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Recent Advances in Materials Design Using Atomic Layer 
Deposition for Energy Applications
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The design and development of materials at the nanoscale has enabled effi-
cient, cutting-edge renewable energy storage, and conversion devices such as 
solar cells, water splitting, fuel cells, batteries, and supercapacitors. In addi-
tion to creating new materials, the ability to refine the structure and interface 
properties holds the key to achieving superior performance and durability 
of these devices. Atomic layer deposition (ALD) has become an important 
tool for nanofabrication as it allows the deposition of pin-hole-free films 
with atomic-level thickness and composition control over high aspect ratio 
surfaces. ALD is successfully used to fabricate devices for renewable energy 
storage and conversion, for example, to deposit absorber materials, passiva-
tion layers, selective contacts, catalyst films, protection barriers, etc. In this 
review article, recent advances enabled by ALD in designing materials for 
high-performance solar cells, catalytic energy conversion systems, batteries, 
and fuel cells, are summarized. The critical issues impeding the performance 
and durability of these devices are introduced and then the role of ALD in 
addressing them is discussed. Finally, the challenges in the implementation 
of ALD technique for nanofabrication on industrial scale are highlighted and a 
perspective on potential solutions is provided.
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supercapacitors, and fuel cells or directly 
converted into chemical fuels such as 
hydrogen via catalytic energy conversion. 
Although numerous technologies have 
been developed based on the above-men-
tioned approaches, their wide acceptance 
has been hindered due to various material-
related issues affecting the performance.

The power conversion efficiency of the 
most prevalent crystalline-Si (c-Si) based 
solar cells has reached a plateau. A fur-
ther cost reduction through novel device 
concepts and performance improvements 
is crucial to reinforce the global transi-
tion to renewable energy. While the alter-
native device concepts such as thin film, 
III–V, organic, perovskites, and quantum 
dot solar cells, show significant improve-
ments in the PV performance, issues such 
as inadequate lifetimes, high fabrication 
costs, and poor scalability in these devices 
are yet to be addressed. Photoelectrochem-
ical (PEC) water splitting systems made of 
semiconductor and catalyst materials pro-

vide an attractive route to directly convert sunlight into storable 
chemical fuels. Despite the recent progress of PEC systems 
achieving promising solar-to-hydrogen (STH) conversion effi-
ciencies, their high system costs and low operational stability 
are the main issues preventing their commercialization.

While extensive efforts have been made on the develop-
ment of next generation battery technologies such as Li–O2, 
Li metal, and Na-ion batteries, the issues such as unfavorable 
side reactions on the electrodes surfaces, limited lifetimes, and 
rapid capacity fading have limited their commercialization.[2] 

1. Introduction

Current emerging awareness on environmental impacts from 
the use of conventional hydrocarbon fuels has given rise to 
the pursuit of alternative and renewable energy sources such 
as wind and solar energy. Solar energy in particular is capable 
to meet all the energy needs on Earth as it receives nearly 
9600 times the global power consumption (17.91 TW in 2017).[1] 
Solar energy can be harnessed into electricity using photovoltaic 
(PV) devices and further stored in chemical bonds in batteries, 
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Similarly, proton exchange membrane fuel cells (PEMFCs) that 
can be used for powering electric vehicles suffer from critical 
issues such as the degradation of Pt catalyst, weak interaction 
of Pt with the support and Pt agglomeration.[3] Supercapaci-
tors have a huge potential for energy storage applications due 
to their long lifespan, fast charging, and high specific power. 
However, material instability is a critical problem, which 
leads to self-discharge. Apart from system and device design, 
atomic layer deposition (ALD) plays a crucial role in materials 
and interface engineering to minimize the self-discharge and 
improve the device performance and durability.

ALD is a powerful tool for material fabrications with refined 
structure and controlled interface properties. Self-limiting and 
saturated surface reactions are the inherent characteristics 
that enable ALD to deposit conformal and pin-hole-free thin 
films on high aspect ratio surfaces.[4] To engineer the mate-
rial’s surface and interface with atomic-level precision, ALD is 
extensively explored in energy conversion and storage applica-
tions namely, solar cells, batteries, PEC devices, fuel cells, and 
supercapacitors. In this article, we comprehensively review the 
recent advancements of ALD in materials design and inter-
face engineering in various energy conversion and storage 
devices. We emphasize on different challenges associated with 
these devices and the unique role of ALD in addressing them. 
Finally, we discuss recent developments in the ALD technology 
and provide a future perspective on materials and interface 
engineering using ALD. Several review articles have previously 
appeared focusing on the chemistry and fundamental working 
principles of ALD for battery technologies.[5] This article 

provides a focused review of material-related issues in various 
energy conversion and storage applications and how ALD can 
be used to address them.

2. Working Principle of ALD Technique

ALD is a vapor-phase deposition technique wherein the precur-
sors are sequentially injected into the reactions chamber with 
an advantage of self-limiting reactions of two or more reac-
tive precursors allowing the deposition of one atomic layer at 
a time.[4,6] ALD was first reported by Suntola and Antson in 
1977 as an atomic layer epitaxy technique for ZnS deposition.[7] 
A typical ALD process for Al2O3 deposition on Si substrate, 
is depicted in Figure  1.[8] First, TMA (Al(CH3)3) is introduced 
into the reactor, which reacts with the surface OH groups. 
The reaction automatically stops when all the surface OH 
groups are consumed, and the surface is covered with CH3 
groups. This completes one half cycle of the ALD process. Sub-
sequently, the unreacted TMA and reaction products such as 
CH4 are purged out of the reactor. The second precursor, H2O, 
is introduced in the reactor which reacts with the CH3 groups 
on the surface. The reaction automatically stops when the 
CH3 surface groups are fully consumed. The remaining pre-
cursors and reaction products such as H2O and CH4 are purged 
from the reactor. This completes one full ALD cycle and results 
in the growth of one (sub) atomic layer of Al2O3. The process 
is then repeated until a desired film thickness is achieved. 
ALD processes are generally conducted at moderate ALD 
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Figure 1. Schematic illustration of the ALD process for depositing Al2O3 using TMA and H2O as precursors. Reproduced with permission.[8] Copyright 
2018, Hindawi.
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temperature window (<350  °C).[9] ALD deposition outside the 
temperature window generally results in poor growth rates and 
nonconformal thickness of the deposited layers. These effects 
are exhibited either due to slow kinetics and/or precursor con-
densation at low temperatures or rapid desorption/thermal 
decomposition of the precursors at temperatures >350  °C.[10] 
Here, the selection of temperature is mainly dependent on the 
type of precursors and substrates, which makes it a critical step 
in achieving an optimum growth.
Table  1 compares the different techniques widely used for 

thin film deposition.[11] ALD is advantageous among other dep-
osition techniques such as CVD and sputtering, in achieving 
conformity with high aspect ratio and 3D structures.[12] This 
primary feature of ALD is enabled by sequential and self-sat-
urating reaction process, where the reaction is restricted to 
one monolayer per cycle. By allowing sufficient pulse time, 
the precursors can penetrate deep into the structures and thus 
enable homogeneous deposition over the entire surface. How-
ever, these characteristics are not attained in CVD and sput-
tering techniques due to faster reaction kinetics and shadowing 
effect, respectively.[13] Another advantage of ALD technique 
is the precise control of thickness of the thin films with less 
than 1 nm since the deposition proceeds in a layer-by-layer with 
(sub) atomic resolution.[14] The growth rate in one ALD cycle is 
typically 1 Å cycle−1 depending on the deposition temperature 
and precursors used. Another important feature of ALD is the 
precise control of the composition in the ternary or quaternary 
materials such as aluminum doped zinc oxide (AZO),[15] zinc-
doped tin oxide (ZTO),[16] and many others.[17] The composition 
in the deposited films can be tuned by varying the number of 
“supercycles” which is composed of multiple ALD cycles. For 
instance, for AZO deposition, by tailoring the supercycles ratios 
of Al2O3 and ZnO, conduction and optical transparency charac-
teristics of the deposited thin films can be tuned.[18]

Although ALD has many advantages, it also suffers from low 
deposition rates, which is due to the requirement of pulsing 
and purging the precursors and layer-by-layer nature of the 
deposition. Mostly, the ALD deposition rates vary from 100 to 
300 nm h−1 and dependent on the aspect ratio of the substrate 
and the reactor design.[19] Higher aspect ratio substrates would 
require longer pulsing and purging time to allow the precursors 

to disperse evenly across the surfaces. Similarly, larger ALD 
reactors would need higher pulsing and purging time to evenly 
distribute and evacuate the precursors from the chamber. How-
ever, these shortcomings can be addressed with the emerging 
technologies in the ALD such as spatial ALD as discussed in 
the later section. With spatial ALD, the deposition rates can be 
elevated to as high as 3600 nm h−1.[20]

3. ALD in Solar Cells

ALD has become an integral part of different solar cells tech-
nologies, such as Si, organic, hybrid perovskites, and quantum 
dots solar cells.[21] The ALD-deposited materials play crucial 
roles for light absorption, charge carrier transport, passivation 
at contact interfaces, recombination layers for tandem devices, 
and encapsulation of material stacks to improve the device 
stability and efficiency.[22] Due to its capability to deposit high-
quality ultrathin films with atomic layer thickness precision 
over a large area, ALD made rapid progress in the commerciali-
zation of solar cells.

3.1. ALD-Based Surface Passivation Layers for Si Solar Cells

Surface of a semiconductor contains dangling bonds which 
act as recombination centers for the photogenerated charge 
carriers; thus, affects efficiency of solar cells. Bulk defects 
originated from intrinsic and extrinsic defects can also act as 
recombination centers. As schematically shown in Figure  2, 
the carrier recombination in solar cells can be described by 
intrinsic radiative recombination, defects related Shockley–
Read–Hall (SRH) recombination, and Auger recombination 
where the SRH recombination is dominant in typical silicon 
solar cells. Therefore, two different strategies of surface passi-
vation are implemented to reduce the SRH recombination. The 
first strategy is to reduce the interface defect state density (Dit), 
and the surface recombination rate scales linearly with Dit, 
The second strategy relies on charge carrier control, where the 
concentration of one of the charge carriers is reduced, which 
consequently reduces the surface recombination rate as the 
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Table 1. Properties of various thin films deposition techniques (Reproduced with permission[11]). Copyright 2017, Elsevier.

Properties Chemical vapor 
deposition (CVD)

Molecular beam 
epitaxy (MBE)

Pulsed layer deposition 
(PLD)

Atomic layer deposition 
(ALD)

Sputtering Thermal/e-beam 
evaporation

Deposition rate Good Fair Good Poor Good Good

Film density Good Good Good Good Good Fair

Lack of pin-holes Good Good Fair Good Fair Fair

Thickness uniformity Good Fair Fair Good Good Fair

Sharp dopant profile Fair Good Varies Good Poor Good

Step coverage Varies Poor Poor Good Poor Poor

Sharp interfaces Fair Good Varies Good Poor Good

Low substrate 
temperature

Varies Good Good Good Good Good

Smooth interfaces Varies Good Varies Good Varies Good

No plasma damage Varies Good Fair Good Poor Good
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recombination process requires both an electron and a hole. 
Dielectric films often have a fixed charge density Qf, which 
reduce the concentration of the opposite polarity charge car-
riers at the surface. The level of surface passivation, typically 
expressed in the surface recombination velocity Seff or the 
surface recombination current J0s, scales with 1/Qf

2, making 
this quite an effective strategy. Hydrogenated amorphous Si 
(a-Si:H), Al2O3, SiNx, and SiO2 are commonly used to passi-
vate the surfaces of c-Si, and their excellent levels of surface 
passivation have enabled record efficiencies of up to 26.7%.[23] 
Traditionally, these surface passivation films were grown using 
plasma-enhanced chemical vapor deposition or thermal oxi-
dation in the case of SiO2. However, a number of ALD-grown 
films such as SiOx, Al2O3, titanium oxide (TiO2), and hafnium 
oxide (HfO2) have recently been shown to provide very high 
passivation levels of c-Si surfaces.[23a]

ALD has made a significant impact in the crystalline Si (c-Si) 
solar industry, the leading commercial solar cell with a market 
share of >90%, where 5 nm ALD Al2O3 layers are used at a sig-
nificant fraction of the rear of the dominant passivated emitter 
and rear contact (PERC) solar cells. The successful application 
of ALD Al2O3 in commercial PERC cells demonstrates the true 
potential of the ALD for future energy applications. Synthesis 
of dopant-free passivation contacts for c-Si solar cells is an 
active area of research where ALD plays a key role as it allows 
the deposition of a wide range of materials at low-cost and low 
substrate temperatures.

Al2O3 performs well in passivating c-Si surfaces because of 
its intrinsic negative and relatively low Dit. The Qf can reach 
values up to 1 × 1013 cm−2, resulting in a substantial reduction 
in the surface electron concentration and consequently the 
surface recombination rate.[24] The ALD process also intrinsi-
cally results in a thin interfacial SiOx layer between the c-Si and 

Al2O3, resulting in Dit values down to <1011 cm−2.[25] In one of 
the first publications on this topic, it was shown that a single 
7 nm ALD Al2O3 film resulted in a Seff of 5 cm s−1 on n-type c-Si 
while at that time typically far thicker films were commonly 
used for surface passivation, thereby demonstrating the merits 
of ALD in terms of the ability to grow high-quality thin films. 
Plasma-enhanced ALD-synthesized Al2O3 films showed better 
surface passivation than a-Si:H, as-deposited SiNx, and forming 
gas annealed SiO2 for highly doped p+ c-Si, which provided a 
landmark performance that gained significant interest in the PV 
field.[26] A few other ALD metal oxides, such as TiO2,[27] HfO2,[28] 
Ga2O3,[29] Ta2O5,[30] and POx,[31] have also shown excellent Qf 
and Dit values on c-Si as shown in Figure  3a. Among these, 
ALD HfO2 exhibited either negative or positive Qf depending 
on the type of Hafnium-precursor used. For example, hafnium 
(IV) chloride and tetrakis(diethylamido)hafnium ALD precur-
sors resulted in negative and positive Qf, respectively.[28b] Using 
trimethylhafnium ALD precursor, Seff of 55 and 24 cm s−1, 
were reported on lightly doped p- and n-type Si, respectively.[32] 
Thermal ALD TiO2 films also showed excellent Seff values of 2.8 
and 8.3 cm s−1 on undiffused low-resistivity n-type and p-type 
c-Si, respectively.[33] A low Seff of 6.1 cm s−1 was obtained by 
depositing 4.5 nm ALD Ga2O3 onto n-type c-Si wafer using tri-
methylgallium and ozone.[29] Use of O2 plasma in the plasma-
enhanced ALD to grow Ga2O3 on p-type c-Si resulted in a J0s of 
7 fA cm−2.[34] Therefore, ALD metal oxides have become crucial 
means to passivate the c-Si surfaces for improving their device 
efficiencies.

3.2. ALD-Based Passivating Contact Materials for c-Si Solar Cells

In recent years, attention has shifted from (nonconductive) 
surface passivation to passivating contacts. A passivating con-
tact should have a high resistance, typically expressed in the 
minority carrier recombination current J0 for one charge car-
rier and a high conductance, typically expressed in the con-
tact resistance ρc, for the opposite charge carrier. The optical 
losses can be circumvented by passivating contacts using high 
bandgap materials with a strong asymmetry in either band 
offsets or extreme high/low work function values. There are 
many transition metal oxides (TMOs) that have high bandgaps 
and suitable band alignment or work function relative to Si, as 
shown in Figure  3b.[35] TMOs such as Ta2O5,[30] TiO2,[36] and 
ZrO2

[37] are potential electron-selective contacts, and NiOx,[38] 
WO3,[39] MoO3,[40] and V2O5,[41] are potential hole-selective con-
tacts. In the next sections, we discuss the most promising ALD-
synthesized electron and hole selective contacts.

