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Abstract: Nowadays, lithium-ion batteries (LIBs) are one of the most convenient, reliable, and
promising power sources for portable electronics, power tools, hybrid and electric vehicles. The
characteristics of the positive electrode (cathode active material, CAM) significantly contribute to the
battery’s functional properties. Applying various functional coatings is one of the productive ways
to improve the work characteristics of lithium-ion batteries. Nowadays, there are many methods
for depositing thin films on a material’s surface; among them, one of the most promising is atomic
layer deposition (ALD). ALD allows for the formation of thin and uniform coatings on surfaces with
complex geometric forms, including porous structures. This review is devoted to applying the ALD
method in obtaining thin functional coatings for cathode materials and includes an overview of more
than 100 publications. The most thoroughly investigated surface modifications are lithium cobalt
oxide (LCO), lithium manganese spinel (LMO), lithium nickel-cobalt-manganese oxides (NCM),
lithium-nickel-manganese spinel (LNMO), and lithium-manganese rich (LMR) cathode materials.
The most studied processes of deposition are aluminum oxide (Al2O3), titanium dioxide (TiO2) and
zirconium dioxide (ZrO2) films. The primary purposes of such studies are to find the synthesis
parameters of films, to find the optimal coating thickness (e.g., ~1–2 nm for Al2O3, ~1 nm for ZrO2,
<1 nm for TiO2, etc.), and to reveal the effect of the coating on the electrochemical parameters of
batteries. The review summarizes synthesis conditions, investigation results of deposited films on
CAMs and positive electrodes and some functional effects observed due to films obtained by ALD
on cathodes.

Keywords: lithium-ion battery; cathode materials; atomic layer deposition; thin films; functional
coatings; cyclic stability

1. Introduction

Lithium-ion batteries (LIBs), due to their high energy and power density, operability
in a wide temperature range, and cycling life, are used for the autonomous power supply
of portable devices, medical equipment, and electric and hybrid cars. However, LIBs’
characteristics can be improved by using more advanced materials (active, inactive) and
manufacturing technology.

One of the ways to improve performance characteristics is the application of thin
functional coatings on materials and components of the LIB, which can not only ensure the
safety of the battery material and safety of its use, but also improve such characteristics as
specific energy and power by increasing the charging voltage, the discharge capacity, and
increasing the electronic conductivity. For example, the doping of materials, applying a
protective and ion-conductive coating (solid-state electrolyte, SSE) to lithium cobalt oxide
allows for the upper charging voltage limit to be increased from 4.2 to 4.35 ÷ 4.45 V [1]
without reducing the LIB’s safety and cycling life. In addition, such expansion of the
voltage interval increases the battery’s specific energy, including by increasing the discharge
capacity of the cathode material (a more significant fraction of atoms leaving/entering
during charge-discharge).
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Today, there are many methods of thin coating deposition on disperse and porous
materials (sol-gel method [2], CVD [3], various kinds of sputtering, etc.). Atomic layer
deposition (ALD, also known as molecular layer deposition, MLD) is usually preferred
in the synthesis of especially thin coatings [4,5], due to it allowing the production of
conformal coatings of a different chemical nature [6] with precise thickness control both on
particles and on LIB components (positive and negative electrodes, separator). Furthermore,
the use of specialized semi-periodic process reactors [7] makes it possible to modify a
sufficiently large amount of material (hundreds of kilograms), e.g., the application of roll-to-
roll technology [8] provides deposition on tapes (electrodes, separator). Thus, this method
can also be implemented in manufacturing materials and electrodes.

The first attempts to improve the LIB using ALD were made relatively recently. To
date, the method has been applied to the fabrication of thin-film positive [9–12] and nega-
tive electrodes [13–15], ionic conductors [16,17], thin-film LIB prototypes [18,19], separator
modifications [20,21], negative [22–25] and positive electrodes materials [26–28] of tradi-
tional LIBs.

This review is devoted to applying atomic layer deposition in obtaining thin functional
coatings on the surface of cathode materials. Articles for the analysis were obtained based
on the Web of Science (WoS) search from 2010 to 2021 (inclusive). The following keywords
were chosen: “cathode”, “ALD”, “Li-ion”, and “coating”. The first stage was the selection
of articles based on the built-in machine search of the WoS database. Next, articles relevant
to the topic of this review were selected based on an analysis of the information provided in
the abstract. The distribution of the selected articles according to the year of publication, as
well as the total number of citations per year, is illustrated in Figure 1a; the most frequently
studied coatings on cathode materials are shown in Figure 1b.

Figure 1. Summary statistics on the study of the literature about the synthesis of coatings on the
cathode materials of lithium-ion batteries using ALD: (a) change in the number of publications related
to ALD modification of cathode materials and their sum citation by year for 2010–2021; (b) number
of articles devoted to a particular coating.

In this review, we will discuss the main results in the synthesis of coatings using the
ALD method and their impact on the characteristics of positive LIB electrodes. Information
on the physicochemical analysis methods used in cathode modifications with ALD can be
found in Appendix A Table A1.
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2. Synthesis of Functional Coatings on Cathode Materials by Atomic Layer Deposition
2.1. Functional ALD Coatings Used to Improve the Performance of Lithium-Ion Cathodes

Published studies to improve the performance of cathode materials and electrodes use
Al2O3 [7,25,29–97], Al2O3:Ga2O3 [98], Al2O3-AlF3 [87], AlF3 [69,87,99,100], AlPO4 [61,101,102],
AlPON [102], AlWxFy [103], CeO2 [49,95,104–106], FeOx [107–110], FePO4 [111], HfO2 [112],
LiAlO2 [48], LiAlOx [30], LiF [113], Li3PO4 [114], LiTaO3 [115,116], LixTiyOz [117], MgO [44],
MgF2 [118], NbOx [119], Ta2O5 [120], TiN [84,89], TiO2 [7,30,31,33,45,47,65,121–124],
TiOx [117], TiO2-ZnO [125], TiO2-Li3PO4 [126], TiPO4 [127], TiPON [127],VOx [128],
ZnO [39,67,68,122,129–131], and ZrO2 [30,44,45,49,67,68,132–136] coatings.

The synthesis of coatings according to the ALD method (MLD) is realized by sequen-
tial reactions between functional groups present on the solid surface and low-molecular
reagents. Surface treatment processes with low-molecular reagents are separated by a
stage of removing excess reagents and volatile reaction products by pumping out and/or
purging the reaction space with gas (often nitrogen). To illustrate, we will give an example
of one of the possible ways to obtain aluminum oxide films. By pumping and purging the
reactor (vacuum chamber) with inert gas, the physically adsorbed water is removed from
the surface of the cathode material (positive electrode) (Stage I). Then, trimethylaluminum
vapor (Al(CH3)3—(Reagent A)) is introduced into the chamber (Stage II). Hydroxyl (func-
tional) groups on the surface of the cathode material interact with the trimethylaluminum
vapors (Reaction (1)), with the excess of Reagent A physically adsorbed on the surface of
the modified material. To remove the excess of Reagent A, the chamber is evacuated and
purged with inert gas (Stage III). The following introduction of water vapor (Reagent B)
into the chamber (Stage IV) results in hydrolysis of the Al-CH3 bond (Reaction (2)) with the
formation of hydroxyl groups on the surface of the material. The excess water molecules are
adsorbed on the surface of the modified material. To remove the water vapor, the chamber
is evacuated and purged with inert gas (Stage V). Stages II–V form one cycle of coating
synthesis. Cyclic treatment (repetition of Stages II-V) enables the growing of aluminum
oxide coatings (these main stages are described in Figure 2).

surface(-OH)x + Al(CH3)3 => surface(-O)x-Al(CH3)3-x + xCH4 (1)

surface(-O)x-Al(CH3)3-x + (3-x)H2O => surface(-O)x-Al(OH)3-x + (3-x)CH4 (2)

Coatings incorporating more than two elements can be obtained using a mixture of low-
molecular reagents. For example, by varying the vapor pressures of trimethylaluminum
and trimethyl gallium (Reactions (3) and (4)) at the chemisorption stage (Stage II), one
can set the aluminum to gallium ratio in the oxide coating [98]. Another way consists
of a multistage treatment involving “sub-cycles”. One cycle of LiTaO3 film synthesis
includes one “sub-cycle” of lithium oxide synthesis and six “sub-cycles” of tantalum
oxide synthesis, each following the procedure described above (Stages I–V), using the
corresponding low-molecular reagents (it can be noticed in tables below). Similar multistage
treatment is performed when obtaining Al2O3-AlF3 [87], AlPO4 [61,101,102], AlPON [102],
FePO4 [111], LiAlO2 [48,137], LiAlOx [30,137], LixTiyOz [117], MgF2 [118], TiO2-ZnO [125],
TiO2-Li3PO4 [126], TiPO4 [127], and TiPON [127] coatings. In the case of the synthesis
of LiAlOx coatings, it is noted that an increase in the number of “sub-cycles” of lithium-
containing layer deposition over 50% leads to a sharp increase in the mass of the grown
coatings, which seems to be related to the inability to completely remove the physically
adsorbed water in the synthesis’ conditions.

surface(-OH)x + Al(CH3)3 + Ga(CH3)3 => surface(-O)x-Al(CH3)3-x+y-Ga(CH3)3−y + xCH4 (3)

surface(-O)x-Al(CH3)3−x+y -Ga(CH3)3−y + (3-x)H2O => surface(-O)x-Al(OH)3−x+y-Ga(OH)3−y + (3-x)CH4 (4)
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Figure 2. Principal scheme of main stages of ALD: (a) Stage II, (b) Stage III, (c) Stage IV, (d) Stage V,
(e) future cycling.



Batteries 2022, 8, 184 5 of 41

Coating synthesis’ parameters of different chemical compositions on electrodes and
powders of cathode materials are reflected in tables: lithium cobalt oxide (LCO-LiCoO2)—
Table 1, lithium manganese spinel (LMO-LiMn2O4)—Table 2, lithium nickel-cobalt-manganese
oxides (NCM) and lithium nickel-cobalt-aluminum oxides (NCA)—Table 3, lithium nickel-
manganese spinel (LNMO–LiNi0.5Mn1.5O4)—Table 4, lithium- and manganese-rich cathode
materials with layered structure (LMR)—Table 5. However, due to a number of reasons
(stable structure, carbon coating on industrial samples, low charging voltage, etc.), lithium
iron phosphate LiFePO4 rarely comes into the focus of scientists [84,89] trying to improve
cathode materials using ALD technology. The effect of Al2O3 (obtained using TMA + H2O
at 177 ◦C—two, five and ten ALD cycles [89] and two, five and ten ALD cycles [84];) and TiN
coating (obtained using TiN coating: TiCl4 + NH3 at 400 ◦C—five and ten ALD cycles [89]
and five, ten and fifteen ALD cycles [84].). It was shown in [84] that modification during
two (Al2O3) and ten (TiN) ALD cycles lead to the optimal performance of the materials.

Table 1. Main parameters of LCO (LiCoO2) modification.

P/E Coating
Reagent T, ◦C

(Time, h)
nC

(Optimum)
Growth Per

Cycle, Å/Cycle Reference
A B

P
Al2O3

TMA H2O 180 2, 6, 10, 20 2.2
[39]

– – 450 (10) 20 –

– – – 2, 4, 6, 10 – [58]

TMA H2O 180 2, 25 ≈2

[63]
– – 700

(4, 8,16) 25 –

ZnO DEZ H2O 180 4 – [39]

ZrO2 Zr(NMe2)4 H2O 100 2 1.3 [45]

E

Al2O3

TMA H2O 180 2, 6, 10, 20 2.2 [39]

TMA H2O 180 2, 20 – [40]

– – – 2, 6 ≈2.5 [52]

TMA H2O 150 10, 50, 100, 500 – [31]

TMA H2O – <10 1.1 [25]

TMA H2O 150 2, 5, 10, 50 1.3 [45]

TMA H2O 150 10, 20, 30 – [50]

TMA H2O 180 30 ≈1 [32]

TMA H2O 180 2 – [62]

TMA H2O 150 2 – [69]

AlF3 TMA HF:Py 150 2, 5, 8 – [69]

AlWxFy TMA WF6 200 4 2.56 [103]

NbOx Nb(OEt)5 H2O 175 (15 nm, 30 nm, 60 nm) 0.42 [119]

TiO2
TTIP H2O 150 10, 50, 100, 500 – [31]

TTIP H2O 85 2 1.5 [45]

ZrO2 Zr(NMe2)4 H2O 100 2 1.3 [45]

Footer. P—particles; E—electrode; nC—number of synthesis cycles; DEZ—diethyl zinc; HF:Py—hydrofluoric
acid solution in pyridine; TMA—trimethylaluminum; TTIP—tetraisopropoxide titanium; Zr(NMe2)4—
tetrakis(dimethylamido)zirconium.
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Table 2. Main parameters of LMO (LiMn2O4) modification.

