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Abstract: Achieving high energy density batteries is currently a key focus in the
field of energy storage. Lithium batteries, due to their high energy density, have
garnered significant attention in research. Increasing the upper limit of the
battery’s cut-off voltage can boost the energy density of lithium batteries.
However, high-voltage conditions can lead to irreversible phase transitions and
side reactions in cathode materials, which can degrade battery performance and
even result in safety risks, including explosions. The electrolyte can also
decompose, causing capacity loss and releasing flammable gases when
subjected to high voltage, which can lead to battery swelling and potential
combustion and explosions. Designing an ideal cathode electrolyte interphase
(CEIl) on the cathode’s surface to regulate the electrode-electrolyte interface
reaction can effectively enhance the cycling stability of the battery, reduce irreversible phase transitions in the cathode,
and improve the oxidation stability of the electrolyte. The ideal CEI should possess high ion conductivity, high thermal
stability, and should minimize interface side reactions to ensure optimal battery performance. Understanding the formation
and development of CEl is crucial for enhancing battery performance under high voltage. Apart from creating artificial CEl,
modifying electrolytes has gained significant attention. By altering the electrolyte recipe, an ideal CEl can be achieved.
Electrolyte engineering is considered an effective strategy for attaining an ideal CEl and enhancing the stability of high
nickel positive electrodes. This approach is simple, cost-effective, and holds great promise for achieving higher energy
density in lithium batteries. To provide a better understanding of CEl in lithium ion batteries (LIBs), this article reviews the
latest advancements in CEl, including the formation mechanism of CEl, the key factors influencing CEIl, methods for
modifying CEIl, and techniques for characterizing CEI. Additionally, it summarizes the current status of artificial CEIl
development and in situ CEl generation through electrolyte design. The aim is to offer fundamental guidance for future
research and the design of high-voltage battery CEIl. Finally, the article outlines the opportunities and challenges in
electrolyte engineering for modified CEl, pointing towards the future direction of constructing an ideal CEI.
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1 Introduction

In recent years, energy density of lithium-ion batteries (LIBs)
has been pursued in response to the growing demand for portable
electronic devices and electric vehicles !. While high-capacity
electrode materials like silicon anodes and Li metal anodes play
a crucial role, raising the upper voltage limit of current batteries
is also a valuable approach to achieve high-energy-density
LIBs 2. Nevertheless, operating LIBs at high voltages can
accelerate aging and reduce their cycle life. This is manifested
in the decomposition of the electrolyte and the instability of
cathode materials at high voltage 7. Traditional carbonate
electrolytes are usually decomposed via the oxidization when
above 4.5 V is applied due to their low oxidation potential ®,
which reduces the energy density of LIBs. In addition, cathode
materials undergo irreversible changes such as phase transition,
intergranular/intragranular microcracks, and transition metal
cation dissolution and migration at high voltage, which will not
only accelerate the battery failure, but also increase the safety
hazards ',

Various strategies, such as element doping >3 and surface
coating 18 have been proposed to overcome the forementioned
issues. Elemental doping can significantly enhance
electronic/ionic conductivity, structural evolution, cation redox,
and other properties closely related to electrochemical
performance. Different doping strategies (e.g., doping elements,
doping content, and doping sites) have been extensively
explored to effectively improve the cathode performance at high
voltage 1921, Surface coating is an effective way to protect the
electrode surface, which can not only optimize the electrode
surface structure for facilitating the charge transfer on cathode
surface, but also act as the physical barrier between the electrode
and electrolyte for enhancing the electrochemical kinetics 22724,
It is effective to enhance battery cycling stability at high voltage
interfacial

through modulating the electrode-electrolyte

reactions via designing cathode electrolyte interphase (CEI) on
cathode surfaces. An ideal CEI should have high ionic
conductivity, high thermal stability, and can avoid interfacial
side reactions for ensuring battery performance 22°. The
understanding of the formation and development of CEI is of
great significance for improving battery performance at high
voltage.

To gain a comprehensive understanding of CEI in LIBs, it is
essential to review recent developments in this field. This
includes the formation mechanism of CEI, the primary factors
influencing CEI, the methods for modifying CEI, and the
techniques for characterizing CEI (as shown in Fig. 1).
Additionally, the current status of artificial CEI development and
in situ CEI generation through electrolyte design is summarized.
Our goal is to provide fundamental guidance for further research
on the design of excellent CEI for high-voltage batteries.

