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a b s t r a c t

Lithium batteries have an exceptional energy density, efficiency, and long service lives, but their anodes

show poor interfacial stability. This review summarizes recent advances in the use of atomic layer depo-

sition (ALD) for interfacial modification of lithium battery anodes. It focuses on challenges, including the

poor rate performance of intercalation-type anodes, the volume expansion and low initial Coulombic effi-

ciency (ICE) of alloy-type anodes, and dendrite growth and solid-electrolyte interphase (SEI) instability in

lithium-metal anodes. Based on this, the multifunctional roles of ALD-derived nanoscale passivation lay-

ers in regulating interfacial reactions, suppressing parasitic processes, and enhancing structural integrity

are discussed. By evaluating the ability of ALD to improve the cycling lifespan, rate capability, and ca-

pacity retention, its application potential for fabricating high-energy-density storage systems is analyzed.

This work provides theoretical principles and engineering pathways for the rational design of advanced

anode materials.

© 2026 Published by Elsevier B.V. on behalf of Chinese Chemical Society and Institute of Materia

Medica, Chinese Academy of Medical Sciences.

1. Introduction

Lithium batteries are an important energy storage solution used

in information systems, electric vehicles (EVs), and grid-scale en-

ergy storage due to their superior energy density and long cycle

lives [1–3]. As a critical component of lithium batteries, the anode

material determines the battery’s energy efficiency, cycling stabil-

ity, and safety [4]. Its structural and electrochemical properties de-

termine the reliability of redox reactions and performance under

extreme operating conditions. Consequently, research has focused

on the design and optimization of anode materials to simultane-

ously achieve high energy density and enhanced safety [5–7].

Lithium-ion battery anodes dominate the energy storage market

due to their more mature technology route, cost advantages, and

longer cycle lives [8,9]. Depending on the type of anode, lithium-

ion batteries can be classified into either intercalation-type anodes

or alloy-type anodes. Intercalation-type anodes (e.g., graphite, 372

mAh/g) deliver excellent cycling stability, yet suffer from a low the-

oretical capacity [10–12]. Alloy-type anodes have a high capacity
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(e.g., silicon, 4200 mAh/g) but undergo critical volume expansion

and form unstable solid-electrolyte interphase (SEI) layers [13,14].

Meanwhile, lithium metal anodes are ideal candidates for next-

generation anode materials due to their high theoretical specific

capacity (3860 mAh/g) and low electrochemical potential (−3.04V

vs. standard hydrogen electrode, SHE) [15–17]. However, they ex-

perience lithium dendrite growth and unstable solid-electrolyte in-

terphase (SEI) layer formation, which severely reduce their cycling

longevity and safety [18–20]. Addressing these limitations via inter-

facial engineering, structural design, and electrolyte optimization

has become the central focus of lithium battery anode research.

There are currently three main modification strategies: (1) Struc-

tural design to mitigate volume effects using porous frameworks

[21]; (2) electrolyte optimization to tailor the interfacial chem-

istry using functional additives [22]; and (3) interfacial engineer-

ing to enable site-specific modification with high efficiency and

broad applicability [23]. Among these, interfacial engineering is the

most common approach for high-energy-density systems because

it suppresses parasitic reactions and dendrite formation and also

enhances interfacial ion-transport kinetics and electrode structural

stability.

In contemporary interface engineering, building polymer-based

or inorganic artificial SEI layers is the favored strategy for estab-
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Table 1

Comparison of different surface coating methods in terms of their advantages, disadvantages, and suitable anode types.

Method Spin coating Evaporation Sol–gel Physical vapor

deposition (PVD)

Chemical vapor

deposition (CVD)

Atomic layer deposition

(ALD)

Advantages Simple operation,

low cost, suitable

for rapid

preparation of flat

films

High deposition

rate, high film

purity, simple

process

High adhesive

strength, low cost,

simple to perform

Relatively fast

process, low

temperature, low

cost

High growth rate,

simple, various

precursor

availability

Superior conformality and

uniformity, atomic-level

thickness control, excellent

stability, low-temperature

process, diverse chemistry

Challenges Poor conformality,

high material

waste, empirical

thickness control

Difficult

composition

control, poor

adhesion

Nonuniform

deposition, certain

crystal phases

require,

high-temperature

annealing

Slow deposition

rate, impurities,

small area

deposition

High temperature,

limited film types

Slow deposition rate,

complex equipment, high

cost for mass production

Suitable anode

types

Only suitable for

model studies

Primarily used for

metal anodes

Most anodes Electrodes with

flat surfaces

Most anodes All high-performance and

nanostructured anodes

lishing barriers between anode materials and electrolytes to dimin-

ish interfacial impedance and increase ionic conductivity. Methods

of interfacial engineering on electrode material surfaces have in-

cluded spin coating, evaporation, physical vapor deposition (PVD),

chemical vapor deposition (CVD), atomic layer deposition (ALD),

and sol-gel approaches. Table 1 [24–31] compares the different in-

terfacial engineering methods with respect to their advantages and

disadvantages. However, preparation techniques such as solution

coating and in-situ polymerization frequently encounter challenges

in forming uniform and pinhole-free coatings on geometrically

complex and irregular substrate topographies. Consequently, ad-

vanced interfacial engineering techniques characterized by surface

self-limiting reactions and superior conformality are important for

constructing high-performance anode-electrolyte interfaces.

Among the above interface engineering techniques, atomic layer

deposition (ALD) is a highly controllable vapor-phase deposition

process that enables the conformal coating of dense, uniform,

and thickness-tunable passivation layers on anode surfaces [32–

34]. This allows the precise regulation of interfacial reactions be-

tween electrodes and electrolytes [35]. Research has demonstrated

that ALD-derived passivation layers deliver multiple benefits in

terms of anode interface engineering. They act as physical bar-

riers that isolate reactive lithium metal or other anode materi-

als from electrolyte components, thereby suppressing parasitic re-

actions and mitigating dendrite growth to enhance safety. Their

high mechanical strength accommodates cyclic volume fluctua-

tions, stabilizes electrodes, and ensures solid-electrolyte interphase

(SEI) continuity to minimize active lithium loss. Conductive or

ion-conductive passivation layers optimize charge-transfer kinetics

across electrode/electrolyte interfaces, which reduces interfacial re-

sistance while improving the rate capability and charge-discharge

efficiency. These layers can also function as rapid Li+ diffusion

channels that accelerate ion transport and boost the Coulombic ef-

ficiency and cycling stability. As shown in Fig. 1, this review fo-

cuses on recent advances in the use of ALD for interfacial mod-

ification of lithium battery anodes. The review evaluates its effi-

cacy for enhancing the cycling performance, rate capability, and

capacity retention. ALD’s emerging applications and development

prospects for next-generation energy storage systems are explored

to provide a theoretical foundation and technical guidelines for de-

signing high-performance LIB anode materials.

