacta.2011.08.115
BnarogapHocTu
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Hierarchical Porous Inorganic Passive Thermal-Regulation Coating for Reliable
Operation of Energy Storage Systems

Speaker Baigi Gao', Xin Jia', Xiaohong Wu'

" Harbin Institute of Technology, Harbin, China
22b925075@stu.hit.edu.cn

The large-scale deployment of electrochemical energy storage systems has introduced new challenges
associated with long-term exposure to solar irradiation, day—night temperature fluctuations, and environmental
thermal loads [1-3]. Excessive heat accumulation can accelerate material degradation and reduce operational
reliability, while rapid heat loss under cold conditions may impair system performance and efficiency. Therefore,
passive thermal-management materials capable of simultaneously providing cooling, thermal insulation, and
temperature regulation across a wide temperature range are highly desirable for improving the reliability and service
life of energy storage systems [2—4].

In this work, a hierarchical porous inorganic thermal-regulation coating was developed through a spray-
induced particle transport strategy. Lithium hydroxide was introduced into a silicate binder system to tailor the local
chemical environment and promote the formation of silicate oligomers, consistent with alkali-activated silicate
network evolution mechanisms [5]. During film formation, particle migration and capillary-driven self-assembly
generated a hierarchical porous architecture containing both nano- and microscale pores, similar to multiscale
porous structures used in radiative cooling and thermal insulation systems [3,6].

By tailoring the pore-size distribution to match the high-energy regions of the solar spectrum, enhanced
scattering in the visible and near-infrared wavelength ranges was achieved, in agreement with photon scattering
engineering principles for solar-reflective materials [6]. In addition, the porous structure introduced extra thermal
resistance, resulting in reduced thermal conductivity, which not only suppresses heat accumulation under high-
temperature conditions but also slows heat dissipation under low-temperature environments, thereby enabling
thermal buffering across varying thermal conditions.

The coating exhibited a solar reflectance of 89.5% over 0.2-2.5 ym, an equilibrium temperature of 227.5
K under AMO solar illumination, and a net radiative cooling power of 86.9 W m™ at 300 K, comparable to state-of-
the-art radiative cooling materials [4,6]. Compared with a commercial inorganic white coating, the surface
temperature was reduced by approximately 4 °C. Furthermore, the hierarchical porous structure effectively slowed
heat transfer, helping to mitigate temperature fluctuations induced by environmental thermal loads, similar to
aerogel-based thermal insulation systems [7].

Overall, the proposed coating integrates high solar reflectance, radiative cooling, low thermal conductivity,
and thermal-buffering functions within a single inorganic system, providing a promising strategy for thermal
regulation of battery enclosures, energy-storage facilities, and outdoor energy infrastructures under dynamic
environmental conditions.
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Figure 1. Structure and concept of the hierarchical porous inorganic white paint.
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Koppo3noHHoe noBegeHne HuUkenesoro cnnasa XH55M-BU
B LMPKOHUNCOAEPXKALLEeM XJIOparNltoMMHAaTHOM pacnsiaBe

A. T'wbagynnuHa, A.WN. TpybuyernHoBa, A.W. Mpes, B.B. Kapnoe, M.C. KapabaHanos, W.B. Monoeos '
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XnopanioMvHaTHble pacnfaBbl paccMaTpuBalOTCA Kak MOTeHUMarbHble TEenroHOCUTENN
XXMOKOCONEBbIX PEAKTOPOB, ANIEKTPONMUTLI ANS HU3KOTEMMNEPaTypPHOro NOy4YeH s antoMmHms, pabovve
cpedbl AN pasgeneHvst XnopuaoB LMPKOHUS M racpHusA. OgHako CyLeCTBEHHbIM OrpaHu4eHuem
NPaKTUYECKOro NMPUMEHEHUS pacnfaBeHHbIX XJOPartoMUHATOB SIBNSETCA BbICOKAs KOPPO3UOHHast
aKTUMBHOCTb MO OTHOLLEHMIO K KOHCTPYKLIMOHHBbIM MaTepuanam [1-3].

Koppo3unoHHoe noBedeHMe KOHCTPYKLUMOHHBLIX MaTepuarnoB B XfOparntoMMHaTHBIX pachnaBax
onpefensieTcsi UX COCTaBOM, NPEXAe BCEr0 MOSbHbIM COOTHOLLEHWEM antOMUHURA:LLENOYHON MeTann
1 MPUCYTCTBMEM B INEKTPOSIUTE MOHOB NEPEXOAHLIX METaNOB, OCOOEHHO TEX, YTO MOTYT BbICTYNaTb B
ponu okucnutenen. B yactHocTu, BBeaeHue B pacnnas ZrCls NpyBOAMT K USMEHEHUIO OKUCNUTENBHO-
BOCCT@HOBMWTENbHbIX CBOWCTB Cpedbl M MOXET CyLWeCTBEHHO BNUSATb Ha MeXaHW3Mbl pacTBOPEHUS
KOMMOHEHTOB CMMaBoB. [1py 3TOM BaXHO y4YnUTbIBaTb, YTO KOPPO3MOHHAs CTOMKOCTb onpeaenseTcs He
TONbKO CBOMCTBAMM pacnfasa, HO U CTPYKTYpPHO-ha30oBbIM COCTOSIHMEM CaMOro Matepuana.

B paHHon paboTe npeactaBneHbl pesynbTaTbl KOPPO3MOHHLIX UCMbITAHUIA HUKENEBOIO Crnasa
XH55M-BUN B uupkoHuncogepxawem xnopantoMmmHatHoMm pacnnase KCI-AICI—ZrCls. NccneposaHbl
KOPPO3MOHHbIE MpoLleccbl B uHTepBane TemnepaTtyp 350-650 °C gna matepvana B COCTOSHWUM
NnocTaBKK, a Takke Nocre ANUTENbHLIX TEPMUYECKUX BblAEPXKEK, 00yCcnaBnuBaroLLmx TpaHcopmauuto
CTPYKTYphbI cnnasa.

YcTaHOBNEHO, YTO Nepexop kK bornee Bbicokum Temnepatypam (550, 650 °C) nHreHcndumumpyet
KOPPO3MOHHbIE MPOLECCHI, N3MEHASI MEXaHU3M U xapaktep paspyweHus. OTMeyeHo, 4YTo Ha ¢oHe
cnnowHon koppo3un npu 550 °C  HauMHaeTcss pasBUTUE  MEXKPUCTAIUIUTHBIX  KOPPO3UOHHBIX
paspyLlIeHWI, KOTOpble 3Ha4MTENnbHO WHTeHcudbuumpytoTes npu 650 °C. 3adukcupoBaHo, 4TO
PasBUTMIO MEXKPUCTaNNIMTHON KOPPO3MM MpedwecTByeT Mpouecc BbiAeneHus BTOpbIX a3 no
rpaHuuam 3épeH (a(Cr), o-hasa). VIaMeHeHne MUKPOCTPYKTYpbl Chfaea, CBA3aHHOE C ASMTernbHbIM
cTapeHneM 1 hOpMMPOBaAHNEM BTOPUYHbIX (a3, CyLLECTBEHHO N3MEHSIET XapakTep B3auMOOENCTBUSA B
cuctemMe «pacnnaB — KOHCTPYKUMOHHBLIM Matepuan» W MNpuMBOAUT K Mepexoay OT paBHOMEPHOro
pacTBOPEHUS K NTOKanM3oBaHHbIM hopMaM KOPPO3MOHHOIO paspyLUEHMSI.

Takum obBpas3om, KOPPO3MOHHOE MOBeAeHWEe TeCTUPYEMbIX KOHCTPYKLMOHHbIX MaTtepuanoB
onpegensieTcss COBMECTHbIM BMNWSHMEM COCTaBa pacnnaBa, TemnepaTypbl U MUKPOCTPYKTYPHOMO
COCTOSIHMSI CMfaBa, YTO BaXHO AN MNPOrHO3MPOBAHUSA €ro pecypca B BbICOKOTEMNEPATYPHbIX
ANEKTPOXNMUNYECKUX CUCTEMAX.
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The development of electrochemical energy systems such as fuel cells, water electrolyzers, and
redox flow batteries relies heavily on the purity of electrolyte solutions and efficient recycling of process
streams. For example, proton exchange membrane fuel cells (PEMFCs), water electrolyzers, and
vanadium redox flow batteries (VRFBs) widely utilize aqueous acidic electrolytes based on sulfuric acid,
phosphoric acid, and vanadium sulfate solutions. During long-term operation, these circulating solutions
accumulate impurities, including transition metal ions, dissolved organic compounds, and decomposition
products resulting from corrosion of the catalyst, sealing materials, and electrochemical side reactions.
Such contaminants can significantly reduce ionic conductivity, accelerate catalyst degradation, poison
active catalytic sites, and shorten the lifetime of electrochemical devices. Traditional purification
methods, including thermal distillation, adsorption, and chemical treatment, are often energy-intensive,
cost-ineffective, and associated with the generation of secondary waste. Membrane separation
technologies, including pervaporation and nanofiltration, offer a promising alternative due to their low
energy consumption, continuous operation, compact design, and compatibility with closed-loop
systems. However, the practical application of polymer membranes is limited by the classic trade-off
between permeability and selectivity. Furthermore, membrane materials must exhibit high chemical,
thermal, and mechanical stability to operate under strongly acidic or alkaline electrochemical conditions.
Therefore, membrane development and modification aimed at increasing selectivity and permeability
while maintaining operational stability is a pressing issue.

This study develops and characterizes mixed matrix membranes based on chitosan (CS)
modified with MOFs (MIL-125, CuBTC) for selective mass transfer and purification in electrochemical
energy systems. Dense and supported membranes were prepared by solvent evaporation. Chemical
cross-linking with trimesoyl chloride or glutaraldehyde (various times) ensured aqueous stability.
Composites and membranes were characterized by FTIR, NMR, SEM, AFM, XRD, TGA, and contact
angle measurements. Performance was evaluated in pervaporation dehydration of isopropanol and
nanofiltration of model solutions (salts, heavy metal ions, organic dyes). Compared to pristine CS,
modified membranes showed higher nandfiltration permeance while maintaining high rejection of
divalent salts and dyes, and improved pervaporation dehydration due to selective sorption sites from
MOF structures. These results demonstrate promise for separation and purification in electrochemical
devices, where enhanced mass transfer and selectivity can reduce energy consumption for media
treatment and improve overall energy efficiency.
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The accelerating demand for lithium, driven by its widespread use in batteries for electric
vehicles and electronic devices, is projected to grow by up to 30% annually. This growth could exceed
the currently proven supply of the metal by 2030, thus necessitating the development of more efficient
extraction technologies [1]. Direct lithium extraction from both conventional and unconventional brine
sources is emerging as an attractive alternative to traditional evaporation methods. This method offers
recovery rates of over 90%, significantly reducing processing times from months to hours while
minimising environmental impact [1, 2]. Among these approaches, membrane-based separations are
particularly appealing due to their potential for continuous operation, high selectivity and reduced
process complexity. However, achieving an optimal balance between the permeability and selectivity of
membranes remains a critical challenge, particularly in complex brines with high concentrations of
competing ions, such as Na*, K*, Mg?* and Ca?* [3, 4].

In this study, a composite membrane was created by modifying a polymeric substrate with a
lithium-selective bimetallic metal-organic framework (MOF) via repeated multilayer deposition cycles.
Particular attention was given to the composition of the bimetallic MOF, with the metal ratio and
synthesis conditions being varied to analyse their influence on the permeability-selectivity trade-off.

The membranes were characterised using X-ray diffraction (XRD), Fourier-transform infrared
spectroscopy (FTIR), scanning electron microscopy (SEM), and energy-dispersive X-ray spectroscopy
(EDX). Surface hydrophilicity measurements were also performed to explain the physicochemical
factors governing ion transport and separation performance. The ion separation performance of the
membranes was evaluated in an H-type diffusion cell.

Subsequently, both the number of deposition cycles and the pre-treatment process of the
polymer substrate were studied. Systematic variation of these parameters revealed that neither minimal
nor excessive coating is optimal; too few cycles result in discontinuous, non-uniform films with poor ion
selectivity, whereas too many cycles lead to an increased defect formation and further loss of coating
integrity, thereby degrading lithium separation performance. A correlation of MOF composition,
membrane morphology, and transport measurements for multi-ion brine solutions helped to identify an
intermediate modification regime that favourably balances ion selectivity and permeability. This allows
the efficient recovery of the target cation and the precipitation of its high-purity salt.

Overall, developed membranes show strong potential in terms of lithium extraction from
aqueous sources, including the complex brines with a high number of total dissolved salts. Furthermore,
the method used to produce the MOF membranes is simple and well-suited to large-scale production.
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Membrane separation technologies have emerged as one of the most energy-efficient and
environmentally friendly approaches for liquid purification, offering advantages such as ambient
temperature operation, no phase transition, low chemical consumption, and easy scalability. Among
various membrane processes, nanofiltration (NF) occupies a unique position between ultrafiltration and
reverse osmosis, enabling selective retention of multivalent ions and organic molecules while allowing
monovalent ions and water to pass through. These features make NF particularly attractive for complex
separation tasks in hydrometallurgy and waste treatment.

The rapid global adoption of electric vehicles and portable electronics has led to a corresponding
surge in spent lithium-ion batteries. These spent batteries represent both an environmental hazard —
due to toxic electrolytes and heavy metals — and a valuable urban resource, containing critical metals
such as Co, Ni, Mn, Cu, and Li at concentrations significantly higher than natural ores.
Hydrometallurgical recycling, based on leaching of the so-called "black mass", has become the
dominant industrial approach for recovering these metals. However, the resulting leach solutions are
complex multicomponent mixtures containing various transition metal ions (Co?*, Ni2*, Mn2*, Cu?*, Fe®*,
Al%*) alongside impurities (Cd?*, Pb?*) and the target element Li*. Efficient concentration and purification
of these valuable metals from impurity-containing solutions remains a critical bottleneck, traditionally
addressed by solvent extraction, selective precipitation, or electrochemical methods — processes that
are often energy-intensive, reagent-demanding, and generate secondary waste streams. In this context,
nanofiltration membranes offer a compelling alternative for the concentration of metal ions and removal
of impurities based on a combination of size exclusion (steric hindrance) and Donnan (charge) effects.

In this work, we explore the potential of thin-film composite (TFC) membranes bearing a
polyamide selective layer modified with the metal-organic framework HKUST-1 deposited onto a
biodegradable cellulose acetate/cellulose nitrate blend support. The modification of the polyamide layer
was achieved by incorporating HKUST-1 either into the aqueous phase (containing piperazine) or into
the organic phase (containing trimellitic anhydride chloride) during interfacial polymerization. This dual
approach allows controlled tuning of the selective layer morphology, thickness, and surface properties,
as confirmed by a comprehensive set of characterization techniques including FTIR, XPS, SEM, AFM,
and contact angle measurements. These methods enabled us to establish clear structure—property
relationships linking the membrane fabrication parameters to their final performance.

The resulting membranes demonstrate exceptional retention of heavy metal ions (>91-98% for
Cu?*, Cd?*, Pb?*) combined with water permeabilities up to 123 LMH-bar~'. We therefore propose that
such tunable TFC membranes can serve as a promising platform for the concentration and purification
of metal leachates in hydrometallurgical recycling of spent lithium-ion batteries, offering a more
sustainable and efficient alternative to conventional separation techniques.

Acknowledgements

This work is supported by the Russian Science Foundation (grant Ne 20-79-10064, https://rscf.ru/project/20-79-
10064/). The experimental work was facilitated by the equipment from the Resource Centers for Nanotechnology,
Magnetic Resonance, Cryogenic Department, Thermogravimetric and Calorimetric Research Centre, Centre for
Physical Methods of Surface Investigation, Centre for Innovative Technologies of Composite Nanomaterials,
Computing Centre, Chemical Analysis and Materials Research Centre, and Centre “Nanofabrication of Photoactive
Materials (Nanophotonics)” at the St. Petersburg State University

211



NMOCTEPHbIE OOKNAObI POSTER PRESENTATIONS

Redox reactions near the electrolyte solution—air (NHs) interface and their use
for the production of CeO2 and Ag-CeO2 composites

Kseniia E. Ermakova’, Larisa B. Gulina’

1 St. Petersburg State University Institute of Chemistry, Saint Petersburg, Russia
st117578@student.spbu.ru

CeO2-based materials are widely used in energy storage systems, solid oxide fuel cells [1],
supercapacitors [2], sensors, and electrocatalysis [3]. CeOz is characterized by unique redox properties
due to the rapid conversion between Ce** and Ce3* oxidation states and the ability to form oxygen
vacancies. Composite materials based on CeO: and transition metals may possess enhanced
characteristics and polyfunctionality. For example, Ag-CeO2 nanomaterials demonstrate high catalytic
and antibacterial activity, electrochromic effect, and tuneable anti- and pro-oxidant properties, which
leads to a wide range of applications for such materials: from electrochemistry and sensors to
biomedicine and catalysis.

The state of ions near the liquid-air interface of considerable interest for investigation, since few
methods are suitable for its study. Previously, it was believed that, unlike surfactants, small hydrated
ions should be more likely to be located in the depth of the solution than on its surface. Currently, there
are contradictory data in the literature on the features of the double electric layer at the interface of the
electrolyte solution with air. In the present work, we conducted a study of the distribution of hydrated
cations in a mixed solution of AgA/CeA salts (where A = NO3s-, CH3COO") near the liquid-gas (NHs)
interface, studied the specifics of redox reactions and showed the possibility of obtaining materials
based on CeO2 and Ag-CeO2 composites with a unique morphology.

The possibility of synthesizing porous CeO: films with a honeycomb structure providing high
transport accessibility has been shown for the first time. Ag-CeO2 composite materials with the
morphology of gradient films capable of forming functional coatings on the surface of solid substrates
have been obtained. We determined the synthesis conditions under which gradient films, approximately
2 um thick, transformed into scrolls with a diameter of up to 100 um upon drying at a temperature of
85°C due to the implementation of mechanical stresses. The content of Ag particles in composites is
governed by the synthesis conditions and can vary in a wide range. Most of the obtained materials
consist of two-dimensional nanoparticles 10-20 nm thick, which provides a relatively high specific
surface area of about 100 m?/g, potentially significantly enhancing their efficiency in catalytic reactions
and electrochemical devices.
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KpemHuin aBnsietca ogHMM n3 Hambornee nepcnekTUBHbIX aHOAHbIX MaTepuarnoB Ans NUTUR-
WOHHbIX akkyMynsaTopoB 6narogapsi BbICOKOW TeopeTudeckon émkoctu (~4200 mA-4y/r), ogHako ero
npakTuyeckoe MpUMEHEHME OrpaHMYEeHO  3HAYUTENbHLIMU  OOBLEMHBLIMWM  U3MEHEHUSIMU  MpU
LMKIMpOBaHMW, NPUBOAALLNMMI K Aerpagaunm CTpyKTypbl anekTpoga [1, 2]. Mcnonb3oBaHne KOMNO3NTOB
Si/C no3BonsieT 4YacTUYHO KOMMEHCUPOBaTb AaHHble 3OdEKTbI 3a CHET BydepHOn ponu yrnepogHom
MaTpuubl. B CBS3M C 3TMM akTyanbHbIM SIBNSIETCA UCCMNELOBaHME BIUSHUS COAEPXKAHUA KPEMHMS, a
TakkKe CTPYKTYypbl 1 MOPGONOrMM KOMMO3NTOB Ha UX SMEKTPOXMMUYECKNE XapaKTEPUCTUKN.

B pabote paccmoTpeHbl komno3untbl Si/C ¢ pasnuuHbiM COAEPXXAHWEM KPEMHUS W
Mopdonornen vyactuu. Mo AaHHbIM CKaHUpYOLWEen 3NEKTPOHHOW MUKPOCKONUU U peHTreHodas3Horo
aHanmsa ycTaHOBIEHO, YTO MUCCMeQyeEMblE MaTepuarbl XapakTepuUsytoTcst HanMIneM HaHOPa3MepPHbIX
KPUCTanNnUTOB KPEMHUS, PaBHOMEPHO pacnpefdenéHHbiX B YIMepogHOW maTpuue, YTo SBMseTcs
BaXXHbIM (DAKTOPOM MOBLIWEHUS YyAernbHON émkocTu (pucyHok 1). lMpu aTom B psge obpasuos
HabnogaeTcss OTCYTCTBUME KPYMHbIX —arnoMepaTtoB, CrMOCOOCTBYIOLLEE CHWDKEHUKO — NOKarbHbIX
MEXaHNYECKMX HaMNPsKEHWUIA NPY LMKNMPOBaHUN.

OKkcnepyvMeHTanbHO MoKa3aHo, 4YTO MOPEONorus YacTul CYLIeCTBEHHO BINUSET Ha
ANEKTPOXUMUNYECKMNE XapaKTepUCTUKN. B yacTHocTu, obpasupl, cogepxalume cdhepuyeckne vacTuubl,
OEMOHCTpUpPYOT Gonee BbICOKME 3HaveHusi yaenbHon émkoctn (~2100 MA-y4/r mpu 0,1 C) un
MOBLILEHHYK LUKINYECKYD CTabuNbHOCTb. JTO MOXeT ObiTb CBs3aHO ¢ 6Gonee paBHOMEpPHLIM
pacnpegeneHnemM MexaHU4YeCcKMX HanpsbKkeHUA 1 yyYLlEeHHOW KUHETUKOM NUTupoBaHus. B To e Bpemsi
MaTepuansl ¢ yrnosaTon mopdornorven 4actul xapakrepusytotca bonee Huskon émkocTbio (~1900
MA-4/r npu 0,1 C) n ycKOpeHHOW aerpagauven npu UUKNnMpoBaHum, YTo obycrnoBneHo nokanusaumen
HanpsKEHWN N NOBLILLEHHONM CKITOHHOCTBIO K Pa3pyLUEHUIO CTPYKTYPbI.

YCTaHOBMNEHO, YTO yBenuyeHue coaepxaHus kpemHus (ot ~7 o ~50%) npuBoauT K pocTy
yOenbHOW €MKOCTW aHOAOB, OAHAKO COMPOBOXOAETCH CHWDKEHWEM WX LMKIIMYECKOW CTabuibHOCTU.
OnTumaneHbld BbIGOp cocTaBa M MOPAONorMn, BKIKOYaA KOHTPONb (POPMbI YacTWuL UM CTEMneHu
arperauum, no3BofsieT AocTudb 6anaHca Mexay BbICOKOM EMKOCTbIO M CTabunbHOCTLIO npwu
LUUKITMPOBaHUN.
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In electrochemical energy technology, reducing energy consumption during the separation and
purification of process media—such as the dehydration of alcohol-based fuels, water treatment for
electrolysis, and solvent purification—directly enhances overall system efficiency. Membrane processes
are a key tool for achieving this goal, offering a promising alternative to traditional methods like
distillation and rectification. Their advantages include equipment compactness, the ability to separate
close-boiling and azeotropic mixtures, and significantly lower energy requirements. Among these,
pervaporation, based on the selective transport and evaporation of components through a membrane,
is of particular importance. The efficiency of pervaporation depends heavily on the membrane's transport
properties (selectivity and permeability), which are governed by the chemical structure of the polymer
matrix, the degree of crosslinking, and the presence of modifiers. Given the rapid advancement of
membrane technologies and increasing demands for sustainability, the design of new membrane
materials based on biopolymers is highly relevant. This approach reduces the environmental footprint
and ensures the sustainable application of membrane technologies in various industries, including
electrochemical energy.

In this study, novel mixed-matrix pervaporation membranes were fabricated by incorporating
metal oxide particles (TiO2, Cr203, ZnO, etc.) into a chitosan succinate (ChS) matrix. These modifiers
offer a multifunctional impact on the polymer matrix: they alter the matrix structure and surface wettability
(hydrophobicity/hydrophilicity), increase the fractional free volume between polymer chains to facilitate
diffusion, and enhance the mechanical strength and thermal stability of the resulting composites. The
synthesized materials were characterized using microscopy, spectroscopy, thermogravimetric analysis,
contact angle measurements, and swelling tests. The transport properties of the ChS/metal oxide
membranes were evaluated in the pervaporation separation of isopropanol/water mixtures, establishing
a clear relationship between membrane composition, structure, and performance. Modification with
metal oxides led to significant changes in membrane morphology and physicochemical properties,
resulting in enhanced separation efficiency. The developed membranes enable the energy-efficient
separation of liquid mixtures for critical tasks in electrochemical energy systems, such as alcohol fuel
dehydration and the recycling of working solutions.
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Composites based on conducting polymers and polyelectrolytes possess numerous useful
properties and find applications in various fields of science and technology. In particular, the
commercially available PEDOT:PSS (poly(3,4-ethylenedioxythiophene): polystyrene sulfonate)
composite exhibits high electrical conductivity comparable to that of metals, as well as excellent
electrochemical stability, but relatively low gravimetric capacitance [1].

Previously, a complex of the conducting polymer PEDOT with sulfonated poly(vinylcatechol)
(SPVC), which is a structural analogue of PEDOT:PSS, was investigated [2, 3]. The PEDOT:SPVC
complex exhibits a significantly higher theoretical specific capacity (330 mAh g1 compared to 21 mAh
g for PEDOT:PSS), making it a promising candidate for use as a cathode material in organic batteries.
Nevertheless, the maximum practical capacity of PEDOT:SPVC was only 95 mAh g due to the low
affinity between the polymers: the material was heterogeneous, and SPVC separated into a distinct
phase with low electroactivity because of the intrinsically high resistance of the polymer itself.

This problem can be addressed by incorporating SPVC into a complex with polypyrrole (PPy),
in which binding is possible through the formation of hydrogen bonds. According to preliminary results,
the PPy:SPVC complex exhibits enhanced electroactivity compared to PEDOT:SPVC.

This work is devoted to the investigation of electrosynthesis methods for the PPy:SPVC complex
(Fig. 1) and the study of its electrochemical properties.

L« ™
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oss/ OH OH
OH OH

0.55n 0.45n

PPy:SPVC

Figure 1. Structural formula of the PPy:SPVC polyelectrolyte complex.
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Electrochemical biosensors are attractive for healthcare and environmental monitoring because
they are rapid, inexpensive and compatible with miniaturized devices. Their practical use, however, is
limited by weak interfacial signals, nonspecific adsorption and interference in complex biological
matrices. Rare-earth-doped upconversion nanoparticles (UCNPs) offer a useful route to address these
issues: they absorb near-infrared (NIR) light and emit higher-energy visible or ultraviolet photons with
low background and high photostabilityl'l. This report proposes a hybrid NIR-driven electrochemical
sensing interface that combines lanthanide UCNPs with semiconductor and rare-earth-oxide-modified
electrodes.

In the proposed design, core/shell NaYF4:Yb,Er@NaYF4+ UCNPs are immobilized on an FTO or
glassy-carbon electrode together with TiO2/CdTe, CeO2/reduced graphene oxide, or related
electrocatalytic layers. Aptamers or antibodies provide selective recognition. Under NIR irradiation,
UCNP emission activates the semiconductor layer and promotes charge separation, producing a
measurable photocurrent. Target binding changes steric blocking, charge-transfer resistance or donor-
acceptor distance, allowing quantitative readout by photoelectrochemical current, impedance
spectroscopy or differential pulse voltammetry!2.,

The expected advantages are threefold. First, NIR excitation reduces optical background and
improves compatibility with turbid or biological samples. Second, rare-earth oxides can improve
electrode conductivity, catalytic activity, stability and biocompatibility in electrochemical biosensors(3l.
Third, optical-to-electrical conversion separates the excitation source from the electrochemical readout,
which may improve signal-to-noise ratio compared with single-mode assays.

Overall, rare-earth UCNPs and rare-earth oxides provide complementary functions for next-
generation electrochemical sensing: UCNPs act as remote light transducers, whereas rare-earth oxides
strengthen the electrode interface. Future work should focus on water-stable surface ligands, low-
toxicity semiconductor alternatives, dual-mode readout and validation in real biological or environmental
samples.

Rare-earth UCNPs

NIR-to-visible transducer
808/980 n —
NIR light \/\ﬁ ‘0 e

Problem: weak electrochemical signal in complex media Strategy: NIR excitation + rare-earth upconversion Readout: amplified PEC/electrochemical response

Aptamer/antibody recognition

argetkinding modulates sharge transfer
g‘ i photocurrent / imj

signal

[ FTO/GCE electrode }

v

v

Figure/Scheme 1. NIR-triggered UCNPs-assisted electrochemical sensing interface for amplified photocurrent or
impedance readout.
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Cnouctble okcuabl nutua mn nepexogHbix metannoB LiNixMnyCo:02 (x + y + z = 1) ¢
MOBbLILWEHHbIM cogepxaHneMm Hukens (x > 0.8, Ni-oboraweHHble NMC) npegcrtaBnsior cobon
nepcrnekTMBHble  Martepuanbl ANS  MNOMOXWTENbHbIX — 3MeKTpogoB  (KaTodoB)  NIUTUA-MOHHBIX
akkymynsitopoB (JIMA) HoBoro nokoneHus Gnarogapsi BbICOKOW yaernbHOW pa3psgHon emkocth (go 230
MAUY/T npu 2.7-4.3 B oTH. Li*/Li). OgHako nx npakTu4yeckoe NpuMeHeHNe orpaHNYeHo HECTabMMbHOCTbIO
MexasHo rpaHmLbl NEeKTPOA/ANeKTPONUT 1 Aerpagaumen NoBepXHOCTH MPpU BbICOKMX NOTEHUManax,
4YTO NPUBOOUT K ra30OBbIAENEHUIO U Pe3koMYy nNafdeHuto emkoctu [1]. OTu HeraTuBHblE MpoLECChHI
CT@HOBSAITCA OCOBEHHO KpUTUYHbIMKM Npu rnybokom AenutupoBaHun (usenedeHum Gonee 80-90 %
nntns). OPdeKTUBHLIM CNOCOBOM peLleHMs AaHHbIX Npobnem ABnseTcs Moaudukaumns NoBepPXHOCTU
Ni-o6oraieHHbIx NMC nytem HaHeceHus 3alMTHbIX MOKPbITUN. Takoe MOKPbITUE BbINOMHSET porb
dusnyeckoro bapbepa, nNpenoTBpallas HexenaternbHOe B3aMMOAEWCTBME aKTMBHOrO mMaTtepuana ¢
3MNeKTPONMTOM Npu 3apsage-paspsge. Cpean MHOXECTBa OKCUAHbBIX NMOKPbITUI NPOYHO 3apekoMeHaoBan
ceba Al20s, KOTOpbI OENCTBYEeT He TOMbKO KaK (PU3NYEeCKM, HO W Kak XMMuyeckun OGapbep,
HeWTpanunsyss TOPOBOAOPOAHYID KUCIIOTY (arpeccuBHbIi MPOAYKT PasfOXeHWs SMeKTpornuTa,
paspyLualLnn CTPYKTYpY Katoaa) [2]. HecmoTps Ha ycnewHoe nNpuMeHeHue TpaguLMOHHbIX METOA0B
HaHeCeHWs1 MOKPbITUWA, TakUX Kak 30fb-refle MeTOA, MeXaHW4Yeckoe CMeLlMBaHWe U aTOMHO-CII0eBoe
ocaxgeHne (ALD), kaxgbii n3 Hux obnagaeTr onpedeneHHbIMUM HepocTaTkaMu: OfUTENbHOCThIO
npoLiecca, CroXHOCTbIO MacLUTabupoBaHUsa NN HEOAHOPOAHOCTBIO HAHECEHHOTO CIos.

[Ona npeogoneHusa 3aTMX OrpaHU4eHUM B HacTosilwen paboTe npeanoXeH HOBbIM MOAXond K
moaudpukaummn nosepxHocTu LiNio.osMno.025C00.02502 (NMC95), ocHOBaHHbIN Ha rMaponuae ankoronsTos
N conew antMUHUSI C UCMONb30BAHWEM akTUBaLMW MWKPOBOSHOBLIM M3rnydeHueM. Mcnonb3oBaHue
MUWKPOBOITHOBOTO U3ITy4EHMS1 MO3BOMSET OOCTUYb BbLICOKOW CKOPOCTM U PaBHOMEPHOCTU Harpesa,
obecneymBas hopM1poBaHNE OAHOPOAHOIO MOAUMULMPOBAHHOIO Crosi 6e3 HapyLLEHUS CTEXMOMETPUN
OCHOBHOro obbema («sgpa») matepuana. B xope pgaHHoM paboTbl onpedeneHbl onTUMarnbHble
napameTpbl Mpouecca: Temneparypa, MOLWHOCTb U3NyyYyeHnus u Bpems obpaboTtku. Takke nogobpaHbl
COCTaB M KOHLEHTpauus pacteopa, obecnedvBalollye paBHOMEPHOE MOKPbITME YacTul npekypcopa
WUCTOYHMKOM arntoMuHusi. C MOMOLLbIO MOPOLUKOBOW PEHTIFEHOBCKOWM AndbpakumMn n CKaHUpYHOLLEN
3NEKTPOHHON Mukpockonun (COM) ¢ 3HeprogucrnepCUMOoHHbBIM PEeHTreHoBCkMM aHanm3om (JC)
MOATBEPXKAEHO HanuuMe arntoMyVHUA B MNPUNOBEPXHOCTHOM CMOe W COXpaHeHue CTPYKTYpHOW
uenoctHoctn arnomepatos  NMC95. MoaunduumpoBaHHble 06pasubl  NpPoAeMOHCTpUpoBanu
CYLECTBEHHO  YryYlIEHHY0  CTabunbHOCTE  NpPU UMKAMPOBaHWM MO CPaBHEHWI  C
HemMoaMdULMPOBaHHLIM aHarNoroMm.

Cnucok nutepatypbl
[1] Savina A. A., A.O. Boev et al. Nickel as a key element in the future energy //Russian Chemical Reviews.
—2023. Vol. 92. Ne. 7. DOI: 10.59761/RCR5086

[2] Herzog M. J. et al. Facile dry coating method of high-nickel cathode material by nanostructured Fumed
alumina (Al203) improving the performance of lithium-ion batteries //Energy Technology. 2021. Vol. 9. Ne.
4. P.2100028. DOI: 10.1002/ente.202100028

BnarogapHoctu

Pab6oTta BbinonHeHa npu nogaepxke Poccuiickoro HayuHoro ®oHaa (npoekt 23-73-30003).

217



NMOCTEPHbIE OOKNAObI POSTER PRESENTATIONS
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CnoucTtble okcuabl BaHagusi OTHOCATCH K YMCIYy NEPCNeKTMBHbIX BapuaHTOB KaTOAHbIX
MaTepuanoB AN MHOro3apsgHbiX MeTan-MOHHbIX akKyMynsiTOPOB, B TOM YUCIE, U MarHUA-nNOHHbIX
cuctem. OgHon m3 Tpebywmnx peleHns npobrieMm npu paspaboTke KaTOAOB ANSA MarHWi-MOHHbLIX
aKKyMyISITOPOB SIBNSIETCS 3aTpyAHEHHas UHTepKanauna AByX3apsiaHblX MOHOB Mg?*, koTopble UMetoT
fonbLon pasmep 1 BCTyNalT B CUMbHbIE 3MeKTpocTaTUYeckue B3auMoaenCTBUSA C KpUCTannmyeckom
peLLeTKON OKCUAHBLIX MaTepuarnos.

