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PasButue oTpacnu
HaKoOnuUTe/Ier SHeprum

OTpacnb  HakonuTenen >sHeprumn pa3su-
BaeTcA B Mupe v B Poccuu onepexaroLmu
TeMnamy Kak AAA TPaHCMOPTHbIX, Tak W ANA
CTaLMOHAPHbIX MpUMeHeHWn. o nporHosy,
BbINMOJHEHHOMY KOHCANTUHIOBOW KOMMaHWewn
KPMG B 3TOM roay, EMKOCTb POCCUICKOTO PblH-
Ka BblpacteT co 126 MBTu (2020) ao 4,7 IBtu
(2025) n 25,5 I'Btu (2030) coO cpeaHeroaoBbIM
npupoctom B 39%. B AeHeXHOM BblpaxkeHuM
k 2030-my rosy 06bEM phiHKa OyaeT cocTaBAATb
npumepHo 200 mappa, py6. B roa. CTout otme-
TUTb, YTO NPOTrHO3MPYEMbI OObEM pbiHKa Poc-
cvm k 2030-my rosy ByaeT cocTaBnsATs He Bonee
1% OT MMPOBOTO PbIHKa HaKOMUTENEN 3HEPTUM,
4TO AaET HaM XOPOLUyto 6asy AnA CoBepLIEHMA
pbiBka. OCHOBHOM pPOCT cnpoca byaeTr obecne-
YeH, npexJae BCero, 3a CYET PasBUTUA ek
TpoTpaHcnopTa (BkAKYas 6ecnmnaoTHbIe TpaHC-
MOPTHble CPEACTBA M POOOTOB), a TakXe 3a CHET
YCTaHOBKM CTaLMOHAPHBIX CMCTEM HaKOMNEHMS
3HEepPruM — B M30IMPOBAHHbIX y3nax notpebne-
HWA 1 B MHTErpaumm C obbekTamu reHepaLmm
Ha B3, [Mpn 3TOM TpaHCNOPTHbIE NPUMEHEHMA
BynyT pactn beictpee n ¢ 50% B 2025-M roay
L2OCTUTHYT f0am B 70 % pbiHka K 2030-my roay.

OcHoBHbIM TpeHAOM K 2030-My rosy MOX-
HO CuMTaTb AMBEPCUOUKALMIO 3NEKTPO-
XMMUYECKMX HakomuTeneli Noj Karouesble
TPebOBaHMA Pa3ANUHBIX HULLL:

BbICOKO3HepreTMyeckme cuctembl —
yBENMYEHVE YaAENbHbIX EMKOCTHbIX Xa-
PaKTEPUCTUK HaKOMUTENEN OT TekyLlien
250 Bru/kr ao 400 Bru/kr;

noxkapo- u B3pbiBobe3onacHble ak-
KYMYAATOpPbI — NOBbILLEHVE 6e30nac-
HOCTW 3KCMyaTaLym 3a CHET Cco3aaHuna
TBEPAOTENbHbIX TEXHONOTUIA, MCKAKOYa-
FOLLIMX MPUYMHBI BO3rOPaHMA 1 Tenio-
BOTO PasfOHa akKyMyNAaTOPOB, YyAe/b-
HaA sHeprma 150 — 350 Bru/kr;
ycToiluMBOoe pa3BuUTME, He3aBUCK-
MOCTb OT PeCypcoB — CO34aH1e aKKky-
MYNATOPOB W3 JOCTYMHOTO CbIPbA U CHI-
xeHue (5 MaH py6. 3a ToHHy Li, 7 MaH
py0. 3a TOHHY Ni ANA MTUA-MOHHBIX ak-
KyMYNATOPOB; HET Heobxoammoctn B Li,
Ni, Co ana HaTPUN-MOHHBIX aKKymyna-
TOPOB, SHEPrOEMKOCTb KOTOPbIX MOXET
noctub 150 Bru/kr).



STV TPW HaNpaB/eHWsA B Pa3BUTUM HaKOMK-
TeNei SHePrMM HaxoAAT CBOE MeCTO B HuLax
TPAHCMOPTHBIX MPUMEHEHW, CTaLMOHaPHbIX
M NOPTaTMBHbIX, MEHAS 3a CYET TeXHONOMMU-

yeckoro  mporpecca
NaHawadT  LeneBbix
oTpacnent.

B HacToAuee Bpe-
MA Hay4HbI YPOBEHb
P®  HesHauuTenbHO

yCTynaeT  MMPOBOMY
YPOBHIO, MpWU  3TOM
INeKTpoXMMmnYeckas

Hay4Hasa LWkona ocTa-
ETCA OHON U3 CUAb-
HEMWMX B MMpeE.

HayuHbii 3agen B obnactv MnOCT-AUTWM
MOHHBIX aKKyMyNATOPOB (HaTPUIA-MOHHbIE aK-
KyMYNATOPbI 1 TBEPAOTENbHbIE aKKyMyNATOPbI)
MO3BONAET AOCTUraTh B pa3paboTke Matepua-
JIOB M TEXHONOTWIA Pe3ynLTaToB, HAM3KMX K M-
POBOMY YPOBHIO.

KpuThuHbIM B HacTosLLee Bpema ABAAeTCA
OTCTaBaHWe B NMepeHoCce MMEIOLLIEroca 3ajena
B MPOV3BOACTBO, UTO CBA3AHO C OTCYTCTBMEM
COOTBETCTBYIOLLMX  PaboT #n  HEOHXOAMMOro
obopynoBaHMA.  [TPOMbILLNEHHbIE  TEXHONO-
ry, paspabaTbiBaemble POCCUACKUMK  yué-
HbIMM, MOTYT YCMELWHO KOHKYpMpoBaTb Ha
MMPOBOM pPbIHKE Kak MO 3HepreTMyeckim
1 MOLLHOCTHbIM XapakTepucTuKam NpoAyKLuK,
Tak M B 061aCTV 6€30MacHOCTM KCnayaTaumm
CO3/aBaeMmblx dHeproyctaHoBok. OaHako Ana
3TOr0 HEO6X0AMMO CO3AaHNe COOTBETCTBY-
toLelt oTpacau B CTpaHe 1 NOAAEPXKa eé Ha
roCyAapCTBEHHOM ypoBHe. [lpy 3TOM npea-
npuATMA  OoTpacan obecrneyat  yCTONUMBLIV
CMPOC Ha LieneBble HayuHble pa3paboTku.

Mpun noasepxke HaumoHanbHOM TeX-
HONOTMYECKON MHMLMATKBLI Ha 0a3e 3nek-
TPOXMMUYECKON  KOMMNaHUN «MHIHepaXn»
B koonepauun ¢ 6onee yem 20 HayuHbIMM
M MPOM3BOACTBEHHBIMM  OpraHM3auMamu
(Bkntovaa MOTK, Ckontex, MIY, MHCTUTYTbI
PAH, HAMW, MocroptpaHc v Apyrue) cos-
AaHbl KOMMETEeHUMM ANA NOCTPOEHUA MOA-
HOTO LMKAa MPOW3BOACTB W pa3BMTUA COO-
CTBEHHOW AWMHUKM  Pa3paboToK, NOJHOCTLIO
MUMMOPTOHE3aBUCUMBIX  SNEKTPOXMMUYECKMX

TexHUUecKMe XapaKTepUCTUKA hne
peannsoBaHHbIX MaKeToB

1 OMbITHbIX 06pa3L,0B ANTUA-
VOHHbIX aKKyMY/SITOPOB

(yAenbHas 3Heprva Bbiwwe
250 Btu/Kr) conocrtaBuMbl

C lyYLUINMM CEPUIHO
NpPOoV3BOAMMBIMU aHaioramMu.

Hakonutenen. [na panbHenwWwero pasBuTUA
KOHKYPEHTOCNOCOOHOW Ha MWUPOBOM PbIHKE
OTPac/M  3AEKTPOXMMUYECKMX HakomuTenen
B Poccuum, BkAtOYas HOBblE KPYMHOCEPWIi-
Hble  MPOW3BOACTBA,
HeobXoAMMO  CO34a-
«To4kM  cbop-
Ku» — rMBKOrO OMbIT-
HO-MPOMBbILLNEHHOrO
3aBOZa C OTpacaeBbIM
MHCTUTYTOM, obecne-
yMBatoLLlero  onepe-
Xarolyto paspabotky
1 NPOW3BOACTBO HO-
BbIX MOKONEHUI akKy-
MyNATOPOB ANA Tpax-
NAHCKOM M CneLmanbHON TeXHUKN.

Takoi NpoekT Noz, HasBaHveM «MeTannoH»
JieTanbHO NpopaboTaH v NPOLEN 3KCNepTU3y
HTW.

MnaHUpyeMbId K CO34aHMIO  OMbITHBIN
3aBOA C OTPaC/NEBbIM WHCTUTYTOM BKKOYaEeT
[\Ba CTpaTermyeckyt BaxHblX NPOW3BOACTBEH-
HbIX KOMMAeKca: MPOM3BOACTBO KOMMOHEHTOB
1 SHEProyCTaHOBOK ¥ MPOW3BOACTBO MaTepu-
anoB.. MNpon3BOACTBO KOMMOHEHTOB (aKKyMy-
NATOPBI, CUCTEMbI yIPaBAEHMA, KOpMyca W T.A4.)
1 3HEepProyCcTaHOBOK MAaHMPyeTCa CO34aTb Ha
TeppuTopmmn B MockoBckol obnacti, nno-
waska ANA OMbITHOTO MPOW3BOACTBa MaTe-
pwanos BblbMpaeTca. Co3aaHve NPOV3BOACTB
3annaHnpoBaHo Ha 2023-2025 roabl. =
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New precision
SmartStat®
potentiostats
features for
Li-based
power sources
investigation

Astafev E.A.’

' IPCP RAS, Prosp. Acad. Semenova, 142432, Moscow
region, Chernogolovka, Russia

tdsipch@list.ru

Li-based power sources investigation is

the one of the most popular destinations in
modern electrochemistry. Quite complex
combinations of different techniques are often
used such as multistep charge-discharge
cycles, cyclic voltammetry, electrochemical
impedance and pulse methods. All these
routines require the usage of high-level up to
date instrumentation.

There are basically two types of experimental
approaches, which can be used for Li-based
power sources. First of them is laboratory
investigations. Small 3-electrodes (or multi
reference electrode) electrochemical cells can
be used here as often as 2-electrode compact
prototypes. Such experiments require precision
low-noise instrumentation capable to work in
the wide range of currents from several nA up
to 1-3A. And the whole set of electrochemical
methods mentioned above is required.

The second approach is more often used

in the Li-based power sources production
case. More powerful instruments with the
working currents up to 10-30A are required
here with no need in low-current ranges or
potential linear sweep techniques. But some
complex techniques such as electrochemical
impedance or pulse methods can also be used
for ESR values detection.

Multichannel instrumentation is a good
solution in both cases. And of course, user
friendly software with easy test-techniques



designing and advanced data-processing is
the only way to deal with.

It is our pleasure to introduce the new set

of precision SmartStat® instruments which
easily meets the whole set of requirements
mentioned above. There are 5 precision high-
level potentiostat models which were designed
to handle 99.9+ percent of all modern and
classical electrochemical techniques.

All 5 SmartStat® models accuracy allows to
handle and process such low AC excitation
signals as 0.5 or even 0.25 mV during
electrochemical impedance measurement.
And all SmartStat® potentiostats (including
4-channel PS-10-4 or 25A powerful PS-250
model) can perform it up to 50 kHz without
FRA module installation. But with it, upper
frequency limit rises up to 1.5 for PS-50 or 3
MHz for PS-20 model.

New data acquisition and processing module
allows to use 2 auxiliary inputs synchronized
with main potential and current signals

with 20-bits ADC resolution (24-bits ADC

is rounded to 20-bits to completely match
instrument physical precision and noise level of
10uV). SmartStat® is the only instrument which
uses true 20-bits DAC to synthesize ultra-
precision potential sweeps with the speeds
down to TuV/s.

All potentiostats can deal with 2, 3 or
4-electrodes electrochemical cells and PS-
50 model can use 4 potential electrodes to
connect 6-electrodes cells.

New SmartSoft software got new
multifunctional cyclic programmer with 50
steps. There are 9 stop-criteria (by potential,
current, charge, and etc.) which can finish
any step in 5 different ways (finish all, finish
step, go to step, and etc.). Each channel got
extended flash memory volume for up to 2
millions of data-points storage.
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000 «Om/InbepCaitHc» — komnanua u3 CankT-TlleTepbypra, ocHoBaHHaA
AR TIPOABMMEHUA  HAYYHO-MCC/IeA0BaTE/NbCKOTO  06OpYyAOBaHUA B
061aCTI GU3UKM, XMMUM 1 MaTepUANOBEACHNS Ha TepPPUTOPUM Poccum.
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obopyaoBaHue u
XUMUHYECKAsA NPOAYKUMA
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KaTHOHOOBMEHHBIE MeMEpaFsi
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000 «Om/InbepCaitHc» — komnanua 13 CaHkT-Metepbypra, ocHOBaHHaA
ANA NPOABWXEHWUA HAYYHO-UCC/IA0BATE/IbCKOTO 060pyAOBaHMA B
06/1aCTI GUINKM, XMMUM 11 MaTePUaZoBeACHUA Ha TepPUTOpUN Pocciu.

C}

KaTogHble
marepuabl
LMO, LCO, NMC, LFP, Li,O,

Li(OH),, rpagwr
" ap-

/nabopatopHoe
obopyaoBaHue
ANA paspaboTKU U U3rOTOB/AICHUA

MaKeTOB Pa3/uyHbIX TUMOB
aKKYMY/ATOPOB.

dHOAHble
mMaTepua/ibl

LTO, SiO,, rpadur, yraepogHbie
HaHOTPY6KM U Ap.

NpoMbILL/IEHHOE
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AHopgHble
marepuansl

HO OCHOBE
3/IEMEHTOB
noarpynnsl
yrnepoaa

Ang nMTUn- n
HATPUN-NOHHbBIX
AKKYMYNSTOPOB

Kynoea T.J1.

NHctuty T Pprsnueckoin Xummnmn n aneKTpoxmmmm
um. A.H. ®pymkuHa Poccuitckoii akagemun Hayk, 119071,
Mockea, JleHnHckuin npocnekr, 31-4

tkulova@mail.ru

Mouck HOBbIX QHOAHBIX MaTep1anos (Matepuanoe
OTPMLATENBHOTO 3NEKTPOAA) ANIS NIUTUI- U HATPHA-
MOHHBIX AKKYMYNATOPOB ABNSETC MPEAMETOM
MOCTOSIHHBIX Hay4HbIX nccnepoeanmii. Cpeau
anemeHToB 14 rpynnel yrnepop ssnsetcs Hanbonee
NonynsiPHLIM AHOAHBLIM MATEPMANOM AJIS IMTHIA- U
HATPUM-MOHHBIX AKKYMynsTopoB. [locToMHCTBaMM
YrepofHbIX MATEPUAIOB SBASIIOTCS X JOCTYMHOCTb U
xopoluas uuknmpyemocts. K Heloctatkam yrnepoaHbix
MATEpUANoB MOXHO OTHECTU HU3KYIO YAeNbHYIO EMKOCTb
(372 MA4 /) 1 Bonbyio noTepio @MKOCTH HA NepBOM
umkne. AHOAHbIE MATEPMAsbI HO OCHOBE FePMAaHMS

M ONOBA XAPOKTEpU3YIOoTCs Bonblueit yaenbHOMI
€MKOCTbIO, HQ MOINOPAAKA NPEBOCXOASLLEN YAENbHYIO
€MKOCTb YrepOAHbIX MATEPHANOB, HO CYLIECTBEHHO
Gonbluel gerpasaupmeit Npy UMKIMPOBAHUM U
6onblueit ctoumocTbio. Matepuansl Ha ocHoBe
KPeMHMS XapAKTepHU3yIoTCs PeKOPAHOM YAeNbHOM
emkocTbio (4200 MAu4/r). K HepocTaTkam KpeMHMs
cneflyeT OTHECTM CNOCOBHOCTL BHEAPSTL TONBKO NIUTHIA,
B OT/IMYMM OT MATEPMASIOB HO OCHOBE YIIEPOAQ,
repMaHus M 0N0BA, A TAKXe Hanbonbluyo Aerpaadumio
MpY LMKIMPOBAHMM.

B noknape 6yaer npeacTaBneH cpaBHUTENbHBIM QHANM3
QHOAHBIX MOTEPMANOB HO OCHOBE YIIEPOAA, KPEMHMS,
repMaHMs M 0N1OBA ANIS NIUTMM- U HOTPUA-MOHHBIX
QKKYMYNATOPOB M NepCReKTUBLI MX KOMMEP4eCcKoro
MCNONbL3OBAHMS.

Pabota ebinonHeHa npu puHAHCOBOM noaaepxke
Poccuitckoro HayuHoro ¢poHaa, rpant N2 21-13-00160.

MPUTNALLUEHHBIE LOKNALBI



Cationic and
anionic redox
processes in Li-
excess disordered
rock-salt oxides
and oxyfluorides

Kocoea H.B.

Institute of Solid State Chemistry and Mechanochemistry
SB RAS, Kutateladze 18, 630090, Novosibirsk, Russia

kosova@solid.nsc.ru

Almost all known cathodes for lithium-ion batteries
(LIB) have a well-ordered crystal structure, in which
lithium and d-metal ions occupy their own positions
and are divided to the corresponding sublattices. Until
recently, the materials with the disordered structure
have never been considered as the candidates for LIB
cathodes due to the absence of diffusion channels and
the metastable nature of numerous disordered phases.
However, in last years, the attention was focused

on the new class of lithium-excess cathode materials
with the disordered rock-salt structure (DRX) and the
Liy(M1 M2)2_yO2 composition, in which lithium and
transition metal (TM) ions randomly occupy the same
octahedral positions in the lattice and the diffusion of Li*
ions proceeds by their migration from one octahedron
to another via an intermediate tetrahedral void (o-t-o0
diffusion). To maintain the macroscopic migration

of Li* ions, the diffusion channels should form the
percolation network. The necessary condition for this
is the excess of Li by no less than 10% (the percolation
threshold). The presence of d° TM, e.g., Ti**, Nb**,

and Mo®, favors the enrichment of DRX with Li+ ions
and enhances the structural stability of DRX oxides,
whereas the electrochemically active TM ions, such as
Mn**, Fe3*,V3*, Mo*, etc., increase the conductivity
and trigger electrochemical activity. The advantage

of DRX oxides over the traditional ordered cathode
materials is their high reversible capacity (above 300
mA h/ g at elevated temperatures) achieved as a result
of multielectron processes involving the cationic and
anionic O% /O~ redox couples. The enrichment with
both the lithium ions and the high-valent cations makes
easier redox reaction O?~/ O on cycling as compared
with simple oxides.

Partial substitution of oxygen with fluorine reduces
irreversible oxygen loss in the form of O, and improves

MPUTNALLUEHHBIE LOKNALBI
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the cyclability of cathode materials. Fluorine ions are
more easily introduced into the anionic sublattice of
DRX. In this case, the degree of F- doping significantly
exceeds the level of doping of ordered cathode
materials (up to ~33 at.% when using mechanochemical
synthesis).

In this work, DRX oxides and oxyfluorides formed in the
Li-Ti-Mn-O(F) and Li-Nb-Mn-O(F) systems with different
element ratios were obtained by mechanochemically
assisted solid-state synthesis at various annealing
temperatures and cooling rates. Their crystal structure
and electrochemical properties were investigated using
a complex of physico-chemical methods, including XRD,
SEM, TEM, NMR, EPR, galvanostatic cycling, GITT, etc.
Particular attention was paid to the influence of various
factors on the activity of the O%/ O couple and on the
diffusion of lithium ions.

The work was supported by the RSF, project no. 21-73-
20064.

B.C. KonocHuubin

Yéumckuin Muctutyt xumumn Ypumckoro pepepanbHoro
uccnepoBarenbckoro ueHTpa Poccuiickoit akapemum Hayk,
npocnekr Okra6ps, a. 69, 450054 r. Ya, Pocecus

kolos@anrb.ru

Jlutuit-cepHiie akkymynstopsi (JICA) B HacToswee
BPeMS PACCMATPUBAIOTCS KAK HOBBIMA TMN SHEPTrOEMKMX
3/1IEKTPOXMMMYECKUX HOKOMMUTENEN SHEPTUM Ans
LUIMPOKOro crekTpa npuMeHeHuit. Hecmotps Ha
LNUTEeNbHbIE MCCNEfOBAHMUS M 6onblLION 0OBEM
nosly4eHHOM Hay4HOM MHpOPMALMM A0 CUX NOP He
cospanbl JICA, yaoeneTsopsiowme TpeboBaHMIM
COBPEMEHHOTO PbIHKA MO CBOMM SHEPreTUYECKUM U
3KCMTYATALMOHHBIM XAPAKTEPUCTUKAM.

Mpobnembl cO3aAHMS NPOMBILLAEHHBIX IUTUM-CEPHBIX
aKKyMynsaTopoB 0bycnosneHbl cneumgpuyeckumm
0COBEHHOCTIMM 3NEKTPOXMMUYECKOM CUCTEMBI
nutui-cepa. Cepa u npoayKT eé BOCCTAHOBNEHMUS —
cynbdbup NUTUS — B TEEPAOM COCTOSHUM He obnapaioT

MPUTNALLUEHHBIE LOKNALBI



3NeKTPOXMMMUECKoi akTueHocTbio. OgHako cepa M
NPOMEXYTOUHbIE NPOAYKTbl €€ BOCCTAHOBJIEHUS —
nonucynb$uabl IMTUS — PACTBOPMMBI B HEBOLHBIX
3MEKTPONUTAX M, COPBMPYSCb U3 INEKTPONMUTHBIX
PACTBOPOB HO NMOBEPXHOCTH 3NEKTPOHMPOBOAALIMX
MaTepuanoe, cnocobHbI noaseprarbes
3NeKTPOXMMMYECKMM NpeBpalueHusM. MosTomy nuTmii-
CepHble QKKYMYNSITOPbl OTHOCAT K OKKYMY/ATOPAM C
XUAKMM KaTogom. HaxoxpaeHue akTMBHBLIX MaTepuanos
MONOXMTENBHOTO NEKTPOAA — CEPbl M NOAUCYNbdUACE
NIUTUS — B PACTBOPEHHOM BMJE B 31EKTPONMUTHBIX
pacTeopax NPUBOAMT K PSAY HEXENaTeNbHbIX CeACTBUM:

* Heo6Xx0AMMOCTH 6OMbLIOrO KOMMYECTBA INEKTPOAUTA
ans obecneyeHms NONHOTO NEKTPOXMMUYECKOTO
BOCCTQHOBJIEHMS CEpPbI;

* nepepacrpeaenexuio cepbl M cynbbraa NUTHs
no 06bEMy NONOXMTENbHOrO 3MEKTPOAA B NpoLecce
AJIMTENBHOTO 3aPAAHO-PA3PSAHOIO LMKIAMPOBAHMS
JICA, uto npuBoamT K 6bICTPOMY CHMXEHMIO MX EMKOCTH
HO HAYQMBHBIX 3TANAX LUMKIIMPOBAHMS;

® CHMXEHMIO KyNOHOBCKOMH 3¢ eKTUBHOCTH
unknuposanms JICA 1s-3a npsmMoro xummyeckoro
B3AMMOJAEMCTBUS MONUCYNIbOUAOB IUTUS C JIMTUEBBIM
3NEeKTPOAOM;

* NACCMBALMM NOBEPXHOCTH YIMEPOAHBIX MATEPUANIOB,
BXOAALUMX B COCTOB MOJIOXKMTENBHOTO NEKTPOAaq,
TBepAOPA3HEIMM NPOAYKTAMM 3/1EKTPOXUMMHECKMX
peakumi, BbisbiBalowei cHuxenne émkoctn JICA B
npouecce AIMTENLHOTO LMKIMPOBAHMS.

B pesynstarte pyHAAMEHTANBHBIX MCCNEAOBAHMIA Gbin
LOCTMIHYT 3HAYUTESNIbHBIM NPOrpecc B NOHMMAHMM
¢$baKTOpOoB, BAMAIOLWIMX HO SHEPreTM4Yeckue U
akcnnyaraumoHHele xapaktepuctikn JICA. OpHako
NpoABMXEHHUE Pe3ynbTaToB GYyHAAMEHTANbHBIX
MCCNefOBAHMIA B MPOMBILLIIEHHOCTb CTANKMUBAETCS C
CEepbE3HLIMM TPYAHOCTAMM.

B noknape paccMoTpeHbl BO3MOXHbIE MYTH peLeHHs
byHAAMEHTAMbHBIX M PUKNAAHBIX Npobnem cozpaHus
NUTHIA-CEPHBIX OKKYMyNSTOpPOB, obnaaaiowmx KoMnnekcom
TpebyeMbiX ANnsi KOMMEPLMANM3ALMM XAPAKTEPUCTHUK.

Pabota BeinonHeHa B paMKax rocyfapcTBeHHOTO
sapanus no teme N2122031400252-2 «dnektpopHsie
MATepuansl U 3NEKTPONUTHbIE CUCTEMBI ANs
NepCcreKTUBHBIX HOKOMUTENEN SHEPTUMUY.
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PassuTie TeXHONOTMUM NUTUIA-MOHHBIX M HAOTPUMA-MOHHBIX
akkymynstopos (JIMA u HHAA) e sHauutensHowM

CTeneHM 3aBUCUT OT Pa3pabOTKM HOBBIX U YITyULLIEHMS
CYLLECTBYIOLMX MATEPMANOB, MCMOJb3YEMbIX A1
CO3AAHMS GHOAA, KATOAA M 3NEKTPOAUTA NofO6HbIX
akkymynstopos. OaHWUM M3 MHOroobeLLaloWmMx METOROB
A1 TOMCKA HOBLIX M YNYYLLEHUS CYLLECTBYIOLMX
MaTepManoB CNyXMT ATOMUCTMHECKOE KOMIMbIOTEPHOE
mopennposatune. Obecneunsas rnybokoe NnoHUMaHKue
CBOMCTB MOTEPMANOB, KOMMbIOTEPHOE MOAENMPOBAHME
B COYETAHMM C SKCNEPUMEHTANIbHBIMM MCCIEA0BAHUAMM
obecneumBaet PALMOHABHBIA M HANPABAEHHBIA NOAXOA,
kK ux paspabortke. B HacTosiee Bpems, ¢ nosiBneHnem
BbICOKOMPOMU3BOAUTENBHBIX METOAOB CKPUHMHIQ,
KOMMbIOTEPHOE MOAENMPOBAHME NO3BONSET OTKPLIBATH
paHee HEN3BECTHbIE COEAMHEHMS C 3apaHee 3aAaHHBIMM
CBOMCTBAMM, HO OCHOBE KOTOPbIX MOTYT BbITb CO3AQHbI
6onee cosepleHHbie matepuans [1].

B HacTosweM poknane paccMoTpeHbl OCHOBHbIE

MeTofbl aTOMMCTMYECKOrO MOAENMPOBAHMS, C

¢$bOKyCOM Ha MX BO3MOXHOCTU M OFPAHUYEHMS

npu paspabotke HoBbix maTepuanoe JINA u

HUA Ha npumepe umkna cobeteerHbix paboT

[2-5]. Ocoboe BHMMaHME yaeneHO yHUKAbHBIM
BO3MOXHOCTSIM TEOPUM BYHKLMOHANA NAOTHOCTH

4S5 NPeACKA3aHMS IOKANbHOM ATOMHOM CTPYKTYpbl,
CTPYKTYPbl M 3HEPreTMKM AedeKTOB, UX BAUSHUS

Ha 3nekTpoxMmmMyeckue coicTead. [peacrasneHs
NpPeuMyLLECTBA MOAENMPOBAHMS ANs onpeaeneHus
$byHAAMEHTANbHON XAPAKTEPUCTUKM MOHHOM
NPOBOAMMOCTM MO CPABHEHMIO C IKCMEPUMEHTANbHBIMM
MEeTOAAMM, O TAKXE BAUSIHUE PASMYHBIX XMMMYECKMX

U CTPYKTYpHbIX PpaKTOpOB Ha Bapbepbl MUrpaLmm
KATMOHOB JIUTUS U HOTPMS B KPMCTANAMYECKOM

peLueTKe MHTEPKANSUMOHHLIX MaTepuanos. B goknage
PACCMOTPEHbI BO3MOXHOCTH BbICOKONPOM3BOAMTENLHOTO
CKPUHMHIQ HOBbIX MATEPMANOB, MX HEAOCTATKM, a
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TAKXe MPUYMHBI, MO KOTOPbIM NPEACKA3UHHbIE B POMKAX
KOMMbIOTEPHOTO MOAENMPOBAHMS MATEPUASBI HE
Mosy4aloT KOMMEpPYECKoro paseuTys. B saknioyermu
poknapa obcyxpaaetcs Gyayliee KOMMbIOTEPHOTO
MOAEenUPOBAHMS B NPUMEHEHUM K pa3paboTke HOBbIX
Mmarepuanos gns JIMA u HAA.

BnaropapHocTu:
Pa6ota BhinonHeHa npu nopgaepxke rpanta PHO
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Electrochemical metal-ion intercalation systems have
been acknowledged as a critical energy storage
technology. The kinetics of the intercalation processes

in transition-metal based oxides determine the practical
characteristics of metal-ion batteries, such as the energy
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density, power and cyclability. With the emergence

of post lithium-ion batteries, such as sodium-ion and
potassium-ion batteries, which function predominately
in non-aqueous electrolytes of special formulation and
exhibit quite varied material stability with regard to their
surface chemistries and reactivity with electrolytes, the
practical routes for the optimization of metal-ion battery
performance become essential. Electrochemical methods
offer a variety of means to quantitatively study the
diffusional, charge transfer and phase transformation
rates in complex systems, which are, however, rather
rarely fully adopted by the metal-ion battery community,
which slows down the progress in rationalizing the rate-
controlling factors in complex intercalation systems.
Herein, | summarize several practical approaches to
diagnose the origin of the rate limitations in intercalation
materials based on phenomenological models,
developed with the account for the specifics of charge
transfer [1], diffusion [2] and nucleation phenomena [3]
in redox-active solid electrodes. The knowledge on the
rate-determining factors can be deduced from relatively
simple analysis of experimental methods including cyclic
voltammetry, chronoamperometry and impedance
spectroscopy. In this analysis, the focus is primarily on
the particle-level limitations, yet the more practically
relevant electrode-level limitations will also be briefly
mentioned.

Basic understanding of the nature of the slow step allows
to precisely alter the factors which are responsible

for a given intercalation mechanism. For instance,
diffusional control would require reducing the particle
size, while kinetic control, which is frequently imposed
by the formation of surface layers at the particles’
surface, would require minimizing the surface area of
the particles and tuning the chemistry (composition and
thickness of the surface layers) between the electrode
material and the solvent/ electrolyte salt. For phase-
transforming materials with the slow step of nucleation
the practical variables include particle size, surface
coating and the electrolyte nature. In more complex
cases with the interference of chemical reactions, the
solvent/ion interactions need to be analyzed. We
believe that this type of analysis is preferential for the
optimization of the performance of battery materials as
compared to more empirical research routes.
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MepcnekTUBHBIMM KAHAMAATAMM AN MATEPUANOB
NonoXuTensHoro anekTpoaa (karoga) HaTpmii-
uoHHoro akkymynstopa (HUA) sensiotcs okcnpp
nepexopHLIX METAJINIOB CO CIOMCTON CTPYKTYPOH, a
TAKXe OKCOOHMOHHbIE COeAMHEHMs, PopMUpYIoLMe
XeCTKMUE NONM3JPUYECKME KAPKACHI, KOTOpble
obecneunsaioT Gonee BoICOKYl0 H€30NACHOCTb U
NyuLWYIO 3NeKTPOXMMUYECKYIo Lmkapyemocts. Cpeau
nocnepHux ocoboe BHUMaHWe yaensetcs pocdaram Ha
ocHoee BaHagua. B uactHoctn, cemeitcteo NASICON,
¢ Na,V,(PO,), (NVP) & kauectse Hanbonee sipkoro
npeacrasutens, u ¢ropuadocdars Na,V,(PO,)

O, F,.. NVPOF) 6bin1 petansHo uccneaosaro

B KAYECTBE KATOAHBIX MATEPUAIIOB CPERHETO M
BLICOKOTO HanpsixeHWs cootsetcTeeHHO (3.4 B 1

~4 B otH. Na*/Na). OgHako ans o6omx knaccos
TPETHUI 3KBMBANEHT MOHOB HATPMS HE y4OCTBYET B
anekTpoxnmmuyeckom npouecce. C 370/ TouKkM 3peHus
6onee Np1BREKATENbHBIM SBASETCS COOTHOLUEHUE MOHOB
HaTpus u nepexoaHoro metanna 1:1, Hanpumep,
NaVPO X (X = O, F), uto naer reopetnueckyio
yaenbHyto emkoctb 143 MA4Y r~', 6onee yem Ha 10 %
biwe, yem y NVPOF.

Cemelicteo pocdatos c obueit popmynoin AMPO4X
(A - wenounoit metann; M=V, Ti; X=0, F),
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KpucTanausytowmxcs B ctpykTypHom tine KTiOPO,
(KTP), nosuumoHMpyIoTCcs KAK NepCneKTUBHbIE MOLLHbIE
U BbICOKOBOJIbTHbIE 3NEKTPOAHBIE MATEPHATbI ANS
MeTann -MoHHbIX akkymynstopos [1-3].

B noknage 6yper npepacrasneH npoctoit, 3¢ bekTUBHBIN
U MacluTabupyemblit Noaxon K cMHTe3y U cTabunusaumm
Hosbix pocdaros NaVPO X (X = O, F) B ctpykrypHoM
tmne KTP u nposeMoHcTpupoBaHo Mx npakTMyeckoe
NPUMEHeHMEe B KOYECTBE BbICOKOIHEPTOEMKMX M
MOLLIHBIX MOTEPMANIOB MONIOXMTENBHOrO 31EKTPOAA ANs
HUA c pekopaHo# skcnepUMeHTAnNbHO JOCTUIHYTOM
NAOTHOCTbIO 3Hepriu, npesbiwatoweit 540 Bry kr'. Ons
NaVPO F xapakTepHbl BeicokMe 3HAYEHMS NoTeHuMana
penokc-nepexopa V4 /V3*, manoe nameHenne obvema
3N1eMeHTAapPHOM S4eMKM NPU LUKIUPOBAHMM B HOTPUEBOM
fyeike M HamebicMe KO3pPULMeHTb AU PY3un MOHOB
HATpMs Cpem BCeX HaTPMNCOAEPXKALLMX OKCOAHMOHHbIX
matepuanos. Ocoboe BHUMaHWe ByaeT yaeneHo
B3QMMOCBSI3M COCTOB —CTPYKTYpd — CBOMCTBA, O TAKXE
HETPMBUANbHBIM 1S «BATAPEEUYHOM» XUMHUM CTPATErMAM
HEOPraHUYECKOro CMHTE3d, OTKPLIBAIOLMM MyThb K
HOBbIM CTPYKTYPHBIM MOANDUKALIMAM.

Pa6ota noanepxana PH® (rpant 20-73-10248).
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DocdarTHble KaToAHbIE MATEPUANDI SBASIOTCS OCHOBHOM
QnbTEPHATMBOM OKCMAHLIM COEAMHEHMSIM B KOYECTBE
KATOAOB NIUTUI-MOHHBIX akkymynstopos (JTUA), B
nepsyto ouepeab bnaropaps uctopum ycnexa pocdara
nAUTUa-Xenesa LiFePOA, yacrto HasbiBaemoro LFP

[1]. TnaeHbIM oTnMunem dbocdaTHbix MaTepuanos ot
okcuaHbIx sBnsietcs Hannume docdathbix (PO4) unu
npodocdarueix (P,O,) rpynn, kotopsie popmupytor
HAAEXHBIM CTPYKTYPHbIM KAPKAC U KCBS3bIBAIOT» GHMOHbI
kucnopopa. bnaropaps 3tMM dakTopam matepuans

Ha ocHoBe pochaToB AEMOHCTPUPYIOT CTABUNbHOE
LMKIMPOBAHME HA NPOTSKEHUM TICAY 3APAAO-PA3PAAHDIX
LMKIIOB, BO3MOXHOCTb BbICTPOro 3apsaaa uam paspsaaq,

Q TAKXe MOBLILLEHHYIO TEPMMYECKYIO CTABUABLHOCT,

1.€. 6e3onacHoOCTb Ucnonb3oBaHus. B Hactoswee

Bpems LFP cran ocHoBoit uenoro Hanpaenexus kak B
HAy4HO-MCCNEeAO0BATENbCKON AEATENLHOCTH, TAK U B
obnactu uugyctpum JIMA — aktMBHO paseuBaloLerocs u
4pe3BbIYAIHO NepPCNeKTUBHOrO.

dl iy i

B mogee B

WIM m:mr
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B noknage 6yayT paccmoTpeHbl ocobeHHocTH
CTPYKTYypbl pOCPHATHBIX MATEPUASIOB M BIIMSIHUE
pasnuuHbIX AedEKTOB HA UX BNEKTPOXUMMYECKHE
CBOWMCTBA, B3AMMOCBA3b MEXAY CNocobamu cuHTe3q,
Mopdonoruen MaTepmanos U MX XapakTEPUCTUKAMM,
a TaKXe nepcnekTUBLl anbTepHaTUBHEIX LFP coctasos
Aana p,cmbHeﬁmero MNOBbILEHNA 3KCMTYATALUUOHHbIX
xapakrtepuctuk 6atapent JINA.
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JIutuit-uonHble akkymynstopsl (JIMA) u 6arapen

HQ MXx ocHoBe 6naroaaps BbICOKMM TEXHUYECKMM M
3KCMNYATALUMOHHBIM XOPOKTEPUCTUKAM — YAeNbHas
3Heprus, yAenbHAs MOLHOCTb, pecypc paborsl,
uHTepean paboynx Temneparyp, HeobcnyXMBaemocTb,
6esonacHocTb, croumoctb Bty u ap. wupoko
BOCTPeBOBAHbI B PA3AMYHbIX 0BNACTIX TEXHUKM, YTO
onpegensieT o6beM X MMPOBOTO NPOU3BOACTBA.
MHoroo6pasHsiit BbIGOp BINycKaeMbix
MPOMbILLIEHHOCTbIO ¢YHKL|,HOHOJ'II:HI:IX Mmartepuanos,
NPUMeHsieMble BOPMAHTbI KOHCTPYKLMIA KKYMYynsSTOpOB
U TEXHONOTUIA UX U3FOTOBEHMS NO3BONAIOT
obecneunBaTh CO3AAHME HOKONMUTENEH SNEKTPUYECKOM
3Heprum Ha Haze NUTUIM-MOHHBIX AKKYMYNSTOPOB C
30AaHHBIMU XAPAKTEPUCTUKAMM, ONpeaensiemMbiMm
TEXHUYECKMMM TpeBOBAHMSIMM PA3NMUHBIX 06BbEKTOB
NPUMEHeHMs.

Ha ocHoBaHuu ananusa cneupdurkaumin Beaywmx
npousBoauTenei NUTUMA-MOHHBIX AKKYMYSTOPOB M
QKTMBHBIX MATEPMASNOB PA3IMYHOTO TUNA, PE3YNLTATOB,
nposoanmbix 8 PTU um. A.@. Uodde naboparopHbix
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MCCNefOBAHMIA MPOMBILLAIEHHBIX AKKYMYSITOPOB M
NPMMEHSIEMBIX OKTMBHBIX MOTEPMANOB, caenaH o63op
COBPEMEHHOTO YPOBHSI SHEPreTMYECKMX, MOLHOCTHBIX,
pecypCcHbIX XapaKTEPUCTMK NpoMmbiluneHHbix JIMA,
NpesHA3HAYEHHbIX AN LUMPOKOro Kpyra notpebuteneit,
c yueToM Tpe6GOBAHMIT K pecypcy, TeMnepaTypHoMy
AmManasoHy pabotocnocobHocTn M GesonacHocTH.

MPUTNALLUEHHBIE LOKNALBI



0.

YcTHBIE
noKaaabl



MopenuposaHue
npouecca
MHTEPKANALuMn B
nnoxonposoasaiue
marepuvansl

23

Anppein Kypbaros'?, fipocnas Xuranenok'?, Cayne
Koxmetoea'?, AnuHa laneesa'?, ®epop Manbumk'2

! Al-Farabi Kazakh National University, Al-Farabi str,
Almaty, 050012, Kazakhstan

2 Center of Physical-Chemical Methods of Research
and Analysis, Tole bi str, Almaty, 050012, Kazakhstan

kurbatovap@gmail.com

Mouck HOBbIX MOTEPUANOB [J151 METANN — MOHHBIX
OKKYMYNSTPOB, OCHOBAHHbIM HQ BbISBAEHWM
KPUCTANIMYECKMX CTPYKTYP C MOHHOM MOABMXHOCTbIO

M CNOCOBHOCTBIO K MHTEPKANALMM, 3A4ACTYIO NPUBOAMT

K MOTEPMANAM € HU3KOM NPOBOAUMOCTbIO, 0COBEHHO
aneKkTpoHHOM. Mo — cyTi aTo AnanekTpHyeckre
Matepumansl, ApKMM NPUMEPOM KOTOPbIX SBASIIOTCS

MHOr1e MOSMAHMOHHbIE cooefiMHeHMs. B To xe Bpems 3T
MaTepuarnel 3a4acTyo XAPAKTEPHU3YIOTCS NOTEHLMANBHO
NPMBEKATENbHBIMUA XAPAKTEPUCTUKAMM, HANPUMEP MANbIM
M3MeHeHWeM 0BbeMa NPU LUKNIUPOBAHMM M MPOYUMM.
OpHako BoNpockl peanusaumm NpoLecca MHTEPKansumMm
M 0COBEHHO ero KMHETUKM NPEeACTABASIOT CYLLECTBEHHYIO
TPYAHOCTb ANs AU3NIEKTPHMYECKMX MATEPUAIOB HECMOTPS
HAQ UX NOTEHUMANIbHYIO NPUBNEKATENIbHOCTD. ,D,O)Ke
HAHOPA3MepHble MATEPMAILI MPU MANBIX TOKAX B
3/1eKTPOAAX NOKA3bIBAIOT MAsIbie 3HAYEHMS YAENbHOM
€MKOCTM MO 3TOW NpUYMHE.

B npeanaraemoit pabote Mbl Mogen1pyem npouecc
MHTEpKANsLMK B NOAOGHBIX MATEPUANAX C YH4ETOM
pacnpepeneHus TOKA MO NMOBEPXHOCTHU YACTULbI MO Mepe
YAQSEHUs OT 3NEKTPOHHOTO KoHTakTd. Pusmnyeckas
Mogesnb BKNIOYAeT onMcaHue MacconepeHocd U
nepeHoca sapaaa B pasax KATofHOro Marepuana u
3/1eKTPONMNTA, CBA3AHHbLIX YC/IOBUEM NPEBPALLEHMS HA
rpaHuue mexay HuMM. Ha ogHovactnyHoi Mogenu npu
nomowm COMSOL Multiphysics nposeegen pacuer
npoLecca MHTePKANALMU M HAOKOTIEHHUS MHTEPKANSTA

B obbeme yactmubl. OTnMuMUTENbHOM YepTOit MOAENU
ABNSeTCa yyeT pacnpeaeneHums NpoLecca MHTepKansumm
Mo NOBEPXHOCTU B OT/IMYME OT FOCMOACTBYIOLLErO
noAXoAq, OCHOBAHHOTO HA UCMOMNb3OBAHMM
NpencTaBieHns O SKBUMOTEHLMANBHOCTM NOBEPXHOCTH
yacTupl. BapbmMpoeaHMem napameTpos MHTepKaNsaLMM
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M CBOMCTB MATEPMANA MOKA3AHbI YCNOBMS, KOTAA
Mogenb MoxXeT BbITb cBeAieHa K NpHBMKeHuIo
5KBMMOTEHLMASBHOM MOBEPXHOCTU YACTULIbI.
PaccMoTpeHo BAMsHME KONMYECTBA 3NEKTPOHHBIX
KOHTAKTOB K YACTULIE HA KUHETUKY npoLecca.

Mo MMeloLMMCS MCXOAHBIM AOHHBIM PACCYMTAHBI KPUBbIE
ranbBAHOCTATMYECKOTO PA3PSAA KATOAHOrO Matepuana
NaFe(SO,), cTpyktypbi anbadennuta u nokasaHo ux
YAOBNETBOPUTENBHOE COMNACHE C IKCMEPUMEHTOM.

Bulusheva L.G.!, Stolyarova S.G.!, Kotsun A.A.,
Fedoseeva Yu.V.!, Makarova A.A.%, Okotrub A.V.

! Nikolaev Institute of Inorganic Chemistry SB RAS, 3
Acad. Lavrentiev Ave., 630090 Novosibirsk, Russia

2 Institute of Chemistry and Biochemistry, Free University
of Berlin, 14195 Berlin, Germany

bul@niic.nsc.ru

Hexagonal molybdenum disulfide MoS, is of interest as
an electrode material for electrochemical power sources.
The large distance between the layers facilitates diffusion
into the interlayer space of electrolyte ions, and redox
reactions involving Mo and S provide high capacitive
characteristics of the electrodes. The attractiveness

of MoS, also lies in the availability of reagents for

the synthesis and the possibility of creating various
architectures and combinations with other compounds,
including graphene. We have developed a simple
approach, based on simultaneous thermal decomposition
of the precursors of MoS, ((NH,),MoS,) and graphene
(graphene oxide) in an inert atmosphere, which provides
a tight coupling of the components at nanoscale [1].
Electrochemical tests of the MoS,/ graphene materials
showed superior performance in Li-ion batteries. The
material with a ratio of MoS, to carbon of about 4 to 1
by the weight showed the best performance reversibly
delivering 1044, 717, and 564 mAh g™! at current
densities of 0.1, 5, and 10 A g~'. Moreover, when the
current density was switched from 10to 0.1 A g the
specific capacity of the material increased to 1730 mAh
g~' during the next operation cycles. This phenomenon
was related to the enlarging atomic vacancies in
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graphene layers, accommodation of several Li atoms
around on a Mo atom, and complete extraction of Li ions
from lithium sulfides. The last two processes are attributed
to anchored and dispersed molybdenum and sulfur
species on and between defective graphene layers.

To gain insight into the role of graphene component in

the interaction of lithium with MoS,, we used in situ X-ray
photoelectron spectroscopy (XPS) experiments [2]. Thermal
deposition of lithium was carried out in a high vacuum
simultaneously on the surface of polycrystalline MoS, and
MoS, coated with a few-layer CVD graphene. An analysis
of the spectra showed that the presence of graphene on

the surface of the MoS, film leads to the accumulation of

Li at the interface between MoS, and graphene, while Li
atoms tend to penetrate deep into the bare MoS,. Density
functional theory calculations reveled the rearrangement of
MoS, with the formation of Mo—Mo bonds and weakening
of Mo-S interactions at a Li to MoS, ratio of more than
0.5. This work was financially supported by the Russian
Foundation for Basic Research (Grant. 21-53-12021).
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The aqueous electrode processing for the metal-ion
batteries has recently received significant consideration,
since it can reduce the cost and environmental impact
of the battery manufacturing process [1]. The key point
of this technology is development of water-soluble
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and water-dispersible polymer binders that should
provide proper characteristics of the electrode slurries

in the aqueous environment. Although several water-
processable binders have been proposed in literature
[1,2], the fundamental approaches for proper selection
of the binder are not yet well established.

In this study, we compared the performance of lithium iron
phosphate cathodes formulated with various aqueous-
processed polymer binders. The electrodes were prepared
with single-walled carbon nanotubes as an electrically
conducting component. The performance of the polymer
binders was dependent on such parameters as electrical
conductivity and adhesive properties of the binder, ability
of the binder to stabilize carbon nanotubes dispersion as
well as stability of the binder to the electrolytes.

Among the studied binders, electrically conducting
polymers provided the lowest impedance and best rate
performance of the battery cells. It was related to the fact
that conducting binder reduced bulk electrical resistance
of the cathode active layer as well as interfacial resistance
between the cathode layer and aluminum current collector.
To further improve the performance of the cathodes, we
have employed modified current collector coated with
thin layer of carbon. The carbon coating significantly
reduced the interfacial resistance at the cathode/ current
collector interface. As a result, the rate performance of
the cathode became less dependent on the conductive
property of the binder, so that electrically insulating
binders provided almost as high capacitive characteristics
as electrically conducting polymers.

Thus, the use of electrically conducting binder is not
essential when the cathode/ current collector interface is
optimized. In this case, industrially available and cheaper
water-soluble polymers (e.g. polyvinylpyrrolidone or
polyacrylic acid copolymers) can be used instead.

