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The use of lithium metal as an anode in lithium-metal batteries is desired due to its high
capacity and highly negative potential but is still not achieved due to the high activity and
consequent chemical and electrochemical instability of this metal. On contact with the electrolyte,
a film (SEl) is formed on the lithium surface consisting of the electrolyte decomposition products.
Typically, this film has a heterogeneous structure, making it unstable and it cracks during cycling,
which leads to lithium local deposition in the form of outgrowths — dendrites. A short circuit can
occur when the dendrites grow to the cathode, followed by a possible battery fire. To solve this
problem, it was proposed to coat lithium anodes with artificial SEI with the desired properties:
homogeneous structure, high ionic and low electronic conductivity, and mechanical and chemical
stability. The main methods for applying such coatings are dipping, dripping, doctor blade
smearing, chemical or electrochemical reaction with lithium, and techniques such as magnetron
sputtering, atomic and molecular layer deposition, and plasma activation. In this review examples
of artificial protective coatings of different nature on lithium, their structure and functional
features are considered. The reasons for their enhancement of lithium-metal anode operation
stability and the characteristics obtained as a result of anode protection by these films are also
indicated. At comparison of various approaches to creation of artificial SEI the methodological
problem on an estimation of their efficiency is revealed and the decision variant is offered.

Keywords: lithium metal anode; solid electrolyte interphase; artificial protective coating;
lithium metal batteries.
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NNTuiA meTanblH MUTUIR-meTann batapeanapbiHAa aHOA peTiHAe NaAanaHy OHbIH KOFapbl
CbIMbIMABINbIFbI MEH KOFapbl Tepic NoTeHuManbiHa BainaHbICTbl ©Te TapTbimAbl, Gipak 6yn
MeTanablH *KOFapbl 6eNCEHAINITI MEH COHbIH, CanfapbiHaH XUMUANBIK KIHE NEKTPOXUMUANBIK,
TYPAKCbI3AbIFblHA 6aiNaHbICTbI 9/1i TONbIK KON MKETKI3iNreH KOK. INeKTPONUTNEH KaHacKaHAaa
NUTUIN BeTiHAe dNEeKTPOAUTTIH, biAblpay eHiMAepiHeH TypaTbiH Kabbikwa (SEI) Tysinesi. aetTe,
6yN NneHKa reteporeHAi KypblibiMFa Me, ByN OHbl TYPAKCbI3 eTefi KoHe LMKA KesiHae on
Kapblbin KeTeai, 6y npouectep NMTURAIH XKeprinikTi TYHYbIHa aKeneai — AeHApUTTep Tysineai.
[eHpputTep KaToaKa AeliH eCKeH Ke3ae KbICKa TYWbIKTany OpblH anybl MyMKiH, cOaaH KeliH
6aTapesHblH, epTeHyi MyMKiH. Byn maceneHi wely ywiH AUTUI aHOATAPbIH KAXeTTi KacueTTepi
6ap kacaHabl SEI-meH KanTay ycbiHbINAbl: GipKeaKi KypblIbIM, }KOFapbl MOHABIK KaHe TeMeH
3N1EKTPOHAbI BTKI3rWTIK, MEXaHUKANbIK KaHEe XUMUANBIK TYPaKTbIAbIK. MyHaa abbliHaapabl
KONAaHYAbIH Heri3ri agicTepi 6aTbipy, TaMLWbINATY, NbIWAKMNEH Kafy apKblibl Kantay, AMTUAMEH
XUMUANBIK HEMECe 31eKTPOXUMMUANBIK PeaKLMA, COHAaN-aK MarHeTPOHAbI WaLlbIpaTy, aTOMAbIK,
KOHE MONEeKyNanblK KabaTTapabl TYHAbIPY aHe NnasmaHbl 6enceHaipy cuakTbl aaictep 6osbin
Tabblnagbl. byn wonyga AuTuiire apTypAi cMMaTTaFbl KacaHAbl KOPFAHbIC XabblHAAPbIHbIH,
MbICanfapbl, ONapAblH, KypbiAbiMbl MeH GYHKLMOHANAbIK epeKlenikTepi KapacTbipbliagb.
CoHAal-aK NUTUIA MeTanabl aHOATbIH, TYPAKTbINbIFbIH apTTbipy cebenTepi KOpCeTinreH xaHe
aHOATbI OCbl KabblKWanapMeH KOpfay HITWKeCiHAE anblHFaH cunaTTamanap KenTipinrex.
KacaHab! SEI KypyabIH apTYpAi TaCiNAEpiH canbiCTbipy Ke3iHAe onapAblH TUiMAiniriH 6aranayparbl
9AicTeMenik macene aHbIKTaNAbl XKHe OHbI LWeLlY }KO0/bl YCbIHbIAAbI.

TyiiiH ce3pep: NMTUIt MeTanabl aHOA; KaTTbl 3N1EKTPOAUT UHTEePda3achl; }KacaHabl KOPFaHbIC
»KabblHbI; TMTUIA MeTann baTapeanapbl.
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Mcnonb3oBaHWe METaN/IMYECcKOro /JIMTUA B KayecTBe aHo4a B /INTUIA-METan/M4yecKux
6aTapesx O4YeHb NPUBAEKATENbHO BBUAY €ro BbICOKOW €MKOCTM M BbICOKO OTPULATENbHOro
noTeHuMana, 04HaKo BCe ele He AOCTUTHYTO M3-3a BbICOKOW aKTUBHOCTM U, KaK CleAcTBue,
XMMUYECKON M 3NEKTPOXMMMUYECKON HecTabuabHOCTM JaHHOro metanna. lpu KOHTaKTe C
3N1eKTPOIMTOM Ha MOBEPXHOCTWM NuTUA obpasyetca nneHka (SEl), coctoawas v3 npoayKTos
pasNoKeHMsA 3N1eKTPoinTa. Kak npasmao, AaHHas NjeHKa MMeeT HEOAHOPOAHYI CTPYKTYpY,
4YTO AenaeT ee HecTabubHOW U B XO4€E UMKANPOBAHMA OHAa PAacTPECKUBAETCA, YTO MPUBOAUT K
NOKaNbHOMY OCaKAEHWIO INTUA B BUAE OTPOCTKOB — AeHAPUTOB. Koraa aeHapuTbl AopacTatoT 4o
KaToZa, MOKET NPOM30MATU KOPOTKOE 3aMblKaHWe C NOCAeAYIOLWMM BO3MOXKHbBIM BO3ropaHmem
akKkymynsatopa. [ns peweHus gaHHOW npobaembl HbIN0 NPesioKeHO MOKPbIBATb AUTUEBbIE
aHOAbl MCKycCcTBEHHbIMM SEI ¢ Xenaembimu CBOWCTBAMU: OAHOPOAHOW CTPYKTYPOWA, BbICOKOM
MOHHOW U HU3KOW 31€KTPOHHOW NPOBOAUMOCTbIO, MEXAaHUYECKOM U XMMUYECKOW CTaBUABbHOCTbIO.
OCHOBHbIMM COCOBaMM HAHECEHUA TaKUX MOKPbLITUIA ABAAIOTCA MOrPy)KEHUE, KanaHue, Hamaska
CNOMOLLbIO PAKEIbHOTO HOXKA, XMMUYECKan NN INEKTPOXMMMUYECKAN PeakLma CIMTUEM, a TaKKe
TaKue MeTo/bl, Kak MarHeTPOHHOE HamblleHWe, aTOMHO- U MOJIEKYIAPHO-CN0EBOE OCaXaeHune u
naasmeHHas akTMBauma. B faHHOM 0630pe pacCMOTPEHbI MPUMEPbI MCKYCCTBEHHbIX 3aLLMTHbIX
NOKPbITUIA Pa3NMYHOW NPUPOAbLI HA NUTUU, UX CTPYKTYPa U YHKUMOHANbHbIE OCOBEHHOCTM.
TaKKe yKasaHbl MPUUYMHbBI MOBbIWEHUA UMK CTabUAbHOCTU PaboTbl AUTUIR-METaNINYECKOro
aHoA4a M MNPVBEAEHbI XapaKTEPUCTUKKU, MOJYYEHHble B pe3y/ibTaTe 3aluTbl aHO4a AaHHbIMU
nneHkamu. Mpu cpaBHEHUM PA3ANYHBIX NOAXOAOB K CO34AHMIO UCKYCCTBEHHbIX SEI BbifABNEHA
MeTo40/10rMYeckan Nnpobiema no oueHKe nx 3GPeKTUBHOCTU U NPEAsIOXKEH BapMaHT pelleHus.

KnioueBble cnoBa: NUTUA-METANIMYECKUIA aHo4; Mekdasa TBEpPAOro 3/EeKTPO/UTa;
MCKYCCTBEHHOE 3aLLMTHOE MOKPbLITUE; NUTUIA-MEeTaNIMYecKne baTapeu.
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1. Introduction

The most desirable but still unrealised achievement in the
field of chemical current sources is the use of lithium metal as
an anode in lithium-ion batteries. The main reason for the
attractiveness of this metal is its exceptionally high capacity,
dozens of times higher than the commonly used graphite, as
well as the lithium RedOx potential (-3.04 V vs SHE), the most
negative among metals.

One of the main obstacles to the commercialisation of
lithium metal batteries (LMB)isthe chemicaland electrochemical
instability of the electrolyte in the presence of metallic lithium.
Chemical instability refers to the chemical interaction of lithium
with the electrolyte (dissolved salt and solvent), while
electrochemical instability refers to the chemical interaction
under the influence of an electric field. As a result of chemical
interaction between lithium and electrolyte, a film consisting of
insoluble products of interaction (the so-called Solid Electrolyte
Interphase (SEl)) is formed on the surface of the lithium, which
slows down the rate of chemical process, reducing it to almost
zero. After assembling the cell with metallic lithium, injection of
electrolyte into the cell and electrochemical polarisation of the
anode (metallic lithium),
electrolyte takes place with formation of additional interphase

electrochemical reduction of
layer to the already existing (chemically obtained) one. The
structure, conductivity, stability and elasticity of this layer
strongly depend on the electrolyte composition, temperature
and on the anode polarisation rate. Ideally, the resulting film
should block the access of fresh electrolyte portions to the
electrode surface, be electron non-conductive (dielectric) to
prevent electrolyte decomposition on the surface of the film,
but allow lithium ions to pass through and be reduced/oxidised.

In the real system, due to inhomogeneity and stretching-
compression during repeated oxidation/reduction of Li (cycling),
the film structure is distorted and the process of metal
deposition occurs on the cracks, which leads to the formation of
protrusions of metal nuclei that can grow perpendicularly to the
electrode surface and form so-called dendrites, which can lead
to short circuits and related consequences.

Due to the ongoing interest in this problem, many studies
have been conducted and many approaches have been applied
in attempts to modify the inevitable SEI film in order to give it
the properties necessary to obtain a reliable and durable anode
for a lithium-metal battery. One of the most effective is the
creation of an artificial SEI film with optimal parameters on the
lithium metal surface (Figure 1).

