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Abstract
With the increasing demand for low-cost and environmentally friendly energy, the application of rechargeable lithium-ion 
batteries (LIBs) as reliable energy storage devices in electric cars, portable electronic devices and space satellites is on the 
rise. Therefore, extensive and continuous research on new materials and fabrication methods is required to achieve the desired 
enhancement in their electrochemical performance. Battery active components, including the cathode, anode, electrolyte, 
and separator, play an important role in LIB functionality. The major problem of LIBs is the degradation of the electrolyte 
and electrode materials and their components during the charge‒discharge process. Atomic layer deposition (ALD) is con-
sidered a promising coating technology to deposit uniform, ultrathin films at the atomic level with controllable thickness and 
composition. Various metal films can be deposited on the surface of active electrodes and solid electrolyte materials to tailor 
and generate a protective layer at the electrode interface. In addition, synthesis of microbatteries and novel nanocomplexes 
of the cathode, anode, and solid-state electrolyte to enhance the battery performance can all be attained by ALD. Therefore, 
the ALD technique has great potential to revolutionize the future of the battery industry. This review article provides a com-
prehensive foundation of the current state of ALD in synthesizing and developing LIB active components. Additionally, new 
trends and future expectations for the further development of next-generation LIBs via ALD are reported.
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Abbreviations
LIBs  Lithium-ion batteries
ALD  Atomic layer deposition
PEALD  Plasma-enhanced ALD
ALE  Atomic layer epitaxy
CVD  Chemical vapor deposition

PVD  Physical vapor deposition
PLD  Pulse laser deposition
SSEs  Solid-state electrolytes
TSSB  Thin-film solid-state batteries
GPC  Growth rate per cycle
TFELs  Electroluminescent hashtags
TMA  Trimethylaluminum
LCO  LiCoO2
LMO  LiMnO2
LNO  LiNiO2
LFP  LiFePO4
LMR  Li1.2Mn0.6Ni0.2O2
NMC  LiNiMnCoO2
NMC811  LiNi0.8Mn0.1Co0.1O2
NMC333  LiNi1/3Mn1.3Co1.3O2
NMC532  LiNi0.5Mn0.3Co0.2O2
NMC662  LiNi0.6Mn0.2Co0.2O2
NCA  LiNi0.8Co0.15Al0.05O2
LNMO  LiNi0.5Mn1.5O4
LTO  Lithium titanate
LiTaO3  Lithium tantalate
TMO  Transition metal oxide
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LLOs  Li-rich layered oxides
POx  Trimethyl phosphate
VOTP  Vanadium (V) oxytripropoxide
Li(thd)  Lithium triethylborohydride
LiCp  Lithium pentamethylcyclopentadienide
LiHMDS  Hexamethyldisilazane
Li(hfac)  Lithium hexafluoroacetylacetone
LiTMSO  Lithium trimethylsilanolate
GO  Graphene oxide
GF  Graphene foam
LLCZN  Garnet  (Li7La2.75Ca0.25Zr1.75Nb0.25O12)
LPO  Li3PO4
NMC  LiNi0.76Mn0.14Co0.10O2
TMP  Trimethyl phosphate
LiOtBu  Lithium tert-butoxide
TEOS  Tetraethylorthosilane
TDMASn  Tetrakis(dimethylamino)tin (IV)
TDMA-Al  Tris(dimethylamido)aluminum(III)
Ta(OEt)  Tantalum(V) ethoxide
Nb(OEt)5  Niobium(V) ethoxide
LNO  Lithium niobium oxide
TiI4  Titanium tetraiodide
TGA   Thermogravimetric analysis
SEM  Scanning electron microscopy
TEM  Transmission electron microscopy
XPS  X-ray photoelectron spectroscopy
EIS  Electrochemical impedance spectroscopy
TTIP  Titanium isopropoxide
DEPA  Diethyl phosphoramidate plasma
CE  Coulombic efficiency
DEZ  Diethylzinc
ZTB  Zirconium tert-butoxide
Hfac  Hexafluoroacetylacetone
TDMAT  Tetrakis(dimethylamino)titanium
SSA  Specific surface area
SEI  Solid electrolyte interface
CFP  CNT network/carbon fiber paper
VTIP  Vanadyl triisopropoxide
RuCp2  Bis(cyclopentadienyl)ruthenium
Mo(CO)6  Molybdenum hexacarbonyl
Hf(NMe2)4  Tetrakis(dimethylamino)hafnium
NC  Nitrogen-doped carbon
TDMA-Al  Tris(dimethylamido)aluminum (III)
OLEs  Organic liquid electrolytes
EMC  Ethyl methyl carbonate
DEC  Diethyl carbonate
DMC  Dimethyl carbonate
LAGP  Lithium aluminum germanium phosphate
PVDF-HFP  Polyvinylidene 

fluoride-hexafluoropropylene
R2R  Roll-to-roll
PP  Polypropylene
PE  Polyethylene

TEOS  Tetraethoxysilane
Ta(OEt)5  Tantalum(V) ethoxide
TIB  Titanium monoboride
Al2(NMe2)6  Tris(dimethylamino)aluminum dimer
APTES  (3-Aminopropyl)triethoxysilane
BDEAS  Bis(diethylamino)silane
Mg[EtCp]2  Bis(ethylcyclopentadienyl)magnesium
AAO  Anodic aluminum oxide
LPZ  Lithium polyphosphazene
OER  Oxygen evolution reaction
HER  Hydrogen evolution reaction
PET  Polyethylene terephthalate
TPA  Dicarboxylic acid

1 Introduction

Currently, with the progress in high-performance energy 
storage systems and the increase in the demand for their 
application in electric and hybrid electric vehicles (EVs 
and HEVs) [1], electronic devices, aerospace applications, 
etc., high power density, high energy density, and reliability 
concepts are being presented [2-4]. Expanding the use of 
LIB technology can be one of the most effective solutions to 
convert solar and wind energy and decrease the dependence 
on the use of fossil fuels, thereby alleviating air pollution 
and global warming [5, 6]. Rechargeable batteries have been 
adopted in various applications for more than 100 years, and 
thus far, lithium-ion batteries (LIBs) have been considered 
ideal and reliable power storage devices with a long service 
life and a high gravimetric/volumetric energy density, mak-
ing them the commonest commercial battery type. However, 
LIBs are insufficient in many aspects to fully supply the 
energy of high-power EVs. Therefore, in-depth research is 
being conducted on improvement and development of the 
next generation of LIBs.

To achieve ideal performance, several factors must be 
considered in designing LIBs, such as the implementa-
tion of three-dimensional (3D) porous materials, including 
nanofibers and nanotubes, and layered structures to engi-
neer the surface valence state. An increase in the area of 
the electrode–electrolyte interface facilitates the diffusion of 
active Li ions for faster transfer and improved reaction [7]. 
In this regard, the application of methods such as coating 
is an effective way to reduce costs by utilizing less expen-
sive materials and to improve the stability, energy density, 
power density, self-discharge mitigation, energy capacity, 
and charge/discharge rate as well as increase the lifespan 
and safety [8].

Atomic layer deposition (ALD) is an exclusive deposi-
tion technique that provides a conformal ultrathin film on 
the substrate based on alternation of reactant and precursor 
exposure in a reactor, and its self-limiting feature enables 



Electrochemical Energy Reviews (2023) 6:24 

1 3

Page 3 of 50 24

controllable precise film growth and composition at the 
atomic level. ALD is a promising technology in modern 
industries that require high-aspect-ratio structures such as 
thin-film solid-state batteries and semiconductors in micro-
electronics [9]. ALD was first used by Suntola et al. [10] 
in 1970 in Finland and was first implemented as atomic 
layer epitaxy (ALE) in the production of electrolumines-
cent hashtags (TFELs) with the introduction of a ZnS thin 
film. Other applications, such as in the development of semi-
conductors, fuel cells, catalysts, batteries, capacitors, drug 
delivery devices, and dental and orthopedical implants, have 
been widely investigated in academic research institutes and 
industries [11-14]. In addition, ALD has the potential to ena-
ble additional scientific research in the future due to the dis-
covery of novel precursors. Numerous scientific studies on 
ALD have been published [15-18]. However, ALD can only 
deposit inorganic materials. A technique similar to ALD, 
developed in the 1990s, to deposit organic polymers such as 
polyamine, polyamide, polyurethane, polythiurea, polyim-
ide, polyester, polyimide amide, polyurea, and hybrid films 
including integration of metal atoms such as superstructures 
and nanolaminates, can be realized by adopting a combina-
tion of ALD and molecular layer deposition (MLD) [19]. 
Organic‒inorganic hybrids were made possible by combin-
ing ALD precursors with all-organic precursors in the 2000s.

The attractive possibility of realizing new functions is 
provided by hybrid materials, which permit the utilization 
of the material properties of both their organic and inorganic 
components. Hybrid materials in the form of thin films have 
the potential to provide breakthroughs in a number of tech-
nological application areas. Notably, synthesizing organic 
and inorganic building blocks at the molecular scale is chal-
lenging because different preparation conditions are needed 
to form organic and inorganic networks.

ALD is a unique coating method that can be used for 
LIBs development, and its application lies in (i) design and 
fabrication of nanostructured LIB components, (ii) tailoring 
of the interface between the components, and (iii) modifica-
tion of the electrochemical properties of LIB active com-
ponents (Fig. 1). In addition, compared to traditional wet 
chemical techniques, ALD surface deposition results in a 
more uniform surface coating, without excessive harmful 
reactants. Therefore, LIB application at the industry level 
can easily be scaled up via ALD.

In general, the components of LIB cells include the fol-
lowing: the positive electrode (the cathode) is in the form 
of lithium metal oxides (such as  LiCoO2,  LiMnO2, and 
 LiFePO4) that commonly have layered, spinel, and olivine 
structures [20]. The negative electrode (the anode) mate-
rial, made of graphite, silicon, etc., is layered or porous 
[21]. The electrolyte is in the form of a gel or in the solid 
state (such as  LiFP6,  Li2SiO3, and  LiTaO3) [22], and the 
separating insulating layer is conductive for Li ions [23]. To 

provide a sense to the reader of the variety of crystal struc-
tures exhibiting fast ion conduction, some typical crystal 
structures depicted in Fig. 2 are discussed in this section. 
Generally, the diffusion topology in ion conductors can be 
identified based on the dimensionality, for instance, one-
dimensional (1D) in tavorites and olivine  LiMPO4 (Fig. 2g, 
h), two-dimensional (2D) in layered  LiCoO2 and graph-
ite (Fig. 2a, j, respectively), and 3D in the spinel, garnet, 
natrium superionic conductor (NASICON) [24], thiophos-
phate  (Li10GeP2S1) and antiperovskites (Fig. 2b, c, d, f, i, 
respectively). Notably, such classifications have inherent 
subjectivity; for instance,  Li10GeP2S12 (Fig. 2c) could be 
considered either a 3D or pseudo-1D conductor. However, 
diffusion dimensionality has prominent significance for the 
macroscopic conductivity in materials, as do the ion migra-
tion barriers. Accordingly, infiltration paths with ion diffu-
sion activation barriers of < 600 meV (~ 58 kJ  mol–1) are 
favorable for electrode applications, whereas activation bar-
riers have to be < 300 meV (~ 29 kJ  mol–1) for solid electro-
lyte applications [25].

Figure 3 presents a schematic diagram of the components 
and working principles of LIBs. During charge, through the 
utilization of an external electrical potential, Li ions in the 
structure of the cathode are deintercalated, and these ions 
are intercalated by transferring and passing through the 
electrolyte into the anode. Due to these displacements of 
Li ions, an electron current from the cathode to the anode is 
generated. This current is conducted through current collec-
tors, which are mainly made of aluminum in the cathode and 
copper in the anode. During discharge, these displacements 
of ions and electrons are reversed. Therefore, the materials 
incorporated in the structure of electrodes, as well as their 

Fig. 1  Application of ALD in LIB advancement
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modification methods, significantly affect the electrochemi-
cal performance, such as the voltage and specific capacity, 
of LIBs [26, 27].

To date, extensive research has been conducted at indus-
trial and laboratory scales on improving the electrode 
materials of LIBs as well as their capacity, stability, and 
safety and decreasing their production cost. However, fur-
ther research and efficient theories are required to alleviate 
or completely resolve the problems and shortcomings in 
batteries. To address these challenges in LIBs, researchers 
around the world have continuously investigated effective 
solutions, including discovering nanostructured electrode 
materials, optimizing components, and applying novel 
methods in designing LIB cell configurations. One of these 
solutions is surface coating and surface modification of 
electrode materials. Recently, many extensive and promis-
ing studies on coating electrodes have been performed to 
improve the performance of LIBs [29, 30]. Different mate-
rials and methods have been applied for coating, consider-
ing the inherent properties of electrode materials and their 

application and development [29, 31]. Typically, coating of 
electrode materials can be achieved by two methods: dop-
ing and surface coating. The doping method is efficient in 
changing the physical morphological properties of materials 
by manipulating the crystalline configuration at the atomic 
scale with the aim of tailoring the bandgap, cation order-
ing, defect concentration, and charge distribution [32, 33]. 
Surface coating, by introducing a layer of a material with a 
certain thickness on the electrode surface, can significantly 
change the electrochemical properties of LIBs and improve 
their thermal stability, mechanical robustness, rate capabil-
ity, ion transport, and capacity retention [34, 35]. Addition-
ally, the coated layer can act as a protective or sacrificial 
layer to inhibit side reactions of the electrode material with 
the electrolyte [36]. Several studies have been performed to 
determine how well surface coatings can improve the elec-
trochemical performance of batteries [37-40].

Common and traditional methods for growing films on 
electrode surfaces, such as the sol–gel [41], hydrothermal 
[42], mechanical mixing [43], chemical vapor deposition 
(CVD) [44], pulsed laser deposition (PLD) [45], ball mill-
ing [46], physical vapor deposition (PVD) [47], and wet 
chemistry [48] methods, have been implemented. These 
methods can face serious challenges in obtaining a uniform, 
smooth and pinhole-free surface with high film thickness, 
lack control of the film thickness, which can significantly 
affect the transmission of ions and electrons, and lack high 
precision in atomic deposition on the surface. For example, 
from the chemical point of view, in the PVD and sol–gel 
methods, the intermolecular strength among film and elec-
trode surface atoms is not sufficiently strong since coating 
particles are randomly dispersed, and the film uniformity is 
not favorable due to the limited fluid dynamics of particles 
[49]. Additionally, in the CVD method, the high tempera-
ture of deposition (above 300 °C), especially in cases where 

Fig. 2  Crystal structures of 
a layered graphite, b antiper-
ovskite  Li3OCl, c thiophos-
phate  Li10GeP2S12, d garnet 
 Li7La3Zr2O12, e  Na3Zr2Si2PO12 
perovskite  Li3xLa2/3−xTiO3, 
f NASICON, g tavorite 
 LiFeSO4F, h olivine  LiFePO4, 
i spinel  LiMn2O4 and j layered 
 LiCoO2. Reprinted with permis-
sion from Ref. [25]. Copyright 
© 2016, Zhi Deng et al.

Fig. 3  Schematic illustration of the working principle of rechargeable 
LIBs. Reprinted with permission from Ref. [28]. Copyright © 2021, 
SHUTTERSTOCK



Electrochemical Energy Reviews (2023) 6:24 

1 3

Page 5 of 50 24

the coefficients of thermal expansion for the electrode and 
coating materials are different, results in the generation of 
stress and cracks on the film surface and therefore induces 
mechanical instability [50]. Moreover, poor material junc-
tions and grain boundaries could result in inefficient charge 
transport and yield charge scattering. In the face of the above 
challenges, the emerging and promising method of ALD has 
been introduced with its multiple advantages and signifi-
cant improvement and developments in super-thin deposition 
with atomic precision [51]. Due to the special capabilities 
and features of this technology, it is not only successfully 
applied in the preparation of cathode and anode electrodes as 
well as electrolytes of LIBs but also applied for modification 
of the electrode surface at the atomic scale in a controllable 
manner to tailor the electrochemical properties. This strategy 
has been considered a promising method to solve emerging 
problems in advanced electrical energy storage devices by 
producing complex nanostructured materials and/or surface 
modification.

Based on several advantages of ALD, this technology 
has been applied for developments in many industries, 
such as in LIBs, catalysts, drug delivery and discovery, 
fuel cells, microelectronics, supercapacitors, semiconduc-
tors, and photovoltaics, and has been successful and effi-
cient [14, 52-54]. Therefore, the practical energy density, 
structural stability, reaction kinetics, and mass transfer dif-
fusion of ALD-fabricated materials can be significantly 
enhanced. Schematics of thin film deposition on heteroge-
neous substrates using CVD, PVD, sol–gel, and ALD for 
comparison are illustrated in Fig. 4. Furthermore, Table 1 
compares the different surface coating methods with 
respect to their advantages and disadvantages. Due to the 
increasing popularity of ALD for LIBs, here, we discuss 
the latest developments and progress in the ALD strategy 
for advanced LIBs regarding the ever-expanding stud-
ies. After the introduction section, the working principle, 
mechanism, and attributes of ALD are reviewed. Unique 
engineering of electrode–electrolyte interface junctions on 
the basis of ALD provides extraordinary synergistic influ-
ences on the electrochemical properties and improves the 

structural stability of solid-state electrolytes (SSEs) and 
electrode materials.

The Scopus database (Web of Science) was used to col-
lect the documents to be reviewed in this article. While 
doing so, two sets of keyword strings, “Atomic Layer Depo-
sition” and “Lithium-ion Battery,” were applied. As a result 
of using the aforesaid two keyword search strings, 1 201 
document results reported from 2000 to 2022 emerged in 
Scopus. Note that documents were obtained from this data-
base (Scopus) on November 5, 2022. Statistical allocations 
of documents by year and region are shown in Figs. 5 and 
6, respectively. Figure 5 depicts the allocation of documents 
reported between 2000 and 2022, both years inclusive. Evi-
dently, there were few documents reported before 2010. 
Furthermore, the graph shows that the applications of LIBs 
recently, i.e., within the last decade, captured the attention of 
researchers, and as a result, numerous studies were proposed 
and investigated.

In the earlier years of development, i.e., from 2010 to 
2016, approximately 15 documents were reported in 2010, 
25 documents in 2012, 48 documents in 2013, 59 documents 
in 2014, and 93 and 82 documents in 2015 and 2016, respec-
tively. Subsequently, from 2017 to date (2022), there was 
a drastic increase in the number of reported studies. This 
evidently shows that the applications of high-performance 
LIBs have recently attracted substantially greater scholarly 
interest because of their spontaneous advantages in several 
fields of study. However, a decrease in the number of studies 
reported in 2022 is found, which can be due to the impact 
of the COVID-19 pandemic. In addition, Fig. 6 illustrates 
the number of publications based on the region in the last 
decade.