3.2.1. ALD-Based Passivating Electron Contact Materials for c-Si 
Solar Cells

The most promising results for ALD-grown materials have been 
achieved using TiO2 as a passivated electron contact layer with 
a record efficiency of 23.1%.[45] As shown in Figure 3b, TMOs 
with a low work function, i.e., ≈4 eV, work well as passivating 
electron contacts for c-Si solar cells because of their negligible 
conduction band offset and band bending due to a difference 
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Figure 2. Schematic band diagram of a crystalline Si surface with a sur-
face passivation layer, showing the generation of excess carriers by the 
photon absorption in the bulk, and carrier recombination via direct, 
SRH and Auger processes. A surface passivation layer reduces the inter-
face defect density (Dit), and the negative Qf induces an upward band 
bending reducing the minority carrier concentration and consequently 
surface recombination at the surface. Reproduced with permission.[1b]  
Copyright 2017, John Wiley and Sons.
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in work function. An efficiency of 19.6% was reported in 2016 
for an n-type c-Si solar cell with a thermal ALD deposited TiOx/
Al passivating electron contact.[27a] However, the device perfor-
mance was hindered by a high contact resistivity of TiOx/Al 
contact, which was further improved by optimizing the TiOx 
thickness and inserting a 1.2 nm SiO2 tunnel layer at the n-Si/
TiOx interface. The resulting device had an efficiency of 21.6%, 
a Voc = 676 mV, Jsc = 39.6 mA cm−2, and FF = 80.7%, which con-
firmed the improved passivating contact properties of the n-Si/
SiOx/TiOx/Al stack.[27b] Later, a partial rear contact device with 
TiOx/LiF/Al electron contact increased the device efficiency 
to 23.1% (Table  2).[45] An alternative approach to decrease the 
contact resistance between c-Si/TiOx/Al contact is the insertion 
of a LiF interlayer resulting in solar cell efficiency of 21.3%.[46] 
The addition of the 1 nm LiF layer considerably reduced the 
resistivity of full-area rear TiOx/LiF/Al contact to 18  mΩ  cm2 

while maintaining excellent passivation (J0 of 23 fA cm−2). 
First-principles density functional theory (DFT) studies and 
experimental results revealed that substitutional fluorine (F) 
doping at oxygen sites moved the Fermi-level toward the con-
duction band of TiO2; thus, electron transport was favored.[36b] 
This excellent performance demonstrates the potential of ALD 
TiOx for enabling high-efficiency Si solar cells. Recently, TiOxNy 
films deposited by remote-plasma ALD have been shown to be 
an effective passivating electron contact with a demonstrated 
device efficiency up to 22.3% as shown in Figure 3c–g.[44]

Another interesting passivating electron contact is TaOx with 
device efficiencies up of 19.1% reported.[30,47] In other work 
it was shown that the oxygen deficiency level in TaOx can be 
altered by using radical-enhanced ALD.[48] As an optimized 
oxygen deficiency is expected to enhance the electrical proper-
ties of TaOx, a composition-controlled TaOx film could result in 
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Figure 3. a) An overview of the fixed charge density Qf, and interface defect density Dit of typical passivating materials for c-Si surfaces. Reproduced 
with permission.[42] Copyright 2018, Elsevier. b) Conduction and valence band edges of representative electron-/hole-selective contact TMOs with the 
band edges of the c-Si and a-Si. Reproduced with permission.[42c] Copyright 2020, Elsevier. c) Schematics of an n-type c-Si solar cell with TiOxNy, and 
a-Si:H/TiOxNy full area rear contacts, d) cross-sectional TEM images of TiOxNy, e) TEM image of a-Si:H/TiOxNy contacts, f) J–V characteristics under 
AM 1.5G illumination, and g) IQE and reflectance of n-Si solar cells with a full-area Al, TiOxNy, and a-Si:H/TiOxNy rear contacts. Reproduced with 
permission.[44] Copyright 2020, Wiley-VCH.
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high device performance. 1 nm ALD Nb2O5 films also showed a 
low contact resistivity of 70 mΩ cm2 with a low saturation cur-
rent density J0 of 20 fA cm−2.[49] The sufficiently low J0 and a 
reasonable contact resistivity indicate the potential of Nb2O5 as 
passivating electron contact for c-Si solar cells. Doping of these 
TMO films could further improve the band alignment with c-Si 
as well as increasing the conductivity, which would improve 
the passivating contact performance. As the thickness of these 
TMO films is typically <5 nm, ALD is an ideal technique for 
growing such ultrathin passivating electron contact films.

3.2.2. ALD-Based Passivating Hole Contacts for c-Si Solar Cells

The development of hole-selective TMOs contact for c-Si solar 
cells is less mature compared to its electron-selective counter-
part. While a few TMOs, such as MoO3,[50] WO3,[50b] V2O5, and 
NiO,[51] have shown their potential as passivating hole contacts 
on c-Si, MoO3 is the most successful and heavily explored mate-
rial in c-Si solar cells (Table  1). This is evidenced by an SHJ 
device with a thermally evaporated 4 nm MoO3 layer with 8 nm 
a-Si:H interlayer with an efficiency of 23.5%.[52] The appeal of 
MoO3 over doped p-type a-Si is its significantly higher bandgap 
resulting in lower parasitic absorption.

A VOx layer was used as a hole-selective contact to fabri-
cate an interdigitated back contact solar cell with an efficiency 
of 19.7%.[41] While high-efficiency c-Si solar cells have been 
reported using thermally evaporated MoOx and VOx films, the 
ALD deposited films still show inferior hole-selectivity, which 
could be attributed to a lower work function for the ALD depos-
ited films compared to their evaporated counterparts.[41,54] X-ray 
photoelectron spectroscopy revealed the dependence of the ALD 
MoOx film’s stoichiometry on the plasma parameters used. 
Unfortunately, S-shaped I–V characteristics were observed 
for all the solar cells irrespective of the stoichiometry of the 
MoOx film.[55] Another interesting passivating hole contact 
is NiO as it has a good alignment with the c-Si valence band. 
Unfortunately, intrinsic NiO films provide no significant level 
of surface passivation. In addition, it results in highly resis-
tive contact with diode-like characteristics, suggesting that the 
conductivity originated from nickel vacancies is insufficient.[51] 
It was shown that the contact resistivity can be significantly 
reduced by adding Zn to NiO without significantly affecting 
the band alignment with c-Si presenting a contact resistivity of 
≈21.5 mΩ cm2 with p-type Si.[51] DFT analysis revealed that the 
Zn-induced electronic states were responsible for the improved 
selectivity of ZnNiO with c-Si. The Zn-incorporated NiO films 

were found to be thermally stable up to 500  °C. The addition 
of Al to NiO was shown to be less effective, resulting in an 
increase of work function from 4.51 to 4.68 eV and the contact 
resistivity value of as-deposited Al0.21Ni0.75O with c-Si was found 
to be 331 mΩ cm2.[56]

The performance of passivating contacts does not always 
solely rely on the band alignment. The presence of fixed 
charges in the thin film can also determine if a structure is 
an electron or hole selective contact. Under certain deposition 
conditions, TiOx films can exhibit a significant negative fixed 
charge density. As shown in Figure 4a–f, a proof-of-concept c-Si 
solar cell with an efficiency of 20% was demonstrated where 
a 5 nm ALD TiOx film was part of a passivating hole contact. 
The ALD process conditions and postdeposition annealing can 
alter the composition of TiOx/Si interfacial layers (SiOx:H and 
TiOxSiy:H) and consequently the fixed charge density. As shown 
in Figure  4g,h, a band bending in  n-Si results in an induced 
junction that attracts holes toward the Si/TiOx interface. There-
fore, holes are selectively collected at ITO via the defect states 
in TiOx, interfacial TiOxSiy, and SiOx  layers, which ultimately 
determines the hole selectivity and surface passivation.

3.3. ALD Synthesized Metal Oxides in Perovskite Solar Cells

ALD plays a crucial role in achieving high efficiency organic–
inorganic hybrid perovskite solar cells (PSCs),[57] with a certi-
fied efficiency of 25.5% for single-junction PSCs.[58] As ALD 
facilitates the growth of high-quality conformal, dense and pin-
holes-free films deposited at low temperature, it can deposit 
compact TiO2,[57d–f ] and SnO2

[57c,e,f ] films onto large substrate 
areas. An ultrathin ALD Al2O3 film deposited onto compact 
and or mesoscopic TiO2 and SnO2 layers suppress the surface 
defect states; thus, improving the performance and stability 
of the PSCs.[59] ALD is also explored for tandem perovskite/Si 
solar devices, which can break the single-junction Shockley–
Queisser limit.[60] ALD has been used to deposit a conformal 
TiO2 layer, which acts as a recombination junction layer for 
high-efficiency monolithic perovskite/Si tandem solar cells.[21a] 
The TiO2 films grown at low temperatures led to a good ohmic 
contact at TiO2/p+-Si, allowing the design of efficient perov-
skite/Si two-terminal tandem solar cell.[21a,c] Using a 10 nm 
thick ALD SnO2 buffer layer, a certified efficiency of 25.2% 
was reported for a perovskite/Si solar cell.[57b] ALD grown 
dense SnOx was found to be an effective gas permeation bar-
rier layer in inverted perovskite solar cells, which suppressed 
overall decomposition of organometal halide perovskites; thus, 
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Table 2. Characteristics of c-Si solar cells with different passivation contact layers.

Contact material ALD films Contact structure Efficiency [%] VOC [V] JSC [mA cm−2] FF [%] Area [cm2] Ref.

Electron-selective pas-
sivation contact films

TiO2 TiOx/LiF/Al 23.1 695 41.5 80 Partial rear-contact [45]

TiOxNy aSi:H/TiOxNy 22.3 698 39.5 80.8 Full-area rear contact [44]

Ta2O5 n-Si/TaOx/Mg/Al 19.1 638 37.8 78.3 Full-area rear contact [30]

Hole-selective passiv-
ation contact films

MoO3 (thermally 
evaporated)

SJH 23.5 734 39.2 81.8 Full-area rear contact [52]

TiO2 n-Si/ALD TiOx/ITO 20.1 674 38.3 78.2 Full-area rear [53]
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Figure 4. Schematic of a) planar and b) textured Si solar cells, c) cross-sectional STEM images of ITO/t-ALD TiOx  layer on textured Si, d) a digital 
photo of a solar cell, e) J–V characteristics, f) contact resistivity measurements, g) schematic energy band diagrams of the ITO/n-Si, and h) ITO/t-ALD 
TiOx/n-Si contact systems. Reproduced with permission.[53] Copyright 2020, American Chemical Society.
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led to an outstanding device stability of >1000 h.[61] A compact 
and robust 20 nm thick ALD SnOx layer deposited at low tem-
peratures was used to fabricated ITO free monolithic all-per-
ovskite tandem solar cells.[62] The low temperature deposition 
prevents the damage of the subcells of tandem perovskite solar 
cells which resulted in improved performance for the wide 
bandgap front subcell. A conformal 20 nm ALD SnO2 layer 
synthesized at 100 °C was used to protect the perovskite layer 
from sputter damage and moisture during the fabrication of 
26.0% perovskite/Si tandem solar cells.[57c] Encapsulation 
layers help to contain any leakage of toxic Pb-based perovskites 
in PSCs, and protect it from external humidity and adverse 
temperature. The recently reported two-terminal champion 
perovskite/Si device efficiencies of 29.08% used thermal ALD 
synthesized 20 nm SnO2 (Figure  5). The performance of the 
tandem device was later improved to 29.15%.[58,63] Despite this 
high efficiency, they suffer from outdoor operational stability 
originated from the volatilization of the organic layer in con-
tact with moisture which limits the practical application of 
PSCs. An encapsulation layer composed of ALD synthesized 
pin-hole-free compact and hydrophilic Al2O3 followed by a 
deposition of a hydrophobic 1H,1H,2H,2H-perfluorodecyl-
trichlorosilane (FDTS) layer onto PSCs, successfully circum-
vented the vapor permeability.[64] The organic FDTS layers 
also improved the flexibility of the encapsulation layers as the 
Al2O3 is known to lack flexibility.[65] This inorganic–organic 
composite encapsulation layer significantly improved the sta-
bility of PSCs because of its resistance against humidity and 
oxygen under ambient air and damp heat test condition. The 
ALD-based Al2O3 also acts as a barrier layer at the interface 
of the spiro-OMeTAD/perovskite to inhibit ionic accumula-
tion.[66] The composite encapsulation layer showed negligible 
impact on the perovskite layer resulting in high efficiency 
PSCs enabled by the encapsulation layer.

3.4. ALD-Grown Photoabsorbers for Solar Cells

Exploiting the benefits of ALD, such as atomic-scale thickness 
and composition control, it has been used to make compact 
light-absorbing thin films for solar cells applications. While it is 
best suited for depositing ultrathin absorber layers, however, it 
does not have a practical thickness limit that could be an issue 
for fabrication of solar cells with a submicron-thick absorber 
layer. ALD has been used to grow conformal and composition-
ally uniform ultrathin metal chalcogenides absorber films, 
such as Cu2S, Sb2S3, PbS, CdS, Bi2S3, SnS, In2S3, CuSbS2, 
CuInS2, CuInSe2, Cu(In, Ga)Se2, Cu(In, Ga)(S, Se)2, and 
Cu2ZnSn(S, Se)4.[67] These chalcogenides have a direct bandgap, 
and high extinction coefficient which makes them suitable for 
application as light absorber in solar cells. CuInS2 films were 
deposited using Cu(acac)2 and In(acac)3 ALD precursors as 
the source of Cu and In, and H2S as the source of S.[68] It can 
also be used to synthesize CdS, CdSe, PbS thin films with uni-
form composition.[69,70] ALD allows for the deposition of high 
purity and p-type PbS films at low temperatures of <155  °C 
with H2S process.[67e] ALD deposited p-type Cu2S thin films 
onto flat n-type TiO2 formed a p–n junction which exhibited a 
JSC of 30 µA cm−2 and a VOC of 200 mV under irradiation of 

2.8 kW m−2.[67a,71] ALD can be used to grow Sb2S3 films which 
have demonstrated an efficiency of 5.77%.[67b] Compared with 
the extremely thin absorber Sb2S3 deposited via conventional 
chemical bath deposition, ALD Sb2S3 benefited from low 
oxygen impurities and uniform thickness control, leading to 
less charge carrier recombination and improved photovoltaic 
property.[72] 3D solar cells were fabricated using the ALD CuInS2 
infiltrated into the nanopores of TiO2.[72,73] The composition 
of CuInS2 can be tuned by using various copper-to-indium 
precursor ratios, varying deposition temperatures and postan-
nealing conditions. ALD can also deposit the Cu2ZnSnS4 films, 
following strategies to achieve desired elemental ratios of Cu, 
Zn, and Sn.[67d] Chalcogenide CdS films were also deposited on 
c-Si by using ALD precursors, dimethyl cadmium, and in situ 
generated H2S.[74] The p-type 2D SnS grown by ALD showed 
absorption onsets of 950 nm and external quantum efficiencies 
over 90% in thin film solar cells applications, suggesting that a 
well-optimized SnS film could be a choice of absorber for solar 
cells application.[75]

3.5. ALD for Thin-Film Solar Cells

ALD has been widely used for the interface modification in 
thin-film CuInGa(S,Se)2 (CIGS),[76] Cu2ZnSn(S,Se)4 (CZTS),[77] 
CdTe,[78] and chalcogenide solar cells. High-performance CIGS 
and CZTS devices often used CdS as a buffer layer because 
of its high stability and simple deposition. However, its low 
bandgap of 2.4–2.5 eV leads to parasitic absorption, reducing 
the short circuit current density, open-circuit voltage, FF, and 
stability. Therefore, environmentally benign ALD buffer layers, 
such as Zn(O, S),[79] Zn1−xMgxO, Zn1−xSnxO,[80] and In2S3,[81] 
have been used to improve the performance of thin-film solar 
cells.[42c] The atomic-scale thickness and composition control 
on the buffer layers enables the synthesis of materials with 
improved electrical and optical properties. As the bandgap 
of Mg-doped ZnO is tuneable which is wider than that of 
i-ZnO, the former layer can potentially replace the i-ZnO 
window layer. The reported record 23.35% CIGS solar cell 
used a hybrid layer consisting of Zn0.8Mg0.2O and Zn(O, S, 
OH)x layers, confirming the true potential of ALD to deposit 
nontoxic buffer layers for high efficiency CIGS solar cells.[82] 
Photovoltaic performance summary of the champion thin-film 
solar cells with different ALD buffer layers provided in Table 3 
shows a summary of the thin films solar cells using ALD for 
the deposition of buffer layers, transparent conducting oxides 
and interface layers.

