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Moving towards carbon-free energy and global
commercialization of electric vehicles stimulated extensive
development in the field of lithium-ion batteries (LIBs), and
to date, many scientific and technological advances have
been achieved. The number of research works devoted to
developing high-capacity and stable materials for lithium-
ion and lithium metal batteries (LMBs) is constantly rising.
This review covers the main progress in the development of
LIBs and LMBs based on research works published in 2021.
One of the main goals in the recent publications is to solve
the problem of instability of layered nickel-rich lithium—
nickel-cobalt-manganese oxides (Ni-rich NMC) cathodes,

— Coatin
as well as silicon anodes. Improving the stability of NMC 7D0pmgg
cathodes can be achieved by doping them with cations as well )
as by coating the oxides’ surfaces with protective layers - Binders
(organic polymers and inorganic materials). The most - Artificial SEI
effective strategies for dampening volumetric changes in Yy Lithium-ion batteries g8 - Composites
silicon anodes include using porous silicon structures, Y¥ Lithium metal batteries — Decrease in
obtaining composites with carbon, coating silicon-containing particle size

particles with inorganic or polymeric materials, and
replacing standard binder materials. Much work has been
devoted to suppressing dendrite formation in LMBs by
forming stable coating layers on the surface of lithium metal,
preparing composite anodes and alloys, and changing the
composition of electrolytes. At the same time, in the field of
electrolyte development, many research works have been
devoted to the search for new hybrid polymer electrolytes
containing lithium-conducting inorganic materials.
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1. Introduction

Switching to the carbon-free energy has stimulated the recent
development of scientific and technological progress in the field
of electrochemical energy storage.!-3 Electric vehicles can
significantly reduce greenhouse gas emissions and air pollution
compared to internal combustion engine vehicles and thus are a
key strategy to reduce emissions. High demand for lithium-ion
batteries (LIBs) used as an alternative energy source in electric

and hybrid vehicles, as well as stationary energy storage at
renewable energy power plants, is inevitably growing.*” The
main trends in LIBs improvement are stimulated by the need to
increase the range of electric vehicles, improve their safety,
lifetime and reduce their cost. The U.S. Advanced Battery
Consortium (USABC) hasissued end-of-life battery specifications
for electric vehicles, which are defined by a reduction in battery
capacity to 80% of the initial level (Table 1).8°

Table 1 Key end-of-life battery performance targets for electric vehicles to be achieved by 2025, according to USABC.

Cathode capacity Anode capacity Operating voltage . . o . - Energy
(C/3 charge and (C/3 charge and vs. Li/Li* J;lelozthaa(:rigt"}gq?np 10 80% Cycle life Cea ;fsn dar life/ \SAF;T]C;: |Elenergy/ density/
discharge))mA hg?  discharge)mAhg?t IV pacity y g W h dm-3
>250 >2000 1.0-4.3 15 >1000 >15 350 750
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Figure 1 Analysis of publication activity on the topic ‘lithium-ion
batteries” according to the Scopus database.

To achieve these goals, new materials with higher energy
density or modification of existing materials, improved battery
designs, and new electrochemical energy systems such as lithium
metal, lithium-air, sodium-ion, metal-sulfur batteries, etc., are
developed. In this regard, a steady increase in the number of
research works devoted to developing LIBs can be observed
(Figure 1). The purpose of this review is to illuminate the main
progress in the improvement of LIBs and lithium metal batteries
(LMBs) based on the analysis of works published in 2021.

2. Lithium-ion batteries

2.1. Cathode materials

The cathode is one of the main components of the LIBs, which
determines its capacity. Recent developments in cathode
chemistry focus on increasing energy density, cyclability and
safety, and reducing the cost of materials. The most commonly
used cathodes for electric vehicle batteries are mixed nickel-
manganese—cobalt-lithium oxides LiNi,Mn,Co,_,,0,
(NMC523, NMC622, NMC811, etc., where transition metal
symbols are limited to the first letter and numbers indicate
transition metal ratios), nickel-cobalt—aluminum-lithium oxide
(LiNi,CoyAl;_, yO,,  NCA), and lithium-iron phosphate
(LiFePQ,, LFP).10

2.1.1. Layered oxides

In NMC cathode materials, several transition metals have an
effect on material characteristics: Ni provides high capacity, Mn
stabilizes the structure, and Co reduces the concentration of
defects in the exchange of Li* and M?* cations positions.112
Such materials have a layered structure, with lithium
intercalation/deintercalation processes occurring in the space
between layers by solid-solution reaction, promoting continuous
crystal structure change.*2 Increasing the nickel content improves
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Figure 2 Dependence of capacity retention on specific capacity after

100 cycles of different NMC cathodes. The numbers indicate the ratio of
metals in the NMC cathode. Plotted from the data.'*

the capacity and energy density of the battery and reduces the
cost. However, an increase of the nickel concentration in NMC
cathodes significantly reduces the cyclability due to substantial
degradation of the material (Figure 2).14

The main disadvantages of NMC cathodes include the
formation of microcracks and the possibility of oxygen release
during cycling, which eventually leads to low stability, as well as
makes the battery operation unsafe.!>6 Moreover, with high
lithium intercalation/deintercalation rates, the Li* concentration
gradient inside the particle can increase, causing internal stresses
and cracks.?

Recent research work!” showed that the oxygen release
during the operation of NMC cathodes is caused by the formation
of holes in the valence band during the charging process, which
leads to oxygen activation. Released oxygen can then oxidize the
electrolyte and reduce the number of transition metals on the
particle surface, followed by irreversible phase transformations
from the layered structure of NMC to spinel and/or rock-salt
structure'® which on the other hand leads to the formation of
cracks and an overall decrease in battery capacity.®

Two main approaches are considered to improve the stability
of NMC cathodes: doping with other cations and protective
coating. Usually, dopant ions with small ionic radius, such as
AIR*, Mg?*, hold Li* positions and stabilize the interlayer
distance during intercalation/deintercalation.’®2 Doping with
polyvalent cations with larger ionic radius (Nb, Mo, Zr, W) also
can stabilizes the NMC structure. For example, it was shown,
that doping LiNigggC0q g55MnNg gs5 Cathode with Zr** or Mof*
ions can lead to the improvement of the stability and
electrochemical characteristics, as well as to the reduction
oxygen evolution.?? Doping LiNig¢C0g05sMng 30, cathode with
2 mol% titanium improves lithium diffusion and suppresses
undesirable phase transition.?® Doping NMC622 with aluminum
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Table 2 Initial capacity and cyclic stability of modified NMC cathodes.