2. Film formation via ALD

2.1. Film formation mechanism of ALD

ALD is a thin-film growth technique based on self-limiting

surface reactions, and it enables the layer-by-layer deposition

of films with atomic-scale precision by alternating exposure to

Fig. 1. Overview of interfacial modification of lithium battery anodes using ALD.

different precursors [36–38]. A typical ALD cycle consists of four

distinct steps: (1) First precursor exposure, in which the first

precursor is pulsed onto a substrate surface, where it undergoes

chemisorption or reacts with surface active groups; (2) A purge

step, during which an inert carrier gas purges unreacted precursor

and byproducts; (3) Second precursor exposure, during which

the second precursor is introduced to react with the adsorbed

specie and form the desired thin film; (4) Final purge, during

which residual precursors and reaction byproducts are removed by

another purge cycle.

2.2. Typical reaction system of ALD

To illustrate this chemical process, we use the ALD of alu-

minum oxide (Al2O3) using trimethylaluminium [Al(CH3)3] and

water (H2O) as precursors as an example:

(A) Surface hydroxyl groups react with the metal precursor:

├OH+Al(CH3)3 (g)→├O-Al (CH3)2 +CH4 (g)

(B) Subsequent water exposure completes the reaction:

├O-Al(CH3)2 +2H2O (g)→├O-Al(OH)2 +2CH4 (g)

2
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Fig. 2. Schematic representation of the general ALD binary reaction mechanism.

where “├” represents the substrate surface and "(g)" denotes gas-

phase species. As shown in Fig. 2, a typical ALD cycle consists of

four distinct steps. This completes one full ALD cycle and results

in the growth of one (sub) atomic layer of Al2O3 [39,40].

2.3. Film growth factors of ALD

These critical factors can be categorized into four main as-

pects: (1) Precursor characteristics: The chemical reactivity, volatil-

ity, and adsorption of precursors directly affect the efficiency of

surface reactions. Although highly reactive precursors can enhance

the growth rate per cycle (GPC), careful selection is required to

avoid unwanted gas-phase reactions that undermine ALD’s self-

limiting mechanism. (2) Temperature window: The process tem-

perature must be carefully optimized within a defined range. If the

temperature is too low, precursor adsorption will be incomplete.

Conversely, excessively high temperatures may cause thermal de-

composition or shift the mechanism toward CVD, thus disrupting

ALD’s self-limiting nature. (3) Pulse and purge durations: Precursor

pulse durations must allow for complete surface saturation, while

purge durations should be long enough to remove residual reac-

tants and prevent cross-contamination between successive precur-

sors. (4) Surface chemistry: The density and distribution of reac-

tive surface groups (e.g., -OH) significantly affect precursor adsorp-

tion kinetics and the initial film quality. Substrates lacking suffi-

cient active sites may exhibit delayed nucleation or non-uniform

film growth [41,42].

3. ALD applications in lithium battery anodes

The interfacial stability of anode structures during charge-

discharge cycles is one of the most critical factors governing

lithium battery performance [43]. An ideal anode must exhibit a

high specific capacity [44,45], low operating potential [46,47], ex-

ceptional cycling stability [48,49], high ion/electron conductivity

[50–52], interfacial compatibility [53,54], minimal volume change

[55], thermal stability, and chemical inertness [56,57]. However,

fabricating anode materials that satisfy all these criteria is com-

plex and challenging. Here, we categorize lithium batteries into

three types based on their main advantages: Intercalation-type an-

odes that are used in lithium-ion batteries requiring stability, long

cycle lives, and low costs; Alloy-type anodes preferred for high-

energy-density LIBs; Lithium-metal anodes with ultralow poten-

tials primarily deployed in lithium-metal batteries. Next, we will

trace the key developments in lithium battery anode research and

introduce the application of atomic layer deposition (ALD) in this

field in chronological order. As illustrated in Fig. 3, representative

milestones span from the invention of ALD to its early applications

for anode materials, including classic studies such as Al2O3 coat-

ings on various anodes [58–62]. The following sections describe

Fig. 3. The development history of atomic layer deposition and its application in

lithium-ion battery anodes. Reproduced with permission [59]. Copyright 2003, Elec-

trochemical Society, Inc. Reproduced with permission [60]. Copyright 2010, Wiley.

Reproduced with permission [61]. Copyright 2011, Wiley. Reproduced with permis-

sion [62]. Copyright 2015, American Chemical Society.

how ALD has addressed the limitations of each anode type and fu-

ture prospects of ALD for advanced energy storage devices. Table 2

summarizes recent ALD approaches for coating various anode ma-

terials, as well as the optimized electrochemical performance of

the anode materials. Performance is evaluated in terms of cycling

performance, initial Coulombic efficiency, and rate performance.

3.1. Intercalation-type anodes

In lithium-ion batteries, intercalation-type anodes store lithium

through electrochemical reactions that involve the insertion of

lithium ions into the interlayers of a layered anode [63–65].

Graphite anodes are the dominant commercial option due to their

high reversibility, low cost, long cycle life, and minimal volume ex-

pansion during lithiation [66,67]. However, intercalation-type an-

odes still face challenges regarding achieving a higher capacity,

ultrafast charging, and improved low-temperature performance.

These properties are critical for emerging applications such as

solid-state batteries and electric aviation. Addressing these limi-

tations requires advancements in material design and engineering

to meet the stringent demands of next-generation energy storage

technologies.

3.1.1. Graphite anode

Graphite anodes have a low lithium intercalation potential

(0.1V vs. Li/Li+), but they are prone to the formation of an SEI

[55]. Uniform passivation layers (e.g., TiO2, SnO2, ZnO, Al2O3) via

ALD are physical barriers that suppress interfacial side reactions

and mitigate repeated SEI growth [68,69]. Previous studies have

demonstrated that the thickness of the passivation layer signifi-

cantly influences the rate capability and capacity retention. Wu

et al. investigated the impact of amorphous titanium dioxide (A-

TiO2) nanocoating thickness (1–11nm) on graphite anodes [70].

