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The desire to obtain higher energy densities in lithium—ion batteries (LIBs) to meet the growing demands
of emerging technologies is faced with challenges related to poor capacity retention during cycling
caused by structural and interfacial instability of the battery materials. Since the electrode—electrolyte
interface plays a decisive role in achieving remarkable electrochemical performance, it must be suitably
engineered to address the aforementioned issues. The development of coatings, particularly on the
surface of cathode materials, has been proven to be effective in resolving interfacial issues in LIBs. The
use of atomic layer deposition (ALD) over other surface coating techniques is advantageous in terms of
coating uniformity, conformity, and thickness control. This review article provides a summary of the
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impact of various ALD-engineered surface coatings to the cycling performance of different intercalation
cathode materials in LIBs. Since ALD allows coating development on complex substrates, this article
provides a comprehensive discussion of coatings formed directly on a powder active material and
composite electrode. Additionally, a perspective regarding the fundamental deposition parameters and
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1 Introduction

The increasing global demand for energy has led to numerous
efforts on research and development of sustainable sources, to
address climate change and rapid depletion of limited natural
resources.’ Renewable energy sources (RES), such as solar and
wind energies, have emerged as essential alternatives to reduce
reliance on carbon-based fuels, thereby lowering greenhouse
gas emissions. However, the intermittency of RES drives the
need for effective energy storage technologies, to address
fluctuating supply flow and ensure that sufficient energy is
available when energy demand is high.? Thus, the development
of energy storage systems plays a key role in ensuring un-
interrupted power supply for daily consumption while addres-
sing environmental issues.*™®

In recent years, lithium-ion batteries (LIBs) have been the
leading energy storage technology employed in several applica-
tions including portable electronics, transportation, and elec-
trical power grid. The dominance of LIB in these applications,
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electrochemical testing data to be reported in future research is provided.

compared with other rechargeable batteries, is rooted in its
higher gravimetric and volumetric energy densities.*” However,
there is still a need to enhance these features to meet the rising
performance expectations of portable devices and electric
vehicles. In the matter of grid integration of RES, stability
and safety are the critical considerations.>®° Thus, next-
generation LIBs are expected to deliver higher capacity, faster
charging times, and improved cycling lifetime without over-
looking cost and safety.®™®

Since the overall battery characteristics depend on the choice
of cathode, anode, and electrolyte materials, it is sensible to
develop innovative materials and techniques with favorable
electrochemical performance.’®* Various materials have been
explored and developed to reach a higher energy density output.
However, achieving a long-term cycling stability still remains to
be a challenge. The instability is driven by the degradation of the
electrodes and electrolyte components during the charge
and discharge operations.”>"” The degradation mechanisms are
identified as either mechanical or electrochemical including
substantial electrode volume variation (especially for anode
materials),"®'® cathode material dissolution,**>* gas evolution,*
and electrolyte decomposition which leads to the formation of a
solid-electrolyte interface (SEI)**° and a cathode-electrolyte
interface (CEI)>’>° on the surface of the anode and cathode
materials, respectively. All of these issues lead to active material

© 2025 The Author(s). Published by the Royal Society of Chemistry
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loss and impedance growth, resulting in capacity loss and poor
LIB performance.””’

The choice of positive electrode or cathode material has a
strong influence on the overall LIB performance. Aside from
being the heaviest and most costly component, the cathode
mostly determines the energy density of the cell.”***' More-
over, the properties of the CEI can significantly influence the
cycling stability. The drastic non-uniform growth of this inter-
facial layer creates an additional barrier to Li" mobility during
deintercalation and intercalation processes, increasing the
overall resistance within the cell.>*?3?* On the other hand, a
stable CEI layer can prevent the continuous unwanted inter-
facial side reactions between the cathode and electrolyte.*
With these in mind, the electrode-electrolyte interface must
be suitably designed to help achieve remarkable cycling
performance.***® Surface modification via development of a
coating layer on the surface of the cathode has been proven to
be effective in resolving the interfacial issues in LIBs.""** To
promote longer cycling lifetime, while maintaining high energy
density, a stable and ionically conductive coating is preformed
on the surface of the cathode to act as a protective or a
sacrificial layer and protect the bulk electrode material from
the aforementioned degradation phenomena.?”**

Different materials can be utilized as an artificial CEI,
depending on the nature of the cathode material.*> However,
the following properties are highly desired in the preformed
surface coatings: (1) uniform formation, (2) continuous and
conformal, (3) highly ionic and/or electronic conductive,
(4) mechanically stable to accommodate large volume changes,
and (5) electrochemically/chemically stable in a wide potential
window.*™* Surface coating development on cathode materials
has been demonstrated by a number of techniques including
solution-based precipitation, sol-gel, pulsed layer deposition
(PLD), chemical vapor deposition (CVD), and atomic layer deposi-
tion (ALD).">** Among these techniques, ALD has emerged as
a highly effective method to engineer the surface of cathode
materials. It is a gas-phase thin film deposition technique that
can precisely control coating thickness, a parameter which signifi-
cantly impacts Li" movement within the interface. Overly thick
coatings can impede charge transfer while exceedingly thin coat-
ings are not able to protect the bulk material particles from the
damaging side reactions with the electrolyte. Moreover, the con-
formal feature of ALD ensures complete surface coverage during
deposition.G,10,30,32,34,44

A number of review articles have previously tackled the
utilization of ALD in different energy conversion and storage
technologies such as materials for catalysis, supercapacitors,
fuel cells, solar cells, and batteries.'*'”**>™*® In addition to
modifying the electrode-electrolyte interface, the application
of ALD in LIBs also extends to the synthesis of active electrode
materials and solid-state electrolyte,®%17:30:33:44:49:30 The yige of
ALD in developing artificial CEI have been broadly studied.
To some extent, the influence of these ALD-based surface
coatings on the electrochemical performance of the cathode
has been discussed. Lee et al.® evaluated the performance of
battery materials fabricated via powder ALD, Wang et al.** gave

© 2025 The Author(s). Published by the Royal Society of Chemistry

View Article Online

Energy Advances

a summary of working mechanisms of recently studied ALD
coatings for layered oxide cathodes, while Jin et al.>* provided
an overview of the improvement mechanisms of ALD thin
film coatings on different LIB components. However, there is
limited discussion and lack of in-depth analysis on the impact
of the different types of ALD coatings on the electrochemical
performance of the modified cathode. To date, multiple surface
coating materials have been developed using ALD including
metal oxides, nitrides, sulfides, fluorides, phosphates, Li-
containing mixed oxides, and other complex compounds. Taking
into account the numerous types of active materials employed in
today’s LIB technology, there is a plethora of ALD-related studies
with various pairings of cathode material and coating type. Thus,
a summatry of the optimal coating and parameters (e.g. thickness)
for each cathode material is beneficial.

In this review, the electrochemical performance, specifically
cycling stability and rate capability, of ALD-modified cathode
materials in LIBs are extensively discussed and compared.
Since most research efforts have been focused on intercalation
cathodes, the discussion encompasses layered oxide and spinel
types. The difference between powder and electrode ALD pro-
cesses in enhancing cycling performance is highlighted. More-
over, insights regarding pertinent information that must be
presented in ALD-related publications are provided. In light of
the rising interest in the role of ALD in LIBs, specifically in the
development of artificial CEI, this work provides a comprehen-
sive analysis of coating material performance to guide future
ALD-related research on batteries, even beyond LIBs.

1.1 Fundamental principles of ALD

ALD is proven to be an efficient and versatile method to develop
different kinds of surface coatings on various types of cathode
materials due to its wide range of deposition temperature,
allowing fine tuning of the process conditions depending on
the substrate material properties. Moreover, the method can be
applied on substrates with complex topographies, without
sacrificing the uniformity of the coating.’**°" Fig. 1 shows a
schematic diagram of a typical ALD process of Al,O; which
involves a four-step cycle of alternating pulsing and purging of
precursor materials.
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Fig. 1 Schematic diagram of one ALD cycle of Al,Osz deposition using
trimethylaluminum (TMA) and H,O as precursors.
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The four-step ALD cycle includes: (1) pulsing the first pre-
cursor to trigger surface reaction with the reactive sites on the
substrate, forming the intermediate and byproducts, (2) pur-
ging via inert gas to remove residual precursor and reaction
byproducts, (3) pulsing of the second precursor to react with
the intermediate and generate the desired coating material and
new reaction sites, and (4) repeated purging process.*>™*” The
self-limiting surface reactions during precursor pulsing is the
key feature that allows the method to form one atomic layer at a
time. Thus, the coating thickness can be controlled by the number
of ALD cycles utilized during the deposition process.’*** George®
have provided a thorough discussion on the fundamental princi-
ples of ALD.

1.2 Intercalation-based cathodes

Since the commercialization of the first cathode for LIBs in
1991, various other types of materials have been studied.
Recently, intercalation cathodes are commercially favored due
to their high capacity and wide operating voltage range, which
results in higher energy density.>*>* Thus, it comes as no
surprise that most ALD-related studies on LIB centered on
improving the cycling stability of intercalation cathodes, speci-
fically layered and spinel types. Since these cathode materials
serve as the substrate during ALD coating development, it is
important to understand their attributes.>® The following dis-
cussion provides a brief overview of the properties of the
cathode materials examined in this review.

The layered metal oxide LiCoO, (LCO) is a widely used
cathode, especially in portable electronics. However, despite
its high theoretical capacity and good Li* conductivity, the
practical capacity of LCO is limited to 140 mA h g ' due
to structural instability at a highly delithiated state.”
Other drawbacks include high cost and toxicity, mainly
due to the presence of Co.*’”° The ternary layered oxide
LiNi,Mn,Co;_,_,0, (NMC) combines the advantages of other
layered metal oxide-based compounds such as LiNiO, and
LiMnO,. It is a good electrode candidate for LIB due to its
high capacity and wide working potential window.'" In recent
years, Ni-rich NMC (LiNi,Mn,Co;_,_,O,; x > 0.3), such as
LiNiy gMn, 1C0,10, (NMC811), is gaining attention due to its
higher specific energy and reduced cost, which are highly
desirable properties for electric vehicle battery systems.
However, it suffers from drastic capacity fade worse than lower
Ni content NMC due to irreversible structural changes, oxygen
evolution, and parasitic side reactions with electrolyte at higher
state of charge (SOC).*»***® Researchers developed Li-rich
layered oxides (LLO), such as Li,MnOj; to achieve significantly
higher capacity.>*”” The improved performance is attributed to
the presence of extra Li" with respect to other layered oxides.
However, a rearrangement of the bulk and surface materials
results in poor Li* mobility and voltage fading. Moreover, the
insulating property of Li,MnO; contributes to its poor rate
capability.>®>°

Spinel-type cathode materials include LiMn,0, (LMO) and
LiNip sMn; 50, (LNMO). Aside from its low cost, LMO is a
promising cathode type due to its exceptional rate capability
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which is a result of its three-dimensional host structure for Li"
extraction and insertion. However, its widespread adoption is
constrained by Mn dissolution into the electrolyte which leads
to interfacial issues and poor cycle stability.®*®> LNMO is
formed when 25% of Mn is substituted with Ni, with a potential
in high energy applications due to its dominant plateau at
4.7 V. However, the elevated operating voltage poses challenges
to electrochemical stability since it is outside the electrolyte
stability window. Operating at this potential leads to aggressive
electrolyte decomposition and formation of CEI, thereby caus-
ing poor performance.®* %

As briefly discussed, the layered and spinel type cathodes
possess inherent promising characteristics but also face
numerous drawbacks during cycling operations.*”373%3% The
role of ALD in addressing the electrochemical and/or mechan-
ical degradation in LCO, NMC, LLO, LMO, and LNMO is
analyzed in this work. Due to its layer-by-layer growth mecha-
nism, ALD is capable of depositing films on a wide range of
substrate materials with controlled thicknesses. Electrode mod-
ification using ALD can then be achieved by either directly
coating the cathode active material (CAM) in powder form or by
coating the composite electrodes composed of the CAM, con-
ducting agent, and binder on a current collector.>>' Through-
out this review, the former process is referred to as “powder
ALD” while the latter procedure is designated as ‘“electrode
ALD”. Based on the literature available, powder ALD has been
the more commonly applied approach over the past decade.®®
On the other hand, interest on electrode ALD has been growing
in recent years due to the advantages it offers over the former
method.® Both of these ALD processes are discussed in detail in
the following sections.