Therefore, in the current review, we provide a gen-
eral description of the fundamentals and characteristics 
of ALD processes and identify four widely used lithium 
precursors following this introduction. In the following 
section, we succinctly discuss the working mechanism of 
LIBs and briefly discuss the advantages of ALD. Then, 
the latest developments and advancements realized with 
ALD lying in three aspects are specified and highlighted: 
(i) designing and synthesizing nanostructured LIB com-
ponents, (ii) tailoring the interface to optimize the sur-
face and interfacial surroundings of LIB components, and 
(iii) modifying LIB materials. Meanwhile, we focus on 
some successful case studies that used ALD to resolve 
LIB issues. Then, we summarize the most exciting stud-
ies for the creation of full cells of 3D thin-film solid-state 
batteries (TSSBs) and the accomplishments realized with 
ALD in the design of nanostructured components. Finally, 
we focus on the paramount importance of ALD in next-
generation LIBs along with its prospective applications in 
LIBs for future research. Additionally, renovation of the 

Fig. 4  Schematics of thin film deposition on complex surfaces by the 
sol–gel, PVD, CVD, and ALD methods. Reprinted with permission 
from Ref. [55]. Copyright © 2010, Peter M. Martin. Published by 
Elsevier Inc. All rights reserved
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ALD reactor design to increase its manufacturing capabil-
ity and the chance of using this approach to develop future 
energy storage devices are discussed.

2  Principles of ALD

ALD is characterized by sequential gas phase chemi-
cal reactions with a solid substrate, and film growth is 

Table 1  Comparison of different surface coating methods in terms of their advantages, disadvantages, and applications; 1 Å = 1 ×  10−10 m

Surface coating method Coating accuracy Advantages Disadvantages Application

ALD 1 Å Uniform coating
Precise and adjustable deposi-

tion thickness
Highly reactive precursor
High film density
Low temperature and stress
Excellent adhesion
Great stoichiometry

Expensive
Complicated preparation 

process
High material waste rate
Slow deposition rate
Fewer precursors available than 

in CVD

Electronic chips
Sensors
Fuel cells
Batteries
Solar cells
Drug delivery
HER & OER catalysts
Wear resistance

CVD 10 Å Various precursor availability
High deposition rate
Good reproducibility
Simple

Less reactive precursors
Not suitable for polymers and 

very thin films
Requires a high substrate 

temperature

Sensors
Batteries
Integrated circuits
Optoelectronics
Semiconductors
Wear resistance
Catalysts
Powder production

PVD 0.1 µm Safer than CVD (no toxic mate-
rial)

Low temperature
Thin coating
Low cost
Relatively fast process

Nonuniform deposition
Requires an annealing time
Low deposition rate
No stoichiometry
Compressive stress

Semiconductors
Optical devices
Wear resistance
Nanocomposites
Aluminized PET film for food 

packaging
Solar cells

PLD 0.1 µm Simple deposition process
Low substrate temperature
Versatile
Short test period
High deposition rate

Small area deposition
Slow deposition rate
Impurities

Optoelectronics
Orthopedics & biomedical 

devices
Luminescence
Superconductors

Sol–gel 1 µm High adhesive strength
Low cost
Simple to perform
No need for a conductive 

substrate
Low temperature

Nonuniform deposition
Nonadjustable coating
High temperature required to 

synthesis anatase nanocrystals

Pharmaceuticals
Separators
Batteries
Biosensors
Electronics
Optical devices
Energy devices

RF Sputtering 1 nm High purity
Precise control of the film thick-

ness and surface roughness
High deposition rate

High operational cost
Possible microfilm cracks
Li loss during heat treatment
Unsatisfactory ionic conduc-

tivity

Batteries
Wear protection
Sensors
Optical devices
Semiconductors
Solar cells
Biomedical devices

Hydrothermal 1 µm Dense morphology
Simple
Low cost
Versatile
Environmentally friendly

Long production time
Severe conditions

Crystal synthesis
Batteries
Photocatalysts
Wear resistance
Sensors
Solar cells

Ball Milling 0.1 mm Low cost
Easy procedure
Suitable for scale up production

Discontinuous coating layer
Nonuniform coating on par-

ticles
Easy to pollute and collapse the 

sample

Powder manufacturing
Batteries
Hydrogen storage
Solar cells
Nanocomposites
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accomplished by exposure to sequential precursors and 
reactors. ALD has the capability to coat various kinds of 
materials at the angstrom level in terms of film thickness 
and composition, with the film having the characteristics 
of being sequential, uniform, self-limiting, pinhole-free, 
and without cracks. ALD is a particular type of CVD that 
has no limitations, such as steady-state film growth and 
the simultaneous presence of precursors and high oper-
ating temperatures, which are common in CVD. The 
ALD process is usually performed at room temperature 
or below 350 °C. The low working temperature for coat-
ing in this method has the great advantage of being able 
to use brittle and high-temperature sensitive materials 
such as inorganic compounds, polymers, drug molecules, 
and precursors that become unstable at high temperatures 
[56, 57]. Many various materials can be deposited by the 
ALD method, including elements, metal oxides, nitrides, 

fluorides, sulfides, selenides, phosphides, tellurides and 
metal–organic frameworks (MOFs) [58-62], each of which 
can be used in various applications according to their prop-
erties. ALD is a widely used approach in the manufacture 
of microelectronic and semiconductor devices, electrodes 
and nanomaterials to shrink the size and boost the per-
formance [63]. Nevertheless, ALD has some limitations, 
including a low growth rate and expensive equipment and 
precursors. Therefore, determining the optimal conditions 
for each ALD experiment is important.

Figure 7 illustrates the general deposition process of two 
precursors as sources on a substrate by ALD. The ALD pro-
cess is carried out cyclically, and the precursors are kept 
separate during the reaction; thus, the precursor reactions 
are divided into two individual half-reactions. A typical 
ALD cycle consists of the following four steps: exposure 
of the first precursor-purging and exposure of the second 

Fig. 5  Demonstration of the 
publication number per year 
from 2000 to 2022

Fig. 6  Demonstration of the 
publication number per country 
in the last decade (from 2012 to 
2022). The following keywords 
were used in the Web of Sci-
ence search: lithium-ion battery 
and atomic layer deposition
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precursor-purging. The host substrate is in solid form and 
consists of a monolayer to multilayer surface that was pre-
viously activated with functional groups such as hydroxyl 
and oxide groups. This substrate is subsequently exposed 
to precursors or reactants, which usually include two, three, 
or four reactants. To reach gas saturation levels, precursor 
molecules can only interact with a limited number of surface 
sites on the substrate. The film growth process terminates 
after the surface sites are consumed. The reactor is then pre-
pared for the subsequent precursor injection by purging away 
any remaining reactants and side products from the chamber 
through an inert gas such as nitrogen or argon. Then, by 
repeating this cycle, the film consisting of deposited atoms 
grows on the surface of the substrate to the desired thick-
ness. Each deposition cycle has two half-cycles, the first of 
which is the time it takes for the surface to be exposed to 
the precursor. The second is the time it takes to evacuate 

residual products from the chamber (purging time). The time 
required to carry out an ALD cycle is the sum of these two 
time values.

Generally, in ALD, one monolayer of the film or less will 
be produced in one ALD cycle, which indicates the growth 
rate per cycle (GPC) of the ALD process. The GPC is cal-
culated by dividing the thickness of the deposited film by 
the number of cycles (nm  cycle−1). The GPC is affected by 
a variety of factors, including the amount of precursor flux 
that reaches the substrate, reaction temperature, pulse and 
purge duration of reactants and the nature of the reactions 
between the surface and the precursor in the form of chem-
isorption. As mentioned, the GPC of the film and surface 
reactions of the precursor can be significantly affected by 
the temperature. An ideal ALD process follows the ALD 
window, in which the GPC is constant as a function of tem-
perature and there is no GPC dependence on the temperature 
range (Fig. 8a). At low temperatures, the GPC can either 
increase owing to adsorption of the multilayer precursor 
or decrease due to limited reaction kinetics. However, at 
the high temperature end, the GPC can increase due to the 
decomposition of precursors or unwanted reactions [65]. At 
this point, the GPC can also decrease due to the low sticking 
constant of precursors, insufficient active sites, or precursor 
desorption.

The self-limiting feature of ALD is attributed to the lim-
ited reaction between the precursor and active sites of the 
surface, which react until the saturation limit is achieved or 
steric hindrance of precursors prevents further adsorption 
on the substrate. Successful film growth is highly dependent 
on the surface chemistry of the substrate because in some 
cases, the occurrence of other phenomena, such as diffusion 
or etching, is probable [66]. For instance, the surfaces of 

Fig. 7  Schematic representation of the general ALD binary reaction 
mechanism. Reprinted with permission from Ref. [64]. Copyright © 
2012, Physics & High Technology

Fig. 8  Schematic demonstration 
of ALD features: a ALD win-
dow of the GPC independence 
from the deposition tempera-
ture, b GPC versus precur-
sor pulse time, c GPC versus 
precursor purge time, and d film 
thickness versus the number of 
deposition cycles
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carbonaceous materials such as carbon nanotubes (CNTs) 
and graphene are inactive until they are subjected to special 
treatment to create active surface groups to enable controlled 
deposition. Avoiding such pretreatment might lead to poor 
conformality and have an impact on the self-limiting ten-
dency of a normal ALD cycle. Therefore, an increase in 
the precursor dose or pulse time will not lead to a higher 
GPC rate (Fig. 8b). Additionally, the purge time between 
precursor pulses should be sufficiently long to prevent excess 
precursor from adhering to the surface or remaining in the 
gas phase when the second precursor is introduced (Fig. 8c). 
By relying on the self-limiting behavior of ALD, control of 
the film thickness and good uniformity and conformality are 
achievable. Thus, after reaching a constant GPC, the desired 
film thickness can be controlled by the number of deposition 
cycles (Fig. 8d).

ALD is classified into two variants based on how the dep-
osition reaction receives energy. Thermal ALD and plasma-
enhanced ALD (PEALD) are two commonly used types of 
ALD that will be introduced in the following section.

2.1  Thermal ALD

Thermal ALD is a method in which heating generates the 
energy needed for surface reactions, and deposition is gener-
ally carried out at temperatures from 150 to 350 °C, at which 
chemisorption occurs between the precursor and the surface. 
This method has the ability to accurately control the thick-
ness regardless of the surface geometry or chamber design. 
The precursor molecule can be considered  MLn, where M 
indicates a metal atom, L denotes the ligand surrounding 
M and n is the quantity of L. Trimethylaluminum (TMA) is 
one of the most well-known precursors with the chemical 
formula Al(CH3)3 for the fabrication of  Al2O3 films with 
the assistance of the  H2O coreactant [67, 68]. First, with the 
ligand exchange reaction, the substrate surface with –OH 
is exposed to TMA, and TMA chemically dissociates with 
the chemisorption process, which can be defined as Eq. (1).

where S@ OH denotes the substrate surface with OH func-
tional groups.

After saturation, the remaining TMA and byproducts 
are purged away by inert gas. The  H2O vapor then reacts 
with the Al

(

CH
3

)

2
 group to form a hydroxylated  Al2O3 

surface and  CH4 byproduct, which is described as Eq. (2). 
By repeating the above four steps, the desired thickness 
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of the  Al2O3 film will be formed. Notably, despite the 
low reactivity of water vapor, it is the most conventional 
reactant for the oxidation of substrate surfaces in thermal 
ALD. Additionally, it can withstand high temperatures 
without decomposition.

2.2  Plasma ALD

Generally, the deposition temperature of ALD is in the 
range from100 to 350 °C, and the precursor reaction with 
the coreactant requires a certain amount of activation energy. 
In some cases, this temperature range is not desired when 
thermally fragile substrates are utilized, such as polymers 
in flexible electronics and drug powders. PEALD is a new 
ALD concept, in which reactive radicals such as ions and 
electrons are generated in the source gas during reaction 
with the assistance of plasma power. In the case of deposit-
ing single-element films such as semiconductors and met-
als that are not deliverable by thermal ALD, PEALD fulfils 
this need with the assistance of radicals. In other words, 
PEALD promotes the reaction process through the assis-
tance of energetic species and radicals to reduce the precur-
sors. The main advantage of PEALD is depositing films at 
low temperatures, even at ambient temperature, compared 
to thermal ALD. Therefore, it provides wider precursor and 
substrate material selection for growing thin films, utilizes 
less reactive metal and is thus cost effective. In PEALD, the 
stoichiometry of the process can be controlled, and impuri-
ties such as carbon contamination can be mitigated, improv-
ing the quality of thin films, with better density and less 
resistivity [69]. Another advantage of PEALD is decreasing 
the injection and purge time during the deposition cycle, 
especially for low-temperature processes, and it often has 
a better growth rate. Moreover, it removes the limitation of 
using water as the coreactant in thermal ALD by alternat-
ing it with other coreactants. The coreactants in PEALD 
are generally remote ozone  O3, oxygen  O2, nitrogen  N2 and 
mixed  N2/H2 gases that are highly reactive.  NH3 and  H2S 
are commonly used as hybrids for nitrides and sulfides [70]. 
Additionally, despite the toxicity of  H2Se, it is also rarely 
used to produce a selenide layer [71]. Notably, the utilization 
of such toxic reagents requires a reactor with high design and 
safety standards to safely discharge the residual products. 
The coreactant molecules are typically ionized and dissoci-
ated by free electrons in the plasma, producing highly reac-
tive species such as radicals (e.g., O or H, depending on the 
reactant gas). Hornsveld et al. [72] deposited a lithium car-
bonate  (Li2CO3) film via an  O2 coreactant through PEALD. 
As a result, a wider range from substrate materials and pre-
cursors that are thermally fragile can be used in this method.
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2.3  Lithium Precursors

Typically, ALD precursors contain metal atoms that are sur-
rounded by organic ligands in the form of solid, liquid, or 
gaseous chemicals and held in a bubbler. The temperature 
of the bubbler is adjusted according to the chemical prop-
erties of the precursors. An ideal precursor needs to have 
high reactivity and lose all of its weight during reaction 
with the active sites of the substrate in one step at lower 
temperatures. Therefore, it can be characterized as a pre-
cursor with reasonable thermal stability and high volatility, 
which impacts the growth mechanism [73]. In addition, to 
select a proper precursor for an ALD study, a few physi-
cal properties should be taken into consideration, including 
the ALD conditions, material of interest, final application, 
reactivity to other reactants, and desired film features such 
as the electrical conductivity, current leakage, dielectric con-
stant, photochemical activity, impermeability, antibacterial 
activity, and adsorption capacity. Therefore, selecting a suit-
able lithium precursor is crucial for the desired growth of 
lithium-containing films for LIB applications. In 2009, Put-
konen et al. [74] researched the lithium precursors  LiOtBu, 
Li(thd), LiCp, lithium dicyclohexylamide, and n-BuLi. Their 
research proved that  LiOtBu and Li(thd) are more suitable 
and stabler precursors when used with  H2O and  O3 coreac-
tants, respectively. In later years, other precursors such as 
lithium hexamethyldisilazane [LiHMDS, Li(N(SiMe3)2)] 
along with  O3 were introduced for the growth of lithium 
silicate films [75]. In other studies, this precursor was used 
for depositing  Li3N and  Li2CO3 [76]. Thermogravimetric 
analysis (TGA) is a helpful tool for analyzing the volatil-
ity and stability of a precursor at a given temperature [77, 
78]. For example, Hämäläinen et al. [75] proved that the 
Li (thd),  LiOtBu, Li(N(SiMe3)2), and Li(hfac) precursors 
were sublimated without significant residues, indicating the 
suitability of these precursors. In another study, Meng et al. 
[79] reported that  LiOSiMe3 and lithium trifluoroacetate 
have good volatility potential as lithium precursors in ALD. 
Additionally, comparing them showed that  LiOSiMe3 is a 
more suitable option for ALD at temperatures above 300 °C. 
Other lithium precursors are lithium acetate, lithium ben-
zoate, and lithium trimethylsilanolate (LiTMSO) [80-82]. 
Finally, thus far, four lithium precursors, i.e.,  LiOSiMe3, 

Li(N(SiMe3)2), Li(thd), and  LiOtBu, have been widely used 
since they are stable and high volatility precursors for the 
ALD process. Figure 9 shows the chemical structure of these 
four Li precursors.

3  ALD Application in the Development 
of LIB Components

Benefiting from the ability of ALD to deposit simple and 
complex metal oxides on each tiny particle, the generation 
of powder nanocoatings on the cathode and anode elec-
trodes in LIBs is becoming increasingly popular, as it has 
proven to improve the lifetime of batteries, boost the bat-
tery capacity and significantly enhance safety [83]. ALD 
technology provides the most accurate, great performing, 
scalable, reproducible, and inexpensive coating method to 
mitigate undesired reactions and improve the battery effi-
ciency. When batteries are stored for long periods of time 
or operated in various conditions, adverse reactions occur 
within the structure inside the batteries that cause battery 
damage and degradation and affect the battery performance. 
Due to ALD, most of these unfavorable reactions, such as 
the loss of lithium ions, transition metal dissolution, forma-
tion of dendrites on the cathode surface, formation of a solid 
electrolyte interface (SEI) layer, and the Jahn–Teller effect 
can be alleviated or eliminated by introducing a passivation 
surface [84]. Both anode and cathode materials and SSEs in 
2D and 3D geometries have been successfully deposited by 
ALD [85, 86].

ALD coatings on a broad range from materials, includ-
ing cathodes, anodes, SSEs, and separators, can improve the 
LIB performance in different applications. Overall, depend-
ing on the application, ALD can stabilize materials. These 
effects can result in higher capacity, higher voltage opera-
tion, less impedance creation across cycling, less gas pro-
duction, improved safety, and longer cycle life and lifespan. 
Currently, numerous companies utilize ALD coatings for 
their particular electrode and SSE compounds, using high 
manufacturing ALD systems that can process 3 to 30 t of 
powder per day [87]. The advantages of ALD have been seen 
for the following cathode powder materials: NCM (811, 721, 
622, 532), LCO, NCA, LMO (spinel and non-spinel types), 

Fig. 9  Chemical structure of 
four different lithium precursors
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and LMNO [88-92]. Additionally, anode powder materials 
include synthetic graphite, natural graphite, Si/C compos-
ites [93], silicon, and lithium titanate (LTO) [94-97]. In Ni-
rich cathode materials, a higher Ni concentration results in 
lower stability and, more importantly, lower quality of the 
surface coating [98-100]. However, for Ni-rich materials, 
ALD coatings provide the most enhancement in comparison 
with other conventional coating methods [101]. Meanwhile, 
ALD coating of anode materials, even just a few deposition 
cycles, can significantly improve the voltage performance 
and cell cycle life. Nevertheless, applying an ALD coating 
on a combination of cathode and anode materials such as in 
LCO/graphite cells has even more benefits, including better 
capacity retention over the cycle life and a higher specific 
discharge capacity [91]. Aluminum oxide is the most pre-
ferred choice for many chemical processes and can improve 
battery performance parameters [102, 103]. Currently, many 
companies are looking for new materials and advanced coat-
ing mechanisms, such as those intended to improve the Li-
ion conductivity and mobility. Advanced ALD coatings, 
including lithium metal oxides, metal fluorides and metal 
phosphates, are often suitable for LIBs and all-solid-state 
battery cells and may also be considered for hybrid oxide/
carbon coatings, organic polymer coatings, sulfur coatings, 
etc. In the following section, we discuss the state-of-the-art 
LIB components, including the cathode, anode, electrolyte, 
and separator, and then review the importance of ALD for 
enhanced LIB performance.