The work was supported by the Russian Science
Foundation, project 17-73-30006-P.
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Bonpocam 6e3onacHocT1 NUTUI-MOHHBIX QKKYMYnsSTOpOB
(MNA) ypensetca 6onbwoe BHumanme. TpaduTossii
3NeKTPOA ABNSETCS NOTEHLMANBHO ONACHBIM M3-30
BbICOKOM BEPOSTHOCTU OBPA30BAHUS MENKOAMUCNIEPCHOTO
METanNM4YecKoro UTHs HA €ro NOBEPXHOCTU NpU
BbICOKMX CKOPOCTSX 3apsad. [ns cHUXeHUs BEpPOSTHOCTH
3NEKTPOXMMMYECKOTO BbIAENEHHUS METANIMYECKOTO NNTHS
npu BbicokockopocTHom 3apsiae JIMA npeanoxeHo
MCMONb30BATh KTMBHBIE MATEPUASIBI C BLICOKMMM
NOTEHLMANAMM MHTEPKANSALMM MOHOB IUTUS, HANPUMeEP,
titanatsl nuTus (LTO), nockonbky oHM cnocobHb

K 06pATUMOM 3NEKTPOXUMUYECKOM MHTEPKASALMM

MOHOB NMTUs Npy noteHuranax 1.5 B otHocurensHo
Li/Li*. OgHako M3-3a BLICOKOro NoTeHuuana
3NEeKTPOXMMMUECKOH MHTepKanaummu,/ feuHTepKanaumm
MOHOB JINTUS U OTHOCUTENIbHO HM3KOM 3JIEKTPOXMMMYECKON
yAenbHOM eMKocTH yaenbHas sHeprus JIMA ¢
oTpMLATENbHLIMM 3NeKTPOAAMM Ha ocHoBse LTO Huxe no
CPOBHEHMIO C yAenbHOM sHepruei TpaarumorHbix JIMA.
MostoMy akTyansHa paspaboTka akTMBHLIX MATEPUANOB
oTpuuarentHbix anektpopos JIMA, cnocobHbix o6patmo
MHTEPKANUPOBATb MOHBI IMTUS NPU NOTEHLMANAX,
NPEBLILIAIOWMX MOTEHLMAN 3NEKTPOXUMMYECKOTO
BbIAENIEHUS| METQIMYECKOTO IMTHS NPU BOMbLUMX TOKOBBIX
Harpyskax. Take matepuansl MoryT 6biTb cO3aaHbI HO
OCHOBE CTPYKTYPHO HEYNOPSAO4EHHbIX YINEePOAOB,
MOCKONbKY 3MEKTPOXMMUYECKAS MHTEPKANsLMS MOHOB
NUTHS B CTPYKTYPHO HEYMOPSAOUYEHHbIE yrnepoap
NPOMCXOAMT B LUIMPOKOM AMANA30HE 3NEKTPOAHBIX
noteHumanos 1.5-0.1 B otHocutensHo Li/Li*.
CTpyKTypHO Heynopsao4eHHbIe yrnepoasl MoryT 6biTb
nonyyeHsl TepMoobpaboTkoit HedpTAHOrO KOKCa B
PA3MYHBIX YCIOBUSIX.

C uenbio co3aaHms foCTynHbIX U GesonacHsix
MATEpManos ANns OTPULIATENbHBIX 3NEKTPOAOB
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JIUTUI-MOHHBIX OKKYMYJSISITOPOB Bbinv MpoBeaeHs
CPUBHUTESIbHbIE UCCNIEAOBAHMS BAMSIHUS AMANA3OHA
HANPSXXEHMs UMKIMPOBAHMS M MNOTHOCTH TOKA

HA yAeNbHble SHepreTMYeckMe XapaKTEPMCTUKM
TepMoo6paboTAHHOro HedpTIHOro KOKCA U rpadmTa.
MNMoka3saHo, uTo HedTAHOM KOKC sBnseTCH
NepcrneKTMBHLIM CbIPbEM AJ1 CO3AAHMS AKTUBHBIX
MaTepManoB OTPULATENbHBIX SNEKTPOAOB IMTUM-UOHHBIX
QKKYMYNSITOPOB NOBbILIEHHOH 6e3onacHocTH.
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Puc. 3apsaHo-paspsiaHbie KpMBbIE ANTHH-YINIEPOBHBIX SYeeK
HQ 2-oM umkne.

Pabota eeinonHeHa B pamkax MuHucTepcTea Hayku
u Bbiclero obpasosanus Poccuitckonn Pepgepaumm
[Tema rocaapanma N2 121111900148-3].

O.B. Kykywkuna', T.M. lanumos’, [.B. Xyxenbckuir',
A.M. XutHukos'

' AO «<HUNAU «Uctounmk», yn. Qans, a. 10, 197376,
r. Cankr-lMetepbypr, Poccus

kukushkina.o@niai.ru

HUAU «Uctounmk» — Bepyias poccuisckas KOMNAHUS,
obnapatowas 6oratbim onbiIToM paspaboTku U
NPOM3BOACTBA AKKYMYSTOPOB M OKKYMYSTOPHBIX
6aTapei pasnuuHbIX XMMMYecKuX cucteM. MHcTuTy Ty
NPUHAANEXHT pa3paboTka OTeHeCTBEHHOM TEXHONOTMM
NPOM3BOACTBA CBMHLIOBLIX OKKYMYNSTOPOB,
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€O3dHME NepPBbIX B MMPE HUKENb-BOAOPOAHbIX
QKKYMYnSTOpoB, pa3paboTka MCTOYHMKOB TOKA

APYUX SNEKTPOXMMHUYECKMX cucteM. MHoronetHee
nnofoTBOpHOE COTpyAHHUYecTBO C npeanpustramu BIK u
®DepepanbHbiM KOCMMYECKMM QreHTCTBOM NoATBEPXAAET
HO NPAKTUKE BbICOKME SKCMITYy ATALMOHHbIE
XAPAKTEPUCTUKN NPOM3BOAMMBIX M3LENMNHA.

Ceropts AO HUAU «MCTOYHMUK» BoinyckaeT uenbiit
CMeKTP U3AeNUi, nepeyeHb KOTOPbIX HENPEPbIBHO
pacwmpsiercs:

* akkymynstopbl Hukenb-kagmuesbie (Ni-Cd)

* aKKyMynsatopbl Hukenb-metanarmapuatbie (Ni-MH)
* akkyMynatopbl nuTHiA-uoHHsie (Li-lon)

* 6aTapeu M3 yKa3aHHbIX TUIMOB QKKYMYTSTOPOB.

AO HUAU «MCTOYHUK>» obnapaet Heobxopmumbim
KOAPOBbIM NOTEHLMANOM M 0bopyaoBaH1eM ans
NPOM3BOACTBA, TPEHMPOBKM M UCTILITAHUIA OKKYMYNSTOPOB
u 6atapeit Ha Mx ocHoBe. B komnaHuM MmeeTcs
COBpEMEHHAs TEXHONOMMYECKAs SKCNEPUMEHTANBHAS
NIMHKMA, HQ KOTOPOM NpoBoasTes paboTsl no paspaboTtke
AKKYMYNSTOPOB M 0TpaboTKe NPOM3BOACTBEHHOTO LMKAQ.
HayuHble noppazaenenus npoeogst paspaboTky
XMMMYECKMX MCTOYHMKOB TOKO B COOTBETCTBUM C
TpeboBaHuaMM 3aKa3umKa (K BBIXOBHOMY HANPSAXKEHMIO
AKB, MakcMManbHOMy TOKy HArpy3ku, Temnepatypam
3KCMAYaTAUMM 1 Bp.) MU IPUMEHSIOT HOKOMAEHHBIM ONbIT
MPYW M3roTOBNEHUM OMBITHBIX OBPA3LOB AKKYMYNSTOPOB
HQO 3KCNepUMEHTANbHOM NabopaTopHOM AMHUM.
OcBoeHo onbITHOE NPOU3BOACTBO AKKYMYSISITOPOB

¢ pasnuuHbiMM TMamu katogos (LFP, LCO, NMC)
aHopos (rpadur, LTO) co sHaueHusmmn emkoctn u
YAENbHOM SHEPIUM HO YPOBHE AEHCTBYIOLMX MUPOBbIX
KoMMepueckux obpasuos.

XapakTepuCcTMKM NPOU3BOANMbIX AKKYMYNSTOPOB
CPABHMMBI C O6LLEMUPOBBIMA KOMMEPUECKMMU
NoKa3aTensMu:

* KONMYECTBO 3apsSAHO-PA3PAAHBIX uMknos — ot 500,
* pabounit uutepsan temnepatyp — ot -40°C go +60°C,

* yaenbHas sHeprus — go 170 Br*u/kr.

B HacTosiee BpeMs B MHCTUTYTe OKTMBHO BegyTCs
paboTbl no pazpaboTke YHUPULUMPOBAHHON CXEMbI
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npoun3eopcTea Li-ion akkyMynsTopoBs co cnepyiowmmu
XAPAKTEPUCTUKAMM:

1. JIutMi-noHHbIM akkyMynsTop ¢ eMkocTbio 7.3 Ay
™na «pouchx». MonoxwutensHeiit anektpoa — LCO,
oTpuuateneHelit — rpadurt. Mnanupyetcs nepexop,

Ha NMC B kauecTse MaTepUana NONOXKMTENLHOTO
aneKkTpoaa.

2. JIutni-noHHbIi akkyMynsatop ¢ emkocTbio 40 A*y
npusmartmyeckoro tMnd. MonoxurensHbli snekTpos, —
NMC, otpuuatensHbiit anektpog, — LTO.

Bce akkymynstopbl cobupatotcs Ha coBpeMEHHOM
060pyAoBAHKUM NpH cOBNIOAEHMM TEXHONOTYECKOM
OUCLMNIMHEL.

Kapacesa E.B.", KysbmuHa E.B.!, Xpamuoea J1.A.', Jlo6os
A.H.', Konochuupix B.C.!

' Youmckuin Unctutyt xummn Ybumckoro peaepanbHoro
nccneposarenbckoro uentpa PAH, Mpocnekt Okrabps,
69, 450054 Yéa, Poccus

karaseva@anrb.ru

JIutui-cepHele akkymynstopsl (JICA), 6naropaps
BbLICOKOM TEOPETUYECKOM YAENbHOMN SHEPTMM CUCTEMBI
nutuit-cepa (2600 Bru/kr), sBnsiotcs nepcnekTMBHBIM
TUNOM 3HEPrOEMKMX aKKYMYNSTOPOB, OKTUBHO
paspabaTbiBaeMbix B nocneaHue rogbl [1-2]. Boicokoe
3HOYEHWE TEOPETUYECKOMN YAESbHOM 3HEPTUM CUCTEMDI
NUTUI-Cepa NpeanonaraeT co3paHne aKKyMynsTopos
C NpakTU4eckoi yaenbHoi sHepruen o 500-700
Bru/ KI, OBHAKO BOCTUIHYTAS yAeNbHAS SHEeprus
paspabotanHsix npototunos JICA cocraenser

nvwb 200-400 Bru/kr [3-4]. Mpuumna atoro —
HeobxoaMMOCTb 6ONBLIOrO COAEepPXAHUS SNEKTPONUTA
e JICA ans obecneyeHus NOSHOrO UCNONb3OBAHUS
OKTMBHBIX MATEPMANIOB MONOXMTENBHOTO 3MEKTPOAA
(cepbi B 3apsixeHHOM akkyMynsTope M cynbduaa
nuTMs — B paspskeHHoM). B npoueccax paspsaa n
3apspa JICA obpasyioTcs Xopowo pacTBoOpuMbIe B
3NEKTPONUTAX NOAUCYNbPUAbI MUTUS — MPOMEXYTOUHbIE
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NPOAYKTbI 31EKTPOXMMUYECKOrO BOCCTAHOBAEHUS CEPbI
M OKUCNEHUS CynbpUAa NUTHS.

[lns NoNHOro 3n1eKTPOXMMMYECKOro BOCCTAHOBAEHMS
cepbl KONIMYECTBO SNEKTPONMUTA JONXKHO BbITb
AOCTATONHBIM AMSl CONMbBATALMM 0Bpasyowmxcs
nonucynbpuaos nutus. Mo mepe HacklweHUs
3NEKTPONMUTHOrO PACTBOPA NOAUCYNbGUAAMM NUTUS
MPOMCXOAUT MX BbiAeneHue B oTaenbHyto ¢pasy B Buae
conbBaTHbIX Komnnekcos. Coctas o6pasyrowmxcs
CONbBATHbIX KOMMIEKCOB NOAUCYNbPUAOB NUTHS

M MX PUINKO-XMMHUUYECKME U INEKTPOXMMUYECKME
CBOMCTBA ONpeAensioT yaeNbHble SHEPreTMieckue
XAPAKTEPUCTUKM NIUTUI-CEPHBIX AKKYMYNSTOPOB.

B Aoknage cyMMMpoBaHbI pe3ynbTaTl
3KCMEPUMEHTANbHBIX M TEOPETUYECKMX MCCIEAOBAHMMA
COCTABA, CTPOEHUS U CBOMCTB CONbBATHBIX KOMMIEKCOB
nonucynbUAOB NUTHUS, CONbBATHBIX KOMMIEKCOB
AINTUEBbIX CONEM M CMELLAHHBIX COMbBATHbIX
KOMMNEKCOB NOAUCYNbPHUAOB NUTUS U INTUEBBIX CONeEN €
Cynb}pONAHOM, ITMMAMM M UX CMECSMM.

Pab6ota Beinonnerna 8 pamkax rpaHta PH®, npoekr RSF-
NSFC N221-43-00006 «MoH-conbBaTHbie KoMNAEKCbI
nonucynb1AOB NUTUS U MX INEKTPOXMMUYECKOE
noBefAeHNe B IMTUN-CEPHBIX AKKYMYNSTOPAX».
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Rechargeable multivalent metal-ion batteries have been
considering an attractive power source for a variety of
large-scale applications like renewable energy systems.
Among them Zn-ion batteries seem to be particularly
interesting due to high volumetric energy density and
abundance of raw materials [1]. Here we present the
results of a stepwise screening of the ICSD database to
identify solids prone to Zn?* ion conductivity. The screening
algorithm comprises geometrical-topological (GT), bond
valence site energy (BVSE) and density functional theory
(DFT) calculations. The search was performed among
compounds which contain zinc and oxygen or chalcogen
elements (X=S, Se, and Te). The most interesting examples
are listed below (here Em is the migration energy, Ev —
vacancy formation energy, see [1] for details).

§ | ® - UEE
8 2 S& &5 |35287 83 | ES |as
109298 | 3D ZnRhZO4 Fd-3m| 2x2x2 [0.28 | 0.78 |[2.61
55442 |3D ZnVZOA Fd-3m| 2x2x2 [0.36 | 0.55 [1.01
59846 |3D ZnP2Oé Cc 2x2x1 [0.69 | 0.68 |7.05
15280 |3D anszoq P21/m| 2x2x2 |0.80 1.55 |5.35
258646 |3D | Zn ,Ti,P.O,|R-3c | 1x1x1 [0.28 |0.95 |4.45
608324 | 1D ZnLoaAIS7 PtS3 1x1x2 | 0.520 | 0.091 |3.096
641849 |1D | Znla,Si,S,, |P6, | 2x2x3 |0.448 | 0.110 |3.265
431499 | 1D | Znla,GaSe, | P6, 1x1x2 | 0.249 | 0.18 |2.437
636870 | 1D | Znla,Ge,S,, | P6, | 2x2x3 |0.431 | 0.137 (3.205
245309 | 2D | ZnCaOS Cmcm | 3x3x1 | 0.460 | 0.855|4.579
652208 |3D Z"szse4 Fd-3m | 2x2x2 [0.177 | 0.807 (3.879
609283 | 3D ZnAIQS‘t Fd-3m | 2x2x2 | 0.472 | 0.875 |3.890

The research was supported by RSF (project #19-73-10026).
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Ha ceropHaWwHKWIA fieHb NUTUIM-MOHHBIE AKKYMYNSTOPbI
(MNA) senstotca Hanbonee pacnpoCTPAHEHHBIM TUNOM
NPOM3BOAMMBIX YCTPOMCTB HakonneHus sHeprum [1].
TpeboBanus kK 3pHEKTUBHOCTH M ANNTENLHOCTH MX
pabotbl noctosiHHo pactyT. OgHUM U3 NepCreKTUBHBIX
MeTOA0B ynyuLeHus 3KCMIyaTaumoHHbix ceorcts JIMA
ABNSETCS UCMOMNb30BAHME B KOYECTBE MPOBOASALLErO
KOMMOHEHTA YrNepoAHbIX HAHOMATEPUAIIOB,
3HAYUTENBHO MHTEHCUPULMPYIOLLMX NPOLLECCHI NEpPeHOCa
3apsAa B KATOAHBIX CMCTEMAX, 0BnaaaIoWMX HU3KOM
BENMYUHON COBCTBEHHOM 3NEKTPOHHOMN NMPOBOAUMOCTH
(Hanpumep, ans beppodocdara nutns ~10° Cm/ cm).
B pabore nccnepoeaHo BamsiHMe KOMMEpPUECKM
AOCTYMHBIX YINEPOAHbIX HAHOTPYBOK PA3AMYHBIX

noe — ogHocTeHHbix (OYHT), geycrennbix (QYHT)

1 MHorocTeHHbix (MYHT), ncnonbsyemsix B kauectse
nposogasiuen fO6ABKM, HA XAPAKTEPUCTHUKM

KATOAHbIX MATEPMANOB Ha ocHoBe ¢peppocdocdara
nutus (LFP). Dnektpoxmmmnueckme xapaktepucTmku
KATOAHBIX MATEPMANOB HO OCHOBE PA3SIMYHBIX TUMOB
YHT 6bin1 u3yueHbl € NOMOLLBIO CMEKTPOCKONMM
3N1eKTPOXMMMYECKOrO MMMeAAHCA, rasbBaHOCTATUYECKNX
uccnepoBaHuit. [1ns Bcex cMCTeM OLEHEHA LMKAMYEecKas
YCTOMUYMBOCTb NP PA3NMUHBIX CKOPOCTAX 3apsaad/
paspsaa.

YctaHoBneHo, 4To Haubonee BbICOKOM
anekTponposogHocTbio obnapaet anektpog c OYHT &
cocrase (2,5 % 0,5 Cm/ cm). Mpu atom Npu prmtensHom
unknmposamum npu ckopocti 1C cocrasel ¢ AYHT u
OVYHT geMoHCTpHpYIoT cxoxue XxapakTepucTuku (noteps
emkoctn nocne 50 uuknos cocraeuna 1,5 u 4,5%
cooteeTcTBeHHO). Mpu BbicOKMX ckopocTax sapsiaa,/
paspsaa HaMAYULWME XOPAKTEPUCTUKM AEMOHCTPUPYET
cucrema ¢ OYHT B cocrase, uTo, BEpOSTHO, CBA3AHO C
BbICOKUMM PU3UKO-MEXAHUYECKMMM XAPAKTEPUCTMKAMM
1 nposoaswmmm ceorcteamu OYHT.
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Insa katopgHoro marepuana ¢ YOHT 6bino nccneposaxo
BAMSIHWE COAEPXAHMs NpoBoasLiei fobasku

HQ ero 3KCMyaTaUMOHHbIE XAPAKTEPUCTUKM.
SKCnepMMEHTaNnbHO onpeaeNeHa BENMYMHA Nopora
NepKonsSUMM AN KATOAHOTO KOMMO3MTA HA OCHOBE

LFP, OYHT v nonueuHunTMaeHpTOpHAQ B KOYecTBE
cBaisylowero. MccnenosaHo eaustue copepxatmns OYHT
HQ NOKA3dTeNM yAenbHOM EMKOCTU M LIMKIIMYECKMX
XAPAKTEPUCTUK KATOAHBIX MATEPMANOB. YCTAHOBJEHO,
uto ysennuenue copgepxanns OYHT c 0,1 go 0,25
Macc.% NPUBOAUT K 3HAYUTENBHOMY POCTY YAENbHOM
&MKOCTH M 351eKTPONPOBOJHOCTM KATOAHbBIX MATEPUANIOB,
B TO BPeMs KaK fanbHellee yBenmMueHne cofepXaHus
OVYHT go 0,5 macc.% He okasbIBOET CyLeCTBEHHOTO
BAMSHWS HO paboTy KAToAHOro MaTepuanda.

Pabota ebinonHeHa npu puHAHCOBOM noaaepxKe
Poccuiickoro HayuHoro ¢ponaa (npoekt N2 17-73-
30006-M).
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Due to the rapid development of electric transport,

an active search for electrochemical systems that
could replace modern lithium-ion batteries is currently
underway. One of the promising candidates is lithium-
oxygen battery. Its theoretical specific energy is 10
times higher than that for lithium-ion [1]. However,
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long-term cycling with high capacity of such batteries

is unreachable up to now because its main discharge
product — Li,O, — is solid, non-conductive and poorly
soluble in electrolytes. So, on the one hand, it blocks
ORR on the electrode surface during the discharge,

and on the other hand, only partially oxidizes during
the charging process at high overvoltage. Therefore, it
is necessary to use electrolyte additives — mediators,
which both increase discharge capacity due to control
of the Li,O, deposition process and reduce the charge
overvoltage by substitution electrochemical oxidation of
Li,O, into a chemical one [2].

In this work, Li-O, battery charge mediators based on
bipyridinium Ru (1) cyclometallated complexes and
bifunctional mediators — p-metal (Ge, Sn, Sb, Pb, Bi)
halide complexes with aryl ligands, were investigated.
It was found that all the studied compounds, except for
Pb-based complex, are electrochemically stable in the
Li-O, battery operational potentials range. The addition
of 2 mM Ru-based complexes to the electrolyte leads to
reduce in the charge voltage up to 0.4V, in comparison
with a cell without a mediator and does not influence
the discharge process. The charge voltage value could
be tuned by varying the substituent in the imidazolium
ligand.

The addition of 10 mM Ph_SnCl or Ph_BiHal, to the
TEGDME-based electrolyte leads to increase of Li-O,
cells discharge capacity up to 4 or 8 times, respectively.
At the same time upon addition of Ph,SbHal,, capacity
increase is negligible. However, all Sn, Bi and Sb-
based halide complexes affect on ORR with and
without presence of Li* in DMSO-based electrolyte
according to cycling voltammetry. We assume that this
is associated with replace of halide anions in complexes
with oxygen derivates — O,, O,* and O%, the latter

is known as unstable intermediate of ORR in aprotic
media. The stability constant of these complexes plays
an important role, since in the case of too strong binding
with oxygen-containing derivatives leads to inactive
behavior towards Li* addition and ceases to play the
role of a mediator. Replacing the chloride ligand with

a bromide one in such complexes does not influence

on discharge process, makes it possible to lower the
charge voltage up to 0.4V in comparison with cell
without mediator, since the Br-/Br,~ act as a mediator
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of charge. Complexes without halide ligand — Ph,Bi and
Ph,Sb — does not show any activity in ORR according to
cyclic voltammetry data, so their addition to electrolyte
does not influence of Li-O, battery performance.
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NASICON-type Na,V,(PO,), cathode materials

are considered as promising candidates for high-
performance Na-ion batteries due to extremely long
cyclic stability and an outstanding ability to operate at
high (dis)charge rates. However, its cost-effectiveness
can still be improved using transition metals cheaper
than vanadium, which could also increase the energy
density compared to that in Na,V,(PO,)..

The replacement of V with Mn and Cr in Na,V, (PO ),
lowers the cost of the materials and enhances the
operation voltage. Substitution of V by electrochemically
inactive Mg and Sc allows studying vanadium redox
processes without contributions from other transition
metals.
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Na content x in Na,MM'(PQO,); (MM' = MnCr, MgV, ScV, MnV, V,)

a6y ; : ;
145
444
424
4.04
3.8
3.6
3.4
3.2
3.0
2.8
2.6
24

140

435

E vs. Na/Na* (V)

430

425

Figure 1. Comparison of galvanostatic charge curves
of NASICON compounds with different composition.

In order to link electrochemical features with the phase
transformations in NASICON samples operando X-ray
powder diffraction was carried out. The evolution of
the transition metal oxidation states during charge and
discharge was studied by operando X-ray absorption
spectroscopy [1]. The experimental results indicate the
benefits of vanadium-substituted compounds and ability
to outperform the unsubstituted materials in terms of
rate-capability. Therefore they should be preferred for
high-power applications.

This work was supported by the Russian Science
Foundation (Grant No. 17-73-30006-P).
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JIutui-nonHeie akkymynstopsl (JTIMA) B HacToswee
Bpems GesycnoBHble nuaepbl B 0610CTH NOPTATUBHOM
TexXHUKM. X ncnonsaoeanue B obnacrsx, Tpebyiowmx
6onblueit yaenbHOM eMKOCTH M MOLHOCTH, TAKMX

Kak aBToMobunectpoeHme n kpynHomacwTabHble
CTAUMOHAPHbIE HOKOMMTENN SHEPTHUM, CTABUT BOMPOC
NpexXae BCero € TOYKM 3peHus BIGopa KaTofgHOro
matepuana gas takmx JIMA. MepcnektmsHbie
KaToaHble MaTepuansl —oboraweHHbie nutueM (Li-rich)
CNOXHbIE OKCUABI NEPEXOAHBIX METANNOB, TAK KOK OHU
obnanatoT 6onbLON YAENbHOM eMKOCTBIO NP BbICOKOM
HanpsxeHun paspsaa. [1, 2]. Beicokue nokasarenu
Li-rich okcupos obycnosneHbl codeTaHnem pesokc-
QKTMBHOCTM NEPEXOAHbIX METANIOB U KUCIOPOAA B
npouecce 3apsaa-paspaaa. Bmecre ¢ Tem npouecc
QHUOHHOM PefOKC AKTUBHOCTH, NMPUBOASALLMIA K
3HAYMTENBHOMY YBESIMHEHMIO PA3PABHON EMKOCTH
MaTepuana, 3anyckaeT U NPoLEecc CTPYKTYpHOM
nepecTpoiiku, KOTOPbIN BEAET K NAAEHUIO EMKOCTH 1
HANpPSXeH!s B NPoLecce LUKIMPOBAHMS.

[ns ynyuweHns xapakTepucTmK 3TUX KATOAHbBIX
MATEpPUANOB MCMONb3YIOT PA3NIMYHOTO PoAd
MoaMPUUMPOBAHME OKCHAOB, KOK MX MOBEPXHOCTH,
TAK M COCTABA, B TOM YMCIe 30 CYET AOMMPOBAHMS
(sBemeHMs Manbix KonmuecTs 3amecTuTeneit). Beegenme
AONAHTA HA PA3AMYHBIE NO3ULMM METANIOB B OKCUAE, B
CNOW NIUTUS AN B CNOI NEPEXOAHBIX METANNIOB, MOXET
NO-pa3HOMY CKO3bIBATBCS HA JIOKANLHOM CTPYKType
OKCMAd, TEM COMbIM OKA3bIBAS PA3IMYHOE BAMSHUE HA
npouecc CTPYKTYPHOM NepecTPOMKU U GpyHKLMOHANbHbIE
XApAKTePUCTUKM KaTogHoro matepuana. Mpoesegero
cpasHuTensHoe uccnegoeanue Li-rich okenpa
Li1.2M"0A54Nio.13C°o.1302' BOMUPOBOHHOTO MAOTHMEM B
No3nLMK NUTHS M nepexopHoro mMetanna. OBHapyxeHo,
YTO BBEAEHME AONAHTA B NO3MLMM NEPEXOAHOTO MeTanna
NPEANOYTUTENBHO C TOYKM 3PEHMUS INEKTPOXUMUUYECKUX
xapakTtepuctuk matepuana. Okena, AONMPOBAHHBIM
MOrHMeM B IUTHEBbIE MO3MLMM, NOKA3AN XyALUMe
KMHETHYEeCKMe XAPOKTEPUCTMKHM B NpoLecce
unknuposanus Li-rich okeupa B kauectse katogHoro
MaTepUana OTHOCHTENBLHO IMTUEBOTO AHOAC.

Pabota eeinonHeHa npu puUHAHCOBOI NoaaepxKe
npoekta PH® (20-13-00423). Uccnepoeanus
nposoaunu ¢ ucnonssosaHuem obopyaosanus LIKI
DMU NOHX PAH.
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Atomic layer deposition (ALD) is a promising method since
it allows the synthesis of uniform films of various materials
on flat and 3D surfaces. Furthermore, it is possible to
control the thickness of the deposited coatings with high
precision. Using ALD, the individual components of
thin-film solid-state batteries (TFSSB), such as cathodes,
anodes, solid-state electrolytes, and interlayer buffer
coatings for protection (cathodes), improving wettability
(Li anode) and et al. can be fabricated.

The development of ALD application in TFSSB was
studied by the formation of binary metals oxides systems
anodes like NiO [1], Ni-Co-O [2], Ni-Al-O [3],

and Ni-Mn-O. The influence of different approaches

of layer-by-layer metals monoxides deposition with
subsequent heat treatment for the formation of Ni-rich
cathode materials and their electrochemical activity
were shown [4]. High-resolution transmission electron
microscopy for the Li-Ni-Co-O system shows the
formation of nanosized Ni-rich cathode structures from
multilayer ALD films during low time heat treatment [5].
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Jlutnit-nonHsie akkymynstopsl (JIMA) ece yawe
MCMONb3YIOTCS B KAYECTBE OCHOBHbBIX MCTOYHWKOB

TOKQ B PA3NMYHBIX cUCTeMax. XOTS npousBoamuTenu
yteepxaaioT, uyto JINA 6esonacHbl, Ucnonb3oBaHue

B HUX OKTUBHbIX OKMCIIUTENEMN M BOCCTAHOBUTENEMN
BMECTE C OPraHUYECKMMM 3NEKTPONUTAMM HecéT B cebe
PH1CK BO3ropaHMs M B3PbIBA, YTO MOXET NPUBECTH K
paspyleHusm 1 Tpasmam. Kak npasuno, nogo6Heie
BO3rOpaHMsi NPOTEKAIOT M3-3d T.H. TEMIIOBOrO PA3roHa
GKKYMYJISITOPA — Pe3KOro NOBbLILEHMS TEMNEepPaTypsl,
CBA3GHHOTO C MHTEHCUBHBLIM BbifieIEHWEM TEMNA B
HeLWTAaTHbIX peXmuMax paboTbl 6atapen, K KOTOpbIM
OTHOCATCS Nepesdaps, Nepepaspss, BHeLWHee U
BHYTpPeHHee KOPOTKOe 3aMbIKAHWE, neperpes.
TpaarumoHHo ANs NpefoTBPALLEHMS TEMNOBOrO
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pasroHa B KOHCTPYKLMM OKKYMYISTOPOB MCMONb3YIOTCS
«BHELUHME» DMEKTPOHHbIE CUCTEMbI KOHTPONS M
ynpasnenus — CKY, ¢yHkumoHan kotopbix gononHsercs
KBHYTPEHHUMMU» XMMHUYECKMMM 3NIEMEHTAMM 3ALUMTBI.
Hanbonee yHuBepcanbHbIM MOAXOAOM K

pean13aLmmu XMMUYECKOM 3aLMTbI MOXKET CTATb T.H.
«MNOTEHUMOPE3UCTMBHASY» 3awmTa, obecneunsatowas
PA3MbIKAGHME LienK 3a CYET POCTA CONPOTUBAEHUS 0COBbIX
NONMMEPHBIX MATEPMASNIOB MPM BbIXOAE HAMPSIXKEHMUS
aKKyMynsITopd 3a fonycTMMble rpaHmupl. PaHee Mbl
NPOAEMOHCTPMPOBANM NOTEHLMOPEIUCTUBHYIO 3ALUMTDI
JIMA ot nepe3apsaa npu NOMOLLM NOTEHLMOPE3UCTUBHOTO
nonmmepa na poly[Ni(MeOSalen)] [1,2]. 3asncnmocts
3N1EKTPUYECKOTO COMPOTHBEHMS 3TOFO NONMMEPA OT
noteHunana snektpoaa umeet U-o6pasHblit xapakTep,
rA€ MMHUMYM COMPOTUBNIEHMUS OTHOCHTCS K AUANA3OHY
NOTeHUMaNnos paboTsl KOMMEPYECKMX KATOAHBIX
matepuanos. Poly[Ni(MeOSalen)] o6nagaer Tak xe

M TepMope3nCcTMBHLIMK cBoiicTBamu [3]. B noknage
obcyXaaeTcs BO3MOXHOCTb MCMOMb30BAHMS TAKMX CBOMCTB
poly[Ni(MeOSalen)] ans cospaams Ha ero ocHose
YHWUBEPCANbHOTO 3ALUUTHOTO CNI0S, NPEAOXPAHSIOLLErO
JIMA ot KopoTKOro 3aMbIKaHMS, Nepesapsaaa U neperpesa.
MpoaeMoHCTPMpPOBAHA MHTErPALMS TAKOTO CNOS B
KomMMmepyeckue akkymynstopsl nponssoactea AO «AK
Purenb» u ero apdektuBHOCTL ANst NpepoTBpaALLEHUS
sosropahms JIMA Ha ocHose LiFePO, 1 LiCoO,
HOMMHQIbHOM EMKOCTbIO 10 3 Au.

Pa6ota BhinonHeHa npu nopaepxke rpanta PHO
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Batteries and supercapacitors are widely used in various
types of portable electronic devices and electric vehicles.
Typically, they retain energy and power density at

room temperature and at temperatures up to + 60 ° C.
However, at sub-zero temperatures, the energy and

the power density of the power sources dramatically
decline due to the sluggish kinetics, mostly connected

to solvation/ desolvation processes. One of the most
important tasks in the development of low-temperature
power sources is the choice of the cathode material since
the performance of the most contemporary cathode
materials drastically decreases under low-temperature
conditions. The crystalline structure of oxide-based
inorganic cathode materials is disturbed by the transport
of lithium at low temperatures, leading to a significant
decrease in capacity. Replacement of inorganic cathode
materials with organic materials could solve this problem.
The organic materials have a porous structure without

a rigid lattice, which provides fast intercalation and
deintercalation of charge-compensating ions even at low
temperatures. Among “soft” energy storage materials,
NiSalen-type polymers have already demonstrated

their potential for application as cathode materials of
electrochemical power sources or their components such
as binders or overcharge protection layer.

In this work, polymerized nickel complexes of salen-type
ligands in anhydrous acetonitrile-based electrolytes
with different electrolyte salts were studied. The
electrochemical properties and charge transfer kinetics
of different salen-type complexes at low temperature
were investigated by cyclic voltammetry, constant

rates of redox reactions were calculated from the
obtaining experimental data. Mass transfer parameters
of the polymer film in the different electrolytes were
determined by electrochemical quartz microbalance.
Electrochemical impedance spectroscopy was used for
establishing charge transfer parameters of the films at
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low temperatures. The diffusion limitation of the charge
transfer at negative temperatures was shown with the
analysis of the experimental data.To create a prototype
of a power source with a practically significant load

of an active material the composite material based on
polymer complexes of nickel-salen type and carbon
nanotubes were developed.

This work was supported by the Foundation for Basic
Research, project # 20-03-00746, and using the
equipment of the resource centers "Interdisciplinary
Resource Center for Nanotechnology" and "Physical
Methods for Surface Research" of the Science Park of St.
Petersburg State University.
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CospaHue TBepAOTENbHBIX AKKYMYSSTOPOB HA OCHOBE
MOJIMMEPHBIX /IEKTPOSIUTOB SBASIETCS AKTYQNbHBIM
HANPABIEHWEM, MO3BONSIOWMM NPEOAONETh HEJOCTATKM
OBbIYHBIX IUTHI-MOHHBIX akKyMynsaTopos (JTNA)

[1]. Teepabie nonumepHbie anektponutsl (TM3)
npeacTaensioT coboi pacTBopbl Conei METANNOB B
nonuMepHoM martepuane-ocHoee 6e3 gobasneHus
opraHuyecknx pactreopurenen. T3 xapakrepuayiorcs
WMPOKMM MHTEPBANOM paboyero HanpsxXeHus,
NOBbLILIEHHON TEPMHUYECKOMN YCTOMYUBOCTLIO, BbICOKUMM
YMCNAMM NEPEeHOCa KATUOHOB M 3HAYUTENBHO YNPOLLAIOT
apxutekTypy 6atapeu 3a cueT coeMeLeHus GyHKLMM
anektponuta u cenaparopa. Kniouesyto pons 8 pabote
TM3 urpaet nonumepHas ocHoea, obecneunsatowas
TPOHCMOPT MOHOB B cucTeMe. B HayuHoM nuTepaTtype
Haubonee WHMPOKO NpeACTABNEHB MATEPUANI

no ucnonb3osaHumio nonmatunerokcuaa (M30)
KA4ecTBe NONMMEPA -OCHOBbI, OAHAKO B KOYECTBE

YCTHBIE JOKNALbI



OueHka
3NEKTPOXUMUYECKOMN
yctonumeoct Im
LiBF, B cmecax
pacTtsopuTenen
QM/MM metopamm

44

QNbTEPHATMBLI BO3MOXHO MCMOJb3OBATh PA3/INYHbIE
KNAacchl NoAMMepPOoB € GYHKLMOHAMbHBIMM FPYNNAMM,
CNOCOBHBIMU K KOOPAMHALMU MOHOB nnTHs [2].

B naHHoM pabote ans cozpanma TN

MCMONb3OBANM MOAUMEPHBIE KOMMO3MLMM HA

OCHOBe NoNMBMHUNUAEH$TOPHAT, NONK-2-
ruapokcuatunmetakpunarta u conei LiPFé unu LiFSI,
M3yueHo BAnsHUE coaepXaHMs NONMMEPOB U conen
nUTHS Ha ocobeHHOCTH GOPMUPOBAHUS U MopdoOrHIo
TBEPALIX NONMMepHbIX 3nekTponutos. Onpepenet
ONTUMANbHbIA COCTAB NONMMEPHBIX KOMMNO3ULMH,
obecrneymBaloLMin LOCTUXKEHME MOHHOM MPOBOAMMOCTH
Ha 2 nopspaka eeiwe, Yem TM3 Ha ocHoBe oTAENbHBIX
nonnMmepoe. 3aBUCMMOCTU MOHHO NPOBOAUMOCTH

TIM3 ot TeMnepaTypbl MMEIOT IMHEMHBII XAPAKTEP M
onucebiBatotcss 3akoHoM Appenuyca: npu 25°C nonHas
nposopumocTs coctasnset ao 3x10-° Cm/ cm, npu 80°C
- 1x102 Cm/ cm. Mokasana paboTa anekTpoxmMMMueckmux
sueek LiFePO4/TM3/Li npu koMHaTHOM TeMnepaType Ha
ckopoctax ao C/ 3 v npu Harpesanuu — po 1C.
Uccneposanme BeinonHeHo npu GMHAHCOBOM Noaepxke
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Kak nopgobpats ontMMansHsiit anektponut ans JINA?
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KOHLEHTPALMIO, COOTHOLLIEHWE PACTBOPMUTENEN M
OLEHMTb OKHO 311EKTPOXMMMYECKOMN YCTOMYMBOCTH
MeTofAoM noluaroBoit nonspusaumu. B kauectse
QNbTEPHATMBbI MOXHO MCMOMb3OBATb METOABI
MOEKYNSIPHOTO MOAENMPOBAHMS B COBOKYMHOCTH C
KBOHTOBO-XMMMYECKMMM pacyetamu. Toraa, B camom
MAeanLHOM cnydae BbIGpaTh 3NEKTPONMUT MOXHO HA
OCHOBQHMM COBOKYMHOCTH AaHHBIX QM/MM. 310
AOCTATOYHO AMBULMO3HO, HO BMOJIHE BLIMOMHUMO.

Tem Bonee, 4To TEOpETUUYECKME METOABI LUMPOKO
Mcnonb3yloTcs Ans pelueHns noaobHbix 3aaay [1-3].

B pamkax gaHHoi paboTbl Mbl MCNONb3oBANM
COBOKYMHOCTb METOAOB KSIOCCUYECKOM MOMNEKYNSPHOM
AMHAMMKM M KBAHTOBOM XMMMM ANSi OLLEHKM OKHA
3NeKTPOXMMHMH4eckoi ycToiumeoctu 1m LiBF, B
cMmewwaHHbIX pacteoputensx EC/DMC u SL/

DMC. KoppekTtHocTb pacueTos 6bina nposepeHa
5KCMEPUMEHTANbHBIMM METOAAMM. PacuéTHbii
aASMTMBHBIN okMucnuTenbHbii noteHuran (AOM) gns Tm
LiBF, B cMecw EC/DMC ouenmsaetcs ot 5.40 go 6.19 B
(otH. Li/Li*). T. e., okucnuTenbHbIE NPOLECCH B CUCTEME
HaumHatotes npu 5.40 B, a npu pocTrxeHnn 3HaueHus
6.19 B cuctema okucnsietcs nonHoctbio. CornacHo
skcnepumenty (LIBA), peskuit poct Toka anst Takoro
pacteopa HaunHaeTcs npu 5.5 B. Mpu samene EC Ha SL,
TEOPETUYECKM MPOLLECC OKUCIEHUS HAYMHAETCS yXKe Npu
5.6 B v npoponxaetcs po 6.41 B. CkaukoobpasHbiit
pOCT ToKa B 3KCnepuMeHTe npoucxoaut npu 5.75 B.
ABANTHBHBIA BOCCTAHOBMTENbHBINM noteHuran (ABM)
ans conu LiBF, 8 cmecax EC/DMC pasen -0.02

B, a 8 SL/DMC oH coctaensert -0.39 B. Cornacro
3KCMEePUMEHTANbHbIM AAHHBIM, 0B€e CUCTEMBI YCTOMUMEBI
kK BocctaHosneHuio snnots go O B. Takum obpazom,
afeKBATHOCTb TEOPETMHECKOM MOAESNM NOATBEPXKAAETCS
skcnepumeHnTansHo. OfHAKO MCNONb3OBAHME AAHHOM
mogenu Tpe6yeT 3HA4YUTENbHbIX BbIYUCIUTENbHbIX
pecypcos. Ons ouetku OBl Heobxoanmo paccmoTpeTs
BCE BO3MOXHbIE KOMMNEKChI, O 3TO AECATKU ATOMHO-
MonekynsipHbix cucteM. CyuiecTByeT M BO3MOXHOCTb
COKPATMTb KOJNIMYECTBO PACCMATPUBAEMBIX CUCTEM

6e3 notepu TouHoc2! QM/ MM Mmopenuposarme
OTBEYUET, YTO MOXHO.

Pabota BeinonHeHa B paMKax rpaHTOBOM NOAAEPXKKH

PH® N222-23-00846
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Layered transition metal oxides with a high lithium
content are able to provide high energy density when
working as positive electrodes for lithium-ion batteries.
Their electrochemical behavior is extremely complex due
to the non-trivial interaction between crystal structure,
electronic structure and defect structure.

Despite the fact that the formation and properties of
twin boundaries are well studied for metallic systems,
for the case of layered oxides, twin grain boundaries
are poorly studied, although in lithium-enriched layered
oxides with three-dimensional lithium diffusion, their
formation can have a significant effect on the operation
of the cathode material. Thus, the determination of the
structure of grain boundaries and their effect on the
diffusion of lithium is an important issue from the point of
view of optimizing the microstructure of particles of the
cathode material.

In this work, in the framework of the density functional
theory, we studied the structure of twin boundaries in
lithium-enriched layered oxide Li, ,Ni, ,.Mn ,,Co, .O,,
which were discovered experimentally [1]. The
interplanar distance along the [001] direction in

the region of the (001) twin boundary is increased
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compared to the ideal structure, this is due to the

fact that the alkali metal atoms in the layer have a
prismatic oxygen environment. Calculations showed
that boundaries of this type have a rather low formation
energy (0.37 J/m?) and a lower lithium migration
barrier in the boundary plane (0.35 eV) compared

to the migration barrier in the (001) plane in an ideal
structure (0.54 eV).

At the (001) twin boundaries, it was established a
pronounced segregation of sodium atoms, which are
present in the material as an impurity. Also, the presence
of transition metal atoms, which can form a monolayer
around the plane of the twin boundary, was revealed.
When a monolayer of transition metal atoms is formed,
such boundaries become impermeable to lithium atoms,
which significantly affects the operation of the cathode
material. Estimations based on the calculated migration
barriers of Li showed that the share of such boundaries
in 0.1% can completely block the diffusion of lithium
along the [001] direction. The results of the work have a
great practical importance, pointing to further ways to
optimize the microstructure of lithium-enriched layered
oxides for cathode materials of new generation lithium-
ion batteries.

The work was supported by the Russian Science
Foundation (20-43-01012).
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YaensHas 3HeproéMKoCcTb AKKyMyNSTOpd Ha

envHu1uy ero maccel (Btu/kr) unm o6véma (Btu/ n)
SIBJISeTCS BAXHEMNLEN XAPAKTEPMCTUKOM, BO MHOFOM
onpeaensioLeli NPUrogHOCTs AKKYMyNSTOPA ANs TOro
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MU MHoro npumerenms. Kpome toro, B cnyyae nntmii-
MOHHBIX akkymynsTopoe (JIMA) nosbiweHne yaenbHoi
5HEPro&éMKOCTH 4aCTO NO3BOMSAET CHU3UT CTOMMOCTD
akkyMmynsTopos 3d kKBtu. Xots Beicokoémkme JINA He
SABNSIOTCS YHUBEPCANBHLIMM, U MX 3apsaHble/ paspsaHble
TOKM M PECypChl MO LMKIMPOBAHMIO MOTYT OKA3ATbCS
HEAOCTATOYHBIMM AJ11 HEKOTOPbIX MPUMEHEHMH, CNpoc
HQ TAKME AKKYMynsTopbl cTabunbHo Bbicokmit. Mo atnm
npuunHam cozaanue JIMA c ysenmueHHo yaenbHOM
3HEepro&MKoCTbIO («BbICOKOBMKMX») SBNAETCH OAHOM U3
FNOBHBIX LENEeN MccnefoBaTenei U MHKEHEepPOB, 3AHATBIX
B 5TOM obnactu.

Pabotsl no yeennuenuio yaenbHoit sHeproémkoctn JINA
HAMPOBAEHbI, B NEPBYIO OYepefpb, HA COBEPLLIEHCTBOBAHME
aneKkTpoAHbIX MaTepuanos. Tak, B TedeHue nocneaHNX
5-7 net 6bin BOCTUTHYT BEYATASIOLMIA NpOrpecc B
yny4lleHUM XAPAKTEPUCTUK NUTHI-XKene30¢hocdaTHbiX
KATOA0B, YTO MO3BOAMIO MOBBLICUTb YAEMbHYO
sHeproémkocTb kommepyecknx JIMA c Takumu katopamu B
nontopa pasa ao ypoeHs 160-180 Bru/«r.
CoBpeMeHHble cepMMHO NPOM3BOAMMbIE BbICOKOEMKME
JIMA c kaTopamMM Ha OCHOBE CMELLAHHBIX OKCHAOB
MeTannoe AEeMOHCTPUPYIOT yAeNbHbIE SHEPrOEMKOCTH A0
250-270 Bru/ kr. Avoabl Takmux JIMA copepxat KpemHMii.
Tak, B aHope nonynspHoro akkymynstopa LG INR18650
MJ1 copepxaHue kpeMHus cocTasnsiet okono 5%.

Ona cospanmsa JIMA c ewé 6onee BbicokoM
3HEeproéMKocTbio paspabaTeiBalOTCS HOBbIE AKTUBHbIE
Mmarepuansl Ans OTPULATENLHOTO U NOMOXMUTENBHOTO
3NeKTPOAQ, HOBbIE MIEKTPONMTLI, HO OCHOBHOM
nporpecc CBA3aH C NOMYyYEHUEM YCTOHUMBLIX K
LMKIMPOBAHMIO KPEMHMEBbIX M JIUTUIA-METANNYECKNX
anopos. Mpu 3TOM Ans KPEMHUEBBIX AHOAOB
NPUMeHseTcs NpenuTMpoBaHue (BHeapeHHe NUTHS K3
BHELLHWX MCTO4HMKOB). Bce onepaummn c KpeMHUEBbIMM 1
NUTUIA-METANNNYECKUMM AHOJAMM AOMKHBI NPOBOAMTLCS
B atmMocdepe MHEPTHOrO ra3d, YTO 3HAYMTENBHO
YCNOXHSIET M YROPOXAET NPOU3BOACTBEHHDIM NpoLiecc.
Moatomy Takme JINA BoinyckaloTcs, B nyuwem ciyyae,
HeBONbLIMMK CEPUSIMM, U UX MPUMEHEHME OFPUHMYEHO.
C 1cnonb3oBAHMEM KAK YUCTO KPEMHUEBBIX, TAK

U NUTMIA-MeTannM4Yecknx aHopos cospatsl JIMA ¢
yAenbHOM aHeproémkocTbio, npesbilwatowein 400
Btu/kr n obnapaiowmx npuemnembiMm 3apagHbimm,/
pa3psAHBIMUA TOKOMM M PECYPCOM MO LIMKITMPOBAHMIO.
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HutesuaHbie HaHOCTpYKTypbI repmatms (Ge) aenstotes
NepCcneKTUBHBIM MATEPUAOM AJISl OTPULATENLHOTO
anekTpoaa nutuii-mottoro (JIMA) u Hatpuit-monHoro
akkymynstopos (HUA) [1]. OgHako, HecMoTps

HQ BbICOKME SNEKTPOXMMUYECKME XOPAKTEPUCTUKM
TAKMX CTPYKTYP, BO3MOXHbIE METOABI NONYYEHMs
(xummnueckoe ocaxpenns n3 napoeoit passi,
TEPMMYECKOro UCMApeHne, OCAXAEHHE U3 NAPOBOM
$ba3bl € UCTOYHUKOM KPUTUHECKOM XMAKOCTH,
MONEKynApHO-Ny4eBas 3MUTAKCHS) ABASIOTCS
BbICOKO3HEPro3aTpaTHbIMM, TEXHONOMMYECKM CIOXHBIMM,
B MpoLecce TaKXe 0BbIYHO MCMONb3YIOTCS TOKCUYHbIE

u orHeonacHsle rassl. Kpome Toro, Metoppl sBnsitotcs
BbICOKOTEMMEPATYPHBIMM, YTO OFPAHUYMBAET CNEKTP
MCMONb3yeMbIX NOANOXEK.