OpHoM n3 cTpaterMm no YNyudlweHUo SMeKTPOXMMUYECKUX CBOWCTB KaTOOOB SBMseTCA
yBenunyeHne MexXcrnoeBoro pacCTosiHUA B OKCMAax BaHaauMs 3a cyeT npeaBapuTenbHON UHTepKansauum
OOMNONHUTENBbHBIX KOMMOHEHTOB, TaKUX Kak Yy>XepOoAHble MOHbI MeTanoB Unn Monekynbl NPOBOASLLNX
NnonMMepoB. 3HA4YUTENbHOE yBENMYEHME MEXCIOEBOro pPacCToAHMS NpuU MogudurKaumm CTPYKTypbl
oKCcua No3BOMSET YMEHbBLUNTL MNONSAPU3aLuo 1 yny4dwntb aAndpdysmto MOHOB MarHnsa. A HeKTUBHOCTb
Takoro nogxoda paHee Gbina NPOAEMOHCTPUPOBaHa HaMW Ha NMpUMMepe KaTodoB U3 OKcuaa BaHaaus
ONs BOAHBIX LWUHK-MOHHBIX akkymynaTopos [1,2].

B naHHol paboTe rugpoTepmanbHbIM METOA0OM CUHTE3MPOBaH OKCuA BaHaauvsl, AONMPOBaHHbIN
nNpoBOAALMM nonumepom nonu-3,4-atuneHanokcutmoderom (V20s/PEDOT) ©n  umsyyeHbl ero
XapaKTePUCTUKN B OTHOLLUEHUW WHTEpKansuMM MOHOB MarHusi. Criouctas CTpyKTypa MOMy4eHHOro
coeanHeHus Obina onpegeneHa MeToAOM MOPOLLUKOBOW PEHTFeHOBCKOW AMdpakumm 1 MNonyvyeHHoe
MEeXCoeBoe paccTosiHMe 6bino oueHeHbl kak 13.60 A. Konnyectso nonu-3,4-3TuneHamokeutnodena,
BXopAslLero B coctaB 06pasLioB, YCTaHOBIEHO C NOMOLLbIO TEPMOrpaBUMeTpUYEeCKoro aHanmsa.

[MonyyYeHHbIV MaTepuan nokasasn XOpoLlne 3NEKTPOXUMUYECKNE XapaKTEePUCTUKN B KavyecTBe
KaToga ¢ HaYanbHow paspsigHo emkocTbio 118 MA-Y ' npu nnotHocTn Toka 0.02 A-r—' B 1M pacteope
Mg(ClO4)2 B aueToHuTpune. lNMokaszaHa BbiCOkas CTabUNbHOCTb NOMYYEHHbIX 3HA4YEHUN EMKOCTU B XOa4e
rarbBaHOCTaTUYECKOro 3apsiA-pa3psagHOro LUKNMPOBaHUSA, CHXXEHWE YAerbHOM eMKocTu Ha 3% 3a 150
uuknoe 3apsiga—paspsiga npu Toke 0.1 A-r-'. MNMpoBeaeHHble UCCrefoBaHMsA KaTo4OB yKa3blBaloT Ha
NepcrnekTUBHOCTb UX AanbHenwwen paspaboTku.

Cnucok nutepatypbl
[1] Volkov F.S., Eliseeva S.N., Kamenskii M.A., Volkov A.l., Tolstopjatova E.G., Glumov O.V., Fu L.,

Kondratiev V.V. Vanadium oxide-poly(3,4-ethylenedioxythiophene) nanocomposite as high-performance
cathode for aqueous Zn-ion batteries // Nanomaterials. 2022. V. 12. Article Number 3896. DOI:
10.3390/nano12213896.

[2] Salnikova Y.D., Kamenskii M.A., Tolstopyatova E.G., Kondratiev V.V. Aluminum ion doped vanadium
oxides as highly stable cathodes for aqueous zinc ion batteries // Solid State lonics. 2025. V. 428. Article
Number 116946. DOI: 10.1016/j.ssi.2025.116946

BnarogapHoctu

ABTOpbI BblpaxaloT 6narogapHOCTb pecypcHbIM LeHTpam HayyHoro napka CI1ery («PeHTreHogndpakumoHHble
MeTodbl uUccreaoBaHusA», «Pusnyeckne MeTodbl UCCredoBaHUSA MNOBepxHOCTMY, «MeTodbl aHanu3a cocTasa
BellecTBay, «TepmorpaBumeTpuyeckme n KanopumeTtpuyeckne meTozabl nccnegoBaHns») "
MEXAUCLMNIMHAPHOMY PECYpCHOMY LIEHTPY MO HamnpasfieHWio «HaHOTexXHoMmormmn» 3a NoMollb B NPOBEAEHWM
ncecnegoBaHun.

Pab6oTa BbinonHeHa npu douHaHcoBow noaaepxke PH®, rpaHT Ne 24-23-00224.

218



NMOCTEPHbIE OOKNAObI POSTER PRESENTATIONS
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Spocnasckuti eocydapcmeeH Hbll yHusepcumem um. .1, [Jemudosa, Spocnaens, Poccus
kurbatov-93@bk.ru

B 6onblunHCTBE TBEPAOTENbBHBIX TOHKOMMEHOYHBIX IMTUN-MOHHBIX akkyMynaTtopoB (TTITMA) B
KayecTBe aHoda WCMONb3yeTcsl MeTannuyeckun nutui. OTOT martepuan kpamHe HeynobeH C TOYku
3peHusa PVD TexHonoruu, ucnomnb3dyemon ans marotosneHunsa TTIIVA. AnbTepHaTVBOW NNUTUIO MOXET
CcTaTb KpEMHUI, AN Yero Heo6xoauMO NpPeoaorieTb ero OCHOBHOM HEAOCTATOK — HU3KYHO CTabunbHOCTb,
00yCrnoBneHHy0 yBennyeHnem yaensHoro o6béma npu nutuposaHuu. Npu KOMHATHOM Temnepartype
nuTUpoBaHWe conpoBoXxaaeTca obpasoBaHMeM retepodasHon cuctembl Cc-LitsSis/a-Lis3aSi un
yBenuyeHnem yaenbHoro obvéma Ha 300% [1]. Hanbonee npoctbiM u 3HEKTMBHBIM CNOCO6OM
cTabunusaumn KpemHMEBOro aHoda sBMseTcd amopdusaums KpeMHUS 3a CYET ero 4acTUYHOro
OKWUCIIEHUS N CUNBHOTO NEernpoBanns. B pesynbTate obpasyeTcs retepodasHbii Matepuan Si@O@AI.
Mnénkn SiI@O@AI coctaea Si ~ 60 — 65 at.%, Al ~ 20 at.%, O ~ 15 — 20 at% v TonwuHOM 1 MKM UMeroT
yaenbHyt émkoctb ~ 50 uA-h/cm? npu nnotHocTn Toka 25 pA/cm? n BbigepxmeatoT 6onee 1000 yuknos
3apsag-paspsag npy CHkeHun yaenbHo émkoctn ~ 0.04% 3a umkn. OgHako cTabuibHOCTb MITEHOK
3aBMCUT OT KOHLEHTpauuM KMcrnopoda U 3aMeTHO CHIDKAETCs C €€ yYMEeHbLUEeHMEM, YTO NMpUMBOAUT K
HeobX04MMOCTMN NccregoBaHus 3aBMCMMOCTU (ha3oBOro coctaBa OT cogepKaHus KUCropoaa.

B moknage npuBedeHbl pesynbTaThl uccrnegoBaHus ¢as3oBoro coctaea nnéHok Si@O@AI ¢
KOHLIeHTpauuen kucnopoga co: 4.0+ 0.1,5.8+0.7,6.7 £ 0.1,6.7 £ 0.1, 13.6 £ 0.9 aT1.%. NockonbKy BCe
NNEHKA PEHTreHoaMOpMHbI, ANs UCCNedoBaHUs  MCNOMb30BannCb METOAbl  CMEKTPOCKOMUU
kombuHaumoHHoro paccesaHus (CKP) n npocseumBatowien anekTpoHHow mukpockonuu (M3M). Mo
BenunumHe casura nukoB nc-Si B cnektpe KPC B 06nacTb HU3KUX YacToT OTHOCUTENbHO NuHun TO (520
cm') MOHOKPUCTaNNIMYecKoro KpPeMHUs Obln OLEHEH AMaMeTp KPUCTannuToB KpemHus. OUeHKM
coctaBunu oT 2 o 3.5 nm. JaHHble CKP 6binu noateepxaeHsl NOM-usobpaxxeHuamu. UHTerpansHble
WHTEHCUBHOCTU MUKOB (Inc-si U la-si) NO3BONUNN OLEHUTb OO BEMHYIO OO0 HAHOKPUCTaNIMyYeckon asbl

B SI@O@AI ¢ nomoublo cooTHOWEHU Y. = Loogi/ (Lpesi TV 1,g) » TAE Y — MOMPaBOYHbIN

KO3 PMUMEHT, 3aBUCALLMIA OT OTHOLIEHUA WHTEerpanbHbIX CeYeHUr pacceaHus amopdHOM W
HaHoKpucTannmyeckon casbl [2]. CornacHo NnpuBeaEHHOMY COOTHOLLEHUIO ons nc-Si konebrnetcsa B
avanasoHe oT 50 go 70% ans nnéHok ¢ cogepxaHuem kucnopoga oT 4.0 go 9.9 at.% wu pesko
ymeHbllaetca ao 14% pna obpasua ¢ cogepxaHuem c kucrnopoga co = 13.6 at.%. 3T10T npouecc
aHanoru4eH nepexony aMopdHOro ruaporeHn3npoBaHHoro kpemHusa a-Si(X):H, rage X — nerupytowas
npuMech, B NpoToKpucTannumyeckui kpemHum pce-Si(X):H. Takum o6pa3om, nosbilleHne cTabunbHOCTH
aHogHoro matepuana Si@O@AI npu co > 13.6 at.% obbscHseTca yBenuyeHnem Jonn aMmopgHoOro
KPEMHUS, MEHee MOABEPXKEHHOro pPaspyLUEHW0 MpU JIMTUPOBaHUN, HEXENW HaHOKpUCTaIn4eckui
KPEMHUI.

Cnucok nutepatypbl

[1] Liu X.H., Zhang L.Q., Zhong L., Liu Y., Zheng H., Wang J.W., Daye S.A., Picraux S.T., Sullivan J.P.,
Mao S.X,, Ye Z.Z., Huang J.Y. Ultrafast Electrochemical Lithiation of Individual Si Nanowire Anodes //
Nano letters. 2011. V. 11. Ne 6. P. 2251 DOI:10.1021/nl200412p

[2] Tony6es B.I"., OaBbigos B.1O., Megsenes A.B., Mesuos A.B., ®eoktuctoB H.A. CneKTpbl pamMmaHOBCKOro
paccesiHNs U 3NeKTPONPOBOAHOCTL TOHKMX MIIEHOK KPEMHMSI CO CMELLaHHbIM aMopdHO-
HaHOKpUCTaNN4ecknm asoBbIM COCTaBOM: ONpPeAeneHne 060 bEMHON OO HAHOKPUCTaNIMYECKOM
dasbl // PTT. 1997. T. 39. Ne 8. C. 1348
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BnusHue n306bITKa NUTUSA Ha 3NEKTPOXUMUYECKME XapaKTePUCTUKN
LiNio.sMn1.504, nony4eHHOro MeTo4OM ropeHus N3 pacTBOpPOB
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JIntnin-nukens-mapraduesas wnuHens LiNiosMnisO4 (LNMO) aBnsetca nepcrnekTuBHbIM
MaTepuanom AN NUTUA-UOHHbIX aKKyMyNsTOPOB HOBOFO MOKONEHWs, Tak kak obnagaeT BbICOKMM
pabounm HanpspkeHnem oTHocuTenbHO Li*/Li° (okono 4.8 B) 1, COOTBETCTBEHHO, GOMbLLUON YAENbHON
aHeprnen (= 650 Bt-u/kr) [1]. Kpome TOro, atoT matepman AOCTYMNeH, OTHOCUTENbHO Ge3onaceH,
HETOKCUYEH, UMEET HU3KY0 CTOMMOCTb M MOXeT paboTaTb B (hOPCMpPOBaHHbIX pexnmax. B nutepatype
Hepeako onucbiBaeTcst AobaBneHne nsbbitka NuTtns npu cuHTede LNMO pasHbiMu cnocobamu, Tak Kak
cumTaeTcs, 4YTo TepMoobpaboTka Mpu BbICOKMX TemnepaTtypax MPUBOAMT K MOTepe 4YacTu nutus u
HapYLUEHWIO CTEXMOMETPUM, YTO MOXET BIIUSATb Ha SNEKTPOXMMUNYECKME XapaKTEPUCTUKN MaTepuana.
Llenbto gaHHOW paboTbl ObINO BbIACHEHME LenecoobpasHocTu aobaBneHus M3dbiTka NUTUS Mpu
cuHTese LNMO meTogom ropeHus ns pactsopos (solution combustion synthesis (SCS)).

Ona peweHna paHHoro Bonpoca MetogoMm SCS 6binv  nonyyeHol o6pasust LNMO
CTEXMOMETPUYECKOro coctasa U ¢ 5%-HbiM U36bITkOM NuTKs. Beibop meTopa SCS ona cuHTesa nuTumn-
HUKeNb-MapraHLeBon LNMHenu obycnoBrneH Tem, YTO OH No3BonseT ObICTPO M 3HeproadpdeKkTUBHO,
6e3 obpasoBaHMA CTOYHbLIX BOfA, Mcnonb3ys npocrtoe nabopatopHoe obopydoBaHue, NONyYUTb
oaHoda3HbIN MaTepuarn ¢ 3agaHHbIMY napameTpamu. [ns nonyyYeHns NpoaykToB 6binv MCNOMNb30BaHbI
BOAHble PacTBOpPbl HUTPATOB NMTUS U HUKENS, a Takke auetata MapraHua; B KavyecTBe ToMnvBa
NPUMEHSANN CMEeCb MUUMHA W JIMMOHHOW KUCMOTbI C 3apaHee 3KCMepUMeHTanbHO nogobpaHHbIM
MOJIbHBIM COOTHOLLEHMEM, obecneyvrBaloLwuM NaBHOE TrelLLlee ropeHne kceporend. Becb npouecc
SCS 3aHsan He 6onee 10 MuH. NMocne cnHTe3a NOPOLLKN NPEKYPCOPOB rOMOreHM3NpoBanu 1 omkuranm
npu 700 °C B TeyeHne 5 4. Cnocob nonyveHms LNMO sawmuieH nateHTom PP Ne 2 847 273 [2].

JIumoHHaA
KucnoTa

[ MALUKH

Tnewuee

ropeHue T0°%, 5

PucyHok 1. Cxema cuHmesa MemodoM 20peHUsT U3 pacmeopos

PeHTreHoa3oBbI aHanu3 nony4eHHbIX NPOAYKTOB MoKasar, YTo MaTepuvarnbl He cogepxar
npumecein M MNpuUHagnexar npocTpaHcTeeHHon rpynne Fd3m. Metogom Putsenbaa YTOUHEHBI
napameTpbl 3MEeMEHTapHbIX SYeeK. DHEepro-auCNePCUOHHbLIA aHanu3 noaTBeEpPAUST pPaBHOMEpPHOE
pacnpegeneHue Mn n Ni B cuHTe3npoBaHHbIX obpa3suax. o pesynstatam COM 1 cegMmMeHTauMOHHOro
aHanusa YacTuubl NpeacTaBnsloT cobon arnomepaTtbl MUKPOHHOIO pasMepa.

MccnepoBaHus anekTpoOXMMNYECKOro noBeAeHns nonyyYeHHbIx metogom SCS obpasuos LNMO
C PpasHbiM cogepXaHuem nuTUs Oblny  BLIMOMHEHbI B MakeTax KaTOAHOrO MNOJSlyafeMeHTa ¢
NPOTMBOSIEKTPOAOM M3 METANNMYECKOro nutus n anektponutom coctasa 1 m LiPFs B8 EC/DMC (1:1,
Mac.) B MOMUMPONWIIEHOBOM cenapatope MeToAaMy UMKIIMYECKOW BONbTaMnepoMeTpum u
ranbBaHocTaTU4eckoro umknupoBaHus. O6a coctaa LNMO npogeMoHcTpupoBanu BblAatoLimMecs
ANEKTPOXNMUNYECKNE XapaKTEPUCTMKN, CONOCTaBUMbIE C NMUTEPATYPHBIMU AaHHBIMU.
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Direct regeneration is considered a promising strategy for recycling spent LiNixCoyMn:O, (NCM)
cathode materials. The spent NCM suffers from lithium depletion in the bulk phase, and surface phase
transitions occur, with surface degradation phases inhibiting the diffusion of Li* during the direct
regeneration process. A weak acidic NH,H,PO, solution (ADP) is used for pretreatment to remove by-
products and degraded phases from the spent NCM, aiming to reduce the Li* diffusion barrier during
regeneration. However, the potential mechanisms of defect formation and material regeneration in this
surface engineering process remain unclear.

Therefore, we systematically studied the ADP pretreatment process of the spent NCM and its
regeneration mechanism. The study found that controlled surface metal ion dissolution induces the
formation of oxygen vacancies, which in turn enhances the adsorption of Li* on the surface of the spent
NCM, promoting Li* transport during regeneration, and effectively restoring the layered structure and
compensating for lithium depletion. Meanwhile, during the high-temperature surface structural
reconstruction process, the formation of oxygen vacancies helps to reduce the binding energy of PO,3~
on the NCM surface, forming a LizPO, coating layer. This coating layer increases the oxygen vacancy
formation energy, inhibiting the release of lattice oxygen and irreversible phase transitions of NCM
during cycling, thereby improving the lithium storage performance of the cathode. The results show that
the regenerated NCM exhibits a discharge capacity of 194.6 mAh g™" at 0.1 C, surpassing the discharge
capacity of the regenerated NCM without pretreatment (170.9 mAh g). Furthermore, the regenerated
NCM maintains a high capacity retention of 90.7% after 200 cycles at 0.5 C, while the untreated
regenerated NCM only retains 70.6%. This finding provides an in-depth understanding of the role of
surface oxygen vacancies in promoting NCM regeneration.
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Figure 1. Schematic illustration of the ammonium dihydrogen phosphate pretreatment strategy for regenerating
spent Ni-rich ternary cathode materials.
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Lithium-sulfur (Li-S) batteries hold great promise as next-generation energy storage systems
due to their exceptional theoretical energy density, low cost, and environmental friendliness. However,
their practical viability is severely hindered by the sluggish multi-step sulfur redox reaction (SRR) and
the notorious “shuttle effect” of soluble lithium polysulfides (LiPSs), which leads to rapid capacity decay
and poor rate capability. Employing electrocatalysts that can capture and accelerate the conversion of
LiPSs is deemed an effective strategy to address this challenge. Particularly, atomic-level
electrocatalysts have been developed to accelerate the catalytic conversion of LiPSs, suppress the
shuttle effect, and improve the overall battery performance due to their high atom utilization efficiency.
However, the current insufficient understanding of the catalytic mechanism of atomic-level
electrocatalysts hinders the rational design and screening of catalysts tailored for Li-S batteries.

Here, we design a series of MiM2-NC DACs (M = Cr, Mn, Fe, Ni, Cu, Zn, Nb), and systematically
screen them via density functional theory (DFT) calculations. Among them, CoNb-NC stands out as the
optimal candidate, exhibiting both the strongest polysulfide anchoring capability and the fastest
conversion kinetics. Compared with common 3d transition metals, the 4d transition metal Nb possesses
fewer d electrons and more unoccupied orbitals, which enables it to disrupt the highly symmetric electron
density distribution of the Co-N4 center and to establish strong d-d orbital coupling with the Co 3d
orbitals. This orbital coupling reduces the d-orbital splitting energy, drives electron redistribution, and
pumps electrons to higher energy levels, thereby strengthening the metal-polysulfide orbital
hybridization, optimizing the adsorption of polysulfide intermediates, and significantly lowering the
overall reaction barrier (Scheme 1).

The well-designed CoNb-NC DACs exhibit significantly higher activity toward the evolution of
sulfur and lithium species throughout the whole electrochemical reaction than the Co-NC SACs, based
on multidimensional analyses including electrochemical characterization, and synchrotron radiation X-
ray three-dimensional nano-computed tomography. The as-constructed CoNb-NC catalysts deliver
stable cycling at a low N/P of 2.68, with no capacity fading over 40 cycles.
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Scheme 1. Schematic illustration of the effect of single-atom and diatomic catalysts on polysulfide conversion.
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Lead fluoride (PbF,) is the first known solid-state fluoride-ion conductor, discovered by Michael
Faraday in 1834. It is currently used as a solid electrolyte in high-energy particle detectors, fluoride-ion
sensors, and solid-state electrochemical power sources. Fluoride ions, possessing a small ionic radius,
are responsible for the high ionic conductivity in PbF, crystals [1].

The aim of this work was to investigate the diffusion properties of fluorine atoms in nanosized
lead fluoride crystals of two polymorphic modifications (a and B) using atomistic-level computer
simulation.

The simulations were performed using the molecular dynamics method implemented in the
Forcite module of the Materials Studio package. Interatomic interactions were described using the UFF
force field along with electrostatic interactions of point charges assigned to atoms [2]. At the initial stage,
diffusion coefficients for bulk crystals with periodic boundary conditions were calculated. These results
confirmed the adequacy of the chosen approach, as the mobility of fluorine atoms in 3-PbF, was higher
than in a-PbF,, which is consistent with experimental data.

The modeled systems included nanoparticles of two types: spheres with diameters of 21 and
27 A and plates with thicknesses of 12 and 24 A, for both polymorphs (a-PbF, and B-PbF,).

The calculations demonstrated that surface fluorine atoms in all nanoparticles exhibit higher
mobility than those in the bulk. In plates of all sizes and in larger spheres, the highest fluorine atom
mobility was observed in B-PbF,; however, in small spheres, a-PbF, exhibited higher fluorine mobility
than B-PbF,. A decrease in nanoparticle size leads to an increase in the diffusion coefficient in a-PbF,,
whereas the opposite trend is observed for B-PbF, nanoparticles. The effect of morphology manifests
as an increase in the diffusion coefficient of surface fluorine atoms for both polymorphs when
transitioning from spherical nanoparticles to plate-like structures.

Within the temperature range of 298-700 K, the modeled systems exhibit similar diffusion
coefficients for surface fluorine atoms; however, at higher temperatures, the 3-PbF, plate demonstrates
the highest fluoride-ion mobility among the studied systems.

Thus, in the design of new solid electrolytes based on PbF,, the use of materials with nanoplate
morphology appears to be a promising approach.
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In recent decades, membranes and membrane processes have become particularly relevant in
modern chemical technology due to environmental friendliness, energy efficiency and simplicity of
equipment. In the framework of electrochemical energy systems, fuel preparation processes are
especially important, since impurities, in particular water, significantly reduce the efficiency of fuel cells
and accelerate the destruction of catalytic layers. Low molecular weight substances are of particular
interest for fuel cells. The presence of water or mutual contamination of components leads to a decrease
in energy efficiency, degradation of catalysts and membranes, as well as undesirable side processes.
To address this problem, combination this system with pervaporation is particularly effective, enabling
deep dehydration of organic fuels. Another membrane method is nanofiltration, which is useful for
purifying electrolytes and removing degradation products in electrochemical systems. Due to the
selective rejection of ions, nanofiltration helps maintain optimal ionic balance in electrochemical cells.

In this work, mixed matrix membranes based on a blend of polymers sodium alginate (SA) and
chitosan succinate (ChS) were developed for enhanced pervaporation and nanofiltration. The choice of
these biopolymers is due to their environmental friendliness, accessibility and versatility. To improve
transport properties, the blend membrane from optimal SA/ChS ratio was modified with metal oxide
nanoparticles (FesOs4). Chemical cross-linking with citric acid (CA) was carried out to increase the
stability of the developed membranes in solutions with high content of water and various ions. The
structure and physicochemical properties of composite and membranes from them were studied by
spectroscopic, microscopic methods, thermogravimetric analysis, contact angle and swelling
measurements. The transport properties of membranes were evaluated in pervaporation and
nanofiltration. The modified membranes from the SA/ChS blend demonstrated optimal transport
properties, increased permeability while maintaining high selectivity, confirming their potential for their
application in energy-saving systems.
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Among known sodium-ion conducting materials, particular attention is attracted to the
NaSICON-type (Na Super lonic CONductor) electrolyte NasZr2Si2PO12 (NZSP). Its structure consists of
a framework formed by corner-sharing ZrOs octahedra and SiO4/PQO4 tetrahedra, creating channels for
sodium-ion migration, which enable high sodium-ion conductivity (~104-10 S cm™' at 25°C) [1].
Additionally, the material exhibits a thermodynamic stability window of 1.11-3.41 V vs. Na/Na* [2].

In practical solid-state sodium-ion batteries with ceramic electrolytes, the electrolyte must be
fabricated in the form of a dense thin film (<50 um), the production of which remains a distinct scientific
and technological challenge. Another important factor hindering the industrial implementation of solid-
state sodium-ion batteries is the formation of a stable electrode/electrolyte interface.

A method for producing NZSP films using tape casting method is proposed. Its distinguishing
feature is the use of a multifractional mixture of spherical ceramic agglomerates obtained by spray drying
from an aqueous suspension of nanoscale particles (figure 1a). The particle size distribution was
analyzed via dynamic light scattering method (DLS) (figure 1b). The resulting spherical agglomerates
were fractionated by sedimentation into two size ranges, centered at approximately 1 um and 10 um.
These fractions were then mixed with the initial NZSP nanoparticles to form a multimodal particle size
distribution. The nanoparticles are used as a sintering aid. This optimized fraction combination allows
for an increased number of ceramic particles in the slurry, which improves compaction and reduces
shrinkage during sintering.

In this report, the factors influencing the formation of spherical agglomerates, the composition
of the slurry and its influence on the production of dense membranes, as well as their electrochemical
characteristics, will be discussed in detail. This approach demonstrates a route for engineering dense
and structurally optimized NZSP membranes for solid-state sodium-ion batteries.
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Figure 1. (a) NZSP spherical agglomerates obtained via spray-drying; (b) particle size distribution of the
corresponding agglomerates obtained via DLS.
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AHOAHLIN MmaTepuan Ha ocHoBe Fe304 Ana NUTUN-UOHHbIX aKKYMYNSTOPOB:
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B HacTosilee Bpems numaupyoliee MOMoXKeHMe cpeaun 3NeKTPOXMMUYECKMX HakonuTenew
3aHUMAKT JIMTUA-MOHHBIE aKKYMymnsiTopbl Onarogapsi Mx BbICOKOW 3(MEKTMBHOCTU W LLUMPOKUM
BO3MOXHOCTSIM MPUMEHeHMsl. HecmoTps Ha Xopowuve 3KChfyaTauuoOHHble  XapaKTepUCTUKW,
JanbHelllee MOBbILEHWE 3JHEPrOEMKOCTM  aKKyMynsaToOpoB B TOM 4uUCMe OrpaHuMyMBaeTcs
XapakTepucTukamm aHoAHblXx MaTtepuanoB. Haubonee pacnpocTpaHéHHbIN rpaduTOBbIA aHO4
obnafaeT cpaBHUTENbLHO HU3KON TEOPETUYECKON EMKOCTbIO (~372 MA-Y-r'), 4TO CTUMYNUpyeT NOUCK
anbTepHaTMBHbIX MaTepranos ¢ 6omnee BbICOKMMU NOKa3aTENAMU XPaHEHNS NUTUS.

OcobblVi MHTepeC BbI3bIBAOT aHOAHblE MaTepuarnbl KOHBEPCMOHHOMO TuMNa, CPeau KOTOPbIX
marHeTuT FesOs cuntaeTtcs ogHMM U3 Haubonee nepcnekTusBHbIX [1]. Bnarogaps HaNUUMKD HECKOMNbKUX
BaneHTHbIX cocTosiHui xene3a (Fe®/Fe?*/Fe®*) FesOs4 cnocobeH obecneuvBaTb MHOroctTaguiiHble
OKUCNUTESTbHO-BOCCTAHOBUTENMbHbLIE MPOLIECCHl M BbICOKYHD TeOopeTudeckyto émkocTb nopsigka 920
MA-4-T1, YTO 3HAUMTENbHO MPEBOCXOANT BO3MOXHOCTU rpacpmTa. JononHUTENbHbIM NPEeUMyLLECTBOM
MarHeTuTa $SBMSETCH BbICOKAs pacnpoOCTPaHEHHOCTb >Xernesa B MNpupoAe, Hu3Kas CTOMMOCTb,
akorornyeckass 0e30MacHOCTb WM OTHOCUTENbHad npocToTa cuHTe3a. OpHako npakTudeckoe
npuMeHeHWe MarHeTMTa B KayecTBe aHOAHOro mMaTepuana conpoBoxaaetca psgom npobnem. K
OCHOBHbIM HelocTaTkaM OTHOCSTCS HU3Kas anekTpuyeckas NpoBoAMMOCTb, 3HAUMTENbHOE U3MEHEHUe
06bEéMa Npy LIMKIIMPOBAHMM U HECTABUNBHOCTL CTPYKTYPbI, NPUBOASALLANA K Aerpagalumu anektpoaa u
CHUXEHMIO LIMKITMYECKON CTabnnbHOCTM akkymynsiTtopa.

Ona peweHua aTux npobrnem akTMBHO paspabaTbiBalOTCA pasfnuyHble MNoAXoabl K
mogudvkaumm FesO4. Hanbonee acpdekTMBHBIMM HanpaBneHNsIMN CHUTaTCA HAHOCTPYKTYpUpPOBaHne
MaTepuana, COo3gaHWe MOPUCTbIX W MOMbIX apXUTEKTyp, a Takke (OpMMpOBaHUE KOMMO3UTOB C
yrnepogHeiMM MaTepuanamu. [JononHuWTensHoe BHUMaHWEe YyAenseTcs KOHTpomw mopdornornn un
pasmepa kpuctannutoB FesO4, NOCKOMbKY 3TN NapaMeTpbl HAMPSAMYHO BMSIIOT HA 3NIEKTPOXMMUYECKNE
XapakTepuctukm matepuana [2].

Cdpepuyeckne HaHopasMepHble 4YacTuubl oOkcuaa xenesa Obiny MoOny4YeHbl METOOO0M
COMNbBOTEPMAnbLHOrO CUHTE3a M3 PacTBOPOB XMOpuAa WNW HUTpaTa Xene3a B STUMEHrnuKone ¢
pobaBneHneM aleTaTa HaTpUSA B pasfmyHbIX COOTHOLLEHMAX. PeakumnoHHyo cMecb nepemelumsanu B
TeyeHne 30 MUH, Nocre Yero BelaepxmBanu B asToknase npu 200 °C B TeveHue 12 4. Mopdonorus u
CTPYKTYpa NOMy4YeHHbIX YacTuL, UccrefoBaHbl METO4AMM CKaHMPYIOLLEN 3NEeKTPOHHON MUKPOCKOMUA 1
peHTreHoas3oBoro aHanmaa.

OnekTpoaHble maTepmanbl FesO4 Bbinm NpUroToBMAeEHbI C NCMONb3oBaHUEM cBa3yrowmx CMC n
PVDF u uccrnegoBaHbl B s4enkax NpoTUB MeTann4eckoro nntnd. YCTaHoBnNeHo, YTO He3aBUCMMO OT
npekypcopa xenesa anektpogbl ¢ CMC gemMoHCTpupytoT 6oriee BbICOKME 3HaYeHMs EMKOCTU U MyYLLYIO
UUKIMYeCKylo cTabunbHOCTb. Kpome Toro, martepuanbl, CUHTE3UpOBaHHble W3  XMOPUOHbIX
NPeKypcopoB, XapakTepusyrTcs Goree BbICOKOM EMKOCTbIO NpU BCEX UCCReLOBaHHbIX MIOTHOCTAX
TOKa.
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In electrochemistry, whether in battery production, electroplating, electrosynthesis, or hydrogen
energy, the purity of water and electrolytes is extremely demanding, as even minor impurities can lead
to electrode poisoning, side reactions, reduced efficiency, and accelerated system degradation.
Nanofiltration, unlike many traditional separation and purification methods, offers undeniable
advantages such as environmental friendliness (due to reduced chemical consumption and reduced
waste), and low energy consumption, as it operates at significantly lower pressures than reverse
osmosis. Nanofiltration is used in a wide range of water and wastewater treatment applications,
establishing itself as a highly efficient and cost-effective process. One of the most important applications
of nandfiltration is removing heavy metal ions from industrial wastewater, which is crutial for many
electrochemical processes. Given increasing demands on process efficiency and sustainability the
development of enhanced membrane materials is required. This includes the creation of nanofiltration
membranes with improved selectivity, higher permeability, increased resistance to fouling, and the ability
to operate in aggressive chemical environments, opening up new horizons for the application of this
technology.

Today one of the most important aspects of the development of sustainable membrane
processes is the use of biodegradable polymers. In present work chitosan succinate was chosen as
matrix for membranes as an alternative for chitosan because of his better solubility in water. The
modification of the membranes was carried out by introducing metal oxides (Cr203, ZnO, etc) into the
matrix. The morphology and physicochemical properties of the membranes were studied using scanning
electron microscopy (SEM), atomic force microscopy (AFM) and contact angle measurement. The
transport properties of the developed membranes based on succinate chitosan were evaluated during
nanofiltration of aqueous solutions containing heave metal ions (Cu?*, Cd?*, Pb?*). Thus, the aim of this
work was to study the influence of various modifiers on the structural, physicochemical and transport
properties of membranes in the process of removing heavy metal ions for electrochemical energy.
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JIntnir-noHHsble akkymynatTopbl (JIAA) AOMUHUPYIOT HA PbIHKE BTOPUYHBLIX UCTOYHUKOB NMUTAHWS,
NPUMEHSSICb NPAKTUYECKN BO BCEN NOPTAaTUBHOWN 3nekTpoHuke. C pocToM NoTpebHOCTN B MOBUMNBHbIX
HaKoOMUTENAX 3HEeprMM B MUpe, BO3HMKAET npobnema, cBA3aHHas C OrpaHUYEHHbIM COAepXKaHuem u
HepaBHOMEPHbIM pacnpeferieHNneM NUTUsi B 3eMHOW KOpe B OTIMYME OT HaTpus Uinu Kanus. 3T1o BegeT
K YAOPOXaHMUI0 Kak caMoro nutmug, Tak u npomssBoacTtBa BGaTtapen Ha ero ocHoe[1]. [NosTomy Kak
anbTepHaTUBHbLIA BapuaHT BbICTYNalT HaTPUK-WOHHbIE akkymynsTopbl (HWA): HaTpuin 3aHumaet
LLIECTOEe MECTO MO pacnpoCcTpaHEHHOCTU Ha NNaHeTe, a ero 3anackl paccpeoTodeHbl No BCeMy Mupy|[2].
Tem He MmeHee, HaTpun-uoHHble akkymynsatopbel (HWMA) oo cux nop obnagatwT psaoM HepelléHHbIX
npobnem. B uncne knwoueBbIX 3adady - BbIOOp MNOAXOASALWEr0 aHOOHOrO MaTepuana, KOTOpbIn
obecneunmBaeT BbICOKYHD EMKOCTb W KyNOHOBCKYyH0 3(PEKTUBHOCTb, a TaKKe MUHUMM3aLUio
HeobpaTMMon NOTepPU EMKOCTU Ha MEPBOM LMKIE 3apsifga-paspsga.