2 Basic understanding of CEI
The significance of CEI has garnered increasing attention,
primarily because an excellent CEI has the capacity to impede

9000
0000 00000 Formation
0 Wy, mechanism
000
ostes.’gigigiyl, 00000 /
000
oo oo ‘il

Electrolyte-

Mn-based derived

LiNi,Co,Mn, 0, (;D
modification

00000

000000
VYA, Research

00000 methodology

<y

Fig.1 The schematic research progress of CEI on

high-voltage cathodes.



YIRS Acta Phys. -Chim. Sin. 2024, 40 (X), 2308048 (3 of 14)

side reactions, especially during the continuous decomposition
of electrolytes when LIBs work at high cut-off voltage. The CEI
film comprises a combination of organic components like
polycarbonate, alkyl lithium carbonate, alkyl lithium oxide, and
inorganic components such as lithium carbonate, lithium
fluoride, and lithium oxide 2’. The composition of the CEI film
is intricate and intimately linked to the composition of the
electrolyte. Therefore, a comprehensive understanding of the
mechanisms behind CEI formation and the research methods
involved is absolutely essential.
2.1 Formation mechanism of CEI

The history of research on CEI can be traced back to the
observation of a LiCoOz surface layer by Goodenough using
electron microscopy (as shown in Fig. 2a) 28. Subsequently,
Takehara et al. ? found the existence of carboxylate groups on
CEI surface using Fourier transform infrared spectroscopy (FT-
IR, Fig. 2b). With the deeper understanding of CEI, the
formation mechanisms of CEI begin to be understood. One view
is that CEI is the decomposed products of the electrolytes on
cathode surface. The highest occupied molecular orbital
(HOMO) energy of solvent molecules is a qualitative evaluation
index to measure the oxidation stability. It is generally believed
that the higher the HOMO energy, the easier the molecule is to
be oxidized. As shown in Fig. 2¢, the movement of electrons and
ions leads to a potential gradient at the interface between the
electrode and the electrolyte during battery charging/discharging
process. The Fermi level of electrode materials dictates their
ability to gain and lose electrons. The Fermi level represents the

highest energy level where an electron can occupy. On the
cathode, the Fermi energy level of the cathode is lower than the
HOMO energy of electrolyte components, then electrons are
transferred from electrolyte components to the cathode, so that
the electrolyte is oxidized and participates in the formation of
CEI 3°. Both the solvents and salt in the electrolyte and
the
composition and properties of CEI. Exploring the decomposition

corresponding  decomposition  products  determine
products is extremely important for understanding the properties
of CEL. Fig. 2d shows a schematic diagram of possible oxidation
reaction pathways after the initial oxidation of species in
R

. For example,

where
31

common electrochemical systems, represents
hydrocarbons and X represents substituents
ethylene carbonate (EC) is a common cyclic solvent molecule,
which undergoes a ring-opening reaction after losing electrons,
and the decomposition products are mainly organic polymers
and gases (e.g., ROCO:Li and CO2). The decomposition
products of LiPF¢ are mainly LiF and LixPO,F:. In addition, it
should be noted that the HF by-product generated by the
decomposition of LiPF¢ will cause the dissolution of cathode
transition metal ions. Moreover, dissolution the material leads to
cyclic instability of the coin-cells.

An alternative perspective suggests that the formation of CEI
is attributed to electrolyte decomposition and compositional
migration from solid electrolyte interphase (SEI) 2. Li et al. 3
analyzed the relationship between the CEI on LiCoOz surface
and the SEI composition on the anode surface by X-ray

photoelectron spectroscopy (XPS). Fig. 3a shows the change
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Fig. 3 (a) The chemical composition of the LiCoO: interface layer is detected by XPS under different charging and discharging

states of the cathode, the red curve basically indicates the evolution of CEI species in the battery cycle; (b) the main components of

CEI obtained through quantitative XPS analysis; (c) the chemical composition of lithium anode SEI layer; (d) study the

schematic diagram of the interaction between cathode and anode and the corresponding XPS diagram of LiCoO: surface CE

trend of the composition of CEI during battery cycling process.
As shown Fig. 3b,c, the change trend of the main components of
CEI increase basically reproduces the content distribution of the
corresponding SEI components on anode surface, which
indicates the correlated relationship between the cathode and the
anode. However, only a slight change in the CEI composition
after replacing a new anode in the charged state further supports
this conclusion (Fig. 3d).