P/E Coating
Reagent T, ◦C

(Time, h)
nC

(Optimum)
Growth Per

Cycle, Å/Cycle Reference
A B

P

Al2O3

TMA H2O 120 6, 50, 412 ≈1.2 [46]

TMA H2O 120 4, 6, 8 1.5 [38]

TMA H2O 120 6, 50 ≈1.1 [67]

TMA H2O 177 5 – [49]

TMA H2O 120 5 (0.19 nm), 10 (0.31 nm) – [73]

TMA H2O 120 5 (0.6 nm), 10 (1 nm), 20
(1.7 nm) – [90]

TMA H2O 177 5, 10 (1.5 nm), 25 (3 nm) – [95]

TMA H2O
200

1 – [96]

TMA – 1 –

CeO2

Ce(iPrCp)3 H2O 250 10, 30, 50, 100, 150 0.6 [49]

Ce(iPrCp)3 H2O 250 (2, 3, 5 nm) – [105]

Ce(iPrCp)3 H2O 250 30 (1.5 nm), 50 (3 nm),
100 (5 nm) – [95]

ZnO

DEZ H2O 120 2, 6, 10, 50 1.7 [131]

DEZ H2O 120 6, 50 – [129]

DEZ H2O 120 6, 50 ≈1.7 [67]

ZrO2

Zr(O(CH3)3)4 H2O 120 2, 6, 10, 50,300 – [133]

Zr(O(CH3)3)4 H2O 120 6, 50 2.9 [67]

Zr(O(CH3)3)4 H2O 120 2, 6, 10 ≈2
[134]

– – 450 (3) 6 –

Zr(NMe2)4 H2O 250 5 – [49]

E

Al2O3

TMA H2O 120 4, 10, 20 2 [37]

TMA H2O 120 6, 50, 412 ≈1.2 [46]

TMA H2O 120 4, 6, 8 1.5 [38]

TMA H2O 120 6, 50 ≈1.1 [67]

TMA H2O 175 10, 50 ≈1 [56]

TMA H2O 100 1 nm –
[47]

TiO2
TDMAT H2O 150 5 nm –

TDMAT H2O 120 10, 15, 40, 100 0.65 [123]

ZnO

DEZ H2O 120 2, 6, 10, 50 1.7 [131]

DEZ H2O 120 6, 50 – [129]

DEZ H2O 120 6, 50 ≈1.7 [67]

ZrO2
Zr(O(CH3)3)4 H2O 120 2, 6, 10, 50,300 – [133]

Zr(O(CH3)3)4 H2O 120 6, 50 2.9 [67]

– Al2O3 TMA H2O – 1 – [92]

Footer. Ce(iPrCp)3—Tris(cyclopentadienyl)cerium (III); TDMAT—tetrakis(dimethylamido)titanium.
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Table 3. Main parameters of NCM and NCA (LiNi0.8Co0.15Al0.05O2) modification.

(XYZ) P/E Coating
Reagent T, ◦C

(Time, h)
nC

(Optimum)
Growth Per

Cycle, Å/Cycle Reference
A B

(111)

P Al2O3

TMA H2O – 2, 4, 6, 10 2.2 [51]

TMA H2O 180 4 1.3
[71]

– – 300 (12) – –

TMA H2O 120 2, 4 (1 nm), 6, 7, 10, 12, 15
(3–3.2 nm) 2.2 [81]

E

Al2O3 TMA H2O 85 8, 15, 30 (≈3 nm), 60, 100 0.99 [94]

LiTaO3
1× LiOtBu H2O 225

2, 5, 10, 20 ≈2.5 [115]
6× Ta(OEt)5 H2O 225

(424) Al2O3 TMA H2O 120 4 1.1–1.5 [57]

(523)

P

Al2O3

TMA H2O 200 5 1.2 [44]

TMA H2O 180 2, 8 – [80]

TMA H2O 100 5 1 [91]

Al2O3-
Ga2O3

TMA, TMG H2O
+O3

200 2, 5 0.9–1.1 [98]

AlF3 TMA TaF5 125 5 – [99]

MgO Mg[EtCp]2 H2O 200 5 1.4 [44]

ZnO DEZ H2O 100 8 ≈1.7 [130]

ZrO2
Zr(NMe2)4 H2O 150 2, 5, 8 1.9 [132]

Zr(NMe2)4 H2O 200 5 0.8 [44]

E

Al2O3
TMA H2O 120 2, 5, 8, 10 1.0–3.0 [55]

TMA H2O 180 2, 4, 8, 15 1.1 [53]

Ta2O5 Ta(OEt)5 H2O 200 2, 5, 10 0.8 [120]

TiO2 TTIP H2O 120, 150,
180 ≈100 – [124]

(622)
P

Al2O3 TMA H2O 110 4 (0.5 nm), 10 (1.3 nm), 40
(5.3 nm) ≈1.3 [85]

Al2O3 TMA H2O 100 10 (≈1 nm), 20 (≈ 2 nm),
40 (≈4 nm) ≈1.1–1.2 [74]

AlPO4
1× TMPO

O2pl – 2 (≈1 nm) –

[102]
1× TMA

AlPON
1× DEPA

N2pl – 1 (≈1 nm), (20 nm) –
1× TMA

TiO2 TiCl4 H2O 200 139 0.36 [121]

TiPO4
TMPO

TTIP – – – [127]
O2pl

TiPON
DEPA

TTIP – (2 nm) 6 [127]
N2pl

ZrO2 Zr(NMe2)4 H2O 150 2, 5 (≈1.2 nm), 8, 50 – [136]

E Al2O3 TMA H2O 120 5 1 [97]
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Table 3. Cont.

(XYZ) P/E Coating
Reagent T, ◦C

(Time, h)
nC

(Optimum)
Growth Per

Cycle, Å/Cycle Reference
A B

(622) E

LixTiyOz
4× TTIP H2O

200 10 1.8 [117]
1× LiOtBu H2O

TiOx TTIP H2O 200 50 0.33 [117]

ZrO2 Zr(NMe2)4 H2O 100 5 (0.8 nm), 20 (≈3.2 nm),
40 (6.5 nm) 1.62 [135]

FCG
(713)

P

Al2O3 TMA – 180 (1 nm) – [76]

(811)
Al2O3

TMA H2O 150 2, 5, 10 – [86]

TMA H2O 120 10, 20 (2.2 nm), 50 (5.6 nm) 1.12 [88]

TMA H2O 100 10 (≈3.4 nm) – [75]

TMA H2O – – – [93]

E Al2O3 TMA H2O 120 5 1 [97]

FCG
(811)

P

Al2O3 TMA H2O – – –
[7]

NCA TiO2 TiCl4 H2O – – –

FCG
(1011) Al2O3 TMA H2O 150 – – [72]

(851005) HfO2 TEMAH O3 250 20 0.43 [112]

(71575) E Al2O3 TMA H2O 120 5 1 [97]

Footer. (XYZ)—the ratio of Ni:Co:Mn (X:Y:Z) in the formula LiNix/(x+y+z)Coy/(x+y+z)Mnz/(x+y+z)O2; FCG—
cathode material with gradient of element concentration in secondary particles (LiNi0.68Mn0.22Co0.10O2,
LiNi0.77Mn0.11Co0.12O2, LiNi0.83Mn0.05Co0.12O2); Mg[EtCp]2 – bis(ethylcyclopentadienyl)magnesium; Ta(OEt)5—
tantalum (V) ethoxide; TMG—trimethyl gallium; 1x, 4x, 6x (and others)—1, 4, 6 (and others) synthesis’ sub-cycles;
TMP—trimethyl phosphate plasma; DEPA—diethylphosphoramidate plasma; TEMAH—Hf[N(CH2CH3)(CH3)]4.

Table 4. Main parameters of LNMO (LiNi0.5Mn1.5O4) modification.

P/E Coating
Reagent T, ◦C

(Time, h)
nC

(Optimum)
Growth Per

Cycle, Å/Cycle Reference
A B

P

Al2O3

TMA H2O 250 5, 10, 15, 30 ≈0.8 [33]

TMA H2O 180 0, 2, 4, 6, 10 2 [41]

TMA H2O 225 5 – [42]

AlF3

1× TMA O3
150 2 (≈2.4 nm), 4 (≈4.6 nm) –

[100]
1× Hfac O3

1× TMA O3
240 2 –

1× Hfac O3

CeO2 Ce(iPrCp)3 H2O 250 30, 40, 50, 70, 100 0.6 [104]

FeOx FeCp2 O2 450 10, 20, 25, 30, 40, 80, 160 0.2 [107]
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Table 4. Cont.

P/E Coating
Reagent T, ◦C

(Time, h)
nC

(Optimum)
Growth Per

Cycle, Å/Cycle Reference
A B

P

FeOx
FeCp2 O2 450 50 – [108]

FeCp2 O2 450 – – [110]

FePO4
1× FeCp2 O3

300 5, 10, 20, 40 1 [111]
1× (CH3)3PO4 H2O

MgF2
1× Mg[EtCp]2 O3

275 4, 6, 12 0.65, 0.59, 0.48 [118]
1× Hfac O3

LiF
LiOtBu Hfac

220 4
–

[113]
LiOtBu TiF4 –

Li3PO4 LiOtBu TMPO 250 – – [126]

TiO2
TiCl4 H2O 250 11, 15, 30, 50 ≈0.4 [33]

TTIP H2O 250 – – [126]

TiO2-Li3PO4
TTIP H2O

250 10 (1 nm), 50 (5 nm) – [126]
LiOtBu TMPO

E

Al2O3

TMA H2O 90 3, 10, 30 1.2 [35]

– – – 0.55–5 nm – [60]

TMA H2O 150 4, 6 1 [54]

TMA H2O 90 10 1.2 [36]

TMA H2O – 2, 5,10 – [48]

AlPO4
1× TMPO H2O

250 2, 5, 10, 20, 50 – [101]
1× TMA H2O

LiAlO2
1× TMA H2O

225 [137] 5, 10 – [48]
1× LiOtBu H2O

Li3PO4 TMPO LiOtBu 300 17 (1 nm), 50 (3 nm), 83 (5 nm) 0.6 [114]

Footer. FeCp2—ferrocene; Hfac—hexafluoroacetylacetone; LiOtBu—lithium t-butoxide; TMPO—(MeO)3PO.

Table 5. Main parameters of LMR modification.

Mt P/E Coating
Reagent T, ◦C

(Time, h)
nC

(Optimum)
Growth Per

Cycle, Å/Cycle Reference
A B

L1 P

Al2O3

TMA H2O 180 2, 6, 20 – [70]

TMA H2O 150 10 2–3 [65]

TMA H2O 120 6 – [68]

TMA H2O 150 20 – [61]

AlPO4
1× TMA H2O

250 5, 10, 20 2 [61]
1× (CH3)3PO4 H2O

TiO2 TTIP H2O 150 20 <2 [65]

ZnO DEZ H2O 120 2, 6, 10 ≈1.9 [68]

ZrO2 Zr(O(CH3)3)4 H2O 120 6 ≈1.3
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Table 5. Cont.

Mt P/E Coating
Reagent T, ◦C

(Time, h)
nC

(Optimum)
Growth Per

Cycle, Å/Cycle Reference
A B

E

Al2O3

TMA H2O 180 2, 6, 20 –
[70]

– – 300 (3) 2, 6, 20 –

TMA H2O 150 10, 20 – [43]

TMA H2O

100

2, 4, 6 –

[87]

Al2O3- AlF3
1× TMA HF

1

–
5× TMA H2O

Al2O3- AlF3
2× TMA HF

–
4× TMA H2O

Al2O3- AlF3
4× TMA HF

–
2× TMA H2O

L1 E
Al2O3- AlF3

5× TMA HF

100
1 –

[87]1× TMA H2O

AlF3 TMA HF 2, 4, 6, 8 –

L2 E

Al2O3
TMA H2O 80 0, 0.5, 1.2, 3.4 nm – [29]

TMA H2O 120 5, 100 –

[30]

LiAlOx
TMA H2O – 6 –

LiOtBu H2O – 6 –

TiO2
TTIP H2O 100 6 –

TTIP H2O 150 6 –

ZrO2
Zr(NMe2)4 H2O 100 6 –

Zr(NMe2)4 H2O 150 6 –

L3 E Al2O3 TMA O2 100 5, 10 – [34]

L4

P Al2O3
TMA H2O – 4 ≈2.5 [66]

TMA H2O 150 4 – [64]

E

TiO2 TiCl4 H2O 100 10 ≈1.5 [122]

TiO2-ZnO
6× TiCl4 H2O 100

(1.7 nm) – [125]

4× DEZ H2O 150

TiO2-ZnO
4× DEZ H2O 150

6× TiCl4 H2O 100

TiO2-ZnO

3× TiCl4 H2O 100

4× DEZ H2O 150

3× TiCl4 H2O 100

ZnO DEZ H2O 150 5 ≈3 [122]

L5 P Al2O3 TMA – 200 50 – [79]

L6 P FeOx FeCp2 O2 450 20, 40, 100, 150 – [109]

L7 P Al2O3 TMA H2O 200 16, 24, 40 – [82]

L8 P Al2O3 TMA H2O – – – [78]
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Table 5. Cont.

Mt P/E Coating
Reagent T, ◦C

(Time, h)
nC

(Optimum)
Growth Per

Cycle, Å/Cycle Reference
A B

L9 P – – – – – – [83]

L10 – LiTaO3
1× LiOtBu H2O

235 2, 5, 10 (≈3 nm), 20 – [116]
6× Ta(OEt)5 H2O

– P Al2O3 TMA H2O 150 10, 20, 40 – [77]

Footer. Mt—types of materials such as: L1—Li1.2Mn0.54Ni0.13Co0.13O2; L2—Li1.2Ni0.15Mn0.55Co0.1O2; L3—
0.3Li2MnO3 + 0.7LiMn0.60Ni0.25Co0.15O2; L4—Li1.2Ni0.2Mn0.6O2; L5—0.35Li2MnO3+0.65LiNi0.35Mn0.45Co0.20O2;
L6—Li1.13Mn0.54Ni0.13Co0.14O2; L7—Li1.2Ti0.4Mn0.4O2; L8—Li1.2Ni0.16Mn0.56Co0.08O2; L9—
Li1.33Ni0.27Mn0.60Co0.13O2+d; L10—Li1.13Mn0.577Ni0.256Co0.097O2.