Material C-rate Initial capacity/mA h gt Capacity drop per cycle (%)  Cycle numbers  Ref.
LiNig C0g.17Mng ,Alg 030, 0.3C 143 0.086 200 19
Ti** doping of LiNiggC0g05MnNg 350, 1Cc 187 0.041 500 23
LiNigsMny 4Sry10,4 1C 134 0.027 500 28
Al¥*, Zr* doping and Li,ZrO; coating on NMC622 1C 167 0.199 100 24
Ca?* doping and phosphate coating 0.5C 193 0.276 80 47
on LiNig 91C0g,0sMng 030,

TiNb,0; coating on LiNig ggC0q gsMng 9502 1C ~180 0.064 200 31
TiN coating on NMC811 0.4C 199 0.119 200 33
TiN and polypyrrole coatings on NMC811 1C ~180 0.037 800 34
TiO, coating on NMC622 1Cc ~170 ~0.065 100 32
Nb doping and LiBO, coating on NMC532 0.5C 141 0.182 50 36
Zr* doping and LiBO, coating on LiNij 5,C0q13MNg 50,  1C 180 0.037 250 48
VOPO, coating on Li; ,Mng 54Nig 13C0p 130, 1C 223 0.080 100 35
Li,Zr,PO, coating on NMC811 1C 190 0.208 100 37
Li,AlZr(PO,4); coating on LiNig ¢,C0g05Mng 430, 0.5C 231 0.094 400 38
Li;LazZr,04, coating on Li; ,Ni13C0g 13Mng 5,0, 0.5C ~230 ~0.120 400 43
Li(TM),PO, coating on NMC811 1C ~205 0.065 300 41
Li;PO, coating on Lig ggMdg 91Nig §3C0g 1:MnNg 0602 2C 175 0.037 500 20
LiPON coating on NMC811/graphite 0.5C 175 0.069 288 45
a-LiAIO, coating on LiNiygCoy 15Al5 050, 5C 178 0.150 200 44
Ta, 05 coating on LiNiygCoy 15Al4 050, 1C 193 0.028 200 30
Al,05 and PEDOT coatings on LiNiggCoq 15Alg 050, 2C 171 0.024 500 29

and zirconium provides 92.1% capacity retention compared to
76.3% for undoped NMC622 after 100 cycles at 1C rate.?*
Additionally, LiNiygFeq,Mng 4,0, material provided a capacity
of 202.6 mAhg' at 0.1C rate and 81.1% capacity retention
after 150 cycles at 10C.%5 Moreover, LiNigg,C0004ZNg 0201 99
cathode retains 74% of its initial capacity after 500 cycles in a
battery with a graphite anode.?® Doping lithium-manganese—
nickel oxide cathodes with potassium or strontium improves its
cyclability. While potassium doping and carbon coating provide
only a 1.5% capacity loss after 200 cycles,? introduction of the
strontium to the material LiNigsMn,s5,Sr,0, (x=0, 0.05, 0.1,
0.15 and 0.2) shows 87% capacity retention after 500 cycles at
1C rate.?®

The two main factors promoting the surface degradation of
NMC cathodes are changes in the surface structure and reactions
with the electrolyte. To prevent side reactions between the
cathode and the organic electrolyte, the NMC surface can be
modified with various materials, including metal oxides Al,03,%°
Ta,05,%° TiNb,0,,%! TiO,%?), nitrides (TiN3334), phosphates
(Zr POy, VOPO,),* and a wide range of lithium-ion conductors
[LiBO,* LiZrPO,% LiPO,% LiBO,* Li)AlZr(PO,);%®
LiNbO3,2° Li; 4 Y 4Ti; 6(PO4)3,*° LiyM PO, (M = Ni, Co, Mn),*
LiAISiO,,* LisLagZry015,* a-LIAIO,* LifPOJN, (LIPON),*
etc.]. Thus, coating a LiNij ggC0q 05Mny 060, cathode with a thin
layer of TiNb,O; suppresses side reactions and provides 87.2%
capacity retention after 200 cycles at 1C rate compared to the
59.8% for the native material.®® Li-conductive coatings, in
addition to their protective functions, can also increase the
diffusion coefficient of lithium ions in cathode materials.* Thus,
Li; 4Y(4Ti;6(PO,); deposition facilitates lithium transfer and
increases the cycling stability of LiNiy ggC0p g9Mng 930, cathode,
which results in 85% capacity retention after 1000 cycles at
0.5C.40

Simultaneous doping and protective coating of NMC cathodes
lead to a significant improvement of the material characteristics.
Thus, LiNijq;C0q0sMng 930, cathode doping with calcium and
simultaneous phosphate coating on the particle surface increases
the cycling stability and provides a capacity of 210.2 mA h g~* at
0.1C.#" Coating LiNiygC0q5Alg 050, cathode with tantalum
oxide followed by doping with Ta* ions results in 94.5%

capacity retention after 200 cycles at 1C, while the native material
shows only 61.0% capacity retention.® LiNig g,C0g 13Mng 0505
doping with Zr** ions followed by LiBO, coating increases the
capacity to 200.8 mA h g-* at 0.1C, leading to a decrease of the
capacity less than 10% after 250 cycles at 1C.48

NMC cathodes have relatively high conductivity; therefore,
the surface of the cathode is usually not coated with carbon
materials.*® However, coating with conductive polymers such
as poly(3,4-ethylenedioxythiophene),?® poly(pyrrole-co-citral
nitrile),% polypyrrole3* can increase the capacity and improve
cycling stability. Thus, LiNiygCoq15Al5050, coating with
poly(3,4-ethylenedioxythiophene) and Al,O,, increases cathode
material capacity from 194 to 209 mA h g=1.2% The main results
of improving stability of NMC cathodes are summarized in
Table 2.