2 Surface coating by ALD
2.1 Powder ALD

Powder ALD has become a powerful tool over the last two
decades, overcoming several obstacles to achieve a conformal
coating.® The main challenges encountered during individual
nanoparticle coating include particle agglomeration and film
growth dependency on porous and irregular structure.®” To
address these challenges, advanced ALD reactors for powder
coating were developed such as fluidized-bed and rotary reac-
tors, coupled with mechanical vibration and agitation.®®”°
Nowadays, the majority of research carried out for enhancing
cathode material performance employs such reactors. Fig. 2
illustrates the scheme for powder ALD-based approaches.
As seen from the scheme, four main types of surface coatings
can be obtained using powder ALD: (1) metal oxide (MO,),
(2) lithiated metal oxide (Li,M,0;), (3) post-treated metal oxide,
and (4) non-oxide coatings (e.g. fluoride, phosphate, organo-
metallic-based).

The main goal in applying various coatings onto CAMs is to
improve stability and capacity retention during long term
cycling. However, comparing the bare and coated CAMs based
on parameters such as capacity decay per cycle (absolute or

© 2025 The Author(s). Published by the Royal Society of Chemistry
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Abbreviations:
CAM: cathode active material T
M: transition metal or semimetal 3
X,: volatile precursor (source for ’g
the specified chemical element X) Q

\ ALD: Liy/M,/O,
CAM

ALD: (Li or M),/(F, P or C),

CAM

Fig. 2 Scheme of powder ALD-based approaches to obtain a coated
CAM categorized by the nature of the coating material.

relative) or overall improvement of this metric does not seem
adequate for the cases where absolute value of the specific
capacity is low due to the quality of the studied material or
peculiarities of test conditions. Therefore, the capacity at the
100th cycle, with current rates ranging from 70 mA g~ (0.5C for
LNMO) to 500 mA g~ (2C for most LLO), has been selected as a
good figure of merit to compare between different CAMs and
coatings to find the best approaches for cathode modification
by power ALD. The decision to use the 100th cycle as a point of
comparison is conditioned by the fact that most topical articles
evaluate the cycling stability until or beyond this point. Studies
that reported lower number of cycles have been excluded in the
discussion due to limited availability. More importantly, it is
challenging to make reliable conclusions about stability with
such short cycling duration.

It must be noted that some studies did not directly provide
the specific discharge capacity value at the 100th cycle but
instead only provided cycling plots. To extract quantitative data
needed for the analysis, the plots were analyzed using Web Plot
Digitizer (WPD).”" Aside from specific discharge capacity value,
a number of studies did not report the coating thickness.
As a result, the number of ALD cycles has been selected as
the comparative criterion to analyze electrochemical perfor-
mance across different studies. Although this approach may
not account for all variations in coating thickness due to
differences in setups, it provides a practical framework for
comparative analysis given the data available. Moreover, due
to the complex correlation between different ALD parameters
(e.g. deposition temperature, pulse rate, etc.), the optimal ALD
conditions for developing the coating materials are excluded in
the discussion and can be found elsewhere.””

As discussed in Section 1.2, recent publications related to
powder ALD have been primarily focused on layered and spinel
type CAMs. Due to the popularity of powder ALD as a coating
technique, there is a large collection of related articles (espe-
cially for NMC materials) available. The discussion of all of
them hinders the systematization of existing knowledge and
makes visual representation of the data impractical. Therefore,
in this section, the analysis of available data is primarily based

© 2025 The Author(s). Published by the Royal Society of Chemistry
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on the coating types depicted in Fig. 2, centering on half-cell
setup. Considering the large number of dataset available
related to Al,O; as a coating, a separate section is dedicated
to the discussion of its impact on different types of CAMs.

2.1.1 Aluminum oxide coating. Nowadays, Al,O; is perhaps
the most explored ALD coating due to the moderate tempera-
tures employed during deposition and its lower cost compared
to other coating materials. Despite its relatively low ionic
conductivity and electrically insulating nature,”® Al,O; coating
has been proven to enhance the performance of cathode
materials in LIBs,>!?>%>60:6474-118 pio 3 j]llustrates the 100th
cycle discharge capacity of studies which report the best cycling
performance for intercalation CAMs coated with varying thick-
nesses (i.e. number of ALD cycles) of Al,O3. The corresponding
electrochemical performance data for selected best performing
samples during cycling at room temperature in a half-cell
configuration are listed in Table 1. As stated earlier, not all
studies have provided the thickness of the formed Al,O; coat-
ing. The data (S1, ESIf) indicate that the optimal cycling
performance is exhibited by CAMs with five or less ALD cycles
of Al,Os. As expected, the discharge capacities at the 100th cycle
increases as the discharge current decreases, regardless of the
CAM type.

Interestingly, Hoskins et al.°® reported a non-uniform coat-
ing of Al,O; when using a low ALD cycle number. In this study,
a non-ALD reaction between the precursors and residual
lithium compounds is observed during the first few ALD cycles,
which leads to the formation of Li-Al oxide film instead of pure
Al,O;. Researchers claim that despite the non-uniformity of the
<2-nm thick coating, intercalation pathways are still open for
Li" transport, while dissolution of the transition metal (TM)
oxides in the bulk electrode is restricted. Nonetheless, most of the
studies related to the powder ALD coating of CAMs by Al,O; report
conformal coating and enhanced cycling stability,®*”*7780:85119
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Fig. 3 Specific discharge capacity at the 100th cycle vs. discharge current
for intercalation CAMs coated with Al,Oz using various humber of ALD
cycles. Plot is based on cycling data (S1, ESIT) using Li metal as counter
electrode.
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Table 1 Electrochemical performance data of selected studies on Al,Oz-coated CAMs by powder ALD with Li as counter electrode
ALD Thickness, Current, 1st cycle discharge 100th cycle discharge

Active material cycles nm mAg! capacity, mA h g™ ! capacity, mA h g~* Ref.
LCO 8 ~1 95 185 (A5%) 172 (A17%) 77
LCO 4 — 140 153 (M0%) 136 (A100%) 74
NMC111 2 — 200 153 (A1%) 139 (A34%) 96
NMC532 4 0.40 185 182 (A2%) 150 (A552%) 110
NMC622 2 — 180 129 (V8%) 118 (A26%) 91
NMC811 4 — 100 198 (V4%) 164 (A16%) 85
NMC811 10 3.40 360 158 (A4%) 113 (A22%) 86
Li; 13Mnyg 54Nig.13C00.1402 2 — 250 165 (M0%) 153 (A410%) 98
LMO 6 0.72 300 102 (No data) 97 (A23%) 119
LNMO 5 0.60 70 111 (V10%) 120 (A1%) 83

The symbol and corresponding percentage refer to the relative change of the reported value with respect to the uncoated CAM (increased A,

decreased V¥, not changed W).

In the following sections, the best electrochemical results, in
terms of capacity retention, for Al,O; powder ALD-modified CAMs
are presented.

2.1.1.1 Al,O; on layered CAMs. At moderate voltages (~4.2 V),
only a fraction (~140 mA h g™ ") of the theoretical capacity of
LCO is utilized.”® However, applying a higher voltage than 4.2 V
in a half-cell causes an irreversible phase transition and surface
degradation, resulting in capacity fading.>® The application of
Al,O; on the CAM via ALD is one of the most successful
methods in promoting LCO cycling stability at high voltages.

As seen in Fig. 3, LCO with a ~1 nm coating thickness
exhibits the highest discharge capacity after 100 cycles. Wu
et al.”” reported a specific capacity of 172 mA h g~" with a 93%
capacity retention after 200 cycles at 3.0-4.5 V for the LCO
coated with 8 ALD cycles of Al,0; (CLCO 8), as shown in Fig. 4a.
The enhanced cycling stability was further confirmed by the
negligible capacity loss from the 100th to 200th cycle for CLCO
8 compared with bare LCO (BLCO). Moreover, CLCO 8 was able
to achieve 88% capacity retention compared to 40% of BLCO
after 200 cycles at a higher cutoff potential of 4.6 V. The authors
claim to achieve the best LCO cycling performance at high
cutoff potentials via powder ALD compared with other meth-
ods, including wet chemistry and sputtering. Based on high-
resolution transmission electron microscopy (HRTEM) and
X-ray photoelectron spectroscopy (XPS) results, the Al,O; coat-
ing layer is reconstructed into LizAlF, during cycling. This
newly formed structure binds more tightly to the LCO surface
as compared with direct coating and retains good Li' and
cycling stability when reacted with electrolyte decomposition
products. Moreover, it inhibits surface stripping and shields Co
and O from dissolution during cycling.””

Jung et al”* reported Al,O;-coated (4 ALD cycles) LCO to
deliver 44% higher capacity retention than bare LCO after 100
cycles at 3.3-4.5 V. Similar to the previously discussed work,””
the enhanced cyclability is attributed to the ability of the
ultrathin Al,O; coating to minimize Co dissolution or reduce
reactions at the LCO electrode-electrolyte interface. The study
also highlighted the electronically insulating property of Al,O;
wherein the discharge capacity starts to decrease significantly
as the number of ALD cycles increases. This capacity loss stems
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Fig. 4 (a) Cycling performance of the uncoated (BLCO) and Al,O3-coated
LCO (CLCO) using 8, 40 and 80 ALD cycles at 3.0-4.5 V. Reprinted with
permission from ref. 77. Copyright 2022 American Chemical Society;
(b) second charge—discharge cycle for the uncoated LNMO (black), 5
(pink), 10 (green), and 20 (blue) ALD Al,Os cycles at C/10. Reprinted from
ref. 83. Copyright 2021 The Authors. Published by American Chemical
Society. This work is licensed under a Creative Commons Attribution 4.0
CC-BY International License.

from the large overpotential induced by the Al,O; layer, as a
result of the decreasing electronic conductivity of the coated
LCO due to the increase in the coating thickness.

Despite the advantages of NMC, this type of a CAM suffers
from drastic capacity fading.'?° Several studies have reported
the successful application of Al,O; powder ALD in addressing
NMC degradation issues, especially ones with higher Ni con-
tent. Based on the highlighted region in Fig. 3, a NMC material
with a coating of less than 5 ALD cycles exhibits the highest
discharge capacity of 164 mA h g~ " after 100 cycles. Gao et al.*®
reported enhanced cycling performance of Al,O;-coated
(~0.5 nm) NMC811 in an extended potential window of 2.5-
4.5 V. The impressive results were attributed to a more stable
interface between the electrolyte and the Al,03-coated CAM
particles. Even when the coated material is cycled at higher

© 2025 The Author(s). Published by the Royal Society of Chemistry
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C-rates, specifically at 2C, the Al,O; ALD coating is still efficient
in improving the cycling stability. For example, in the work of
Kim et al.,*® NMC811 demonstrated a specific discharge capa-
city of 113 mA h g~ after 100 cycles at 2C (360 mA g * in Fig. 3).
The reported capacity retention is ~72% when tested at the
potential window of 2.8-4.3 V. The authors believe that the
~3.40 nm (10 ALD cycles) coating on the NMC811 CAM can
mitigate the side reactions that occur at the electrode-electro-
lyte interface.

