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Energy storage and conversion systems, including batteries, supercapacitors, fuel cells, solar cells, and
photoelectrochemical water splitting, have played vital roles in the reduction of fossil fuel usage, addressing
environmental issues and the development of electric vehicles. The fabrication and surface/interface
engineering of electrode materials with refined structures are indispensable for achieving optimal
performances for the different energy-related devices. Atomic layer deposition (ALD) and molecular layer
deposition (MLD) techniques, the gas-phase thin film deposition processes with self-limiting and saturated
surface reactions, have emerged as powerful techniques for surface and interface engineering in energy-
related devices due to their exceptional capability of precise thickness control, excellent uniformity and
conformity, tunable composition and relatively low deposition temperature. In the past few decades, ALD and
MLD have been intensively studied for energy storage and conversion applications with remarkable progress.
In this review, we give a comprehensive summary of the development and achievements of ALD and MLD
and their applications for energy storage and conversion, including batteries, supercapacitors, fuel cells, solar
Received 28th July 2020 cells, and photoelectrochemical water splitting. Moreover, the fundamental understanding of the mechanisms
DOI: 10.1039/d0cs00156b involved in different devices will be deeply reviewed. Furthermore, the large-scale potential of ALD and MLD
techniques is discussed and predicted. Finally, we will provide insightful perspectives on future directions for
rsc.li/chem-soc-rev new material design by ALD and MLD and untapped opportunities in energy storage and conversion.
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1. Introduction

Energy storage and conversion systems have played vital roles
in the development of electric vehicles (EVs), reduction of fossil
fuel usage, and addressing environmental issues." Among the
various systems, Li-ion batteries (LIBs) and proton exchange
membrane fuel cells (PEMFCs) are two of the most prominent
technologies for powering electric vehicles due to their high
energy and power density, high efficiency, room temperature
operation, and zero emissions. However, the state-of-the-art
LIBs and PEMFCs still need further improvement for higher
energy density, longer durability, better safety, and lower cost to
meet the increasing demands from automotive applications.
Meanwhile, next-generation batteries, such as Li metal,
Li-sulfur, and Li-O, batteries, solid-state Li batteries, Na batteries
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and beyond, have been intensively studied as promising alter-
natives to LIBs for large-scale energy storage applications due to
their lower cost compared to conventional LIBs.>> Nevertheless,
several formidable challenges inhibit the commercialization
of these battery systems, including the detrimental structural
changes and unfavourable side reactions at the surface and
interface of the electrode materials, which need to be addressed
in order to prevent rapid capacity degradation and limited
battery lifetime.®”® Therefore, it is necessary to rationally engi-
neer the surface and interface of the electrode materials to
prevent parasitic side reactions and thus enhance battery
performance.’™*” For PEMFCs, the high cost and insufficient
durability of Pt electrocatalysts is still a major barrier for their
application in fuel cell vehicles. Degradation of the electro-
catalytic properties of Pt could occur through the coalescence of
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Pt particles due to weak interactions between Pt and the
support, Pt particle agglomeration, corrosion of the support
material, and Ostwald ripening. Therefore, it is critical to
design a strong interface between Pt and the support to
preserve such structures in the harsh environment of PEMFCs
while providing the three-phase boundary (catalyst, support,
and reactants) required for performing multifunctional
electrochemistry.”®'* Moreover, renewable solar energy and
solar fuels are regarded as the most promising alternative clean
energy source for fossil fuels. Surface and interface engineering
in a well-designed fashion are indispensable for obtaining
desirable material structure and achieving optimal perfor-
mance for energy storage and conversion applications. In this
review, as shown in Fig. 1, we will deeply discuss the unique
techniques of atomic layer deposition (ALD) and molecular
layer deposition (MLD) in the applications of energy storage
and conversion. In particular, we will summarize the mechanism,
properties, wide applications and large scale potential of ALD
and MLD.