Thus, the doping of layered oxides or applying protective
organic or inorganic coatings allow one to improve their cyclic
stability.

2.1.2.LFP
The LiFePO, (LFP) material with an olivine structure has several
advantages: high safety, cycling stability, being environmentally
friendly, and low cost. However, the capacity is lower in
comparison to NMC cathodes. In 2021, the growth in demand
for LFP batteries was observed,®! which was caused by the new
battery pack designs that have increased the energy density of
LFP batteries to that of the NMC batteries (about 140 W h kg™),
where CATL’s “cell-to-pack’ concept and BYD’s blade battery
system were the first examples implementing the new design.
The disadvantages of LFP cathodes are determined by their
low electronic and ionic conductivity.>2 Reduction of the particle
size and coating the LFP surface with carbon materials are
strategies mainly used to improve the electrochemical
performance of the cathode.5® Attention of researchers is also
paid to the doping of LFP with ions of other metals, including
the study of the reasons for the acceleration of lithium diffusion
in such systems.>* The goal of the first strategy is to reduce the
length of the diffusion path of lithium ions in nanoparticles, as
the charge time to a specific capacity is inversely proportional to
the square of the particle size according to Fick’s law of
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diffusion.>® Thus, decreasing the LFP particle size leads to an
increase of the cathode capacity at high C-rates, e.g., reduction
of the cathode particle size to 150-350 nm, results in a 2.5%
capacity decrease after 100 cycles at 0.5C, while a cathode with
the particle size of 300-500 nm has a 22.3% capacity drop.5®
Considering that lithium transport in LFP occurs through one-
dimensional channels, the formation of the particles with
anisotropy of a specific orientation also proves to be effective.5

Carbon coating is usually performed by carbonization of the
carbon-containing precursor at high temperatures. The carbon
layer envelops the LFP, forming a ‘core-shell’ structure.>®
Introduction of extended carbon nanotubes or graphene particles,
including those doped with nitrogen, into the composition of
conductive coatings offers additional advantages;>%60 P,N-doped
carbon deposition on LFP particles can provide a relatively high
discharge capacity of 150.2 mA h g™ at 1C and only 0.016%
capacity decrease per cycle for 300 cycles at 2C.58 Application
of the carbon coating ensures rapid supply (withdrawal) of
lithium ions from each particle along with the interfaces;®*
therefore, LFP cathodes with high capacity are currently created
only with a conductive coating layer.52-64 Additionally,
conductive polymers can be used instead of carbon coating.®® To
date, a possibility of a binder replacement to create LFP cathodes
is being investigated by several research groups.5®

2.2. Anode materials

Anode materials can be divided into two types based on the
electrochemical reaction mechanism.%® The first one is
intercalation-type anode materials in which, similarly to the
cathodes described above, lithium intercalation/deintercalation
processes take place (carbon materials, materials based on titanium
oxide compounds, etc.), sometimes a class of metals and alloys
(such assilicon, germanium, etc.) can be discriminated.®” However,
it is difficult to find a fundamental difference from carbon. The
second type includes materials in which the charge and discharge
processes occur through a chain of successive transformations.
Some of the processes may be irreversible (conversion-type anode
materials, including transition metal oxides, sulfides, selenides,
nitrides, phosphides, etc.), eg., tin oxide undergoes a chain of
transformations  SnO, = Sn + 2Li,0 - Li,Sn + Li,O, which
reduce specific capacity of the anode material but often provides
more reliable cycling.%

Certain drawbacks arise for the wide application of some
materials, e.g., anodes made of tin, germanium, and silicon
quickly degrade due to volume expansion (250-300%) during
lithium intercalation.5” Lithium titanate is characterized by low
conductivity and reduced capacity when cycling at high C-rates,
which, similar to cathode materials, can be improved by carbon
coatings.58-70

The requirements for anode materials are typically not strict,
as their capacity is usually significantly higher than that of
cathode materials. To meet the lifetime requirement (15 years),
the prospective anode material must retain at least 70% of its
initial capacity after 5000 charge—discharge cycles and be safe at
temperatures from —40 to +80 °C." In the commercial sector, the
most used anode materials are graphite and graphite-silicon
composites, and recently many efforts were put into improving
the performance of these materials.

2.2.1. Carbon-based materials

The properties of carbon materials largely depend on the
structure, surface defects, and presence of the functional
groups.8” Graphite is the most used anode material in commercial
LIBs due to its high electrical conductivity, low operating
potential, and low cost. Moreover, layered graphite structure
ensures stable charge/discharge processes and exploitation

safety. However, limited LiCgq composition of lithium
intercalation results in a relatively low theoretical capacity of
372mAhg?, whereas typically, its capacity is around
330 mA h gt even at low current densities.”>"2 It was shown
that laser-induced structuring of graphite anodes can increase
capacity by 35% at 6-8C discharge rates, improves fast charging
capability, and increases cycling stability.”® The use of N-doped
carbon nanofibers derived from cellulose and chitosan allowed
to achieve a capacity of 399 mA h g at the current density of
0.03A g%, as well as 0.21 A gt at 1 A g~1.74 Moreover, several
works provided evidence of obtaining such materials with a
capacity of more than 1100 mA h g=1.7%75.76 However, previously
reported data on carbon materials showing capacity significantly
higher than the theoretical one has not been confirmed; therefore,
additional confirmation is required.