The coatings were deposited via ALD, and their structural char-

acteristics are illustrated in Figs. 4a and b. The A-TiO2 layer iso-

lated ion diffusion from electrolyte degradation products, prevent-

ing further reactions between graphite and the electrolyte. Via this

protective mechanism, an 11nm A-TiO2 coating achieved a capac-

ity retention of 93.6 % after 230 cycles, compared with 52.2% for

uncoated graphite (Fig. 4c). The correlation between coating thick-

ness and cycling performance, along with a cross-sectional view of

the 11nm A-TiO2-coated graphite anode, is shown in Figs. 4d and

e. Different metal passivation layers exhibited distinct effects. For

example, oxygen vacancies or Zn2+ defects in ZnO can act as rapid

Li+ migration channels that reduce the interfacial diffusion resis-

tance. ZnO preferentially forms a dense passivation layer with the

3
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Table 2

Overview of lithium battery anode materials prepared by ALD.

Material ALD strategy Optimum thickness ICE (%) Capacity retention rate Ref.

MGP@TiO2 A-TiO2 11 nm 92.1 230 cycles at 0.1 C maintain 334.3 mAh/g [70]

2Zn-Graphite ZnO 2 cycles >92 500 cycles at 0.2 C maintain ∼420 mAh/g [71]

GAZ100 ZnO ∼5 nm —— 1000 cycles at 1A/g maintain ∼1000 mAh/g [72]

NG-V V2O5 5 nm ∼69 500 cycles at 1A/g maintain 365 mAh/g [73]

Mn3O4@CNT/TiO2 TiO2 ∼3 nm ∼90 200 cycles at 0.2 A/g maintain 740.7 mAh/g [74]

Si-Gr ZnO 3.4nm 65.7 140 cycles at 1 C maintain 285 mAh/g [75]

250–10AZO Al-doped ZnO (AZO) ∼2.5 nm —— 100 cycles at 5 C maintain ∼159 mAh/g [77]

LTO Al2O3 ∼2 nm >90 Outstanding 98 % capacity retention after 500 cycles [79]

ALD Li4Ti5O12 LTO ∼30 nm >95 Outstanding 97.9 % capacity retention after 1000 cycles [80]

ALD Li4Ti5O12 LTO 50 nm 99.9975 Outstanding 97.5 % capacity retention after 1000 cycles [81]

TiN@N-LTO LTO — >90 Capacity retention of 99.6 % after 5000 cycles at 10 C [82]

Si-AlOxNy-30 AlOxNy 30 cycles 67 140 cycles at 0.1 C maintain 1297 mAh/g [93]

Al2O3–2 Al2O3 ∼30 nm 92.5 % 300 cycles at 0.1 C maintain 1013 mAh/g [95]

Si+ 20 nm AlF3 AlF3 5 nm, 20 nm 70.6 100 cycles at 0.5 C maintain ∼3157 mAh/g [100]

Si@Li2O-lithicone Li2O-lithicone ∼5 nm 91.2 850 cycles at 2 A/g maintain 646 mAh/g [101]

Si@zincone/TiO2 zincone/ TiO2 ∼5 nm 81.9 1000 cycles at 2 A/g maintain 753 mAh/g [102]

Si@Li2O@TiO2 Li2O@TiO2 Li2O (∼1 nm), TiO2 (∼4 nm) 90.9 1150 cycles at 2 A/g maintain 1300 mAh/g [103]

SnO2@TiO2 TiO2 ∼3 nm ∼65 100 cycles at 0.08A/g maintain 1259 mAh/g [107]

SnO2/NC@TiO2 TiO2 10nm 72.3 200 cycles at 1 A/g maintain ∼869 mAh/g [110]

CoSn2 and Ni3Sn4 Al2O3 10 cycles ∼99 and ∼100 100 cycles at 1 A/g maintain ∼400 and ∼300 mAh/g [113]

Li/C-ALD ZnO 50 nm —— Ultra-long lifespan of 400 cycles at 3.0mA/cm2 [126]

LiZn/Li2O ZnO —— —— Cycle life exceeding 3000 h at 3mA/cm2 [127]

Li/50TiO2 TiO2 50 nm —— Stable cycling for over 500 h at 10mA/cm2 [128]

Titania (5 nm) cell TiO2 5 nm —— Stable cycling for over 150 cycles at 1mA/cm2 [129]

Fig. 4. (a, b) SEI layer on the MGP electrode of the 11nm and 0nm A-TiO2-coated sample before and after cycling. (c) Cycling performance of the sample cells with

electrodes with 0, 1, 3, 5, 7, 9, and 11nm A-TiO2 coatings. (d) Capacities and capacity retention rates of sample cells with electrodes with various A-TiO2 coatings after the

230th ALD cycle. (e) EDS map of the MGP electrode. Reproduced with permission [70]. Copyright 2023, Elsevier. (f) Peak current vs. the square root of the scan rate of

graphite electrodes. (g, h) Cycling and rate performance of a graphite electrode. Reproduced with permission [71]. Copyright 2025, Royal Society of Chemistry. (i) Fabrication

schematic of GAZ composites. (j-k) Rate and cycling performance of pure GA and GAZ. Reproduced with permission [72]. Copyright 2019, Springer.
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Fig. 5. (a, b) SEM image of NG and NG-V nanosheets. (c) Rate performance and capacity. Reproduced with permission [73]. Copyright 2019, Elsevier. (d) Novel Hoberman

sphere design for the interlaced Mn3O4@CNT architecture with ALD-coated TiO2. (e) TEM and HRTEM images of Mn3O4@CNT/TiO2 composite. (f-g) Cycling performance and

rate performance of Mn3O4/CNT, Mn3O4@CNT, and Mn3O4@CNT/TiO2. Reproduced with permission [74]. Copyright 2020, American Chemical Society. (h, i) Cycling perfor-

mance and rate performance of pristine and ZnO-coated Si/Gr anodes. Reproduced with permission [75]. Copyright 2024, American Chemical Society.

electrolyte, which helps minimize side reactions on the graphite

surface. Helaley et al. demonstrated that an ultrathin ZnO inter-

layer significantly improved the rate capability and cycling stabil-

ity of graphite anodes [71], and the Li+ diffusion coefficient of

the 2Zn-graphite composite electrode surpassed that of pristine

graphite (Fig. 4f). Enhanced ion transport resulted in superior cy-

cling capacity and rate performance, as shown in Figs. 4g and h.