ALD has emerged as a powerful technique for surface and
interface engineering in energy-related devices, such as recharge-
able batteries, supercapacitors, fuel cells, solar cells, and electro-
chemical water splitting, due to its exceptional capability in
controlling material deposition with atomic-level precision.’>™”
During an ALD process, gas-phase precursors are sequentially
exposed to the substrate, leading to self-limiting and saturated
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Fig. 1 The mechanism, properties, large-scale potential, and applications
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surface reactions (Fig. 2a). This reaction mechanism endows ALD-
deposited inorganic thin films with several advantages, including
precise thickness control, excellent uniformity and conformity,
and tunable composition. These thin films have been employed
as surface coating layers on the anode and cathode materials of
LIBs to address structural and interfacial problems. Moreover,
nanoparticles can also be deposited on substrates by ALD by
controlling the nucleation sites on the substrate surface through
pre-planted functional groups. This is because nucleation sites,
such as hydroxyl groups, defect sites, and heteroatom-doping
sites, are prerequisites for ALD surface reactions to take
place.®* While ALD can traditionally deposit inorganic
materials, MLD, the organic counterpart of ALD, can fabricate
organic and hybrid inorganic-organic thin films (Fig. 2b). The
incorporation of organic segments in the MLD process offers
almost unlimited combinations for the film structure, which
could lead to unique mechanical, optical, and thermal properties.
These MLD thin films hold great promise for tackling surface and
interfacial problems in energy storage and conversion systems.
Since the development of ALD in the late 1970’s (previously
referred to as atomic layer epitaxy (ALE)), this advanced thin
film deposition technique has received increasing attention for
multiple applications, including catalysis, microelectronics,
energy storage and conversion, and sensing.>* > Various materials,
including metal oxides, metal sulfides, metal fluorides, and metal
phosphates can be deposited by ALD with precisely controlled
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Fig. 2 Illustration of (a) ALD for inorganic films and (b

thicknesses, compositions and structures.”*** Particularly in the
past ten years, the fields of ALD and MLD for energy storage and
conversion have grown rapidly. Fig. 3(a) shows the number of
publications associated with atomic layer deposition from 2009 to
date, with a significant increase in recent years. As an extension of
ALD, MLD was later developed as the organic molecule equivalent.
Although the publication numbers on MLD are not as large as that
of ALD (Fig. 3(b)), the unique properties of MLD films are still
attracting attention for different applications. Among the various
applications, energy storage and conversion, especially batteries
and fuel cells, are one of the most attractive areas for ALD and MLD
(Fig. 3(c and d)). There are several excellent review papers that
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have summarized the fundamental chemistry and principles
of ALD/MLD, and their application for LIBs and Li-S
batteries.”>** However, there is no comprehensive review that
summarizes both ALD and MLD in the applications of energy
storage and conversion.

In this review, we focus on the development and achievements
of ALD and MLD and their applications for energy storage and
conversion. Different energy storage systems, including batteries
and supercapacitors, are included in this comprehensive review.
Moreover, the application of ALD/MLD for energy conversion
systems including fuel cells, solar cells and photoelectrochemical
water splitting, have been discussed in detail. Not only the
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significant progress has been summarized, but also a funda-
mental understanding of the mechanisms involved will be deeply
reviewed. Finally, we will provide insightful perspectives on
future directions for new material design by ALD and MLD and
untapped opportunities in energy storage and conversion.

2. ALD/MLD for energy storage
2.1 ALD/MLD for batteries

2.1.1 ALD/MLD for Li-ion batteries

2.1.1.1 ALD/MLD for electrode fabrication. Metal oxides are
the most popular films deposited by ALD and are promising
candidates as electrode materials for LIBs. For example, SnO,
has been extensively investigated due to its high specific
capacity and energy density, relative to conventional graphite
anodes. ALD SnO, was first demonstrated as an anode material
for LIBs when deposited on graphene nanosheets (GNS),** as
shown in Fig. 4(a). Benefitting from the unique properties of
ALD, the structural phases of SnO, were precisely controlled by
the ALD deposition temperatures, resulting in amorphous and
crystalline SnO,-GNS composites with sandwich nanostructures.