Taknm 06pa3om, ¢ ofHOM CTOPOHDI, COBOKYMHOCTb
ACGHHBIX PAKTOPOB OrPAHUYUBAET NPUMEHEHHE
HUTeBMAHBIX HaHOCTPYKTYp Ge B KauecTse

3¢ EeKTMBHOro MATEPUANA OTPHLIATENLHOIO 3MeKTPOAd
JINA v HUA. C ppyroit ctopoHbl, NpPOAEMOHCTPUMPOBAHA
BO3MOXHOCTb 3/1EKTPOXMMMUYECKOTO OCAXAEHMS
HUTEBMAHBIX HOHOCTPYKTYp Ge 13 BOAHBIX pACTBOPOB
GeO, npu KOMHATHOM TeMNepaType C UCMONb30BAHMEM
nerkonnaekoro Metanna [2]. Metann cnyxur
3NEeKTPOAOM ANs BOCCTAHOBNEHUs MoHoB Ge ao
ATOMAPHOTO COCTOSHUA € 06pa3oBAHMEM pacniaBa
3BTeKTMuYecKoro coctasa. B ceoio ouepepp, HenpepbiBHAs
peaKums KATOAHOro BOCCTAHOBNEHUs obecneunsaet
KOHLLEHTPAULMOHHOE NepechileHne PACnIaBd ATOMAMM
Ge, B pesynbTarte npoucxoanT GOpMUPOBAHUE NNEHKM
Ge Ha rpanuue pacnnas/ kpuctani.

B HacToswei paboTe paccmatpusatotes 0cobeHHOCTH
dbopmupoBaHms HUTeBMAHBIX MaccuBoe Ge, a Takxe
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CYMMMPYIOTCS UCCNEAO0BAHMS MO MPUMEHEHMIO TAKMX
CTPYKTYP B KOYECTBE OTPULIATENbHBIX 3N1EKTPOAOB
AIUTUI-MOHHBIX M HATPUM-MOHHBIX AKKYMYNSTOPOB.
MccnepoBanue BoinonHeHo Npu pUHAHCOBOM NoaAepXKe
PO DU e pamkax HayuHoro npoekta N219-38-60058.
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Li-rich complex oxides Li,, M, O, (M — metal

cations) with rock-salt based structures are intensively
investigated as positive electrodes (cathodes) for Li-ion
batteries, capable of delivering record electrochemical
capacities of > 270 mAh/g. The combined contributions
of the cationic and anionic redox processes in such
materials result in a high total electrochemical capacity,
being at the same time at the origin of various
detrimental phenomena, such as voltage fade and
hysteresis, capacity fade and sluggish kinetics [1].
Among Li-rich oxides, Li,MoO, looks truly special.
From the electrochemical point of view, its galvanostatic
charge-discharge profiles are somewhat similar to those
of Li-rich NMC Li4/3_xNi2+an‘“2/3_xCo3+xOZ oxides.
However, in Li,MoO, the entire electrochemical capacity
of 190-250 mAh/ g is solely attributed to the redox
activity of the Mo cations [2]. This makes this material

a model system to improve our understanding of the
intricate electrochemical behavior of Li-rich oxides,
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particularly, the role of the anionic redox, based on a
comparison between Li,MoO, where the anionic redox
is inactive and the other oxides of this family in which it
provides a substantial contribution.

Within this work, we demonstrate that the chemistry

of Li,MoO, is much more sophisticated than it has

been assumed before. Our results show that this
compound possesses a substantial non-stoichiometry
with a variation of the Li and Mo content resulting in

the Li,, Mo, O, (-0.037<x<0.124) solid solutions. The
solid solutions adopt a monoclinically distorted O,-type
layered average structure and demonstrate a robust
local ordering of the Li cations and Mo, triangular
clusters within the mixed Li/ Mo cationic layers. The local
structure was scrutinized in detail by electron diffraction
and aberration-corrected scanning transmission electron
microcopy (STEM) resulting in an ordering model
comprising a uniform distribution of the Mo, clusters
compatible with local electroneutrality and chemical
composition. In addition, according to the temperature-
dependent SXPD experiments, these triangular Mo
clusters are thermally stable and withstand up to

the thermal decomposition of the Li,, Mo, O, solid
solutions. Being tested as cathode materials in Li

cells, Li,, Mo, O, demonstrates a peculiar staircase
first charge profile with two pseudo-plateaus, whose
relative contribution is strongly affected by the synthesis
temperature. According to DFT/DFT+U calculations,
these pseudo-plateaus arise from the oxidation of Mo,
clusters, leading to the bent Mo3 chains and then to
their decomposition into Mo2 dimers and Mo6+ cations.
This research was funded by the Russian Science
Foundation, grant #20-43-01012.
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B cBs13u c 6onbLION HOMEHKNATY PO OKONO3EMHbIX
kocmuuecknx annapatos (KA), ans noctpoenms nx
cncTeM anektpocHabxenuns (CIC) Tpebyercs wmpokmi
TMNOpPA3MepHbIi Psa akKyMynsTtopHbix 6artapeit (AB).
HeobxoanmocTs yBennueHne cpoka cnyx6el go 7 u
6onee net ans Ab HuskoopbutansHeix KA u 20 net ans
AB reocrauponapHbix KA npu coxpaHeHuu ebicokoi
HOAEXHOCTM M OTKA30YCTOHYMBOCTHU B YCNOBMSIX B
YCNOBMSIX OTKPBITOro KOCMUYECKOro NMPOCTPAHCTEA,
NPUBOAMT K HEOBXOAMMOCTU Peann3aumm HOBbIX
noaxopoe k paspabotke Ab ana CIC KA.

Onbit skcnnyaraumumn u npoektupoeanmns Ab KA AO
«Kopnopauus «<BHUMIM» nokasan nepcnektMsHocTs
NPUMEHEHMS MHAYCTPUANbHBIX TMTUM-MOHHbIX
akkymynstopos (JIMA) otHocutensHo Hebonbwoit (go
5 A ¢ 4) emkocTH 6e3 MCMONb3OBAHMS HyBCTBUTENbHBIX K
BO3A,EMCTBUIO MOHM3NPYIOLMX PAKTOPOB KOCMUYECKOTO
MPOCTPAHCTBA MMKPOMNPOLIECCOPHBIX CUCTEM KOHTPOSS
u ynpasnenus. Tpebyembiit ypoBeHb HOAEXHOCTH

u oTkasoycroitumsoctn Ab npu skcnnyaraumm B
cocraee KA. pocturaercs 3a c4éT UCnonb3oBAHMS
MAnoYyBCTBUTENbHBIX K OTKA3AM €AMHUYHBIX
QKKYMYnNSTOPOB 3NEeKTPUYECKMX KoHPUrypaumi Ab

M CXEMOTEXHUYECKMX peLueHui, obecneunsatowmx
QBTOMATHYECKOE MX NapupoBaHue 6e3 npumMeHeHus

B coctase Ab noasepxeHHbIX paauaumoHHoMy
BO3AEMCTBUIO 3NEKTPOHHBbIX KOMMoHeHToB [1].

B [2] npeanoxeHa Hoeas (SPS) anekTpuueckas
koHurypaums Ab 1 yHHBepcanbHas KOHCTPYKLMS
QKKYMYnSTOpPHbIX Mogynei Ha 6ase LMnuMHapUYecKUX
JINA rabapura 18650, nossonsiowen Ha 6ase
OfHOro TMNOPA3MepPa AKKYMyNSTOpa CO3AABATH
napameTpuyeckue psiabl KOHCTPYKTUBHO-
YHUPUUMPOBAHHBIX HU3KOBONBTHBIX AB B pasnuuHbix
3NEeKTPUYECKUX KOHPUIYPALMSX SHEPrOEMKOCTbIO

ot 0,6 kBry po 2,3 kBry nytem nameHeHus Tonbko
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NONSIPHOCTM YCTAHOBKM M KOJIMHECTBA BEPTMKANbHBIX
u ropuaoHTanbHbix pspos JIMA, a Takxe reomeTpuu
TOKOCGOPHBIX LWMH M NEepeMbIYeK.

Ilns NpoeKTUPOBAHMS BLICOKOIHEPTOEMKMX M
BbICOKOBOMBbTHBIX AB HaMM peannsoBaHo ux BroyHo-
MogaynbHOe NOCTPpOoeHME NyTeM COEAMHEHMS NO
napanienbHoM, NOCNefoBATENbHOM MM NAPAIeNbHO-
nocnepoBaTenbHOM cxeme HeobxoaMMoro KonuuecTsa
6arapeiiHbix 610KOB, NPOLIEAWMX HO3EMHYIO

M HATYPHYIO 3KCMEPUMEHTANBHYIO OTPABOTKY M
YHUPULUMPOBAHHBIX C TOUKM 3PEHMS YCIIOBMIA M PEXHUMOB
aKcnnyaraumu B cocrase wupokoro cnektpa KA.

Takoit noaxop k cospanmio Ab nossonset ynyuwmts

MX TEXHWMKO-IKCMYATALMOHHbIE NOKA3ATENM, A TAKXKE
CyLIeCTBEHHO COKPATUTb CPOKM U TPYAOEMKOCTD
paspabotku Hoebix Ab 3a cueT ucnonb3osaHms
OTpOsOTCIHHbIX TUMNOBbIX CXEMOTEXHUYECKMUX U
KOHCTPYKTOPCKMX peLUeHMA.
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AntpaxuHoH-2,7-aucynsbokucnota (2,7-AQDS) - ato
OAHO M3 CaMBIX MHOFOOBeLaloWwMX 3NeKTPOaKTMBHBIX
COepMHEHNM, NOAXOASLLMX ANS CO3[AHMS
OPFaHWYECKOro HEronMTa NPOTOUHLIX pepok-6arapeit
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(MPB) — nepcnekT1BHOM TexHONOrMM 3 EKTUBHBIX
KpynHomacwTtabHeix HakonuTtenei sHeprum [1]. Opxako,
€ro MCronb3oBAHUE OFPAHMYEHO BLICOKOH CTOMMOCTLIO B
ounueHHom Buae. OfHOBPEMEHHO C 3TUM M3BECTHO, YTO
2,7-AQDS MOXHO Noy41TL B COCTABE CMECH C APYTMMM
cynb¢ponpon3BoAHbIMM QHTPAXMHOHA 3a CHET NPOCTOM
peakumu cynbpupoBaAHMS AHTPAXMHOHA B oneyMe. Panee
6biNa NOKA3AHO, YTO TAKAsS CMech MOXeT paboTath B
KauecTse HeronuTa aHtTpaxuHoH-6pomuont MPB [2].
MpeacraBneHHas paboTa NOCBALWEHA U3YHEHMIO
BO3MOXHOCTEN ONTUMM3ALMM COCTABA HEOUMLLLEHHBIX
cMmeceit. [poBeneHa cepusi CUHTE30B M M3YYEHO BAMSIHUE
MX ycnoeui (3arpyska Belects, NPOAOMKUTENLHOCTb

M TeMNepaTypa cynbprUpPOBAHMS) HA U3OMEPHBIH

cocras cmeceit. CcTeMaTMyeCKM OXAPAKTEPU3OBAHO
MX peAoKCc-NoBeeHue, a TAKXKe OLeHEeHbI KIoYeBble
xapakrtepuctkn ABINPB, ncnonb3aytowmx aaHHbIe
CMecH M NOoKA3aHO, 4YTo oHu He ycrynaioT ABIPB ¢
unctom 2,7-AQDS. Tak, nyuwas cMecb € MUHUMANbHBIM
C CYMMOpPHOM KOHLLeHTpaumeit CysnbGonpon3BOaHbIX
0.1M obecneunna ABIPB co cnepytowmmu meTpukamu:
yaenbHas mowHocTs 183 MBT/ cm?, aHepreTuueckas
adbbekTBHOCTS (NP NnoTHOCTH Toka 75 MA/ cm?) —
76.4 %, ko3 d1LMeHT yaepkaHus EmkocTn — 99.96 %.
MakcnmanbHas e KOHULEHTPALMs Cynbponpon3BOAHBIX
B CMHTE3MPOBAHHLIX cMecsix coctasnana 1.1M, yto B
NepecueTe HA yAenbHyIO EMKOCTb AAET okono 59 A-u/n.
Takxe NOMMMO BbICOKOM CTOUMOCTH NMPUMEHUMOCTb
HEroNMTOB HA OCHOBE CyNb¢dONPOM3BOAHDIX
QHTPAXMHOHA OrPUHMYMBAET MX CKIOHHOCTb K
no6ou4HbIMM peakumnam (06pas3oBaHMe XMHIMAPOHHBIX
KOM1EKCOB, AMCNPONOPLMOHMPOBAHME C
06pa30BAHMEM QHTPOHA M T.A.), NPUBOAALLMM

K YXYALWEHHUIO PefoKC-CTaBUBHOCTH, O TAaKXe
SHepreTMyeckoi 3¢ PeKTMBHOCTU HaKONUTENEN
sHepruu. B panHoit pabore usyuaercs

BO3MOXHOCTb MMHUMM3ALMM POSIU STUX PEAKLIMIA

30 c4E€T cynpamoneKynspHor ¢pyHKLMOHANU3ALMM
NPOM3BOAHLIX AHTPAXMHOHA MOJSIMINEKTPOSIUTOM
pDADMAC 1 nokasaHo, 4To € MOMOLLBIO TAKOTO
MPOCTOro NOAXOAA MOXHO B pA3bl MOHU3UTb KOHCTAHTY
06pAa30BAHMS XMHIMAPOHHOrO KOMMNEKCA.

Pabota BeinonHeHa npu GpuHAHCOBOI NoaaepxKe
Crnenpmu npesnpenta PO gns Monogbix yuéHbix

Cn-3759.2021.1
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Application of Li-metal negative electrodes free of

any extra weight associated with the host materials

such as graphite or silicon is one of the promising

ways of enhancing modern lithium batteries. However,
this seemingly straightforward approach is hindered

by the morphological instability of lithium during its
electrodeposition upon charge cycle [1]. The growth of
fibrous crystals knowns as ‘whiskers’ or ‘dendrites’ leads
to rapid capacity fading due to the formation of ‘dead
lithium’ and short-circuiting of lithium-metal batteries.
Despite the urgency of the problem the underlying
mechanism of whisker growth is still questionable. The
most realistic of the proposed models (e.g. [2]) suggest
stress relief by the insertion of atoms into the base of a
growing whisker by analogy with tin whiskers growth.
Thus, the growth regime is tightly bound to mass transfer
of freshly deposited lithium toward the whisker root.
Therefore, we employed molecular dynamic (MD)
simulations to investigate the contribution of defects,
such as grain boundaries (GB) and interstitial atoms, to
lithium self-diffusion rate.

The simulation results predict liquefied statute of lithium
twist grain boundaries at room temperature [3].
Particularly, modeling (100) twist X5 GB yields high
diffusion coefficient of GB atoms - 3 * 10cm?/s, which
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is comparable to that of supercooled liquid lithium. A
simulation procedure that includes continuous insertion
of extra atoms into the GB region enabled explicit
modeling of lithium crystallite growth via absorption
of newly deposited atoms at the grain boundary

and their subsequent building into the crystal lattice.
Simulations of interstitial atom mobility suggest that such
defects predominantly propagate along <111> axes
resulting in highly correlated motion. Non-Arrhenius
temperature dependence of individual hops frequency
suggests low-barrier regime of diffusion along <111>
axes. Generalization of the obtained results enables
quantitative description of mass transfer process
feeding the whisker growth. The work was supported
by the Russian Federation President grant N MK
3049.2022.1.3 (075-15-2022-369).
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Electric vehicle (EV) today is a popular symbol of shift
toward environmentally friendly society and sustainability.
The EV market growth was driven by a complex of
ecological, political, and economical reasons [1,2], but
there is a critical element without which there would be

no prospects for electric vehicles. The invention and mass
production of lithium batteries in the 1990s sparked a
resurgence in electric vehicles that took place two decades
later in the early 2010s. Nowadays, after more than a
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decade of steady EV market growth, there is a question
how this growth influences the lithium battery industry?
What challenges it poses for lithium battery society?

Are there technologies that can change the rules of the
game? All solid-state batteries, beyond-lithium batteries,
multivalent ion batteries, “million-miles” battery, lithium
battery recycling or something else? Let's try to consider
lithium battery research from the industrial point of view.
This work was performed within the Ministry of Science
and Higher Education of the Russian Federation State

Task FEUZ-2020-0054.
References:
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2. Pelegov, D. V.; Eremenko G. A. // Econ. Reg. 2020,
16, 921-34.
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The method of the distribution of relaxation times

(DRT) is a relatively new approach to the analysis of
electrochemical impedance spectra of various systems
[1-3]. lts main advantage is that, unlike traditional
impedance fitting, it does not require a-priori selection of
an equivalent circuit, which may be a quite controversial
choice for many systems and may even compromise

the validity of the results obtained using such analysis.
Whereas the theoretical basis of the DRT method is quite
well substantiated in the works of various authors, there
is still lack of studies that could provide further validation
of this method by applying it to practical systems and
checking if the results obtained using this method have a
clear physical meaning and agree with the existing data.
In this work, we applied the DRT method to the analysis of
the impedance data for lithium-ion batteries. The impedance
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spectra were obtained for several practical systems by
varying such factors as the composition of the electrodes,
methods of their preparation, battery state of charge, etc.
The experimental impedance spectra were then analyzed
using the DRT method and the results were compared
with the data known for such systems from the literature
and general considerations. The comparison shows that
the results of the DRT analysis agree quite well with the
available literature data and therefore this method can be
recommended as a valuable tool for the analysis of the
impedance data for batteries and similar practical systems.
The work was supported by the Russian Science
Foundation, project 17-73-30006-P.
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Bospacratowme TpeboBaHms K yaenbHoH eMKoCTH
YCTPOMCTB AN XPAUHEHUs SHeprun TpebytoT
pa3paboTku HOBbIX 3NEKTPOAHbIX MaTepuanos. B
KA4yecTBe QHOAHOrO MATEPMANA ANS IMTMIA-MOHHbIX
MCTOYHMKOB TOKO HOBOTO MOKOJMIEHWS PACCMATPUBAETCS
kpeMHui. OH obnapaeTt oYeHb BbICOKOM yaesbHOM
émkoctbio (8o 4200 MAu/r) no cpaeHeHHIo ¢
ucnonb3yeMbiM B HacToswee Bpems rpadutom (370
MAu/r). OpHAKO BOCTMYL CTONb BLICOKMX EMKOCTEH Ans
KPeMHMsSI BO3MOXHO TOJILKO NPM O4YEHb MANOM 3arpyske
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QKTMBHOrO MaTepuana, B 6onbWKMHCTBE Cy4aes
He npesbiwaiowei 1,5 mr/cm? [1], B To Bpems kak
yAenbHQs 3arpy3Ka UCMOMb3yeMOoro B HacTosLee
rpaduta gocturaer 10 mr/ cm?. Kpome Toro,
obbémHoe pacwmpetmne ao 400%, no cpasHeHuto
¢ 10% y rpaduta, u BeicTpoe napeHne EMKOCTH
NpensTcTBYEeT BHEAPEHUIO KPEMHMS B YUCTOM BUAE.
UcnonbsoeaHue rpaduta B Kayectse MATpULbl ANs
4ACTUL, KPEMHMS SABASIETCS OAHMM U3 BO3MOXHbIX
nyTen peweHus npobnemsi.

B kayecTBe MCTOUYHMKA KPEMHMS B AHHOM

paboTe UCnonb3oBaHbl CyOMUKPOHHbIE YOCTULbI

B pOpMe BONOKOH M U, NOMyYEHHbIE METOAOM
3NeKTPOOCAXAEHMS NP1 MOCTOSAHHOM NOTEHUMAne
HQ CTEKNOYINEePOAHOM 3/1EKTPOAE M3 pacnnasa
copepxawero KCl, K.SiF, c u 6e3 pobasnetus SiO,
[2]. Ucnbitanns mateprana nposoaunnm B coctaee
MONy3feMeHTA C MUTUEBbIM MPOTUBOSNEKTPOAOM, ANs
M3rOTOBMEHMs 3N1EKTPOAHOM NACTBI UCNOMbL3OBANM
KoMMepYecKuit rpaduT ¢ gobasneHmem
cuHTE3upoBaHHoro kpemHus ot 0 ao 20% mac.,
nonumepHoe ceasyiowee (10 % mac.), auetuneHosyio
caxy (10% mac.). Ucnbitanmns nposogunm
ranbBAHOCTATUYECKUM METOAOM C NEPUOAUYECKUM
KOHTPOJIEM COCTOSIHUS CUCTEMbI METOL,OM
3/1EKTPOXMMMYECKOM MMNEAAHCHOM CNeKTPOCKOMNMM.
Ho6aeneHue yactuuy kpemuus ot 0 go 15% mac.
NPUBOAMT K IMHEHHOMY YBENMUYEHMIO EMKOCTH
aHogHoro Matepuana. YsennueHne copepX anus
KPEMHMs B COCTABE QHOAA HEraTMBHO CKA3bIBAETCS
Mnpu yBeNMYeHUM paspsigHoOro Toka — Habnopaertcs
GonbLuiee (B NpoLeHTHOM OTHOLWEHWHM) naaeHue
émkocti. PopmMa MCronb3OBAHHBIX YACTUL, KPEMHMS
okasbiBaeT cnaboe BAMsHME HO EMKOCTHbIE
XAPAKTEPUCTMKU U HOPMY pa3psAHON KPUBOH,
OfHAKO UMbl AAIOT 6onblumit 3¢ PeKT € TOUKM 3peHus
AonrospemeHHoi crabunbHocty. MageHne émkocTu He
npessiwaet 16% oT uamepeHHoro makcumyma (792
MAuY/1 ans 20% mac. Si) k 100-my umnkny ans murn u
pocturaet 27 % pns BONOKOH.

Pabota BbinonHeHa B pamkax cornaiueHms
N2075-03-2022-011 ot 14.01.2022
(FEUZ-2020-0037)
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Lithium-ion batteries (LIBs) are the most widely used
electrochemical energy storage system due to their

high reversible capacity and excellent rate stability. In
recent years, sodium-ion batteries (SIBs) have been
extensively investigated as alternatives to LIBs because
sodium resources are low cost and naturally abundant.
The development of appropriate anode materials,

which provide high sodium storage capacity, fastion
diffusion and long cycling performance, is crucial for
the realization of the practical application of low cost
sodium-ion batteries. Porous nitrogen-doped carbon is
one of a promising candidate as anode materials for the
mass production of lithium- and sodium-ion batteries.
Nitrogen doping of carbon materials has shown
improved performance in LIBs and SIBs because inserted
nitrogen atoms increases the electrical conductivity,
defectiveness, porosity, and reduces the volume
expansion. Herein, a simple template-assisted synthesis
of porous nitrogen-doped carbon materials with a high
content of mesopores and specific surface area by CVD-
deposition of acetonitrile vapor on the pyrolysis products
of calcium carbonate salts has been developed.

Herein, the strategies of various chemical
functionalization of the produced porous nitrogen-
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doped carbon material using hydrothermal activation,
potassium hydroxide assisted activation, bromination
and metal nanoparticles etching were used to improve its
electrochemical performance in alkali metal-ion batteries.
The electron microscopy, Raman scattering, nitrogen

gas adsorption, X-ray photoelectron spectroscopy and
near-edge X-ray absorption fine structure spectroscopy
were applied to study the morphology, composition and
structure of the samples. The electrochemical testing of
the carbon electrodes in LIBs and SIBs are examined

in a half-cell configuration with sodium metal counter
electrode in the voltage range of 0.01-2.5 V. We showed
that carbon electrodes possess the surface adsorption
behavior of both lithium and sodium storage in the
medium-potential sloping regions on the experimental
discharge —charge curves. The defects, pores and

some functional groups increase the capacity of the
porous nitrogen-doped carbon electrodes. The highest
sodium storage capacity of 330-216 mAh/ g at current
densities of 0.05-1 A/ g was found for the brominated
samples due to the reversible adsorption/ desorption of
sodium ions near bromine covalently bonded to carbon
and near intercalated bromine molecules. The lithium
capacity of brominated samples during testing in LIBs
varies from 840 to 446 mAh/ g with decreasing current
density from 0.05t0 1 A/g.

The work was financially supported by the Russian
Science Foundation (grant 19-73-10068).
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Recently a rapid technological progress in various
fields of industry and daily life has been driven by
miniaturization of electronics. Components such as
medical devices, logic and memory circuits, and various
sensors have been drastically reduced to smaller
dimensions with vastly improved performance. Limited
performance of batteries is one of the most critical
problems to be tackled for sustainable technological
advances and to allow for further development of
novel and future technologies. Lithium-ion batteries
(LIBs) exhibit excellent cycle performance and high
energy capacity and thus are the best choice to power
miniaturized devices. However, the current architecture
used in LIBs’ electrodes limits the energy and power
densities in electrodes. Furthermore, safety issues
arising from flammable liquid electrolytes and lithium
dendrite growth upon cycling still remain as the major
challenges for implementation of LIBs in this area.
Advanced architectures and materials are needed to
design high performance LIBs with increased energy
storage capacity per unit volume while maintaining a
small footprint area. Recently, 3D solid-state batteries
with enhanced energy and power densities are
receiving great attention due to their intrinsic safety
and great flexibility in device design and integration.
Nonetheless, the fabrication of 3D solid state batteries
has been a formidable challenge due to the limitation of
conventional thin-film techniques.
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In this work, we focus on development of 3D solid-state
battery fabricated by magnetron sputtering, coating of
conformal and pinhole-free solid polymer electrolyte.
We report a unique 3D anode and cathode fabricated
by thermal treatment after magnetron sputtering and
coated with polymer layers by a facile dip-coating
method. The polymer film on the surface of the anode
and cathode was activated by adding 4-5 drops of in 1
M LiPF, electrolyte solution of EC and DMC [1:1 (v/v)
ratio] to get polymer electrolyte.
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As the safety and longevity of the li-ion batteries are the
main problems, the precise and reliable assessment of the
state of health (SOH) and the state of charge (SOC) of the
battery is an important issue in the battery management
system (BMS). The main goal of this research work is to
create the model for the assessment of the SOH and SOC of
the NCR18650 PANASONIC cylindrical battery based on
thermodynamics parameters such as enthalpy and entropy.
According to the literature review, many scientists use
various SOH and SOC assessment techniques based on
the electrochemical model, the equivalent circuit model,
and the machine learning method [1]. But there are still
some problems related to the precise estimation of the
battery's state.

The cycling aging of the battery depends on the

various parameters of cycling such as the number of

YCTHBIE JOKNALbI



cycles, C-rate, the depth of discharge (DOD), and

the temperature [2]. In this research, the enthalpy

and entropy profiles of the NCR18650 PANASONIC
cylindrical battery were studied at various aging states
of the battery. The various aging states of the battery
were obtained by cycling the battery at a different
number of cycles and C - rates.

The obtained data of the enthalpy and entropy of the
battery at the appropriate state was fitted by the linear
regression model proposed by Rachid Yazami [3]. The
model is well described in the following equation:

SOC=a + [}(K*mol)/J AS + y[mol/kJ] AH

where o, and ¥ coefficients depend on the SOH and
nature of the battery.

Moreover, the physical meaning of a,} and ¥
coefficients was also studied to develop the SOH and
SOC assessment method.
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Bcé Bonbluee BHUMAHWE NPUBAEKAIOT METANM -MOHHbIE
QKKYMYNSTOPbI C BOAHBIMU 3IEKTPONIUTAMM M, B
YACTHOCTH, LMHK-MOHHbIE AKKYMYNSITOPbI BBUAY TAKMX
NPenMyLLLECTB, KAK 3KONOrMYHOCTb, besonacHocTb

1 Bonee HU3KAS LLEHA MO CPABHEHMIO C IUTHIA-

MOHHBIMM AKKYMYNSITOPAMM, BbICOKAsi 06bEMHAS

M rpaBMMETPMYECKAs eMKOCTb LIMHKOBOTO AHOAA

(5855 MAu/ cm3 1 820 mAu/r). Katogsl Ha ocHose
oKcMAaa BaHaaus o6ecneynBaloT BbICOKYHO EMKOCTb

M XOpOLUYIO NPOU3BOAMTENBHOCTb B LIMHK-MOHHBIX
akkymynstopax. OfHaKo, NpoaneHne Ux LUKIMYeCcKoro
pecypca M coKpalLeHWs BpEMEHU AKTMBALMMK ANs
AOCTMXEHMS BLICOKOH €MKOCTM HA CTApTe SABASIOTCS
BOXKHbIMM 3aaa4aMn. Hamu 6binn cuHTe3MpoBaHs
KOMNo3uThl okcup, BaHaams/ PEDOT e xope npocTtoro
OHOCTAAMMHOTO CUHTE3A C MOMOLLbIO MUKPOBOJTHOBOTO
usnyuenus [1] 8 aByx TemneparypHbix pexxumax 120°C
n 170°C 1 npoTtecTMpoBaHbI B Ka4ecTBe KATOAOB B
BOAHbIX LIMHK-MOHHBIX BaTapesix.

Hamu ycraHoeneHo, 4To anekTpoxmMMmmyeckue

CBOMCTBA KOMMO3MTOB HA OCHOBE OKCMAO BAHAAMS

1 PEDOT vyBcTBMTENBHBI K TEMNEPATYPE CUMHTE3A.
Komnosutsl, nony4enteie npu 120 °C, nemoHcTpupytot
BbIAAIOLLYIOCS YAENbHYIO EMKOCTb, LMKIIMHECKYIO
cTrabunbHOCTh M paboTocnocobHOCTb NPU BbICOKMX
tokax (390 MA-wr! npu 0.3 A" u npesbiwenne 100%
HauyanbHol &mkoctn nocne 1000 umknos sapsaa/
pazpsaa; 101 MA-4r™' npu BLICOKOM NAOTHOCTH

Toka 20 Ar'), npeBocxoas anekTpoapl Ha OCHOBE
QHANOTMYHOTO KOMMO3MTA, NONy4YeHHOro npu Gonee
Bbicokoit Temneparype 170 °C. B otnnuue ot katoaa

Ha ocHose ucxoaHoro V,O, obbiuHo Habnoaaemsli ans
TAKMX MATEPMANOB NPOLLECC OKTUBALMM A1 KOMMO3UTOB
¢ PEDOT npaktuueckmn otcytcrsosan. C nomoLubio
CTPYKTYPHO-XMMMUYECKMX METOLOB OnpeaeneHa
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CTPYKTYPQ KOMMO3MUTOB, OHQ BK/IOYAET MOHbI BAHAAMS
CMEeLIOHHOM BANEHTHOCTU M CTPYKTYPHbIE MOMEKY bl
BOAbI, koTopele, Hapaay c nonumepom PEDOT,
obneruaiot g dysuio Zn?'. PeHTreHOCTPY KTy pHBIi
aHanM3 3neKTpoaoB ex situ nokasan ¢pasoesie
NPeBpALLEHHs NPH PA3NMYHOM cTeneHn 3apaaa/
paspsaa M 0bpaTMMyto MHTEPKANSLMIO MOHOB

uMHKa B bopMHpyloLMecs CTaBUNbHbIE CTPYKTYPbI
nupoeaHaaadra umHka. Kpome Toro, seepeHne PEDOT
B CTPYKTYPY MATEPMANA NPensTCTBYET PACTBOPEHMIO
OKCMAA BAHOAMS B CTALMOHAPHBIX YCNOBUSIX, YTO
HeobXxoAMMO ANs ASIUTENBHOrO CPOKaA cyXbbi
3NeKTPOAOB.

Pa6ota BbinonHeHa npu nogaepxke rpanta PODU
N2 21-53-53012. AsTopbl BeipaxatoT 6narogapHOCTH
pecypcHbiM LeHTpam «PeHTreHoanppakuyoHHbie
MeTopabl uccneposanus», «HaHoTexHonorumny,
«TepMorpaBuMmeTpuIeckme U KaNop1MMeTprUeckue
MeTopbl uccnenosanus» u «Pusmueckme metogbl
uccnenosaHus nosepxHoctu» Hayunoro napka

cnery.
UcnonbsoBaHHas nuteparypa:
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Kale, B. B., Mandale, A. B., Sainker, S.R., ... &
Vijayamohanan, K. / / The Journal of Physical
Chemistry B 2004, 108(30), 10736-10742.
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B noknape paccMoTtpeHo BaMsiHME cONbBATHOrO
OKPYXEHMsl KATMOHA IUTUS B PASAMYHBIX AMPOTOHHBIX
PACTBOPUTENSIX HO INEKTPOXMMMUYECKYIO EMKOCTb
OPraHUYECKMX U HEOPTraHWMYECKUX SNEKTPOAOB.

B kauecTtse pactsoputeneit 6binm paccMoTpeHbI:
3TMneHKapboHaT, AMMeTMRKap6OHAT, AMOKCONAH,
AMMETOKCUITAH, FaMMA -6y TMPONaKToH u TeTparnum. B
kayectse conei ucnonszosanm LiBF,, LiPF, u LiTFSI.

B nepsoit yact poknapa nposeaeHo CPABHUTENbLHOE
U3y4YeHMEe BNMUSHMUS COCTABA XMAKMX JIUTUM-NPOBOAALLMX
3NEeKTPONMUTOB HA OKUCAUTENbHO-BOCCTAHOBUTESNbHBIE
peaKuMM 3NeKTPOAHOro MATEPMAN HA OCHOBE
NONMMEPHOro NPoAyKTA KOHAEHCALMM TPMXMHOMNA
c1,2,4,5-terpaamuHobenzonom (PTTA), kotopsii
TeopeTHyecku nopgepraeTcs 6-TM 3NEKTPOHHOM

penokc peakumu. MokasaHo, 4To B anekTponure
cocrasa 1M LiPF, B cMecu sTunenkapbonar/
amumetunkapbonar (1:1), Ha npakTike npoucxoput
TONbLKO OFHO 3NEeKTPOHHBIN nepexon, (125 MA4 /).

Mpu pobaske 5 mac.% 6eHszo-15-kpayH-5 B coctas
3NEeKTPONMUTA YAAETCS NOBBLICUTb EMKOCTb OPFraHUYECKOro
anektpopa noutv B 3 pasa (344 mAu/r) [1], as TM
pacteope LiPFé B Tetparnmme (aumetunossiit abup
TETPASTMNEHIIMKONS) YRAETCS pean1soBath 6-Tu
3NEeKTPOHHbIN NEPEXOf, C TEOPETUHECKOH eMKoCTbio 546
MAu/r[2].

Bo BTopoit yact1 poknapa Gypet paccMoTpeH Apyroi
npUMep BAMsHUS peconbeataumu. [na nyywei
COBMECTMMOCTM rPAHMLbI HOHOKOMMO3MTHBIN refb-
anektposmt / LiFePO, 6bina nposeeHa ontummaauus
COCTABA XMAKOTO 3neKTponuTta ans obpabotkm
noeepxHocTu katoaa. [okasaHo, 4To ans cospaHms
nepeXOAHOFO MOH'HPOBOASILU,GFO cnos ﬂy‘-ll.UMM ABNAETCA
1 M LiTFSI B cMecu amokconaH,/ aUMeTOKCHATAH
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(2:1), B To BpEMa KaK AN CUHTE3a NONUMEPHOTO
renb-anekTponuta 6uin ucnonssosax 1 M LiBF, & ramma-
6yTuponaktoHe [3].

Mpoeeas psp 3KCNEPUMEHTAMBHBIX M BbIYUCAUTENBHBIX
MCCNeaoBaHMid, Bbin cAENaH BbIBOA O TOM, YTO Npouecc
AECONbBATALMM KATUOHA SIUTUS SABNSETCS ORHUM U3
Hanbonee BaxHbIX GaKTOpoB Ans 3¢pPekTUBHON PaboTbi
3NEKTPOXMMMYECKOM CUCTEMbI B LIENOM.
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K VPO F with KTP-type structure (Pna2, space group)

was recently discovered and proved to be a promising
candidate for cathode material for rechargeable batteries
[1]. Vanadium metal is more widespread and less
poisonous than Co, which is usually present in batteries’
cathodes. Another expected advantage of KTP-type crystal
structure is high surface stability. At the moment, the state-
of-the-art cation-exchange methods allow to replace K* by
Li* entirely, allowing to produce new KTP-type material for
Li-ion batteries with LiVPO ,F composition. Yet, the specific
capacity of currently synthesized samples is twice lower
than the theoretical one.

As Li* cations have substantially smaller ionic radii than
K* cations, we may expect that Li positions in LiVPO F
structure are strongly different from that of K in KVPO F.
The low measured capacity can be caused by these new
positions of Li atoms and corresponding high migration
barriers. However, the experimental identification of Li
positions with XRD proved to be difficult. The study of
migration barriers with a reasonable amount of resources
and time can be done only with computational techniques
[2]. Additionally, the stability of LiVPO ,F compound is
essential for proper operation of a battery. If surface
reconstruction occurs in the material, the capacity can
decline rapidly upon cycling. Hence, LiVPO F cathode
will require further structure modifications.

In this work, we study the surface reconstruction of
LiVPO F cathode material (s.g. no. 33 Pna21) using

DFT calculations. Firstly, we find equilibrium positions of
conductive Li-ions in spatial cavities. Next, we construct a
phase diagram for the Li-V-P-O-F system and find ranges
of Li, V, P, O, and F chemical potentials corresponding to
the stability region of LiVPO F phase in agreement with
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experimental conditions. Further, we construct LiVPO F
slabs with free surfaces for several most important
orientations and terminations. Next, we calculate formation
energies for the constructed surfaces to study their stability.
In the last stage, we explore surface reconstruction using
the Monte-Carlo method to study spontaneous changes
that may occur at the LiVPO F surface.

The work was carried out with the support of the
Skoltech NGP program (Skoltech — MIT Joint Project).
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NASICON-structured Na,V,(PO ), is considered as

a cathode for sodium-ion batteries. The capability of
de/intercalation of more than two sodium ions per
formula unit could be provided by partial substitution
of vanadium by the metals in 2+ oxidation state. Such
materials of compositions Na,, V, Mex(PO,), (Me =
Mn, Mg, x=0.5, 1) demonstrate structural stability
and capacity retention after multiple charge/discharge
cycles, even at high current densities in the potential
window of 2.5-3.8 V with respect to Na/Na+, but only
with 2 sodium ions reversible de/intercalation.
However, the deintercalation of additional amount of
sodium ions accompanied with an increase of the anode
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potential limit above 3.8 V causes a loss of capacity on
subsequent cycling [1]. Yet, the increase of potential
hysteresis during subsequent cycling could be observed
in case of substitution of one vanadium atom per formula
unit. It was previously approved the degradation of
Na,VMn(PO,), correlates with the reduced values of the
calculated charge transfer rate constant and of the diffusion
of sodium ions what apparently caused by the formation
of a new amorphous phase at potentials above 3.8 V

[2]. Still, the degradation process, which is taken place

in potential window of 2.5 — 4.4 V is reversible. After the
discharge to 1.0 V the shape of the galvanostatic curves
returns to its origin. Furthermore, the cathode materials
when cycling in the most expanded potential range of 1.0
- 4.4V show the same capacity loss as for the 2.5-3.8 V.
The crystalographical insights on the nature of different
electrochemical kinetics of discussed set of materials
caused by extra sodium ions extraction and discharging
to 1.0 V could be manifested using operando and ex-
situ X-ray diffraction.

This is confirmed by ex situ diffraction studies of
electrodes based on Na,MnV(PO ), after cycling in
various charge-discharge modes .A capacity decrease
during cycling with the limit of the anode potential of
4.1V is accompanied by an increase in the proportion
of the sodium-deficient phase in the volume of the
material. Our study demonstrates that hysteretic
effects in Na,MnV(PO,), materials originate from the
thermodynamic instability of the deeply desodiated
material, rather than from the kinetic limitations due to
irreversible structural changes, as it was suggested in
previous studies.

The study was supported by the Russian Science
Foundation (Grant N2 17-73-30006-P).
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Catechol-containing redox polymers represent a
prominent class of energy storage materials due

to their outstanding theoretical energy density in
combination with ecological and safety benefits [1].
Various natural and synthetic catechol polymers are
implemented as cathode materials for different types of
rechargeable batteries and supercapacitors. Due to the
low conductivity of pristine polycatechols, the effective
utilization of their energy requires wiring between their
redox groups and the electrode surface, which can

be achieved by inclusion in the matrix of conductive
polymer (CP) [2]. To ensure the phase homogeneity of
such interpolymer material, the ability of CPs to attain
positive charge upon oxidation may be exploited.
Herein we report the synthesis, electrochemical and
energy storage properties of the materials composed of
the PEDOT derivatives doped with sulfonated poly(3, 4-
dihydroxystyrene) (SPVC). Electrochemical or chemical
oxidative polymerization of the EDOT in the presence
of NaSPVC afforded the PEDOT:SPVC material. Due to
an outstanding theoretical capacity of the SPVC (up to
330 mAh ¢ g') and high electrical conductivity of the
PEDOT, the resulting PEDOT:SPVC materials are good
both in energy density, delivering practical discharge
capacity as high as 104 mAh ¢ g and electrical
conductivity [3-4].

n / \
(0] (o)
'033 / \
OH S m
OH
SPVC PEDOT
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Due to the anionic nature of the SPVC, it is highly
soluble in water. Being combined with the water-soluble
conductive polymer, cationic derivative of the PEDOT,
the SPVC form the interpolymer material similar with

the PEDOT:SPVC. This fact allows us to use aqueous
solutions of these polymers for the inkjet printing with the
components, resulting in a formation of the interpolymer
material directly in the substrate.

This research was supported by the Russian Science

Foundation (grant 22-73-00316).
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With development of Li-ion battery market, HEVs and
PHEVs in the last decade, as well as rapid increase of
price for lithium resources, scientific research focused
on more availible systems with another alkali metal -
sodium. As cathode material is the limiting factor of
battery electrochemical performance, such research
is shifted towards synthesis and development of new
cathode materials for Na-ion batteries.
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In this work we propose synthesis and electrochemical
properties research of a-Fe_ ,Cr PO, with a-CrPO,
structure as a cathode material in Na-ion battery, obtained
via KTP-NH,Fe . Cr PO F thermal decomposition [1,2].
a-Fe  Cr, PO, phosphate was synthesized via thermal
decomposition of NH Fe  Cr PO ,F with KTP-type structure
in O, atmosphere under 600°C [3]. a.-Fe ,Cr PO, was
characterized by X-ray diffraction, energy-dispersive X-ray
spectroscopy, scanning electron microscopy and others.
X-ray diffraction data shows that a-Fe_ Cr, PO, is
isostructural to a.-CrPO,. Presence of channels running
along [010] 1 [100] in the structure allows us to view
a-Fe Cr, PO, as a cathode material for metal-ion
batteries. Electrochemical properties analysis for
a-Fe, Cr PO,/ C composite was performed using
galvanostatic cycling in Li- and Na-systems. Material
exhibits specific capacity of 104 mAh/g (73% of
Ctheor) and 108 mAh/g (76% of Ctheor) in Li and Na
half-cells respectively.

This work is supported by Russian Science Foundation
(grant 20-73-10248)
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Figure 1. @-Fe0.8Cr0.2PO4/C galvanostatic cycling in
Na half-cell - left, and Li half-cell - right.
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Iron oxide derivatives are promising materials for
large-scale use as anode materials, owing to their
natural abundance, inexpensiveness, and high theoretical
capacity. Here, we synthesized amorphous urchin-like
FeOOH nanoparticles and their graphite composite
(FeOOH/ Gr) in a one-step atmospheric plasma-assisted
procedure and employed it in anode materials for Li-ion
batteries. The obtained FeOOH nanoparticles are up to 300
nm in diameter with a needle thickness of about (3—10) nm,
while FeOOH/ Gr composite consists of graphite sheets
covered with FeOOH needles. The FeOOH and FeOOH/
Gr materials show excellent electrochemical performance
as anode materials, with 633 mAh-g™' and 740 mAh-g™" at
0.3 A-g™" after 500 cycles, 353 mAh-g™" and 542 mAh-g
at 1.2 A-g™" after 2000 cycles (Fig.1), respectively. By
analyzing the state of the material at various stages of their
life, we identify electrochemical milling as the performance-
boosting process responsible for the 277% specific capacity
increase during charge-discharge cycling after 50 cycles.
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Fig. 1. Electrochemical performance of FFOOH-based
anodes: a) C-rate capability; b) cycling stability
atl=1.2 Ag™’
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KpeMHueBbIM aHop ABNSETCS NEPCNEKTUBHBIM
MOTEPUANOM AJ1sl IMTMIA-MOHHBIX MCTOYHUKOB TOKA
(FTUMAT) ns-3a ero Gonbliei TeopeTUuECKOM EMKOCTH
(4200 MA * u/r) B cpaBHeHum ¢ emxocTbio rpaduta (372
MA * 4/r) [1-3]. OcHosHoit npobnemoit pazpaboTku
takux JIMUT sensetcs TpexkpatHoe yBennyeHne o6bema
M AErpaaaLMs AHOLOB M3 MUKPOKPUCTANNMYECKOTO
KPeMHMsi Npu LmknMposaHuu. [lannas npobnema moxer
6bITb peLleHa Npu UCNONb3OBAHUM KOMMNO3MLMOHHBIX
QHOA0B HO OCHOBE CYBMUKPOHHBIX YOCTUL, KPEMHMS.

B aaHHo# pabote MsyyeHa mopdonorus cybMUKPOHHBIX
YACTML, KPEMHMSI, NONYyYEHHBIX SNEKTPOMM3OM PACMIABOB
KCI-K,SiF, u KCI-K_SiF, SiO, npu pasHom katoaHom
nepeHanps>XeHMn 1 onpepeneHbl SHepreTMyeckue
XOPAKTEPUCTHKM (yaenbHas eMKoCTb, KyOHOBCKAS

s dektnsHocTs) JIMUT ¢ komnoanTHeIMM aHopamu Si/ C
HQ OCHOBE NONYYEHHOTO KPEMHMSI.

B pacnnaee KCI-K_SiF, 6binu nonyueHbl BonokHa kpemHms
co cpeaHnm amametpom 300-400 Hm, a 8 pacnnase KCI-
K,SiF, SiO, — ynopsinoueHHbie Tpy6Ku 1 UmbI, AMAMETPOM
200-400 Hm 1 pavHor 30-60 mkm. MonyyeHHble napTUm
KPEMHMs BblIM UCNONb3OBAHbI A4Sl U3rOTOBAEHMS KOMMO3MT-
Hbix anopos Si/ C akcnepumenTansHbix o6pasuos JIMUT.
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Mpu umknmpoeaHnm emkocTb nyywero obpasua JIMUT

C QHOAOMM HO OCHOBE BOJNIOKOH KpeMHus nocne 15 uukna
coctaenna 750 MA4/r npu paspsiae, a KynoHoBCKas
a¢dekTMBHOCTL yBenuumnack ¢ 59 po 92%. nsa
o6pasuos JIMUT c aHopamm Ha ocHoBe TpyBOK M 1
KPeMHM1s eMKOCTb aHoAa cocTaeuna ot 850 MA ¢ u/r
npwu paspsge, a KynoHosckas a3 dektusHocTs — 93,5%.
MonyyeHHble pe3ynbTaTbi CBUAETENLCTBYIOT O
NepCcrneKTMBHOCTH AANBHEMLMX ONTUMU3ALMOHHbIX
MCCNeAoBAHMM, HaNPABAEHHBIX HA 31EKTPOXUMMYECKUHA
cuHTe3 KpemHus u paspabotky JIMUT c koMnosuTHeIM
QHOZOM HO OCHOBE KPEMHMSI.
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(4200 MAu4/r) [1]. TpaHcnoOpT MOHOB NUTHS OYEHb BaXEH
AN NPOU3BOAMTENBHOCTH 3NEKTPOAHBIX MATEPUANOB B
AIMTUIA-MOHHBIX MCTOYHMKAX TOKA. M3-3a cTPYKTYpHBIX
M3MEHEHWIH KPEMHMEBbIX QHOAOB B NpoLecce

3apsaa/ paspsaa BaAXHO NOHMMATb, KOK MPOMCXOANT
nepeaBuxeHne MoHos Li+.

B naHHOM paboTe ¢ MCnoNb3oBAHUEM 3NEKTPONUTHYECKH
NONYYEHHOro KPEMHMS Bbiiu M3roTOBNEHbI KPEMHMEBbIE
komno3utHble aHopbl JIMUT u onpepenen koadppuument
IMpPy3un NUTHS B HUX.