Figure 1 — Artificial protective SEls for the lithium metal anode
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A set of these parameters required for the interfacial film
has been identified by numerous and long-term studies [1-4]: 1)
mechanical, chemical and electrochemical stability; 2) moderate
thickness (too thin film will not provide sufficient surface
protection, while too thick film will create excessive resistance
and deteriorate the electrode characteristics [2]); 3) high ionic
conductivity by lithium ions (for their supply to the anode surface
for Li reduction/oxidation processes); 4) electronic insulation -
dielectric (to avoid lithium recovery on the SEI film surface); 5)
hydrophobicity (prevention of water contact with the electrode
to enable its use in agueous systems and protection against trace
amounts of water in organic electrolytes); 6) elasticity and
flexibility (for fast and qualitative adaptation of the protective
layer to changes in the volume of the anode material during Li
deposition/dissolution); 7) ability to self-healing in case of
damage (this property is more often exhibited by artificially
formed SEl in electrolytes with certain additives); 8) homogeneity
of the structure, which also contributes to the enhancement of all
types of stability due to the uniformity of properties over the
entire area of the coating; 9) simplicity and relatively low cost of
obtaining (this refers both to the cost of reagents and the method
used for obtaining and applying).

To create SEI films possessing a number of the above
properties, there are many approaches based on their artificial
formation by chemical reactions of lithium metal with certain
reagents (before immersion to the electrolyte solution or
during reaction in the electrolyte) or by physical methods of
application (atomic layer deposition (ALD), sputtering,
smearing). In this review, the most novel methods for obtaining
artificial films at the time of this article are considered,
structured into groups and their applicability and prospects are
critically evaluated.

2. Basic concepts of SEI

2.1 Formation, composition and structure of SEl: standard
and artificial

Standard SEl is formed naturally on the anode surface due
to reactions between metallic lithium and electrolyte
components [5]. It plays a key role in the stabilisation of the
anode surface and the protection against further electrolyte

decomposition and anode damage. The structure of the
standard SEl consists of electrolyte decomposition products
with different chemical nature, physical properties and
functional value. In this case, the structure can be either mosaic,
with chaotic arrangement of sections of different composition,
or layered. In the structure of the second type two layers can be
distinguished: internal inorganic and external organic layers.
The inner layer contains mainly inorganic compounds - oxides,
hydroxides and carbonates of lithium, formed as a result of
direct interaction of metallic lithium with the components of
the electrolyte. The outer layer is represented by organic
compounds obtained as a result of electrochemical
decomposition of organic solvents [6].

The nature of the electrolyte has a significant influence on
the chemical composition of the SEI film. For example, when the
fresh lithium surface was treated with different solvent vapours,
it was found that esters such as tetrahydrofuran and
1,3-dioxolane react with lithium to form the corresponding
polyester film, whereas in carbonate solvents such as dimethyl
carbonate, diethyl carbonate and propylene carbonate, the
composition of the SEI film includes LiOCO,R and LiR (where R is
an alkyl radical) [7].

The naturally formed SEl layer can be porous and unstable,
resulting in the formation of cracks and defects that can degrade
battery performance [5]. Dendrites grow through such cracks
leading to short circuits. In addition, part of the dendrites can
break off from the anode surface, which leads to the formation
of ‘dead’, i.e. electrochemically inactive, lithium (Figure 2) [6].

Therefore, the scientific world is extremely interested in
artificially creating SEI films that have a set of characteristics,
both chemical and physical, that would provide the lithium
metal anode with stable protection. Artificial SEl is created
intentionally using a variety of materials and methods. This can
be achieved through the pre-coating of a protective coating on
the anode or by adding special additives to the electrolyte that
form a stable SEI[8]. Artificial SEI usually has a more
homogeneous and controlled structure compared to standard
SEl. It consists of one or more layers with carefully selected
properties to maximise stability and efficiency [9]. This layer is
less porous and has higher mechanical strength, which reduces
the risk of cracks and defects.

Figure 2 — Schematic diagram of the cycling of bare (a) and artificial protective film-covered (b) lithium metal anode
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2.2 Methods of artificial SEI formation on lithium

The development of an artificial SEI layer with high ionic
conductivity, electrical insulation and good mechanical strength
is crucial to improve the stability of lithium metal anodes, as
this layer is able to prevent the formation of dendrites, ensuring
the long-term operation of a lithium metal battery.

At present, there are various methods of producing and/or
application of artificial films of interfacial electrolyte. The
simplest and least expensive method is coating by drying a
solution or suspension on the lithium surface in a glove box with
an inert atmosphere. In this case, the main methods of
application of the required material are three: dripping [10,11],
immersion [12-21] and smearing [22-27]. In this case, the least
uniform coatings are obtained by dripping, because a drop can
dry unevenly over the area. A more uniform coating is achieved
by immersing the lithium in the solution, but it is necessary to
ensure that the entire working surface is wetted. The most
uniformity can be achieved by applying the slurry with a doctor
blade, which is also one of the main methods for applying
electrode materials for batteries as it is one of the most reliable.
It is also worth mentioning the possibility of improving
uniformity in drip coating by rotating the electrode (Spin
coating) on a special machine, which is installed in a glove box
with an inert atmosphere, at a certain (optimal for each
material) speed until complete drying. The choice of method is
also significantly influenced by the consistency of the material
to be applied: viscous polymer materials are preferably applied
by smearing, whereas liquid materials are optimally applied by
dripping or dipping.

Due to the high activity of metallic lithium, the creation of
protective coatings by direct reaction of lithium with the
corresponding reagent, liquid or gaseous, deserves attention
[28-37]. The resulting film is thin and homogeneous, which is an
undoubted advantage, considering the rather low costs of this
approach. Chemical vapour deposition also belongs to this
method of coating production [38-46]. Another variation of this
approach is the polymerisation of the film on the surface from
a monomer solution [47-51].

The electrochemical deposition method also allows very
thin coatings to be obtained, and by varying the electrolyte
composition and deposition conditions, the resulting film can
be optimised to provide the required properties [52,53].

More expensive methods of protective coatings include
magnetron sputtering [54-58], atomic and molecular layer
deposition [59-63] and plasma activation [64]. They require
special equipment as well as a deep vacuum system. On the
other hand, the coatings obtained by these methods are
perfectly uniform and their thickness is clearly controlled by
the duration or number of cycles depending on the method.

3. Types of protective artificial coatings on lithium
3.1 Inorganic coatings

3.1.1 Alloys
The use of alloys of the surface layer of lithium with
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various metals is a rather effective method of anode protection.
Basically, such alloys are obtained either by the exchange
reaction of metallic lithium with halides of the desired metals
followed by mixing of the resulting pure metal with the
underlying lithium layer [12,13], by immersion of the lithium
substrate in liquid metal [14], or by magnetron sputtering of the
desired metal [54] on the lithium surface.

For example, the alloy of antimony with lithium in various
ratios was obtained by soaking the pure surface of metallic
lithium in antimony fluoride solution [12]. In this case, the SEI
protective layer consisted of a mixture of lithium fluoride and
lithium-antimony alloy. Due to the low diffusion energy and
strong adsorption of lithium to the obtained Li,Sb alloy, Li* ions
are rapidly transported to the lithium surface through the SEI
layer and concentrated there. The obtained electrode
demonstrated high cycling stability in a symmetric (Li vs Li) cell,
1100 h at a current density of 2 mA/cm?, as well as operation in
a lithium-sulfur battery for 60 cycles with an initial capacity of
325 W h/kg (1034.2 mAh/g).

A similar approach, but with chlorides, has been applied
to alloys of lithium simultaneously with a number of metals
including indium, zinc, bismuth and arsenic [13]. It was
determined that lithium deposition occurs through the electron
isolating surface layer of LiCl that forms over the alloy, with
further diffusion into the alloy layer with high ionic conductivity,
allowing rapid ionic transport of lithium and suppressing
dendrite growth. Batteries based on the alloy-modified lithium
anode and Li,Ti,0,, cathode exhibited a substantial stability of
1500 cycles at a current density of 2 mA/cm? with an initial
capacity of about 160 mAh/g and showed approximately the
same operating stability in a symmetrical lithium cell of more
than 1000 hours [13].

By immersing metallic lithium in an alloy of gallium and
zinc followed by exposure to air, a 10-nm layer of gallium oxide
was obtained, successfully protecting the lithium anode from
oxygen and moisture, which is able to inhibit the growth of Li
dendrites during cycling, as proved by the authors [14]. The
electrode exhibited excellent stability in the Li-S cell with more
than 500 cycles at currents of 0.5 and 1C with initial capacitances
of 750 and 650 mAh/g, respectively, and Coulomb efficiency
(CE) of 99.1%. The good electrochemical performance can be
attributed to the additional enhancement of gallium oxide at
the first cycles — the surface of the GaO /Li LM/LiM film is
lithiated to become LixGaOV, which may contribute to the ionic
conductivity of the coating.

A surface alloy of lithium with zinc was obtained by
magnetron sputtering, and such parameters as the current
applied to the Zn target, the distance between the substrate and
the target, and the ftilt of the substrate were varied [54]. Since
low current (deposition rate) and relatively small distance to the
substrate allow to obtain a more uniform and high-quality
coating, a combination of current, distance and tilt parameters
equal to 20 mA, 45 mm and 25°, respectively, was found to be
optimal. The obtained anode in a LiFePO, cathode (LFP) cell
showed a capacity of 92 mAh/g over 26 cycles at 1C current.
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3.1.2 Aluminium oxide-based coatings

The use of aluminium oxide (Al,0,) as a protective coating
on lithium metal is motivated by several important factors that
make this material especially attractive for use in lithium-metal
batteries: chemical stability, film hardness, possible ionic
conductivity, stability over a wide temperature range, and
compatibility with various application methods. In [22], the
coating was applied as a suspension of Al,O, nanoparticles in
polyvinylidene fluoride (PVdF) solution in dimethylformamide
with spin drying. In this case, a porous layer of optimal thickness
was formed, simultaneously preventing side reactions of lithium
with electrolyte components and not blocking the diffusion of
lithium ions.In a lithium-sulfur battery, the protected anode
showed a capacity of 800 mAh/g from the original 1200 mAh/g
after 50cycles, whereas the capacity of the battery with
unmodified anode dropped to 600 mAh/g under identical
conditions.

In another case, aluminium oxide nanopowder was mixed
with polyimide as a binder and carbon black as a conductive
additive, then applied to the surface of lithium foil with a
doctor blade [23]. The resulting porous ceramic layer both
protects the lithium from corrosion and provides space for its
deposition. However, even in combination with the addition of
fluoroethylene carbonate to the electrolyte, the capacity of
the cell with the LiFePO, cathode decreased by cycle 50 to 34
mAh/g from the initial 112, although at the same time the
unprotected anode showed a capacity of only 4.1 mAh/g after
only 3 cycles.