-

ALD/MLD Fabricated Anodes
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The precursors used in this study were SnCl, and H,O at two
different temperatures of 200 °C and 400 °C. It is very interesting
to note that the amorphous SnO,-GNS showed higher electro-
chemical stability and coulombic efficiency compared to the
crystalline SnO,-GNS. The amorphous SnO,-GNS obtained a
capacity of 793 mA h g~' after 150 cycles, which is higher than
that of the crystalline SnO,-GNS (499 mA h g~ after 150 cycles).
It is believed that the amorphous SnO,-GNS is more effective
than the crystalline SnO,-GNS in overcoming the large volume
change of SnO, nanoparticles during electrochemical cycling.
Subsequently, ALD SnO, was deposited on different substrates,
including stainless steel,*® reduced graphene oxide,*” and
MXene.*® The as-prepared ALD SnO, is uniform on different
substrates with highly controlled structures and thicknesses.**>

TiO, is another attractive anode material candidate for LIBs
due to its chemical stability, low volume expansion during
cycling, high rate capability and intrinsic safety. ALD TiO, is
also a routine recipe for the ALD community, in which TiCl, and
titanium(wv) isopropoxide (TTIP) are widely used as precursors
for Ti-based ALD processes.’”* Ban et al. firstly reported ALD
amorphous TiO, on high surface area graphene (reduced graphene
oxide) sheets for LIBs.”® The as-prepared ALD TiO, can effectively
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minimize the Li-ion diffusion coefficient of TiO,, resulting in a
stable and high capacity anode with high rate performances.
Other matrices have also been used as substrates for ALD TiO,,
such as graphite, graphene, carbon nanotubes, anodic alumi-
num oxide (AAO) templates and Ni nanotubes.’*>® Sun’s group
also fabricated ALD TiO, on worm-like GNS with high capacity
and stability, as shown in Fig. 4(b).>° Another interesting work
has been demonstrated by Hong et al.,*® in which carbon black
is used as a sacrificial template to create the mesoporous
structure of TiO,. As a result, the mesoporous TiO, exhibits a
large specific surface area, high capacity, and good coulombic
efficiency.

Among the aforementioned metal oxides, ZnO shows various
advantages, such as low cost, facile synthesis, chemical stability,
and a high theoretical capacity of 978 mA h g~ ' in LIBs. ZnO has
been widely deposited by ALD, in which Zn(CH3CH,), is the most
widely used precursor.®’ Lian et al. firstly reported ALD ZnO on
graphene layers as an anode material for LIBs, as shown in
Fig. 4(d).*> In their study, the ZnO was deposited as quantum
dots (QDs) on graphene with controllable sizes from 2 to 7 nm.
Interestingly, the smaller ZnO QDs on graphene displayed better
electrochemical performance, in which a high reversible specific
capacity of 960 mA h g~' is achieved. Another work has been
reported using graphene frameworks as substrates for ALD Zn0.%*
To achieve better electrochemical performance, another ALD
AL,O; layer was deposited on the ZnO-graphene electrode as a
physical protection layer and an artificial ionically conductive SEI
layer. As a result, the ALD Al,O;-wrapped ALD ZnO-graphene
architecture provided the electrode with superior electrochemical
performance with high capacity, excellent rate capability, and
good cycling stability.

Some other metal oxides have also been deposited by ALD
and used as anode materials for LIBs,** °® such as MoO;, RuO,,
and V,0s. For example, as shown in Fig. 4(c), V,0s was
deposited on graphene using vanadyl oxytriisopropoxide and

View Article Online
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water as precursors with a deposition temperature of 150 °C,
achieving a growth per cycle (GPC) of 1 A.°* The electrochemical
results reveal that a stable capacity of 892 mA h g~* can be
achieved for the ALD V,05-graphene composite with excellent
cycling stability. It is believed that the highly conformal coating
induced by the ALD process is the key to mitigating mechanical
degradation and vanadium dissolution. Besides the popular
metal oxides, other metal nitrides, metal phosphates, and
metal sulfides deposited by ALD have also been reported,®”
including MoS,, MoN, W,N, WS,, VP,, AlS,, and ZnS. The
detailed ALD deposition parameters and performances of these
materials as anodes in LIBs are shown in Table 1.