DnekTpoocaxaeHne KpeMHus Bbino nposeaeHo B
ransBaHoCTaTUUeckom pexmme npu 40-60 MA/

CM2 HQ CTEKNOYrNepoAHYIo NOANOXKY M3 pacnnasa
KCI-K2SiFé 8 atmocdepe aproHa & TeueHne 3 yacos
npu Temneparype 7900C. MNocne atoro nonyueHHsbii
KPEMHMIA MCNONb3OBANM ANSl U3rOTOBNEHMS QHOAOB
JIMAT. KoadpduumeHt auddysnmn noxos nutus (DLi+)

B kpemHuu B coctaee JIMUT onpepensnu metopom
ranbBAHOCTATMYECKOTO NPEPLIBUCTOrO TUTPOBAHMS
(GITT) [2]. Ans storo 6bina npurotoeneHa aHogHas
nacta B coctase (mac.%) 80Si-10C-T10KML,
(Kap6okcnmetnnuennionosa), kotopylo HGHOCHAK Ha
CeTKy M3 HEepPXABEIOLWEH CTANM, CyLWHUAU U NePEHOCUNM B
repMeTHUHBIN NepyaTodHbi BOKE ¢ atMochepoit aproHa,
rae cobupanu akcnepumenTansHsie obpasus JIMAT [3].
Ouanason DLi+ B nonyuenHbix u3 pacnnaea KCI-K2SiFé
cocrasun 4,7 ¢ 10-9-1,9 ¢ 10-7 cm2/ c. 3HaumTENbHbIN
pasbpoc DLi+ B xope sapsaa/ paspsaa obwacHseTcs,
CONACHO NUTEPATYpPHBLIM AAHHBIM [4], 0Bpazosanuem
kpuctannmyeckoi ¢pasbi Lil5Si4. MonyuenHbie pesynbratbl
TpebyloT AANbHEMILErO CUCTEMATUHECKOTO M3YUeEHMS.
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Monubpatel pepkosemensHbix anemeHTos (P33)
npepcraensiot coboit ABOMHbIE OKcuAbl, obpasytowmecs B
cucteme Ln,O, MoO,, u sensiotca 6aM3kumm no cocrasy
K rpynne KMCopog-MoHHbIX nposoaHukos LAMOX

[1]. HekoTopbie 13 HMxX onucbiBaloTCs B TepaType

KAK CMeLUaHHbIe 3ﬂeKTPOH-MOHHbIe I'IpOBOHHMK“ C
nposogumoctsio ~10-4 Cm/ cm npu 8000 C (Hanpumep,
Sm,MoO,) [2]. Hamu enepesie Teopetnueckm u
3KCMepPMMEHTANBHO UCCNEA0BAH MEXAHU3M NPOBOAUMOCTH
B cTpykTypax Ln,MoO,. leomeTpuKo-Tononoruyeckui
(I'T) aHanus nokazan Hannume wWHpoOKkMx KaHanos (>2.2
A), ponyckaowmx 3D auddysmio kucnopoaa (tabnnua
1). OaHako, Anst CTPYKTYp € TETPArOHANLHOM CUHIOHMEN
(Ln=La, Nd, Pr) pacyeTbl MeToRaMM BAnEHTHBIX yCHANH
cesa3u (BYC) u teopumn dyHkunonana nnotHoctu (TPM)
nokasanu npeumyuiecteeHHo 2D kucnopoa-moHHylo
MMrpaLMIO B OTAIMYME OT MOHOKIIMHHBIX CTPYKTYP, B
koTopbix peanusyercs 3D murpaums (tabnuua 1).

Tabnuuya 1. Pesynsrarsl I'Tu BYC nogxogos B anMooé,
Ln =La, Pr, Nd, Sm, Gd, Dy.

Crpykrypa | MNp.rp. | I'Tananus: | Em(BYC), aB Em

rchan, A; (Tbn),

Kapta 1D | 2D | 3D | 3B

MUrpaumu
La,MoO, IAECZ 2.259; 3D |1.05[1.06| - |0.62(2D)
Pr,MoO, I4¢2 | 2.217; 3D [0.95(/0.95| - | 0.81(2D)
Nd,MoO, |I41/acd| 2.201;3D |1.16|1.16| - | 0.73(2D)
Sm,MoO, | C2/c | 2.257;3D |0.62|0.64|0.80| *(3D)
Gd,MoO, | C2/c | 2.203; 3D (0.63|0.65/0.68| 1.05(3D)
Dy,MoO, | C2/c | 2.220; 3D [0.5710.6110.69| 1.15(3D)
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* — HQG AAHHBI MOMEHT PACCYUTBIBAETCS.

O6pasupl HekoTopbix MonubaaTtos P33 6binn nonyyeHs
TBEPAOPA3HLIM CMHTE30M, O MX MPOBOAUMOCTb Bbina
MCCNepoBaHA MPU U3MEHEHWM NAPLMANBHOTO AABEHMS
kucnopopaa. beino o6Hapyxero, uto Ln,MoO, (Lr=La,
Nd) sensioTcs aneKTPOH-MOHHBIMMU NPOBOJHUKAMM C
obweii nposoanmoctsio ~10-5 Cm/ cm npu T<800

°C. B crpykType Pr,MoO6 pomMnH1pyeT MOHHBIH

™n npoeoanmocty (~10-3 Cm/ cm npu T<800 °C).
Moppo6Hee pesynbTathl AAHHOM paboT
npeacrasnets B [3].
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Anionic redox chemistry has been serving as a
playground for intense design and boosting the
deversity of positive electrode (cathode) materials.

The particular attention is directed towards

the 3d-metal layered oxides exhibiting cumulative
cationic and anionic redox reactions owing to promising
performance of Li, , Ni** Mn*", . Co® O, (named
Li-rich NMC) demonstrating outstanding reversible
discharge capacity exceeding 250 mAh/ g and specific
energy density of > 1000 Wh/kg [1].
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Although Li-rich NMC provides electrochemical
characteristics which can potentially facilitate the
mileage issue in rapidly growing electric transport
industry, numerous remaining practical issues

limits using of anionic redox-based materials for
real-world applications. These drawbacks include
poor coulombic efficiency of the 1¢ cycle, sluggish
kinetics, strong voltage hysteresis between charge
and discharge, progressive voltage fade, and
gaseous O, evolution at high state of charge [2].
Moreover, besides the unclarified question of the
exact nature of partially oxidized oxygen species,
the role of M-O ionocovalency in the reversibility of
the oxygen oxidation and associated bulk and local
transformations in the crystal/ electronic structure
that cumulate during a prolonged cycling, remains
disputable.

Chemical modification of Li-rich layered oxides has
been accepted as simple but fruitful approach for
influence their electrochemical performance and
mitigation the detrimental effects listed. Beyond that,
mixing the 3d TM cations with the cations of 4d/5d
TMs has led to the building of various model systems
for probing the properties of the anionic redox as a
function of TM-O bond covalency. So, being inspired by
high electrochemical activity of Li,RuO, and energetic
proximity of the Ru 4d and O 2p states [3], we gently
tuned the ratio between the cationic and anionic redox
contributions in the

xLi,RuO, — (1-x)Li ,Ni ,Mn O, (x=0-0.1)
model system to reveal an interplay between the
TM-O covalency and oxygen redox reversibility.
We found that increasing the covalency of the
TM-O bond partially suppress irreversible oxygen
oxidation during the first activation cycle, retarding
the formation of the densified structure at the particle
surface and its further growth toward the bulk.
However, increasing the reversibility of oxygen
redox has been shown to inevitably sacrifice part
of the electrochemical capacity due to suppression
of the Mn**/ Mn** redox activity in Mn**-containing
oxides, raising the legitimate question on a practical
applicability of an approach based on replacing 3d
TM with the precious 4d/5d TM*,
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MoecemecTHOE MCnonb3oBAHME M 3aNACAHME
3NEKTPOIHEPIUM SBASIOTCS BAXHEMLIMMU
COCTABNSIOLMMM COBPEMEHHOM XM3HU
yenoseyectea. [lepcnekTMBHBIMM Ans paspaboTku

M nocnenyioLein KOMMEPLMANM3ALMK cpeam
CTALMOHAPHbIX 3MEKTPOXMMUHECKMX CUCTEM
SBASIIOTCS TEXHONOMMM HQ OCHOBE HATPMS M KanMst
[1] M3-3a Mx pacnpocTpPAaHEHHOCTH U BEICOKOTO
copepXxaHus B 3emHoi kope. [pu atom K obnapaer
psanom npenmyiuects nepen Na: 6onee ebicokum
okucnutensHo-socctaHoeuTensHeiM (OB) noteHumanom,
BbICOKOM MOHHOM NPOBOAMMOCTBIO B SNEKTPONMTAX,
BO3MOXHOCTbIO MCMOMb30BATb PA3NMYHbIE AHOAHbIE
MaTtepuansl, 4to genaet K-MoHHble akkyMynsTope
(KHNA) nepcnekTueHbIMM aNs pa3paboTku.

Cpeau katogHbix matepuanos ans KUA, Hanbonee
npuBneKaTenbHbIMKM SBasitoTcs ananoru bepaunHckoin
nasypu [2] c obweit popmynoit K M'[M?(CN),]:nH,O,
roe MY — nepexoptbiit metann 3d pspa, a x=0 ao

2. Bnaropaps KapKacHoM cTpykType ¢ 6onbmnmm
nosiocTamM, B HUX 3pdekTMBHO peanusyetca 3D
Andoysus kanms. Lienb paHHoit paboTsl — usyyerue
reKCAuMaHOMETANIIATOB M MX CBOMCTB B KQYecTBe
karoaHbix matepuanoe 8 KUA.

B pamkax paboTbl 6bin CUHTE3UMPOBAHBI M M3YUeHbI
paznuyHble cucTeMbl. B ruapoTepmanbHbiX ycnosusix
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6binm nonyyensl marepuans cocrasa K, ,.Co Mn -
IFe(CN),]'nH,O, rae x=0, ...0.9, 1 c pasmepom
yactuy, 20-30 M. OnpepeneHo, 4To B AAHHOM cUCTeMe
peanusyetcs cepus TBEpAbIX PACTBOPOB, NPUYEM C
yBENMUEHMEM COBEPXAHUS KOBaNbTa B UCXO[HOM
CTPYKTYpE, CUMMETPMS YBENUYMBAETCS C MOHOKIMHHOM
Ao optropombuueckoit. [Npu samewwennmn BHyTpuchepHoro
KATMOHA XEeNe3da Ha MapraHeLl, B CMCTEMax
K,Mn[Mn(CN) ] u K,Fe[Mn(CN) ] o6HapyxeHo, uto
AAHHblE COEAMHEHMS SBASIOTCS U3OCTPYKTYPHBIMM
K,Mn[Fe(CN),], oaHako anekTpoxmummueckme ceoicrea
npeTepneBaioT 3HauUMTENbHbIE NepeMeHbl. Onpegenexo,
YTO NPM BAPbUPOBAHMM KAK BHElHechEPHOro MeTannd
M' (Fe, Co, Mn), Tak n eHyTprcdepHoro M? (Fe, Mn)
MeHsIeTcs aNeKTPOHHAs CTPYKTypa Matepuanda,

d 3N1eKTPOXMMHUYECKME CBOMCTBA, TaKME KOK EMKOCTb M
OB noteHuMansbl, 3HAYUTENLHO U3MEHSIOTCS.

B npencTtasnennom poknage 6ynyT nogpobHo
pPaCCMATPUBATLCS CUHTES, CTPYKTYPHbIE U TEPMUUECKME
CBOWMCTBA reKCALMAHOMETaNNAToB, o6CcyXaaThes
B3AMMHOE BNMUSIHUE NEPEXOAHBIX METANNOB U MX MO3NLMMI
HQ 3NEKTPOHHYIO CTPYKTYPY M 3N1eKTPOXMMUYECKHE
CBOWMCTBQ, 4YTO NO3BONMT BIPABOTATL CUCTEMATUYECKMIA
NoAXoA K CO3AAHMIO BEICOKOEMKMX U 3P eKTUBHBIX
KATOAHBIX MATEPUANOB HO OCHOBE AHANOrOB
6epnutcknx nasypeit ans KUA.

Pabota eeinonHena npu nopaepxke rpanta PODU
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Hard carbon (HC) is the most promising and scalable
anode material for sodium-ion batteries (SIBs). HCs

do not cost much and can be synthesized using various
carbon-based precursors such as carbohydrates, phenolic
resins and biomass [1,2]. They demonstrate superior
characteristics compared to all other carbonaceous
materials for SIBs as sodium ions cannot be intercalated
into graphite structure in a significant amount [3].
However, the initial Coulombic efficiency (ICE) and
discharge capacity is still lower than the ICE of graphite
in lithium-ion batteries. Thus, it is of great importance to
enhance electrochemical performance of HCs.

The standard synthesis procedure of HC includes two
stages: a pre-treatment followed by pyrolysis in an
inert atmosphere [2]. The pre-treatment, accompanied
by the removal of water and gases from precursors
[4], is necessary to obtain a material with satisfactory
electrochemical characteristics, primarily with a high ICE
and high discharge capacity.

In this work, we consider various type of pretreatment
stage: caramelization of carbohydrates in air,
hydrothermal carbonization, template synthesis, and
even production of HCs from biomass. Obtained HCs
were investigated using small angle X-Ray scattering
(SAXS), BET surface area measurements, Raman
spectroscopy, X-ray photoelectron spectroscopy (XPS),
scanning electron microscopy (SEM), and scanning
transmission electron microscopy (STEM) with integrated
differential phase contrast (DPC). The electrochemical
performance of half cells was tested by galvanostatic
charge-discharge cycling.

ICE of obtained HCs reached 90% and a discharge
capacity was up to 370 mAh g' in a sodium half-cell
configuration. Furthermore, the correlation between the
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synthesis parameters, the morphology, the microstructure,
the electrochemical performance was established.

This work was supported by the Russian Science
Foundation (grant No. 17-73-30006-P).
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B HacTosee BpeMst IMTHIA MOHHbIE AKKYMYNSTOPSI
(NTNA) sBnsioTcs ofHUMM M3 caMbix
PACNPOCTPAHEHHBIX UCTOYHMKOB 3NIEKTPOIHEPIUM
ANA NOPTATHUBHbBIX 3JIEKTPOHHbIX yCTpOﬁCTB,
anektpomobuneit u ap. AktyansHoi npobnemont
aBnseTcs paspaboTka, HOBbIX AHOAHBIX MATEPUANOB,
061040I0LWMX NOBBILEHHBIM BpeMeHeM paboTsl 1
6onblueit yaenbHOM 3NEeKTPOXMMHUYECKON EMKOCTbIO,
yeM rpaduToBble MATEpHAbl ¢ EMKOCTbIO fo 372
MAuY/ . AHopHBIN MaTepuan Ha ocHoBe AMCYnbdUAT

MOJTIOOEXHBIE AOKNALBI



monmbaeHa MoS2 ssnseTca OfHMM M3 CAMBIX
nepcrnekTMBHbIX KAHAMAATOB ANis 3aMeHbl rpaduTa,
1.K. obnanaer cnoncToi cTpykTypoi, Gonblumm
MEeXCNOEeBLIM PACCTOSHUEM M BLICOKOI TEOPETUYECKOM
emkoctbio [1]. OgHako, anektpoasl M3 06bemMHoro
MoS, 6eicTpo paspyLwaioTcs NPy LUKAMPOBAHMM U3-
3a HU3KOM NPOBOANMOCTH M BOMBILIOrO PACLIMPEHMUS
A4eMKM KpMCTaNa NpM MHTEPKAASALMHU JIUTUEM.

[ns ycTpaHeHus 3TMX HefOCTATKOB NPUMEHSIOT

ABA NOAXOAA: CUHTE3 HOHOCTPYKTYPUPOBAHHOTO
MaTepuana unm pobasneHue NpoBoAsLLEN YINepoaHOM
nobasku B npouecce cuutesd. Ha nosepxHoctu
yrnepoaa obpasytotcs yactuusl MoS, MeHbiero
pasmepa [2], 4To np1BOAMT K coKpaLUEHMIO NyTH
ABMXXEHMS MOHOB NIUTUSI B MEXCIIOEBOE NPOCTPAHCTBO
U No3BongeTt I'Ioﬂy"IOTb 6OJ'II:|LUHe EMKOCTH I'IpVI BbICOKMX
ckopocTax 3apspa-paspsaaa JIMA.

B aaHHoit pabote Bbino NpepioxeHo MCNonb3oBaATh
MoS, 1 koMno3KTEI Ha ero ocHoBE C BOCCTAHOBNEHHBIM
okenpom rpadmta (MoS,/rGO). O6pasusi Geinm
CMHTE3MPOBAHDI IMAPOTEPMASbHBIM METOLOM M3
TMOMONMBAATA AMMOHMS M OKCMAA rpaduTa npu

200 °C 8 Teuerune 24 yacos. CTpykTtypa u cocras
KOMMO3UTOB BblNIM OXAPAKTEPUIOBAHBI METOAAMM
P®3C, KP-cnekrpockonumn u POM. U3 nonyueHHbix
06pasuoB 6binM M3rOTOBMEHBI 3NEKTPOAB M COBPAHBI
3NEKTPOXMMUUYECKME INEMEHTDI C METASTMYECKMM
nutnem. loToBble sYEMKM UMKMpOBANK B
ranbBAHOCTATMYECKOM PeXMUMeE, ANs UCCNefoBaHMS
B3AMMOAEMCTBMS C IMTUEM BbinM M3MepeHbI
LMKIMYECKME BONBTAMMEPHbIE KPUBLIE M CMEKTPSI
3M1EeKTPOXMMMYECKOro MMNeAdHCa.
HanoctpykTypupoeaHHbie matepuansi MoS, 1
MoS,/rGO nokazanu BbicOKME 3HAUEHUSI @MKOCTH

8 JIMA 1018 u 1021 MAu/r npu nnotHocTv Toka 0.1
A/, cootsetcteHHo. Mpyu yBenuueHnM nNoTHOCTH
Toka go 1 m 2 A/r Hannyuwyio ctabunbHocTs paboTsl
u Hanbonbuwyio yaensHyto emkocts 656 1 535 MAu/r
npoaemoHcTpuposan obpasey MoS,/rGO.

Pa6ota seinontena npu nopaepxke PPDU (rpant 21-
53-12021).
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Durability and safety are essential characteristics of
many modern electronic devices. A thin-film Li-ion
batteries produced by precise thickness control atomic
layer deposition (ALD) method are perspective, safe and
high-density energy source for such devices. However,
the structural defects occurring during operation and
especially pronouncing on interface areas lead to
battery failure [1]. One of the methods for improving
LIB’s operation conditions is the creation of stable
cathode structure by the synthesis of a multilayer system
by atomic layer deposition (ALD) method [2] followed
by heat treatment [3]. The necessity of multistage
synthesis followed by annealing is justified by the
inability to obtain a stable single-phase system directly
by the ALD method [4]. LIB’s operation conditions

can also be improved by adding a thin intermediate
functional layer of metal oxides, for example Li-Ta-O,
applied by ALD between electrode and electrolyte [5].
The paper presents the results of a detailed analysis of
the multilayer thin film cathode: a Ni-rich ALD cathode
layer covered with an amorphous ALD Li-Ta-O layer
on a steel substrate with a Cr buffer layer. Thin film
cathodes with and without a deposited functional layer
were compared through structure analysis on TEM

and electrochemical studies. The cathode material was
obtained by the ALD multilayer approach followed

by heat treatment at 800°C for a minute [4]. Lithium
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tert-butoxide, bis (cyclopentadienyl) nickel (I1), and

bis (cyclopentadienyl) cobalt (lI), were used as lithium,
nickel, and cobalt precursors, respectively. Tantalum(V)
ethoxide (Ta(OEt),), and lithium tert-butoxide (LiOtBu)
were used to synthesis functional layer on the cathode
[6]. Remote oxygen plasma was used as the oxidizing
agent. The phase composition of the cathode film before
cycling is LiNi_ ,Co,,O, (R3m). The buffer layer is
amorphous with stoichiometry varying from Li,Ta, ,O
at the electrolyte interface to Ta, O, at the cathode
interface. After cycling, the composition of the film near
the surface changes. However, the rate of CEl layer
formation lower compared to the uncoated sample.

The structure of the cathode remained unchanged.
Electrochemical studies demonstrate a preservation of
the electrochemical capacity (25 pAh * mm™' ¢ cm?)
and Coulomb efficiency (95%) in comparison with an
uncoated cathode.

4
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Elementary phosphorus (P) has attracted significant
attention as a promising anode material for lithium-ion
batteries (LIBs) due to the strong affinity between P and
the metal ion. During the redox reaction, phosphorus is
able to accept three lithium ions (Li,P) to give a theoretical
capacity of 2596 mAh/ g. Limitations in LIBs development
of red phosphorus are related to its low electrical
conductivity resulting in very slow electrochemical

redox reactions and poor rate performance. Moreover,
high initial capacity drops rapidly during charging/
discharging due to volume expansion after reaction with
lithium ions (>300%). As a result, red phosphorus anodes
exhibit rapid capacity loss, low Coulombic efficiency,

and electrode deterioration during cycling. To alleviate
these problems, a carbon matrix is used. The combination
of phosphorus and carbon is an opportunity to obtain a
conductive material in which the carbon protects and/ or
stabilizes the phosphorus during device operation.

The internal cavities of single-walled carbon nanotubes
(SWCNTs) can serve as a container to prevent contact

of phosphorus with environmental molecules, rapid
degradation of the material and reduce the rate of
phosphorus pulverization during cycling. In our work,

the vaporization-condensation method has been used to
produce phosphorus-SWCNTs hybrid materials. In the
synthesis process, phosphorus penetrates into the internal
cavity of SWCNTs to give a mixture of 1D-chains of P8]P2
and crl-[P8]P2[P9] P2[. However, external precipitation
of phosphorus is inevitable during gaseous encapsulation
processes in the form of phosphorus oxides and crystalline
phosphorus. Since this “unprotected” phosphorus can
deteriorate the material properties, we have developed a
technique for removing external phosphorus using sodium
hydroxide solution. The study of materials using X-ray
photoelectron spectroscopy (XPS) showed that purification
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in NaOH reduces the phosphorus content in the sample
from ~16 at% to ~8 at%.

The electrochemical performance was demonstrated by
comparing composites with phosphorus inside and/

or outside of SWCNTs as anode materials for LIBs. The
sample without purification from surface phosphorus (P@
SWCNTs/P) contained predominantly oxidized forms of
phosphorus according to XPS data (more than 63% of
the total phosphorus content). It demonstrated capacity
values of 650 and 140 mAh/ g at current densities of 0.1
and 5 A/ g, respectively, which, in terms of the capacity
contribution of phosphorus, gives values of 1033 and
209 mAh/g. For the sample after purification in NaOH
(P@SWCNTs), in which elemental phosphorus was the
predominant form (more than 75% of the total phosphorus
content), the capacity values were 470 and 210 mAh/g
at current densities of 0.1 and 5 A/g. However, in terms
of the capacity contribution of phosphorus, they gave
1053 and 581 mAh/h, respectively.
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Lithium metal is the most desirable anode material for
any lithium-based power sources such as all-solid-state
batteries or Li-S batteries. While it is successfully utilized
in non-rechargeable cells, in secondary batteries it
faces several issues, which hinder its wide application.
The most serious problem is non-uniform deposition

of lithium upon charging, which leads to irreversible
capacity loss and safety problems.

Some detailed observations of lithium deposits reveal
that the problem known as “lithium dendrite growth”

is in fact deeper and is governed by mechanisms other
than usual dendrite growth. Instead, lithium forms thin
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whiskers or needles [1] which tend to grow from the
base or in between kinks [2]. The mechanism of such
morphological instability remains unclear, but most
observations highlight the importance of a passivation
layer (SEI) on the surface of Li electrode and high
atomic mobility within the electrode.

We have observed relatively smooth lithium
electrodeposition for a prolonged period and the
development of lithium whiskers. Basing on these
observations we proposed a mechanism of morphology
development and whisker growth. According to the
proposed mechanism, lithium deposits under the SEI
forming mechanical stress; this stress leads to transfer

of atoms to inclined grain boundaries, where stress is
released by uplifting of the topmost grain, which grants
relatively smooth deposition without whisker growth. When
the process is no longer possible, secondary nucleation
occurs on the surface, and whiskers start to grow by the
same mechanism via atomic transfer to the base.

The mechanism shows that smooth electrodeposition
of lithium is possible, which was not shown in literature
before. The proposed mechanism also highlights key
points, which may be manipulated in order to achieve
stable deposition of lithium. For example, we show that
decreasing of grain size significantly extends the first
stage of deposition which is smooth lithium deposition
without whisker growth.
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Lithium-ion batteries (LIBs) exhibit the largest energy/
mass ratio and energy/ volume ratio among commerecial
types of batteries. These features, which are extremely
useful from the point of view of the operability of
portable devices, raise the question of the safety of
using such an energy density. Sodium-ion batteries
(SIBs) are considered as an alternative to LIBs capable
of reducing the price per kilowatt-hour for large-scale
applications. They use the same operational principles
as LIBs, and the safety issues are even more pressing for
SIBs since the average battery size is supposed to vary
between several kilowatt-hours and megawatt-hours.

It is known that electrochemical properties of

cathode materials can be changed by varying their
chemical composition. Thus, for sodium layered oxide
NaNi Fe Mn, O, a change in the composition of
3d-metals leads to a change in the average working
potential. Increasing manganese content in the layered
oxide changes the character of the charge-discharge
curve, a plateau appears at 2.25 V, corresponding

to the Mn®*/ Mn** transition [1]. For a material with

the NASICON-type structure Na,, Mn V, (PO,),,
increasing the manganese content leads to increasing
of the average operating potential and allows to extract
additional Na* ion with additional specific capacity [2].
We expect that a change in the chemical composition
will also lead to a change in the thermal stability of
materials in a charged form.

We have shown that increasing the manganese content
of the layered oxide improves its safety under thermal
abuse conditions, but for NASICON-type structure
increasing the manganese content decrease its thermal
stability.

This work was supported by the Russian Science
Foundation (Grant 17-73-30006) and the Russian
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Li,V,(PO,), and Na,V,(PO,), are well-known electrode
materials for lithium- and sodium-ion batteries. They
possess NASICON-related crystal structures with

the framework composed of [V, (PO,).] units known

as “lanterns”. Li,V,(PO,), can be obtained in two
structural modifications: thermodynamically stable
monoclinic ‘anti-NASICON’ form with the P21 /n

space group (S.G.) [1] and metastable rhombohedral
NASICON one (R-3 S.G.) [2]. The latter is obtained by
chemical ion-exchange [2] from NASICON-structured
Na,V,(PO,), (R-3c S.G.), while conventional solid-state
synthesis yields a monoclinic -phase. It was shown that
Na,V,(PO,), is suitable for electrochemical cycling in a
Li cell, forming mixed Na/Li phase Na,_Li V,(PO,), as
a result, with a structure being similar to that obtained
by chemical ion exchange [3]. At the same time, despite
the higher working potential (~3.8 V vs. Li*/Li),
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intercalation of Na* in Li,V,(PO,), has not been studied
yet. Mixed vanadium phosphates are of interest as new
matrices for intercalation of alkaline ions.

In the current work, three methods to obtain

Na, Li V,(PO,), were compared: direct mechanically
assisted solid-state synthesis, chemical and
electrochemical ion exchange starting from Li,V,(PO ),
(P21/nS.G.) and Na,V,(PO,), (R-3¢ S.G.). The

bond valence site energy method (BVSE) showed the
possibility of Na* diffusion in Li,V,(PO,),. As-prepared
Na, Li V,(PO,), samples were characterized by X-ray
diffraction (XRD), scanning electron microscopy,

and energy dispersive spectroscopy. Electrochemical
properties, mechanism of (de)intercalation of alkaline
ions, and diffusion coefficients were investigated by
galvanostatic cycling, galvanostatic intermittent titration
technique (GITT), operando XRD, electrochemical
impedance spectroscopy, and cyclic voltammetry.

It was shown that mechanically assisted solid-state
synthesis does not allow obtaining single phase Na,_

Li V,(PO,),. On the contrary, non-equilibrium chemical
and electrochemical ion exchange approaches lead

to formation of Na, Li V,(PO,), with 1 <x <3 via
high-rate reactions. The structure of the Na,_Li V,(PO,),
samples obtained from Na,V,(PO ), or Li,V,(PO,),

has differences. When prepared from Na,V,(PO ),

the structure changes from R-3¢S.G.to R-3 5.G.,
while when starting from Li,V,(PO,)., the §.G. of

mixed compositions preserves unchanged (P21 /n).
Reversible intercalation of alkaline ions in mixed Na/
Li electrochemical half-cells was shown to proceed by a
two-phase mechanism in both systems.

The work is supported by Russian Science Foundation,

project 22-43-02028.
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O6orawenHsle nutnem (Li-rich) cnoxwbie okcnapl
NepexoAHbIX METQIOB HA AGHHbIA MOMEHT OCTaKOTCS
OOHUM U3 nepcneKTMBHblx KNACCOB KATOAHbIX
MaTepuanos Ans NUTHIA-MOHHBIX akKyMynsTopos (JTUA)
[1, 2]. x npeumyLlecTBamMmn nepes NPOMbILLAEHHO
MCMONb3yeMBIMM SIBASIIOTCS NPEXAe BCEro 3HAYUTENbHO
6onbluMe 3HAYEHUSI EMKOCTH M HEPIUM 3 cHeT
COYETaHMs KAaTMOHHO (nepexopHbie MeTannsi)

M GHMOHHOI (KMcnopoga) pesoKc-aKTMBHOCTH B
npouecce sapsaa-paspsaa. MNapeHne eMkocTi U
HANPSIXEHMs, CBA3AHHBIE CO CIIOXHOCTBIO CTPYKTYPbI
TAKMX MATEPUANOB M MPOMUCXOASLUMMM CTPYKTYPHBIMM
U3MEHEHMSMM B NPOLLECCE LIMKIIMPOBAHMUS, He
NO3BONSAIOT B HACTOSALLEE BPEMS MPUMEHSTb X B
npoMmbiwneHHoM MaclwTtabe.

[ns Toro, 4tobbl ynyuWwmnTh 3NEKTPOXMMUYECKHE
XOPAKTEPUCTUKM AAHHOTO KNIACCA KATOAHBIX
MOTEpHAnoB, NPeXAe BCEro HyXHO NOHATb NPUPORY
CTPYKTYPHbIX NEPECTPoeK U HaiTH cnocobbl
noAaeneHus aTMx npoueccos. BapsuposaHue cocraea
MO OCHOBHbLIM KOMMOHEHTAM SBJISIETCS OAHUM U3
METOf0B MCCnefoBaHns CTPYKTypbl U csoMcts Li-rich
marepuanos. B ganroit pabote Mbi uccnepgosanu
BnUsHMe pasHeix cooTHoweHui Li/ (Mn+Ni+Co) Ha
Mopdonoruio, CTPYKTypYy M 3NeKTPOXMMUUYECKHE
nokasarenu. HaliaeH onTMManbHbIA COCTAB € TOYKM
3peHMst KOHEYHbIX PYHKLMOHANbHBIX CBOMCTB KATOAHBIX
matepuanos. MccnepoeaH Takxke BKAAA HUSKMX U
BBICOKMX HOMPSXXEHUM B AerPaAALMIO MATEPHAIIOB,
AJ1S 3TOTO MaTep1ansl BbUIM UCABITAHBI B TPEX
pasnnuHbix guanasonax (2.5-4.7, 2.5-4.3 1 3.0-4.8
B). CaenaHbl BbIBOALI O NpOLECCAX, MPOUCXOASILUMX BO
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Bpems umknuposanus Li-rich matepranos B pasmbix
AMANA3OHAX HANPSXXEHWUH, U O HEOBXOAMMOM OKHe
HANPsSKEHMM Ans AOCTMXEHMS BBICOKMX MoKasaTtenem
€MKOCTH M SHEPTMM M CTABUABLHOTO LMKAMPOBAHMSI.
Pabota BeinonHeHa npu PpuHAHCOBOI noaAepxKe
npoekta PH® (20-13-00423). Uccnepoeanms
npoBoa1nu ¢ ucnonbsosaxuem obopyaoeanms LIKM
DOMU NOHX PAH.
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JIutui-nonHeie akkymynstope (JTIAA) B ceoei
HbIHELHe TeXHONOMMYECKON Peanmu3aumm SBnsIoTCS
OAHMMM M3 NYHLWMX XUMUYECKUX MCTOHHWUKOB TOKQ
(XWAT) no cooTtHowweHMIO MOWHOCTL/ BONFOBEYHOCT-
KOMMOKTHOCTb, M3-3Q Yero NOBLILEHUE MX
3NEKTPOXMMUYECKMX XAPAKTEPUCTUK SBASETCS
€XerogHoM1 KOHKYPEHTHO-NPUOPHTETHOM 3aaauen
Hayku u TexHonoruu. MepcnekTUBHBIM METOAOM
nosbiweHus pabounx xapakrepuctnk JINA sensetcs
HaHeceHWe TOHKMX GYHKLMOHABHBIX MOKPLITUA

HQ KAQTOAHBIM MATEPMAN MM FOTOBbIE KATOABI
(anekTpoppi), npu aTom nokasano [1] ynyuwenune
TAKMX XAPAKTEPUCTHK KAK: LIMKIMHECKUIA pecypc
QKKyMynsiTOPOB, €MKOCTb Npu 6onbluMx TOKax paspsaq,
NoTeHLMaN LUKAMPOBAHMS aKKyMynsiTopa u ap. Ha
CETOAHSLLHMIM feHb CyLIECTBYEeT MHOXECTBO METOAOB
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nony4YeHWs NOKPBITUM (30Mb-renb METOR, XMMHUUYECKoe
ocaxpeHue u3 ra3osoi ¢pa3bl, MOrHETPOHHOE
pacnbineHMe 1 T.4.), HO CPEAM MX MHOXECTBA METOA,
monekynspHoro Hacnaueanus (MH) umeet pag
NPeMMyLLECTB: NONYy4YEHUE TOHKMX MOKPLITHIA TONLLMHOM
BMJIOTb ;O OAHOrO ATOMAPHOIO CNOS, NPELMU3NOHHBIN
KOHTpOﬂb TOJNLWMHDI, nOﬂy"IOeMbIX nneHokK,
pPABHOMEPHOCTb 31IEMEHTAPHOrO pacnpefenexms B
MAEHKAX, HU3KME TEMNEPATYpPbl CUHTE3A M BO3MOXHOCTb
nonyyYeHMs paBHOMEPHOTO MOKPbITUS MOANOXEK CO
CNOXHOM reomeTpmeii U/ unm mopdonorueii.

an nonyquMM 3ALWMTHBIX HeOprOHVI"IeCKVIX nAeHoK
Metopom MH B cpeaHem ucnonbaytoTtcs TeMneparypbl
200-300 °C. B gaHHoM paboTe nokasaHo BausHUE
MOKPbITHS TiO2 Ha anekTpopsl (katoas) NMCI111

c NBA®P, 8 kayecTBe cBsa3ylOLWEro BeLecTsa, NpH
Temnepatypax cuHTesa nokpbithii ot 140 po 250

°C. B pamkax UccnenoBaHuit Bbi0 BbISBAEHO, YTO
TEMNepATypa CUHTE3A 3ALUMTHBIX MOKPLITMI HA KATOAAX
HaNPSIMYO BAMSET HA SHEPrOEMKOCTb S/IEKTPO/OB

I'IpM MOBbILLEHHbIX TOKAX pG3p9|P,O ()’AeﬂbHGﬂ €MKOCTb
MOKPBITbIX KATOAOM Bbile Ha 5% npu Toke MX paspsad
0,5C v Ha 19% — 1C). Takxe 6bm nonyyeHs AAHHbIE
0 CTABMABHOCTU MOKETOB B XOAE 3NEKTPOXMMUYECKOTO
LMKIMPOBAHMS, KOTOPOE MOKA3asn0 BO3MOXHOCTb
yBENUYEHUs PeCcypca KATOAHbIX MATEPUAOB.
Uceneposanme soinonHeno Cankr-Metepbyprekum
nonutexHuyeckum yHusepcutetom MNetpa Benunkoro u
NoAAepPXAHO B PAMKAX NPOrPAMMbI CTPATErMYECKOrO
akapgemunueckoro nupepctea «lpuoputer 2030»
Poceuitckoit Pepepaumm (Qorosop 075-15-2021-1333
ot 30.09.2021).

References:

1. Koshtyal Yu.M., Olkhovskii D.A., Rumyantsev A.M.,
Maximov M.Yu. Coatings produced by atomic
layer deposition for lithium-ion batteries’ cathodes:

application and advantages. Review // Batteries
2022 - in press.

MOJTIOOEXHBIE AOKNALBI



HexkopuposaHue
NOBEpPXHOCTU
yrnepoaHbIxX
HaHOTpy60oK
OKCUJOM HUKens

€ UCNONb3OBAHMUEM
MeToAd ATOMHO-
C/loeBOro
ocaxpeHus ans
3N1EeKTPOXUMUYECKMX
NPUMEHeHNn

99

Exos U.C.', ®unaros JI.A.', Onbxoeckuii J.A.', Yymak M.A.},
Makcumos M.1O.!

1 Cankr-lNetepbyprckuii NOAUTEXHNMYECKNIA YHUBEPCUTET
Metpa Benukoro, Monurexuuueckas yn., 29, 195251,
Cankr-lMetepbypr, Poccus

iezhov1994@gmail.com

MokpbiTHs, cocTosiLume U3 OPraHU3OBAHHBIX MACCMBOB
yrmepogHbix HaHotpy6ok (YHT) nekopuposanHbie
OKCMAAMM PA3MYHBIX METANNOB, NPEACTABASIOT
0cobblit MHTEpeC AN NPUMEHEHMS MX B PA3MYHBIX
npubopax u ycrpoicteax. B yactHoctH, nokpbiThs,
coctoawpe u3s YHT/ MeO MoryT akTHBHO np1MeHsTbCs
B KQYECTBE 3NEKTPOAHbIX MATEPMASIOB B JIMTUIM-MOHHBIX
aKKyMynsaTopax U cynepkoHpeHcaropax. YHT 3a

cYeT CBOEeH BbICOKOM 3J1EKTPUHECKON NPOBOAMMOCTH

1 6onbLIOM yAEnbHOM NNOLWAaAM NOBEPXHOCTH
npeacTasasior coboi XopoLIMii NOPMUCThIH KapKac Ans
nocnepyowero eKOPUPOBAHUS OKCUAOM METaNNa,
KOTOpbIM B CBOIO OYepeAb MOXET NPMBHECTH yBENMYEHNE
emkocTi. Ho BaxHbIM acnekTom Ans NpOMbILLNEHHOTO
NMPUMEHEHMs TOKOTO TMMA MATEPMANOB sSBIsSeTcs
pa3paboTka TEXHONOrMM NONY4EHUs OPFraHU30BAHHOTO
maceuea YHT c nocnepytoueit BO3SMOXHOCTbIO
MoanbHUKALMM NOBEPXHOCTM OKCHMAAMM PASMYHBIX
MEeTasI0B METOAAMM TOHKOMIEHOYHOM TEXHONOTMM.

B nanHoi pabote paccmoTpeHo nonyyenme YHT

3d cyeT caMocbopKM OCHOBAHHOIO HA NPUHLMNAX

MX KATANMTMHECKOro pocTa M3 ra3oBoi ¢pasbl ¢
nocneayiowWwmMm HaHeceHHeM PYHKLMOHANBHOrO OKCMAA
(NiO) [1] meTopom aToMHO-cnoeBoro ocaxaeHus
(ACO). B camom Hauane metogom ACO npoeogmnocs
ocaxpeHune ToHkoi nneHkn NiO kak katanusaropa
ans pocta YHT. OcaxpaeHne nposogunoch Ha
yctaHoeke R-150 (Picosun Oy) npu temneparype 250
°C v pasnennn 800-1200 Ma. B kauectee ncxopgHoro
MeTanncoaepxXallero peareHTa UCnosb3oBasncs
6umc(umknoneHTaaMEHNN) HUKeNs, KOTOPBINA NOMeLLancs
B KOHTEMHEP M3 HEPXABEIOLWEN CTANM M HarpeBancs
po temnepatypsl 110°C. B kayectee okucnurtens
ucnonb3osancs — o3oH. Matepranom noanoxek
ABNANCS MOHOKpUCTAnnuuecknit kpemuuii (100). Buino
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yCTAHOBNEHO, YTo Hanbonee npeanoYTMTENbHAS
TONWMHA gnsa I'IOH)"'IeHHﬂ cnsowHoro 1 OAHOPOAHOFO
macemea YHT cocrasnser 3.8 HM. 3atem nopnoxku ¢
nokpeiteM katanmusatopa NiO zarpyxanuce B peaktop
BJ11 XUMMYECKOTO OCAXAEHMS U3 ra3oeoi ¢bassl, B
KOTOPOM OHM BbIAEPXMBANMCH NPU TEMNepaType

740°C (300 Ma) e Teuenne 10 muH B paboueit cpege,
cocrosilen 13 aMMMaKa U auetuneHa. Paspsp Toka
cocraensn 7.5 MA, npu aHogHoM Hanpsixenun 480

B. Mopupukaums nosepxHoctv YHT ¢ nomouusio

NiO nposogunach npu Tex xe yCnoBusix, 4To 1 Npu
nonyyYeHuM KaTanusatopa.

Uccneposanus cTpykTypbl, MOP$ONOrMU U XMMUUYECKOTO
coctasa 6bM U3yUeHbl C NPUMEHEHUEM PACTPOBOM
3NEeKTPOHHOM MMKPOCKOMMM M NPOCBEYMBAIOLLEN
3neKTpOoHHOM MUKpockonuu. Kpuctannmueckas
CTPYKTypa nonyseHHbix o6pasuos 6bina MccnepgosaHa

C MOMOLLUbIO PEHTreHOAUPPAKLMOHHOTO AHANM3A.
DneKTpoOXMMMYECKME CBOMCTBA M3yHaNMUCh, C MOMOLLbIO
uMknuyeckoi sonstamnepometpun (LIBA).

®DuHaHcnposanue: Mccnepoeanme ebinonteHo CaHkT-
MeTepbyprckum NOAUTEXHUHECKMM YHUBEPCUTETOM
MeTtpa Benukoro u noaaepXaHo B pamMkax Nporpammel
CTPATErMYecKoro aKageMMYEcKoro NMaepcTea
«Mpropurer 2030» Poccuiickoin Pepepauun (forosop
075-15-2021-1333 o1 30.09.2021).

Cnucok nuteparypbi:
1. Koshtyal, Y.; Nazarov, D.; Ezhov, |.; Mitrofanov, |.;

Kim, A.; Rymyantsev, A.; Lyutakov, O.; Popovich, A.;
Maximov, M. // Coatings 2019, 9, 16.
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The invention of metal ion-type batteries has entirely
changed the global attitude to rechargable power
sources. Today among three main alkali metals the
focus of research works is intensively shifting from
lithium towards sodium due to its resources’ abundance
and accessibility. The crucial part is to find a suitable
cathode material which is mainly responsible for energy
density. Polyanionic compounds are recognized as a
very promising class of materials because of the two or
three dimensional robust structures which possess good
stability. Noteworthy, a huge recognition is given to
vanadium-based phosphates within last decades mainly
due to a number of stable oxidation states and wide
opportunities for crystal chemistry design.

The purpose of this work is to synthesize and investigate
electrochemical properties of the group of compounds
with a general formula of NaVPO4X (X =F, O) having
an appealing KTiOPO ,-type structure [1] and positioned
as high-energy and high-power cathode materials for
sodium-ion batteries due to a number of prerequisites,
such as high theoretical specific capacity and expected
working potential.

A group of materials NaVPO X (X =F [2], O) was
obtained via facile two-step ion-exchange approach.

For this, hydrothermally synthesized NH,VPO X (X =F,

O) were chosen as precursors [3]. Synchrotron X-ray
diffraction patterns collected for single-phase samples
were fully indexed in the Pra2' space group with a
subsequent crystal structure refinement using the Rietveld
method in GSAS-Il package. According to the results of
infrared spectroscopy (FTIR) neither residual NH4* nor
OH-group modes, considered as possible evidence of
vanadyl bond hydration, are detected. For electrochemical
properties study, the composite materials NaVPO X\C (X
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=F, O) were synthesized in a different way depending on
vanadium oxidation state, polyacrylonitrile (PAN) being
a carbon source. When tested in swagelok and coin-type
cells the materials demonstrate decent characteristics
delivering up to 136 mAh/ g of specific capacity at 0.1C
rate with a working potential close to 4.0 V, setting a new
benchmark of energy density for polyanionic cathode
materials in sodium-based batteries.

The details of synthesis approaches used, all data
analysis and discussion of current results will be
presented in the oral report.

This work is supported by Russian Science Foundation
(RSF grant # 20-73-10248)
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Graphene-like materials has excellent conductivity, which
is why it is often used as a conductive additive in cathodes,
as well as to create composites graphene - cathode
material. In our work, we used commercially available
graphene oxide to create a composite with NCM 111. The
characterization of the initial graphene oxide was carried
out using Raman spectroscopy, XRD and XPS. The following
synthesis technique was used: 150 mg of graphene

oxide was dissolved in 75 ml of isopropyl alcohol during
ultrasound treatment for 2 hours. Then NCM 111 was added
to the resulting solution in a mass ratio to GO 95:5 and
stirred in a magnetic stirrer for 4 hours at a temperature
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of 50°C, followed by exposure at 90°C for 12 hours. For
preparation of the electrode, the previously obtained active
mass was mixed with PYDF binder and carbon black in a
ratio of 92:3:5, using N-methylpyrrolidone as a solvent.
Electrodes were tested in lithium half-cells. A cyclic charge/
discharge was carried out in the voltage range of 4.2-2.5
V at a current density of 0.1C and 0.05C.

It was investigated that the discharge capacity decreases
and reaches a minimum on cycle 5. Then, it begins to
increase and after the 20" cycle reaches values higher
than on the first cycle. Compared to pure NCM (the
capacity of which is 140 mAh/ g), NCM-GO reaches
same level after 35th cycle. After 100 cycles capacity
becomes 5% higher compared to first cycle. The same
effect was observed for mid-voltage too.

Funding: This research was done by Peter the Great St.
Petersburg Polytechnic University and supported under
the strategic academic leadership program “Priority
2030"; of the Russian Federation (Agreement 075-15-
2021-1333 dated 30.09.2021).
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Li-ion battery is the most efficient technology for
electrochemical energy storage. However, there are
many research devoted to development of sodium-ion
batteries due to large abundance and low cost of sodium
compared with lithium. O3-type NaNi, .Fe, .Mn, O,
(11TNFM) and related compositions are promising
cathode materials for Na-ion batteries due to the high
potential of Ni?*/Ni**-couple and suppression of iron

cations migration at desodiated state. NaFe,  Ni Mn O,
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solid solution materials can deliver 130 mAh/ g of
reversible capacity in a voltage range of 2—-4 V versus
Na*/Naq, yet it shows very smooth charge/ discharge
curves with no significant voltage hysteresis, which may
be attributed to stable electrochemical behavior [1].
O, NaFe, ,_Ni Mn O, (TIINFM, 121NFM, TI2NFM
and 211NFM) materials were synthesized by co-
precipitation method followed by annealing of
Fe,_,,Ni,Mn CO, and Na,CO, precursors. Electrodes
demonstrate 120-130 mAh/ g of reversible capacity
(fig.1). Features of Ni?*/3*/4* and Fe**/** redox process
during charge-discharge were studied by means of
operando X-ray diffraction, X-ray absorption and low
temperature Méssbauer spectroscopy.
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Fig.1: Charge-discharge curves of
NaNi, ,.Fe, ..Mn .. O, (NFM111),

NaNi Feo.sMno,zsoz(NFM 121),

NaNi, ,.Fe,,.Mn, O,(NFM112),

NaNi, ,Fe, ,,Mn,,.O,(NFM211) cathode materials

0.25

0.25

This work was supported by the Russian Science
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Ha ceropusiwHmit peHb 6Gonbwioe BHUMAHKE yaensieTcs
TBEPAOTENbHBIM METAMN -MOHHBIM OKKYMYJSISITOPAM,
nOCKOﬂbe 3aMeHa O6bl"|Hb|X XHNAKUX 3HeKTpOJ1VITOB
TBEPAbLIMU HEOPTaOHUYECKMMM INEKTPONUTAMM
CyLLeCTBEHHO NOoBbIWAET 6e30NacHOCTb M HABEXHOCTb
TOKMX OKKYMYASTOpoB. [TOMUMO TBEpAOTENbHBIX ANTHIA-
MOHHBIX OKKYMYNSTOpOB 0cobblif MHTEpeC NpeacTABNSIOT
TBEPAOTE/IbHbIE HATPHI-MOHHbIE AKKYMYNSATOPSI,
6naropaps ceBoei HU3KOM cebecToMMOCTH 3a cyeT
LUIMPOKOM PACPOCTPAHEHHOCTU COeAMHEHMI HATPUS

B Np1poae 1 poctynHoctv ceipbs. Na,Zr,Si,PO
(NZSP) sensetcs ogHnm 13 Hanbonee nepcnekTUBHBIX
TBEPAbIX SNEKTPONUTOB Bnaroaaps BbICOKOH MOHHOM
nposognmocti (~10"4 Cmem') [1] u xmummueckom
YCTOMYMBOCTH K KUCOpORy BO3Ayxa M Bnare [2].
Moandpunumnposanme NZSP nytem gonmuposatms mnm
BBEAEHMs NEerkonnaskmx aobasok nossonser fobuTbCs
YBEnM4eHus ero MOHHOM nposoanmoctu ao 4,0:107°
Cmem! [3] 1 1,72:10° Cmeem! [4] cooTeeTcTBEHHO.