An alternative method of AlLO, film deposition was
magnetron sputtering — the 20 nm thick coating provided layer-
by-layer uniform deposition of lithium on the film, which
allowed the symmetrical cell with solid electrolyte to operate
stably for 660 hours at a current of 0.1 mA/cm? [55]. An even
thinner coating layer of the same composition, only 2 nm, was
deposited by layer  deposition (ALD)  using
trimethylaluminium and water as precursors [59]. The main

atomic

advantages of this method of anode protection were the
possibility of coating at temperatures below the melting point
of lithium and the ability of aluminium oxide to create a stable
film of LIAIO, composition with lithium ionic conductivity. The
protected electrode worked stably at a current of 1 mA/cm? for
more than 1200 cycles.

In another example, a thicker coating of 14nm was
deposited using this method, with plasma oxygen as the
precursor instead of water [60]. The composition of the forming
compound is slightly different — Li ALO,, probably due to the
use of a different precursor, but the film parameters remained
generally unchanged: a lithium-sulfur cell with a protected
anode after 100 cycles retained 87.5% of the capacity from the
original 1200 mAh/g, whereas with unprotected — only 50%.

The authors of [61] studied the surface wettability of pure
lithium and coated 4 nm aluminium oxide using the ALD method,
and found that the coating increased the wettability for ether
and carbonate electrolytes. This resulted in a more uniform SEI
film during cycling, which enabled the Li-Cu system to operate

for 180 cycles at a current density of 1 mA/cm? and a Coulombic
efficiency close to 100%.

3.1.3 Coatings based on silicon compounds

Silicon is also used as an anode for lithium-ion batteries
instead of graphite because it has a capacity comparable to
lithium metal. However, its significant disadvantage is the
dramatic increase in volume when lithium is intercalated, which
leads to destruction of the silicon anode and deterioration of
battery performance. At the same time, protective coatings for
lithium anode based on this element are actively used and show
good results. Thus, as a result of reaction of tetraethoxysilane
with metallic lithium in the presence of trace amounts of water,
a coating of Li,SiO, composition was formed, which contributed
to the increase in the operating life of lithium-metal battery
with LFP cathode — the capacity after 500 cycles remained at
the level of 103 mAh/g, while the capacity of the cell with pure
lithium decreased to this value after 300 cycles [28]. The
increase in stability is explained by the presence of polar
functional groups in the coating, which adsorb and redistribute
lithium, preventing it from accumulating on the protrusions,
thus preventing the growth of dendrites.

The solid-state batteries used a silicon and sulphur-based
protective layer, also produced on lithium by a two-step
reaction with lithium polysulphide and silicon tetrachloride:

Li+Li,S,=Li@Li,S, (1)
Li@Li,S, +SiCl, =Li@Li Sis, (2)

The protected anode showed stable operation for more
than 2000 h at a current density of 0.5 mAh/cm? in a symmetric
cell and more than 100 cycles in a cell with a LiCoO, cathode
with a discharge capacity of 110 mAh/g, due to the combination
of excellent ion transport through the protective layer to the
anode and isolation of the anode itself from interaction with
the electrolyte.

A combined protective film with a predominance of silicon
constituents was obtained by soaking lithium in a
3-mercaptopropylmethyldimethoxysilane solution for 10 min,
leading to the formation of reaction products such as LiF, Li,S,
Li,CO,, and Li,SiO, which proved capable of providing stable
cycling with the LiFePO, cathode at a rate of 0.5C for 150 cycles
with a capacity of 100 mAh/g [15], which is attributed to the
lithiophilicity of the mercapto groups and the mechanical
strength of Li,SiO,.

An alternative, metallurgical method was used to create a
lithiated anode consisting of a Li,O matrix with Li Sinanoparticles
[65], and 90 cycles of stable operation of a cell with an LFP
cathode at a current of C/5 and a discharge capacity of 120
mAh/g were achieved. An important advantage of this structure
isthe presence ofindividual protection of each Li Sinanoparticle,
which eliminates the risk of mass corrosion of the anode in case
of local damage of the protective layer of lithium oxide and
increases the lifetime of the anode.
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The chemical vapour deposition method has also been
used for this type of coatings. In this case, the protective coating
itself consists mainly of silicates [38,39]. For example, the hybrid
organic-inorganic silicate coating was able to simultaneously
suppress the growth of dendrites and ensure the strength and
flexibility of the interfacial film, due to which the sulfur cathode
cell retained a capacity of 693 mAh/g with a Coulomb efficiency
of 96.6% after 300 cycles [38]. It is also worth noting the good
ionic conductivity of Li,Sio,, providing lithium transport through
the coating.

In a more complicated way, using electron cyclotron
resonance-chemical vapour deposition technique, a protective
interfacial film with a hierarchical layer-by-layer structure was
obtained: amorphous a-SiO,, lithiated silicon oxide and lithium
silicide [39]. In this case, during the cycling process, a partial
transformation of a-Si0,, which has no lithium ion conductivity,
into Li,SiO,, which is an ionic conductor, takes place, with the
amount of lithium silicate depending on the thickness of the
initial material. Moreover, the strength of silicon oxide also
increases after lithiation, from 118.3 GPa to 141.1 GPa, which
provides an additional barrier for dendrite growth. A 92.5 nm-
thick a-SiO, lithium-sulfur cell with a-SiO, showed the best
performance with 655.7 mAh/g after 100 cycles and the highest
lithium diffusion coefficient (7.06 x 10"** cm?/s).

3.1.4 Nitride-based coatings

Nitride (Li,N) coatings represent a promising solution for
protecting metallic lithium in lithium metal batteries due to
their high chemical and thermal stability, ionic conductivity,
ability to resist dendrite growth and mechanical strength.
These coatings can significantly improve the performance and
safety of lithium batteries. The simplest way to produce such
film is the direct reaction of metallic lithium with nitrogen [40].
The resulting lithium nitride layer is dense and consists of large
grains bonded together, which makes it mechanically stable
even under severe bending, and its high ionic conductivity
(5.2x10* S/cm) allows maintaining a capacity of 160 mAh/g at
1C with a sufficiently large electrode thickness of 20 um for 500
cycles paired with a Li,Ti,O,, cathode [40]. In addition, the
composition and properties of films obtained by a similar
method in the atmosphere of four gas mixtures: Ar, CO,-O,
(2:1), N, and CO,-0O,-N, (2:1:3) were studied [41]. By different
techniques (X-ray diffraction (XRD), secondary ion mass
spectrometry (SIMS), and scanning probe spectroscopy), the
coatings were found to consist of Li,CO, (when reacted with
CO0,-0,), Li,N (when reacted with N,), and their mixture (when
reacted with CO,-O,-N,). Lithium carbonate forms a denser and
more uniform film than nitride, but is highly resistive and
unstable in the presence of polysulfides, unlike Li,N, which is
able to block their movement to lithium, so the best properties
were shown by the coating obtained by reaction with a mixture
of CO,-0,-N, (2:1:3): the symmetric cell showed good (compared
to the one precured in argon) stability for 280 cycles at
1 mA/cm?, and the lithium-sulfur cell showed 100 cycles at
65 uA/cm?.
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The authors of [42] studied the effect of water vapour
impurities (~1 mol%) in nitrogen during coating by this method
and found that a porous film is formed and qualitative
passivation of lithium is not achieved, whereas in dry gas the
film is dense and uniform.

A more complicated approach to the reaction of the
lithium and nitrogen surface using plasma activation for two
minutes was not justified: the ionic conductivity of the obtained
coating was 5.02x10* S/cm, as in the case of a simple chemical
reaction [40], and the discharge capacity of the Li/LiCoO, cell
was 135 mAh/g at 1C after 100 cycles [64].

3.1.5 Application of phosphorus compounds as coatings

Phosphorus compound-based coatings also attract
significant attention for the protection of metallic lithium in
lithium-metal batteries. These materials have unique properties
that make them promising for improving battery efficiency and
safety. The main component in phosphorus-containing
protective films on lithium is most commonly Li,PS, [30,31],
LiPON [66,67] or Li,PO, [56]. Depending on the composition of
the coatings, different methods are used to form them. For
example, a 60nm thick lithium phosphosulfide film was
obtained by chemical reaction between metallic lithium and
PSS, in N-methyl-2-pyrrolidone [30]. The electrochemical
stability and high ionic conductivity allowed the protected
anode to be cycled in a lithium-sulfur cell for 400 cycles at a
high rate of 5 A/g with a capacity of 800 mAh/g.

A similar coating was obtained using other precursors, P.S,
and S in tetrahydrofuran, but the stability of the coated anode
in a lithium-sulfur battery was lower, only 20 cycles at a capacity
of 803 mAh/g [31]. The possible reason is the presence of
impurity phases other than Li,PS, in this example, as explained
by the authors of the paper.

The method of deposition from nitrogen plasma is more
labor-consuming, since it requires the creation of a nitrogen
atmosphere and electron bombardment, but at the same time
the formed coatings are characterized by greater uniformity
and density. Thus, lithium phosphorus oxynitride film (LiPON)
obtained on lithium allowed to cycle symmetric cells at a current
of 3 mA/cm? for 900 cycles, and Li-S battery configuration
“pouch cell” with a specific energy density of 300 Wh/kg —more
than 120 cycles with preservation of capacity of 1 Ah from the
initial 1.5 Ah, with the maximum value held to 60 cycles [66].
Such high performance is due to the fact that this coating meets
one of the most important requirements for SEl films: its ionic
conductivity (1.79x10°® S/cm) is significantly — by 6 orders of
magnitude - higher than the electronic conductivity (1.04x10?
S/cm).

A coating of the same composition was obtained by
radiofrequency reactive evaporation using lithium phosphate
as a target [67]. The protected electrode was tested at different
energy densities, and the stability limit of 350 Wh/kg was
established, above which a large mass of deposited lithium
leads to the appearance of cracks, causing non-uniform current
density and shortening the lifetime of the tested elements. A 30
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nm thick Li,PO, composition coating with low electronic and
ionic  conductivity  (1.4x10°S/cm and  2.8x10%S/cm,
respectively) and amorphous nature was obtained by
magnetron sputtering [56]. The stability performance of the
coated anode in a lithium-sulfur cell was 200 cycles at 0.5 C with
only 52% capacity retention from the original 900 mAh/g, which
is significantly lower than that of the LiPON coating [66].

3.1.6 Application of sulphur compounds as coatings

Coatings based on sulphur compounds are also considered
promising for protecting lithium metal in lithium metal batteries
due to their unique characteristics that can significantly improve
the performance and safety of lithium anodes. Concerning
sulfide-based protective coatings on lithium, it is worth noting
that the applied thickness is very small, probably to reduce the
resistance of the resulting layer. Accordingly, methods such as
atomic layer deposition [62] and sputtering [57] are used to
deposit extremely thin films. By the first method, a 50 nm thick
aluminium-lithium sulphide (LixAIyS) coating was obtained [62],
which allowed the cycling of a Li/Cu cell with a protected anode
for 700 cycles at a current density of 0.5 mA/cm? and a CE of
97%, due to a sufficiently high ionic conductivity (2.5 x 107 S/
cm) and effective suppression of dendrite growth.