B paHHOW paboTe 6binn mccregoBaHbl 3MEKTPOXMMMUYECKUE XapaKTepUCTUKUM aHoZOB Ha
OCHOBe HerpacdutmsmpoBaHHoro yrnepoga Mapok BHC-300 m HCS. OG6pasubl yrnepoga 6Obinm
oxapakTtepusoBaHbl Metogamu KP-cnektpockonuu, P®A, BIT. Bwino nokasaHo, yto BHC-300
cogepxut okono 1 macc.% npumecu rpadputa. Bbin npoBegeH nogbop COCTAaBOB aKTUBHbLIX
3NEKTPOAHbIX MAacC U METOOUKM HAHECEHNS UX Ha antOMUHUEBYHO NOAMNOXKY. B kKauecTBe anekTponuTos
Obinn uccneposaHbl coctaBel 1M NaPFs (rekcadptopdoccaTt Hatpus) B gumeTtokceataHe(DME),
anvetunosoM admpe aguatunedrnukons (DEG), TeTpaatuneHrnukonsgnmetunosoM adupe (TEG),
cMecu aTurneHkapboHaT:aTunmeTunkapbonat (1:3 u 3:7).

[danee ObinM  MpoBedeHbl  ranbBaHOCTAaTUYECKME  MCMBbITAHWS  SMEKTPOAOB U3
HerpaduTuanpyemoro yrnepoga B nonys4erikax (HC/Na) Tuna «kouH» n «nay4».

Mocne UMKNMpPoBaHUSA 3rekTPoabl NpoMbiBanu aTunMmeTunkapboHatom (EMC) n cywunu noga
BakyymoM 20 MUHYT ONs AanbHEnLWero nccrnenoBaHms npoumKnpoBaHHbix obpasuoB metogamu KP-
crnekTpockonum n POA,

Bbino nokasaHo, 4to yrnepoa mapku HCS npu umknuposaHum Tokom C/10 B nonysiyerikax Tuna
«KOVH» OeMOHCTpupyeT 6onee BbICOKYD €MKOCTb B 3UPHbIX anektponuTtax (230MAY/r), yem B
kapboHaTHbIX (200mA4Y/r). Mpn atom 50% emkocTn cocTaBnsdeT agcopbuusa (HaknoHHas obnacTb
paspsigHou kpuson), 1 50% - nHTepkanaumsa n obpasoBaHue knactTepoB HaTpus. [ns yrnepoaa mapku
BHC-300 npu umknupoBaHum B apupHbIX anekTponuTtax Ha Tokax C/10 (250mA4Y/r), C/5(200MAY/r) n C
Habnoganacb Hebonblasa notepss €émkocTu (B npegenax 25%). Npyn 3ToOM OCHOBHasi AONSt €MKOCTH
(60%) npmxogmMTCHA Ha y4acTOK NNnaTo, YTO yKasblBaeT Ha MHTepKansuuio 1 obpasoBaHMe KnacTepoB
HaTpUSA KaK Ha OCHOBHbIE MEXaHWU3Mbl HATPUPOBAHUS.

HaHHble KP-cnekTpockonuu anekTpodoB nokasanuv, YTo Mpu LUMKIMpoBaHuM He Habnogaetcs
yBenu4yeHusi KonmyecTtsa gedeKkToB B CTPyKType Herpacdutnsmpyemoro yrnepoga. OgHako, no gaHHbIM
P®A, npy UMKNMPOBaHUSA NPOUCXOAUT CMeLLeHMe nuka rpaduToBon npumecu B BHC-300 (26,4 20) B
CTOPOHY MEHbLLMX YINOB B 3(WUPHbIX 3NEKTPONUTaX, YTO yKa3blBaeT Ha yBENNYEHNE MEXMNIIOCKOCTHOMO
paccTosHUA 1 paspyLUeHue rpamuToBon CTPYKTYpbIl. [Mpy 3TOM B KapOOHaTHbIX 3NEeKTPONuTax AaHHbIN
MUK HE U3MEHSETCH MpU LMKIMPOBAHMMK, YTO NMO3BONSAET NPeanonoXuTb OTCYTCTBUE MHTepKansauuu
HaTpus B rpacuT B 9TUX SNEKTPONMTaXx.

Cnucok nutepatypbl
[1] Brian L. Ellis, Linda F. Nazar. Current Opinion in Solid State and Materials Science// Sodium and
sodium-ion energy storage batteries, Vol.16. 2012, p.168-177/ Current Opinion in Solid State and
Materials Science. DOI: 10.1016/j.cossms.2012.04.002
[2] Jang-Yeon Hwang, Seung-Taek, MyungYang-Kook Sun. Sodium-ion batteries: present and future
/[Chem. Soc. Rev., 2017, 46, 3529-3614. DOI: 10.1039/C6CS00776G
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Study of the Sn** ions doping possibility of nickel-rich layered oxides
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Ni-rich layered transition metal oxides with the common composition LiNixCoyMn1xyO2 (x = 0.8,
commonly referred to as NMC) are among the most promising cathode materials for lithium-ion batteries
(LIBs) due to their high discharge specific capacity. However, widespread industrial adoption of Ni-rich
NMC is limited by low cycling stability during electrochemical cycling. One of the primary causes of
material degradation is anisotropic unit cell volume change during lithium (de)intercalation, which
induces microcracking within the agglomerates. To address the issue of microcracking in agglomerated
particles, a structural stabilization strategy based on low-concentration tetravalent tin (Sn**) doping was
employed. Previous studies indicate that the solubility of Sn in other cathode materials such as Li-rich
NMC is limited, not exceeding 4.5 mol% [1]. While significant Sn incorporation into the layered structure
has been demonstrated in non-equilibrium phases synthesized via Na*/Li* ion exchange [2], such
compounds tend to crystallize in a rock-salt structure rather than retaining the a-NaFeOz-type layered
arrangement due to the similar ionic radii of Sn** and alkali metals [2]. To date, there have been few
investigations covering Sn**-doped Ni-rich NMC, particularly regarding its effect on long-term structural
integrity.

Accordingly, this study investigates the possibility of Sn** doping in Ni-rich NMC with the nominal
composition LiNio.sC0o0.1Mno.1O2 (NMC811). It was found that even at a low concentration (3.3 mol%),
the tin-containing phase (lithium stannate, Li2SnOs) tends to form extended defects and segregate as
Li-rich domains, despite NMC811 not being a Li-rich system. Li2SnOs is present both along grain
boundaries and within the primary particles of the agglomerates. Nevertheless, by suppressing crack
formation during prolonged cycling, the modified material demonstrated a 12% improvement in capacity
retention over 300 cycles (at 1C within a voltage window of 2.7—4.3 V vs. Li*/Li) compared to the pristine
counterpart, along with a 5-8% enhancement in rate capability across various current densities.
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Mony4yeHune TBepAbIX NONUMEPHbIX INEKTPONIUTOB Ha ocHoBe nonwu(1,3-
AVOKCOJIaHa) NyTeM 31eKTPOMHULMUPYEMOWN NonMMepu3aumnm
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Teepable nonumepHble anektponuTel (TT13) paccmaTtprBaloTcs Kak MepcnekTMBHas anbTepHaTuBa
XVUOKAM  9neKTponuMTaMm B METanm-MOoHHbIX akkymynaTopax 6Gnarojapsi MoBbILLEHHOW MeXaHU4ecKon
YCTONYMBOCTU 1 BornbLuelrt 6e30nacHOCTA, YTO OTKPbIBAET BO3MOXHOCTM AN UCMOMb30BaHMSA NUTUEBOrO
aHoga. Cpeau pasnuuHbIX MONUMEpPHbIX MaTpul, ocoboe BHMMaHue npuerekaet nonu(1,3-aMokconaH)
(NOOJ) - aHamor nonuaTuneHokcuaa MO3BONSIOWMIA O0OUTLCST ©Oree BbICOKUMX 3HAYEHWUA WMOHHON
NPOBOAMMOCTU, TakKe, OaHHbIN MONMMEP MOXET ObiTb CUHTE3MPOBaH HEMOCPEACTBEHHO BHYTPU SYENKU
akkymynsTopa MeTogoM  «in  situ»  nonumepmsaumm  [1,2].  OcoObii  uHTEepec npencTaBnsaeT
NEKTPOXMMMYECKN WHULMMPYeMasi MNonMMepusaLns, MNo3BONgALLas oTkasaTbCA OT UCMONb30BaHUSA
XUMUYECKUX MHULIMATOPOB M YNPOCTUTL TEXHOMormyeckuin npotiecc. MNMogobHbln MeTod MHULMMPOBaHUS Ha
[aHHbIN MOMEHT Maro U3ydeH 1 HyxxaaeTcs B bonee fetansHoM nccnegosaHum [3].

B paHHoM paboTte uccrnenoBaHo BIUSIHUE YCIOBUIA 3IIEKTPOMHULMMPYEMON nonumepusauum 1,3-
anokconana (OON) B cucteme OOJI+ LiTFSI, Ha cBonCcTBa nonyyaemMbix KBa3uTBEPObIX MONUMEPHbIX
anekTponutoB. Pabota npoBoaunacb C MCNONb30BaHUMEM CyXMX MatepuanoB B MHEPTHOW aTMmocdepe C
KOHTpONUpyeMbIM coaepxaHuem Bnaru u kucnopoga (<0,5 ppm). MNonumepusawumsa nposoaunach B pexxume
LIMKIUYECKON BoNbTaMnepoMeTpmm B AnanasoHe noTeHLmanos, obecneunsatoLLieM OKUCNIEHNE MOHOMEpa.
BapbupoBanucb CKOPOCTb pa3BepTkM NOTEHLMana M KONMUMYecTBO LIMKMNOB MpY (PUKCUPOBAHHOM OOLLEM
BpemeHn cuHTesa (20 uvacos). MccnemoBaHuwe nomyyeHHbIX 0OpasuUoB BKIOYANo aHanu3 MOHHOW
NpoOBOAMMOCTM METOAOM 3MNEKTPOXMMUYECKON WMMNEOaHCHOW CMEeKTPOCKOMWW, OLEHKY MOMEKynspHO-
MaCCOBbIX XapaKTePUCTMK METOAOM refb-NMPOHMKaoLLEeN xpomartorpadum, a Takke nsydeHve Mopdonormm
nonyyaemMbix TIO ¢ NOMOLLBIO CKaHNPYHOLLLE 3NEKTPOHHON MUKPOCKOMUN.

B xoae paboTbl 661510 06HapyXeHo, YTO anekTponHuLnmpyemas nonumepusauma JOJ npotekaet
Nno KaTUOHHOMY MexaHu3My. [JaHHbIM BbIBOA OCHOBAH Ha 3KCNEPUMEHTaX C MCMOMb30BaHWEM NUPUAMHA,
KOTOPbIM MPaKTU4eCkn MONHOCTBI0 MOAAaBnseT 00pa3oBaHWe MonMMepa, 4YTo cBuaeTenscTByeT 06
onpeaensoLLEen ponmn KaTUOHHBIX aKTUBHbIX LEHTPOB B MpoLiecce pocTa NonMMepHon Lenu. beinn Takke
CMHTE3MPOBaHbl TBepAdble MNOMMMEpPHblE anekTponuTtel nytem nonvmvepusaumm  OOJT B nopax
koMmepyeckoro cenapatopa Celgard 2500.

AHanu3 MonekynsipHO-MacCoBbIX XapakTepUCTUK CUHTE3UPOBAHHbLIX MOMMMEPOB Mokasar, 4To
BapbMpoOBaHME MapamMeTpoB 3SMNEKTPOMHULMUPOBAHHOIO  CUHTE3a MO3BOMSET BMMATb Ha CPEeaHIo
MOIeKynsipHyto Maccy un nonugmcnepcHocTs MNOOJ. Ha mukpodhoTtorpadmsx TI3 npogeMoHCTpupoBaHbI
3HaYMTENbHbIE Pa3NM4Yns B CTENEHM 3aroSIHEHWS MOp cenapartopa NofiMMepoM B 3aBUCMMOCTU OT CKOPOCTU
pa3BepTku noTeHumana. Hanbonee paBHomepHoe 3anonHeHve HabnogaeTcs B obpasuax, nosyveHHbIX B
onTuMansHOM pexume. VccnegoBaHne WOHHOW NPOBOAMMOCTM CUHTE3VMpoBaHHbIX TIO nokasano ee
3aBUCUMOCTb KaK OT KOHUEHTpauum nuMTUEeBOM COMW, TaKk WU OT YCMOBUM  SNEKTPOXMMUYECKON
nonvmMepusaLmm.

Takum obpasom B paboTe NPOAEMOHCTPUPOBAHO, YTO SNEKTPOMHULIMMPYEMas nonumepusaums 1,3-
anokconaHa B npucytetBum LITFSI gaBnsetca ageKkTMBHBIM METOAOM MOSyYeHUs KBasuTBepabIX
MOJTMMEPHbIX JNEKTPOSINTOB C BO3MOXHOCTbLIO KOHTPOISA XapakTepucTuk nonyyaemoro T3, YcTtaHOBREHO,
YTO CKOPOCTb pPas3BepTKM MOTEeHUMana B pPexXuMe LIMKIMYECKOW BOMbTaMnepoMeTpum — SIBRSIETCS
KpUTUYECKUM NapamMeTpoM, ONpeaensoLLmnM KOHEYHbIE XapakTepuctukm TI3.

Mony4yeHHble pe3ynbTaThl CO34al0T OCHOBY A AarnbHEWLLEro COBEPLLIEHCTBOBAHMS TEXHOMOMMK in
situ bopMMpOBaHMSA TBEPAbIX MOMMMEPHbBIX 3MEKTPONUTOB B NMUTMEBLIX GaTtapesax 6e3 MCnonb3oBaHus
XVIMUYECKNX MHULINATOPOB.

Cnucok nutepatypbl
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Ni-oboralléHHble cnouncTble okenabl nepexogHbix metannos LiNixMnyCo:02 (x +y +z=1,x 2
0,8, Ni-o6oraweHHble NMC) aBnsTCA NEepCneKkTMBHBIMU KaTOAHbIMW MaTepuanamm ansg nUTUR-
WOHHbIX aKKyMyNnSTOPOB HOBOro MOKoneHus 6rarogaps BbICOKOW MAOTHOCTM 3Heprum [1]. OpgHako
ObicTpas perpagaumsa eMKOCTU Mpu  ANUTENbHOM LMKIIMPOBAHWM M HU3Kag MexXaHu4deckas W
TepMmyeckas CTabunbHOCTb OrpaHMUMBAIOT UX LUMPOKOE npakTudeckoe npumeHeHne. OCHOBHbIMU
NpUYMHaAMKM STUX HEJOCTATKOB ABMSOTCS NPOLIECChI, MPOTEKaloLLMe Ha rpaHnLLe 3NeKTPOA/3aNEeKTPOnuT,
CTPYKTYpHble NpeBpaLleHns n BblAeneHne Kucnopoaa npu noBblLLEHHbIX HanpskeHnax. B nocnegHee
BpeMsi Moaudukaunus BblCOko3apsiaHbiMM MoHamu (Ta%*, Ti*, W6* n 1.4.) paccmaTpuBaeTcst Kak
nepcrnekTUBHasi CTpaTerus Ansi NoBbILUEHUs] 3NEKTPOXUMMYECKOW U CTPYKTYpHOM cTaburnbHocTu Ni-
oboraweHHbix NMC [2]. Tem He MeHee dyHOaAMeHTamnbHble MEXaHWU3Mbl, NMOCPEACTBOM KOTOPbIX
nogoGHbIe AONaHThl YyyllalT XapakTepucTUK1 maTepuana, oOCTalTCs He4OCTaTO4YHO M3YYEHHbIMU U
TpebyloT AanbHeNLero nccregoBaHusl.

B maHHonM paboTe nccnegoBaHo BnusiHne moandmkauum Ni-oboral€HHOro crioMcToro okenaa
LiNiO2 BblcOKkO3apsiaHbIMM  MOHaMW Ha ero  U3NKO-XUMUYECKNE,  MUKPOCTPYKTYPHbIE 1
aneKkTpoxXMMmuyeckne ceoictea. [Ons atoro 6eina cuHTesnpoBaHa cepusi Li[(Ni)1x(Me®8*),]02 (Me =
Nb5*, Mo®*, x = 0,05-0,10) meToaom BbicokoTemnepaTtypHoro omkura cmecu Ni(OH)2, ucTouHMKka NuTus
N OKCMAOB NErnpyoLLx 3NeMeHTOB B NoTOKe kucnopoga. Mo gaHHbIM NOPOLLKOBOW PEHTreHOBCKOM
Oudpakumm Bce obpasubl UMET crnouctyto cTpyktypy Tuna a-NaFeO: (np. rp. R-3m), npu atom
CTeneHb KaTMOHHOTrO pa3yMopsiAOYEHUS CHIDKAETCH NMPW YMEHbLUEHWM KOHLEHTpauun BBOAMMOrO
BbICOKO3apsAgHOro uoHa. MeToaoM CKaHMpYLWen 9SMneKTPOHHOW MUKPOCKOMMM MOKa3aHo, 4To
nobaeneHne Hebonbluimx konmnyecTB Nb5* u Mof* nsmeHsier mopdonornto NepBUYHbLIX YacTul, OT
NPSMOYTOMIbHbIX KPUCTaNAMTOB A0 YOJNMHEHHBIX MnacTuH, Hacnegyembix oT npekypcopa Ni(OH)e.
[anbBaHOCTaTU4eCKMEe MWCMbITAHUS Mokasanu, 4YTO BCe MOAMdMUMpOBaHHble obpasubl obragawT
MOBLILEHHON CTabUNbHOCTLIO NOCMe ANUTENbHOro  UuknupoBaHua. Metogom  cnekTpockonuu
3MEeKTPOXMMMYECKOro MMnegaHca 6bino yctaHoBneHo, 4to moaudpukaums Nb% n Mof* npuBogut K
3HaAYUTENbHOMY CHUXEHMIO CONPOTUBIEHMS NepeHoca 3apsaaa Ha rpaHuLe SNeKkTpoa/aNeKkTponuT, YTo
cnocobCcTByeT YCKOPEHHOW KUHETWKEe TpaHcnopTa WOHOB nutusa. Metogom npoceeuvmBaioLlem
3NEKTPOHHON MuKpockonuu o6pasuoB nocne ANUMTENbHbIX LMKIOB  3apsa-paspsga  Takke
obGHapyXeHo, 4YTO Ha MoBepPXHOCTM HemoauduumpoBaHHoro LiNiO2 npoucxoant CTpykTypHas
TpaHcgopmaumsa n3 dasbl O3 B dhasy O1. B Mo-moamdunumpoBaHHbIX 00pasuax KomMyecTBO Takmx
npeBpaLleHnii CHMXeHo, a B Nb-MoandumumpoBaHHbIX 06pa3uax OHU NOSTHOCTBIO NOLABMEHbI.
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The electrochemical industry and electric power engineering are in critical need of energy-
efficient and environmentally friendly technologies for the separation of liquid and gas mixtures.
Traditional methods, such as distillation, are ineffective when dealing with azeotropic mixtures or
purifying gases from impurities. In this regard, membrane technologies are becoming a key tool for the
modernization of electrochemical processes, enabling a reduction in energy consumption and an
increase in environmental safety.

Pervaporation and gas separation are among the most advanced membrane processes used
for the separation of low molecular weight components, azeotropic mixtures, as well as for gas
purification. These processes feature low energy consumption and compact design, which is particularly
important for the electrochemical industry, where energy costs for separation are very high.

For example, in microbial fuel cells, during electricity generation, isopropanol accumulates in
the anode chamber, which reduces proton transfer efficiency and poisons the membrane. Furthermore,
during the electrochemical reduction of carbon dioxide (CO;), methane impurities (CH,) in the feed gas
poison gas diffusion electrodes.

In this study, the hydrophobic polymer poly(ether-block-amide) (PEBA, Pebax 2533) was
chosen for the development of novel dense and supported membranes for the pervaporation separation
of isopropanol/water and phenol/water mixtures, as well as for CO,/CH, gas separation. To modify the
PEBA polymer matrix, the copper-based metal-organic framework HKUST-1 was used, which
possesses high porosity. The structure and physicochemical properties of the obtained membranes
were investigated using Fourier-transform infrared spectroscopy (FTIR), scanning electron microscopy
(SEM), atomic force microscopy (AFM), thermogravimetric analysis (TGA), swelling degree
measurements, and water contact angle measurements.

It was shown that the modification of PEBA with the HKUST-1 metal—organic framework leads
to a significant improvement in the transport properties of the membranes during pervaporation due to
an increase in effective surface area, enhanced hydrophilicity, and the creation of additional transport
channels. Supported membranes obtained by depositing a thin selective layer of the PEBA/HKUST-1
composite onto a porous MFFC (fluoroplast F42L) substrate demonstrated a multiple increase in
permeation flux while maintaining high selectivity. Thus, the developed PEBA/HKUST-1 membranes
are promising materials for use in electrochemical power systems, including the purification of
electrolytes for fuel cells, gas conditioning for electrochemical CO, reduction, and the protection of
electrodes from organic pollutants by gas separation and pervaporation methods.
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BnusHune npumecHoro coctaBa U yCrioBMW NOJyYeHUS1 HA MUKPOCTPYKTYpPY M
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Herpadutnsmpyembli yrnepog (B aHrnosselyHon nutepatype «hard carbon», HC) siBnsetcs
Hanbornee nNepcneKkTMBHbLIM aHOAHbIM MaTepuanoM Afs HaTPWUNA-UOHHBIX akKyMyMsiTOPOB MO psay
npuymH [1]. HC oTnuyaeTcsa BbICOKOW YAENbHOM EMKOCTbIO WM CTAbMIbHOCTBIO MPU ANIUTENIBHOM
LUVKMMPOBaHUN, NPOCTOTON CUHTE3a W LUMPOKMM BbIOOPOM WMCTOYHMKOB WCXOLHOMO ChIpbsi, BKItOYas
yrneBoAbl, NPUPOAHLIE U CUHTETMYECKME Monumepbl, Guomaccy. MoTeHumanbHbIM UCTOYHUKOM O1st
nonyyeHnss HC aBnAlOTCA Kak nepBuYyHas, Tak U BTopudHas Guomacchl [2] (MobGo4vHble NpoAYKThI
npom3BoacTB U 6Guootxoabl). B gaHHom paboTe B KayecTBe WUCTOYHMKOB OblnMv pacCMOTPEHbI
cnegyroline Npekypcopbl: YrneBoAbl - FMNOKO3a M NakTo3a, NpupoaHble NonvMMmepbl - Lennonosa,
npeacTaBrneHHas B BUAE MUKPOKPUCTaNMMYECKON LEenmiono3bl U LEeniofo3Horo BOMOKHA, a Takke
nepeu4YHasi u BTopuyHas 6uomaccel. [NepBuyHas Guomacca npepcraeneHa 6opiieBrukom COCHOBCKOrO,
BogopocnsaMU pyKyc, BTOpWYHAs - OTXO4AaMU MacnOXUPOBOW MPOMBILLFIEHHOCTM, @ WMEHHO
MOACOMHEYHbIV XMbIX W Ny3ra.

Llenbto gaHHOW paboTbl SABASNOCH M3yYeHUe BIMSHWUS 30MbHOCTM MCXOAHOTO Chipbs Ha
SMNEKTPOXMMUYECKME XapaKTEPUCTMKU MOMyYaeMbliX MaTepuarnoB, a Takke onpenereHne BrnsHUS
HeopraHM4yeckMx NPUMeCce B BbICOKO30SbHOM MPEKYPCOPE Ha MUKPOCTPYKTYPY U SNEKTPOXMMUYECKUE
XapaKTePUCTUKN Norny4YaemMbix 06pasLioB.

Mo pesynbTataM U3MepEeHWin 305IbHOCTU UCTOYHUKM Obinn KnaccuuUMpoBaHbl HA HU3KO- U
BbICOKO30SbHbIE. B kauecTBe kputepus ncnonb3oBanu 3HadyeHne 5 macc.%: matepuarnsl C 30f1bHOCTbIO
bonee 5 macc.% OTHOCMNM K BbICOKO30MbHbIM ([1OACOMNHEYHbIN XMbIX U PyKyC My3blpyaTbin; KX
30MbHOCTb cocTaBuna 8,9 macc.% un 27,0 macc.%, COOTBETCTBEHHO).

MaTepwvanbl, MOMyYeHHble W3 HU3KO3OMbHbIX MCTOYHMKOB, MPOLEMOHCTPMPOBANM ny4yliune
ANEKTPOXNMUYECKMNE XapaKTepucTuku. Hamnyywmnn obpasey, 6611 NONyyYeH N3 MUKPOKPUCTaNIMYECKON
uennonosbl: paspagHas émkocTb coctasuna 303 MA-4-r™", KyrnoHoBcKast a(EKTUBHOCTb MEPBOro
umkna - 90 %.

MaTepwuanbl, Nony4yeHHble U3 HU3KO30MbHOW OMoMacchl — MOACOSHEYHON LUENYXU — TakKke
NPOLAEMOHCTPMPOBAny BbICOKME 3NEKTPOXMMUYECKUE XapaKTEPUCTUKK: yaernbHas pa3psigHas éMKOCTb
248 MA-4'T™" 1 KynoHoBckast ahpeKTMBHOCTb NepBoro uukna - 85 %.

Bbiny paccmoTpeHbl MeToAdbl NpeaBapuTenibHON 06paboTKM MCXOQHOrO Chipbs Ha BO3Ayxe B
pa3HOM TemnepaTypHOM MHTepBarne ¢ nocrneayrowmum nuponusom npu temnepatype 1300 °C, a Takke
N3y4yeHo BMMsSHWE npenBaputenbHo o6paboTknm Ha COCTaB, MUKPOCTPYKTYPY M 3NIEKTPOXUMUYECKNE
CBOWCTBa MaTepuana.

Cpeam obpasuyoB Ha OCHOBE NOACOMHEYHOro XMbIXa HanbonbLUy paspsagHyto EMKoCTb (222
MA-4-T™')  npogeMoHcTpupoBan obpasel, MOMyYeHHbI MNyTEM [OBYXCTaAUMHOIO CUHTE3a C
TemnepaTypon npeasaputensHon kapboHusauum 150 °C u ¢ nocneaytownm omkurom npu 1300 °C.

Cnucok nuteparypbl

[1] Fan X. et al. Research progress on hard carbon materials in advanced sodium-ion batteries //Energy
Storage Materials. — 2024. — T. 69. — C. 103386. DOI: 10.1016/j.ensm.2024.103386

[2] Lakienko G. P. et al. Sosnowskyi hogweed-based hard carbons for sodium-ion batteries //Batteries. —
2022.—T.8.—Ne. 10. — C. 131.DOI: 10.3390/batteries8100131
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CuHTe3 cchepuyeckoro npeagwecTBeHHUKa KaTOAHOro marepuana gns
BbiCOKOMOLUHbIX JINA Ha ocHoBe LiCo0O2
TatbsaHa C. TymaHoBa', TatbsiHa A. ABakymoea'

1000 «PYCTOP», Mocksa, Poccusi
tanya-tumanova20@mail.ru

ObuwenpuHsaton TexHonorven npoussogctea LiCoO2 (LCO) asnsetca TBepgodasHoe
crnekaHue UCTovHMKa kobanbTa (okcuaa, rmgpokcmnaa, kapboHarta) ¢ UCTOYHMKOM NUTUS, B KayecTBe
kotoporo Bbictynaet LiOH, LiOH-H20, Li2COs wnm ux cmecb, B pesynbTaTe uero obpasyertcs
Tpebyembii kaTogHbIM akTuBHbIM MaTepuan (KAM). Kak npaBuno, TBepgodasHoe crnekaHue Tpebyet
MHOTOCTAAMNHOIO OTXWUra U BbiCOkOM Temnepatypbl 2900°C, 4yTO npuBOOMT K 0OpasoBaHUIO
nonuroHanbeHbIX KpynHokpucTannuyeckmx yactuy LCO. KpynHble kpuctannuyeckue yactuubl LCO He
SBNSATCA ONTUMarnbHbIM BbIOOPOM AN cO34aHWst BbICOKOMOLWHBLIX JIMA 1M3-3a CyLLEeCTBEHHbIX
AN PY3NOHHBIX OrpaHnyeHnii, 06yCrnoBNEHHbIX 3HAYNTENBHON ANUHOW MUrPaLMOHHOMO NyTU KATUOHOB
NNTUS U3 LLEHTPA TaKMX YacTuL, K X MOBEPXHOCTU Npu 3apsiae u o6paTtHo — npu paspsae. CokpalleHue
nytv anddysmm katMoHoB Li* 3a cuyeT yMeHblUEHUS pa3mMepoB YacTul, KaToOHOro martepuana u
CO30aHns nepapxmyecknx CTPYKTyp C OTKPbITbIMW MOPamMun No3BonseT obnerdntb TpaHCNopT KaTMOHOB
Li+.

OfHUM 13 BapMaHTOB TakUX MePapXMYecKnx CTPYKTYp SBMASKOTCA CheprnyecKkme Unm oKkpyriblie
nonivkpucTannmyeckme arnomepatbl pasmepom 10-15 MKM, cocTosiLMe M3 MNEPBUYHBIX 3epeH
CyOMUMKPOHHOro pasmepa.

[aHHaa paboTta nocesiweHa paspaboTke cnocoba CuHTe3a coefuHEeHUusa-npeawecTBeHHUKa
akTmBHoro katogHoro martepuana (NKAM) Ha ocHoBe rugpaTta ocHoBHOro kapboHata kobanbta (ll)
Co2[(OH)2]1x[CO3]1+x'yH20, KOTOpbLIA COCTOMT M3 MNEPBUYHbIX HaHO4YacTUL, COPMUPOBAHHLIX B
arnomepaTtbl okonocdepudeckon gopmbel. B goknage 6yayt npeactaBneHbl pesynbTaTtbhl BAUSHUSA
Taknx MapameTpoB  KOHTponupyemoro ocaxgeHuss nKAM, kak TemnepaTypa, Bblbop
KomnnekcoobpasoBatens u pH, Ha da3oBblie U MOPKONOrMieckne xapakTepucTrku npoaykra. Tak xe
OyayT npencTaBneHbl OaHHbIE anekTpoxummuyeckoro tectupoBannss KAM LCO, nonyyeHHoro ns nKAM
Co2[(OH)2]1-x[CO3]1+x"yH20.

[

e, B !
PW mode HV curr  det HFW mag O WD 5 pm
5 5.40 nm SE 5.00 kV 1.8 nA ETD 16.6 pm 25 000 x 10.2 mm Quattro S

PucyHok 1. Cebepuyeckuli npeduiecmeeHHUK KamoOHO020 Mamepuarsa 011 8bICOKOMOWHbIX JIMA Ha ocHoge
LiCoOs2.

234



NMOCTEPHbIE OOKNAObI POSTER PRESENTATIONS

HoBble BbiICOKOeMKUe aHOAHble MaTepuanbl AN HATPUNA-UMOHHbIX
aKKyMynsATOpOB

Hennu P. XacaHoea'?, PoanoH B. MaHuH!, Unbs P. YepkaleHko?!, Makcum B. 3axapkuH?,
EBrenun B. AHTUNOB'"2

" Mockoeckutli 2ocydapcmeeHHbIl yHusepcumem, Mockea, Poccusi
2 CkornkoscKull uHcmumym Hayku u mexHonoeut, Mockea, Poccusi

UTtobbl HaTpui-MoHHbIE akkymynsaTopbl (HWA) cTanu nonHoueHHonW anbTepHaTuBOW
TPaauLMOHHBIM Nepe3apsikaemMbivM baTtapesim B KpynHOMacLWTaOHbIX NPUINOXEHUsIX, Heobxoanmo
MOCTOSIHHO COBEPLUEHCTBOBATL CBOWCTBA 3JIEKTPOAHbLIX MaTepuarioB, KOTOpble ONpeaenswoT
SHEPro€MKOCTb U MOLLHOCTb 3TMX YCTPOUCTB. B cBsIsaM ¢ aTum, paspaboTka HOBbIX MaTepuarnos, B
KOTOPbIX peanu3yrTcsi MHOTO3MEKTPOHHbIE PedOKC-Nepexobl, MOXET MPUMBECTU K 3HAYUTEINbHOMY
noBbILLEHMIO 3HeproemkocTn HAA.

B HacTtosiwen paboTe OyayT NpeAcTaBrieHbl HOBble aHoAHble Martepuansl ans HUA,
paspaboTtaHHbie Ha ocHoBe dhocdatoB HMobua NaNbM(POa4)s (M=V, Cr) co ctpyktyporn NASICON [1-
3]. 3T martepuanbl cnocobHbl 0O6paTMMO MHTEpKanupoBaTb A0 TPEX MOHOB Na* Ha opMyIbHYHO
eovHuuly, obecneumBas  yAenbHyl0o €MKOCTb He MeHee 160 MA-4/r npm ckopoctn 1C.
OnNeKTPOXMMMYECKME MNPOLLECChl, KOTOpble COOTBETCTBYIOT MHOIO3MEKTPOHHLIM — OKUCIUTENBHO-
BOccTaHOBMTENbHLIM peakumsam Nb®*/Nb**, Nb**/Nb3* n M3*/M2*, npoTekaloT npu cpegHeMm paboyem
noteHumane nopszaka 1.5 B otH. Na*/Na. 3T1o ucknoyaeT BO3MOXHOCTb BblAeNeHMs HAaTPUSA Ha BbICOKMX
CKOPOCTSIX LUKINMPOBaHUS, YTO AenaeT ux 6onee npeanodTUTENbHBIMU NO CPABHEHMIO C YINEPOAHbIMU
aHoJaMmy, KOTopble WCMONb3ylTCS B HATPUM-MOHHBIX aKKyMynsTopax B HacTosilee BpeMmsi.
MonyyeHHble mMaTepuarnbl Takke OTNIMYAKTCH BbICOKOW TEPMUYECKOW CTabuIibHOCTBLIO, MPEBOCXOAS
nokasartesnim yrnepogHblx aHogos [2, 3].

Ons aHogHbix matepuanoB Ha ocHoBe NaNbM(POas)s (M=V, Cr) pa3spaboTaHbl pasnunyHbie
MeToAbl MONyYeHUs, a Takke nccrnegoBaHa LMKIMYeckas n cKopocTHasi ctabunsHocTb. Oba matepuana
NpoTECTUPOBaHbI B NOMHbIX s4enkax ¢ NasVz(PO4)s kaTogom, nonyyvyeHHble pe3ynbTaTbl NOATBEPAUNN
NPUHUMNMAaNbHYIO BO3MOXHOCTb co3aaHusa npototunos HNA Ha ocHoBe NaNbV(PO4)s 1 NaCrNb(POa)s
aHogoB. brarogapsi MHOrOYUCIIEHHbLIM NPENMYLLIECTBAM, BKITHOYaOLLMM GonbLuoi paboymnn noteHuuan,
BbICOKYIO TEPMMUYECKYHO U LIMKITUYECKYHD CTAabUNBbHOCTb, @ Takke OTHOCUTENbHYI0 MPOCTOTY CUHTE3a,
nony4YeHHble MaTepuanbl C BbICOKOW E€MKOCTb) MOXHO paccMaTpuBaTb Kak MepCrnekTUBHbIE Ansi
npumeHeHns B HAA.