The Zn1−xSnxO is a nontoxic buffer layer and has shown 
much promise for CZTS and CIGS solar cells. ALD can be 
effectively used to tune the composition of the Zn1−xSnxO 
layers, which subsequently helps to obtain an optimal band 
alignment with the CIGS and CZTS films. Because of its 
higher bandgap than that of the commonly used CdS, the 
parasitic absorption loss can be significantly suppressed 
to obtain a better light-harvesting efficiency in solar cells. A 
10 nm Zn1−xSnxO buffer layer was found to be sufficient to 
conformally cover the CZTS layers and suppress the interface 
defects, which increased Voc; thus, the efficiency of CZTS solar 
cells increased to 9.3%.[83]

Adv. Funct. Mater. 2021, 2109105
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Figure 5. Characteristics of monolithic perovskite/Si tandem solar cells with various hole transport layers (HTL). a) Schematic of the monolithic 
perovskite/Si tandem solar cell. b) Cross-sectional SEM image of a tandem cell with Me-4PACz as HTL. c) Statistics of the power conversion efficiencies 
of PTAA, MeO-2PACz, 2PACz, and Me-4PACz tandem solar cells from J–V scans. d) Certified J–V characteristic measured at Fraunhofer ISE, including 
the maximum power point value and the device parameters (red), compared to a tandem cell with PTAA (gray) as HTL. e) External quantum efficiency 
(EQE) and reflection (denoted as 1-R) of the certified tandem cell. f) Long-term maximum power point value tracked using a dichromatic LED illumina-
tion of nonencapsulated solar cells in air at a controlled temperature of 25 °C and relative humidity of 30% to 40%. The data were normalized to the 
average maximum power point value of the first 60 min of each individual track to account for measurement noise. Because of the fast degradation, 
the maximum power point track of the PTAA + LiF cell was normalized to the first recorded value. The legend specifies each HTL and notes whether a 
LiF interlayer was used. Reproduced with permission.[63] Copyright 2020, American Association for the Advancement of Science.
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3.6. ALD in Nanowire Solar Cells

The use of nanostructures in solar cells results in improved 
light-trapping capability when compared to their planar coun-
terparts. For example, arrays of inorganic compound semicon-
ductor nanowires have potential in fabricating high-efficiency 
solar cells at a significantly lower cost compared to the planar 
junctions solar cells.[90] It shows several advantages over the 
planar junction devices due to inherent suppressed reflec-
tion, large absorption cross-section, high light trapping, and 
enhanced defect tolerance. Therefore, semiconductor nanowire 
(NW) arrays with nanometers to micrometers in diameter and 
length, such as Si, InP, GaAs, Ge, GaN, GaP, CdS, and ZnO 
monolithically grown on c-Si substrates have been explored.[91] 
The monolithic growth for some of these materials also known 
to substantially reduce the material consumption. However, the 
devices suffer from very high carrier recombination originated 
from a hundred to thousand folds increased surface-to-volume 
ratios compared to their planar counterparts and very low effec-
tive carrier lifetime; thus, resulting in a significantly inferior 
solar cell performance.[92] Novel device structures, such as radial 
junction and NW tandem solar cells concepts have been inves-
tigated to improve the carrier lifetime; however, the efficiency 
of radial junction solar cells suffers from the fact that its con-
stituent layers cannot be effectively doped and maintained low-
defect density at the p–n interfaces. For example, doping of NWs 
in the p–n radial junction, especially using conventional bottom-
up epitaxial growth deposition techniques is problematic.

Using nanowires arrays of p- and n-doped InP layers, 17.8% 
efficiency NW solar cells were reported, which is lower than 
the planar junction devices.[90] To improve the solar cells effi-
ciency and make the fabrication cheaper, p-type InP NW were 
coated with cheaper ZnO/AZO layers, resulting in 17.1% effi-
ciency (Figure 6a–d).[92a] The use of ZnO/AZO on InP increases 
the light absorption and carrier passivation contact properties, 
which resulted in  Jsc  of more than 30 mA cm−2. To fabricate 
the radial junction NW solar cells, thin layers of SiO2, ZnO, 
AZO, and metal oxides are often necessary, which can be easily 
deposited using ALD. In addition, ALD can deposit conformal 
layers of these materials onto NWs, and dopant can be incor-
porated using the ALD supercycles approach. Ti-doped ZnO 
grown by ALD provided sufficiently low contact resistance and 
was successfully applied as front transparent conductive oxide 
layer for the radial junction p-type doped Si NW solar cells.[93]

The optical confinement effect of Si NWs enables the fabrica-
tion of efficient thin c-Si solar cells as a 10-µm-long Si NW array 

can efficiently absorb solar light, eliminating the influence of 
the Si wafer. The surface passivation of the Si NWs was done 
using ultrathin layer ALD Al2O3. As discussed earlier, a large 
surface area of NWs leads to an increase in surface defects; 
thus, faster recombination kinetics, where the defect passi-
vation ALD Al2O3 layer can be used to suppress the surface 
defects.[95]

3.7. ALD Metal Oxides in Organic Solar Cells

In recent years, an efficiency boost and significant improve-
ment of the stability for the organic solar cells (OSCs) were 
reported.[94] ALD-deposited metal oxides layers played a cru-
cial role in achieving a stable OSC with an efficiency of 17.3%, 
where the ALD deposited ultrathin materials passivate inter-
face defects between ZnO and light-absorbing layer in the 
OSCs device.[96] For example, the use of an ultrathin TiOx 
layer onto ZnO was found to passivate interface defect states 
without affecting the optical transparency of the OSC device 
(Figure 6e,f). While ZnO is an ideal candidate for OSCs, it suf-
fers from high photosensitivity under UV light due to surface 
defects. Tandem structures for OSCs have also been explored 
to improve issues of a single junction OSCs, such as inefficient 
light absorption, and transmission and thermalization losses; 
thus, to improve their device efficiency.[97] An interconnect 
layer which electrically connects two subcells is crucial to effi-
ciently extract the photogenerated charges. A low work func-
tion SnOx layer was deposited onto thermally evaporated high 
work function MoOx by ALD to create a charge recombination 
interconnect MoOx/SnOx layer ensures an ideal alignment of 
the conduction band of MoOx and SnOx without any metal or 
organic layer in the inverted organic tandem solar cells which 
is required to fabricate inverted organic tandem solar cells. The 
interconnect layer has a large intrinsic dipole at the MoOx/
SnOx interface, which ensures a loss-free connection of the sub-
cells.[98] The use of highly conductive semitransparent TMOs 
interconnect layers further allows optical management in an 
organic tandem solar cell. While a highly conductive layer pro-
motes faster charge carrier transport, improving device stability 
under illumination has been achieved using ALD SnOx as an 
electron extraction layer.[99] The use of pristine ALD SnOx also 
solved the UV light-soaking issue which is typically observed 
in TiOx and ZnO-based OSCs.[100] Deposition of these ultrathin 
and conformal metal oxide layers at low-cost could only be pos-
sible by ALD, which helped to improve the performance of 
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Table 3. Photovoltaic characteristics of high-efficiency thin film solar cells using ALD layers.

Light absorber films Efficiency [%] VOC [V] JSC [mA cm−2] FF [%] Ref.

Zn1−xMgxO CIGSe 18.1 0.668 35.7 75.7 [84]

Zn(O,S) CIGSe 19.8 0.715 36.5 75.8 [85]

Zn1−xSnxO CZTS 9.3 0.679 21.6 61.4 [83]

CIGSe 18.2 0.689 35.1 75.3 [86]

ZnMgO CIGSSe 22.8 0.711 41.4 77.5 [87]

ZnTiO CIGSe 20.8 0.726 37.7 76.2 [88]

Al2O3/CdS CZTS 11.5 0.515 32.1 69.2 [89]
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these solar cells.[94] ALD synthesized films are also widely used 
to passivate interface defects, thus improve the device perfor-
mance. ALD Al2O3 and TiO2, and ZrO2 layers have significantly 
improved device performance and stability.

4. ALD in Water Splitting

PEC water splitting is a promising approach for renewable 
hydrogen production, where solar energy drives the generation of 
hydrogen by molecular dissociation of water on a catalytic/sem-
iconductor surface.[101] The minimum therodynamic potential 

requirement to drive the water splitting raction is 1.23 V under 
normal temperature and pressure. However, various overpoten-
tial losses contribute to increase in the required voltage.[101,102] 
Wide bandgap semiconductors such as TiO2 (3.2 eV),  
WO3 (2.6 eV), Fe2O3 (2.2 eV) are extensively studied for PEC 
hydrogen generation, where the performance limitations are 
mainly attributed to material realted issues such as limited light 
absorption, low conductivity, short diffusion length, and high 
overpotentials.[103] While narrow bandgap semiconductors such 
as Si and III–V materials are shown to exhibit high conversion 
efficiencies, photocorrosion of these materials in electrolytes is 
a persisting issue,[104] along with recombination due to surface 
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Figure 6. a) Schematic 2D representation of a radial heterojunction p-InP/ZnO/AZO NWs solar cell, b) corresponding simulated band diagram, 
c) cross-sectional field emission scanning electron microscope (FESEM) image of InP nanowires, and d) FESEM image of the InP/ZnO/AZO. Repro-
duced with permission.[92a] Copyright 2019, American Chemical Society. e) Schematic diagram of an organic solar cell, showing an ultrathin ALD 
TiOx passivation layer which improves device performance and stability, and f) chemical structures of the organic light-absorbing molecules. Repro-
duced with permission.[94] Copyright 2020, Wiley-VCH.
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trap states and absorption losses, which further limit the PEC 
performance.[105] The feature of ALD to be able to deposit con-
formal, thin layers on planar as well as structured surfaces can 
help in solving some of the aforementioned issues.

4.1. Photoelectrodes

ALD technique is utilized to engineer conformal thin films 
with precise control over thickness and composition, which 
allows fabricating planar photoelectrodes at relatively lower 
temperatures with optimal properties for achieving high perfor-
mance, as summarized in Table 4. For example, planar Ta3N5 
film was deposited on FTO at a much lower temperature of at 
550 °C compared to other techniques that require temperature 
>850  °C.[106] ALD Ta3N5 photoelectrodes produced an impres-
sive photocurrent onset potential of ≈0.3 V versus reversible 
hydrogen electrode (RHE) with a maximum photocurrent of 
≈2.4 mA cm−2 at 1.23 V versus RHE.[106] Pure and crystalline 
sub 10 nm α-Fe2O3 film deposited using low temperature ALD 
achieved photocurrent densities of 0.3 mA cm−2 at 1.23 V versus 
RHE and a photocurrent onset potential of <0.9 V versus RHE, 
previously unseen for such thin films without high tempera-
ture annealing.[107] Surface treatement can further enhance the 
PEC performance of thin films. For instance, hydrogen plasma 
treatment on ALD-deposited TiO2 films showed enhanced 
photoelectrochemical performance due to its surface reduc-
tion. Hydrogen plasma treatment results in Ti+3 states, which 
allows formation of localized electronic states in midbandgap 
region, improving charge seperation and transportation in the 
UV region. This enhanced the PEC performance of planar TiO2 
films from 0.12 to 1 mA cm−2 at 0.8 V, by a factor of 8.[108]

Doping in photoelectrodes is another approach to enhance 
the material properties for PEC application. Lin et al. fabricated 
a p–n homojunction Fe2O3, by Mg doping in n-type Fe2O3 via 
the ALD technique. This p–n homojunction resulted in 200 mV 
cathodic shift in the PEC performance of the photoelectrode. A 
thin and conformal p-type layer was found to be crucial for the 
enhanced performance, highlighting the importance of ALD.[110] 
Controlling the Ti content and morphology, the solar water 
splitting performance was improved by 300% of that achieved 
by undoped hematite nanorods. Electrochemical impedance 
spectroscopy and Mott–Schottky analyses revealed that Ti-doped 
nanorods have estimated carrier density of 1.4  ×  1019 cm−3, two 
orders of magnitude higher than undoped hametite nanorods. 
Ti doping promoted the band bending, thus accelerating charge 
seperation and increasing the number of carriers.[111] John et al. 
reported high performance Sn-doped hametite photoanodes 
fabricated by surface state diffusion of Sn onto hydrothermally 
grown Hametite nanorods. Conformal film thickness and cov-
erage by ALD allowed, homogenous doping throughout the 
nanorods confirmed by EDS mapping on Sn-doped Fe2O3 
nanorods as shown in Figure 7a. Doped nanorods achieved high 
photocurrents of 3.12 mA cm−2 at 1.23 V. SnOx doping allows 
better charge transfer at the electrode–electrolye interface com-
pared to SnOx without any doping. The charge seperation and 
surface catalysis efficiences increased from 22% to 51% and 35% 
to 67%, respectively, after 20 ALD cycles of SnOx (Figure 7b,c). 
SnOx doping allows better charge transfer at the electrode–elec-
trolye interface compared to without any doping.[112] A major 
advantages of the ALD assisted doping over chemical methods 
is the absence of morphology change and surface residues.

Increasing the surface area by nanostructuring can help 
in improving the light absorption in thin films. Transparent 
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Table 4. Application of ALD in photoelectrodes preparation.

Material Substrate Thickness/ALD cycles Deposition temperature Photoelectrochemical performance Ref.

Ta3N5 FTO ≈100 nm 120 °C Photocurrent of 2.4 mA cm−2 at 1.23 V versus RHE [106]

TiO2 FTO 1000 and 2000 cycles 120–250 °C Photocurrent of 1 mA cm−2 at 0.8 V [108]

TiO2 Sacrificial polymer layer 100, 300, 500,  
and 1000 cycles

150 °C 8% degradation rate of MO for ALD film with 500 cycles,  
after 150 min

[109]

n − Fe2O3 FTO ≈5 nm 0.8 V turn on voltage [110]

n − Fe2O3 FTO 150 °C Photocurrent density of 2.28 mA cm−2 at 1.23 V [111]

n − Fe2O3 FTO 4–10 nm 120 °C Photocurrents of 3.12 mA cm−2 at 1.23 V
STH of 3.4% on decorating with CoPi OER cat and perovskite PV

[112]

α − Fe2O3 TiSi2 nanonets ≈25 nm 180 °C Photocurrents of 1.6 mA cm−2 at 1.23 V versus RHE [103d]

TiO2 Nano FTO scaffolds 5–20 nm 300 °C Photocurrent density of 0.7 mA cm−2 at 0 V versus Ag/AgCl [113]

ZnO/TiO2 Electrosprayed BiVO4 
nanopillers

ZnO: 0–250 cycles
TiO2: 0–150 cycles

ZnO: 150 °C
TiO2: 200 °C

Photocurrent density of 2.25 mA cm−2 at 1.2 V versus Ag/AgCl [114]

ZnO/TiO2 Nanostructured Si ZnO: 5 nm
TiO2: 4.7 nm

ZnO: 200 °C
TiO2: 120 °C

ZnO/TiO2 encapsulated photoanode showed photocurrent nine 
times and 0.817 V (vs RHE) compared to only

TiO2 encapsulation

[115]

Ta3N5 Si 10–70 nm 200 °C Photocurrent onset at
potentials of 0.6–0.8 V versus RHE

[116]

BVO − SnO2 ZNO nanowires/FTO 1000 cycles 150 °C Photocurrent density of 2.9 mA cm−2 at 1.23 V [117]

TiO2 FTO 85 °C ≈0.8 mA cm−2 at 2 V versus RHE [118]

TiO2 − TaOXNY FTO [105b]
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conductive oxide based scaffolds/structured support was shown 
to enhance the PEC performance achieving optimal photo-
current density of 0.7 mA cm−2 at 0 V versus Ag/AgCl, which 
is nearly four fold enhancement compared to planar TiO2/
FTO. The confromal TiO2 film deposited on disordered and 
porus nano-FTO offers increased photon absorption through 
scattering, complimentary photon absorption due to bandgap 
combination and favorable interfaces for chrage seperation 
and transfer across various junctions.[113] Yew et  al. reported 
enhanced photoelectrochemical performance of inverse opal− 
TiO2 (IO-TiO2) structures with systematic defect generation via 

electrochemical reduction. These structures were fabricated by 
depositing TiO2 layer on polysterene template via ALD tech-
nique, using TiCl4 and H2O precursors, followed by annealing 
at 450  °C for 30 min to remove the PS template. Post ALD 
treatment of electrochemical reduction resulted in formation 
of oxygen vacancies due to fermi level shift toward conduc-
tion band, which reduced the electron–hole recombination and 
improved charge transfer. Improvement in photon absorption 
resulted in improving the PEC performance by three times.[118]

Recently, TiO2–TaOxNy type-II inverse opal heterostrucu-
tres are developd via ALD method. TaOxNy was deposited on 
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Figure 7. a) EDS map indicating Sn and Fe distribution in a 20 cycles-treated Sn-doped Fe2O3 nanorod, b) charge–separation efficiency of as-prepared 
and 20–50 cycles SnOx-treated hematite photoanodes for water oxidation, and c) surface-catalysis efficiency of as prepared and 20–50 cycles SnOx-
treated hematite for water oxidation. Reproduced with permission.[112] Copyright 2017, John Wiley and Sons. d) Schematic of TiO2–TaOxNy hetero-
structure IO photoanode. Yellow and gray represent the FTO and the glass substrate, respectively. Top-view scanning electron micrographs of e) TiO2 
IO, and with 150 cycles of TaOxNy deposited at 325 °C. f)TTN325, 350 °C g) TTN350, and 400 °C, and h) TTN400. Reproduced with permission.[105b] 
Copyright 2020, American Chemical Society. i) Diagram of BVO/ZnO nanostructured photoelectrode with SnO2 interlayer, j) SEM image of BVO/ZnO 
photoelectrode (k) bright field TEM and EDS mapping of BVO/ZnO photoelectrode (scale bar is 50 nm), and (l) Linear sweep voltammtery (LSV) 
performance of planar BVO and nanowires. Reproduced with permission.[117] Copyright 2019, American Chemical Society.
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IO-TiO2 structures by thermal ALD using tert-Butylimido-
tris-diethylamido-tantalum (TBTDET) and NH3 precursors. 
Figure  7d shows the schematic of TiO2–TaOxNy heterostruc-
ture IO photoanode fabrication process. A total of 150 cycles 
of TaOxNy were deposited onto the IO-TiO2 structures at 325, 
350, and 400  °C (samples TTN325, TTN350, and TTN400); 
these samples have average pore sizes of 350 ± 10, 370 ± 10, 
and 395 ± 10 nm, respectively, shown in SEM images in 
Figure  7e–h. Type-II heterojunction formation resulted in 
large built in field, which promoted charge carrier seperation 
with enhanced minority carrier transport and reduced charge 
accumulation at semiconductor/electrolyte interface. In addi-
tion, the photocurrent density of TiO2–TaOxNy heterostructure 
increased by twofold and the stability significantly improved 
when compared to standalone TiO2 and TaOxNy.[105b]

