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Abstract

The demand for high-performance devices that are used in electrochemical energy conversion and storage has increased
rapidly. Tremendous efforts, such as adopting new materials, modifying existing materials, and producing new structures,
have been made in the field in recent years. Atomic layer deposition (ALD), as an effective technique for the deposition of
conformal and thickness-controllable thin films, has been widely utilized in producing electrode materials for electrochemi-
cal energy devices. Recent strategies have emerged and been developed for ALD to construct nanostructured architectures
and three-dimensional (3D) micro/nanostructures. These strategies emphasize the preparation of active materials for devices
such as batteries and supercapacitors or as catalysts for hydrogen evolution. Additionally, ALD is considered to have great
potential in practical industrial production. In this review, we focus on the recent breakthroughs of ALD for the design of
advanced materials and structures in electrochemical energy devices. The function and merits of ALD will be discussed
in detail from traditional thin film depositions for the coating and engineering/modification layers to complex 3D micro/
nanostructures that are designed for active materials. Furthermore, recent works regarding metal-organic framework films
and transition metal dichalcogenide films, which were prepared with the assistance of ALD oxide, will be highlighted, and
typical examples will be demonstrated and analysed. Because it is within a rapidly developing field, we believe that ALD
will become an industrial deposition method that is important, commercially available, and widely used in electrochemical
energy devices.
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1 Introduction

1.1 Emerging Demand of Electrochemical Ener
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modern society, energy that supports all aspects of human
life has become increasingly significant in everyday life and
industrial manufacturing [1-7]. Historically, every revolu-
tion that involved energy introduced significant innovations
into society [8—10]. The energy that humanity relies on the
most today is fossil energy, such as coal, oil, and natural gas.
However, reserves of fossil energy are quite limited [11-16].
Due to overexploitation, fossil energy will be exhausted in
the near future. In addition, the combustion process of fos-
sil energy releases large amounts of harmful gases, such as
CO, CO,, NO,, and SO,, which affect human health and the
Earth’s environment [17-21]. These problems have exacer-
bated the energy crisis [22]. Exploring new energy sources
to replace traditional fossil energy and developing highly
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efficient energy conversion and storage technologies have
become a top priority [23-25].

Studies have shown that green energy such as solar
energy, wind energy, biomass energy, and tidal energy,
which is currently underutilized, may have great potential
in solving the energy crisis [26-29]. If the energy can be
converted into a more convenient and effective form (usu-
ally electrical energy) and stored stably, they should meet
the long-term energy demands of mankind while remain-
ing environmentally sustainable [23, 30-33]. At the present
time, technologies, including solar cells [8, 34, 35], wind
power generation [36, 37], friction nanogenerators [38,
39], and biofuel cells [40, 41], which can convert a vari-
ety of sustainable energy into electrical energy have been
developed. However, these novel energy sources are highly
dependent on the environment and exhibit irregular fluc-
tuations; therefore, they cannot provide a very continuous
power supply [35, 42-45]. A meaningful way to solve this
is electrochemical energy storage, which converts the elec-
trical energy generated by these renewable energy sources
into chemical energy and stores it effectively [16, 46—48].
Conventional forms of electrochemical energy storage are
mainly batteries (e.g. lithium-ion batteries, lithium-sulphur
batteries, lead-acid batteries, etc.) and supercapacitors,
which operate through electrochemical processes by charg-
ing and discharging electrons and ions [46, 49, 50]. These
devices can meet the needs of stationery products, electronic
products, aerospace fields, and other fields and have shown
a very large application potential in large-scale power grids
and transportation; the devises are especially important for
electric vehicles, which are being rapidly developed [2, 28,
51, 52].

There are other alternative energy sources. For instance,
hydrogen energy is believed to be a promising alternative to
fossil energy and has received extensive attention in recent
years [53, 54]. Hydrogen is the most abundant element in
the universe, and therefore, it is considered to be inexhaust-
ible. The combustion value of hydrogen is 142.5 kJ g~!,
which is much higher than that of gasoline [55], while the
only product after combustion is water. Therefore, hydrogen
energy is non-toxic and can produce zero carbon emissions.
Most importantly, hydrogen energy can be efficiently and

Table 1 Comparison of the characteristics of major deposition techniques

controllably converted into other forms of energy [56-58].
Thus, the production of hydrogen energy, which is basi-
cally an energy conversion method, can also be viewed as
an electrochemical energy storage approach if hydrogen
is produced by electrocatalytic water splitting, which uses
electrical energy to split water into hydrogen and oxygen at
the electrodes [59-62]. Therefore, we combined these fields
as electrochemical energy and paid special attention to the
materials/structures for applications in electrocatalysts, bat-
teries, and supercapacitors.

With the increasing demand for electrochemical energy,
continuous efforts have been made for developing devices
from the perspective of energy density, stability, lifetime, and
so on [63-66]. In all these electrochemical processes, elec-
trochemical reactions occur in cells consisting of electrodes
(anodes and cathode) and electrolytes [67—70]. Researchers
in this field have optimized the devices and components by
adopting new materials, modifying existing materials, and
producing new structures [71-73]. To date, various physi-
cal and chemical methods have been employed to produce
materials and structures for energy devices, and emerging
approaches are continuously being explored [74—80]. Since
the electrochemical properties of devices strongly depend
on surface reactions at the electrolyte/electrode interface,
approaches that can tune the surface of the electrode are tre-
mendously important [8§1-85]. Based on this consideration,
atomic layer deposition (ALD), which can deposit conformal
coatings and produce nanostructures with different materi-
als, is considered a powerful tool [86-91].

1.2 ALD: Mechanism and Materials

ALD is an essential gas-phase thin film deposition technique
that was discovered in the recent decades [92-97], and it
possesses atomic level control of the film thickness and a
high conformality on 3D surfaces [98—100]. A typical ALD
process consists of four steps: a pulse of precursor/purge/
pulse of co-reactant/purge. This four-step process can be
repeated to grow the desired material while precisely con-
trolling the thickness. Ultrathin deposition with a precisely
controlled thickness made it possible to grow films as thin
as one monolayer, which is highly desirable for surface

Method Substrate Material versatility Controllability ~ Uniformity Conformality ~ Throughput  Cost
Solution-based ~ Limited Low Low Low Varies Low Low

wet chemistry
Sol—gel Flat Low Low Low Low Low Low
CVD Less limited ~ High High Medium to high  Varies High Medium to high
PVD Flat High High Medium to high  Low High Medium to high
ALD Less limited ~ Medium to high Very high Very high Very high Low High
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modifications [99, 101-104]. The self-limiting nature of
the half-reaction allows conformal deposition on a high-
aspect-ratio substrate, and the film obtained could be dense
and pinhole-free with desirable mechanical and chemical
properties for surface modification [105-110]. In addition,
by adopting metal precursors with various counter-reactants,
such as H,0, O,, O;, NH;, H,S, and H,, an enormous variety
of materials, including oxides, nitrides, sulphides, carbides,
and elementary metals, have been successfully produced
[111-113]. In addition, the atomically controlled growth
and the separated pulse for the reactant make it possible
to apply multiple binary ALD processes into a supercycle
for the deposition of multicomponent films [114—116]. This
versatility allows the deposition of a wealth of materials
with potential for various applications [117-119]. Table 1
summarizes the characteristics of the major deposition tech-
niques. Compared with other liquid phase or gaseous phase
deposition approaches, ALD demonstrated obvious advan-
tages in the structural control of films deposited on sub-
strates with different geometries. It is worth noting that the
devices and components in the electrochemical energy field
always involve low-dimensional structures and powders/par-
ticles, and thus, the ALD technique can handle this situation
well with accurate thickness and stoichiometric control. In
addition to interface engineering, previous investigations
have demonstrated that ALD can be conveniently utilized
in preparing active materials with optimal size, morphology,
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Fig. 1 Schematic diagram showing the outlines of the review. Gen-
erally, ALD can be used to modify the surface, fabricate nanostruc-
tured active materials, and deposit reactants for subsequent treatment;
therefore, it has been widely adopted in electrochemical devices for
energy conversion and storage

crystallinity, and composition for electrochemical energy
devices [98, 120-122]. Specifically, versatile nanostructures
such as films, particles, and tubes have recently been inten-
sively investigated for their advantageous electrochemical
applications. However, the low throughput of ALD com-
pared with chemical vapour deposition (CVD) and physical
vapour deposition (PVD) approaches might adversely affect
future industrial manufacturing. Fortunately, researchers
from both academia and industry are now working together
to improve the throughput and productivity of the ALD pro-
cess, and some achievements have been accomplished.

Very recently, a strategy based on post-treating the ALD
films has been developed to synthesize transition metal
dichalcogenides (TMDs) [123-125] and metal—organic
frameworks (MOFs) [59, 86, 126—131]. In this so-called
ALD-induced growth process, the induced layers (e.g. oxide
films) grown by ALD were used as reactants (or seed layers)
in the following step. This pretreatment step was followed
by a subsequent synthesis of a specific material through the
corresponding post-treatment, and consequently, TMDs/
MOFs in the film forms can be attached firmly on substrates
with complex geometries. This ALD-induced growth greatly
expands the ALD material family and provides more crea-
tivity. Since TMDs/MOFs are widely involved in energy-
related electrochemical applications, devices with enhanced
performance are expected to be developed.

1.3 Framework of the Review

Here, in this review, we summarized the recent progress
in the applications of ALD in electrochemical energy. As
schematically shown in Fig. 1, ALD has been widely used in
both energy conversion (e.g. in electrocatalysis for hydrogen
evolution) and energy storage (e.g. in batteries and superca-
pacitors) in three different manners. In the first manner, as
mentioned above, ALD is engaged in modifying the surface
(as a surface coating layer) of the electrode, separator, etc.,
and the performance of the device can be enhanced. In the
second manner, active materials in the form of nanostruc-
tures were also reported to be fabricated by ALD. Recent
studies concerning the induced growth of TMDs and MOFs
by using ALD layers as reactants are considered the third
method. Among these applications, the design of materi-
als and structures and their corresponding performance
enhancements will be emphasized in this review. We have
specifically considered the possibility of industrializing the
ALD approach with potential applications in electrochemical
energy devices, and several other possible developing direc-
tions have also been discussed. With further optimization,
we believe that with its precise control over thickness and
excellent material diversity, ALD will become a powerful
tool in the electrochemical energy field and has great poten-
tial for mass production.
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2 ALD for Efficient Electrochemical Catalysts

Hydrogen evolution in acidic or alkaline media has drawn
considerable attention in the field of electrochemical cata-
lysts. The electrochemical processes that produces hydrogen
in water consume large amounts of electrical energy due to
hydrogen overpotential [60, 61]. Hence, reducing overpo-
tential is very important in the attempts to reduce energy
consumption. In addition, preventing the destruction of
catalysts in electrodes should be seriously examined, as this
would maintain stable catalytic performance [132]. To date,
much effort has been devoted to enhancing electrocatalytic
performance by designing and fabricating electrodes with
new materials and structures. ALD is a valuable technique
that is commonly applied in electrochemical catalysts and
two routes: depositing a protective layer on the electrode
to prevent catalyst decomposition and direct deposition of
functional materials such as transition metals, TMDs, and
single-atom catalysts. Recently, a new strategy has also been
developed utilizing ALD-oxide nanomembranes as a reac-
tant/seed layer to induce the assembly of MOFs for hydrogen
evolution. The application of the ALD technique in produc-
ing protective layers and functional materials is summarized
in this section.