Cnucok nutepatypbl
[1] XacaHoBa H.P., PanuH P.B., YepkatieHko W.P., AHTunoB E.B. nekTpoaHbIii MaTepyan mMeTann-uoHHbIX
aKKyMYynSaTOPOB, 3N1EKTPOA U aKKyMyFsiTOp Ha ero ocHoBe. [aTeHT 2796475 P®, 2023.

[2] Khasanova N.R., Panin R.V., Cherkashchenko I|.R., Zakharkin M.V., Novichkov D.A., Antipov E.V.
NaNbV(POa)s: Multielectron NASICON-Type Anode Material for Na-lon Batteries with Excellent Rate
Capability// ACS Applied Materials & Interfaces, 2023, 15, 30272-30280. DOI: 10.1021/acsami.3c04576

[3] Panin R. V., Cherkashchenko I. R., Zaitseva V. V., Samigullin R. R., Zakharkin M. V., Novichkov D. A,,
Babkin A. V., Mikheev I. V., Khasanova N. R., Antipov E. V. Realizing Three-Electron Redox Reactions in
NASICON-Type NaCrNb(PQOa4)s for Sodium lon Battery Applications // Chemistry of Materials. 2024. 36,
Ne14. C. 6902-6911. DOI: 10.1021/acs.chemmater.4c00933.

BnarogapHoctu
Pabota ocyLwlecTBneHa npu cmHaHcoBon nogaepxke rpaHTa PH® 23-13-00071-11 (80 IM).
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TBepﬂbIe noJyiIMMepPHbIe INEeKTPOJNINTbl HaA OCHOBEe cMeceun NMosIN3TUINEHININKONA
Pa3NMNYHbIX MOJNEKYNAPHbLIX Macc

EkaTtepuHa B. XomyToea', AHHa K. BepkoBun4y?, AnekcaHap B. BabkuH?

T®akynbmem Hayk o mamepuarnax, MY um. M. B. JllomoHocosa, Mocksa, Poccusi
2Xumuyeckuli gpakynsmem, MI'Y um. M. B. JlomoHocosa, Mockea, Poccusi

rinakhomutova@gmail.com

Ha cerogHsaWwWHWI geHb pa3paboTka TBepOoTeNbHbIX akKyMyJIATOPOB SIBNAETCA akTyanbHbIM U
aKTVMBHO pas3BMBaKOLUMCS HarnpaBfeHMeM, OCHOBHas 3ajada KOTOpPOro CBOAWUTCS K MONYyYEHUIO
ahbdeKkTMBHOIO TBEPOOrO 3MEKTPonuTa, rge Hemanykw pofb WrpalwT MOoNMMepHble MaTtepuansl.
Monuatunexrnukons (M3l7) akTMBHO UccnedyeTcs B Ka4eCcTBE NOMMMEPHOrO 3r1eKTponnTa, CnocobHoro
3 HEKTUBHO NPOBOAUTL UOHbI NIUTUS, OAHAKO ero akTMBHas KpUcTannmMsauns CyLeCTBEHHO BNUSEeT Ha
3 HEKTUBHOCTL MOHHOMO TPAHCMOPTa NpU KOMHaTHOW TemnepaType, B CBA3W € YeM BornbLION MHTepec
npeacTaBngaeT co3faHue maTepmanoB Ha ocHoBe 37 pasnuyHomn apXUTeKTypbl, NPENSTCTBYIOLLEN ero
KpucTannusaumu.

B xoge pgaHHOM paboTbl BbINM M3roTOBMEHbLI TOHKME MNEHKM U3 cmecn M3 MonekynsapHoun
maccon 1-108 1 1103 B maccoBbix cooTHoweHusx oT 10:1 go 1:10. MNony4yeHHble cepun 06pasLoB Oblnu
uccrnegoBaHbl MeTogoM AudbdpepeHumansHOW CKaHupylowen kanopumeTpuun. Ha Tepmorpammax
nony4yeHHbIX 06pasLoB HabnaawTcsa ABa NMka B Avana3oHax TemnepaTtyp oT 34.2°C go 42.1°C n ot
61.6°C po 67.0°C, 4uto cootBeTcTByeT obnactam nnaeneHus [M3r-1000 wu M3r-1000000 wm
cBugeTenbcTByeT 06 obpasoBaHum aByxdasHOM CUCTEMBI.

[ns nccnegoBaHWsa 3aBUCUMOCTU MOH-NPOBOAALLNX U TEPMUYECKUX CBOMCTB OT COAEPXKaHUS
conn buc(tpudptopmetaHcynboHun)umma nutua (LITFSI) B coctaBe 6Gbina m3rotoBrneHa cepus
obpasuoB Ha ocHoBe cmecu 3N monekynsipHoit maccoi 1-108 n M3 monekynsipHoit maccoi 1-103 B
cooTHoweHun 1:10 macc.% ¢ MONSIPHBIMU COOTHOLLEHUSIMU COSKM M 3BEHBLEB aTuneHokeuaa (S0):Li (1:1,
1:2, 1:4, 1:6, 1:8). Npu BBEAeHWUM conu B CMECb NONMMepPOB Anst 06pasLoB ¢ cooTHoweHuAMn JO:Li
(1:4, 1:6, 1:8) HabnogaeTca 3HAYNTENIbHOE YMEHbLUEHNE MHTEHCMBHOCTU MUKOB, XapaKTepHbIX Ans
nnasneHns N3r-1000 mn M3Mr-1000000, 4YTO rOBOPUT O CHUXKEHUN CTEMEHW KPUCTANSIMYHOCTU CUCTEMBI
B LieJSTOM. YCTaHOBIEHO Takxke, 4YTo ang obpasua ¢ cootHoweHnem Q0:Li — 2:1 B obnacTtu nnaBneHusi
HabnogaeTcs TONMbKO OAWMH MUK, a Ans obpasua ¢ cooTHoweHuem JO:Li — 1:1 nukm B obnactn
NNaBfieHNst OTCYTCTBYIOT. DTO CBUAETENLCTBYET O MOAABIIEHUM KPUCTANIMYHOCTU NPU yBENUYEHUU
KoHueHTpauun LiTFSI B obpasue. Haunydywee 3HavyeHne MOHHOW NPOBOAMMOCTM, MOMyYeHHoe AN
cucTembl ¢ cooTHoweHnem QO:Li — 1:1, coctaBuno ~ 9 -10-5(Om-"-cm).

BnarogapHoctu
Pabota BbinonHeHa no rocbrogxeTHon Tematuke HAP (Homep UMTUC: 121031300084-1).
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MVIKpOCprKTypHaFI onTmMun3auumsa CrionCTbiX KaToAHbLIX MaTepuanoB Ans
NINTUN-NOHHbIX AKKyMynaTopoB HOBOIro nokKoJsieHusA

9eenuHa Q. Wunosckux', Mioumsa A. CutHukoea', Anekcangpa A. CaeuHa', Aptem M. ABakymos'

1 Cronkosckuli uHcmumym Hayku u mexHonoeaul, CEST, Mockea, Poccus
evelina.shilovskikh@skoltech.ru

Pa3BuTME BLICOKOSHEPTrOEMKNUX NUTUIA-UOHHBLIX akkymynsaTtopoB (JIMA) HepaspbIiBHO CBA3aHO C
nepexodom K KaTodHbIM MaTepuanaM Ha OCHOBE HUKenb-oboraweHHbIX criouctbix okenaoB (Ni-rich
NMC). OgHako nx LWMPOKOe BHEAPEHME COEPXKNBAETCS HELOCTAaTOUYHOM TEPMUYECKON CTabUIbHOCTBIO
W CKMOHHOCTbID K MHTEHCUBHOMY  MEXKPUCTannUTHOMY pacTpeckMBaHwio npu  rrybokom
OenuTupoBaHuKn, 4To co3gaeT puckm Ans 6es3onacHOCTM U BedeT K CHwkeHuo pecypca JINMA npu
LMKNUpOBaHMKU, 0COBEHHO npu akcnnyaTauum B ob6nactu BbICOKUX noTeHumnanos (24,2 B oTH. Li*/Li). B
AaHHOM KoHTekcTe kobanbTuT nutusa (LiCoO2, LCO) BeicTynaetr B KayecTBe dyHAaMEHTarbHON
MOZENbHON CUCTEMbI AN M3yYeHUs1 OBLLMX 3aKOHOMEPHOCTEN Aerpagaumm CrioucTbix Mmatepuanos. B
otnmudme ot Ni-rich NMC, LCO He CKINOHEH K KaTUOHHOMY pa3ynopsigoveHMI0, YTO NO3BOMSET B SSBHOM
BUAE pasfenvTb BKMNad MUKPOCTPYKTYPHbIX OCOBEHHOCTEN N BHYTPEHHUX CTPYKTYPHbIX U3MEHEHUI B
npouecc gerpagaumm npu BbICOKMX NoTeHumanax. Tem He MeHee, HECMOTPS Ha LUMPOKOE NPUMEHEHNe
LCO B noprtatmBHOW anekTpoHuke [1], coxpaHsaeTcss [eduuut CUcTeMaTUYEecKMX AaHHbIX,
CBSI3bIBAOLLMX MUKPOCTPYKTYPHbIE OCODEHHOCTM MaTepuana (Bkmoyasi hopMy U pasmep NepBUYHbIX
yacTuy, X B3aMMHOE pacnofioXeHue B arnomepaTax, YAenbHYH Mnnoliaib NoBEepXHOCTU, OOBEM U
CBA3HOCTb MNOpP BHYTPW arnomepara, a Takke pacnpeferneHue arfomeparoB MO pasmepam) C
npoLieccamu gerpagawmu.

B paHHoM paboTe C NOMOLLBIO MUKPOBOMHOBOIO MMAPOTEPMAnbHOro M CONbBOTEPMAanbHOro
MeTof0B CuHTe3a 6bina nonydeHa cepus MoAenbHbiX obpasuos LCO ¢ npusamatmyeckon u
chepuyeckon hopMor Kak NePBUYHbLIX YacTul, Tak U arnoMepaToB. YCoOBUS BbICOKOTEMMNEpPaTypHOro
nuTMpoBaHWs  OblMM  ONTMMU3UPOBaHbl  C  MpuMeHeHnem  TepmorpaBumeTpum  (TI)  u
onddepeHymanbHoro Tepmmyeckoro aHanmsa (ATA). Nony4yeHHble MaTepuarnbl OXapaKTepu3oBaHbl
MeTofaMu TMOPOLUKOBOW peHTreHoBckon audpakumm (PPA) 1 cKaHMpYHOWEN  SNEKTPOHHOWM
Mukpockonun (COM) pgns oueHkn pasoBOM YMCTOTbI, MOPQOSIOTMM  YacTuL, W CTPYKTYPHbIX
ocobeHHOoCcTen. INEKTPOXUMMYECKME XapaKTEPUCTUKN 0DpasLoB OLEHEHbl B YCNOBUAX LUKNMPOBaHUS
NpY MNOBbILLEHHbIX HanpskeHusax (24,2 B oTH. Li*/Li); npyuMeHeHbl uuknuyeckas BonbTamnepomMeTpus
(ona nsyyeHusa obpaTumMocTy as3oBbIX MEepexofoB) M MMMNeAaHCHasi CnekTpockonusa (4Ns OUeHKM
KMHETUMKNW nepeHoca 3apsga). Martepuanbl nocne  AnAWMTENbHOrO  LUMKAMPOBAHWUS  U3YYeHbl
npoceeymnBaloLLent AaNeKTpoHHon mukpockonuen (M3M). B goknage OygeTt nokasaHa koppensuus
mMexgy Mopdonormdeckumm ocobeHHoctamm LCO un cTeneHbo gerpajauum ero  €MKOCTHbIX
XapakTepuctuk. [lonyyYyeHHble 3aKOHOMEPHOCTU MO3BOMSAOT  MEpPeHecTW MNpUHUMMbBI  Au3arniHa
MUKPOCTPYKTYPbl Ha BbICOKOHWKENEBblIE CUCTEMbl ANS CO34aHUSA TPELUHOCTOMKMX KaTOOHbIX
MaTepuarnoB HOBOIO MOKOMEHUS C NOBbILLIEHHON YAEITbHON EMKOCTbIO.

Cnucok nutepatypbl

[1] Wang L. et al. Reviving lithium cobalt oxide-based lithium secondary batteries-toward a higher energy
density //Chemical Society Reviews. —2018. — T. 47. — Ne. 17. — C. 6505-6602.

BnarogapHocTtu
Pa6oTa BbinonHeHa npu nogaepxke Poccuickoro HayyHoro ®onaa (npoekt 23-73-30003).

237



NMOCTEPHbIE OOKNAObI POSTER PRESENTATIONS

MepepaboTka cBEpPXBbICOKOMOJIEKYNIAPHOro NONIM3TUIIEHA B MUKPONOPUCTbIE
JNIeHTbI ANA UCNONb30BaHUA B Ka4YecTBe cenapaTropoB
B JIMTUM-UOHHLIX OaTapesax

QuicmoHT 3.B.", N'ony6es E.K. 1, KeuekbsiH A.C.T, Anekcangpos t0.[1.2, Ceprees B.I".2,
OsepuH A.H.1

"UCIIM PAH, 2. Mockea, NpogpcorosHas ynuya, 70
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zveismont@gmail.com

B HacTosilee BpeMs cenapatopbl ANS NUTUNA-MOHHBIX aKKyMyMsSiTOPOB M3roTaBNMBalOTCH U3
pasnuyHbIX nonvoneduHoB, cpean Kotopbix nonuatuneH (M3) u nonunponuneH (M) saBnswTca
Havbornee LWMPOKO WUcNonb3yembiMM MaTepuanamu. OpfHako cenapaTopbl, W3rOTOBMEHHbIE U3
CBEPXBbLICOKOMONEKYNAPHOro nonuatuneHa (aanee — CBMII3), 6onee npouyHble, YCTOMYMBBLI K
NpoKonam, XUMUYECKN UHEPTHbl U 3NEKTPOXUMUYECKU CTaburbHbl MPU BbICOKUX MMOTHOCTAX TOKOB
3apsaa-paspsaga, YTo KpUTUYHO AN IPUMEHEHUS B aKKyMyNATOpax C BbICOKOW 3HEProeMKkocTbio [1, 2].

[na nony4yeHus 3aroTOBOK MUKPOMOPUCTBIX CEenapaTtopoB MOHOMUTHYIO NEHTY, MOMyYeHHYo
MeToAoM npsmoro 6e3pacTBOpHOro TBepaodasHoro opmoBaHUs peakTopHoro nopowka CBMI3,
nogsepranm HabyxaHuWio B BbICOKOKMMSALEM pacTBopuTerne C Mocrneaylwum 3aMmelleHnemM
HU3KOKMMNSALWUM pacTBOPUTENEM, KOTOPBIN, B CBOK o4yepedb, yAansinvM U3 3aroToBKW CHayana npu
KOMHaTHOM, a 3aTeM Npu NOBbILLEHHON TemnepaType. [MonydYeHHble 3aroToBKW Noasepranu 4BYOCHON
OPVMEHTALMOHHOW BBITSXKKE C MOMyYeHMeM MOPUCTbIX FNEHT, ANs KOTOpbIX onpegensnu guamnko-
MEeXaHW4YeCKMe 1 INEKTPOXMMMUYECKMNE XapaKTepUCTMKM PN NCMOMb30BaHWM B Ka4eCcTBe cenapartopa B
ANEKTPOXMMUYECKON gYenke. B kauyecTBe BbICOKOKMMSLLEro pacTBoputensd B paspabaTbiBaemon
TEXHOMOrMM MCMorb30Banu TakMe OpraHuvyeckue pacTBOPUTENU Kak AeKarivH, Ba3envMHOBOe Macro,
ckunupap.

MokasaHo, YTO CTaAmMs BbITSXKKMA MUKPOMOPUCTbIX NeHT 3 CBMI3 cyLuecTBeHHO BnMsSeT Kak Ha
XapakTepUCTUKN CaMOro cenapatopa, Tak U Ha rnokasaTenu 3MNeKTPOXMMUYECKON AYENKN B LierioMm.
MarotoBneHne cenapaTopoB ONMCaHHbIM Bbille CNOCOOOM XxapaKkTepusyeTcs HU3Kon cebecToMMOoCTbIo
Npou3BOACTBA, MPOCTOTOM peanusauum npouecca u no3BongeT nonyymTb obpasupbl, NpeBocxoasne,
no psigy nokasaTtenew, xapakTepucTukn obpasuoB cenapaTopoB, UCMOMb3yEMbIX B HACTOsILLIEE BPEMS
B MPOMbILUNIEHHOM MPOU3BOACTBE NMTUN-UOHHBIX aKKyMYFSTOPOB.
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PucyHok 1. OuyeHka rpueo0HOCmuU UCnonsL308aHUS MUKporopucmelx rieHok u3 CBMII3 e kadyecmese
cenapamopa 0151 numud-uoHHoU bamapeu.
(cnesa) OnekmpoHHO-MUKPOCKOMUYECKUU CHUMOK M08epXHOCMU MuKporopucmoul membpaHsl uz CBMINO
(cnpaea) Kpueas 3apsida/pa3spsida nonysadyeliku ¢ LiFePO4-kamodamu u cenapamopom u3z CBMII3.

Cnucok nutepartypbl
[1] Li, R. Nanoporous UHMWPE Membrane Separators for Safer and High-Power-Density Rechargeable
Batteries / R. Li, P. Gao // Global Challenges. — 2017. — Vol. 1. — Art. 1700020. —
DOI 10.1002/gch2.201700020.

[2] Trinh, H. N. Advancements and challenges in polymer-based separators for lithium-ion batteries / H. N.
Trinh, M. Eesaee, S. Shahgaldi [u ap.] // Energy Storage Materials. — 2025. —
DOI 10.1016/j.ensm.2025.104153.
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TBepaodasHble aNeKTpoabl IMTUEBOro akKymynsaTopa

Muxann A. Belwkapes, Cepren E. CMnpHoB

HauyuoHanbHbil uccrnedogamernsckul yHugepcumem «M3U», Mockea, Poccusi
beshkarevma@mpei.ru

HecMoTpst Ha TO, YTO NUTUIA-NOHHbLIE akkymynsTopbl (JIMA) yxxe 4OCTUIMM BbICOKOTO YPOBHS
TEXHUYECKOrO0  COBEpLUEHCTBA WM OOMUHUPYKOT Ha pblHKE MNOPTATUBHOW  3MNEKTPOHUKA U
3NEeKTPOTPaHCNopTa, Hay4YHble UCCNeaoBaHUS N ONbITHO-KOHCTPYKTOPCKUE pa3paboTku B 3Ton obnactu
NPOLOIMKAOTCS Ype3BblHaHO akTMBHO. OCHOBHBLIMU ABWMXKYLLUMU CUIamMun SBMSIOTCA NOTPebHOCTL B
JanbHerwem NoBbILLEHUN YAeNbHOW 3HepPruu1, yBenmyeHn cpoka cnyxobl, ynyyeHnn 6esonacHocTum
N CHWXEHWM cToMMOCTM. [lepcnekTvBbl  pa3BUTUS  CBSI3aHbl Kak C  3BOJIIOLMOHHLIM
COBEPLUEHCTBOBAHNEM CYLLECTBYIOLUMX MaTepuanoB W KOHCTPYKUUA, Tak M C CO3AaHUEM
MPVHUMUMMANBHO HOBBIX 3MEKTPOXMMUYECKUX CUCTEM, KOTOpble B Oyayliem MOryT NMpuvrATU Ha CMEHY
coBpeMeHHbIM JIMA. MHorve npobnembl NUTUEBLIX aKKyMyIiTOPOB OOYCMOBIEHbI HanMuMeM B KX
COCTaBe >XWOKOrO 3MeKTponuTa, KOPpPO3MOHHAs aKTMBHOCTb KOTOPOrO SIBMASIETCA MPUYMHOW NageHus
3HEepreTMYECcKMX XapaKTepucTWK, pecypca M COXPaHAEMOCTM akKkymynsitopa. B HacTtoswee Bpems
O0HMM 13 Haubonee WHTEHCMBHO pas3BMBAOLLMXCA HarnpaBneHwn sBnseTcda paspaboTka
TBEPAOTESIbHbIX aKKyMyISATOPOB, B KOTOPbLIX >XWUOKAA OPraHUYeckuii 3rekTposiT 3aMeHsIeTCs Ha
TBEPALIN HEOPraHNYECKUI, NONIMMEPHbIA U KOMMO3ULIMOHHBIA MaTepuan. Takas 3ameHa no3BonsieT
3Ha4ynUTEeNbHO MNOBbICUTL ©e30NacHOCTb, MOCKOMbKY TBEPAblA 3NEKTPONUT HEeropy K UCKMoyaeT
BO3MOXHOCTb yTeuek. Kpome Toro, TBepaoTenbHas KOHCTPYKUUSA OTKpbIBAeT MyTb K UCMOMNb30BaHUIO
MeTannMyeckoro nWTMEBOrO0 aHoda, YTO MOXeT obecneyvnTb 3HAYUTENbHbLIN CKa4yoK B yAernbHOW
3HEeprum.

Llenb HacTtosiwen paboTbl cocTosina B CO34aHMM BbICOKOS(EEKTUBHBIX TBEPAOdA3HbIX
KaTogoB Ha ocHoBe cbochaTa nuTus-xenesa. Katog akkymynsaTtopa MOXHO XapakTepus3oBaTb Kak
MHOFOKOMMOHEHTHbIA MaTepuan (akTMBHOE BeLLeCTBO, afiekTponpoBogsiias gobaBka, CBA3yHLLee),
CBOMNCTBa KOTOPOro 3aBUCAT OT NapameTpoB OTAerbHbIX KOMMNOHEHTOB. B HacTosiwen pabote katoa
npeacrtaBngaeT cobor cmechb hocaTta nuTusa-xenesa ¢ anekTponposoasilen 406aBKoW 1 CBA3YIOLLUM
B HaAHOAMCMNEPCHOM COCTOsHUKW. B kauyecTBe cCBA3yOLLEro katofa W 3MekTponuTa B ero nopax
ucnonb3yetca TBepgononumepHsii (TM3), coctoawwmn K3 nepxnopara nMTMA W cononvMmepa
dTopcoaepxallero nonucynbdoHa M nonucynepuacynsgoHa. B gaHHOM anekTpoge NONHOCTbIO
OTCYTCTBYET xmngkas asa, T7.e oH sBngeTcsa TBepaodasHbIM KOMMNO3ULMOHHBIM MaTeprarnom

B paboTe ncnonb3oBaH OpuUrMHanbHbIM METOA CUHTE3a aKTMBHOIO BELLECTBa, BKMOYaLWUiA B
ceba MexaHM4ecKylo akTMBauuio Mpekypcopa B MNpouecce MracTU4eckoro AedopMUMpOoBaHns Ha
nnaHeTapHon MenbHUUe. B kKayecTBe anekTponpoBOAsAWMX [A00aBOK MPUMEHSANM cregyowue
yrnepogHble matepuanbl: TEXHUYECKUIN Yrrepon, VMEIOLWNA BONOKHUCTYO CTPYKTYpY neHorpadut u
OOHOCTEHHbIE yrrepoHble HaHOTPY6ku (YHT).

Pabota BbinonHeHa npu uHaHcoBOW noaaepxkke MuHUCTepcTBa HaykM U BbICLUErO
obpasoBaHua Poccuiickon ®enepauun B pamkax focygapctseHHoro 3agaHusa Ne FSWF 2026-0005
(CornaweHne — Ne 075-03-2026-532 oT 16 aHBaps 2026 r.) B cdpepe Hay4HOWN AeATernbHOCTU Ha 2026—
2028 rr.
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3aMKHYTbIM LUK NepepaboTKM KaTOAHbIX MaTepuanoB SIMTUN-UOHHbIX
aKKyMYJIATOPOB: CpaBHUTENbHbIA aHanNM3 MeToA0B 30J1b-refib U COOCaXAeHUs

Anekcangpa KoceHko', KoHcTtaHTuH MywHuuat, NMaeen Hosukos!

" Cankm-lemepb6ypeckull NMonumexHudeckuli yHusepcumem [lempa Bernukoeo, CaHkm-llemepbype,
Poccus

alxndra.kosenko@gmail.com

Poct npousBoacTBa  NMUTUMI-MOHHBIX  @KKYMyNATOpPOB,  OOYCMOBMEHHbIN  pas3BUTUEM
3ANEKTPOTpPaHCNopTa U CUCTEM HAKOMMEHNS SHEPTUN, NPUBOOUT K yBENUYEHMI0 06 bEMOB 1Mx oTxodoB. K
2030 rogy oxupaeTcsi HakonfieHne MUITIMOHOB TOHH oTpaboTaHHbIX JINA, cogepXalmx TOKCUYHbIE
KOMMOHEeHTbI 1 ueHHble meTannbl (Ni, Co, Mn, Li) [1]. TpaguuunoHHble meToabl nepepaboTku, Npo- n
rMapoMeTannyprusi, OTIIMYAKOTCH BbICOKOM 3HEPro€MKocTbio, Bbiopocamm CO, M 3HAYUTENbHLIM
pacxo4oMm peareHToB [2]. AnbTepHaTUBOM TpadWLMOHHON nepepaboTke ABMSETCA 3aMKHYTbIA LMK
pereHepaLumm KkatoaHblx maTepuanos [3]. B paboTe conoctaBneHbl ABa NoAxoAa K BOCCTAHOBMEHUIO
NCM622 u3 otpabotaHHbix JIMA- 3onb-renb CcuMHTE3 UM coocaxiaeHue rugpokcuaos. [locne
MexaHu4ecKom nepepadoTkn 6aTtapen meTannbl U3BNEKaNu BbilenadnBaHmemM sA65104HOM KUCNOTOM C
nocneayoLwumM CMHTE30M KaToOHOrO MaTepuarna, YTO CHMXaeT 3KONMOrM4eckyto Harpysky npowecca.

Bbino ycTaHOBMEHO, YTO 30Mb-feflb MeTod obecneynmBaeT BbICOKYI KPUCTamnnMYHOCTb U
HavanbHyt0 yaenbHyto émkoctb (~170 MA-4/r), ogHako BCRNeACTBME ferpajauumn CTPyKTypbl Mnpu
UUKNMpoBaHuM Habniogaetcs ObICTpoe CHkeHne EémkocTM. MeTog CcooCaxaeHus rmagpoKCMaoB
dopmMupyeT nopucTble cdepudeckne arnomepartbl, ynydwawwme aguddysunio Lit n cHmwkarowme
nonapusauuio,(AE, = 0,16 B), 4To obecneunBaeT BbICOKYIO LIMKIINYECKYIO CTabunbHocTb (~150 MA-4/r
nocne 40 uuknoB) HecMoTps Ha aedumumt Ni [4].

LiCo02 LiAc* MnAc NiAc
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nok 433 Cymxa ocazka npu 95 °C
Coocaxzemne 4450°C  Crapeue 2414 50°C Tposasxa 0 pH 7-8 B Baxyysee 24 waca
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PucyHok 1. Cxema 3aMKHymo20 Yukiia nepepabomku kamodHbIX Mamepuarsios.

MonyyeHHble pesynbTaTbl MOKa3biBalOT, YTO NPV MPOMBLILLIIEHHON peanu3auun KIo4eBbiM
(haKTOpOM SBMSETCH HE MakcumarnbHasa HavanbHas EMKOCTb, @ CTabUNbHOCTb U MaclwTabnpyeMocTb
npouecca. Meton coocaxgeHust rmapokcMaoB obnagaeT psgoM MpPeuMyLLecTB: TexHorormveckas
NpocToTa, COBMECTUMOCTb C MPOMBILUIIEHHBIMU NIMHUSIMU U BbICOKasi BOCMPOU3BOAMMOCTb. Takum
obpasomM, coyeTaHue akonormyeckn 6e3onacHoOro OpraHMYecKoro BbILLENavyvMBaHMS U COOCaXOEeHMWs
npeacTaBnsaeT cobor NepcrnekTUBHY CTpaTErvio st CO34aHns yCTOMUYNBON LIMPKYNSIPHON 3KOHOMUKM
NUTUA-MOHHBIX aKKyMyMsiTOPOB.

Cnucok nutepatypbl
[1] [Harper G. u gp. Recycling lithium-ion batteries from electric vehicles // Nature. 2019. T. 575, Ne 7781. C.
7

[2] Tawonezvi T. n ap. Recovery and Recycling of Valuable Metals from Spent Lithium-lon Batteries: A
Comprehensive Review and Analysis // Energies. 2023. T. 16, Ne 3. C. 1365.

[3] Wang J. n gp. Toward Direct Regeneration of Spent Lithium-lon Batteries: A Next-Generation Recycling
Method // Chem. Rev. 2024. T. 124, Ne 5. C. 2839-2887.

[4] Mou M. n gp. Slug Flow Coprecipitation Synthesis of Uniformly-Sized Oxalate Precursor Microparticles
for Improved Reproducibility and Tap Density of Li(Ni0.8 C00.1 Mn0.1 )O2 Cathode Materials // ACS
Appl. Energy Mater. 2023. T. 6, N2 6. C. 3213-3224.
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KBaHTOBO-XxMMM4Yeckoe nccriegoBaHme B3ammMoaencTBusa nNMTUA ¢ a3oT-
3amMelleHHbIM MoS:2

BukTop A. Anekcees, JTlo6oBb I'. BynyuweBa, AnekcaHap B. OkoTtpy©6

UHcmumym HeopzaHudeckol xumuu um. A.B. Hukonaesa CO PAH, lNpocriekm Akademuka
JlaspeHmbesa, 3, Hosocubupck, Poccus

alekseev@niic.nsc.ru

IOuncynedung monmbaeHa - NonynpoBOAHMK C reKcaroHarlbHOWM CITOMCTON CTPYKTYPOW COXpaHsaeT
BbICOKYIO aKTyanbHOCTb bnarogapsi pa3paboTke HOBbIX MOAXOO0B K An3ariHy MOpdonornm, BKITKOYEHNIO
reTepoatomoB [1]. JonnpoBaHne a3oTOM - MOTeHUMasbHbIA MyTb YNYYLEHUS 3MeKTPOXUMUYECKUX
CBOMCTB 3a CYeT YBENUYEHUs1 SMEeKTPONpPOBOAHOCTU, BKMIOYEHUSI [OMNOMHUTENbHbLIX LIEHTPOB
HakonneHus WMOHOB nNuTuda. B pabotax [2,3] NpOAEMOHCTPMPOBAHO YnydlleHue CTabunbHOCTU U©
€MKOCTHbIX XapakTepuCTUK Npu nermpoBaHUM atomamm a3oTa.

[OaHHaa paboTta HanpaBneHa Ha  WUCCNedOBaHME  MEXaAHU3MOB  NPOUCXOASALLMX
3ANEeKTpoOXMMmMYeckux npoueccos. Metogamu Teopuu QyHKUMOHANa MNAOTHOCTU WM MOJSEKYNSPHOWN
OVWHaMUWKM MCCrefoBaHO BNUsiHME reTepoaTtoMHOro gonuposaHus MoS: a3oTom Ha B3aMmMoaencTeue
MoHocnoeB u 3D matpuy ¢ nutmem. OnpegeneHbl TEPMOAMHAMUYECKU BbIFOAHbBIE MONOXEHUS
retepoatomMoB B cnosix MoS2 npu cogepxanum aszota ot 1.9 o 12.5 at% u ux BNnaHme Ha 3reKTPOHHYI0
CTPYKTypy MoHocnosi. [lokasaHo, 4TO BCTpauBaHue as3oTa B CTPykTypy MoS: He cnocobcetByet
OOMOSNIHUTENBHOMY  HakoOMMeHU WMOHOB Li B MEXCroeBOM MNPOCTPaHCTBE, HO ynydwaet
3MEKTPONPOBOAHOCTb MaTpuLbl. YBENMUYEHNE KOHLEHTpauun asota ctadunusmpyet 1T-cdasy MoS:2 u
npuBOAMT K Gornee akTMBHOMY MPOTEKaHWIO peakumn KOHBEPCUM MpU B3aMMOLENCTBUN C NUTUEM.
[MokasaHo, YTO BCTpamMBaHWe a3oTa He cnocobCTBYeT U3BbITOYHOMY HakonmeHuo noHoB Li B MoSo.
YBenuyeHne KoHueHTpauum asoTta B N-MoS: npuBogut k Gonee paHHeMy MNPOTEKAHWMIO peakumu
KOHBEpPCUMU.
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PucyHok 1. QuHarbHbie Kadpbl MOMEKyAspPHO-OUHaMUYeCKUX cumMynayuu e3aumodelicmaus Li ¢ mampuyamu
MoNxS2-x (codepxaHue N ykasaHo 8 cuHuUX pamkax). bonbwee codepxaHue asoma npusodum K 8bl0eneHuro
€80600HOU cepbl, Hayaro rnpoyecca KoHeepcuu.

Cnucok nutepatypbl
[1] Alekseev V. A., Okotrub A. V., Bulusheva L. G. Theoretical insight into lithiation of N-doped molybdenum
disulfide // Appl. Surf. Sci. 2025. C. 165493. DOI: 10.1016/j.apsusc.2025.165493.

[2] Kotsun A.A. et al. Effect of molybdenum disulfide doping with substitutional nitrogen and sulfur vacancies
on lithium intercalation // J. Alloys Compd. 2023. Vol. 947. P. 169689. DOI:
10.1016/j.jallcom.2023.169689.

[3] Qin S. et al. Advanced N-doped mesoporous molybdenum disulfide nanosheets and the enhanced
lithium-ion storage performance // J. Mater. Chem. A. Royal Society of Chemistry, 2016. Vol. 4, Ne 4. P.
1440-1445. DOI: 10.1039/c5ta10224c.