3.1  Cathode Materials

One key component of LIBs that has been extensively 
researched is the positive battery electrode (the cathode). 
The LIB cathode electrode is the heaviest and most expen-
sive component of lithium batteries compared to the anode 
and electrolyte components. Cathode materials are generally 
composed of transition metal oxides that can be oxidized by 
elimination of Li and transition to a higher valence state, i.e., 
reduction occurs at the cathode [104]. The stability of the 
cathode structure in the discharge and intercalation of Li is 
among the most critical factors affecting the performance 
of LIBs. Ideal cathode materials must possess the following 
properties: high reversibility of the intercalation/deinterca-
lation of  Li+ ions through a stable process, high potential 
energy, the lowest possible Fermi level, low cost, high ther-
mal stability and perfect compatibility with electrolytes to 
solve explosion problems [105]; however, fast  Li+ ion diffu-
sion, high electronic conductivity involving ionic and elec-
tronic conductivity, environmental friendliness, and an easy 
synthesis method are also important. Fabrication of cathode 
materials with all of the above desirable properties is com-
plicated and challenging. The properties of LIB cathodes 
can be classified based on their morphology and structure. 

Conventional LIB cathode materials include transition metal 
oxide-based compounds that have layered structures, such 
as  LiCoO2, spinel structures, such as  LiMn2O4, and olivine 
structures, such as  LiFePO4. For high-energy systems, lay-
ered cathode materials are more favorable [106], and for 
low-energy systems, which require high stability and long 
life along with low cost, spinel and olivine cathode materi-
als are generally preferred [107]. These cathode materials 
have presented high performance during charge/discharge 
cycling.

LCO was the first lithium-ion cathode material, which 
was introduced to the market by Sony in 1991 [108]. 
Because of its high capacity and good cyclability, it is still 
the most popular cathode for LIBs [109]. However, it has 
disadvantages such as toxicity, expense, and scarcity and 
suffers from capacity fading during frequent charge‒dis-
charge cycles such that its structural arrangement changes 
from monoclinic to hexagonal, resulting in an approximately 
50% decrease in the practical capacity [110]. The theoretical 
specific capacity of LCO is 274 mAh  g−1; however, practi-
cally, only 50% of it is effective. In other words, only half 
of the lithium ions can electrochemically intercalate and be 
released from the structure of  Li1−xCoO2 (x = 0.5) to gener-
ate an electric current due to the instability of the structure 
at a high voltage of approximately 4.2 V versus  Li+/Li. This 
limitation is even severer for x > 0.5 [111]. Numerous studies 
have been carried out to alleviate the drawbacks of LCO, for 
instance, nanofilm coating by metal oxides such as  AL2O3 
and  TiO2 as an artificial layer [112, 113].

Batteries based on Ni, i.e.,  LiNiO2 (LNO), and Mn, i.e., 
 LiMnO2 (LMO), in the cathode are other layered battery 
types. Mn and Ni, which are abundant and nontoxic, can be 
considered environmentally friendly [114]. The materials 
of these batteries are inexpensive and have a lower produc-
tion cost; therefore, these kinds of batteries have become 
popular among researchers. However, these batteries also 
have some limitations, such as the difficulty of fabricating 
pure forms and their low stability during charge compared 
to LCO [115]. Accordingly, in the deintercalation process, 
the layered structure becomes disordered and is converted 
to the spinel form, and then, Mn atoms disperse from the 
structure. These issues are a major obstacle to their wide-
spread commercialization [116]. To mitigate these prob-
lems, extensive research has been conducted on the use 
of transition metal oxide materials, and various combina-
tions have been developed, such as  LiNiMnCoO2 (NMC), 
 LiNi0.6Mn0.2Co0.2O2 (NMC662),  LiNi0.5Mn0.3Co0.2O2 
(NMC532),  LiNi0.8Mn0.1Co0.1O2 (NMC811), and 
 LiNi1/3Mn1.3Co1.3O2 (NMC333) [117, 118]. These types 
of batteries have advantages such as high functional volt-
age, acceptable electrochemical stability, high thermal 
stability, good reversible capacity, cost effectiveness, and 
environmental friendliness. Despite their advantages, these 
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batteries still suffer from serious problems such as interfa-
cial degradation and humidity vulnerability that drastically 
decrease their life [119, 120]. Another type of layered cath-
ode material is Li-rich layered oxides (LLOs), which have 
a high capacity of 250–300 mAh  g−1 [121]. However, they 
have some drawbacks, such as sudden Mn migration and loss 
of oxygen from the structure of the transition metal during 
primary charge, which result in significant voltage fading 
during cycling and irreversible capacity fade, resulting in 
a weak rate capability [122]. These limitations have also 
prevented the commercialization of these batteries. Cath-
odes with spinel-like materials such as  LiMn2O4 have limi-
tations such as the Jahn–Teller effect, which decreases their 
thermal stability [123], a relatively low discharge capac-
ity (120 mAh  g−1), Mn migration, and oxygen loss, which 
require more research [124].

Future research on these novel frameworks will provide 
improved cathode materials for LIBs. In addition, their top-
ics are still of interest to further improving the performance 
of the developed  LiFePO4/C cathode materials. Intercalation 
materials generally consist of  Mn+, where M is a metal and 
n + is the valence conversion of the metal M, and Li ions are 
regularized in the structure and surrounded by oxygen atoms 
in the octahedral and tetrahedral molecular geometry [125].

In 1980, Goodenough et al. [108] of Oxford University 
developed Li cathodes using transition metal oxides to 

increase the cell voltage. The concept of transition metal 
oxide intercalation depends on the charge/discharge reaction.

where “TM” is a transition metal such as Fe, Co, Ni, and Mn 
and the “x” value is in the range from 0 to 1 for monovalent 
cations.

The intercalation process can be considered to involve 
a metal network in which ions can deposit and migrate. 
Electrode materials act as hosts for Li and multivalent ions 
to maintain electroneutrality [126]. Cathode materials are 
divided into several categories according to their struc-
ture. Li-rich layered  Li1+xM1−xO2, layered  LiMO2, olivine 
 LiMPO4, spinel  LiM2O4, silicate composite  Li2MSiO4 and 
borate composite  LiMBO3, where M denotes a metal such as 
Fe, Mn, Ni, V, Co, Cr, and Cu, have been broadly researched 
[127-132]. Furthermore, many other cathode materials, such 
as  MnO2,  V2O5,  LiV3O8, and fluorides  (FeF3), have also 
been reported [133-136]. All of the above cathode materi-
als have specific and different crystal structures (illustrated 
in Fig. 10) and present the desired capabilities and promising 
potential.

In Table 2, the practical properties of some commonly 
applied LIB cathode materials are summarized. Addition-
ally, Fig. 11 presents the potential/capacity ranges of various 

(3)TMO
2
+ xLi

+ + xe
−
⇌ Li

x
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2

Fig. 10  Electrochemical reactions and crystal structures of different cathodes: a olivine  LiMPO4, b  Li2MSiO4, c spinel  LiM2O4, d layered 
 LiM2O2, e  V2O5, f  LiV3O8, g  FeF3, and h  LiMBO3. Reprinted with permission from Ref. [137]. Copyright © 2016, Royal Society of Chemistry
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cathode materials for comparison. The application of cath-
ode materials has some common problems, including the 
production cost of solid-state materials through long and 
high heating processes, environmental impact and raw mate-
rial cost of large-scale cells, sensitivity of the performance 
of the cathode to the stoichiometry, oxygen release, heat 
generation from the cathode in the fully charged condition, 
and weak practical capacity [138, 139]. Ultrahigh-energy 
cathodes provide inexpensive electric batteries for vehicles 
[140]. In the development of cathodes for next-generation 
LIBs, research is being conducted to reduce the production 
cost; some common examples include utilizing materials 
with high abundance, such as Fe or Ti with a stable tetrava-
lent state [141, 142]. Additionally, applying expensive and 

rare elements in the form of doping, such as vanadium, nio-
bium, molybdenum, yttrium, and tantalum, in the compo-
sition of cathode materials can significantly improve their 
performance [143, 144]. However, selection of the appropri-
ate methods of fabrication, coating, and modification is also 
of great importance in the synthesis of electrode materials. 
Moreover, the byproducts (LiF,  P2O5, etc.) formed from side 
reactions strongly attach to the surface of cathode materi-
als, which highly inhibit  Li+ transmission [145, 146]. Thus, 
to boost the performance of the cathode in batteries, ALD 
coating is suggested as an impressive method to enhance the 
specific capacity, performance, energy density, safety, con-
ductivity, lifetime, and cycling stability and mitigate the self-
discharge and resistance of commercial cathode materials, 

Table 2  Practical properties of some common LIB cathode materials

Cathode material Max specific 
capacity /(mAh 
 g−1)

Average 
voltage 
/V

Specific 
energy /(Wh 
 kg−1)

Description

LiCoO2 [147] 140 3.90 520 Most common, toxic, expensive, and unsafe
LiMn2O4 [148] 120 4.05 450 Unstable at high temperatures, inexpensive, safe, Jahn–Teller issue, 

capacity fading
LiFePO4 [149] 160 3.45 540 Good stability, safe, long life, inexpensive, low voltage, low con-

ductivity, slow Li-ion diffusion
LiNiPO4 [150] 110 5.10 800 High voltage, high stability, environmentally friendly, inexpensive, 

low conductivity,
LiNi0.5Mn1.5O4 [151] 130 4.60 550 High voltage, safe, unstable at high voltages
LiNi1/3Mn1/3Co1/3O2 [152] 140–160 3.80 630 Fast voltage fading, low capacity rate, poor cycle life
LiNi0.8Co0.15Al0.05O2 [153] 200 3.73 720 High capacity, safe, Co free, oxygen release, thermal instability
V2O5 [154] 250 3.60 530 High energy and power density, low electron/lithium conductivity, 

poor rate capability and cycling stability
Sulfur [155] 1 675 2.10 2 447 Environmentally friendly, very low cost, high availability, high 

volume change, low conductivity, poor cyclability

Fig. 11  Schematic representa-
tion of the potential versus 
capacity ranges for differ-
ent cathode materials [156]. 
Copyright © 2011, Chemistry 
of Materials
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which can alleviate the cost of the battery for consumer 
products, EVs, and energy storage systems.

3.1.1  Fabrication of LIB Cathode Materials via ALD

Due to the extraordinary process of reaction-controlled 
deposition applied in ALD, cathode materials developed by 
this method can be classified into two categories of lithiated 
and unlithiated complexes. Over the past decade, lithiated 
complexes such as  LiCoO2,  LiMn2O4, and  LiFePO4, as well 
as unlithiated transition metal materials such as  FePO4 and 
 V2O5, have been developed through ALD [157-159]. To 
vary the stoichiometry of the lithiated cathodes, different 
subcycle deposition ratios are being used. Due to the feature 
of conformal ultrathin films, the electrode acts well at the 
interface between the electrolyte and current collector. As a 
result, the stress generated by the intercalation and deinter-
calation of Li ions in the cathode is reduced, thus making 
it mechanically more robust [160]. Additionally, the ALD 
thin film improves the electrochemical properties, resulting 
in excellent cyclability compared to bulk crystals, and thus, 
the high reversible capacity approximates the theoretical 
value [83, 161].

ALD can create conformal and homogenous thin layers 
on surfaces with a high-aspect-ratio topography while also 
offering atomic-scale adjustments of the target material 
composition, size, and thickness. The synthesis of quater-
nary cathode materials is consistently more difficult than 
that of binary and ternary materials due to their complex 
surface and structural chemistry [162]. The presence of Co, 
which is toxic in nature and increases production costs, in 
the structure of conventional  LiCoO2 (LCO) cathodes, first 
commercialized in 1980 [109], has forced researchers to 
conduct extensive research into the development of LCO 
structure derivatives such as  Li1.2MnNiCo0.8O2 (NMC) and 
 LiNi0.8Co0.15Al0.05O2 (NCA), each of which has advantages 
and disadvantages in their application. The LCO cathode 
is a layered material fabricated through the ALD method 
using subcycles,  LiO2, and one or two binary oxides. Not-
ten et al. [157] applied PEALD using the precursors  Co3O4 
 (CoCp2-O2) and  Li2CO3(LiOtBu-O2) at 325 °C to success-
fully obtain LCO cathode materials. Their evaluations 
showed that LCO cathodes fabricated with this method have 
good reversible electrochemical performance. In another 
study, research was performed to fabricate spinel structure 
 LiMn2O4 by the ALD technique. To fabricate this type of 
cathode, Li(thd)-plasma  O3 and Mn(thd)3-plasma  O3 precur-
sors were used in alternative cycles at 225 °C. The results 
of the above research showed that the fabricated  LiMnO4 
cathode possessed a high capacity of 230 mAh  g−1 and a 
stable cycling performance of up to 1 000 cycles [163]. 
Notably, the structures fabricated by ALD can be combined 
with materials with unique electrochemical properties, such 

as  V2O5,  NbO5, and  FePO4, to improve the performance of 
the cathode while taking into account its specific applica-
tion [164-166]. Unlithiated  FePO4 cathodes with amorphous 
structures were fabricated via ALD. Sun et al. [167] imple-
mented ALD to form a  FePO4 cathode by subcycle depo-
sition of trimethyl phosphate-water and  Fe2O3 (ferrocene-
ozone) on nitrogenized CNTs at 200–350 °C. The results 
of their evaluation showed that as an LIB cathode, the fab-
ricated cathode had a discharge capacity of 177 mAh  g−1. 
Hence, the  FePO4 structure in the form of a thin film or 
modification material can enhance the efficiency of solid-
state LIBs.

V2O5 is another unlithiated cathode material that can be 
fabricated with ALD without the need for thermal posttreat-
ment. Xie et al. [168] studied the structure of a 3D  V2O5/
TiO2 cathode on a CNT surface, in which amorphous  V2O5 
and thin-film  TiO2 were grown on the CNT surface. To 
do so, VOTP,  TiCl4, and  H2O precursors were used. The 
discharge capacity of the 15-cycle  TiO2/50-cycle  V2O5/
CNT paper electrode was 400 mAh  g−1, which is nearly the 
theoretical value of  V2O5. Moreover, the deposition of the 
 TiO2 film on the cathode solved the vanadium dissolution 
problem. In another study, Nilsen et al. [169] fabricated a 
 V2O5 cathode structure for LIBs via ALD by using VO(thd)2 
and  O3 precursors at 215 °C. The results showed that 500-
cycle deposition with a growth rate of 10 nm  V2O5 led to the 
highest electrochemical performance. As shown in Fig. 12, 
thinner films had higher capacity retention at high C rates. 
ALD-500 was slightly influenced by higher discharge rates, 
with the capacity decreasing from 104 to 83 mAh  g−1 at 1 
and 10 C rates. At higher C rates, the capacity retention was 
decreased with increasing effective film thickness. ALD-
500 with a surface controlled by [001]-plane  V2O5 plate-
lets showed the highest rate performance. The capacity 
remained stable for 650 cycles and first dropped to under 
80% of its initial value after 1 530 cycles (represented by the 
gray region in Fig. 12c). Additionally, in another work, Sun 
et al. [159] utilized ALD and created a 33 nm-thick lithiated 
 FePO4 film on CNTs. They used  FeCp2-O3-TMP-H2O and 
 LiOtBu-H2O precursors with sequences of 5 and 1, respec-
tively (Fig. 13). Analysis showed that their fabricated cath-
ode had excellent capacity retention of 70.5% up to 2 000 
cycles. In addition, an increase in the current rate at 60 °C 
provided a high capacity of approximately 71 mAh  g−1.

Recently, the quaternary cathode material lithium nickel 
silicon oxide  (LiNiSiO4) was fabricated by using ALD 
[170]. To fabricate this structure, deposition of one layer 
of Li-Ni–O including subcycles of LiN[(CH3)3Si]2 +  O2 
plasma, Ni(Cp)2 +  O2 plasma, NiO, and  Li2O was applied. 
Then, for the formation of  Li22Si5 and  Li2Si2O5, annealing at 
400–900 °C was performed. Analyses showed that the syn-
thesized material could obtain a specific capacity of 20–26 
µAh µm−1  cm−2 depending on the annealing temperature and 
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subcycle deposition ratio. Therefore, the deposition of thin 
films via ALD on a carbon surface with high conductivity 
could result in the production of electrode materials with 
high cycling ability and excellent rate capability.

In another work, Chen et al. [171] successfully designed 
and analyzed a new concept of a  V2O5 ALD process employ-
ing VTOP precursor and  O3 coreactant in the temperature 
range between 170 and 185 °C. The achieved  V2O5 film 
thickness was 30 nm with a constant GPC of ∼0.27 Å per 
cycle. On Si substrates, nucleation-controlled growth kinet-
ics was observed for up to 250 cycles. The as-deposited 
 V2O5 layers on the electrode surface in coin cell samples 
demonstrated a high theoretical specific capacity of 147 
mAh  g−1 versus  (Li+/Li) (Fig. 14a), an outstanding rate 
performance (Fig. 14b), a voltage range from 2.6 to 4.0 V 
(Fig. 14c), high coulombic efficiency, and a cycling stabil-
ity of 105 cycles at ∼1 C (Fig. 14d). These advantageous 

characteristics are mostly related to the material crystallinity 
and the usage of thin films for electricity storage to facili-
tate quick charge transfer. Moreover, the scanning electron 
microscopy (SEM) images of the AAO sample before and 
after 1 000 cycles of ALD  V2O5-O3 layer growth are pre-
sented in Fig. 14e, f, respectively.

Furthermore, Table 3 lists some of the cathode materials 
recently developed with ALD. Generally, the ALD technique 
can be concluded to be a promising method for the fabrica-
tion and development of active electrodes in next-generation 
LIBs and miniaturized batteries.

3.1.2  Modification of LIB Cathode Materials via ALD

In this section, surface modification of the cathode with two 
common methods of film coating and doping is discussed. 