2.1 Prevention of Catalyst Decomposition

Current electrochemical catalyst designs suffer from
severe degradation of electrode active materials through

Fig.2 a Cross-sectional
SEM image of the ALD
TiO,-modified electrode. b
Chronoamperometric profiles I

g T
]

of the ALD-treated electrode
(red trace) compared with

the untreated electrode (black
trace). (a) and (b) are reprinted
with permission from Ref.
[132]. Copyright 2019, The
Royal Society of Chemis-

try. ¢ Schematic of the ALD
TiO,-based protective layer for
the halide perovskite absorber.
d Catalytic performance of the
ALD TiO,-modified electrode.
The current density—voltage
curves for the electrodes under
dark (black) and solar illumina-
tion (blue) are demonstrated.
(c) and (d) are reprinted with
permission from Ref. [133].
Copyright 2019, American
Chemical Society
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electrochemical reactions and experience a loss in efficiency
[133]. Hence, a coating layer wrapped on the surface of the
electrode could be used to protect the active materials and
maintain charge transfer between the electrolyte and elec-
trode. ALD has become an ideal strategy for this purpose.

For example, in a typical photoelectrochemical hydro-
gen evolution process, p-type Si and diimine—dioxime cobalt
complexes (CoC11Ps) are used as catalysts, while the corro-
sion of active materials from electrolytes leads to unstable
performances. To solve this problem, Chandrasekaran et al.
[132] reported a strategy for preparing a modified electrode.
In the approach, a p-type silicon surface was protected by a
15 nm ALD TiO, layer. CoC11P was covalently grafted onto
TiO,, and an additional 0.2 nm ALD TiO, layer was applied
for stabilization. Here, ALD TiO, can not only protect active
materials but can also provide loaded active materials.
Fig. 2a demonstrates the cross-sectional SEM image of the
ALD TiO,-modified electrode, in which the top ALD TiO,
layer covers the surface of the electrode. Due to the protec-
tion of the two ALD TiO, layers on both the top and bottom
surfaces of the electrode, the modified electrode (the red
trace) displays staggered variations due to the intermittent
release of H, bubbles from the electrode surface (Fig. 2b).
The highly improved property of the ALD-modified elec-
trode can be attributed to the fact that a dense ultra-thin TiO,
coating layer produced by ALD stabilizes the anchoring of
the molecular catalyst.

Moreover, halide perovskite photocathodes are viewed
as another ideal active material for hydrogen evolution elec-
trodes, although the rapid decomposition of electrodes in
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Fig.3 a STEM image of ALD-prepared single-atom Pt with 50
ALD growth cycles (the scale bar: 10 nm) and the EXAFS spec-
trum acquired from ALD-prepared single-atom Pt compared with
those from a commercial Pt/C catalyst and a Pt foil. b LSV curves
of ALD-prepared single-atom Pt compared with the commercial Pt/C
catalyst and pure graphene at a scan rate of 2 mV s ~! in acid. The
inset image shows the enlarged curves at the potential onset region.
(a) and (b) are reprinted with permission from Ref. [134]. Copyright
2016, Springer Nature Limited. ¢ TEM image of ALD-prepared Ni
nanograins on Co-doped carbon particles and corresponding EDS
mapping of the composite showing the presence of Ni. d LSV curves
of the composite and pure Co-doped carbon particles. (¢) and (d)
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are adapted with permission from Ref. [135]. Copyright 2020 Royal
Society of Chemistry. e TEM images of the selective-area ALD-
deposited Pt/Co;0, composite at high and low magnifications. f The
electrocatalytic performance of the Pt/Co;0, composite. (e) and (f)
are adapted with permission from Ref. [141]. Copyright 2017, John
Wiley & Sons, Inc. g SEM images of ALD WS, that was grown by
using (i) pure H,S plasma and (ii) H,+H,S plasma-enhanced pro-
cesses. h LSV curves of the ALD WS, electrocatalysts with different
thicknesses that was synthesized by using H,S or H,+H,S plasma-
enhanced processes. (g) and (h) are adapted with permission from
Ref. [142]. Copyright 2019, American Chemical Society
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watery environments or even humid air is still a problem
[133]. To solve this problem, ALD has been used to prepare
nanomembranes on the surface of active material to pro-
hibit the dissolution of halide perovskite photocathodes. For
example, Kim and co-workers provided a simple prepara-
tion method for producing a hybrid passive layer, in which a
composite consisting of PC¢;BM and ALD TiO, nanomem-
brane was coated on the electrode (Fig. 2¢) [133]. The ALD
TiO, nanomembrane promoted a reduction in photo-assisted
protons without further encapsulation. According to a
detailed characterization, the device exhibited an average
short-circuit current density of 21.4 mA cm™ with a filling
factor of 65.5% (Fig. 2d). In addition, an average photovolt-
age of 0.68 V was achieved. The authors concluded that
the reason for the enhanced performance was because ALD
TiO, can serve as a protective layer when the whole device
is in contact with electrolytes, and this leads to outstanding
device stability. This strategy could be directly applied to
other hybrid semiconductors and organic light absorption
for photoelectrochemical hydrogen production.

2.2 Direct Fabrication of Functional Materials
as Catalysts

ALD can synthesize a wide range of materials with versatile
morphologies as active materials. For example, consider-
able attention has been placed on a single-atom catalyst for
hydrogen evolution due to its ultra-high catalytic efficiency.
However, the process of preparing single-atom catalysts is
overly complex and a hindrance in practical applications.
To solve this problem, a high-efficiency and straightforward
strategy was recently developed by Cheng and his co-work-
ers, and this strategy can be applied to synthesize large-scale
and stable isolated single platinum atoms utilizing the ALD
technique [134]. This method generated single Pt atoms that
were supported on nitrogen-doped graphene nanosheets
via the ALD technique. It is worth mentioning that the Pt
catalyst size and density on graphene can also be precisely
controlled by simply adjusting the number of ALD growth
cycles. Figure 3a shows a typical morphology of ALD Pt on
a graphene substrate with 50 growth cycles, and numerous
individual Pt atoms (bright spots) were uniformly dispersed
on the graphene supporter. To further confirm the single
atom of Pt prepared by ALD, the extended X-ray absorption
fine structure (EXAFS) of the sample compared with com-
mercial Pt/C and Pt foil is shown in Fig. 3a. The significant
change in the intensity of Pt—O or Pt—C bonds and severe
deviation of the Pt—Pt bond of the ALD-prepared sample
compared with the Pt foil indicate the presence of single
Pt atoms. The HER activity of the ALD-prepared Pt sam-
ples was evaluated in 0.5 M (1 M=1 mol L™") H,SO, by
linear sweep voltammetry (LSV) scanning. Due to the high
catalytic activity of the single-atom catalyst, the samples

@ Springer

exhibited outstanding hydrogen evolution catalytic proper-
ties, e.g. a very low overpotential of 0.05 V at a current
density of 12.5 mA cm™2 (Fig. 3b). ALD-prepared single-Pt
atom catalysts can significantly reduce the cost of valuable
metal consumption in catalysts for the hydrogen production
industry.

Nanoparticle-like structures are commonly involved in
hydrogen evolution. Zhang and his co-workers proposed a
strategy of fabricating nickel nanograins coated onto Co-
doped carbon particles by using ALD for hydrogen evolu-
tion catalysts in alkaline media [135]. As shown in Fig. 3c,
due to the uniform deposition of Ni nanograins by ALD, a
good interface phase between Ni and Co-doped carbon par-
ticles leads to an enhanced electrochemical property with a
very low overpotential of 157 mV, which is much lower than
that of pure Co-doped carbon (Fig. 3d). In another example,
Zhang and his colleagues utilized ALD to prepare a series
of Pt nanoparticle-decorated 2D Ti;C,T, MXene compos-
ites [136]. Due to the valuable controllability of ALD, low
Pt consumption of 0.98-3.10 wt.% (wt.% means the weight
percentage) was achieved. The uniformly dispersed Pt par-
ticles on MXenes showed excellent HER catalytic activity
and stability with an overpotential of only 67.8 mV. It should
be noted that this performance was close to that of the com-
mercial Pt/C catalyst (64.2 mV). The excellent behaviour
was attributed to the homogeneous deposition of Pt and the
superior conductivity of the MXene supports.

Area-selective ALD is a promising strategy to synthesize
unique nanostructures by growing particular components
in a specific area. Many efforts have been devoted to this
method by Chen’s group [137-141]. For example, a novel
structure with Pt particles anchored to metal oxide nanotraps
was prepared [141]. The Pt particles were deposited on the
Al,Oj; substrates in the first step. 1-Octadecanethiol was cho-
sen as the blocking agent to protect Pt from being covered
by the subsequent Co;0, deposition. After that, Co;0, was
selectively deposited on Al,O; substrates. When the block-
ing agent was removed, Pt particles were re-exposed. As
shown in Fig. 3e, transmission electron microscopy (TEM)
images show that Pt had a uniformed dispersion and an aver-
age size of 2 nm, and a good Pt/Co;0, interface can be seen.
The resultant composites exhibit outstanding catalytic prop-
erties with an activation energy of 22.17 kJ mol~! (Fig. 3f).