However, using an excessive ZnO thickness may adversely affect

the resulting performance. As shown in Fig. 4i, Wang et al. de-

posited ZnO layers over 100, 200, and 300 cycles and revealed sig-

nificant performance variations between the resulting electrodes

[72]. The GAZ100 electrode (graphene aerogel/ZnO nanofilm) de-

livered a reversible capacity of 400 mAh/g at 2500mA/g, while

GAZ300 achieved only ∼200 mAh/g (Fig. 4j). The flexible graphene

aerogel (GA) could accommodate volume changes in ZnO during

cycling, which enabled the GAZ composite to maintain a specific

capacity of 1200 mAh/g (Fig. 4k).

Although graphite anodes show longer cycling capabilities, they

still show limited capacities (372 mAh/g) [63]. Metal oxides pos-

sess inherent cycling capacities, allowing them to serve dual func-

tions as both passivation layers and active anode materials. Zhao

et al. used ALD to incorporate V2O5, which remarkably improved

the material’s cycling stability [73]. The three-dimensional struc-

ture formed by V2O5 grown on graphite provided efficient path-

ways for Li+ and electron transport while mitigating volume ex-

pansion induced by electrochemical reactions (Figs. 5a and b). The

NG-V electrode demonstrated excellent capacity retention at a cur-

rent density of 1000mA/g, delivering 365 mAh/g after 500 cycles

and a superior rate capability (Fig. 5c). Despite its considerable

theoretical capacity (936 mAh/g), Mn3O4 still faces kinetic limita-

tions and structural stability issues. Mao et al. used carbon nan-

otubes (CNTs) to construct an interwoven composite with Mn3O4

nanoparticles that exploited the CNTs’ ion transport and mechan-

ical stability [74]. The composite was further enhanced by using

ALD to grow an ultrathin TiO2 coating, and the resulting hierarchi-

cal architecture is shown in Fig. 5d. High-resolution transmission

electron microscopy (HRTEM) images (Fig. 5e) revealed the struc-

tural characteristics of the Mn3O4@CNT/TiO2 composite, including

its three-dimensional interconnected CNT network and TiO2 layer.

The ALD-deposited TiO2 layer helped stabilize the SEI, which gave

the Mn3O4@CNT/TiO2 composite exceptional cycling stability over

200 cycles at 0.2 A/g (Figs. 5f and g). The high capacity was at-

tributed to the effects of Mn3O4 (936 mAh/g) and TiO2 (∼168

mAh/g). Silicon has a high theoretical capacity, making it a promis-

ing anode material when combined with carbonaceous materials.

Sahoo et al. enhanced both the capacity and rate performance

of silicon-graphite (Si-Gr) anodes by incorporating a metal oxide

layer grown via ALD [75]. A schematic diagram of modified Si-Gr

is shown in Fig. 5h. The ZnO-modified Si-Gr anode demonstrated

better capacity retention (89.2%) than the unmodified electrode

(62.5%) (Fig. 5i). They showed the dual role of the ZnO layer, which

suppressed electrolyte decomposition, thereby stabilizing the SEI,

5
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Fig. 6. (a) TEM image of a 250–10AZO particle. (b) Cycling performance of UC LTO and the AZO-coated LTO samples. (c) Rate performance of UC LTO and the AZO-coated

LTO samples. Reproduced with permission [77]. Copyright 2019, Elsevier. (d) Schematic diagram of the LTO electrode. (e) EDS element maps of Al2O3-coated LTO electrode.

(f) Cycle-life performance of Al2O3-coated and uncoated LTO. Reproduced with permission [79]. Copyright 2018, MDPI.

and also alleviated the volume expansion of silicon. The passivat-

ing effect of ALD-ZnO reduced active lithium loss, thereby improv-

ing the energy density and cycling stability of the battery.

3.1.2. Lithium titanate anodes

Lithium titanate (LTO) anodes exhibit an insertion/extraction

voltage of approximately 1.55V, which prevents the reduction of

organic electrolytes and the formation of an SEI. However, its prac-

tical applications in next-generation LIBs are constrained by sev-

eral inherent limitations, including low specific capacity, limited

lithium-ion diffusion coefficients (∼10–9–10–13 cm2/s), poor rate

capability, interfacial side reactions that lead to gas evolution, and

sensitivity to certain electrolytes [76]. To mitigate the continuous

electrolyte consumption and preserve the capacity of LTO, Jin et al.

used ALD to coat the surface of LTO with an ultrathin aluminum-

doped zinc oxide (AZO) film [77]. The TEM image of the AZO

layer exhibited a uniform distribution of AZO on the LTO parti-

cles (Fig. 6a). Cycling tests and rate performance analyses (Figs. 6b

and c) demonstrated that the AZO coating suppressed electrolyte

decomposition, thereby protecting the underlying LTO and help-

ing it maintain its capacity. The 250–10AZO sample deposited at

250 °C retained approximately 96% of its initial capacity, decreas-

ing from 224 mAh/g to 216 mAh/g, even at 55 °C. The schematic

representation in Fig. 6d shows the mechanism by which the AZO

film protected against electrolyte-induced degradation of LTO. The

ALD-modified interfacial passivation layer suppressed electrolyte

decomposition reactions at the electrode surface while simultane-

ously inhibiting undesirable gas evolution, thereby enhancing both

battery safety and the specific capacity of LTO [78]. Yoon et al. em-

ployed ALD to fabricate an ultrathin Al2O3 protective coating on

LTO electrodes [79]. HRTEM images were combined with energy-

dispersive X-ray spectroscopy (EDS) elemental mapping to confirm

the homogeneous formation of the Al2O3 layer over the LTO sur-

face (Fig. 6e). Electrochemical evaluation at 60 °C demonstrated

that the Al2O3-coated LTO electrode retained approximately 98%

of its capacity after 500 cycles, which was superior to the unmod-

ified LTO electrodes. Fig. 6f presents comparative voltage profiles

and cycling stability data, which reveal that the enhanced high-

temperature electrochemical performance originated from the pas-

sivation layer’s ability to mitigate excessive gas-generating reac-

tions between the electrolyte and LTO. This study confirms the ef-

ficacy of ALD at improving the thermal stability and cycling per-

formance of LTO anodes and highlights the potential application of

Al2O3, TiO2, and AZO-coated LTO as an advanced anode electrode

for LIBs.