Organic electrode materials for metal ion batteries have
shown great potential due to their high theoretical capacity,
flexible structure design, and environmental friendliness.”>””
Generally, the redox reactions of organic electrode materials are
based on the charge-state change of the electroactive groups.”
With this in mind, MLD can be used to fabricate organic
electrodes for LIBs. Karppinen’s group firstly reported the
synthesis of lithium terephthalate (LiTP) by ALD/MLD for
anode applications in LIBs.”® As shown in Fig. 4(e), the LiTP
was deposited using the precursors of Li(thd) (thd = 2,2,6,6-
tetramethyl-3,5-heptanedionate) and terephthalic acid (TPA) at
200 °C with a GPC of 3.0 A. The ALD-LiTP presented the same
layered crystal structure and high electrochemical activity.
Moreover, they demonstrated in situ deposition of the quinone
cathode in its lithiated state by ALD/MLD, using LiHMDS
and hydroquinone as the precursors, as shown in Fig. 4(f).*°
Furthermore, organic all-solid-state cells were successfully
developed and fully functional without any conductive additives.
However, the MLD-fabricated anode material is still in its infancy
and the electrochemical performances of the MLD anode need to
be further enhanced.

Nanostructured anode materials demonstrate various structure-
dependent advantages, such as high surface area to mass/volume

Table 1 The detailed parameters and performances of the ALD-fabricated anode materials for LIBs

ALD materials Precursors Substrate

Deposition temperature Electrochemical performances  Ref.

SnO, SnCl, and H,0
Stainless steel
Reduced graphene
MXenes

Tin(v)-butoxide and plasma O~
Tetrakis(dimethylamino) tin and H,O
Tetrakis(diethylamido) tin and O;
Sn(C,Hs), and O, plasma

TiO, TiCl, and H,0
TiCl, and H,O

Reduced graphene
Graphite

Titanium tetraisopropoxide and H,O Graphene nanosheets

Carbon nanotubes
Carbon black
CNTs/CFP

TiCl, and H,O
TiCl, and H,O
TiCl, and H,O
ZnO Diethyl zinc and H,0

Zn(C,Hs), and H,0 Graphene
Diethyl zinc and H,O Carbon black
MoS, Mo(CO)s and H,S Carbon
MoN Mo(CO)s and NH; Carbon
MoO; Mo(CO)s and O; Carbon nanotube
V,0s Vanadyl oxytriisoprop-oxide and H,O Graphene
RuO, Ru(C¢H;3), and O, Carbon nanotube
W,N W(CO)e and NH; Stainless steel
WS, W(CO)s and H,S Stainless steel

3894 | Chem. Soc. Rev,, 2021, 50, 3889-3956

Graphene nanosheets

Silicon and stainless steel 150 °C and 200 °C

Graphene nanosheets

200 °C 793 mA h g~ ! after 150 cycles 45

400 °C 499 mA h g™ ! after 150 cycles

200 °C 646 mA h g~ ' after 250 cycles 46
oxide 150 °C 800 mA h g~ ' after 200 cycles 47

150 °C or 200 °C 843 mA h g~ ! after 50 cycles 48

650 mA h g~ ! after 400 cycles 50

oxide 120 °C 120 mA h g~ ' after 400 cycles 53
— ~230 mA h g~ " after 100 cycles 54
100 °C 140 mA h g ' after 100 cycles 59
120 °C 120 mA h g~ " after 1000 cycles 55
200 °C 128 mA h g~ ' after 100 cycles 60
120 °C 178 mA h g~ ' after 400 cycles 56
120 °C 540 mA h g~ ' after 100 cycles 62
150 °C 490 mA h g™ ! after 100 cycles 63
150 °C 769 mA h g~ ! after 500 cycles 61
170 °C 851 mA h g~ ! after 50 cycles 67
170 °C 700 mA h g~ ! after 100 cycles 68
165 °C 150 mA h g~ ! after 60 cycles 66
150 °C 892 mA h g~ ' after 100 cycles 64
210-240 °C ~600 mA h g ! after 100 cycles 65
180-195 °C 25 pA h em™~ after 200 cycles 69
180-195 °C 13 pA h em ™2 after 100 cycles 70

This journal is © The Royal Society of Chemistry 2021
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ratios and robust hierarchical structures.®>%