Kim et  al. fabricated a heterostructured BiVO4/ZnO/TiO2 
film by depositing ZnO and TiO2 films on electrosprayed 
BiVO4 naopillars via ALD technique.[114] The ZnO/TiO2 layers 
promoted electron–hole seperation and charge transfer toward 
ITO substrate resulting in 2.5 times enhancement in the photo-
current density. This bilayer configuration contributes toward 
improved charge seperation, and results in enhanced overall 
performance. The working mechanism of TiO2–ZnO bilayer 
was further investigated by density functional theory. 3D com-
posite nanostructure was formed by ALDF depositing ZnO and 
TiO2 onto the nanostructured Si photoanodes. The resulting 
photoanode with TiO2–ZnO bilayer showed nine times higher 
photocurrent density compared to photoanode without ZnO. 
Density functional theory calculations of the TiO2–ZnO com-
bination reveals the role of additional Ti atoms on ZnO surface 
toward the reduciton of bandgap and increased stability, thus 
enhancing the water oxidation performance.[115]

Narkevikiute et  al. investigated a core–shel heterostructure 
by depositing Ta3N5 shell layers onto the nanostructured Si 
photoanodes via ALD method. Thin (10–30 nm) Ta3N5 shell 
on Si photoanode resulted in tenfold improvement in photo-

current compared to planar devices of the same thickness. This 
tandem photoanode heterostructure exhibited a shift of the 
photocurrent onset by 200 mV, which significanlty improved the 
overall efficiency of the PEC system.[116] Bismuth vandate shell 
and SnO2 buffer layer were ALD coated onto ZnO nanowire 
core (Figure 6i), with ZnO forming type-II heterojunction with 
BVO, facilitating electron transfer from the conduction band of 
BVO to ZnO. Figure 7j,k shows the SEM and the TEM images 
of the corresponding structure. Large valence band offset 
between ZnO and SnO2 buffer layer blocks the hole injection 
across ZnO–SnO2 interface. The resultant structure exhibited 
photocurrent density of 2.9 mA cm−2 at 1.23 V, a 30% increase 
compared to the planar structure as shown in Figure 7l.[117]

4.2. Passivation and Protection Layers

TiO2 has been extensively studied as a protection passiva-
tion layer for both photocathodes and photoanodes. Fan et  al. 
developed Pt nanoparticle-loaded Si photocathodes with thin 
ALD TiO2 protective layer achieving more than 10% applied 
bias photon-to-current efficiency (ABPE) and over one week 
of stability, Table 5. Deposition of TiO2 not only provides high 
stability by protecting from corrosive environment but also 
maintains the Si photocathode performance, showing that TiO2 
protection layer is conductive and transparent to visible light. 
In addition, TiO2 also improves the surface state passivation as 
evident by improvement in the fillfactor from 0.54 to 0.56.[104c] 
In addition, TiO2 passivation layer deposited at high tempera-
tures resulted in reduced defect trap states and improved the Si 
photocathode fill factor up to 0.73% and ABPE to 8.10% for over 
300 h of operation, while the fill factor only increased to 0.25% 
for Si photocathode with TiO2 layer deposited at 100 °C.[119] Sim-
ilar to Si photocathodes, an ultrathin (≈2 nm) ALD deposited 
TiO2 layer is shown to stabilize Si photoanode upto 8 h under 
corrosive conditions, which otherwise failed within 0.5 h of 
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Table 5. Summary of protection/passivation layers prepared by ALD technique.

Material Substrate Thickness/ALD cycles Deposition temperature Photoelectrochemical performance Ref.

TiO2 Si ≈15 nm 150 °C TiO2 protected Si pc achieved 10% ABPE and one week of stability [104c]

TiO2 Si 3700 cycles 100–300 °C TiO2 protection layer deposited at 300 °C achieved the Si pc fill factor upto 
0.73%, ABPE to 8.10%

[119]

TiO2 Si ≈2 nm TiO2 protected Si pc achieved stability of upto 8 h [104b]

TiO2 b-Si Photocurrent density of 32 mA cm−2 at 1.48 V versus RHE, for TiO2 pro-
tected Si pc with Co(OH)2 OER catalysts

[122]

TiO2 Si – 170 °C Improved adhesion on Si pc with an adhesion energy of 6.02 ± 0.5 J m−2 [123]

TiO2 − IrOX Si ≈2 nm 175 °C The TiO2 − IrOX coated Si photoanode achieved high photovoltage of 600 
mV and stability of upto 12 h.

[124]

TiO2 p-InP ≈50 nm 250 °C TiO2-coated InP photocathode achieved an IPCE value of 70–80%, high 
onset potential of more than 800 mV, and saturation current density 

of 25 mA cm−2.

[104a]

TiO2 Fe2O3/FTO ≈2 nm 120 °C Photocurrent density of 1.9 mA cm−2 and maximum of 2.5 mA cm−2 at 
1.23 and 1.8V versus RHE

[125]

Al2O3 Fe2O3/FTO ≈0.1–2 nm 200 °C Photocurrent density of 2.3 mA cm−2 at +1.23 V [105c]

HfO2 Nanostructured Si ≈3 nm 95 °C Saturated photocurrent density achieves 33.5 mA cm−2 with the thickness 
of 3 nm in the HfO2/NP-Si.

[105a]
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operation without a protection layer.[104b] However, increasing 
the thickness of these electrically insulating films introduces 
tunneling barrier and increases resistance across the interface, 
severly limiting the PEC performance. The water oxidation 
overpotential increased linearly with the increase in thick-
ness of the TiO2 film, with an addiational overpotential loss of 
≈200 mV at 1 mA cm−2 for 12 nm thick TiO2 film.[120]

To solve this problem, Shu et  al. reported thick electroni-
cally “leaky” ALD TiO2 coatings for both corrosion protection 
and photopassivation of Si, GaAs, and GaP photoanodes. The 

unannealed TiO2 film displays electronically defective and non-
stichiometric behavior due to its amorphous nature and thus 
present high conductivity. The Ni island catalyst on the top also 
allows intermixing of Ni upto ≈5 nm of TiO2 surface, providing 
electrical contact through the top thin insulating surface layer. 
Under 1.25 sun illumination, np+Si/TiO2/Ni island electrodes 
exhibited high photocurrent density of ≈35 mA cm−2with negli-
gible voltage loss over 4–143 nm TiO2 thickness range as shown 
in Figure 8a. GaAs/TiO2/Ni island electrodes also achieved high 
photocurrent density of 14.3 mA cm−2 for 44 nm thick TiO2 film 
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Figure 8. LSV performance of TiO2-coated a) n-Si, np+Si, b) n-GaP, and np+-GaAs photoanodes in 1.0 m KOH(aq) under ELH-type W-halogen simu-
lated solar illumination at 1.25 Sun. c) Chronoamperometry of an n-p+-Si photoanode coated with 44 nm of TiO2 and Ni islands for over 100 h in 
1.0 m KOH(aq). Inset-cross-sectional schematic of a photoanode with a thick electronically defective layer of unannealed TiO2 deposited by ALD. Repro-
duced with permission.[121] Copyright 2014, American Association for the Advancement of Science. d) Band alignment of p-InP/TiO2 in solution based 
on Mott–Schottky analysis. c) Incident photon to charge conversion efficiency (IPCE) of InP (orange) and InP/TiO2 (green) at an applied bias of 0.2 V 
versus RHE. The electrolyte was 1 m HClO4 solution. f) LSV performance of bare p-InP (orange) and p-InP/TiO2 (green) photocathodes measured in 1 
m HClO4 solution under simulated solar light. The intensity was adjusted to 100 mW cm−2. Reproduced with permission.[104a] Copyright 2015, American 
Chemical Society. g) Comparison of adhesion energy SiO2/Ir interface with and without ALD-TiO2 coating. Reproduced with permission.[123] Copyright 
2018, American Chemical Society. (h) Nyquist plots of pristine Fe2O3 and ALD-TiO2 coated Fe2O3.

[125] (i) Schemetic illustration of ALD-Al2O3 coating on 
anatase nanorods of TiO2 with active facet for photocatalytic CO2 reduciton. Reproduced with permission.[126] Copyright 2017, Elsevier.
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(Figure 8b). Similarly, np+Si/TiO2 (44 nm)/Ni island electrodes 
achieved much higher stability of ≈100 h compared to that with 
ultrathin TiO2 layers[104b,120] with only ≈10% decrease in the 
performance as shown in Figure 8c. The combination of TiO2 
film with electronic defect states and intermixing of Ni with 
top insulating layer allows high charge transport through thick 
TiO2 films, while simultaneously providing effective corrosion 
protection.[121]

Hendricks et  al. synthesized TiO2–IrOx alloy layer by ALD 
technique, which enabled dual function of protection and 
enhanced catalytic activity when deposited on Si photoanode, 
forming a metal–insulator–semiconductor photoanode. Here, 
ALD allows precise control of TiO2:IrOx ratio, which allows to 
combine the corrosion resistance property of TiO2 with high 
workfunction and catalytically active IrOx. The TiO2–IrOx 
coated Si photoanode achieved high photovoltage of 600 mV 
and stability of upto 12 h. This work highlights the importance 
of ALD technique for designing corrosion resistant Schottky 
contacts with optimized electronic and materials properties for 
catalyzed, solar driven water oxidation.[124]

While surface nanostructuring enhances the light absorp-
tion, charge recombination also increasesl, which can be 
suppressed by depositing additional passivation layers onto 
semiconductors. Thin ALD-deposited TiO2 on InP photo-
cathode creates an electron selective contact with low recom-
bination at the interface. This is due to large valence band 
offset between TiO2 and InP creating energy barrier for holes 
reaching the surface and well aligned conduction band, facili-
tating electron transfer, as shown in Figure 8d. The TiO2-coated 
InP photocathode achieved an IPCE value of 70–80% between 
800 and 400 nm, whereas bare InP achieved <30% under the 
same conditions, indicating highly efficienct photon absorption 
and charge collection due to ALD TiO2 passivation (Figure 8e). 
Mott–Schottky analysis revealed the formation of type-II hetero-
junction between n-type TiO2 and p-type InP, where TiO2 
layer acts as electron selective contact for water reduction. The 
TiO2-passivated InP photocathode achieved high onset poten-
tial of more than 800 mV and saturation current density of 
25 mA cm−2, highlighting the improvement in performance 
due to ALD TiO2 passivation (Figure 8f).[104a]

Apart from improving the stability of photoelectrodes by cor-
rosion protection and passivation layers, ALD–TiO2 has been 
explored to improve the catalyst adhesion. Tang-Kong et  al. 
performed quantitative analysis of IrOx OER catalyst coated-Si 
photoanode with and without ALD-deposited TiO2 interlayer, 
as shown in Figure 8g. Quantitative measurements of interfa-
cial adhesion energy show that the addition of ALD TiO2 sig-
nificantly improved catalyst adhesion to Si photoanode, yielding 
an adhesion energy of 6.02 ± 0.5 J m−2, more than double the 
adhesion energy measured in the absence of the TiO2 protec-
tion layer. These results indicate the importance of catalyst 
adhesion to an interposed ALD TiO2 protection layer in pro-
moting operational stability of high efficiency semiconducting 
anodes during solar-driven water splitting.[123] Performance of 
haematite photoanode is often limited due to surface recom-
bination at trapping states resulting in high overpotential. 
Li et  al. deposited ultrathin TiO2 layers via ALD on conven-
tional hydrothermally grown hematite nanorods for PEC water 
oxidation, followed by annealing at 650  °C. This approached 

passivates haematite photoanode and reduces the surface 
recombination losses, which ultimately lowers the overpoten-
tial due to low ohmic resistance (Figure 8h). The photoanodes 
achieved an average photocurrent density of 1.9 and maximum 
of 2.5 mA cm−2 at 1.23 and 1.8 V versus RHE. Electrochemical 
impedance spectroscopy analysis reveals that the improvement 
could be due to the increased surface states at the hematite sur-
face, which leads to better charge separation, less electron–hole 
recombination, and enhanced photocurrent.

ALD-deposited Al2O3 layer has also been explored for pas-
sivating surface states on hematite photoanodes. Ultrathin 
coating of Al2O3 deposited via ALD shifts the onset potential 
of nanostructured photoanodes by 100 mV after the addition 
of cobalt catalysts.[105c] Ultrathin ALD Al2O3 has also been 
employed as a passivation layer for CO2 reduction (Figure 8i). 
TiO2 anatase nanorods coated with ultrathin ALD Al2O3 have 
shown 40% enhanced photocatalytic CO2 reduction compared 
to without Al2O3 layer. Ultrathin Al2O3 significantly reduces 
the surface charge recombination rate by passivating the sur-
face states, while still allowing charge transfer via tunneling.[126] 
Though Al2O3 layer reduces surface state recombination by 
effective electronic passivation and improves charge transfer, 
self-corrosion in electrolytic environment limits its perfor-
mance and long term stability. Cheng et al. studied the degra-
dation mechanism of ALD Al2O3 films on ZnO photoanode. 
AFM and SEM analyses were performed after stability meas-
urements to examine the corrosion mechanism revealed ≈6 nm 
pit like structures. This suggests the presence of pin-holes in 
the ALD layer that expand into larger sized pits, resulting in 
degradation. The presence of the pits results in diffusion of 
electrolyte species through the ALD layer to the interface.[127] 
The degradation rate of Al2O3 layer can be reduced by capping 
it with a TiO2 layer. Abdulagatov et  al. examined nearly pin-
hole-free ALD layers on Cu substrate to prevent Cu corrosion in 
water. The Al2O3 layer of around 200 Å thickness, dissolved in 
water at 90 C completely ≈10 days Capping the Al2O3 layer with 
TiO2 improved the device stability and corrosion was observed 
after 80 days.[128]

Wan et al. reported ALD- TaOx films as an effective passiva-
tion layer and electron selective heterocontact used for Si photo-
cathode for photoelectrochemical water reduction and Si solar 
cells.[30] Post ALD hydrogenation treatment by PECVD SiNx 
improved the TaOx film passivation quality with carrier lifetime 
improving from 30 to 650 µs before and after hydrogenation. 
ALD TaOx passivation layer of ≈6 nm, improved the photoelec-
trochemical water reduction of Si photocathode to 7.7% almost 
double of Si photocathode without any TaOx passivation.

4.3. Catalyst Deposition

Decorating cocatalysts onto the semiconductor surface reduces 
the reaction overpotential requirements and improves the 
conversion efficiency. So far, several cocatalysts have been 
studied for both hydrogen and oxygen evolution half reactions 
(HER and OER). Platinum cocatalysts have shown to provide 
the highest electrochemical activity toward HER. Although Pt 
is efficient, high cost limits its potential for large scale appli-
cation. Downsizing the catalyst to nanoparticles is highly 
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desirable in reducing the catalyst mass loading. Moreover, 
single metal catalysts increase the surface area available for the 
reaction, utilizing almost all the catalyst atoms and have the 
potential to achieve better performance compared to state-or-
art thick catalytic films.[129] Large-scale synthesis of stable metal 
nanoparticle catalyst is challenging due to their natural ten-
dency to diffuse and agglomerate, and uncontrolled deposition. 
For example, catalyst deposition method such as impregnation 
results in particle agglomeration resulting in the formation of 
metal clusters, while electrodeposition and photodeposition 
offer much less control over uniform deposition.[130]

ALD offers the capability of precise control of catalyst size 
span from single atom, sub-nanometer cluster to nanoparticle 
due to self-limiting surface reaction and cyclic introduction 
of precursors. Various ALD-deposited catalysts are summa-
rized in Table 6. Cheng et al. reported ALF-fabricated single Pt 
atoms and cluster HER catalyst on nitrogen-doped graphene 
nanosheets. The size and density of Pt catalysts is precisely 
controlled by simply optimizing the number of ALD cycles. 
The ALD deposited single atom Pt catalysts exhibit enhanced 
activity of up to 37 times compared to the commercial Pt/C 
catalysts. DFT analysis reveals that ALD Pt atom catalysts 
achieves much lower activation energy barrier for both two and 
four H atoms models compared to the commercial Pt surface, 
resulting in better performance.[131]

Applying uniform coating of catalyst nanoparticles is further 
challenging on high aspect ratio structures such as nanowires 
using traditional deposition techniques such as electrodeposi-
tion or physical vapor deposition. ALD facilitates conformal 
coating of nanoparticle size catalysts on nanowire structures. 
Deposition of highly conformal coatings of Pt nanoparticles 
on Si nanowires with sizes ranging from 0.5 to 3 nm was real-
ized by ALD. Number of ALD cycles allowed precise control of 
Pt loading and uniform coverage of high aspect-ratio surfaces 
(Figure 9a,b). Saturation current density of 7.1 mA cm−2 for even 
≈1 cycle of Pt ALD was observed, which corresponded to sur-
face mass loading of ≈10 ng cm−2, increasing to 20.7 mA cm−2 
for ≈10 cycle Pt ALD and 105 ng cm−2 of mass loading as 
shown in Figure 9c.[132] Precise control over size and deposition 

conditions of noble metal nanoparticles using ALD, is a prom-
ising approach for minimizing the cost of precious metal cocat-
alysts for affordable solar to fuel applications. ALD deposited 
earth abundant material layers have been explored as OER and 
HER catalysts for photoelectrochemical water splitting.