Li et al.'* also hypothesized that the ultrathin Al,O; coating
can protect the surface of LiNij sMn, 3C0,0, (NMC532) CAM
from electrolyte corrosion during cycling and favorably affects
interfacial stability. In their work, the Al,O3-coated (~ 0.40 nmy;
4 ALD cycles) NMC532 exhibited 150 mA h g~ after 100 charge-
discharge cycles, which corresponds to 82% capacity retention
at a high cutoff potential of 4.55 V. On the other hand, the
uncoated NMC532 provided only 23 mA h g~' which corre-
sponds to ~12% capacity retention at the same cycling condi-
tions. Based on the Rietveld refinement of X-ray diffraction
(XRD) patterns, the coated NMC532 showed lower cation mix-
ing between Ni** and Li* compared to the uncoated NMC532,
which could explain the better stability of the modified mate-
rial. However, the Li" diffusion coefficient of the coated
NMC532 was lower than the uncoated NMC532 due to the poor
Li" conductivity of the Al,O.

The effect of Al,O; coating on the Li* transport behavior was
also investigated in the work of Li et al°" Based on the
electrochemical impedance spectroscopy (EIS) results, the
charge transfer resistance (R.) of LiNi,¢Mng,C0q,0, (NMC622)
coated with 2 ALD cycles of Al,O3 is 2.6 times higher than the
uncoated NMC622 after the 2nd charge-discharge cycle at 4.5 V
vs. Li/Li*. The substantial difference implies that the coating has a
limiting effect on the Li' transfer at the electrode-electrolyte
interface. However, after the 300th charge-discharge cycle, the
results are reversed wherein the R, of the uncoated NMC622 is
more than 2 times higher than the Al,O;-coated NMC622. This
can be attributed to the rapid growth of a CEI layer which acts
as a Li" barrier on the NMC622 particles, leading to low capacity
retention. Indeed, the cycling stability enhancement of Al,O;-
coated sample has been demonstrated by the higher specific
discharge capacity of 118 mA h g~ " after 100 cycles (Fig. 3). The
capacity retention improved by 24% even at a wide potential
window of 3.0-4.5 V.

Riley et al.’® also emphasized the cycling stability benefits of
depositing Al,O; coating on LiNi;;3Mn;,3C04,30, (NMC111).
The application of 2 powder ALD cycles on NMC111
nanoparticles resulted in a specific discharge capacity of
139 mA h g™ ' after 100 cycles (Fig. 3), corresponding to
~90% capacity retention in the working potential of 3.0-
4.5 V. On the other hand, the bare NMC111 exhibited a lower
capacity retention of ~68%. Further increase in the number of
cycles resulted in worse cycling performance, indicative of the
insulating nature of the Al,O; coating.

LLOs have recently gained the attention of researchers due
to their ability to deliver high specific capacities (>250 mAh g™ ")
when operated in a wide potential range of 2.0-4.8 V vs. Li.>

© 2025 The Author(s). Published by the Royal Society of Chemistry
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However, their commercial use is hindered by poor kinetics and
voltage decay upon cycling.'*" As with NMC, powder ALD coating
has been applied to address these issues. Hoskins et al.’® reported
that by applying 2 ALD cycles of Al,O; on Li;;3Mng s4Nig 13-
C0.140, CAM, a specific discharge capacity of 153 mA h g™*
has been achieved after 100 cycles at 1C (250 mA g~ ' in Fig. 3).
The coated LLO CAM exhibited a stable behavior until the 120th
cycle while cycling at an upper cutoff potential of 4.8 V. Mean-
while, the LLO CAM coated by 4 ALD cycles of Al,O; delivered
about 145 mA h g~ ' after 100 cycles and showed stable perfor-
mance until the 160th cycle. In both cases, sub-2 nm thick Al,O;
films verified their efficiency in improving the cycling stability of
the LLO.

2.1.1.2 Al,O3 on spinel CAMs. Mn dissolution and Jahn-
Teller (J-T) distortion are considered to be the main factors
affecting the cycling performance of LMO, causing continuous
capacity fading.®®®> One of the strategies to deal with T™M
dissolution is through the application of thin film coating on
the CAM powder by ALD. For instance, Luan et al.''® deter-
mined the optimal cycling performance of LMO by investigat-
ing the impact of varying the Al,O; ALD coating cycles to the
battery cycling behavior at 3.4-4.5 V with 300 mA g~ " current
rate. Based on the results, the study reported 6 Al,O3; ALD cycles
(~0.72 nm) to be the optimal condition, allowing to reach a
capacity of 97 mA h g~* after 100 cycles (Fig. 3). On the other
hand, using the same cycling parameters, the specific discharge
capacity of the bare LMO at 100th cycle was found to be lower
at79 mAhg

LNMO suffers from TM dissolution and rapid capacity decay
in the high operating potential of 4.7 V vs. Li."** Similar to other
CAMs, direct surface coating on the LNMO particles can
address the drawbacks limiting its full performance. However,
based on literature, the impact of Al,O; coating on LNMO is
still ambiguous. While in some cases the presence of a coating
results in improved capacity retention compared with a bare
CAM,**%%83 for some studies Al,0; has negligible impact.®® To
date, the best reported cycling performance of Al,O;-coated
(0.60 nm; 5 ALD cycles) LNMO via powder ALD is a specific
discharge capacity of ~120 mA h g™* (Fig. 3) after 100 cycles
at 3.6-4.9 V.** Although the difference in specific discharge
capacity between Al,0O;-coated and uncoated LNMO after 100
cycles is not significant, it is more pronounced for results after
150 cycles. However, @stli et al.®* claim that for 1-nm (10 ALD
cycles) thick coatings, the Al,0;-coated samples have high
overpotentials (Fig. 4b) and reduced reversible capacity.
Authors attribute these findings to the homogeneity of the
applied coating, which results in complete coverage of CAM
particles and the formation of a Li* diffusion barrier.

Based on the findings of the powder ALD studies considered
in this analysis, the main impact of Al,O; as a coating is the
mitigation of side reactions, especially the suppression of the
TM dissolution. As seen in Fig. 3, the coating thickness plays a
crucial role in the cycling performance since majority of the
most stable Al,O5-coated CAMs utilized a low number of ALD
cycles (1-5). Conversely, the application of more ALD cycles
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does not bring any significant improvement since the insulat-
ing nature of a thicker coating deteriorates the electronic and
ionic conductivities of the CAM, leading to slower kinetics.
Hence, it is crucial to determine the optimal coating thickness.

2.1.2 Other metal oxide-based coatings. In addition to
Al, O3, various other metal oxides have been investigated as
CAM coatings via powder ALD. ZnO’* and ZrO,'* have been
applied as surface coatings for LCO. A much broader array of
oxides has been utilized to coat Ni-rich NMC-type materials:
MgO,"** Zr0,,"**"** Zn0,"*® and mixed Al,05-Ga,0; oxides'"'
for NMC532; TiO,,"*” Zr0,,'*® and WO;'° for NMC622;
7r0,,**%® Ti0,,%” and Ta,0s** for NMC811; and ZnO™° for
LiNig oM 05C00,0502 TiO,, 04131132 Ce0,,'** and FeO,'3*13¢
have been reported as ALD coatings for spinel-type LNMO while
ZnO,78‘137’138 Zr02,78’79’139’140 Ce02,79,141 and MgOZO haVe been
used for LMO. Additionally, ALD coatings such as CeQ,,'*?
Ti0,," Zn0,"*>'* and Zr0,"'® have been applied to Li; ;Nig.s4
C0p.13Mny 130,, while FeO,'** was used to protect another LLO,
Liy 13Mng 54Nig 13C00.1405.

As evidenced by the aforementioned reported coatings, a
significant number of studies have focused on the ALD coating
of CAMs with various metal oxides other than Al,0;, making
it impractical to consider each approach and corresponding
experimental results in detail. Consequently, similar to the
section devoted to powder ALD coating with Al,Oj3, the reported
data were analyzed to focus specifically on the most promising
materials. Table 2 lists the electrochemical performance of the
coating materials investigated in the studies that reported the
most impressive cycling results. The data show that for layered
oxides such as LCO'** and Ni-rich NMC,5*?%128 710, obtained
via 5 ALD cycles or lower has been reported to be the most
effective coating. The reliability of powder ALD as a coating
method is verified by the comparable results obtained by
different research groups.®*'**'?® Additionally, a higher capacity
retention was reported for ZrO,-coated NMC622 after further
calcination at a high temperature."*® Post-treatment of coated
CAMs are explored in Section 2.1.3 in more detail.

A comparison of the capacity of the modified CAMs at
the 100th cycle is illustrated in Fig. 5, which also includes
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Fig. 5 Specific discharge capacity at the 100th cycle vs. discharge current
for CAMs coated with different metal oxides via powder ALD. The high-
lighted area signifies the best cycling results obtained with Al,Oz coating
for comparison.

benchmark results of Al,O; for comparison. The chart shows
that there is no significant improvement of specific capacity
compared to Al,Oz-coated CAMs since all the data points
reflecting the best results are found in the same highlighted
area in the chart. It is noteworthy that Al,O3-coated NMC532
exhibited superior performance, whereas Al,03, ZrO,, and
Ta,0s-coated NMC811 showed comparable capacities at the
100th cycle."® However, the relatively good capacity retention
of Ta,05-NMC811 is associated with the quality of the pristine
material since the improvement is just 1%.>* Notably, MgO and
ZrO, powder ALD coatings significantly improved the discharge
capacity at 10C by 190% and 183%, respectively.'** On the
other hand, only 30% of enhancement has been demonstrated
by Al,O;. The superior rate performance is associated with the
higher Li" diffusivity for MgO and ZrO, coated samples, as
shown in Fig. 6.

A notable finding was observed for LLO materials, where the
best performance was achieved by Li;,Mng 54Nip13C00.1302

Table 2 Electrochemical performance data of selected studies on metal oxide-coated CAMs by powder ALD with Li as counter electrode

Coating ALD Thickness, Current, 1st cycle discharge 100th cycle discharge
Active material material cycles nm mAg! capacity, mA h g ! capacity, mA h g™* Ref.
LCO Zr0, 2 2.56 140 146 (V2%) 102 (V13%) 123
NMC532 Al O3 5 — 138 136 (V13%) 148 (A16%) 124
NMC532 MgO 5 — 138 155 (V1%) 137 (A7%) 124
NMC532 Zr0, 5 — 138 159 (A2%) 139 (A9%) 124
NMC622 ZrO, 5 1.2 180 172 (A2%) 167 (A12%) 128
NMC811 Al,O; 4 200 198 (V4%) 164 (A16%) 85
NMC811 Zr0, 5 — 200 210 (A2%) 164 (A16%) 85
NMC811 Ta,05 2 — 180 190 (A2%) 163 (A1%) 23
LMO MgO 2 — 148 80 (V38%) 102 (¥12%) 20
LNMO TiO, 5 0.2 140 130 (M0%) 124 (¥3%) 131
Li; ;M1 54Ni 13C00 1305 CeO, 50 2.5 250 166 (A8%) 156 (A73%) 142
Li; ;Mg 54Nig 13C00 130, CeO, 50 2.5 250 135 (A5%) 124 (A49%) 142

The symbol and corresponding percentage refer to the relative change of the reported value with respect to the uncoated CAM (increased A,

decreased V¥, not changed H).
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coated with Ce0,."** The CeO, coating partially solved cell

voltage decay, improved substrate conductivity, and provided
a barrier against TM dissolution. As a result, the initial capacity
increased by ~8% when measured at room temperature.
At 55 °C, the coated CAM reported a higher capacity retention
(~60.2%) than the uncoated sample after 400 cycles at 1C.
Consistent with findings for Al,O;, thin film powder coatings
(<1 nm) are predominant for other metal oxides as well.
However, CeO, is an exception, with an optimal coating thick-
ness reported to be ~2.5 nm (50 ALD cycles).'*” The relatively
high number of ALD cycles do not have a detrimental effect to
the charge transfer kinetics due to the excellent electrical
conductivity of CeO,. The best cycling performance for metal
oxides are selected for further comparison with other types of
coating materials, including lithium-containing and non-oxide
coatings.