While the formation mechanism of CEI remains a subject of
debate, it is undeniable that an excellent CEI is the result of a
synergistic effect among various components to ensure optimal
battery performance. The formation of CEI is associated with
several factors, including the battery’s cut-off voltage, changes
in the cathode structure, and the charge-discharge rate. Notably,
when the upper cut-off voltage of the battery is increased, it
simultaneously increases the battery’s capacity and the
dissolution of more excessive transitional metal ions. This, in
turn, can lead to phase changes in the cathode and the continuous
decomposition of the electrolyte, resulting in the formation of a
non-uniform thickness CEI. Therefore, designing an excellent
CEI at high voltage is of great significance for stable battery
cycling.

2.2 Research methodology of CEI

The rapid development of characterization techniques offers
effective means to gain a deeper understanding of CEI deeply.
The commonly used characterization methods can be divided into

morphological characterization, component characterization, and

13,

theoretical analysis. The main methods for morphological
characterization include scanning electron microscopy (SEM),
transmission electron microscopy (TEM),
(cryo-EM),

microscopy (EC-AFM), etc. The main methods for component

cryo-electron
MiCroscopy electrochemical —atomic force
characterization include XPS, time-of-flight secondary ion mass
spectrometry (TOF-SIMS), efc. XPS is a surface analysis
method that provides the content and morphology of elements
on the surface of a sample, rather than the composition of the
whole sample. SEM and TEM are common characterization
methods for studying the morphology of CEI (Fig. 4a) 34. The
sample characterized by SEM is relatively simple to prepare, can
be dynamically observed and has high resolution, but it has the
following disadvantages: the resolution is lower than TEM, and
the sample needs to be observed in a vacuum environment,
which limits the type of sample; only the surface morphology of
the sample can be observed, and the structures below the surface
cannot be detected. There is no height direction information,
only two-dimensional plane image; Liquid samples cannot be
observed. TEM has high resolution and can be used to observe
the crystal lattice on the crystal surface, but it has certain
destructive effects on the sample and high material requirements.
In addition, the observation range of TEM is small, and the
sample area tested in the experiment only accounts for a small
part of the overall material, which could not totally reflect the
material situation. XPS is used to analyze the chemical evolution
of the CEI layer by testing the binding energy of elements to
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Fig. 4 (a, b) SEM and TEM images of LiCoO; cathode after 100 cycles at 3-4.5 V, as well as XPS spectra of CEI 3; (c) the uniform
CEI layer on the surface of NMC observed by cryo-EM 2*; (d) evolution diagram of diffraction peaks of Li>«MoO3 during lithium

removal at 4.8 V voltage 35; (e) in situ AFM images of cathodes in carbonate electrolytes and F-generation carbonate electrolytes °.

analyze the types and contents of elements on the sample surface
(Fig. 4b).

XPS is more convenient to analyze the valence states of
elements through the binding energy displacement of elements
and has better quantitative ability and is more widely used.
However, because it is not easy to focus and the irradiation area
is large, the average value obtained is within the millimeter
diameter range, and the detection limit is generally only 0.1%,
so the measured object on the surface of the material is required
to be several orders of magnitude larger than the actual amount
analyzed. Cryo-EM is a microscopic technique that uses a
transmission electron microscope to observe samples at low
temperatures. The advantages and disadvantages of cryo-
electron microscopy are as follows: the microstructure of the
sample can be made close to the living state by freezing. After
freezing fracture etching, the microstructure of different split
surfaces can be observed, and the membrane structure and
inclusions in cells can be studied. The freeze-etched sample, the
replica film prepared by platinum and carbon spray plating has a
strong three-dimensional sense and can withstand electron beam
bombardment and long-term preservation. However, freezing
can also cause artificial damage to samples. The fracture surface
is mostly generated in the most vulnerable part of the sample
structure, which cannot be selected purposefully. Cui et al. %

used cryo-EM to study the CEI in standard carbonate electrolytes
on the atomic scale (Fig. 4c).

X-ray diffraction analysis (XRD) is an effective method for
studying the microstructure of crystalline and some amorphous
substances. It is a common material characterization method for
researchers, offering high analysis speed without altering the
chemical state of the sample or causing sample flight. XRD can
analyze solid, powder, and liquid samples with good
reproducibility. Sample preparation is simple, solid, powder,
liquid samples can be analyzed. Its disadvantage is that it is
difficult to make absolute analysis, and quantitative analysis
needs standard samples; it is less sensitive to light elements; It is
easily affected by mutual element interference and superposition
peaks. Fig. 4d demonstrates the use of in situ XRD to
characterize the crystal structure of the material and its phase

transition process .