An even thinner layer, only about 10 nm, was obtained by
sputtering MoS, layered material on lithium metal [57]. Paired
with a carbon nanotube and sulphur cathode, the protected
anode showed excellent stability with a high specific energy
density of 589 Wh/kg — 1200 cycles with a Coulomb efficiency
of 98%. The energy density obtained is 40% higher than the
ultimate energy density found for the LiPON-coated anode [67],
indicating the greater efficiency of the molybdenum disulfide
protective film. This is explained by its layered structure, in
which lithium ions intercalate, improving lithium transport
through the film and reducing the interfacial resistance.

3.1.7 Application of fluorine compounds as coatings

One of the most popular types of protective coatings on
lithium is lithium fluoride, since it not only provides good anode
performance, but is also capable of spontaneously forming on
the lithium surface in fluorine-containing electrolytes. At the
same time, the rate of SEl film formation in solution during
cycling is almost impossible to control, so artificial coatings
based on this compound are considered as a more practical
option. Nevertheless, it is still quite effective to obtain LiF
coating by chemical reaction in solution [32-34] under controlled
conditions. For example, the reaction of lithium metal with a
solution of polyvinylidene fluoride in dimethylformamide
produced a LiF-rich film that allowed stable cycling for 300
cycles at 3 mA/cm? in a symmetric cell [32], due to the
suppression of side reactions with the electrolyte and
dendrite growth.

To obtain an uniform and monophasic LiF protective film,
it is necessary to use solvents of high purity, without water
impurities, because an wundesirable by-product, lithium
hydroxide, may be formed in addition to the target product

[33]. Using NH_HF, in high purity dimethyl sulfoxide (DMSO) as a
precursor (>99.9%), a lithium anode with LiF protective coating
was obtained and was cycled for 400 h at a high current density
of 5mA/cm? in a symmetrical cell. This coating possessed a
cuboidal structure that reduced its interfacial resistance, and its
high pore content allowed lithium to first fill the pits in the
anode with lithium and then deposit the metal in a flat layer,
which provided a more efficient utilisation of the space
in the cell.

An original approach was used in [34]: an exchange
reaction between lithium and copper fluoride produced a
lithium fluoride film of mosaic structure with copper atoms on
the grain faces, which created additional channels for lithium
diffusion and increased ionic conductivity. The anode with this
coating was cycled in a symmetric cell for 830 h (2000 cycles) at
a current of 2.5 mA/cm?, which is noticeably better than with
previously described LiF films.

The production of fluorinated protective films is also
achieved by reaction in the gas phase by methods such as
chemical vapour deposition (CVD) [43,44] and atomic layer
deposition (ALD) [63]. In a homemade reactor, metallic lithium
reacted with gaseous fluorine generated by heating the CYTOP
fluoropolymer to 350°C to produce a sufficiently thin (380 nm)
and pure lithium fluoride layer without direct manipulation
with the highly toxic fluorine, which facilitated the cycling of a
symmetric lithium cell for 300 cycles at 5mA/cm? [43]. The
ability to cycle at such a high current density was ensured by the
structure of the obtained film: ion transport was carried out
along the grain faces of microcrystals with dimensions
of 5-10 nm.

A LiF coating was obtained by chemical vapour deposition
using PVDF as a precursor: when heated to 400°C, HF was
released and reacted with metallic lithium [44]. The application
of high temperature was not justified by the performance of the
protected anode compared to that obtained in solution: only
200 h in a symmetric cell at a current density of 0.5 mA/cm?;
moreover, the charge-discharge profiles for bare lithium and
the coated one practically overlapped.

Much better cycling performance was demonstrated by
lithium also coated with lithium fluoride, but by the ALD method:
260 hours at twice the current density of 1mA/cm?[63].
It is worth noting that the thickness of the protective layer was
only 8 nm and the coating process took place at 150°C, which
confirms the greater efficiency of this coating method compared
to CVD. Also, the lithium fluoride in this film was characterised
by high purity (>99%), shear modulus (58 GPa) and excellent
isolation for lithium from the electrolyte.

3.1.8 Lithium surface iodisation

Lithium iodide is also used as a protective coating, for the
same reasons as LiF — high ionic conductivity, uniformity of the
coating and its flexibility, and it is applied mainly by chemical
method in various environments. In the gas phase, an artificial
film was obtained by the reaction of lithium with iodine vapour
and promoted stable cycling of a Li-Li cell for 700 h at a current
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density of 1 mA/cm? [35]. The coating obtained by the reaction
in the gas phase is significantly cleaner and thinner than that
obtained by immersion in solution, which allows to increase the
uniformity of the layer and, consequently, its stability, and to
reduce the resistance of lithium ion transport to the anode.

The coating obtained from the reaction of lithium with
iodic acid consisted of Lil and LilO, and with it the stability
performance was worse: at 1 mA/cm? the symmetric cell
worked only for 100 hours [36]. The reason for this could be less
homogeneity of the film and thus less uniform deposition/
dissolution of lithium on the anode.

The composition of the protective film based on the All,
precursor is more complex: formed Lil salt at the interface
between lithium and the reagent solution and formed Li-Al alloy
in the upper metal layer with aluminium reduced as a result of
the reaction, as well as organic inclusions of dioxolane
oligomerisation products. It allowed the protected anode to
operate in a lithium-sulfur cell for 100 cycles at 0.5C and 950
mAh/g, and in a symmetric cell for 100 cycles at 2 mA/cm? with
a CE of about 90% [37].

3.2 Organic coatings

3.2.1 Polymers

Compared to inorganic compounds, organic compounds
have the advantages of diversity of molecular design and
flexible mechanical properties and are therefore widely used to
create artificial SEls with different products both in
electrochemical reduction and in the chemical reaction of
lithium with organic electrolytes (salt, solvent,
additives). The main difference of organic polymer protective
films is their elasticity, which allows them to adapt to changes in
the volume of lithium during deposition, as well as to prevent
the penetration of dendrites to the cathode. The main methods
of deposition of this type of coatings are immersion (soaking) in
the polymer solution and spreading the suspension by means of
a doctor blade. Thus, by immersing lithium wafers for only a few
seconds in a solution of a mixture of polyethylene oxide and
wax in toluene, followed by drying at a relatively low
temperature of 60°C, a coating stable both in air and when
immersed in water was obtained [18]. Meanwhile, the wax
perfectly insulated the surface of the lithium anode, protecting
it from corrosion, and the polyethylene oxide provided ionic
conductivity, while slowing down the flow of lithium ions due to
their electrostatic interaction with the polar groups of
polyethylene oxide (PEO), resulting in a more uniform layer of
deposited lithium. The protected lithium also showed good
electrochemical performance, with 500 hours of cycling at a
current density of 1 mA/cm?in a symmetric cell and retention of
776 mAh/g capacity after 300 cycles at 0.5 C in a lithium-
sulfur cell.

Significantly longer immersion — 1.5 hours — was required
to create a protective film of polydimethylsiloxane (PDMS), but
the result did not justify the time consumption: with the same
number of cycles, the lithium-sulfur cell showed a lower
capacity at a lower rate of 0.2C — 737 mAh/g [19]. The exact
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composition of this protective film has not been determined
due to the complexity of the polymer composition and the
difficulty in dealing with lithium in the physicochemical study,
but it is claimed that a compound of PDMS-Li composition is
formed which has lithium ionic conductivity, unlike the
original polymer.

A polyvinyl alcohol (PVA) coating was applied to the anode
surfaces using different methods: doctor blade on copper foil
and dripping on lithium foil [24]. In both cases, the foil turned
out to be quite uniform and allowed stable cycling: more than
630 cycles at a current density of 2 mA/cm? with a CE of 98.3%
in Li||Cu cells and maintaining after 800 cycles at 1C the capacity
at 600 mAh/g (80% of 750 mAh/g initial) in Li-S cells. Here it is
worth noting that the contact of PVA, possessing polar hydroxyl
groups, with lithium salts in the electrolyte forms a solid
polymer electrolyte with good lithium conductivity, that is, this
artificial layer participates in the process of formation of the
natural SEI film, giving it the desired properties - the ability to
suppress dendrites and ensure uniform deposition of lithium.

A coating of polyvinylidene fluoride (PVdF), which has
excellent mechanical stability, was applied as a suspension to
the lithium surface and dried for 5 days in a box. The low ionic
conductivity combined with a rather large thickness of 28 um
could completely block the transport of lithium ions to the
anode, but the porous structure of this polymer may have been
the reason for the good capacity retention during cycling at high
4C rate — 80% capacity (92 mAh/g) after 500 cycles paired with
a LiFePO, cathode [25].

The agarose protective film was even more effective
under similar conditions, with a high stiffness of 65 MPa,
allowing it to easily suppress dendrite growth [26]. The cell with
LiFePO, after 500 cycles retained 87.1% of capacity (102 mAh/g
from 117.1 initial ones) also at 4C.

3.2.2 Copolymers

Good results have been achieved by using protective
coatings made of copolymers of different nature. Their main
advantage is the complementarity of the properties of their
constituent monomers, for example, one can provide high
mechanical strength and elasticity, while the second -
responsible for the diffusion of lithium ions to the surface of the
anode under the film. One such coating was the thinnest, only
70 nm, film on lithium, which consisted of a copolymer of
poly(ethylene oxide) (PEO) and ureido-pyrimidinone (UPy) [47].
UPy was responsible for the mechanical properties — self-
healing and elasticity — while PEO promoted excellent lithium
ion diffusion, which allowed the symmetric cell to cycle for 1000
h at 5mA/cm’ and the cell with LiNi Co ,Mn .0, (NCM)
cathode to retain 84.2% capacity (124.8 mAh/g) after 200 cycles
at 1C. Itis also interesting that despite the solubility of the PEO-
UPy copolymer separately in the mixture of solvents used to
prepare the electrolyte (1,3-dioxolane (DOL) and
1,2-dimethoxyethane (DME), v/v — 1:1), it is stable as a coating
on lithium in the same mixture, which can be explained by the
strong bonds formed with metallic lithium. Another film,
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obtained by dripping on copper, consisted of a poly(styrene-
butadiene-b-styrene) block copolymer, with an optimum
monomer ratio of 40:60 (styrene:butadiene), which provided
stability over 100 cycles with 147 mAh/g (89%) capacity
retention at 0.5C[48]. Here, both components provided
mechanical stability: the more rigid styrene provided strength
and the softer butadiene provided elasticity and adhesion on
the anode surface. Polyvinylidene fluoride (PVdF), which is
widely used as a binder, showed good performance in a
copolymer with hexafluoropropylene (HFP) cross-linked at
150°C — symmetrical cells were stably cycled for more than
500 h at a current density of 0.5 mA/cm? [49]. In this case, PVdF
exhibited mechanical and electrochemical stability, whereas
HFP promoted hydrophobicity and ionic conductivity due to the
increased fluorine content in the film.