2.1.3 Post-treated metal oxide coatings. As shown in Fig. 2,
the formed MO, coating can be further modified by heating the
coated CAM (Route 3). One of the reasons to apply post-
annealing to ALD-coated CAMs is to enhance the ionic or
electronic conductivity of the material. Analogous to Route 1,
Al,O; is the most studied type of a coating material in the post-
treated scheme. In the case of Ni-rich NMCs, the subsequent
annealing of the Al,03-coated CAM produces a Li-conductive
LiAlO, coating layer.*>*"™° Li et al''® compared the electro-
chemical behavior of Al,0;-coated NMC532 and post-treated
Al,03-coated NMC532. The post-treated Al,03-coated NMC532
delivered better rate capability and cycling stability. The
annealed CAM had higher LiAlO, content on the particle sur-
face, leading to increased Li' conductivity. The improved
diffusion kinetics is enabled by the higher Li* diffusion coeffi-
cient during the charging and discharging processes. The study
claims that the enhanced Li* transport was due to the rapid
H2-H3 phase transition of the post-treated sample revealed by
the in situ XRD results. In contrast, Gao et al.®®> did not observe
any improvement in the Li" diffusion coefficient for an Al,O5-
coated and annealed NMC811 CAM. The annealed Al,O5-coated
NMC811 sample experienced dramatic decrease of Li* diffusion
coefficient at the H2-H3 transition voltage, which can be

© 2025 The Author(s). Published by the Royal Society of Chemistry
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associated with a significant shrinkage of the lattice parameter
¢ at a highly delithiated state. The sluggish Li" mobility implies
a negative effect of Al doping to NMC811. However, the ZrO,
ALD-coated and post-annealed sample demonstrated faster Li*
transport due to the lower change of lattice parameter ¢
compared to the Al,0;-coated and post-annealed samples.

Li et al.®" studied the effect of Al,O; powder ALD coating
coupled with post-annealing on the Li" transport behavior of
NMC622 by EIS. The ALD coated and post-treated NMC622
exhibits lower R, compared with the ALD coated NMC622
without the post treatment. The authors correlate the decrease
in R, after post-annealing with the decline of resistance in
Li" movement. However, based on the electronic conductivity
data, the Al,O3-coated CAM with subsequent post-annealing
exhibits the lowest conductivity value among all samples. This
result is ambiguous since low electronic conductivity leads to
charge accumulation at the cathode interface and thereby
increases R..

Aside from Al,O3, post-treatment has been explored for other
metal oxide-based powder ALD coatings. For this approach,
MgO*® and Zr0,"*® coatings have been applied on LMO while
iron oxides (FeO,)"® have been studied for LNMO. After the
powder ALD process, the oxide-coated LMO and LNMO CAMs
were heat treated to 300-450 °C for 3 h and 650-700 °C for 4 h in
air, respectively. Among Ni-rich NMCs, post-heating treatments
ranging between 300-750 °C were employed for NMC622 coated
with WO;'?° and Zr0,,'*® and for NM(C811 coated with ZrO,.5* For
LLO-based CAMs, post-annealing was reported for FeO,-coated
Li; 13Mng 54Ni 13C00140,'** and ZnO-coated Li; ,Mng 54Nig 13-
C0p.130,.*** Both annealing treatments were implemented at high
temperatures between 700 to 800 °C, using air for 24 h for the
former study while Ar for 30 minutes for the latter work.

Another post-ALD treatment technique is the post-lithiation
of the ALD-coated CAM precursor. The work of Cai et al.'** is
the only work identified to have reported this type of a strategy,
producing LisAlO,-coated NMC811. In the study, the hydroxide
precursor, Nig g3C0¢11Mng 06(OH),, was initially coated with
Al O;. Afterwards, the Al,O3-coated precursor was mixed with
LiOH and then sintered at 800 °C for 12 h under an oxygen
atmosphere to form the LisAlO,-coated NMC811 CAM. The
detailed post-lithiation scheme is illustrated in Fig. 7.

The cycling stability of the CAMs in the aforementioned
post-treatment studies are summarized in Fig. 8, which shows
the 100th specific discharge capacity for each reported powder
ALD coating. Based on the chart, it can be inferred that the
post-treated ZnO-coated Li; ;Mng 54Nig 13C00.130,™* and post-
treated Al,O;-coated Lij 4gNig 2,C00.2:Mng 450, presented the
most promising stability after long term cycling. Similarly,
the post-lithiated Al,O3-coated Nij g3C0¢11Mng 06(OH), CAM
precursor''* demonstrated a relatively high specific discharge
capacity at a higher current rate. It is recommended to explore
these approaches more intensively as the CAM performance
exceeds the general trend for the common oxide coated
materials.

2.1.4 Li-containing metal oxide coatings. ALD of d- and
p-metal oxides is widely employed for coating CAMs due to
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for ALD-coated CAMs with different post-treatment approach. The high-
lighted area signifies the best cycling results obtained with metal oxide-
based coatings for comparison.

several advantages discussed earlier. This practice has led to
the development of post-deposition treatment techniques that
produce highly efficient Li-containing coatings. However, since
2020, there has been a growing interest in directly coating
CAMs with Li-containing mixed oxides via ALD using volatile Li
precursors. The general approach involves exposing the CAM to
ALD supercycles, each consisting of a series of subcycles. These
subcycles alternate between the deposition of p- or d-metal
oxides and lithium oxide/hydroxide. By carefully balancing the
number of subcycles within each supercycle, a uniform Li-
containing mixed oxide coating is achieved (Route 2 in Fig. 2).

Although several Li precursors are available for ALD pro-
cesses,'*® literature predominantly reports the use of lithium
tert-butoxide (LTB, t-BuOLi) for coating CAMs. This trend likely
reflects the nascent stage of this research area, where LTB, as a
widely recognized and reliable precursor, has been the primary
choice. Notably, this method has been successfully applied
to Ni-rich and Li-rich NMC. For instance, ALD of lithium
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aluminum zinc oxide (LAZO) on LiNiO, significantly improved
the material’s specific capacity and stability."*” The specific capa-
cities for the LAZO-coated LiNiO, after the 1st and 100th cycles
(0.2C, 2.6-4.3 V, 35 °C) were 203 mA h g ' and 182 mA h g,
respectively, compared to 159 mA h g~ and 116 mA h g~ for the
uncoated sample. Other studies have reported the deposition of
nanometer-sized lithium zirconium oxide (Li,Zr, O, LZO) coatings
on NMC622"*® and lithium tin oxide (Li,Sn,0,) on NMC811.**
However, the variability in experimental conditions (e.g. tempera-
ture, cycle number, counter electrode material) complicates the
direct comparison of cycling results, particularly for Ni-rich NMC.
In contrast, Li-rich NMC offer more consistent data for compar-
ison, as shown in Fig. 9.

A pioneering topical study reported LiTaOz-coated Li; 13Mn, 517-
Nig 256C00.0070, With 3 nm coating thickness (10 ALD supercycles),
resulting in a record-high discharge capacity of 206 mA h g™ " at
1C (=200 mA g ') by the end of 100 cycles."*> This exceptional
performance is attributed to the high ionic conductivity of LiTaO;,
a known solid electrolyte compound. Another study'*® reported
more modest yet significant improvements using Li,SiO; coatings
on Li; ;Mny 5Nig 16C00,0s0,, With capacities of 176 mA h g~ after
the 100th cycle and 150 mA h g~ " after the 300th cycle, making it a
strong competitor to modern state-of-the-art materials. At least,
these results surpass those of LLO CAMs coated with Al,O; marked
in Fig. 9.

A particularly noteworthy study systematically compared the
performance of 0.33Li,Mn0O;-0.67Li(Nij 4C0,,Mn, 4)0, coated
with ALO;, LisAlO,, and NasAlO,.'"® This research stands out
for two reasons: it is the first demonstrated usage of a sodium
ALD precursor for CAM coating, and it reported outstanding
efficiency across all evaluated parameters. For instance, the
electrodes cycled between 2.0-4.7 V at 1C (250 mA g~ ') exhib-
ited remarkable specific capacities. Unfortunately, due to the
slightly elevated testing temperature (30 °C), the results were
not included in Fig. 9. Nonetheless, the study reported at least

© 2025 The Author(s). Published by the Royal Society of Chemistry
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400 cycles at different current rates with high capacity values,
minimal capacity fade, and reduced crack formation in the
coated samples.

Despite these promising results, several challenges associated
with the powder ALD of Li-containing mixed oxide coatings
remain. The primary challenge is optimizing the supercycle layout
to achieve the desired stoichiometry, which can be complex and
time-consuming. Incorrectly balanced subcycles may result in
coatings that are unstable in air and exhibit poor electrochemical
performance. Additionally, the necessity to heat the high-boiling-
point Li precursor vessel to high temperatures makes the whole
ALD process particularly energy-intensive.

2.1.5 Non-oxide coatings. In addition to d- and p-metal
oxides and Li-containing mixed oxides, several other types of
powder ALD coatings have demonstrated their effectiveness as
protective layers for intercalation CAMs. These include fluor-
ides, phosphates, metals, and coatings produced using the
ALD-MLD (atomic layer deposition-molecular layer deposition)
method. These non-oxide coatings are grouped together under
Route 4 in Fig. 2.

Fluorides have been primarily utilized to protect the surface
of LNMO. Notable examples include coatings of LiF,">* MgF,,""
and AIF;.">>"? Since all of these studies were performed by the
same research group, it is difficult to conclude that fluoride
coatings are exceptionally popular, specifically for LNMO. Beyond
LNMO, only two studies were published, reporting the powder
ALD coating of NMC532"* and NMC811"* with AlF;.

Phosphates form the second notable group of powder ALD
coatings, with a broader range of studied CAMs. FePO,"*® and
LizPO,, including its mixture with TiO,,*® have been employed
as coatings for LNMO. Additionally, AIPO, has been used to
coat LLO such as Li; ;Mng 54C00.13Nip.130,,"°" while Li;PO,
served as a barrier layer for Ni-rich NMC materials such as
NMC811"*® and LiNiyoMng 05C00.050,.>” However, it is impor-
tant to note that the specific capacities and stability observed
with phosphate-based coatings were generally low, indicating
their limited effectiveness as barrier layers.

Metallic coatings have been applied solely to NMC811,
which represent a diverse group due to the varying morpholo-
gies of the resulting coatings. For example, one study utilized
an ALD surface reaction between Pd(hfac), and formaldehyde
as a reducing agent, resulting in the formation of palladium
nanoparticles on the NMC811 surface."” Another approach
employed the single-precursor atomic surface reduction method
with diethyl zinc, which resulted to a uniform zinc coating
at 100 °C.'*° When the process temperature was increased
to 200 °C, surface doping of the active material particles was
observed.