TMDs as 2D layered materials also attract widespread
attention due to their excellent electrochemical properties,
high catalytic activity and abundant active site exposure.
They have recently been widely applied in energy devices,
especially as catalysts for hydrogen evolution, and control-
lable growth at the atomic scale may very important. Due
to its low temperature, reproducibility, self-limited process,
and valuable ability to control the thickness, ALD appears
to be an ideal technique to directly deposit TMDs as a one-
pot method with good tenability. For instance, Song and
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co-workers developed an advanced pressure-tuned stop-flow
strategy by the ALD process to deposit a MoS, layer with a
thickness of ~5 nm on carbon nanotube array growth on 3D
graphite foam, which is applied as an electrode for Li-O,
batteries [124]. Taking advantage of ALD-prepared MoS,,
the whole architecture can lower the energy barrier, and the
unique 3D electrode exhibited high catalytic activity for both
the oxygen reduction reaction and oxygen evolution reaction.
Kwon and his co-workers developed a facile strategy that
directly deposited the MoS, film on porous carbon papers
for high-performance hydrogen evolution reaction (HER)
catalysts [125]. They chose molybdenum hexacarbonyl and
dimethyldisulphide as the reactants to generate Mo and S,
respectively, and the MoS, film was deposited at 100 °C.
The ALD-prepared MoS, catalysts exhibited exponentially

increased catalytic properties for the HER with a very low
overpotential and Tafel slope, providing a simple method
for the fabrication of high-efficiency hydrogen production
catalysts. In addition, Balasubramanyam and his colleagues
maximized the density of reactive edge sites of TMDs by
using the plasma-enhanced ALD technique for high-perfor-
mance electrochemical hydrogen evolution reactions [142].
They precisely controlled the morphology and composition
as well as edge site density of the resultant WS, layer by
adjusting the plasma atmosphere of H, and H,S. As shown
in Fig. 3g, WS, was grown by using a pure H,S process
(Fig. 3g(i)) that displayed densely packed “nanoflakes” with
individual lateral flake sizes that ranged from 10 to 20 nm.
When the plasma atmosphere switched to H, +H,S, the
morphology of WS, transferred to 2D lamellar nanosheets
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Fig.4 a-d Schematic illustrations of the MOF layer growth using
ALD oxide as a reactant. Panels (i), (ii), and (iii) are the correspond-
ing scheme, the SEM image at low magnification, and the SEM
image at high magnification, respectively. Reprinted with permission
from Ref. [128]. Copyright 2020, Royal Society of Chemistry. e SEM
image of the fabricated ZIF-67 layer on melamine foam. f XRD pat-
terns of Zn and Co-HDS on melamine foam and ZIF-67 on melamine
foam. g Nitrogen adsorption/desorption isotherms and h pore size
distributions of the ZIF-67 layer on melamine foam and the pyrolysed
ZIF-67 layer on melamine foam. Orange represents the ZIF-67 layer
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on melamine foam, and pink represents the pyrolysed ZIF-67 layer on
melamine foam. (e-h) are adapted with permission from Ref. [127].
Copyright 2021, Elsevier B.V. i SEM image of the ZIF-8 film grown
on a microtubular structure. The inset shows the enlarged image. j
XRD pattern of the ZIF-8 film grown on a microtubular structure (the
purple line), and the orange line is the simulated diffraction pattern.
(i) and (j) are adapted with permission from Ref. [131]. Copyright
2021, American Chemical Society. k SEM image of the PCN-333
pattern. 1 SEM image of the ZIF-8 pattern. (k) and (I) are adapted
with permission from Ref. [126]. Copyright 2022, The Author(s)
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stacking with each other (Fig. 3g(ii)). This open structure
exhibits a large surface area, and its electrochemical cata-
lytic property is shown in Fig. 3h. When LSV curves of
the WS, layer with various thicknesses are compared with
that of a neat glassy carbon electrode, a low onset potential
(200 mV) for HER can be observed. Moreover, the electro-
chemical catalytic performance for hydrogen production of
the sample prepared with pure H,S plasma is significantly
better than that of the sample prepared with H, + H,S
plasma, as reflected by the lower overpotential at a standard
current density of 10 mA cm™2. This work demonstrated that
plasma-enhanced ALD is a reliable technique for growing
TMDs for electrochemical catalysts.

2.3 ALD Layer as a Catalyst Reactant

Recently, researchers have devoted particular attention to
MOFs [143-148]. MOFs are 3D long-range ordered assem-
blies of transition metal clusters and the corresponding
organic frameworks [5, 46, 149-152]. However, MOFs com-
monly exist as individual particles, limiting their wide appli-
cations in energy devices [46, 153, 154]. Some researchers
have developed several promising methods to build MOF
films via various techniques, such as electrodeposition [155],
room temperature ageing [156, 157], layer-by-layer deposi-
tion [158], suspension sprays [159], and microwave-facili-
tated techniques [160]. However, weak adhesion and non-
uniformity are still problems that hinder its comprehensive
application [161]. To handle these challenges, Zhao et al.
[59, 86, 126-131] developed a novel strategy by using ALD
oxide nanomembranes as reactants/seed layers to grow lay-
ers of MOFs on specific substrates. When the MOFs were
applied in hydrogen evolution catalysts, outstanding uni-
formity and conformal deposition and close attachment were
achieved, leading to excellent electrochemical properties.
For electrochemical energy applications, MOFs are typi-
cally prepared by an ALD oxide-induced growth approach
on conductive substrates, e.g. carbon fibre [128]. Specifi-
cally, for the growth of ZIF-67 film, a thin ZnO nanomem-
brane was first deposited on the surface of the carbon fibre
as a reactant. Due to the uniform and conformal deposition,
the morphology of the ALD ZnO-pretreated carbon fibre
is similar to that of the pristine carbon fibre (Fig. 4a). As
shown in Fig. 4b, 2D layered lamellar crystals emerge after
the introduction of cobaltous nitrate hexahydrate, implying
that a phase transition possibly occurred, and the intermedi-
ate product is considered to be a (Zn, Co) hydroxy double
salt [59]. When the organic linker was added, some (Zn,
Co) hydroxy double salts reacted with the organic linker,
and a new phase emerged (Fig. 4c). During this process,
N>~ and NH?~ in organic linkers provide active electrons
to break the crystal structure, and highly active NO3~ and
OH™ in the hydroxy double salt tend to cause rapid anion
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exchanges. Therefore, with gradual exposure to organic link-
ers, the lamellar sheets begin to collapse, and NO*~ and
OH™ are removed to release Co**, and this was continuously
coordinated in situ with 2-MI. This process leads to the for-
mation of target 3D particle-like crystals. After a complete
ageing process, a ZIF-67 film is formed (Fig. 4d). Apart
from the growth of MOF films on carbon substrates, a simi-
lar approach was also used to prepare the ZIF-67 layer on
melamine foam [127]. The SEM image in Fig. 4e shows
the uniformed and firm attachment of the obtained ZIF-67
film on melamine foam. The corresponding X-ray diffraction
(XRD) pattern in Fig. 4f demonstrates the fabrication of Zn
and Co-HDS layers during the induction process, while the
final ZIF-67 layer exhibits a different XRD pattern. It should
be noted that this novel strategy can produce a hierarchi-
cally porous structure, and the coexistence of micropores
and mesopores in the film is different from that of normal
MOF particles. The apparent mesopore peaks (Fig. 4g and h)
can be attributed to the stack of particles in the film, which
further enhances the electrochemical property due to more
active sites being exposed and ion transportation being faster
in the MOF film grown with the assistance of ALD oxide
[59, 161]. Taking advantage of the precise controllability of
ALD, MOF films can also be precisely deposited on micro/
nanostructures. For instance, the SEM image in Fig. 5i
shows a uniform ZIF-8 film adhering to the surface of a
microtubular structure, and the crystal structure of ZIF-8
was confirmed by the XRD pattern demonstrated in Fig. 5j
[131].

Moreover, since the growth of the MOF film is crucially
dependent on ALD oxide, the MOF film patterning can
be achieved by pattering oxide nanomembranes. Experi-
mentally, a patterned ZnO nanomembrane was obtained
by using photolithography and acid etching and then was
applied in the MOF film growth process. The PCN-333 pat-
tern (Fig. 5k) and ZIF-8 pattern (Fig. 51) were successfully
prepared by this strategy [126]. Patterned MOF films should
be very promising for future on-chip energy devices.

To explore the applications of MOF that is prepared by
inducing ALD oxide in electrochemical catalysis, we first
fabricated MOF film on carbon foam and then treated the
sample in N, at a high temperature. In this carbonization
process, the obtained ZIF-67 film (Fig. 5a) was converted
into a hierarchically porous carbon layer (Fig. 5b) consist-
ing of spherical carbon particles, which preserved a large
surface area and high pore volume [59], while a 3D carbon
foam framework was used as a flexible substrate and pro-
vided multiple conductive pathways. In addition, the strong
connection between active materials and substrates due to
the ALD oxide layer prohibited the aggregation of Co-doped
carbon particles during the pyrolysis process [59]. It was
experimentally found that this fabrication approach using
the induction effect of an ALD oxide layer can achieve a
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Fig.5 a SEM image of the ZIF-67 layer on carbon foam. b SEM
image of the pyrolysed ZIF-67 layer on carbon foam. The insets in (a)
and (b) are corresponding SEM images at high magnification. ¢ LSV
curves of the pyrolysed ZIF-67 layer on carbon foam compared with
pyrolysed ZIF-67 particles and carbon foam. d LSV curves of the
pyrolysed ZIF-67 layer on carbon foam under different compression
rates. (a-d) are reprinted with permission from Ref. [59]. Copyright

high mass loading of active materials (the porous carbon
layer derived from the MOF film) of up to 40%. Abundant
carbon spherical particles with vast active sites and high
Co—N contents also led to the superior electrochemical cata-
lytic performance of the composite. As shown in Fig. 5c,
in an acid electrolyte, the resultant composite exhibits a
low overpotential of 142 mV to reach a current density of
10 mA cm™~2. More importantly, due to the support of elastic
and deformation-tolerant carbon foam, the electrode shows
outstanding flexibility, and they can endure repeated com-
pressions and releases and maintain a stable electrochemical
property (Fig. 5d). With the help of ALD, this pioneering
work provides a new strategy to prepare next-generation
flexible hydrogen production electrodes.

To date, several MOFs have been prepared by this
approach. Here we list some classic works. Zhao et al.
[162] fabricated UiO-66-NH, particle-modified polyam-
ide-6 nanofibres by using an ALD TiO, nanomembrane as
one reactant. A UiO-66-NH, particle layer with high mass
loading was then grown on the surface of the nanofibres, and
the resultant composite possessed a large specific surface
area of 205.9 m” g~!. The same group also grew HKUST-1
MOF crystals on ALD Al,05-coated polypropylene fibres
[163]. Solvent-free synthesis of MOFs has also been realized
by using the ALD oxide layer as the reactant. For example,
Stassen et al. [164] developed a method to prepare ZIF-8
membranes on a silicon wafer with ALD ZnO and 2-ethylim-
idazole powder. Krishtab and his coworkers [165] success-
fully synthesized ZIF-67 as a gap-filling ultralow-k dielectric
by using ALD CoO and 2-methylimidazole powder. Apart
from this, Stassen et al. [166] synthesized MAF-6 with ALD
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Zn0O and 2-ethylimidazole. Remarkably, the thickness of the
MOF layer is positively associated with the thickness of the
ALD metal oxide layer [165] and can therefore be precisely
tuned by the number of ALD growth cycles, making it pos-
sible to combine MOF with more micro/nanostructures for
more applications. Investigations on the electrochemical
energy-related application of such MOF-related structures
are still scarce. Thus far, the strategies are promising, con-
sidering the broad applications of MOFs in a related field.
We believe that more MOF layers will be successfully fab-
ricated in the future, and devices with high performances
are expected.

Because of its unique advantages, ALD has also been
used to deposit materials for reactions, and TMD has been
obtained via the following post-treatment. For instance,
Wang et al. [123] fabricated a MoO; nanomembrane via
ALD (Fig. 5e), and a MoS, film was formed with the sub-
sequent rapid sulfurization process. The TEM image shown
in Fig. 5f confirms that MoS, has a layered structure. Due
to its maximally exposed active edge sites, the MoS, film
can maintain high HER catalytic activity with reduced film
thickness, and a dramatically improved Tafel slope of 98 mV
per decade was experimentally observed (Fig. 5g). Addition-
ally, outstanding cycling performance was achieved, and no
decay was observed after a 5 h stability test (Fig. Sh). This
work provides a new perspective for the convenient fabrica-
tion of highly effective electrochemical catalysts.