2.2. Substantiation of the Synthesis Parameters and Reagents Choice

The stability of the binder and reagents determines the upper-temperature limit of coat-
ings deposition. The minimum temperature of modifying electrodes with polyvinylidene
fluoride (PVDF) binder was 120 ◦C [97,123]. The maximum modification temperatures of
the electrodes with PVDF and polytetrafluoroethylene were 180 ◦C [53] and 300 ◦C (anneal-
ing temperature in the air after synthesis) [70], respectively. The maximum coatings’ synthe-
sis temperature on cathode particles was 450 ◦C (Al2O3 [37], FeOx [107–110], ZrO2 [84]) and
700 ◦C (Al2O3 [61]), the annealing temperature reached 700 ◦C [63,91,108–110,136]. One
article mentions cathode material (NCM851005) holding at 750 ◦C in an oxygen atmosphere
before the synthesis of HfO2 coating [112].

In some cases, atomic layer deposition is given a particular preference because of the
possibility of low-temperature synthesis. For instance, authors of articles [97,123] argue the
need for positive electrode modification at 120 ◦C because of the decomposition of PVDF at
elevated temperatures.

Apparently, the choice of organometallic compounds in the role of Reagent A is due to
the lack of a release of corrosive reaction products and the ability to enter into hydrolysis
reactions. However, the drawback of these reagents is a carbon trace in the deposited
films [96]. Water is used as a Reagent B, more rarely oxygen, or ozone is applied to
obtain oxide films. Synthesis of fluorine-containing coatings is performed using WF6 [103],
TaF5 [99], TiF4 [113], hexafluoroacetylacetone [100,113,118] and hydrofluoric acid solution
in pyridine [69,87]. For the syntheses phosphate coatings, as Reagent B usually uses
trimethylphosphate [61,101,102,111,114,126,127] and diethylphosphoramidate [102,127].

In cases where high energy is required to activate the ALD process, plasma of metal-
organic compounds [102,127], nitrogen [102,127], oxygen, etc. can be used as reagents. In
works [102,127], the effect of using plasma of metal-organic compounds on the process
course of atomic layer deposition is investigated. It is noted that the use of metal-organic
plasma is most effective at lower synthesis temperatures [102,127] because the plasma
polymerization of the reagents decreases with increasing substrate temperature, which
reduces the growth of film thickness per ALD cycle. The authors also show that the use of
several plasma reagents (metal-organic and nitrogen plasma) to produce nitrogen-doped
coatings is much more effective in terms of thickness increment per ALD cycle, which can
be caused by the increased carbon content in the films [102,127].

2.3. Synthesis of Specific Fluoride Coatings

In the synthesis of aluminum fluoride AlF3 coatings, various impurities in the coating
composition indicate the course of side reactions. A transmission electron microscopy
(TEM) study of AlF3 coatings obtained using Al(CH3)3 и WF6 as reagents revealed tungsten-
containing inclusions (tungsten metal and/or tungsten carbide) [103]. The formation of
these inclusions provided an increase in the electronic conductivity of the coating.

Based on X-ray photoelectron spectroscopy (XPS) studies of the AlF3, coating de-
posited with trimethylaluminum and tantalum (V) fluoride, the presence of AlOxFy and



Batteries 2022, 8, 184 12 of 41

Ta2O5 compounds were found [99]. One possible reason for the oxygen appearance in
the composition of the coatings may be the interaction of –AlFn and –TaFm, groups with
water vapor as a result of contact with the air atmosphere. The presence of tantalum in the
composition of the films may be due to incomplete removal in the process of desorption
(Stage III) of weakly volatile compounds of the composition TaF5-x(CH3)x. It was found
that the concentration of tantalum in the coating composition obtained on the lithiated
nickel-cobalt-manganese oxide (12 at.%) is higher than on the silicon oxide layer (4–5%).
The detected difference in the tantalum impurity content may be due to the different distri-
bution and reactivity of hydroxyl groups on the surface of the cathode material (Ni-OH,
Co-OH, Mn-OH) and the silicon oxide film (Si-OH). The presence of lithium-containing
impurities on the surface of the cathode material can also have an influence.

An alternative way to obtain purer AlF3 coatings is using trimethylaluminum and
Olach’s reagent (70% hydrogen fluoride solution in pyridine) [69,87,138]. The peculiarity
of the growth mechanism is that after treatment with the vapor of Olach’s reagent and the
following stage of desorption, a monolayer of hydrogen fluoride molecules is present on the
surface along with the fluoride functional groups. The interaction of trimethylaluminum
occurs with hydrogen fluoride molecules, and as the cyclic treatment proceeds, a structural
rearrangement occurs with the formation of the AlF3 phase [138]. In an XPS study of the
AlF3, film deposited on a silicon wafer, it was recorded that regardless of the sputtering
profile depth, approximately 2 at.% oxygen was detected in the coating composition. The
authors attribute the presence of oxygen in the composition of the synthesized coating to
the possible presence of water vapor formed as a result of interaction between hydrogen
fluoride and the oxide film of the metal reactor body [138]. Hydrogen fluoride can also
interact with the surface of the cathode material. When studying using XPS electrodes of
lithiated cobalt oxide after cyclic treatment with trimethylaluminum vapor and Olach’s
reagent, along with a maximum in the 685.2 eV region characteristic of AlF3, a maximum in
the 682.2 eV region was found, indicating the possible formation of Co-F or Li-F bonds [69].

In paper [113], LiF films obtained using the two precursors TiF4 and hexafluoroacety-
lacetone were studied. XPS analysis showed that when lithium fluoride was grown using
the organic precursor, an additional peak in the F1s region was observed, characterizing
the CFx bonding energy. The authors suggested that during the synthesis of a LiF coating,
using a metal-organic precursor in the film leaves unreacted organic radicals of a large size,
resulting in the formation of numerous pores in the volume of the coating. These pores
manifest themselves as additional diffusion channels for lithium ions through the coating
material during electrochemical tests.

2.4. Evaluation of the Uniformity of the Grown Coatings

In a study using SEM and TEM of cathode powders coated with Al2O3 (2 and
3 cycles [80], 1–4 nm [85], 50 cycles [86], 20 cycles [88], 20 cycles [90], 5 cycles [97]), AlPO4
(20 cycles [61], 50 cycles [101]), CeO2 (100 cycles [95]), HfO2 (20 cycles [112]), MexOy и
MeFx [139], Ta2O5 (5 cycles [120]), TiO2 (139 cycles [121], 10 cycles [122], 100 cycles [123]),
ZnO (50 cycles [129]), ZrO2 (50 cycles [134], 20 cycles [135]) coating elements were found
that uniformly distributed over the particle surface. In this regard, it can be concluded that
the coating deposition during cathode material particle modification is quite uniform.

LIB positive electrode is an aluminum foil with a porous solid active mass (about
100 µm thick) consisting of particles of active cathode material (84–95 wt.%), conductive ad-
ditive (carbon black, conductive graphite 2–10 wt.%), and binder (PVDF, fluoroplastic, latex
3–8 wt.%). Uniformity of chemical elements distribution over the electrode active mass sur-
face of ALD coated electrodes was demonstrated by means of SEM- and TEM-EDX studies
of electrodes modified with Al2O3 (3.4 nm [29], 30 cycles [35], 10 cycles [36], 2–50 cycles [45],
1 nm [76], 24 cycles [82], 50 cycles [86], 20 cycles [88], 1 nm [77], 50 cycles [79], 10 cycles [75],
2 and 3 cycles [80], 20 cycles [90], 20 cycles [74], 30 cycles [94], 5 cycles [97]), AlPO4
(20 cycles [101]), LiTaO3 (2-20 cycles [115], 10 cycles [116]), LixTiyOz (10 cycles [117]), TiO2
(2–50 cycles [45], 10 cycles [122], 100 cycles [123]), TiOx (50 cycles [117]), TiO2-ZnO (10 cy-
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cles [125]), TiO2-Li3PO4 (5 nm after electrochemical studies [126]), ZnO (50 cycles [129],
5 cycles [122]) and ZrO2 (2–50 cycles [45], 20 cycles [135]). It was also shown [35], that the
elements of the modifying coating are also uniformly distributed over the cross-section
of the electrode’s active layer. Considering the above, we can conclude that the atomic
layer deposition allows for uniform (at the micro level) coatings growth both on the par-
ticles of cathode powders and in the porous space of electrodes. On the other hand, the
results of a study [64] using the TEM of the element (Al) coating (Al2O3) distribution of
Li1.2Mn0.6Ni0.2O2 particles show that in addition to uniformly coated particles, there may
be particles not completely coated [64]. It was shown that with increasing Al2O3 layering
cycles of NMC111 particles, the transition metals Ni, Mn, and Co are coated with aluminum
oxide to a greater extent, while Li particles are coated to a lesser extent by the film [81].
Thus, at the nano level, the uneven distribution of coating is possible.

2.5. Modification of Cathodes and Electrodes with Different Functional Groups on the Surface

During the modification of positive LIB electrodes, low molecular reagents can interact
not only with the hydroxyl groups of the cathode material. In a study [29] of positive
electrodes based on the cathode material Li1.2Mn0.54Ni0.13Co0.13O2, it was found that with
the increase of aluminum oxide coating thickness from 0 to 3.4 nm, a decrease in the
intensity of O1s (529.6 eV—Li1.2Mn0.54Ni0.13Co0.13O2) and C1s (284.6 eV—carbon black
Super P, 285.0 eV—conductive graphite) bands is observed. The C1s (286.4 eV—C-H
(PVDF), 290.9 eV—C-F (PVDF)), and F1s (687.8 eV—PVDF) peaks decrease in intensity
and shift toward lower binding energies. A new maximum appears in the region of
685.5 eV, characterizing the presence of compounds with the composition AlOxFy. Taking
into account the changes in the XPS spectra, the authors concluded that aluminum oxide
covers the cathode material, conductive additives, and binder. The shift of the maxima
characteristic of the binder—C1s and F1s may indicate the doping of the binder. On the
other hand, during studying of TiO2 films deposition on LiMn2O4 [123], it was found
that due to the hydrophobic selectivity of the PVDF binder, the coating prioritizes growth
on the surface of the active cathode material and carbon black (Super P), which also has
its hydroxyl groups. Based on the shift of the O1s peaks (from 529.6, 530.6 eV to 529.2,
529.8 eV), C-O (from 531.5, 532.3, 533.4 eV to 531, 532.2, 533.1 eV) and Al2p deconvolution
(73.6 and 74. 5 eV) when coating NMC111 with Al2O3 film, the authors of paper [94]
suggest the possibility of the formation of an aluminum solid solution on the surface of
NMC111 (Li1+xNiaMnbCocAlyO2, where a, b and c are close to 0.33), although it is also
noted that the presence of peaks of 74.5 eV and 529.8 eV may also indicate the formation of
Al-O bond.

During the synthesis of AlF3 coatings, an additional maximum (685.0 eV) characteriz-
ing the presence of lithium fluoride on the surface of the modified cathode was observed in
the XPS spectra of the obtained samples [87]. The presence of lithium fluoride on the surface
of the modified samples may indicate the interaction of fluorine-containing precursors with
the cathode material or with the lithium-containing impurities (LiOH, Li2CO3) present on
the cathode material surface.

Since the chemical reactions, as a rule, proceed with the participation of surface
hydroxyl groups, the coating growth process by the ALD does not change the structure
of the material bulk. However, there are descriptions in the literature of cases when
the growth process affects the phase [61] and chemical [107] composition of the bulk or
near-surface layers [64] of cathode material particles. In a study using X-ray absorption
spectroscopy, it was found that during the process of coating AlPO4 on the cathode material
Li1.2Mn0.54Ni0.13Co0.13O2, some manganese atoms (17.8%) and cobalt (15.5%) are reduced
to an oxidation degree of +2. The appearance of the spinel phase in the outer layers of the
modified cathode material was also established using TEM. The degree of reduction in
some of the atoms leads to a local transformation of the crystal structure near the surface of
the cathode material.
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A TEM study of lithium nickel-manganese spinel particles after 160 cycles of treatment
with FeCp2 vapor and oxygen has shown [107] that a conformal, thin (3 nm) FeOx coating
is present on the particle surface. Furthermore, when analyzing the chemical composition
of the cross-section of modified cathode material particles using energy dispersive X-ray
spectroscopy, it was found that iron atoms were present in bulk, the concentration of which
decreased with distance from the outer surface. The presence of atoms in the bulk of the
cathode material is probably due to the accelerated diffusion of iron atoms due to the
synthesis at high temperature (450 ◦C). The diffusion of atoms from deposited coating were
also observed while studying TiN deposition on LiFePO4 [89]. Some Ti4+ ions diffuse into
the material depth and occupy the Li+ vacancies in the coating process. Doping LiFePO4
with titanium atoms reduced the polarization of the cathode. In the presence of TiN coating
on the cathode during cyclic charge-discharge, along with the change in iron oxidation
degree (Fe3+/Fe2+), the Ti4+/Ti3+ reaction was observed on the CV curves (peaks at 2.29,
2.42, 2.80 and 3.45 V).