AFM is a kind of scanning probe
microscope. Compared with SEM, AFM has many advantages.
Unlike electron microscopy, which can only provide two-
dimensional images, AFM provides a true three-dimensional
surface map. Cai et al. *® showed by EC-AFM that fluorinated
electrolytes form uniform CEI at high voltage (Fig. 4e).
However, AFM does not require any special treatment of the
sample, such as copper plating or carbon plating, which can

cause irreversible damage to the sample. Third, electron



YIRS 5 Acta Phys. -Chim. Sin. 2024, 40 (X), 2308048 (6 of 14)

microscopes need to operate in high vacuum conditions, and
atomic force microscopes work well at atmospheric pressure.
Compared with SEM, the shortcomings of AFM are that the
imaging range is too small, the speed is slow, and the influence
of the probe is too great.

XAS can be applied for more accurate identification of atomic
structures and can provide valuable information about the
coordination environment and the chemical state of the detected
atom. XAS materials do not need to possess a good crystal
structure or a long-range ordered structure. XAS testing has very
low sample requirements and will not damage the sample. The
first cycle of (de)lithiation mechanism in NCM622 was

extensively described by Takeuchi et al 7

using X-ray
absorption near-edge structure (XANES) analysis and extended
X-ray absorption fine structure modeling (EXAFS). The
electrochemical participation and structural changes of transition
metals indicate that the redox behavior of Ni is the main reason
for the structural deformation of cathode materials (Fig. 5a).
However, XAS has limitations in that it can only provide a planar
offer

information. TOF-SIMS has high resolution, high sensitivity,

average structure and cannot three-dimensional
accurate mass measurement, and other properties, making it
widely used in high-tech analysis. TOF-SIMS has high detection
sensitivity, which can reach the detection sensitivity of up to
ppm/ppb, and has high quality resolution, which can observe the
sample component distribution in a more three-dimensional
manner. Its disadvantage is that it will cause little damage to the

sample sputtering; the sample to be tested is mainly solid at

present; Powder samples can only be tested for spectrograms and
cannot be analyzed in depth. TOF-SIMS can be used to explore
the CEI structure more intuitively. As shown in Fig. 5b, the 3D
fragments and distributions of C;HO™ and BOz indicate that the
additives can reduce the decomposition of EC and EMC on the
cathode surface and generate a more uniform CEI. The
advantages and disadvantages of the above methods was
summarized in the Table 1.

Quantum calculation (QC), density functional theory (DFT),
classical molecular dynamics (CMD), ab initio molecular
dynamics (AIMD) are commonly used, together with popular
machine learning (Fig. 6). Solvents, lithium salt and additives in
the electrolyte can be studied by QC to explore bulk and
microscopic characteristics, such as surface electrostatic
potential of additives (Fig. 6a) *°. Additionally, redox potential,
bond dissociation energy, reaction energy, transition state, and
reaction energy barrier of these components can be calculated
through QC to assist in understanding and predicting the
behavior of the electrolyte. Commonly used QC software
include Gaussian, ORCA, etc. “**!. The electronic structure
(density of states and energy bands), adsorption, charge density
difference, Bader charge, work function, diffusion path,
diffusion energy barrier, ion conductivity, charge discharge
curve, probability density distribution of electrode materials can
be calculated through DFT. Commonly used DFT software
includes VASP, Quantum ESPRESSO, CP2K, and Cystal,
etc. 4. For example, DFT can study the adsorption behavior
of electrolyte components on the surface of electrode materials,
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Ni K-edge ¥; (b, ¢) 3D fragments and distribution of C;HO™ and BO; on NCM622 Surface CEI in different electrolytes observed by TOF-SIMS *.
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Table 1 A summary table of the advantages and disadvantages of the above methods.