B HacTosweit paboTe Hamu pazpaboTaH npocToi
MEXAHUYECKM CTUMYSIMPOBAHHBIN TBEPAOPA3HbIH
cnocob nonyyenns NZSP, nossonstowmit goctuusb
3HA4YeHUs MoHHOM npoeoanmoctu 1,3-1073

CmcM! nyTem NoBbILEHMS AUCNIEPCHOCTH M

CO3AaHUS1 AMOPEPHU3OBAHHOTO MOBEPXHOCTHOTO

cnoa. CrabunsHocts NZSP 6bina oueHeHa

MeTOAOM ranbBAHOCTATUYECKOTO LMKIMPOBAHMS

B CUMMETPMYHO HaTpueBoM sueike. Mcxops us
3ABMCMMOCTH HAMPSXKEHUS OT BPEMEHM, 3HOYEeHHe
nonspusaumu coctasnset 9 MB npu nnotHocTH

toka 0,1 MA-cM? M NpaKTUYECKM He U3MeHseTCs

Ha npoTtsixeHnn 200 yacos. Beicokas nnotHocTb
cneyeHHbix Tabnetok NZSP (~3,0 rcm3) 1 Huskas
anekTpoHHas nposogumocts (4,9-10-7 Cmem')
ABASIOTCS NPENSTCTBMEM AN POCTA HATPUEBBIX
p,eanMTOB, yTto I'IOHTBep)KﬂGeTCﬂ AAQHHBIMU MO
onpepAeneHM1io YMCa NEPEHOCA MOHOB HATPMUS B Xofe
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umknnposahms (t, = 0,99). Monnas nposoanmocrs,
NoNy4eHHAs NPU U3MEPEHHUM HA MOCTOSHHOM

toke (DC) 1 u3 pacyeTta npoduns HanpsxeHus,

paena 1,13-10° Cmeem' 1 1,09:10-3 Cmeem™!, uto
NPUBAU3UTENBHO COOTBETCTBYET NPOBOAUMOCTH HA
nepemeHHoM Toke (AC) - 1,30-10" Cm-cm™'. Takum
obpasom, pa3paboTaHHbIi METOA NO3BONSET NONYYATh
NZSP ¢ xapakTep1cTMKAMM, KOTOpble COOTBETCTBYIOT
MMPOBOMY YPOBHIO.

Pa6ota BhinonHeHa npu dpuHaHcoBoit nopaepxke PHP
(rpanT N2 22-43-02028).
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A huge drawback of promising aprotic Li-O, batteries
arises from insulating nature of the main discharge product
- Li20,, which deposits on cathode surface and needs
to be decomposed upon charge. However, the oxidation
of solid lithium peroxide is hindered, which leads to high
overvoltage, poor cycling efficiency and early cell death.
One of possible solutions may be addition of redox-
mediators (RM) — soluble catalysts that act as charge
carriers changing electrochemical Li,O, oxidation to
chemical reaction. Number of compounds were introduced
in the literature for the role of RM including inorganic salts,
organic compounds and various d-metal based complexes
[1]. Herein, we introduce novel Ru-based cyclometalated
complexes as candidates for the role of Li-O, RM of charge.
A series of complexes with general formula
[Ru(dmdcbpy),L]PF, were obtained, where L =
1-phenyl-2-aryl-benzimidazole with -H, -NMe,, -CH,,
-CN, and -CF, substitutes in 2-aryl ring, dmdcbpy -
4,4'-dicarboxy-2,2'-bipyridine dimethyl ether. These
complexes are believed to be cyclometalated proven by
TH NMR and X-Ray crystallography. [2]

Key criteria for RM are its redox potential (it has to be
greater than 3.0 V to oxidize Li,O,), large diffusion
coefficient (to maintain suitable charge rate) and stability
in Li-O, operational potential range. These parameters
were determined by cyclic voltammetry in 0.1 M TBAP

in DMSO under Ar and O, atmosphere. The potentials

of all the complexes were in desired range and well-
correlated to substituent donicity (E-NMe, < E-H <E-CH,
< E-CN < E-CF,). Besides, their diffusion coefficients
determined by Randles-Sevchik equation were close to
ones of other reported RMs. Some of complexes revealed
parasitic reactions that were proved to be caused by
redox processes in their ligands. Complexes without

side reactions showed stable behavior for more than
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100 CV cycles in both Ar and O, conditions and were
investigated as RM in model Li-O, cells. They showed
noticeable decrease in charge overvoltage up to 0.4 V
and prolonged cycle life, moreover, the charge potential
is in good agreement with the redox potential of used
RMs. The discharge product morphology is not affected
by RM addition and no sign of side products as LiOH or
Li,CO, was observed in XRD post mortem analysis.

Thus, a number of stable Ru-based complexes that act as
RM for Li-O, battery are obtained. Furthermore, their redox
potential may be tuned by substituent in imidazolium ligand.
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Mocne MHorouMcneHHbIX UccnepoBaHmit beina
ycTaHoBReHa masHas npobnema aerpaaaumm AUTHii-
M HATPMIA-MOHHBIX AKKYMYJSISITOPOB C 31€KTPONUTAMM
Ha ocHose nponunexkapbonara (MK) — 6onbwas
HeobpaTHMas eMKOCTb, CBS3AHHAS C AedEeKTHOCTbIO
SEl. YenewHbim peluerrem aaHHoi npobnems

crana pobaeka suHunenkapboHara (BK), kotopas
nossonuna pobuTbcst CHUXeHMs HeobpaTMMoin
€MKOCTHM M MOBbILLEHMUs CTABUABLHOCTM NpK
UMKIIMPOBAHWUM OTPMLATENbHbIX 3/IEKTPOAOB HQ OCHOBE
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HUTEBMAHbIX HaHokpUcTannos repmanns (HHK Ge),
CMHTE3MPOBAHHBIX Kak onucaHo B [1], B pactsopax

TM LiCIO, & cmecu MNK-anmerokeustan (AM3) (7:3) ¢
2 mac.% BK u 1M NaClO4 & cmecn atunenkapbonar
(3K)-NK (1:1) ¢ 2 mac.% BK ans autHi-MoHHBIX 1
HATPMM-MOHHBIX OKKYMYSITOPOB, COOTBETCTBEHHO.
Heobpartumas eMkocTb B niMTHICOAEPXKALLEM
anekTponute 6e3 pobasku BK cocrasuna okono 1900
MAu/r, pobaeka 2 % BK k anektponuty npueena k
CHMXeHUIo HeobpaTmoit emkocTH go 360 MAu/T.
Kpome Toro, obpatumas (aHopHas) emkocts HHK

Ge B anekrponure ¢ pobaekoi BK cocraemna okono
1500 mAu/r, a B anektponute 6e3 pobaeok He
npeesiwana 1000 MAu/r. Heobpatimas emkocTs Ha
MepBOM LMKIE HUTEBUAHBIX HAHOCTPYKTYP repMaHMs B
HaTpuiicopepXallem snekTponute, cocrasmna 75 u 21.5
MAu4/r B anextponute 6e3 pobasku BuHMNeHkapboHata
U ¢ Bo6ABKOM BMHUNEHKAPBOHATA, COOTBETCTBEHHO.
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Puc. 1. Unknnyeckme sonstamneporpammel HHK Ge B
HaTpuiicopepxalem anektponute 6es gobasku (a) m c
Aobaskos 2 % euHunenkapbonara (6). Ckopocts passeptku
MOTEHLMANA M HOMEPA LMKIIOB YKA3AHbI HO PUCYHKAX

Pa6ota BhinonHeHa npu ¢puHaHcosoi nopaepxke PHD
(npoekr N2 20-79-10312).
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JIutnit-noHHbIe akKyMynsTopebl sBnstoTcs Haubonee

3¢ HeKTUBHLIMM INEKTPOXMMMYECKUMU MCTOYHUKAMM TOKA.
B HacToswwee Bpems B kavecTBe KATOAHOrO MaTep1ana
MCMONb3YIOTCS CIOMCTbIE OKCHABI M UX MPOM3BOAHDIE,
NUTMIA-MAPraHL,EBas WNMHeNb U CNOXHLIA docdar
Xenesa-nutus co cTpykTypoi onuemna LiFePO, [1].
LiFePO, 6esonaceH ¢ ToukM 3peHus 3KONOTMM, a TaKXKe
5KOHOMMYECKM BbIrOHEE CIIOUCTbIX OKCUAHBIX KATOAOB,
T.K. HE COflePXMT TOKCHM4HOTO M gopororo kobansta. Kpome
TOro, Matepuan sensietcsi 6e3oNacHbIM 3a CYET IPOYHOTO
CBSI3bIBHMS KMcnopoaa B pocdaTHble rpynnbl. 3ameHa
Xenesa HA MApraHeLl, M nosy4eHue M30CTPYKTYpPHOro
LiMnPO, nossonset ysennunts paboumii noteHuman go
4.1 B otH. Li/Li*, uto obycnaenmeaer cywecTeeHHoe
NOBbILLEHME SHEPTrOEMKOCTM MATepHand.
MapoTepmanbHbiii/ conbBOTEPMANbHBINA MeToR,

CMHTE3Q CTAN1 OCHOBHBLIM METOJLOM NOJTY4EHMS
MaTepManoB co CTPYKTYPOM ONMBMHA B NABOPATOPHbIX
YCNOBMsIX, NO3BOJISA AOCTUIATD 1EKTPOXMMMHECKMX
XAPAKTEPUCTUK, BANIKMX K TEOPETUYECKOMY 3HOQUYEHHIO.
Haubonee nonynspHas cxema cuHTe3a 3akniovaeTcs

8 cmewnmsanmnn LIOH, H,PO, u FeSO, B paznuuHoit
NocneAoBaTeNbHOCTM MO clefyloleMy YPABHEHMIO:

3LiOH + FeSO, + H,PO, — LiFePO, + Li,SO,.

Ocratowpecs B pacteope ABA KATMOHA IUTHS Ha
¢$OpMyYNLHYIO €AMHMLY 3HQUMTENEHO YAOPOXAIOT NpoLece
NPOM3BOACTBA MATEPUANOB, NO3TOMY KPAMHE AKTYQNbHOM
asnsetcs npobnema noHuxeHus cootHowehus Li:M (M

= Fe, Mn) B MeToaMKe CONbBOTEPMANBHOTO CHHTE3A
ONMBMHA U ero npoun3seoaHbiX. B xope Mccneposanmii,
NPOBeAEHHbIX HALEH rPYNnoM, 6bino BLIABUHYTO
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NPEeANONOXEHNE O TOM, YTO KSIULIHME KATHOHBI IUTHS
MoryT 6bITb 3aMeHeHbl Ha KATUOHBI HATPKS.

[ns pokasarenbcTea AAHHOM rMnoTessl Gbina npoeeaeHa
cepus conbBoTepManbHeix cuutesos LIMPO, (M =Fe,
Mn) c pasnanunbim cootHowennem LIOH n NaOH &
peakuMoHHO cMecH. B pesynbrate Gbinn nonyyeHs
opHodasHele 0bpasupl coctasa LIMPO, co cTpykTypoit
ONIMBMHA, KOTOpble BblIM OXAPAKTEPU3OBAHDI

MeToAaMM NOPOLLKOBOM PEHTFEHOBCKOM AMPPAKLMM,
CKOHMPYIOLLEH 3MEKTPOHHOM MMKPOCKOMMMH,
MeccbayspoBCKOi CMEKTPOCKONMU. DNeKTPOXMMUUYECKHE
XAPAKTEPUCTMKM MOAYYEHHBIX MATEPUANOB,
McCnefoBAHHbIE METO,OM FrAbBAHOCTATMYECKOrO
LMKNMPOBAHMS, AEMOHCTPUPYIOT XAPAKTEPUCTUKH,
COMOCTABMMBIE C KOMMEPHECKUMM, 4TO B Byayluem
NO3BOMUT UCMONb3OBATh AAHHYIO METOANKY CMHTE3d.

Pabota 6bina ebinonHeHa npu nopaepxke rpaita PHP
19-73-10078.
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1. Armand M., Axmann P., Bresser D., Copley M.,
Edstrém K., Ekberg C., Guyomard D., Lestriez B.,
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2020,479, 228708.
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TemnepaTypHbIi AuanasoH paboTbl onbwKMHCTBA

METanN -MOHHBIX AKKYMYNSTOPOB HAOXOAUTCS B

untepeane ot -20°C pgo +60°C, npuyem ans Hanbonee
pacnpocTtpaHeHHbix LIB ontumanbHbiM cumtaetcs ot
+15°C po +35°C [1]. OgHako ans Poccuu, Benay
reorpad1yeckoro pacnonoxXeHus CTpaHbl, ocoboe
3HOYEHME MMeeT 3aAa4A NPOU3BOACTBA TAKMX YCTPOMCTB,
crabunbHo paboTarolwmx Npu TeMnepaTypax HUxe
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-20°C. A B CBSi31 C AKTMBHBIM M3yYEHMEM M PA3BUTHEM
TEXHONOTUI CO3AAHUS HATPUIA-MOHHBIX OKKYMYyNSTOPOB
3Ta npobnema CTAHOBUTCS KPAMHE AKTYANbHOM U AAISl HUX.
M3BecTHO, YTO COCTAB PACTBOPUTENS B 3NEKTPONUTHOM
CUCTEME CUNBbHO BAMSIET HO HU3KOTEMMEPATYPHbIE
XAPAKTEPUCTUKM METANN -MOHHBIX OKKYMYASTOPOB

[2]. B paHHOM paboTte nposogunock UccneposaHmne
CBOMCTB AByXKOMMOHEHTHbIX CUCTEM PACTBOPHUTENEIA:
EC:DEC, EC:DME, EC:DMC (temneparypa

MAABAEHMS YMCTBIX KOMMOHEHTOB BO3PACTAET B psiAy:
DEC<DME<DMC<EC); a Takxe pacTtBOpoB B HUX CONM
NaPFé paznuuHoit KOHUEHTpaUMM.

Metopom auddeperupmansHoro Tepmoaranmsa beino
yctaHoeneno, yto 1M pactsopel NaPF, 8 EC:DEC,
EC:DME, EC:DMC c cooTtHoweHHem pacTsopuTeneil no
obbemy 1:1 HauMHaIOT 3aTBEPAEBATL NPM TEMNEPATYPAX
-8%1°C, -13+1°C, -21+1°C cooteetctBeHHo. OgHako
30TeM B CPABHUTENBHO BOMbLIOM TeMNepaTypHOM
MHTEpBOsE OCTAIOTCS B COCTOSHUM KMOKPOTO CHEray,
noaobHoe Habnioaanocs B pabore [3] y 0,8 M NaPF,

g EC:.DEC = 2:3 ¢ 2% FEC. Conocraenss gaHHble,
nonyuenHbie Mmetoaamu [ICK u cnektpockonmm
3NEKTPOXMMMHYECKOTO MMNEAAHCA ABYXNEKTPOAHBIX SYeeK
npu Temneparypax +20°C...-40°C, 6bino nokasaHo, 4To
CyLeCTBEHHOE M3MEHEHNE YAENbHOM 3NeKTPONPOBOJHOCTH
NPOUCXOAMUT TONBKO NOCNEe AOCTMXEHUS TEMNEPATYPbI,
COOTBETCTBYIOLLEH OKTMBHOMY NEPEXOAY CONM B

TBepayto pasy. [ins cuctem c koHueHTpaumen conm TM
npu Temneparypax Huxe -25°C BennunHbl yaenbHoOM
3MEKTPONpPOBOJHOCTH BCeX 06pa3LIOB OKA3ANMCH

6nu3ku, a Ha uHtepsane -25°C...0°C nyywme sHayeHus
AemoHcTpupyet 1M pacteop NaPF, & cuecn EC:DMC.

Pabota eeinonHena npu nopaepxke PH® (Fpant N2

17-73-30006-N)
Cnuncok nureparypei:

1. Pesaran, A.; Santhanagopalan, S; Kim G.H. //
NREL «Proceedings of the 30th International Battery
Seminar» 2013, 20.

2. Smart M.C.; Ratnakumar B.V.; Surampudi S. // J.
Electrochem. Soc. 1999, 146, 486-492.

3. Che H.; Yang X.; Yu Y.; Pan C.; Wang H. et.dl. //
Green Energy & Environment 2021, 6, 2, 212-219.
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JIuTnit-noHHble akkyMynsTopsl, Gnarogaps ceoeit
BbICOKOM &MKOCTH, paboyemy noTeHumany u 6onbwomy
BpeMeHM cryX6bl HOXOAAT NPUMEHEHUE B MOPTATMBHbIX
3neKTpOHHBIX ycTpoiicteax. CornacHo nporHosam,
oxupaetcs poct ux ob6bémos npouseoacrea B 10 pas k
2030 rogy 6naropaps WHMPOKOMY pAcnpoOCTPAHEHHIO
anektpomobuneii [1]. B csazu ¢ 3TMM nponopumoHansHo
6yneT yBeNMUMBATLCS M KONIMYECTBO OTPABOTAHHbBIX
NIUTUIA-MOHHBIX OKKYMYJSISTOPOB, KoTopble 6e3
NoAXoAAIWEN YTUAM3ALMM MOTYT NPUUMHSTL OFPOMHBbINA
Bpea okpyxawolueit cpeae. na nepepabotku nuTHit-
MOHHBIX AKKYMYNSTOPOB MCMOJb3YIOT B OCHOBHOM
TMAPO- U MUPOMETANITYPrUYECKME METObI, MPU KOTOPbIX
3ﬂeKTp0p,Hble MOTepMGﬂbI U KOMMNOHEHTbI 3ﬂeKTpOJ'IHTG
paspywaiotes [2].

[ns coxpaHeHs 3NeKTPONUTA MPUMEHSIOT XMAKOCTHYIO
U CBEPXKPUTUHECKYIO SKCTPAKLMIO, KOTOPAs NO3BONSET
MoAy4QaTh U PA3AENSATb €r0 OCHOBHbIE KOMMOHEHTBI
(LiPF,, opranuyeckue kapboHarsi) [3, 4]. Takxe MoxHo
MCMONb30BATb AErPAAMPOBAHHbBIE AKKYMYSISTOPbI

ANS MANIOMOLLHBIX M He TpeBoBaTeNbHbIX K yAeNbHOM
émkocTu obnactax (HanpuMep, cTauMoHapHbIX
HAKOMMTENSX SHEPr1M), HO TAKOE MCNONb3OBAHME TAKXE
He BeckoHeuHO oTknagpieaeT npobnemy ytuamsaumu, u
YBENMUYMBAET PUCK TEPMMYECKOTO PA3rOHA U BO3rOpPaHms
akkymynstopos [5]. Takxe c uuknMposaHmem ckopocTts
NaaeHHUs EMKOCTM PACTET, YTO CBA3UHO C OCAXAEHUEM
NUTUS HA aHORE M perpagaument anektponuta [6].

Mbl aganTMpoBanu MeToapl CBEPXKPUTUHECKOM M
XMAKOCTHOM 3KCTPAKLUMM ANl BbIMBIBAHWS SNEKTPONMUTA,
M MCMONB3OBANM MX ANISl 3OMEHBI INEKTPONUTA B
COCTOPEHHBIX IMTUIM-MOHHBIX AKKyMynsTopax. B
pe3ynbTarte TAKOM 3aMeHbI yaanock aobutbes pocra
éMkoctH B cpesHeM Ha 150% npu xuakocTHoM

CTEHAOBbIE AOKALbI



BHEKTPOXVIMVI‘-IGCKVIG
ncanepgoeaHnsg
TUTAHATA INTUA,
AONMUPOBAHHOIO
HeogAMMOM

15

npombieke, Ha 85% npu cBepXxKpUTUHECKOH NPOMbIBKE
AN CUNBHO COCTAPEHHBIX aKKyMynsitopos ¢ 20-40% ot
HavanbHoM éMkocTH. Takxke NpM NOMOLLM EKTPOHHOM
MMKPOCKONMUM U PEHTFEHOBCKOM AN PAKLMM MOKA3AHO,
YTO BbIMBIBAHWE 3MIEKTPOJIUTA HE BAMSET HA CTPYKTYPY
3NEKTPOAHLIX MATEPMASIOB M MX N1EKTPOXMMMYECKHE
CBOMCTBQ.

Cnucok nuteparypbi:
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MaBecTHO, 4TO AONMPOBAHHbLINA TUTAHAT NIUTHS cnocobeH
06paTMMO LMKNUPOBATLCS B MHTEPBAJE NOTEHLMANOB
ot 3 no 0.01 B, 1 3ta cnocobHoCTb 3aBUCHT KAK OT
NPMpPOABI AOMAHTA, TOK M OT YPOBHS AOMMPOBAHMSI.
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B HacTosweit pabote nccnegoeatsl obpasup Li,Ti,O,
aonupoeanHbie Nd B konuuectse ot 0.5 po 2.0%. B
raNbBAHOCTATUYECKMUX OMBITAX MPU MANOM MAOTHOCTH
TOKO 30METHA AErPaaduMs NMpH LMKIMPOBAHWUM AaXe
HQ NepBbIX NATH UMKNAX. XAPAKTEPHO, YTO MPU STOM,
No Mepe UMKIAMPOBAHMS YMEHbLIOETCS KONMYECTBO
anekTpuyecTed B AByxdasHoi obnacti, a KonuyecTso
anekTpuyecTea B Auanasone noreHumanoe ot 0.01 go
1.55 B. C yBennueHreM NNOTHOCTM TOKA LIUKAMPOBAHMS
XAPAKTEP ranbBAHOCTATUYECKMX KPUBBIX M3MEHSIETCS:
NPAKTMYECKM UCYe3aeT Aerpapaums Npu LUKIMPOBAHUM
Ha nepBbiX UMKNax. Takxe ¢ pOCTOM NAOTHOCTH

TOKO yMeHbLLAeTcss EMKOCTb KK B KATOAHOM, TAK U B
QHOAHOM NONYUMKAAX, d 0buwas HeoBbpaTMMas EMKOCTb
npu Bcex nnoTHocTsx Toka 6onee 100 MA/r cTaHoBuUTCS
HuuToxHOM (puc. 1).

014 a A A A

0 500 1000 1500
1, MA/T

Puc. 1. MUamenenne katogHoii (kpyxkm), aHogHol
(xBagpartsl) u HeobpaTumosi (TpeyronsHmkm) emkocT Q
C POCTOM MIOTHOCTH TOKA i.

YcraHosneHo, 4to 06pasupl ¢ coaepKaHuem

Heognma 0.5—1.5% cnocobHel k 06paTMMomy
LMKNUPOBAHMIO B AManasoHe noteHuuanos ot 0.01

ao 3 B (oTHocuTenbHO nuUTHEBOrO anekTpoaa), NpUYEM
HaubonbLiei EmkocTbio obnagaloT 06pasubl

c copepxanuem Heoguma 0.5 u 1.0%.
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A topical task for modern energy is the search and study
of new materials and processes that underlie chemical
current sources. One of such promising technology

is a hydrogen-bromate battery, on the anode during

the discharge of the membrane-electrode assembly
(MEA) the hydrogen oxidation reaction occurs and

on the cathode the reduction of the bromate-ion in an
acidic medium reacts by the EC" mechanism, where the
redox-couple is bromine/bromide performs a mediator
function, while the reaction proceeds at a high rate and
with a relatively small overvoltage [1]. When charging
of hydrogen-bromate battery, hydrogen is released on
the negative electrode and on the positive electrode
bromate is generated from bromide at sufficiently high
potentials that have a destructive effect on the electrode
material. As it’s shown in [2], the current efficiency of
the bromide electrooxidation reaction was optimized,
but this reaction was not considered as part of an
energy-storing cycle. Thus, the purpose of this work is

to manufacture and evaluate the lifetime of the RuO,/
TiO,/Ti electrode for a hydrogen-bromate battery.

The morphology, phase and elemental composition of
the RuO,/TiO, /Ti electrode were studied using scanning
electron microscopy, Raman spectroscopy, and X-ray
photoelectron spectroscopy. Accelerated aging of the
material surface was tested, which indicates the potential
possibility of increasing the positive electrode lifetime in
the composition of the hydrogen-bromate flow battery.
Acknowlegment: The work was financially supported by
the Russian Science Foundation, project N221-73-30029.
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The ever-growing demand for energy storage forces
scientists and engineers to develop cheap, safe, and
environmentally friendly technologies. Solid—state batteries
(SSB) are considered as a one of the most promising ways of
further development in the electrochemical energy storage.
Replacing lammable organic electrolyte by a thin film of
inorganic ceramic allows to make batteries absolutely safe.
In such a technology, the solid electrolyte becomes one

of the most important parts of the battery, so, discovering
new families of solid conductors is a key for a successful
application of the SSB. Moreover, this technology may

be implimented in all types of metal-ion batteries. Made

of abundant elements, potassium-ion bateries (PIB) have
attracted much attention as a large scale electrochemical
storage device, therefore, a significant increase of the safety
is an important step for commercialization of PIB.

Today, a typical potassium ion conductor operates at
elevated temperatures. For example, potassium f''-Al,O,
(K-BASE) shows sufficient values of conductivity and good
wettability of potassium only at 150°C. Other inorganic
materials suffer from either low ionic conductivity or
narrow electrochemical stability window [1]. Therefore,
new materials with high values of potassium ion
conductivity and good stability under operation conditions
are widely sought. In previous decade, KTIOPO, (KTP)-
structured materials received much attention as electrodes
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for PIBs [2]. Unfortunately, previously discovered
materials have 1D diffusional pathway, so, its application
as a solid electrolyte is difficult [3]. Nevertheless,
increasing unit cell parameters may lead to the 3D
diffusion of potassium in the KTP—framework.

In this work, scandium-based KScPO F adopting the
KTP structure was synthesized via a hydrothermal

route. The unit cell parameters of obtained material

are significantly higher than those for Ga- or transition
metal-based counterparts (Pra21, a = 12.2267(2) A,
b=6.5464(1) A, c=11.0249(2) A, V=954.6 A°).
The BVEL method shows that activation energies of
potassium ion migration are 0.89 eV along the a and b
axes, and 0.25 eV along the c one rendering KScPO F
the only KTP-structured material with a 3D potassium-
ion diffusion, such that low values of activation energies
allow us to expect a high ionic conductivity.

In this presentation, synthesis aspects, structural features
and its correlation to transport properties of firstly
synthesized KScPO F material will be described.

This work was supported by Russian Foundation for
Basic Research (21-53-12039).
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One of the most pressing issues for lithium-ion batteries

is improving their safety. The transition to fully solid state
lithium-ion batteries will increase their safety, as well as
expand the range of operating parameters of operation
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and increase energy intensity in case of a metal lithium
anode.

Among oxide systems, one of the most promising
candidates for the role of a solid electrolyte is
polycrystalline structures of the NASICON type. Among
the systems with this type of structure Li,, AlxGe,_(PO,),
(LAGP) and Li,, Al Ti,_ (PO,).(LATP) are the most
preferable [1], [2]. According to the Scopus database,
the number of publications devoted to these systems
continues to grow.

The main problems in these systems are high temperature
and synthesis time when the material is obtained by
melting components in a crucible, as well as a high
grain boundary resistance. In the paper [3] for the LATP
system obtained by the mechanochemical method, it was
shown that doping with tellurium increases the lithium-
ion conductivity and leads to a decrease in the activation
energy. For the LAGP system, no such data were found
in the literature.

The study describes a method for obtaining a bulk
polycrystalline material of the LAGP type

at a temperature of 1270°C (against 1350°C

in the traditional way), the effect of introducing
tellurium into the LAGP system on the diffusion
properties of lithium ions, phase composition and
electrochemical stability is studied.

Funding: This research was done by Peter the Great St.
Petersburg Polytechnic University and supported under
the strategic academic leadership program 'Priority
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HecmoTps Ha wHpokoe npuMeHeHUe NUTHUIA-MOHHBIX
QKKYMYJISTOPOB, OCTAIOTCS BAXKHBIMM M OKTYASIbHBIMM
npo6neMbl BbICOKOM CTOMMOCTH TAKUX OKKYMYNSATOPOB,
OFPAHMYEHHOCTH 3ANACOB JIUTUS M NOXAPOONACHOCTH
BCIEACTBME MCMONb3OBAHMS NErKOBOCHIAMEHS IOLMXCS
OPraHM4eCKMX 3NEKTPONUTOB. ANbTEPHATUBOIM SBASIOTCS
MYNBTMBANEHTHbIE METANS -MOHHBIE AKKYMYNSTOPbI,
CpeAM KOTOPbIX MOXHO BbIAENUTb BOAHbIE LIMHK-
MOHHbIE CUCTEMBI BBMAY BbICOKOM IPABUMETPUYECKOM

U 06bEeMHOM @MKOCTHU LMHKOBOTO QHOAC, HU3KOFO
noteHumuana pepokc-nepexopa (-0.76B),
MCMONb3OBAHMS BOAHBIX 3NEKTPONMTOB M HU3KOM
CTOMMOCTH.

[nst UMHK-MOHHBIX QKKYMyNSTOPOB OKTMBHO
MCCNepyIoTCs KATOAHbIE MATEPUASBI HO OCHOBE
AMOKCMAA MAPraHLA BBMAY AOCTATOYHO BbICOKOTO
noteHumana pepokc-nepexoaa (= 1.4 B oth. Zn/
Zn?"), HU3KOM CTOMMOCTH M MASTOM TOKCUYHOCTH.
OT1penbHO MOXHO BbIAENUTL KPUCTANMYECKYIO
MoaMBUKALMIO CIOUCTOrO OKCMAA MAPraHLA CO
cTpyKTypoi#t 6upHeccuta (9-MnO,) c Gonbuinm
MexcnoeebiM pacctosiHuem (= 7 A), uto obneruaet
anddy3nio MOHOB LMHKA B KPUCTASIMYECKYIO PELIeTKY
mateprana. OgHAKoO K HEAOCTATKAM OKCMAA MAPFraHLa
OTHOCATCS HU3KAs MOHHAsS NpoBoanMocTb (= 107
CmecM™') M BO3MOXHOCTb PACTBOPEHMS MAPraHLA B
xope uuknupoeaHmns. OpHWUM 13 cnocoboB ynyylwmnTh
byHKUMOHANbHBIE CBOMCTBA KATOAA M CHU3UTb JOMIO
no6oYHOM peaKuMHM PaCTBOPEHMS SBNSETCS CO3AAHME
TOHKOCJIOMHbIX MOKPBITUI HO NOBEPXHOCTH dN1eKTpoaa
MM GKTMBHOTO MATEPMANA, B TOM YMCIe HO OCHOBE
NPOBOASALMX NONUMEPOB.

B aaHHo# pabote 6binn MccnepoBaHbl ABa

NoAXoAa K MOAUGHUKALMM KATOAHBIX MATEPUANoB

Ha ocHose 8-MnO,: xummuyeckoe nokpbiTHe
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yactuy 8-MnO, nposoasumm nonmepom

nonu (3, 4-atunenpuokcutnoderom) (PEDOT) ¢
nocneayowWMM NPUroTOBAEHUEM U SNEKTPOXUMMUYECKOE
ocaxpenune nneHok PEDOT Ha nosepxHocTb
3neKTpoaHbIX Matepuanos. Cuutes 8-MnO,
NPOBOAMACS TMAPOTEPMANbHBIM METOAOM MO METOAMKE,
onucanHoii B [1]. MonyueHHsie maTepuans Gbinm
NPOTECTUPOBAHbI B COCTABE KATOAOB B MOKETAX LIMHK-
MOHHBIX OKKYMYNSTOPOB C QHOBOM M3 METANNNYECKOrO
umHka, cenapatopom Whatman GF/ A B BogHoM
anektponute 2 M ZnSO,/0.1 M MnSO,. B noknage
obcyxpatoTcs pesynbTaThl CTPYKTYPHO-XMMUUYECKMX 1
3NEKTPOXMMUUYECKMX CBOMCTB MONMYHEHHBIX KATOAHBIX
MaTepuanos.

Pa6oTbl 6611 BEINOAHEHBI NPM NOAAEPXKKE

rpanta PODU N2 21-53-53012. Astopsl

BBIPAXAIOT 61ArofapHOCTH PECYpPCHBIM LLEHTPAM
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HayuHoro napka CI6TY.
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Lithium-ion batteries (LIBs) are still the most

widely used power sources for portable devices
because of their high energy and power density.
Nevertheless, high flammability of liquid carbonate
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ester-based electrolytes and their toxicity are
major drawbacks of LIBs. Gel polymer electrolytes
(GPEs) are one of the foremost effective ways to
overcome these issues and increase the safety of
batteries. They demonstrate high ionic conductivity
as liquid electrolytes and high mechanical integrity
of solids. Among different polymers, cellulose and
its derivatives are attracted especial attention.

It is renewable, biodegradable, and affordable
macromolecule. Carboxymethyl cellulose is
abundant polymer which has high amount of
electron donor atom in polymer chain.

This work aimed to develop novel types of modified
carboxymethyl cellulose-based polymers as matrixes
for GPEs. To achieve this, natural polymer was modified
with reversible addition-fragmentation chain transfer
(RAFT) agent to perform RAFT polymerization of poly
(ethylene glycol) methyl ether methacrylate (PEGMA)
in different ratios of molar agent: 10:1, 20:1, 50:1.
The membranes obtained were dried under vacuum

at 50 °C. Before the electrochemical measurements,
all membranes were swollen in 1 M LiPF, solution in
ethylene carbonate:diethyl carbonate (EC:DEC, 1/1
vol. ratio).

lonic conductivity @, lithium ions transference number
tLi and compatibility with lithium electrode were
measured by electrochemical impedance spectroscopy
in different symmetrical cells (steel / GPE/ steel for
evaluation of and Li/ GPE/Li for determination of
t.). Electrochemical stability range of the GPEs was
evaluated by cyclic voltammetry in the potential range
0.8 — 4.6 Vvs Li/Li".

The values of ionic conductivity obtained are in the
range 0.3 — 1 mS-cm™" which is high for GPEs and
comparable with conductivities of liquid electrolytes.

It was observed that in the potential range 1.5 - 4.5

V all GPEs studied are electrochemically stable. The
values of t  obtained are close to 0.6 which allow us to
suppose that these GPEs are perspective for their further
applications in LIBs.

The financial support from RFBR (grant N2 20-53-
56069) is gratefully acknowledged. The authors
would like to thank the Interdisciplinary Center for
Nanotechnology of Research Park of Saint Petersburg
State University.
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The nitrogen fixation from the atmosphere is one

of the topical issues of the chemical industry. 90%

of the world's ammonia is produced by the Haber-
Bosch process from N, and H, at high pressure and
temperature. However, this process does not meet
modern environmental requirements. At present,

a search is underway for alternative methods for

the production of ammonia and its derivatives from
molecular nitrogen. One of the promising areas is the
electrochemical reduction of nitrogen [1].

At the moment, the greatest attention is paid to the
nitrogen reduction reaction (NRR) in an aqueous
electrolyte, however, due to the closeness of the
equilibrium potentials of nitrogen reduction and
hydrogen release from water, as well as the low
solubility of nitrogen in water, the Coulombic efficiency
of this process rarely exceeds 10% even in the presence
of catalyst. The use of aprotic electrolytes makes

it possible to significantly increase the Coulombic
efficiency of NRR. In case of use of an active metal as
a negative electrode, NRR proceeds spontaneously,
i.e. such an electrochemical cell is a chemical current
source. Over the past few years, such current sources
based on Li [2], Na [3], Al [4] have been demonstrated.
Their NRR Coulombic efficiency was 59, 26, 51%,
respectively. The main discharge products of such
batteries are nitrides of the corresponding metals.
However, the results presented above are based on
single experiments, and there is no systematic study of
the effect of the electrolyte composition on the NRR in
aprotic electrolytes.

In this work lithium-nitrogen cells with an electrolyte
based on LiClO, and LiOTf were tested in a number
of aprotic solvents: dimethyl sulfoxide, propylene
carbonate, monoglyme, diglyme, and tetraglyme.
TGP-H-90 (Toray) and #4412 (SIGRACET) carbon
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papers and nickel foam were used as the positive
electrode. It was found in that, in contrast to the
literature data, under similar conditions, the discharge
capacity of model cells in an atmosphere of argon and
nitrogen does not differ in any of solvent-salt-electrode
systems. No NRR products were found on the positive
electrode after the discharge. The introduction of the
@-MnO, which is known as NRR catalyst in Na-N,
batteries [3], also did not lead to differences in the
electrochemical response of the cell in the Ar and N,
atmosphere. Thus, it was found that NRR does not
occur in standard lithium-containing electrolytes and,
apparently, it is required to use a highly active catalyst.
Financially support from the Russian President’s Program

for Young Scientist (Grant MK-3153.2021.1.3)
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Nowadays, more and more electricity is generated
using renewable energy sources. Due to the specifics
of such sources, there is an increasing need for energy
storage systems (ESS), which can be used as sodium-
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ion batteries (SIBs). SIBs are the promising alternative
to lithium-ion batteries (LIBs). The key problem in the
commercialization of the technology is the search for
electrode materials with satisfactory electrochemical
characteristics. For SIBs anodes, hard carbons (or non-
graphitizable carbons) appear to be the materials of
choice for negative electrodes (anodes) [1].
Hydrothermal carbonization is a promising route to
synthesize hard carbon materials. It allows to obtain
hard carbon with small particle size (~1pm) and with
the enhanced electrochemical characteristics [2].
Another advantage is varying the synthesis conditions
over a wide range. But at the same time, the control of
these parameters and the study of their influence on the
properties of the final product is a difficult task.

For this purpose, we synthesized hard carbon materials
from glucose via hydrothermal carbonization. During
the first stage of synthesis, the concentration of the
glucose solution, residence time, and the stirring regime
were varied. The second stage of synthesis was high
temperature annealing in a tube furnace in an inert
atmosphere. Hard carbons demonstrated the initial
Coulombic efficiency in the range of 80-90% and

the average discharge capacity of ~320 mAh/g at a
current density C/ 10 (25 mA/g) in a sodium half cell.
Hard carbon electrodes were also studied in coin-cells
and pouch-cells with cathode material Na,V,(PO,),O,F.
Full cells showed good electrochemical characteristics:
ICE of about 80% and a discharge capacity of about
100 mAh/ g, as well as good cycling stability.

This work was supported by the Russian Science
Foundation (Project No. 17-73-30006-P).
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KaTopHei MaTepuan — knto4eBoi KOMMNOHEHT AUTHIA-
MOHHOrO OKKYMYNSTOpd, onpeaensiowmii ero paboune
XOUPAKTEPMCTUKM M BHOCALWMI HaMBOMbLUMIA BKNOA, B
ctonmocTb akkyMynstopa. OborawenHsie nutrem (Li-
rich) cnoucrsie okeuant xLi, MnO_*(1-x)LiIMO, (0<x<1)
3apekomeHgoBanu cebs kak Hanbonee nepcnekTMBHbIE
noTeHUMANbHbIE KATOAHbIE MATepUansl, obnagatowme
CNocoBHOCTBIO BBIAABATL YAEbHYIO PA3PSAHYIO EMKOCTb
nopsaka 250 MA ¢ u/r. Mopo6Hble MaTepuansl coveTaioT
B cebe cnoucryio LiIMO, u moHokauHHyio Li, MnO,
$a3bl; 30 cyeT AKTUBALMM NOCNEAHEN NPU HANPSXKEHUH
ebilwe 4.4 B gocTUraioTcs BbICOKME 3NEKTPOXMMMYECKME
noka3sartenu. OCHOBHbIM HE,OCTATKOM 3TUX MATEPHANOB
ABNSETCA SBONIOUMS CTPYKTYP O COEAMHEHMI TMNA
WINWHENM, YTO CHUXOET OAHOBPEMEHHO M EMKOCTD,

u pabouee HanpsxeHne. OgHuM U3 cnocobos
CTaBUNU3ALMM CTPYKTYPbI, NOAABNEHUS PA3OBOTO
nepexopa & Li-rich matepranax sensiercs gonmpoeanme
— 30MeLUeHHe YOCTH NEePEXOAHBIX METANNOB MW IUTHS
PO3AMYHBIMU 3NEMEHTAMM.

B Hawe# paboTe nposegeHo MccneposaHme
sameenms yactn Co (2 ar %) na Fe u Al B Li-rich
marepuane cocrasa Li, ,Ni; ..Mn . Co..O,

Ha ero anekTpoxnMmmueckue ceoictea. Obpasupl
CUHTE3UPOBAHBI METOAOM COOCAXAEHMS C NOCNEeAyOLLEN
TBepAOPA3HOM peakumen C UCTOYHUKOM NNTHUS;
AOMAHTbI BHOCUAIM HA CTAAMM MONYYEHUs MPeKypcopa.
3aMeHa 4acTu KObAnNbTA HA ANIOMMHUIA 1 Xeneso
NO3BOMMANO YNYULLMUTb LUKIMPYEMOCTb KOTOAA HO OCHOBE
AOMUPOBAHHBIX OKCMAOB. [ins HeAONMPOBAHHOTO
okcuaa paspspgHas emkoctb nocne 100 umknos
cocraeuna 72.6% ot Ha4aNbHOM, B TO BpeMs KaK As
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MaTepuana, fONMMPOBAHHOTO antoMuHmneM — 88.6%, u
AN MATEPMANa, AONMPOBAHHOTO Xene3om — 79.2%.
BeeneHue AonaHTOB TaKXe 3aMeaAnMno nageHue
pa3psAHOro HaNpsiXeHus B MOAMPULMPOBAHHBIX
matepuanax. [ins aonuposaHHeIX 06pasLoe paspsaHoe
Hanpsxenue nocne 100 umknoe cocraemno 3.3 B,

B TO BpPeMs Kak ans ucxogHoro obpasua — 3.07 B.
Takum obpasom, gonnpoeanue Fe u Al cpepxusaer
HeXenaTenbHbIiM $A30BbINA Nepexo, TeM CaMbIM yny4Luas
3M1EeKTPOXMMMUYECKME XAPAKTEPUCTHKM 06pasLoB.

Pabora BeinonHeHa npu GpuHAHCOBOI noanepxke
npoekta PH® (20-13-00423). Uccneposanms
npoBoa1nu ¢ ucnonbsosaruem obopyaoeanms LIKM

DMU NOHX PAH.

Evgenii V. Beletskii', Vladimir V. Pakalnis?, Oleg V. Levin'
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The increase in battery demand and increased
requirements for them has led to an increase in the
consumption of natural resources and an increase in the
amount of metal-containing hazardous waste generated.
To date, the processing methods being developed

are quite labor-intensive and resource-intensive. They
include the stages of pre-sorting, additional discharge
of batteries, extraction of electrolyte and polymer
binder, dissolution of metals from cathode materials.

In this paper we describe the plasma discharge treatment
of a spent graphite suspension as a tool for recycling of
Li-ion battery (LIB) anodes. Dispersion of graphite-based
anode material from disposed LIBs (1%) in 5% hydrogen
peroxide was used for plasma discharge treatment.
When vacuuming, an electric discharge was formed
between the surface of the solution and the anode

above the solution at a voltage of about 600 V and a
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current of 50 mA.We demonstrate that such treatment
allows producing ready-to-use anode materials for LIB.
The characterization of obtained materials by physico-
chemical and electrochemical methods has made it
possible to establish the nature of the change in the
anode material and the reasons for the improvement of
capacity and power characteristics, as well as stability
during cycling, depending on the time of plasma
discharge treatment (Fig. 1).
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Fig. 1. Cyclic stability at 0.3 A/g charge/ discharge
current: GOR - graphite washed with distilled water
from the ZTE Li3820T battery; GOR15...60 — GOR with

15...60 min plasma treatment

The XPS studies were performed on the equipment of the
he Scientific Park of St. Petersburg University: Resource
Center “Physical methods of surface investigation”,

the Resource Center “Nanotechnology”. This work is
supported by scholarship of the President of the Russian
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B HacToswee Bpems MccneaoBaTenu Bo BCceM MUpe
30HUMAIOTCS Pa3paboTKOM KOHCTPYKLMM NOMHOCTbIO-
TBeppodasHoro uctouHmka Toka [1]. MoaobHsii
MCTOYHMK TOKA MOXET BbITb NPUMEHEH ANs IUTAHMS
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YCTPOMCTB B SKCTPEMATbHbIX YCIOBUSIX, B KOTOPbIX
MCMOsb30BAHME JIMTUIM-MOHHBIX AKKYMYISITOPOB He
oTBeuaeT TpebosaHnam GesonacHoctn (Hanpumep,
M3-30 NOBbILEHHbIX TEMNEPATYP MM HARUYMS
arpeccuBHbIX KOMNOHEHTOB cpeabl). OpHUMM K3
MePCrNeKTUBHbIX TBEPAbIX IEKTPOSIUTOR ANl MOSTHOCTbIO-
TBEpAOPA3HLIX AKKYMYynsTopoB bnaropaps BbICOKMM
3HaueHnam nposoaumocty (~10-4 Cm/ cm npu

25 °C) u ycroitumeoctu k Li sensiotcs coepnHenus

Ha ocHoee Li Lla,Zr,O , [2]. Opxako cywectsyer
npo6snema BbICOKOro Mex¢da3HOro CONpPOTUBAEHUS

u peHppuToobpasosaHms Ha rpanmue Li |

Li.Lla,Zr,O,, B cneacTBME NNOXOH CMAYUBAGMOCTH
AUTUEM NOBEPXHOCTU TBEPAOrO SNEKTPONMUTA.

OpHWM 13 pelueHmit AAHHOM Npobnembl MOXeT BbITb
UCNosb3OBAHKME B KOYECTBE HOAM CMIABA HO OCHOBE
amTHs.

Liln cnnae ¢ pasnnyHbiM copepxanuem nutus Gbin
nonyyeH c nomowbio AByx metoauk: 1) eapka Liln
cnnaea B neun — 10 u 18 at.% Li; 2) HaHeceHue In Ha
NOBepPXHOCTb TBEPAOrO 3NEKTPONMTA U GOPMUPOBAHME
CMAaBa NpU HAHECEHMM cBepXy meTannuyeckoro Li

c nocnepyowmm Harpesom (in-situ) — 40 u 90 at.%

Li. Beinn cobpanbl cummeTpuuHbie suedikm Liln |
TBepAbIi aneKTponMT Ha ocHose Li La,Zr,O | Liln.
YcTaHoBMIEHO, YTO CONPOTUBIIEHUE HA FPAHMULIE MEXAY
TBEpPAbIM anekTponuToMm U Liln cnnagom, nonyueHHbIM
in-situ, coctasnset ~14 Om cm2 npu 200 °C, B TO
BPEeMsl KOK CUMMETPUYHbIE IMEMKM C FOTOBBIM CMIABOM
umenu 6onee BLICOKME 3HOYEHMS CONPOTUBNEHMS HA
rpatunue — ~31 Om cm2. Kpome Toro cornacHo AaHHbIM
LIMKSIM4ECKOM BONLTAMMNEPOMETPUM NPU HANOXKEHWUM
noteHunana £500 MB, ckeosb sueitky npu 200 °C
npoxopat Toku £20 MA / cM?, uTO Ha TPU NOPSAKA BhIe
MO CPABHEHMIO C CUMMETPHUYHBIMMU IHEAKAMM C FOTOBbIM
cnnasoM. CobpaHHble cuMMeTpuuUHble sueitkn ¢ 40 n 80
ar.% Li 8 cnnase nokasanu ctabunsHoe nosepeHne npu
ranbBAHOCTATMHECKOM LMKAMPOBAHUM C MPUIOKEHHBIM
TokoM £1 1 8 MA (5 u 40 MA/ cM?), cooTBeTCTBEHHO.
O6paszoeaHus npumecHbix $as Ha rpaHuLe pasgena
TBEepAbIM 3neKTponuT Ha ocHose Li La,Zr, O | Liln
CMNAB € pasnuyHbIM copepxaruem nutus (10-90

at.%) He 6bino o6HapyxeHo ¢ nomowsio PPA,
KP-cnektpockonuu u pactpoBoit 3neKTpoHHOM
Mukpockonuu. Takum 06pasoMm, nonyyeHHble
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pe3ynsTaTthl MOryT 6biTh B fANBHEMLIEM UCNONB3OBAHBI
AN CO3AAHMS MONHOCTbIO-TBEPAOPA3HBIX UCTOYHMKOB
Toka c Liln aHogom.

Uccneposanue BbinonHeHo npu GpUHAHCOBOM Noaaepxke
rpanta Mpesnpenra PO N2 MK-4015.2021.1.3.
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JIuTnit-cepHble akKyMynsTopbl LUIMPOKO MCCeayloTes B
nocnepHue rofbl, TOK KK 06NafaioT BEICOKOM yAeNbHOM
émkoctbio 1675 MA*u/r (cepsl), yem 1 npuBnekaiot
BHMMaHMe nccneposarteneit. OgHako npakTyeckue
3HQYEHUs EMKOCTM TAKOFO OKKYMYASTOPA 3HQYUTENBHO
HUXe TeopeTuyecknx. [loaToMy, ans pelueHns AAHHOM
npo6nemsl npuberaioT K pasnuyHeIM cnocobam
MoardHKALMM CEPHOTO 2NEKTPOAA, HaNPUMEP:
MCMONb3OBAHME PA3NMYHBIX YINEPOAHbIX MOANPHKALMH,
U3MEHEHWe COCTABA NEKTPONUTA U NerMPOBAHNE
anekTpona pasnuuHeiMu pobaekamu. MocnegHnm
NOCBSALLEHO AGHHOE UCCNEeA0BAHME.

IOns npoeeaeHus Bbinn M3roToeneHs! cepHble paboune
3NEKTPOabl C ME3ONOPUCTLIM YIEPOAOM B KAYECTBE
nposopsleit LOBABKM U TAKUMU NErUPYIOLMMH
pobaekamu, Kak xeneso, cepebpo, okenp TUTAHA

M ceneH.