2.6. Effect of Heat Treatment on Cathode Materials with Coatings

The introduction of atoms from coatings into the outer layers of the cathode material
can be achieved by heating at elevated temperatures. In a recent study [63], the XPS spectra
of aluminum oxide coated (25 cycles) particles of lithiated cobalt oxide were compared
without heating and after annealing at 700 ◦C for 16 h. It was found that the position of
Co2p1/2 (780.5 eV) and O1s (532.2 eV) maxima did not change after two synthesis cycles,
testifying the absence of influence of aluminum oxide coating on the outer layers of lithiated
cobalt oxide particles. Thermal treatment resulted in a shift of Co2p1/2 and O1s maxima
positions to high energies to about 783 eV and 533.2 eV, and Al2p3/2 maxima to lower
energies to 73.3 eV. Thermal treatment resulted in a shift of the positions of Co2p1/2 and
O1s maxima to high energies to about 783 eV and 533.2 eV, and Al2p3/2 maxima to lower
energies to 73.3 eV. Considering that the value of the maximum Al2p3/2 for the heated
sample is close in position characteristic of LiAlO2, but higher than that of the compound
LiCo0.9Al0.1O2, and increasing lattice parameters (a, c) the authors have suggested the
formation of an alloy LiAlxCo1-xO2 (where 0 < x < 0.1).

After deposition of Al2O3 films on the NMC532 cathode material, annealing at different
temperatures (100, 300, 500, and 700 ◦C) was performed [91]. Based on the XPS results, it
was found that increasing the annealing temperature negatively affects the position of the
Al2s peaks: a linear decrease in the aluminum binding energy is observed with increasing
temperature, which leads to a decrease in the alumina phase in the coating and an increase
in the metallic aluminum phase (based on the tabulated values). It was concluded that at
high temperatures, the character of aluminum bonds changes from ionic to covalent. The
Al/Co ratio decreases nonlinearly with increasing temperature, probably due to aluminum
diffusion into the cathode bulk, which contributes to forming solid solutions.

In a study using XPS of electrodes modified with aluminum oxide (6 cycles) [68], it was
found that as a result of heating at 300 ◦C the atomic ratios M/Al (M = Mn, Ni, Co) increase.
Thus, the diffusion of aluminum atoms from the modifying coating (aluminum oxide) into
the cathode material by forming the Li1+xAl1-yMyO2 phase is possible at sufficiently low
temperatures. A similar conclusion was made during LCO modification by niobium oxide
film [119]. A shift and change in the intensities of Nb4s, Li1s, Nb3d3/2, and O1s peaks were
observed during annealing at 700 ◦C. The observed changes are attributed to the effect of
the annealing process not only in the modified surface but also in the cathode material,
causing diffusion of Li and its binding with the oxygen of the surface layer.

To improve the cycling life of the cathode materials due to increment of Li diffusion,
the NMC622 cathodes coated with ZrO2 were annealed at different temperatures: 300, 500,
and 700 ◦C [136]. The SEM studies of annealed samples showed that with an increase of
the heat treatment temperature up to 700 ◦C, the cathode’s morphology changes markedly,
namely, the formation of nanoparticle islands, which increase the surface roughness, are
observed. Additional TEM and EDX studies revealed that these nanoparticles consist only
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of Zr and O (transition metals were not detected in the composition), and the interplanar
distance is 0.285 nm. Therefore, it was suggested that a monoclinic phase of Li2ZrO3
with plane (111) was formed on the surface. Furthermore, with the increase in annealing
temperature, the decrease in Zr3d3/2 и Zr3d5/2 bond energies are observed. Thus, the
cathode is doped with Zr4+ ions. The doping presumably occurs in the Li and Ni sites (at
700 ◦C, part of Zr remains on surface with formation of new Li2ZrO3 phase), also with the
increase in annealing temperature because of doping with Zr4+ ions, an increase in Ni2+

ions concentration and a decrease in Ni3+ ions concentration is observed.
In study [109], authors found an increase in capacity (in the first cycles by 2–4%) and

an increase in the diffusion coefficient of materials annealed at 700 ◦C after modification
with iron oxide (FeOx) as compared to modified samples without annealing. Similar
patterns were noted in [108]. Such an effect of annealing is explained by iron doping of the
spinel structure, which results in electron density redistribution and slight changes in the
spinel structure parameters. It was found that the diffusion coefficient of lithium ions in
coated and annealed LNMO is 100 times higher than in pure LNMO [108]. The study [110]
examined the change in the structure of the FeOx coating on the LNMO surface annealed
in a temperature range from 500 to 800 ◦C. It was found that as the annealing temperature
increases, the stresses in the coating structure decrease (which should have a favorable
effect on the electrochemical characteristics of the materials). However, annealing at higher
temperatures can lead to the formation of a new undesirable phase. After annealing at
650 ◦C on the XRD patterns we observe changes in the intensity of some peaks, which is
indirectly related to the location of heavy cations in the lithium nodes (8a) of the crystal
lattice. For example, the ratio of intensities of peaks (311)/(400) is 1.02, 1.22, and 1.16 for
the pure cathode, coated and annealed at 650 ◦C cathodes, and coated and annealed at
700 ◦C cathodes, respectively. The authors also attributed the presence of the peak (220) in
the annealed samples to the occupation of lithium nodes by heavy transition metal cations.
From the calculation of the energy of octahedral complexes according to the crystal field
theory, the authors of the paper conclude that lithium sites are occupied by Fe3+ cations,
which is also confirmed by the results of XAS studies (these cations presumably occupy the
rib knots). At an annealing temperature of 700 ◦C, the α-Fe2O3 and Fe3O4 phases begin to
appear, and iron cations begin to occupy octahedral LNMO voids (16d) that appear due
to excessive doping of cathode structure. Therefore, the authors chose a temperature of
650 ◦C as an optimal temperature for iron oxide coating annealing (at this temperature, iron
cations with a higher probability occupy tetrahedral voids). The EXAFS results confirm
the choice of the optimal temperature: at 700 ◦C noticeable distortions in the oxygen anion
sublattice are observed, which are less pronounced at 650 ◦C. It is also noted [110] that the
films obtained by ALD method are deposited with defects in the crystal structure, which
leads to cracks in the oxide film (SEM chipping). After annealing, these defects are not
observed, indicating the cathode surface’s restoration after annealing the FeOx structure.
Additionally, the EDX studies found that after annealing, the iron ions penetrate to a greater
depth of the cathode material.

Other coatings, such as HfO2, are more stable, and metal (Hf) transition into the material
bulk cannot be detected. For instance after annealing of HfO2-coated NCM851005 material at
400 ◦C, no appreciable changes in the coating crystal structure (XRD), its morphology (SEM),
and bonding energies (XPS) were detected [112]. The annealing resulted only in smoothing
and compaction of the coating’s surface (SEM of the chipping). Thus, the coating particles
compacted and redistributed over the surface during the annealing process.

2.7. Characterization of the Near-Order Structure in Coatings and Their Relation to the Substrate

It is noted in most works that the positions of maxima on the XPS spectra of coatings
(Al2O3—73.8 eV [42] < Al2p3/2 < 75.8 eV [63], 531.2 eV [42] < O1s < 532.2 eV [55]; Ga2O3-
Ga3d5/2 ≈ 21 eV [98]; AlF3—74.9 eV [103] < Al2p3/2 < 75.2 eV [69], F1s = 685.2 eV [69];
CeO2-Ce3d3/2 ≈ 901 eV [104], Ce3d5/2 ≈ 898.6 eV [104]; Fe2O3-Fe2p3/2 = 711.5 eV [107];
FePO4-P2p = 133.3 eV [111]; MgO-Mg2p ≈ 49.5 eV [44]; ZnO-Zn2p3/2 ≈ 1021.5 eV [130,131],
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2p1/2 ≈ 1044.3 eV [130,131]; ZrO2-Zr3d3/2 = 184.1 eV [133]) fall within the ranges of values
characteristic of the respective substances. That is, the close environment of the elements in
the coatings is the same as in the reference substances.

Several works [67,131,133] report differences in the position of maxima in the XPS
spectra of modified particles and electrodes and attribute this to the different compositions
and concentrations of functional groups. When studying the electrode coatings, they note
that the position of the maxima corresponds to the values characteristic of these coatings.
Shifts of the maxima toward lower binding energies are observed on the spectra of the
coatings (ZnO-Zn2p3/2 ≈ 1019.35 eV, 2p1/2 1042.47 eV [131], ZrO2 169.8 eV [132] < Zr3d3/2
< 170.6 eV [133]) obtained during modification of cathode material powders [67,131–133].
In a study of lithium manganese spinel particles with applied coatings (Al2O3, ZnO, ZrO2),
chemical shifts were recorded both for the coating elements and for the Mn2p1/2 and
Mn2p3/2 maxima characterizing the substrate [67]. According to the authors of the work,
this phenomenon indicates the formation of chemical bonding between the cathode material
particles and the coating’s material (substrate-O-Me, Me: Al, Zr, Zn).

One study observed a change in film structure during synthesis: both Zr3d3/2 (182 eV;
168 eV) maximums were observed on lithium manganese spinel particles modified by 50 cy-
cles of sequential treatment with Zr(OC(CH3)3)4 and H2O vapors [134]. The micrographs
(TEM) of the coating show two regions that differ in contrast. The darker one is located
closer to the cathode material particle. The authors suggested that epitaxial growth occurs
during the deposition process, and the region of the coating closer to the lithium-manganese
spinel may have a long-range order. As the coating thickens, the influence of the substrate
decreases, and the structure of the grown coating becomes amorphous. On the other hand,
a study of amorphous ZrO2 coatings grown on NCM(523) using Zr(NMe2)4) and H2O
vapors found a similar shift ≈13 eV of the Zr3d3/2 maximum [132]. The shift is not caused
by the crystallization of ZrO2 coatings and finding its cause requires further investigation.

2.8. The Presence of a Crystalline Structure and the Density of Grown Coatings

When examining modified materials and electrodes using X-ray diffraction (XRD)
analysis, the appearance of additional peaks caused by the deposited coatings is generally
not observed. Considering that the particle diameter of the cathode material is a few
micrometers, and the thickness of the coatings varies from units to tens of angstroms, the
mass fraction of the grown coating phase in the studied material is below the sensitivity
limit of XRD analysis. Taking this fact into account, thicker coatings of Al2O3 (≈50 nm,
T = 120 ◦C) [46], AlPO4 (50 cycles T = 250 ◦C) [101], ALPON (≈65 nm) [102], FeOx (150 cy-
cles, T = 450 ◦C) [109], NbOx (30, 60 nm, T = 175 ◦C) [119], TiO2 (100 cycles T = 120 ◦C) [123],
ZrO2 (100 cycles, T = 100 ◦C [45], 300 cycles T = 120 ◦C [133]) have been obtained and
studied in a number of works.

In the works [43,44,83], the characteristic of the crystalline phase was not detected on
the XRD patterns. In one of the considered works [133], a study of coatings using electron
diffraction (SAED) revealed that its structure is polycrystalline. In this regard, we can
conclude that the sensitivity of X-ray diffraction (XRD) analysis is insufficient to determine
the crystalline state of even thicker (tens of nanometers) coatings. Only coatings grown
of iron oxide on cathode material particles at 450 ◦C resulted in the appearance of peaks
corresponding to the grown coating on XRD patterns [107]. This fact is related to the high
synthesis temperature and to the deposition of the film not only on the external surface,
but also due to the increase in the content of the modifying agent due to the introduction of
the phase containing iron into the bulk of cathode material particles.

In almost all investigations where the cathode materials were examined, the TEM
studies confirmed the presence of the crystalline phase [33,35,38,41,42,45,46,49,52,53,56,
64,65,67,68,98,111,112,118,123,131,134]. In contrast, regarding the TEM images of grown
coatings of Al2O3 [33,35,38,41,42,45,46,49,52,53,56,64,65,67,75,80,88,90], Al2O3:Ga2O3 [98],
AlF3 [103], AlPO4 [61,101], CeO2 [49], FePO4 [111], MgF2 [118], Ta2O5 [120], TiO2 [121–123],
TiO2-ZnO [125], TiO2-Li3PO4 [126], ZnO [67,122], and ZrO2 [49], the far order (crystal
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structures) have not been found. The amorphous state of the coatings is related to their
synthesis at low temperatures. Nevertheless, in the literature, experimental results testify
the possibility of the application on cathode powder particles, coatings with a crystalline
structure—ZnO [68,133], ZrO2 [68], as well as coatings including both crystalline and
amorphous phases—ZrO2 [134]. As a possible reason for the presence of a crystalline phase,
it is suggested that the film structure aligns with the crystalline structure of the cathode
material (substrate) due to epitaxial growth [134]. Epitaxial growth is also observed in [109].

The density of the coating can be estimated based on the value of growth per synthesis
cycle (growth rate). Calculations have shown that the density of the grown coatings (Al2O3—
3.6 g/cm3 [44], MgO—2.9 g/cm3 [44], MgF2—2.4–2.7 g/cm3 [118], ZrO2—5.6 g/cm3 [44]) is
lower than the values typical of the bulk phases of the corresponding substances. The lower
value of the coating density is caused by the relatively large size of the precursors [44].
Therefore, achieving a denser concentration per surface unit of chemically sorbed molecules
is impossible.