Table 2 summarizes some recent efforts that were devoted
to the fabrication of functional materials as electrochemical
catalysts with the assistance of ALD. It is expected that more
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Table 2 Fabrication of functional materials as electrochemical catalysts by ALD

Material Substrate Morphology ALD cycles (thick- Performance Reference
ness)

Ni Pyrolysis ZIF-67 Particle 600 157 mV at 10 mA cm™> [135]
MosS, Carbon fibre paper Film 100 55.8 mV dec™! [125]
WS, Wafer Nanosheet 100 394 mV at 10 mA cm™> [142]
Pt Graphene Single-atom 50 0.05V at 16 mA cm™> [134]
Pt MoS, Particle 80 31 mV at 1 mA cm™> [167]
MoN, Porous carbon Film 700 236 mV at 10 mA cm™> [168]
RuO, CNTs Film 30 33 mV at 10 mA cm™> [169]
Pt MXenes Particle 40 67.8 mV at 10 mA cm™> [136]
MoS, Wafer Nanosheet 1 000 98 mV dec”! [123]
Pt Graphene Film 200 0.188 V at I mA cm™> [170]
CoS, and FeS, CNTs Film 11 nm 294 mV at 10 mA cm™> [171]
Pt Porous Ni Film 20 225 mV at 100 mA cm™ [172]
Pt and Ru CNTs Single-atom / 28.9 mV dec™! [173]
MoS, Wafer Film 9.4 nm 200 mV at 15 mA cm™> [174]
CoP Wafer Film 6.7 nm 254 mV at 10 mA cm™> [175]
CoS, Graphite foil Particle 100 0.12V at 1 mA cm™> [176]
ZIF-67 Carbon foam Film 300 142 mV at 10 mA cm™> [59]
Pt Hollow fibres Particle 250 190 mV at 10 mA cm™> [177]
Pt Tungsten monocarbide Particle 10 Nearly Pt/C [178]
MoS, Si0,/Si Film 1 000 300 mV at 20 mA cm™> [179]
Ni;C CNT Film 300 132 mV at 10 mA cm™> [180]
Fe( 54C00 4650.92 Carbon cloth Film 11 nm 70 mV at 10 mA cm™> [171]

materials and structures will be fabricated in the future for
effective catalysis.

3 ALD to Improve the Performance
of Energy Storage Devices

ALD is a unique technology that enables various thin film
materials to be coated from the vapour phase [181-183].
In electrochemical energy storage devices, the ALD tech-
nique is frequently used for the modification of electrode
surfaces [102, 184, 185], as protective layers for solid-state
electrolytes [94, 186], and for modifying separators [187,
188]. Additionally, due to its surface-controlled nature, ALD
exhibits great potential for fabricating novel nanostructures
by using either template-assisted growth or bottom-up
controlled nucleation mechanisms [189]. Nanoparticles,
nanowires, and nanosheets can be effectively grown by ALD
[190-192]. Hence, the electrode architecture of the energy
storage device can be designed with the assistance of ALD.
In this section, the modification of the electrode, solid-state
electrolyte, and separator as well as the design of the elec-
trode architecture by ALD will be discussed.

@ Springer

3.1 ALD for Surface Modification of Batteries

Batteries generally consist of electrodes, electrolytes, and
separators. By decorating these three components, ALD
can enhance their electrochemical performances. The
related research will be briefly summarized in the following
sections.

3.1.1 Electrodes

For batteries, the dissolution of electrode materials, which
leads to diminished capacity, has been a key scientific issue
[193]. Researchers found that a passivation layer, which
is named the solid electrolyte interphase (SEI), may form
between electrode surfaces and electrolyte when the redox
potential of the electrodes in a battery lies outside the elec-
trochemical window of the electrolyte, and the natural SEI
can prohibit the decomposition of active materials in the
electrode, thereby solving the problem [194]. This concept
was proposed by Peled [195] for the first time in 1979. A
dense SEI can highly enhance the electrochemical stabil-
ity of batteries. Nevertheless, the SEI could grow thicker
during charge/discharge cycles, consuming active materials
and electrolytes, increasing the internal resistance and losing
capacity [194, 196]. Controlling and stabilizing the SEI layer
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have become hot topics among battery-related researchers.
It is now widely accepted that artificial SEIs are essential
for enhancing battery performances [197]. The artificial SEI
is a thin film with a complex and heterogeneous structure
and is situated between the electrode and the electrolyte,
providing electrical insulation and ionic conductivity [198].
Among the approaches to generate artificial SEI, preparing
a layer by ALD is a good choice. The ALD technique has
been widely applied in constructing a protective layer on the
electrode to form an artificial SEI, thereby achieving a sta-
ble performance. Uniform and firm films deposited by ALD
can be used to separate active electrodes from harsh envi-
ronments. Numerous studies have been devoted to applying
ALD to the formation of artificial SEIs, and this strategy has
already become a standard method. Generally, Al,O5, TiO,,
ZnO0, ZrO,, etc., are used the most frequently. For example,
Luo et al. [199] formed an artificial SEI via ALD Al,O; to
stabilize the Na metal anode. They discovered that a 2.8-nm
ultra-thin ALD Al,O5 layer protects Na metal from elec-
trolyte decomposition, prevents 3D dendrite formation, and
significantly enhances its cycling performance. Similarly,
Zhao and his co-workers also deposited 25 cycles of ALD
Al,0; as an artificial SEI to wrap the surface of the anode for
Na batteries [200]. The resultant battery exhibited a remark-
able cycling life that remained unchanged after 500 charge/
discharge cycles. The advantages of ALD films make the
ALD approach quite promising in the field of artificial SEIs.

In addition to Na batteries, the construction of artificial
SEIs by ALD is widely applied in Li-ion batteries. Zhao and
co-workers developed a new strategy that involved ALD to
prepare a lithium zirconium oxide (LZO) film to provide
sufficient Li* ion flux at the cathode interface and to prevent
side reactions (Fig. 6a) [201]. The TEM image shown in
Fig. 6b indicates that the thin~5 nm LZO film is continu-
ous and acts as the outermost shell, wrapping the surface of
LiCoO, cathodes. As shown in the compositional mappings,
the signal intensity of the Co element in the edge region is
weaker than that in the centre, while the Zr signal indication
is consistent in the whole area. This illustrates that the LZO
film is conformally coated on the LiCoO, active particle.
The cycling performance of the entire battery is shown in
Fig. 6¢. It should be noted that in the case of a low current
density of 0.05 C, the charge specific capacity of a full bat-
tery reaches 117.2 mAh g~!, and the capacity remains 72%
after 100 cycles. However, without the LZO coating, the ini-
tial reversible capacity is 56.7 mAh g~! and drops dramati-
cally after the 50th cycle. Obviously, the Li-containing inter-
face layer can prevent side reactions and provide essential
support for the migration of Li ions between the electrode
and electrolyte. Moreover, Guan and his colleagues applied
the ALD technique to fabricate a protection layer to prevent
electrode damage from occurring in the electrolyte [202].

The preparation of a highly conformal and uniform Al,O;
coating on the surface of a LiMn,0O, cathode with precise
thickness control at the atomic scale was achieved by the
ALD technique. As shown in the scanning electron micros-
copy (SEM) image in Fig. 6d, the commercial LiMn,0,
powders are composed of dispersed particles with a size
of 1-8 um, and these were mixed and pressed with carbon
black to prepare a LiMn,0, electrode for a battery. After
treating the LiMn,0, electrode with ALD Al,O; film for 20
cycles, the particles preserved their original shape and mor-
phology, indicating that conformal deposition had occurred.
The charge/discharge curves of the ALD Al,O5-treated elec-
trode are demonstrated in Fig. 6e, in which a high capacity
with excellent cycling performance can be observed. With
the protection of this ALD Al,O; layer, the whole elec-
trode alleviated the severe dissolution of active ions into
the electrolyte.

As an example of ALD applied in modifying low-dimen-
sional composite electrodes, Yu and colleagues [203] fab-
ricated an ALD TiO,-modified nitrogen-doped graphene
composite and used it as a cathode for lithium-sulphur bat-
teries. In this work, TiO, thin films were deposited by ALD,
and the thickness was precisely controlled by adjusting the
growth cycles. The deposition of TiO, thin film on the elec-
trode was performed with the goal of avoiding the deteriora-
tion of the overall specific capacity and the energy density of
the whole battery system with negligible additional weight.
As shown in Fig. 6f, the TEM image and corresponding
energy-dispersive spectroscopy (EDS) analysis confirm
that the elements of O, N, S, and Ti are evenly distributed
in the whole composite, revealing that the ALD-prepared
TiO, layer was successfully and uniformly wrapped on the
surface of the electrode. The cycling performance of the
ALD TiO,-modified electrode and the pristine electrode was
also compared (Fig. 6g). The pristine electrode (the black
trace) exhibits poor cycling stability, although it delivers a
moderate capacity, and after 230 cycles, the electrochemi-
cal performance drops dramatically. On the other hand, the
ALD-modified electrode (20 growth cycles of TiO,, red
trace in Fig. 6g) still shows excellent and stable properties
even after 500 cycles. The improved electrochemical per-
formance could be attributed to the on-site absorption of
polysulfide on the TiO, coating layer as well as the charge
transfer enhancement. These results indicate that the ALD-
modified electrode has excellent potential in the electrode
preparation industry for high-performance lithium-sulphur
batteries.