Similarly, Atomic layer deposition (ALD) enables the direct fab-

rication of LTO thin-film anodes using of deposition and post-

annealing crystallization. Unlike conventional approaches that use

LTO as a substrate for modification, this method produces dense,

well-adhered spinel LTO films with optimized ion and electron

transport pathways. The resulting thin-film electrodes exhibited

significantly enhanced rate capabilities, making ALD-synthesized

LTO a promising strategy for developing high-power lithium ti-

tanate batteries and high-rate anode materials. Speulmanns et al.

successfully developed a three-step ALD process using lithium hex-

amethyldisilazide (LiHMDS) as a precursor, which resulted in high-

quality spinel ALD Li4Ti5O12 films [80]. ALD enabled the prepara-

tion of 29.77nm-thick LTO, as verified from SEM-EDS results (Fig.

7a). The dense spinel films produced by ALD possessed short Li+

diffusion pathways, giving them exceptional electrochemical per-

formance, including ultra-long cycling stability (97.9% capacity re-

tention after 1000 cycles) even at a current density of 100 C (Fig.

7b). The influence of the substrate on the crystallization behavior

and film texture was also investigated in this study. Speulmanns et

al. also reported that adding an AlOx layer to the TiN coating re-

sulted in superior electrochemical performance [81]. As shown in

the structural diagram in Fig. 7c, this material (ALD LTO) achieved

a combination of a high areal capacity and power capability while

maintaining outstanding cycling performance (Fig. 7d). The influ-

ence of TiN and TiN/AlOx interlayers on the film crystallization are

also discussed. Tang et al. proposed a strategy involving the modifi-

cation of vertical graphene (VG) with a TiN interlayer, followed by

the ALD of nitrogen-doped lithium titanate (N-LTO) as an anode

for LIBs [82]. Fig. 7e shows a schematic diagram of the ALD pro-

cess, wherein the introduced TiN acted as a conductive bridge that

homogenized the charge distribution and accelerated the Li+ trans-

6
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Fig. 7. (a) Schematic illustration of ALD Li4Ti5O12 thin films. (b) Long-term cycling performance of ALD Li4Ti5O12 at 100 C. Reproduced with permission [80]. Copyright 2021,

Wiley. (c) 3D architecture of a silicon substrate with LTO deposition via ALD. (d) Areal capacity and cycling stability of the Li4Ti5O12 thin films on 3D substrates. Reproduced

with permission [81]. Copyright 2024, Wiley. (e) Schematic diagram of N-doped LTO (N-LTO) on vertical graphene (VG). (f) Ultra-stable cycling performance of TiN@N-LTO.

Reproduced with permission [82]. Copyright 2024, Elsevier.

port kinetics. Fig. 7f shows that the TiN@N-LTO electrode demon-

strated remarkable cycling stability, with 99.6% capacity retention

after 5000 cycles at 10 C. These studies highlight the significant

potential of ALD for fabricating highly stable LTO-coated electrodes

for advanced energy storage systems.

The aforementioned studies primarily focused on how ALD

could be used to modify anode materials such as graphite,

Li4Ti5O12 (LTO), and graphene. ALD coatings mitigate interfacial

side reactions, suppress the unstable growth of the SEI layer, and

enhance the cycling stability. ALD is also employed in composite

structural designs to improve electrical conductivity and achieve

a high-capacity output. Extensive studies have demonstrated that

ALD exhibits significant potential for enhancing the stability of

intercalation-type anode electrodes, optimizing interfacial architec-

tures, and improving overall electrochemical performance.

3.2. Alloy-type anodes

Alloy-type anodes (e.g., Si and Sn alloys) in lithium-ion bat-

teries show an exceptional specific capacity, high energy density,

and enhanced safety profiles [83,84]. Unlike intercalation materials,

alloy-type anodes exhibit minimal atomic framework constraints,

enabling them to accommodate more lithium, thus giving them

superior theoretical capacities and energy/power densities. How-

ever, their practical applications are limited by severe structural

degradation during lithiation/delithiation that manifests as parti-

cle pulverization. This exacerbates interfacial instability by induc-

ing repetitive fracture and reformation of the SEI layer. Conse-

quently, parasitic reactions between the electrode and electrolyte

persist and accelerate capacity fading and compromise the cycling

stability.

3.2.1. Silicon-based anodes

Silicon anodes possess a lithiation voltage plateau of approxi-

mately 0.2–0.3V, which helps avoid the formation of lithium den-

drites. However, the severe volume expansion during lithiation, ac-

companied by continuous reactions between the electrolyte and

electrode, ruptures or reconstructs the SEI [85]. Mitigation strate-

gies include surface modification [86], structural engineering [87],

and composite formation with carbon materials [88,89]. ALD-based

interfacial engineering plays an important role in alleviating vol-

ume expansion and SEI reconstruction of silicon anodes, thereby

reducing capacity loss and improving the cycling stability and ini-

tial Coulombic efficiency [90]. Significant progress has been made

in addressing the structural stability of silicon-based materials

via ALD [91,92]. This is due to the ability of mechanically ro-

bust coatings to buffer internal volume expansion. Zhu et al. ap-

plied plasma-enhanced atomic layer deposition (PEALD) to deposit

AlOxNy coatings on silicon anodes. The uniform Al/Si distribution

and 1297 mAh/g capacity retention after 140 cycles (versus bare Si)

demonstrated suppressed volume expansion and mitigated interfa-

cial side reactions (Figs. 8a-d) [93]. Al2O3 is used as a passivation

layer and has also been applied to silicon anodes. However, due

to its electrochemical inertness, excessively thick Al2O3 layers can

hinder ion diffusion and impair electrochemical kinetics [94]. Lee

et al. investigated how Al2O3 layers with different thicknesses con-

fined volume expansion [95]. Although the Al2O3 coating did not

significantly improve the initial Coulombic efficiency, it did prevent

direct contact between the active powder and electrolyte (Fig. 8e).

Al2O3–2 showed the best structural stability during long-term cy-

cling (Fig. 8f). A uniform and intact Al2O3 layer inhibited contin-

uous electrolyte decomposition and delamination of the electrode

from the current collector (Fig. 8g).