2.9. Evaluation of Coating Growth Rate and Influencing Factors

Since cathode materials are disperse and electrodes are porous, it is difficult to deter-
mine the thickness of thin coatings. Therefore, the average growth per cycle is estimated
based on the average growth per cycle obtained by synthesizing coatings of the same com-
position on model objects (e.g., silicon wafers). A more accurate method is to determine
thicknesses based on the increments per cycle calculated from transmission microscopy
data for the same modification objects but with a significantly higher number of cycles.

The possible increase in the coating thickness per cycle on dispersed cathode materials
and electrodes as compared to flat substrates seems to be caused by side processes of film
deposition from the gas phase [39]. Gas-phase deposition can occur due to incomplete
removal of reagents. For example, in the case of aluminum oxide synthesis, high growth
rates may not have a significant effect on the film structure [65]. Whereas, in the case of
titanium dioxide grown, side reactions can lead to the formation of coatings consisting of
small particles. Increasing the blowing time of the reaction space from 5 to 20 s significantly
reduced the number of formed particles [45], which indicates the incomplete removal of
reagents during the desorption stage.

2.10. Choice between Modifying Active Material Particles or Finished Electrodes

Since the ALD method allows for the coating of powder and electrode particles, the
question of comparing the characteristics of modified electrodes and electrodes obtained
from modified cathode materials is logical.

As a result of studies [70], it was found that the aluminum oxide layer on the particle
surface can be damaged in the process of electrode preparation. Aluminum oxide has low
electronic conductivity. Therefore, electrodes prepared from modified particles will have
lower electronic conductivity than uncoated electrodes, and consequently, there will be a
more intense reduction in the charge-discharge capacity. When the electrode is coated, the
film growth occurs not only on the cathode material but also on the conductive additive
and binder. The decrease in the intensities and shift toward lower binding energies of
the peaks related to the binder (PVDF) may be due to partial doping of the binder in
the film-grown process [29]. Keeping the cathode material particles in contact with the
network of conductive particles of the electrically conductive additive allows the charge to
be effectively dissipated [46].

3. Effects of Coatings on the Functional Properties of Modified Cathode Materials
and Electrodes

This section will discuss:

• the primary studies’ results of changes in the coating structure that take place dur-
ing cycling;
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• physicochemical effects leading to improvement of functional properties of cathode
materials or positive electrodes;

• the list of observed effects on the electrochemical properties of cathode materials or
positive electrodes;

• effect of coatings of different compositions on electronic, ionic conductivity, lithium
diffusion resistance through thin films, charge transfer resistance, performance at high
potentials, and a large number of charge-discharge cycles, etc.

3.1. Physical and Chemical Processes in Coatings during Lithium Intercalation/Deintercalation
during Charge-Discharge of Modified Cathode Materials and Electrodes

Many articles [73,74,83,90,97,100,112,114,117,120,122–124,135,136] have noted that
coating the cathode material to a greater extent affects the capacity preservation of the
cathode material, and the greater the coating thickness, the longer the capacity is preserved
during cycling. The observed increase in cycling life is related to the fact that the coating
markedly reduces side reactions with the cathode material [91,93,116,124] (in particular,
dissolution of transition metals [95,100,114,123,139,140] with their subsequent deposition
as SEI films on the anode [93]).

In the study [74], an XPS investigation of the cathodes after cycling were conducted,
which showed that the coated and uncoated cathode materials have C=O peaks after cycling,
and the uncoated cathode has higher carbon-oxygen bonding energy, which is explained by
increased Li2CO3 compound formation. Additionally, for the uncoated cathode material,
the standard LiPFxOy peak characterizing the electrolyte decomposition reaction on the
cathode surface is observed. On the other hand, only LiF and AlF3 peaks are observed for
the coated material, which suggests that during cell cycling, the main electrolyte reactions
took place with the coating and affected the cathode core to a lesser extent.

Another reason for preserving the capacitance is to increase the stability of the sec-
ondary particles of the cathode material. In the work of [117], the presence of cracks on the
cathode after cycling was investigated using SEM. It was shown that the uncoated cathode
material exhibited significantly more cracks, which were also more extensive. Such crack
formation also affects the geometric characteristics of the cathode material. During cycling,
its “swelling” was observed. The SEM images of the coated cathode material after cycling
at an elevated temperature of 50 ◦C [90] show that the coating homogeneity decreases
during cycling, and the formation of holes of regular geometry down to the active cathode
material is observed. As a possible explanation, the authors suggested that hydrofluoric
acid is formed during cycling, which can react with Al2O3 and AlOOH. During these reac-
tions, a large amount of water is released, which reacts with the electrolyte to synthesize
hydrofluoric acid, i.e., an autocatalytic reaction occurs.

Al2O3 + 6HF = 2AlF3 + 3H2O (5)

2AlOOH + 6HF = 2AlF3 + 4H2O (6)

LiPF6 + H2O = LiF + POF3 + 2HF (7)

The processes occurring during the modification of cathode materials with aluminum
oxide and titanium oxide coatings are the most studied (see Figure 1b and references to
these coatings in Tables 1–5). In this regard, as their example, let us consider the methods
and results of studies of the processes occurring in the coatings during the charge-discharge
of cathode materials.

When studying lithiation processes of aluminum oxide nanofilm, it was found [81,141],
that Li-Al-O glass is formed in the film and a similar phase can form on the surface of
aluminum oxide coated cathode materials during charge-discharge. On the other hand, con-
sidering the insignificant shift (0.2 eV) of the Al2p3/2 maximum into a lower energy range
after 10 charge-discharge cycles of Li1.2Ni0.13Mn0.54Co0.13O2 cathode material covered with
aluminum oxide, the authors of study [65] concluded that no Li-Al-O glass formation was
caused by lithium passing through the aluminum oxide film. In similar studies of titanium
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dioxide coatings in the XPS spectra of the sample, after the charge-discharge, the maxima
related to the titanium ions Ti3+ and Ti4+ were detected. Therefore, the presence of Ti3+ ions
in the film was attributed to the lithiation reaction of titanium oxide [65].

On the differential capacity curve (dQ/dV) of modified aluminum oxide there is
only one peak characterizing the cobalt reduction process [31]. In this regard, the authors
conclude that Al3+ is not involved in the electrochemical process. Similar studies of TiO2-
coated LiCoO2 in the 3.8 V region found maxima on the differential charge-discharge
curves. Their presence seems to be due to the formation of the LiTiyCo1−yO2+0.5y phase
at the LiCoO2/TiO2 boundary [31]. Partial doping with titanium atoms is also associated
with this process and the increased capacity of the modified lithiated cobalt oxide.

Thus, aluminum oxide is not an electrochemically active material during the charge-
discharge of modified cathode materials and electrodes. The question of the formation
of Li-Al-O glass in the process of lithium passage is still open. A study of titanium oxide
coatings found that this type of coating can participate in the electrochemical reaction and
increase the discharge capacity of the cathode material.

During the study of LCO cathode degradation at high charge voltages, it was found [139],
that the destruction of this cathode material is directly due to two factors:

• the formation of a large concentration of unstable Co4+ cation, which goes into
the electrolyte;

• the reorganization of the cathode structure from hexagonal to monocline (due to
cobalt dissolution).

In this case, the protective coating on the cathode’s surface plays a buffer role: Co4+

ions, instead of dissolving in the liquid electrolyte, begin to form a solid electrolyte phase
in the coating, which in turn favorably affects the cyclic life of the battery.

3.2. CV Studies before and after Coating

The chemical composition and structure of the coating affect the reactions in the coating
and cathode material. Two strong peaks are observed in the CV study of the uncoated
NMC sample in [78]. The first peak at 4.2 V characterizes the change in the oxidation degree
of Ni2+-Ni4+ and Co3+-Co4+, the second peak at 4.6 V appears due to the activation of the
Li2MnO3 phase. No new peaks were observed during the cycling of the sample coated
with aluminum oxide, which testifies to the absence of coating material contribution to
the measured capacity during charging-discharging of the cathode material. However,
the intensity of the peak responsible for the Li2MnO3 phase formation (4.6 V) is markedly
lower, which allows us to assume that coating Al2O3 can reduce the electrolyte oxidation on
the cathode and increase its Coulomb efficiency. The analysis of the first derivatives of the
differential capacity curve (dQ/dV) of such a system was performed in paper [74]. It was
found that during the film growth, there was no significant shift in the peaks’ characteristics
of bare NMC (two peaks were observed on all curves: phase transitions in hexagonal and
monoclinic syngonies during lithiation/delamination processes). However, the intensity of
the peaks decreased significantly, indicating that the phase transition between hexagonal
and monoclinic syngonies (which, according to the authors [74], is caused by the Jahn-Teller
effect for transition metal ions) was irreversible. It is not fully known which mechanism
is responsible for the interaction of the coating with the cathode materials. However,
experiments show that the dissolution of transition metals in the electrolyte is significantly
reduced due to coating, and the passivation of parasitic reactions is observed.

Studies of FeOx and annealed FeOx coatings on the Li-rich (LMR) cathode [109]
showed a slight difference in the Coulomb efficiency after the first charge-discharge cycle.
Thus, for the annealed FeOx sample, the Coulomb efficiency was 80.3%, for the coated FeOx
sample, it was 79.3%, and for the uncoated sample, it was 76.3%, which indicates a greater
degree of Li and O atom conservation in the lattice of the coated cathode material during
its activation. Additionally, for the iron oxide-coated samples, a decrease in the intensity
of the peak at 2.8 V is observed, which is associated with the presence of Li ions in the
spinel structure.
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When comparing the CV curves of bare LNMO and LNMO coated with AlPO4
film [101], neither additional peaks nor a significant shift of the original peaks was ob-
served. However, the intensity of the original peaks (near 4.7 V, which is responsible for
the Ni2+/Ni3+ and Ni3+/Ni4+ redox reaction) is markedly lower for the coated sample. The
combination of the data suggests that the coating is electrochemically inactive during cyclic
charge-discharge, and Li ions uniformly pass through the AlPO4 coating.

3.3. Resistance of the Coating during Cycling

The stability of aluminum oxide films on the electrode surface during electrochemical
cycling can be evaluated by analyzing the shape and intensity of the Al2p3/2 band of XPS
spectra. The band intensity can decrease without a significant change in shape [31]. Thus,
dissolution of the aluminum oxide coating occurs, and its fluorination products cannot be
detected. Furthermore, the signal intensity from titanium atoms after charge-discharge
of titanium oxide coated cathode materials under comparable conditions decreases for a
smaller number of cycles. Thus, the titanium dioxide film is less stable compared to the
aluminum oxide film.

Some works report the observation of gradual fluorination of the aluminum oxide film.
For example, in the paper [56], after 300 cycles of charge-discharge, the Al2p3/2 maximum
was observed to shift toward higher bonding energies and to be broadened. Assuming
that the observed shift of the maximum position is associated with the replacement of
oxygen atoms by fluorine in the environment, the authors decomposed the band into two
components. With the increase in the number of ALD cycles from 10 to 50, the share of
the curve area characterizing the presence of Al-F bonds became smaller. Consequently,
the fraction of aluminum atoms bonded to fluorine atoms decreases in thicker coatings.
The presence of maxima related to Al-O and Al-F may indicate an incomplete course of the
Reaction (8).

Al2O3 + 6HF => 2AlF3 + H2O (8)

Thermodynamic calculations evidenced the possible joint presence of Al-O and Al-F
bonds in the aluminum oxide film exposed to HF [142]. In the case of the interaction of
ZnO with HF, according to thermodynamic calculations [142], the formation of the end
products of the reaction—ZnF2 and H2O is preferable. In this regard, the aluminum oxide
film is more stable when exposed to HF.

Thus, of the considered oxide coatings (Al2O3, TiO2, ZnO), the Al2O3 film is the
most resistant to dissolution upon interaction with HF. However, since the products of
partial fluorination are observed, and in some cases are not observed in the study of
coatings during cycling, the reaction mechanism probably depends on the conditions of
the experiment.

In work [87], when the NMC cathode was coated with AlF3 film after battery cell
cycling, an additional peak of 685.75 eV was detected in the F1s region, which is located be-
tween two components: LiF and Al2O3 by energy. This peak presumably characterizes the
presence of the LiAlF4 compound. Additionally, no peak indicating PDVF decomposition
on the cathode material was detected for these cells, i.e., during cell cycling, the Al2O3 film
is lithified by AlF and LiF components. The phase turns out to LiAlF4 is more stable in the
electrolyte environ, which as a result, affects the cycling stability since there is no excessive
electrolyte decomposition [87].

3.4. Physical and Chemical Effects Leading to Improved Functional Properties of Cathodes

The modification of cathode materials affects their surface’s physical and chemical
properties. The change is primarily because the coatings’ and cathode material’s chemical
nature differ. In some cases, the growth process can affect the structure and hence the
material layers’ properties close to the cathode materials’ outer surface. For example, in
studies [102,127] the effect of doping AlPO4 and TiPO4 films with nitrogen was studied; the
authors showed that due to doping of the films at high charge-discharge currents, a reduced
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energy barrier for redox reactions is observed, which favorably affects the cycling life of
layouts at high currents.