CTEHOOBBIE JOKNALbI



Silylated reduced
graphene oxide

as an active
material of negative
electrode for
lithium-ion battery

132

Pucynok 1. CpasHeHne paspsaHO# EMKOCTH CEPHOro
3N1EKTPOAA € PA3MYHBIMM [,06ABKAMM

1250
1000
750

500

Q, MA*Y/r (cepbl)

250

Ha pucyHke 1 nokasaHo cpasHeHne paspsaHoi
&MKOCTH CepHBIX 3NIEKTPOAOB € NErnpyIOLMMH
pobaskamu. U3 pucyHka MOXHO yBUAETD, YTO
HaubonbLyto HauanbHyo EMKOCTb UMEN 3NEKTPOS,

c nobaBKoi Xenesa, O[HAKO 3TO 3HAYEHHe BbICTPO
yMeHbwanocs 1 Ha 10 uukne cpasHanock co
3HAYEHMSMM OCTANbHBIX 06PA3LIOB.

HaumeHbLuyio HauanbHyo EMKOCTb MMEET 3MEKTPOA, C
OKCMAOM TUTAHQA, HO 3TOT obpasel, UMeeT HannyuLYyIo
LMKIMYECKYIO CTABUNBLHOCTb Cpeay NPeACTABNEHHbIX:
nocne 6 uMKNAa pas3psaHAs EMKOCTb NPAKTUYECKH
NepecTana yMeHbLUATbCS M BbILLAA HA NAATO.
DnekTpopabl ¢ cepebpoOM 1 ceneHoM He MOKA3ANM KAKMX-
TO HEOPAMHAPHBIX XAPAKTEPUCTHK.

Mcxops U3 nonyyeHHbIX pesynbTaTos, CTOUT OTMETHTD,
4TO HeO6XOAMMO KOMMIEKCHOE BO3AENCTBUE, KOTOpOe
obecneunT BbICOKYI0 EMKOCTb, KAK B cry4ae ¢ fobaskoi
Xenesa, M Xopolune UMKIMYECKMEe XOPAKTEPUCTMKH,
KaK Npy AobasneHnm okemMaa TUTAHA.
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Silicon is a promising material for the role of the active
material of the negative electrode of a lithium-ion
battery. The specific gravimetric capacity of silicon

is more than 11 times that of traditional graphite

(4200 mAh/ g for silicon against 372 mAh/ g for
graphite). However, the volumetric deformation of its
crystallographic structure during the introduction of
lithium ions reaches more than 300 %. The approach
of creating composite materials based on the silicon-
graphene system is considered promising [1].

In this paper, silylated reduced graphene oxide
(Si-RGO) was proposed as the active material of the
negative electrode. Silylation of graphene oxide was
performed by the method of monomolecular deposition
with the formation of siloxyl bonds (-C-O-Si-). Further,
the material was reduced by placing it in hydrazine
hydrate vapors. Graphene oxide used in this work was
synthesized by the Hummers method. Electrochemical
properties were studied in model electrochemical half-
cells. The active mass consisted of an active material
(Si-RGO), an electrically conductive additive (acetylene
black, Super P), and a binder (PVDF) in a ratio of
8:1:1. The 1 M LiPF, in a mixture of ethylene carbonate
(EC) and ethylmethyl carbonate (EMC) in ratio 1:1 by
volume was used as an electrolyte. The material was
studied by the galvanostatic cycling (Fig. 1). This work
was performed in accordance with the state task, state
registration N2 AAAA-A19-119061890019-5.

()

— L cycle
— 2 cycle

S cycle

Voltage, V (vs. Li*/Li’)

\,

0 50 100 150 200 250 300
Specific gravimetric capacity, mAh/g

Fig. 1 — Galvanostatic charge-discharge curves (C/ 10)
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Nowadays, the ever-growing progress in materials
science is supported by the computer-aided research.
The search for new critically important functional
characteristics of materials is one of the directions for
which using the methods of the artificial intelligence is
highly demanded.

Among the properties of materials that can

ignite the new direction of research in the area

of electrochemical energy storage is the physical
property of negative and close-to-zero thermal
expansion (NTE) [1]. Recently, it has been shown that
these compounds can be used both as components
and as separate materials resistant to thermal shock,
which expands their possible fields of application. In
this study, first, the analysis the known structure types
demonstrating NTE was performed. It was supposed
that describing the investigated structure types by
the recently introduced and manifested parameter,
Pauling number (PN) [2, 3], it would be possible

to circumscribe the candidate compounds with NTE
since the flexibility of the compounds framework

and the lattice topology are highly associated with
the possibility of materials do not expand the lattice
parameters while heating and to limit the changes of
the structure during the possible phase transitions by,
e.g. polyhedra tilting [4]. We suggest that several
families of compounds with PN value close to those
of NTE materials can be considered as the targets for
the investigation. Second, based on the experimental
data for the A,M,O , family of compounds, we have
developed the quantitative models to predict the CTE
within this family with possible transfer on other, less
investigated, structure types.
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Ni-rich NMCs are already established as promising
cathode material for Li-ion batteries (LIBs). They have

a high practical capacity of over 200 mAh/g and
possess a high energy density larger than 800 Wh/

kg. These characteristics allow accommodating the need
for longevity and fast recharging of LIBs much better
than NMCs with lower amounts of Ni. Nevertheless,
despite their higher performance, Ni-rich NMCs show

a significant decrease in capacity after prolonged
cycling. Modification of intergranular contacts via solid
electrolytes, in particular the amorphous Li,SO, binder,
was established to increase ionic conductivity across the
intergranular contacts, and improve mechanical integrity
and electrochemical cycling stability. Therefore, it was
decided to develop a Li,SO -Li,PO, solid solution binder
which is known to have even higher ionic conductivity
[1]. In this work, we aim to introduce Li,, S, P O,
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binder into the cathode materials based on the Ni-rich
NMC (LiNi, ;Mn Co  O,) in order to improve its
electrochemical properties.

LiNi  ;Mn_ Co, O, (NMCB811) cathode material was
obtained via co-precipitation synthesis using sulfates
of transition metals and (NH,) ,HPO, solution was used
as a source of phosphate anions in concentrations from
10 to 120 mM. Using XRD analysis we noticed the
presence of a minor additional phase in an otherwise
well-crystalline layered structure (s.g. R-3m) that can
be attributed to Li,, S, P O, solid solution isostructural
to y-Li,PO,. Obtained EDX-STEM and EELS elemental
distribution maps of phosphorus and sulfur indicate
that in all samples binder is distributed throughout the
whole material but mostly located at intergranular
contacts of cathode materials primary particles.
Moreover, quantitative EDX analysis, supported by
BET measurements of surface area, showed that the
amount of binder, filling the voids between particles,
changes non-monotonically within series. It rises up

to ~2.2 mol.% for 60 mM modified sample, giving

the lowest surface area of 1.15 m?g’', and then

drops to ~1.3 mol.% for 120 mM modified sample,
corresponding to the 1.76 m2?g™". Those observations
correlate with electrochemical properties, measured
by galvanostatic charge/ discharge cycling in the
2.7-4.3 V vs. Li/Li* potential range at different current
densities. The results show that composite cathode
materials based on the NMC811 and Li, .S ,.P ., O,
possess slightly increased rate capability, compared
to the one, modified by Li,SO,, and significantly
enhanced stability as the capacity retention over 300
cycles at 1C elevated from 68% to 81%.

This research was funded by the Russian Science
Foundation, grant 20-13-00233.
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B nocnegHue roabl BO3poc MHTEPEC K KATOAHbBIM
maTepuanam Ha ocHoee Li-n36birouHbix okenpTopuaos
nepexopHbix MeTannos ¢ obwei popmynoi Li,, (MTM2)
sz_yFy C pa3ynopsAo4YEeHHOMN CTPYKTYPO KAMEHHOM CONM
(F-DRX) kak HOBbIN NepcnekTUBHBIMA KNACC KATORHBIX
MATEpUAnoB AN IMTUA-MOHHBIX OKKYMYNSTOPOB C BbICOKOM
yaenbHoM sHepruei. HactuHoe 3aMelleHne kucnopoaa
Ha ¢prop B DRX okcupax npuBoaMT K NOBbILLIEHMIO
YAENbHOM eMKOCTHU 3d CYET YBENMYEHUS COREPXAHUS
nepexogHoro metanna (TM), npegotepawaer
HeoBpaTMoe BbifeNeH1e KUCNOPOAA U3 PELIeTKM B

suae O, u cnocobcTayeT NOABCHMIO AUAMATHUTHBIX
KNnacTepoB nUTUS, HeobXxoanMbIX ans andey3anm nuTus

30 cuet 06paA30BAHMS HENPEPLIBHOM NEPKONSALMOHHON
cet1. bnaropaps np1cyTcTBUIO BLICOKOBANEHTHBIX MOHOB
TM (d°), nosbiwaetcs copepxanue nUTHS 1 ynydwaercs
CTPYKTYpPHQs CTABUABHOCTb NPY LIMKAMPOBAHMM.

B Hacrosweit pabote nposegeHo cpasHuTENbHOE
uccnepoBanue enmusaHUs npuponabl d° Metanna

HQ KPUCTANNMYECKYIO U NIOKANBHYIO CTPYKTYPY,
Mopdonoruio, sneKTPOXMMUYECKHUE CBOHCTBA M
anddysmio noroe Li* 8 F-DRX c obweit bopmynoit
Lin(MeMna*)]_sz_yFy, rae Me=Ti** u Nb>*, 0,2<x<0,288
u 0,055y=<0, 15, nony4eHHbIX MEXAHOXMMMHYECKM
CTUMYNMPOBAHHBIM TBEPAOPAZHBIM CUHTE3OM, C
ucnonszosannem metogos PPA, MM, IMP u IMP,
ranbBaHoCTaTM4YecKoro uuknmposanus u GITT.

Bce nonyueHHble 06pasupl ABAAIOTCS OAHOPASHBIMM.
Mapametp pewetkn ans Ti-coaepxawmx okcMaos
YMeHbLIAeTCs € yBennyeHuem B obpasue y, a ans
Nb-copepxawmx o6pasuos nsmeHeHue obbema
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pelueTk1 He cTonb 3ameTHo. Paamepel yactuuy obpasuos
Lin(Ti“Mn“)]_XOz_yFy “ Li]+x(Nb5*Mn3+)]_x02_yFy,
MexaHUuecku obpabOTAHHBIX C yrnepoaoM, COCTABASIOT
1-5 Mmkm 1 0,5-3 MKM, cooTBeTCTBEHHO.

MokasaHo, 4TO HA KPUBbLIX LIMKAMPOBAHMS
HabnopatoTcs Asa Nnato B 061aCTM HaNpsSXeHMH
3,3-3,4Bu 4,1 - 4,3 B, cootseTcTByIOWWME ABYM
penokc napam: Mn**/ Mn* and O%/O". Npu s1om,

B cnyyae Ti-cogepxawmx F-DRX Bknap pepokc napei
0%/ O yMeHbLIaeTcs ¢ yBennueHneM konuuectsd F

8 otnume ot Nb-copepxawmx. ina obenx cucrem
F-DRX ycraHoBneHo 06pa3oBaHmue NapaMAarHuTHbIX
knactepoe Mn, npuuem ans Nb-cogepxawpmx F-DRX
HabniopaeTcs Gonblias cTeneHb KNACTEPU3ALMM, YTO,
No-BMAMMOMY, OTPMULATENLHO BAMSET Ha Anddy3uio
uoHos Li*. PaccunranHbiit koadpuument anuddysnm ans
HMX HQ NOPSAOK HuxXe, Yyem ansa Ti-copepxawmx F-DRX.
YBenuueHne cKopoCTM OXNAXAEHHs B NPOLIECCE CHHTE3A
F-DRX npusoauTt K yBennueHuio 6ecnopsaka B KATUOHHOM
noApeLIeTKe U NOAABASET NIOKANbHOE YNOpAAo4EHHE.

Pab6ota eeinonHeHa npu puHaHcosoit noaaepxke PHD,
rpant N2 21-73-20064.
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B cBA3M C MOCCOBLIM NPUMEHEHWEM NIUTUIA-UOHHBIX
akkymynstopos (JTMA) Bbicokoi EmkocTH Ha
3NEKTPOTPAHCMOPTE M CUCTEMAX XPAHEHMUS

3Heprumn ocobyto akTyanbHoOcTb Nnpuobperaet nx
6esonacHocTsb [1]. BesonacHocts JINA onpepensercs
CBOMCTBAMM OKTMBHBIX MATEPUANIOB NONOXMUTENbHBIX
M OTPULATENbHLIX 31EKTPOAOB M KOMMNOHEHTOB
anekTponutHbIx cuctem [2]. Ocoboe 3HaueHne Mmeet
6e30NaCHOCTb 3NEKTPONUTHBIX CUCTEM NOCKOJIbKY OHM
ABNAOTCA OCHOBHbIM UCTOYHMKOM TeNJ1OBbIAENeHUS
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npu Bo3ropannn akkymynstopos [3]. [ins ouenkm
6e30NaCHOCTH INEKTPONUTHBIX CUCTEM LLUMPOKO
Mcnonb3yoT MeToapl AuddepeHLManbHOM CKAHUPYOLLEM
KOANOPUMETPMM U CUHXPOHHOTO TEPMMYECKOTO AHANM3A.
BaxHbiM nokazatenem 6e30MACHOCTH 3NEKTPONMUTHBIX
CUCTEM ABNISIETCS TEMNEPATYPA BCMLILIKM.

B noknage cyMMMpoOBaHbI pe3ynbTaTbl KOMMAEKCHbIX
MCCneaoBaHMit 6@30NAcHOCTH INEKTPONMTHBIX CUCTEM HA
OCHOBE PUCTBOPOB JIMTUEBbIX CONEM B CynbdOHAX U UX
cMecsiX ¢ KapBOHATAMM, IMHEMHBIMU M LIMKITMHECKMMM
a¢mpamu. NokasaHo, YTO 3NEKTPONUTHbIE CUCTEMBI HA
ocHoBe cynbdpoHoB 0bnapatoT BeIcOKoM BezonacHocTbio
U MOryT 6bITb MCNONb3OBAHBI B SHEPrOEMKMX
AKKyMynsTopax 605bLuoi EMKOCTH.

Pa6ora seinonHeHa B pamkax MUHKCTEpCTBA HayKM 1
Bbiclero obpasosanus Poceuitckon Pepepaumn [Tema
rocsaganus N2 121111900148-3].
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Lithium-ion batteries (LIBs) have achieved successful
commercialization and become an integral part of
portable electronics due to their high energy density
and long lifespan. Nonetheless the search of more
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advanced LIBs electrode materials leaves room for
significant improvement in the power, stability, and
safety characteristics.

Since the pioneering work on LiFePO, by Padhi et al.,
polyanion compounds have attracted much attention
as potential new cathode materials for LIBs. Among
them, fluoride-phosphates have been extensively
investigated owing to a possibility of synergizing the
advantages of both anion moieties. LiVPO,F with

the tavorite structure has a reasonable theoretical
capacity of 156 mAh/ g and a high redox potential of
4.2 V vs. Li/Li* which provides the highest theoretical
energy density (i.e., 655 Wh/kg) among V¥ /V#
redox couples in polyanion compounds. Unfortunately
a significant change of the unit cell volume during

the (de)intercalation of lithium ions, in view of the
structural features of tavorite, leads to a rapid
degradation of LiVPO,F electrochemical performance
during long-term cycling.

Recently, KTIOPO, (KTP)-structured electrode
materials, have shown much promise as high-power
and high-voltage electrode materials for metal-ion
batteries, in particular, LIBs. Fedotov’s and Ceder’s
groups demonstrated that the extraction of potassium
ions from KTP-KVPO F resulted in a steady KxVPO F
framework suitable for reversible (de)intercalation of
Li, Na and Kions [1, 2]. In this regard, there is a high
possibility of stabilization of the LiVPO ,F composition in
a KTP-type framework that would be of great practical
interest. However, its direct synthesis remains unrealized
presumably due to thermodynamic reasons.

In this work, we propose an elegant chemical approach
to the targeted synthesis of a new KTP-type LiVPO F
electrode material in two steps. At first, NH4VPO F
precursor was produced by the hydrothermal method
and then a solid phase ion exchange reaction was used
to produce KTP-LiVPO F. The crystal structures of these
compounds were refined by the Rietveld method using
synchrotron X-ray diffraction data. The completeness
of the ion exchange reaction was confirmed by FTIR
spectroscopy. The composite material KTP-LiVPO F/C
demonstrated reversible (de)intercalation of lithium ions
at an average voltage of about 4V. In this report, key
aspects of the synthesis and crystal structure of a new
KTP-type LiVPO F will be highlighted and discussed
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with a special emphasis on their relationships with
electrochemical properties.
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OpHnM 13 cnocoboB aHANKM3A cnekTpos
3NEeKTPOXMMUUYECKOTO MMNEAAHCA 1EKTPOXUMMYECKMUX
06beKTOB SBNSETCS METOR, PACMPEAeneHus BPEMEH
penakcauuu (Distribution of Relaxation Times -

DRT) [1]. UcnonbzoeaHne meToaa DRT nozeonser

6e3 anpuopHbIX 3HAHMI 06 obbekTe onpeaenuTs
KOJIM4ECTBO U CBOMCTBA €rO CTPYKTYPHBIX 3IEMEHTOB.
B pabote 6binm npoaHanM3npoBaHbl U3MEHEHMs

B CMEKTPAX 31E€KTPOXUMMYECKOTO MMMEAaHCa
cummeTpuyHbix Li-Li sueek B 3aBucMMoOcTH oT BpeMeHH
XpaHeHus u Temnepartypel. [pu xpanenun Li-Li

fiueeK Npu NOCTOSIHHOM TeMNepaType KonM4YecTso
nukos Ha ¢yHkumu DRT 1 mx cymmapHas nnowaae
YMeHbLUIAIOTCA, YTO ABngeTca cneacTteMeM BblpGBHHBOHVIﬂ
bH13MUECKMX NAPAMETPOB CNOEB NOBEPXHOCTHOM
MAEHKM HO NIMTMEBOM INEKTPOAE U YMEHbLUEHMS €€
conpotuenenus. [pu nosbilLLEHMN TeMNEPATYPbl
dopma dyHkumit DRT craHosuTca 6onee cnoxHoi,
KOSIMYECTBO NMUKOB YBENMYMBAETCH, HO X CYMMApPHAQs
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nnowaab ymeHbwaetcs. MokasaHo, Yto Mcnonbsosanue
$yHkumit DRT npu aHanuze umnepancos Li-Li sueek
No3BONSET CYAUTb O CTPOEHWUM NOBEPXHOCTHBIX MIEHOK
HO NIMTMEBOM DNIEKTPOAE U OLLEHUBATH CBOMCTBA MX
OTAieNbHbLIX CIOEB, B OTIMYME OT KNACCUYECKOTO METOAd
aHaNM3a MMNeaHca, Korad oLeHMBaloTcs puanyeckue
CBOMCTBA MNEHKM HA JIMTUEBOM DIEKTPOAE B LIESIOM.
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Layered transition metal oxides (TM)
LiNi?/3* Mn* Co®* O, with a high nickel content (x 2
0.6, so- “called Ni- rlch NMC), are considered promising
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cathode materials for lithium new-generation ion
batteries, because of a significantly high electrochemical
capacity (up to 240 mAh/ g). However, their practical
application is limited due to the rapid specific capacity
degradation during prolonged electrochemical cycling.
This problem is a consequence of the accumulation

of structural stresses in Ni-rich NMCs during
electrochemical cycling, due to sharp changes in the
interlayer distance and lead to significant deformation
of the crystal lattice, which in turn leads to deterioration
of the mechanical integrity of the cathode due to
cracking of secondary particles, while the penetration
of the electrolyte into the particles through microcracks
accelerates the process of degradation of the material.
A promising approach to suppress irreversible structural
changes is the chemical modification of the cation
sublattice. Elements that can occupy both lithium and
TM positions are selected for doping into the cationic
sublattice, however, the vast majority of published data
on the cationic substitution of Ni-rich NMC is purely
empirical in nature, without clarifying the role of doping
additives.

Within this research, Mg-doped LiNi, ;Mn_,Co/,O,
NMC in the form of single crystal particles were
obtained in order to suppress the formation of
microcracks at the level of primary particles during
prolonged galvanostatic cycling, as well as to clarify
the structural mechanism of chemical doping of Ni-rich
NMC. The synthesis of samples was carried out by a
flux-growth method using a mixed hydroxide precursor
composition (Ni, Mn_,Co ), Mg (OH), (x=0, 0.05,
0.1), previously obtained by co-precipitation method,
and a mixture of lithium salts. According to powder
X-ray diffraction data, all obtained the samples are
single-phase. Rietveld refinement showed that the

unit cell volume increases with an increase in the
concentration of magnesium in the samples, which is

an indirect confirmation of the successful substitution

of 3d transition metals with Mg?* cations. The cationic
composition and homogenous distribution of Mg and
TM within crystals volume of the obtained samples was
confirmed by X-ray energy dispersive spectroscopy
(EDX). Using the high-resolution EDX-STEM method,

it was found that Ni, Mn and Co occupy their regular
positions, while Mg in the structure occupies both
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octahedral positions in the TM and lithium layers.
Galvanostatic tests of the obtained samples showed that
the presence of Mg improves the stability of materials
during long-term cycling. For example, in the case of x
= 0.05, the sample after 300 charge/ discharge cycles
demonstrates the capacity retention of 94%, while for
the unsubstituted LiNi  ,Mn_,Co_ ,O, this value is 88%.
However, Mg-doped samples show lower values of
the specific reversible discharge capacity compared

to LiNi, ;Mn_,Co_,O,, which may be a consequence
of blocking the diffusion pathways of Li* by Mg?* ions
present in the Li layer. Dark-field scanning transmission
electron microscopy (STEM) method was applied to
establish the mechanism of stabilization of Mg-doped
samples during prolonged cycling, after 300 charge/
discharge cycles. The report will show that Mg in Ni-rich
NMC plays a role of "stabilizer" of the structure and
suppress of microcrack formation and propagation
through crystal structure.

Research funded by Russian Science Foundation (RSF)
(Grant N2 20-13-00233).
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Manganese oxide films were obtained by
electrodeposition and their electrochemical and

mass transfer processes in aqueous zinc-ion battery
electrolyte were studied by cyclic voltammetry and
electrochemical quartz crystal microbalance (EQCM).
The investigations were conducted on Au-coated
quartz crystal electrodes in aqueous electrolytes of
different composition (2 M ZnSO, and 2 M ZnSO, +
0.1 M MnSO,). Monitoring of electrode mass variation
during potential cycling provides direct evidence that
redox processes in MnO, electrodes co-occur with
intercalation of protons and zinc ions in 2 M ZnSO,, +
0.1 M MnSO, electrolyte.
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Combined CV and EQCM studies reveal that
electrodeposited films of MnO, are unstable in 2 M
ZnSO, electrolyte. The repeated potential cycling in
Zn-containing electrolytes leads to rapid deterioration
of electrode capacity in the few initial cycles due to
the Zn?" insertion into subsurface structures of MnO,
and blocking of electroactivity of MnO, film on Au
substrate.

On the other hand, reversible processes of intercalation
of protons and zinc ions occurin 2 M ZnSO, + 0.1 M
MnSO, electrolyte. Two main steps of mass increase
during the discharging process, taking place at 1.4 V
(vs. Zn/Zn?) and in the potential range (1.3-1.0) V
were demonstrated by EQCM. The first step of mass
increase is mainly related to the intercalation of H* (as
H,O"), whereas the second step of mass increase is
mainly associated with formation of surface compounds
like zinc sulfate hydroxide salts.

The magnitude of apparent molar mass of species
transferred at the first cathodic peak (at 1.4 V) is
approximately proportional to the molecular mass of
H,O" ions, testifying that the charge storage mechanism
is mainly determined by proton intercalation. The
analysis of the mass step at potentials (1.3-1.0) V gives
the value of apparent molar mass much higher than that
of Zn? ions, supporting the hypothesis of additional

Zn (OH),SO,xH,O (ZHS) precipitation/ dissolution
reactions. It is a consequence of gradual increase of the
pH value of the electrolyte in the vicinity of electrode
surface at discharge, which is associated with first H*
insertion process. During the charging process the
electrode reversibly loses part of its mass, indicating that
ZHS surface deposits dissolve and leave the electrode
at the positive scan due to the local pH changes at
electrode/ electrolyte interface.

These results show that the presented approach with

in sitt EQCM measurements is highly useful for further
understanding of the intercalation processes in metal
oxide cathodes of zinc-ion systems.
Acknowledgements: The financial support from Russian
Foundation for Basic Research (grant N2 21-53-53012)
is gratefully acknowledged. The authors would like to
thank the Center for X-ray Diffraction Methods and the
Interdisciplinary Center for Nanotechnology of Research
Park of Saint Petersburg State University.
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TBepHOTeﬂbele JIUTUEBbLIE OKKyMyﬂﬂTOpbl ABAIOTCA
OAHMMM 13 HanbBonee NEPCNEKTUBHBIX MCTOYHUKOB TOKQ.
OxmMpaeTcs, YTO NEPEXOA K TBEPALIM SNEKTPONUTAM
No3BonuT paspaboTaTb AKKyMynsaToOpbl, UCMOMb3yloLMe
MeTaIMYECKHUI TMTUEBLIM OTPULATENbHbINA DNEKTPOA,
YTO B CBOIO OYepenb NO3BOUT NOBLICHTb IHEPTOEMKOCTb
Takux cuctem[1]. Teepapie anekTponutsl pasgensior

HQ HEOPraHMYeCKHUE KePAMUYECKME, NONUMEPHBIE U
komno3auTHble. Hanbonbwmi uHtepec npepcrasnsior
KOMMO31THbIE MaTepUansl (kepamuyeckre YacTULbl

B NONMMEPHO MATpMLE), TOK KAK OHU NO3BONSIOT
npeogoneTs OCHOBHbIE HEAOCTATKM ABYX APYTMX TUMNOB
(HecTaBUABHBIN KOHTAKT C 3NEKTPOAHBIMM MATEPUANAMM
— Yy KEPAMMYECKNX SNEKTPONUTOB; HU3KME
MexaHW4eckue MOAynM U Nepexop B BA3KO-TeKyvee
COCTOSHME — y NONUMEPOB).

B a10i pabote Mbl MCCEAOBANM KOMMO3UTHbIE
MaTEpHanbl HO OCHOBE KOMMEKCa
nonnatunexokcua(M30)-cons(LiTFSI), urpatowero
pOnb MONMMEPHO MATPMLbI, U HEOPTAHUYECKOTO
HanonHuTens — HaHosonokH Y-Al,O.. [lo6aenenne
Hebonbworo konuuectsa (Menee 1 macc. %)
HaHosonokoH Y-Al,O, B kauecTse HanonHuTens
No3BONMNO AO6UTLCS KAK YNyHLIEHWUS MEXAHUYECKMX
CBOMCTB NNEHOK (MOAYNb YNPYrocTH NP1 MCAbITAHUAX
HQ paspbIB BO3pAcTaeT NpumepHo B 3 pasa), Tak u
NOBBILIEHWS MOHHOM NPOBOAMMOCTH MATEPUANA, UTO
MoxeT BbiTb 0ByCnOBNEHO KK CHUXKEHUEM CTENEHH
kpucranamunocti N30, Tak M BO3HMKHOBEHMEM
[LONOJIHMTESbHBIX MyTeH MOHHOM NPOBOAMMOCTM HA
untepdeiice M0 n Al O,.

Mommmo atoro, obaska HOHOBONOKOH pacluMpuna
AMANQA30H CyLLECTBOBAHMS CAOMOMNOAAEPXMBAIOLMXCS
MAEHOK, Y4TO MO3BOSMIO YBENMYMTL KOHLLEHTPALMIO
conu 6e3 noTepu MEXAHUYECKON CTABUNBHOCTH U,
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CneAoBaATeNbHO, AOMOMHUTENBHO MOBbICUT MOHHYIO
NPOBOAMMOCTb MATEPUANA 3A CYET YBENUYEHMS
KOHLEHTpaumu Hocutenei sapsaa CornacHo AaHHbIM
CMNEeKTPOCKOMMM 3NEKTPOXMMUUYECKOrO MMNEAAHCA
fYeeK ¢ 61OKUPYIOLMMU INEKTPOAAMM, MOMYYEHHbIE
KOMMO3UTHbIE 31EKTPONMNTE 061aAAIOT NPOBOAUMOCTbIO
po 10-3 Cm/ cm npu KOMHATHO# TemnepaType,

YTO NMLLb HA NOPSAOK YCTYNAET NPOBOAUMOCTH
CTAHAAPTHBIX PACTBOPOB 3NEKTPOSIMTOB, UCMONb3YEMbIX
B JIUTMI-MOHHBIX OKKYMYnSTOPaX.

Ho ocHoBHbIM NpenMyLLLEeCTBOM TAKOTO HaMOSHUTENS
ABNSIETCA BO3SMOXHOCTb MOAMPUKALIMM MOBEPXHOCTH
HOHOBONOKOH [2], 4To oTKpLIBAET NepcnekTHBbI
CO3A,aHMUS HOBOFO MATEPMANA NEKTPONMUTA C
yny4lEHHbIMM CBONCTBAMM.

Ucnonb3soBaHHas nuteparypa:
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and Jirgen Janek // Chem. Rev. 2020, 120,
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2. Simunin, M.M_; Voronin, A.S.; Fadeeyv, Y.V.; Mikhlin,
Y.L.; Lizunov, D.A.; Samoilo, A.S.; Chirkov, D.Y.;
Voronina, S.Y.; Khartov, S.V.// Polymers 2021, 13,
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MonynspHocT paspaboTok HATPMIA-MOHHBIX
OKKYMYNSITOPOB, NPUEMHMKOB JIMTUH-MOHHBIX,

pacTeT ¢ KAXAbIM FOAOM, OBHAKO MX TEXHUYECKHe
XAPAKTEPUCTMKM (LIMKAMPYEMOCTb, SHEProOeMKOCTb)
YCTYNAlOT NMUTUIA-MOHHBIM aHanoram. Mccnepaoeanms
HanpasjieéHbl HA NOoJly4YeHNUe 3NEKTPOAHbLIX MATEPUANOB
c 6Bonee BbICOKOM YAENbHOM EMKOCTbIO M CKOPOCTHBIMM
XAPAKTEPUCTUKAMM, A TAKXKE C MANbIM NageHUeM
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€MKOCTH NpM LMKNMPOBAHMK. B HacToswel pabote
NpeacTasneHbl AAHHbIE O TPEXKOMIMOHEHTHOM CUCTEME
Ge-Co-P, kacalowmecs ee noeeneHms B Kavectse
OTpHLATENbHBIX 3NEKTPOAOB (AHOAOB) B NUTUA-MOHHBIX
M HaTPMIA-MOHHBIX OKKYMYnSTOPAX.

HaHoctpykrypHbie komnosutel Ge—Co—P cocraea
CoGe,P, | 66111 nony4eHsl METOAOM KATOAHOTO
ocaxpeHus U3 BogHoro snektponuta. Mopdonorus
CTPYKTYpbl KOMMO3UTA 6biNa ONpeaeneHa ¢ NOMOLLbIo
peHTreHohNyOpeCLLEHTHOrO M PEHTTEHOCTPYKTYPHOTO
QHQNU30B.

DneKTPOXMMMUECKME M3MEPEHUS MPOBOANIMCH

B TPEX3NEKTPOAHBIX S4EHKAX, COAEPXALLMX:

pabouuii anektpop (Ge—Co—P) pasmepom 1 cm?,
NPOTMBO3NEKTPOA, M 3NeKTpoA cpasHeHus. Mocneanue
6bINM M3roTOBMIEHbI U3 METANIMYECKOTO NIUTHUS MK
HATPUs, HOKATAHHbLIX HQ HUKENEeBYIO CeTKy. 3ﬂeKTpOp,bl
paspensnucL cenapaTopom us nonunponuneHa. Bee
onepaumu no cbopke HEEK M 3ANUBKE UX SNEKTPOMUTOM
NPoBOAMAM B NepuaTouHOM Bokce ¢ atMocdepoit cyxoro
aproHa. B kayectse anektponutos ucnonbsosanmcs 1 M
LiClO, & cmecu nponmneHkapboHaT — AUMETOKCHITAH
(7:3) u 1 M NaClO, & cmecu nponmnerkap6oHar

— atunenkap6onar (1:1). CopepxaHue oasl

B 06OMX 3NEKTPONUTAX, U3MEPEHHOE METOAOM
KynOHOMeTpH4eckoro TMTposaHms no Puwepy (917
Coulometer, Metrohm), He npeesiwano 15 ppm.
M3MepeHus yaenbHoi emkoctn HaHoctpykTyp Ge—Co-P
NPOBOAMANCH B rANbBAHOCTATUYECKOM (3apsgHo-
pa3psaHble KPpUBbIE) M NOTEHLMOAMHAMMHECKOM
(umknupylowme BonbTAMNEPOrpAMMBI) PeXMMAX.
MnoTHocTH Toka NpM ranbBAHOCTATUYECKMX IKCMEPUMEHTAX
sapbuposanu ot 15 go 400 MA /1, ckopocTH passepTku
NPM LMKIMYECKOM BONBTAMIMEPOMETPUM COCTABASM
0,05, 0,1 1 0,2 MB/ c. Mpenensl umknuyeckoro
noteHumana cocrasnanm 0,01-3,0 B.

Mo pesynbTaTaM LMKAMPOBAHMS BbISBAEHO, YTO
uccnepyemble KOMNO3UTbI CNOCoBHBI K 06paTUmMomy
BHEIPEHMIO NIUTUS M HATPMS C YAENbHOM €MKOCTbIO

Ao 855 u 460 MA4/ T cOOTBETCTBEHHO M MOTYT
paccMATpMBATLCS KAK NEPCNEKTUBHBINA MATepuran

ANS AUTUIA-MOHHBIX M OCOBEHHO HATPMUI-MOHHBIX
QKKYMYnSTOPOB.

Pa6ota BhinonHeHa npu dpuHaHcoBoit nopaepxke PHP

(npoekt N2 21-13-00160).
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Mp1MeHUTENBHO K NTMTUEBOM SHEpPreTHKe
MArHeTpoHHOE pachbIEHWE PA3AMYHBIX MATEPMANOB
ABASETC HAOMAYYIMM M HaMBOoNee NepcnekTUBHLIM

M3 CYLLECTBYIOWMX TEXHONOIUM OCAXAEHMS MIEHOK

u3 naposoii ¢passl (PVD u CVD) no cosokynHocTH
TAKMX NAPAMETPOB KOK CKOPOCTb OCAXAEHMS,
OAHOPOAHOCTb CNOEB, CTOMMOCTL o6opyaosanus [1].
MeToaoM MArHeTPOHHOTO PACMbIIEHHS MONYHAIOT
TOHKME CIOM OKTMBHBIX MATEPUASIOB MOMOXMUTENbHBIX
N OTPHLATENIbHbIX 31IEKTPOAOB, TBEPAOTEJIbHbIE
3NEeKTPONUTLI M CENAPATOPbI A TAKXKE GYHKLMOHANbHbIE
CNOM PA3SIMYHOTO COCTABA M HA3HAYEHMS HA
MOBEPXHOCTU NIUTUEBbLIX dNEKTPOAoB. MarHeTpoHHoe
pacnbineHne sBnseTcs yao6HbIM METOAOM
M3roTOBJNIEHMUSI TOHKOC/IOMHbIX IMTHUEBBIX 3/1eKTpoAaos
[2]. CrpykTypa u Mopdonorus noBepxHOCTH NUTUEBBIX
3N€eKTPOAOB, N3rOTOBAEHHBIX METOJOM MAFHETPOHHOTO
pacnbineHus, oKa3biBAET CyLLECTBEHHOE BAMSIHME HA
Mx PpU3MKO-MEXAHMYECKME U DNIEKTPOXUMUYECKNE
CBOMCTEQ.

B noknage cyMMMpoOBaHbI pesynbTaThl MCCAEeA0BAHMMA
BAMSIHWUS cOocTaBa paboyeit ra3oBoi CMecH aproH

: 30T HaO MOP$ONOrMIO U SNEKTPOXUMHUYECKHE
CBOMCTBA NIUTUEBbIX 3NEKTPOAOB, U3rOTABIMBAEMBIX
MArHETPOHHBIM pachbiieHMEM M3 XNAKODA3HOM
MuLweHn. JIuTueBble anekTpoapl, Nony4YeHHble
MArHeTPOHHbIM pPacrbieHMeM B Cpefie aproxa,

He copepXaluero KakMx-1mbo npumecei, MMeloT
MONMKPUCTANNMYECKYIO CTPYKTYpPY. BBenenue B coctas
ra3soBOi CMeCH NPMBOAMT K YMEHbLUEHUIO PA3MEPOB
KPUCTANNOB NUTMS M, B NPeAenbHOM cnyyae, K
$hOPMUPOBAHMIO MMKPOKPHUCTANNMYECKOM CTPYKTYPbI
NUTUEBbIX 3NeKTPoAoB (p1cyHok).
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BnusHue asora Ha Mopgonoruio nUTHEBbIX 3N1eKTPOAOB
obbsicHeHo 06pa3oBAHMEM HA MOBEPXHOCTM PACTYLUMX

KPUCTANNOB NIUTMS CIIOS HUTPUAQ JIMTUS, HOPYLUAIOLLErO
perynsipHOCTb KOHA,EHCHPYIOLLMXCS CNOEB NIUTHS U
3ATPYAHSAOLWMX POCT KPUCTASNOB.

JIutreBble anekTpoabl, NONYyYEHHbIE MArHETPOHHBIM
pacnbineHMeM NUTHS B CMECSX ProHa ¢ asoTom, obnapaiot
NyYLWMMM 31EKTPOXMMUYECKMMU CBOMCTBAMM MO CPABHEHMIO
C 2N1eKTPOA,AMM, MONYUYEHHBIMU B YACTOM AProHe.

Ucnonb3soBaHHas nuteparypa:
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Ivanov, A.L., Kolosnitsyn, V.S. // Vacuum 2019,
168, 108816.
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The vanadium redox flow battery (VRFB) technology
is gradually fill a niche in the stationary energy storage
market. In recent years, great progress has been made
in increasing the discharge characteristics and energy
capacity of electrolytes, but the problem of a gradual
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decrease in the available capacity during its long-term
operation has not yet been solved. The main reason

of the VRFB capacity fade is the gradual increase in

the average oxidation state (AOS) of the negolyte

due to electrochemical and chemical side reactions.

This problem is proposed to be solved by carrying out
periodic rebalancing of electrolytes — in this case, partial
electrochemical reduction of posolyte is carried out in a
special membrane-electrode assembly (MEA) cell. Ideally,
such a process can fully restore the battery capacity to its
nominal value. However, the efficiency of such a process
is highly dependent on the accuracy of information about
the composition of both VRFB electrolytes and their AOS.
The literature presents many methods for analyzing the
composition of vanadium electrolytes, but all of them have
their drawbacks. The presented methods are either relevant
only for a specific composition of supporting electrolyte,
or for dilute solutions, or demonstrate low accuracy in the
analysis under the electrolyte imbalance conditions.

In this work, we propose a unique method for assessing the
vanadium electrolytes AOS — in-situ coulometry. According
to this method, the electrolysis of the studied sample of
vanadium electrolyte is carried out in a special symmetrical
cell of the MEA. In this case, the investigated sample of is
first electrooxidized to YO?, and then electroreduced to
V*2. Based on the amount of charge spent in both steps, the
AOS is estimated. The proposed sensors were tested for
the analysis of the composition of 1 and 1.6 M vanadium
electrolytes. AOS estimates were verified by 3 methods -
conventional coulomb-counting, spectrophotometry and
ex-situ coulometric titration. The sensors showed good
accuracy both in ideal conditions of a single charge of
electrolytes and in conditions of long-term battery cycling
under the unbalance conditions. The data obtained
confirmed that during cycling, the negolyte AOS increases
due to the appearance of a side electrochemical process of
hydrogen evolution during charging at high voltage. It has
been shown that the proposed in-situ coulometric titration
cells can be successfully used for laboratory studies of
VRFB, as well as integrated with an electrolyte rebalancing
system for obtaining stable long-duration battery cycling.
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CozpnaHune $yHKUMOHANBHBIX MATEPUANOB C
MepPaPXMYECKOH CTPYKTYPOM, MMEIOLUMX 3HAYUTENbHDIA
NOTEHUMAN NPAKTUYECKOTO UCMONb3OBAHMS,

SBASETCS AKTMBHO PA3BUBAIOLLMMCS HOMPABAEHUEM
HAHOMHXEHEPUU M MHAYCTPMM HaHocucTeM. Takne
MaTepuansbl COCTOST U3 3NEMEHTOB pasHoro Macwtaba,
OPraHM30BAHHBIX TAKMM OBPA3OM, YTO BMEMEHTHI
MeHbLuero Macwtaba BCTABNEHb! B 3neMeHTbl Gonbluero
Mmacwraba.

B HacToswem nccneposanmnn paspabotaH cnocob
Nony4YeHUst MaTEPUANOB HO OCHOBE TPUTUTAHATA HATPMS,
Na,Ti,O,, c uepapxuueckoit asyxyposHesoi (mukpo /
HOHO) APXMTEKTYPOH, COCTABAEHHOM M3 TOHKOCTEHHBIX
HAHOTPYBOK € BHEWHUM aameTpom 6—9 HM, TONLMHOM
CTEHOK 2—3 HM 1 ANMHOM B HECKOMNbKO COTEH HOHOMETPOB.
CuHTe3 npoBefeH B r’MAPOTEPMANbHBIX YCIOBHUAX B
cunbHoLenouHoi cpepe. MonyyeHHblie 06pasubl NazTiao
06naaaioT BLICOKOPA3BUTOM NOBEPXHOCTBIO, MMEIOT MOPBI
C NPEeUMYLLIECTBEHHBIM PA3MEPOM B AMANA3OHE ME30MOP.
MayueHo pazoobpasosaHue B xope NPOKANMBAHMS:

npn 500 °C sadukcuposaHo npespawerme Na,Ti.O,

B TiOz, omxur po 350 °C He npuBOAUT K KAPAMHAMBHBIM
M3MeHeHUsM B pa30BOM cocTaee. YCTAHOBNEHO, YTO

B xope Tepmoobpabotku npu 350 °C matepuans
COXPQHSIIOT CTPYKTYPY ME3OMNOPMUCTOM CUCTEMBI,
arnomepaumu HaHoTpybok He Habnogaetcs. MpopykTsl
XAPAKTEPU3YIOTCS OTHOCUTENBHO BbICOKOM YAENbHOM
anektponpoeoaHocTsio (Bnnots go 10-3 Cm/ cm) npu
KOMHATHOM Temnepatype, Tepmoobpabotka cnocobereyer
ee yBenuyeHuio B 3 pasa. Mepapxuyeckas apxutekTypa
Ha ocHose Na,Ti,O, aemoHcTpUpyeT MHoroobewatowme
LMKNNYECKME U CKOPOCTHbIE XAPAKTEPMCTUKM B

KOQYeCTBE GHOJHOTO MATEPUANA ANSl HATPUH-MOHHBIX
akkymynstopos. Mocne 50 unknos sapspa/ paspsaga npu
nnotHoctax Toka 50, 150, 350 u 800 MA/r gocTrHyTsl,

7
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COOTBETCTBEHHO, CreaylolMe 3Ha4YeHus obpaTMmon
émkoctu: 145, 120, 100 1 80. B xope npoponxurensHoro
unknmupoBanus npu 350 MA/t obHapyxeHa EMKoCTb
okono 95 MA-4/r Ha 200-m upkne c 3dbeKTUBHOCTbIO
noutn 100.

Pabota sbinonHena npu puUHAHCOBOI NopaepxKe
Poccuitckoro HayuHoro ponaa (rpant N2 22-23-00912).
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Nowadays lithium-ion batteries are the most widely
used class of energy storage devices for both portable
electronics and electric vehicles. Currently used
inorganic electrode materials, suitable mainly for
lithium-containing electrolytes, lead to gradual increase
in the mining volume to satisfy the growing demand. The
production of such batteries, as well as their disposal,
requires much more energy than they can store, and
generates a large amount of thermal and CO, emissions
[1]. This problem of ecological safety stimulates

the creation of new environment friendly energy
technologies that would be devoid of the disadvantages
of the commonly used batteries [2].

Redox-conductive nitroxyl-containing polymers

(RCP) are promising candidates for replacement of
inorganic-based energy storage materials, due to

their high energy density and fast redox kinetics [3].
Unfortunately, charge transfer processes in such
materials are poorly studied. Herein the main features of
novel RCPs (Fig. 1) are reported. The in-depth analysis
of these features provided insight into the link between
RCPs structure and properties.
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Fig. 1. Structure of studied RCPs.
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Layered two-dimensional materials, such as
molybdenum disulfide (M0S2) have earned widespread
attention in multiple research areas, including various
energy storage devices, most prominently in lithium-ion
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batteries and supercapacitors [1].

The main advantage of MoS2 in energy storage
applications is its high theoretical specific capacity (670
mA h g'), owing to a series of reactions (1-3):

MoS, +x ¢ Li* +x » e” 2 Li MoS, (1)
Li MoS? + (4-x) « Li* + (4-x) * e — Mo + 2Li,S (2)
S + 2Li+ + 2e- 2 Li2S (3)

As the conversion reaction (2) is irreversible, the process
(3) — the same one as in lithium-sulfur batteries — is
predominantly responsible for the charge storage in

the device after a few initial cycles. Firstly, this makes
molybdenum disulfide a suitable initial component

of the cathodes in lithium-sulfur batteries after the
transformation of the material into S/Li.S redox pair.
The molybdenum metal nanoparticles synthesized

in situ via (2) can serve as covalent binding agents,
reducing polysulfide shuttling, which is a common
problem within lithium-sulfur batteries. Secondly, the
emergence of S 2 Li,S as the main redox process means
that 1,3-dioxolane/ 1,2-dimethoxyethane mixtures
(DOL:DME), typical for lithium-sulfur batteries, might be
more suitable electrolytes [2]. In addition, the presence
of nanosized sulfur could effectively alleviate sulfur
volume expansion during charge/ discharge.

In this work, we study MoS,-based electrode materials
in CR2032 cells with lithium anode and either typical
ethylene carbonate/ diethyl carbonate (EC:DEC) with 1
mol dm™ LiPF, electrolyte or DOL:DME with 1 mol dm™
LiTFSI and 0.2 mol dm™ LiNO,. The electrochemical
studies show that the cells cycled in (0.6-2.7) V range
in DOL:DME electrolytes demonstrate the initial specific
capacity values of up to 815 mA h g' at a current
density of 100 mA g™', and retain 69% of the initial
capacity value after 100 GCD cycles. In contrast, the
electrodes cycled in EC:DEC in (0.05-3.0) V range
provided 847 mA h g™ initially, yet retained only 23%
of the initial capacity after 100 GCD cycles. This shows
the indisputable benefit of DOL:DME electrolyte use with
MoS,-based electrodes, which may be promising for
further application of such electrodes in lithium-ion or
lithium-sulfur batteries.
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The past decade has seen the rapid development

of aqueous zinc-ion batteries (AZIB), which show
promise due to their low cost, environmental safety,
high specific capacity and rate capability. The layered
structure of vanadium oxide (V,0,) and the possibility
of multielectron redox processes with formation of

V>*, V¥, and V*" species provide high theoretical
capacity of 586 mA h g’ via mixed intercalation of
zinc ions and protons. However, repetitive intercalation
along with incorporation of water molecules into the
interlayer space causes the gradual degradation of
the crystal structure of V,O, with weakly bound layers,
and amorphization of the material occurs, negatively
affecting cycling stability.

One strategy to improve the functional properties

of vanadium oxide cathodes is to tune the interlayer
space of the host material by doping it with guest metal
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ions. This approach of incorporating strongly bound
species that expand and stabilize the layered structures
is known as pillaring [1]. In such structures, only the
reversible increase of the linear dimensions of the crystal
perpendicular to the layers occurs upon recharging. The
expansion of layers via pillaring both improves diffusion
of zinc ions in the interlayer space and stabilizes crystal
structure [2].

Here we report the results of the experimental studies on
the synthesis, structure, and electrochemical properties
of vanadium oxides pre-intercalated with metal ions
(Na*, Co?*) as cathode materials for zinc-ion batteries.
The structure, composition, and morphology of the
materials have been studied using X-ray diffraction,
scanning electron microscopy with energy dispersive
X-ray analysis, and X-ray photoelectron spectroscopy.
The electrochemical properties of the obtained
pre-intercalated vanadium oxides (Co V,0O,, Na V,O,)
were studied in CR2032 cells with zinc anode,
aqueous 3 mol dm™ ZnSO, electrolyte, and Whatman
GF/ A glass fiber separators by cyclic voltammetry
and galvanostatic charge-discharge methods.

Among these, the best specific capacity values were
obtained for Co V, O, electrodes, which provided

up to 380 mA h g™' at a current density of 0.1 A g7/,
while the specific capacitance values for Na V,0O,
reached 299 mA h g™
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Lithium-ion batteries remain the main source of

energy storage today, however, they have significant
disadvantages associated with their explosiveness due
to the use of organic electrolytes. Metal-ion batteries
with water-based electrolytes, in particular zinc-ion
batteries, are gaining more and more attention due to
their advantages such as environmental friendliness,
safety and lower price compared to lithium-ion
batteries.