The ALD-MLD method uses a combination of metallic and
purely organic compounds as precursors in the deposition
process. The organic functional groups are preserved in the
final product, leading to the formation of organometallic coat-
ings on the surface of CAMs. For instance, LLO material,
0.35Li,Mn0;3-0.65LiNij 35Mng 45C0¢ 2002, Was coated with alky-
lated Li,Si,O, via alternating exposures to t-BuMe, SiLi vapor
and ozone.'®" In a half-cell configuration, the ALD-MLD coated
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LLO yielded impressive specific capacities of 294 mA h ¢” ! in
the 1st cycle and 231 mA h g~ " at the 100th cycle using a current
rate of C/3 (1C = 250 mA g~ "). In another study, NMC622 was
exposed to alternating pulses of TMA and fumaric acid vapors,
followed by pyrolysis at 600 °C in Ar, resulting in carbon-doped
Al,O; coatings that significantly improved the electronic con-
ductivity of the CAM.""® This method demonstrated substantial
enhancements in the reversible capacity and cycling stability
of the ALD-MLD modified NMC622 compared to bare, Al,O;-
coated, and post-annealed Al,O3-coated NMC622. For a more
comprehensive discussion of the application of ALD-MLD
in LIBs, the readers are referred to the work of Meng'®® and
Zhao et al.”’

Due to the unavailability of some essential electrochemical
data or cycling under non-standard conditions, only a few
selected CAMs were chosen for direct comparison with each
other and with Al,03-coated CAMs, as shown in Fig. 10. Based
on the analysis, the efficiency ranking for non-oxide coatings is
as follows (in descending order): ALD-MLD coatings, metals,
fluorides, and phosphates. Notably, the ALD-MLD method,
especially with subsequent pyrolysis, shows significant promise
for simultaneously protecting and enhancing the electrical
conductivity of CAMs. In contrast, phosphate coatings demon-
strated lower efficiency, even underperforming compared to
Al,O;-coated LNMO, thereby setting low expectations for future
research on phosphate coatings.

2.2 Electrode ALD coating

The commonly used surface coating techniques for cathode
materials, including wet chemistry and dry coating, are typi-
cally applicable only to CAMs in powder form.'" As mentioned
in Section 1.2, direct coating on the composite electrode
(electrode ALD) has been steadily gaining attention in the field
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of battery material modification.'®® In this manner, ALD is
considered to be a highly suitable coating technique since it
allows conformal coating on complex substrates.>

Using a relatively low deposition temperature, ALD can
develop an artificial CEI by directly forming the coating on
the composite electrode surface without deterioration of elec-
trode components.>>'®*'% Fig. 11 exhibits the scheme for
electrode ALD-based approaches. Three main types of surface
coatings can be obtained which include (1) metal oxide (MO,),
(2) lithiated metal oxide (Li,M,0,), and (3) non-oxide coatings,
specifically fluoride-based materials. As opposed to powder
ALD, the post-annealing route at a high temperature is not
common in electrode ALD due to the decomposition tempera-
ture limit of the binder.

Despite an obvious disadvantage of less freedom in the
development of electrode coatings (limited upscaling and
deposition temperature range), the application of electrode
ALD is mostly beneficial due to easier processing and less
complex optimization procedure. Additionally, compared to
powder ALD, electrode ALD can be more advantageous in terms
of enhancing the ionic and electronic conductivity. Li* mobility
and electron transport may be slower when the coating layer
is formed on the CAM particles prior to electrode prepara-
tion.'®®*®” On the contrary, electrode coating may enhance ionic
and electronic pathways within the composite material.'?*:16%169

Unlike powder ALD, there are far fewer number of publica-
tions available related to electrode ALD. Thus, no cycling dura-
tion requirement has been imposed in the selection of literature.
The impact of directly applying surface coatings on the composite
cathode material to the electrochemical performance, especially
cycling stability, is tackled. The corresponding electrochemical
data of the modified electrode materials are summarized in
Table 3, retrieved from cycling tests performed at room tem-
perature in a half-cell configuration. Similar with powder ALD,
some studies did not report the coating thickness.*'7°7173
Moreover, it can also be observed that shorter cycling duration
(i.e. at most 30-50 cycles) has been imposed in some of the
electrode ALD studies examined.'*%'0>166168,171172,176,177 nyyye
to the limited and varied cycling test data provided by the
studies, the capacity retention of the electrode ALD-coated CAM

MO, coating

CE m

ALD: M,/O,

Abbreviations:
CE: composite electrode
M: transition metal or semimetal
X,: volatile precursor (source for
the specified chemical element X)

ALD: Li/M,/0, S

electroder CE

ALD: (Li or M),/(F),
CE

Fig. 11 Scheme of electrode ALD-based approaches to obtain coated
composite electrode categorized by the nature of the coating material.
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and the corresponding percentage change with respect to the
uncoated sample has been reported. In the following sections,
different electrode ALD coatings are presented, discussed
based on the type of CAM utilized in the composite electrode
including LCO, Ni-rich NMC, LLO, LMO, and LNMO.

2.2.1 Layered CAMs

2.2.1.1 LCO. As previously discussed, the actual practical
capacity of LCO is significantly lower due to cation disorder in
the structure and unwanted phase transition at high SOCs.
These phenomena result to dissolution of Co into the electro-
lyte and cracking within the LCO particles.>”">>'”! Several
studies have successfully addressed these degradation mecha-
nisms by utilizing electrode ALD to develop a surface coating
layer that protects the bulk LCO, leading to an improved
electrochemical performance.

Al,03, TiO,, and ZrO, are the most commonly studied ALD
metal oxide coatings on LCO electrodes. Li et al.'** conducted a
comparative study on the effects of the aforementioned metal
oxides on the cycling performance and rate capability of a
commercial LCO at a high cutoff of 4.5 V. Upon choosing the
optimal thickness (2 ALD cycles), the cycling results show that
the electrode ALD coatings can improve the cycling stability of
LCO, with ALO; retaining ~148 mA h g~ ' and achieving the
highest capacity retention after 100 cycles at 1C. Compared
with the uncoated sample, the capacity retention increased by
10.7% for TiO,, 12.6% for ZrO,, and 23.0% for Al,0O;-coated
LCO. On the other hand, the ZrO,-coated LCO demonstrates
the best rate capability, driven by the coating material’s high
electrical conductivity.'**

An earlier work by Cheng et al.'”* also cited Al,O; as a better
coating material than TiO,, in terms of improving the cycling
performance of LCO, as illustrated in Fig. 12. Based on the
band line-up analysis, the study found out that the Al,O; layer
does not participate in the redox reactions due to its large band
gap, thereby leading to a stable LCO structure during the
charge-discharge processes. However, similar with the powder
ALD findings, it is important to optimize the coating thickness
due to the poor electronic and ionic conductivity of Al,O;.
Notably, despite the thicker (2-3 nm) Al,O; coating developed
on the composite electrode, the capacity retention improved by
71% compared with bare electrode after 45 cycles (Fig. 12).
A longer cycling duration is recommended to make reliable
conclusions about stability. More Al,0O;-coated LCO electrode-
related studies’*'7%'7*'® are listed in Table 3.

While metal oxide ALD coatings have demonstrated their
effectiveness in improving the cycling stability of LCO-based
LIBs, their instability toward hydrofluoric acid (HF) exposure
limits further cycling stability enhancement, especially at high
voltage operation. The presence of HF is driven by the reaction
between water and lithium salt (e.g. LiPFs) in the electrolyte.
The formed HF may attack the CAM, resulting to TM dissolu-
tion and thickening of CEL.”* These drawbacks have led to the
exploration of metal fluoride-based coatings to address the
corrosive effects of HF."””

The study of Zhou et al.'’® validates the superior cycling
stability of a metal fluoride over a metal oxide-based coating

© 2025 The Author(s). Published by the Royal Society of Chemistry
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Table 3 Electrochemical performance data of CAMs coated by electrode ALD and tested in half-cell configuration

Active Coating ALD Thickness, Current, Working Cycle
material material cycles nm mA g ! potential Capacity retention, % number Ref.
LCO Al 05 2 ~0.264 140 3.0-45V 94.0 (A23.0%) 100 123
AlLO, 2 0.3-0.4 140 3.3-4.5V ~79.0 (A39.0%) 120 74
Al O3 2 0.33-0.66 500 3.3-45V ~100.0 (A100.0%) 200 178
Al, 05 2 — 160 46V 18.0 100 170
Al O3 10 2-3 — 2.8-4.5V ~60.0 (A56.0%) 50 176
Al 05 10 2-3 — 3.0-45V 76.0 (A71.0%) 45 171
TiO, 2 ~0.224 140 3.0-45V 81.6 (A10.7%) 100 123
TiO, 50 — — 3.0-4.5V 71.0 (A68.0%) 45 171
ZrO, 2 ~0.256 140 3.0-45V 83.5 (A12.6%) 100 123
AIW,F, 5 ~1 20 2.5-4.4V 99.0 (A14.0%) 50 177
AlF; 2 — 160 45V 91.0 100 170
AlF; 2 — 160 4.7V 70.0 160 170
NMC532 Al 05 4 ~0.44 200 3.0-46V 75.5 (A15.6%) 100 168
Al, O3 4 ~0.44 200 2.0-4.8V 76.8 (A18.4%) 30 168
Al 05 5 0.5-1.5 85 3.0-45V 85.0 (A10.0%) 100 179
NMC622 Al 05 5 2-4 80 3.0-43V (A9.1%) 110 164
Al O3 10 ~1.0 90 3.0-43V 84.9 (A3.6%) 45 165
Al 05 10 ~1.0 90 3.0-45V 89.7 (A13.5%) 45 165
Al 05 10 ~1.0 90 3.0-4.7V 87.8 (A11.9%) 45 165
Al,O3 20 ~2.0 90 3.0-43V 92.0 (A10.7%) 45 165
Al 05 20 ~2.0 90 3.0-45V 94.5 (A18.3%) 45 165
ALO, 20 ~2.0 90 3.0-4.7 V 89.5 (A13.6%) 45 165
Al 05 40 ~4.0 90 3.0-43V 82.3 (A1.0%) 45 165
Al 05 40 ~4.0 90 3.0-45V 85.3 (A9.1%) 45 165
AlLO, 40 ~4.0 90 3.0-4.7 V 85.9 (A10.0%) 45 165
ZrO,, 5 ~0.8 90 3.0-45V 86.0 (A10.0%) 50 166
ZrO, 20 ~3.2 90 3.0-45V 94.0 (A18.0%) 50 166
ZrO, 40 ~6.5 90 3.0-45V 82.0 (A6.0%) 50 166
TiO, 50 3-5 180 3.0-44V 75.0 (A14.0%) 100 29
TiO, 50 3-5 180 3.0-46V 54.0 (A24.0%) 100 29
Li, Ti,O, 10 2-3 180 3.0-44V 82.0 (A21.0%) 100 29
Li,Ti, 0, 10 2-3 180 3.0-46V 67.0 (A37.0%) 100 29
NMC71.51.5 Al 05 5 2-4 80 3.0-43V (A14.0%) 110 164
NMC811 Al 05 5 2-4 100 3.0-43V (A14.4%) 110 164
LiAlF, 20 — 50 2.75-4.5V 76.0 300 41
LiF 150 13-15 200 3.0-4.6 V 85.0 (A6.0%) 100 56
LLO Al 05 2 — 25 2.0-4.8V 95.6 (A15.6%) 30 104
Al 05 10 — — 2.0-4.6 V 96.2 (A4.9%) 25 172
Zno 5 1.5 + 0.3 — 2.0-4.8V 78 (A10.0%) 80 173
TiO, 10 1.5+ 0.3 — 2.0-4.8V 94 (A26.0%) 80 173
ZnO-TiO, 4/6 1.7 £ 04 — 2.0-4.8V ~97 (A29.0%) 80 180
AlF;-Al, 03 5/1 — 250 2.0-4.8V 84 (A59.0%) 200 174
LMO Al 05 6 0.9 300 3.4-45V ~95 (A17.0%) 100 42
Al 05 6 <1.0 120 3.4-45V 54.7 (A5.4%) 100 78
Al O3 10 ~1 148 3.5-44V ~64 (A38.0%) 500 181
ZnO 6 ~1 120 3.5-45V ~76 (A26.7%) 100 78
Zno 6 ~1 120 3.5-4.5V ~87 (A1.2%) 100 138
ZnO 6 1.02 120 3.4-45V ~69 (A21.0%) 100 137
TiO, 15 ~1.0 60 3.0-45V 95 (A5.6%) 140 62
ZrO, 6 1.74 120 3.4-4.5V 70 (A20.5%) 100 78
ZrO, 6 1.74 120 3.4-45V 70 (A20.0%) 100 139
LNMO Al 05 10 1.2 70 3.5-5.0V 91 (A16.0%) 200 65
Al O3 6 <1 73.5 3.5-49V 98 (A14.0%) 200 182
AlPO, 10 — — 3.5-5.0V 94 (A25.0%) 100 175