Fig. 12  a Rate performance 
of  V2O5-deposited coin cells 
obtained with 250 to 5 000 
ALD cycles. b Capacity 
retention following a second 
discharge, normalized to the 1 
C capacity. c The gray band in 
the figure denotes the window 
with a capacity loss below 80% 
of the initial capacity (55 mAh 
 g−1 at 120 C). The coulombic 
efficiency was approximately 
100%. Inset: the charge‒dis-
charge plot of the 2nd and 2 
000th cycles. d SEM images 
of configurations fabricated 
with various ALD cycles (500, 
1 000, 2 000, 5 000) on silicon 
substrates. Reprinted with 
permission from Ref. [169]. 
Copyright © 2014, Royal Soci-
ety of Chemistry

Fig. 13  ALD fabrication of 
amorphous  LiFePO4 at 300 °C. 
Reprinted with permission from 
Ref. [159]. Copyright © 2014, 
Wiley
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Film coating and doping are promising ideas for enhancing 
the electrochemical performance of electrodes [173].

Surface coating is a suitable technique for the preven-
tion of unwanted reactions and those that damage the 
electrode–electrolyte interface, such as transition metal 
dissolution, irreversible phase degradation, oxygen loss, 
electrolyte deposition and phase transformation. Coating 
materials should have the properties of electrochemical sta-
bility, permeability to Li ions, and compatibility with the 
electrolyte and solid electrode materials. Therefore, to pro-
duce an ideal coating with the fewest unwanted reactions, the 

characteristics of the coated surface should also be taken into 
account. To date, several coating materials, including metal 
oxides  (TiO2,  Al2O3, ZnO,  ZrO2, etc.) [174-178], metal 
fluorides (LiF,  AlF3, etc.) [59, 179], phosphates  (Li3PO4, 
 AlPO4, etc.) [180-182], metal nitrides (TiN, ZrN, AlN, etc.) 
[183, 184] and metal sulfides (ZnS,  MoS2) [60, 185], have 
been investigated. The selection of coating materials should 
be made such that the stability of the structure against heat 
and the ionic conductivity are not decreased. The deposited 
film can also be functionalized for isolation, which could 
provide more suitable rate capability and cycling stability. 

Fig. 14  Electrochemical performance of a  V2O5-coated samples with 
a ∼30 nm thick  V2O5 film in the coin cell configuration: a rate perfor-
mance at various current densities indicated by the discharge capac-
ity plotted versus the cycle number; b current rate; c charge/discharge 
plots for the second cycle (the phase change is indicated on the dis-
charge curve; the current density is 50 mA   g−1); and d cycle reten-

tion and coulombic performance for 105 cycles at ∼1 C. SEM images 
of the AAO sample e before and f after 1 000-cycle ALD  V2O5 layer 
growth; g SEM image of  V2O5 nanotubes in AAO pores. Reprinted 
with permission from Ref. [171]. Copyright © 2012, American 
Chemical Society
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The application of the ALD method to achieve this goal 
has attracted more attention than conventional sol–gel and 
mechanical mixing methods due to its unique properties of 
film growth in a uniform manner and controllable nanometer 
sublayer thickness. In the following, a review is provided on 
the research works performed on ALD for engineering LIB 
cathode surfaces.

Doping is among the simplest and most efficient methods 
of improving the electrochemical properties of electrodes 
applied in LIBs. Doping, by changing the crystalline struc-
ture at the atomic scale, can improve the chemical and physi-
cal properties of materials, such as the bandgap, conduc-
tivity, defect concentration and charge distribution. In the 
doping process, small amounts of metals such as Al, Ti, Zn, 
V, Nb, and Ni are introduced onto the layer of the electrode 
surface in the form of islands to adjust the electrochemi-
cal properties of the electrode according to its application 

and requirements. For example, adding atoms with a high 
conductivity feature can enhance this property of the elec-
trode [33]. Additionally, researchers have reported that the 
addition of Co atoms to electrode layers improved the per-
formance of batteries at higher voltages [32]. Yang et al. 
[183] deposited a thin TiN film on a  LiNi0.8Co0.1Mn0.1O2 
(NCM811) surface via ALD. The TiN coating layer blocked 
side reactions and inhibited structural damage during 
cycling, decreased the contact resistance among NCM811 
particles and improved the particle surface electronic con-
ductivity during cycling. As shown in Fig. 15, samples with 
20 coating cycles displayed great electrochemical perfor-
mance. Once discharged and charged at a current density 
of 100 mAh  g−1, in the potential range from 2.8 to 4.3 V, 
the initial discharge specific capacity of the battery was 
199.2 mAh  g−1, its capacity retention rate was 76.3%, and 
its reversible capacity up to 200 cycles was 152 mAh  g−1.

Table 3  List of some of the cathode materials developed with ALD

Material Substrate Precursor Temperature/℃ Specific capacity/
(mAh  g−1)

References

LiCoO2 Si/TiO2/Pt, Si/SiO2 (LiOtBu-plasma  O2) +  (CoCp2-plasma  O2) 325 – [157]
LiMn2O4 Si, SS (Li(thd)-O3) + (Mn(thd)3-O3) 225 134 [163]
LiFePO4 CNTs, Si (LiOtBu-H2O) +  (FeCp2-O3-TMP-H2O) 300 71 [159]
FePO4 N-doped CNT (Fe(thd)3-O3) + (TMP-H2O/O3) 200–350 177 [167]
LiNiSiO4 SS, Si LiN[(CH3)3Si]2 + Ni(Cp)2 + plasma  O2 110–160 - [170]
V2O5-TiO2 CNTs VOTP +  TiCl4 +  H2O 120–150 400 [168]
V2O5 SS, Si, glass VO(thd)2 +  O3 215 104 [169]
V2O5 SS, Si, MWCNTs VTOP +  H2O 120 [172]
V2O5 SS, AAO VTOP +  O3 170–185 142 [171]

Fig. 15  a Initial charge‒discharge plots at 20 mA  g−1; b cycling effi-
ciency at 100 mA  g−1 in the 2.8–4.3 V voltage range; c cycling effi-
ciency at 100 mA  g−1 in the 2.8–4.5 V range; d rate capability; and e 

TEM micrographs of pristine NCM811, NCM@10TN, NCM@20TN, 
and NCM@30TN. Reprinted with permission from Ref. [183]. Copy-
right © 2021, Elsevier B.V. All rights reserved
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Christophe et al. [186] utilized Ti phosphate as a func-
tional coating to improve the LiNiMnCo oxide (NMC) cath-
ode via plasma ALD. A trimethyl phosphate plasma–oxy-
gen plasma–titaniumisopropoxide exposure sequence was 
employed for investigation of a modified process with  N2 
plasma (TMP-N2-TTIP). This allowed nitrogen-doped 
(6 at.%; at.% means the atomic percentage) Ti phosphate 
deposition with a 0.4 nm  cycle−1 GPC. A 2 nm coating on 
undoped Ti phosphate extensively enhanced the NMC elec-
trode rate capability. Additionally, with the improved sta-
bility, 84% of the initial capacity was maintained after 100 
cycles at 1 C, compared to 79% for the bare electrode. Then, 
the two-source precursor diethyl phosphoramidate (DEPA) 
plasma was replaced with TMP, enabling increments in the 
nitrogen level (8.6 at.%) and GPC (0.6 nm  cycle−1). How-
ever, a slight decrease was observed in the phosphate ion 
transparency due to the incorporation of N, but after N dop-
ing, the effective transversal electronic conductivity was 
three times higher. Kuk et al. [187] synthesized an ultrathin 
 ZrO2 coating on the developed NMC532 electrode surface 
through ALD to improve the electrochemical performance of 
a high-voltage NMC532/graphite system. They reported that 
the  ZrO2 coating enhanced the rate capability and capacity 
retention of the NMC532 electrode at a high voltage (4.6 V). 
Analysis of the  ZrO2-coated NMC532 electrode using cyclic 
voltammetry, X-ray diffraction, and X-ray photoelectron 
spectroscopy revealed that the enhanced electrochemi-
cal performance of the electrode was caused by decreased 
polarization, disorganized structure, and side reactions on 
the cathode surface. Therefore, ALD  ZrO2 coating on the 
developed electrode was a promising method for maintain-
ing high LIB electrochemical efficiency during high-voltage 
operations. The SEM images of  ZrO2-coated and uncoated 
NMC532 electrodes (Fig.  16a) showed neither cathode 
deformation nor a difference from the pristine NMC532 
electrode, proving that the ultrathin  ZrO2 film was nonin-
vasively deposited on the as-prepared electrode. Figure 16b 
shows a transmission electron microscopy (TEM) image of 
the ALD-fabricated  ZrO2 film on a Si wafer. Because of the 
high porosity of the fabricated NMC532 electrode, the  ZrO2 
film thickness per cycle was approximated by employing a 
Si wafer. A thickness of 20 nm was achieved through 400 
ALD cycles. The composition of the  ZrO2 ALD coating was 
confirmed by using elemental mapping scanning of the film 
on the Si wafer. (Fig. 16c). Additionally, X-ray photoelec-
tron spectroscopy (XPS) was performed to characterize the 
formation of the  ZrO2 film on the cathode surface (Fig. 16f). 
Moreover, electrochemical impedance spectroscopy (EIS) 
was adopted to reveal the improved cycling performance of 
 ZrO2-deposited NMC532 electrodes in high-voltage opera-
tions. Figure 16g presents the Nyquist plots of the NMC532/
graphite cell up to 100 cycles at a 0.5 C rate, which con-
sisted of a straight line (Zw, Warburg impedance) at low 

frequencies and two partially overlapping semicircles in the 
high (Rs, surface resistance) to middle (Rct, charge trans-
fer resistance) frequency regions. The 20 nm  ZiO2-coated 
NMC532 showed the best specific capacity (Fig. 16d, e).

In another study, LLO cathode  (Li1.2Mn0.6Ni0.2O2) 
surfaces were engineered by using thin films of a ZnO-
TiO2  nanolaminate with a thickness of (1.7 ± 0.4)  nm 
produced through ALD with different coating rates. First, 
the coating formed by four ZnO cycles followed by six 
 TiO2 cycles on LLO was called P@Z@T. Then, the coat-
ing obtained by depositing six cycles of  TiO2 followed by 
four cycles of ZnO on LLO was given the name P@T@Z. 
Finally, P@T@Z@T was the name given to the coating on 
LLO that consisted of three  TiO2 cycles, four ZnO cycles, 
and three  TiO2 cycles. Figure 17(d(a–d)) show SEM images 
of the samples [177]. Interestingly, when ZnO-TiO2 nanol-
amination was employed for bare samples, the discharge 
capacity was enhanced. In contrast to the bare sample with 
a discharge specific capacity of 228 mAh  g−1, the P@T@Z, 
P@Z@T, and P@T@Z@T configurations all had greater 
discharge specific capacities of 236 mAh  g−1, 240 mAh 
 g−1, and 232 mAh  g−1, respectively. Figure 17c shows the 
cycling performance of the configurations after 80 charge/
discharge cycles at a 1 C rate. All nanolaminate-deposited 
LLO samples showed better capacity retention and higher 
specific discharge capacities than the pristine sample. Inter-
estingly, the P@Z@T models exhibited better specific dis-
charge capacity and capacity retention, 118 mAh  g−1 and 
97%, compared to the bare electrode with values of 71 mAh 
 g−1 and 68%, P@T@Z with values of 98 mAh  g−1 and 83%, 
and P@T@Z@T with values of 110 mAh  g−1 and 97%. The 
P@Z@T models also exhibited initial capacity retention and 
specific discharge capacity comparable to those of LLO after 
one ALD  TiO2 deposition cycle (242 mAh  g−1, 94%) but bet-
ter than those of ALD ZnO (220 mAh  g−1, 78%). At different 
C rates in 80 charge/discharge cycles, higher stability and 
specific discharge capacity of the P@Z@T models were also 
observed, as presented in Fig. 17e. Among the different coat-
ing sequences, ALD ZnO deposition followed by  TiO2 on 
the LLO cathode resulted in more uniform surfaces. After 
80 charge‒discharge cycles, the samples maintained a larger 
specific discharge capacity of 123 mAh  g−1 at a 1 C rate. In 
addition, when the current density was increased to a 10 C 
rate, an excellent specific discharge capacity of 103 mAh 
 g−1 was maintained. This was associated with lower charge 
transfer resistance and Li-ion migration because of the uni-
form surface and pre-electrochemical activation of the nan-
olaminate coating.

In another work,  Li1.2Mn0.6Ni0.2O2 (LMR) was tailored 
with P doping to enhance the conductivity of  Li+ in the 
bare material. This was obtained by increasing the Li inter-
layer spacing, structural stability and electron transport, thus 
improving the safety and rate performance. Doping with 
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 P5+ enhanced the distance between the (003) crystal planes 
in the range from ~ 0.474–0.488 nm and increased the sta-
bility of the structure through the formation of strong cova-
lent bonds with oxygen atoms, leading to improved thermal 
stability (50% heat generation compared to the bare mate-
rial) and capacity retention (rate performance from 38 to 
50% at 0.05 C to 5 C) [188]. Oxygen release during the 
initial charge is a major issue pertaining to this material, 
which results in thermal instability, intense electrolyte oxi-
dation, and low initial coulombic efficiency. Here,  AlPO4 
coating via ALD was performed to protect the cathode 
surface. During the ALD process, some part of the C2/m 

 Li2MnO3 structure was transformed into the spinel form. 
When  AlPO4 was coated on an electrode using only 5 ALD 
cycles, the initial coulombic efficiency was enhanced from 
75.2% for the untreated electrode to 86.2%. The transfor-
mation successfully prevented oxygen release. In addition, 
 AlPO4 was concluded to more effectively improve the cath-
ode material thermal stability compared to  Al2O3-coated or 
uncoated samples [189].

As one of the most popular coating materials,  Al2O3 was 
coated onto cathode material surfaces via different methods 
to delay surface side reactions and structural degradation 
because of HF attack. For example, Mohanty et al. applied 

Fig. 16  a SEM images, b TEM image and c elemental mapping scan 
of the  ZrO2 film on a Si wafer. d Rate capability at different cur-
rent densities of bare and  ZrO2-coated NMC532/graphite electrodes 
in the 2.7–4.6 V voltage range. e Cycling efficiency at a 1 C rate. f 
XPS spectra of the pristine and ALD  ZrO2-coated NMC electrodes. 

g Nyquist plots of the pristine and  ZrO2-coated NMC electrodes with 
different deposition cycles after the 100th cycle under high-voltage 
operation. Reprinted with permission from Ref. [187] Copyright © 
2019, Elsevier B.V. All rights reserved
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ALD to coat an NMC811 particle surface with  Al2O3, 
greatly enhancing the structural stability of the NCM phase 
at the surface of particles, increasing the capacity retention 
and decreasing the growth rate of charge transfer imped-
ance in cathode electrodes during high-rate cycling. The 
obtained great performance was mainly because the surface 
 Al2O3 coating preserved the morphology of particles during 
Li intercalation/deintercalation processes and inhibited side 
reactions [90]. A novel  FePO4 coating obtained by ALD 
was proposed for high-voltage LNMO cathode materials. 
ALD cycles of 5, 10, 20, and 40 were used to deposit dif-
ferent  FePO4 thickness ranges onto LNMO powder. LNMO 
with 10-cycle ALD  FePO4 had the largest capacity and 
stable capacity retention at all current density rates. When 
LNMO was deposited with 40-cycle  FePO4 layers, the 
capacity retention was enhanced up to 100%. Their studies 
revealed that thin  FePO4 prevented severe reduction of sur-
face  Mn4+ to  Mn2+ resulting from electrolyte distortion and 
the Jahn–Teller effect, and low amounts of  Mn2+ assisted in 
maintaining the surface consistency with no severe dissolu-
tion into the electrolyte. Amorphous  FePO4 offered signifi-
cant benefits in surface electron/ion transport compared to 
the most widely used insulating  Al2O3 [190]. Wang et al. 
[110] studied surface doping with heavy ions and Nb in a 

Li-rich Mn-based layered oxide,  Li1.2Mn0.54Ni0.13Co0.13O2. 
The doped ions were verified to be situated on the surface 
of the Li layer oxide. They bound the slabs through “inac-
tivated” surface oxygen and strong Nb–O bonds, improv-
ing the structure stability. In the initial cycle, the specific 
capacity of the tailored sample reached 320 mAh  g−1, and 
after 100 cycles, 94.5% remained. Lee et al. [191] found 
that atomic layer coating with  Al2O3 materials improved the 
LCO capacity retention. ALD oxide coatings enhanced the 
electrochemical performance of different cathode materials, 
such as layered LCO and spinel  LiMn2O4. Table 4 summa-
rizes the recent LIB cathode materials modified by ALD.

3.2  Anode Materials

Anode materials in the negative electrode of LIBs also play 
essential roles in the LIB performance. Despite the avail-
ability of a variety of anode materials, they still suffer from 
problems and limitations. The development of future gen-
eration batteries depends heavily on advancements in anode 
materials, which are just as significant as cathode material 
enhancement. Anode materials have a simpler structure than 
cathode materials. Li metal has a low electrochemical redox 
potential and an extremely high theoretical specific capacity 

Fig. 17  a Electrode rate capabilities at different rates (0.04 to 1 C) in 
the voltage range from 2.0 to 4.8 V, b initial charge/discharge curves, 
c cycling efficiency for the models with and without a nanolaminate 
coating at a 1 C current density, d SEM images of the (a) bare, (b) 
P@Z@T, (c) P@T@Z@T and (d) P@T@Z configurations, and e 

associated histograms of the initial specific charge, discharge, and 
irreversible capacity retention under a 0.25 C rate. Reprinted with 
permission from Ref. [177]. Copyright © 2020 Elsevier B.V. All 
rights reserved
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(3 861 mAh  g−1), making it one of the most often used mate-
rials to create anodes for LIBs [199, 200]. However, due 
to the formation of severe dendrites on the surface, reac-
tion with the electrolyte at the interface occurs that leads to 
instability of the LIB function [201]. The destructive manner 
of dendrite formation limits the application of Li metal in 
the anode. Other promising anode materials with layered 
structures include carbonaceous materials such as graphite 
and CNTs [202, 203] and Si in which Li ions are dissolved 
[204]. Furthermore, lithium titanates  (Li4Ti5O12) were devel-
oped with better performance [205]. Notably, each of the 
above materials has its drawbacks; for example,  Li4Ti5O12 
has weak electrical conductivity and a low diffusion coeffi-
cient of Li ions [206]. Compared to carbon, Si-based anodes 
can promote higher energy density and specific energy in 
LIBs, but in the lithiation process, they undergo high volume 
expansion of approximately 300%–400%, which imposes 
high stress, resulting in failure and crack formation in the 
structure [207]. Consequently, the high volume change in 
anode materials results in decreased contact with the elec-
trolyte in cycling, leading to performance degradation [208].