Apart from metal nanoparticles, ALD has been explored 
to develop metal phosphides,[136] sulphides,[133,135] and 
oxides[137–139,141] HER and OER catalysts with improved catalytic 
performance and stability. 2D layered metal dichalcogenides have 
been identified as promising HER catalysts. MoS2 shows high 
HER activity owing to low Gibbs free energy (ΔG) at its edge 
sites. ALD allows fabrication of MoS2 films with precise control 
over the ratio of active edge sites. Amorphous MoS2 catalysts with 
high edge sites were prepared by ALD showed high turnover 
frequency of 3H2/s at 0.215 V.[133] Ho et  al. reported, nonideal 
mode of ALD growth which allows control over the relative ratios 
of edge sites and basal planes of MoS2 to the exposed surfaces. 
The resultant MoS2 exhibited a mixture of 2H and 1T phase, with 
nanoflake like morphology. The planar MoS2 films achieved cur-
rent densities of up to 20 mA cm−2 at −0.3 V versus the reversible 
hydrogen electrode (RHE), a Tafel slope of 50–60 mV per decade, 
and an onset potential of 143 mV versus RHE. HER performance 
of commercial bulk MoS2 can be improved by ALD-assisted elec-
trochemical activation process of MoS2 basal planes.[134] TiO2 
nano-islands were deposited on the surface of MoS2 basal planes, 
followed by leaching using an in situ electrochemical activation 
method. This method produces highly localized surface dis-
tortions on the MoS2 basal planes resulting in more favorable 
hydrogen bonding and improved the HER performance.[135]

ALD has been used to deposit metal phosphides and metal 
oxides for the HER. Ultrathin transition metal phosphide Co–P 
film was prepared by ALD, using PH3 plasma as the phosphorus 
source and an extra H2 plasma step to remove excess P in the 
grown films. The ultrathin Co–P films deposited via ALD exhibit 
better electrochemical and HER activities than similar Co–P 
films prepared by traditional postphosphorization method.[136]

An optically transparent, sub-monolayer layer of 
Co3O4(OH)2 OER catalyst was deposited via ALD, on inverse 
opal scaffold hematite photoanodes. Conformal catalyst later 
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Table 6. Catalyst synthesis by ALD technique in PEC application.

Material Substrate Thickness/ALD cycles Deposition temperature Photoelectrochemical performance Ref.

Pt TiO2 nanowires 1–10 cycles 250 °C Saturation current density of 20.7 mA cm−2 for ≈10 cycle Pt ALD 
and 105 ng cm−2 of mass loading

[132]

MoS2 Au 2 and 9.4 nm 100 °C Each active site of the amorphous MoS2 showed high turnover 
freq of 3H2/s at 0.215 V. The as-deposited MoS2 films were highly 
conductive (0.22 Ω cm), with low activation energy of 0.027 eV.

[133]

MoS2 Au/Si,
SiO2/Si, FTO

500–1500 cycles 250–300 °C Current density of 20 mA cm−2 at −0.3 V [134]

MoS2 TiO2 10–50 cycles 150 °C Current density of 28.4 mA cm−2 at about −0.3 V versus SHE [135]

Co–P FTO 10–500 cycles 265 °C Overpotential of 254 mV at 10 mA cm−2 [136]

Co3O4(OH)2 Fe2O3/ITO/FTO 1, 2, and 12 cycles – 100–200 mV cathodic shift in the photocurrent onset potential [137]

CoOX(OH)2 Fe2O3 2–3 nm – Improving the external quantum efficiency of hematite anode by 
66% at 1.23 V

[138]

CoOX SiO2/Si 30 nm 150–300 °C ALD CoOX/SiOX/Si heterojunction photoanode achieved satura-
tion current density of 32.5 mA cm−2 upto 12 h

[139]

TiO2 g − C3N4 nanosheets 5, 10, 35, and 65 cycles 200 °C 60 µmol H2 in 4 h [140]
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reduces the charge transfer resistance across the Fe2O3/
electrolyte interface by an order of magnitude resulting in 
100–200 mV cathodic shift in the photocurrent onset poten-
tial.[137] Du et al. fabricated nanostructured Fe2O3 photoanodes 
decorated with 2–3 nm thick amorphous CoOx/Co(OH)2 OER 
catalyst thin film, as shown in SEM image in Figure 9d,e. The 
photoanodes with CoOx/Co(OH)2 OER catalyst thin film yield 
a remarkable turn on potential of 0.6 V for water oxidation 
reaction. Further analysis of the film revealed that the ALD-
deposited amorphous catalyst film exhibits good optical and 
hydrophilic properties promoting the formation of ideal hema-
tite/electrolyte interface. It also contributes to suppression of 
surface recombination and promotion of charge separation 

and collection properties, improving the external quantum 
efficiency of hematite anode by 66% at 1.23 V, as shown in 
Figure 9f.[138]

It is also possible to precisely control the phase of the CoOx 
OER films by varying the ALD deposition temperature. This 
also changes the energetics as well as electrochemical proper-
ties significantly. Oh et al. studied the properties of CoOx thin 
films as a function of deposition temperature. CoOx grown at 
150 °C forms a hole-selective heterojunction with n-Si substrate 
resulting in high photovoltage. Increasing the deposition tem-
perature to 300 °C results in formation of Co3O4, which shows 
better catalytic properties.[139] A double layered CoOx ALD film 
was fabricated with advantages of both CoOx and Co3O4. The 
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Figure 9. a) Histogram of particle size of Pt for various numbers of ALD cycles. b) STEM analysis of Pt NPs deposited on Si/TiO2 core−shell NWs after 
10 ALD cycles. c) LSV performance of TiO2-coated FTO substrates with Pt deposited using various numbers of ALD cycles. Reproduced with permis-
sion.[132] Copyright 2013, American Chemical Society. (d) SEM images of the hematite film with 25 cycles of ALD CoOx coating. e) LSV performance and 
f) IPCE of bare Fe2O3 (orange) and Fe2O3/CoOx (green) obtained at 1.23 V under illumination. Reproduced with permission.[138] Copyright 2017, Royal 
Society of Chemistry. g) LSV performance, h) ABPE analysis, and e) IPCE analysis of bare Sn-Fe2O3 and Fe2O3-NiFeOx photoanode at 1.23 V under 
illumination. Reproduced with permission.[142] Copyright 2021, Elsevier.
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DL ALD CoOx/SiOx/Si heterojunction photoanode achieved 
current density of 3.5 mA cm−2 without a buried junction, and 
a stable saturation current density of 32.5 mA cm−2 up to 12 h. 
Similar to CoOx, the oxidation states of MnOx can be precisely 
controlled by tuning the ALD deposition conditions and post 
deposition annealing.[141]

Recently, Seenivasan et  al. reported ultrathin (≈3 nm) ALD 
deposited NiFeOx catalytic layer on Sn-Fe2O3 for enhanced 
water splitting and pollutant degradation reaction. NiFeOx not 
only improved the catalytic activity but also passivated the Sn-
Fe2O3 surface states, resulting in improved charge transfer 
and unraveling the inherent photovoltage. Figure 9g shows the 
LSV performance of Sn-Fe2O3 photoanode with different com-
position of NiFeOx. By optimizing the composition and thick-
ness of the catalytic film, the Sn-Fe2O3-NiFeOx photoanode 
performance is improved from 0.07% to 0.27% for oxygen 
evolution reaction (Figure 9h). IPCE of photoanodes with opti-
mized NiFeOx improves twice compared to base photoanodes 
(Figure 9i). Excellent performance toward degradation of tetra-
cycline hydrochloride antibiotic was also observed with ≈96% 
degradation with an applied external bias of 0.5 V using the 
optimized Sn-Fe2O3-NiFeOx photoanode and exhibited high 
reusability of the photoanodes.[142]

Apart from water splitting, ALD has also been explored to 
deposit catalysts for other photoelectrochemical and photocata-
lytic reactions. Different ALD based catalysts and their perfor-
mance for CO2 reduction has been covered in detail in a recent 
review.[143] Photocatalytic activity also depends upon the substrate 
used for loading and the chemical state of catalytic material. Cu 
catalyst was deposited using ALD on different TiO2 substrates-
pristine and black TiO2 (H-TiO2). Both the pristine and H-TiO2 
exhibit enhanced performance after ALD Cu deposition, with 
Cu-loaded pristine TiO2 outperforming the H-TiO2@Cu. Fur-
ther analysis reveals that the chemical state of the ALD-deposited 
Cu depends upon the substrate with pristine TiO2 resulting in 
more Cu0+ compared to H-TiO2, which possessed less amount of 
Cu0+ and more Cu2.[144] ALD-deposited Cu/TiO2 nanocomposite 
photo catalysts have also been explored for dye degradation, 
where uniform and conformal Cu deposition on TiO2 results in 
much better photocatalytic performance compared to the cata-
lysts fabricated using wet impregnation method.[145]

In inverse opal photocatalytic structures, the pore size and 
architecture control the photocatalytic behavior by affecting 
the adsorption and diffusion of species through the pore net-
work. ALD offers the ability to tune the size and architecture 
of the pores in inverse opal structures, which provides effec-
tive control over optimizing the functional properties of these 
materials. This property of ALD was explored to develop CeO2/
TiO2 inverse opal photocatalysts for photodegradation of dyes. 
The pore size was precisely tuned from 70 to 12 nm by opti-
mizing the ALD cycles. The mesoporous structure showed 
enhanced dye degradation due to improved active surface area 
and diffusion through the pore network.[146] This concept can 
be further extended to different scaffold-based architectures. 
Similar to core/shell opal structures, plasmonically active 
bowtie gold nanoantennas were coupled with ALD fabricated 
core shell SiO2/TiO2 nanobeads for dye degradation. Coupling 
the nanoantennas with ALD photocatalysts shows striking 
enhancement in the performance. The portion of TiO2 within 

the nanoantenna gap acts as a “solid-state initiator,” triggering 
the dye degradation process. ALD deposited photocatlaysts fully 
exploit morphology-dependent resonances to boost and control 
surface reaction kinetics.[147] This mechanism can also be fur-
ther extended to systems based on different materials and archi-
tectures to achieve plasmon-enhanced photocatalytic reactions.

5. ALD in Batteries

Batteries are used to store electrical energy, generated from the 
renewable energy sources such as solar radiation, in the form 
of chemical energy. Conventionally a battery consists of an 
electronically insulating and ionically conducting electrolyte/
separator, sandwiched between two electrodes, namely, anode 
(negative electrode) and cathode (positive electrode). The energy 
is stored in the form of chemical energy by the transfer of 
ions through the separator when electrical potential is applied 
across the electrodes as shown in Figure 10a.[148] Lithium (Li)-
based batteries are globally utilized in electronic devices from 
domestic level to the hybrid/electric vehicles and in smart grids 
as energy-storage devices.[149]

With the aim to further improve the performance, safety, and 
recyclability of the battery technology, synthesis of new mate-
rial and modification of the existing materials at nanoscale are 
explored.[150] In addition, addressing the existing challenges such 
as volume expansion and dendrite formation on electrodes, lim-
ited life cycle, low energy density, and structural instability is 
focused. Recently, atomic layer deposition (ALD) technique has 
been extensively utilized to address the above-mentioned issues 
by engineering and structuring energy storing materials with 
excellent uniformity and conformality at atomic scale.[151] In this 
section, application of ALD technique in fabrication and interfa-
cial tailoring of electrodes and electrolytes is summarized and its 
role in alleviating the above mentioned problems is highlighted.

5.1. Active Material Deposition

In batteries, active materials (generally electrodes), are depos-
ited onto current collectors such as stainless steel (SS), copper 
and on porous carbon nanotubes (CNTs), and graphene struc-
tures.[152] Application of ALD technique for electrode materials 
deposition is summarized in Table 7.

5.1.1. Anode Material

Various metal oxides such as SnO2,[153] Fe2O3,[103a] Co3O4,[154] 
and RuO2

[155] are used in Li-ion batteries as anodes, owing to 
their high theoretical charge storage capabilities. For instance, 
ALD-deposited SnO2 thin film on SS as anode demonstrated 
superior electrochemical properties for Li-ion battery with a 
stable charge storage capacity of 646 mA h g−1 over 250 cycles. 
It was observed that strain generated due to Li-ion intercalation 
and deintercalation was accommodated by the ALD-deposited 
thin film electrodes.[156] Furthermore, Nazarov et  al. studied 
the electrochemical performance and crystallinity of ALD-SnO2 
thin films on SS at different deposition temperatures.[157] At 
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300  °C, the SnO2 was crystalline, and amorphous at 250  °C 
(Figure  10b). Interestingly, crystalline films showed better ini-
tial charge storage capability than the amorphous ones, due to 
high density of ordered tin and oxygen atoms.

Xie et  al. demonstrated stable amorphous SnO2 anode on 
reduced graphene oxide (rGO) support by ALD.[158] The SnO2-
rGO anode exhibited high capacity of 450 mA h g−1 at 1 Ag−1, 
with 92% of retention over 200 cycles (Figure 10c). Where the 
amorphous SnO2 accommodated large volume changes in Sn 
lattice during the charging–discharging cycles, due to its iso-
tropic and less dense structure. Similarly, ALD has been used to 
deposit ultrathin conformal anode materials on 3D substrates 
such as Ni foam,[159] carbon nanotubes scaffold,[160] TiN nano-
tubes arrays, etc.[161] Guan et  al. have coated highly crystalline 
Fe2O3 nanoparticles on 3D interconnected conductive gra-
phene foam (GF), as shown in Figure 10d.[162] The Fe2O3@GF 

showed a reversible rate capacity of 514 mA h g−1 at 5 A g−1, and 
214.3 mA h g−1 at 30 A g−1 with 95.4% retention over 4000 cycles. 
This can be attributed to confinement of the Fe2O3 nanoparti-
cles on 3D conductive graphene foam.

5.1.2. Cathode Material

ALD has been employed to fabricate a variety of nonlithi-
ated such as FePO4

[167] and V2O5,[168] and lithiated such as 
LiCoO2

[169] and LixMn2O4
[170] cathode materials. For example, 

Xie et  al. deposited amorphous V2O5 on CNTs paper to make 
freestanding cathode for Li-ion batteries.[168] The combined 
V2O5/CNTs cathode demonstrated a high specific capacity 
of 480 mA h g−1, which is higher than its theoretical predi-
cated value of 442 mA h g−1.[171] Similarly, Liu et  al. obtained 
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Figure 10. a) Schematic illustration for working mechanism of rechargeable lithium-ion batteries. Reproduced with permission.[163] Copyright 2017, 
MDPI. b) Glazing incident angle X-ray diffraction of SnO2 films deposited on SS316 support. Reproduced with permission.[157] Copyright 2017, AIP 
Publishing. c) Cycling performance and CE of SnO2/graphene composites at 1000 mA g−1. Reproduced with permission.[158] Copyright 2015, American 
Chemical Society. Scanning electron microscopy images of d) Fe2O3 @graphene foam. Reproduced with permission.[162] Copyright 2016, Wiley-VCH. 
e) Transmission electron microscopy image of as-deposited LiFePO4/CNTs (the inset is the corresponding selected area electron diffraction pattern. 
f) Stability of annealed LiFePO4/CNTs measured at 1 C and 0.1 C. Reproduced with permission.[164] Copyright 2015, Elsevier. g) Temperature depend-
ence of conductivity for different LiPON deposition conditions. A clear increase in conductivity is detected by reducing the temperature and increasing 
the plasma power. Reproduced with permission.[165] Copyright 2019, IOP Publishing. h) Cross-sectional transmission electron microscopy image of 
an all-ALD solid-state battery with 40 nm Ru/70 nm LiV2O5/50 nm Li2PO2N/10 nm SnNx/25 nm TiN with an overview of ALD chemistry and process 
temperature for each layer visible. i) Cycling performance of all-ALD solid-state battery with different area enhancement factor of 1, 4, and 10. Batteries 
are galvanostatically cycled 100 times at 100 µA cm−2. Reproduced with permission.[166] Copyright 2018, American Chemical Society.
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conformal coating of FePO4 on nitrogen doped CNTs (NCNTs) 
by combining ALD subcycles of ferrocene-ozone (for Fe2O3) and 
trimethyl phosphate-H2O for (POx) at temperatures ranging 
from 200 to 350 °C.[164] The FePO4/NCNTs exhibited a discharge 
capacity of 177 mA h g−1 at 1 C (coulometric capacity) and dis-
charge capacity of 141 mA h g−1 with 100% columbic efficiency 
after 100 cycles. In addition, Liu et al. fabricated LiFePO4 cathode 
on CNTs in layer-by-layer sequence of Fe2O3, POx, and Li2O ALD 
subcycles (Figure 10e).[172]. The LiFePO4/CNT cathode exhibited 
a discharge capacity of 150 mA h g−1 at 0.1 C and maintained a 
high discharge capacity of 71 mA h g−1 at 60 °C with a capacity 
retention of 80% after 2000 cycles at 1 C as shown in Figure 10f.