The symbol and corresponding percentage refer to the relative change of the reported value with respect to the uncoated CAM (increased A,

decreased ¥, not changed H).

when applied on a free-standing LCO/multiwall carbon nano-
tube/nanocellulose fibril (LCO-MWCNT-NCF) electrode. Using
Li metal as the counter electrode, the cycling stability has been
evaluated at different cutoff levels. With 2 ALD cycles of AlF;,
LCO-MWCNT-NCF sustains 75.7% (216 mAh g " to 163 mAh g™ )
of its initial capacity after 100 charge-discharge cycles at 4.7 V.
On the other hand, the Al,O;-coated LCO-MWCNT-NCF struggles

© 2025 The Author(s). Published by the Royal Society of Chemistry

to maintain its performance at a lower cutoff of 4.6 V, losing 82%
(149 mAh g " to 25 mA h g ") of its initial capacity after 100 cycles.
Due to its wide band-gap dieletric, AlF; is electrically insulating.
Thus, thickness optimization is a crucial parameter in the elec-
trode coating design."”’® The work of Park et al'”” also demon-
strates the superior cycling enhancement of a metal fluoride
coating, AIW,F,, deposited on a LCO electrode using 5 ALD cycles,
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Fig. 12 Comparison of cycling performance of (a) bare, (b) ALOs, and
(c) TiO,-coated LCO electrodes using 10 and 50 ALD cycles, respectively.

Reprinted with permission from ref. 171. Copyright 2012 American
Chemical Society.

which reported a 99% capacity retention compared with 85% for
bare LCO after 50 cycles.

2.2.1.2 Ni-rich NMC. To achieve higher energy density LIBs,
the use of Ni-rich NMC and a high cutoff potential are
necessary.'" However, these strategies also accelerate the degra-
dation processes, leading to rapid cell capacity fade.'®® The
application of surface coating on Ni-rich NMC via electrode
ALD aims to lessen the interfacial instabilities faced during
cycling.’®” The coating serves as a barrier to lessen the detri-
mental side reactions that occur between the highly delithiated
NMC and the electrolyte."® Considering the different NMC
compositions and coating materials available, it is crucial to
understand the role of the ALD parameters employed in enhan-
cing the electrochemical performance of LIBs.'®* The following
discussion will focus on electrode ALD studies that utilized
Ni-rich NMC electrodes such as NMC532, NMC622, and
NMC811. Lower Ni concentration such as NMC111 are dis-
cussed elsewhere.'®%'%>

Electrode ALD deposition of Al,O; has also been successfully
implemented in NMC532 and NMC622."%>¢%179 In the study of
Su et al.,"’® the effect of 2, 5, 8, and 10 ALD cycles of Al,O;
deposited on a NMC532 electrode have been investigated. A
comparison of the TEM images of the uncoated (Fig. 13a) and
Al,O;3-coated (Fig. 13b) NMC532 electrodes confirms the devel-
opment of a uniform and dense coating with a thickness of
1-3 nm. The study reported that the thickness of Al,O; has a
direct influence on the electrical conductivity and Li" diffusion,
citing 5 ALD cycles to be the most optimal thickness. After 100
cycles at 0.5C (85 mA g~ ') from 3.0-4.5 V, the Al,0;-coated
NMC532 reported 10% higher capacity retention compared to
the uncoated sample (~138 mAh g ' vs. ~117 mA h g "). The
coating assisted in reducing the parasitic side reactions at the
interface, resulting in lesser R. growth during cycling. Shi
et al."®® also developed Al,O; coating on NMC532 electrode,
which was tested up to 4.8 V. As expected, the Al,O;-coated
electrode exhibits an improved cycling stability compared with
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10 nm 210 Am

Fig. 13 TEM images of (a) uncoated and (b) Al,Oz-coated (10 ALD cycles)
NMC532. Inset: Corresponding Fast Fourier Transform diagram and lattice
fringes. Reprinted with permission from ref. 179. Copyright 2015 American
Chemical Society.

the uncoated sample. At 3.0-4.6 V, the Al,Oz-coated NMC532
delivers a 75.5% (182 mA h g~ ' to 137 mA h g~ ') capacity
retention compared to 59.9% (198 mA h g " to 116 mA h g™ )
for the uncoated electrode, after 100 cycles at 1C. Due to the
more severe parasitic side reactions occurring between the
highly delithiated NMC532 and the electrolyte, the capacity
retention at the 30th cycle with 4.8 V cutoff potential is already
comparable to the 100th cycle capacity retention when the
cutoff potential is 4.6 V. Nonetheless, Al,O; coating still pro-
tects the electrode material from direct contact with the elec-
trolyte, thereby suppressing irreversible side reactions.

Wang et al.'® investigated the effect of different Al,Os
coating thicknesses on the cycling performance of NMC622
electrode when tested at different cutoff potentials. In all the
cycling windows tested, the sample with 2 nm Al,O; (ALD-20; 20
ALD cycles) reported the highest capacity retention values after
45 cycles at 92.0%, 94.5%, and 89.5% for 4.3, 4.5, and 4.7 V
cutoff, respectively. The R.. for bare NMC622 increases as the
cycling window increases, resulting in decreasing capacity
retention of 81.3%, 76.2%, and 75.9% for 4.3, 4.5, and 4.7 V
cutoff, respectively. Interestingly, the harsh operation at 4.7 V
did not severely impact the reversible capacity of the Al,O;-
coated NMC622, which reported the highest discharge capacity
of ~177 mA h g™ ! at the 45th cycle. Liu et al.'®® also demon-
strated the importance of determining the optimal coating
thickness in improving capacity retention in their study of
ZrO,-coated NMC622 electrodes. The study reported that the
ideal coating thickness should be ~3.2 nm (20 ALD cycles),
which exhibited a 94% capacity retention compared with bare
NMC622 at 76%, after 50 cycles at 0.5C. A lower thickness value
might be too thin to protect the NMC622 cathode material but a
thicker coating might impede the Li" mobility and result in
lower discharge capacity.®® Unfortunately, a direct comparison
with the ZrO,-coated NMC622 by powder ALD is not plausible
due to the difference in discharge current employed. An extended
cycling period can help provide more information about the
impact of coating thickness and testing parameters to the efficacy
of the Al,O; and ZrO, coatings.

The development of lithium-containing coating materials,
especially those with relatively higher Li*, can address the
concern regarding lower initial capacity performance, brought
about by the relatively poor ionic and electronic conductivity of

© 2025 The Author(s). Published by the Royal Society of Chemistry
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metal oxide-based coatings. The study of Ahaliabadeh et al.*
compared the electrochemical performance of NMC622 elec-
trodes coated with TiO, (TO) and Li,Ti,O, (LTO) via electrode
ALD. Tt highlights the higher Li" diffusivity that occurs in the
LTO-coated electrode, which provides better reversibility due
to smoother Li' intercalation/deintercalation. LTO-coated
NMC622 (2-3 nm; 10 ALD supercycles) exhibits an improved
capacity retention compared with bare at both cutoff potential
of 4.4 V (by 21%) and 4.6 V (by 37%). TO-coated NMC622 (23-
5 nm; 50 ALD cycles) was found to be more stable than bare but
still lost more capacity during long-term cycling compared with
LTO. These results confirm that the utilization of Li-containing
surface coating can provide better Li" mobility due to the higher
conductivity provided by the coating structure.”® An in situ dilato-
metry test shows that the bare NMC622 experiences a large
irreversible height change during the initial cycling, which can
lead to severe mechanical deformations within the composite
electrode. This result is supported by the post-mortem analysis
wherein less microcracks are observed in the coated-NMC622.>°

Recent electrode ALD modifications on the Ni-rich NMC811
have been focused on metal fluorides including LiAlF, and
LiF.*"® These type of coating materials are also desirable in
surface coating modification application due to their electro-
chemical inertness, chemical stability, and Li" conductivity.
The study of Xie et al.** shows that having a stable and Li"
conductive interfacial layer is advantageous when it comes to
improving cell performance. At 2.75-4.5 V, the bare NMC811
suffered 29% capacity loss at 113 cycles while the LiAlF,-coated
NMC811 passed 300 cycles before experiencing 24% capacity
loss. Lithium fluoride (LiF) is a byproduct of the electrolyte
decomposition and is one of the main components in the CEL
It is beneficial as a coating when utilizing high-voltage opera-
tion since it has a wide stable operating window.’® However,
LiF has a relatively low Li" conductivity. The work of Llanos
et al.>® underscores the advantage of utilizing ALD as it can
control the uniformity and thickness to allow the formation of a
coating without significantly impeding charge transfer at the
electrode-electrolyte interface. Uncoated and LiF-coated
NMC811 electrodes were evaluated at a high cutoff potential
of 4.6 V at 1C (200 mA g~ '). Notably, the 13-15 nm LiF coating
assisted in retaining 161 mA h g~ ' after 100 cycles. Compared
with uncoated NMC811, the capacity retention improved by 6%
which is ascribed to the reduced detrimental side reactions
between NMC811 and the electrolyte, helping minimize impe-
dance growth and active material loss.”®

Overall, the electrode ALD studies on Ni-rich NMC demon-
strated the enhancement of capacity retention, regardless of the
type of coating. Interestingly, even with the higher number of
ALD cycles employed compared with powder ALD, remarkable
cycling stability enhancements are observed. Therefore, it is
recommended to utilize lower ALD cycle numbers, especially for
the metal fluoride-based coatings, and evaluate if this can improve
Li* kinetics and further enhance the cycling performance.

2.2.1.3 LLO. Several electrode ALD coatings have been inves-
tigated to address voltage fading in LLOs, including

© 2025 The Author(s). Published by the Royal Society of Chemistry
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A1203,104,172,174,186,187 LiAle,186 Zr02,186 Tioz,173,186 Zn0,173
and AlF;."”* In the study by Jung et al,'®* the application of
6 ALD cycles of Al,O; on Li[Liy ,Mng 54Nig 13C04 13]O, electrode
resulted in enhanced cycling performance, delivering a capacity
of ~220 mA h g™ " after 30 cycles at 0.1C in a 2.0-4.8 V potential
window. On the other hand, the bare electrode exhibited only
~192 mA h g~ " after 30 cycles. To boost Li* conductivity, the
coated electrodes were heat treated at 300°C to induce inter-
atomic diffusion between the coating and bulk materials
and form more Li" conductive phases. After heat treatment,
the Al,Os-coated electrode exhibited a specific capacity of
~242 mA h g~' after 30 cycles, while the heat-treated bare
electrode delivered only ~204 mA h g~'. While in both cases
heat treatment led to an increase in capacities, the difference in
capacity values was higher for the coated electrode.