Anode materials such as Li, Si, lithium titanate 
 (Li4Ti5O12) and  SnO2 have high capacity [209-211]. How-
ever, extensive research is required to decrease the common 
problem of a high volume change due to the high specific 
capacity, which results in low efficiency, capacity loss, 
mechanical degradation, and short longevity. In the last dec-
ade, to address these problems, different methods and strate-
gies have been tested, among which ALD was superior to 
others due to its ability to fabricate and modify anode nano-
materials at the atomic scale. Li metal was first used in the 
negative electrodes of LIBs [212]. The theoretical specific 
capacity of Li is approximately 3 860 mA [213]; however, 
due to the formation of Li dendrites, which decreases the 
coulombic efficiency (CE) in the cycling process and finally 
results in failure and even explosion of the battery, it cannot 
be widely commercialized [199].

Graphite has been the most commonly and extensively 
applied LIB anode material developed in the last two dec-
ades. Graphite has unique advantages, such as high stabil-
ity, a constant plateau voltage of approximately 0.1–0.2 V 
during discharge, reasonable cost, environmental friend-
liness, safety, and good capacity retention during cycling 

Table 4  Summary of cathode materials modified via ALD for LIBs

Cathode material Coating Precursor Temperature/ 
℃

Deposition cycle/thickness References

NMC811 TiN TDMAT +  NH3 200 2–9 nm [183]
LCO Al2O3/TiO2 TMA +  H2O + TTIP 150 10–500 cycles [174]
LCO NbOx NbOEt5 +  H2O 175 30 nm [165]
LCO AlWxFy TMA +  WF6 200 1 nm [192]
LCO AlF3 TMA + HF 150 2 cycles [179]
LNMO Al2O3 TMA +  H2O 180 20 nm, 10 cycles [176]
LNMO LiF LiOtBu + Hfac +  TiF4 220 4 × 10 cycles [59]
NMC811 LiAlF4 Li(thd) +  TiF4 +  AlCl3 250 15 nm, 300 cycles [193]
LiMn2O4 ZrO2 ZTB +  H2O 120 10 nm, 50 cycles [178]
Li1.2Mn0.54Co0.13Ni0.13O2 AlPO4 TMA + TMP +  H2O 150 20 cycles [189]
Li1.2Mn0.6Ni0.2O2 ZnO–TiO2 DEZ + TiCl4 +  H2O 150 4-cycle Zn/6-cycle Ti

1.2–1.7 nm
[177]

Li1.2Ni0.13Mn0.54Co0.13O2 Al2O3/TiO2 TMA + TTIP +  H2O 150 10-cycle TMA/20-cycle TTI [194]
NMC622 N-doped Ti phosphate TMP + Plasma 

 O2 +  N2 + TTIP + DEPA
300 0.4–0.6 nm  cycle−1 [186]

NMC333 Al2O3 TMA +  H2O 180 4 cycles [195]
NMC532 ZrO2 Tris(dimethylamino)zirco-

nium +  H2O
120 0.25–1 nm, 5–20 cycles [187]

NMC532 MgO Mg[EtCp]2 +  H2O 200 0.7 nm, 5 cycles [161]
LiNi0.5Mn1.5O4 (LNMO) FePO4 ferrocene  (FeCp2) + TMP +  H2O 300 40 cycles [190]
LiNi0.5Mn1.5O4 (LNMO) AlPO4 TMP + TMA +  H2O 250 1 nm, 10 cycles [196]
LiNi0.5Mn1.5O4 (LNMO) TiO2/Al2O3 TTIP + TMA +  H2O 250 0.389–0.816 Å [197]
LiNi0.5Mn1.5O4 (LNMO) LiAlO2 TMA +  LiOtBu +  H2O 200 2 nm, 10 cycles [161]
(NMC333) LiTaO3 LiOtBu +  H2O + tantalum 

ethoxide
225 20 cycles [85]

(NMC442) Al2O3 TMA +  H2O 120 0.6 nm [198]
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[214]. However, it suffers from some disadvantages, such as 
low capacity, poor CE, low rate performance and sensitiv-
ity to some electrolytes, which limit its application in new 
generation LIBs [215]. Generally, the ethylene carbonate 
electrolyte is applied in LIBs with graphite anodes [216]. 
Additionally, due to the low capacity of graphite, it is not a 
suitable option for large systems such as EVs [217]. There-
fore, researchers were forced to develop anode materials 
with higher capacity and lower potential. For example, new 
generation batteries require anode materials with a minimum 
capacity of 1 000 mAh  g−1 [218].

Graphite and  Li4Ti5O12 have excellent cycling stability 
but limited theoretical capacity. The capacity of graphite 
is 372 mAh  g−1, and that of  Li4Ti5O12 is 175 mAh  g−1, 
which are not sufficient for today’s batteries that require 
high energy density [219]. Thus, extensive efforts have been 
made to obtain anode materials with higher capacity for new 
generation LIBs. Generally, with the improvement of one 
property, other properties deteriorate, which is the greatest 
challenge in the science of batteries. Therefore, the aim of 
research on this topic is to develop an LIB component with 
optimum properties. Based on the Li-ion storage mecha-
nism, anode materials are categorized into three groups: 
those undergoing conversion reactions, such as transition 
metal oxides, which are more popular because of their 
porous structure and high surface area; insertion reactions, 
including carbonaceous materials; and alloy reactions, based 
on alloys containing Si, Sn, Ge, etc.

Transition metal oxide electrodes  (SnO2,  TiO2,  Fe2O3, 
ZnO,  Mn2O3, etc.) have a theoretical capacity of 500–1 
000 mAh  g−1 [220]. Among their advantages are excellent 
cycling performance and adjustable operation voltage [221]. 
Compared to graphite anode materials, these materials have 
the advantages of higher safety, lower production cost, high 
specific capacity, and lack of formation of Li dendrites. 
However, they suffer from disadvantages such as inherent 
weak conductivity, electrode and electrolyte decomposition, 
rearrangement during lithiation and delithiation processes, 
and internal heat generation, which decrease the energy den-
sity and efficiency [222, 223]. Extensive research is being 
conducted to mitigate the problems of such anode materi-
als. Si is a suitable material to substitute graphite anodes. 
Si has a low potential and a high gravimetric capacity of 4 
200 mAh  g−1, which is 10 times larger than the value of 372 
mAh  g−1 for graphite [224]. To date, Si has been known as 
an excellent high-capacity anode material due to its high 
theoretical capacity. In terms of chemical capacity, each Si 
atom can form bonds with four Li ions, while in graphite, 
six C atoms can form bonds with one Li ion to give  LiC6. 
The Si anode has a delithiation voltage of approximately 
0.4 V [225]. Overall, owing to its high capacity to store Li 
ions during lithiation/delithiation processes, Si undergoes 
very high volume expansion of approximately 400%, which, 

during cycling, can result in crack formation and, in turn, 
under high stress, fracture of Si particles [226]. The volume 
changes for  SnO2 and ZnO are 300% and 228%, respectively 
[227, 228]. The process of Si decomposition is called pul-
verization. These factors can cause problems such as particle 
dissociation, which is the reason for the lack of electrical 
contact at the interface and decreases in the performance 
and capacity. With the increment in the number of cracks, 
Si reacts with the electrolyte, resulting in decomposition 
and the creation of an SEI [229]. The SEI is obtained from 
decomposition of the salts in the electrolyte solution, and 
over time, its thickness is increased, Li ions are depleted, and 
a decrease in the electrical conductivity occurs.

Typically, capacity loss during the initial discharge pro-
cess is mainly caused by SEI creation on the surface of the 
anode, leading to permanent  Li+ ion consumption. Batter-
ies experience rapid capacity degradation and safety loss as 
the cycle number rises [230]. To improve the performance 
of anode materials in batteries, passivation layers can be 
applied through various methods. To date, several methods 
and approaches have been employed to address the limita-
tions of anode materials with high capacity, such as nano-
engineering [231], mixing of carbonaceous materials [232], 
surface modification [233, 234], and use of additives [235]. 
Among these methods, ALD has been found to be promis-
ing for surface modification and even design and fabrica-
tion of new electrode materials. A protective layer can be 
applied through the ALD technique as an adjustable coating 
to decrease crack formation and significantly increase the 
effective lifespan of batteries.

3.2.1  Fabrication of LIB Anode Materials via ALD

ALD can be used to fabricate anode materials in the follow-
ing forms: 2D structures such as nanolaminates (composite 
films consisting of alternating layers of different materials) 
[236] and 3D architectures such as graphene foam (GF) 
[237], copper foam [238], nickel foam [239], and multi-
walled CNT (MWCNT) sponges [172]. Since the structure 
of the anode is simpler than that of the cathode, the ALD 
technique is more commonly applied for the fabrication of 
anode materials, especially transition metal oxides (TMOs). 
ALD is also applied to improve the cycling stability of high-
capacity anode materials through the formation of electrode 
nanostructures with uniform and controlled composite sizes. 
TMOs include  TiO2, ZnO,  SnO2,  Fe2O3,  MoO3,  MnO2, 
 CoO3,  Nb2O5, and  RuO2 [240, 241]. These anode materi-
als have much better theoretical capacity than graphite. The 
capacities of these compounds are summarized in Table 5. 
The conversion reaction of a TMO and Li can be written as:

(4)M
x
O

y
+ 2yLi+ + 2ye− ↔ xM

0
+ yLi

2
O
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where M denotes the TMO.
Despite their advantages, some of these materials also 

have limitations. For example,  TiO2 anodes have inher-
ently low ionic and electronic conductivity [242], and  SnO2 
undergoes large volume expansion during charge/discharge 
processes [243]. Carbonaceous materials such as graphite, 
CNTs, and MXenes are suitable candidates for compos-
ite formation with TMOs due to their favorable electrical 
conductivity and high specific surface area (SSA) and can 
address the need for high rate capability [244-246]. ALD, 
with its capability to create thin coatings, can deposit TMO 
materials as 2D films on carbonaceous substrates. Thin 
oxide films deposited through ALD can tolerate stress due 
to their nanoscale compared to bulk micron-sized electrodes 
and facilitate ion and electron transfer [247, 248]. In addi-
tion, the crystallinity, thickness, and composition of the film 
can significantly affect the performance of anode materials, 
all of which can be adjusted by controlling the number of 
precursors, types of precursors, dose ratios, and deposition 
temperature [249].

Sun et al. [250] investigated the growth of  SnO2 films 
on CNTs through ALD. They evaluated the temperature 
effect on  SnO2 film growth and the effect of the deposited 
film thickness on the crystallographic structure and finally 
studied the electrochemical performance of the fabricated 
 SnO2/CNT composite as an LIB anode. They applied 
tetrakis(dimethylamido)tin and water for the fabrication 
of this composite material. A tetragonal crystal phase was 
observed for  SnO2 films deposited on the CNT surface at 
150–200 °C, and  SnO2 of various thicknesses could be 

accurately fabricated by adjusting the ALD cycle number. 
They concluded that  SnO2 had high deposition rates at low 
deposition temperatures of less than 165 °C. Figure 18a–e 
present SEM images of the  SnO2@CNT complexes obtained 
with different ALD cycle numbers (0, 50, 100, and 150). The 
external nanotube diameter was clearly increased with an 
increasing ALD cycle number. Figure 18f presents a linear 
relationship between the ALD cycle number and  SnO2 layer 
average thickness, which reveals that the thickness of  SnO2 
deposited on CNT surfaces can be accurately regulated by 
controlling the ALD cycle number. As indicated in Fig. 18i, 
l, the  SnO2/CNT-50 composites with 50  SnO2 deposition 
cycles delivered a high specific capacity of 1 346.6 mAh  g−1, 
and after 100 cycles, a high capacity retention of 58.8% was 
achieved compared to the 2nd cycle.  SnO2@CNT-50 showed 
great cycling stability and rate capability due to lower crystal 
growth and low  SnO2 thickness in ultrathin films, which can 
address the degradation of the electrode and increase the 
electron kinetics of the electrode and the diffusion coeffi-
cient of Li ions. Additionally, after 100 cycles,  SnO2@CNT-
50 showed a 99.27% CE, as presented in Fig. 18m.

In another work, Liu et al. [251] deposited amorphous 
 Nb2O5 thin films on CNTs at 235–350 °C via controlled 
ALD. They explored the influences of the annealing and 
deposition temperatures on the surface morphology and 
crystal structure of  Nb2O5@CNTs. Figure 19a presents a 
schematic diagram of  Nb2O5 deposited on CNTs through 
ALD at 235 and 350 °C as well as the influence of the 
coating temperature on ALD-Nb2O5. The differences in 
the morphology and structure of  Nb2O5 coated at 235 

Table 5  Summary of the LIB anodes fabricated by ALD

Material Substrate Precursor Temperature/℃ Growth rate/thickness References

SnO2 CNT/Si TDMASn +  H2O 150–200 0.06 nm  cycle−1, 150 cycles [250]
Nb2O5 CNT Nb(OEt)5 +  H2O 235–350 100 cycles [251]
V2O5 N-Graphene VTIP +  H2O 150 1 Å  cycle−1, 50 cycles [252]
ZnO/SnO2 Si DEZ + TDMASn +  H2O 200 0.6–0.9 Å  cycle−1

100 × (2 ZnO + 3  SnO2)
[247]

Al2O3/SnO2 CNT TMA + TDMASn +  H2O 175 0.2 nm  cycle−1, 75  SnO2/10  Al2O3 [253]
TiO2 CNT/CFP TiCl4 +  H2O 120 10 cycles [254]
ZnO/TiO2 Cu foil DEZ +  TiCl4 +  H2O 130 26 ZnO/26  TiO2

1.75 Å for ZnO, 0.36 Å for  TiO2

[236]

ZnO Graphene DEZ +  H2O 150 50–800 cycles [255]
RuO2 MWCNT RuCp2 +  O2 210–240 0.4 Å  cycle−1 [256]
MoO CNT Mo(CO)6 +  O3 170 12–150 nm, 100–1 000 cycles [257]
Li4Ti5O12 N-CNT TTIP + Li(OtBu) +  H2O 250 5.5 Å  cycle−1 [258]
Li4Ti5O12 Si (TiCl4) + Li(OtBu) +  O2 225 97 nm [259]
SnO2/HfO2 Cu foil/MXene TDMASn +  H2O + Hf(NMe2)4) 150–200 5–50 nm [260]
Lithium terephthalate 

 (Li2C8H4O4 or LiTP)
Si Li(thd) + terephthalic acid

(Benzene-TPA)
300 400 cycles

3.0 Å  cycle−1
[261]

SnO2 Ni foam TDMASn-H2O 150 - [262]
TiO2 Au TiCl4-H2O 100–110 2–20 nm [263]
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and 350 °C could be attributed to various numbers of 
 Nb2O5 nuclei in the ALD reaction. At high temperatures 
(such as 350 °C), oxygen-containing groups can have trou-
ble in capturing Nb(OEt)5, leading to a tiny amount of 
 Nb2O5 nuclei on the CNT surface. These nuclei, which are 
far from each other, have a tendency to grow independently 
to form  Nb2O5 nanoparticles with island-like shapes. For 
verification of this theory, first, 10-ALD-cycle  Al2O3 inter-
face films were grown on the CNT surface, and then, 100 
ALD cycles of  Nb2O5 films were performed at 350 °C. As 
presented in Fig. 19b, the  Nb2O5@Al2O3@CNT surface 

was almost smooth, and no obviously visible nanoparticles 
existed on the CNT surface. Their findings revealed that 
 Nb2O5 could be directly grown on  Al2O3 interface lay-
ers without difficult nucleation stages or delays during the 
ALD-Nb2O5 process.

Interestingly, uniform and ultrathin  Nb2O5 nanocrys-
tal films with a hexagonal (TT) phase on CNTs resulted in 
a 325.1 mAh  g−1 capacity at 0.2 A  g−1 (Fig. 19d).  Nb2O5@
CNTs deposited at 235 and 350 °C revealed 44.7% and 
49.8% capacity retention, respectively, with increasing cur-
rent density from 0.2 to 3 A  g−1.  Nb2O5@CNTs annealed 

Fig. 18  a–e SEM photographs of  SnO2@CNT complexes obtained 
with different  ALD  cycle numbers. f Relationship between the 
 SnO2 film thickness and ALD cycle number under a 165 °C deposi-
tion temperature. g EIS spectra. h Dependence between the inverse 
square root of the angular frequency (ω−1/2) and real part of the 
impedance (Z′) in the low-frequency region after the 3rd cycle for 
 SnO2@CNT complexes generated at 175  °C. i Cyclic voltamme-

try  plots of ALD-SnO2@CNT composites in the first cycle. j Dis-
charge‒charge curves of the  SnO2@CNT-50 sample in different 
cycles. k Cycling performance of  SnO2@CNT complexes at 0.1 C. 
l Rate capability of  SnO2@CNT complexes at different current 
densities. m CE plots for ALD-SnO2@CNT composites at 0.1 C. 
Reprinted with permission from Ref. [250]. Copyright © 2019 Else-
vier B.V. All rights reserved
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at 600, 800 and 1 000  °C presented 65.3%, 55.7% and 
37.1% capacity retention from 0.2 to 3 A  g−1, respectively 
(Fig. 19e). In addition, initial discharge capacities of 737 
and 571.6 mAh  g−1 as well as capacities of 272.7 and 333.4 
mAh  g−1 over 200 charge/discharge cycles, respectively, 
were obtained. The  Nb2O5@CNT composites annealed at 
600, 800 and 1 000 °C gave initial discharge capacities of 
541.5, 503.8 and 214.3 mAh  g−1, respectively, and capaci-
ties of 325.1, 338 and 166.9 mAh  g−1 were maintained over 
200 cycles, respectively. Even at a current density as high 

as 3 A  g−1, a 170 mAh  g−1 stable capacity was still obtained 
over 4 000 cycles (Fig. 19g). The resistance due to SEI films 
(Rsei) of the  Nb2O5@CNT composites annealed at 800 and 
1000 °C was remarkably higher than that of the other sam-
ples, which could be due to more SEI layer formation on 
the  Nb2O5 nanoparticle surface and exposed CNTs. The 
charge transfer resistance (Rct) of  Nb2O5@CNTs annealed 
at 600 °C was lower than that of the materials annealed at 
800 and 1 000 °C, which was generally due to greater con-
tact areas between CNTs and uniform  Nb2O5 thin films. 