Methods Advantage Disadvantage
XPS Provides the content of elements on the surface/ analyze the valence states ~ Not easy to focus/ the large irradiation area/ the detection limit
of elements/ better quantitative ability
SEM Simple to prepare samples/ dynamically observed/ high resolution The lower resolution/ vacuum environment limits the type of sample/ only the
surface morphology observed/ no height direction information/ not liquid samples
TEM High resolution/ observing the crystal lattice on the crystal surface Certain destructive effects on the sample/ high material requirements/ small
observation range
Cryo-EM Close to the living state/ observing microstructure of different split surfaces/ ~ Artificial damage to samples/ Limitations of observation area selection
withstanding electron beam bombardment and long-term preservation
XRD High analysis speed/ no extra changes in the chemical state/ measured  Poor absolute analysis/ quantitative analysis needs standard samples/ less sensitive
repeatedly with good reproducibility/ simple sample preparation to light elements/ easily affected by mutual element interference and superposition
peaks
AFM True three-dimensional surface map/ not require any special treatment of ~ Small imaging range/ slow speed/ great influence of the probe
the sample/ work well at atmospheric pressure
XAS More accurate atomic structure identification/ the coordination environment ~ Only the planar average structure and no three-dimensional information
and the chemical state/ low sample requirements/ nondestructive
ToF-SIMS High resolution/ high sensitivity/ accurate mass measurement/ three-  Little damage to the sample/ mainly solid at present

dimensional manner
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Fig. 6 Commonly used calculation methods in the study of CEI. (a) QC
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calculation of surface electrostatic potential of additives *°; (b) DFT

calculation of adsorption on the cathode *; (c) CEI formation simulation with AIMD “5; (d) Machine learning in the electrolyte field of batteries .

and then change the decomposition behavior of electrolyte
components for affecting the composition of CEI (Fig. 6b) 4. In
addition, the Li* migration behavior in CEI can be studied by
DFT calculations. Molecular dynamics simulations enable the
study of the Li* solvation structure in the electrolyte and the
interfacial behavior between the electrode and the electrolyte.
The formation of CEI is affected by the Li* solvation structure.
AIMD has a powerful function to study the Li* migration energy
barrier in CEI and the Li* solvation structure of in the electrolyte,
and can also directly simulate the generation process of CEI (Fig.
6¢) 4. However, the cost is high, which is limited by the size of
AIMD simulation system and the duration of the simulation.
Compared to AIMD, CMD can simulate larger systems and
longer simulation times. Commonly used CMD software include

GROMACS, LAMMPS and DL_POLY, etc. Classical MD can
simulate the solvation structure, ion conductivity, viscosity, efc.
of electrolyte systems, helping to understand the microscopic
behavior of electrolytes. However, CMD relies on the selection
of force fields, and a good force field can accurately simulate the
behavior of the electrolyte, such as OPLS-AA force field.
Thanks to the rapid development of machine learning and
databases in recent years, data-driven battery research has gained
widespread attention (Fig. 6d) *°. Database-based high-
throughput screening combined with machine learning, can not
only quickly screen out suitable solvents or additives from
thousands of organic solvents, but also discovers new CEI
models and CEI formation mechanisms for accelerating
developing battery electrolyte.



YIHR AL 222230 Acta Phys. -Chim. Sin. 2024, 40 (X), 2308048 (8 of 14)

Currently, various characterization methods have been
applied to characterize CEI, and the interfacial reaction
mechanism can be effectively combined with theoretical
calculations, assisting in constructing a stable CEI to ensure
high-performance LIBs.

3 Development of CEI

According to the structure, commonly used high-voltage
cathode materials for LIBs include LiCoOz and LiNiCoyMn:O2
with a layered structure (NCM), LiNio.sMni.504 (LNMO) with a
spinel structure, and Li-rich Mn-based cathode (LMR). The
cathode materials in LIBs face many challenges when they work
at high voltage, such as the phase transition of the material
structure, the formation of crystal cracks, and the migration of
transition metal ions 2. These unexpected changes will lead to
the limitation of the capacity of the cathode material and the
decomposition of the electrolyte, increase the battery impedance
and even lead to battery failure. Forming excellent CEI on the
surface of cathode materials is an effective way to solve this
problem. In recent years, people have gradually realized the
importance of CEI and conducted a lot of research, which mainly
focused on the construction of artificial CEI and adjusting the
electrolyte to facilitate the in situ generation of CEI. Artificial
SEI refers to the generation of an external interphase on the
electrode surface through thin film techniques such as chemical
vapor deposition, atomic layer deposition, and sputtering. In situ
SEI refers to the in situ interface layer derived from the redox
reaction of the electrolyte in the battery. This part will
summarize the formation method and effect of CEI
3.1 Formation of artificial CEI