In the past years,
nanomaterials with different dimensions and structures have been
synthesized via different methods.**** Among them, ALD is also a
powerful tool to design nanostructured materials,*®*® especially
with sacrificial templates.””** For example, Jeun et al fabricated
SnO,@TiO, double-shell nanotubes through a combination of
electrospinning and ALD methods. As shown in the schematic
diagram of Fig. 5(a), electrospun polyactylonitrile (PAN) is chosen
as a sacrificial template and two layers of SnO, (inner shell) and
TiO, (outer shell) were deposited and precisely controlled by ALD.%”
As a result, the TiO, outer shell can encapsulate the inner SnO,
nanotube, leading to a hollow structure that can effectively
relieve the volume expansion of SnO, during cycling and
improve the electrochemical performance. Their group further
developed TiO,@SnO,@TiO, triple-shell nanotubes by a similar
procedure.”® The diameter of the triple-shell nanotubes is
around 200 nm with a shell thickness of 10 nm. Fan’s group
also developed a series of anode materials by ALD with rationally
designed nanostructures.’®*¥°® Generally, the sacrificial tem-
plate materials are firstly synthesized through hydrothermal
methods. Then, popular metal oxides (such as TiO,, ZnO, etc.)
are deposited on the template materials by ALD. Finally, the
templates can be removed by an ion-exchange method or acid
etching method to achieve a hollow nanostructure. For example,
Fig. 5(b) shows a schematic diagram of the synthesis process and
morphology of the TiO,@Fe,0; nanostructured anode materials.

The cathode material is typically considered as the limiting
factor in determining the energy density of LIBs. Popular
cathode materials include LiCoO,, LiFePO,, LiMn,0,, LiCo,.
Ni,Mn,0, (NMC), LiNig §C0q.15Al.050, (NCA) etc. However, the
fabrication of complex oxides with more than three elements by
ALD is relatively challenging compared to the binary oxides.
The early work using ALD to synthesize cathode materials started
from binary oxides of V,0s. V,Os presents a high reversible
capacity of 147 mA h g ' (at 2.6-4.0 V) and 294 mA h g'
(at 2.0-4.0 V) as well as fast lithiation and enhanced safety.”*®
In the last section, we have introduced examples using ALD
V,0s as anode materials within the potential range of 0-2 V.
However, ALD V,05 is more often used as a cathode material for
LIBs.””%® Rubloff’s group firstly reported ALD V,Os as a cathode
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material for LIBs,”® as shown in Fig. 6(a). In their study,
VO(OC3Hy); and O3 are used as precursors within a deposition
temperature range of 150 to 210 °C. The 30 nm thick ALD V,05
film was deposited on Au-coated stainless-steel disks and used
as the cathode in coin cell configurations. The electrochemical
results indicated that the initial specific discharge capacity of
ALD V,0s is 142 mA h g~ " at 2.6-4.0 V with outstanding
rate and cycling performances. Furthermore, their group
compared the ALD V,Os5 recipes using O; and H,O as oxidant
precursors.'® As a result, polycrystalline V,05 films were
obtained by the Oj-based process and amorphous V,05 films
were synthesized from the H,O-based process. From the
electrochemical performances, the polycrystalline V,O5 films
delivered a higher storage capacity than the amorphous films
because of their ability to incorporate up to three Li per V,05
formula unit. In another study, Mattelaer et al. synthesized
VO, using tetrakis[ethylmethylamino] vanadium and H,O or O3
as precursors.'®" This work provided a series of stable vana-
dium oxide phases in the VO,-V,05 series fabricated under
different oxygen partial pressures between ambient air and
3.7 Pa. It is found that the different vanadium oxide phases
demonstrate different volumetric capacities in the order of
V,05 < VO, (B) < V4043 < V30, < V,0, in the 1.5-4.5 V vs.
Li'/Li potential range.

LiCoO, is the most popular commercialized cathode material
for LIBs. However, the development of complex oxides by ALD
with three elements is complicated. Generally, the procedure
is separated into two sub-cycles of Li compounds and Co
compounds and the ratio between these two sub-cycles is
controlled to achieve the desired composition. Donders et al
firstly reported the ALD LiCoO, process using CoCp, as the
cobalt precursor, LiO¢Bu as the lithium precursor and O, plasma
as an oxidant source with a deposition temperature of 325 °C.'
The schematic diagram is shown in Fig. 6(b) and the super-cycles
of LiCoO, consist of two sub-cycles of Co;0, and Li,CO;. The
crystalline LiCoO, was obtained after annealing at 700 °C for
6 minutes. The ALD-deposited LiCoO, electrodes were electro-
chemically active, revealing good electrochemical performance.
Similar to LiCoO,, LiMn,0, is also an important cathode material
for LIBs, especially for high-rate performances. The first report of