Recently, organic materials are considered for cathode mate-
rials in Li-ion battery. Nisula and Karppinen demonstrated in 
situ deposition of lithiated p-benzoquinone employing ALD tech-
nique.[173] Authors were able to deprotonate the hydroquinone 
organic precursor molecules with lithium bis-(trimethylsilyl)
amide to obtain lithiated p-benzoquinone. An all-ALD fabri-
cated thin film battery with lithium quinone cathode, LiPON 
as solid-state electrolyte and lithium terephthalate anode was 
fabricated, which achieved high energy and power densities of 
108 mW h cm−3 and 508 W cm−3, respectively. Additionally, the 
battery reached to 50% of the full capacity in less than 0.25 s 
while retaining 74% of its initial capacity after 100 cycles.

5.2. Solid-State Electrolyte

Solid-state electrolytes (SSEs) are explored for the next-
generation high-energy lithium-ion batteries. Unlike liquid 

electrolytes, SSEs may ensure a safe use of with high energy 
and power density.[174] An efficient SSE is required to have high 
ionic and low electronic conductivity, good chemical/thermal 
stability, and be free from pin-holes. ALD has received signifi-
cant interests for fabricating SSEs with conformal coating of 
suitable materials with a wide variety of nanostructures. Several 
SSEs, such as Li3PO4, LiAlOx, Li2SiO3, LiAlF4, LiNbO, Li5.1TaOz, 
and LixAlyS have been developed using ALD.[175]

Recently, LiPON have received significant attention as a suit-
able SSE candidate for Li-ion battery owing to its high ionic 
conductivity and stability over 0–5 V versus Li/Li+. Kozen et al. 
were first to demonstrated ALD-deposited LiPON SSE, via the 
sequential exposure of lithium tert-butoxide, H2O, trimeth-
ylphosphate, and remote N2 plasma exposure for depositing 
LiPON with ionic conductivity of 1.45 ± 3 × 10−7 S cm−1.[176] 
Where, high N2 content resulted polycrystalline to amorphous 
phase transition in LiPON films. Similarly, Put et  al. assessed 
the impact of N2 content on the ionic conductivity of LiPON 
by varying the deposition temperature and N2 plasma power.[165] 
By increasing plasma power from 100 to 300 W and lowering 
the deposition temperature from 275 to 200  °C resulted in 
higher ionic conductivity of 5 × 10−7 S cm−1, due to more triply 
coordinated N species in LiPON (Figure 10g).

Nisula et  al. fabricated LiPON by using lithium 
bis(trimethylsilyl)amide and diethyl phosphoramidate as 
precursors, at 330  °C and achieved an ionic conductivity of 
6.6 × 10−7 S cm−1.[177] Similarly, Nuwayhid et  al. fabricated 
NaPON SSEs for Na-ion battery using sodium tert-butoxide and 
diethyl phosphoramidate as precursors.[178] NaPON deposited 
at 375  °C exhibited high ionic conductivity of 1.0 × 10−7 and 
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Table 7. Summary of different active materials deposited using ALD.

Component Material Substrate Thickness/ALD cycles Deposition temperature Electrochemical performance Ref.

Anode SnO2 Titanium carbide 
(MXenes)

10 nm 200 °C Discharge capacity of 843 mA h g−1 at 0.5 A g−1 with 
92% retention of its initial capacity after 50 cycles

[180]

Anode SnO2 Stainless steel 80 nm 300 °C Discharge capacity of 650 mA h g−1 at 1 C with 93% 
retention of its initial capacity after 400 cycles

[156]

Anode SnO2 
nanoparticles

Reduced graphene 
oxide

30 nm 150 °C Discharge capacity of 450 mA h g−1 at 1 A g−1 with 
92% retention of its initial capacity after 200 cycles

[158]

Anode α-Fe2O3 TiN nanotubes 1000 cycles 500 °C Discharge capacity of 952 mA h g−1 at 0.1 C with 70% 
retention of its initial capacity after 30 cycles

[161]

Anode Fe2O3 Graphene foam 600 cycles 300 °C Discharge capacity of 214.3 mA h g−1 at 30 A g−1 
with 95.4% retention of its initial capacity after 4000 

cycles

[162]

Cathode V2O5 Carbon nanotubes 
paper

150 cycles 150 °C Discharge capacity of 480 mA h g−1 at 0.1 A g−1 with 
62% retention if its initial capacity after 100 cycles

[168]

Cathode FePO4 Nitrogen doped carbon 
nanotubes

10 nm 350 °C Discharge capacity of 177 mA h g−1 at 1 C with 80% 
retention of its initial capacity after 100 cycles

[164]

Cathode LiFePO4 Carbon nanotubes 140 cycles 300 °C Discharge capacity of 150 mA h g−1 at 1 C with 80% 
retention of its initial capacity after 2000 cycles

[172]

Cathode Lithiated 
p-benzoquinone

Pt 42 nm 200 °C Thin film battery with energy and power densities of 
108 mW h cm−3 and 508 W cm−3

[173]

Electrolyte LiPON Stainless steel – 250 °C Ionic conductivity of 1.45 ± 3 × 10−7 S cm−1 at 25 °C [176]

Electrolyte LiPON TiN 70 nm 200 °C Ionic conductivity of 5 × 10−7 S cm−1 at 25 °C [165]

Electrolyte LiPON Si 80 nm 330 °C Ionic conductivity of 6.6 × 10−7 S cm−1 at 25 °C [177]

Electrolyte NaPON Cu 250 cycles 375 °C Ionic conductivity of 1.0 × 10−7 S cm−1 at 25 °C and 
could reach up to 2.5 × 10−6 S cm−1 at 80 °C

[178]
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2.5 × 10−6 S cm−1 at 25 and 80 °C, respectively. Moreover, LiPON 
has been validated as an SSE on various 3D solid-state bat-
teries.[166,179] For instance, Pearse et al. fabricated 3D solid-sate 
battery on a 3D silicon host structure with sequential deposi-
tions of Ru, V2O5, LiPON, SnNx, and TiN (Figure 9h).[166] It was 
observed that with high aspect ratio host structure enhanced 
the areal energy and power density (Figure 10i). With the opti-
mized parameters, the 3D cell demonstrated charge/discharge 
capacity of 2.6 µA h cm−2 at 100 µA cm−2 with only 0.02% per-
cycle capacity loss.

5.3. Interfacial Coating

Application of ALD in depositing interfacial coatings is well 
praised to minimize degradation of active materials due to sig-
nificant strain caused by charge storage and release during the 
cyclic charging/discharging operation. Furthermore, electro-
chemical reactions between the electrodes and the electrolyte 
result in the formation of an irreversible thick solid-electro-
lyte interface (SEI), which inhibit ion transport and lower the 
capacity fading of batteries. Alleviating these issues would 
significantly improve the life cycle of batteries. In this section, 
impact of ALD-deposited interfacial coatings on overall battery 
performance is discussed.

5.3.1. Interfacial Coating on Anode

Si is a promising anode material for Li-ion battery having 
high capacity of ≈3600 mA h g−1. However, Si suffers from a 
large volume change of 300% during the lithium intercala-
tion/deintercalation, which causes its mechanical failure and 
results in capacity fading. This can be prevented if the anode 
material structure could be contained, as demonstrated by Zhu 
et  al. (Figure  11a).[181] A 15 nm ZnO layer was deposited onto 
the Si nanowires via ALD technique. The in situ TEM analysis 
revealed that the ZnO layer transformed into Zn/Li2O and 
thickness changed from 15 to 25 nm, during cycling. During 
charging, the nanoparticles would expand and shrink while 
discharging due to insertion/removal of Li+ ions (Figure 11b,c). 
Interestingly, the volume change of the Si nanoparticles anode 
was easily accommodated in Zn/Li2O layer without disintegra-
tion of nanowires. Furthermore, the 3 nm ZnO-coated Si nan-
oparticles showed stable discharge capacity of 1500 mA h g−1  
over 260 cycles, which is higher than that of conventional 
graphite anodes (370 m Ah g−1).

ALD-deposited metal oxides like Al2O3 and TiO2 have been 
effective in suppressing the unstable SEI formation on Si 
anode during cycling.[182] However, the thickness of artificial 
SEI layers is critical in obtaining optimum interfacial charge-
transfer kinetics and reduced interfacial resistance. Liu and co-
workers investigated the interfacial charge-transfer kinetics of 
ALD-Al2O3 on Si anode as a function of Al2O3 coating thick-
ness. Tinner Al2O3 coatings (0.22 to 1.1 nm) exhibited diffusion 
controlled interfacial kinetics and facilitated lithiation/delithia-
tion processes. Whereas the interfacial kinetics were governed 
by charge-transfer process with thick (2.2 to 4.4 nm) coatings.

Corrosion of lithium metal anodes and the formation of 
lithium dendrites are the two serious problems limiting the 
practical usage of lithium–sulfur (Li–S) and lithium air/oxygen 
batteries at commercial scale.[186] Interfacial coatings with mate-
rials having the Young’s modulus greater than twice the Young’s 
modulus of Li metal (≈109 Pa) would be effective in suppressing 
dendrite formation.[187] Kozen et  al. demonstrated that 14 nm 
thick ALD Al2O3 (Young’s modulus: 198 GPa) on Li metal anode 
is sufficient to protect it from atmosphere and liquid-electrolyte 
corrosion, and supress Li dendrite formation (Figure 11d,e).[183] 
Assembled Al2O3-coated Li anode in Li–S battery demonstrated 
90% retention for over 100 cycles, as compared to bare Li metal 
with 50% retention (Figure 11f). Similarly, ionically conducting 
LixAlyS coating over Li metal with high resistance to corro-
sion and dendrite formation is explored, where the interfacial 
impedance is reduced by five times (Figure 11g).[184] Moreover, 
ALD-deposited Al2O3 and alucone (an inorganic–organic hybrid 
coating) have been effective in suppressing dendrite formation 
in Na and Zn metal anode, respectively.[188]

While most ALD studies have focused interfacial coatings on 
Li metal to improve electrode–electrolyte interface, depositing 
thin films on copper current collectors beneath Li metal could 
also reduce the dendrite formation on Li metal, with improved 
lithiophilic nature of current collectors and thus reduce the 
Li nucleation overpotential and ensure uniform Li nuclea-
tion and deposition.[189] For example, Xie et  al. studied micro-
structure evolution of Li metal plated on Cu and LiF coated 
hexagonal boron nitride (h-BN)/Cu.[185] Interestingly, the LiF 
deposits selectively on the defective sites of h-BN, thereby cre-
ating seams that hold the h-BN crystallites together as shown in 
Figure 11h. The plated Li metal on LiF/h-BN/Cu shows uniform 
deposition while dendritic like deposition is observed on bare 
Cu (Figure 11i,j). Furthermore, the protected lithium electrodes 
exhibit stable charge/discharge cycling for over 300 cycles with 
high coulombic efficiency (>95%), as shown in Figure 11k.

5.3.2. Interfacial Coating on Cathode

Li containing transition metal oxides such as LiCoO2, 
LiNi0.5Mn1.5O4, and LiNi0.375Mn0.375Co0.25O2 are widely used as 
cathode materials in Li-ion batteries with high theoretical capacity 
up to 272 mA h g−1, high operating voltage (≈4.7 V vs Li/Li+), and 
fast lithium-ion diffusion kinetics. However, these cathodes have 
poor rate capacity and low cyclability due to side reactions with 
electrolytes and metal dissolution from cathode. To address these 
issues, efforts have been made using ALD coatings of oxides,[190] 
fluorides,[191] and polymeric materials.[192] For instance, Xie et al. 
have demonstrated that chemically inert and ionically conduc-
tive LiAlO2 coatings on LiCoO2 prevents interfacial reactions and 
lowers interfacial resistance for Li-ion diffusion into LiCoO2.[193] 
Furthermore, the cells with LiAlO2/LiCoO2 cathode were cycled 
at cut-off potential of 4.6 V versus Li/Li+ without increase in cell 
impedance and 40% capacity gain, while no Co3O4 phase was 
observed at LiCoO2 surface.

Gao et  al. deposited FeOx on Li1.13Mn0.54Ni0.13Co0.14O2 
using ALD and studied the impact of annealing on the 
electrochemical performance of FeOx/Li1.13Mn0.54Ni0.13Co0.14O2 
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cathode.[194] Fe diffused into the Li1.13Mn0.54Ni0.13Co0.14O2 struc-
ture and formed a spinel coating on surface. Furthermore, 
FeOx/Li1.13Mn0.54Ni0.13Co0.14O2 cathode demonstrated initial 
capacity of 221 mA h g−1 (at 1 C) at 55 °C with the retention of 
≈73%, as compared to bare Li1.13Mn0.54Ni0.13Co0.14O2 electrodes 
with 26% retention, after 100 cycles (Figure 12a) Recently, Chae 
et  al. investigated the impact of polymer, pentafluorophenyl-
propyl trimethoxysilane (PFPPS), deposited using molecular 
layer deposition (MLD) on the electrochemical performance 
of Li1.2Ni0.2Mn0.6O2 cathode.[192] The 1.2 nm thick amorphous 
PEPPS layer on Li1.2Ni0.2Mn0.6O2 is shown in Figure  12b. 
The PFPPS/Li1.2Ni0.2Mn0.6O2 cell outperformed the pristine- 

Li1.2Ni0.2Mn0.6O2 cathode, where pristine-Li1.2Ni0.2Mn0.6O2 
cathode lost ≈88% of its initial capacity within 100 cycles 
(Figure 12c).

Similarly, P2-type Na0.66Mn0.9Mg0.1O2 (NMM) cathodes are 
used in Na-ion batteries. However, phase transition from P2 to 
O2 type structures and metal dissolution of P2 cathodes into 
the electrolyte when cycled at high voltages (>4.25 V vs Na/Na+) 
results in severe capacity fading.[195] Kaliyappan et  al. demon-
strated that ultrathin alucone layer deposited could effectively 
stabilize the P2-type structure even when at high cut-off voltage 
(>4.45 V vs Na/Na+) cycling.[196] In addition, alucone coated 
NMM cathode has high columbic efficiency of 95.8% with  
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Figure 11. a) Schematic diagram of bare and ALD-ZnO-coated Si nanoparticles electrode materials. Disruption of microstructure by expansion after 
cycling is shown in bare Si nanoparticles. ZnO-coating layer allows Si nanoparticles to expand without rupturing the coating layer. In situ transmis-
sion electron microscopy characterization of Si/ZnO during electrochemical b) lithiation and c) delithiation process. Reproduced with permission.[181] 
Copyright 2015, Elsevier. d) Scanning electron microscopy image of a bare Li metal anode after 100 charge–discharge cycles in a Li–S cell. e) Scanning 
electron microscopy image of a 14 nm ALD Al2O3-protected Li metal anode after 100 charge–discharge cycles in a Li–S cell. f) Discharge capacity nor-
malized to sulfur mass of both bare Li metal anode and Li metal anode protected with 14 nm ALD Al2O3 in Li–S cells. Reproduced with permission.[183] 
Copyright 2015, American Chemical Society. g) AC impedance spectra of Li/electrolyte/Li symmetric cells using both pristine Li and LixAlyS-coated Li 
after 68 h storage. Reproduced with permission.[184] Copyright 2016, Wiley-VCH. h) Schematics of selective ALD LiF deposition on h-BN. Scanning 
electron microscopy characterization of cross-section morphologies of Li deposited on i) LiF/h-BN/Cu and j) pristine Cu. k) Cycling performance of 
repeated Li plating/stripping on Cu, h-BN/Cu, LiF/Cu, and LiF/h-BN/Cu substrates in EC/DEC electrolyte containing 1 m LiPF6. This figure is of cou-
lombic efficiency. Reproduced with permission.[185] Copyright 2017, American Association for the Advancement of Science.
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Figure 12. a) Cyclic performance (at 55 °C) of uncoated, 20, 40, and 100 ALD cycles of FeOx. Reproduced with permission.[194] Copyright 2019, Elsevier. 
b) Transmission electron microscopy images of PFPPS-grafted LNMO. c) Charge–discharge cycles obtained from two Li/LNMO cells at 25 °C. Repro-
duced with permission.[192] Copyright 2018, Elsevier. Electrochemical behavior of the LATP/Li symmetrical cell with and without interlayer coatings at 
a current density of 0.01 mA cm−2. Cycling behaviour and voltage profile of d) bare LATP/Li and e) Al2O3/LATP/Li at the 1st, 100th, 200th, and 300th 
cycles. Reproduced with permission.[200] Copyright 2018, American Chemical Society. Scanning electron microscopy images of the garnet solid-state 
electrolyte/Li metal interface f) without ALD-Al2O3 and g) with ALD-Al2O3 coating. Without ALD-Al2O3 coating, garnet has a poor interfacial contact 
with Li metal even on heating. With the help of ALD-Al2O3 coating on garnet, Li metal can uniformly bond with garnet at the interface on heating. 
Inset are photos of melted Li metal on top of the garnet surface clearly demonstrating classical wetting behavior for the ALD-treated garnet surface. 
h) Comparison of EIS profiles of the symmetric Li nonblocking garnet cells. Inset shows the enlarged impedance curve of the ALD-treated garnet cell. 
Reproduced with permission.[201] Copyright 2017, Nature Publishing Group. i) Photos of commercial PP [a], bare PVDF-HFP [b], and PVDF-HFP@
Al2O3 [c] and their macroscopic changes after heat treatment at different temperatures. Reproduced with permission.[202] Copyright 2018, Elsevier. 
j) Electrolyte uptake profiles of celgard and ALD-Al2O3/celgard separator. k) Electrochemical impedance spectra of celgard and ALD-Al2O3/celgard 
separators. Reproduced with permission.[203] Copyright 2020, John Wiley and Sons.
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86% retention after 100 cycles between 2 and 4.5 V at 1 C. Fur-
thermore, alucone demonstrated better rate capability com-
pared to pristine NMM and Al2O3-coated NMM due to its con-
ductive nature.