The issue of choice the cathode material for zinc-ion
batteries is the most important for ensuring high
capacitive characteristics of the battery and stability
during long cycling. Layered metal oxides, especially
vanadium ones, demonstrate good electrochemical
performance because of reversible zinc intercalation in
their crystal lattices. Vanadium(V) oxide is expected to
have the highest theoretical capacity (589 mAh/g) due
to the two-electron reaction [1]. Nevertheless, due to its
drawbacks like long activation process and insufficient
stability, it needs to improve it [2]. The introduction of
alkali metal ions into the layered structure of vanadium
oxide can increase the interlayer distances, which gives
the stability and faster intercalation/ deintercalation
kinetics of Zn?* [3].

M-doped V,0, (M =Li, Nq, K, Cs) was obtained

as a result of a two-step synthesis. At the first stage,

the corresponding alkali metal metavanadates were
synthesized by mixing equimolar weights of V,O, and
alkali metal carbonates M, CO, in water solution with
subsequent boiling. In the second stage, MVO, was
mixed with VOSO xH,O in a molar ratio of 1:2 (pH

= 3-4) in an aqueous solution and transferred in an
autoclave at 180 °C for 5 days [4]. The obtained black
powder was washed with water, ethanol and dried at
room temperature.

The resulting powders were characterized by X-ray
diffraction (XRD). The structure was established
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by scanning electron microscopy. Electrochemical
measurements (galvanostatic cycling, cyclic
voltammetry) were performed in aqueous 3 M ZnSO,

in the potential range of 0.3-1.5 V (vs. Zn/Zn?).
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Organic materials for electronic devices have attracted
much research interest in the last decade. Due to various
molecular structures, organic materials can be used in
different fields from optoelectronic systems to batteries
[1]. Polymeric nickel complexes with Schiff base ligands
([MRSalen]) are widely explored as prospective
materials for energy storage, electroanalytical or
optoelectronic applications. Variation of the substituents
in the ligand bridge, imine functionalities and the
aromatic core may easily tune the electrochemical
properties of these complexes [2]. The key factor

of successful development of electrode materials is
rationalization of molecule design. Thus, a significant
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increase in the stability, capacity and a change in
materials morphology were shown for a series of Ni-
based complexes with substituents in phenyl rings [3].

NH4 ,Ce ( NO, )g
L|CIO,, AN

R=-H, -CH,, -CH,O;

The electrochemical polymerization is a commonly used
deposition method which allows the formation of thin
polymer films on the electrode surface. One of the main
disadvantages of this method is the inability of conductive
polymer deposition on a non-conductive surface, as

well as limitation on the electrode area that prevents the
scaling of the polymerization process. As alternative
approach the chemical polymerization method can be
used, since it allows obtaining large amounts of polymer
with a high yield with minimal energy costs for the
process. Nevertheless, to date there is only slight analysis
of the electrochemical properties identity of polymers
obtained using different approaches was performed. In
this work, we consider two methods for obtaining Schiff-
based polymers using chemical and electrochemical
polymerization, and study their composition,

structure, and the effect of the synthesis conditions on
electrochemical and energy-storing properties.
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Silicon is of interest as a promising material for negative
electrodes of lithium-ion batteries, since it has the
maximum theoretical capacity with respect to the
reversible lithium intercalation. The main obstacle to its
application as an electrode material is considered to
be the rigidity of the diamond-like silicon lattice. The
introduction of lithium into the silicon lattice leads to a
rapid rise in mechanical stresses and destruction of the
anode long before reaching its theoretical capacity.

To overcome this obstacle, a nanocomposite material
Si@O@Al was developed, which main component is
amorphous silicon a-Si (~70%) [1]. However, when it
was used as an anode material in thin-film solid-state
lithium-ion batteries, it turned out that instability is not
the only disadvantage of silicon. It was found that in
the process of charging the battery at a high degree

of lithiation (Li concentration of about 6 * 1020 cm?),
a hike appears on the flat part of the charging curve,
which means an increase in the internal resistance of the
battery. An explanation of this phenomenon from the
point of view of the amorphous silicon band structure
was given in [2]. The explanation was based on the
assumption that the SI@O@AI main component is the
a-Si(Al) solid solution, which has p-type conductivity,
and when the anode is lithiated, the a-Si(Al) changes
its conductivity type. As a result, the Ti| a-Si ohmic
contact, initially forward-biased, becomes rectifying
and reverse-biased, as a result of which its resistance
increases. In the galvanostatic charging mode, this
leads to an increase in the voltage applied to the
battery, which manifests itself as a hike on the charging
curve. The validity of the assumption about the hole
conductivity of a-Si(Al) is confirmed by the results of [3],
where the current-voltage characteristics of the Ti| a-Si
transition were studied. In this report, a generalization
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of the results of works [1-3] is given and the results of

a study of the parameters of the band structure of the
a-Si(Al) solid solution are presented.
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Lithium-ion batteries (LIBs) are successfully used in
portable devices, but due to the high cost of lithium
raw materials there is a need to develop alternative
systems. Sodium—ion system draws the most attention,
since sodium is widespread in nature, and the cost

of sodium-containing raw materials is two orders of
magnitude lower than lithium ones [1]. For the successful
commercialization of sodium-ion batteries, several
fundamental and practical issues in the development
of anode materials need to be solved [2]. A number of
general requirements are imposed on anode materials:
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inexpensive cost, simplicity of synthesis, high specific
capacity and Coulomb efficiency, good cyclability

and durable charge retention, in other words low self-
discharge rate.

Non-graphitizable carbon (also known as hard carbon)
is the most promising anode material for SIBs [3]. Hard
carbon is class of carbonaceous materials with highly
amorphous structure consisted of curved graphene layers
in strong cross-linking bonds, defect sites and open
surface and internal pores. Though many electrochemical
parameters of HCs are studied and presented in the
literature, there is lack of information about the self-
discharge phenomenon and its mechanism for this type of
materials. However, several authors hypothesized higher
rates of self-discharge in SIBs than in LIBs due to the
higher solubility of the SEI components in electrolyte [4].
This work is devoted to the study of self-discharge of
various hard carbon material. For this study, we have
selected several HC samples with different nature of
precursors and the synthesis method. Before the self-
discharge study, electrochemical cells with hard carbon
were precycled against sodium metal. After hard carbons
were fully charged, open circuit potential of the cell had
been recorded for one month. It was found that different
HC samples demonstrate different self-discharge rates.
The work presents our conclusions about the influence of
the synthesis method, morphology and microstructure on
the self-discharge rate of different HC samples.
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KpeMHuesbie aHogbl, NONy4aemMbie METOAOM
3NEKTPOXUMMHYECKOTO TPABNEHMS, AEMOHCTPUPYIOT
BbICOKME YAENbHbIE EMKOCTU U MOTYT YCMELLHO
ucnonssosatbcs ans JIMA. Panee mbi
NPOAEMOHCTPUPOBAIH, YTO YNOPSAOUYEHHbIE CTPYKTYPbI
c BepTMKanbHbIMKM Si cTeHkamm TonwmHoi 300 HM, MoryT
cTabunbHO paboTaTh B TeHEHHE THICAYM LIMKIIOB B peXHMe
OTPAHMYEHMM 3apARHON emKkocTH BenuumnHoi Q =1000
mAh/ g [1]. MpombiwnerHoe ucnonb3osaHmue nogobHoro
poAa CTPYKTYp OFPOHMYEHO M3-30 BbICOKOM CTOMMOCTH
MaTtepuana u npoueccos ¢potonutorpadmuu. Mepexop,
Ha Bonee pewésbii CONHEYHBIN N-Si, U NonyYeHHUe Ha
€ro 0CHOBe Heynopsao4eHHbIX cTPYKTYp [2], nossonuno
COXPOHMTb BLICOKME EMKOCTHbIE XAPAKTEPUCTMKM

B TeueHnn 200-320 upmknos [3]. Unknmueckme m
€MKOCTHbIE XAPAKTEPUCTMKM Si aHOAOB MOryT BbiTh
yBeNMUeHbl 3a CHET NOKPLITUS €ro NOBEPXHOCTH
NpoBoAsLMMM MaTepuanamu u (unu) pobaekoi B
3MEKTPOMMUT PA3NMYHbIX KOMMOHEHTOB. B aaHHoit pabote
uccnepoBaHo BnmsHue pobasku B anektponut 3wt%
¢ropatunerkapbonara (P3K). Yeranoeneto, uro PIK
NPUBOAMT K CHUXKEHMIO CKOPOCTH AETPAAALMM: AN
obpasua 6e3 fobaskM paspasHAs EMKOCTb Q,,=1000
mAh/ g octasanack HensmeHHoJ4 B Teuenue 210
LMKNOB, 0 Ans Takoro xe obpasua c aobaskon PIK

B TeueHue 6onee 500 umknos (Ha MOMEHT HaNUCAHUS
teancoe). PIK ynyuwaer Ha 20-30% 1 MowHOCTHLIE
XapakTepucTHku aHopoe. Mccnepoeanus rogorpadgos
MMNEeAaHCa B 3aBUCMMOCTH OT HaMPSIKEHUS AHEHKM
(pyc.1) u ot uucna umxnos nokasano, uto pobasnexue
D3IK ymeHblaer 6onee yem B ABa pasa obwyuit
MMMNEeAaHC CUCTEMBI, CONPOTHBNEHUS anekTponuTa, SEI

u nepeHoca 3apsaa. C uncnom umknos napametpor SEI
MO MEHSIIOTCS, O CONPOTUBIEHME NEPeHOCa 3apAaa
yBeNMUMBAETCS B 06OMX INEKTPONUTAX.
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Nowadays new energy sources are required to overcome
the ever-increasing demand for energy carriers and to
solve the environmental problems of the present time.
One of the promising chemical power sources can be
the combination of a gas-diffusion hydrogen electrode
of a hydrogen-air fuel cell and a liquid flow electrode of
a vanadium flow battery (VFB) in one device, called a
hydrogen-vanadium flow battery (HVFB) [1].

In this study, an experimental laboratory HVFB cell

was assembled, its voltage characteristics were studied
and charge-discharge cyclic tests were carried out.

CTEHOOBBIE JOKNALbI



dneKTpoocaxaeHue
KpeMHUs u3
pacnnaeneHHbIX
conen gna nMTmn-
MOHHBbIX UCTOYHUKOB
TOKQ

166

The membrane-electrode assembly used graphite
monopolar plates, an LNGPF GEC-102 ion exchange
membrane with a thickness of 50 microns with a
Freudenberg H24C3 gas diffusion electrode pressed
on the hydrogen side with a deposited catalytic layer
(Pt/ C loading of 0.232 mg/ cm?) and carbon paper
SGL 39AA on the side of a liquid electrode with an
electrode area of 2x2 cm?. The electrolyte was a 4M
sulfuric acid solution of 1M vanadyl sulfate, low rate 93
ml/ min. The high-frequency resistance of the cell at an
open circuit voltage was 0.36 Ohm*cm?. The maximum
specific power at SOC 50% vanadium electrolyte
exceeded 423 mW/cm? at 550 mA/cm?.

HVFB can be successfully used as a replacement for
VFB, since it uses only half of the expensive vanadium
electrolyte [2], there are no negative effects associated
with cross-contamination of electrolytes by crossover
of vanadium compounds (the need for electrolyte
rebalancing disappears), etc.

The work was carried out within of the State Assignment
(state registration N2 AAAA-A19-119061890019-5).
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Bo3MOXHOCTb NPUMEHEHMS KPEMHMS AN U3rOTOBAEHMS
QHOLOB NIUTUM-MOHHBIX UCTOYHUKOB TOKA OKTMBHO
uccnepyeTcs BBUAY TOrO, YTO TEOpPETUYECKas YAenbHas
€MKOCTb KPEMHMS MO JIUTUIO MOXET AOCTUraTb

4200 MAu/, 4TO HQ NOPSAOK NPEBLILIAET EMKOCTb

CTEHAOBbIE AOKALbI



167

MCMONb3yeMOro B HacToswee Bpems rpadura (372
MAu/ ). OgHMM U3 NPensTCTBUIM UCNONb3OBAHMS
KPeMHMEBbIX QHOAO0B B MIUTUIH-MOHHBIX MCTOYHMKOX
ABNSAETCS PA3PYLIEHME KPEMHMS B XOAE LUKIMPOBAHMS,
KOTOpOe NMPUBOAMT K HAPYLLEHUIO KOHTAKTA AHOAd €
TOoKONOABOAOM. B 3TOM cnyuae ans noebiweHns eMkocTH
NPU COXPAHEHNM YCTOMUYMBOCTM paboTbl MOryT BbITh
MCNONb3OBAHBI KOMMO3MTHBIE QHOABI (B YaCTHOCTH,
Si/ C) c cyBMMKPOHHBIMM M HOHOPA3MEPHBIMM
YACTMLAMM KPEMHMS, KOTOPbIE MOTYT BbITh MOMYYeHbI
MM HOHECEHbI HENOCPEACTBEHHO HO TOKOMOABOA My TeM
3MEKTPOOCAXAEHMS U3 PACTNABNEHHBIX CONEM.

B HacToswee Bpems Haubonbliee BHUMAHKE
COCPEAOTOYEHO HA NOMYYEHUU KPEMHUS PU
anektponuse xnopuaHo-okcuaHsix (CaCl,-CaO-SiO ),
¢ropuano-okenaneix (NaF-LiF-Na,SiO,-SiO,) u
bropupHo-xnopuaHsix (KF-KCI-K2SiFé) pacnnasos
npu Temnepatype ot 700 go 850°C [1-3]. Hecmotps
HQ NONyYeHHblEe ABTOPAMM MONOXMUTENbHbIE Pe3YbTAThI
NP1 AUTUPOBAHMM/ BENUTUPOBAHMM NONY4EHHOTO
KPEMHMs B COCTABE JIMTUM-MOHHBIX MCTOYHMKOB TOKQ
CTOMT OTMETUTb, YTO NPUCYTCTBMUE B PACMNABAX
OKCHAOB MOXET NPMBOAMUTb K MX BKIIOYEHMIO B 06beMm
4ACTUL, KPEMHMS, O MPUCYTCTBME B PACMAABAX
¢$TOPMAOB — K MOBBILIEHHON KOPPO3UM MATEPUANOB
3ﬂeKTp0ﬂM3epa U NOSABJIEHUIO HEeXeNAaTesNbHbIX
npuMecei B KPEMHMM.

Hamu 6bina npoeepgeHa cepus akcnepuMMeHTOB

MO 3NEeKTPOOCAXAEHMIO KPEMHUS U3 XIOPMAHBIX
pacnnaeos Ha ocHose cmeceit KCI, CsCl u LiCl ¢
Aobaekoit go 5 mac.% K SiF, B puanasoxe remnepatyp
o1 300 go 790°C. Mpenmyiecteamm BoI6paHHbBIX
paCnaBOB SBASIOTCA BO3SMOXHOCTb OYUCTKM COnet
MeTO,OM 30HHOM NEPEeKPUCTANNM3ALMHU, MX BbICOKAS
POCTBOPMMOCTb B BOAE M MOHWMXKEHHAS XMMMUYECKas
QrpecCUBHOCTb MO OTHOLIEHMIO K KOHCTPYKLMOHHBIM
maTtepuanam anektponusepa. B pesynsrare 6binn
onpepeneHbl NAPAMETPbl YNPABASEMOrO NONYUYEHUs
MMKPOPO3MepPHBIX U CyBMUKPOHHBIX OCAAKOB KPEMHMUS
B BUOE BOJIOKOH, pr60K, UM U CANOLWHBIX MNNEHOK,
KOTOpre 6b|]'|l4 UCNONIb3OBAHLI ANA U3roToBJIEHUS
QHOAOB 3KCMEPUMEHTANBHBIX 06PA3LOB NUTUIM-MOHHBIX
MCTOYHMKOB TOK.

Pabota BbinonHeHa B pamkax cornawenmns N2075-03-
2022-011 ot 14.01.2022 (FEUZ-2020-0037).
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Nowadays one of the most promising electrodes
(cathodes) for Li-ion batteries are Ni-rich layered oxides
LiNianyCon2 (x 2 0.6, so-called Ni-rich NMC) which
demonstrate high specific capacity (2220 mAh/g) and
energy density (2800 Wh/kg). However, insufficient
cyclic and thermal stability as well as low tap density
hinder broad commercial application of commonly used
polycrystalline Ni-rich NMCs. One of the promising
approaches to solve these problems is to design primary
particles with the size of >1-2 um consisting of a single
crystalline domain, so-called “single crystal” Ni-rich
NMCs. The single crystal primary particles demonstrate
diminished surface reactivity towards electrolyte,
improved resistance to mechanical cracking and higher
compacting density that contributes to increasing
capacity retention and volumetric energy density,
respectively.

Within this work high energy density cathode materials
based on Ni-rich NMCs in the form of single crystal
particles with spherical and spherical-like shapes were
developed. Powder X-ray diffraction confirmed that
materials have a.-NaFeO, type crystal structure with
R-3m symmetry without any impurity phases. Rietveld
refinement was performed and revealed that that the
occupancy of Li* positions by transition metal atoms is

CTEHAOBbIE AOKALbI



®Pusuko-
Xumunueckune
Ceoinictea
ConbBaTtHbIX
UonHbix XXngkocren
Ha OcHose
Buc-(tpuérop-
MeTaHcynb¢poHun)
nmupa Jiutus

u Cynedonana

169

less than 1%, which indicates a low degree of cationic
disorder in the structure of the obtained materials.
According to STEM-EDX, the obtained materials possess
the homogeneous distribution of the transition metals
Ni, Co, Mn. The quantified cationic compositions
correspond well their nominal stoichiometries. It has
been demonstrated that the morphology of the obtained
single crystal particles is presented in the form of
truncated octahedra and spheres with a size of 1-15
pm. The spherical shape of the particles and the wide
size distribution of particles result in a high tap density
(3.0 g/ cm?), which has an extremely positive effect on
the volumetric energy density of the obtained materials.
In addition, they demonstrate outstanding cycling
stability in both half-cell and full-cell configurations. For
instance, single crystal Ni-rich NMC LiNi_ ,Co, ,Mn_ O,
provides the improved capacity retention from about
70% to more than 80% after 300 charge-discharge
cycles (vs. Li/Li*), while the discharge capacity at

high current density (corresponding to battery charge
and discharge during only 20 min) increased by 20%
compared to polycrystalline analog.

The research work is supported by Russian Science

Foundation (RSF) (#20-13-00233).
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ConbeaTtHble MoHHble xuakocti (CUXK) sensiotcs HoBLIM
TUMNOM 3NEKTPONIUTHBIX CUCTEM, NPEACTABASIOLLMA
60nbLLIOHA MHTEPEC ANs SHEPrOeMKMX HaKONUTENeM
anekTpuyeckoit aveprumn [1-2]. CUX obnapator
BbICOKOM YAieNbHOM 3NEeKTPONPOBOAHOCTLIO, LIMPOKHUM
TeMnepaTypHLIM AMANa3oHoM paboTtocnocobHocTH,
6€30MACHOCTbIO M HU3KOMH CTOMMOCTbIO.

Mo ceoen xummueckon npupone CUX npeacrasnsior
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€060/ conbBATHBIE KOMMEKCHI IMTUEBbIX CONEN

C QNPOTOHHLIMU AUMONSPHLIMUA PACTBOPUTENSIMM
(ALP). B cucteme «ALIP — nuTHeBas conb» BO3MOXHO
CYLLECTBOBAHME COMbBATHBIX KOMMIEKCOB HECKOMbKMX
COCTOBOB, PA3MMYHBIX MO CBOMM PU3UKO-XUMMUECKMM
ceomcteam [3].

B pabote nsyueHsl coctas u ¢pusmko-

XMMMUUYECKME CBOMCTBA COMbBATHBIX KOMMEKCOB,
CylwecTByloWMX B cucTeme cynbdonaH (SL) — Guc-
(tpupropmetancynbdormn)umma nutns (Lilm).
MeTtopom BakyyMHOM rpABUMETPUM MOKA3AHO, YTO
NpM TeMNepaType U30TEPMMYECKOro UCNAPEHUs
cynboHana 40°-50°C obpasyercs Lilm - 3SL, a 60°-
70°C — Lilm - 2SL. ConbeatHbiit komnnekc Lilm + 3SL
obnapaet 6onee BbICOKOM 3NEKTPONPOBOAHOCTLIO, YEM
Lilm - 2SL (pucyHok).

Lg g Omlem!

—&— IMLilm_SL
—o— Lilm25L

—O— Lilm35L

PucyHok — TemneparypHble 3aBucHMOCTH
anektponposogHoctu 1M pacreopa Lilm B SLu
conbBaTHbIx koMnnekcos Lilm - 2SL, Lilm - 3SL.

HuskoremneparypHsie ceoictea CUX 6binm nayueHs
MeToaoMm andPepeHLUanbHOM CKaOHMPYIOLLEM
kanopumetpum ([CK). YcraHosneHo, uto Tepmorpamme
OCK conbeara Lilm - 3SL B auanasoHe temneparyp

o1 -70° po +60°C otcyTcTBYIOT Tennoeble 3¢pdekTsl,
YTO yKA3bIBAET HO €ro HOXOXAEHMMU B XMAKODA3HOM
cocrosHmun. Ha repmorpamme [CK conbeara Lilm - 2SL
HabnioaaioTes TpU TennoBbix 3¢ dekTa,
COOTBETCTBYIOLME NPOLECCAM NnasneHus npu -61°

u +27°C v 3acteieanms npu -8°C.

Pab6ora BeinonHeHa B pamkax rpanta PH®, npoekr

RSF-NSFC N221-43-00006.
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Lithium-ion batteries (LIBs) have become nowadays an
important tool for electric vehicles and various portable
devices. One of the most promising cathode materials
for LIBs is Ni-rich layered transition metals oxides, in
particular, LiNi  ;Mn  Co O, (NMC811) delivering

a high practical capacity of ~200 mAh/g. However,
the practical application of Ni-rich NMCs is limited

due to the problem of a rapid decrease in specific
capacity over the battery life. Currently, the perspective
approach facing the stability problems is doping.
Among the frequently-used elements, boron is one of the
most appealing but ambiguous dopants. It is believed to
stabilize the structure introducing stronger B-O bonds,
compared to Ni-O, and demonstrated to enhance the
electrochemical stability. At the same time, the doping
itself, the distribution of dopant and intrinsic mechanisms
of the reported improvements remain unclear because
of the difficult detectability of boron in very small
concentrations, requiring further detailed investigations.
Thus, the aim of the present work is to establish the
influence of boron addition to the Ni-rich NMC
(LiNi; ;Mn_ Co  O,) on the structure, morphology, and
electrochemical behavior of cathode materials.
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Within the work, the series of cathode materials based
on NMC811 with the addition of 1, 2, 3, and 10
mol.% of boron was prepared via solid-state synthesis
by mixing co-precipitated hydroxide precursor

Ni, ;Mn, Co, (OH),, lithium hydroxide and boric
acid and annealing in an oxygen atmosphere. The
PXRD patterns reveal that cathode materials samples,
modified by 1, 2, and 3 mol.% of B, possess layered
NaFeO,-type structure (sp. gr. R-3m) with no extra
phase present, while the addition of 10 mol.% of

B ends in the formation of spinel phase and Li,.BO,

(sp. gr. P21 /a). It is worth mentioning that as the
boron content rises from 0 to 10 mol.%, the (006)/
(012) and (108)/(110) peaks are gradually merging,
indicating the increase of layered structure disordering
that was also supported by results of PXRD profiles
Rietveld refinement. That observation demonstrates that
previously to reported the B addition effect, proved
with small lattice parameter changes, is mistakenly
assigned to the doping rather than the increase of
disordering in a layered structure, associated with

Ni?* and Li* ions positions exchange. Besides, due to
SEM and HAADF-STEM imaging, it was demonstrated
that B-modification of NMC811 leads to the oriented
growth of primary particles in a form of elongated
rods, compared to large equiaxed primary particles
of unmodified NMC811, which assemble into spherical
agglomerates, so that the Li layers have a radial
orientation, enabling better Li* diffusion from the center
to the surface of the spherical particles. A comparative
study of the B-modified materials with HAADF-STEM
and EELS revealed that the B-containing phase exists
in the form Li,BO, and covers the surface primary
particles acting as a surface protective coating rather
than doping. According to the prolonged galvanostatic
charge/discharge cycling in the 2.7-4.3 V vs. Li/Li*
cycling, this modification greatly improves the cycling
stability up to 80% of the initial capacity after 300
cycles (vs. 69% for unmodified NMC811).

This research was funded by the Russian Science
Foundation, grant 20-13-00233.
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MpuenekatensHocTb 60pA KAK GYHKLMOHANBLHOTO
Marepuana ans oTpMLATenbHbIX SN1EKTPOAOB
NIUTUI-MOHHBIX OKKYMYJIITOPOB OMpeaesnsieTcs ero
NOTEHLUMANBHO BbICOKOHW TEOPETMYECKOM EMKOCTbIO
no BHeApeHuto nuTus. B nutepartype ynommuaetcs
BO3MOXHOCTb MOMy4€HUs TAKMX coeamHeHuit Gopa ¢
nutmem, kak Li. B, (uto cooTsetctyeT TeopeTHueckoit
yAenbHo#M émkoctu 2846 MAu/r), Li B, (3046 MAu/r),
Li,B (4873 MA4/r) u Li,B (7309 MAu/r). BosmoxHocTs
BHegpeHus nutns B 2D matepuansl Ha ocHose 6opa
6b11a NOKA3AHA PACHETAMM U3 NEPBLIX MPUHLMMOB 1
NpeAcKa3bIBAETCS BO3SMOXHOCTb AOCTMXEHMS YAENbHOM
émkoctu 1653 — 1720 mAu/r.

B aToi pabote M3yueHO BHeApEHME NUTHUS B SNEKTPOADI
Ha ocHoBe amop¢Horo 6opa. YcTaHoBneHo, 4To
o6paTmas eMKOCTb MPU BHEAPEHNM NIUTHS COCTABASIET
okono 750 MAu/r. Hanbonee appekTUBHBIMM C TOUKM
3peHUs YAENbHOM EMKOCTH SBASIOTCS SNEKTPOADI,
copepxaiume rpadeH B KAYECTBE SNEeKTPONpPOBOAsLLEH
nobaBku.

Ha pucyHke 1 npepacrasneHbl umknuveckue
BOSILTAMNEPOrPAMMBI IN1EKTPOAA Ha ocHoee Bopa npu
BHeppeHun/ akcTpakumm nutna u COM-nsobpaxenms
Mopd¢onorun ucxogHoro nopouka 6opa. CpegHuin
pasmep yactuy 6opa cocrasnsn okono 500 Hm. Mo
AAHHBIM 3N1EKTPOHHO-AUCNEPCUOHHOTO AHANM3A
nopouwok 6opa cogepxan npumecn C, O, Al, Mg, Si,
P, Fe. Obwee copepxaHue npumecein He NpeBbILIANO
4 macc.
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High-conductivity Li* solid electrolytes are found
among NASICON-structured conductors with the
general formula LiM,(PO,), (M =Ti, Ge, Zr, Hf or Sn)
for all-solid-state Li-metal and Li-ion batteries [1-3].

It is known that Al-doped lithium germanophosphates
are chemical stable versus metallic Li and have a high
Li-ion conductivity at room temperature of ~10-4 S/
cm for Li, Al Ge, ,(PO,), composition [2]. The highest
electrical conductivity of solid electrolyte is achieved
by glass crystallization obtaining [2], so it is important
to know the thermal properties of the initial glasses and
their crystallization kinetics.

Glasses of Li, ,, Al ,Ge, SiP, O (x=0-0.5)

series were obtained by melt quenching method. The
amorphous structure of the obtained samples was
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determined by X-ray diffraction method. To determine
the influence of SiO, on the thermal properties of the
glass in Li,O-Al,O,-GeO,-P,O;, system, crystallization
kinetics of Si-doped and Si-free glasses was studied by
DSC at different heating rates. The activation energy

for crystallization (Ec) of glasses was calculated by the
Kissinger model [3]. The electrical conductivity of the
samples was measured by the impedance method.

We showed that Ec of Si-doped glasses is lower
compared to that of Si-free glasses. The conductivity of the
glasses increases with the growth of SiO, content. Also the
conductivity of the glass-ceramics obtained from glasses
doped with SiO, is >10* S/ cm at room temperature,
therefore, they are promising for all-solid-state batteries.
The reported study was funded by the Russian Science
Foundation according to the research project N2 22-23-
01099.
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Raman spectroscopy is a popular tool for structural
characterization of various materials. Confocal Raman
microscopes are relatively inexpensive, easy to use and
maintain, and enables sample imaging with submicron
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lateral resolution. It is common to consider Raman
spectroscopy as a nondestructive method, but the point
is that this can be challenged for most lithium battery
materials.

In this work we study laser-induced processes for

most popular oxide electrode materials - LiFePO,,
LiCoO,, LiNi]/aMn]NCo]/aOz, Li,Ti,O,, (pristine

and Mn-doped) and LiMn,O,. We have revealed

the variety of degradation processes and pathways.
As a result of our extensive studies, we can conclude
that the problem is not laser-induced degradation
itself, but the lack of its research. And we believe that
laser-induced degradation is not a shortcoming but the
unique possibility to provide an insight into degradation
processes of various origins.

The research was funded by the Russian Science
Foundation (project No 22-22-00350,

https:/ / rscf.ru/ project/22-22-00350).
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DRT conversion is a relatively new method of analysis of
Eectrochemical Impedance Spectrum (EIS), which based
on the representation of the investigated system in the
form of a distribution of serially connected RC (resistor
and capacitor) elements [1]. The main advantage of the
method is that the parameters of such elements need not
be specified beforehand and are determined directly

in the process of impedance analysis. Thus, the method
does not require a-priori introduction of equivalent
circuits, which is an undeniable advantage. The method
is quite powerful as it can separate a large number of
components of the impedance spectrum [2]. The number
of these components also need not be introduced
beforehand and is determined directly in the process of
the DRT analysis. Thus, in the coming years DRT method
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will certainly receive more attention at the forefront of
the science of electrochemical energy storage systems.
In this work, we have verified the correctness of the DRT
conversion method and validated this method in relation
to real lithium-ion battery systems. Validation took place
by changing the system parameters such as composition
and preparation conditions of electrode, degree of
charge/ discharge of the battery. In particular, we chose
electrodes that were based on lithium iron phosphate
but employed the binders that were radically differed

in their properties (PEDOT: PSS and PVDF). Also, the
effects of conductive additives such as single-walled
carbon nanotubes and electrode treatment with heat or
pressure up to 5 MPa were analyzed.

As a result, we were able to fully match the peaks of the
resulting distribution with the processes occurring in the
cell. Moreover, based on this analysis, we were able to
detect some features that were not previously described
in the literature. For example, we found that the
impedance of highly conductive electrodes is determined
by the conductive additive rather than the nature of the
binder used. This is really an unexpected finding that
could allow researchers to expand the range of binders
used in lithium-ion battery systems as well as focus
attention on the other binder characteristics such as
adhesion to the current collector, flexibility, extensibility,
etc. It has also been shown that pressing the electrode
reduces only the resistance related to the binder but
does not affect the capacity of the active material in the
electrode and the transport of lithium ions in it.

The work was supported by the Russian Science
Foundation, project 17-73-30006-P.
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Layered lithium and transition metals oxides
LiNi Mn Co_ O, (x +y + z = 1) with high nickel content
(x>0.6) demonstrate high electrochemical capacity
(~220 mAh/g at 2.7-4.3 V vs. Li/Li*) and high energy
density (900 Wh/kg). However, due to low cycling life
and low thermal stability, these materials are limited in
practical application as a cathode material for lithium-
ion batteries [1]. Using various methods for protecting
the surface of cathode material particles (applying
protective coatings, creating “core-shell” structures
etc.), these problems can be solved, since protective
coatings provide thermal and electrochemical stability
while maintaining a high specific capacity of the active
cathode material [2].

In this work, a microwave-assisted hydrothermal
synthesis technique was developed and optimized

to obtain a series of core-shell structured cathode
materials with different thicknesses of the shell based on
Ni-rich NMC with high Ni content (x = 0.95) as a core
and Co-rich layered oxides. The obtained materials
are single-phase and adopt a hexagonal a.-NaFeO,
structure (sp. gr. R-3m) with low anti-site disordering
level (Ni* in Li* positions 1.4 - 2.9%). According to the
SEM and TEM data, the material is spherical particles
with a narrow particle size distribution, where a
denser core and a shell are distinguished in spherical
agglomerates, consisting mainly of rod-shaped primary
particles. Modified materials obtained by microwave-
assisted hydrothermal method demonstrate high values
of discharge capacity at different current densities and
high cyclic stability (maintaining a specific discharge
capacity of 97% of the initial for 100 cycles at 1C

at 2.7 - 4.3 V rel. Li/Li*) compared to non-modified
material (87%). This developed synthesis method is
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also optimized to obtain protective coatings by metal
oxides such as Al, Ti, Zr, Mg. A series of samples with
different coating thicknesses has been obtained, primary
characterization methods have been carried out, which
show the formation of protective coatings on the surface
of cathode materials.

The research work is supported by Russian Science
Foundation (#20-13-00233).
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Layered titanates have been the focus of researchers'
attention due to potential technological applications

in various fields, such as sensors, photocatalysts,

ion exchangers, electrodes for secondary batteries,
bioactive ceramics, etc [1]. Sodium trititanate,
Na,Ti,O7, remains a layered structure during ion-
exchange even under strong alkaline or acid conditions.
The study of ion-substituted sodium titanate (Na,_
MxTi,O7) indicates a significant relationship between
the stability of the microstructure of the resulting sodium
titanate (including in the form of nanotubes) and the
properties of chemical bonding [2]. At the same time,
the issues of synthesis of nanostructures based on these
materials and approaches requiring improvement of the
electrophysical properties are still relevant.
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In the present work, we studied the effect of nickel
doping on the crystal and electronic structure,
morphology, texture, and electrophysical properties
of layered Na,Ti,O, ceramics obtained in the form of
mesoporous nanotubes and nanosheets.

undoped Na,Ti,O,

Ni doping

Ni-doping effect on morphology, optical properties and
specific surface area of the synthesized product

Using a simple and inexpensive method of hydrothermal
synthesis material with a directional improvement in
electrical characteristics was obtained. The obtained
products can be described as solid solutions.
«Unfolding» nanotubular structures at the high doping
levels reduces the specific surface area and porosity,
whereas, both electronic properties (Eg narrowed to
2.43 eV) and conductivity (o rises: 4-10%¢ — 2:10°S/
cm) are improving. Obtained layered Ni-doped sodium
trititanates can be referred to as mixed ionic-electronic
materials.

The synthesis and investigation of composite materials
was supported by the Russian Science Foundation
(grant N2 19-73-10017). Additionally, authors thank
Dr. Valery G. Kuryavyi for the SEM analysis and Prof.
AYu. Ustinov for XPS studies.
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B HacToswwee Bpems MAET MHTEHCUBHBIA MOMCK HOBbIX
MaTepManoB Ansi BLICOKOEMKMX M BbICOKOMOLLHbIX
NIUTUI-MOHHBIX aKKyMynsTopos. Hauaslwmecs HepaeHO
MCCNefoBAHMS MOKA3ANM, YTO NEPCNEKTUBHBIMU
KATOAHBIMM MATEPUANAMM SBASIOTCS IMTUIM-M3BBITOUYHBIE
OKCHAbI C PA3YNOPSACYEHHOMN CTPYKTYPOM KOMEHHOM
conu (DRX), rae uonei Li n nepexopHoro metanna (TM)
C OAMHOKOBOM BEPOSTHOCTbIO 3AHUMAIOT OAHM M Te

Xe OKTa3apHUYecKue NO3nLMM B CTpykType. [aHHble
KAToaHble MaTepuansi ¢ obweit popmynoit Liy(M\M,),.
yOz, rae M, — anekTpoxummnuecku aktmeHeiii TM, M2 -
anekTpoxnmmuueckn HeaktmeHbii d° TM (Ti**, Nb%*, Mo%*),
06napaloT BLICOKOI TEOPETUHECKOH EMKOCTbIO, KOTOpPas
AOCTUrAETCS 30 CHET PEanM3aLMM MHOTOINEKTPOHHbIX
NPOLLECCOB ¢ yuacTUem AByx pepokc nap: TM™/TMIm1k
u O% /0. CpaeHeHne DRX okcnpos

Li, o5, Ti Mn, . O, uLi, Nb Mn, , O, nokasano, uto d°
TM oKa3bIBAIOT 3HAYUTENBHOE BAMSHME HA IOKAMbHYIO
cTpyKkTYpYy M A dysuto noHoe Li. Tak, nosl Nb>*
cnocobcTBytoT 06pazoeaHmio bonbluero KonuyecTed
Knactepos Mn, 4To NPUBOAMT K yXyALIEHMIO YCHOBMIA
anddysmnm nonoe Li, no cpasHenmio ¢ vonamu Ti*" [1].
Kpome Toro, uonbl Nb>* cnocobcteytor Heobpatumomy
BbIAENEHMIO KUCIOPOAA B NpoLecce 3apsad, Toraa Kak
ol Ti** crabunmaupyet paboty naps O* /O,

B aaHHoit paboTe npoeeaeHo cpasHUTENbHOE
MCCNeaoBaHME CTPYKTYPbl, MOPPONOTHM 1
3NEeKTPOXMMHUECKMX cBoicTB cMewwanHbix d° TM DRX
KATOAHBIX MATEPMASIOB HO OCHOBE Li1,2+be3yTio,4.
»Mn, O, (0<y<0,1), nonyuenHbix ¢ nomoLsio
MEXUHOXMMMYECKM CTUMYTMPOBAHHOTO TBEPAOGHA3HOro
cunTesa. Bce nonyueHHble MaTepuans! sensioTcs
0aHO}A3HBIMU M KPUCTANNU3YIOTCS B Kybuueckom
CMHFOHMM C NPOCTPAHCTBEHHOM rpynnoi Fm-3m.
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C ysenuuennem copepxanus Nb>* B obpasuax
napameTpbl KPUCTANIMYECKON peLueTKM TMHEHHO
YBENMUMBAIOTCS M NOAUMHSIOTCS 3akoHy Berappa.

[ns Bcex 06pasLoB XApaKTepHO Hanuume BanxHero
nopsaka U o6pa3oBaHMe NAPAMArHUTHBIX LEEHTPOB
(n.u.) Mn*-O-Mn*, yxyawatowmx auddysmio MoHos
Li. YctaHoOBNEHO, 4TO KOAMYECTBO N.L. 3ABUCHT OT
cootHoweHuns Nb**/Ti* 8 06pasuax; MMHMMansHoe
konuuecteo Habnopgaetcs pns cocraea c y = 0,05. Ha
3apsAHO-pa3pAAHbIX KPUBBIX BCex obpasLos B obnactu
1,5-4,8 B HabnopaeTcs aBa nnaTo, cooTBeTCTRYOWME
AByM pepokc napam: Mn®*/ Mn** (3,3-3,4 B) u O*
/O (4,3-4,5 B). MokasaHo, 4To 3HAYEHMs yaenbHOM
eMkocTH U KoadduumeHTa audoysmm noHos Li
MakcumanbHbl ans coctaea ¢y = 0,05, kotopsiit
XapakTepuayetcs Hanbonbluei cTabunbHOCTbIO NpK
LMKIMPOBAHWM.

Pabota eeinonHexa npu nopaepxke poupa PHD,
npoekt N2 21-73-20064.
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HaHokpucrannmueckne matepuansl Ha

ocHoee nonnMmopdHbix Moaudukaumuii TiO,
HEeCTEXMOMETPUYECKOro COCTABA, COAEPXKALLEro
cobcTBeHHble M/ MNK NPUMECHbIE CTPYKTYpHbIe
nedeKTbl, NPUMBNEKAIOT 3HAYUTENbHBIA MHTEPEC
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BBMAY YCHMIEHHOM ONTUYECKOM M KATANIUTUYECKOM
OGKTMBHOCTM, YJTy4LIEHHBIX 31EKTPOHHbIX CBOMCTB.
OpHako KATMOHHOE MM AHMOHHOE AOMMPOBAHME
MOXeT U3MEHSATb YCIIOBMS CTPYKTYPHO-Pa30BbIX
npespauwehuii B TiO, npu Harpese, cnocobcTeoBats
YKPYMHEHUIO HOHOYACTUL, M CHUXEHMIO YAenbHOM
noBepXxHocTH, u np. B Toxe Bpems, obpasoeanus
CTPyKTypHBIX AedekTos B TiO, MOXHO AO6UTCA
6ecnpumecHbiM cnocobom, Hanpumep, TepMUYECKOM
o6paboTkoii B cpepe rasa (Hanpumep, sBogopoaa,
aproHa, asota) unu B Bakyyme. B nocnegHue rogi,
aedextHeie popmbl TiO, BEMAY HANMUMS B HUX
¢dbeppomarHeTMsma npu KOMHATHOM TemnepaType
npuBnekatroT ce 6onblue BHUMAHUS CO CTOPOHBI
cosparenen NonyrnpoBOAHMKOBBIX MArHETMKOB. [pu
5TOM /10 CMX MOP YCHUAMS COCPEAOTO4EHbI BO MHOFOM HQ
basax aHaras u pymn (B T.4. B cMecH).

B HacToswei pabote, 3a cueT obbeauHeHUs MeTOROB
rMAPOTEPMANbHOM TEXHONOIMM, MOHOOBMeHa

U BbICOKOTEMNEPATYPHOrO BOKYYMHOFO OTXMra
NONy4eH HAHONEHTOUHbIM KUCAOPOS -AePULMUTHBINA
AMOKCMAA TUTAHA B MOaUUKALMM BPOHS.
O6HapyxeHo, 4To oTXMr obecneynBaeT cepbii LBET
y obpabarsieaemoro matepuana, 4to obycnosneHo,
cornacHo pesynstratam IMP, o6pazosannem
LIeHTPOB OKPACKM B BUAE AOHOPHBIX BAKAHCHH
KMCNOpOAd B QHMOHHOM noppeLieTke 6poH30BOro
nonumopda. Mo paHHLIM cnekTpodoTOMeTpUH,
NPUCYTCTBUE QHMOHHBIX BOKAHCHIA MOBbILIAET
MHTEHCMBHOCTb MOTMOLEHMS B BUAMMOM obnactu u
6nmkHeM MHGPAKPACHOM ANANA30HE, MPUBOAMT K
«CYXeHHWIo» 3anpelieHHoi 3oHbl ¢ 3,23 go 3,04
3B. MonyueHHeiit HecTexmomeTpuueckuii TiO, (B),
OTHOCMUTCSA K Knaccy pasbasneHHbIX MArHUTHBIX
OKCHAHBIX NONYNPOBOAHMKOB NOCKOMbKY MOXET
nposiBnsaTh peppPOMArHUTHbIE CBOMCTBA NPH
KoMHaTHO# Temnepatype. OTmeuaeTcs, 4Tto €
MOHMXEHMEM TEMNEPATYPLI MArHUTHbIE CBOMCTBA
AedexkrHoro TiO, (B) He otanualotcst oT TakoBbix Ans
KBA3MCTEXMOMETPUUECKOTo (nonyyeHHoro B xoae
TepmoobpaboTku Ha Bo3pyxe).

Pa6ota BhinonHeHa npu puHAHCOBOI nopAepxkKe
Poccuitckoro HayuHoro ¢ponga (N2 19-73-10017).
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K BaxHeHwwMM chepam NpUMEHEHUS TUTUH-MOHHBIX
akkymynstopos (JIMA) otHocatcs nopratueHas 1
NepeHOCHAs 3MeKTPOHMKA, MEAMLIMHCKME YCTPOMCTBA,
6bITOBOM 2NEKTPOMHCTPYMEHT, 3NeKTPOTpaHcnopT (8
T.4. ABTOMOBMABHBIN, Xene3HoAO0pPOXHbIM, HaZBOAHbIN
M NOABOAHBIN), CUCTEMbI ABTOHOMHOTO M pe3epBHOro
sHeproobecneyeHus, TEXHONOIMU KOCMUYECKOTO,
CNeuManbHOro M BOEHHOTO HO3HAYEHMS M M., TEMMbI
PO3BMTUS KOTOPbIX CEFOAHS OCYLLECTBASIOTCS C
HAPACTAIOWMM MTOTOM, YTO TpebyeT oT HakonuTenen
Bce 6onee Boicokmx pabounx xapakrepuctik. Ha atom
¢doHe cnenyeT y4ecTb M TO, YTO B OTIMYME, HAMPUMEP,
OT HATPMUS, KANMs, MATHUS, QNIIOMMHMS, KOTOPBIMM
6orarta nnaHeTa, AMTMI — pepkmit Metann (ero gons B
3emHoM kope coctasnsiet nuwb 0,0065%). CornacHo
NPOrHO3aM, ero AedHULUT MOXKET CTATb OLLLY TUMbIM

yxe B 6nnxaiime gecatunetis (1o xe u ¢ kobansToMm,
CTOMMOCTb KOTOPOFO C Pa3BUTMEM TMBpPUAHOTO U
3NeKTPOABTOTPAHCNOPTA 3HAYMTENbHO Bo3pocna). Ha
3ToM $OHe, B NOCneaHUE roAbl €CTb TPEHA HO OCBOEHUE
QNbTEPHATMBHBIX TEXHONOTUI 3NEKTPOXUMMYECKOTO
npeobpa3oBaHMs M XPAHEHUS SHEPTHMM, KK HANPUMEP,
HaTpHUI-MOHHbIe akkyMynsTopsl (HAA).

HaxHas paboTta HaNPABAEHA HA CO3AAHME HOBBIX

W yny4LIEeHHbIX MAOTEPUANOB AJISl 3NEKTPOAOB
MeTan1-UoHHbLIX OKKYM)’HHTOPOB. TOK B pOMKOX
peannsaumm o6o3Ha4eHHOM 3a8a4M paspaboTaHsl

U yCOBEpLLEHCTBOBAHBI MOAXOAbI K MOMYYEHMIO
HAHOTPY6UATbIX MATEPMANOB HA OCHOBE AMOKCUAA
TUTAHA CO CTPYKTYpOi BpOH3, AONMMPOBAHHOIO
COBMECTHO MAPraHLeM, GPTOPOM M A30TOM, €
yAyuLEeHHbIMU MOP}ONOrMUECKMMM M TEKCTY PHBIMM
XAPAKTEPUCTUKAMM, MOAUPULMPOBAHHOM
CTPYKTYPOM, ONTUMM3NPOBAHHBIMMU SNEKTPOHHBIMU U
3neKTPopH3U4ECKMMM CBONCTBAMU. CMHTE3MPOBAHHbIE
MATepuansl NPOLWM ATTECTALMIO B KOYECTBE AKTUBHBIX
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BELLECTB OTPULATENbHBIX IEKTPOROER AN IMTUEBBIX
M HOTpHEBbIX aKKyMynsTopos. Hekotopsie o6pasubl
NPOAEMOHCTPMPOBANM MHOroobeLLaloLWMe pe3ynbTaThl,
YKa3bIBaOLWMeE HA NePCNeKTUBHOCTb M BOZMOXHOCTb
NOTEHUMANBHOTO UCMONb3OBAHMS B TEXHONOMMYECKOM
cekTope.

Pa6ota BhinonHeHa npu $puHAHCOBOI nopAepxke
Poccuiickoro Hayuroro ¢onga (N2 19-73-10017).

C.M. Xantumepos', T.M. laspunoea’, Hyxgaun B.U.",
Banees B.®.!, Poros A.M.!, Crenanos A.J1.
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B Hacrosee Bpems akTyansHa noTpebHOCTb B cMCTEMAX
XpaHeHus U npeobpasoBaHus sHeprim, obnaaaiowmx
BbICOKOM 3HEPreTMYecKoi NIOTHOCTbIO M Bonblmnm
cpokom cnyx6bl. Pactywme tpe6oBanms K BbICOKOM
3HEpPreTM4ecKoi eMKOCTH CTUMYIUPYIOT UCCEA0BAHMS
HOBbIX MATEPMANOB ANS CO3AAHMS 3NEKTPOAOB C

LLeNbio MOBBILIEHUS UX YAENbHBIX SHEPreTUHeckuX
XAPAKTEPUCTHUK, BPEMEHM XM3HM, LIUKIANYHOCTH
3apspa/ paspsaa v cHukxenuio aerpagaumm [1, 2]. B
AGHHOM paboTe NpeacTABAEHb pe3ynbTaThl CO3AAHMS

M MCCNEeAOBAHMS HOHOCTPYKTYPUPOBAHHOTO repMaHms
AN €ro UCNOMb3OBAHMS B KOYECTBE OHOAA IUTUM-
MOHHOro akkymynstopd. O6pasusl HaHONOpUCTOrO
repMaHus 6binM cuHTE3MpoBaHbl NyTem 6omMbapanpoBkM
naacTUHbl MOHokpuctananyeckoro Ge noHamn Ag* 8
untepeane gos 10 — 107 uon/ cm?. YctaHosneHo,

YTO MMMIGHTUPOBAHHAS NOBEPXHOCTb NPEACTaBAseT
coboif cnoi ry6uaToi CTpyKTypbl, COCTOALLEN U3
nepenneTawowwmxcs HaHowuten Ge co cpeaHnM
anametpom okono 20 HM. fanbBaHocTaTMYeCcKUM
METOf,0M MCCNefOBaHbl 3aPSAHO-PA3pPsAHbIE
XAPOKTEPUCTUKM NONyHYEHHBIX OBPA3LIOB NPU PA3AMYHBIX
peX1MMax ranbsBaHocTaTMyeckoro uuknposanus (0.1-

3 A/r). YcraHoeneHo, uto ans 06pasLoB aHogHOTO
MaTepuana Habnogaetcs coxpaHeHne 6onee 80%
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pa3psAHON EMKOCTU OTHOCUTENbHO HAYANbHOM BEMYMHbI
nocne 200 uuknos 3apsaa/ paspsaa Ans Bcex peXmMoB.
Mopdonorus obpasuos anogHoro matepuana 6bina
MCCNeAoBAHA METOAOM CKOHMUPYIOLLEH 3NEKTPOHHOM
mukpockonuu. OBHApyXeHo, 4To B pesynbTaTte
BHEAPEHMS MOHOB JIUTHS MOPONOrHs MOPHUCTOM
nosepxHoct1 Ge npeTtepnesaeT M3MEHeHNE, CXOAHBIM
ry6uaTbiit NOpMUCTLI cNoi npeobpasoebiBaeTcs B
HOHOMOPMCTYIO CTPYKTYPY, UMEIOLLYIO BUA, MYEANHDBIX
COT, He NpeTepreBas NOSHOFO MEXAHUYECKOTo
paspywenus paxe nocne 1000 umknoe.