2.2.2. Silicon-based anode materials

Materials based on silicon and silicon oxides (SiO,) are among
the most promising anode materials for LIBs due to the high
theoretical capacity, availability of silicon, and low operating
potential,’”~"® that is why a lot of works in the field of anode
materials published in 2021 were devoted to silicon-based
materials. Silicon has a theoretical capacity of 3570 mA h g!
(for LisSi,), almost 10 times higher than that of graphite, while
the theoretical capacities of SiO, and SiO are 1965 and
2680 mA h g%, respectively.8981 Despite extensive research
being done on silicon anodes, only small amounts of silicon
materials (typically <10 wt%) are mixed with graphite anodes
to increase the capacity of commercial batteries. This can be
explained by the fact that silicon-based anodes undergo
significant volumetric expansion and contraction (~300%)
during cycling, resulting in mechanical failure of the anode
particles and loss of electrical contact. In addition, the
formation of a large amount of solid products of electrolyte
reduction on their surface (solid electrolyte interface, SEI)
leads to low Coulomb efficiency and poor battery life.1582
Moreover, low values of electronic conductivity
(10°-103Scm™) and Lit  diffusion  coefficient
(1014-10713 cm? s71) are noted for silicon anodes.?® Effective
strategies to overcome these problems, including formation of
porous silicon structures, obtaining composites with carbon,
and coating silicon anodes with inorganic or polymer materials,
are the most common.

Graphite, 8184 carbon nanotubes (CNTs),85-87 graphene,® and
N-doped carbon materials®®8%9 are most widely used to create
composites with silicon. Recent research has shown that carbon
deposition on the silicon’s surface dampens the change of
volume of silicon during cycling.8! The initial capacity of the
composite anode with graphite (50 wt% Si coated with carbon
and 50 wt% graphite) is 660 mA h g~ at the current density of
0.5A g1, and the capacity drop during 450 cycles is less than
10%. Another report® showed that silicon embedded in CNTs
results in an initial capacity of 1860 mA h g at the current
density of 0.1 A g~* with 92% capacity retention after 500 cycles.
Additionally, it was demonstrated®® that a carbon coated silicon@
graphene@CNT composite anode showed a capacity of
1946 mA h gt with 31% capacity loss after 100 cycles at the
current density of 0.1 A g,

Coating silicon anodes with 2nm layer of aluminum
oxynitride by atomic layer deposition increases anode capacity
to 1297 mA h g1, which after 140 cycles shows the decrease by
no more than 28% as a result of decreasing the side reactions at
the electrode/electrolyte interface.?! Silicon anodes can also be
stabilized by deposition of an elastic organic layer of parylene
(poly p-xylylene) that provides retention of more than 75% of
capacity after 480 cycles at 0.25C.%?
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Table 3 Initial capacity and cyclic stability of modified Si-based anodes.

i desiy] VB I Sl Rt
Composite of graphite and porous Si coated with carbon 1 515 0.030 610 81
Composite of graphite, Si, CNT and carbon 0.2 1147 0.270 100 84
Composite of graphene, CNT and SiO, 1 ~900 ~0.056 200 88
Porous composite of Si, carbon and reduced graphene oxide 1 1035 0.107 200 87
Porous Si encapsulated in carbon nanotube cage 1 1263 0.016 500 86
Poly-dopamine carbon-coated silicon/graphene/CNT composite 0.1 2430 0.200 100 85
AIO,N, coating on Si 0.1 1801 0.200 140 91
Parylene coating on Si 0.725 1426 0.052 480 92
Composite of C and SiO, with polyacrylic acid binder 1 ~200 0.060 1000 89
Composite of graphite and Si with lithium poly(acrylic acid) and sodium ~0.05 ~475 0.022 900 93
carboxymethy! cellulose binder

Si with urea formaldehyde resin grafted polyvinyl alcohol binder 2.1 3230 0.497 200 96
Si with sodium carboxymethylcellulose and thiourea binder 0.42 ~2500 0.465 150 98
Si with poly(acrylic acid) and poly(ethylene oxide) binder 0.2C 3969 0.409 100 94
Si with polyacrylic acid with isocyanate-terminated polyurethane that consist 0.6 3692 0.167 150 95
of polyethylene glycol chains and 2-ureido-4-pyrimidinone binder

Si with cross-linked binder carboxymethy! cellulose—phytic acid 4 1401 0.052 450 97

Binders based on polyacrylic acid,?® polyacrylic acid and
polyethylene oxide,® cross-linked polyacrylic acid with
isocyanate-terminated polyurethane oligomers that consist of
polyethylene glycol chains and 2-ureido-4-pyrimidinone,®
formaldehyde resin grafted polyvinyl alcohol,% carboxymethyl
cellulose/phytic acid,®” carboxymethylcellulose sodium and
thiourea,®®  poly(9,9-dioctylfluorene-co-fluorenone-co-methyl-
benzoic ester),? etc. have been considered as it was shown that
binders containing organic acids could significantly reduce
volume changes of silicon-based materials and improve their
stability during cycling. The results of improving Si-based anode
properties are shown in Table 3.

A lot of works were done in order to reduce the volumetric
changes of silicon-based anodes by preparing their composites
with carbon materials. Particular attention was paid to the choice
of binder, mainly based on organic acids. This allows one to
reduce the capacity drop at high current density.

2.3. Electrolytes and separators

The electrolyte is one of the key components of LIBs, which
provides ion transport, determines capacity, power, operating
temperature range, cyclability, and safety. A commercially used
electrolyte that impregnates the porous polypropylene separator
in LIBs is a 1M solution of LiPFg in a mixture of organic
carbonates (ethylene carbonate — dimethyl carbonate — diethyl
carbonate).