Lately, lithium–sulfur batteries with S/Li2S as cathodes, have 
gained attention owing to large theoretical energy density of 
2600 Wh kg−1 and low cost.[197] However, highly soluble interme-
diates (Li2Sn, 3 ≤ n ≤ 8), 80% volume change during cycling and 
its insulating nature are crucial issues with these devices. The 
shuttling of soluble polysulphide forms an insulating layer inhib-
iting charge transfer across the electrode/electrolyte interface.[198] 
Recent studies have shown that ALD-deposited surface coat-
ings are effective in inhibiting the dissolution and shuttling of 
lithium polysulfides, and improving the performance of S/Li2S 
cathodes.[199] For example, Chen et al. applied Al2O3 coatings on 
Li2S impregnated in graphene foam using ALD.[199b] Where, only 
1 nm thick Al2O3 coating was effective in suppressing lithium 
polysulfides from dissolution, while an initial capacity of 866 mA 
h g−1 is achieved with 85% retention over 150 cycles.

5.3.3. Interfacial Coating on Solid State Electrolyte

Despite that SSEs promise safer battery operation than liquid 
electrolytes, and improve the energy density, issues such as side 
reactions with electrodes impact their stability and lifetime.[204] 
To address such issues, an interfacial coating on SSEs could be 
an effective approach. The interfacial coating materials should 
have high ionic conductivity, chemical/electrochemical, and 
proper structure. ALD has been used to fabricate a thin interfa-
cial coating on SSEs.[5c]

For instance, ALD-deposited Al2O3 coatings on 
(Li1.3Al0.3Ti1.7(PO4)3) (LATP), having a relatively high ionic con-
ductivity of 0.1 mS cm−1, are successful in preventing side reac-
tions between Li metal anode and LATP.[200] Generally, when Li 
metal comes in contact with LATP, the Ti+4 is reduced to Ti+3 
forming an unfavorable phase at the LATP/Li interface. The opti-
mized Al2O3/LATP shows a very stable voltage sweep for the Li–
Li symmetrical cells during Li plating/stripping as compared to 
pristine LATP as shown in Figure 12d,e. Furthermore, the ALD-
Al2O3 protective layers prevent metallic Li diffusion into the LATP 
electrolyte. While diffusion of Li ions into Al2O3 coating forms a 
conductive Li–Al–O layer and reduces the interfacial resistance.

The solid-solid contact between electrode and electro-
lyte causes high interfacial impedance. Han et  al. addressed 
this issue by depositing an ultrathin ALD-Al2O3 on 
Li7La2.75Ca0.25Zr1.75Nb0.25O12 (LLCZN) electrolyte.[201] The Al2O3 
layer enables wetting of metallic Li in contact with LLCZN sur-
face and improves the interfacial contact (Figure 12f,g) with low 
interfacial impedance of 1 Ω cm2 (Figure 12h). Similarly, 30 nm 
ALD ZnO coatings on 3D porous garnet type SSE has been 
effective in improving the Li wettability and reducing the inter-
facial impedance Li/SSE, as reported by Wang et al.[205]

5.3.4. Interfacial Coating on Separators

Separators play a major role in ion transport while maintaining 
electrical isolation between the electrodes, and influence rate 

performance, cell life, and safety. Porous (40% pore density) and 
≤25 µm thick are commercially used reliable separators, suit-
able for current applications. However, shrinkage and melting 
of polymer separators may lead to internal short circuit, gener-
ating excessive joule heating and causing catastrophic thermal 
runaway at elevated operation temperature. Additionally, these 
separators have poor wettability with electrolytes involving high 
dielectric constants solvents such as propylene carbonate and 
ethylene carbonate (EC).

Thin film coatings on polymer separators by ALD technique 
are effective in addressing the above-mentioned issues.[206] For 
instance, Shen et al. demonstrated core–shell nanofiber sepa-
rators based on electrospun polyvinylidene fluoride-hexafluo-
ropropylene (PVDF-HFP) modified by 30 nm thick Al2O3.[202] 
The separator showed high thermal stability up to 200  °C 
without any shrinkage and an excellent fire-resistant prop-
erty as shown in Figure 12i. Furthermore, Al2O3@PVDF-HFP 
demonstrated superior wettability with smaller equilibrium 
contact angle of (0°) as compared to widely used PP separator 
(45.0°). Furthermore, open-circuit voltage tests in full battery 
configuration at 160  °C showed little to nonpotential drop 
with Al2O3@PVDF-HFP, while the voltage of the cell with PP 
separator dropped to 0 V after about 1500 s. Similarly, Wang 
et  al. demonstrated that Al2O3 coatings on PVDF to increase 
the mechanical strength of the separator (>40 GPa) and to sup-
press Li dendrite formation, while retaining more than 90% of 
its intrinsic porosity.[207] Moreover, Choi’s group have utilized 
roll-to-roll atmospheric ALD (R2R-AALD) for depositing Al2O3 
on PVDF and commercial celgard (PE/PP/PE) to improve the 
scalability of thin film deposition using ALD.[203,208] The R2R-
AALD deposited Al2O3 on celgard improved the electrolyte 
wettability and electrolyte uptake (256%) and consequently 
improving the ionic conductivity as shown in Figure 12j,k.[203]

6. ALD in Fuel Cells

Fuel cells have emerged as a reliable and clean energy tech-
nology, promising direct conversion of chemical energy into 
electrical energy with low operational energy losses and envi-
ronmental friendly emissions.[209] To date, six categories of 
fuel cells have been explored, namely,[210] 1) alkaline fuel cells 
(AFCs), 2) molten carbonate fuel cells (MCFCs), 3) phosphoric 
acid fuel cells (PAFCs), 4) protonic ceramic fuel cells, 5) proton 
exchange membrane or PEMFCs,[211] and 6) solid oxide fuel 
cells (SOFCs).[212] The schematic figure of the working principle 
and major reactants/products of different fuel cells is shown in 
Figure  13a. In view of full cell, its structure includes an elec-
trolyte sandwiched between a cathode and an anode. Catalysts 
are often introduced onto the electrodes to facilitate the chem-
ical reactions and producing electricity at the active region. 
Hydrogen and oxygen are common fuels for the redox reac-
tions to produce electricity, heat, and water.[213]

Recently, low temperature SOFCs have emerged as an 
attractive candidate for next-generation energy conversion 
fuel cell devices operating at temperatures lower than 500  °C 
by employing thin-film electrolytes with minimized ohmic 
losses.[213,214] To achieve the benchmark performance, fuel cell 
components especially electrodes and electrolytes are required 
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to possess certain characteristics, as mentioned in Figure  13b. 
The environment friendly SOFCs and PEMFCs are operated at 
temperatures <500  °C with high energy conversion efficiency, 
cyclic stability, and minimal ohmic losses.[215] However, the elec-
trochemical performance cathode drops at low operating tem-
perature due to poor oxygen reduction reaction (ORR). Surface 
modification of thermally stable metal oxides such as doped 
ZrO2,[216] CeOx,[217] Al2O3,[218] TiOx,[219] and SnOx,[220] perovskite-
based cathodes materials ((Mn0.8Co0.2)3O4,[221] Pr6O11

[222]), and 
metals (pure and alloys) (Pt,[223] Ru,[224] Pd,[225] Ni,[226] Al,[227] 
PtRu,[228] NiPd,[225] NiRu[229]) have been engineered via the ALD 
technique. These nanostructured coatings/electrode materials 
are proven to be effective in stabilizing the catalyst surface 
without sacrificing the surface activity.

ALD has been widely utilized for atomic scale modification of 
the composition, and morphology of the electrodes, electrolytes 
and electrode/electrolyte interface, to solve some underlaying 
issues in the fuel cell technology, such as low ionic conductivity 
of electrolyte, low redox kinetics and durability of electrodes over 

long-term cycling.[230] In this section, we summarize the repre-
sentative reports on engineering high performance novel fuel cell 
components via the ALD technique, while focusing on solving 
the above-mentioned issues. The role of ALD technique in the 
performance enhancement of fuel cells is briefly elaborated.

6.1. Cathodes

ALD-deposited overlayers have been implied to improve the 
ORR activity and stability of metal nanoparticles by suppressing 
the aggregation. For instance, Shin et al. reported an ultrathin 
CeO2 layer onto the Pt cathode with 50% reduction in the 
activation resistance over 10 h of operation with high thermal 
stability at 500  °C, compared to pure Pt.[217a] Similarly, a thin-
film SOFC with a highly active and stable CeO2-coated cathode 
deposited on an anodized aluminum oxide (AAO) substrate 
demonstrates a high peak power density of 800 mW cm−2 at 
500 °C (Figure 13c).[217a]

Figure 13. Application of ALD on fuel cells. a) Different types of fuel cells with their corresponding reactions and operating temperatures. AFC, alkaline 
fuel cell; MCFC, molten carbonate fuel cell; PAFC, phosphoric acid fuel cell; PEMFC, proton exchange membrane or polymer electrolyte membrane fuel 
cell; SOFC, solid oxide fuel cell. Reproduced with permission. b) Material requirements of solid oxide fuel cell components.[231] Copyright 2011, Univer-
sity of Cambridge. c) Polarization curve of the AAO-supported thin-film SOFC with ALD CeO2-coated (5 cycles) cathode at 450 and 500 °C. Reproduced 
with permission.[217a] Copyright 2019, American Chemical Society. d) Schematics of direct methanol solid oxide fuel cells using Pt–GDC–Ni/ALD Ru 
and the methanol oxidation process in the triple-phase boundary region. Reproduced with permission.[229] Copyright 2016, American Chemical Society. 
Schematics of e) SDC@ PEALD Ru and f) SDC@sputtered Ru anodes. Reproduced with permission.[232] Copyright 2021, American Chemical Society.
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Perovskite-based cathodes are promising since the first ALD-
ZrO2-coated on La0.6Sr0.4CoO3 is tested in SOFC for 4000 h at 
700  °C.[236] Subsequently, Chen et  al. reported a dual catalyst 
consisting of (Mn0.8Co0.2)3O4 combined with traces of Pt depos-
ited via ALD technique, on lanthanum strontium manganite 
(LSM) and yttria-stabilized zirconia (YSZ)-based SOFC cath-
odes. The catalyst lowered the polarization resistance of cathode 
by up to 53% and a 350% SOFC peak power density enhance-
ment is achieved at 750  °C.[221] Electrode surface poisoning is 
another major reason of SOFC performance degradation.[215a] 
To enhance the durability of electrodes, Dogdibegovic et  al. 
evaluated Pr6O11 cathode and SDCN40 (40 vol% Ni–60 vol% 
samarium-doped ceria (SDC)) anode with infiltrated catalysts. 
They verified that precoarsening, coatings direction from 
cathode-side and preoxidation of the metal support reduce the 
electrode degradation.[222]

6.2. Anodes

To date, noble metals Pt, Ru, Pd, Rh, Ni, and their bimetallic 
derivatives have been a dominant choice for anodes, due to 
sulfur-tolerance and high thermal stability.[237] For instance, 
Jeong et al. synthesized NiRu alloy anodes via ALD technique, 
for direct methanol solid oxide fuel cells operating at relatively 
low temperatures (Figure  13d).[229] The highly dispersed Ru 
islands improved the electrochemical activity by impeding the 
agglomeration of Ni, and carbon formation, which outperforms 
the best catalysts Pt/ALD Ru. Recently, Kye et  al. reported 
ultralow (8 nm) loading of ruthenium catalyst on SDC anode for 
direct methanol solid oxide fuel cells, and compared the perfor-
mance of electrodes prepared by plasma-enhanced atomic layer 
deposition (PEALD) and sputtering technique (Figure 13e).[232] 
Where, PEALD technique achieved fine dispersion and ultralow 
loading (5%) of Ru nanoparticles, while sputtered Ru was not 
able to penetrate into the pores and build up on top of the SDC 
columnar structure (Figure 13f). The Ru/SDS anodes achieved 
30% higher power density with high thermal density when 
compared to unmodified SDC structures.[232]

6.3. Electrolytes

Electrolyte is another major component that determines the 
fuel cell performance because of its close relationship with 
ohmic resistance.[215b] The most common electrolyte material 
in SOFC is YSZ zirconia, while dopped zirconia electrolyte has 
been used due to its low ohmic losses. Slow oxygen exchange 
kinetics is a critical drawback of the electrolyte materials while 
optimizing both performance and stability together. The general 
engineering approaches are through developing new electro-
lyte materials or by precisely controlling the electrolyte thick-
ness.[238] Since the Fritz group at Stanford pioneered the use of 
ALD-based electrolyte for low temperature SOFCs, considerable 
efforts are made to decrease ohmic resistances. For instance, a 
corrugated freestanding fuel cell with a 70 nm thick YSZ mem-
brane is fabricated to increase the electrochemically active sur-
face area.[239] The power densities reached a surprising value 
of 861 mW cm−2 at 450  °C. Figure  14a shows an example of 

introducing an ultrathin YSZ via ALD technique as a blocking 
layer between thick YSZ electrolyte and gadolinia-doped ceria 
(GDC) in SOFCs containing Pt anode-coated AAO substrate.[233]

ALD technique is widely applied in polymer electrolyte mem-
brane fuel cells to address its high cost and insufficient dura-
bility for practical implications. Figure 14b illustrates the opera-
tional principle of a typical PEMFC with hydrogen as fuel.[211] 
Currently, improving the ORR kinetics and stability of plat-
inum at the cathode is the bottleneck to commercialization of 
PEMFCs.[211,219,240] Recently, carbon black/fiber is used as sup-
port material to promote Pt activity toward ORR.[219] As Cheng 
et al. reported ALD fabricated Pt on ZrC nanocomposite catalyst 
to strengthen the metal–support interactions at the atomic level 
for high catalytic activity and longer durability.[240b] The ALD-Pt/
ZrC nanocomposite showed a mass activity of 0.122 A mgPt

−1 
at 0.9 V (vs RHE), which is much higher than those for Pt/C 
(0.074 A mgPt

−1)and CW-Pt/ZrC catalysts (0.041 A mgPt
−1). Sub-

sequently, Marichy et  al. prepared heterostructures by depos-
iting Pt nanoparticles onto carbon fibers decorated with tin 
dioxide (SnO2) using ALD to improve durability. Metal oxides 
combined with carbon supports not only promoted Pt activity, 
but also substantially improved the electrical conductivity.[241] 
Recently, Xu et  al. reported lattice-strained platinum catalysts 
via ALD, where the core–shell structure with Pt as shell and 
soluble metal oxide as core induced strains in the platinum lat-
tice after core dissolution (Figure 14c).[234] This method achieved 
high mass activity up to 0.8 A mgPt

−1 at 0.9 V for ORR.[234]

Catalyst nanoparticles aggregation, removal from electrode 
and migration are major reasons for low durability of redox cat-
alysts.[242] Lim et al. deposited a very thin layer of zirconia (ZrO2) 
onto the Pt nanoparticles via ALD technique (Figure 14d). With 
a couple of ALD cycles, a thin zirconia encapsulation layer sup-
pressed the Pt nanoparticles.[235] The electrochemical surface 
area (ECSA) of bare and zirconia coated catalyst is compared 
during the accelerated stress test (AST), where zirconia-coated 
catalyst resulted 20.8% higher ECSA (m2 gpt

−1) than that of bare 
Pt over 20 000 AST cycles (Figure 14e).