3.4.1. Reducing the Intensity of Metal Dissolution

Electrodes including NCM(111) modified with LiTaO3 coating after charge-discharge
in the potential range 3.0–4.7 V were kept in LIB electrolyte at 60 ◦C for 14 days. According
to the chemical analysis data, the concentration of Ni, Co, and Mn in the electrolyte during
the modified electrode exposure was significantly lower than during the exposure of the
bare electrode. Thus, the coatings can partially prevent the dissolution of cathode materials
when interacting with hydrofluoric acid in the form of traces present in the electrolyte.
The need to reduce the dissolution of the cathode material is related not only to the loss
of the active component but also to the reduction in the transition metal content of the
cathode material in the SEI film on the surface of the anode material. For example, it was
shown in [48] that the coating of the anode material can affect the battery life due to a
decrease in the content of nickel and manganese in the SEI film. In addition, the deposition
of transition metals on the separator and anode reduces the cycling life due to an increase
in the battery’s internal resistance [35].

Additionally, a decrease in transition metals solubility is noted in the paper [83], where
the HE-NCM cathode coating with an Al2O3 film was investigated. The ICP-AES study
of the electrolyte revealed that the dissolution of transition metals of uncoated material is
4 times more intense than that of ALD-coated material.

On the contrary, in the article [73], the authors note the presence of an increase in the
dissolution of Mn during LMO coating with Al2O3 film. Such results are attributed to the
reaction of an aluminum oxide film with hydrofluoric acid, resulting in the formation of
the AlF3 compound is water, which again interacts with the electrolyte salt to form a new
HF, which subsequently dissolves Mn ions, i.e., there is a flow of autocatalysis.

In article [100], bare LNMO and LNMO coated with AlF3 film were kept in the elec-
trolyte for one and two weeks at 45 ◦C. In both cases, the amount of dissolved manganese
in the electrolyte is always higher than the nickel (for all samples). The deposited coating
allows protection of the cathode even after two weeks of exposure to the electrolyte (the
concentration of manganese, in this case, is three times lower than in the case of the experi-
ment with the uncoated sample). The study [123] compared XPS spectra before and after
cell cycling. Before cycling, the XPS showed peaks at 642.1, and 643.7 eV, corresponding
to the presence of Mn3+ and Mn4+ in the structure, with the Mn3+ fraction for the LMO
titanium oxide coated cathode being 57.8% and 58.2% for the uncoated one. After the
cycling, the Mn4+ fraction increased from 41.8% to 42.8%, which suggests the formation
of the λ-MnO2 phase during the charge-discharge process. This assumption is confirmed
by the presence of a 1 eV shift of the manganese peak to the lower energies (towards an
increasing degree of manganese oxidation). For the titanium oxide coated sample, only a
slight increase in the Mn4+ fraction (by 0.2%) and, consequently, less degradation of the
cathode material was observed. At the same time, changes in the titanium peaks were
observed for the coated sample: after cycling, their positions were 459.7 and 465.4 eV
(compared to the initial 458.9 and 464.6 eV), which is explained by the presence of a Ti-O
and Ti-F transition bond, i.e., Ti-O-F. During the ToF-SIMS study, the TiOxFy, phase was
detected on the surface of the titanium oxide coating; the aggregate of the results obtained
allows us to assert that the coating reacted with hydrofluoric acid and water in a higher
priority than the cathode material.

A study [95] examined the effect of Al2O3 and CeO2 coatings of the LMO cathode
on the dissolution of Mn from the cathode structure. The ICP-AES was used to obtain
transition metal dissolution data by measuring the manganese ratios in the electrolyte
solution after two and four weeks of holding at room temperature and 55 ◦C. Each coating
composition was synthesized on the cathode. The coatings were 1.5 and 3 nm thick. It was
found that regardless of the presence and type of coating, the dissolution of manganese
from the cathode structure increased with increasing temperature. Additionally, it was
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observed that in the presence of the CeO2 film, Mn dissolution was more intense than for
the bare cathode and the cathode coated with Al2O3 film. As the thickness of the Al2O3
coating increased, the dissolution of Mn decreased.

In contrast, the opposite effect was observed for the CeO2 films [95], i.e., as the thick-
ness increased, the transition metal dissolution also increased. The vacancy formation
energy of Mn in the cathode structure was calculated for the uncoated cathode, cath-
ode coated with Al2O3, and cathode coated with CeO2, it was: 8.91, 11.71, and 6.49 eV,
respectively. These vacancy formation energies indicate that depending on the coating
applied, the Mn-O bond length changes, which entails a decrease or increase in the degree
of removal of Mn from the cathode structure. Additionally, the authors of the article [95]
mention studies of manganese dissolution from LMO when it is coated with MgO Cr2O3,
Co3O4, TiO2, ZnO, and ZrO2, films. For each coating, the vacancy formation energy is
5.91, 8.89, 7.09, 9.02, 9.16, and 9.02 eV, respectively. Consequently, the application of TiO2,
ZnO, and ZrO2 films prevents the dissolution of Mn to a greater extent compared to the
bare cathode.

3.4.2. Decrease in the Growth Rate of the Solid-Electrolyte Film during the
Charge-Discharge Process

To determine the effect of protective coatings on the CEI film structure, the original
LiNi0.5Mn1.5O4 and the material modified with four ALD cycles were studied using surface-
sensitive methods [41,54]. When studying samples of cathode materials after 50 charge-
discharge cycles at 30 ◦C using XPS, it was found that the modified cathode material
has [41]:

1. higher intensity of the C-C peak (285 eV), which characterizes the presence of PVDF
and carbon black;

2. higher intensity of the O1s, which peak characterizing the Ni(II)O bond (530.3 eV);
3. lower intensity of maxima characterizing organic compounds (alkyl carbonates),

Li2CO3, and LiPFxOy;
4. higher intensity of the maximum characterizing the bond of the fluorine atom (685.6 eV)

with lithium or aluminum.

The results obtained allowed the authors [41] to conclude that the CEI film of the
modified cathode material contained fewer organic molecules. The smaller increase in the
thickness of the organic component of the film was also confirmed by secondary ion mass
spectrometry with time-of-flight mass separation (TOF-SIMS). Therefore, reducing the CEI
film thickness leads to a minor increase in resistance at the cathode during LIB operation. In
addition, a thinner CEI film indicates less electrolyte decomposition during LIB work [29].

3.4.3. Suppression of Undesirable Processes (Changes in the Degree of Oxidation of Metal
Ions and Phase Transitions) in the Layers of Cathode Materials Located near the Outer
Surface of Cathodes

In the study [57], the X-ray absorption near fine structure (XANES) during charge-
discharge of the original and aluminum oxide modified LiNi0.4Mn0.4Co0.2O2 was investi-
gated. It was shown that:

5. the coating suppresses the oxidation of Co3+ to Co4+, causing the release of active oxygen;
6. charge compensation during lithium removal (Li(1-x)Ni0.4-Mn0.4Co0.2O2, where

0 ≤ x ≤ 0.5) is due to nickel oxidation.

The authors attribute the shown reversible oxidation of nickel to the fact that the
aluminum oxide film prevents interaction between the electrolyte and active oxygen nucle-
ophilic atoms bound to nickel.

The initial sample Li1.2Ni0.2Mn0.6O2 and the one modified with aluminum oxide
(4 cycles) were studied using electron energy loss spectroscopy (EELS) after 40 charge-
discharge cycles [64]. Based on the chemical shift of the L3 band, the valence states of
manganese on the surface and in the layers close to the surface of the cathode material
were determined. It was found that in the uncoated sample, Mn2+ ions were present near
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the outer surface of the particle. However, as one moves deeper into the particle, there is a
relatively thick layer in which Mn3+ ions are present. In contrast, the study of the modified
material revealed that only near the surface of the cathode material is the partial reduction
in manganese detectable, with an average oxidation degree greater than +3. Thus, the
aluminum oxide coating suppresses the reduction in manganese at the cathode/electrolyte
interface, slowing the transition of manganese to the electrolyte.

The charge of the cathode material NCM(523) to the potential of 4.5 V led to the fact
that the reflections from the cobalt and manganese atoms almost completely disappeared
in the XPS spectra [55]. The position of the maximum in the nickel spectrum indicated
that the nickel was in the degree of oxidation +2. After argon ion surface etching of the
charged cathode material, the shape of the Ni, Co, and Mn spectra approached that of the
spectra of the uncharged cathode material. Aluminum oxide coating (5 cycles) prevented
the noted changes in the XPS spectra. Examination of the uncoated sample by transmission
electron microscopy showed that after 100 charge-discharge cycles in the range of 3.0–4.5
V, the NiO phase was present in the near-surface layer of the cathode material. Thus, the
interaction of the electrolyte with the cathode material leads to a partial reduction in nickel
atoms and the formation of the NiO phase, which slows down the movement of lithium
ions and increases the resistance. The cathode material modified with aluminum oxide
retained the initial phase composition.

Aluminum oxide coating also prevents the phase transition of the layered structure
into a spinel structure occurring on the surface of cathode materials as the number of
charge-discharge cycles increases [7,64,71].

In work [93], it was found that during cycling, changes on the surface of NMC(811)
occur, namely, oxygen vacancies are formed; simultaneously, an increase in the intensity of
the XPS peaks for nickel is observed. After cycling, all transition metal peaks are shifted
to lower bonding energies, indicating that the degree of oxidation of transition metals
during cyclic charge-discharge decreases. The authors also note that the cathode surface
is enriched with Mn atoms after cyclic tests. The phenomena described above were not
observed for cathodes coated with Al2O3 film.

3.4.4. Study of the Resistance of Films

Researchers use impedance spectroscopy to study changes in film resistance. Impedance
spectra before formation are usually quite challenging to interpret. In this regard, studies
after at least one cycle of charge and discharge are considered in the works. The measure-
ment is carried out at full charge or at a given potential after some time (up to 10 h [57]),
which is necessary to establish the equilibrium of the processes taking place.

Interpretation of the resulting spectra can be conducted as a descriptive analysis
of the semicircles [29,35,36,39,71,82,84,86,88,91,108,112,126,127,139], or with calculation of
resistance components based on the selected equivalent electronic circuit [45,49,53,72,75–
77,87,89,101,109,110,113–115,117,119–122,124,125,135,136].

When interpreting the impedance spectra presented in the Nyquist coordinates—(Z”–
Z’) several areas located in different frequency ranges are distinguished. A minimum at
high frequencies (100 kHz) characterize the ohmic component of the impedance of the
electrode, and it includes the contribution from the electronic conductivity of the electrode,
the ionic conductivity of the electrode, as well as the electronic resistance of contacts (cell
current leads, current collectors). Next, two (three) half-circles, whose maximums are
located at approximately 10 kHz or 1 kHz, are observed (or, by mathematical processing,
are identified). Based on the shape of the curve at the high-frequency spectrum region
(maximum at ≈10 kHz) it is possible to determine the resistance to the movement of
ions through a thin solid electrolyte film (Rf) and the electronic resistance (Rb) between
active material particles (which is rarely mentioned [29,51]). The charge transfer resistance
(RCT) can be determined based on a mathematical treatment of the half-circle shape with
a maximum at ≈1 kHz. At lower frequencies (<1 kHz), a straight line with about 45◦

slope characterizing the process of lithium diffusion into the bulk of cathode material



Batteries 2022, 8, 184 24 of 41

particles is observed. Based on this linear dependence, the diffusion coefficient can be
calculated [53,76,77,114,125,130,132].

Taking into account the possible physical and chemical processes, an equivalent elec-
trical circuit is selected (several equivalent circuits were found in the reviewed literature—
1 [7,45,49,53,55,61,74,77,84,87–89,104,107–110,113,121,122,124,125,130,132,135,136], 2 [33,41,
56,72,111,114,119], 3 [118], 4 [115], 5 [51], 6 [57], 7 [82,113], 8 [86,114], 9 [75,120], 10 [75],
11 [117], 12 [117] see Appendix A Table A2) and by selecting the parameters of a chosen
circuit (capacitance, inductance, resistance), a minimum discrepancy with the impedance
spectrum is achieved. Then, the resistances Rf, Rb, RCT and their changes as a result
of coating application can be determined (effect of thickness [7,29,33,55,56,61,74,84,86,
89,104,107,111,114,115,119,132,133] and nature of coating [7,45,49,84,89–91,109,110,112,113,
117,122,124,125,136,139], coating on electrode [87,101,114,119,120,122,124,125,135] or parti-
cles [72,74–77,82,84,86,88–91,108–110,112,113,117,126,133,136]). Additionally, the changes
in resistances can be noticed in other electrochemical tests (cyclic charge-discharge at
room and elevated temperature [76,104,107], charge-discharge potential range [53,74,76],
exposure time at high potentials [42,90]).

It is reasonable to determine the effect of coating on ionic conductivity without charg-
ing the cathode to high potentials (above the stability of the electrolyte boundary) because
the lower lithium ionic conductivity through the SEI film may be due to the presence of a
denser SEI film on the surface of unmodified samples. Thus, uncoated samples may have
higher resistivity when charged to high potentials due to film formation from electrolyte
decomposition products.

The electronic conductivity of the grown films is usually lower than of the cathode
materials, in this regard the conductivity of the cathode materials with the coatings can be
reduced. Doped AlF with W or mixed Al2O3/Ga2O3 coatings can be used as a possible
technique to reduce the conductivity.