Fluoride layers can be used to inhibit electrolyte decomposition

and promote the formation of a stable SEI [96–99]. Adhitama et

al. evaluated how ALD-deposited aluminum fluoride (AlF3) coat-

ings affected the SEI composition of silicon anodes [100]. A sim-

plified diagram of the SEI is shown in Fig. 8h. Cyclic voltamme-

try (CV) results (Fig. 8i) indicated that the uncoated Si film ex-

hibited a smaller current peak than the lithiation peak, suggesting

poor reversibility. The electrochemical performance of electrodes

with a higher LiF content was evaluated at a current rate of C/2 (1

C=3000 mAh/g). AlF3-coated silicon films demonstrated a more

stable and higher reversible capacity over 100 cycles compared

with uncoated electrodes (Fig. 8j). The AlF3 coating alleviated vol-
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Fig. 8. (a) TEM, HRTEM, and STEM images and EDX maps of Si particles with an AlOxNy coating deposited over 100 ALD cycles. (b) Cycling stability of the Si electrode coated

with AlOxNy layers formed by 10, 30, and 50 ALD cycles. (c, d) Top-view and cross-sectional SEM images of pristine Si electrode and Si-AlOxNy-30 electrodes. Reproduced

with permission [93]. Copyright 2022, Elsevier. (e) The first cycle for N-Si alloy, Al2O3–1, and Al2O3–2 during lithiation/delithiation. (f) Cycling performance of N-Si alloy,

Al2O3–1, and Al2O3–2. (g) Cross-sectional S/TEM-EDS images of the Al2O3–2 powder. Reproduced with permission [95]. Copyright 2022, MDPI. (h) Schematic illustrations

of the SEI on uncoated Si and coated Si electrodes. (i, j) Cyclic voltammetry profiles and cycle number profiles of Si, Si+5nm AlF3 and Si+20nm AlF3. Reproduced with

permission [100]. Copyright 2022, Wiley.

ume expansion and facilitated the formation of a more stable SEI,

which better protected the electrode against electrolyte-induced

degradation during lithiation.

Molecular layer deposition (MLD) is a vapor-phase deposition

technique for polymeric or hybrid thin films with excellent con-

formality and precise thickness control. The coatings can enhance

the ion transport properties of materials while also serving as ion-

conducting pathways to improve their intrinsic lithium interca-

lation/deintercalation capabilities, thereby significantly increasing

the Coulombic efficiency. The inherent limitations of silicon an-

odes, particularly their low initial Coulombic efficiency (ICE) and

interfacial stability, were addressed by Fang et al., who used ALD

and MLD [101]. As shown in Fig. 9a, the methods were com-

bined to construct an approximately 5nm-thick Li2O-lithicone hy-

brid film on the silicon anode surface. Semi-quantitative analy-

sis using time-of-flight secondary ion mass spectrometry (TOF-

SIMS) revealed localized elemental enrichment in some interfacial

regions. Comparative analysis with silicon’s saturation sputtering

time demonstrated that Si@Li2O-lithicone exhibited the thinnest

SEI layer among the control groups. Fig. 9b shows that the fabri-

cated electrode delivered a 91.2% initial Coulombic efficiency. The

construction of organic/inorganic hybrid layers improved the ini-

tial Coulombic efficiency and increased the structural integrity of

the material.

Fang et al. also used ALD to prepare a novel double-layer thin

zinc manganese oxide/titanium dioxide film on a silicon electrode

to enhance its electrochemical performance [102]. Transmission

electron microscopy (TEM) observations revealed that the neck

between silicon nanoparticles was connected through numerous

zincone bridges (Fig. 9c). The Si@zincone/TiO2 electrode achieved

an 81.9% ICE through its conformal bilayer coating, which min-

imized oxygen-containing groups and interfacial side reactions,

thereby maintaining superior performance even at 2 A/g (Figs. 9d

and e). This was attributed to a significant reduction in the ir-

reversible consumption of lithium ions during the initial charge-

discharge cycle due to the formation of an unstable, unevenly

thick SEI film. Fig. 9f shows the synthesis of Si@zincone/TiO2 and

Si@titanicone/TiO2. To develop silicon-based anodes that simulta-

neously show a high ICE and long-term stability, Wang et al. de-

signed a dual-layered coating composed of Li2O and TiO2 via pow-

der ALD (Fig. 9g) [103]. The rigid TiO2 inner layer maintained

structural integrity during cycling while the Li2O outer layer miti-

gated lithium loss (Fig. 9h). The Si@Li2O@TiO2 composite achieved

a record-breaking 90.9% ICE due to the lithium-supplying effect of

Li2O (Fig. 9i) [104,105]. The core innovation is in the dual mecha-

nism. The Li2O outer layer acted as an active lithium source dur-

ing the initial charge/discharge process. It directly compensated for

irreversible lithium loss caused by SEI formation and side reac-
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Fig. 9. (a) Schematic of the fabrication of the Si@Li2O-lithicone electrode and TOF-SIMS. (b) Coulombic efficiency during the first eight cycles. Reproduced with permission

[101]. Copyright 2023, American Chemical Society. (c, d) SEM and TEM images and cycling performance of Si@titanicone/TiO2 and Si@zincone/TiO2. (e) Coulombic efficiency

during the first five cycles. (f) Schematic illustration of the synthetic procedure. Reproduced with permission [102]. Copyright 2022, Wiley. (g) Schematic diagram of the

synthesis of Si@Li2O@TiO2. (h) TEM images of Si@Li2O@TiO2. (i) Coulombic efficiency for the first ten cycles. Reproduced with permission [103]. Copyright 2024, Wiley.

tions. The TiO2 inner layer further reduced lithium consumption

by suppressing silicon volume expansion and forming a stable in-

terface. This combination of active prelithiation and passive protec-

tion maximized the reversible utilization of lithium ions

3.2.2. Tin-based anodes

Tin-based anodes also suffer from severe volume changes due

to alloying reactions, that significantly degrade the reversible ca-

pacity [106]. The limited reversibility of conversion reactions re-

sults in inferior initial Coulombic efficiency (ICE). The application

of artificial surface layers with a high mechanical strength and

ionic conductivity to nanostructured Sn-based materials can sta-

bilize the SEI while maintaining a high capacity. TiO2 has supe-

rior mechanical robustness and enhanced ion diffusion and can

improve the performance of anode coatings in lithium-ion batter-

ies (LIBs). Chen et al. used ALD to fabricate core-shell SnO2@TiO2

nanostructures [107], as shown in Fig. 10a. The electrochemical

performance demonstrated a significantly enhanced cycling stabil-

ity compared with that of bare SnO2 due to the strain accommo-

dation mechanism during lithiation/delithiation (Fig. 10b). The TiO2

layer uniformly encapsulated SnO2 nanoparticles, as evidenced by

the micromorphology (Figs. 10c and d). To improve the structural

integrity, Wei et al. used nitrogen-doped carbon as a substrate to

prepare zinc-based anodes [108]. They achieved a dual-enhanced

structure by embedding SnO2 into a nitrogen-doped carbon (NC)

matrix, which was then coated with TiO2 (Fig. 10e). This hierarchi-

cal configuration significantly suppressed the volumetric effects of

SnO2, achieving an initial discharge capacity of 1224 mAh/g, which

remained at 871 mAh/g after 200 cycles at 100mA/g (Fig. 10f).