BnarogapHocTu
PaboTa nogaepxaHa Poccuinckum Hay4HbiM dooHaoM, npoekt Ne 23-73-00048.
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BnusiHne CTpyKTypHOM NepecTPoOMKOU NOSIMMEPHON MaTpULbl HA KNHETUKY
3NEeKTPOXUMMNYECKOro 3apsga-paspsaga NnpoBogsAlmMX NoJIMMEpPOB

Omuntpuin B. AHULLIEHKO

CaHkm-lemepbypackuli 2ocydapcmeeHHnbil yHusepcumem, CaHkm-llemepbype, Poccusi
dima_anishenko@mail.ru

MpoBogswme nonumepbl NPeACcTaBnstoT cOB0M 0CobbIN KNnacc TT-COMNPSPKEHHBIX OpraHNYeCcKmX
COeOVHEHMWN, KOTOopble, B OTNMYME OT TPaAWLMOHHBIX NOMMMEPOB-N30MATOPOB, CMNOCOOHBI NPOBOANTL
anektpuyeckni Tok. OHM 0ObeaumHAT IMOKOCTb M MexaHudeckue CBOWCTBA MONUMMEPOB C
3NEeKTPONPOBOAHOCTLIO, XapakTepHOM And MeTannoB W MNONynpoOBOAHMKOB, YTO OTKpbliBaeT
BO3MOXHOCTW ANl CO34aHNA HOBbIX MaTepuanos B 00NacTn aNeKTPOHUKU, CUCTEM XPaHEHUSI SHeprum
N aHTUKOPPO3MOHHbIX MOKPLITUA. HECMOTPSA Ha LLUMPOKUIA MHTEPEC K 3TOMY Knaccy MatepuanoB U ero
WHTEHCUBHOE M3YyYeHWe, HEKOTOpPble OCOBEHHOCTU MX SMEKTPOXUMMUYECKOrO NOBEAEHUS OCTalTCHA He
NOHATbIMW. Hanpumep, MHOrve nposoAsdlive nonumepbl 4EMOHCTPUPYIOT CUIMTbHO acMMMETPUYHbIE
BONMbTaMmnepHble KpuBble (Oaxe Mpu HU3KMX CKOPOCTAX Pas3BEPTKM MOTeHuumana), HeyCcTpaHUMbIN
rmctepesnc NPoBoOAMMOCTM B npouecce 3apsga-paspaga, a Takke adpdekt namaTtu. [Ins BbIACHEHUSA
npupoabl 3TUX SBMEeHWI Obina uccnefoBaHa cepust Nonu(3-ankunTModeHoB) C Pas3nMYHONM ANTMHOWN
ankvnbHou 6okoBon Lenu. CpaBHUTENBHbBIM aHanu3 NPOBOAWIICS C NPUMEHEHNEM KOMMIIEKCa METOLO0B:
UUKITMYECKON BONbTaMNepoMeTpun, XpOHOAMMEPOMETPUM,  SMEKTPOXMMMUYECKON  MMMIegaHCHOW
CMEKTPOCKONMMU, U3MepeHnin NpoOBOAUMOCTU U Macchl.

lMony4yeHHble OaHHble CBUAETENbLCTBYIOT O TOM, YTO MPOLLECC OKUCNEHUS NUMUTUPYETCHA
CTPYKTYPHOWN NEepeCTPONKON nonumepa, Kotopasi, B CBO ovepeb, 3aBUCUT OT pasMepa ankurbHOro
3amectutens. O6pasubl ¢ 6onee AMMHHBLIMU ankuUnbHbIMKW rpynnamu TpebyoT 6Gonee BbICOKMX
OKUCTIUTESbHbBIX NOTEHLMANoB ANg 3anycka MHTEpKansuum aHMoHa, 4YTo ykasbliBaeT Ha KINIOYEBYHO Posib
«PacKpbITUS» MNOAMMEPHON CTPYKTYPbl 3a CYET neperpynnupoBKM ankuibHbIX Lenen. Hanpotus, npu
BOCCT@HOBMEHUN AEMHTEPKaNsLMsa aHMoHa NponcxoguT BbICTPO U He 0b6A3aTenbHO COMPOBOXAAETCH
obpaTHOWM NepecTpOrKon NONMMMEPHON MaTpuLbl. ACUMMETPUS MEXAy NpoLeccaMy MHTepKanaumm m
OevHTepkansaumm NpMBoAnT K HEOObIYHLIM 3MIEKTPOXMMMNYECKUM OTKITMKaM TakuxX NofiMMepoB, BKYas
SPKO BblpaXXeHHbIN rmctepesnc [1,2].

Cnucok nutepatypbl
[1] Anishchenko D. V. et al. Phase Transition-Governed Asymmetry in Poly (3-alkylthiophenes) Redox
Kinetics: An Electrochemical Study //the journal of physical chemistry C. — 2025. — T. 129. — Ne. 36. — C.
16244-16260. DOI: 10.1021/acs.jpcc.5c02840.

[2] Anishchenko D. V. et al. A Coupled Charge Transfer—Structural Distortion Model for Memory Effects in
Conducting Polymer Electrochemistry //The Journal of Physical Chemistry C. — 2026. — T. 130. — Ne. 20.
— C.7167-7185. DOI: 10.1021/acs.jpcc.6¢c01131.

BnarogapHocTu
PaboTta BbinonHeHa npu mHaHcoBON nogaepxke Poccunckoro HayyHoro dpoHaa. (npoekTt Ne 24-73-
10157).
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AN py3MOHHO-KMHETUYECKOIO KOHTPONA: MoAenMpoBaHue U 3KCNepuMeHT

®pon A. BooseHkoB, Oner A. Kosagepos, lNMaeen . TapakaHoB, Npuropun A. KyabMeHKO

BopoHexckul eocydapcmeeHHsbili yHugepcumem, BopoHex, Poccus

f.vdovenkov@gmail.com
[N KOPPEKTHOIO COMOCTABIIEHUS SKCTEHCUBHbIX 3NEKTPOXUMMNYECKMX NapaMeTPOB pas3fNYHbIX

CHCTEM W MPOLECCOB Mexay cobor OHM AOMKHbI ObITb HOPMUPOBaHbI Ha MoWwanb rpaHnubl pasgena
anektpoa/pacteop. OgHako npouedypa Takon HOPMUPOBKU He SABMSETCS TpUBMarbHOW, 0COBEHHO B
Cny4yae HeCTauMOHapHbIX 3NEKTPOXUMUYECKUX N3MEPEHUIN, U AaneKo He Bcerfga CBOAMTCS K NPOCTOMY
JeneHuo Ha nnowasb UCTUHHOM MOBEPXHOCTU anekTpoaa. Hanbonee 3aTpyaHUTENbBHO YCTaHOBUTb
ponb LIEepOXOBaTOCTU MOBEPXHOCTU B KMHETUKE 3MEKTPOAHOro mnpolecca, npoTekawLero B pexvme
CMeLLaHHOoro AN dy3MOHHO-KUHETUYECKOrO KOHTPONS, Korga COMOCTaBUMbl CKOPOCTU KUHETUYECKON
1 andpy3noHHOM cTagnii.

[MpoBegeHO 4uCnEeHHOEe MOoAEeNnWpoBaHME  XPOHOAMMEPOMETPUM  SMEKTPOXMMUYECKOrO
npouecca Ha aneKkTpoAe C LIepoxXoBaTon NOBEPXHOCTbLIO, BKMNoYatoLwasa ctagum auddysmm 1 nepeHoca
3apsiga. [lpocTpaHCTBEHHO-BPEMEHHOW NPOMuUIb KOHLUEHTPauUM 3NEKTPOXUMUYECKN aKTUBHOTO
oudpdysaHTa paccuMThbiBanu peleHneM YypaBHeHUst BToporo 3akoHa Owuka [1]. LlepoxosaTtyto
MexdasHyto rpaHvLy NpeacTaBnsany B BUAe AByMEPHOro NOBEPXHOCTHOIO NPoduns pasnnyHbiX TUMOB
(cvHycompanbHas, nunoobpasHasi, TpaneuenaaneHasi, CUCTeEMa OOUHOYHLIX BbICTYNOB, dpakTanbHas,
cTaTUCTMYeCKn HeperynsapHas) [2]. BapbmpoBaHne KOHCTaHTbl CKOPOCTU NepeHoca 3apsaa No3Bonunmno
MOZEeNMpPOoBaTh 3MNEKTPOXMMUYECKUIA MPOLECC C pasfnnyHbIM COOTHOLLEHUEM BKMaAOB KUMHETUYECKOW
n onddysMoHHON cTaguin. PelueHne nonyyanu YUCNEHHBIM METOAOM KOHEYHbIX 3MEMEHTOB C
ucnonb3oBaHuem nporpammbl COMSOL  Multiphysics. [lo pesynbTaTam MoOAenMpoBaHUs
HECTaLMOHApHOrO  3NEKTPOXMMMYECKOrO MpoLecca Ha LepoxoBaTbiX 3MekTpodax Monyynnu
TPaH3MEeHTbl OYHKLMKU LLEPOXOBATOCTWN, KOTOpbIE MOKA3blBAlOT, BO CKOJIbKO pa3 B AaHHbIi MOMEHT
BPEMEHW CuMa ToKa Ha LLepOXOBaTOM 3f1eKTPOAE NPEBLILLAET CUITYy TOKA Ha NMITOCKOM 3M1eKTpoae.

Anpobauuto pa3paboTaHHON YNCIEHHOM Moaenm npoBoaunIn Ha npumepe
3MEKTPOBOCCTAHOBIIEHNS HUTPAT-UOHA B KUCIOWN Cpede, MPOTEKaKLLEero B CMeLaHHOM Anddy3noHHO-
KMHETUYECKUM PEXMME Ha MOBEPXHOCTU SMEKTPOOCAKAEHHBLIX MEAHbIX MOKPbITUAX U3 MNOOKUCIIEHHOTO
pactBopa, coaepxawero [13M-1500 (nokpbitve Ne1) u© koMnnekc opraHudecknx [obaBok
(ABT+OBTC+IM3-4000) (nokpbiTme Ne2) [3]. [Ona onpefeneHMs KOHCTaHTbl CKOPOCTUM nepeHoca
3apaga npoBedeH pPerpecCUOHHbIN aHanu3 OMbITHbIX XPOHOAMMNepPOrpaMMm COMOCTaBfeHneM C
BblpaxxeHMeM [Ans KPUBOW cChlaja ToKa LUepoXOoBaToro 3MnekTpoAa B pamkax “YUCIIEHHOro
MOOEeNMpoBaHus. OKCNepMMeHTarnbHble TPaH3MEHTbl TOKa WM pacyeTHble XpOHOaMMneporpaMmbl
3IIEKTPOBOCCTAHOBIIEHUS HUTPAT-MOHA XOPOLUO COrnacyTca Mexay cobon ¢ koadhduumeHTom
petepMmunHauum He meHee 0.99. MNMonyynnu, YTo KOHCTaHTa CKOPOCTU NepeHoca 3apsiga uccrneayemoro
npouecca Ha nokpbiTun Ne1 coctaensiet (2.5+0.2) -10-2 cm/c, a Ha nokpbiTum Ne2 — (2.2+0.2) -10-3 cm/c.
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Generation and Application of Human Brain Organoids
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Human brain organoids have emerged as powerful three-dimensional models for investigating
human neurodevelopment, neurological disease, and therapeutic responses. By recapitulating key
aspects of early brain development through the self-organization of human pluripotent stem cells in vitro,
these systems partially overcome the limitations of conventional two-dimensional cultures and animal
models, particularly the interspecies differences that often compromise the translation of preclinical
findings into clinical success. Over the past decade, substantial progress has been made in the
generation of brain organoids, including improvements in pluripotent stem cell quality control, embryoid
body formation, neural induction, regional patterning, long-term maturation, vascularization, and
assembloid-based integration of distinct brain regions. These advances have increased the
reproducibility, cellular diversity, structural organization, and functional relevance of human brain
organoid models.

In this review, we summarize recent developments in the construction and application of human
brain organoids, with particular emphasis on optimized differentiation strategies, disease modeling, and
drug efficacy assessment. We further discuss their expanding use in studies of neural circuit formation,
human brain development, brain evolution, neurodevelopmental and neurodegenerative disorders, and
host—environment interactions. Emerging interfaces between brain organoids and engineering
technologies, including microfluidic platforms, high-throughput screening systems, electrophysiological
recording devices, and brain—computer interface-related approaches, are also highlighted. Finally, we
discuss current challenges, including cellular immaturity, batch-to-batch variability, incomplete vascular
and immune components, limited standardization, and ethical considerations. Together, human brain
organoids provide a promising and increasingly sophisticated platform for modeling human-specific
brain biology, while continued methodological refinement will be essential for improving their fidelity,
scalability, and translational value.
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Figure 1. Generation and Application of Human Brain Organoids.
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First-principles Prediction of Anisotropic Infrared Optical Properties in
Orthorhombic LaMnOs

Haofeng Guo
Harbin Institute of Technology, China
ghf5333@163.com

This work systematically investigates the anisotropic mid-infrared optical properties of
orthorhombic LaMnOs using a first-principles-parameterized Lorentz oscillator model. LaMnOs is an
important parent compound for LaMnOs-based perovskite infrared functional materials, yet its directional
phonon-mediated optical response remains insufficiently clarified. In this study, a static A-type
antiferromagnetic reference structure was obtained using PBEsol + U calculations, and the infrared-
active transverse and longitudinal optical phonon modes were determined from lattice dynamical
calculations. A total of 25 IR-active TO-LO paired phonon modes were identified, and their frequencies
and vibrational patterns were analyzed together with the Born effective charges and high-frequency
dielectric tensor. Since phonon damping directly determines the linewidths of infrared-active phonons
and thus the shape of dielectric and emissivity spectra, both three-phonon and four-phonon scattering
processes were explicitly included in the damping description. The inclusion of four-phonon scattering
significantly broadens the phonon linewidths, suppresses overly sharp spectral resonances, and
improves the agreement between the calculated averaged emissivity spectrum and available
experimental data. Based on these parameters, the dielectric function and emissivity spectra along the
[010], [001], and [100] crystallographic directions were predicted in the 400-4000 cm-' range. The
results reveal pronounced orientation-dependent mid-infrared emissivity features, mainly arising from
Jahn—Teller distortion, GdFeOs-type octahedral tilting, and the resulting anisotropic IR-active polar
phonons. Overall, this study demonstrates the essential role of four-phonon scattering in accurately
describing the infrared optical response of LaMnOs and provides physical guidance for predicting
orientation-dependent emissivity in LaMnOs-based thermal-control materials.
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. NIR-light controlled signaling in artificial cells to produce nitric oxide for
vasodilation
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23b925076@stu.hit.edu.cn

The cAMP-Ca?*-NO signal transduction cascade was reconstituted as a critical step toward
artificial cells with therapeutic functions. Nitric oxide (NO), a universal signaling molecule regulating
physiological functions, holds therapeutic potential for cardiovascular and neurological diseases. Here,
we constructed artificial cells capable of NO production by incorporating NIR light-controlled adenylate
cyclase (AC), cyclic nucleotide-gated (CNG) channels, calmodulin (CaM), and endothelial nitric oxide
synthase (eNOS). Upon AC incorporation, cAMP was produced to regulate Ca2* release from calcium-
storing organelles. Dynamic Ca?* changes activated CaM, which subsequently induced eNOS catalyzed
arginine metabolism to generate NO. Lipophilic NO molecules freely diffused through phospholipid
membranes, effectively circumventing interference between the artificial system and the biological
milieu. Under optimized conditions, 2.93 + 0.13 yM NO was generated from 1 x 107 artificial cells within
18 minutes, and promoted 66.49 + 17.42% vasodilation in rats under light irradiation. The successful
reconstitution of the NO signaling pathway provided a novel non-invasive solution for vasodilation and
laid the foundation for fabricating artificial cells with customized therapeutic functions.

i .

ATP  cAMP

&
24 Ca*

Ca
\Cam

Sy
o0 ( ©) ©) (
.
.
.
.
.

.

.

6o ® Relaxing

L-arginine

© — euv — LUV

— AC — CaM Gy o _o0o0
b P I
I —cNG @P— eNoS

[2] Scheme1. Schematic an artificial cell containing calcium storage organelles capable of producing NO for
vasodilation under NIR light.
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BonbtamnepomeTtpuyeckoe onpegenenne JOPA v TMpO3MHa Ha 3aneKTpoae,
MoandULMPOBaAHHOM TeTpaaMUHOTeTparngpokcukanukc[4]apeHom

Makcum A. Konbinos', MapuHa A. UnbuHa', MpuHa A. YenHokoBa, lapuca I'. lWangapoea

" Kasarckul (Mpueormxckull) ¢hedepanbHbili yHusepcumem, KasaHb, Poccusi
maksimkplv@gmail.com

Tupo3snH n anokcudenunnananuHd (ODA) — aMMHOKMCIOTbI CO CXOXKEWN CTPYKTYPOWN, YHaCTHUKU
ogHoro MeTabonMyeckoro uukna, MpedWwecTBEHHUKM psiga TOPMOHOB UM HEMPOMeAMaTopoB
MrekonutawLwmx. HapyleHue ypoBHS TUPO3MHa B OpraHvM3me 4erioBeka MOXeT NPUBECTU K pa3BUTUIO
anbbuHM3ma, ankanToHypun U Apyrux natonorun, HapyweHue yposHa JO®A — k pas3suTtuio 6onesHm
MapkuHcoHa. BBuay atoro onpegeneHve aTUX BELLECTB ABMSETCA BaxHOW 3agadven. Cpeau opyrux
3ANEKTPOXMMUYECKUX  MEeTOAOB  aHanu3a  BONbTaMnepoMeTpusi  BblAensdeTcd  MpocToTown,
9KCMPECCHOCTbIO " YYBCTBUTENbHOCTBLIO. CenekTuBHOCTb " YYBCTBUTENBHOCTb
BOMbTaMMNepPoOMETPUHECKOro onpeaeneHnss MOXHO MOBbICUTb 3@ CHET MoaudrKauunm noBEPXHOCTU
anektpoaa [1]. K uncny nepcnekTuBHbIX MOAMGMKATOPOB OTHOCAT KanukcapeHbl — MakpoLMKInyeckmne
COEAVHEHMs,  OTNMYaloLLIMEeCa  YHMKANbHOW  CTPYKTYpOW C  MOJIOCTbi, obecneudnBatoLlen
B3aUMOEWNCTBUE C Pas3fiMYHbIMW LieNeBbIMM MOJIEKYTIaMM MO MPUHLNMY «FOCTb-XO3AUH» [2].

BonbTamnepomeTpuyeckoe onpegerieHne TUPO3WHa Ha HeMOAVUMULMPOBAHHOM YrOSbHO-
MacTOBOM 3reKTpoge HeBO3MOXHO, a onpegeneHme JOPA — BO3MOXHO TOMbKO B y3KOM MHTepBarne
KOHUeHTpauun. Bsugy aTtoro B HacTtoswen paboTte wm3yvyeHbl OCOBEHHOCTU 3MNEKTPOOKUCNEHUS
TMpo3uHa u JODA Ha yromnbHO-NacToOBOM 3anekTpoae, MoaudguumnmposaHHoMm 5,11,17,23-teTpaamMmnHo-
25,26,27,28-teTparnapokcukanukc[4]apeHom (calixNH2) n cycneHanerr MHOrOCTEHHbIX YrnepoaHbIX
HaHOoTpy6ok (MYHT). OnTumMuanpoBaHbl yCnoBus MONy4eHUs MOAMMULMPOBAHHOIO arnekTpoga u
perncTpaumm curHana, npu KoTopbix HabnaaeTcs HaMbornbLUMIA TOK 3NEeKTPOOoKMCneHns cybeTpaTos.

Moguduvkaumo anektpoga nposoaunu nytem BHeceHusa calixNH2 B coctaB nacTtel npu
W3roTOBMEHMM 3NeKTpoga W  HaHeceHus cycneHaun MYHT Ha ero nosepxHocTb. Ha
BONMbTamMneporpammax, MOJSTyYEHHbIX Ha MOAWMULMPOBAHHOM 3MEKTpPoAe B pacTBOpe TUpPO3uHa
HabntogaeTca nuk npu E 1.04 B, B pactBope JODA — npu E 0.6 B. [laHHble Macc-cneKkTpa BbICOKOro
paspelueHus, nonyyeHHole B cMmecu calixNH2 n aHanuToB, yKasbiBalOT Ha B3aMMOOENCTBME «TOCTb-
X035IMH». PaccunTaHHble 3HaveHus Sy Ans perucrpupyembix curHanos TuposuHa n JODA B cepuu
napannenbHbiX U3MepeHun He npesbiwanu 0.02.

PaspabotaH cnocob BonbTaMnepomMeTpuyeckoro onpegeneHus TuposmHa u JOPA Ha
npeanoxeHHoM anektpoae. [pagyupoBOYHbIE 3aBUCUMMOCTM CUrHama OT KOHUeHTpauuu B
norapndMmMYecknx KoopanuHaTax NIMHEHbI B MHTepBane KoHueHTpaumi 5x107-5x10-3 M gnsa Tpo3nHa
n 5x1010-5x10° M ana OO®A. Mpu peructpaumm BonbTamrneporpaMmmbl B pacTBope, CofepKalleM
cmecb TuposuHa u JO®A, HabnwogawTca ABa MNuka, pasHOCTb MOTEHLMAanoB KOTOPbIX MO3BONsAeT
NPOBOAWTL COBMECTHOE OnpeaeneHne AaHHbIX COeAUHEHUN.

Tupo3un

02 03 08 13 5B

PucyHok 1. Luknudeckas sonibmamnepozpamma, nofy4eHHasi Ha npednoxeHHom anekmpode e cmecu [JODA
(5 MM) u muposuHa (5 MM)
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Accelerated Discovery of Ultra-Black Aerospace Coatings via Machine
Learning-Assisted Bandgap Prediction
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Aerospace optical systems require ultra-black coatings with excellent stray-light suppression
and thermal-management capability under extreme space conditions. Although perovskite materials
possess tunable bandgaps and strong light-harvesting characteristics, conventional organic—inorganic
halide perovskites are generally unsuitable for space applications because of their vulnerability to atomic
oxygen erosion, vacuum outgassing, and radiation-induced degradation. Fully oxidized inorganic
perovskites, by contrast, provide a more robust platform owing to their rigid crystal lattices, intrinsic
oxidation resistance, and superior thermodynamic and radiation stability. For these oxide systems, the
realization of ultra-black behavior fundamentally depends on bandgap engineering, since the electronic
structure directly determines the threshold and efficiency of broadband photon absorption. However, the
enormous compositional complexity of multi-element oxide perovskites makes conventional trial-and-
error exploration inefficient, while large-scale first-principles screening remains computationally
expensive.

To address this challenge, we developed a machine-learning framework for rapid bandgap
prediction and screening of inorganic oxide perovskites. Using an ensemble descriptor-screening
strategy, 20 informative features were selected, and Bayesian optimization identified XGBoost as the
best-performing model. The final model achieved a mean absolute error of 0.324 eV, a root mean square
error of 0.535 eV, and an R? of 0.827, with a Spearman correlation coefficient of 0.809. The median
absolute error was only 0.154 eV, and the 95% confidence interval for MAE ranged from 0.287 to 0.366
eV, indicating stable predictive performance. Uncertainty evaluation further showed a prediction interval
coverage probability of 0.919 with a mean prediction interval width of 1.407 eV, supporting the reliability
of the model for accelerated materials discovery. These results demonstrate that data-driven bandgap
prediction offers an efficient route for identifying space-stable inorganic oxide perovskites with targeted
optical absorption characteristics for ultra-black coatings.
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Chemical Signal Communication in Artificial Cells: From Intracellular
Protoorganelle Networks to Environment-Driven Multicellular Dynamics

Shubin Li, Xiaojun Han
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Cellular signal transduction is central to life activities, and constructing artificial cell models
provides a controllable platform for revealing its complex mechanisms. By encapsulating two types of
protoorganelles within a lipid based artificial cell, one containing glucose oxidase (GOx) and the other
containing horseradish peroxidase (HRP) together with Amplex Red, and introducing external glucose
through melittin pores, an enzymatic cascade reaction is triggered. Glucose enters the GOx loaded
vesicles to produce hydrogen peroxide, which then diffuses into the HRP loaded vesicles to oxidize
Amplex Red into the red fluorescent product resorufin. This achieves chemical signal communication
between the two protoorganelles inside a single artificial cell, and the reaction rate increases with the
number of GOx containing vesicles. Extending the simulation scale from intracellular communication to
dynamic feedback between cells and their environment, a two species system composed of pH
responsive artificial cells (loaded with sucrose) and Saccharomyces cerevisiae was constructed. Carbon
dioxide produced by yeast metabolism drives periodic oscillations of the environmental pH, which in turn
modulates the release rate of cargo from the artificial cells. On this basis, a third type of artificial cell
containing NAD* and glucose-6-phosphate dehydrogenase (G6PDH) was introduced. The pH
oscillations control the pulsed release of glucose-6-phosphate (G6P), which drives stepwise generation
of NADH inside the third cell type. Using the magneto-Archimedes effect to construct spatially coded
three species communities, it was found that the spatial arrangement of species significantly affects
signal transmission and metabolic behavior. Together, these works demonstrate from two levels,
intracellular compartment communication and dynamic feedback between cells and the environment,
the potential of artificial cells to simulate complex signal transduction networks, laying a foundation for
deciphering natural intercellular communication mechanisms and constructing synthetic microbial
ecosystems.

External signal
protoorganelle 2
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Figure 1. Schematic illustration of the chemical communication between two protoorganelles inside an artificial
cell. (left) Fluorescence images of artificial cells containing two protoorganelles after the addition of external Glu
molecules as a function of time. (right)
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NMpumeHeHne meTannuyeckoro 6epunnusa ansa yaaneHna npumecen HUKens u3
TonnuBHou conu FLiBe
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KoHcTaHTuH B. Makcumue, Makcum C. KapabaHanos, Oner WN. PebpuH
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ApepHble peakTopbl YeTBEPTOro NOKONEHUS pa3pabaTbiBaOTCA C LENbio 3aMblKaHWs A0epHOro
TonnmBHOro umkna. OgHMM 13 NepCcnekTUBHBIX MPOEKTOB SIBNISAETCS CO30aHMeE XMAKOCOMNEeBOro sagepHoro
peaktopa (XKCP), koTopbin cnocobeH TpaHCMyTUPOBaTb BbICOKOAKTMBHbIE MWHOPHbIE aKTUHWUABI,
BolpabaTbiBad nNpu 3TOM 3HEPrU0 M CHWXKasi pPaguoOTOKCUYHOCTb MPOAYKTOB nepepaboTku
oTpaboTtaBliero aaepHoro tonnuea [1]. AktnBHasa 3oHa XXCP npeacraenser coboun "koHTerHep" ¢
pacnnaBnieHHOM TONJIMBHOWM COSblO HA OcHoBe cmecn hTopuaos nutust u 6epunnus, LiF-BeF, (FLiBe)
[2]. Oaxe npu uncnonb3oBaHMM crneumansHO pa3paboTaHHbIX HUKENeBbIX CMMaBoOB C BbICOKOMW
KOPPO3MOHHOW CTOMKOCTbIO BO (hTOPUAHBIX cCpefax, HakonfeHue NpoAyKTOB KOppO3uu B pacnnase
ocTaeTcst HemsbexHbIM akTopom. [1na obecneyeHnss Bo3BpaTa MaTPUYHOM COMNM B KOHTYP peakTopa
TpebyeTcs ouMcTKa 3TOM Conuv OT Npumecein. B aaHHol paboTe nccnegyercs cnocod o4MCcTku pacnnaea
FLiBe meTannuyecknm 6epunnmem, KOTOPbIN ABNSETCA CUMbHBIM BOCCTAHOBUTENEM M MPU 3TOM He
BHOCUT B CUCTEMY MOCTOPOHHMX 3MIEMEHTOB, MOCKOMbKY KaTUMOH Be?* yxe SBMSeTCs KOMMOHEHTOM
coneBon MaTpuubl. Llenb HacTodwen paboTel — M3yyeHMe npouecca yganeHust MOHOB HUKenst u3
TonnueHow conu FLiBe BoccTaHOBRNeHMeM MeTannnyeckum 6epunnmem.

OKCNepuMMeHTbI 1 MaHVNYNALMK ¢ pacnnaBoM NPOBOAMMAM B NepyaToyHOM Bokce B aTMocdepe
aproHa, u4Tobbl NpenoTBpPaTUTL  3arpsA3HEHUEe COMer  KUCMOPOACOAepXallMMy  MPUMECAMM.
MpenBaputensHo rotounu pacnnae FLiBe ¢ 3agaHHOW kOHUEHTpaunen NMOHOB HuKens. [Ons aTtoro
HaBecku FLiBe n 6e3BogHOro hropmnaa HUKENs roMmoreHn3upoBanu B rpadoMToBOM TUrMe U CNNaBnsnu
npu temnepatype 700 °C B TeyeHue 12 yacoB (ansa nonHoro pacteopeHusi NiFz). 3atem B pacnnas
nomewanu obpasey meTannuyeckoro 6epunnus B popmMe Ancka ¢ U3BECTHOM NoLwaibpio NOBEPXHOCTH
W BblAEpXUBanu 40 MOSTHOM OYMCTKM CONM OT MOHOB HKKens. B npouecce BblOEpPXKKU MOHbI HUKENS
BOCCTaHaBMMBanucb 40 MeTanfiMyeckoro COCTOSIHMS Ha MoBepxHocTn Gepunnmsa.  YacTb
BOCCT@HOBIEHHOrO HUKeMNsi oTaensdnack OT 6epunnueBon MOAMNOXKM U ocaxganacb Ha AHe TUrmns B
BMae OMcnepcHou meTannuyeckor dasbl. [Nepuoamyeckn ¢ NOMOLLBIO NPoBoOOTOOPHUKA OoTBMpanu
npobbl pacnnaea, KOTopble aHanu3MpoBann METOLOM MacC-CNEKTPOMETPUM C MHAYKTUBHO-CBA3AHHON
nnasmon. o 3aBeplieHun akcnepuMmeHTa Gepunnuesbid obpaseL, Mssnekanu M3 pacnnasa, COfb
oxnaxaganu n saamopaxmsanu B Turne. N3 6epunnuesoro obpasiuia n3rotaBnmeany NonepeyHbIv Wnndg
W METOAOM CKaHWPYILWENn SMNEeKTPOHHOW MUKPOCKOMMU UCCrefoBanu MNoOBEpXHOCTb obpasua u
NPUNOBEPXHOCTHbLIN CIIOM Ha NpeaMeT BKITIOYEHUI MeTanmmyeckoro HUKens.

B pesynbTate akcnepumeHTOB GbinM onpedeneHbl KMHETUYECKME XapaKTepuCcTUKU npouecca
uemeHTauum Hukens. lokasaHo, YTO M3MEHEeHMEe KOHLUEHTpauuu HWKENs B pachnaBe B npouecce
BbIOEPXKKN OMUCBLIBAETCS ypaBHEHMEM peakuMu nepBoro nopsigka. PaccuvMtaHa KOHCTaHTa CKOpocTv
peakuun, a Takke Bpems, Heobxogumoe A5 O4YMCTKM pacniiaBa U JocTuraemas CteneHb U3BrneveHne
HUKenNs.
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MpenckasaHne aneKTPOXUMMNYECKOW CTabnNbHOCTU XUAOKUX SNEKTPONNTOB ABIISETCS KITHOYEBON
3agaven npu paspaboTke NMUTUN-UOHHBIX aKKyMynsaTOPOB, MOCKOMbKY onpeaenseTt npegenbsl pabounx
noteHumanoB cuctemsol [1,2]. B gaHHon paboTe npeasiokeH MHOroMaclUTabHbIN BbIMUCIUTENbHbIN
noaxon Onsi OLEHKM OKUCITUTENbHO-BOCCTAHOBUTENbHOW CcTabunbHocT pactBopoB LiBF4 B cmecu
pacTBopuTEnen, O0bEeAVHSAWUA MONEKyNApHO-AMHAaMUYeCcKoe MOLENUpPOBaHWe, CTaTUCTUYECKU
aHanu3 KOOpAMHALMOHHbIX COCTOSIHUIA N KBAHTOBO-XMMUYECKNE PACUETHI.

MonekynsapHasa auHamuka (NPT, 298 K, 1 aTm) BOCNpOM3BOAMT 3KCNEpPUMEHTarbHble
NMNOTHOCTU U BbISIBNSieT (PopMMpOBaHME CMELLaHHOW KOOpAMHAaLUMOHHOW cdepbl Li* ¢ yyactuem
MOneKyn pacTtsopuTtensi u aHnoHoB BF4. [MokasaHo, 4To ucnonb3oBaHue adpdekTneHoro 3apsaga Li*
(+0.76 e) npuBoant Kk duandeckm ob6OCHOBAHHOMY pacnpedeneHuio KOOPAWHALMOHHBIX 4Yucen ¢
MaKCMMyMOM OKOJ10 YeTbipéX. Ha ocHoBe cTaTtucTmyeckoro otbopa Hanbonee BEPOATHbIX KOMMIIEKCOB
BbIMOMHEHbl  KBAHTOBO-XMMUYECKME  pacyé€Tbl  CBODOAHLIX  SHEPrMW U OKUCIUTENbHO-
BOCCTAHOBUTESbHbBIX MOTEHUMANoB. YCTAHOBMNEHO, 4TO AoMuHupylowmin komnnekc Li(BFs)(DMC)s
onpegensier BEPXHIO rPaHuLy OKUCIUTENbHOW cTabunbHocTn (~6.25 B oTHocutenbHo Li/Li*), a
aHcambneBoe yCpeQHEHWEe  KOPPEKTHO  BOCMPOM3BOAMT  KOHLEHTPAUMOHHYK  3aBMCUMOCTb
3ANEKTPOXMMNYECKOrO OKHa.

PaspaboTaHHbIn noaxod MNO3BOMSET CYLEeCTBEHHO COKpaTUTb YUCMO paccMaTpuBaeMbixX
CTPYKTYp 6e3 noTepu pmamyeckon coaepxaTenbHOCTU pesynbTata U MoXeT BbiTb MCNONb30BaH ANs
YCKOPEHHOIo TEOPETMYECKOrO CKPUHUHIA 3MEeKTPONUTOB B 3ajayax MpPOeKTUPOBaHMS NUTUN-MOHHBbIX
aKKyMynsaTOpOB.

PucyHok 1. leomempus komnnekcos LiBFs(DMC)2 u LiBF4(DMC)s.
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JINTUR-NOHHBIE aKKyMYNATOPbl HAXOAAT LUMPOKOE MPMMEHEHVE B MOPTATMBHOW 3MIEKTPOHUKE,
ANEKTPOTPaHCNopTe N CUCTEMAX PE3EPBHOIO NMUTaHWS, OOHAKO NX MPOU3BOAUTENBHOCTb CYLLECTBEHHO
CHWXaeTcst Npu oTpuuaTtenbHbix Temnepatypax [1]. MNpu oxnaxaeHun Hke 0 °C Bo3pacTaeT BA3KOCTb
3NEKTPONMTa, CHKaeTCs MOHHAs NPOBOAUMOCTb U 3aMefrnsieTcs KMHEeTUKa nepeHoca 3apsja, YTo B
COBOKYMHOCTU NpMBOAUT K 3HauuTenbHoW mnotepe émkocTu. Kpome TOro, nnotHas ynakoBka
KpUCTannuM4yeckon peLléTKN HeopraHMYecKnX KaToOHbIX MaTepuanoB 3aTpyaHSET BHeOpeHWe MOHOB,
0cobeHHO Ha cTagun feconbBaTauuKn, JHepreTudeckne 3satpatbl Ha KOTOPYH BO3pacTalT npwu
oxnaxageHun [2].

OaHVM M3 HanpaBfeHWn pelleHust 3Ton Npobnembl SIBNSETCA MPUMEHEHUEe OpraHUYecKux
ANeKTpoaHbIX MaTepuanoB. brnarogaps 6onee rubkon CTpyKType Takme CoeguHEHNS MOryT NPOBOANTb
KaKk [econbBaTVpPOBaHHbIE, TaK U CONbBATMPOBaHHbIE MOHbI MpU OTpuUATEeNbHbIX TemnepaTtypax.
OcobbI MHTEpEeC cpean NOAOOHbBIX COeaNHEHUI NPEACTaBNAT NONIMMEPHbIE KOMMMEKChl NepPexoaHbIX
METannoB C NuWraHgamu CcareHoBOro Tumna, B 4acTHOCTM Ha ocHoBe Hukens poly[Ni(Schiff)]. 3tu
NMonMMepbl COYEeTalT BbICOKYH SMEKTPONPOBOAHOCTb U 06paTMMOCTb pedoKCc-NepexodoB, a
BO3MOXHOCTb BapbMpOBaHUSA CTPYKTYpbl nuMraHga W KOOPAWHALUMOHHOIO OKPYXeHMs MeTanna
No3BOMSseT HanpaBfieHHO U3MEHATb WX 3NEKTpoXMMmyeckue cBoncTBa. [lokazaHa nepcneKkTUBHOCTb
poly[Ni(Schiff)] B kadecTBe KkaTO4HbIX MaTepuanoB ANA JUTUN-UOHHBLIX aKKyMynsaTopoB U
CYNepKOHAEHCaTopPOB, OAHAKO KUHETMKa PefoKC-NPOLIECCOB M MEeXaHM3Mbl NepeHoca 3apsaa B 3TUX
cucTemax nNpu oTpuLaTtenbHbIX TeMnepaTypax OCTaBanmMcb HeJOCTaTOYHO M3YyYeHHbIMY [3].