The effect of TiO, and ZnO coatings on the electrochemical
performance of the Li; ,Mn, ¢Ni, ,0, electrode was investigated
by Wang et al.'”® Interestingly, TiO, deposition produces an
even and uniform coating with 1.5 nm (10 ALD cycles) thick-
ness, while ZnO deposition (5 ALD cycles) results in a less
uniform coating layer, as illustrated in Fig. 14a—c. Both coated
samples demonstrate better capacity retention, with TiO, and
ZnO retaining 94% and 78% of their capacity, respectively,
compared to 68% for the pristine sample after 80 cycles at
0.5C in a 2.0-4.8 V potential window (Fig. 14d). Furthermore,
the TiO,-coated sample exhibits enhanced rate capability, with
a high initial specific discharge capacity of 242 mA h g™ ' at
0.04C. The improvement in rate performance is attributed to
the lower R, reported in the EIS measurements, which is due to
the pinhole-free nature of the TiO, film."”® By combining the
step-by-step ALD deposition of 4 ALD cycles of ZnO followed by
6 ALD cycles of TiO,, Wang et al.'®® obtained a ZnO-TiO,-
coated Li; ,MngeNip,0, electrode, which exhibited a higher
initial specific discharge capacity (240 mA h g™') compared
with the pristine sample (228 mA h g™'), and higher capacity
retention (~97% for coated vs. ~68% for pristine) after
80 charge-discharge cycles.

Yu et al'’® studied the influence of the dual-coating
approach by applying different numbers of Al,O; and AlF;
ALD cycles in a step-by-step process onto Li; ;Mng 54C0g 13-
Nig130,. The LLO electrode with 1AIF;-5A1,0; coating (1 ALD
cycle of AlF; followed by 5 ALD cycles of Al,O3) exhibited
the highest capacity retention of ~84%, compared to 25%
for the uncoated electrode after 200 cycles at 1C between 2.0 V
and 4.8 V. XPS results indicated the formation of a LiAlF,
film during cycling, which can suppress side reactions
between the electrolyte and electrode. The decrease in R.; of
the 1AlF;-5Al,0;-coated LLO electrode during the cycling is
also due to the formation of a more stable and conductive
LiAlF, film.

It is worth noting that a number of the electrode ALD studies
performed on layered CAMs tested the cycling performance in a
full cell configuration. The absence of Li metal as the counter
electrode allows longer cycling period evaluation due to the
lesser deleterious side reactions with the electrolyte and the
possibility of Li dendrite formation.”® Table 4 lists the studies
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Fig. 14 TEM images of the (a) pristine, (b) ZnO-coated (P@ZnO), and
(c) TiO,-coated (P@TIO,) Lij 2MnggNig 20, electrodes and their corres-
ponding (d) cycling performance at 0.5C. Reprinted with permission from
ref. 173. Copyright 2018 American Chemical Society.

that also investigated the cycling stability of electrode ALD-
coated CAMs using graphite as the counter electrode.

Jung et al.*®® further evaluated the efficacy of Al,O; coatings
by performing cycling tests in a full-cell configuration. When
tested at 3.25-4.45 V vs. graphite, the coated electrode delivered
42% higher capacity retention than bare LCO after 100 cycles.
The Al,0; electrode coating (0.2-0.3 nm) protects the bulk LCO
from undesirable reactions with the electrolyte which may lead
to active material dissolution."®® Ahn et al.'®” evaluated the full-
cell cycling stability of ZrO,-coated NMC532 at a high cutoff
potential of 4.6 V vs. graphite. After 100 cycles at 0.5C, bare
NMC532 reported a capacity retention of 71.6% while the ZrO,
coated samples deliver 77.6% and 73.4% capacity retention for
5 (0.25 nm) and 20 (1.0 nm) ALD cycles, respectively. The
thicker coating yields a higher resistance due to the longer
Li" diffusion pathway. Moreover, even at a faster C rate of 1C,
the ZrO,-coated NMC532 showed a higher capacity retention of
77.4% compared with bare NMC532 at 61.6%. As a HF scaven-
ger, ZrO, helps curb active material dissolution. This is
supported by the appearance of ZrF, peak in the F 1s spectra
of the cycled NMC532 electrode."®” Neudeck et al.®® evaluated
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the cycling stability of Al,0;-coated NMC622 electrodes against
graphite anodes. The study demonstrated similar cycling per-
formances for 4-ALD (~ 0.5 nm) and 10-ALD (~1.3 nm) cycles
of Al,0;, which reported 126.5 mA h g ' and 127.2 mA h g *
specific discharge capacity, respectively, after 1400 cycles.
A 3.2-3.7% increase in capacity retention is achieved by the
Al,O;-coated NMC622 electrodes compared with the uncoated
sample. Bare and LiF-coated NMC811 (13-15 nm) electrodes
were evaluated at a high cutoff potential of 4.5 V vs. graphite at
1C (200 mA g ') for 500 cycles. The LiF-coated NMC811
retained 147 mA h g™, which is 6% higher in capacity retention
compared with the bare after long-term cycling.>®

2.2.2 Spinel CAMs

2.2.2.1 LMO. In order to address capacity fading of a LMO
cathode material during cycling, amphoteric oxides that act as
HF scavengers and form stable artificial interfaces were
employed.*>®*'8118% The effect of ultrathin conformal Al,O;
coating by electrode ALD with various thicknesses (0.6, 0.9, and
1.2 nm) on LMO cathode performance have been investigated
by Guan et al.** The electrode with 0.9 nm (6 ALD cycles) thick
Al,O; coating exhibited superior cycling performance, deliver-
ing an initial capacity of 101.5 mA h g~ and maintaining a
capacity of 96.5 mA h g~ ' after 100 cycles within a voltage range
of 3.4-4.5 V at 2.5C. In contrast, the bare electrode’s capacity
declined from an initial value of 100.6 mA h g~ to a mere
78.6 mA h g~ " at the 100th cycle. The study revealed a critical
threshold for coating thickness. The electrode coated with a
1.2 nm (8 ALD cycles) thick Al,O; layer demonstrated the lowest
initial capacity (~75 mA h g "), which was attributed to a
significant decrease in the electronic conductivity of the active
material, leading to slower charge-discharge kinetics and a
noticeable capacity loss. At the same time, the electrode with
0.6 nm (4 ALD cycles) Al,O; coating delivered a capacity of
85.6 mA h g~ " at the 100th cycle, due to insufficient protection
of the active material by extremely thin coating. Thus, these
results underscore the critical role of precise coating thickness
in enhancing the cycling performance of LMO electrodes.

The resistive nature of 1 nm thick Al,O; coating was further
studied using a 100 nm LMO electrode as a model.'*® The study
revealed that the coating effectively postponed the onset of
irreversible Li loss, shifting the critical potential up to 4.4 V.
This finding suggests that the Al,O; layer enhances surface
stability by mitigating premature oxidation. Authors concluded

Table 4 Electrochemical performance data of layered CAMs coated by electrode ALD and tested in full cell configuration

Active Coating Thickness, Current, Working potential anode; Capacity retention, Cycle

material material nm mA g’ range % number Ref.

LCO ALO; ~0.2-0.3 140 Graphite; 3.25-4.45 V 89.0 (A42.0%) 100 188

NMC532 ZrO, ~0.25 — Graphite; 2.7-4.6 V 77.6 (A6.60%) 100 167
ZrO, ~1.0 — Graphite; 2.7-4.6 V 73.4 (A1.8%) 100 167

NMC622 ALO; ~0.5 160 Graphite, 2.8-4.2 V 85.3 (A3.7%) 1400 66
Al O3 ~1.3 160 Graphite, 2.8-4.2 V 84.8 (A3.2%) 1400 66
TiO, ~3-5 180 Graphite; 3.0-4.4 V 80.0 (A20.0%) 200 29
Li, Ti,0, ~2-3 180 Graphite; 3.0-4.4 V 83.0 (A23.0%) 200 29

NMC811 LiF ~13-15 200 Graphite; 2.8-4.5 V 87.0 (A6.0%) 500 56

The symbol and corresponding percentage refer to the relative change of the reported value with respect to the uncoated CAM (increased A,

decreased ¥, not changed H).
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that the 1 nm Al,O; coating does not suppress CEI layer
formation and introduced an additional rate-limiting step,
potentially impeding Li* movement and overall electrode per-
formance. In a separate study, Waller et al.'®! also proved the
importance of coating thickness tuning using Al,0; ALD coat-
ing on LMO coated-carbon fiber electrodes. The study revealed
that LMO electrode with thinner Al,O; coating (~1 nm; 10 ALD
cycles) delivered a 2.5 times greater capacity retention than the
uncoated LMO after 500 cycles at 1C. On the contrary, a LMO
electrode with a thicker Al,O; coating (5.1 nm; 50 ALD cycles)
exhibited comparable capacity retention to the thinner coating
after only 300 cycles. The rate capability test also demonstrated
the superior behavior of the electrode with the thinner coating,
which retained 99.1% of the original C/5 capacity after cycling
at higher C rates (10C) and returning to C/5, compared to
93.5% for the uncoated LMO electrode. The ALD coating was
suggested to act as a protective barrier against electrolyte
degradation, forming aluminum-oxy-fluoride compounds that
scavenged HF from the electrolyte, further enhancing electrode
longevity and performance.

ZnO is a promising alternative to Al,O; coating, which
enhances the specific capacity and capacity retention of LMO
electrodes, both at room temperature and at 55 °C.”>"*” When
comparing ZnO with other metal oxide coatings, Zhao et al.”®
showed that ZnO-coated LMO outperforms both ZrO, and
Al,05-coated LMO, exhibiting 76.1% capacity retention after
100 cycles at 25 °C and 55 °C. At 55 °C, the conductivity of metal
oxides and Li" diffusion rate are improved, leading to higher
specific capacity of coated LMO electrodes. The ZnO-coated
LMO demonstrated the highest initial specific capacity of
84.9 mA h g ', compared to 80.4 mA h g ' and 79.0 mA h g '
of ZrO, and Al,0O;z;-coated LMO, respectively. The enhanced
cycling performance at elevated temperatures is important, as
higher temperatures generally accelerate Mn dissolution and
electrolyte decomposition.”® The correlation between coating
thickness and cycling performance is also observed for ZnO
coating. Ultrathin ZnO coating (0.34 nm) showed negligible
protective effects, delivering capacity retention of 69% and 53%
after 100 cycles at 25 °C and 55 °C, respectively.'*” At the same
time, thicker ZnO coating (1.07 nm) was found to impede Li"
diffusion. Even higher capacity retention was achieved by coat-
ing a LMO/graphene composite electrode with 6 ALD cycles
of Zn0."® The resulting ZnO-coated LMO/graphene elec-
trode demonstrated the highest initial discharge capacity of
142 mA h g~ ' and the highest capacity retention of 86.5% after
100 cycles at 1C and upper cutoff of 4.5 V. On the other hand,
bare LMO/graphene electrode delivered 135 mA h g~ " at the 1st
cycle, and exhibited 85.1% capacity retention after 100 cycles.