An ethylene-vinyl acetate copolymer applied by immersing
lithium in an appropriate solution was also proposed as a
protective coating [50]. A significant improvement of anode
performance was expected due to a large number of ether
polar groups increasing ionic conductivity, and hydrophobic
methyl and methylene groups, were supposed to protect
lithium from interaction with water and air. However, its
efficiency appeared to be insufficient: in a cell with NCM
cathode at a rather low rate of 0.1C, the capacity decreased
from 150 mAh/g to 121 mAh/g after 100 cycles, which is
significantly inferior to the values obtained with the same
cathode and anode with PEO-UPy film [47].

The unusual structure of the protective coating, formed
by interconnected poly(styrene/divinylbenzene) copolymer
microspheres capable of suppressing the growth of dendrites
due to the pressure on them, which is further enhanced by the
bonds between the microspheres, and controlling the
distribution of deposited lithium, demonstrated good cycling
stability [51]. The capacity of modified lithium paired with a
LiNiCoAIO, (NCA) cathode decreased to 90% only after 190
cycles at 1.45 mA/cm?, while for pure lithium this limit was
reached already after 140 cycles.

3.3 Hybrid organic/inorganic coating

In addition to organic coatings, inorganic
additives are also used to pre-modify the surface of the lithium
anode, thus precisely adjusting SEl parameters such as flexibility,
ionic conductivity, mechanical properties and SEI distribution.
Double and even triple hybrid coatings are also used to protect
lithium anodes. In this case, they are composed of both inorganic
and organic substances that fulfil different complementary
functions. Most often, the harder inorganic component provides
mechanical strength and suppresses dendrite growth, while the
softer organic component maintains film integrity through
elasticity and flexibility. In addition, depending on the properties
of the individual components, hybrid films can have high ionic
conductivity, hydrophobicity and good compatibility with
lithium electrolytes.

The peculiarity of using oxides as an inorganic part of
hybrid films is high mechanical strength of the film under the

insoluble

condition of uniform distribution. This is the contribution made,
for example, by titanium oxide representing the top layer, while
the bottom layer consists of polyperfluorodecylmethacrylate
(PFDMA) and provides a qualitative interaction between the
anode and the penetrating lithium ions [68]. Due to this
protection, the symmetric cell operates for 800 hours and the
full LiFePO, | |Li cell for 300 cycles with a capacity of 136.7 mAh/g
at 1C rate. A more complex composition including zirconium
oxide and a dielectric polymer, PVdF-HFP, with the addition of an
electrolyte to enhance ionic conductivity is not separated by
layers and is a homogeneous film [69]. In this case, PVdF-HFP
provides ionic conductivity, while the rigid zirconium oxide
ceramic structure provides mechanical protection to the anode.
The lithium anode modified with this film was tested with a
LiMn_O, cathode at a current density of 0.5C, giving a capacity of
just under 90 mAh/g after 400 cycles. This was 87.2% of the
initial capacity, only slightly higher than the result of unprotected
lithium - about 81% was retained under the same conditions.

In another example, a protective layer of lithiated Nafion
and aluminium oxide was developed for a lithium-air battery,
and it was experimentally found that without the inorganic
component, the film performance is only slightly superior to
that obtained on pure lithium [70]. This is clearly confirmed by
scanning electron microscopy (SEM) images after cycling, where
a dendrite-covered surface is observed on pure and Li-Nafion-
only coated lithium, while on the Li-Naﬁon+AI203 coated anode
the surface is smooth. The positive effect is attributed to the
combination of arigid inorganic framework blocking the growth
of dendrites and a chemically stable polymer with respect to
oxygen. Regarding electrochemical stability, the hybrid film
allowed the symmetric cell to operate for 1000 h at 0.5 mA/cm?,
and the lifetime of the uncoated and Li-Nafion anodes was 150
and 190 h, respectively. The protected lithium was also tested
in a Li-O, cell at a current density of 0.2 mA/cm?, where it
showed a high capacity of 2000 mAh/g over 40 cycles with
cathode replacement after 32 cycle.

Unlike the Li-Naﬁon+AI203 coating, in which the oxide
acted as a framework, the coating with the same organic part
and an inorganic one made of garnet, Li, ,,La,Zr, .. Ta ,.0,,, is
bilayer [71]. The top layer of Li-Nafion provided elasticity, while
the bottom layer provided stiffness and fast ion transport.
However, the symmetric cell test showed the lower efficiency of
this coating: at a current of 1 mA/cm?, the lifetime of the
protected anode was only 210 hours, while on pure lithium this
value reached 120 hours, i.e. the improvement is noticeably less
than with the Li-Nafion+Al,0, film.

Artificial protective film of copper nitride nanoparticles
and styrene-butadiene rubber (Cu,N+SBR), was applied to the
surface of lithium by the method of “doctor blade” in the form
of colloidal solution in tetrahydrofuran and incubated for
2 days [27]. Upon contact with lithium, Cu,N nanoparticles were
transformed into Li,N, so that the protective layer had good
lithium ion conductivity and mechanical strength, while the
polymer component provided flexibility. The porous lithium
anode obtained by embedding molten lithium into zinc oxide-
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coated polyimide nanofibres exhibited stable operation at 0.5 C
for at least 90 cycles with a Coulombic efficiency of 97.4%.

The inorganic part could also be represented by a lithium-
metal alloy formed by the reaction of the salt of this metal with
the lithium surface. The Li/Sn alloy promoted excellent diffusion
of lithium ions, and poly(tetramethylene glycol ether) obtained
by polymerisation of tetrahydrofuran gave the coating
hydrophobicity [72]. Due to this protection, the anode operated
stably for 1000 h in a symmetric cell at a current density of 1
mA/cm? and 300 cycles in a lithium-sulfur battery with a
capacity of 766.3 mAh/g at 0.5C. An alloy of the same
composition was prepared by a similar method, but tin fluoride
rather than tin chloride was used as a precursor, due to which
the composite film also included LiF [73]. The organic outer
layer was also different and consisted of PVdF-HFP, but
performed similar functions as in the previous example. Despite
lithium fluoride, known to have a positive effect in similar films,
the Li-Li cell operated for only 350 h at the same rate and the
capacity of the Li-Li battery also at 0.5C decreased after 100
cycles to 870 mAh/g (in [72] the capacity after 100 cycles was
1050 mAh/g). On the other hand, it is possible that there is a
difference in the efficiency of the organic part of these coatings,
but there are no clear arguments either in favour or against this.

LiF was also included in the complex inorganic part of the
LiFNS-PPL film, which consisted of LiF, Li,N, Li,S and a porous
polymer layer (PPL) [74]. This prevented direct contact of
lithium with the electrolyte, but kept the possibility of ion
diffusion through the pores, thus achieving uniform lithium
deposition. The initial capacity of the Li||[NCM cell with the
protected anode was 4.7 mAh/cm? (214 mAh/g) at 0.2C, but
after 200 cycles it almost halved to 2.5 mAh/cm?.

The coating with an inorganic component based on lithium
phosphate and an organic component based on PEO also
showed excellent results: 1638 hours in a symmetric cell at a
current density of 1 mA/cm? and 300 cycles paired with an LFP
cathode at 0.5C with 93.1% capacity retention (135 mAh/g from
an initial 145 mAh/g) [20]. The organic PEO polyester layer
showed useful properties such as flexibility (to adapt the anode
to volume changes), chemical inertness, and tight film adhesion
to the lithium, which could also contribute to the stability of the
anode performance.

In the work [75], where the protective layer consisted of
the organic component -COPO,-, -(CO),PO,- and -(CO),PO-,
obtained by immersing the lithium in a polyphosphoric ester
solution, while at the same time an inorganic layer, of lithium
phosphate, was formed. The stability of the symmetric cell at a
current density of 1 mA/cm? was 2000 hours, and the complete
Li||LiFePO, cell showed an initial capacity of 150 mAh/g at a rate
of 1C and retained 115 mAh/g after 300 cycles.

The layered MXene material has already shown its
efficiency when used as a matrix for lithium deposition [17], but
in [76] it is already used as a protective coating within a hybrid
film where the organic component is represented by methyl
methacrylate (MMA). Due toits high ionic conductivity (1.65x10"
3S/cm) and MXene’s ability to inhibit electrolyte decomposition
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side reactions, the protected anode in a Li| |LiFePO, cell retained
a capacity of 106.6 mAh/g even after 1000 cycles at 1C rate
(after 300 cycles, 130 mAh/g from 135 initial cycles).

A complex three-layer film on lithium was obtained by a
three-stage method, and each layer was applied differently:
first, the lithium disc was immersed in a polyethylene oxide
(PEO) solution for a few seconds, then a lithium-aluminium-
titanium-phosphate (LATP) film was pressed into the first layer,
and the third stage was the filling of microcracks in the middle
layer with melted wax [11]. The main advantage of wax over
other variants of the outer layer composition is the absence of
pores, which allows the anode to be completely isolated from
air and electrolyte components, which is extremely important
for lithium-air batteries. The protected anode in this type of cell
operated in a wet (5% water) electrolyte for 200 cycles with a
constant capacity of 1.5 mAh/cm?. The paper also states that
symmetrical cells with pure and coated lithium were cycled at
different current densities (0.015 mA for coated and 0.15 mA
for uncoated), but does not state the basis for this. It makes
sense that when cycled at 10 times less current, the coated
anode is stable for a greater number of cycles and one might
assume that it should also perform better than the uncoated
anode at 0.15 mA current. However, this cannot be stated due
to the lack of results obtained under equal conditions.

3.4 lonic liquid based coatings

An alternative approach to creating artificial SEl protective
films on lithium is to pretreat the metal surface with an ionic
liquid-based electrolyte to form a coating of the desired
composition. lonic liquids are salts capable of being in a
dissociated liquid state at a low (ideally, room temperature)
without the addition of solvent. In this case, the principle of SEI
films production is the same as that of natural formation in a
battery: chemical decomposition of the electrolyte with
deposition of products on the surface [21] or electrochemical
decomposition [52,53] occurs. The difference is that after
pretreatment, an electrolyte of a different composition is used
for anode tests.

By simple immersion in ionic liquids of different
compositions, LiFSI/[C,mPyr*][FSI], LiPF /[C,mPyr][FSIT and
LiAsF /[C,mPyr*][FSI'], protective coatings on lithium were
obtained by allowing Li|LiFePO, cells to cycle for 1000 cycles
with a Coulombic efficiency of >99.5% at 1C with an average
capacity of 60 mAh/g [21]. Compounds such as LiF, Li,CO,, NSO,
[C,mPyr]*, [FSI]" were present in the composition of all the
protective films, the film obtained in the electrolyte with LiFSI
salt addition also contained LiOH, LiSOF, Li,S and propyl
pyrrolidine, with LiPF addition - PF , LIOH and methyl pyrrolidine
, With LiAsF_ addition — propyl pyrrolidine and Li,SO,F. However,
the anode incubation time in solution to form an effective film
is 12 days, and in addition, salt additives such as LiFSlI, LiPF, or
LiAsF, are used, which may increase the cost of this approach.