Based on the reviewed literature, the following generalizations can be made:

1. coating the cathode material particles or the electrode generally does not increase Rf
and RCT resistances. Rf and RCT resistances. Exceptions are studies [74,75,87,110,117,
122,124,125], but in most cases the modified ones have lower resistances after cycling;

2. an optimum in coating thickness is observed;
3. in the process of testing, the resistances tend to increase. For the modified ones, the

increase is less noticeable;
4. the exposure time, at high potentials, leads to the intensive growth of the solid-

electrolyte film, coating grown slows down this process.

3.4.5. Electronic and Ionic Conductivity

Coating primarily affects the surface properties of the modified cathode materials. As
a rule, the electronic conductivity of the grown coatings is lower than that of the cathode
materials. Therefore, one can observe a decrease in electronic conductivity due to the
modification.

The electronic conductivity of some cathode materials are as follows: LCO is
10−4 Sm/cm [39], NCM is 10−5 Sm/cm [143], LMO is 10−6 Sm/cm [144], LMR is
5 × 10−7 Sm/cm [145], LNMO is 10−5 Sm/cm [146]. The uncoated cathode materials
have higher electronic conductivity than materials with coatings (for example Al2O3 is
10−14 Sm/cm [39], CeO2 is 2.5 × 10−8 Sm/cm [147], TiO2 is 10−11 Sm/cm [148] ZnO is
7.2 × 10−7 Sm/cm [149] ZrO2 is 10−10 Sm/cm [150]). Modified LCO powder particles as
a result of 2–10 cycles of AlCH3 and H2O vapor treatment at 120 ◦C led to an order of
magnitude decrease in electronic conductivity to 10−5 Sm/cm. An increase in the elec-
tronic conductivity of grown coatings can be achieved by introducing more conductive
components, for example, Ga2O3 (Al2O3:Ga2O3) [98] or W/WCx (AlWxFy) [103,151].

The discharge curves presented at different discharge currents (GCD) show that the
coating of TiO2-Li3PO4 on the LNMO cathode probably significantly increases the electronic



Batteries 2022, 8, 184 25 of 41

and ionic conductivity, as compared to the uncoated electrode, there is a smaller decrease
in capacitance with increasing discharge current (in the 0.1C to 5C range) [126].

In the study [74], in the range of 3.0–4.5 V, a pair of peaks responsible for the phase
transition between the hexagonal and monoclinic crystal structures are observed on the
differential capacity analysis (dQ/dV) curves of the uncoated cathode. In addition to these
clear peaks on the curves at high voltages in the region of oxidative reactions, we also
observe weaker peaks of monoclinic to a hexagonal structure phase transition, which shift
to lower voltages with an increasing number of charge-discharge cycles and become less
intensive. For the coated cathode, similar peaks are observed, but with lower intensity and
a small voltage shift. During the cycling of the uncoated cathode, a decline in the intensity
of peaks is observed, which is caused by the irreversibility of the phase transition, which
the authors of the paper associate with the Jahn-Teller effect [74].

The article [109] describes the investigation of FeOx coating the electronic conductivity.
The cold-pressed pellets were used for the study. The results showed an increase in
conductivity by half an order of magnitude (40 cycles ALD FeOx compared to bare cathode)
with an increasing number of ALD cycles. When the number of ALD cycles increases
from 40 to 100, a decline in conductivity is observed (i.e., the dependence of conductivity
on the number of ALD cycles has a maximum), and such results are associated with iron
oxidation to degree 3+ (at layering 100 cycles), which is characterized by reduced electronic
conductivity. The observed decrease in the discharge capacity of the cathode material is
also associated with a decrease in electronic conductivity.

The decrease in electronic conductivity after coating LCO material with niobium oxide
was also observed in the article [119]. The authors have made this conclusion on the base
of cyclic voltammetry curves. The decrement of the peaks’ intensity responsible for lithium
intercalation and deintercalation (3.9 V) and the transition from the hexagonal to monocline
phase (4.0 and 4.2 V) was associated with an increase in electronic resistance.

The effect of the number of treatment cycles on the conductivity of the modified
cathode material (LCO + Al2O3) was shown in [39]. After coating application during
2–10 treatment cycles, the electronic conductivity decreased by an order of magnitude. In
the case of electrode modification, there should be no intense decrease in the electronic
conductivity because the particles of the cathode material retain contact with the particles’
network of the conductive additive, at least for thin layers of coatings (1–6 cycles).

The application of thin coatings also influences ionic conductivity. For example, in an
EIS study [119], the authors note an increase in the Li diffusion coefficient (10−7 Sm/cm) in
the coating layer (Niobium oxide on LCO). In [124], the increase in lithium-ion diffusion
is also noted. When TiO2 coating was applied to NCM(523), the uncoated cathode had
ionic conductivity in full cells of 0.083 Sm/cm, while the coated cathodes with coatings
obtained at different temperatures had ionic conductivity of: 0.090 (120 ◦C), 0.091 (150 ◦C)
and 0.120 (180 ◦C) Sm/cm.

A study of the effect of CeO2 coating on the diffusion coefficient and electronic con-
ductivity of LMO at different coating thicknesses was described in [105]. The authors note
that when the coating thickness is less than 3 nm, the diffusion coefficient augments with
increasing coating thickness; when the coating thickness is greater than 3 nm, the diffusion
coefficient decreases with a further increase in thickness. Furthermore, the authors note
that when considering diffusions in bulk and on the surface in thin coatings, diffusion on
the surface plays a significant role, and the presence of an extremum point in the diffusion
coefficient on coating thickness dependence can be explained by the formation of diffusion
channels between the electrode and the coating.

The diffusion coefficient was measured for electrodes made of modified particles. In
most cases, the modification did not lead to a decrease in the diffusion coefficient, and in
some cases even increased it. The formation of compounds with increased lithium conduc-
tivity Li-Al-O, Li-Al2O3 and Li-Zr-O was suggested as an explanation for the increase in
diffusion, and a movement mechanism inside the modifier coating was proposed [59].
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3.4.6. Effect of Film Annealing on the Electrochemical Characteristics of Batteries

After annealing coated materials, a number of articles have noted the following: a
smaller decrease in capacity during cycling [91,108–110,112,136], increased capacity at
high discharge currents [108–110,112,136], decreased resistance growth during cycling
charge-discharge [136], increased Li diffusion coefficient [108,109].

3.5. Summary List of Observed Effects on the Electrochemical Properties of Cathode Materials or
Positive Electrodes during Coating

As a result of ALD coating of cathode materials and positive electrodes, the following
effects on their performance were observed:

• the cathode capacity decreases less during cycling [7,29,30,32,34,35,43,45,50,51,64,66,67,
72,75–78,80,82,83,85–89,91,93,95,97,100,101,103,107–110,112–114,116,117,119–128,130,132,
134–136,139,140,152];

• increases cycling life and capacity when charged to high potentials [7,33,42,48,53,55,
63,80,82,99,107,108,111,123,125,132,139];

• Coulomb efficiency increases [33,41,82,85,103,112,113,120];
• self-discharge is reduced [41,123];
• overvoltage on the cathode material can be reduced [35,44];
• increased ability to work at elevated temperatures [35,48,67,71,95,100,107,121,124,132–134];
• increases the capacity when discharging with high currents [33,56,72,74–78,84,89,91,

92,94,99–103,107–114,116,119–121,123–128,132,133,135,136];
• thermal stability in the charged state increases [53,101,116,122];
• polarization increases [37,38,51,55,115,152];
• polarization decreases [100,101,111,122];
• there is no effect of lithium-rich cathode materials on voltage reduction during cyclic

charge-discharge [30,66];
• the growth of resistance during cycling is reduced [7,33,42,53,56,107,111,119,121–123,

136,153].

4. Comparison of Coatings of Different Compositions

A number of publications have attempted to compare the efficiency of coatings of
different compositions. When comparing the results, curves of change in the capacity as
a function of the number of cycles or the discharge current are used. The comparison is
made relative to the cathode materials coated with an aluminum oxide film. Summarizing
the results of the above studies (Tables 6 and 7), it can be concluded that in all cases
considered LiAlO2 (LiAlOx) film, as well as CeO2 coating, provided the best cycling life
and serviceability of electrodes at high discharge currents as compared to Al2O3 film.
Experimental results are described in the literature, according to which cathode materials
coated with ZrO2, ZnO, and TiO2 had worse and better performance than cathode materials
coated with Al2O3. The advantage of the Al2O3 film is attributed to its greater resistance to
HF. The better performance of cathode materials modified with ZrO2, ZnO, and TiO2 is
explained by their higher conductivity than Al2O3 film.

Table 6. Effect of coating selection on the capacity of active cathode materials in charge-discharge
with different currents.

Material P/E Current, C Cp Reference

LiCoO2 P 0.1 4ZnO > 4Al2O3 [39]

LiCoO2 E ≈0.6 ÷ ≈4 2ZrO2 ≈ 2TiO2 > 2Al2O3 [45]

LiCoO2

E 1 ÷ 2 15 nmNbOx > 30 nmNbOx
> 60 nmNbOx

[119]

E 5 ÷ 100 15 nmNbOx ≈ 30 nmNbOx
> 60 nmNbOx
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Table 6. Cont.

Material P/E Current, C Cp Reference

LiCoO2 – 0.25 LiMeO > LiMeP > MeF~MeP [139]

LiMn2O4

P 0.2 ÷ 1 (25 ◦C) 50CeO2 < 5ZrO2 < 5Al2O3

[49]P 2 (25 ◦C) 50CeO2 > 5Al2O3 > 5ZrO2

P 0.2 ÷ 2 (55 ◦C) 50CeO2 > 5ZrO2 > 5Al2O3

LiMn2O4 E(P) 1 ÷ 200 5 nmTiO2 > 1 nmAl2O3 [47]

LiMn2O4

E 0.2 ÷ 0.5 (25 ◦C) 10TiO2 ≈15TiO2 > 40TiO2

[123]E 0.2 (55 ◦C) 10TiO2 ≈ 15TiO2 > 40TiO2

E 0.5 (55 ◦C) 15TiO2 > 10TiO2 > 40TiO2

(523) P 0.1 ÷ 10 MgO ≈ ZrO2 > Al2O3 [44]

(523) P 1/3 2Al2O3 > 8Al2O3 [80]

(523) E 0.2 ÷ 5 5Ta2O5 > 2Ta2O5 > 10Ta2O5 [120]

(523) E

0.1
100TiO2 (synthesis at 180 ◦C) ≈
100TiO2 (synthesis at 120 ◦C) >
100TiO2(synthesis at 150 ◦C)

[124]0.2 ÷ 1
100TiO2(synthesis at 180 ◦C) ≈
100TiO2(synthesis at 150 ◦C) ≈

100TiO2(synthesis at 120 ◦C)

2
100TiO2(synthesis at 180 ◦C) >
100TiO2(synthesis at 150 ◦C) >
100TiO2(synthesis at 120 ◦C)

(622) P 1 ÷ 3 4Al2O3 ≈ 10Al2O3 [85]

(622)
E 0.1 ÷ 0.5; 3 20ZrO2 ≈ 5ZrO2 ≈ 40ZrO2

[135]
E 1 ÷ 2 20ZrO2 > 5ZrO2 > 40ZrO2

(622) P 0.1 ÷ 2 20Al2O3 > 10Al2O3 ≈ 40Al2O3 [74]

(622) E 0.1 ÷ 5 10LixTiyOz > 50TiOx [117]

(622) P
0.1 ÷ 0.2 (25 ◦C) 2ZrO2 ≈ 5ZrO2 ≈ 8ZrO2

[136]
0.5 ÷ 5 (25 ◦C) 2ZrO2 > 5ZrO2 > 8ZrO2

(622) P
0.1 ÷ 0.5 1AlPON ≈ 2AlPO4

[102]
1 ÷ 5 1AlPON > 2AlPO4

(811)
P 0.1 ÷ 2 (25 ◦C) 2Al2O3 ≈ 5Al2O3 > 10Al2O3

[86]
P 0.1 ÷ 5 (50 ◦C) 2Al2O3 > 5Al2O3 ≈ 10Al2O3

FCG (811) P 0.1 ÷ 5 Al2O3 > TiO2 [7]
NCA P 0.5 ÷ 2 TiO2 > Al2O3

LiNi0.5Mn1.5O4 E 0.1 ÷ 0.33 5LiAlO2 > 5Al2O3 [48]

LiNi0.5Mn1.5O4 P ≈0.1 ÷ 2 Al2O3 > TiO2 [33]

LiNi0.5Mn1.5O4 P 0.1 ÷ 5 10(TiO2-LiPO4)> LiPO4 ≈ TiO2 [126]

LiNi0.5Mn1.5O4 P 0.1 5Al2O3 > 10Al2O3 > 20Al2O3 [90]

L1
P 0.1 6ZnO ≥ 6ZrO2 > 6Al2O3

[68]
P 0.2 ÷ 5 6ZrO2 > 6ZnO > 6Al2O3

L4 E 0.04 ÷ 1 4ZnO-6TiO2 > 6TiO2-4ZnO≈
≈3TiO2-4ZnO-3TiO2

[125]

L4 E 0.04 ÷ 1 10TiO2 > 5ZnO [122]

L7 P – 24Al2O3 ≈ 40Al2O3 > 16Al2O3 [82]
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Table 6. Cont.