3.1.2 Solid-State Electrolyte

In the electrochemical process, the surface/interface plays an
essential role [204]. Side reactions and chemical dissolution
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of active materials could severely diminish the capacitance All-solid-state batteries have recently attracted wide
and cycling performance [204-208]. Therefore, in addi-  attention as a new generation energy storage device due to

tion to modifying the electrode surface, engineering other  the probability of delivering a higher energy density and
interfaces is of great importance for electrochemical energy  superior safety performance than that of standard lithium-ion
devices [209-214]. The approach was intensively investi-  batteries with liquid electrolytes [215-220]. However, there
gated in the case of an all-solid-state battery. are still challenges for developing all-solid-state batteries
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«Fig. 6 a Schematic of the cathode of the lithium-ion battery and the
solid electrolyte demonstrating that the LZO film is coated on the
surface of LCO by ALD. b TEM image of the ALD LZO-coated
LCO composites and EDS mapping of Co, O, and Zr elements on
ALD LZO-coated LCO composites. ¢ Long-term cycling stabil-
ity tests of the batteries with pristine electrodes and ALD-modified
cathodes. (a) and (b) are reprinted with permission from Ref. [201].
Copyright 2020, Elsevier B.V. d SEM image of the LiMn,0, cathode
coated with the ALD Al,O; film and 20 ALD cycles. e Charge/dis-
charge curves of the cathode that was modified with Al,O; at a cur-
rent density of 240 mA g~'. (d) and (e) are adapted with permission
from Ref. [202]. Copyright 2011, Royal Society of Chemistry. f TEM
image of ALD TiO, on the graphene composite and the correspond-
ing elemental mapping of O, N, S, and Ti. The scale bar: 100 nm.
g Cycling performances of pure graphene (black trace) and ALD
TiO,-modified graphene composite (red trace) electrodes at 1 C. The
Coulombic efficiency of the ALD-modified electrode is also shown.
(f) and (g) are reprinted with permission from Ref. [203]. Copyright
2016, Royal Society of Chemistry

with a higher energy density and greater cycling perfor-
mance [221-223]. Modifying the electrode and solid electro-
lyte interface is an effective route to solve these challenges
[224-226]. One promising strategy is taking advantage of
the ALD technique to fabricate a stable interface phase [94,
227, 228]. In a typical example, Han and colleagues [186]
pioneered the use of ultra-thin Al,O; to produce an inter-
facial film between a lithium metal anode and the garnet
electrolyte through the ALD technique. In this work, the sur-
face of Li;La, ,5Ca, ,5Zr; 7sNb ,50,, (LLCZN) garnet was
treated with an ALD Al,O; nanomembrane with 40 growth
cycles, as demonstrated in Fig. 7a and b, and an interface
phase can be seen between Li and garnet. Researchers found
that the Al,O; interface layer caused the molten Li to con-
formally wrap on the surface without empty space, further
enhancing the contact between the garnet electrolyte surface
and Li metal. The excellent cycling performance is shown
in Fig. 7c, and a stable voltage response occurred at 22 mV
for nearly 90 h. Outstanding cycling with small polarization
confirms that a stable interface was obtained with the ALD
interface layer, and this was possibly due to the high ductil-
ity of the lithiated Al,0O;. The performance improvement
can also be attributed to the wetting of lithium metal that
is in contact with the garnet electrolyte and the efficacious
lithium ion transport through the interfacial layer provided
by the ALD Al,O4 [186].

There are also applications of ALD in maintaining the
stability of the interface between the electrode and sulphide
electrolyte by constructing a uniform layer via ALD. Liang
et al. [94] grew ALD Al,O; on a solid electrolyte called
NASICON-type Li; , (Al,_ Ti,),(PO,); (LATP) for a high-
performance lithium-sulphur battery. After 100 charge/
discharge cycles, the neat LATP demonstrates grain pul-
verization and structural collapse (Fig. 7d). Furthermore,
pulverization can be observed as deep as 50 pm into the
LATP electrolyte, and the severe destruction of LATP was

the reason for the rapid capacity decline. After 10 growth
cycles of ALD Al,O; growth, the LATP destruction was
almost completely inhibited, and the smooth surface of the
solid electrolyte was maintained. Due to the modification
of the solid electrolyte, the cycling performance exhib-
ited a stable property as follows: a high capacity retention
of 823 mAh g~! after 100 charge/discharge cycles can be
observed (Fig. 7e), which is much better than that in the
case of the unmodified electrolyte (e.g. green trace). The
significant enhancement of the electrochemical property can
be primarily attributed to the interface separation between
the electrode and sulphide electrolyte [215]. More impor-
tantly, the side reactions between the sulphide electrolyte
and electrode active materials lead to considerable resist-
ance at the interface with the decomposition of solid-state
electrolytes during the charge/discharge cycles [229], and an
ALD-deposited interface layer with an appropriate thickness
may be the key process to diminish the side reactions and
maintain the stable electrochemical performance [230]. It is
expected that thin films prepared by the ALD technique will
have potential applications in more complex 3D all-solid-
state batteries.

3.1.3 Separator

Porous polyolefin separators are commonly used in batter-
ies due to their favourable electrochemical and mechani-
cal properties. However, polymeric separators still have
two challenges: high thermal shrinkage and poor wettabil-
ity towards electrolytes containing Li salts [231]. It is vital
to design advanced separators with high thermal stability
and improved affinity to handle these challenges. Hence,
the modification of the separator by ALD has become an
effective method to improve the stability of the whole bat-
tery device. Lee and his co-workers deposited an ultra-thin
(10 nm) Al,O; film on a commercial Celgard separator to
enhance the capacity retention of the lithium-ion battery
[187]. As shown in Fig. 8a, the Al,O; coating layer is depos-
ited on both sides of the Celgard separator. Experimental
investigation revealed that the function of ALD Al,O; is
suppressing the thermal shrinkage, and this enhances the
wettability of the polar electrolyte, improves the tensile
strength, and correspondingly enhances the rate capability
and cycle life. Figure 8b shows the cycling performance of
the battery with an ALD-modified separator compared to a
commercial separator. The battery with the ALD-modified
separator exhibits high capacitance retention of 79.5% after
100 cycles, while the commercial Celgard separator retains
only 70%. Similarly, Chen et al. [188] modified porous poly-
propylene (PP) membranes with ALD TiO, to serve as a sep-
arator for lithium-ion batteries. The SEM image in Fig. 8c
shows a fully conformal deposition of ALD TiO,, and such a
conformal ultra-thin layer could overcome both the thermal
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Fig.7 a Schematic of the ALD
Al,03-modified solid-state
electrolyte. b SEM image of the
ALD Al,0O5-coated solid-state
electrolyte/Li metal interface.
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shrinkage and poor wettability of the PP membranes. Ben-
efitting from the improved wettability, the discharge capaci-
ties were significantly enhanced with the battery compared
with the commercial PP separator (Fig. 8d).

3.2 Electrode Architecture Designed by ALD

Apart from preparing traditional nanomembranes/films for
surface modification, ALD can also be used to fabricate
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Cycle number

active materials that have significant functions. Func-
tional materials in the form of nanostructures [190-192]
have been fabricated, and experimental investigations have
demonstrated that they can provide the desired functions,
such as high catalytic activity and outstanding capacitance
[232-234]. Generally, in electrochemical energy devices,
these active materials are combined with other structures
to form a composite. This is because active nanostructures
are typically separated and need substrates for support and
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Fig.8 a Cross-sectional SEM
image of the ALD-modified
Celgard separator. b Cyclic
performance of the batteries
based on Celgard and ALD-
modified Celgard separators at 1
C for 100cycles. (a) and (b) are
reprinted with permission from
Ref. [187]. Copyright 2020,
John Wiley & Sons, Inc. ¢ SEM
image of the ALD-modified PP
separator. d Long-term cycling
performance of the batteries
based on the ALD-modified PP
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Fig.9 a TEM image of an ALD-deposited Pd nanoparticle with a
size of ~5.5 nm. b Particle size as a function of the number of ALD
growth cycles. ¢ Voltage profile of the first discharge for a cathode
containing bare carbon (black trace) and Pd particles with 3 ALD
cycles (red trace). Reprinted with permission from Ref. [190]. Cop-
yright 2013, American Chemical Society. d SEM image of ALD-

carrier transportation [46, 59]. The applications of com-
posites involving ALD-prepared active materials in elec-
trochemical energy devices have been intensively explored
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prepared TiO, hollow nanowires. € SEM image of NiO-coated TiO,
hollow nanowires. The insets are the magnified image. f Specific
capacities of the electrode made from the NiO/TiO, composite at dif-
ferent current densities. (d-f) are reprinted with permission from Ref.
[247]. Copyright 2013, Royal Society of Chemistry

[235-240]. Basically, the quantity and morphology of active
material in the composite are conveniently tuned by adjust-
ing the parameters of the deposition process, and stable
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Fig. 10 a HRTEM of a MXene sheet coated with 50 nm ALD SnO,
and the corresponding SAED pattern. b STEM image along with the
EDS line scan of the composite showing the conformal SnO, coating.
¢ The first cycle of CV at 0.2 mV s~! of MXene coated with ALD
SnO, that was generated from various ALD growth cycles. The result
from pure MXene is also shown for comparison. d Cycling perfor-
mance after 50 cycles at 500 mA g~! of MXene sheets with and with-
out the ALD SnO, nanomembrane. (a—d) are reprinted with permis-
sion from Ref. [248]. Copyright 2017, Elsevier B.V. e SEM image

composite structures with optimized performance can be
obtained [241-246].

Lei et al. [190] utilized the ALD technique to deposit
Pd particles on porous carbon substrates, and the compos-
ite was used as the cathode material for Li-O, batteries.
Due to the conformal deposition of ALD, Pd particles
were uniformly dispersed on the carbon support, and the
substrate preserved the initial porous structure. As shown
in Fig. 9a, the TEM image demonstrates a Pd particle
with a size of ~5.5 nm, and the lattice fringes of ~0.23 nm
are consistent with the d-spacing for the Pd [111] plane.
In addition, the average size of Pd particles can be con-
veniently controlled by ALD cycles (Fig. 9b). As active
materials, the ALD-prepared Pd particles exhibited a high
capacity of 6 600 mAh g~! (Fig. 9¢) since the compos-
ite with nanoparticles can provide more active sites to
adsorb O,. In addition to the above particle-like struc-
tures, Xia et al. [247] proposed a novel strategy to pre-
pare TiO, hollow nanowires by ALD. In the experiment,
TiO, hollow nanowires were fabricated with the help
of a self-standing Co,(OH),CO; nanowire array. When
the template was subsequently removed, hollow TiO,
nanowires were obtained (Fig. 9d). A NiO coating can be
further synthesized on the surface of the TiO, structure
by a wet chemistry approach (Fig. 9e). Electrochemical
characterizations demonstrate that ALD-prepared hollow
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and enlarged image (the inset) of ALD ZnO deposited on expanded
graphite with 50, 300, and 800 growth cycles. The inset is the cor-
responding EDS result. f CV curves (first three cycles) of an anode
made from ALD ZnO on expanded graphite at 0.2 mV s~'. The inset
shows the corresponding CV results from the pure ZnO anode. g Rate
performances of anodes made from ALD ZnO on expanded graphite
with various ALD growth cycles. (e-g) are adapted with permission
from Ref. [250]. Copyright 2017, American Chemical Society

TiO, nanowires provide considerable charge storage con-
tributions and that the outer NiO can further enhance the
capacitance of the battery. The composite exhibits a high
capacity of 153 mAh g~!, which is a promising result for
an energy storage device (Fig. 9f).