Although only an ultrathin layer (<1 nm) of Al,0; and ZnO
can provide sufficient protection against undesired side reac-
tions without aggravating the kinetics, a 5 nm layer of TiO, is
still a suitable coating for LMO electrode to protect the cathode
from surface degradation and Mn dissolution while avoiding
significant kinetic barrier to Li* movement. Mattelaer et al.*°
used 100 nm LMO electrode as a model to coat with 5 nm of
TiO, by electrode ALD. The TiO,-coated LMO displayed better

© 2025 The Author(s). Published by the Royal Society of Chemistry
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kinetics after overcharging to 4.5 V vs. Li/Li', as evidenced by
the sharper and less separated peaks in the cyclic voltammo-
grams compared to an uncoated LMO and LMO coated with
1 nm layer of Al,O;. On the contrary, Zhang et al.®> demon-
strated the deterioration of Li* diffusion when the TiO, coating
thickness on LMO electrode was about 2.6 nm. At 25 °C, the
coated LMO electrode with 40 ALD cycles of TiO, exhibited
the lowest initial discharge capacity of ~95 mA h g™, while the
LMO electrode coated with 15 ALD cycles (1 nm) of TiO,
delivered about 128 mA h g~ ' (Fig. 15a). With the optimal
thickness of 1 nm, the TiO,-coated LMO electrode achieved
remarkable capacity retention of 95% after 150 cycles at 0.5C in
a voltage range of 3.0-4.5 V. This result is attributed to the
protective properties of uniform TiO, layer against electrolyte
side reactions at the LMO surface. At elevated temperatures
(55 °C), the LMO electrode with optimal coating maintained
62.4% capacity retention after 150 cycles, outperforming
uncoated LMO electrodes at 56.1% (Fig. 15b). This improve-
ment is suggested to stem from the ability of TiO, to mitigate
Mn dissolution, which is particularly crucial at higher tempera-
tures where LiPFs decomposition accelerates HF production.

2.2.2.2 LNMO. Al,0; has also been utilized as an ALD coat-
ing deposited directly on a LNMO composite electrode. Fang
et al.*® examined the effect of Al,0; coating thickness on the
cycling stability of a LNMO electrode by varying the number of
ALD cycles (3, 10 and 30). Based on preliminary tests at 25 °C
and 55 °C, the LMNO coated with 10 ALD cycles (~1.2 nm)
demonstrated the best cycling performance. This coating thick-
ness was determined as a sweet spot between enhancing the
electrochemical performance and minimizing inhibition of Li"
and electron transport kinetics. In a half-cell configuration,
LNMO coated with 10 ALD cycles maintained 91% of its initial
capacity compared to 75% capacity retention of the uncoated
LMNO after 200 charge-discharge cycles at 0.5C in a voltage
range of 3.5-5 V. At an extended cycling period of over
900 cycles, the Al,O;-coated electrode exhibited superior per-
formance, delivering 63% capacity retention. The authors attri-
bute the improved performance to the protective effect of the
Al,O3 layer, which shields LNMO from undesirable side reac-
tions during cycling, including HF etching and active material
dissolution.

In order to fully understand the mechanism behind the
improved cycling performance due to the ultrathin Al,O; coating,
Fang et al'' employed a dual approach using ensemble-
averaged soft X-ray absorption spectroscopy (XAS) at the electrode
level and nanoscale scanning transmission electron microscopy-
electron energy loss spectroscopy (STEM-EELS) on the sur-
face at the particle level. To investigate the cumulative effect
during long-term cycling, both uncoated and Al,Oz-coated
(10 ALD cycles) LMNO electrodes were cycled at 0.2C between
3.5-5.0 V for 35 cycles before XAS measurements. Even after
35 cycles, the Al,O3-coated electrode exhibited higher capacity
retention (98.8%) compared to the uncoated electrode (97%), as
evidenced by the higher overpotential evolution observed for
the uncoated LMNO. The comprehensive analysis revealed that
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Fig. 15 Comparison of cycling performance of pristine and TiO,-coated
electrodes using different ALD cycles at (a) 25 °C and (b) 55 °C. Reprinted
with permission from ref. 62. Copyright 2018 American Chemical Society.

the Al,O; ALD coating suppresses Mn”" evolution and reduces
impedance buildup, resulting in less capacity fading. Another
study also reported the reduction of the undesired reaction
between the LNMO surface and the organic component of
electrolyte, achieved by Al,0; ALD coating.'®* In this work,
the electrode with only 4 Al,O; ALD cycles (0.4 nm) retained
more than 92% of its original capacity compared to 84%
capacity retention of the uncoated material after 200 cycles at
0.5C tested between 3.5-4.9 V. After 500 cycles, the surface
chemistry of both electrodes was studied by XPS, which
reported that the surface of the Al,0;-coated electrode carries
a lower amount of oxygen-containing organic layer. Therefore,
the main effect attributed to the Al,O; ALD coating is the
protection of the LNMO surface from undesired side reactions
occurring at the electrode-electrolyte interface,'®* including
minimizing dissolved metal species,®'*** and HF etching.®®

Deng et al.'”> developed an AlPO, coating for LNMO electro-
des via ALD. The LNMO electrode coated with 10 ALD cycles of
AIPO, delivered a lower initial specific discharge capacity of
100.6 mA h g~ but exhibited high capacity retention of 74.9%
when cycled at 0.5C in a 3.5-5.0 V potential window for 350
cycles. In comparison, the uncoated LNMO electrode showed
an initial specific discharge capacity of 116.3 mA h g~ " but had
a lower capacity retention of 45.1%. Based on synchrotron X-ray
absorption near edge structure (XANES) and XPS results, it was
hypothesized that ALD AIPO, coating can serve not only as an
inhibitor of Mn dissolution, but also can transform into a
stable CEI layer during cycling. This layer prevents electrolyte
decomposition and protects the LNMO structure. Another
phosphate-based coating was applied by ALD onto the LNMO
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surface. Hallot et al.'®* developed a nanometer-thick Li;PO,
layer coating via ALD onto a sputtered LNMO film. Specifically,
a 500 nm thick LNMO film with 50 ALD cycles (3 nm) of LizPO,
coating extended the cycling lifetime by 6.5 times longer.
During cycling at 1C (4.4-4.8 V), the uncoated sample failed
after 180 cycles, whereas the coated sample showed a pro-
longed life of up to 850 cycles. Although the coating layer was
believed to help with preventing undesired surface reactions of
LNMO films and improving the lifetime of the electrode, it was
difficult to avoid mechanical degradation of the LNMO during
cycling.

3 Summary and perspective

Based on a large collection of data analyzed in this review
article, ALD is proven to be an effective technique in developing
coating layers on the surface of cathode materials to enhance
the electrochemical performance, specifically cycling stability,
of LIBs. The ALD coatings, whether formed directly on a powder
active material or composite electrode, acted as a protective
layer between the bulk electrode and electrolyte, thereby reduc-
ing harmful side reactions at the interface and active material
dissolution into the electrolyte. In this work, the unique
characteristics of ALD and its benefits in cathode material
modification have been highlighted, which include the
following:

e Possibility of deposition on various porous substrates
which allows either active material powder or composite elec-
trode coating;

e Ability to control the coating thickness at a nanometer
level, which is crucial in ensuring enough barrier layer is
formed to protect the bulk electrode without significantly
impeding Li* transport;

e Suitability for many types of coating materials, such as
metal oxides, metal fluorides, and Li-containing mixed oxides,
making ALD a versatile technique for developing new coating
materials.

On the basis of the surface coatings examined, whether via
powder ALD or electrode ALD, it can be concluded that metal
oxides are the most studied ALD coating material types for inter-
calation cathodes. Specifically, Al,O3 is the most frequently used
ALD coating material nowadays. The low cost of different pre-
cursors, and the possibility to use moderate temperatures for
deposition make it easy to employ this material as a coating.
However, the electrochemical enhancement is limited by its low
ionic and electronic conductivity. Thus, other metal oxide based
materials are gaining popularity as well due to their higher
conductivity such as ZrO,, TiO,, ZnO, and CeO,. In general, these
coating materials are good protective layers to enhance interfacial
stability, leading to better cycling performance.

In comparing the results of powder coatings, it can be
surmised that the development of new coatings based on a
single p- or d-block metal oxides has likely reached its peak.
This is evident from the fact that Al,O;-coated materials per-
form comparably, and often better, than those coated with rarer

© 2025 The Author(s). Published by the Royal Society of Chemistry
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oxides. Therefore, future efforts should focus on multi-metal
and post-processed oxides, as well as non-oxide-based coatings.
Of particular interest are Li-containing mixed oxides, which can
be obtained either directly through ALD with a Li precursor or
via post-heating of a single metal oxide coated active material.
The latter process promoted lithiation of the coating material
and surface doping. Another promising approach involves a
two-stage process: first coating a hydroxide precursor of the
active electrode material with a metal oxide, followed by high-
temperature lithiation, which also results in Li-containing
coatings and surface dopings. Additional methods, such as metal
nanoparticle coatings and ALD-MLD, which promoted the cath-
ode materials specific capacity above the metal oxides level, also
warrant further exploration. On the other hand, the investigation
of metal oxide-based coatings for electrode ALD is still growing as
this process is found more favorable in terms of enhancing ionic
and electronic pathways. Moreover, the recent works on metal
fluorides also bring promising results, mainly due to their elec-
trochemical stability compared to metal oxide-based coatings.
The comparison of powder versus electrode ALD coatings
revealed a consistently higher value of the optimized coating
thickness in the latter process, which is expected due to the
need to coat the particles embedded deep within the composite
electrode structure. Fig. 16 provides a comparison of the cycling
performance of Al,O3-coated powder active material and com-
posite electrode based on their specific discharge capacity at
the 100th cycle. The best results obtained for both substrates
are shown, where the highlighted results refer to powder ALD
coating of CAM. It can be seen that both approaches produce
modified cathodes with similar performance. Aside from
ALD parameters, battery assembly and testing conditions vary
across the ALD studies tackled in this review article. These
include electrolyte composition, separator material, Li metal
counter electrode purity, active material loading, cycling mode
(e.g. constant current or constant current-constant voltage),
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Fig. 16 Specific discharge capacity at the 100th cycle vs. discharge
current for different CAMs coated with Al,Oz via powder and electrode
ALD. The highlighted data points specify the best cycling results obtained
with Al,Oz powder coating.
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among others. The challenge of comparing these parameters is
a well-known issue in the battery field, stemming from the lack
of standardized assembly and testing protocols. Thus, the
possibility of directly comparing the cycling behavior for some
materials is not possible. Overlap in data obtained for Al,O;-
coated LMO by powder coating and electrode coating indicates
the publication of the same data twice.*>""® Moreover, the
authors did not clearly specify the methods used for coating
in these papers. It was later found that in another article,
the authors reported the same data for LMO electrode coated
by 6 ZnO layers cycled at 55 °C.”%"7

The complexities of and differences in electrochemical test-
ing protocols posed several challenges during the data analysis
of the studies considered in this review. The difference in the
range of working potential window employed during cycling
tests must be noted when comparing results of similar coating
materials, as this parameter can substantially affect the electro-
chemical conditions. Due to the inherent low conductivity
and/or the extra layer of diffusion imposed by the coating
material, a slightly lower discharge capacity during the first
few cycles is sometimes obtained. However, this is compen-
sated by the improvement of performance as the cycling
progresses, resulting in higher capacity retention. Additionally,
the unavailability of thickness (in A or nm) data in research
articles makes it impossible to assess the specific optimal
thickness value. The reported growth rate of the ALD process
also varies from study to study (e.g. ~1.1 A for Al,0,,°%°%*°
and ~0.36 A for TiO, coating®*?"). It was observed that recent
studies usually report higher specific discharge capacities for
the coated material. It should be noted that sometimes the
enhanced behavior is due to the improvement in the manu-
factured reference material, rather than the coating effect.
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