7. Supercapacitors

Supercapacitor is a promising technology with capacity of fast 
charging–discharging, considerable power and energy density, 
and good capacitance retention after millions of cycles. Elec-
trode materials play a decisive role in achieving an ultimate 
performance of supercapacitor because electrical energy is 
restored by charge separation in a Helmholtz double layer.[243] 
Conventional supercapacitors mainly rely on the noncarbon 
materials (e.g., metal oxides) with high electric conductivity, 
large surface area, low cost, and high electrochemical stability, 
However, like low charge rates, high current leakage, severe 
self-discharge, and low cycling stability are their shortcom-
ings.[244] ALD technology has been widely utilized for deposition 
and surface modification of electrode materials. For example, 
Hong et al. deposited 2 nm Al2O3 dielectric layers on activated 
carbon by ALD, which protected the surface functional groups 
and reduced the electrolyte degradation, while improved the 
electrochemical performance by 39% at 3 V.[245] Similarly, Guan 
et al. reported an ultrahigh energy density (≈74.7 Wh kg−1) and 
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long cycling ability (>50 000 cycles) by depositing iron oxide on 
a hierarchical graphite foam carbon nanotube framework (GF-
CNT@Fe2O3), as shown in Figure 15a,b.[246]

ALD showed a superior ability to prepare uniform coating 
layer of active materials and protective layers on complex 3D sub-
strates with large surface area and short ionic diffusion route. 
Lei group reported a Pt nanotubes arrays in anodic alumina 
nanoporous templates with core/shell Pt/MnO2 nanotubes as 
current collector in supercapacitor devices (Figure 15c).[247] This 
approach achieved high gravimetric capacitance of 810 Fg−1, 
and an excellent rate capability of 68% capacitance retention 
after 8000 cycles from 2 to 100 Ag−1. The overall core–shell NT 
diameter can be adjusted by controlling the MnO2 deposition 
time of 30 s (Figure  15d) and 90 s (Figure  15e). The ultimate 

optimal supercapacitor is Pt/MnO2 core/shell on polydimethyl-
siloxane (PDMS) substrate (digital picture in Figure  15f) pro-
duced 810 Fg−1 capacitance which substantially outperformed 
the others comparable parts (Figure 15g).

Recently, metal nitrides and sulfides are widely studied mate-
rials for high-performance supercapacitors. Yang et al. reported 
TiN-based supercapacitors with ultrafast charging capability 
and slow self-discharge with microconfiguration.[248] Besides 
the high volumetric capacity, high energy, and power densi-
ties, the TiN supercapacitor showed a 5% capacity increase after 
20  000 cycles, with less than 1 µA current leakage. Moreover, 
ternary metal oxides mixed with TiN to obtain NiCo2O4@TiN 
core–shell electrodes synergistically improved the electrode per-
formance of electrode materials.[249] Kim group fabricated MoS2 

Figure 14. a) Schematic of electrochemical test system explained with overall layers. Reproduced with permission.[233] Copyright 2015, AIP Publishing. 
b) Unit cell cross-section of the Nth unit cell in a fuel-cell stack, showing the components of an expanded MEA. Reproduced with permission.[211] 
Copyright 2012, Nature Publishing Group. c) The catalyst design and synthesis process. Reproduced with permission.[234] Copyright 2021, Wiley-VCH. 
d) Schematic of the Pt/C encapsulation process from 1) bare Pt on carbon black, 2) deactivation of the catalyst surface due to the protective layer 
coating, 3) securing porosity through a heat treatment process, and 4) coating of the catalyst surface by a porous protective layer at the atomic scale, 
as proposed in this work by ALD. e) Comparison of the change in the ECSA of bare MEA, 2ALD MEA, and 5ALD MEA according to the AST cycles. 
Reproduced with permission.[235] Copyright 2021, Elsevier.
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on 2D stainless steel and 3D Ni-foam substrates by ALD.[250] 
Among them, MoS2@3D-Ni-foam electrode achieved a record 
high areal capacitance of 3400 mF cm−2 at a current density of 
3 mA cm−2 and high cyclic stability (>80%) over 4500 charge–
discharge cycles. In addition, Li and co-workers designed ALD 
ZnS nanofilm deposited uniformly and seamlessly on the back-
bone of ZnO NWs arrays to form unique ZnO@ZnS core–shell 
nanostructures, which used as a binder-free supercapacitor 
electrode displays an excellent electrochemical performance.[251]

ALD technique has been useful for depositing transition 
metal dichalcogenides of MX2, where M is the transition metal 
and X can be sulfur (S), selenium (Se), or tellurium (Te) for 
supercapacitor applications.[253] For instance, ZnO@ZnS core–
shell NWs arrays on nickel foam are successfully prepared 

by combination of hydrothermal process and ALD.[251] In 
another report, core–shell type NiCo2O4/MoO2 were encapsu-
lated by a uniform outer nanolayer of NiO by ALD, as shown 
in Figure  13h.[252] The out layer of NiO has been verified by 
electronic modulation at the interface providing a substantial 
amount of additional capacity by reducing the loss in capacity 
to less than 3% after 20 000 cycles, while an energy density of 
136 W h kg−1 is achieved (Figure 13i).

8. Emerging Technologies

Since the advent of ALD, many technological improvements 
have been made to address the limitations of ALD. For instance, 

Figure 15. a) Growth procedure of GF-CNT@Fe2O3 starting from graphite foam. b) Cycling ability with a current of 7 A g−1. Reproduced with permis-
sion.[246] Copyright 2015, American Chemical Society. Tilted and top SEM images of c) Pt NT array, d) MnO2 shell on Pt NTs after 30 s deposition,  
e) MnO2 shell on Pt NTs after 90 s deposition. f) Photograph of a supercapacitor electrode on PDMS substrate using core/shell Pt/MnO2 NT array. 
g) Specific capacitance curves of the 30 s-NT, 90 s-NT, and PF electrodes at the different scan rates. Reproduced with permission.[247] Copyright 2014, 
Wiley-VCH. h) Schematic of fabrication process and i) specific capacity of NiCo2O4/MoO2@ALD-NiO heteronanostructure. Reproduced with permis-
sion.[252] Copyright 2020, Elsevier.
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spatial ALD was designed to counter the low deposition rate of 
typical ALD system. In this section some of the recent advances 
in the ALD deposition technique are discussed.

8.1. Spatial ALD

Nonetheless, ALD can deposit conformal films with atomic 
level control over thickness, its low deposition rate is less 
advantageous for high throughput processing. An approach 
to overcome this drawback is spatial ALD (SALD). In a typical 
ALD process, the half-reactions are separated by a purging 
step which makes ALD a low throughput system, as shown 
in Figure  16a. Whereas, in SALD, the half-reactions could be 
separated spatially instead of separating them temporally.[254] By 
doing so, high throughput could be obtained without losing the 
advantages offered by the typical ALD. In SALD, the precursors 
supply is continuous, but in different physical locations. Thus, 
there are at least two zones where a half-reaction can take place 
in the presence of the substrate. The substrate is allowed in 
such a half-reaction zone for sufficient time, to form a saturated 
monolayer of first precursor. Then, the substrate is moved to 
the other half-reaction zone, where another precursor is depos-
ited to form one ALD monolayer. The half reactions are sepa-
rated by a continuous purge stream of inert gases to prevent 
the interdiffusion or mixing of the precursors. Consequently, 
in SALD, the net deposition rate is not limited by the indi-
vidual cycle time but rather time required to move the substrate 
between two zones. Since its first inception in 1977, various 
studies have been conducted to improve the material quality 
and throughput of SALD.[255] For example, Mousa et al. through 
theoretical modeling reported that the precursor gas flow rates, 

the distance between the substrate and reactor surfaces, and 
channel spacing impacts the conformality and quality of mate-
rial deposition in SALD.[256] In recent times, SALD has also 
been employed to deposit materials for various applications 
such as ZnO in thin film Li-ion batteries,[257] SnOx in perovskite 
solar cell,[258] Al2O3 as moisture barrier coating,[259] and MoOx 
as charge selective layer in Si solar cell.[260] Similarly, close-prox-
imity SALD has been employed commercially by companies 
such as Levitech and SoLayTec to deposit Al2O3 thin films on 
Si solar cells for surface passivation. To date, high throughput 
SALD have mainly been limited to few materials such as ZnO, 
Al2O3, TiO2.[254] However, for SALD to be a useful in variety of 
energy technologies, new processes needs to be developed to 
diversify the types of materials that can be grown.

8.2. Selective Area Atomic Layer Deposition

Selective deposition (bottom-up synthesis) on pre-defined areas 
of the substrate is of crucial importance nowadays for various 
technologies such as microelectronics, to overcome the cur-
rent limitation in lithography. High quality and nanometer 
thickness controlled such deposition can be achieved by area-
selective atomic layer deposition (AS-ALD).[261] Using AS-ALD, 
selective deposition multiple materials on a patterned or inho-
mogeneous substrate can be obtained as shown in Figure 16b. 
Selective deposition can be achieved by controlling various pro-
cess conditions such as temperature,[262] using blocking layers 
such as self-assembled monolayers (SAMs),[263] or exploiting 
the interaction energetics/kinetics between the precursor and 
different surfaces.[264] Recently, SA-ALD has received significant 
attention for deposition materials for energy technologies. For 

Figure 16. a) Comparison between the temporal (and more traditional) ALD (left) and of SALD (right): the separation between the two reactive pre-
cursors is performed either in time or in space, respectively. Reproduced with permission.[254] Copyright 2017, Elsevier. b) Schematic representation of 
area-selective ALD process. The surface on which the growth occurs selectively is defined as the growth area, while the surface on which no growth 
should take place is defined as the nongrowth area. Reproduced with permission.[261] Copyright 2018, American Chemical Society. c) Schematic of the 
ultrasonic atomizer system. Reproduced with permission.[271] Copyright 2020, AIP Publishing.
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instance, SA-ALD of Ru is demonstrated, which is a benchmark 
catalyst utilized in water splitting reactions.[265] Similarly, In2O3 
and MoOx are active materials frequently used in photovoltaic 
devices are deposited using AS-ALD approach enabling the 
fabrication of patterned photovoltaic devices.[266] We believe 
the bottom-up synthesis strategy enabled by AS-ALD could 
be a powerful tool in the fabrication of energy conversion and 
storage devices.

8.3. Molecular Layer Deposition

Organic and hybrid inorganic–organic materials are gaining 
huge interest in electronics and energy devices. Like ALD for 
depositing inorganic materials, MLD has emerged as a tool for 
depositing organic constituents with controlled thickness and 
composition on the molecular scale, even on complex struc-
tures.[267] Moreover, by combining ALD and MLD, multitude 
of new types of inorganic–organic hybrid materials can be 
fabricated. Recently, MLD has been quite extensively used for 
depositing organic and organic–inorganic hybrid materials in 
energy technologies such as batteries, supercapacitors, H2 gen-
eration, solar cells.[268] For instance, MLD-based materials have 
been extensively used in batteries technology for fabricating 
electrodes/electrolytes and also depositing thing films on elec-
trodes/electrolytes for modifying their surface properties.[269] 
Similarly, MLD has been used to deposits electrode materials 
for catalytic reactions and solar cells.[270]

8.4. Precursor Atomization

In the ALD process, the precursors are supplied in the reac-
tion chamber in the form of vapors. Generally, the precursors 
having low volatility are heated to increase their vapor pressure 
so that they could be transported into the reaction chamber. It 
is quite critical to choose an optimum temperature for heating 
these chemical precursors. For example, higher temperature to 
achieve a sufficient vapor pressure for ALD may initiate chem-
ical reaction or thermally decompose the precursors. To be able 
to transport precursors in the reaction temperature at room or 
low temperature would allow usage of precursors, such as orga-
nometallic compounds, having low vapor pressure and thermal 
instability. Furthermore, this would preserve precursors for a 
longer period and prevent any thermal decomposition associ-
ated with high temperatures. Recently, Jang et al. demonstrated 
that is possible to supply low vapor pressure precursors into 
the reaction chamber at room temperature using ultrasonic 
atomization process.[271] In this typical process the evaporation 
of precursors occurs through ultrasonic vibration of the module 
as shown in Figure  16c. The ultrasonic atomization generates 
a mist consisting of saturated vapor/droplets of precursors 
which can be delivered to the chamber by a carrier gas. The 
authors reported that deposition of TiO2 using titanium isopro-
poxide precursor by conventional method (precursor tempera-
ture of 60–100 °C) and by using ultrasonic atomization resulted 
in comparable growth rate. This enables a new ALD process 
to deposit wide variety of materials using low volatility and 
unstable precursors.

9. Summary and Future Perspectives

ALD is a promising technique, capable of depositing a wide 
range of materials with exceptional conformity and thickness 
control at atomic level. In this review, we summarize the appli-
cation of ALD technique in energy conversion and storage sys-
tems, namely, solar cells, photoelectrochemical water splitting 
systems, batteries, fuel cells, and supercapacitors. Especially, we 
focus on the issues related to these systems and role of ALD 
toward their solution. For instance, utilization of ALD in per-
formance enhancement and passivation of photovoltaic devices 
by depositing functional layers for light absorption, charge car-
rier transport, and passivation at contact interfaces is discussed. 
ALD is proposed to deposit the photoactive and corrosion pro-
tection layers with improved stability, lifetime, and overall high 
solar to hydrogen efficiency of the PEC devices. Furthermore, 
passivation of surface trap sites by ALD to avoid charge recom-
bination issue in photovoltaic and PEC devices is highlighted. 
Nanoscale catalysts deposition on planer and 3D porous struc-
tures for PEC devices is another important aspect discussed in 
this review. Atomic scale deposition and surface modification of 
state-of-the-art materials by ALD to reduce the current leakage 
and improve the durability of supercapacitors and batteries are 
briefly elaborated. Successful utilization of ALD-deposited elec-
trode materials and interfacial coatings to alleviate the volume 
expansion of electrode materials and dendrite formation in bat-
teries is showcased. To follow with, role of nanostructuring of 
electrode/electrolytes surfaces and interfaces by ALD technique 
in solving the catalyst aggregation, low conductivity, poor chem-
ical stability, slow charge transfer, and high cost of electrode 
materials, problems in fuel cells is emphasized. Finally, recent 
advancements and improvements in the ALD technology are 
briefly explored.

ALD has proven itself as a versatile material synthesis and 
surface modification tool for fabrication of various energy con-
version and storage devices. However, there exist some critical 
issues that need to be addressed for the successful implication 
of ALD technique as an industrial scale nanofabrication tech-
nology. One of the critical problems with ALD is the deposition 
rate and this technique is highly preferable only where thick-
ness control and high aspect ratio deposition is required. For 
instance, ALD has been mostly used to deposit metal oxides 
while fewer attempts have been devoted toward developing 
other compositions such as metal nitrides or metal phosphides 
which have shown great promise in these energy devices.[272] 
Also, most of the studies are focused on developing binary 
metal composition while ternary, quaternary, and doped mate-
rials are less studied.[15] Often, these multicomponent mate-
rials do not exhibit growth behavior similar to binary systems 
thus leading to unintended material properties. Further funda-
mental research on growth of multicomponent materials using 
in situ characterization techniques is needed to better under-
stand the growth mechanism.

Owning a huge potential in energy sector, nanomate-
rials with different morphologies such as 2D materials, 
nanoparticles, single atom need to be explored by ALD tech-
nique for their large-scale fabrication and adaptivity.[273] Cur-
rently, there is no alternative route to ALD to deposit frequently 
used 2D materials such as graphene, in energy storage and 
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conversion devises. Although some techniques are developed 
for depositing some 2D materials such as MoS2 and WS2, most 
of the current studies are based on laboratory scale deposition. 
Most of the current studies are based on laboratory scale depo-
sition. Here exploring the SALD technique for material fabrica-
tion and modification can lay a foundation for its implication as 
commercial scale manufacturing technology for nanomaterials 
and nanodevices. ALD is also limited to the availability of some 
precious metals precursors of Pt, Au, Ag as they are very expen-
sive. Also, the toxicity of some ALD precursor such as H2S is 
also a concern and alternative precursors must be developed 
allowing wider adaptability of ALD in energy devices.

Generally, the microstructure of the thin films deposited 
using ALD is amorphous or polycrystalline. Materials with 
monocrystalline microstructures are required for various appli-
cations such as in solar cells for better charge carrier diffusion. 
Therefore, research should be focused toward engineering the 
morphology and crystallinity of the deposited materials.
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