In 2021, many efforts were put on improving electrolytes and
separators for LIBs by searching for additives and new solvents
capable of creating a protective SEI layer and stabilizing silicon
anodes and NMC cathodes. Thus, both organic molecules
and salts, such as lithium difluoro(oxalato)borate,°
tris(trimethylsilyl) phosphite, 101192 [ithium bis(trimethylsilyl)
phosphate, 03 5,5,5',5'"-tetramethyl-2,2'-bi-1,3,2-dioxa-
borinane,1%* fluoroethylene carbonatel01105106 111 555-
hexamethyl-3-[(trimethylsilyl)oxy]-3-vinyltrisiloxane,10”
cis-1,2,3,6-tetrahydrophthalic ~ anhydride,’®®  1-diphenyl-
phosphoryloxy-4-methylbenzene,109 p-toluenesulfonyl
fluoride,™° N-carboxyanhydrides,!! cyclopentyl isocyanate,?
and inorganic salts (Li,CO3™® Li,S,"* etc.) were used as
electrolyte additives. The addition of cis-1,2,3,6-tetrahydro-
phthalic anhydride enhances the stability of NMC9.5.5 by
creating a stable SEI that prevents side reactions and reduces
resistance at the electrode/electrolyte interface. Capacity
retention with the additive increased by more than 13% (up to

93.2%) after 120 cycles at 1C.108 The addition of tris(tri-
methylsilyl) phosphite and fluoroethylene carbonate to the
electrolyte improves the electrochemical characteristics of the
Si/NMC532 cell and reduces the capacity drop during cycling by
25% in comparison with the electrolyte containing only
fluoroethylene carbonate additive.’% Moreover, the addition of
lithium sulfide (0.01 mg mI~Y) to the electrolyte creates a stable
cathode/electrolyte interface on the NMC532 surface, while the
acetonitrile (0.5 vol%) suppresses the decomposition of organic
carbonates due to the preferential solvation of lithium ions.
Thus, the capacity drop of the graphite/NMC532 cell with the
modified electrolyte decreases from 35 to 19% after 180 cycles.112

Modifying the standard polypropylene separator opens an
opportunity to improve the electrochemical characteristics of the
batteries. Thus, the possibility of increasing the capacity of the
graphite/LFP cell was shown by deposition of a CoS,/Co3S,
layer on the separator with subsequent lithiation, which resulted
in the capacity increase from 112.6 to 150.3 mA h g of the
battery cell with the modified separator which leads to a 29.5%
increase in energy density. 1

3. Lithium metal batteries

Lithium metal batteries, where lithium metal is used as the anode,
are the most promising technology for achieving high energy
density <500 W h kg~ and reducing battery costs, resulting in
active investment in startups to develop LMBs by automotive
companies. The high energy density of LMBs can be achieved as
a result of the high theoretical specific capacity of lithium
(~3860 mA h g1), as well as the lowest value of electrochemical
potential (-3.04 V vs. standard hydrogen electrode).!16117 The
number of papers published on the topic of lithium metal batteries
has dramatically increased recently. The main challenges limiting
the commercial application of LMBs include uncontrolled Li
dendrites growth during its deposition, unstable electrode/
electrolyte interface, and low Coulomb efficiency caused by the
formation of the SEI layer. Uncontrolled growth of lithium
dendrites is caused by inhomogeneity of the SEI layer formed on
the lithium anode during deposition and nonuniform deposition
of lithium. Dendrites can grow and penetrate the separator film
or electrolyte layer, resulting in the short circuit of the battery.
A significant amount of research has focused on solving the
dendrite formation in LMBSs, eventually making them safer and
increasing cyclability. Strategies to solve the problem include
coating the surface of the lithium anode, obtaining lithium-based
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composites and alloys, developing new solvents and additives
for the electrolyte, or modifying the separator.

3.1. Modification of Li metal anode

3.1.1. Lithium metal coating

The formation of the SEI layer is undoubtedly a negative factor
that reduces the efficiency of the batteries, especially during the
first charge/discharge cycles. However, at the same time, it plays
a significant role in the stabilization of the lithium/electrolyte
interface to prevent dendrite formation in lithium batteries. SEI
formation usually procceds through electrochemical reduction
of the electrolyte, where lithium dendrite formation occurs. The
composition and structure of the SEI film formed during cycling
are difficult to control, thus making this SEI ineffective in
suppressing dendrite formation. This resulted in many research
groups developing new coatings on Li metal (sometimes called
‘artificial SEI’) with high mechanical strength and lithium
conductivity; in addition, those coatings must be stable with
different electrolytes and suppress electrolyte reduction. Thus,
one can conclude that it is crucial to pay attention to the
protection of the anode during cycling.

The inorganic coatings that can be employed include lithium-
conducting materials with low electronic conductivity, such as
Li,Se, '8 LiNbO;,19 LigBi-LiBr,'?° Li,0,?1122 LiC00,,'%
LigN,124125 | j,Sh 126 jF,125-128 | j,Mg-,?8 etc. Recently, it was
shown that the formation of a Li,Se layer on a lithium anode
increases cycling stability at high current densities (<600 cycles
at a current density of 10 mA cm?) and prevents dendrite
growth.!8 The application of a LizBi-LiBr protective layer on
the lithium metal can increase the lifetime of the Li/LiNbO;@
LiCoO, cell with the Li,P;S, ceramic electrolyte up to 2000 h at
the current density of less than 0.5 mA h g1, as well as increase
the battery capacity by 19%.120 The LiCoO, and carbon layers
provide stable battery cycling for 1960 h at the current density of
2 mA cm2 with low overpotential (~20 mV).12 The coating
layer of LizSh and LiF on the lithium metal surface results in
uniform deposition of lithium and symmetrical cells stability
during cycling for over 400 h at the current density of
3 mA cm=2.1% Additionally, Li/LFP cell with a LiF/Li;Mg;
protective layer shows 134.5 mA h g~! capacity at 1C rate with
subsequent 1.4% capacity drop after 200 cycles.'?® Treatment of
the lithium foil with 2-(fluorosulfonyl)difluoroacetic acid creates
a coating layer enriched with lithium fluoride and sulfide which

successfully suppresses dendrite growth. Symmetrical cells with
ethylene carbonate, dimethyl carbonate and LiPFg electrolyte
show low overpotential (10 mV) and cyclic stability for 350 h.12°
Addition of nanometric copper layer and Nafion cation exchange
membrane ensures stable cycling of the Li/LiCoO, cell with
90% capacity retention after 500 cycles.!30