Fig. 19  a Schematic view of ALD-Nb2O5 on the CNT surface at tem-
peratures of 235 °C and 350 °C b schematic view of artificial reac-
tion sites, and SEM images of the  Nb2O5@CNT complexes depos-
ited at 350  °C with 100 ALD  Nb2O5  cycles and  Nb2O5@Al2O3@
CNTs deposited at 350 °C with 10 ALD  Al2O3 cycles and 100 ALD 
 Nb2O5  cycles. Reprinted with permission from Ref. [251]. Copy-
right © 2020, Elsevier B.V. All rights reserved. c Comparison of 
the cycling stability for intermixed ZnO-SnO2, nanolaminated ZnO-
SnO2, and bare ZnO or  SnO2 anodes. Reprinted with permission from 
Ref. [247]. Copyright © 2019 Elsevier B.V. All rights reserved. d 

Cycling performance of the samples achieved in the 0.01 to 3 V volt-
age range at a 0.2 A  g−1 current density; e rate capability of samples 
achieved in the 0.01 to 3 V voltage range at different current densi-
ties; f Nyquist plots of  Nb2O5@CNT electrodes after 200 cycles at 
0.2 A  g−1, and equivalent circuit applied to fit experimental data in 
the inset. g Extended cycling efficiency of models at a 3 A  g−1 cur-
rent density. h Linear fitting of Z′ versus ω−1/2  in the low-frequency 
region. Reprinted with permission from Ref. [251]. Copyright © 
2020 Elsevier B.V. All rights reserved
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The correlation between Z′ and ω−1/2 in the low-frequency 
region for  Nb2O5@CNTs annealed at 600 °C was certainly 
lower than that of the materials annealed at 800 and 1 000 °C 
(Fig. 19f, h), proving that  Nb2O5@CNTs annealed at 600 °C 
had a larger diffusion coefficient than the other annealed 
samples.

Detavernier et  al. [247] applied ALD to explore the 
effects of the mixing degree, crystallinity, and composi-
tion of ZnO–SnO2 ternary materials as anode materials on 
the LIB performance. First, they concluded that the depos-
ited film was amorphous and could be crystallized after 
annealing. Spinel  Zn2SnO4 films provided first and second 
discharge capacities of 2 363 and 1 915 mAh  g−1 and a first 
CE of 81%; the capacity of  Zn2SnO4 after 5 cycles remained 
stable, and a 1 515 mAh  g−1 capacity was maintained even 
after 50 cycles at a 0.5 A  g−1 current density. They also 
found that atomically intermixed ZnO-SnO2 films showed 
higher performance than ZnO-SnO2 nanolaminates. Fig-
ure 19c compares the cycling stability for intermixed ZnO-
SnO2 and nanolaminated ZnO-SnO2 as well as pristine ZnO 
and  SnO2 anodes. Lie et al. [252] applied the ALD method 
for the deposition of  V2O5 on porous nitrogen-doped gra-
phene (NG) nanosheets to prepare NG-V composite elec-
trodes with great electrochemical characteristics due to the 
synergistic effect between NG and  V2O5, in which  V2O5 was 
uniformly diffused on the porous graphene nanosheet sur-
faces because of strong chemical interactions. Graphene 
could mitigate the volume change of  V2O5 within the dis-
charge and charge process to guarantee structure stability. 
After 500 cycles at 1 000 mA  g−1, a 365 mAh  g−1 discharge 
capacity for the whole electrode (675 mAh  g−1 for  V2O5) 
was obtained, the CE was approximately 100%, and great 
cycle retention of the capacity rate was sustained.  Al2O3/
SnO2/CNT complexes were fabricated through a simple two-
step ALD process. Ultrathin  SnO2 and  Al2O3 layers played 
significant roles in improving the cycling stability, CE, and 
rate capability of  Al2O3/SnO2/CNT composites. In particu-
lar, the 10-Al2O3/SnO2/CNT composite (with 10  Al2O3 and 
75  SnO2 cycles) obtained a 581.6 mAh  g−1 discharge capac-
ity after 200 charge/discharge cycles with 90.85% capac-
ity retention and a 100 mA  g−1 current density compared 
to the 2nd cycle. Although the  Al2O3 layer increased the 
charge transfer resistance, as an artificial layer of the SEI, 
it provided good structural integrity and surface stability 
to suppress SEI layer growth and  SnO2 detachment [253]. 
A common TMO-based anode that combined carbonaceous 
materials was amorphous  TiO2 grown on CNT network/car-
bon fiber paper (CFP) substrates through ALD at 120 °C, 
where water and  TiCl4 were applied as oxygen and titanium 
sources, respectively [254].

Cao et al. [236] prepared novel ZnO/TiO2 nanolaminates 
through ALD as anode materials by repeatedly depositing 
26-cycle ZnO and 26-cycle  TiO2 units on Cu foil. The ZnO/

TiO2 nanolaminates were revealed to be significantly stabler 
than bare ZnO layers within charge/discharge operations. 
Therefore, the ZnO/TiO2 nanolaminates revealed higher 
electrochemical performance than bare ZnO films in terms 
of higher CE, enhanced cycling performance, and higher 
rate capability. Because of their limited surface area, 2D 
anode materials suffer from low energy density. However, 
3D materials, with their higher surface area, have higher 
mass loading capability and therefore higher capacity than 
2D materials. Additionally, as current collectors, these 
materials can decrease the stress due to volume changes in 
charge/discharge processes. Li et al. [255] applied various 
ALD cycles for the deposition of ZnO on expanded gra-
phene (EG) to form ZnO-EG composites. The 300-cycle 
ZnO-EG anode presented the highest rate capability with a 
capacity as high as 417 mAh  g−1 at 800 mA  g−1. Addition-
ally, it had a stable capacity of approximately 438 mAh  g−1 
at 200 mA  g−1 after 500 cycles. Gregorczyk et al. [256] 
developed a 3D core–shell MWCNT@RuO2 electrode via 
ALD of  RuO2 layers on MWCNT sponges. The obtained 3D 
core–shell MWCNT@RuO2 electrode exhibited a 1.6 mAh 
 cm−2 areal capacity, which was 50 times higher than that 
of the planar  RuO2 film. A ~ 0.6 mAh  cm−2 areal capacity 
remained after 100 charge/discharge cycles, while the planar 
 RuO2 film only retained an ~ 0.02 mAh  cm−2 areal capacity. 
Dhara et al. [257] synthesized 3D CNT@MoOx composites, 
providing a much better areal capacity, ~ 27 times greater 
than that of planar  MoOx. They also concluded that thin-
ner  MoOx represents higher cycling stability, and optimized 
 MoOx (~ 25 nm, 300 cycles)/CNTs displayed a stable revers-
ible specific capacity of 915 mAh  g−1 (645 µAh  cm−2 areal 
capacity) with high capacity retention after 50 cycles (97.5% 
compared to the 2nd cycle).

Similar to the fabrication of lithiated ternary cathodes, 
ALD is employed for growing lithiated ternary anode mate-
rials. The  Li4Ti5O12 ALD process consists of two Ti–O and 
Li–O subcycles utilizing precursors of titanium isopropox-
ide,  LiOtBu and  H2O [258]. By adjusting the deposition 
cycle ratio of Li–O and Ti–O, amorphous Li-Ti–O thin films 
with desired composition were deposited on nitrogen-doped 
CNTs. Then, the amorphous Li-Ti–O films were transformed 
into crystalline  Li4Ti5O12 by annealing at 850–950 °C in air. 
Studies have also revealed that Ti precursors play a key role 
in adjusting the properties of  LixTiyOz films [259]. When 
 TiCl4 precursors were employed, the deposited  LixTiyOz lay-
ers were extremely air-sensitive, and the concentration of 
Li was low, while Ti(OiPr)4 layers were stabler in air, and 
the content of Li could be simply tuned over a broad range. 
The reason for the difference was that the substrate surface 
was less reactive to  LiOtBu after  TiCl4-H2O treatment than 
Ti(OiPr)4-H2O. Currently,  SnO2 has also been coated on 
novel 2D titanium carbide sheets (MXenes) through ALD 
to prepare anode materials for LIBs. Fluorine, oxygen, and 
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hydroxyl functional groups on the MXene surface were 
essential for preventing degradation of the MXene in the 
ALD process [260]. The  SnO2-MXene composites exploited 
the high Li-ion capacity introduced by  SnO2 while retaining 
the mechanical and structural integrity of the conductive 
MXene configuration.

3.2.2  Modification of LIB Anode Materials via ALD

The main aim of surface modification of anode materials is 
the creation of a protective film to prevent contact between 
the electrolyte and anode material at the interface. In high-
capacity anode materials such as Sn and Si, due to the high 
volume change, cracks are formed on the surface, and fresh 
anode materials are exposed to the electrolyte, resulting in 
degradation of anode materials and depletion of the electro-
lyte and in a subsequent decrease in the capacity of the bat-
tery [264]. Therefore, engineering and designing the anode-
electrolyte interface, which acts as an artificial SEI, is of 
great importance. The properties of the SEI layer should be 
such that it can, on the one hand, prevent unwanted reac-
tions between the anode and electrolyte and, on the other 
hand, improve the ionic and electronic conductivity. Gener-
ally, modification of anode materials such as metal oxides 
and creation of protective surfaces are performed by com-
mon methods such as wet chemistry and the sol–gel method 
[265]. These methods include several complicated steps and 
require the application of large amounts of solution. Addi-
tionally, they are only applied for powder electrode materi-
als and before the fabrication of electrodes [266]. In recent 
years, the ALD coating method has become popular as a 
promising method for film formation with controlled thick-
ness at the Å-level on the powder and surface materials of 
electrodes. ALD coatings can be applied to protect original 
anode surface materials and improve the cycling stability 
and LIB safety.

As mentioned before, anode materials containing Li 
metal form dendrites during charge/discharge processes, 
which finally grow to pierce the separator and contact the 
cathode material, resulting in short circuit and explosion of 
the battery. To solve this problem, Jiang et al. applied ALD 
for the deposition of uniform and conformal ZnO coatings 
on carbon fibers to improve the wettability of Li and provide 
nucleation sites for Li metal. Figure 20a, b present schematic 
views of Li growth on Li/C-ALD and Li/C-Sol composite 
structures and SEM images, respectively [267]. They found 
that the ALD method promoted homogeneous distribution 
and conformal coating of ZnO on carbon fiber scaffolds 
compared to deposition from solution. ALD-ZnO-tailored 
carbon fiber/Li (Li/C-ALD) exhibited much higher rate and 
cycling performance than liquid coating ZnO-deposited 
carbon fiber/Li complex anodes. The electrodes displayed 
a very long lifespan of up to 400 cycles at 3.0 mA  cm−2 and 

a high rate performance (338 mV deposition overpotential 
at 25.0 mA  cm−2) at a high Li deposition areal capacity of 
5.0 mAh  cm−2. Zhang et al. [268] applied ALD to deposit 
ultrathin  TiO2 protective layers on a Li metal anode. They 
reported that a 5 nm  TiO2 layer was the optimum thick-
ness with regard to cycling stability, rate capability and 
capacity in both full-cell and symmetric battery systems. 
The  TiO2 layer improved uniform  Li+ deposition and effi-
ciently inhibited Li dendrite growth. As seen in Fig. 20c, 
d, symmetric Li/50TiO2||Li/50TiO2 batteries could cycle in 
a stable manner for more than 500 h at a 3 mA  cm−2 cur-
rent density and for more than 1 600 h at 1 mA  cm−2 and 
10 mA  cm−2 current densities. Li/50TiO2||NCM622 full 
cells presented higher rate and long-cycle performance and 
increased capacity retention by 23.3% compared to the pris-
tine electrode after 100 cycles at a charge/discharge current 
density of 0.5 C.

In another study, Sung et al. [269] studied zirconia  (ZrO2) 
deposition on Li metal through subcycle plasma ALD 
(Fig. 20e). Li encapsulated with a  ZrO2 ALD nanolayer pre-
sented great resistance to atmospheric exposure for at least 
1–5 h, high heat resistance up to 170–180 °C (near the Li 
melting point) and high rate capability because of the high 
ionic conductivity and great thermal resistance properties 
of the  ZrO2 ceramic. Schematics of the surface resistance of 
pristine Li metal and the metal after  ZrO2 deposition with 
20, 50, and 100 ALD cycles under air exposure and thermal 
conditions for comparison are presented in Fig. 20g, h.

Huang et  al. [270] deposited an alumina film on a 
Si anode.  Al2O3 ALD was conducted at 250 °C utiliz-
ing precursors of TMA and  H2O. They found cracks on 
Si anodes after 40 cycles at 0.005–2 V (Fig. 20(f(a))). 
The effects of cracking were decreased by confining the 
discharge state to 0.23 V, but minor cracks were still 
observed after 100 cycles (Fig. 20b, f). No obvious cracks 
were observed in the electrodes with the alumina coating 
(Fig. 20(f(c)) and (f(d))). In terms of the mechanics of 
crack growth, nanoscale cracks and tiny pinholes are the 
major reasons for fracture. They proved that tiny cracks 
and pinholes were decreased by the fully conformal coat-
ing of  Al2O3, which meant that beyond inhibiting side 
reactions, ALD coatings stabilized the silicon material 
structure by boosting their fracture resistance. Rubloff 
et al. [271] demonstrated as a proof-of-concept that an 
ALD-Al2O3 film with a 14 nm thickness can passivate 
the Li surface against corrosion caused by electrolyte, 
sulfur, and atmosphere exposure. They studied Li-S bat-
tery cells and demonstrated enhanced capacity retention 
for up to 100 cycles by implementing ALD-passivated 
anodes in cells assembled with pristine Li metal anodes. 
Li et al. [63] applied ALD to deposit MgO on nanosized 
porous Si dendrites achieved by etching an Al-Si alloy for 
LIBs. They used  H2O as an oxidizer and bis-encyclopedic 
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magnesium as a Mg precursor. The reactor temperature 
was adjusted to 250 °C. The engineered electrode pre-
sented excellent rate capability and cycling performance 
due to its special structure, such as porous MgO and Si 
films. The pSi@MgO (5C) electrode provided a reversible 
capacity of 969.4 mAh  g−1 and a high CE of 98.57% up 
to 100 cycles. Furthermore, it presented a value of 765.1 
mAh  g−1 at 500 mA  g−1 for up to 200 cycles. Moreover, 
a uniform MgO film coated via ALD could mitigate the 
very large volume expansion throughout the charge and 
discharge process.

Xiao et al. [272] conducted research to compare the 
morphology of pristine Si and an ALD-Al2O3-deposited 
Si ultrathin film electrode after 11 charge/discharge 
cycles. Obviously, the bare Si film had many cracks. 
However, the 5 nm  Al2O3-deposited Si layer showed fewer 
cracks, proving that ALD inhibited the mechanical deg-
radation of the Si anode. Wei et al. [273] coated an ALD-
TiO2 layer on the surface of  SnO2/nitrogen-doped carbon 
(NC) complexes, in which 5 nm  SnO2 nanoparticles (NPs) 
were uniformly diffused in interconnected NC. They 
reported that the  SnO2/NC composites could provide bet-
ter performance than  SnO2. The ALD-TiO2 coating could 
enhance the rate capability and cycling stability of the 
 SnO2/NC complexes.  SnO2/NC complexes with a 10 nm 
thick ALD-TiO2 protective film demonstrated excel-
lent electrochemical performance, providing 871 mAh 
 g−1 after 200 cycles at 100 mA  g−1. Wang et al. [274] 
prepared germanium@graphene@TiO2 (Ge@G@TiO2) 
nanofibers (NFs) as anodes. Their results showed that 
the Ge@G electrode could provide a higher performance 

than pristine Ge, implying a capacity of 804 mAh  g−1 
after 100 cycles. Moreover, ALD-TiO2 deposition could 
further enhance the remaining capacity of 1 050 mAh 
 g−1 and cycling stability after 100 cycles. Table 6 lists 
some of the anode materials of LIBs whose surface was 
modified with ALD.

3.3  ALD of SSEs

Recently, researchers have increasingly tried to practically 
and scientifically apply inorganic SSEs instead of tradi-
tional organic liquid electrolytes (OLEs) in the new gen-
eration of LIBs. Typically, OLEs contain  LiPF6 dispersed 
in a mixture of liquid organic solvents containing low-vis-
cosity components such as ethyl methyl carbonate (EMC), 
diethyl carbonate (DEC), and dimethyl carbonate (DMC) 
and high-dielectric components such as ethylene carbon-
ate (EC). Due to their flammable nature and the possibility 
of leakage, OLEs are not very popular. SSEs have higher 
energy and power densities, longer lifespan, better ionic 
conductivity, higher reliability, and lower cost than liquid 
and polymeric electrolytes [283]. An ideal SSE needs to be 
a Li-ion conductor, an electron insulator, highly uniform, 
and mechanically robust and have a low activation energy 
for Li-ion diffusion [284]. Therefore, the ALD technique is 
ideal for achieving the above properties. To date, a variety 
of compounds, including oxides, nitrides, hydrides, fluo-
rides, sulfides, and halides, have been introduced for SSEs 
in the literature [79, 285, 286]. Among them, due to their 
crystallinity, oxides and sulfides are classified as crystalline 
materials such as glasses and ceramics. Additionally, the 
most extensive research has been conducted on this topic. 
To date, traditional methods such as CVD, PVD, solid-
state reactions, wet chemical processes and melt quenching 
have been applied for the fabrication and development of 
SSEs [287, 288]. Most of these methods have errors and 
limitations in adjusting the components of SSEs to achieve 
acceptable ionic conductivity, which limits the development 
of research on this topic. Therefore, a method is required to 
be able to precisely adjust the components of the deposited 
layer and accelerate research on the development of SSEs. 
Among the developed methods, ALD is a novel method with 
extraordinary features in the practical design and growth 
of compounds at the atomistic scale with uniform structure 
and precise thickness, freedom in employing different com-
pounds, low in situ temperature, and high flexibility in the 
fabrication and modification of SSEs. ALD is used in the 
development of SSEs for two reasons: (i) synthesis of thin 
electrolyte films for solid-state 3D microbatteries with high 
energy and (ii) tailoring of the interface to improve the sta-
bility and ionic conductivity of both solid- and liquid-state 
batteries.