Artificially coated CEI demonstrates a protective effect on
cathode materials at high voltage, such as metal oxides *73,

i i
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fluorides #°, phosphates *, and others. These coating materials
can effectively reduce the reaction between the cathode and
electrolyte for inhibiting the dissolution of transition metal ions.
For example, Lee et al. 3! deposited MgF2 on LiCoO: surface by
co-precipitation technique, which not only increased the stability
of the cathode during cycling at 4.5 V, reduced the dissolution
of Co?", but also increased the thermal stability of the electrode.
The amorphous zirconia modified NCM622 cathode prepared by
Yang et al. 3 effectively stabilized the CEI and suppressed the
structural degradation, and the unique porous framework also
provided a large amount of activity site on the NCM622 surface,
which made 4.5 V Li|[NCM622 battery to realize a capacity
retention of 82.5% after 100 cycles. Although these common
artificial CEI can protect the cathode at high voltage to a certain
extent, the thickness, uniformity and compactness of the coating
cannot be guaranteed and the differences in the working
mechanism of different coatings limit the electrode optimization.
Therefore, it is of great significance to develop new coating
materials and explore the mechanism of action of coating
materials.

In addition to the above three common artificial CEI, various
new artificial CEIs have been studied in recent years. Wang et
al. ¥ successfully constructed a layer of artificial Li* conductor
cathode-electrolyte interphase (ALCEI) on NCM&811 surface by
using the nucleophilic reaction between polysulfide ions (LixSs)
and vinylene carbonate (VC), as shown in Fig. 7. The ALCEI
modified layer has good mechanical strength and flexibility and
high ionic conductivity, which effectively prevents the
penetration of the electrolyte and inhibits the side reactions at the
interface, thereby eliminating the irreversible phase transition on
the surface for improving the electrochemical reversibility at 4.5
V. Besides, utilizing conductive polymers as artificial CEls can
not only improve the conductivity of the electrode by utilizing

100 nm

@ modified layer
Fig. 7 SEM images of (a, b) pristine and (¢, d) ALCEI-modified cathode; TEM images of (e, f) pristine and
(g, h) ALCEI-modified NCM811; (i) schematic diagram of the formation of ALCEI-modified NCM811 7,
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its conductive network, but also stabilize the cathode surface.
Zhao et al. 3 achieved stable cycling and high Coulombic
efficiency by depositing a polypyrrole on LNMO surface. The
conductive layer can not only enhance the electronic
conductivity, suppress the dissolution of Mn*" and Ni** during
cycling process, but also avoid the electrolyte decomposition on
cathode surface. Although artificial CEI can effectively protect
the cathode stability during cycling at 4.9 V, compared with the
in situ generation of CEI by adjusting the electrolyte. In the
future, it is expected to study more simple and effective methods
for constructing artificial CEL

3.2 Electrolyte engineering derived CEI

By introducing different anions into the Li" solvation
structure, such as high concentration electrolytes (HCEs), local
high concentration electrolytes (LHCEs), and weak solvation
electrolytes (WSEs), the CEI formation process can be
reasonably controlled. HCE electrolytes and ionic liquids are
also used in high-voltage LIBs, but both electrolytes have high
viscosity, which greatly reduces the wettability of the electrolyte
into the electrodes 3*. Additionally, fluorinated electrolytes are
used to explore the high-voltage performance of LIBs. However,
due to their high cost, using conventional carbonate electrolytes
with additives is a more economical choice. This section
primarily focuses on CEI-forming additives for conventional
carbonate electrolytes, which can be categorized into inorganic
and organic additives based on their structures.

Common organic additives include F-containing additives, B-
containing additives, P-containing additives, Si-containing
additives, and N-containing unsaturated molecule additives -
These specific elements are often referred to as “favorable
elements.” Compared to solvent molecules, these additive
molecules have a higher HOMO value, so they are easily
oxidized prior to solvent molecules for participating in the
formation of CEI. F-containing additives are the most common
film-forming additives. F atoms can significantly reduce the
electron density of adjacent atoms, because low electron density
is associated with good oxidation stability, so fluorination is
considered to be a way to enhance the cathode stability of
commercial electrolyte solvents. F-containing additives are
extremely easy to be oxidized on the cathode surface to generate
CEI containing LiF ¢!, LiF-rich CEI possesses a high density,
which is beneficial for protecting the cathode and reducing the
deformation and formation of cracks on the cathode surface 2.
Fig. 8a summarizes common fluorinated additives and their
applications >.Common B-containing additives mainly include
trimethyl borate, triethyl borate, efc., because the boron atom
lacks electrons, it is easy to coordinate with the anion PFs,
thereby reducing the oxidation potential of the basic electrolyte
and participating in the formation of protective CEI (Fig. 8b) 6463,
Besides, the use of cobalt free LMR cathode materials can
achieve excellent electrochemical performance at high voltage
with the help of electrolyte additives, such as ionic liquids