The use of coating layers based on organic materials for the
lithium anode has attracted the attention of many research
groups31-136 dye to their high strength, good adhesion to the Li
anode, and improving cyclic stability. Thus, the introduction of
the fluoroethylene carbonate coatings (on the anode side) and
succinonitrile (on the cathode side) to the ceramic electrolyte
Li; sAlysGe; 5(PO,4); provides a stable interface with lithium
metal and high voltage Ni-rich cathodes. The cell with NMC811
cathode shows a discharge capacity of 178 mA h g with 85.7%
capacity retention after 100 cycles at 0.5C.13 Recently, it was
shown!® that poly(vinylidene fluoride-co-hexafluoropropylene)
(PVDF-HFP) coating doped with Al,O; and LiNO; ensured
stable operation of the metal anode for 1000 h at the high current
density (10 mA cm=). Additionally, composite coating of
halloysite nanotubes and networked polymers on the metal
anode was shown to reduce dendrite growth, subsequently
allowing the battery to cycle for more than 1000 h at the current
density of 1 mA cm=2,133

3.1.2. Composite anodes
The development of a 3D framework host can be considered as
one way to prevent the growth of lithium dendrites, which
reduces current density inhomogeneity and limits volume change
by providing space for lithium pre-deposition.137-13% Thus,
Li/LFP cell with a hollow N,P-doped carbon fiber as host
material provides a discharge capacity of 164 mA h g%, which
decreases by 28% after 100 cycles at 0.2C.138 Recently, it was
reported that composite anodes based on modified carbon
nanofibers demonstrated stable operation in a symmetric cell
with liquid electrolyte for over 700 h at the current density of
5 mA h cm=2 with at least 94% of Coulomb efficiency.13°
Additionally, composite anodes based on inorganic materials
can be made and employed in the cell, e.g., it was shown that
introduction of such composite anode based on lithium, ZnO,
and Ni nanosheets to the Li/LFP cell showed 80% capacity
retention after 450 cycles at 1C.140 Additionally, a symmetrical
cell with LiCu, nanofibrous particles-based anode allowed to

Table 4 Parameters of stripping/platting experiments for different Li/Li cells with modified Li anode.

Anode material Electrolyte %Xrgrr;]t_zdensny/ Time/h  Ref.
LizBi/LiBr layer on Li Li;P3S;y 0.5 >2000 120
Li;Sb/LiF layer on Li 1M LiTFSI in DOL/DME (1:1 vol%) 3.0 >400 126
LiF/sulfide layer on Li 1M LiTFSI in DOL/DME (1:1 vol%) 1.0 >1000 129
Lithiated halloysite nanotubes layer on Li 1M LiTFSI in DOL/DME (1:1 vol%) with 1.0 wt% LiNO, 1.0 >1000 133
Li,Se layer on Li 1M LiTFSI in DOL/DME (1:1 vol%) with 1.0 wt% LiNO3 1.0 >1000 118
Li;N layer on Li-Sb alloy 1M LiPFg in EC/IDMC/FEC (1:1:0.2 vol%) 10.0 >1100 124
LiCoO, with carbon cloth layer on Li 1M LiTFSI in DOL/DME (1:1 vol%) with 1.0 wt% LiNO; 2.0 >1900 123
LiF/LizMg;y layer on Li 1M LiTFSI in DOL/DME (1:1 vol%) 1.0 >1800 128
LisLay3-TiOz/polyvinylidene fluoride layer on Li 1M LiPFg in EC/DEC (1:1 vol%) 3.0 >1200 127
PVDF-HFP +Al,053+LiNO; film on Li 1M LiPFg in EC/DEC (1:1 vol%) 10.0 >1000 132
Planar polycyclic aromatic hydrocarbons layer on Li 1M LiTFSI in DOL/DME (1:1 vol%) with 1.0 wt% LiNO3 4.0 >1000 135
Nanocopper and Nafion-Li layer on Li 1M LiTFSI in DOL/DME (1:1 vol%) with 1.0 wt% LiNO3 1.0 >800 130
Li-Sr/SrO-doped Li,O layer on Li Lig4LazZr, 4Tag 01> 0.5 >1000 122
Composite of carbon nanoribbons and Li 1M LiPFg in EC/DMC/EMC (1:1:1 vol%) with 1.0% vinylene 1.0 >700 139
carbonate

3D-carbon-based porous anode with a pore-size 1M LiPFg in EC/PC (1:1 vol%) + 10 wt% FEC 1.0 >660 137
gradient

LiCu, alloy Lig 4La3Zr; 4Tag 01 0.1 >10000 141
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operate for 10000 h at a current density of 0.1 mA cm=2, and a
cell with LiNigggCoq1Aly 0,0, cathode shows 73.4% capacity
retention after 500 cycles at 0.5C rate.’*! Moreover, a Ga—In
alloy nanoparticles-based anode battery demonstrates an average
of 99% Coulomb efficiency for more than 400 cycles.1#?

Additionally, modification of the current collector creates a
uniform flow of Li* ions and suppresses the dendrite growth. 143144
Therefore, the use of nickel sulfide and porous nickel-based
current collector provides long-term cycling of Li/LFP cell with
95.7% capacity retention after 700 cycles at 5C.144 Approaches
to improve Li metal anode stability by its modification against
dendrite formation are shown in Table 4.

3.2. Electrolytes

The electrolytes used in LMBs can be divided into two large
groups: solid inorganic (sulfides, oxides) and polymeric,
including composite polymeric electrolytes containing inorganic
particles.> In 2021, many research works were reported with a
focus on the development of electrolyte additives, polymer
electrolytes with high ionic conductivity, and the increase of
electrochemical stability window and compatibility with the
lithium electrode. Recent reports in this area predominantly
focused on hybrid polymer electrolytes containing lithium-
conducting inorganic additives. The stable electrolytes
characterized by high ionic conductivity at room temperature
(>1 mS cm™t) have been obtained. There is also a tendency to
search for new additives to widen the electrochemical stability
window to enable the operation of batteries with high-voltage
cathodes and formation of the protective SEI film.