Fig. 20  a Schematic of ALD Li coating on Li/C-Sol and Li/C-ALD 
composites. b SEM images of (A) ZnO/C-ALD and (D) ZnO/C-
Sol. Elemental mapping of (B) ZnO/C-ALD and (E) ZnO/C-Sol. 
Reprinted with permission from Ref. [267]. Copyright © 2020, 
American Chemical Society. c and d Electrochemical and schematic 
views of an ultrathin  TiO2 film produced by ALD, and physical dem-
onstrations of pristine Li and Li/50TiO2  electrodes. Reprinted with 
permission from Ref. [268]. Copyright © 2021, Elsevier B.V. All 
rights reserved. e (a) Process flow chart of PEALD of  ZrO2 on Li 
metal. (b) Snapshots of the pristine Li metal (the diameter 19  mm) 
and post-coating by  ZrO2 ALD. (c) SEM‒EDS images of a  ZrO2 
coating on a Li metal cross-section represented by O and Zr mapping 
at various magnification scales of 100  µm and 400  nm. Reprinted 
with permission from Ref. [269]. Copyright © 2018, American 
Chemical Society. f SEM images of (a) a bare Si electrode and (b) 
an ALD-20 Si electrode in their 100% charged state after 40 charge/
discharge cycles in the 0.005–2 V range. (c) Pristine Si electrode and 
(d) ALD-20 Si electrode in the 100% charged condition after 100 
charge/discharge cycles in the 0.23–2 V voltage range. Reprinted with 
permission from Ref. [270]. Copyright © 2011, Wiley. g Photograph 
comparison of pristine Li metal and the metal after  ZrO2 deposition 
with different ALD cycles under ambient conditions. h Comparison 
of pristine and 100-cycle ALD-ZrO2 Li metal under thermal exposure 
(170–180 °C). Reprinted with permission from Ref. [269]. Copyright 
© 2018, American Chemical Society

◂
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Notably, in all-solid-state microbatteries, the overall 
fabrication of SSEs along with electrodes through ALD is 
highly popular. In the following, a summary of recent pro-
gress in the application of ALD to SSEs is provided. Li-con-
taining thin films formed through ALD are applied for SSEs 
and LIB electrodes. SSE materials are generally ternary or 
even more complicated; therefore, subcycle ALD of these 
complexes combined with subcycle ALD of Li-containing 
films requires multiple precursors. As mentioned before, 
 LiOtBu, Li(thd),  LiOSiMe3 and Li(N(SiMe3)2) are effective 
precursors in ALD. The application of these precursors is 
very efficient for the synthesis and development of SSEs. 
Notably, in addition to the above Li-containing precursors, 
hundreds of Li-free precursors have been introduced; how-
ever, little research has been conducted on their combina-
tion with Li-containing films. Therefore, the growth of SSE 
compounds via ALD has great potential for future research. 
Fabrication of a high-performance electrolyte–electrode 
interface is the main challenge for SSEs [283]. For example, 
the application of an ALD-Al2O3 interlayer on an SSE film 
surface provided a good Li metal anode-electrolyte interface. 
Such well-contacting interfaces could effectively decrease 
the specific resistance of the interfacial area from 1 710 to 
1 Ω  cm2 [289]. Figure 21a illustrates a schematic view of 
the interface between Li metal and garnet. Pristine garnet 
has poor physical contact with Li metal. By means of ALD 
coating, the ultrathin  Al2O3 film promotes the molten Li 
metal to uniformly deposit on the surface of garnet without 
interfacial vacancies. The SEM images in Fig. 21b evidently 

illustrate the improvement of interfacial contact by employ-
ing the ultrathin ALD-Al2O3 film on the garnet surface.

Recent studies have revealed that the modification 
of grain boundaries (primary particles) inside materi-
als is critical. For instance, Zhang et al. [290] reported 
that the infusion of a solid electrolyte (i.e.,  Li3PO4) into 
 LiNi0.76Mn0.14Co0.10O2  grain boundaries dramatically 
enhanced the voltage stability and capacity retention of cath-
odes fabricated via ALD and heating processes. The solid 
electrolyte  Li3PO4 coated on the secondary particle surface 
and infused inside the boundaries facilitated Li diffusion and 
prevented the infiltration of the liquid electrolyte into the 
boundaries, enhancing the cycling performance of Ni-rich 
layered oxides. The effects of LPO application on the elec-
trochemical performance are presented in Fig. 21(c(a-d)).

The challenges of interface impedance are not limited 
to the preparation of pristine batteries. The lack of contact 
due to inconsistent variations in volume among the electro-
lyte, anode and cathode materials during cycling is another 
problem (Fig. 21f, g) [291]. Hence, electrolyte–electrode 
engineering is another critical factor in the fabrication of 
SSEs. Figure 21f presents thick horizontal slices of one 
voxel derived from the inside of an SSE pellet throughout 
an experiment at different times. The formation of dark lines 
represents fracture of the high-contrast LAGP. The images 
below show that a crack network was formed by filtering all 
2D slices of the pellet with an adjustable binary partition 
approach and then reassembling them into a 3D volume. 
Figure 21g presents the tensile peripheral stress that causes 

Table 6  Summary of ALD surface modifications of LIB anodes

Anode material Coating Precursor Temperature/oC Deposition cycle/thickness References

Carbon fiber/Li ZnO DEZ +  H2O 100 0.2 Å  cycle−1, 30–50 nm, 150–250 cycles [267]
Li TiO2 (TTIP) +  H2O 150 0.1 nm  cycle−1, 20–80 cycles [268]
Li ZrO2 TDMAZ +  H2O 140–145 100 cycles [269]
Si Al2O3 TMA +  H2O 250 1 Å  cycle−1, 20–40 cycles [270]
Li Al2O3 TMA + Plasma  O2 150 1.2 Å  cycle−1, 14 nm, 100 cycles [271]
Si MgO 250 … [63]
Si Al2O3 TMA +  H2O … 5 nm [272]
SnO2/NC TiO2 … 200 10 nm, 100–400 cycles [273]
Li LixAlyS Li(OtBu) +  H2S + (TDMA-Al) 150 50 nm [275]
MoO3 HfO2 Hf(NMe2)4-H2O 180 3 nm, 10 cycles [276]
SnO2/GO Al2O3 TMA +  H2O 200 3 nm, 30 cycles [277]
Carbon black Al2O3 TMA +  H2O 180 2 nm, 20 cycles [278]
CNTs SiO2 APTES + BDEAS +  H2O 150 10 nm, 300 cycles [62]
SnS2 Al2O3 TMA +  H2O 120 4.2 nm, 40 cycles [279]
SnS2 TiO2 TDMAT +  H2O 150 4 nm, 80 cycles [280]
Ge TiO2 TTIP +  H2O 180 5 nm [274]
Fe2O3 TiO2 FeCp2 +  H2O 130 10 nm [281]
CuO Al2O3 TMA +  H2O 120 10–15 nm [282]
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Fig. 21  a Schematics of an SSE with and without an ALD inter-
layer coating, and b SEM images for interface engineering of SSEs. 
Reprinted with permission from Ref. [289]. Copyright © 2016, 
Nature Publishing Group. c(a-d) Effects of LPO incorporation on the 
electrochemical efficiency. d Scan of the spatial distribution of LPO 
before battery cycling. e Schematic illustration of the LPO deposi-

tion film evolution on the secondary particle induced by coating and 
annealing. Reprinted with permission from Ref. [290]. Copyright 
© 2018, Pengfei Yan et al. f 2D slices derived from the 3D imaging 
of NASICON and the 3D crack network of the pellet. g Fragmented 
LAGP pellet in a segmented 2D picture slice. Reprinted with permis-
sion from Ref. [291]. Copyright © 2019, American Chemical Society
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radial crack formation, and the tensile radial stress can cause 
peripheral crack creation.

Sun et al. [292] applied ALD for growing  Li3PO4 SSEs 
at four temperatures of 250, 275, 300, and 325 °C, employ-
ing lithium trimethyl phosphate and tert-butoxide precursors. 
A linear relationship was observed between the ALD cycle 
number and film thickness, and uniform growth occurred at 
all the above temperatures. At deposition temperatures of 
250, 275, 300, and 325 °C, growth rates of 0.57, 0.66, 0.69, 
and 0.72  cycle−1, respectively, were achieved. In addition, 
an activation energy of ∼0.51 eV and a maximum ionic con-
ductivity of 1.73 ×  10−8 S  cm−1 at 323 K were obtained for 
ultrathin LPO layers coated at 300 °C, which were measured 
with electrochemical impedance spectroscopy. As a promis-
ing alternative solid-state thin film, lithium silicates can be 
deposited in the temperature range from 225 to 300 °C by 
incorporating ALD  SiO2 and  Li2O subcycles employing  H2O, 
tetraethylorthosilane (TEOS), and  LiOtBu precursors [293]. 
Research has shown that due to their lower activation energy 
and higher lithium concentration, lithium silicate thin films 
provide a 1.45 ×  10−6 S  cm−1 ionic conductivity at 373 K.

Elam et al. [275] reported the successful synthesis of 
 LixAlyS SSE thin films via ALD. These films showed an 
ionic conductivity equal to 2.5 ×  10−7 S  cm−1 at room tem-
perature and were found to effectively stabilize the liquid 
organic electrolyte-Li metal interface and decrease the inter-
facial impedance (by up to five times). Additionally, they 
found that  LixAlyS effectively suppressed the formation of Li 
dendrites during deposition and stripping cycles. These SSE 

coatings produced by ALD were found to be promising can-
didates for enhancing the performance of Li-O2 and Li-S bat-
teries. With the right selection of the film composition and 
precisely controlled thickness, lithium tantalate  (LiTaO3) 
SSEs were formed at 225 °C through ALD by applying a 
subcycle combination of 1 ×  Li2O + n ×  Ta2O5 (1 ⩽ n ⩽ 10). 
The  LiTaO3 thin layers presented great conformity and 
uniformity in 3D anodic  Al2O3 templates. In addition, the 
 LiTaO3 thin films grown through subcycles of 1 ×  Li2O and 
6 ×  Ta2O5 showed a 2 ×  10−8 S  cm−1 Li-ion conductivity at 
25 °C [294]. The interaction mechanism of SSE materials 
and ALD-coated electrodes requires more research. To date, 
most reported works have focused on battery performance 
rather than the interactions of ALD materials and other bat-
tery components during charge/discharge cycles. ALD was 
successfully applied for the deposition of Li niobium oxide 
(LNO) ultrathin layers with precisely controlled composition 
and thickness of the film at 235 °C using niobium ethoxide 
and lithium tert-butoxide as Nb and Li sources, respectively. 
In addition, LNO thin films grown with a Nb:Li subcycle 
ratio of 4:1 provided a 6 ×  10−8 S  cm−1 Li-ion conductivity 
with a 0.62 eV activation energy at room temperature [295].

In another study, an artificial SEI of ALD-deposited 
graphite was examined. The obtained results showed that 
the  TiO2 coating enhanced the capacity of graphite by 5% 
and decreased the electrochemical generation of SEIs. 
Furthermore, an ALD-TiO2 film on graphite improved the 
cycling ability and thermal stability over the long term at 
55 °C [296]. Notably, some SSEs have been found to have an 

Table 7  SSEs deposited by using the ALD process

SSEs Substrate Precursors Temperature/oC Deposition cycle/thickness References

LLCZN/Al2O3 LLCZN TMA +  H2O 150 5–6 nm
40 cycles

[289]

Li3PO4 LiNi0.76M
n0.14Co
0.10O2

LiOtBu + TMP +  H2O 300 10 nm
0.07 nm  cycle−1

[290]

Li3PO4 Si LiOtBu + TMP +  H2O 250–325 0.57–0.72 nm [292]
Lithium Silicates CNTs LiOtBu + TEOS +  H2O 225–300 2.57 Å  cycle−1 [293]
LixAlyS Li/Cu foil LiOtBu +  H2S + (TDMA-Al) 150 0.66  Å  cycle−1 [275]
LiTaO3 Al2O3 LiOtBu + tantalum(V) ethoxide 

(Ta(OEt)) +  H2O
225 400 cycles (1 ×  Li2O + 6 ×  Ta2O5) [294]

Graphite/Al2O3/TiO2 Graphite TMA +  TiI4 150 100 cycles
20–30 nm

[296]

LiPON Si LiOtBu + TMP +  H2O + Plasma  N2 205 20–40 nm [299]
LixAlySizO Si LiOH +  Al2O3 +  SiO2 +  H2O 290 1–1.25 nm  cycle−1 [300]
LiNbO3 Si/CNTs LiOtBu + Nb(OEt)5 +  H2O 235 1.82–2.87 Å  cycle−1 [295]
Li4Si2O CNTs LiOtBu + TEOS 225–300 2.57 Å  cycle−1 [293]
Li2CO3 Si LiOtBu +  O2 50–300 0.82 Å  cycle−1 [301]
Li3BO3-Li2CO3 Si LiOtBu + TIB + Plasma  O3 200–260 0.6 Å  cycle−1 [302]
Li2PO2N Si LiOtBu + DEPA 250 1 Å  cycle−1 [303]
LiPON MWCNT LiOtBu + TMP +  H2O + Plasma  N2 250 1 Å  cycle−1 [299]
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extraordinary ionic conductivity magnitude of  10−2 S  cm−1 
at room temperature; examples are  Li10GeP2S12 (1.2 ×  10−2 
S  cm−1),  Li9.54Si1.74P1.44S11.7Cl0.3  (2.5 ×  10−2  S  cm−1), 
 Li3.25Ge0.25P0.75S4  (2.2 ×  10−3  S  cm−1) [297] and 
 Li7P3S11 (1.7 ×  10−2 S  cm−1) [298]. Meanwhile, the solid‒
solid interfaces between the electrode and SSE are still cru-
cial factors in solid-state batteries. In recent years, several 
research studies have been performed on the incorporation 
of ALD for coating ion-conducting films on pellet SSEs to 
improve the cell performance and interfacial compatibility. 
Table 7 summarizes the current SSEs deposited by using 
the ALD process.

3.4  ALD of Separators

The separator is a critical component in LIBs that hinders 
physical contact between the positive and negative elec-
trodes in batteries and prevents internal short circuits while 
acting as an electrolyte reservoir to allow ionic movement. 
An ideal separator not only needs large electrolyte uptake 
to decrease the cell internal resistance but also requires high 
mechanical strength with extremely low thickness, electro-
chemical and structural stability, and a porous matrix with 
high tortuosity to inhibit the growth of Li dendrites. Addi-
tionally, for the safety of the battery, the separator has to 
be able to shut down the battery in the case of overheating 
along with having a cost-effective manufacturing process. 
However, simultaneously achieving all these ideal char-
acteristics for practical separators is difficult; therefore, 
balancing various characteristics of separators to fabricate 
high-performance batteries is essential. Furthermore, safety 
issues limit the application of separators in LIBs. Separator 
properties directly affect LIB performance factors such as 
the power and energy density, cycle life and safety by affect-
ing the cell kinetics [304]. Therefore, separators play a criti-
cal role in the safety of batteries. The separator is a crucial 
safety component in LIBs, and its melting point, mechani-
cal strength, and dimensional stability significantly affect 
the safety of batteries. Whereas polyethylene (PE) [305], 
polypropylene (PP) [306], and the combination of PP/PE/
PP [307] are commercial microporous polyolefin separators 
that have been extensively employed due to their superior 
mechanical strength and chemical stability, they have draw-
backs such as poor wettability and severe thermal wrinkling 
at high temperatures along with high cost in high-quality 
products, which limits their extensive utilization in EVs 
and large-scale energy storage systems. To address these 
limitations, extensive research has been performed to make 
sustained improvements in better and new separators.

Porous structures and chemically and thermally robust 
dielectric membranes are applied as separators to deliver 
the two functions of isolating the cathode and anode for 
prevention of short circuits and facilitating transport of 

ionic charge [308]. The separator characteristics affect LIB 
interface structures, the internal resistance of the battery, the 
electrolyte stability, etc., which directly affect the critical 
performance factors of LIBs, including the safety, cycle 
life, capacity, and charge‒discharge current density. How-
ever, ceramic coatings on nonwoven separators effectively 
improve the heat tolerance and wettability of the separator, 
enhancing the battery safety [309]. Nevertheless, coating 
layers with thicknesses of several microns could obviously 
enhance the mass and thickness of separators and then 
reduce the energy density of the battery [271, 310]. Hence, 
reducing the mass and thickness of the ceramic coating layer 
is a critical demand for nonwoven separators to fabricate bat-
teries with high safety and density. Previous research works 
have employed classic ALD for polyolefin separators and 
found it to be effective in functionalizing membranes with 
high thermal stability and wettability with no clear increase 
in mass or thickness [311]. Plasma enhancement before the 
ALD process can generate highly reactive ions and radicals 
and decrease the growth temperature [312]. Table 8 shows 
the general requirements for favorable LIB separators.

Wang et al. [314] applied ALD for the deposition of 
 TiO2 on porous PP membranes as separators in LIBs with 
Li cathodes and  Li4Ti5O12 (LTO) anodes. They concluded 
that a 20-cycle  TiO2 ALD thin film greatly prevented ther-
mal wrinkling of separators, which improved LIB safety. In 
addition, the wetting of the separator with the electrolyte 
was simultaneously solved because of the configuration of 
a uniform hydrophilic  TiO2 layer. Using plasma activation, 
a great enhancement was achieved in the hydrophilicity of 
membranes coated by ALD with no pore shrinkage loss, 
which provided net passage of the electrolyte ions through 
the channels of the separator. Hence, an increase in the 
specific discharge capacity at different discharge rates was 
obtained while reasonably maintaining the cycling stabil-
ity. Zhao et al. [315] developed a new core–shell composite 

Table 8  General properties of separators implemented in LIBs [313]

Properties Description

Porosity 40%–60%
Pore size ⩽ 1 µm
Thickness 20–25 µm
Permeability ⩽ 0.025 S µm−1

Mechanical property ⩾ 1 000 kg  cm−1 (98 
060 kPa)

Wettability Wets rapidly and completely
Dimensional stability No crimping or flatting
Thermal stability Shrinking after 60 min of 

less than 5% at 90 °C
Electrochemical stability Stable for a long time
Shut down At high temperatures
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Fig. 22  Schematic image of a the fundamental production procedures 
and, on the right, the obtained core–shell configuration of ALD-
Al2O3-modified separators. b SEM images of (a) PP, (b) PVDF-HFP 
and (c) PVDF-HFP@Al2O3, and (d) TEM image of the PVDF-HFP@
Al2O3 fibers. c Electrolyte permeation diagram and ionic conductivity 
of separators. d AC impedance Nyquist curves. e Open-circuit volt-
age (OCV) plots of LFP/G full cells at 160 °C with various separa-
tors. Reprinted with permission from Ref. [315]. Copyright © 2018, 

Elsevier. f Cross-sectional images of  TiO2-modified separators. g(a) 
Discharge capacity and rise of the  TiO2 weight versus various separa-
tors. g(b) Charge/discharge plots of NCM/graphite electrodes utiliz-
ing bare and ALD-treated separators. g(c) Variety of CEs and dis-
charge capacities at 0.2 C. g(d) Nyquist curves of the battery with 
various separators. Reprinted with permission from Ref. [316]. Copy-
right © 2018, Elsevier B.V. All rights reserved
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nonwoven separator, polyvinylidene fluoride-hexafluoropro-
pylene (PVDF-HFP)@Al2O3, by electrospinning a polymer 
followed by deposition of 30 nm  Al2O3 onto a fiber mat 
through ALD. The fabricated separator had remarkable heat 
and fire resistance up to 200 °C and great thermal stabil-
ity without any shrinkage, which significantly improved the 
safety of LIBs. In addition, the developed separator pre-
sented excellent electrochemical stability. Simultaneously, 
an excellent rate capability and a stable cycling performance 
were observed, which were consistent with the high ionic 
conductivity and electrolyte uptake ratio. The Nyquist plots 
in Fig. 22d from EIS tests showed bulk resistance values of 
1.8, 1.6, and 2.8 Ω for PVDF-HFP, PVDF-HFP@Al2O3 and 
PP separators and corresponding conductivities of 1.11, 
1.24, and 0.44 mS  cm−1, respectively, which slightly 
increased after ALD application. These findings were in 
accordance with the electrolyte penetration increase owing 
to the good affinity of  Al2O3 to the electrolyte.