In another example, 10 charge/discharge cycles with a
current of 1 mA/cm? (both charge and discharge time was one
hour) were carried out in an electrolyte of composition 1:1
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P.,,,FSI:LIFSI, after which the protected electrode was removed,
washed with dimethyl carbonate and dried in a box atmosphere
without heating. As a result, an interfacial film was created that
blocked the effect of not only water but also air in the organic
electrolyte [52]. The authors also compared the quality of the
coating obtained in dry and wet electrolytes and found that it
was better in the absence of water: after 50 cycles at 0.5C, the
cycling overvoltages were 0.6 V and 6.24 V, respectively, in a
symmetrical lithium cell. An artificial protective film, also
obtained by electrochemical method in an ionic liquid diluted
with 1,3-dioxolane (LiFSI-2G4-50 vol% DOL), allowed the
protected lithium to cycle stably at a current density of 5 mA/
cm? and a Coulomb efficiency above 99.98% for almost 650 h
[53]. This high stability was observed due to the strong
interaction between the protective coating and lithium,
resulting in uniform lithium deposition without dendrites.

4. Comparison of artificial SEI films of different
compositions in terms of efficiency based on their
electrochemical performance

During the review of various protective coatings, the
advantage of lithium anodes with artificial SEI films over
unmodified lithium in terms of electrochemical performance
has been observed, even in cases where the difference was
minimal.However, by comparing the efficiencies of artificial
films obtained in different works, conclusions can be drawn
about the quality of lithium anode protection in each case. Such
a comparison was made among the 70 papers presented in this
review, and among them, for each type of coating, the papers
with the most outstanding performance are present. The
comparison took into account the currents, capacitance and
stability of anodes in different cell types: Li-Li, Li-S, Li-O,, Li-LFP
and others.

As a result, the 20 papers with the best combination of
characteristics were identified and are presented as a table in
the order of mention in this review for clarity (Table 1). For Li-Li
and Li-Cu cells, data for current densities of 1 mA/cm? were
given when available.

The most promising deposition methods are dipping and
casting, due to the lack of need for expensive equipment and
high temperatures, as well as the ability to work with almost
any substance, both inorganic and organic. Methods such as
ALD, MLD, CVD and magnetron sputtering, on the one hand,
allow the deposition of nano-scale films, but on the other hand,
they are performed with expensive equipment, not available in
every laboratory or production facility, and their applicability is
limited to compounds with specific properties (individual for
each method).

As can be seen from Table 1, the conditions of the cycling
stability tests vary noticeably between papers, so it is extremely
difficult to rank the effectiveness of protective coatings. Despite
this, the protective coatings obtained for the different types of
full cells (Li-S, Li-air and Li-metal-oxide) were compared and the
best variants for each type in terms of capacity and stability

values were selected as accurately as possible due to the
different cycling rates. For the Li-S battery, the best combination
of capacity and stability can be achieved with Li,PS, (400 cycles
with a capacity of 800 mAh/g at a high rate of 5 A/g (3C)) and
Mos, (highest capacity and cyclability at 0.5C, 940 mAh/g and
1200 cycles, respectively) protective films. The lithium-air
battery exhibits the highest efficiency when the lithium anode is
protected by a graphene film — 230 cycles with a capacity of
1000 mAh/g at a cycling rate of 200 mA/g. In the case of
batteries with lithium metal-oxide cathodes, two different
approaches to anode protection proved to be the most
promising: a protective film of Li-In, Li-Zn, Li-Bi and Li-As alloys
(at 5C current, almost theoretical capacity of 160 mAh/g and
1500 operating cycles) and a lithium deposition matrix of
Ti,C,T /Cu (3500 cycles at a very high cycling rate of 10C while
maintaining a capacity of 85.5 mAh/g).

In addition, the cycling results can also be influenced by
many parameters, ranging from the electrolyte composition to
the temperature of the experiments. All this raises the question
of the critical necessity of creating a rigorous standard for
testing various kinds of battery material improvements, not
only for the area chosen in this review but for others as well. We
recommend implementing this standard condition for battery
performance evaluation at the first stage and adding other
parameters afterwards.

Based on the reviewed papers, we propose a number of
the most optimal test parameters, and either average or most
common values have been chosen. Standard values have been
established for the following parameters, and both options (for
both milderand more severe test conditions) are recommended:

— current density (for symmetrical cells) - 1 and 10 mA/
cm?;

— current (for full cells)-0.1 Cand 1 C;

— potential scan rate - 0.1 and 1 mV/s;

— number of cycles in the stability test - 500 and 2000;

— electrolyte composition -1 M LiPF, in EC/DMC (1:1);

— cell (or system) type - symmetric (Li||Li) and the most
suitable type of full cell (Li-S, Li-LFP or Li-O,).

5. Conclusion

In this review, various artificial protective films on lithium,
their structure, nature, and the mechanisms that enable them
to improve the stability of lithium metal batteries have been
discussed. It was found that the most common beneficial
functions among most films are chemical and mechanical
stability, high ionic and low electronic conductivity, and the
ability to inhibit dendrite growth, both through mechanical
pressure and by enabling lithium to be deposited in a uniform
layer.

Despite the general similarities, each type of coating has
its own characteristics:

— alloy-based films inhibit dendrite formation due to the
rapid diffusion of lithium ions and the ability to concentrate
under the alloy;
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— aluminum oxide coatings are porous and very rigid,
creating an ideal combination of anode protection and lithium
ion diffusion to the anode;

— an important feature of silicon coatings, in particular
Li,Si0,, is the ability of its polar functional groups to adsorb and
rearrange lithium, which ensures uniform deposition, as well as
its high strength (141.1 GPa);

— nitride-based coatings, represented mainly by lithium
nitride, are dense and have high ionic conductivity (5.2x10* S/
cm). In addition, they are stable in the presence of polysulfides,
which gives them an additional advantage when used in lithium-
sulfur batteries;

— phosphorus-containing protective
characterized by very low electronic conductivity of 10 - 102
S/cm and a rather dense uniform structure, which makes them
excellent insulators of lithium from the electrolyte;

— molybdenum disulphide is worth mentioning among
sulphur-based coating compositions: its layered structure is
capable of intercalating lithium, which reduces the interfacial
resistance and improves the diffusion of Li* ions;

— the granular microcrystalline structure of lithium
fluoride, the main representative of fluoride-containing films,
allows for a significant increase in lithium ionic conductivity due
to additional transport channels located on the grain faces;

— regarding the application of iodine compounds for
lithium protection, it can be noted that significantly better
stability and uniformity parameters are obtained when the film
is formed chemically in the gas phase than in the liquid phase;

— carbon nanostructures are highly hydrophobic, which
allows them to easily protect lithium from moisture and thus
improve its stability, and due to their rigidity, they can inhibit
dendrite formation;

— also layered nanomaterials such as graphene oxide and
MXene show excellent results as a three-dimensional matrix for
lithium precipitation, which not only improves the performance
of protected anodes, but also optimizes cell space;

— polymer protective coatings are flexible, allowing them
to maintain their integrity even when the anode volume
changes significantly during charge/discharge. lon transport
can be ensured either by good ionic conductivity (PEO or PVA-
based films) or by porous structure (PVdF);

— to increase the efficiency of polymer coatings, the use
of copolymers was effective, where the components contributed
their useful properties complementing each other, among
which strength (ureido-pyrimidinone, styrene, PVdF), elasticity
(butadiene), hydrophobicity (hexafluoropropylene, methyl and
methylene groups) and ionic conductivity (polyethylene oxide,
ether groups);

— hybrid protective films, which include both organic and
mineral components, also have complementary characteristics,
but unlike copolymers, the separation of properties is clearer:
the inorganic part most often provides rigidity and ion diffusion,
while the organic part provides mechanical stability and
hydrophobicity. It is also worth noting an additional increase in
the mechanical stability of films of this type due to the ability of

films are

interpenetration of layers of different nature in their
composition;

— another precursor for obtaining protective coatings are
ionic liquids, but the increase of lithium anode characteristics is
accompanied by the high price of salts and long coating time by
immersion method.

The analysis of the considered coatings in terms of
efficiency on the basis of their electrochemical characteristics
(capacity, cyclability) has shown the absence of a standard test
methodology (current density, electrolyte composition,
cathode and others), which makes such a comparison not only
difficult, but also insufficiently objective, since in many works
the stability test is carried out not until the loss of anode
functionality, but only a certain number of cycles. Consequently,
in the future it is necessary to establish clear test standards for
protective coatings on lithium, which will help to analyze their

performance relative to each other and not only to pure lithium.

Acknowledgements

The authors acknowledge the financial support from the
Science Committee of the Ministry of Science and Higher
Education ofthe Republicof Kazakhstan (GrantNo. AP14871970).

Conflict of Interest

The authors declare no conflict of interest

CRediT authorship contribution statement

Lepikhin ~ Maksim:
Validation; Ryabicheva Margarita: Conceptualization, Writing —
original draft, Writing — review & editing; Zhigalyonok Yaroslav:
Investigation, Writing — original draft; Kiyatova Marzhan:
Writing — review & editing; Abdimomyn Saken: Writing — review
& editing; Fyodor Malchik: Supervision, Validation, Writing —
review & editing; All authors have discussed the results, read
the manuscript and agreed with its content.