Momnmo TemnepaTypHoro dakTtopa, BaXHbIM OCTaéTCs BOMPOC BIUSHUA BOAbl Ha
ANEKTPOXNMUNYECKME MPOLLECChbl. JMNEKTPONMTbl HA OCHOBE OpraHWYecKMx pacTBOpUTENen cogepxar
crnefoBble KONMYeCTBa BOAbl BCIEACTBME HEMOMHOMO OCYLLEHNS KOMMOHEHTOB, U Jaxe HebonbLioe eé
KONMMYeCTBO CMOCOGHO MHULMMPOBATL NOBOYHbBIE peakumny Ha ANeKTpoae U NPMBOAWTL K Aerpagauunv
3MEeKTPOoaKTUBHLIX hopM MaTepunana. Bmecte ¢ Tem xapakrep B3aumogenictams poly[Ni(Schiff)] ¢ Bogon
1 BO3MOXHOCTb yrnpaBreHnst 3TUM MPoLEeCcCOM Yepe3 MOJEKYNAPHYI0 CTPYKTypy nuraHga Tpebosanwm
JeTtanbHoro nsyveHus [4].

B Hactosiwen pabote C nNpuMEHEeHWEM MeTOAOB LMKIUYECKOW BOMbTamnepomeTpumn,
3ANEKTPOXMMNYECKON KBApLLEBON MUKPOrpaBUMeETPUN, U3MEPEHUSA 3SMNeKTPOrNpOBOAHOCTUM B pexunme
operando M CNEKTPOSMNEKTPOXMMUM WUCCMEAOBaHO BNUSAHME TemnepaTypbl U codepXaHus BOAbl B
anekTponuTe Ha anektpoxumwmdeckme ceomnctBa poly[Ni(Schiff)] ¢ pasnuuHbiMM 3amecTutenamu B
nuraHge. MNokasaHo, 4To nepeHoc 3apsaga B poly[Ni(Schiff)] moxeT conpoBoXxaaTbCa UHXKEKUMen Kak
CONMbBaTUPOBaHHbIX, TaK N OECONbBaTMPOBAaHHbLIX MPOTVBOMOHOB, @ XapakTep nepeHoca 3aBuUCUT OT
CTPYKTYpPbl KOMMNJIEKCA 1 YCMOBUI (POPMMPOBAHNS NONMMEPHOr0 NOKPbITUA. OCOBEHHOCTM CTPYKTYpbI
NMOMMMEPHOr0 MOKPbITUS CYLLECTBEHHO BNUSAKT Ha 3(PPEKTUBHOCTbL MNepeHoca 3apsga npu
oTpuuaTenbHbIX TeMnepaTtypax.

YCTaHOBNEHO, YTO MNPUCYTCTBUE BOAbl MPMBOAUT K AecTabunm3aumm OKWUCMEHHbIX hopMm
poly[Ni(Schiff)] ¢ He3amMelWEHHbIMM NUraHgamMuM BCNeacTBUE KOOpAMHAUMM MONEKyn BOAbl K aTomy
Hukens. BBegeHne MeTUnbHbIX U METOKCUIpynn B65IM3u KOOPANHALIMOHHOIO LIeHTpa orpaHnynBaeT 3ToT
npoLecc W coxpaHseT obpaTMMOCTb pefoKC-NepexonoB Mpu  ANUTENbHOM  LIMKNUMPOBaHUM B
BoJgocoaepxallen cpefe. lNonyyeHHble pe3ynbTaTbl NOKa3bIBAKOT, YTO CTPYKTypa nNuraHaa u ycrioBus
OpMUPOBAHMSA MOKPbITUS CYLLECTBEHHO BIUSIOT HA MEeXaHM3Mbl NepeHoca 3apsga U YCTOMYMBOCTb
poly[Ni(Schiff)] k Bo3gencTaumio BoAbI.
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Phospholipid vesicles are the most common in vitro model for cell membranes, and their
controllable division is key to constructing artificial cells and understanding primitive cell division. In
nature, cell division relies on complex protein machineries that actively remodel membranes. Inducing
vesicle deformation or division using only a few recombinant proteins in a cell-free liposome system
would provide a minimal division module for synthetic biology and shed light on the evolution of primitive
division mechanisms. However, known division proteins—bacterial FtsZ, eukaryotic dynamin, and some
ESCRT-lll members—often suffer from low efficiency, unstable deformation patterns, or strong
dependence on auxiliary factors. Driven by GTP hydrolysis, FtsZ assembles into rings but induces
asymmetric, fragmented constriction and requires additional membrane anchors. Dynamin severs
membrane tubes via helical contraction but demands high pre-existing curvature, making it difficult to
achieve complete division in low-curvature giant unilamellar vesicles (GUVs). Thus, finding or
engineering efficient and stable protein components for vesicle division remains a bottleneck.

Recently, the Cdv (cell division) protein system identified in archaea has attracted considerable
attention. Unlike bacterial FtsZ, Cdv proteins from Sulfolobus are considered ESCRT-IIl homologs and
can self-assemble into membrane-bound helical structures. In this study, recombinant fluorescently
labeled Cdv proteins from Sulfolobus acidocaldarius were added GUVs. Real-time confocal microscopy
revealed clear membrane localization after Cdv addition. Initially, proteins uniformly adsorbed onto the
vesicle surface. Within 300 min, obvious “dumbbell’-shaped deformation appeared. No such
deformation was observed in control experiments without proteins. These results demonstrate that
archaeal Cdv protein complexes can autonomously recognize and bind phospholipid bilayers, and then
progressively induce vesicle constriction without additional auxiliary factors. This provides a new
experimental basis for constructing a minimal division system based on archaeal proteins.

t= 0 min 75 min 150 min 300 min

Figure 1. Time-lapse confocal images showing vesicle deformation induced by Cdv proteins.
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HaHHas paboTa nocBsWeHa UCCNedOoBaHMI0 BIIMAHMS TeMNepaTypbl HA KUHETMKY nepeHoca
3apsija B 9NEeKTPOMONMMEPU30BaHHbIX PEeOoKC-MofnMMepax Ha OCHOBE HUKENEBbIX KOMMIIEKCOB C
ocHoBaHusMn Lunddpa, moamdumumpoBaHHbix TEMIMO-rpynnamm (poly-DiTS). UsBecTHo, 4TO aAng
npeactasutenen knacca caneH poly-[NiR(SalEn)] xapakTtepHa cTabunbHasi €MKOCTb, OCOBEHHO B
obnacTtn HU3kMx Temnepatyp. [pn 3TOM, HU3KME 3HAYEHUS EMKOCTU yAAeTCs NOBbLICUTL C NOMOLLbIO
MoaudmKaumMm CcaneHoBOro OcToBa C MOMOLLBIO MNPOBOAALLMX CTabUMbHbLIX peaokc-obpaTUMbIX
pagvkanos TEMIMO. o cux nop He Bbina n3y4yeHo BAUSHWE TeMnepaTypbl U CTPYKTYPbl HA KUHETUKY
nepeHoca 3apsiga 8 MmogncpuumpoBaHHbix TEMIMO-dparmeHTamm nonumepHbix komnnekcax poly-DiTS.

B pamkax paboTbl Gbina mpoBedeHa 3MeKTpoXMMuyeckasd nonMMepusauvs MOHOMEPOB C
nocneaywwum Mnony4YeHnem MnéHOK Ha MOBEpXHOCTU anekTpogoB. C MOMOLLBI  LIMKIINYECKOW
BONbTaMMNepoMeTpuUn UccnegoBaHa CKOpOCTb NepeHoca 3apsida n e€ 3aBMCMMOCTb OT TemMnepaTypbl.
Mo meToay JlaBMpoHa M ypaBHeHUIO AppeHunyca paccyuTaHbl KOadUUNEHTbI NepeHoca, KOHCTaHTbI
CKOPOCTM U 3HAYEHUE IHEPIUM akTUBauuv, onpeaensowme MexaHm3am pedoKc-NpoLeccoB U yvactme
WOHOB 3NeKTpoNnunTa M NpoBEAEHO CpaBHEHWe C pesynbTaTamu AN HEKOTOPbIX npeacTaBuTenen
Knacca caneH.

MokasaHo, uTo Mogudukaums nonmmepos TEMIO-rpynnamyn npuMBOAUT K 3HaYUTENbHOMY
YCKOPEHMIO NepeHoca 3apsiia No cpaBHeHMo ¢ HemoauduumposaHHbiMn poly-[NiR(SalEn)]-nnéHkamu.
[MonyyeHHble pe3ynbTaThl YKa3biBAlOT Ha MNEpPCneKTUBHOCTb WCCredyeMblX MaTtepuanoB Ans
NPVYMEHEHNS B OPraHNYeCKUX KaTogax akkyMynsaTOpPOB.
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The bacterial infection is a major issue in the field of chronic wound healing. It is important to
design a hydrogel material with good biocompatibility, water retention and antibacterial properties for
the problem of bacterial infection. In this work, a dual-network antibacterial hydrogel (GSAH) with Ag*,
thiolized gelatin (Gel-SH) and sodium alginate (SA) was prepared. Gel-SH formed the first network of
the hydrogel through metal coordination bonds with Ag*. The metal coordination bonds between SA and
Ag* formed the second network. The compressive stress of GSAH was 660.95 kPa, and the swelling
equilibrium was reached at 12 h with a swelling rate of 10.4%. The complete degradation of the hydrogel
within 24 h indicated its biodegradability. The antibacterial results showed that the inhibition zones of
GSAH against E. coli and S. aureus were 17.2 £ 1.6 mm and 9.5 £ 0.5 mm, respectively. GSAH holds
potential for antibacterial dressing in the biomedical field.
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Scheme 1. Schematic diagram of the modification mechanism of Gel-SH and the preparation mechanism of
hydrogel.
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ACCELERATING ELECTROLYTE DESIGN: PREDICTING DIELECTRIC
PROPERTIES VIA MOLECULAR DYNAMICS AND uMLIPs
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Energy storage systems remain a critical challenge in modern materials science and
electrochemistry. Despite the current dominance of lithium-ion batteries in the market, a growing number
of research efforts and industrial initiatives are focused on the development of post-lithium energy
storage systems, which have the potential to offer safer and more cost-effective alternatives. While
substantial progress has been achieved in the design and optimization of electrode materials (both
cathodes and anodes), the development of suitable electrolyte compositions remains a key bottleneck
[1,2]. In particular, identifying electrolytes that are stable over a wide electrochemical potential window,
while enabling efficient salt dissolution and maintaining sufficient ionic conductivity, is essential for the
advancement of battery technologies. [3].

In this context, we present a computational framework for predicting the dielectric permittivity of
electrolyte solvents using in silico approaches, enabling more rational electrolyte design. The dielectric
constant is a key physicochemical parameter that governs ion solvation, charge transport, and salt
dissociation. Both pure solvents and their mixtures are considered in this study. Our methodology is
based on the dipole moment fluctuation approach, implemented through molecular dynamics
simulations carried out with LAMMPS [4], with simulation workflows managed via the Atomic Simulation
Environment (ASE) [5]. To improve accuracy and transferability, we employ universal machine-learned
interatomic potentials (UMLIPs), trained across diverse chemical environments, including models that
explicitly account for polarization effects and enable a more reliable description of dipole moment
statistics and dielectric response. The performance of the proposed approach is benchmarked against
classical force fields, such as OPLS.

In addition, we have developed a Python-based software package for the automated prediction
of dielectric constants. This framework enables high-throughput screening of candidate electrolyte
systems and is expected to significantly accelerate the discovery and rational design of advanced
electrolyte materials.
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Application of Alendronate Carbon Dots in Biomedical Field
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Carbon dots are a new type of fluorescent nanoparticles with a diameter less than 10 nm. Due
to their excellent biocompatibility, rich surface functional groups and high specific surface area, they are
widely used in biomedical engineering. We studied a series of new carbon dots derived from
alendronate. These carbon dots all have good biocompatibility, photoluminescence properties and
bone-targeting ability. We used the microwave method to synthesize ALEN-CDs with polyethylene
glycol and alendronate as precursors. ALEN-CDs can inhibit the differentiation and maturation of
osteoclasts, and exert immunomodulatory effects by inhibiting the polarization of macrophages to the
pro-inflammatory M1 phenotype and promoting their polarization to the anti-inflammatory M2 phenotype.
Moreover, compared with alendronate, large doses of ALEN-CDs do not cause bisphosphonate-related
osteonecrosis of the jaw, which may be related to the regulation of M2 macrophage polarization. In
addition, in vivo studies have shown that ALEN-CDs can significantly reduce bone loss and improve
osteoporosis in castrated mice. Proteomic analysis indicates that ALEN-CDs may regulate the bone
immune microenvironment by affecting mitochondrial metabolism, especially oxidative phosphorylation.
In conclusion, ALEN-CDs can directly inhibit osteoclast differentiation and regulate the bone immune
microenvironment, and may be a promising drug for the treatment of osteoporosis.
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Construction of Light-Driven Chlamydomonas-like Microrobots for Precise
Thrombolytic Drug Delivery
Peng Yao, Xiaojun Han
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Thrombotic diseases, including myocardial infarction, ischemic stroke, and deepveinthrombosis,
are major causes of morbidity and mortality worldwide. Tissue plasminogen activator (tPA) is an effective
thrombolytic agent, but its clinical application is limited by short circulation half-life, insufficient
accumulation at thrombotic sites, and systemic bleeding risks. To address these limitations, this study
proposes a light-driven Chlamydomonas-like microrobot for precise tPA deliveryandlocalized
thrombolysis. The microrobot is constructed using liposomes as artificial cell-like bodiesfor tPA
encapsulation, while flagella derived from Chlamydomonas reinhardtii provide biomimetic motility.
Artificial photosynthetic organelles are incorporated to regenerate ATP under illumination,
therebypowering dynein-mediated flagellar beating. The system will be evaluated in terms of structural
stability, light-responsive motility, ATP regeneration, drug loading and release, thrombus-
siteaccumulation, thrombolytic efficacy, cytocompatibility, and hemocompatibility, aiming to
developasafer and more efficient platform for localized thrombolytic therapy.

(o] ©
b ATP AMP ;H(D:M — W(ij
©

o
a atp )H‘ H*

ADP+PI7

pe H

Photosynthetic organelle

Brating

e os
(=)

Thrombus

Lipid [/ rhndopsln® NS ion channel (D CREKA g Flagella/ hv

@@ AP O  cAMP () ATPsynthase gy Adenylate cyclase (D tPA )

Scheme 1. Schematic of Light-Driven Chlamydomonas-like Microrobots for Precise Thrombolytic Drug Delivery.
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Investigation of artificial cells containing the Par system for bacterial plasmid
segregation and inheritance mimicry
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A crucial step in life processes is the transfer of accurate and correct genetic material to
offspring. During the construction of autonomous artificial cells, a very important step is the inheritance
of genetic information in divided artificial cells. The ParMRC system, as one of the most representative
systems for DNA segregation in bacteria, can be purified and reconstituted into GUVs to form artificial
cells. In this study, we demonstrate that the eGFP gene is segregated into two poles by a ParM filament
with ParR as the intermediate linker to bind ParM and parC-eGFP DNA in artificial cells. After the ParM
filament splits, the cells are externally induced to divide into two daughter cells that contain parC-eGFP
DNA by osmotic pressure and laser irradiation. Using a PURE system, we translate eGFP DNA into
enhanced green fluorescent proteins in daughter cells, and bacterial plasmid segregation and
inheritance are successfully mimicked in artificial cells. Our results could lead to the construction of more
sophisticated artificial cells that can reproduce with genetic information.
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Artificial Cells Capable of NO Generation with Light Controllable
Membraneless Organelles for Melanoma Therapy
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Membraneless organelles (MLOs) play critical roles in a wide range of cellular processes and
physiological activities.!"-2 Developing artificial cells with functional, controllable MLOs for biomedical
applications remains challenging.l Conventional MLOs formation controlled by temperature or pH is
incompatible with physiological environments. Moreover, spatiotemporally regulated nitric oxide (NO)
generation for safe and effective melanoma therapy is urgently needed.

We designed a light-responsive fusion protein Cry2olig-IDRs, which undergoes liquid-liquid
phase separation to reversibly form MLOs under 488 nm light irradiation. Light stimulation triggered
rapid, reversible MLO assembly, concentrating iNOS* by roughly 156-fold and markedly improving
catalytic efficiency. These components were encapsulated into giant unilamellar vesicles (GUVs) to
create NO-producing artificial cells. The system enabled controlled, high-concentration NO production,
which inhibited mice tumor growth with favorable biocompatibility and no noticeable systemic toxicity.

Light-controlled MLOs allow remote and precise regulation of enzyme activity inside artificial
cells. This work provides a robust strategy for constructing advanced artificial cells and offers a
promising platform for targeted melanoma therapy.
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Figure 1. Schematic illustration of artificial cells containing the light-control Membraneless Organelle (MO)
produce NO to cure melanoma. a) Giant unilamellar vesicles (GUV) containing the core protein of MO and
positively charged Nitric Oxide Synthase (iNOS*). b) MO was formed by Liquid-liquid phase separation (LLPS)
upon 488 nm irradiation and iINOS* was recruited info MO. c) L-Arginine (L-Arg) was catalyzed into NO by iNOS+
and this reaction was accelerated by MO. The reaction process is shown in (1) below. d) GUV containing the MO,
iINOS+ and L-Arg was subcutaneously injected at the melanoma site. e) NO was produced upon 488 nm
irradiation and killed the melanoma cell.
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AneKkTpoxmMmMuyeckumn umnepgaHc nupocdocdara HaTpusi-BaHagua u
¢doccar-nupocdochara HaTpusa-Kenesa Npmu MHTEpPKanaALMM MOHOB HaTpuUs
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Mupodpocdat HaTpusa-BaHagus B-NaVP207 geMoHCTpupyeT obpaTnmMyio MHTEpPKansaumio NOHOB
HaTpus B LLMPOKOM OKHe noTeHuunanos (1,0-4,4 B), yto genaet ero nepcnekTMBHbIM MaTepuarniom Kak
AN MONMOXWUTENLHOro, Tak WM OTpUUATENbHOIO 3MEKTPOAOB HATPUN-MOHHBIX  aKKyMynsTOPOB.
B npouecce 3apsiga B kaTogHOW 06nacTu NoTeHuUuarnoB B pe3ynbTaTe AeuHTepkansuum KaTMOHOB
HaTpus maTepuan B-NaVP207 npetepneBaeT psa ¢as3oBbix nepexonos u nepexoaut B VP207, a B
aHogHown, npu uHTepkansaumm,— B Naz2VP207 [1].

docaT-nupodochar  HaTpusa-xenesa NasFes(PO4)2(P207) nokasbiBaeTr obpaTumyto
WHTEPKansuuio npu BbICOKOM [ANS MOMMAaHUOHHBIX KaTOAHbIX MaTepuanoB Ha OCHOBE Xeresa
noteHumane ~3,2 B (otHocuTenbHo Na/ Na*) ¢ TeopeTtudeckorn émkocTbio 129 MAY/T. MNpouecc 3apsaa-
paspsiga AaHHOro maTepuana, COrfacHO MpeacTaBfeHHbIM B NMTepaType AaHHbIM MOPOLUKOBOW
PEeHTreHoOBCKON Audpakumn, MOfydY4eHHON B pexume ex Situ, npoTekaeT MO TBEPAOPaACTBOPHOMY
MexXaHMU3My U XxapakTepuadyeTcsi 06paTUMbIM U3MEHEHNEM UCXOAHOW CTPYKTYphI [2].

OpHako, MexaHM3mbl NPOLECCOB UHTEPKANALUN-AEUHTEPKANALUN NOHOB HATPUS ANS AaHHbIX
MaTepuanoB ObiNMM He [0 KOHUA M3y4YeHbl. ONEKTPOXMMUYECKAs UMMNELaHCHasi CMeKTPOCKonust
Nno3BOSsieT XapakTepu3oBaTb TPaHCMNOPT HOCUTENEN 3apsiga WM KOHCTaHTy CKOPOCTM  peakuuu
WHTEepKanauum B npoLecce 3apsifa-paspsiga. AHanma sBoniouum rogorpadoB MMnegaHca npoBoauscs
C MOMOLLbI0 TPAHCMUCCUOHHON NUHUK N penakcauun ["aBpungaka-Heramu (1) [3].

(1 + [iwt]®)F M

OnucaHne cnekTpoB MMMegaHca ¢ NOMOLLbI TPAHCMUCCMOHHON JIMHUM MO3BOSSET YYMTbIBAThb
pasnunyHble criydaum TpaHcrnopTa HocuTenen 3apsga B cuctemMe, B TOM uyucne audpdysuio C
nocneayowum NepeHocoM 3apsiia M MCEeBAOrOMOreHHYK peakuuio obpasoBaHud HoBow hasbl.
Omnupuyeckasn dpopmyna [FaBpunska-Heramum xe noseonset onucatb Bce rogorpadbl MMneaaHca 6es
npeaBapuTenbHbIX AOMyLEeHN 06 9KBUBANEHTHON CXeMe NPOTEeKaroLLMX NPOLLECCOB.

B paHHoI paboTe npoBefeHbl U3MEPEHMS CNEKTPOB MMMegaHca 060Mx MaTepumanos, NoKasaHo,
yTo NupodocdaT HaTpus-saHaausa (B-NaVP207) npetepneBaeT obpaTuMbin nepexon MexaHusma ot
OByxdasHoro K kBasn-TBepaopacTBOPHOMY B npoLiecce 3apsiga. B Toxe Bpewmsi, ocdaTt-nupococdar
HaTpus-xenesa (NasFes(POa4)2(P207) oemMoHCTpupyeT ogHOoMasHbIN TBEPAOPACTBOPHLIN MEXaHU3M Ha
NPOTSKEHUN BCETO MpoLecca 3apsiga-paspsga.
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ANeKTpoXMMnyeckmne CBOMCTBa pPeaoOKC-aKTUBHOW MOHHOMN XXUAKOCTU Ha
OCHOBe KaTexora u eé npuMmeHeHne B aHanu3se L-uncremHa
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MoHHble xupkoctn (MXK) - Kkmacc MOHHBIX COEOUHEHWUA, XapaKTEpPU3YHLUXCS HU3KOW
TemnepaTypon nnaeneHust (MeHbwe 100 °C). BkniouveHne B MX cocTaB (pparMeHToB, CMOCOOHbIX
yyacTBOBaTb B 3neKTpoHHOM obmeHe, penaet W)X npuBnekatenbHbIMM C  TOYKM  3peEHUS
3MNeKTPOaAHaNUTMYECKOro NpPUMEHEHUs. ToMMMo 3Toro, B nuTepaType MOXHO HaWTu MpUMEpbl KX
MCMOMb30BaHNs B COCTaBE CYNEpPKOHAEHCATOPOB, XMMWMYECKUX WCTOYHMKOB TOKa W TBepablX
SMNEKTPONMTOB AN 3aWUThl AMEKTPOOHbLIX MatepunanoB oT nepeokucnenus [1]. KonnyectBo Hay4HbIx
paboT, NocBsILLEHHbIX pedokc-akTuBHbIM WK B obnactu anekTpoaHanusa, BecbMa orpaHuyeHo. B
pamMkax npeacTaBrieHHoW paboTbl NPOBEAEHO ANEKTPOXUMUYECKOE nccnegoaHne VXK n opraHnyeckmx
COnen Ha OCHOBEe MPOU3BOAHBIX KaTexona W OueHeHa BO3MOXHOCTb WX MPUMMEHEHMS B COCTaBe
ANEKTPOXMMUNYECKMX CEHCOPOB ANs onpegeneHs ammHoKNCNoThl L-uuctenHa.
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Pucynok 1. Cmpykmypsbi uccriedosaHHbIx coeQuHeHUl (criega) u usmeHeHue mokog VXK e cocmase
3/IEKMPOXUMUYECKO20 ceHcopa 8 npucymcmeuu 0.1 MM L-yucmeuHa (cripasa).

Mpupopa kaTtnoHHoro ueHTpa WX He okasbiBana CUIbHOrO BIMAHWSA Ha BOSibTaMmnepHble
XapaKTePUCTUKN COEOMHEHUA B FOMOreHHbIX ycroBusax. MakcumanbHoe 3HauyeHue koadpduumeHTa
anddyanm nonydeHo Ans TpubyTunosoro npomssogHoro (3.2x10-5 cm?/c), a MUHUManbHoe — Ans
umupasonveBoro (1.8x10° cm?/c), 4TO, BEpPOSATHO, OOYCNOBMNEHO pPA3MUYHON  CTEMNEHbLHD
B3aMMOJENCTBUS COeMHEHUs ¢ pacTBopuTeneM. [nsa Bcex Tpex Npou3BOAHbIX KaTexoria BbisiBNEHbI
anekTpoxummnyeckn Heobpatumble (AE > 300 mMB) OBYX3NeKTPOHHbIE MNPOLIECChbI OKUCMEHWS, rae
NUMUTUPYIOLLEN CTaguen SBNSETCHA MEepPeHOC MEPBOro SMeKTPOoHa. JKCNepuUMeHTanbHble BeNUYUHbI
TOKOB XOPOLLO CXOAUMNUCH C TEOPETUYECKMMWN JaHHBIMU, PACCUUTAHHBIMWU C MPUMEHEHUEM YpPaBHEHMS
PaHgnca-LLeBumnka. eTeporeHHble KOHCTaHTbl CKOPOCTU NepeHoca AreKTpoHa cocTtaBunm ot 2.0x10-3
0o 3.2x103 cm/c. MpucyTcTBre MMMHOBOIO dhparMeHTa B Opmo-MNoroXeHNn K 0OHOM U3 MMOPOKCUIbHbIX
rpynn B CTPYKType COEAVMHEHWUA KPUTUYECKM BMAWANIO HA MEXaHW3M OKUCIEHWUS, 4YTO O0BYyCrnoBreHo
HanM4YMeM CUNbHOW BHYTPUMOSEKYNAPHON BOLOPOOHON CBSA3M B canuuunanbguMUMHOBOM doparmMeHTe.
lMpeanoxeHa cxema SNEKTPOXMMUYECKOTO OKUCIEHNS U3YYEHHbIX COEAUHEHWI.

L-uncteMH nopasnan MUK 3NEeKTPOBOCCTAHOBNEHUSA W3YYEHHbIX COEAWHEHWA B cuny
HYKNEOMUINbHOM aTakM OKUCIEHHOW OpMbl  MPOM3BOAHBIX KaTexona. CKOHCTPYMPOBAHHbIN
3ANEKTPOXMMNYECKUIN CEHCOP AEMOHCTPUPOBAN NMHEHbIN Anana3oH koHueHTpauun ot 0.05 go 80 mkM
n npegen obHapyxeHnsa — 0.05 mkM. CeHcop anpobupoBaH B aHanuse pearibHbiX O6bEKTOB.
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Jlntuin-xeneso-gocdart, LiFePO4 (LFP), aBnaetca nonynspHbIM KaToaHbIM MaTtepuanomM Ans
NUTUA-NOHHBIX aKKymynsitTopoB. MaTepuan uMmeeT BbICOKYIO CTabuNbHOCTb MpU LMKIIMPOBAHWMM U
HU3KYID CTOMMOCTb, YTO [JeNlaeT aKkKyMysnsiTopbl Ha €ero ocHoBe YAOOHbIMW ANsi COBPEMEHHbIX
NPUMEHEHNI, OCOBEHHO C TOYKM 3peHnst 6esonacHocTU. OH TakKe OTNIMYAETCS BbICOKOW CKOPOCTbIO
3apsiga-paspsiga, HecMoTpsi Ha ABYXdasHbIA MEXAHN3M MHTepPKansiuMmM MOHOB NNTUS, KOTOPbIA MOXET
NPUBOAUTL K KUHETUYECKUMM orpaHnyeHusam [1]. OpgHako, noTeHuuan [aHHOro Marepuana
OTHOCUTENBHO HEBbLICOK, YTO CHWXAET 3HEPrOEMKOCTb SIEMEHTOB Ha ero OCHOBE.

Ona yBennyeHns aHeproeMKocTu ObINO NpeanoXeHo ucnonb3oBaTb BmecTto LFP nutun-
MapraHeL-xenes3o-gocdgar, LiMnkFe1xPO4 (LFMP), B KOTOpOM MOHbI MapraHua nosbIWaoT paboyuni
noTeHumnan maTepuana 3a cyeT Gonee BbICOKOro noTeHuuana pegokc-nepexoga Mn2*/Mn3+ [2]. Mpu
3TOM COOTHOLLUEHME Xenesa M MapraHua B MaTepuane BAUAET Ha MEeXaHW3M WHTepKansauum-
JeuHTepKansaumm NOHOB NUTKS, YTO aKTUBHO UCcneayeTcsa B Halwle Bpems [3, 4].

B paHHon paboTe gnsi nonyyeHust MHopmauumn o npoleccax, NpoTEeKalWmMX B CUCTEME B
npouecce 3apsiga-paspsiga, uccnegoBany 3KCNepuMeEHTarnbHble rogorpadbl 3MEKTPOXMMUYECKOTO
uMnegaHca ¢ NOMOLLbD TPAHCMUCCUOHHBIX JNIMHWUIA, a Takke 3MNUPUYECcKoro anemeHTta [aBpunska-
Heramu 1 meTtogom pacnpegeneHnsi BpemeH penakcauun (DRT).

PesynbTaTthl 06c4eTa akcnepMeHTanbHbIX rogorpadoB nmneaaHca ang LFP nokasbiBatoT, 4Tto
WHTEepKanauusa-aenHTepkansaums MOHOB NWUTUS NpoTekaeT MO MexaHusmy, OnuM3KoMmy K KBasu-
TBEPOOPACTBOPHOMY, YTO COOTBETCTBYET rMnoTesam, BbiCKadaHHbIM paHee B nutepaTtype [3]. LFMP
OEeMOHCTpUpPYET nepexo OT KBa3u-TBEPAOPaCTBOPHOro MexaHu3ma K AByxdasHoMy npu noTeHumnanax
OKUCNEeHus MapraHua. AHanuM3 rpadukoB pacnpeneneHnss BpeMEH penakcauun nokasan
BO3HMKHOBEHME MNpPW 3TOM AOMOSIHUTENBHOrO Mpouecca, nNpupoda KOTOPOro B HAcCTOsILLEE BpPeEMS
OCTaeTCs HesICHOW 1 TpebyeT AanbHEeNWnX NCCneaoBaHUNM.
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Construction of Artificial Cells with Urea Cycle Pathway for Ammonia
Detoxification

Tongtong Ren, Dongliang Liu, Jingjing Zhao, Wenxia Xu, Shubin Li, Weichen Wang, Xiangxiang
Zhang, Changxin Shi, Xiaojun Han

School of Chemistry and Chemical Engineering, Harbin Institute of Technology, Harbin, China
90100915@qq.com

The bottom-up construction of artificial cells helps to understand cell working mechanisms. It
isa great challenge to build artificial cells capable of detoxification. The urea cycle pathway is
reconstitutedinside artificial cells for ammonium detoxification. The urea cycle pathway converts
NH4HCOs toureausing a cyclic metabolic pathway. The urea cycle pathway was coupled in aqueous
solution to construct the urea cycle pathway, yielding 150.9 yM urea from NHsHCO3 (500 yM) with a
conversion rate of about 30.2%. The urea cycle pathway further repeated up to 7 cycles to achieve
accumulatedureaconcentration of 435.9 uyM with the stepwise addition of NH4HCO3, confirming the
robustnessof reconstituted urea cycle. The urea is produced in a stepwise manner with the addition of
NH4sHCOs whenthe cyclic metabolic reaction reaches equilibrium. The urea cycle pathway and
NH4sHCOs areencapsulated into giant unilamellar vesicles to construct artificial cells capable of
ammoniumdetoxification. The urea is produced inside artificial cells with the conversion rate of 61.9%.
Theconcentration of extracellular NHsHCOs is decreased from 20.0 to 2.3 mM with the addition of
1.5x106 mL -1 artificial cells, due to the inflow of NH4HCO3 through melittin pores and subsequently
metabolizedby urea cycle pathway. It indicates the ammonium detoxification ability of artificial cells
containingureacycle pathway, which is further proved by rescuing Schwann cells in high concentration
of NH4HCOs. This work paves a path to build functional artificial cells with more complicated metabolic
networksfor their biomedical applications.

a et oo, b c d
.-"'# ! 1:CPS+OTC+ASSY+ASL+ARG Ist ! 2nd | 3rd 800 1st | 2nd | 3rd
£ C?;‘l‘HCO; 200 2:0TC+ASSY+ASLAARG 40 cycle! eyele | eyele £ w0 eycle! cycle | cyele
§/ carbamoyl phosphate X % 3:CPS+ASSY+ASLARG 2300 I I ES
i oTC L-Ornithine} & 150 [l 4:CPS+OTC+ASL+ARG 2 I Savof
§ L;—Citiulline Abd 2,0l || 5:CPs+OTCHASSY+ARG 5200 ! T g .J )
2 ASSYr 1 ® o1 = 0
".. Argininosuccini acid | ; g G:CPSHOTCHASSY+ASL = 100 t \NH4HC03 z } \NH4HC03
"x. ’ L-Anrtginine ey &) S0 oL Melittin z Melittin
ARG § ===" ] 0100 200 300 400 500 600 0100 200 300 400 500 600
" Urea X 3 3 Time (min) Time (min)
nnnnnnnnnnnnn t’"’w
¢ el e2 e3 f
4 Iy
101 1041 Qe 1071
3 ; 3] 3 .
=103 1073 1073 =
N 2 2 £
10 1073 10 2
11‘ 1 z
10 107 10 g
10 10°] 10 : 0
4 5 P 3 P Cl 0 15
10 10 10 10 10 10 Artificial cells (10%mL)

20|

@

NH,HCO, (mM)
= 5

5

0
0 10 20 30 40 50
" . Time (h)

NH,HCO,

Artificial cells -

Figure 1. The construction of artificial cells containing urea cycle pathway for the detoxification of NH4HCO:s.
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Polysorbate 80-containing ionizable lipid nanoparticles for mRNA delivery
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lonizable lipid nanoparticles have demonstrated remarkable success as mRNA vaccine carriers and
represent one of the most promising gene drug delivery vehicles. However, polyethylene glycol (PEG),
one of the major components, can cause immunogenic reactions, anaphylaxis and increased blood
clearance, leading to toxic side effects and reduced efficacy. In this study, we utilize polysorbate 80
(PS80) as a PEG alternative in formulating eGFP mRNA-loaded ionizable lipid nanoparticles (PS80-
iLNPs), aiming to enhance stealth properties, uptake efficiency, and biosafety. Our findings revealed
that PS80-iLNPs enhanced the stealthiness and resistance to serum interference. Compared to PEG-
containing ionizable lipid nanoparticles (PEG-iLNPs), PS80-iLNPs showed a 1.14-fold increase in
stealthiness. Moreover, at a total lipid concentration of 50 ug mL~', PS80-iLNPs exhibited 1.12 times
higher cell viability compared to PEG-iLNPs. Notably, under serum interference, PEG-iLNPs showed a
44 .97% uptake reduction, whereas PS80-iLNPs exhibited a modest 30.55% decrease, underscoring its
superior serum resistance. This work demonstrated that PS80 could serve as a suitable substitute for
PEG, thus signifying an excellent basis for the development of PEG-free ionizable lipid nanoparticles.
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Scheme 1. Schematic illustration of a GFPmRNA-loaded PS80-iLNPs and its translation inside cells.
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Modeling the influence of iso- and heterovalent substituents on ion transport in
lithium chlorindate

Timofei I. Sheremet, Qianlong Ji, Andrey V. Petrov, Igor V. Murin
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Lithium chloroindate LisInCle is a promising base crystal matrix for creating a wide range of new
materials with lithium-ion conductivity. By substituting iso- and heterovalent substituents for indium and
chlorine atoms, it is possible to control the mobility of lithium atoms under specified conditions.