Ahmed and his colleagues developed a method by which
metal oxide nanomembranes can be deposited on two-
dimensional titanium-based metal carbides and nitrides
(MXenes) [248]. They employed a low temperature (150 °C)
ALD technique to conformally deposit metal oxides on
MXene sheets. As shown in Fig. 10a, the high-resolution
TEM (HRTEM) image demonstrates that an ALD SnO,
nanomembrane with an average thickness of 50 nm was
grown on the surface of the Ti;C,T, MXene sheet. The
layered stack of MXene flakes was well preserved under
SnO, deposition, and the corresponding selected area elec-
tron diffraction (SAED) pattern confirms the unique hex-
agonal crystal structures of MXene. Since the SAED pat-
tern of SnO,-coated MXene exhibits no noticeable change,
the SnO, nanomembrane prepared by ALD is amorphous.
Furthermore, a scanning transmission electron microscopy
(STEM) image in Fig. 10b illustrates that the layered struc-
ture of the MXene was preserved after ALD. The inset in
Fig. 10b shows the EDS line scans for Sn and Ti, which
clearly indicate the presence of a uniform Sn layer. In the
resultant ALD SnO,-coated MXene composite, SnO, had a
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high theoretical capacity and provided an enhanced electro-
chemical property. In addition, the Ti;C,T, MXene substrate
provided a stable structure that possesses a high electronic
conductivity during the charge/discharge process. As dem-
onstrated in Fig. 10c, the area enclosed by the CV curves
of the ALD-treated MXene is much larger than that of pure
MXene, indicating the advantages of the ALD technique in
preparing functional composites. The cycling performance
shown in Fig. 10d further illustrates the best electrochemi-
cal property of ALD SnO,-coated MXene. The pure MXene
delivered a first-cycle discharge capacity of 260 mAh g~!
and exhibited a stable capacity of 109 mAh g=! after 50
cycles. In comparison, the SnO,-coated MXene delivered a
first-cycle discharge capacity of 736 mAh g~! and exhibited
a stable capacity of 258 mAh g™! after 50 cycles.

More ALD oxide/carbon material composites were previ-
ously reported for high-performance batteries. Wang and his
co-workers deposited ALD ZnO nanomembranes on gra-
phene aerogels [249] and specifically controlled the compo-
sition of ZnO/graphene aerogels by changing the number of
ALD cycles. Due to the high capacity of ZnO, the capacity
of the composite reached 1 200 mAh g~'. Similarly, Li et al.
[250] developed a binder-free battery anode using expanded
graphite deposited with an ALD ZnO nanomembrane as
the active material (Fig. 10e). Here, the morphology of the
active materials can be controlled by ALD cycles. With 50
ALD cycles, the ZnO coating shows a punctate distribution
on the graphite. When the number of ALD cycles increases
to 300, a uniform and smooth ZnO layer can be observed. As
the number of growth cycles reaches 800, ZnO nanomem-
branes overlap to form a thick layer (Fig. 10e). The anode
made from this ALD ZnO/expanded graphite composite
exhibited high stable capacities, especially with a moderate
ZnO concentration, and the highest capacity of 438 mAh
g~! was obtained at 200 mA g~! after 500 cycles (Fig. 10f).
Additionally, the capability is relatively stable, and there
is almost no capacity decay (Fig. 10g). The excellent per-
formance is attributed to the combined effect of the high
capacity of the ZnO prepared by ALD and the support of the
expanded graphite framework, which has a great potential in
low-cost and flexible batteries.

In addition to preparing composite active materials, the
ALD-prepared nanomembrane can be removed and adopted
as an active material alone. For example, a sandwich-like
porous carbon/ZnO/porous carbon nanosheet composite
was obtained by using the ALD technique [251]. In the
experiment, a ZnO nanomembrane was deposited on a sac-
rificial polyurethane sponge template via ALD. With the
subsequent high-temperature treatment in N,, the nanomem-
brane was lifted off, and evaporation and pyrolysis of the
polymer material led to the formation of a porous C/ZnO/
porous C composite; in this process, the ZnO layer thick-
ness (~30 nm) was controlled by ALD growth cycles and

was further confined between two porous carbon layers.
The carbon coating layer hindered the volume change dur-
ing the charge/discharge process and facilitated the transport
of Li* into the inner ZnO layer. When serving as anodes for
lithium storage, the ALD-prepared architecture enables a
fast charge/discharge process, and the experimental result
demonstrates a capacity of 330 mAh g~! at 5 000 mA g~
Furthermore, the thickness of the ZnO functional layer can
be accurately adjusted by the number of ALD cycles and
can thus be used for optimization. In a similar study, Nacem
et al. [192] fabricated a pristine ZnO nanomembrane-based
supercapacitor electrode by utilizing free-standing ALD
ZnO nanomembranes. The polymer template in the experi-
ment was chemically removed by high-temperature anneal-
ing in O,. The ultra-thin structure with a high surface-to-
volume ratio remarkably enhanced the electrochemical
properties of the supercapacitor; a large capacitance of 846
F ¢! and a high energy density of 42.5 Wh kg~! that cor-
responded to the ZnO nanomembrane with 100 ALD growth
cycles was observed in the experiment.

Well-designed 3D micro/nanostructures can enhance
the comprehensive performance of electrochemical energy
devices, and ALD was experimentally used to construct
complex 3D structures and their composites [241, 252-255].
The obtained 3D micro/nanostructures can be applied widely
in electrochemical energy devices. For instance, Zhao and
her colleagues reported an interesting 3D architecture
that was fabricated with the help of ALD for application
in lithium-ion batteries [256]. In the composite structure,
3D carbon foam is used as a conductive scaffold, and a
Zn0O nanomembrane is wrapped on the skeleton of carbon
foam as an active material to generate high capacity. More
importantly, vast void volume among the architectures can
accommodate large deformation, leading to great flexibility
for constructing the 3D structure and corresponding elec-
trode (Fig. 11a). During charge/discharge cycles, due to
the close and uniform attachment of ZnO nanomembranes,
the composite exhibits excellent structural stability. As
shown in Fig. 11b, the composite exhibits an outstanding
and stable electrochemical performance of 200 mA h g~! at
320 mA g~!, and 92% capacity was retained after 700 cycles
at2 A g~ and 500 cycles at 5 A g~!. This research may have
significant potential applications in many fields that require
high energy storage capacities. Kim et al. [257] designed
and fabricated a 3D network of hollow TiO, nanoribbons
with the assistance of ALD (Fig. 11c). The nanoribbon net-
work was applied in the lithium-ion battery as an anode and
achieved a significantly enhanced performance (Fig. 11d).
These ALD-prepared nanostructures generally possess out-
standing electrochemical properties, such as specific capac-
ity, rate capability, and cyclability. It is believed that the 3D
network provided effective transportation of electrons and

@ Springer



31 Page180f35

Electrochemical Energy Reviews (2022) (Suppl 1) 5:31

Fig. 11 a SEM image of the
3D ALD ZnO nanomembrane/
carbon foam composite. b

CV curves of the composite.
(a) and (b) are reprinted with
permission from Ref. [256].
Copyright 2018, Royal Society
of Chemistry. ¢ SEM image of a
3D network of the TiO, hollow
nanoribbon network. The inset
is the enlarged cross-sectional
image. d The rate capability of
the ALD TiO, hollow nanor-
ibbon network (black trace)
compared with the 25 nm TiO,
nanopowders (blue trace) and
100 nm TiO, nanopowders (red
trace). (¢) and (d) are reprinted
with permission from Ref.
[259]. Copyright 2020, AIP
Publishing LLC. e SEM image
of the ALD CoySg-coated Ni
foam electrode. f CV curves of
the ALD CoySg-coated Ni foam
compared with the H,S-treated
Ni foam electrode and the pure
Ni foam electrode at a scan rate
of 100 mV s~'. (e) and (f) are
reprinted with permission from
Ref. [258]. Copyright 2015,
American Chemical Society.

g SEM image of the pyrolysed
ZIF-8 layer on carbon foam.

h Specific capacitances of the
pyrolysed ZIF-8 layer on carbon
foam under different compres-
sion rates as a function of
current density. (g) and (h) are
reprinted with permission from
Ref. [130]. Copyright 2020,
Elsevier B.V

@ Springer

(9)

Current/mA

-0.

-

~~
Capacity/(mAh g?) 9;

A
g
o
R

Curre

o
o
N

8

=

nt/ ~
o
b

°
8

24

CI/ZnO NMs foam

— 15t
e 3rd
~ 5th

00 05 10 15 20 25
Voltage/(V vs Li/Li*)

—-— Charge capacity

3.0

250 [ — Discharge capacity ]

g

TiO, nant

1C=335.45 mA g1

00 - ‘“::3-t:25"m) X
50+ TiO, nanopowder L...-‘..
(~100 nm) |Jesesesces
0 " M M " J
0 10 20 30 40 50

Number of cycles

——Co,S INF
——H,S treated NF
b~ Pristine NF

01 00 01 02 03 04 05 06

Potential /(V vs. SCE)

"o 300+ 3 ——N-CP-CF
w \ ——N-CP-CF-75
D BOF Wy ——N-CP-CF-50
o —~~N-CP-CF-25
o 200 -

S

150 - -

g N

o 100}

=

3

o sof 2
n

0 5 10 15 20
Current density/(A g™



Electrochemical Energy Reviews (2022) (Suppl 1) 5:31

Page 190f35 31

Table 3 Studies of ALD-

. . Materials Substrate Device ALD cycles  Capacity Reference
designed electrode arcbltectures (thickness)
for energy storage devices
Pd Porous carbon Li-O, battery 3 6 600 mAh g‘1 [190]
TiO, Ni foam Battery 10 nm 153 mAh g™ [247]
SnO, MXenes Li-ion battery 500 736 mAh g~} [248]
ZnO Graphene aerogel Li-ion battery 100 1200 mAh g~! [249]
ZnO Expanded graphite  Li-ion battery 300 438 mAh g~ [250]
ZnO / Li-ion battery 200 330 mAh g~! [256]
ZnO Carbon foam Li-ion battery 200 200 mAh g~! [256]
TiO, / Li-ion battery 15 nm 154.5 mAh g™! [257]
TiO, Co,(OH),CO4 Li-ion battery 10 nm 600 mAh g~! [260]
RuO, CNTs Li-ion battery 600 1400 mAh g™! [261]
ZnO / Supercapacitor 100 846 F g! [192]
TiO, Polymer sponge Supercapacitor 100 2332F ¢! [262]
CoySg Ni foam Supercapacitor 2 000 1645F g7! [258]
NiO CNTs Supercapacitor 200 2013F ¢! [263]
Co50, Carbon cloth Supercapacitor 1 600 347.2 mF cm™2 [232]
V,05 Porous carbon Supercapacitor 25 540 Fg~! [233]
TiO, CNTs Supercapacitor 200 1364 F g_1 [264]
VO, CNTs Supercapacitor 100 1550F g! [234]
WO; and TiO,  Wafer Supercapacitor 12 nm 625.53 F g™! [265]
ZIF-8 Carbon foam Supercapacitor 300 300F g7! [130]

Li ions and thus led to outstanding enhanced performance
[256].

The ALD technique can also engineer supercapacitor
electrodes. Li and coworkers developed a process in which
ALD was used to produce a high-quality complex CoySgq
film with bis(N,N-diisopropylacetamidinato)cobalt(Il) and
H,S as the reactants (Fig. 11e), and the film was coated on
the surface of Ni foam and then engaged as a supercapacitor
electrode [258]. Since CoySg is a novel and promising elec-
trochemically active material, the ALD-prepared electrode
exhibits remarkable electrochemical performance, such as
high specific capacitance, outstanding rate performance, and
excellent cycling performance. As shown in Fig. 11f, the
performance of the ALD-prepared electrode is substantially
improved compared with that of pristine Ni foam and Ni
foam pretreated by H,S. It is worth noting that such a one-
pot process makes this strategy promising and available in
actual industry.