3.2.1. Polymer electrolytes

Polymer electrolytes usually consist of a lithium salt and a
polymer, containing a sufficiently large number of electronegative
atoms to ensure solubility of the salt and its dissociation.4®
Flexible polymer electrolytes form stable contacts with
electrodes during charge and discharge and have good mechanical
stability. However, on the other hand, they are often characterized
by insufficient ionic conductivity at room temperature.

The Théato research group*6 developed an electrolyte based
on polyethylene oxide block copolymerized with polystyrene
side chains and LiTFSI with ionic conductivity of
1.6x 1072 mS cm~! at room temperature, and a symmetrical cell
based on it with lithium electrodes worked stably for 1000 h at
the current density of 0.3 mA cm~2. Moreover, using a polymeric
electrolyte based on porphyrin molecules modified with
polyether chains and LiTFSI provides an initial Li/LFP battery
capacity of 158 mAhg? at 0.2C rate and 60 °C, which
demonstrated only 2.8% capacity decrease after 120 cycles.!’
Moreover, electrolyte based on polycarbonate with fluorinated
groups and LiTFSI with an electrochemical stability window of
5V (vs. Li/Li*) and ionic conductivity of 5x102 mS cm! at
room temperature was developed, and Li/NMC811 cell with this
electrolyte showed 218 mA h g~! capacity at 0.1C with more
than 70% capacity retention after 300 cycles.!*® Additionally,
Feng with coauthors have developed a single-ion conducting
polymer electrolyte containing 4-styrenesulfonyl[4-(trifluoro-
methoxy)benzenesulfonyl]imide  functional —groups  with
2x1072 mS cm~! ionic conductivity at 30 °C.14°

Evidently, the conductivity values of most solid polymer/salt
and single-ion conducting polymer electrolytes are insufficient
for effective battery operation at high current densities.
Therefore, the strategies such as solvent intercalation,59-153
obtainingcopolymerstoreducethedegreeofcrystallinity,146:147.154
preparation of composite polymer electrolytes containing
inorganic particles, 155164 or applying several approaches
simultaneously can be applied.

The electrolytes obtained by solvation with organic aprotic
solvents are called gel-polymer electrolytes. Those electrolytes
represent a spatial grid formed by macromolecules or their
aggregates where a salt solution is distributed in a polar aprotic
solvent, and as the result of solvent intercalation, an increase in
the degree of salt dissociation and enhancement of polymer
plasticity can be achieved.!®® Thus, the following process is
often referred to as plasticization. Additionally, this process
leads to an increase of the polymer segments mobility caused by
solvation and increased plasticity since the ionic mobility in
these materials correlates with the reorientation of coordination
polyhedrons formed, among others, by electronegative polymer
atoms.

The gel-polymer electrolyte based on PVDF, reinforced with
polypropylene, and plasticized with LiCIO, solution in
dimethylformamide, demonstrated an ionic conductivity of
0.153 mS cm~! at room temperature. The specific capacity of the
battery with LFP cathode was shown to be 134 mA h g with
97% capacity retention after 180 cycles at 0.3C.1%° Recently, it
was demonstrated that polymer electrolytes based on a PVDF
matrix plasticized with a solution of lithium difluoro(oxalato)-
borate, lithium bis(fluorosulfonyl)imide (LiFSI), and LiPFg in
nonflammable fluorinated carbonates (fluoroethylene carbonate,
methyl 2,2,2-trifluoroethyl carbonate, ethylene carbonate)
showed a high ionic conductivity of 4.41 mS cm™ at 30 °C and
a wide electrochemical stability window of 5.6 V (vs. Li/Li*).152
Additionally, Li/LFP batteries with this electrolyte showed a
reduction of dendrite growth and 81.2% capacity retention after
1000 cycles at 1C.152

Another approach to improve the ionic conductivity of solid
polymer electrolytes is to create their composites with lithium-
conducting inorganic materials, such as Li;LagZr,0;,
(LLZO),55-157 Lig sLasZr; 4Tag 015 (LLZTO),158-160
LillgLas/gTiO3 (LLTO),lGl Lil.SAIO.SGel.S(PO4)3 (LAGP),162’163
Liy sAlg3Ti; 7(PO,);  (LATP),'01-164 Li(Sr,Zr),(PO,)s,'%
LiTa,POg,'%8 etc. (Table 5). It has been shown that the introduction
of lithium-conducting inorganic particles into cation-exchange
membranes can increase lithium transfer numbers and improve
cyclability of LMBs.164167 The polymer matrix in these materials
improves the interfacial contact between the solid electrolyte and
the electrodes, while the lithium-conducting inorganic additive
increases the concentration of Li* cations, thus improving ionic
conductivity. In addition, the introduction of ceramic fillers can
improve the mechanical properties of the polymer matrix and
inhibit the growth of lithium dendrites, e.g., a three-layer
membrane electrolyte based on PVDF-HFP, LiTFSI, aluminum-
doped Li;LazZr,0;, and succinonitrile showed high ionic
conductivity values (0.47 mScm™) and stable cycling
performance; additionally, when the NMC622 cathode was used,
85% capacity retention was observed after 627 cycles at 0.5C.155
The use of an electrolyte based on polyethylene oxide, aramid
nanofibers, LiTFSI and Li;La;Zr,0,, with an ionic conductivity
of 1.36 mScm™ at 30 °C provides an initial capacity of the
Li/LFP cell of 152 mA h g~! with no more than 12% capacity
loss after 400 cycles.156

The introduction of inert inorganic particles into the gel-
polymer electrolytes containing lithium salts can improve the
battery’s performance, which can be explained by the
compositional effect promoted by the sorption processes
occurring on the surface of nanoparticles.’®® Thus, SiO,
introduction into the polyacrylonitrile matrix by hydrolysis of
tetraethoxysilane followed by solvation with LiTFSI solution in
1-ethyl-3-methylimidazolium bis(trifluoromethylsulfonyl)imide
(EMIMTESI) ionic liquid provides an ionic conductivity of
0.35 mS cm™. The Li/NMC622 cell with this electrolyte showed
173 mA h g discharge capacity and 93.7% capacity retention
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Table 5 Parameters of stripping/platting experiments for different Li/Li cells with hybrid polymer/inorganic electrolytes.