Uccneposanue sbinonHeHo 3a cyet rpanra Poceuitckoro
HayuHoro ¢oHaa (npoekt N2 19-79-10216).
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YrnepopHbie MaTep1anbl LUMPOKO NPUMEHSIOTCS B
KaYecTBe QHOAOB IMTUIM-MOHHBIX AKKYMYSTOPOB
(TMA). OtaensHOro BHUMAHMS 3aCAYXMBAIOT
yriepogHble BONOKHA M TKAHM, KoTopbie obnagaiot
rMBKOCTBIO M 3NEKTPONPOBOAHOCTbIO, YTO MOXET BbITh
MCMONb3OBAHO B TMBKMX M HOCMMBIX YCTPOMCTBAX.
OpHAKO CyLLeCTBEHHBIMM HEAOCTATKAMM TAKOTO poad
YrepoaHbIX TKAHEMN ABASAIOTCS HU3KME 3HAYEHUS
yOenbHOM eMKOCTH.

MepcnekTMBHbLIM peLueHHeM NpeacTaBnseTcs
HOHECEeHWe HA MOBEPXHOCTb YINEPOAHOM TKAHM

CNOEB U3 OKCMAOB NEPEXOAHBIX METANNOB, KOTOPbIE
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XAPAKTEPHU3YIOTCS BLICOKOM TEOPETUYECKON EMKOCTBIO,
AOCTYMHOCTbIO M Aelueen3Hoi. [pu 3ToM cpeam okenpos
NepexoAHbIX MeTannos ocobbli MHTEpeC NPeacTaBASIOT
HecTexMoMeTpHuHble $Gasbl oKCMAOB MonubaeHa
MoQ3-0 (0<<0.25) u Mo O, , koTopsie obnaaatot
Bonee BbICOKOH CMOCOBHOCTBIO K MHTEPKANSILMM IUTHS

Mo CpaBHEHMIO CO CTexMoMeTpuueckoi pasoit MoO,

[1]. Takxe oaHumm n3 Hanbonee mMHoroobelyaroLx
QHOAHBIX MATEPUANOB CrieAyeT CYMTATb OKCHADI
mapranua, MnO, u Mn, O, BBMAY MX HM3KO¥ CTOMMOCTH,
3KOSIOTMUYHOCTH, BbICOKOH TEOPETUHECKOM EMKOCTH U
HU3KoMy nnato paspsaa (okono 0,5 B nporus Li/LiY).
Takue rubpuaHbIE MATEPUANBI HO OCHOBE YTNEePOAHOH
TKQHM, MOAUPULMPOBAHHOM OKCUAHBIMM COEAMHEHMIMMU
nepexoAHbIX METANNIOB, OTKPLIBAIOT 6onblUME NepCreKTHBbI
B 06nactu cospanus aHopHsix Matepuanos JINA 6es
CBS3YIOLLEro, FAe NOAMOXKA U3 YrNepoAHOMU TKAHU MOXET
6bITb UCMONB3OBAHA M KOK OCHOBA, M KOK TOKOCHEMHMK.

B aaHHOM paboTe npuBeaeHbl pesynbTaThl UCCAEAOBAHMS
BO3MOXHOCTH MONyYEHUs AHOAHBIX MATEPUANOB ANS
NUTUIA-MOHHBIX AKKYMYnSTOpoB 6e3 Mcrnonb3oBaHus
CBSI3YIOLLErO HO OCHOBE YrNePOAHOM TKAHWU MAPKK
Ypan T-22P, moanbHuMpOBAHHOM OKCHMAHBIMM
coefMHEHNIMU MONMBAEHA, C UCMONb3OBAHUEM
nepeMeHHOro acMMMETPUYHOro Toka. OCHOBHBIMM
¢$asamu nonyyeHHoro rubpuaHoro Matepuana no
AQHHBIM 3NEKTPOHHOM ANPPAKLMM SBASIIOTCS CMECh
oKkcMpoB MonnbaeHa Mo,O,, MoO,, MoO,, Mo, O,,
Mo, O, ,, okenppl Bonedpama n mapranua, WO, n
MnO,. MonyyeHHtle 3HAYEHMS PA3PARHON EMKOCTH
ans paspabortanHoro rubpuaHoro matepuana
cocrasunm 135/144 u 42/ 43 mAu * r'' B guanasoHax
noteHumanos 0,01-3B u 1-3 B, cooTsetcTBeHHO.
Pa6ota BbinonHeHa npyu ¢puHAHCOBOIM noaaepxke
ctunexpuu MNpesupenta PO CM-3068.2021.1. u
NPOrpaMMbl CTPATENMYECKOrO KAAEMUYECKOro NMAEPCTBA
«Mpuopuret 2030» Poceuiickoit Pepepaumn (Cornaweme
Catkr-leTepbyprckoro noaMTeXHUYECKOro YHUBEPCUTETA

Metpa Benmkoro 075-15-2021-1333 or 30.09.2021).
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CynbdonaHoBble pacTBOpbI AIUTUEBLIX CONEM ABNSIOTCS
NepCcneKTMBHbIMM BIEKTPOSIMTHBIMU CUCTEMAMM AN
nUTUI-cepHbIX akkymynstopos [1-2]. Mockonsky
3NeMeHTapHAs cepa He 06NaAdeT 3NeKTPOXUMUYECKOM
QKTMBHOCTbIO B TBEPAOM COCTOSIHMM, €€ BOBEYEHNE

B D1IEKTPOXMMMYECKME NPOLLECChI OCYLLECTBASETCS
yepes pactop anekTponuta. Mostomy
PACTBOPUMOCTb CEPbI B INEKTPONMTHBIX CUCTEMAX
NINTUIA-CEPHBIX OKKYMYJSIITOPOB SBASIETCS MX BAXHOM
XAPAKTEPUCTMKOM.

PactsopumocTb cepbl 6bina onpepeneHa MeTogom
aN1eKTPOHHOM cnekTpodoTomeTpum npu 30 °C.

B 5neKTpOHHbIX CNEKTPaX 31eMEHTAPHOM

cepbl HabnoaaeTcs 5 NONOC NOMNOLWEHNS B
yneTpaduonetosoit obnactu (pucyHok). Beepenue
nepxnaopara JIMTHS NPMBOAMT K YBENMUYEHMIO MONIPHBIX
K03 PULMEHTOB SKCTUHKLMU M YMEHBLLEHUIO
pacTBopuMMocTyH cepbl. TaK, pacTBOPMMOCTb cepbl

B cynbdonaHe coctrasuna 0,082M, a s 2,35M
cynb$poNaHOBOM pACTBOPE NepPXNopaATa JIMTUS —

0,006 M.
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PACTOEPHNOCTS YIEMEHTADHOH cepit, M

Monspait xo>pdruteir sxerimin, HMomxeM

0s L0 1s 2
Kouseirrpaua pacraopon LiCIO,
B cynponaric, M

Jna soss, e

PucyHok. BansaHme koHueHTpaumm cynbponaHosbix
pacrsopos LiClO, Ha anekTpoHHsie cnekTpe
nornouweHms (a) U pacTBOPUMOCTb 31eMEHTAPHOM cepbl
(6) npn 30°C. B nerenge ykasaHa KOHLEeHTpaums
LiClO, B cynsponane.
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Teopetnueckue pacuetsi [1] nokasanu, uto Bewectsa
Zn,B,O, 1 Zn,S,O, moOryT 6biTb MCNONB3OBAHBI B KAYeCTBe
TBepanX 3]1eKTpOJ1HTOB B UMHK-MOHHbIX GKKyMyﬂﬂTOPOX
6naropaps HU3KMM 3HQYEHUSAM SHEPTUM MUTPALIMM
pabouero uona (Zn?*) u Hanuumio sanpeLyeHHOI

30HbI WKpHHOM nopsigka 3 3B. B paHHoi pabote Mbi
MCCNesoBanyu BO3MOXHbIE CNOCobbl CUHTE3A YKA3OHHBIX
coepmtennit. C aToi uensio 6bin nposeaeH o63op
NUTepaTYpbl M HaMAEHBI METOAMKM, ONMUCAHHbIE B paboTax
[2, 3]. Crout oTMeTHTL, uTO M3BECTHBIX CNocoBoB
Nony4eHUs [AHHBIX COEAMHEHUI OKO3AN0Ch MAO.
Cunres Zn B, O, no meToamke us pabotsi [2] He aan
nonoxutensHoro pesynstata (puc. 1, a). B kauectse
BTOpOro Metoaa 6bin BbIBpaH TBepaoda3HbIf CHHTES
anBZO(> U3 OKCMAOB UMHKA M 6opa: nocne TWATENLHOro
CMeLLIEHUs! OKCUAOB NO YPOBHEHMIO PEAKLMM UX
B3QMMOJENCTBUS BbiN OCYLLECTBAEH OTXMF B TPU CTAANM
no cnepytouwei cxeme: 900 0C, 2 yaca — 950 0C, 1

CTEHAOBbIE AOKALbI



190

yac — 1000 OC, 30 muHyT. lNo 3aBeplueHHIo KaxA0M
CTAAMM OTXMIa CMeCb NepeTMpanack, a ee Gpasosblif
COCTAB NPOBEPSNCS HA NOPOLIKOBOM AMdPAKTOMETPE
(Bruker D2). Hannyuwwit pesynstar nokasan obpase,
MONyYeHHbIN HA NOCNEAHEN CTAAMM OTXKMIA: OH
neyx¢dasHeINA, NpY 3TOM copepXaHue Lenesoi ¢basel
Zn,B,0O, cocraenser 90% (puc.1, 6).

Cwunres Zn,S,0  npakTMyeckm He ONUCaH B nuTepaType.

B paborte [3] ykazaHbl gga Bap1aHTa nonyueHms
BbIBpaHHOro coeamnHenus. Mepsbiit — 310 YacTMuHoe
pasnoxeHue CynbpaTa LMHKA, OCYLLECTBUB KOTOPbIA HAOMM
6bina nony4eHa MHOrogpa3Has cMech € COREPXAHUEM
Tpebyemoit basbl 5%. Bo BTopom BapuatTe B ycnosusix
CMHTE3d eCTb PEaKLMs B3BAUMOAENCTBUS C OKCMAOM LIMHKA
nocne npouecca 06e3BoX1BaHMUs cynbdara uuHka. B
pe3ynbTare nosny4eHd TpexpasHas CMeCb € COAEPXKAHMEM
Zn.S,0, - 75% (puc. 1, 8).

a | ZniBiO
f | ZnBsO-
| Zn.B.O\
E r | ZnBeOwS
£ ) i
&5 AR \ \

A { M;‘ v‘ ’0'
‘\N‘Mv Jw ’v/ JPSATAR

| Zn:B:0

| | zZno

|
. Ml e ‘ J ,J“_lniw ‘” ' !Lhum

Ll

| ZnsS:0.

| ZnSO4

Ul‘ J.Lbf

Puc. 1. a — pesynsrar cunresa Zn3B206 no metoamke
n3 [2], 6 — pesynbrar TBEpAOPA3HOrO CHHTE3A
ZnB,O,, B — Zn,S,0,cuHTe3nMpoBarHbIii Mo meToamke
ns3 [3].
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Sodium-ion batteries (SIBs) can be a possible alternative
to lithium-ion batteries (LIBs) due to sodium availability
and low cost. Commercialization of SIBs requires
electrode materials with high specific capacity, good
cycling stability, low cost and low toxicity.

Hard carbon (HC) is one of the promising negative
electrode material in NIBs, since HC demonstrates

a high capacity in contrast to graphite [1]. Hard

carbon (HC) is a non-graphitizable form of carbon
material, which consist of curved graphitic domains and
micropores.

There are a variety of methods to synthesize hard
carbon, where template synthesis aims an increase the
specific capacity of hard carbon through increasing

the number of inner micropores. This approach helps to
obtain HCs with extremely high specific capacity up to
480 mAh/ g [2]. Porous SiO, is an attractive material
for use as a nanoscale template because its porosity and
average pore diameter can be easily adjusted [3].

This work is devoted to SiO,-template synthesis of

hard carbon. At first, the mixture of glucose and
tetraethoxysilane (TEOS) as a source of SiO, was
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pretreated in hydrothermal condition. The template was
removed by hydrofluoric acid, and then the material was
subjected to annealing at 1300 oC. The concentration

of hydrofluoric acid was varied in order to achieve
formation of maximum number of micropores instead

of silicon dioxide. Influence of synthetic conditions,
morphology on electrochemical performance was
studied. Obtained SiO2-templated HC demonstrated
high specific discharge capacity of 372 mAh/g.

This work is supported by Russian Science Foundation
(Project No. 17-73-30006-P).
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The growing interest toward the electric vehicle market
requires the development of advanced high energy
density electrochemical energy storage devices with
improved safety. The state-of-the-art solution is LIBs
with liquid organic electrolytes due to their high
gravimetric and volumetric energy density. However,
no further boost of LIB" s energy density is possible
without implementation of next generation electrode
materials like Li-rich NMC and metallic Li. In turn, such
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solution is inevitably associated with flammability risks
governed by gaseous O, liberation as well as short
circuit promoted by Li dendrite growing through the
electrolyte between positive and negative electrodes. All
solid-state batteries (ASSBs) are a promising alternative
to conventional batteries based on liquid organic
electrolytes due to potentially higher energy density
and diminished risks of fire and explosion. Among

the variety of solid-state electrolytes for lithium-ion
batteries, Li, ,(Al/Ga) ,La,Zr,O  (Al/Ga-LLZO) with
cubic garnet structure is of the particular interest due to
the high lithium ions conductivity, wide electrochemical
stability window (0.05-5 V vs. Li/Li*) and chemical
stability against Li metal. Advantages listed allows the
application of high energy density positive and negative
electrode materials, like Li-rich layered oxides and
lithium metal, respectively.

This work is aimed to establish the possibility of building
ASSBs based on Al/Ga-LLZO electrolyte and Li-rich
layered oxide Li, ,Ni ,Mn_ O, (Li-rich NMC) as high
energy density cathode. At the first stage of this work,
single-phase cubic garnet structure Al/Ga-LLZO
electrolyte pellets with a high relative density of 90%
were obtained by solid-state reaction synthesis with

the implementation of ball-milling technique and
isostatic presser to form dense pellets. To investigated
the cathode material morphology influence on the
transport properties of the cathode-electrolyte interface,
Li, ,Ni  ,Mn O, was obtained by co-precipitation and
hydrothermal synthesis, which enable to get cathode
powders with different particle size distribution.

The phase purity, morphology, elemental composition,
Li-ion transport properties, and local crystal structure

of the obtained samples were probed with the large
variety of modern analytical methods, like powder X-ray
diffraction, impedance spectroscopy as well as scanning
(SEM) and transmission electron microscopy (TEM)

with integrated energy dispersive X-ray analysis (EDX).
The functional layer of Li Ni  ,Mn O, was applied

on both sides of Al/Ga-LLZO membranes using screen
printing. The investigation of the effect of co-sintering
temperature (from 700 to 900 °C) on the interfacial
resistance shows that at temperatures above 800 °C,
conductivity drops due to the formation of the additional
Ni and La rich insulating layer at the interface confirmed
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by TEM. The cathode morphology influence on the Li
transport properties of the cathode/ electrolyte interface
demonstrates the reduced interfacial resistance value for
smaller particles of cathode material due to the better co-
sintering and increased number of point-to-point contacts.

This work is supported by the Russian Foundation of
Basic Research (grant N2 20-33-90241)
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Lithium-ion batteries (LIB) are frequently employed in
energy storage and alternative fuel vehicles. Because
of this, the user should be aware of the battery's state
of charge (SOC) and state of health (SOH). While the
SOH evaluates battery health, the SOC in the Battery
Management System (BMS) indicates the percentage
of battery capacity. In order to develop a sustainable
model, LIBs face substantial difficulties in maintaining
their saving capacity [1]. The major objective of this
study is to accurately estimate the SOH and SOC of
the battery cell in order to investigate the primary
electrochemical properties of the cathode material
and measure the entropy to calculate the battery's
remaining useful life (RUL). Active materials based

on LiNi_ ,.Co, Al O, (NCA) cathode powders are
the study's subject. To examine the capacity fading
mechanism using thermodynamic characterization—
entropy—a variety of NCA cathodes were evaluated.
It is an effective technique for researching battery cycle
life and safety [2]. The Universal Battery SOC equation
has been applied for this purpose [3]:

SOC =+ (K*mol)/J + (mol/J) +S+H
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This study demonstrates that the anisotropic volume
change brought on by the phase transition at the
charge-end was a significant contributor to the capacity
fading of NCA cathodes.
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Layered lithium and transition metals oxides
LiNiMn Co O, (x +y +z= 1) with high nickel content
(x>0.6) demonstrate high electrochemical capacity
(~220 mAh/g at 2.7-4.3 V vs. Li/Li*) and high energy
density (900 Wh/kg). However, due to low cycling life
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and low thermal stability, these materials are limited in
practical application as a cathode material for lithium-ion
batteries [1]. Using various methods for protecting the
surface of cathode material particles (applying protective
coatings, creating “core-shell” structures etc.), these
problems can be solved, since protective coatings provide
thermal and electrochemical stability while maintaining a
high specific capacity of the active cathode material [2].
In this work, a microwave-assisted hydrothermal synthesis
technique was developed and optimized to obtain a series
of core-shell structured cathode materials with different
thicknesses of the shell based on Ni-rich NMC with high Ni
content (x = 0.95) as a core and Co-rich layered oxides.
The obtained materials are single-phase and adopt a
hexagonal a-NaFeO, structure (sp. gr. R-3m) with low
anti-site disordering level (Ni* in Li* positions 1.4 - 2.9%).
According to the SEM and TEM data, the material is
spherical particles with a narrow particle size distribution,
where a denser core and a shell are distinguished in
spherical agglomerates, consisting mainly of rod-shaped
primary particles. Modified materials obtained by
microwave-assisted hydrothermal method demonstrate high
values of discharge capacity at different current densities
and high cyclic stability (maintaining a specific discharge
capacity of 97% of the initial for 100 cycles at 1C at 2.7
— 4.3 Vrel. Li/Li*) compared to non-modified material
(87%). This developed synthesis method is also optimized
to obtain protective coatings by metal oxides such as

Al, Ti, Zr, Mg. A series of samples with different coating
thicknesses has been obtained, primary characterization
methods have been carried out, which show the formation
of protective coatings on the surface of cathode materials.

The research work is supported by Russian Science
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Nowadays with the development of electric vehicles

and portable devices the demand on cathode materials
with high energy density, durability and safe cycling
broadens. NASICON-type phosphates of d-metals and
sodium may become a solution to the latest challenges,
as its structure provides long and safe operation [1].
However, the common NVP () cathodic material provides
relatively low energy density of about 400 Wh/ kg,
hence the NMCP () compound with energy density of
more than 500 Wh/kg has been proposed. [2]

Such high energy density comprise of three redox
processes: at 3.7, 4.2 and 4.5 V (Figure 1). In order to
improve the cyclic performance of NMCP in the potential
range 2.5-5.0 V we have opt imized the electrolyte
composition. After obtaining the NMCP by sol-gel method
and annealing, its electrochemical properties were studied
using galvanostatic charge-discharge, unveiling the cyclic
stability of (de)intercalation processes corresponding to
different redox processes. Following that, the structural
changes during the cell operation have been investigated
using ex-situ and in-situ X-ray diffraction.

This work was supported by the Russian Science
Foundation (Grant No. 17-73-30006-P).
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Figure 1. Galvanostatic charge curve of NMCP in 2.5-
5.0 range
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Aliphatic sulfones are organic compounds containing a
sulfonyl functional group attached to two carbon atoms.
These substances can be used as electrolyte solvents in
lithium-ion batteries (LIBs) due to their polar and aprotic
characteristics [1]. The main advantages of sulfones

are a low vapor pressure at room temperature, a high
boiling point, a chemical resistance, a safety to users
and a stability at high voltages.

Nowadays, the most used solvents are carbonic esters and
cyclic ethers which have a high flammability. But there are
some studies concerned on some sulfones or ether-sulfone
mixtures that add to these solutions stability and make them
less lammable [2, 3, 4]. Sulfolane is one of the sulfone
solvents which is currently used instead of its rather high
melting point (m.p., 28-30°C) and hygroscopicity [4, 5].
However, the huge challenge of using sulfones as electrolyte
solvents is their high melting point which causes low viscosity.
There are two strategies to decrease the melting point:
modification of substituents and preparation of a mixture.
To achieve the goal to find efficient aprotonic solvents
based on aliphatic sulfones we investigated electrochemical
properties of different electrolytes. We used 6 sulfones
such as (i-C,H,),SO,, (i-C,H,)(i-C,H/)SO,, (i-C,H,),SO,,
(i-C,H,)(i-C,H,)SO,, (i-C,H, ),SO,, (i-CH, )(n-C H,)
SO,, and the mixture of (i-C,H,),SO,-(i-C,H  ),SO, which
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composition was around eutectic of this binary system.

CTEHAOBbIE AOKALbI



Electrochemical stability of electrolytes based on TM
and 3M LiBF, and 1M LiPF, solution in sulfones were
studied. The analysis was conducted by means of cyclic
voltammetry (CV) with “idle” electrodes (composed of
carbon black and PVYDF). CV curves of the electrolytes
based on aliphatic sulfones were compared with
electrolytes based on sulfolane solution.

The essential results of this work are that:

* we have conducted electrochemical investigations of
electrolytes based on sulfones which carbon radicals
consist of 3-5 atoms for the first time;

¢ aliphatic sulfones with the melting temperature lower
than 30 and their mixture may replace sulfolane used in
Li-ion battery electrolytes;

* the most oxidative stability was observed for
electrolytes based on 3M LiBF, dissolved in (i-C,H,),SO,,
(i-C,H,,),S0O,, and (i-C H,)(i-C,H  )SO,. The stability is
comparable to sulfolane one.

This work was supported by the Russian Science

Foundation (grant No. 19-73-10078).
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JINTNN-NOHHBIN
AKKYMYnSTop
CUCTEMBI
«LiNi, Co, ..

Al O, /Ge»
ONS HU3KOTEM-
neparypHbIX

NPUMEHeHN

Yupkoea E.B.", Kyapswosa 0.0.}, FTaspunun U.M."2,
Kynoea T.J1.!, CkyHauu A.M.!

' UHCTUTYT PU3MYECKOI XUMUM U 3EKTPOXUMUM

um. A.H. Ppymkuna PAH, JleHunckuit npocnexr a. 31k. 4,
119071, r. Mockea, Poccus

2 HaumMoHanbHbIN NCCNEAO0BATENLCKUI YHUBEPCUTET
«MW3T», nn. LokuHa 1, r. Mocksa, r. 3eneHorpan, Poccus

kate.chirckova@yandex.ru

YnyuweHue XxapaKTepUCTUK AUTUIM-MOHHbIX
akkymynstopos (JIMA), Taknx kak nossiweHme
YAENbHOM 3HEPrK M PACIUMPEHHE ANANA30HA paboumx
TEMNepaTyp, BO3MOXHO NPH 30MeHe TPAANLMOHHOM
3NEKTPOXMMUUYECKON CMCTEMbI KOMMEPYECKOTO JIUTHIA-
MOHHOTO AKKYMyNATOpaA HA HoByto. B BonblmHcTee
kommepuecknx JIMA B kauecTse anekTponura
ucnons3sytot 1 M pacteop rekcadpropdocdara nutus

B cMecu aTuneHkapboHara, auatunkapboHara u
anmetnnkapbonara (1:1:1), uto npusoauT k notepe
paboTocnocobHOCTH OKKYMYNSTOpPA NPH TEMNEPATYPAXx
Huxe munyc 20 °C.

B HacToswei paboTe npeanoxeHa Hosas
3NEeKTPOXMMMYECKAS CUCTEMA ANS NUTUIA-MOHHOTO
QKKYMYRSTOPA € NOIOXKMTENbHbIM 3N1IEKTPOAOM HA
OCHOBE KOMMEPYECKOO CMELLAHHOTO COMCTOrO OKCMAT
Hukens, kobaneta u anomuums (LiNi  Co, Al  O,),
OTPMLATENbHBIM 3MIEKTPOAOM HO OCHOBE HUTEBMUAHBIX
HaHocTpykTyp repmanms (Ge) [1] v anektponutom Ha
ocrose 1M LiCIO, B cmecu nponunerkapbonara u
oMMmeTokcuaTaHa (7:3).

MakeTbl GKKyMynSITOPOB MMENM NPU3MATUHECKY IO
KOHCTPYKLIMIO M COAEPXANM 31eKTPOoAbl pasmepom 3x4
cM?. B kauecTee KOpnyca akKyMynsTopa MCNONb30BANM
NAMUHUPOBAHHYIO AIIOMMHUEBYIO POy TOMLMHOM
150 mkm. CopepxaHue Bogbl B 31eKTponuTe,
M3MEpPEHHOE METOM KYSIOHOMETPHYECKOrO TUTPOBAHMS
no Puwepy (917 Ti-Touch, Metrohm, Switzerland) He
npeebiwano 15 ppm. C6opKy MOKETOB OKKYMynsTOpOB
NPOBOAMIMN B repMETHHHOM NepyaToyHoM Bokce

(3AO «Cnektpockonuueckue cuctembi», Poccus) ¢
copepXaHueM Boapl U kKucnopopa He 6onee 1 ppm.
CooTHoLIEHWE MACC NONOXMTENBHOMO U OTPULLATENLHOIO
snektpopos cocraensno 9:1.
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HaHouactuupl

V,O, kak marepuan
NONOXUTENBHOIO
anekTpoaa
NINTUN-NOHHOTO
aKKyMynsTopa:
CUHTE3 U
uccnegoesaHue
3NEKTPOXUMUYECKUX
CBOMCTB

CnocobHocts paboTaTb Npu NOHUXKXEHHBIX
Temnepartypax akkymynstopa «LiNi  .Co, Al O /
Ge» obecneunBanach UCMONb3OBAHWUEM SNEKTPONMUTA
Ha ocHoee nponuneHkapboHara (remnepatypa
3amep3anus anektponuta okono —70 °C), koTtopeiii, B
CBOIO O4epeab, MOXET BbiTb UCNONb3OBAH B COYETAHMM
C repMOHMEBBIM 3NIEKTPOAOM B OTAIMYME OT YINepOaHbIX
3NeKTPOAOB, Mcnonb3yeMbix B kommepuecknx JINA.
PaspsgHas eMKOCTb AKKYMyNSTOPOB CHCTEMI

«LiNi_ ,Co_ (Al O,/ Ge» nputoke 1C 1 Temneparypax
-20, =30, —40, =50 u =55 °C cocrasuna 1.34, 1.06,
0.64, 0.42 1 0.11 MAu, cooTBeTcTBEHHO.

Pabota BeinonHeHa npu puHaHcosoi nopaepxke PHP

(npoekt N2 20-79-10312).
UcnonbsoBaHHas nuteparypa:

1. .M. Gavrilin, V.A. Smolyaninov, A.A. Dronov, S.A.
Gavrilov, A.Yu. Trifonov, T.L. Kulova, A.A. Kuz'ming,
A.M. Skundin. Mendeleev Communications. 2018,
28, 659.

Lnxoeuesa A.B.12, Kopuyn A.B.!, Kucnos [I.A.', Eewmk
E.IO.', Bywkoea O.B."3, lo6posonbckum FO.A. "4
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3 UnctutyT xumum teepporo tena YpO PAH, 620990,
Exarepunbypr, Poccus

4 OxHo-Poccuniickuin rocyaapCTBEHHBIN MOAUTEXHUYECKUIA
yHusepcutet (HMU) um. M.U. Mnarosa, yn. Mpoceewenus
132, 346428, Hosouepkacck, Poccus
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JIutuit-uonHsie akkymynstopsl (JIMA) — opu us
Hanbonee pacnpoCTPAHEHHBIX UCTOYHMKOB SHEPrUM ANs
nopratueHoi anekTpoHuku. Passutme JIMA nportekano
oueHb BypHO, MX yAenbHble XapakTepucTiku 3a 10-
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15 net Beipocnu 6onee yeM BaBoe, a cebectoMMocTb
cHmamnace 8 5 pas [1,2].

Co spemenu nossnenns JIMA 8 1991 rogy u

A0 HOCTOSLLEro BpEMEHHU LiCoO2 [OMMHUPYeET
CpeAn MATepManos NONOXMTENBHOTO 3EKTPOAd

B MaccoBom npowussoactee. OaHAkKo, 3nekTpoabl

Ha ocHoBe KobanbTUTa NUTUS 06nagaloT PSAOM
HeAOoCTATKOB, B YMCNe KOTOPbIX NOBbILIEHHAS MOXApo-
u B3pbiBoonacHocTs JIMA. [ins cozpanus Gonee
6e3onacHoro Bapuanta JIMA Bo3MOXHA 3aMeHa
LiCoO, B nonoxurensHOM aneKTpoae HA MeHTAOKCHA
BAHAAMS. DTO NO3BOSIUT HE TONILKO MOBBICUTD
6e30NACHOCTb YCTPOMCTBA, HO M 3HAYMTENBHO
YBENMUYNTL EMKOCTb OKKYMyNSTOpOA.

B naHHoM paboTe Gbina NOKA3aHA BO3MOXHOCTb
Nony4YeHuss HAHOCTPYKTYpP NEHTAOKCMAA BAHAAMS U3
kceporens V,0,nH, O meTopom ruapoTepmanbHoii
o6pabotkun. CornacHo gannbiv COM, nonyueHHbie
o6pasoBaHHbIe NPOAYKTh UMetoT ogHoMepHyio (1D)
MOpPGONOruio, UroNbYaTYIO LENbHYIO CTPYKTYPY,
6e3 nobouHbix pas. CpeaHuit pasmep HaHOHACTHL,
coctasun po 10 Mkm B anunHy 1 nopsigka 100 HM B
WHPHHY.

B naHHOM paboTe 6bina npeAnpUHATA MOMLITKA

B KOYECTBE CBS3YIOLEro MCMOMb30BATL
nutnposanHnyto ¢opmy Haduona (Li-Haduon)

— rubkoe, MHEPTHOE, XMMMYECKN cTabunbHOe
ceasylolwee, obecneyneaiol,ee SONONHUTENbHYIO
MOHHYI0 NPOBOAMMOCTb MO NMTHIO. Takxe Bbia
npoBeAeHda ONTMMMU3ALMS KOMIOHEHTHOTO COCTABA
3NeKTPOAHOM Macchl Ans obecrneyeHns Heob6XoaUMON
npoBoaMMocTH. bbino BbisBNneHo onTMManbHoe
KONMYeCTBO 3NeKTponpoBoasiLei Ao6aBKH.
OnTUMAnbHbIA COCTAB 3MEKTPOAHOIO MaTepUana

— aktueHoe Bewecteo — 60 %, aueTuneHosas
caxa — 30 %, nogobpaHo ceasyouiee — Li-
Haduon — 10 %. MNposeneHb anekTpoxummieckme
MCCNefoBAHMS KATOAA, HO OCHOBE HOHOYACTML,
MEHTAOKCMAA BAHAAMUS, PA3PSAHAs yAenbHAS
€MKOCTb MCCIIelyeMOro NosIoXMUTENbHOro 3NeKTpoad
coctasuna nopsaka 350 MAu/r Ha nepBoM uukne.
Pa6ota (yactuHo) BbINONHEHA NO Teme
locynapctsenHoro sapanus, N2 rocyaapcreeHHoOM
pernctpaumn AAAA-A19-119061890019-5 u
122012500156-1.

CTEHAOBbIE AOKALbI



®usuko-
XUMUYECKUE
Ceoiictea Pacteopos
MNepxnopara
Marxus

B ANPOTOHHbIX
Pacteopurensx

Ucnonb3osaHHas nuteparypa:

1. Kuchibhatla S. V. N. T.; Karakoti A.S.; Debasis Berq;
Seal S.// Progress in Materials Science 2007, 52,
699-913.

2. Jozwiak P.; Garbarczyk J.E. // Solid State lonics
2005, 176, 2163-2166.

A.P. IOcynoeaq, J1.I. Tony6stHukosa, E.B. Kysbmuna, B.C.
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3a nocnepHme rogsl BO3PACTAET MHTEPEC K CO3AAHMIO
3NIEKTPOXMMUHYECKMX HOKOMMTENEHN SHEPTHUH HO OCHOBE
conei wenouHosemenbHbix anemeHtos (Mg?* u Ca?).
Ocobbiit UHTEpPEC BbI3LIBAIOT HAKONMTENN SHEPTUN HA
OCHOBE CONeM MarHus, yAenbHas SHeprus KoTopeix 6auska
K YAENIbHOW SHEPIUM IMTUMA-UOHHBIX OKKYMYNSTOPOB, O
cToumocTb cylecteeHHo Huxe [1]. OaHolt us Hanbonee
BAXHbIX NPo6nem co3aaHMs aKKYMyNSTOPOB € MATHUEBbIM
OTpHLATENbHBIM 3NEKTPOAOM ABAsieTCs npobnema
3NEKTPONUTA, KOTOPbIN C OFHOM CTOPOHbI fOMXEH obnaaats
BbICOKO# 3NEKTPONPOBOAHOCTLIO, O € APYroi obecneuusats
ANUTENbHOE LMKIMPOBAHWE MATHMEBOTO NEKTPOAQ.
Llensio pabotbi 6bino Mccneposanmne ¢puamnko-
XMMMYECKMX CBOMCTB PACTBOPOB NEPX0PATA MArHUS B
QNPOTOHHBIX AUMONSAPHBIX PACTBOPUTENSX PASUYHOM
NPUPOAbI U CTPOEHUS CONbBATHBIX 060N0YEK KATMOHOB
MOrHWs METOAOM MONEKYNIAPHOM AUHAMMKM.

PesynbTathl MOAENUPOBAHMS PUIUKO-XMMMUYECKMX
ceoiicts pacreopos Mg(ClO,), cymmmnposarsi
Tabnuue. Hanbonblueit anekTponposogHOCTLIO cpeau
uccneayembix cuctem obnaaaert pacrsop Mg(ClO,),

B nponunexkapboHare, a HammeHsweit — Mg(ClO,),

B TeTparnume. AHanM3 GpyHKLMIA paauanbHoro
pacnpegeneHus aTOMOB KUCNOPOAQ nponunelkapboHara
M NepXNopaT-aHUOHA BOKPYT KATUOHA MArHWs nokasan,
4TO NepBylo conbBaTHyto obonouky Mg?* coctaensior 5
monekyn nponunenkap6oHata. AHanornyHas KapTUHa
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DNeKTPOoAHbLIA
marepuan Ha
ocHoBe kapboHun-
cofepXalmx
reTepoLMKINYECKUX
coeaHEHUN ¢
aromammn O u S

ANS NINTUEBbIX
OKKYMYASTOPOB
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Habniopaetcs B cnydae cuctemsl Mg(ClO, ), / cynedonan.
OpHako, 3neKTPONpPOBOJHOCT AQHHOO PACTBOPA
3MEKTPONMTA CyLLECTBEHHO HUXE.

B cnyuae rmumos HaBniogaeTtcs koopanHaums
KOTMOHA MArHUS KOK C MONIEKYSIAMM PACTBOPUTENS,
Tak 1 ¢ nepxnopar-aHuoHom. C yBennueHnem
Konu4ecTsa sTuneHokcuaHeix 3seHbes (C.H,O) s
ruMax HabniopaeTcs ymeHbLieHKe Ko3bprLMeHTOB
camopydPy3nn KOMNOHEHTOB INEKTPONMTOB, a,
CNnepoBATENLHO, M BENIMYMH MOHHOM NPOBOAUMOCTH
pacTeopoe anektponuTos (tabnuual).

Tabnmua — Pu3nKo-xMMMYECKME CBONCTBA PACTBOPOB
nepxsnopara MarHus

acteo- C d o b,
P . 4 MCM 10" | Mg | X pacrs

puTens monbn! | krm® B 21
oM mic

tetparnum | 0.452 | 849.9 |0.014 | 0.07 | 0.18 | 0.4 |0.28
TPUIUM 0.432 | 865.9 [0.10 | 0.44 | 0.76 | 0.70 | 0.37
AUFAUM 0.464 | 850.0 [0.68 | 2.72 | 0.36 | 1.57 | 0.43
nponunen- | 0.453 | 1026.8|14.9 | 14.2 | 37.5 | 64.5|0.28
kap6oHar
cynbdonan | 0.508 | 1334.5/10.37 | 0.20 | 0.66 | 0.9610.23

Pa6ota BhinonHeHa B pamkax MuHKCTepCcTBA HaYKM U
BbicLiero obpasosanus Poceuiickon Pepepaumn [Tema
roczapanms N2 121111900148-3].

UcnonbsoBaHHas nutepartypa:
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R. // Energy Storage Materials 2019, 21, 136-153.

Baiimyparosa I.P., ipmonerko O.B., Koznos A.B.,
Tpoww MN.A., LLecrakos A.®.
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YepHoronoeka, Poccus
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JaHHas paboTa HanpaeneHa Ha pa3paboTky
3NEKTPOAHOrO MATEPMANA HO OCHOBE JIEHTOYHOTO
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nonumepa ¢ 6eH30XMHOHOBBIMU GPArMeHTaMM Ans
NUTMEBBIX OKKYMYNSTOPOB, O TAKXE HA UCCNefoBaH1e
€ro COBMECTMMOCTHM C HOBbIM 3IEKTPOSIMTOM HA OCHOBE
cmecn 1M LITFSI & arokconan/ pumetokeuatan (1:1)
u 1M LiPF, 8 sTunenkapboHar/ aumetnnkap6onar
(1:1). DaHHbIM nopxop Uckno4aET pAcTBOPUMOCTb
OPraHM4YecKOoro 3NeKTPOAHOro MaTep1and B
3NeKTponMTe BO BpeMms LUMKIMpoBaHus, T.k. LiPF6
BbI3bIBAET NONMMEPM3ALMIO AUOKCONAHA, M NONyYaeTcs
nonuMepHBbIM renb-anekTponur in situ [1].
CunrtesnposaH nonumep PQ (cxema 1), kotopsii
npeacTasnset coboi NONUXMHOH C XeCTKO
buKcUpOBAHHOM cTpyKTypoM, 6narogaps

HANMYMIO AOMONHUTENBHBIX CyNbGUAHBIX MOCTMKOB.
TeopeTnyeckas ynenbHas eMKOCTb NonMxmMHoHa PQ
coctaenset okono 357 MAu/r.

Syl
———

o n o} n
21 (357 MA9/T)

Cxema 1. Cunutes nonmxmuHoHa PQ
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Puc. 1. 3aBucumocts paspsaHO#A eMKOCTH M KyNOHOBCKOM

apdektusHocTH sueek Li/ /PQ

Buinu npurotoBneHsl 3nekTpPOap! M3 NOAMXMHOHA

PQ nyTem cMmelunBaHMs € caxei U CBASYIOLMM
NONMBUHMIMAEHDTOPHAOM B MACCOBOM COOTHOLLIEHMM
45:50:10, koTopble HOHOCUAM HA FPAGUTUIUPOBAHHYIO
anomuHmesyto ¢onbry. CobpaHbl nUTHEBbIE AYEHKM
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KarogHbie
marepuansl

ANS HATPUN-UOHHBIX
AKKYMYNSTOpPOB

HO OCHOBE GHAJIOrOB
6epnuHckon nasypm

¢ martepuanom PQ 1 npoeeaeHbl nx pecypcHbie
UCMBITAHMS HA 3apsf-paspsa B auanasone 0.5-2.5 B
npwu pasHeix nnotHoctax Toka 0.35 A/r (C/10), 0.70
A/r(C/5),1.78 A/r(C/2) (puc.1).

PecypcHble UCMBLITAHMS iYeeK MOKA3ANM, YTO NyyLas
pa3psaHAs eMKOCTb focTUraeTcs npyu ninotHocti Toka 0.35
A/r pasHoii 336 MAu/T, 4To NpakTUYECKM JOCTUTaET
TEOpPEeTUYECcKOro 3HaveHus. Mcnonb3oBaHne COBMECTHO
2-X 31eKTPONIUTOB NO3BONMA YBENUYUTL PA3PSAHYIO
€MKOCTb, CPeAHMIT MOTEHLMAN U CTABMNU3NPOBATL
pabory sueexk Li/ /PQ no cpaBHeHMIo co CTAHAAPTHBIM
anektponutom 1M LiPF, 8 9K/ OMK (1:1).

TakMm 06pasom, Nony4YeHHble pe3ynbTaThl
CBMAETENbCTBYIOT O 3HOUYMTENbHBIX NEPCeKTUBAX
AANbHENLWMX UCCEAOBAHMM, HAMPABAEHHbIX HA
pa3paboTky HOBbIX PefOKC-OKTUBHBIX MONMMEPOB
JIeHTO4YHOro TMna.

Pabota eeinonHeHa no teme roc.sapanus, N2 roc.

peructpaumn AAAA-A19-119071190044-3
Ucnonb3osanHas nuteparypa:
1. F.-Q. Liv, W.-P. Wang, Y.-X. Yin, S.-F. Zhang, J.-L.

Shi, L. Wang, X.-D. Zhang, Y. Zheng, J.-J. Zhou, L. Li,
Y.-G. Guo. // Sci. Adv. 2018, 4, eaat5383

S6nanoeuny A.', 3axapkuH M.B.', Mopozosa MN.A.2,
®epotoe C.C.2

! MockoBckuMit rocyaapCcTBEHHBIN yHUBEPCUTET UMeHN M.
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2 CKONKOBCKMI MHCTUTYT HaYKM 1 TexHonorui, yn. Ho6ens
a. 3, 121205, Mockea, Poccus

yablanovich.a@gmail.com

Beuay yBenuueHus nonu snekTposHepruu,
MCMONb3yeMO B SNEeKTPOTPAHCNOPTE, MCTOYHUKAX
6ecnepeboitHOro MUTAHUS M APYTUX KPYNHOraBapMUTHBIX
NPUNOXeHUsIX, HeOBXOAMMO NPOU3BOACTBO AOCTYMHBIX
1 3pPEKTUBHBIX CUCTEM XPAHEHMS SHEPTHUM.

OpHOM 13 NOAOGHBIX CUCTEM ABRAIOTCA HATPHUM-

uoHHbie akkymynstopsl (HHA), npeacrasnsiowme
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coboi NepcneKkTUBHYIO QNbTEPHATHBY LWIMPOKO
MCMOMNb3yeMbIM CETOAHS IMTUIH-MOHHBIM M CBUHELL-
KMCNOTHBIM akKyMynsTopam. Kntouesoit 3apayeit

npyu kommepumanmsaumm HUA sensetca paspabortka
3NEKTPOAHBIX MATEPUANOB, B TOM YMCNE KATOAHBIX,
NO3BONAIOWMX NONYHATb AKKYMYNSTOPSI € TPe6GyembiMM
3N1EKTPOXMMMYECKMMM XAPAKTEPUCTUKAMM.

Cpeny MHOXECTBA M3BECTHBIX HA CErOAHSILUHMA AeHb
katogHbix matepuanos ans HAA ocoboe mecto
3aHnMmatoT aHanoru 6epnunckon nasypu (ABJ1) —
coeanHenus c obwei popmynoii Na, Fe[Fe(CN),].
MHTepec K AQHHBIM COEAMHEHMSIM BbI3BAH NPEXAae
BCEro NPOCTOTOM MX CMHTE3d, PACIPOCTPAHEHHOCTbIO
XMMMYECKMX 3N1EMEHTOB, BXOAALUMX B MX COCTAB, d
TAKXXE BLICOKUMM 3HAYEHWSIMM YAENbHON EMKOCTH
AAHHbIX MaTepuanos [1]. Inektpoxmumuueckue ceoicTea
KaToaHbIx Matepuanoe Ha ocHose ABJ1 B sHauuTenbHoi
CTENEeHM 3aBUCAT OT KOHLEHTPALMM AedEeKTOB B MX
CTPYKTYp€ — 30 CHYeT yMeHbLUEHMs Yucna pedekTos
MOXHO yCOBEpPLIEHCTBOBATh SNEKTPOXUMUYECKME
XAPAKTEPUCTUKM nonyyaembix Mmatepuanos [2]. Liensio
AaHHOM paboTbl sensieTcs paspaboTtka noaxoaa

K cMHTe3y ManopedeKTHbIX COeaMHEHUI COCTABA

Na, Fe[Fe(CN),], a Takxe nony4enus Ha ux ocHose
KatogHbix matepuanos ans HAA.

Coeamnenns cocrasa Na, Fe[Fe(CN), ] 6binm nonyueHs
ABYMsl CNOCOBAMM: METOAOM COOCAXAEHMS, O TAKXE
NyTeM COMETAHMUS COOCAXAEHMS U TMAPOTEPMANBHOTO
cnHTe3a. Ha ocHoBe cMHTE3MPOBAHHBIX COeAMHEHMM
6bInM NpUroToBneHsl kaToaHble Matepuanst ans HAA,
M NPOBEAEHO MCCNefOBAHME MX INEKTPOXUMUUYECKMX
XAPAKTEPUCTUK B A4EHKAX € METANNYECKMM
HaTp1eBbiM aHopoM. Beino nokasaHo, uto nposepexne
rMapoTepmanbHoi 06paboTku nocne coocaxpeHus
nossonsieT NoNy4aTh CTPYKTypbl ¢ Gonee BLICOKMM
CofepXAHMEM HATPUS HA POPMYIbHYIO EAMHMULLY,

YTO NPMBOAMT K YBENMUYEHMIO YENbHOM EMKOCTH
nonyuaemsix katogHsIx Matepuanos (ao 130 MAu/r
npy nepeom sapsge).

B noknage 6yayT pazobpaHbl paznnuHbie acnekT
cuHTe3a Hatpuesbix ABJ1, Bausiowme Ha xMMMueckuit
COCTAB M KOHLEHTpauMIo fedeKTOB, O TAKXKE
POCCMOTPEHA B3AMMOCBSA3b COCTAB-CTPYKTYPa -CBOMCTBA
AN AOHHOTO KNACCA KATOAHbIX MOTEPUAOB.
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leneesie nonumepHsie anektponutsl (IM3),
copepXalyme B KQ4ECTBE MOH-NPOBOAALLEN

basbl conbaTHbie MOHHBIE XunakocTH (CUXK),
NpeAcTaBnSIOT 60NLWION MHTEPEC AN NPUMEHEHUS

B 31EKTPOXMMMHYECKMUX HOKOMMUTENSX 3NEKTPUIECKOM
3Hepruu, nockonbky obnapaiot Gonee BLICOKOH
6esonacHocTbio, No cpasHehuio ¢ [T Ha ocHoee
pacTBopoB nuTHeBbIX conel, Tak kak B CHMXK
3ﬂeKTpOJ1MTHb|ﬁ pOCTBopMTenb CBS3dH B COJIbBATHbIX
obonoukax katMoHa nutma [1-3].

B paboTte cyMMMpOBaHBI pesynbTaThl UCCNE[OBAHMMA
3NEeKTPONPOBOJHOCTU U TepMogecTpyKumu MM

HO OCHOBE CONONMMEpPA NONMBUHUAUAEHPTOPHAC

c rekcadTopnponunnerom (Solef 21510) n
TETPACONbBATA NEPXNOPATA IUTHS C CynbdONaHOM
(LICIO, * 4SL) B cooTHOWeHUM NoAMMEp : conbBAT
pastom 1:1 (Bec.). Uccneposanms nokasanu, uto
nonyyenHbie M3 Ha ocHose LiCIO, » 4SL obnagaior
np1eMneMoi 3neKTPONPOBOAHOCTbIO M BLICOKOM
TepMOCTabMABLHOCTLIO, OnpeaensieMoi TeMnepaTypo
ucnapeHus cynbdbonaHa U3 conbBATHOM 060104KM
KaTMOHA nuTHs (pucyHoK).
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lgx
a)

2.6 Eyo= 24.2 x/lx/mone
) | S E.= 44.2 k]lx/Monb
4.1 3

=o=IT13
——LiCl04-4CJ1

3.0 3.1 32 33 3.4 0
1000/T t°C

Puc. TemneparypHbie 3aBUCMMOCTH yaenbHO
anekTponposogHocTH (a) u Tepmorpammsi (6) M3 Ha
ocHose Solef 21510 u LiClO, » 4CJ1, cocrasa 1:1 (sec.)

Pa6ota BbiNnOnHeHa B paMKax rocyAapCcTBEHHOro
3apaHus no teme N2122031400252-2 «DnektpoaHble
Mmarepuansl U 3NEKTPOSIUTHBIE CUCTEMbI ANst
NepcrneKTUBHBIX HOKOMUTENEN SHEPTUMUY.
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