Al2O3 coatings have also been used to enhance the electrochem-

ical performance of various LIB electrodes, including SnO2 [109],

natural graphite [110], TiO2 [111], and Si [112]. Soltani et al. inves-

tigated the impact of Al2O3 thickness using 5, 10, or 20 ALD cycles

on CoSn2 and Ni3Sn4 anodes [113]. They used ALD to directly ap-

ply an Al2O3 coating to an electrode composed of an intermetallic

compound powder, a conductive carbon material, and a binder (Fig.

10g). The Al2O3-coated CoSn2 generated from 10 ALD cycles ex-

hibited superior rate capability, delivering capacities of ≈ 290, 187,

and 76 mAh/g at 2, 5, and 10 A/g, respectively (Figs. 10h and i).

However, despite improved rate performance, the sample formed

after 10 ALD cycles showed progressive capacity fading during pro-

longed cycling, retaining only ∼600 mAh/g after 10 cycles at 0.1

A/g, indicating that while optimal Al2O3 thickness enhanced the

kinetics, it alone did not completely suppress electrolyte degrada-

tion during extended operation.

The studies above have demonstrated that ALD provides ex-

ceptional thickness control and film density, which mitigates the

substantial volume expansion inherent in alloy anodes and stabi-

lizes the SEI structure. It also significantly suppresses electrolyte

decomposition and parasitic side reactions, thereby enhancing the

Coulombic efficiency. ALD enables the alternating deposition of

functional coatings specifically designed to address the expan-

sion issues and low initial Coulombic efficiency of alloying an-

odes [114,115]. However, stress generated by anisotropic expansion

9
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Fig. 10. (a) Schematic diagram of volume changes in SnO2 and SnO2@TiO2. (b) Cycling performance of SnO2, TiO2 and SnO2@TiO2. (c) TEM image of SnO2@TiO2. Reproduced

with permission [107]. Copyright 2019, Elsevier. (d) SEM image of SnO2/NC@SnO2–200. (e) Synthesis procedure for SnO2/NC@TiO2. (f) Long-term cycling performance of

SnO2/NC@TiO2–200. Reproduced with permission [108]. Copyright 2018, Elsevier. (g) Schematic of Al2O3 coating on anode layer. (h, i) Comparison of rate capability and

long-term cycling stability. Reproduced with permission [113]. Copyright 2022, Wiley.

Fig. 11. (a) Diagram of Li deposition in Li/C-Sol and Li/C-ALD. (b) Voltage profiles, rate, and EIS performance of Li/C-Sol and Li/C-ALD symmetrical cells. Reproduced with

permission [126]. Copyright 2020, American Chemical Society. (c) Schematic illustration of the CC@ZnO@Li anode. (d, e) In situ optical observation of lithium deposition. (f,

g) Galvanostatic cycling, rate performance of CC@ZnO@Li//CC@ZnO@Li, CC@Zn@Li//CC@Zn@Li and Li//Li cells. (h) Long-term cycling stability of a Li-S battery with bare Li and

CC@ZnO@Li. Reproduced with permission [127]. Copyright 2024, Wiley.
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during the lithiation of alloy anodes imposes strict requirements

on the coating thickness, where either an insufficient or excessive

number of ALD layers may compromise the battery’s performance

[116,117]. Consequently, it is necessary to optimize the ALD param-

eters to stabilize alloy anodes and precisely control the thickness

and enhance the electrochemical properties.

3.3. Lithium metal anodes

Lithium metal anodes are the main anodes for next-

generation high-energy-density batteries (such as solid-state bat-

teries, lithium-sulfur batteries, and lithium-air batteries). Their ex-

tremely high theoretical specific capacity and lowest electrochem-

ical potential make them the key to breaking through current en-

ergy density limitations [118,119]. However, their interfacial insta-

bility prevents their further development [120,121]. Lithium an-

odes react with electrolytes to form a SEI that is ionically conduc-

tive but electronically insulating. Typically, the resulting SEI layer is

heterogeneous with an uneven topography, which promotes disor-

dered lithium nucleation and dendrite growth [122–124]. Lithium

dendrites trigger continuous side reactions between lithium and

electrolytes during cyclic plating/stripping, which generate elec-

trochemically inactive dead Li while reducing the Coulombic effi-

ciency. This irreversible process ultimately accelerates battery per-

formance degradation [125]. The conformal coating of passivation

layers that homogenize the electric field distribution across lithium

metal surfaces using ALD suppresses dendrite growth while en-

hancing the cycling lifetime and safety of lithium-metal batteries.

Zhao et al. employed ALD to deposit a uniform ZnO coating onto

carbon fibers, followed by molten lithium infiltration to form Li/C-

ALD anodes [126]. The lithiophilic ZnO layer achieved a highly uni-

form electron/ion distribution, resolving uneven lithium deposition

through surface planarization (Fig. 11a). As shown in Fig. 11b, the

ALD-derived ZnO provided homogeneous nucleation sites that fa-

cilitated spatially consistent Li plating and stabilized SEI formation,

which collectively optimized the charge-transfer kinetics. Compar-

ative rate capability tests (5.0–25mA/cm2) demonstrated the supe-

rior performance of the ZnO-coated electrode compared with bare

counterparts due to stabilized ion-transport pathways. The fabri-

cated Li/C-ALD anode operated stably for 200 cycles at 5.0mA/cm2

because ZnO suppressed the formation of dendritic Li and dead Li.

This synergistic mechanism endowed the composite anode with

exceptional cycling durability. The deposited passivation layer re-

duced the lithium nucleation overpotential, facilitating more favor-

able ion nucleation and deposition on the electrode surface [126].