The dynamic and structural characteristics of a number of compounds based on LisInCls were
studied using the classical molecular dynamics method: LisInClseFo.4, Lislne.eSno.1Cls.7Fo.2,
Lizlno.sSno.2Cls.4Fo.4.

In the first stage, the charge states of atoms were calculated using the DFT method (CASTEP
program), which were then used in molecular dynamics to calculate electrostatic interactions.

During the calculations, extended unit cells of Lizoln1oCleo, Lisoln10ClssFs, LizolneSnClszF2, and
LisolnsSn2Cls4F4 were constructed to correctly match the numbers of substituent atoms with the
concentrations taken from experimental ionic conductivity studies of the corresponding compounds.
Classical molecular dynamics calculations were performed using the Forcite program in the NVT
ensemble, with a duration of 100 ps, a step size of 1 fs, and a temperature of 300 K.

Based on root-mean-square displacement calculations, the self-diffusion coefficients of lithium
atoms were determined for all the compounds studied. It was shown that the introduction of fluorine
atoms instead of chlorine into the base LisInCles crystal matrix reduces the mobility of lithium atoms, while
the substitution of tin atoms for indium atoms, conversely, increases the mobility of lithium atoms. The
influence of iso- and heterovalent substitutions at the atomic level on changes in the transport properties
of the studied solid electrolytes was investigated in details.
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Construction of Phospholipid Analogue Vesicle and Study of Its Artificial Cell
Functions
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Phospholipids, as natural components of cell membrane systems, are widely used to construct
artificialcells. However, the synthesis and purification of natural phospholipids are complicated.
Chemically synthesizedphospholipid analogues are structurally similar to natural phospholipids, so they
can be used to mimicphospholipids to construct artificial cells. In this work, a novel phospholipid
analogue 2 was synthesized by theazide-alkyne click reaction, which could form vesicles. The
membrane was fluid, which indicated the vesiclescould mimic cell membranes. The vesicles were
capable to encapsulate small molecule of calcein andmacromolecule of rhodamine B isothiocyanate-
dextran. Melittins were embedded in the membrane to form pores,which allowed the transmembrane
transport of calcein. When the concentrations of melittin were 1.0, 2.0, 3.0, 4.0 and 5.0 pg/mL, the
transmembrane diffusion coefficients of calcein were 0.33, 0.46, 0.70, 1.37 and 1.91 um?/s, respectively.
Glucose oxidase and horse radish peroxidase were encapsulated into vesicles to fabricate artificialcells,
which mimicked the cell metabolism function. Amplex red was converted into resorufin via enzyme
cascadereactions. The synthesized phospholipid analogues could provide new building blocks for
artificial cells.
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Scheme 1. Schematic illustration of synthesis of phospholipid analogue 2 and its vesicle
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NCCNEOOBAHUE 3JIEKTPOMNMPOBOAHOCTU PACTBOPOB HEKOTOPbBIX
SANEKTPOJINTOB

Anwmas b. Batbipranu, Anryns HypaxmeTtosa

Kasaxckul HayuoHarnbHbIlU nedazozudeckull yHusepcumem umeHu Abas, Anmamel, KazaxcmaH
batyrgaliev2019@mail.ru

M3yyeHne aneKTponpoOBOAHOCTU pacTBOPOB 3JNIEKTPONUTOB SABMASETCA (PyHAAMEHTanbHOW
3aayen aneKTPOXUMUN, UMEIOLLIEN BaXXHOE MPUKNagHoe 3Ha4YeHne B KOHOYKTOMETPUYECKOM aHanmae,
XUMWYECKON TEXHONOMMM N 3KOMOHMTOPUHIE BOAHbIX cpefd. AKTyanbHOCTb paboTbl obycrioBneHa
HeobX0OMMOCTbI  YTOUHEHUS  KOI(P(PULIMEHTOB  aKTUBHOCTU M MOABWXKHOCTU  MOHOB B
MHOTOKOMMOHEHTHbIX CUCTEMAaX NPU PasfnMyHbIX KOHLEHTPaLUSIX.

M3mepeHua npoBoamnucb metogom Mocta Konbpaylla ¢ Mcnonb3oBaHWEM MpPeLn3vOHHOro
umdpoBoro KoHayktomeTpa. B kadectBe 00bekToB uccnegoBaHusi Obinv BblGpaHbl  CUMbHbIE
anektponuTbl (KCI, NaCl, HCI) n cnabble anekrponutsl (CH3COOH, NH4OH). PacTBopbl rOTOBUIUCH
MEeTOo[0M NnocriegoBaTeibHOro 06 LeMHoOro pasdaBneHus B gnanasoHe KoHueHTpaumn ot 0,001 M go 1
M. TemnepaTtypa B sidelike noagepxuBanacb MOCTOSHHOW Ha ypoBHe 25°C (298 K) ¢ nomolubio
XXMOKOCTHOro TepMocTaTa.

[ns cuUnbHbIX 3NEKTPONINTOB YCTAaHOBIEHO, YTO yAENbHAsA 3NeKTponpoBoAHOCTb (chi) NuHenHo
pacTteT B o6nacTu mManbIX KOHLUEHTpauun, JocTurass Makcumyma C MOCMeayloWwuM CHIDKEHNEM K3-3a
ahbheKkToB TOPMOXKEHMUSA (penakCaLMOHHOIo U ANeKTpodopeTnYeckoro). 3aBUCUMOCTb SKBUBANEHTHOWM
anekTponpoBoaHOCTK (lambda) oT kBaapaTHOro KOPHSA U3 KOHLEHTPAaLMM ONUCbiBAeTCH ypaBHEHUEM
Konbpaywa: lambda = lambda_inf - A * sqrt(C).

Ona cnabbix anekTponuToB HabniogaeTcsa HenvHenWHoe najeHue  3KBMBANEHTHOW
3NEeKTPONPOBOAHOCTU MNPU YBEMUYEHUN KOHUEHTpauuu, oByCnoBneHHOe CMeLleHMeM paBHOBECUS
anccoumaummn. Ha ocHoBaHuM 3akoHa pasbasneHns OcTBanbAa paccumtaHa KOHCTaHTa guccouunaumm
YKCYCHOI KKUCroTbl, cocTaBmBwast Kd = 1,8 * 107-5, 4yTo XxOpoLIo corfnacyeTcsi CO CrpaBOYHbIMU
AaHHbIMK. [MpoBedeHHble MCCnedoBaHus noaTBepaunu npuMeHumocTb Teopun [ebas-Xokkens-
OH3sarepa A4ng onucaHus NoBeAeHWs CUMNbHbIX ANEKTPONNTOB B pa3baBneHHbIX pacTBopax.

Cnucok nutepatypbl

[1] OamackuH B. B., MeTpuia O. A., LinpnuHa . A. 3nektpoxumus. M.: Xumusi, KonocC, 2006. 672 c.
[2] AHTponos J1. W. TeopeTuyeckast anekTpoxumusi. M.: Beicwas wkona, 1984. 519 c.
[3] CtpomGepr A. T., CemueHko [. M. dusmyeckas xumus. M.: Beiclias wkona, 2009

273



3AOYHOE YYACTHUE ABSTRACT ONLY

Electrochemical and physicochemical properties of choline chloride in
glycerol: transition from electrolyte solution to molten salt-like behavior
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Lobachevsky State University of Nizhny Novgorod, Nizhny Novgorod, Russia
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Deep eutectic solvents (DESs) have recently attracted significant attention as green solvents
due to their low cost and environmentally friendly nature. The wide variety of possible combinations of
starting components enables the design of media with tailored physicochemical properties [1]. In
particular, the combination of tunable transport properties and potential electrochemical stability [2]
makes these systems promising candidates for electrolyte development in sustainable electrochemical
technologies [3]. The interplay between fluidity, conductivity, and composition can be exploited to
optimize ion transport in next-generation energy storage and conversion systems. However, the high
viscosity of DESs remains a major limitation for their practical applications.

The viscosity of DESs can be reduced either by the addition of a molecular solvent or by varying
the hydrogen bond donor (HBD) to hydrogen bond acceptor (HBA) ratio. The latter approach is
particularly relevant for the well-known DES “glyceline,” composed of choline chloride (ChCIl) and
glycerol in a molar ratio of 1:2, where glycerol acts as a liquid HBD. Although the viscosity of glyceline
is already lower than that of pure glycerol, the composition exhibiting optimal fluidity and electrical
conductivity has not yet been systematically established.

In the present contribution, density, refractive index, dynamic viscosity, and electrical
conductivity of choline chloride solutions in glycerol were measured over a wide concentration range,
from dilute solutions up to a ChCl mole fraction of 0.85, and within a broad temperature interval. Analysis
of the obtained data provides insight into interspecies interactions, including the effect of ChCl on the
inherent glycerol structure and the competition between different interspecies interactions governing the
transition from an electrolyte solution to molten salt-like behavior. A pronounced maximum in
conductivity and a minimum in viscosity were observed at intermediate compositions, indicating an
optimal balance between ion concentration and mobility.

In addition, classical electrochemical methods were applied to investigate the most promising
compositions, with particular emphasis on electrochemical stability, mass transport phenomena, and
diffusion of charged species. The results demonstrate that, under the studied conditions, diffusion
processes dominate the mass transport of redox-active species from the bulk solution to the electrode.
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1. OcHOBHble 00OMnacTM NPUMEHEHUS C Y4YETOM Chpoca Ha MPOWM3BOACTBO aKKyMyMATOPHbIX
baTapen n aBTOHOMHbIX UCTOYHMKOB MUTaHUSI.

2. 3kcnnyaTauuoHHasi pasHULa OCHOBHbIX TUMOB MNTUEBLIX aKKyMySTOPOB.

AKTyanbHble ANg aKcnnyaTauuu napameTpbl akKyMynsiTOPOB.
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dopmmnpoBaHMe NUTUN-MOHHBIX aKKyMYFSATOPOB SBMASETCS KIHOYEBLIM 3TAanOM MNPOMbILLIIEHHOTO
Npou3BOACTBA, ONpefensnM JanbHEenWwme JKCnyaTauMoHHbIE XapaKTepuCTUKU areMeHToB. Ha
[aHHOM 3Tane 3aknagbiBatoTCsi napameTpbl MHTEPENCHbBIX CNOEB 3MNEKTPOA—3MEKTPONMT, OT KOTOPbIX
3aBUCAT BHYTPEHHee COMNpoOTUBIEHME, CTabunbHOCTb UMKNIMPOBaHWs, rasoobpasoBaHue w
BOCMNPOM3BOAUMOCTb XapaKTepucTuK B cepuinHom npoussoactse [1-3]. B ycnosusx macwtabupoBaHus
TEXHOMOrMyeckoro npouecca BblIbop pexuma opMMpoBaHUS npeactaBnseTr cobon KoOMNpomMuce
MexXay ANUTEenbHOCTbIO NPOU3BOACTBEHHOIO LiMKIIa 1 o6ecnedyeHneM cTabunbHbIX ANEKTPOXUMUYECKMX
napameTpos.

Llenbio paboTbl ABNSETCS CpaBHUTENbHAsS OLEHKa pasfnuyHbIX NPOTOKONOB (hOpMMPOBaHUA
JINA anemeHTOB cnctembl LCO/rpadnt ¢ TOUKM 3pEHMS UX BITUSIHUST HA PECYPCHbIE XapaKTEPUCTUKN.

B pamkax uccrnegoBaHusa paccmaTpuBaloTCs YeTblpe BapuaHTa MpOTOKOOB (hOPMMPOBaHUS,
pasnuyaroLmecs CTPYKTypOon NepBoro Luukna n odLen opraHnsaumen npouecca:

- bBasoBbIN NpOTOKON — ABYXLMKIOBasi cxeMa hopMUPOBaHUS, NMPUMeEHsIeMasi B TEKYLLIEN NpaKTUKe.
- PaclumpeHHbIN NpoToKOn — MOAMMULMPOBAHHBIN PEXUM C Bonee MArKMM HayanbHbIM 3TarnoMm u
pacLUMpeHHbIM AMana3oHOM HanpsXeHi.

- CTyneHYaTbI® MNPOTOKON — CXeMa C No3dTanHbiM HABGOPOM HaMPSKEHUS U MPOMEXYTOYHBLIMU
penakcaumoHHbIMK y4acTkamu [1].

- MNpousBoacTBEHHO-OPUEHTUPOBAHHBLIN NPOTOKOMN — PEXUM, aganTUupoBaHHbIM noa TpeboBaHus
TEXHOMOrMYHOCTU 1 aBTOMaTu3auum npoLiecca, ¢ CoKpalleHneM ymcna crtaguin oopMmnpoBaHng.

McnbiTaHnsa BLINOMHATCA Ha anemeHTax cuctembl LCO/rpaduT npombIIeHHOro ¢opm-
dakTopa u siveek ¢ Li anektpogom cpaBHeHus ansa cuctembl LCO/rpacumt u Li/rpadouT.

lMporpamma nccnegoBaHum BKIIOYaET:

- 3NEeKTPOXMMUYECKYIO nMnedaHcHyto crnektpockonuio (EIS) Ha aTanax dhopmmupoBaHus n
umknmpoBaHus [3];

- ranbBaHOCTaTMYeCKOe LIMKNMPOBaHME MPU pasnuUyYHbIX Harpy304HbIX PEXMUMaX;

- YCKOPEHHbIE PeCypCHbIe UCTbITaHUS;

- CpaBHEHWE MMNeaaHCHbLIX XapakTEPUCTUK U UX UBMEHEHUI B TEYEHUM LIMKIMPOBAHUS, CPaBHEHWE
Nony4YeHHbIX PECYPCHbIX XapakTepucTuk [1,3].

Ocoboe BHMMaHWe yaensieTcs CONOCTaBMEHUIO NPOTOKOMNOB (POPMUPOBAHUS C TOUKM 3PEHUS UX
BMUAHUS Ha CTabUNbHOCTb BHYTPEHHWX XapaKTepUCTUK W MPOrHO3MPYEeMOCTb AderpagauMOHHbIX
npoLeccoB.

lMonyyeHHble pe3ynbTaThl HanpasreHbl Ha PopMUpoBaHNe 060CHOBAHHBLIX KpUTEPUEB BbiGOpa
NPOTOKONOB (POPMUPOBaHWS NMPY NMPOMBILLIIEHHOM M3roTOBIEHNM anemeHToB cuctembl LCO/rpachmt n
NpeacTaBnsalT MNPaKTUYECKUA WHTEepec Ans ONTUMU3auMu MPOM3BOACTBEHHbIX MPOLECCOB MNpu
COXpaHEeHUM CYLLEeCTBYIOLLEA XUMUYECKOM CUCTEMbI W KOHCTPYKUUM 3nemeHTa. PesynbTtaThbl
CPaBHUTENbHbIX PECYPCHbIX WCMLITAHUA W aHanM3a MMNedaHCHbIX XapakTepuctuk  OyayT
npeacTaBneHbl 1 0b6CyxaeHbl B foknaje.

Cnucok nutepatypbl
[1] Peled, E. "The Electrochemical Behavior of Alkali and Alkaline Earth Metals in Nonaqueous Battery
Systems—The Solid Electrolyte Interphase Model." Journal of The Electrochemical Society, vol. 126, no.
12, 1979, pp. 2047-2051. DOI: 10.1149/1.2128859.

[2] Vetter, J., et al. "Ageing mechanisms in lithium-ion batteries." Journal of Power Sources, vol. 147, no. 1-
2, 2005, pp. 269-281. DOI: 10.1016/j.jpowsour.2005.01.006.

[3] An, S. J., et al. "The state of understanding of the lithium-ion-battery graphite solid electrolyte interphase
(SEI) and its relationship to formation cycling." Carbon, vol. 105, 2016, pp. 52—76. DOI:
10.1016/j.carbon.2016.04.008
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B nocnegHue gecatnnetunsi B Poccun HabnogaeTcsa yCTONMYMBBIA POCT MHTEPECca K pasBUTUIO
cobCTBEHHOIO NPOM3BOACTBA aHoAHbix MaTepuanoB pans JIMA. Wctopuyeckm oTevecTBeHHas
NMPOMBILLIEHHOCTb pacnoraraeT 3HauyuTenbHbIMM 3anacamu npupogHoro rpadwuta. Ocoboe BHMMaHne
yoensietca mopdponorum vyactuy rpaduta (pasmepy, dopme, CTENEHN KPUCTaNNUYHOCTH), NOCKOMbKY
WMEHHO 3TU MNapaMeTpbl ONpeAensalT apXUTEKTYpy akTUBHOrO cnos un adekTMBHOCTbL paboThbl
anektpoaa [1,2].

B pamkax uccnegoBaHusa otedecTBeHHoro rpaduta mapku Carbomill SG-NT nonyyeHsl POM-
nsobpaxeHnss Ana usyvyeHuss MopdonorMn MnoBEpPXHOCTW anekTpoaa. [Ons M3yyeHus HayanbHbIX
ANEKTPOXMMUNYECKUX XapaKTEPUCTUK MaTepuana npu pasHblX TEXHONOMMSIX HAHECEHUs MOMyYeHbl
3apsgHo-pa3psagHble kpuBble 1-3 umknoB Tokom 0,1C B AmanasoHe HanpsbkeHun 0,005-1,5B
OTHOCUTENBHO NUTMSA. [Ns  OUEHKM BIUSHUSA pac4eTHOW MOPUCTOCTM HAHECEHHOro  Cros
oTpvLaTeNbHOrO ANekTpoaa Ha 3P(PEeKTMBHOCTb akKyMymnaTopa, 4S9 KOTOPOro B KayecTBe aHOOHOrO
MaTepuana Wucrnofb3oBanu OTEYECTBEHHbIN rpadut, Obinm npoBedeHbl PECYpPCHbIE UCMbITaHUS
aKKyMynsaTOPOB B NPOMBbILLIEHHOM hopM-hakTope.

PesynbTratbl 3MEKTPOXUMUYECKMX WUCMNBbITAHUW OTHOCUTENbHO NUTUS OEeMOHCTPUPYIOT, 4TO
npocune nutuposaHua rpadmuta Carbomill SG-NT xapaktepeH npodwunio rpacputoB ¢
KpUCTannNuU4eckon CTPYKTYPONW, YETKO BbIpaXeHbl MMAOWAAKM MOTEeHUWanoB, COOTBETCTBYOLLME
WHTEPKaNALNOHHbIM COeMHEHUSIM Ha BTOPOM M TpeTbeM nonyumknax. IPHeKTUBHOCTbL NepBOro
LUMKNa ans «npokaTHOW» TexHomnorum coctasBuna 77%, a ons «HamasHon» TexHonormn - 81%. Ons
mMopcpornormn mccnegyemoro rpaduta CTpyKTypa 3MekTpOAHOoro cnosi, obecneyvBarLas BbICOKUE
pecypcHble xapakTepucTuku (puc.1), popmmpyeTcs npu pac4yETHOM NOPUCTOCTU He MeHee 27%, 4To
KoppenupyeT C Habniogaemon CTPYKTYpOW MOBEPXHOCTHOIO CIOsi OTpuUaTeNbHOrO 3MekTpoaa,
cofepxallen NoBblLLEHHOE KONMMYECTBO Mop.

W, Wy5(0) W5/ Wy 5(0)
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PucyHok 1. IameHeHue omHocumernbHoU saHepauu 8 pexumax: 0,1C 0o 4,15B/0,5C do 2,7B (cnesa), 8 pexumax:
C 00 4,2B/0,5C do 2,7B (cripasa) akkymynamopos ¢ pasfuyHol pacqyemHol rnopucmocmasio(€)

Cnucok nutepatypbl
[1] CkyHowmH, A.M., CoBpeMeHHOe COCTOSIHME U NEPCNEKTUBLI Pa3BUTUS| UCCNEA0BAHUN NMUTUEBbIX
akkymynaTtopos // Yenexu xumun. 2002. T. 4. Ne71. C.378.

[2] Zhen C. (ed.). The success story of graphite as a lithium-ion anode material — fundamentals, remaining
challenges, and recent developments including silicon (oxide) composite // Sustainable Energy
Fuels.2020. T. 4. Ne11. C. 5363-5870
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B nocnegHee pecAtuneTue noOnMaHUOHHLIE COEOMHEHWSI HA OCHOBE BaHaOMMCOLEpXKaLLNX
dTopuaodocdartos co cTpykTypon Tuna KTiOPO4 (KTP) nonyunnu winpokoe npusHaHue B KavyecTBe
BbICOKO3HEProeMKUX MaTepuarnoB MOMNOXUTENbHOIO 3NeKTpoaa ANst HAaTPUM-UOHHBIX akKyMynsTOPOB
(HWA). Bbnarogaps BbiCOKOMY cpegHeMy paboyemy HanpsbkeHuto (> 4.0 B ortH. Na*/Na) u
TeopeTuveckon yaenbHon eMkocTun ~130 MAUY/T, faHHbIE CUCTEMbI SABMSIOTCS OOHUMU M3 Hanbonee
nepcrnekTuBHbIX Ans co3gaHuss HWA c BbICOKOM 3SHEpProemkocTbl. B otnuume oT GonblUMHCTBA
M3BECTHLIX KaTOOHbIX MaTepuarnoB, 4bs PenoOKC-aKTUBHOCTb OrpaHuveHa noTeHumanom 4.3 B,
uccnegyemole dropugodocdaTtbl coxpaHsoT akTuBHocTb 0 4.5 B oTtH. Na*/Na. [daHHoe
npeumyiectso B 0.2 B KpuTUYeCKN BaXXHO ANd nosblleHns xapakrepuctnk HUA, ogHako conpsikeHo
C UHTEHCVBHbIM OKUCITEHMEM KOMMNOHEHTOB 3NEKTPOSIMTa N HECTAOMUNBHOCTBLIO TBEPAO03NEKTPOSTIUTHOIO
uHTepcenca Ha katoge (aHrn. CEl), yTo BegeT K CHWXEHUIO LIMKIMYECKoro pecypca U yaerbHbIX
xapaktepuctnk HWA npu gnutenbHoMm uuknupoBaHun. [MOHMMaHME NpPOLLECCOB Ha MOBEPXHOCTU
KaTogHOro maTepumana uMmeeT 6Gonbluoe 3HayeHwe Anst KOPPEKTHOW OLEHKM CBOWCTB U YCNOBUM
NPUMEHEHNSI BLICOKO3HEPTrOEMKMNX MaTEPManos.

Llenbto Hactosiwen paboTbl siBNsSieTCs uccrnenoBaHue sBonoumm xapaktepuctuk CEl gns
BbICOKOBOJIbTHbIX BaHaAOUNCOAEPXALUMX KATOOHbIX MarepuanoB B 3aBMCUMOCTM OT COCTaBa
3MEeKTpOonnTa 1 HoMepa uukna.

B kauyectBe 00beKkTOB MccreqoBaHusi Obinv BbiOpaHbl maTepuansl coctaBa NaVPOsF,
NaVo.oAlo.1PO4F n NaVo.925Cro.07sPO4sF. CuHTE3 ogHOodasHbIX 06pa3uoB NpoBOANSICA ABYXCTAAUAHbIM
METOAOM, OnuncaHHbiIM B 0Oonee paHHUX paboTax [1]. dPas3oBLIi COCTaB Ha BCeX aTanax
KOHTPONMpOBancs MeTogOoM PEHTreHOBCKOM AMdpakumu, a anemMeHTHbIn coctaB metogamu JIPCA n
NCIM-0O3C. MNanbBaHoCTaTM4YECKOE LUMKINPOBAHNE N CMIEKTPOCKOMMIO 3MEKTPOXMMMUYECKOro nMnegaHca
B TPEX3NEKTPOAHbIX s4Yerkax MPUMEHSNN ONst KONMUYECTBEHHOW OLIEHKM BENUYMH COMPOTUBMNEHUS
nepeHoca 3apsga (Rct) n conpotusneHusa cnoa CEl (Rcei). CpaBHUTENbHbIM aHan13 npoBoaunca ang
OBYX COCTaBOB 9JIeKTpONiMTa: «CTaHAapTHOro» Ha ocHoBe kapboHaTtoB (EC-DEC + 2% FEC) u
NOKarbHOro BbICOKOKOHLIEHTpUpOBaHHoro anektponuta (JIBK3O), 0603Ha4eHHOro kak «3nekTponut X».
MeToaom BOMbTaMMNEPOMETPUN YCTAHOBIEHO, YTO CONbBaTHAasl CTPYKTypa 3MeKTponuTa OokasbiBaeT
onpegensioLee BMsSHUE Ha ero OKUCIUTENbHY CTabUNbHOCTb. MonydYeHHble 3aBUCUMOCTU Rt U Reei
oT Homepa uukna (ot 1 go 50) ¢ Mcnonb3oBaHMEM 3MEKTPOSIMTOB Pa3fIMYHOro CocTaBa MO3BOSUIN
BbIIBUTb  KOPPENAUMIO MeXOy COCTaBOM 9rfekTponuta W 9BOMIOLMEN KaTogHOro TBepao-
3MNEKTPOSIUTHOrO CNosl, YTO OTKPbIBAET HOBbLIA B3rNnsg Ha MOBbILEHWME CTAabMNBHOCTU LUKIMPOBaHUS
BbICOKOBOINbTHbIX KATOAHbLIX MaTepnanos.

Cnucok nutepatypbl
[1] Shraer S., Luchinin N., Trussov |. et al. Development of vanadium-based polyanion positive electrode

active materials for high-voltage sodium-based batteries // Nat Commun. 2022. T. 13. C. 4097. DOI:
10.1038/541467-022-31743-3

BnarogapHoctu
. Pa6oTa BbinonHeHa npu nogaepxke Poccuickoro HayyHoro ®onaa (rpaHt PHO Ne 26-73-10256).
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B HacTosiee Bpemsa Hambonee pacnpocTpaHeHHbIMU WMCTOYHMKAMW 3NEKTPO3Heprum And
pasnnyHbIX MPUMEHEHUI ABNSATCSA NUTUN-MOHHbIE aKKyMyNnsaTopHble 6aTapeun. B paboTte paccmoTpeHa
3ANEKTPOXMMMYECKAs CUCTEMa B KavyeCTBe akTMBHOrO MaTepuana oTpuuaTenibHOro anekTpoga B
KoTopou ncnonbdyetcst TutaHat nutusa (LTO), a B kavecTBe nonoxuTtensHoro — kobanstat nutus (LCO)
[1, 2]. OcHoBHas uenb paboTbl — UW3YYUTb MOLLUHOCTHbIE W pPECYpPCHble XapaKTepUCTUKK
ANEKTPOXMMMNYECKON CUCTEMBI Ha OCHOBE NMUTUN-TUTaHAaT OKcuaa, NPMMEHSAEMOro Ansi oTpuuaTenbHOro
3ANeKkTpoaa NUTUN-NOHHOIO aKKyMynsTopa.

0N oOueHKM MOLLHOCTHBLIX XapaKTEPUCTUK W BbIMONHEHMS TpeboBaHWs MO  yAernbHbIM
SHEPreTMYECKUM XapakTepucTmMkam Bbinv M3roToBMNEHbI MPOTOTUNMPOBAHHbLIE 3MNEKTPOAbLI C TUTAHATOM
nMTua 1 kobanbTaToM NUTUSE C Pas3nIUYHOM TOSMLWMHOW. MccnefoBaHwe 3apsgHbiX WM paspsifHbIX
XapaKTEPUCTUK  3MEKTPOA4OB B AYerKkax OTHOCUTENbHO  NUTUS  MPOBOAWMMMCL  METOLOM
raribBaHOCTaTU4YECKOrO  UMKNUpoBaHus. [poBegeHa  OUEHKa  MONSIPU3aLMOHHBLIX  SIBIIEHWUN
NOMNOXUTENBHOIO U OTPULLATENBHOMO 3NEKTPOAOB.

MeTogom ranbBaHOCTaTUYECKOrO LMKITMPOBAHWUS MOJTyYeHbl 3HAYEHWUs yaenbHOW paspsgHou
emkoctn maTepuana LTO 1 LCO npu pasnuyHbiX ToKax OenuTupoBaHusi, BospacTawowmx ot 0,1C go
2C B gnanasoHe HanpsbkeHun 1-3 B n 2,7-4,2 B, cooTBeTCTBEHHO. [Mpn Harpy3ke TokoB B 2C eMKOCTb
MaTepuana C 9MeKTPOAOM MaKCMManbHOW TOMWUHbBI 3HAYMTENbHO YMEHbLUAEeTCH, AN OCTanbHbIX
TOKOB 3HA4YeHMEe eMKOCTU ocTaeTcsi 6e3 CylecTBeHHbIX uameHeHunn (puc. 1). lobaBneHne B cocTas
aKTMBHOW Maccbl aHoAHOro Matepuana YHT no3Bonuno noBbiCUTb 3HaYEHWE pa3psagHon eMKoCTu 1 6e3
3HAYUTENBHOIO YMEHbLLEHWUSI 40NN aKTUBHOIO MaTepurarna YMeHbLUUTb Nonsipu3aumnoHHble noTepu. Mpu
yBenuyeHun TonLWuHbl arekTpoaa HabnaaeTcs peskoe CHUXeHWe eMKoCTU Ha Tokax 2C. Ha ocHoBe
nonyyeHHbIX AaHHbIX N0 nonapusaumm anektponos ¢ matepuanamu LCO n LTO 6bin npoBeaeH pacyet
cymmapHon nonsapusauum nonHon IXIT npu Tokax paspsga 1C m 2C. MuHMManbHble 3HavyeHus
nonsapmsaumm OXI npu Tokax paspsaga 1C n 2C gocturatotcs NpyM MMHMMAarbHOM TOSMLWMHE 3NEKTpoAa.
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PucyHok 1. YOenbHass EMKOCMb npuU pasiudHbIX mokax 0esumuposaHusl.
(cnesa) Mamepuan LTO ¢ pa3nu4yHol monwuHoU anekmpooa.
(cnpasa) Mamepuan LCO ¢ pasnu4yHoU monwuHoU srnekmpoda.

Cnucok nuTeparypbl
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Mpwn akcnnyataumm NUTUA MOHHBLIX akkymynaTopax (JIMA) moryT npotekaTb HexenaTternbHble
peakuuy Ha NOBEPXHOCTW 3MeKTpOoAa, YTO conpoBoxgaeTcsi obpa3oBaHMEM B3pbIBOOMACHBLIX a30B,
TaKux, Kak MeTaH, 3TaH, 3TUMeH, NPoNuieH, BOOOPOA W ApyrMe NpoayKTbl pas3rfioXeHWs anekTponura.
Kpome Toro, ogHou u3 rnaeHbix npobnem JIMA saBngaTca oeHapuThbl - KpOLLEYHble KpUcTanmbl NUTug,
KoTopble 0bpasytoTca Ha OTpuULaTENbLHOM 3ANEKTPOAe akkyMyndatopa B npouecce 3apagku. N3-3a Hux
BHYTpW 3NeMeHTa BO3HMKAET ONacHOCTb KOPOTKOrO 3aMblKaHUS.

Ona npepoteBpalleHnss NOAOOHbIX SBMEHMN B COCTaB anekTponuta Ao6aBnsoT pasnuyHble
npucagkn, cnocobecteyolne obpasoBaHUio OGonee Kpemnkom U rMbKOW 3aliMTHOW MIEeHKN Ha
NMOBEPXHOCTM 3JIEKTPOOOB, KOTOPYH B MMpe MNpUHATO HasbiBaTb solid electrolyte interphase (SEI).
Hanbonee pacnpocTpaHeHHoW Npucaakon asnsieTcst BuUHUNeHkapobonat (BK) [2].

[na obecneyveHuns cywecTeytowmx B Poccnn nponssoacts JIMA Takon npucagkon Heobxogmuma
opraHusaumsi Npou3BOACTBa BUMHWUIIEHKApOoOHaTa MOLLHOCTB okono 500 ToHH B rog. [Ons aToro
notpedyetca npouseoantb 900 TOHH B rog MoHoxrnopatuneHkapboHata (MX3K) — ncxogHoro cbipbsi
0N CMHTEe3a Npucajku.

B Hactosiwee Bpema B Poccum Het npousBoactB MX3K UM, COOTBETCTBEHHO,
BUHUNeHkapboHaTta. B cBaAsn ¢ atum paspaboTka OTeYeCTBEHHOW TexHomnoruu nonydyeHus MX3IK
SABMSieTCA akTyanbHOW 3agaden. He cmMoTps GonblLoe KONMMYeCTBO HayYHO-TEXHUYECKOW U NaTEeHTHON
WHpopmaumm no TexHonorum nonydeHus MX3IK, caenate BbiBOAbl 06 ONTMManbHbIE YCHOBUSA
npoTekaHns peakumm germapoxnopupoBanua MX3K, 6e3 npoBegeHns COOCTBEHHbIX MCCNeaoBaHUN,
He npeacTaBnsAeTcss BO3MOXHbIM: (PMpMbl paccMaTpuBaroT OCODEHHOCTM mpouecca Mpou3BOACTBA
NpoAyKTa, Kak KOMMEPYECKYIO TalHy.

HacTtodwasa paborta nocesiLieHa NepBon CTaguu NPearioXeHHOro npowuecca — onpeaeneHns
onTumarnbHbIX ycrnoBuin nonyydeHmns MX3OK.

JlabopaTtopHble akcnepumeHTbl Mo nonyvyeHuto MXOK nposBoannucb B KBapLLEBOM peakTope,
OCHAaLLEeHHOM MexaHW4eCKoW Mellankon, nogaden xmnopa c noMmollbio 6apboTépa n nuHuen otsoaa
HenpopearupoBasLLero rasa. NanyyeHne obecnevmBanoch ¢ MOMOLLbIO CBETOAMOAHON NeHTbI (400 HMm).
Abrasbl npouecca xnopupoBaHUA NoJaBanMCb Ha CUCTEMY OBYX KOMOHOK abcopbuumu XnopucTtoro
Bogopoda u xnopa. Ha nepBor KOMoOHKe AUCTUNNMPOBaHHOM Bodol abcopbuposanca
NPeNMyLLECTBEHHO XIOPUCTLIN BOAOPOA, @ Ha BTOPOM LLENOYb - M3OLITOK xnopa. MatepuanbHbii
BanaHc aKkcnepumeHToB cxoguncs He xyxe 5% mac.