(b) ALD TiO,@Fe,0,
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| ,f
7 d

TI0,@Fe,0,

Co,(OH),CO,

Co,(OH),CO,@TiO,

Fig. 5 Nanostructured anodes fabricated by ALD: (a) SnO,@TiO;; (b) TiO,@Fe,Os.
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Fig. 6 ALD-fabricated cathodes: (a) V>Os; (b) LiCoO,; (c) LiMn,Oy4; (d) LiFe

ALD LiMn,0O, was from Miikkulainen et al. with a combination
of binary ALD processes for ALD Li,O/LiOH and MnO, or MnO,"*
as shown in Fig. 6(c). In their study, the tris(dipivaloyl-
methanato)manganese (Mn(thd);), Li(thd), and O; were used as
precursors at the deposition temperature of 240 °C. However, it is
very challenging to obtain pure LiMn,O, through the supercycles.
Moreover, they further developed a conversion process for using
Li(thd)/O; and LiO’Bu/H,O treatment to convert ALD-MnO, into
Li,Mn,0,, in which the obtained Li,Mn,0, films presented high
electrochemical capacity and good cycling stability (Fig. 5(c)).
There are other examples of the direct application of ALD MnO,
as a cathode' or converting the MnO/MnO, into LiMn,O,
through (electro)chemical methods.'*>"*

LiFePO, is one of the most popular cathode materials for
commercialized LIBs because of its excellent cycling stability,
environmental friendliness, and promising safety. Some impor-
tant breakthroughs in recent years have allowed its successful
commercialization.’® "% The research of ALD LiFePO, started
from FePO, as the base. Gandrud et al. synthesized FePO, for
the first time by ALD, combining two sub-cycles of FeO, and
PO,.""° The precursors used in this recipe are trimethyl

3896 | Chem. Soc. Rev,, 2021, 50, 3889-3956

POg4.

phosphate (Me;PO,) and H,0/O; as oxygen sources for PO,,
while Fe(thd); (Hthd = 2,2,6,6-tetramethyl-3,5-heptanedionate)
and O; are used for FeO,. The as-deposited films are amor-
phous and a post annealing treatment at 600 °C was required to
obtain the crystalline trigonal FePO,. However, the amorphous
FePO, was found to be electrochemically active and provide
exceptional cyclability with a capacity of 178 mA h g~'. Sun
et al. also reported ALD-deposited FePO, on carbon nanotubes
and other 3D carbon nanostructures for cathode applications
in LIBs."*"'** PE-ALD deposited FePO, was reported by Detaver-
nier's group using Me;PO, plasma, O, plasma, and tert
butylferrocene as precursors with an exceptionally high GPC of
1.1 nm per cycle.""? The as-deposited films were amorphous with
a composition of FeP; 50, and further formed a trigonal FePO,
after annealing to 700 °C in air. Furthermore, Sun et al. developed
ALD LiFePO, by a combination of Fe,O;, PO,, and Li,O subcycles,
which is the first report using ALD to fabricate complex
compounds with four elements. Fig. 6(d) shows the schematic
diagram of the ALD LiFePO, process, in which the ratio of the
different subcycles is the key to obtaining the proper stoichio-
metry. Similarly, post-treatment is necessary to obtain the

This journal is © The Royal Society of Chemistry 2021
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crystalline LiFePO,. The annealed LiFePO,/CNTs exhibited
exceptional battery performance with excellent rate capability,
high power density, and long lifetime. Other types of phos-
phates, such as vanadium phosphate and titanium phosphate,
have been further developed by Detavernier’s group via plasma
enhanced-ALD (PEALD) and used as cathode materials for
LIBS‘71,114