Qian et al. uniformly deposited lithiophilic ZnO on carbon cloth

(CC) and in situ generated LiZn/Li2O arrays to create a reliable and

dendrite-free lithium metal anode through chemically constrained

fabrication (Fig. 11c) [127]. In situ optical microscopy (Figs. 11d and

e) revealed the morphological evolution during Li plating in which

bare CC initiated dendrite growth at 113min, while the modi-

fied CC@ZnO exhibited no dendrite formation even after 600min.

Fig. 12. (a, b) Schematic diagram and photos of an ultrathin TiO2 layer formed by ALD. (c) Electrochemical cycling curves of a Li||NCM622 battery with bare Li and Li/50TiO2.

(d) Galvanostatic charge-discharge tests of Li/20TiO2, Li/50TiO2, Li/80TiO2, and the bare Li symmetric battery. Reproduced with permission [128]. Copyright 2021, Elsevier. (e)

Schematic illustration of the role of TiO2 acting as a nucleation layer for electrodeposited lithium. (f) Coulombic efficiency of Li/Cu cells cycled with 1, 2, 4, and 5nm-thick

TiO2 layers. (g) Nucleation overpotential for layers of TiO2 with different thicknesses during the first cycle. (h, i) SEM images of lithium nuclei formed in the control cell and

5nm TiO2 cell, respectively. Reproduced with permission [129]. Copyright 2020, Wiley.
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This stark contrast underscores the role of functional multiphase

LiZn/Li2O in regulating uniform Li deposition and suppressing den-

drite formation. CC@ZnO@Li symmetric cells maintained stable Li

stripping/plating behavior (Figs. 11f and g), achieving cycling life-

times that exceeded 3000h. Even at high rates, the cells retained

superior performance because ALD-engineered lithiophilic ZnO en-

sured a homogeneous Li+ flux and spatially controlled Li growth

(Fig. 11h).

A conformal passivation layer facilitates uniform lithium depo-

sition and suppresses parasitic side reactions. As shown in Fig. 12a,

Wang et al. employed ALD to coat a lithium metal anode with

an ultrathin TiO2 film [128]. The SEM images in the inset of Fig.

12b reveal clear morphological differences between bare lithium

and Li/50TiO2 electrodes after 500 cycles, confirming the protective

role of the TiO2 layer. Symmetric Li/50TiO2||Li/50TiO2 cells cycled

stably for >1600h at both 1mA/cm2 and 10mA/cm2 due to sup-

pressed lithium dendrite formation and preservation of the elec-

trode integrity by the ALD-deposited TiO2 coating. Full-cell config-

urations with NCM622 cathodes showed a 23.3% higher in capac-

ity retention after 100 cycles and cycled stably for over 500 h at a

current density of 10mA/cm2 (Figs. 12c and d). These results un-

derscore the role of the TiO2 interfacial layer in promoting homo-

geneous lithium nucleation and mitigating excessive surface depo-

sition. Oyakhire et al. similarly used TiO2 as a passivation layer and

demonstrated that upon lithiation, TiO2 formed lithiophilic LixTiO2

[129]. This phase facilitated uniform and reversible lithium plating,

which regulated the lithium nucleation morphology in ether-based

electrolytes (Fig. 12e). When deposited on copper foil, the TiO2

coating acted as the nucleation layer for lithium metal, thereby re-

ducing the nucleation overpotential and suppressing side reactions

between lithium and the electrolyte. This reduced the consumption

of active lithium. The TiO2 layer with a thickness of 5 nm yielded

the lowest nucleation overpotential, indicating an optimal balance

between surface lithiophilicity and structural integrity (Fig. 12f).

This passivation layer prolonged the cycling lifespan and enhanced

the lithium deposition reversibility. The lowest lithium nucleation

overpotential was achieved when using a 5nm TiO2 layer (Fig.

12g). SEM images revealed that lithium nuclei formed on uncoated

copper were more concentrated and significantly larger than those

formed on the pristine Cu foil due to the weak affinity between

lithium atoms and the copper substrate, which failed to immo-

bilize lithium nuclei during the early deposition stage (Figs. 12h

and i).

Addressing these challenges requires advanced interface engi-

neering strategies, such as ALD, which can be used to selectively

prepare functional anodes by preventing lithium dendrite forma-

tion and the uneven deposition of lithium metal. The flexibility

and adaptability of this method show great potential for modify-

ing lithium-metal anode materials.

4. Conclusion and outlook

Due to growing demand for high-performance lithium batter-

ies, atomic layer deposition (ALD) has emerged as a powerful tool

to address interfacial instability in anode materials due to its ex-

ceptional capability for forming conformal and atomically-precise

coatings. In intercalation-based anodes such as graphite and LTO,

ultrathin ALD coatings can serve as uniform artificial interphases

to enhance the interfacial ion transport and suppress parasitic re-

actions. For alloy-type anodes such as silicon, ALD-applied protec-

tive films (e.g., Al2O3, hybrid layers) mitigate pulverization and ex-

cessive SEI growth, thereby significantly improving the Coulombic

efficiency. ALD-modified lithium metal anodes exhibit lower nucle-

ation overpotentials, as well as suppressed dendrite growth and cy-

cling durability through lithiophilic layers (e.g., ZnO, TiO2).

Fig. 13. Outlook and future perspectives for the development of ALD in lithium

battery anodes.

Despite these advances, challenges remain regarding the trade-

off between interfacial protection and ion transport, especially for

inorganic coatings that may react with lithium or increase re-

sistance. As shown in Fig. 13, we envision the future of ALD

from three perspectives: optimization of equipment, developing

multifunctional coatings, and ensuring a continuous overall pro-

cess. Specifically, future designs for ALD interfacial modification

must account for the physical form (powder, planar electrode) and

chemical properties of the anode to develop better-adapted equip-

ment. Multifunctional coatings should be considered. Beyond uni-

dimensional functions such as suppressing side reactions, mitigat-

ing volume expansion, or enhancing ion transport, coatings could

also achieve self-healing capabilities. Finally, challenges to large-

scale adoption include low deposition rates and batch-to-batch

nonuniformity. The economic feasibility of continuous production

(scalability and high efficiency) must also be addressed. This re-

quires integrating structural design based on novel anode materials

with the hardware architecture of ALD systems to create entirely

new frameworks for incorporating ALD into lithium-battery anode

production processes.
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