MOF-based composites that are fabricated by using ALD
oxide as a reactant also have advantageous applications in
the field of high-performance flexible supercapacitors [130].
For example, a zeolitic imidazolate framework-8 (ZIF-8)
film was successfully prepared on flexible carbon foam by
using ALD ZnO as the reactant for the induction effect. With
the following carbonization process, a flexible carbon frame-
work with a hierarchically porous structure was obtained

(Fig. 11g). The resultant composite exhibited a large specific
surface area of 538 m? g~! and a large specific capacitance
of 300 F g~!. Great flexibility was demonstrated, as a stable
electrochemical performance was maintained under severe
and repeated compression cycles (Fig. 11h).

As a summary of Sect. 3.2, recent studies regarding the
ALD-designed electrode architecture of energy storage
devices are summarized in Table 3.

4 Moving Towards Industrialization

For future practical applications of electrochemical
energy-related devices, industrial manufacturing is nec-
essary. It was reported that between 2013 and 2014, a
total of 65 500 t LIBs were consumed in Europe [266].
This indicates that if ALD is being incorporated in the
manufacturing of energy devices with enhanced perfor-
mance for surface coating, nanostructure fabrication, or
reactant/seed layer deposition, the process should meet
the requirements of industrialization and commercializa-
tion, and high throughput and low cost are considered to
be important prerequisites. It is worth noting that both the
strong and weak points of ALD technology are apparent.
A well-known feature of ALD is its self-limiting ability
of precursor chemisorption that occurs on the substrate
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surface and sequential reactions [267]. Thus, in most
cases, ALD provides accurate control of thickness in
the sub-nanometre range. The corresponding near-equal
growth-per-cycle values for identical precursors in differ-
ent equipment are also suitable for transferring the tech-
nology/process [267, 268]. In addition, ALD is capable of
depositing materials onto complex structures with excel-
lent conformality. This is quite meaningful for the electro-
chemical energy industry because electrodes with porous
structures and large surface areas are common. Compared
with other deposition techniques, ALD can create lay-
ers that conform extremely well to the substrate topog-
raphy, in which identical thicknesses are deposited on
the tops, sides, and bottoms; therefore, an enhanced and
stabilized performance can be expected. Despite these
advantages, ALD is still only recognized as the leading
emerging technology in the industry, and other deposi-
tion techniques, such as conventional chemical vapour
deposition and physical vapour deposition, are more
popular. Compared with those deposition techniques, the
major drawback of ALD is the low deposition rate due to
layer-by-layer deposition. The uniform deposition of the
materials in both the desired substrate and the chamber
also leads to severe precursor waste. It is believed that
more than half of the energy and concomitant labour are
wasted in most ALD processes [269, 270]. The low depo-
sition rate also has a negative effect on cost-effectiveness,
which has also become a major drawback for commercial
manufacturing. Scientists and engineers have developed
several approaches to eliminate these constraints, and the
progress will be reviewed in the following parts.

4.1 Thermal and Plasma-Enhanced ALD

The ALD process is based on the half-reaction cycles.
Studies have demonstrated that chemical reactions in the
ALD process can be activated by thermal energy or plasma
enhancement [267]. Although both mechanisms are com-
monly used, the term ALD usually refers to thermal ALD.
Plasma-enhanced ALD or plasma-assisted ALD involves
plasma species with a high reactivity, which leads to
reduced chamber temperature and shorter deposition time
while maintaining the quality of the film [271, 272]. This
enhances the throughput since more substrates can be
deposited and may be particularly meaningful for coating
electrochemical energy materials with temperature sensitiv-
ity. Plasma-enhanced ALD also broadens the spectrum of
materials that are either challenging or inaccessible in the
normal thermal ALD process, and the increased purity of
the deposited materials therein should be of importance for
practical devices. ASM and Tokyo Electron Limited have
provided plasma-enhanced ALD systems with capacitively
coupled plasmas for industrial applications, while Oxford

@ Springer

Instruments, Veeco, and Picosun have supplied plasma-
enhanced ALD setups with inductively coupled plasma for
research. Microwave electron cyclotron resonance may also
be utilized to generate plasma for plasma-enhanced ALD.
In a typical system, the key of equipment design is to obtain
a high flux of plasma species on the surface of the substrate.
To control the flux, three typical classes, direct plasma,
remote plasma, and radically enhanced plasma, are com-
monly adopted in deposition systems [106, 272]. In direct
plasma, the substrate is placed in the central plasma zone
and is involved in plasma generation. For remote plasma,
the substrate is positioned outside of the central plasma
zone. Altering the experimental parameters can tune the
flux of species towards the substrate. In the case of radical-
enhanced plasma, only the radicals generated in the plasma
have a sufficient lifetime to reach the substrate, and the term
remote plasma is also used in some cases. To date, some suc-
cesses have been obtained for plasma-enhanced ALD with
promoted throughput, and there are still noteworthy chal-
lenges for future industrialization. The nature of the plasma
makes predicting what happens in the reaction during the
deposition process very complex, and surface recombina-
tion is considered a challenge for conformality. In addition,
although the energy of the flux is low, ions in the plasma
may still damage the substrate due to the sputtering effect
[273, 274]. It is not easy to understand the exact roles of
radicals, ions, electrons, and photons in plasma. Moreo-
ver, due to the complexity of the plasma-enhanced ALD
process, it is difficult to perform process optimization, and
more future work is needed. Since the throughput of cur-
rent plasma-enhanced ALD systems is still insufficient for
many industrial manufacturing processes, modified designs
in plasma sources and reactors may be necessary [275].
Mass production of electrochemical energy devices such as
batteries will undoubtedly benefit from the corresponding
enhanced throughput.

4.2 Area-Selective ALD System

ALD typically leads to uniform deposition on the entire sam-
ple surface. For practical device fabrication, the material
needs to be patterned into different geometries, and spe-
cific areas of the electrode may need modification for com-
mercial production. However, this is difficult to achieve in
the traditional ALD process since the lateral arrangements
of atoms often cannot be controlled [276], and patterning
can only be realized with post-treatment, as mentioned in
Sect. 2.3. It is well known that the ALD process strongly
depends on the surface chemistry of the substrate, as growth
initiation is closely related to the surface status. Therefore,
it is feasible to implement area-selective deposition during
the initial ALD cycles when nucleation is delayed in some
areas compared with other areas [277-279]. In contrast to
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the standard patterning technique that requires a physical
mask, area-selective ALD can be considered a “chemical”
patterning method [280]. To implement the area-selective
ALD process, the definition of the growth and non-growth
areas may be realized with the assistance of electron/ion
beams, self-assembled monolayers, or polymer resists [281].
Although the approach is not widely involved in electro-
chemical energy, the capability of area-selective ALD in
fabricating devices, core—shell structure/embedded structure,
and interesting 3D structure suggests that the technique will
have great potential once it is industrialized.

There are several challenges that areas-selective ALD is
still facing, and more research and development efforts are
needed. The first challenge is the lateral broadening of the
growth area, which is due to the isotropic growth nature
of the ALD [282]. The second challenge is the insufficient
selectivity, which means that unwanted growth occurs in the
non-growth area [276], and this may significantly influence
the device performance. The selectivity can be evaluated
by the difference in the material deposited in the growth
and non-growth areas. Selectivity can be conventionally
achieved by means of selective precursor adsorption [283].
However, the non-growth area may change in the reactor
when it is exposed to the precursor and co-reactant or high
temperature [284], which finally leads to the loss of selectiv-
ity. The introduction of correction steps, including function-
alization steps and selective etching steps during the area-
selective ALD process, was reported to be able to promote
selectivity [276]. Nevertheless, this increases the cycle time,
leading to low productivity. In addition, the use of correc-
tion steps is process-specific and lacks a general strategy. A
combination of area-selective ALD and other techniques,
such as plasma enhancement, can be used for optimization.

Fig. 12 a Concept of spatial (a)

ALD, in which the precursor
half-reaction regions are physi-
cally separated by inert gas. (a)
is reprinted with permission
from Ref. [293]. Copyright
2012, AI P Publishing LLC. b
3D scheme of the spatial ALD
setup. ¢ Photo of actual equip-
ment. (b) and (¢) are reprinted
with permission from Ref.
[298]. Copyright 2013, John
Wiley & Sons, Inc.

v (A

4.3 Typical Configurations Towards Industrial
Manufacturing

Industrial manufacturing emphasizes the throughput and
productivity of processes. As mentioned above, plasma has
been employed to enhance productivity. In addition, with
the aim of promoting throughput, researchers have invented
various system configurations to meet the requirements of
mass production.

4.3.1 Batch ALD System

A typical ALD reactor can only process one single wafer or a
small number of samples at a time. Designing ALD systems
with larger reactors could be an option for higher through-
puts [275]. Companies such as Beneq, ASM, and Picosun
all launched such products. The so-called batch ALD system
that is equipped with a large hot-wall reactor can process
up to 125 parallel wafers. Vertical and horizontal reactors
are two major configurations of such ALD systems and are
distinguished by the different precursor inlet positions. A
batch ALD system has a longer overhead time because the
large chamber leads to a longer pump-down step and heat-
up step. However, the overhead time per wafer can be as
low as 10-20 s, which leads to much higher productivity
and the possibility of mass production [285]. The cost-per-
wafer is also calculated to be lower even if the space and the
price of the batch ALD system are taken into consideration
[271]. However, it was noted that for such ALD systems,
there are still challenges that need to be addressed in indus-
trial manufacturing. A lack of understanding regarding the
influence of the gas-phase profile in the case of the com-
plex geometry of the reactor and a large number of wafers
is a critical problem [286]. The corresponding thickness
non-uniformity, poor conformality, and particle specs are
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Fig. 13 a Schematic of a roll-to-

roll spatial ALD. b Photograph (a)

of a roll-to-roll spatial ALD

reactor, which was designed

by Lotus Applied Technology.

(a) and (b) are reprinted with

permission from Ref. [293]. Web guide
Copyright 2012, Al P Publish- R
ing LLC

Flexible substrate

noted by the researchers. For such a large system with a
long processing time, tests exploring the optimal conditions
also require high costs [275]. On-line controllers integrated
with run-to-run control schemes are considered to reduce
batch-to-batch variation and process disturbances [287].
Optimization via theoretical simulation might be another
solution, and many efforts have been made in this regard
[288-292]. To enhance the throughput of the ALD process
and avoid the drawbacks mentioned above, multi-chamber
single-wafer platforms have recently been developed [271],
and these platforms provide an additional option for mass
production.