MMonyyeHHble pe3ynbTaTbl CBMAETENbCTBYIOT, YTO OMTUMAIbHBIMW YCIOBUSIMW MnpoLecca
ABNAOTCA Temnepartypa peakumm 60°C, Bpems koHTakTa 240 MMH, CKOPOCTb BpalleHus Mmewarnku 600
06/MWH C MHTEHCMBHOCTbIO N3nyyYeHns 9600 mMBT/M2, co ckopocThio nogayn xnopa B 0,5 r/MyH. B aTnx
ycnoBusx koHBepcust AK coctasnana 63% npu cenektnsHoctn No MX3K 95%. MNMonyyeHHble noboyHbIe
Ouxnop3aMelleHHble He BNUAT Ha Xo nocneaylwen peakuum AervMapoxnopupoBaHud, a
HenpopearnpoBaBLLWiA 3TUNeHKapboHaT BbICTYNaeT B KayecTBe pacTBOPUTENSA Ha BTOPOW CTaauw.
CnepoBaTtenbHO, MOMNYYEHHYIO peakUMOHHY0 cMmecb ©e3 agononHuTenbHon o6paboTkM  MOXHO
MCnonb30BaThb B KAYECTBE ChiPbs HA BTOPOW cTaguu nonyyeHuns BK.
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BnusHue cTpyKTypbl NnUraHga nonmMmepHbix komnnekcoB Ni caneHoBoro tuna
Ha 3N1IeKTPOXMMUYECKME U 3alUTHbIEe CBOMCTBA NONIMMEPHbLIX NOACIIOEB HA
anroMUHMEBOM TOKOCbEMHMKE KaToaa.

Nonewmxunna O.B., KanbHuH A.1O., JleBuH O.B., Anekceea E.B.

CaHkm-lemepbypackull 20cydapcmeeHHbili yHusepcumem, MHcmumym xumuu, CaHkm-lTemepbype,
Poccus

st129869@student.spbu.ru

B coBpeMeHHOW Hayke M TEXHOMOrMU NUTUN-UOHHBLIX UCTOYHMKOB TOKa, OOHOW M3 Haubonee
aKkTyanbHbIX 3aga4 siBnsieTcst obecneyveHne 6e3onacHoOCTU Npu nx aknnyatauun. OCHOBHOWM NPUYMHON
[aHHOM NpPobneMbl SIBNSIETCA TEMNIOBOW pa3roH, BO3HMKAKOLWNIA Npy nepesapane, KOPOTKOM 3aMblKaHWM
WNN neperpeBe U COMPOBOXOAIOLWMACA 3HAYMTENbHBIM TEMMOBLIAENEHNEM C  MOCHeayHLWMUM
BOCMIIaMEHEHMEM 1 B3PbIBOM, YTO MOXET HaHecTu Bpef notpeburtensm. MNepcnekTnBHbIN Nogxon K
noBbIWeHMI0 6e30MacHOCTN — BBeAEHVE MeXay antoMUHNEBBIM TOKOCBEMHMKOM U aKTMBHOW Maccowm
KaToga NOTEeHLMO3aBMCMMOro NpoBOASALLEro MOACHOS, KOTOPbIN Pe3ko YBENMYMBaeT CONpPOTUBIEHNE
npuv npe.bllweHun paboyero HanpshkeHus. Takas mogudumkaums kaTogHOro matepmuana cpabartbiBaeTt
Ha nepBoW CTaguMu TEMIOBOrO pas3roHa, npefoTBpallas nocregywwme. Hukenb-cogepxawine
NoNMMepPHbIE KOMMIEKCHI C NIraH4aMn CaneHoBOro Tuna siBNATCA Hanbonee NoaxoasaLLMMm Ans aTown
uenun BewectBamu. [Ona pabotel 6binn BbiGpaHbl nonu[Ni(CH3OSalen)], nonu[Ni(SalPhen)] un
nonu[Ni(CHsOSalPhen)]. CornacHo nutepatypHbiM [daHHbIM, BCe Tpu Monumepa npPOSBNAOT
NOTEHLMO3aBUCMMYI0 MPOBOAMMOCTb C  MWHMMYMOM COMPOTMBIIEHMSI B pabovemM ananasoHe
HanpspkeHun (3,0-4,2 B) n peskum Bo3pactaHmeM conpoTtueneHus (>50 pas) npy noTeHumanax Bbille
4,2 B, 4TO BbI3BaHO MEPEOKUCIIEHMEM UM MNEepexodoM nonuMepa M3 YacTUYHO AOMMPOBaHHOIO
(NpoBoAsLLEro) COCTOSAHNS B MOSIHOCTbK OKUCIEHHOoe (u3onupytowee). OgHako OaHHble O BIUSAHUM
CTPYKTYpbl nvMraHga Ha Mopdonoruio, NpoBOAMMOCTb WM 3alluTHble CBOMCTBA MOACMOS OCTalTCA
HecCncTeMaTU3NPOBaHHbBIMMU.

B gaHHOM paboTe SNeKTpoOXMMWUYECKOW MonuMepusauuen Ha rpaduTM3MpoBaHHOM
anoMvHneBon ¢ornbre nonyyeHol MNOKPbITUA  Ku3  Tpéx nonumepos: nonu[Ni(CHsOSalen)],
nonu[Ni(SalPhen)] " nonu[Ni(CHsOSalPhen)]. dopmupoBaHme noacrnoés npoBOAMIN
noteHuymoctatmdeckn npu 1000 mB n3 1 MM pactBopoe moHomepoB B 10 MM LiCIO4/CH3CN. Ons
OLLEHKM 3aLLMTHbIX CBOWCTB cobupanu npoToTunbl u 6atapen ¢ rpaduToBbiM kKaTogoM. CTabunbHOCTb
paboTbl 6aTtapeek NpoBepsnM NyTEM LMKIMPOBAHUA, @ TECTMPOBaHWE Ha 3aliMTy OT BHELUTaTHbIX
CuUTyaums BKtoYano nepesapsg 4o 6 B 1 pexxum BHeLHero KOpoTKOro 3ambikaHusa. Mopdonoruio um
3aneMeHTHbIN cocTaB xapakTepusoBanu metogamm COM n EDX.

BnarogapHoctu
WcecnenoBaHue BbINONHEHO Npu donHaHcoson noaaepxke CM6INY npoekt Ne 126022017737-2
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Growth of Artificial Cells through Intracellular Lipid Synthesis
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Controlled growth of artificial cell membranes remains a central challenge in bottom-up synthetic
biology. Living cells continuously expand their membranes through intracellular lipid synthesis from
stored precursors. Existing models of artificial membrane growth either rely on externally supplied
ampbhiphiles or on in situ lipid synthesis from small-molecule building blocks dissolved in the aqueous
phase. Here we establish a reaction-driven protocell model in which fatty acid release and stable double-
chain lipid biosynthesis are sequentially coupled within a single POPC vesicle system to achieve lipid
synthesis. The primary objective is to determine the extent to which fatty acid and endogenous lipid
production can drive membrane expansion, compositional remodeling, and morphological transitions.

A reaction—vesicle coupled system was constructed by integrating a lipid-generating chemical
network with preformed bilayer membranes in aqueous solution. Lipase-driven hydrolysis of triglyceride-
rich lipid droplets releases fatty acids into POPC giant unilamellar vesicles (GUVs), with continuous
monitoring of vesicle response. A downstream chemical reaction network synthesizes a double-chain
lipid, and the in-vesicle lipid composition is determined by LC-MS to validate double-chain lipid synthesis
and membrane integration.

Compositional analysis confirms that lipase-released oleic acid (OA) drives pronounced POPC
vesicle deformation and area expansion, after which it is converted into a double-chain lipid that inserts
into the preexisting POPC vesicles. These findings demonstrate that interfacially coupled cascade
reactions can transform transient, unstable intermediates into persistent stabilizing lipids, providing a
general design principle for protocell systems with programmable growth and self-stabilization.
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Efficient Non-Destructive Recovery of LiFePO4 from Spent Lithium-lon
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Following mechanical shredding of spent lithium-ion batteries (LIBs), the complex composition
of electrode materials hinders subsequent recycling. Thus, the separation of cathode and anode
materials is a crucial step in the recycling process. The separation efficiency of cathode and anode
materials under the two pretreatment methods of oxygen-free roasting and water soaking was analyzed
by testing and calculation. Based on the different pyrolysis characteristics, the pretreatment process
through oxygen-free roasting achieved high-purity separation, yielding anode and cathode materials
with purities of 98.5% and 93.3%, respectively. By exploiting the water solubility differences of the
binders, soaking the electrode sheets in water for 75 minutes followed by 40 KHz frequency
ultrasonication for 1 minute before sieving results in a purity of up to 98.7% for the anode material and
98.1% for the cathode material. Additionally, the anode material's lithium leaching rate during water
soaking separation is 82.9%, supplying raw material for cathode repair and regeneration. Furthermore,
the initial charge-discharge specific capacity of cathode material separated by water soaking is around
150 mAh/g after lithium replenishment, which is significantly higher than that of cathode material
separated by oxygen-free calcination. A novel process for separating cathode and anode materials
through water soaking and ultrasonic vibration was ultimately developed. This process not only enables
the efficient separation of LiFePO4 cathode materials but also facilitates their high-value regeneration.
This method offers a scalable and environmentally sustainable approach to LIB recycling, with potential
applications in industrial-scale battery material recovery.
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. Figure 1. Flowchart for the efficient separation of anode and cathode materials using the water soaking
method.
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Sodium-ion batteries are considered today as one of the most promising alternatives to lithium-
ion systems, primarily for stationary energy storage, due to resources availability, especially considering
almost unlimited prevalence of sodium. Among the various cathode materials, special attention should
be paid to KTP-NaVPO4F, which combines both high operating potential and specific capacity, resulting
in record-high specific energy [1]. In particular, in recent literature, NaVo.0cAlo.1PO4F material has been
synthesized and characterized, in which partial substitution of vanadium with aluminum contributes to
stable long-term cycling and increased structural stability [2]. However, when switching to full cells with
a hard carbon (HC) anode, a common problem manifests itself: irreversible loss of sodium due to its
irrevocable capture in closed HC pores and expenditure on the formation of electrode-electrolyte surface
passivation layers. As a result, up to 10% of the "active" sodium ions extracted from the cathode material
is spent on side processes. One of the effective ways to compensate these losses is to introduce a
sacrificial sodium salt into the cathode electrode, which will be oxidized first, providing additional sodium
to the system [3].

The purpose of this work is to establish the optimal amount of sacrificial additive and stage of
its introduction into the cathode paste, as well as to systematically study the influence of these factors
on the electrochemical properties of NaVo.oAlo.1PO4F || HC system.

In the course of the work, the functional relation "amount of additive — electrochemical
parameters" was identified and systematized in detail for two types of sacrificial salts: Na2CO3 and
Na2C204. The comparative analysis was carried out using linear sweep voltammetry (LSV),
galvanostatic charge-discharge and cyclic voltammetry (CV) methods with varying additive mass
loading in the range from 2 to 10 w%. The optimal technological stage of introducing the additive into
the cathode paste has been determined, ensuring the most uniform distribution of the agent in the
electrode structure and, as a result, the greatest stability of cycling. The state of the electrode after the
formation cycles was studied in the form of its cross section by scanning electron microscopy. Ex situ
X-ray diffraction of the cathode materials made it possible to analyze the unit cell parameters after the
first cycles, thus quantifying the degree of compensation for sodium losses in host material. In
conclusion, reduced irreversible sodium losses with minimal negative impact on NaVo.9Alo.1PO4F high-
voltage cathode characteristics has been achieved.
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N3yyeHue germapoxnopmpoBaHUA MOHOXITOP3TUIIEHKapOoHaTa C nony4yeHuem
BUHUNEHKapOoHaTa — 3NeKTPOSIMTHOM NpUcaakKu.

Jlentox B.B., TomuH U.A., Menbyakos .C.

UHecmumym Hegbmexumuyeckoeo cuHmesa um. Tonduesa, PAH.
lelyukh@ips.ac.ru

OpaHol u3 npobriem NUTUIn MOHHBIX akkymynatopoB (JIMA) sBnseTcs npoTekaHMe MOBOYHbIX
peakumii Ha NOBEPXHOCTU 3MEKTPOA0B. OTO NPMBOAMT K 0Opa30BaHUIO rOPIOYMX ra3oB (MeTaH, 3TaH,
3TWUMEH, MPONWIEH, BOOOPOA W Ap.) Y NPOAYKTOB pasfnoXeHus B BuAe AMOKCuAa v OKCcuMaa yrnepoaa.
OOGpasytoLmecs razoobpasHble BeLLEeCTBa MPUBOAST K B3LYTUIO akKyMyNsSITOPOB, YTO CHWKAET CPOK
cnyx0bl annapaTypbl 1 6e3onacHoCTb akcnnyataunn. Kpome Toro, ogHon 13 rnasHbiX npobnem JIMA
SBNSATCA OEHOPUTBI - KPOLUEYHble KpucTanmbl NUTUS, KOTopble obpasyloTcs Ha oTpuuaTeNlbHOM
SMNEeKTPOAE akKymynaTopa B npouecce 3apagku. Ecnu Takon kpuctann JOCTUrHET NPOTUMBOMNOSOXKHOIO
3MNeKTpoAa, BHYTPU 3rieMeHTa BO3HUKAET KOPOTKOE 3aMblKaHUeE.

[ns npegoTBpalleHns peakuuin pasnoXXeHns anekTponuTa, rasoobpasoBaHust n obpasoBaHus
neHgputoB B JIMA [o6aBnsaoT pasnuyHble BELeCTBa, CNocobCTBylOWME 0Opa3oBaHUIO NMPOYHON U
ynpyrov nneHkn SEI (solid electrolyte interface), koTopas o6BonakMBaeT aNeKTpoA U npegoTepallaeT
NPsSIMON KOHTAaKT anekTponuta ¢ anektpogom [1]. OaHol M3 cambiX pacnpoCTpaHEHHbIX 4OBaBOK K
ANEKTPONnTY siBnsieTcs BUHUNeHkapooHar (BK). KapGoHaT BoccTaHaBnMBaeTCcs Ha SNnekTpoae nepBbiM
cpeou OpyrMx KOMMOHEHTOB pacTBOpUTENs, WM B pe3ynbTate obpasyeTcsi onuroMep, KOTOpbIN
dopmupyeT Bonee TOHKYK, O4HOPOAHYK U npodHyio SEI. BK gBnserca nepBon KoOMMepYecku
ycnewHon o6aBkom, KoTopasi NoNb3yeTCca CNPOCOM U MO CErOAHSALIHUA AeHb [2].

B Hactoswee Bpema B Poccum npoussoactso BK otcytctByer. He cmoTpsi Ha Hanuuue
MHOXeCTBa NnaTeHToB, onpegenuTb onTMMarbHble yCrnoBusi npoTekaHusi peakuuu
perngpoxnopupoBaHma MXOK, 6e3 npoBefeHuss cCOGCTBEHHbBIX WCCMEAOBaHUA, HE NpeAcTaBnseTcs
BO3MOXHbIM. [lpomsBoguTenu paccmaTpuBaldT OCOBGEHHOCTM npouecca npousBoacTBa BK, kak
KOMMepYecKylo TavHy. B cBS3u ¢ aTum npoBefeHne HaydHO-MccrnegoBaTenbckor paboTbl C Lenbio
CO34aHunsa 0Te4YeCTBEHHOMW TexHonorum nonyveHunsa BK saBnseTtca aktyanbHON 3agaden.

B NpOMBbILLNEHHOCTU CcaMbiM pacnpoCTpaHEHHbIM crnocobom nonydeHus BK sensietcs
xropupoBaHue atuneHkapboHata (3K) c nocneaywowmm ero gernapoxnopuposaHunem. lNonyyeHHbIn B
pesynbTaTte [BYXCTAQUMHOIO CUHTE3a CbipeL, npeacTaBnsieT cO0OM CMeCb MPOAYKTOB C BbICOKMM
cogepxaHmem BK [3]. Hactoswaa paboTta nocssilleHa onpeaeneHuio ONTMMarbHbIX YCIOBUNA
nerngpoxnopupoBaHmsa MX3OK ¢ cenekTuBHbIM nonyyeHnem BuHUNeHkapboHarta.

JTaGopaTtopHble 3KCNepUMEHTLI Mo nonydeHnio BK npoBogunu B nepuoguMyeckom pexume B
CTEKMNSIHHOM peaKkTope, OCHalleHHOM pyballkow, KaHanmom nogadM asoTa, CUCTEMOM BBoAa
[erngpoxropupyroLero peareHTa (Tpuatunamuna) B pacteoputene 3K n odpaTHbIM XONOANNBbHUKOM.
TpuatunaMyH nogaBanvM B peakTtop HenpepbiBHO B nepBble 30 MWHYT CMHTE3a, MOCMe 4ero
peakUMOHHYD CMECb BbIOEpXUBaNMM B TevyeHMe 4vaca ansg yeenuyeHust koHBepcum MXIK. B
pesynbTatax NpeAacTaBeHbl CUHTE3bl, MaTepuanbHbln 6anaHc KOTOPbIX CXOAMUIICA C MOTPELUHOCTBIO He
xyxe 5 % mac.

B pesynbTate npoBeaeHHbIX uccnenoBaHui 6biny nsyveHbl 3aBUCUMOCTM koHBepcun MX3K n
cenektMBHoCTb BK OT TemnepaTypbl peakuuu, KOHLEHTpaLun pacTBOPUTENS, BPEMEHU peakuun u
cnocoba nogayu MHuumatopa. MNonydeHHble pesynbTaTbl NOKa3anu, YTo onTumarnbHas TemnepaTypa
npouecca coctasnseT 50 °C npu koHueHTpauun MX3K 60 % macc. Npn ykasaHHbIX YCrOBUAX yaaeTcs
pocTtudb koHBepcun MX3IK 99,9 % un cenektnsHoctr no BK go 70 %.
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MukpocTpyKTypHas 3BonoLUA NNEHOK BUCMYTa U CBUHLA B npouecce
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OnaceHust No NoBOAY OrpaHUYEHHOW EMKOCTU TPagULMOHHBLIX aHOOHLIX MaTepuanoB, 3KONOrM4ecKmx
PUCKOB, CBSI3aHHLIX C rnobarnbHbIM HaKoMmeHnemM OTPaboTaHHbLIX CBUMHLIOBO-KUCIIOTHBIX aKKyMYISITOPOB, a TaKxe
BbICOKOA CTOMMOCTM W FeonoNMTUYECKON YS3BMMOCTU LIEeNOYeK MOCTaBOK NUTUS CTUMYNMUPYHT MOWCK HOBbIX
3(pEKTUBHBIX peLLeHUn AN CUCTEM XpaHeHUs aHeprun. HaTtpuin-noHHele akkymynatopsl (HWA) npeacrasnsior
coboVi MepcrneKkTUBHYID anbTepHaTUBY NMUTUIA-MOHHLIM Gnarogaps BbICOKOW AOCTYMHOCTU M HU3KOW CTOMMOCTU
HaTpws, a Takke CNOCOOHOCTM COXpaHsiTb paboTOCNOCOBHOCTL B 9KCTPEMATbHBIX KITMMaTUYECKUX YCIIOBUSAX, B TOM
yncne Npu HU3KMX TemnepaTypax, rge NMMTUEBble CUCTEMbI TEPAIOT CBOWU XapakTepucTuku [1].

CBuHel, oouH n3 Haubornee TOKCUMYHbIX TSXKEMNbIX METarnnoB MpU HEKOHTPONMpYyeMOM nonagaHui B
OKpYXaloLlyto cpedy nocrne yTunusauuv, OOHOBPEMEHHO SBMSIETCS OAHMM U3 Hambonee 3ddeKTUBHO
nepepabaTtbiBaeMbiX MaTtepuanos B mupe. lNepeHanpaBneHne BTOPUYHONO CBMHLA B COCTaB aHOOOB HaTpuii-
MOHHBbIX aKKyMyrsiTOPOB MO3BOSSieT peanu3oBaTb MpeBpPALLEHME MOTEHUMAnbHO OMacHoro oTxoda B
(bYHKUMOHANBHBIA KOMMOHEHT MOCT-NIMTUEBLIX HaKonuTenew, OAHOBPEMEHHO CHWXasi SKONOrMYECKY Harpysky,
MoBbILLAsA PeCYPCHYI0 3(PEKTUBHOCTL U CO3AaBast 3KOHOMUYECKW NPUBIEKaTENbHYI TEXHONMOMMIo[2].

CeuHey (Pb) n BucmyT (Bi) paccmaTtpuBaloTca kak NepCrnekTUBHbIE BLICOKOEMKME aHOAHbIE MaTepuanbl
ona HWA 6narogaps cnocobHOCTM K 0BpaTMMOMY CMNaBIieHMI0O C HAaTpueM U CyLlecTBEHHO 6ornee BbICOKOM
TEOpPEeTUYECKOW YAENbHOW EMKOCTM MO CPaBHEHWIO C APYTMMY aHoAHbIMKU MaTepuanamu[3]. OgHako MHorokpaTHoe
LUMKIMPOBaHUE TaKMX METASIOB CONPOBOXAAETCS 3HAYUTENbHLIMU OO BEMHBLIMU U3MEHEHUSIMW, YTO TPAAULIMOHHO
paccmaTtpuBaeTcs kak hakTop Aerpagaumu.

B HacTosiwen pabote metogamu aToMHo-cunoBor Mukpockonuu (ACM) v ckaHupytoLLen 31eKTPOHHOW
mMukpockonun (COM) un3yyeHa MUKPOCTPYKTYpHas aBonwoums ToHkMx nnéHok Pb u Bi B npouecce
3ANEKTPOXMMNYECKOTO LIMKITMPOBaHUSI.

Mocne BuayanbHoro aHanuaa 2D- n 3D-pekoHCTPyKUuiA Tononorndeckmx kapt ACM 1 mukpodoTorpadcuii
C3M 6bIno ycTaHOBMNEHO, YTO UCXOAHAA OTHOCWUTENbBHO rMagkas nnaHapHasi MOBEPXHOCTb TpaHCHOpMUpyeTCs B
pa3sBUTYHO KOParnoBUAHYIO NEPKOMALMOHHYH CTPYKTYPY C CMCTEMOW B3auUMOCBSA3aHHbIX NOp U kaHanos. [JaHHasa
MUKPOCTPYKTypa obecneymBaeT HenpepbiBHbIE MNyTM ObICTPOro TpaHCMopTa MOHOB HaTpUsi U OTKpbIBaeT
nepcnekTuBbI AN BICOKOCKOPOCTHOW 3apsaKkv-paspsiakv Npu NOBbILLEHHbLIX NMIIOTHOCTSX TOKA.

KonuuectBeHHbIn aHanu3 ACM-gaHHbIX nocne 10 UMKNOB Mokasan pe3koe yBenuyeHue napamMeTpoB
LLIEPOXOBAaTOCTU:

— ansa Pb Sa Bbipoc ¢ 161 HM 7o 737 HM, Sq — ¢ 228 HM g0 886 Hwm;

— ana Bi Sa yBenuuuncst ¢ 105 Hm o 396 Hm, Sq — ¢ 134 HM 0o 496 HMm.

MapameTpbl WepoxoBaTocTn Sa u Sq paccymTaHbl aHaNM3oM KapT BbICOT 25x25 MKM, a AONOMHUTENbHas
KONMYeCTBEHHAas OLeHKa MOpOnorMyecknx U3MEHEHUA N WMCTUHHOW NMOLWaaM MOBEPXHOCTWU BbIMOJIHEHA C
MCNonb3oBaHMEM MeTOAOB ObicTporo npeobpasoBaHus Pypbe (BIMP), onepatopa Cobena u LeHTpanbHbIX
pasHocTen[4,5]. 3TM NoAxXoAbl NO3BONUIM NOATBEPAUTL 3HAUYUTENBHBIN POCT KO3 ULIMEHTa NOKPLITUA MoLaan
(no Br®): ana Pb ¢ 1,13 po 1,98, ana Bi — ¢ 1,11 go 1,82. MNonyyeHHble BenNWYUHbI CBUMAETENbCTBYIOT O
MHOTOKpaTHOM yBenuYeHun 3cpeKTUBHON nnowaan uHTepdernca, YTo CnocOOCTBYET YMYYLLEHUO KUHETUKM
WOHHOIO TPaHCMopTa U NOBbLILLEHWNO OBLLUX 3NEKTPOXMMUYECKUX XapaKTEPUCTMK aHOLOB.

Mony4yeHHble pe3ynbTaTbl CBUAETENbLCTBYHOT, YTO (POPMUPYIOLLASICS B MPOLLECCe LMKNMPOBaHWS pasBuTasi
KopannoBuaHasi CTPyKTypa, BOMpeKA NepBOHavarnbHbIM MpeacTaBneHnsiM o6 yCKOpeHHOW Aerpajauun, MoXeT
BbIMOMHATL MO3UTUBHYI (DYHKLMOHAmNbHYIO porib, obecneynsasi yny4YLleHHbIV MOHHBIN TPAaHCMOPT M MOTEHLMArnbHO
©oree BbICOKYI0 CTabnnbHOCTL anekTponos[2,6].

Takum o6pa3om, TOHkMe nnNéHkM Pb u  Bi  saBnsloTCcA  NepcnekTMBHbIMKW  ONsl  CO34aHus
BbICOKOMPOWN3BOAMTENbHbLIX aHOLOB HAaTPUN-MOHHbIX aKKyMyNsTOPOB, MPUMEHUMbIX B CTAUMOHAPHbLIX CUCTEMAX
HaKOMMeHWs 3HEPTUM, ANEKTPOMOBUNAX U PETMOHAX C CYPOBbLIM KITUMATOM.
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HEKOTOPbIE ACIMNEKTbl PASPABOTKW TEXHOJIOI N NPOU3BOACTBA
JINTUN-UOHHBIX AKKYMYNATOPOB

LLanarvHa A.1O., AnekceeBa E.B., CegoB A.B.
Poccus, 2. CaHkm-llemepbype, HIO «[TpommexHonums»

00O «HIMO «[lMpomMTexHONUT» 3aHMMaeTca pa3paboTkon TeXHONOrMn NPoM3BoACTBa NUTUIA-
WOHHbIX akkyMynsatopHbix sdeek (JIMA). C aton uenbio 66110 NprobpeTeHo crneumanuaMpoBaHHOe
obopyaoBaHWe AN Hay4YHO-TexHornoru4eckom nabopartopum n NUNOTHasa nuHUA npoussoactea JIMA
PasfMyYHOM KOHCTPYKUMW: nayyen, uunuHgpudecknx pasmepom 18650 n 21700 n mMoHeTHbIx 2032.
ObopygoBaHue 3anylleHo W 3JKCMlyaTUpyeTcsi, OHO MO3BONSAeT oTpabaTtbiBaTb TEXHOMNOrMyeckue
peXxuMmbl NpPou3BoACTBa Ha MOHeTHbIX JIMA, panee Ha npoToTMnax pasfiMyHOW KOHCTPYKUMU W
nepeHocuTb KX B CepuUrAHOE NPOM3BOACTBO. B npouecce paboTbl nepuoanyeckyd BbISBMASHOTCH
pasnuyHble CMIOXKHOCTU, KOTOpbIE TPEDBYIOT peLLeHus.

O6opyaoBaHue NpoLSo MOSHbBIN LMKIT MYCKO-HanagovHbIx paboT, 0gHaKo MHorAa BO3HUKaeT
HeobxooMMOCTb [OOMOMHUTENbHOW Hanagku. B kayecTBe npumepa MOXHO MNPUBECTU HACTPOWKY
yNbTPa3ByKOBOro CBapOYHOro annapaTta Ans NPUBapkU TOKOBLIBOAOB K KpPbILIKaM akKyMynaToOpoB
18650. Hactponkn annapata npu paboTe NpMBOANNU K NOTEPE KOHTaKTa B KpbiLUKe. AHanNu3 ycTtaHoBuI,
YTO 3TO NPOUCXOAUT U3-3a HENPABUMBLHOW HAaCTPOMKN BpeMeHu Bo3aencTBus. [yTem nepeHacTponkm
npobnema 6bina ycTpaHeHa.

KomnaHus paboTaeT ¢ HaTyparnbHbIM rpacdoMTOM MMMOPTHOIO 1 OTEYECTBEHHOIO MPOU3BOACTBA,
a Takke MMMOPTHBLIM MPOMbILIIEHHBIM rpacduTom ¢ cogepxaHvem kpemHus 10% [1]. OTHocuTenbHO
CUIMMUMPOBaHHOIO rpadmuTa BO3HMKNA crnegyowas npobnema. Npyn Hamaske aHOOHOrO arnekTpoa
aKTMBHasd mMacca oTcnauBanacb BBUOY HWU3KOW aare3nnm Ha MedHon dponbre. YBenuyeHme BpemeHu
nepemMeLLMBaHus He yny4liano cutyauuio. BepodTHee Bcero, 3To Mponcxoguno ns-3a Ucnosnib3oBaHus
OTHOCUTENbLHO BbLICOKOrO COAepXaHWsi B aKTUBHOW Macce NOMMaKkpuUroBOW KUCMNOTbl B KayecTBe
ceasylowero. B HacTtosiwee Bpemsi Begytca paboTbl MO onpedeneHuio ONTUManbHOrO CcocTaBa
CBA3YIOLLEro U PEXUMOB 3aMeLLMBaHUS akTUBHOM Macchl. [1pyn ncnonb3oBaHMK HaTypansHOro rpaduTa
npobnembl BO3HMKANU B criyyae oTevyecTBeHHOro matepuana. Npu Hamaske Habnioganuce TBepable
BKIMIOYEHNS, YTO NPUBOAMIO K HU3KOMY KayecTBy Hamasku. M3roToBneHHble C MCMNOMb3oBaHMEM
oTeyectBeHHoro rpaduta JIMA nmenn emkocTb B ABa pas3a MeHbLUyl, YeM MpU UCNOSIb30BaHUK
WUMMOPTHOrO MPOMBILINIEHHOro rpaduta. bbinv npoBedeHbl CpaBHUTENbHbIE aHanu3bl 060KMX
MaTepuarnos.

B kauectBe kaTogHoro ncnonbdyem matepuansl NMC811 n NMC622 [2]. Npu npurotoBneHum
aKTMBHOM MaccChbl B psge CrlydyaeB MpouCcxogurio peskoro 3arycteHue maccel. OHa npuobpeTtana Bug
ryctoro rens, 4To He MNO3BOMAMNO NPOU3BECTM HaMa3Ky KaTtogHoro matepuana. [Job6asneHue
3HaunTenbHbIX kKonuyecTB pactBoputend NMP He ycTtpaHsano npobrnemy. Haubonee BeposTHbIMU
npuyMHaMM Takoro NOBeOEeHUs aKTUMBHOW MacChl cTanu nMbo MCnonb3oBaHWe AUCNEPrMpoBaHHLIX B
NMP yrnepogHbix HaHOTPYOOK CHWXEHHbIX CBOWCTB B pe3ynbTaTe ANUTENbHOrO XpaHeHwus,
nnbo yBenunumBLLAsCA BRNaXHOCTb pacTBopuTens. BoamoxHa KomMOuHauus 9Tux (PakTopoB.
WccnepnoBaHns gaHHoM npobnembl NpoaoskarTcs.
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based cathode materials for sodium-ion batteries
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In a modern world where sodium-ion batteries (SIBs) are actively racing in specific energy value
with LiFePO4-based lithium-ion batteries, it is worth focusing on developing novel high-voltage cathode
materials. However, there are still several problems unsolved on the way towards stable-operating high-
voltage SIB prototypes, which lie in the level of interaction between cathode, anode materials, and
electrolyte. Up to date, NaVo.oAlo.1PO4F crystallized in KTiOPO4 structure type is known as the best
version of vanadium-based fluoride phosphates in term of cycling stability and energy density, thus
being the most prospective cathode material for high-energy SIBs when paired with hard carbon (HC)
[1,2]. One of the usually overlooked negative factors is the presence of metallic sodium in half-cells,
linked to the incorrect determination of the initial coulombic efficiencies (ICE), which results in lower
specific capacity and long-term stability of full cell operation of SIB. Therefore, this work aims to provide
a solution to accurate determination of the ICE values for high-voltage cathode materials by putting
forward NaSICON-type NasV2(POa)s as a reference electrode instead of sodium metal.

The purpose of this work is to precisely determine ICE values for high-voltage vanadium-based
cathode materials in full cells with reference electrode material to reduce negative impact of metallic
sodium.

Pristine single-phased NaSICON-type NaszV2(PO4)s (NVP) was synthesized by sol-gel method.
Its individual electrochemical performance was primarily evaluated in half-cells vs. Na metal. Afterwards
NVP was employed as a reference anode and cathode material for primary characterization of
NaVo.9Alo.1PO4F and HC in coin-type full cells correspondingly. For this, specific N/P ratio values were
selected for NVP to act as a sodium reservoir (NVP||HC) or host material (NaVo.oAlo.1PO4F||HC).
Galvanostatic cycling shows reproduceable higher ICE values compared to the same system with
metallic sodium as anode when cycling vs. NaVo.9Alo.1PO4F and comparable values of ICE when tested
vs. HC, which is expectable. During the talk the proposed strategy will be discussed in details with
statistically relevant data.

References
[1] S. Shraer et al., Development of vanadium-based polyanion positive electrode active materials for high-
voltage sodium-based batteries // Nat. Commun. 2022. Vol. 13, No. 1. P. 4097. DOI: 10.1038/s41467-
022-31768-5.

[2] S. Shraer et al., Engineering chemical composition of KTIOPO4-type NaVPO4F towards ultra-high
energy and long-life sodium-ion batteries // Chem. Eng. J. 2026. 537. 176562. DOI:
10.1016/j.cej.2026.176562.

Acknowledgements
This work is supported by Russian Science Foundation (RSF grant # 26-73-10256).

291



NMOCTEPHbIE OOKNAObI POSTER PRESENTATIONS

Construction of an Escherichia coli cell factory for the production of taxadiene

Tang M. Zhao!, Xiaojun Han'
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Paclitaxel has demonstrated significant efficacy against breast cancer, ovarian cancer and other
malignant tumours. However, natural sources of the compound are scarce and chemical synthesis is
relatively inefficient, which has a significant impact on its cost of use [1]. In this study, a biosynthesis
platform for sustainable production of paclitaxel precursor taxadiene was constructed in Escherichia coli
by protein engineering and metabolic pathway reconstruction.

We have rationally designed several key enzymes in the taxane biosynthetic pathway (taxane
synthase and cytochrome P450 oxidase), significantly enhancing their catalytic efficiency. Concurrently,
utilising the CRISPR-Cas9 genome editing system, we integrated the taxane biosynthetic gene cluster
into Escherichia coli, knocked out competing metabolic pathways, and achieved precise redirection of
metabolic flux towards paclitaxel synthesis.

After optimization of fermentation conditions, the yield of taxol precursor taxadiene reached 50
mg / L under shake flask culture conditions. In this study, a sustainable taxadiene biosynthesis platform
was established by green chemistry method, which provided a precursor production platform for
biosynthesis of taxol.

50pm
——

Figure 1. Comparison of fluorescence expression of different engineering bacteria. a, Comparison of cell counts
by flow cytometry; b, Fluorescent intensity of different engineered bacteria; ¢, Engineered bacteria viewed under a
confocal microscope.
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