Conceptualization,  Supervision,

References

1 Han Z, Zhang C, Lin Q, Zhang Y, Deng Y, Han J, et al.
(2021) Small Methods 5:2001035. https://doi.org/10.1002/
smtd.202001035

2 Cheng XB, Zhang R, Zhao CZ, Zhang Q (2017) Chem
Rev 117:10403-10473. https://doi.org/10.1021/acs.
chemrev.7b00115

3 Ko J, Yoon YS (2019) Ceram Int 45:30-49. https.//doi.
org/10.1016/j.ceramint.2018.09.287

4 Xu R, Cheng XB, Yan C, Zhang XQ, Xiao Y, Zhao CZ,
et al. (2019) Matter 1:317-344. https://doi.org/10.1016/].
matt.2019.05.016

5 He D, Lu J, He G, Chen H (2022) Front Chem 10:916132.
https.//doi.org/10.3389/fchem.2022.916132

BecTHuK KasHY. Cepua xummyeckaa. — 2025. — Ne 2


https://doi.org/10.1002/smtd.202001035
https://doi.org/10.1002/smtd.202001035
http://doi.org/10.1021/acs.chemrev.7b00115
http://doi.org/10.1021/acs.chemrev.7b00115
http://doi.org/10.1016/j.ceramint.2018.09.287
http://doi.org/10.1016/j.ceramint.2018.09.287
http://doi.org/10.1016/j.matt.2019.05.016
http://doi.org/10.1016/j.matt.2019.05.016
http://doi.org/10.3389/fchem.2022.916132

M.S. Lepikhin et al. 45

6 Hou J, Yang M, Sun B, Wang G (2022) Batter Supercaps
5:202200231. https://doi.org/10.1002/batt.202200231

7  Zhuang G, Ross PN (2000) J Power Sources 89:143-148.
https.//doi.org/10.1016/50378-7753(00)00422-5

8 Mauger A, Julien CM (2022) Inorganics 10:5. https://doi.
org/10.3390/inorganics10010005

9 Guan J, Li N, Yu L (2021) Acta Phys - Chim Sin 37:2009011.
https.//doi.org/10.3866/PKU.WHXB202009011

10 Zheng G, Lee SW, Liang Z, Lee HW, Yan K, Yao H, et al.
(2014) Nat Nanotechnol 9:618-623. https://doi.org/10.1038/
nnano.2014.152

11 LeilJ, GaoZ TangL, ZhongL, LiJ, Zhang, et al. (2022) Adv
Sci 9:2103760. https://doi.org/10.1002/advs.202103760

12 HuA,ChenW,DuX,HuY, LeiT, WangH, etal. (2021) Energy
Environ Sci 14:4115-4124. https://doi.org/10.1039/d1ee00508a
13 Liang X, Pang Q, Kochetkov IR, Sempere MS, Huang H, Sun
X, et al. (2017) Nat Energy 2:17119. https://doi.org/10.1038/
nenergy.2017.119

14 Han B, Zou Y, Ke R, Li T, Zhang Z, Wang C, et al. (2021)
ACS Appl Mater Interfaces 13:21467-21473. https://doi.
org/10.1021/acsami.1c04196

15 Li C, Liang Z, Li Z, Cao D, Zuo D, Chang J, et al. (2023)
Nano Lett 23:4014-4022. https://doi.org/10.1021/acs.
nanolett.3c00783

16 Bai M, Xie K, Yuan K, Zhang K, Li N, Shen C, et al. (2018) Adv
Mater 30:1801213. https://doi.org/10.1002/adma.201801213
17 Gong Z, Wang P, Ye K, Zhu K, Yan J, Wang G, et al. (2022)
J Colloid Interface Sci 625:700-710. https://doi.org/10.1016/].
jcis.2022.05.157

18 ZhangY,LvW, HuangZ,ZhouG, DengY, ZhangJ, etal.(2019)
Sci Bull 64:910-917. https://doi.org/10.1016/].scib.2019.05.025
19 LiQ,ZengFL,GuanYP,JinZQ, HuangYQ, Yao M, et al. (2018)
Energy Storage Mater 13:151-159. https://doi.org/10.1016/].
ensm.2018.01.002

20 Lin L, Lu W, Zhao F, Chen S, Liu J, Xie H, et al. (2022)
J  Energy Chem 76:233-238. https://doi.org/10.1016/].
jechem.2022.09.017

21 Basile A, Bhatt Al, O’Mullane AP (2016) Nat Commun
7:11794. https://doi.org/10.1038/ncomms11794

22 Jing H-K, Kong L-L, Liu S, Li G-R, Gao X-P (2015) J Mater
Chem A 3:12213-12219. https://doi.org/10.1039/C5TA01490EF
23 Peng Z, Wang S, Zhou J, Jin Y, Liu Y, Qin Y, et al. (2016) J
Mater Chem A 4:2427-2432. https://doi.org/10.1039/c5ta10050j
24 Zhao Y, Wang D, Gao Y, Chen T, Huang Q, Wang D
(2019) Nano Energy 64:103893. https://doi.org/10.1016/].
nanoen.2019.103893

25 GaoZ,ZhangS,HuangZ, LuY, Wang W, WangK, etal. (2019)
Chinese Chem Lett 30:525-528. https://doi.org/10.1016/].
cclet.2018.05.016

26 Zhang SJ, Gao ZG, Wang WW, Lu YQ, Deng YP, You JH,
et al. (2018) Small 14:1801054. https://doi.org/10.1002/
smll.201801054

27 Liu Y, Lin D, Yuen PY, Liu K, Xie J, Dauskardt RH, et al.
(2017) Adv Mater 29:1605531. https://doi.org/10.1002/
adma.201605531

ISSN 1563-0331
elSSN 2312-7554

28 Luo Y, Li T, Zhang H, Yu Y, Hussain A, Yan J, et al.
(2021) J Energy Chem 56:14-22. https://doi.org/10.1016/].
jechem.2020.07.036

29 LiangJ, Li X, Zhao Y, Goncharova L V., Li W, Adair KR, et al.
(2019) Adv Energy Mater 9:1902125. https.//doi.org/10.1002/
aenm.201902125

30 LiangJ, Li X, Zhao Y, Goncharova L V., Wang G, Adair KR,
et al. (2018) Adv Mater 30:1804684. https://doi.org/10.1002/
adma.201804684

31 LuY, Gu S, Hong X, Rui K, Huang X, lJin J, et al. (2017)
Energy Storage Mater 11:16-23. https://doi.org/10.1016/].
ensm.2017.09.007

32 LangJ, Long Y, Qu J, Luo X, Wei H, Huang K, et al. (2018)
Energy Storage Mater 16:85-90. https://doi.org/10.1016/].
ensm.2018.04.024

33 Yuan Y, Wu F, Bai Y, Li Y, Chen G, Wang Z, et al. (2018)
Energy Storage Mater 16:411-418. https://doi.org/10.1016/].
ensm.2018.06.022

34 Yan C, Cheng XB, Yao YX, Shen X, Li BQ, Li WJ, et al.
(2018) Adv Mater 30:1804461. https://doi.org/10.1002/
adma.201804461

35 LinY,WenZ,LiulJ,WuD,ZhangP,ZhaoJ(2021)JEnergy Chem
55:129-135. https://doi.org/10.1016/j.jechem.2020.07.003

36 Jia W, Wang Q, Yang J, Fan C, Wang L, Li J (2017) ACS
Appl Mater Interfaces 9:7068-7074. https://doi.org/10.1021/
acsami.6b14614

37 Ma L, Kim MS, Archer LA (2017) Chem Mater 29:4181—
4189. https://doi.org/10.1021/acs.chemmater.6b03687

38 Liu F, Xiao Q, Wu H Bin, Shen L, Xu D, Cai M, et al.
(2018) Adv Energy Mater 8:1701744. https://doi.org/10.1002/
aenm.201701744

39 Kim JY, Kim AY, Liu G, Woo JY, Kim H, Lee JK (2018) ACS
Appl Mater Interfaces 10:8692—-8701. https://doi.org/10.1021/
acsami.7b18997

40 LiY,SunY, Pei A, Chen K, Vailionis A, Li Y, et al. (2018) ACS
Cent Sci 4:97-104. https://doi.org/10.1021/acscentsci.7b00480
41 Li WIJ, Li Q, Huang J, Peng JY, Chu G, Lu YX, et al. (2017)
Chinese Phys B 26:088202. https://doi.org/10.1088/1674-
1056/26/8/088202

42 Li Y, Li Y, Sun Y, Butz B, Yan K, Koh AL, et al. (2017)
Nano Lett 17:5171-5178. https://doi.org/10.1021/acs.
nanolett.7b02630

43  Zhao J, Liao L, Shi F, Lei T, Chen G, Pei A, et al. (2017) J
Am Chem Soc 139:11550-11558. https://doi.org/10.1021/
jacs.7b05251

44 NiJ, Lei Y, Han Y, Zhang Y, Zhang C, Geng Z, et al. (2023)
Batteries 9:283. https://doi.org/10.3390/batteries9050283

45 MaY, QiP,MaJ, Weil, Zhao L, ChengJ, et al. (2021) Adv Sci
8:2100488. https://doi.org/10.1002/advs.202100488

46 Liu Y, Tzeng YK, Lin D, Pei A, Lu H, Melosh NA, et al.
(2018) Joule 2:1595-1609. https://doi.org/10.1016/j.
joule.2018.05.007

47 Wang G, Chen C, Chen Y, Kang X, Yang C, Wang F, et al.
(2020) Angew Chemie - Int Ed 59:2055-2060. https://doi.
org/10.1002/anie.201913351

Chemical Bulletin of Kazakh National University 2025, Issue 2


http://doi.org/10.1016/j.jechem.2020.07.036
http://doi.org/10.1016/j.jechem.2020.07.036
http://doi.org/10.1002/aenm.201902125
http://doi.org/10.1002/aenm.201902125
http://doi.org/10.1002/adma.201804684
http://doi.org/10.1002/adma.201804684
http://doi.org/10.1016/j.ensm.2017.09.007
http://doi.org/10.1016/j.ensm.2017.09.007
http://doi.org/10.1016/j.ensm.2018.04.024
http://doi.org/10.1016/j.ensm.2018.04.024
http://doi.org/10.1016/j.ensm.2018.06.022
http://doi.org/10.1016/j.ensm.2018.06.022
http://doi.org/10.1002/adma.201804461
http://doi.org/10.1002/adma.201804461
http://doi.org/10.1016/j.jechem.2020.07.003
http://doi.org/10.1021/acsami.6b14614
http://doi.org/10.1021/acsami.6b14614
http://doi.org/10.1021/acs.chemmater.6b03687
http://doi.org/10.1002/aenm.201701744
http://doi.org/10.1002/aenm.201701744
http://doi.org/10.1021/acsami.7b18997
http://doi.org/10.1021/acsami.7b18997
http://doi.org/10.1021/acscentsci.7b00480
http://doi.org/10.1088/1674-1056/26/8/088202
http://doi.org/10.1088/1674-1056/26/8/088202
http://doi.org/10.1021/acs.nanolett.7b02630
http://doi.org/10.1021/acs.nanolett.7b02630
http://doi.org/10.1021/jacs.7b05251
http://doi.org/10.1021/jacs.7b05251
http://doi.org/10.3390/batteries9050283
http://doi.org/10.1002/advs.202100488
http://doi.org/10.1016/j.joule.2018.05.007
http://doi.org/10.1016/j.joule.2018.05.007
http://doi.org/10.1002/anie.201913351
http://doi.org/10.1002/anie.201913351
http://doi.org/10.1002/batt.202200231
http://doi.org/10.1016/S0378-7753(00)00422-5
http://doi.org/10.3390/inorganics10010005
http://doi.org/10.3390/inorganics10010005
http://doi.org/10.3866/PKU.WHXB202009011
http://doi.org/10.1038/nnano.2014.152
http://doi.org/10.1038/nnano.2014.152
http://doi.org/10.1002/advs.202103760
http://doi.org/10.1039/d1ee00508a
http://doi.org/10.1038/nenergy.2017.119
http://doi.org/10.1038/nenergy.2017.119
http://doi.org/10.1021/acsami.1c04196
http://doi.org/10.1021/acsami.1c04196
http://doi.org/10.1021/acs.nanolett.3c00783
http://doi.org/10.1021/acs.nanolett.3c00783
http://doi.org/10.1002/adma.201801213
http://doi.org/10.1016/j.jcis.2022.05.157
http://doi.org/10.1016/j.jcis.2022.05.157
http://doi.org/10.1016/j.scib.2019.05.025
http://doi.org/10.1016/j.ensm.2018.01.002
http://doi.org/10.1016/j.ensm.2018.01.002
http://doi.org/10.1016/j.jechem.2022.09.017
http://doi.org/10.1016/j.jechem.2022.09.017
http://doi.org/10.1038/ncomms11794
http://doi.org/10.1039/C5TA01490E
http://doi.org/10.1039/c5ta10050j
http://doi.org/10.1016/j.nanoen.2019.103893
http://doi.org/10.1016/j.nanoen.2019.103893
http://doi.org/10.1016/j.cclet.2018.05.016
http://doi.org/10.1016/j.cclet.2018.05.016
http://doi.org/10.1002/smll.201801054
http://doi.org/10.1002/smll.201801054
http://doi.org/10.1002/adma.201605531
http://doi.org/10.1002/adma.201605531