containing abundant “favorable elements” .,

a ——

SEI film-forming
additives

Low-temperature
additives

CEI film-forming Fluoroacetate

additives

o=

Fluorinated

- carbonate
High-temperature Fluoro-

additives = sultone

Flame retardant
additives

Si-C  Graphite Li Metal NCM LCO LNMO LPO  Li-rich

CEIl formed by .
TEB Oxidation

b SEI formed by |
TEB Reduction

Reduced
Electrolyte
Oxidation

Enhanced
SEI
Passivation
Reduced Li*

consumption »
Electrolyte*
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Electrolyte ~7~<{

it
)
N

7
;

Fig. 8 (a) Common fluorine-containing additives and their
applications %; (b) schematic diagram of the role of

triethyl borate additives *.

P-containing additives can not only form an excellent CEI
film, but also have flame-retardant effect. For example, common
P-containing additives include tris(pentafluorophenyl)phosphine
(TPFPP), trimethyl phosphate, triethyl phosphate, etc. 7%, As
shown in Fig. 9a, tris(trimethylsilyl)phosphate as an additive can
form ionically conductive and robust P- and Si-rich SEI/CEI on
both anode and cathode 7°. Nitrile additives are commonly
additives.  3-
(trifluoromethyl)benzoylacetonitrile with the multifunctional

viewed as N-containing unsaturated
combination of phenyl, nitrile and fluoride groups enabled
Li[NCMS811

performance at 5 V 7!, Triallyl isocyanurate was introduced as a

batteries to exhibit stable electrochemical

novel electrolyte additive to enhance the performance of LiCoO2
cathodes at 4.5V 72,

Some Li salts are also used as high-voltage additives.
Inorganic Li salts mainly include lithium perchlorate (LiClO4),
tetrafluoroborate (LiBF4), hexafluoroarsenate (LiAsFs), and
hexafluorophosphate (LiPFs). LiClO4 has been studied with the
longest research history because of appropriate conductivity,
thermal stability, and oxidation resistance stability. However,
due to its strong oxidant nature, it is only suitable for practical
batteries from safe viewpoint. LiBF4 is used as Li salt additive
with a wide operating temperature range, good stability at high
temperatures, and excellent low-temperature performance.
LiBF4 can also enhance the film-forming ability on the electrode
for inhibiting Al foil corrosion. However, the ion conductivity of
LiBF4 based electrolyte is lower due to the small radius of BFs
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(a) TEM images and XPS spectra of CEI on NCMS811 cathode after cycling in blank electrolyte (EC/DEC) and

electrolyte containing tris (trimethylsilyl) phosphate ester additives ”; (b) mechanism diagram of LiBOB as an additive ™.

and its difficulty in dissociation, which limits the application of
LiBF4 as main Li salt in electrolytes. Among known Li salts,
LiAsF¢ can demonstrate the best cycling performance, relatively
good thermal stability, and almost the highest conductivity.
However, the potential carcinogenic effect of arsenic element
limits their application. LiPF¢ has good electrochemical stability,
does not corrode the current collector, and is easily soluble in
organic solvents such as carbonates. Meanwhile, due to the large
radius of PF and weak synergistic effect at room temperature,
LiPFs solution has high ionic conductivity. Despite its poor
thermal stability and easy hydrolysis, LiPFs is still the most
widely used and commercially valuable among the four
traditional inorganic Li salts. In addition, some new organic Li
salts have been proposed as additives for LMBs. For example,
Li bis(oxalate)borate (LiBOB) as an additive can ensure the
excellent cycling stability of the battery, because the LiBOB salt
or borate radicals generated by the decomposition of LiBOB can
effectively act as HF scavengers by forming B—F species,
which in turn a more uniform and stable CEI is generated to
ensure stable battery cycling at high voltage (Fig. 9b) 7. Li
difluorophosphate as an electrolyte additive can build an
organic-inorganic hybrid interphase on both the cathode and
anode for improving the battery performance . In addition,
other inorganic additives also have a protective effect on the
cathode. As shown in Fig. 10a, Zheng et al. 7 utilized a trace
amount of potassium selenocyanate (KSeCN) (0.1%, wt) as an
additive to endow Li|[LiCoO: batteries with excellent cycling