As indicated in Fig. 22e, the voltage of the cell contain-
ing the PP separator was strongly decreased after 300 s and 
tended to reach 0 V after 1 500 s. However, the PVDF-
HFP@Al2O3 separator potential remained stable at the ini-
tial level, which showed the great thermal stability of the 
developed core–shell construction separator in practical bat-
tery devices. In another work, a plasma source was used by 
Chao et al. for ALD coating of  TiO2 on PE separators [316]. 
They developed a roll-to-roll (R2R) ALD method to coat a 
uniform  TiO2 film on porous PE separators for LIBs. Cross-
sectional images of  TiO2-deposited separators obtained via 
ALD with different ALD cycles of  TiO2 on polymeric sepa-
rators are presented in Fig. 22f. The R2R ALD approach uti-
lizing the TTIP precursor and water as a coreactant provided 
accurate control over the formation of  TiO2 films on PE sep-
arators. A significant improvement in the LIB performance 
with  TiO2-modified separators was observed compared to 
the LIBs using bare polymeric separators. The  TiO2 coat-
ing also improved the structural and thermal stability by 
creating a steady and strong skeleton among the polymeric 
compounds. Consequently, the  TiO2 film played an impor-
tant role in enhancing the performance of LIBs by enhancing 
the electrolyte wettability, improving the ionic conductiv-
ity, and reducing the high-frequency impedance. As seen 
in Fig. 22(g(a) and (b)), the discharge capacity of the battery 
was remarkably improved by up to 12.2% by implementing 
the  TiO2-coated separators. According to Fig. 22(g(c)), the 
LIBs sustained a stable charge/discharge capacity with an 
extremely high CE.

In a different paper, R2R ALD was suggested for a mul-
tilayer separator with the aim of easy mass manufacturing 
and high throughput [317]. In the study, an ultrathin layer of 
 Al2O3 (approximately 5 nm) was deposited on both sides of 
a Celgard separator. The R2R ALD effectively deposited a 
uniform film at 90 °C, ensuring that the physical appearance 

remained constant. Then, the TMA precursor and water 
vapor were utilized for the growth of the  Al2O3 layer. Later, 
the ALD-treated Celgard separator was examined by field 
emission SEM (FESEM) and XPS. The obtained results 
indicated that the separator porosity was maintained at 48%, 
without an appreciable impact on the pore size or total thick-
ness of the synthesized separator. The ALD-treated Celgard 
separator demonstrated superior conformance, high flexibil-
ity, enhanced tensile strength, reduced thermal shrinkage, 
and great electrolyte wettability. The separator without the 
ALD layer rapidly shrunk soon after 120 °C thermal treat-
ment, as shown in Fig. 23a. In contrast, the ALD-treated 
Celgard separator demonstrated remarkable thermal stability 
during a 1 h annealing process at 175 °C. Furthermore, TGA 
was used to determine the weight fractions of the ALD-
treated separator, as illustrated in Fig. 23b. Figure 23c illus-
trates that the contact angle of the ALD-Celgard separator 
is smaller (34.5°) than that of the pristine separator (42.65°). 
Figure 23d presents the electrolyte uptake measured versus 
the soaking time. Compared to commercially existing sepa-
rators, the proposed separator exhibited improved electro-
lyte wettability. Additionally, coated separator and Celgard 
tensile strength studies were carried out, as illustrated in 
Fig. 23e. Compared to the Celgard separator, the proposed 
multilayer separator demonstrated great tensile strength. 
When used in a polar electrolyte, the cycling performance of 
LCO/graphite cells with the ALD-treated Celgard separator 
demonstrated improved capacity retention of approximately 
85% and stability compared to the pristine Celgard separa-
tor, which provided a considerably low retention of 70%. In 
addition, the generated separator demonstrated exceptional 
stability at temperatures as high as 80 °C while maintain-
ing a capacity of 140 mAh  g−1 and comparably improved 
efficiency when examined at different C rates (0.2, 0.5, and 
1 C).

Accordingly, the ALD technique has helped advance 
LIBs, such as improving their specific capacity, cycle life, 
rate performance, and forward and backward efficiency. 
Since ALD can be adopted on an industrial scale, it can play 
an important role in research on these batteries. All of the 
above issues clearly revealed efforts to use ALD to improve 
batteries. With this review, ALD is expected to provide great 
progress in advanced battery technology in future decades.

3.5  ALD of 3D TSSBs

The greatest solutions for powering autonomous microsys-
tems that can run remotely for long periods of time are 
energy harvesting systems and all-solid-state rechargeable 
batteries. These systems could be used in implantable medi-
cal devices such as pacemakers, distributed sensor networks, 
and smart cards. TSSBs offer higher power and energy 
while guaranteeing safety. Despite tremendous progress in 
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enhancing the performance of traditional LIBs, the use of 
liquid electrolytes hampers downsizing and combination 
with other standard Si-based microsystems. All-solid-state 
LIBs offer better safety due to their high temperature stabil-
ity and low flammability, and they are compatible with Si-
based on-chip integrated circuit (IC) production, have a very 
long lifespan, and self-discharge at very low rates.

Commercial TSSBs typically have a low areal energy 
density, which is generally less than 0.1 mAh  cm−2 and 
restricts the performance and downsizing of standalone 
microsystems [318]. To store more energy, thickening the 
battery electrodes is one of the solutions, but this dimin-
ishes the energy capacity since the ions need to diffuse over 
longer distances, resulting in an inevitable tradeoff. Moreo-
ver, the fracture toughness of electrodes, such as cracking 
and delamination [319], limits the thickness. Therefore, 
TSSB synthesis on a 3D substrate has been suggested to 

enhance the surface area of electrodes per footprint area and 
the energy and power densities simultaneously. Moreover, 
a TSSB must be highly uniform, pinhole free, and electri-
cally insulating to be a suitable conductor for Li ions. In this 
context, incorporating an ideal nanocoating method such as 
ALD capable of satisfying all requirements is essential.

Long et al. [320] developed the first successful TSSB in 
2004 and highlighted the advantages of a 3D architecture as 
a structure-based strategy to concurrently increase the power 
and energy densities. Letiche et al. [321] claimed the first 
practical TSSB produced through ALD, in which  Li3PO4 
was deposited as an SSE by ALD (using  LiOtBu/TMP), and 
ionic conductivities on the order of 107 S  cm−1 were attained 
at room temperature. Experimentally, four different films 
were coated on silicon single and double microtube struc-
tures with a high aspect ratio of 80:1, including an insulat-
ing layer of  Al2O3 with a 120 nm thickness, a conducting 

Fig. 23  a Shrinkage under 
thermal treatment (%) of bare 
Celgard and ALD-treated 
Celgard separators as a function 
of temperature between 20 °C 
and 180 °C. b TGA plots of 
bare Celgard and ALD-treated 
Celgard at 800 °C and 0 °C. c 
Images of the contact angle. d 
Profiles of electrolyte per-
meation. e Curves of the tensile 
strength of Celgard separators. 
Reprinted with permission from 
Ref. [317]. Copyright © 2020, 
Wiley



Electrochemical Energy Reviews (2023) 6:24 

1 3

Page 37 of 50 24

layer of Pt with a 40 nm thickness, a 20–40 nm SSE layer 
of  Li3PO4, and a 55–155 nm negative electrode layer of 
 TiO2. The obtained 3D solid-state microbatteries attained 
a great surface capacity of 0.37 mAh  cm−2, which is 105 
times larger than that of their equivalents in thin film form 
of 3.5 Ah  cm−2. Pearse et al. [288] developed a completely 
conformal TSSB. The ALD method was used to deposit 
every component of an active battery, including electrodes, 
solid electrolytes, and current collectors, as demonstrated 
in Fig. 24a, b.  LiOtBu and DEPA precursors were used to 
create 40–100 nm  Li2PO2N as an electrolyte. Three different 
substrate types, planar and Si trenches with aspect ratios of 
4 and 10, were created and evaluated. The obtained elec-
trochemical analysis results indicated a negligible capac-
ity loss per cycle of approximately 0.02%. The Ru/LiV2O3/
LiPON/SnNx/TiN 3D TSSB showed an areal capacity of 37 
Ah  cm−2 (normalized to the cathode thickness). Figure 24e 
displays the evaluated rate performance of the three exam-
ined designs as a plot between 0.1 and 10 mA  cm−2, in which 

the applied current density was normalized by the wafer cell 
footprint area. By fabricating the cell in a conformal manner 
on 3D substrates, the whole cell areal discharge capacity 
was boosted by an order of magnitude, and its power per-
formance was enhanced.

In a recent work published in 2017, Pearse et al. [303] 
developed the  Li2PO2N SSE through ALD utilizing  LiOtBu/
DEPA, which was utilized to create a solid-state flexible 
thin film battery. The ALD method was used to coat 90 nm 
 Li2PO2N as the electrolyte of the battery. Then, as the cath-
ode, 500 nm crystalline LCO was sputtered, and 80 nm Si 
was obtained as the anode through electron-beam vaporiza-
tion. Additionally, the cathode and anode current collectors 
were made of thin films of Pt and Cu, respectively. The elec-
trochemical performance of the resulting thin film battery 
cells was examined. The main electrochemical character-
istics of the LCO/Si cells were visible in the initial three 
cycles of cyclic voltammetry (CV), which was performed in 
the voltage range from 2 to 4.4 V. The  Li2PO2N thin films 

Fig. 24  a Optical image of the completed battery “chip”. Each chip 
has two sides, one with 3D batteries and the other with planar bat-
teries. b Cross-sectional TEM image of a fully ALD solid-state bat-
tery with 70  nm  LiV2O5/40  nm Ru/25  nm TiN/10  nm  SnNx/50  nm 
 Li2PO2N. c List of utilized precursors for the ALD process and tem-

perature for each visible film in (b). d Cycling performance and elec-
trochemical analysis of 3D solid-state batteries. e Discharge capacity 
as a function of the applied current density. Reprinted with permis-
sion from Ref. [288]. Copyright © 2018, American Chemical Society
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were able to achieve a capacity of 20 Ah  cm−2 at 50 Ah 
 cm−2 and retained 65% of the capacity even while operating 
at 1 mAh  cm−2 because of their lower resistance. This thin-
film battery demonstrated high cyclability in addition to a 
constant CE of approximately 99.8% up to 150 cycles at a 
300 A  cm−2 current. Due to the irreversible nature of the Si 
anode, the reversible capacity in the steady state was only 
approximately 50% of the predicted LCO capacity after the 
first few cycles. ALD-V2O5 synthesized in the crystal form 
at 170 °C by utilizing a vanadium triisopropoxide precursor 
and ozone was used to replace the sputtered LCO, which 
required 700 °C annealing. A  LiClO4/propylene carbonate 
electrolyte was used to lithiate the generated  V2O5 to form 
 LiV2O5. This substitution enabled the creation of flexible 
electronics using metallized polyimide as the flexible sub-
strate (Fig. 25a). A set of flexible solid-state batteries was 
then created by using 1 500 cycles of  Li2PO2N and 40 nm 
thick Si. Moreover, the tolerance of the resulting cells to 
mild bending was examined. Then, at a current of 50 μA 
 cm−2, they were cycled 11 times and paused. The cells were 
subjected to cycling again after being stretched 10 times at 

a bending radius of 1 cm, revealing that they were electri-
cally insulating and had a stable capacity of 1.6 μAh  cm−2 
(Fig. 25b). Although the actual capacity of the devices was 
very low for practical use, this study is noteworthy for two 
reasons: (1) ALD cathode fabrication at a low temperature 
and (2) a flexible polymer substrate.

Recent research by Put et  al. [86] used  H2O/TMP/
LiOtBu/plasma  N2 to create thin-film LiPON solid-state 
batteries by ALD. Depositions were carried out on Si 
substrates covered with 70 nm sputtered TiN. Then, RF 
sputtering was used to deposit a 200 nm thick  Li4Ti5O12 
layer, which was accompanied by an ALD LiPON film 
with a 70 nm thickness. The metallic lithium was then 
thermally evaporated to a thickness of 1 μm. The obtained 
 Li4Ti5O12/LiPON/Li cells (Fig. 25c) were evaluated at a 
rate of 5 C and in the voltage range from 0.8 to 2.6 V, and 
their capacity was found to be 0.3 Ah  cm−3. This research 
established the stability of 70 nm thick LiPON. In con-
clusion, ALD has proven to have several benefits for both 
adjusting electrode interfaces between pellet SSEs and 
electrodes and safeguarding Li metal anodes. Accordingly, 
ALD enables the development of 3D solid-state batteries 
because of its particular ability to produce uniform films 

Fig. 25  A TSSB was used as a 
proof-of-concept to show how 
well ALD-lithium polyphospha-
zene (LPZ) works with polymer 
substrates. a Images of a sample 
with an array of solid-state 
cells that is both unbent and 
bent. b Demonstration of the 
battery electrochemical cycling 
stability; the charge/discharge 
plots are shown in the inset. 
Reprinted with permission 
from Ref. [303]. Copyright 
© 2017, American Chemical 
Society. c Solid-state cell shown 
schematically, consisting of an 
LTO cathode, a LiPON elec-
trolyte, and a Li metal anode. 
d Charge‒discharge behavior 
of the solid-state battery at the 
constant current indicated in (c) 
at a rate of 5 C; a 0.3 Ah  cm−3 
capacity is observed. Reprinted 
with permission from Ref. [86]. 
Copyright © 2019, The Electro-
chemical Society
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of SSEs on high-aspect-ratio substrates. All these factors 
have made ALD a desirable method for advancing battery 
technology. Consequently, in light of this, the extraordi-
nary conformality of ALD in combination with traditional 
semiconductor manufacturing techniques provides a path 
to realizing long-awaited 3D TSSBs that offer efficient 
power scaling over a wider range than that of planar form 
factor cells.

4  Future Perspectives

The future of batteries provides exciting opportunities for 
material scientists to inspect new methods and materials to 
improve battery performance, thus linking technology, and 
new materials and methods for different unique products 
can be discovered over time. At present, there is a signifi-
cant idea to achieve potential technical progress through 
integrated material engineering to increase efficiency 
and reduce errors and research criteria, which has shown 
potential for rapid material exploration and incorporation 
of modern methods in commercial product development.

Future work on 3D TSSBs may employ a “mix-and-
match” method for choosing materials and production 
techniques. Therefore, there is a great opportunity for 
ALD to build superionic SSEs in future research. Atomic-
scale optimization of SSEs in terms of composition and 
crystallinity is anticipated by using the rational design 
capacity of ALD. Additionally, ALD is a perfect method 
for developing SSEs to advance the basics of solid-state 
ionics due to its atomic-scale precise development.

As the commonest and promising energy storage tech-
nologies, LIBs still need to overcome a number of obsta-
cles in terms of cost, safety, energy density, and service 
life to maintain their leadership in the field of transpor-
tation applications. In tackling the problems related to 
LIBs, ALD shows extensive advantages over conven-
tional approaches. Accordingly, we anticipate significant 
progress in this developing field because it places many 
new demands on conventional ALD technologies, includ-
ing those related to the production capabilities, material 
diversity, and ALD coating characterization. In this set-
ting, we carefully examined the most current ALD uses for 
LIBs in an effort to pique interest in them and encourage 
in-depth research in this developing field. As a result, new 
essential interests are predicted to inspire future research.

The ALD reactor in conventional ALD systems is an 
immovable, stationary, and small-sized flat chamber. ALD 
is a thin film technology that is especially well suited for 
growing nanoscale films on large substrates such as sili-
con wafers. Therefore, typical ALD reactors appear to 
be incapable of guaranteeing the bulk synthesis of pow-
der-based nanomaterials, which is a crucial prerequisite 

for large-sized LIBs in upcoming HEVs, plug-in HEVs 
(PHEVs), and EVs. As a result, renovation of the ALD 
reactor design, such as in R2R ALD, should alter the cur-
rent setups of ALD reactors. Consequently, more effort is 
needed to increase their manufacturing capability.

In this section, we present our views on future LIB 
production. We hope that such an article will help pro-
mote greater collaboration between industry and aca-
demia with the ultimate aim of addressing some of the key 
points of LIB production, which may ultimately increase 
its efficiency and reduce production costs and energy 
consumption.

5  Conclusion and Outlook

In this review, we give a broad overview of the principles 
and application of ALD technology in the development 
of LIBs. Currently, LIBs are the most widely utilized and 
competitive energy storage technology in devices and EVs. 
However, they still face critical challenges due to deviations 
in the manufacturing process of battery component materi-
als. In recent decades, ALD has emerged as an advanced 
technology due  to its atomic-scale precision and excel-
lent conformal film deposition. In this way, electrode and 
SSE electrolyte material performance can be improved by 
adjusting the film thickness and optimizing the composi-
tion through a novel copulsing technique. In addition, ALD 
is a potential tool for the production and modification of 
high-performance electrode materials and SSEs of LIBs 
to accomplish tasks that are challenging or impossible to 
carry out with other conventional methods. Therefore, we 
have summarized the latest progress in research on LIBs 
using ALD nanotechnology with particular emphasis being 
placed on three areas: (i) synthesis of nanostructured LIB 
components; (ii) interface tailoring to optimize the surface 
and interfacial surroundings of LIB components; and (iii) 
modification of materials of LIB components, including the 
cathode, anode, electrolyte, and separator, and full-cell thin 
batteries, with the purpose of improving the electrochemical 
performance.

In terms of interface engineering, the properties of pro-
tective layers, such as the conductivity and thickness, affect 
Li-ion transport throughout the electrodes. In fact, ALD film 
materials may not be chemically inactive; for example, they 
can interact with electrode substrates during ALD processes 
and/or battery cycling. These phenomena could cause SEI 
layer formation, defect points on the cathode, etc. and con-
sequently hamper the electrochemical performance of bat-
teries. Hence, more research is required on the interaction 
mechanism to design better electrode structures. Further 
development of ALD technology significantly depends on 
the invention of new precursors and new reactor designs, 
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such as R2R ALD and PEALD, that facilitate the synthe-
sis of different film composites, such as Li-containing lay-
ers, metal oxides, phosphates, and fluorides, that cannot be 
obtained by other methods. For example, PEALD enables a 
decrease in the processing temperature; therefore, films can 
be formed on electrode substrates with lower melting points, 
such as the S cathode and Li anode. Consequently, ALD is 
a promising technique for advancing the LIB performance 
parameters such as the specific capacity, cycle life, rate per-
formance, and fast charge/discharge capability. Finally, we 
emphasize the importance of rational design of ALD sys-
tems for achieving large-scale manufacturing in the future. 
All of the above discussions clearly revealed efforts to use 
ALD to improve the LIB performance. Accordingly, with 
this review, ALD is expected to enable great progress in 
next-generation battery technology in future decades.
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