. Conductivity/  Current density/ —.
Inorganic part Polymer part mS cm-t mA cm-2 Time/h Ref.
Lig 25Alg 25L832r,04, (12 Wt%) PVDF-HFP + LiTFSI + succinonitrile 048 (25°C) 0.1-1.0 >800 155
Li;LazZr,04, (20 wt%) Polyethylene oxide, aramid nanofibers + LiTFSI 1.36(30°C) 0.2 >400 156

Lig4LagZr; 4Tag 601, (20 Wt%)

LiTa,POg (15 wt%) Polyethylene oxide + LiTFSI

Polyacrylonitrile, polyethylene oxide + LiTFSI

06(60°C) 0.1
046 (60°C) 0.1

>500 (at 60 °C) 158
>500 (at 60 °C) 166

Li; sAlg5Ge; 5(POy); (33.8 wt%) Poly(ethylene glycol) methyl ether methacrylate + 0.15 0.5 >400 (at 60 °C) 162
LiTFSI

LigsLlasZry 4Tag 01, (3 Wt%) Poly(vinylene carbonate) + lithium difluoro(oxalato) 0.08 (30°C)  0.05 >800 (at 60 °C) 159
borate

Li; 3Alg3Ti; 7(POy)3 (10 Wt%) + PVDF + LiClO, ~0.16 (25°C) 1.0 >1000 161

+ Ligsslagss7TiO5 (10 wt%)
LigslasZry 4Tag 01, (10 Wt%)

Lielsza3Zr2A|0.24012 (20 VVt%)
succinonitrile

Li1.3A|0.3Til.7(P04)3

PVDF + HFP, polyethylene oxide + LiTFSI
PVDF/poly(ethylene carbonate) + LiTFSI +

Lithium 4-styrenesulfonyl (trifluoromethanesulfonyl)

062(80°C) 0.1 >3000 (at 60 °C) 160

imide, poly[bis(2-(2-methoxyethoxy)ethoxy)-

phosphazene] + EC/DMC (1:1 vol%)
Li;LazZr,04, (64 Wt%)
framework + EC/PC

Fluoroboron-centered Li-conductive polymer

0.39 (room 0.1 >450 157
temperature)

0.31(25°C) 0.1 >2000 164

0.13(40°C) 05 >250 167

after 200 cycles, while for the cell with unmodified
polyacrylonitrile 31.7% capacity retention after 100 cycles was
observed.16® Additionally, it was demonstrated that the Li/LFP
battery with an electrolyte based on polyethylene oxide, LiTFSI,
and MgF, nanofibers (0.14 mS cm~ ionic conductivity at 30 °C)
showed 140.6 mA h g=! capacity with only 27% decrease after
500 cycles at 50 °C.170

3.2.2. Additives for liquid electrolyte

The reduction of standard carbonate electrolytes during battery
operation creates a SEI that cannot prevent lithium dendrite
sprouting. Introducing electrolyte additives of different nature
can improve the SEI structure, e.g., the addition of RbNOj; to the
electrolyte can improve the stability of Li/NMC811 batteries,
ensuring 93.7% capacity retention after 200 cycles at 1C.1"
Additionally, the introduction of fluorinated solvents, such as
fluoroethylene carbonate, difluoroethylene carbonate, and
fluorosulfonate, can significantly increase the stability of lithium
metal during battery operation, which can be explained by
increased LiF content in SEI.172-174 Moreover, the addition of
5wt% lithium cyano tris(2,2,2-trifluoroethyl) borate provides
significant improvement of electrochemical characteristics of
LiI/NMC532 cells as a result of the formation of a thin SEI layer
containing LiF with boron and nitrogen inclusion.t”> Additions
of lithium nitrate and lithium difluoro(bisoxalato) phosphate to
the electrolyte lead to the formation of SEI films containing LiF
and Li3N on the lithium metal anode, as well as on an NMC811
cathode, thus leading to an increase of the LI/NMC622 cell
lifetime up to 600 cycles at 0.5C with 81% capacity retention.176
Addition of N,O-bis(trimethylsilyl) trifluoro acetamide to the
electrolyte promotes the formation of LiF containing SEI with
silicone and nitrogen inclusion on the metal anode’s surface and
on NMCB811 cathode, thus leading to increased stability of the
battery.””

4. Conclusions

This review covers the main progress in developing new materials
for lithium-ion and lithium metal batteries based on data from
research works published in 2021. In the field of cathode
materials for lithium-ion batteries, most of the reports were
focused on the increase of the cyclic stability of cathodes based
on nickel-rich layered lithium-nickel-cobalt-manganese oxides
(Ni-rich NMC), which can be achieved by their doping with
cations capable of holding both Li* and transition metal positions,

and by applying protective coating layers on the oxide surface
(organic polymers and inorganic materials). Among anode
materials, silicon-based anodes, which have a high theoretical
capacity, attracted the interest of many research groups. The
main disadvantage of such anodes is degradation due to a sharp
volumetric change during battery operation. The following
effective strategies to dampen the associated strain can be
outlined: the use of porous silicon structures; formation of
composites with carbon materials; coating of silicon-based
particles with inorganic or polymeric materials, and substitution
of standard binder materials with materials based on organic
acids. Lithium metal batteries are seen as one of the most
promising replacement for lithium-ion batteries. To address
lithium dendrite formation in such systems, the following
approaches have been proposed: the formation of stable coating
layers on the lithium metal surface, obtaining composite anodes
and alloys, and changing the composition of electrolytes. At the
same time, in the field of electrolyte development, many efforts
were put into the search for new hybrid polymer electrolytes
containing lithium-conducting inorganic particles.

This work was financially supported by the Russian Science
Foundation project no. 21-73-10149, https://rscf.ru/project/
21-73-10149.
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