performance at a charge cut-off voltage of 4.6 V, since this
additive built stable and dense SEI/CEI films through the
synergistic effect with —Se and —C=N groups for uniform Li
deposition and stabilizing LiCoOz during cycling process. Xu et.
al. 7° used LiBOB for enhancing the performance of LNMO
cathode at 4.8V and inhibiting the dissolution of Mn/Ni upon
cycling. Besides, novel Li borate additives were designed for the
surface modification of high-voltage LNMO cathodes (Fig.
10b,c), such as Li 2-fluorophenol trimethyl borate (LFPTB), Li
4-pyridyl trimethyl borate (LPTB) and Li trimethylsilyl
trimethyl borate (LTSTB) 7.

The synergistic effect of different functional groups of
electrolyte additives or of multiple additives can lead to better
performance than an induvial additive °. The synergistic effect
of co-additives of suberonitrile or 1,3,6-hexanetrinitrile and FEC
resulted in a thin and uniform CEI on LiCoO:2 surface at 4.6 V 78,
The lone electron pair on the N 2p orbital of nitrile reduces the
catalytic effect of Co3"/Co*" in the electrolyte while FEC is
beneficial to the formation of an electronically insulating
interfacial layer containing LiF, which lead to Li||LiCoO2
batteries with stable cycle performance (Fig. 10d).

In addition, there are many electrolyte designs that can
significantly improve the performance of practical pouch cells,
with high battery energy density and long cycle life 8. However,
due to the level of laboratory equipment, most research is still
to button batteries. to achieve

limited However,

commercialization, testing of pouch cells is essential. So future
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Fig. 10 (a) The mechanism diagram of the action of potassium selenocyanate as an additive ’*; (b) the structural evolution of

LNMO with or without electrolyte additives ’; (c) development route of new boron containing electrolyte additives ”’; (d) the formation

mechanism of CEI membrane in electrolytes containing synergistic additives (benzonitrile or 1,3,6-hexatrienitrile with FEC) 75,

research needs to conduct comprehensive testing and
characterization of pouch cells to further move towards the
commercialization.

In summary, designing an excellent CEI through electrolyte
additives is of great significance for stable battery cycling at high
voltage. Based on above work, the requirements on designing
high-voltage additives can be summarized: i) have a higher
HOMO value than the electrolyte solvent for being preferentially
oxidized than the electrolyte solvents; ii) have high solubility
and stability in the electrolyte; iii) have stable decomposition
products; iv) have some important functional groups (e.g., B-,
F-, Si-, P- and N-based unsaturated molecules) for functional
CEI; vi) can remove trace impurities (e.g., HF or water) in the
electrolyte.

4 Summary

Excellent CEI is crucial for stable cycling of high-voltage
LIBs. The ideal CEI should have the following properties: i) has
high Li* conductivity; ii) is uniform and stable, can suppress the
dissolution of excessive metals and can suppress the generation
of gas; iii) inhibits the phase transition of the cathode material;
vi) prevents the occurrence of interface side reactions. There
have been a variety of instrumental characterizations and
theoretical simulations to explore the composition mechanism of
CEIL. In addition, many researchers are committed to
constructing CEI with excellent cathode surface stability under
high voltage, including the design of artificial CEI, the design of
anti-oxidation solvent, and the development of CEI-forming
additives. The design of artificial CEI mainly aims to develop
and utilize various advanced thin film technologies, such as

physical vapor deposition. The design of antioxidant solvents is
crucial as they can broaden the electrochemical window of the
electrolyte and generate high voltage resistant CEI. Film forming
additives are a relatively simple and economical way, and there
is an urgent need to develop new additives. Future research on
high-voltage CEI needs to focus on the following issues: i) the
composition and thickness of CEI need to be precisely
constructed; ii) the formation mechanism of CEI needs to be
explored in combination with more in situ characterization
techniques; iii) developing more effective strategies for
constructing CEI; iv) using machine learning to screen cathode
materials and electrolytes that are stable at high voltage can
accelerate the practical application of high-voltage LIBs. We
believe that with the development of science and technology, the
CEI on the cathode surface under high voltage will be fully
explored and improved, and the practical application of high-
energy-density batteries is just around the corner.
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