46 Artificial protective coatings for lithium metal...

48 Song G, Hwang C, Song WIJ, Lee JH, Lee S, Han DY,
et al. (2022) Small 18:2105724. https://doi.org/10.1002/
smll.202105724

49 XiaoY,XuR, YanC, Liang Y, Ding JF, Huang JQ (2020) Sci Bull
65:909-916. https://doi.org/10.1016/j.scib.2020.02.022

50 Liang, Xiao Y, Yan C, Xu R, Ding JF, Liang J, et al. (2020)
J  Energy Chem 48:203-207. https://doi.org/10.1016/].
jechem.2020.01.027

51 Lee YG, Ryu S, Sugimoto T, Yu T, Chang WS, Yang Y, et al.
(2017) Chem Mater 29:5906—5914. https://doi.org/10.1021/acs.
chemmater.7b01304

52 Singh N, Arthur TS, Jones M, Tutusaus O, Takechi K,
Matsunaga T, et al. (2019) ACS Appl Energy Mater 2:8912—-8918.
https://doi.org/10.1021/acsaem.9b01937

53 Wang H, Matsui M, Kuwata H, Sonoki H, Matsuda Y, Shang
X, et al. (2017) Nat Commun 8:15106. https://doi.org/10.1038/
ncomms15106

54 Delaporte N, Perea A, Collin-Martin S, Léonard M, Matton
J, Gariepy V, et al. (2022) Batter Supercaps 5:202200245. https://
doi.org/10.1002/batt.202200245

55 WanglL, Zhang L, Wang Q, Li W, Wu B, Jia W, et al. (2017)
Energy Storage Mater 10:16-23. https://doi.org/10.1016/].
ensm.2017.08.001

56 Wang L, Wang Q, Jia W, Chen S, Gao P, Li J (2017) J
Power Sources 342:175-182. https://doi.org/10.1016/].
Jjpowsour.2016.11.097

57 Cha E, Patel MD, Park J, Hwang J, Prasad V, Cho K, et al.
(2018) Nat Nanotechnol 13:337-343. https://doi.org/10.1038/
$41565-018-0061-y

58 Zhang YJ, Bai WQ, Wang XL, Xia XH, Gu CD, Tu JP (2016)
J Mater Chem A 4:15597-15604. https://doi.org/10.1039/

c6ta06612g
59 Kazyak E, Wood KN, Dasgupta NP (2015) Chem
Mater 27:6457-6462. https://doi.org/10.1021/acs.

chemmater.5b02789

60 Kozen AC, Lin CF, Pearse AJ, Schroeder MA, Han X, Hu L,
et al. (2015) ACS Nano 9:5884-5892. https://doi.org/10.1021/
acsnano.5b02166

61 Chen L, Connell JG, Nie A, Huang Z, Zavadil KR, Klavetter
KC, et al. (2017) J Mater Chem A 5:12297-12309. https.//doi.
org/10.1039/c7ta03116e

62 CaoY, Meng X, Elam JW (2016) ChemElectroChem 3:858—
863. https://doi.org/10.1002/celc.201600139

63 Chen L, Chen KS, Chen X, Ramirez G, Huang Z, Geise NR, et
al. (2018) ACS Appl Mater Interfaces 10:26972-26981. https://
doi.org/10.1021/acsami.8b04573

64 Chen K, Pathak R, Gurung A, Adhamash EA, Bahrami B, He
Q, et al. (2019) Energy Storage Mater 18:389-396. https.//doi.
org/10.1016/j.ensm.2019.02.006

65 ZhaoJ, Lee HW, SunJ, Yan K, Liu Y, Liu W, et al. (2016) Proc
Natl Acad Sci U S A 113:7408-7413. https://doi.org/10.1073/
pnas.1603810113

66 Wang W, Yue X, Meng J, Wang J, Wang X, Chen H, et
al. (2018) Energy Storage Mater 18:414-422. https://doi.
org/10.1016/j.ensm.2018.08.010

67 Liu W, Guo R, Zhan B, Shi B, Li Y, Pei H, et al. (2018) ACS
Appl Energy Mater 1:1674-1679. https://doi.org/10.1021/
acsaem.8b00132

68 GuanM,HuangY,MengQ,ZhangB, ChenN, LiL,etal.(2022)
Small 18:2202981. https://doi.org/10.1002/smll.202202981

69 Jang EK, Ahn J, Yoon S, Cho KY (2019) Adv Funct Mater
29:1905078. https://doi.org/10.1002/adfm.201905078

70 Kwak WJ, Park J, Nguyen TT, Kim H, Byon HR, Jang M, et al.
(2019) J Mater Chem A 7:3857-3862. https://doi.org/10.1039/
c8ta11941d

71 Xu R, Xiao Y, Zhang R, Cheng XB, Zhao CZ, Zhang XQ, et
al. (2019) Adv Mater 31:1808392. https://doi.org/10.1002/
adma.201808392

72 JiangZ,linL,HanZ, HuW, ZengZ,SunY, et al. (2019) Angew
Chemie - Int Ed 58:11374-11378. https://doi.org/10.1002/
anie.201905712

73 Wang J, Hu H, Zhang J, Li L, Jia L, Guan Q, et al. (2022)
Energy Storage Mater 52:210-219. https://doi.org/10.1016/].
ensm.2022.08.004

74 Sun S, Myeong S, Kim J, Lee D, Kim J, Park K, et al.
(2022) Chem Eng J 450:137993. https://doi.org/10.1016/].
cej.2022.137993

75 Liu X, Liu J, Qian T, Chen H, Yan C (2020) Adv Mater
32:1902724. https://doi.org/10.1002/adma.201902724

76 Huang Z, Huang T, Ye X, Feng X, Yang X, Liang J, et al.
(2022) Appl Surf Sci 605:154586. https://doi.org/10.1016/].
apsusc.2022.154586

77 XuQ,LinlJ,YeC,lJinX,YeD, LuY, etal. (2020) Adv Energy
Mater 10:1903292. https://doi.org/10.1002/aenm.201903292
78 LiuY, LinD,JinY, Liu K, Tao X, Zhang Q, et al. (2017) Sci Adv
3:eaao00713. https://doi.org/10.1126/sciadv.aao0713

Information about authors

1. Lepikhin Maksim — PhD, Chief Researcher, project
supervisor.

2. Ryabicheva Margarita — doctoral student at al-Farabi
Kazakh National University (Almaty, Kazakhstan);

3. Zhigalyonok Yaroslav — doctoral student at al-Farabi
Kazakh National University (Almaty, Kazakhstan);

4. Kiyatova Marzhan — Master of Chemical Sciences,
Researcher.

5. Abdimomyn Saken — doctoral student at al-Farabi
Kazakh National University (Almaty, Kazakhstan);

6. Malchik Fyodor — PhD, Assoc. Professor, Head of the
Laboratory of Electrochemical Productions, al-Farabi Kazakh
National University (Almaty, Kazakhstan).

BecTHuK KasHY. Cepua xummyeckaa. — 2025. — Ne 2


http://doi.org/10.1002/smll.202105724
http://doi.org/10.1002/smll.202105724
http://doi.org/10.1016/j.scib.2020.02.022
http://doi.org/10.1016/j.jechem.2020.01.027
http://doi.org/10.1016/j.jechem.2020.01.027
http://doi.org/10.1021/acs.chemmater.7b01304
http://doi.org/10.1021/acs.chemmater.7b01304
http://doi.org/10.1021/acsaem.9b01937
http://doi.org/10.1038/ncomms15106
http://doi.org/10.1038/ncomms15106
http://doi.org/10.1002/batt.202200245
http://doi.org/10.1002/batt.202200245
http://doi.org/10.1016/j.ensm.2017.08.001
http://doi.org/10.1016/j.ensm.2017.08.001
http://doi.org/10.1016/j.jpowsour.2016.11.097
http://doi.org/10.1016/j.jpowsour.2016.11.097
http://doi.org/10.1038/s41565-018-0061-y
http://doi.org/10.1038/s41565-018-0061-y
http://doi.org/10.1039/c6ta06612g
http://doi.org/10.1039/c6ta06612g
http://doi.org/10.1021/acs.chemmater.5b02789
http://doi.org/10.1021/acs.chemmater.5b02789
http://doi.org/10.1021/acsnano.5b02166
http://doi.org/10.1021/acsnano.5b02166
http://doi.org/10.1039/c7ta03116e
http://doi.org/10.1039/c7ta03116e
http://doi.org/10.1002/celc.201600139
http://doi.org/10.1021/acsami.8b04573
http://doi.org/10.1021/acsami.8b04573
http://doi.org/10.1016/j.ensm.2019.02.006
http://doi.org/10.1016/j.ensm.2019.02.006
http://doi.org/10.1073/pnas.1603810113
http://doi.org/10.1073/pnas.1603810113
http://doi.org/10.1016/j.ensm.2018.08.010
http://doi.org/10.1016/j.ensm.2018.08.010
http://doi.org/10.1021/acsaem.8b00132
http://doi.org/10.1021/acsaem.8b00132
http://doi.org/10.1002/smll.202202981
http://doi.org/10.1002/adfm.201905078
http://doi.org/10.1039/c8ta11941d
http://doi.org/10.1039/c8ta11941d
http://doi.org/10.1002/adma.201808392
http://doi.org/10.1002/adma.201808392
http://doi.org/10.1002/anie.201905712
http://doi.org/10.1002/anie.201905712
http://doi.org/10.1016/j.ensm.2022.08.004
http://doi.org/10.1016/j.ensm.2022.08.004
http://doi.org/10.1016/j.cej.2022.137993
http://doi.org/10.1016/j.cej.2022.137993
http://doi.org/10.1002/adma.201902724
http://doi.org/10.1016/j.apsusc.2022.154586
http://doi.org/10.1016/j.apsusc.2022.154586
http://doi.org/10.1002/aenm.201903292
http://doi.org/10.1126/sciadv.aao0713

	_GoBack
	_Hlk124167797
	_Hlk124167779
	_Hlk171603591
	_Hlk172560923
	_Hlk176431645
	_Hlk199947071
	_Hlk199947470
	_Hlk199947636
	_Ref199978151