Material P/E Current, C Cp Reference

LiFePO4
P 0.1 ÷ 5 (25 ◦C) 5TiN > 5 Al2O3 > 10TiN

[89]
P 10 (25 ◦C) 5TiN > 10TiN > 5 Al2O3

LiFePO4

P 1 ÷ 5 (25 ◦C)
10TiN > 15TiN ≈ 2Al2O3 ≈

5TiN > 5Al2O3 >
>10Al2O3

[84]

P 10 ÷ 15 (25 ◦C)
10TiN > 15TiN > 5TiN ≈

5Al2O3 > 2Al2O3>
>10Al2O3

P 1 ÷ 5 (55 ◦C)
10TiN > 15TiN ≈ 2Al2O3 ≈

5TiN > 5Al2O3 >
>10Al2O3

P 10 ÷ 15 (55 ◦C)
10TiN > 15TiN > 5TiN ≈

5Al2O3 > 2Al2O3 >
>10Al2O3

Footer. Cp—capacitances values comparison (more or less) of cathode materials modified with different coatings
(the number before the formula is the number of ALD cycles); FCG—see note to Table 3; E(P)—thin-film electrode.

Table 7. Effect of coating selection on capacity retention of active cathode materials during cyclic
charge-discharge.

Material P/E Discharge
Current, C

Comparison of Capacities at the End
of Cycling Tests Reference

LiCoO2 P 0.1 4Al2O3 > 4ZnO [39]

LiCoO2 E ≈1 2Al2O3 > ZrO2 ≈ 2TiO2 [45]

LiCoO2 E 0.2 10Al2O3 > 50TiO2 [31]

LiCoO2 E 1 2AlF3 > 2Al2O3 [69]

LiCoO2 E 10 30 nmNbOx > 60 nmNbOx >
15 nmNbOx

[119]

LiCoO2 –
0.5 (3–4.6 V) LiMeP > MeF > MeP > LiMeO

[139]
0.5 (3–4.55 V) MeF > LiMeP > Me > LiMeO

LiMn2O4

P 1(25 ◦C) 6ZnO > 6ZrO2 > 6Al2O3

[67]
E 1(25 ◦C) 6ZnO > 6ZrO2 > 6Al2O3

P 1(55 ◦C) 6ZnO > 6ZrO2 > 6Al2O3

E 1(55 ◦C) 6ZrO2 > 6ZnO > 6Al2O3

LiMn2O4

P 1(25 ◦C) 50CeO2 > 5Al2O3 ≥ 5ZrO2

[49]P 1(55 ◦C) 50CeO2 > 5ZrO2 > 5Al2O3

P 2(25 ◦C) 50CeO2 > 5Al2O3 > 5ZrO2

LiMn2O4 P – 5Al2O3 > 10Al2O3 [73]

LiMn2O4
E 0.5(25 ◦C) 10TiO2 ≈ 15TiO2 > 40TiO2

[123]
E 0.5(55 ◦C) 15TiO2 > 10TiO2 > 40TiO2

LiMn2O4 P (25 ◦C) 100CeO2 > 5Al2O3 [95]

LiMn2O4 P (55 ◦C) 5Al2O3 > 100CeO2 [95]

(523) P 1 Al2O3 > MgO ≈ ZrO2 [44]

(523) P – 2Al2O3 > 8 Al2O3 [80]

(523) E 1 5Ta2O5 > 2Ta2O5 > 10Ta2O5 [120]
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Table 7. Cont.

Material P/E Discharge
Current, C

Comparison of Capacities at the End
of Cycling Tests Reference

(523) E 1(55 ◦C)
100TiO2 (synthesis at 180 ◦C) >
100TiO2 (synthesis at 150 ◦C) >
100TiO2 (synthesis at 120 ◦C)

[124]

(622) P 1 4Al2O3 ≈ 10Al2O3 [85]

(622) E 0.5 20ZrO2 > 5ZrO2 > 40ZrO2 [135]

(622) P 0.5 20Al2O3 > 10Al2O3 > 40Al2O3 [74]

(622) E 1 10LixTiyOz > 50TiOx [117]

(622) P 1 (25 ◦C); 1
(50 ◦C) TiPO4 > TiPON [127]

(622) P 1 (25 ◦C) 5ZrO2 > 2ZrO2 > 8ZrO2 [136]

(622) P 1 1AlPON > 2AlPO4 [102]

(811)
P 1 (25 ◦C) 2Al2O3 ≈ 5Al2O3 > 10Al2O3

[86]
P 5 (50 ◦C) 2Al2O3 > 5Al2O3 ≈ 10Al2O3

(811) P 0.1 20Al2O3 > 10Al2O3 > 50Al2O3 [88]

FCG (811) P 0.3; 1 Al2O3 > TiO2 [7]
NCA P 0.3; 1 TiO2 > Al2O3

LiNi0.5Mn1.5O4 E 0.1; 0.33 5LiAlO2 > 5Al2O3 [48]

LiNi0.5Mn1.5O4 P 0.5 10(TiO2-LiPO4)> LiPO4 ≈ TiO2 [126]

LiNi0.5Mn1.5O4
P 0.5 (25 ◦C) 5Al2O3 > 10Al2O3 > 20Al2O3

[90]
P 0.5 (50 ◦C) 20Al2O3 > 5Al2O3

LiNi0.5Mn1.5O4 P 0.1
2AlF3 (synthesis at 240 ◦C) > 2AlF3

(synthesis at 150 ◦C) > 4AlF3 (synthesis
at 150 ◦C)

[100]

LiNi0.5Mn1.5O4 E 1 50Li3PO4 > 83Li3PO4 > 17Li3PO4 [114]

L1 P 1 6ZrO2 > 6ZnO > 6Al2O3 [68]

L2 E <0.1 6LiAlOx > 6ZrO2 > 6TiO2 > 5Al2O3 [30]

L4 E 1 4ZnO-6TiO2 > 3TiO2-4ZnO-3TiO2 >
6TiO2-4ZnO

[125]

L4 E 0.5 10TiO2 > 5ZnO [122]

L7 P – 24Al2O3 > 40Al2O3 ≈ 16Al2O3 [82]

L10 – 1 (25 ◦C) 10LiTaO3 > 5LiTaO3 > 2LiTaO3 ≈
20LiTaO3

[116]

NMC E 1 (25 ◦C)
1AlF3-5Al2O3 > 2AlF3-4Al2O3 >

6Al2O3 ≈ 6AlF3 ≈ 4AlF3-2Al2O3 ≈
5AlF3-1Al2O3

[87]

LiFePO4
P 2 (25 ◦C) 5TiN > 5Al2O3 > 10TiN

[89]
P 5 (25 ◦C) 5TiN > 10TiN >5Al2O3

Comparisons of the effects of ALD coatings with other methods of improving the
performance of cathode materials are very rare. In particular, it was found in [29] that
the aluminum oxide coated electrode with the ALD retained its capacity better during
cycling and had lower resistance than the electrode containing aluminum oxide particles.
The authors attribute the observed effect to the fact that the films obtained by the ALD
method are more tightly bound to the cathode material than the aluminum oxide particles
introduced during electrode fabrication.
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The choice of the optimum coatings thickness of different compositions is conditioned
by the fact that for cathode operation, it is a requirement to find a compromise between
protective properties and conductivity (electrical and ionic) of the coating. Therefore,
achieving optimal electrochemical characteristics is mainly ensured after up to ten synthesis
cycles of modifying coatings (see Tables 1–5).

5. Conclusions

The presented work demonstrated analysis of the current literature on the application
of atomic layer deposition in improving the final characteristics of lithium-ion batteries
through the modification of cathode materials. More than one hundred articles devoted to
this topic were analyzed.

This paper presents the basic principles of the atomic layer deposition, its advantages
(conformality of coatings, ability to obtain coatings on the developed geometry, low synthe-
sis temperatures, etc.), and disadvantages (in particular, those related to the subsequent
investigation of the obtained coatings).

The analysis revealed that the most popular cathodes for modification are: lithiated
cobalt oxide (LCO), lithiated manganese spinel (LMO), lithiated nickel-cobalt-manganese
oxides (NCM), lithiated nickel-manganese spinel (LNMO), various non-stoichiometric
compositions from those presented above with excess lithium (LMR); the most popular
modification materials are: aluminum oxide (Al2O3), titanium oxide (TiO2), and zirconium
oxide (ZrO2). Furthermore, the influence of cathode surface modification on the physico-
chemical processes occurring during the charging-discharging of layouts was considered.

During the conducted research on the influence of coating deposition on output
characteristics of cathodes, it has been revealed that, in most cases, the dependence of
output capacity on the thickness of applied coating passes through the maximum. Thus, we
can conclude that at modification of cathodes for lithium-ion energy, it is necessary to find
a compromise between the grown thickness of coating and batteries’ output characteristics,
so for the most studied coatings, optimum thickness is about 1 nm (Al2O3, TiO2, ZrO2).

The positive influence of coatings on such practical parameters of batteries as cyclic
life, capacity life during discharging by increased currents, self-discharge, thermal stability,
performance at increased temperatures, etc. can be deduced from the analyzed publications.
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ALD atomic layer deposition
GCD galvanostatic charge-discharge
CAM cathode active material
Cap. ret. capacity retention
CCS chemical current source
CVD chemical vapor deposition
CV cyclic voltammetry
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dQ/dV differential capacity analysis
DSC differential scanning calorimetry
EIS electrochemical impedance spectroscopy
EELS electron energy loss spectroscopy
EDS X-ray energy dispersive spectroscopy
ICP-AES inductively coupled plasma atomic emission spectroscopy
GITT galvanostatic intermittent titration technique
LCO cathode material with stoichiometry similar with LiCoO2
LIB lithium-ion battery
LMO cathode material with stoichiometry similar with LiMn2O4
LNMO cathode material with stoichiometry similar with LiNi0.5Mn1.5O4
LMR lithium- and manganese-rich cathode material with a layer structure
MLD molecular layer deposition
NCA(XYZ) cathode material with LiNi0.8<x<0.92Co0.03<y<0.15Al0.02<z<0.05O2 structure
NCM(XYZ) cathode material with LiNix/(x+y+z)Coy/(x+y+z)Mnz/(x+y+z)O2 structure
Raman Raman spectroscopy
Rate cap. rate capability
SEM scanning electron microscopy
SIMS secondary-ion mass spectrometry
SAED selected area electron diffraction
TG thermogravimetric analysis
TEM transmission electron microscopy
XAFS X-ray absorption fine structure
XANES X-ray absorption near edge structure
XAS X-ray absorption spectroscopy
XRD X-ray diffraction
XPS X-ray photoelectron spectroscopy

Appendix A

Table A1. List of the main studies in the field of cathode modification by the ALD method.

C
oa

ti
ng

s

EE
LS

ED
S

D
SC

,T
G

IC
P-

A
ES

R
am

an

SA
ED

SE
M

SI
M

S

T
EM

X
A

N
ES

X
A

S

X
PS

X
R

D

C
ap

.r
et

.

C
V

dQ
/d

V

EI
S

G
C

D

G
IT

T

R
at

e
ca

p.

R
ef

er
en

ce

Al2O3

[29]
[30]
[31]
[32]
[33]
[34]
[35]
[36]
[37]
[38]
[39]
[40]
[70]
[25]
[71]
[41]
[42]
[43]
[44]



Batteries 2022, 8, 184 32 of 41

Table A1. Cont.

C
oa

ti
ng

s

EE
LS

ED
S

D
SC

,T
G

IC
P-

A
ES

R
am

an

SA
ED

SE
M

SI
M

S

T
EM

X
A

N
ES

X
A

S

X
PS

X
R

D

C
ap

.r
et

.

C
V

dQ
/d

V

EI
S

G
C

D

G
IT

T

R
at

e
ca

p.

R
ef

er
en

ce

[45]
[46]
[47]
[7]

[48]
[49]
[50]
[51]
[52]
[53]
[54]
[55]
[56]
[57]
[58]
[59]

Al2O3

[60]
[61]
[62]
[63]
[64]
[65]
[66]
[67]
[68]
[69]
[72]
[73]
[74]
[75]
[76]
[77]
[78]
[79]
[80]
[81]
[82]
[83]
[84]
[85]
[86]
[87]
[88]
[89]
[90]
[91]
[92]
[93]
[94]
[95]
[96]
[97]

Al2O3-AlF3 [87]
Al2O3-
Ga2O3

[98]



Batteries 2022, 8, 184 33 of 41

Table A1. Cont.

C
oa

ti
ng

s

EE
LS

ED
S

D
SC

,T
G

IC
P-

A
ES

R
am

an

SA
ED

SE
M

SI
M

S

T
EM

X
A

N
ES

X
A

S

X
PS

X
R

D

C
ap

.r
et

.

C
V

dQ
/d

V

EI
S

G
C

D

G
IT

T

R
at

e
ca

p.

R
ef

er
en

ce

AlF3
[99]
[69]

AlF3
[87]
[100]

AlPO4

[61]
[101]
[102]

AlPON [102]
AlWxFy [103]

CeO2

[49]
[104]
[105]
[106]
[95]

Fe2O3 [107]

FeOx

[108]
[109]
[110]

FePO4 [111]
HfO2 [112]

LiAlO2 [48]
LiAlOx [30]

LiF
[113]
[113]

Li3PO4 [114]

LiTaO3
[115]
[116]

LixTiyOz [117]
MexOy [139]
MeFx [139]
MgF2 [118]
MgO [44]
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