4.3.2 Spatial ALD System

Batch processing is not always compatible with in-line
processes [273, 293]. Even using a reactor may hinder
device fabrication in the industry since flow line produc-
tion is always preferred. New approaches to implement ALD
for mass production have been proposed and explored to
achieve a high throughput and low cost. Traditional ALD
is developed on a temporal process in which the precursors
are sequentially dosed into a chamber and are separated in
time by a purge step to achieve the reaction and deposition.
In a spatial ALD, the precursors are supplied continuously
but in different regions (Fig. 12a), and the precursor regions
are separated in space or by purge regions. The substrate
remains in the first precursor region for a sufficiently long
period, and a saturated monolayer forms in the precursor.
The substrate is then moved to the second precursor region
to finish one ALD cycle, and one monolayer of designed
material is deposited. The process can be repeated for
thicker films. In this deposition process, the half-reactions
are spatially and physically separated; therefore, the pro-
cess is called spatial ALD. This idea was first created in
1977 [294, 295] and then developed in recent decades. In
addition to the compatibility with the flow line production,
another major advantage here is that the purge steps, which
are time-consuming in conventional ALD, become obsolete.
The deposition rate is mainly limited by the time necessary
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for the movement between different half-reaction regions
since the time scale of chemical reactions is generally in the
range of a few milliseconds for flat substrates [293]. There-
fore, it was reported that spatial ALD is much faster (up
to> 10) than typical ALD [296]. In addition, the deposition
of materials on the wall of the reactor leads to precursor
waste, and the purge step in the normal ALD removes the
surplus precursor. Thus, the low utilization efficiency of the
chemicals in the process leads to increased cost. In contrast,
a remarkable reduction in precursor consumption and cost
can be expected in the spatial ALD since the precursors are
spatially separated and no purge step is required. Because
there is no deposition on the reactor wall, the precursor
waste is further reduced. Several designs have been reported
that implement the spatial ALD process. The following are
typical examples: (1) a design involving a translating gas
source head or substrate that moves horizontally back-and-
forth (as schematically demonstrated in Fig. 12b and c) [293,
297, 298]; (2) a design involving a substrate spinning under-
neath a gas source head [299]; and (3) a rotating cylinder
design [300, 301]. Although spatial ALD may be limited in
preparing complex materials or coating porous structures
[302], due to its high throughput and processing cost, spatial
ALD has been intensively investigated and has become one
of the fastest developing areas in the industrial deposition of
materials. ALD has the potential to become a commercial-
ized manufacturing technique that can be mass produced in
the industrial fields of energy, electronics, etc.

Combining plasma and spatial ALD could further
increase the deposition efficiency. The so-called plasma
spatial ALD was first demonstrated more than 10 years ago,
and thus far, several companies have provided such systems.
However, for plasma spatial ALD, high pressure is consid-
ered to be suitable for isolating the precursor regions, while
the optimal plasma pressure may be relatively low. In such
a case, additional plasma control is necessary. To solve this
contradiction, spatial ALD that utilizes atmospheric pres-
sure plasma has been developed, in which surface dielectric
barrier discharge plasmas are used [303-308]. Nevertheless,
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Fig. 14 Typical ALD techniques and systems with the possibility of industrialization and the related companies

for the industrial application of this idea, further optimiza-
tion is necessary.

For flexible substrates, Lotus Applied Technology and
Veeco designed spatial ALD setups for roll-to-roll pur-
poses [293]. The principle of a typical roll-to-roll spatial
ALD for Al,O5, which was developed by TNO, is demon-
strated in Fig. 13a [293]. The reactor consists of a central
drum that contains combinations of trimethylaluminium
(TMA) and water regions, and nitrogen gas bearings sepa-
rate the precursor regions. The flexible substrate is then
pulled over this drum, and the gas bearing ensures that
there is a fixed space (tens to hundreds of micrometres)
between the substrate and the drum. When the flexible
substrate is moved over the drum, spatial ALD is real-
ized, and the thickness of deposition is determined by the
number of half-reaction region pairs that the substrate
passes. It is worth noting that the deposition rates can be
further increased if the drum is rotated in the opposite
direction. In addition to the high efficiency, the advantage
of the roll-to-roll spatial ALD concept is that there is no
mechanical contact between the substrate and the reactor,
and this minimizes contamination. A photograph of a roll-
to-roll spatial ALD system is exhibited in Fig. 13b, and
such equipment can be used for the industrial coating of
electrodes of electrochemical energy devices.

4.3.3 ALD System for Powder/Particles

Many electrode materials are in the form of powders
or particles. Coating onto particles via ALD is another
emergent field and will inevitably be applied in industrial
manufacturing. However, interparticle attractive forces
cause agglomeration [309], thus conformal coating is
nearly impossible. In a typical reactor, most of the par-
ticles remained uncoated since there was no accessible

path for the precursor to reach all the surfaces. ALD under
atmospheric pressure in a fluidized bed reactor was then
developed to solve this problem. Acoustic waves, mechani-
cal vibrations, magnetic fields, and electric fields could be
used to improve particle fluidization [309-312]. However,
the precursor utilization rate is significantly influenced as
the gas fluidization dilutes the reactants [313], making
the process uneconomical. To efficiently use precursors,
a rotary reactor was developed, and longer precursors
residence times for conformal coating on particles were
achieved [314]. The cost of such a reactor is lower than
that for other reactors [314], and some companies, such as
MNTs, have already patented the idea and configuration
of such an ALD system. However, a detailed analysis indi-
cated that small agglomerates are formed in rotary reac-
tors [315]. On the other hand, the assistance of centrifugal
force in a fluidized bed was found to reduce agglomerate
sizes and the required dosing time [316]. Nevertheless,
homogeneous ALD coating on particles, especially those
with irregular and porous surfaces, is still challenging. A
better understanding of the dynamics is needed for future
industrialization. For productivity enhancement, combin-
ing a specifically designed reactor with the idea of spa-
tial and physical separation of precursor regions could
be a good idea, and companies such as Forge Nano have
already made good progress.

4.4 Available Systems and Future Development

Figure 14 summarizes the possible industrialized ALD
techniques and systems, based on public information, and
the companies that provide corresponding systems/equip-
ment or are developing related techniques are also listed.
Generally, there are two ALD mechanisms, i.e. thermal
ALD and plasma-enhanced ALD, for material deposition,
while plasma-enhanced ALD has a higher deposition rate
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and should be more acceptable for industrial manufac-
turing. To further enhance the throughput, researchers
invented different ALD system configurations. For depo-
sition on a wafer-like continuous substrate, spatial ALD
(including the roll-to-roll configuration for the flexible
substrate) and batch ALD can be employed. They can be
used to deposit functional materials and to modify the
electrodes of energy devices. Deposition on solid-state
electrolytes and separators can also be realized in such
systems. On the other hand, many raw active materials for
electrochemical energy devices are in the form of powder/
particles, which can hardly be used as deposition sub-
strates in a regular ALD system, as agglomeration makes
it impossible to achieve uniform deposition on all sur-
faces. Researchers then invented ALD systems with fluid-
ized bed reactors, vibration reactors, and rotary reactors,
which effectively disperse the particles to expose all the
surfaces. After deposition, the modified particles can be
handled according to the normal procedure for electrode
preparation. The introduction of plasma enhancement in
all these systems should further enhance productivity.
However, many developments are still in progress, espe-
cially the combination of plasma with the ALD system for
powder. Future industrialization of the ALD technique in
electrochemical energy should involve optimizing the cur-
rent techniques and/or combining the existing approaches
to reduce the waste of the precursor and the consumption
of energy. Together with the increased deposition rate and
productivity, the cost of ALD for industrial manufactur-
ing could be reduced significantly. Accurately controlling
the thickness and morphology also provides the possibil-
ity of investigating the structure—property relationship for

device optimization, and higher performances should be
obtained even in mass production. In addition, the future
development of new techniques can accelerate the indus-
trialization of ALD in the electrochemical energy field.
Since these developments are primarily technique-related,
many researchers from companies are now working on
these areas.

5 Summary and Outlook

In this review, recent progress regarding ALD applica-
tion in electrochemical energy devices is summarized, and
the main content is demonstrated in Fig. 15. ALD with a
thermal activation or plasma enhancement mechanism is
conventionally an important gas-phase thin film deposition
technique that can produce conformal coatings on the sur-
face of the substrate. With developments in recent decades,
deposition processes for many materials, including oxides,
nitrides, sulphides, carbides, and elementary metals, have
been explored, confirming the remarkable conveniences
that come with the expansion of ALD applications in the
electrochemical energy field (e.g. batteries, supercapacitors,
electrocatalysis, etc.), and the compositional and structural
designs of ALD are delicate. First, ultra-thin deposition from
the self-limiting nature of the ALD process is crucial for
surface modifications. Thus, the performance of the energy
devices can be enhanced by properly optimizing the unit
interface. Second, in addition to film deposition, ALD is
capable of fabricating functional materials with nanoscale
structures. Combined with the versatility of the materials,
nanostructures with large surface areas were employed as
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! Balch ALD ] modification N
| |
| AR 1

Spatial ALD
. y ! il onlof Electrochemical

: functional Cehergy
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Fig. 15 Diagram showing the mechanisms and configurations of ALD and its possible applications in electrochemical energy (storage/conver-

sion) devices
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key components, such as electrodes. Third, with appropriate
posttreatment, the film deposited by ALD can be used as a
reactant or seed layer to guide the growth of other materials
in the form of a uniform film. Typical examples are MOFs
and TMDs, which are widely used in the electrochemical
energy field. Moreover, although most of these studies are
still in the laboratory, we also consider the future mass pro-
duction of the materials and structures by ALD to have great
potential, since there is a very large and increasing demand
for electrochemical energy devices in human society. Aim-
ing to meet the requirements of industrialization, researchers
have explored new possibilities for enhancing the throughput
and reducing the cost, and several new ALD system con-
figurations have been developed. For instance, as shown in
Fig. 15, a large reactor directly promotes throughput (i.e.
batch ALD system), while spatial ALD with a completely
different concept can also be suitable for mass production. A
spatial ALD system integrated with a roll-to-roll configura-
tion could deposit materials on a flexible substrate in a way
that is compatible with flow line production. With the modi-
fied reactors (e.g. fluidized bed reactor and rotary reactor),
ALD has been made compatible with powder coating, and
this may be promising in preparing raw electrode materials.

It is worth noting that, except for the typical deposition
on a flat substrate, the investigation of ALD on complex sub-
strates for producing novel nanostructures is still insufficient.
Understanding the mechanism and kinetics in these cases is
mostly not comprehensive. For the future of ALD on elec-
trochemical energy, more materials and structures should
be explored. By introducing new precursors and applying
multiple binary ALD processes of different materials into a
supercycle or the co-dosing process, ALD gains the capabil-
ity of atomic level design and can control various multicom-
ponent materials. The performance of these newly created
materials and structures should be systematically evaluated
to establish a database for further optimization.

For the industrialization of ALD, the possibility of incor-
porating ALD with faster deposition rates, design flexibil-
ity, and easy scalability makes spatial ALD promising and
attractive for energy-related applications in the coming
years. The combination of spatial ALD and roll-to-roll con-
figuration is widely accepted as the most important pathway
for industrial mass production. However, ALD on particles/
powders, which is not compatible with roll-to-roll process-
ing, should also be intensively explored because many
energy materials have a powder form. Above all, there is a
significant amount of work to be done to scale up the manu-
facturing process either by combining existing techniques or
by developing new ones, and active collaboration between
academia and industry is necessary to drive future innova-
tions. There is no doubt that ALD has a bright future in the
electrochemical energy field.
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