In this section, the recent development of ALD-fabricated
electrode materials, including both cathodes and anodes, has
been summarized in detail. (1) Metal oxides, including SnO,,
ZnO, TiO,, etc., have been deposited by ALD and used as anode
materials for LIBs. The morphology, structures, and thickness
of the metal oxides are precisely controlled by ALD parameters.
Some other compounds, including metal nitrides, metal phos-
phates, and metal sulfides, have also been fabricated by ALD
and used as anode materials for LIBs. (2) Organic electrode
materials have been developed and deposited by MLD as anode
materials for LIBs, however, the electrochemical performances
of the MLD-derived organic electrodes still need to be further
improved. (3) Nanostructured materials, such as hollow struc-
tures and core-shell structures, were designed and realized by
ALD with sacrificial templates. (4) Several types of cathode
materials, such as V,0;, LiCoO,, LiMn,0,, and LiFePO,, were
synthesized by ALD. Although promising progress has been
obtained and various electrode materials have been synthesized
by ALD, it should be noted that there are still several drawbacks
of ALD/MLD for electrode fabrication. The slow GPC of the
ALD/MLD films is a major concern, which is in the A per cycle
range for most deposition processes. In the reported literature,
hundreds or even thousands of ALD cycles are required to
obtain electrodes with reasonable active material mass loading.
However, the time-consuming process is less commercially
viable for standard battery technologies, particularly when
compared with composite/powder-based electrodes.

2.1.1.2 ALD/MLD for cathode/electrolyte interface engineering.
Cathode materials are considered as the limiting factor for the
energy density and capacity of LIBs. As discussed above, layered
LiCoO,, spinel LiMn,0,, and polyanion LiFePO, are the
primary groups of cathode materials."*>"*® The layered LiCoO,
is the first developed and most widely used cathode material for
commercial LIBs. However, the high cost, toxicity, limited
capacity and chemical instability in the deep charged state
have prevented its further applications for transportation and
stationary storage. Compared to LiCoO,, spinel LiMn,0, shows
the advantages of material availability and environmental
compatibility. However, the Mn dissolution of LiMn,0, during
electrochemical cycling leads to capacity fading especially when
operating at temperatures above ambient. LiFePO, is another
promising cathode material with low cost, low toxicity, high
safety, and excellent cycling performance. The challenges for
LiFePO, include poor rate performances and surface chemistry
stability. More recently, LiNi,Mn,Co;_,_,0, (NMC) and LiNi g-
C0p.15Al5.950, (NCA) have become popular because of their high
operational voltage and specific capacities. For example, the
NCA cathode possesses a high theoretical capacity of 265mAhg ™

This journal is © The Royal Society of Chemistry 2021
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(0.95 Li" involving (re)-insertion), which is higher than other
“4 V” cathode candidates. However, the Li transition metal
oxide cathode still has serious challenges, such as phase
transition, mechanical cracking, electrolyte decomposition,
transition metal dissolution, conductivity, and air instability."”
Among these issues, the interface between cathode materials
and electrolyte, which is referred to as the cathode electrolyte
interphase (CEI), plays the most important role.**®*'® At high
oxidation potentials, the electrolytes decompose to form an
interface with side products on the cathode materials, which is
referred to as the CEIL On one hand, a stable and dense CEI can
enhance the stability of the cathode materials by preventing
the interfacial reactions, HF etching and transition metal
dissolution. On the other hand, an unstable CEI may aggravate
the interfacial reactions and cause an increase of the interfacial
impedance and result in the fast degradation of the battery
performance.” To address the interfacial challenges and
achieve a stable CEI, surface modification of cathode materials
is the most effective approach, especially to prevent electrolyte
decomposition and transition metal dissolution.'*" The basic
requirements of the coating layers are (1) controllable thickness.
On one hand, a coating that is too thick will affect Li-ion or
electron transportation. On the other hand, coatings that are too
thin cannot totally prevent side reactions. (2) Uniform, conform-
able and continuous coating on cathode materials. (3) Good
mechanical properties."”*'** To meet these requirements, ALD/
MLD is the ideal technique due to its aforementioned attributes.
Lee’s group firstly reported the enhanced stability of LiCoO,
cathodes using surface coating by ALD, in which routine ALD
Al,O; was chosen as the coating material.*** From their study,
only two cycles of ALD Al,O; with a thickness of 3-4 A can
effectively improve the electrochemical performance, exhibiting
capacity retention of 89% after 120 charge-discharge cycles, as
shown in Fig. 7(a). Furthermore, they compared the performances
of ALD coating directly on the electrode versus the powder. As a
result, the capacity retention for ALD Al,O; directly on the
composite is slightly inferior to the capacity retention of ALD on
powders. Several questions relating to the reaction mechanism
during the ALD process on cathode materials have been raised.
Elam’s group used in situ and ex situ experimental characteriza-
tion coupled with DFT calculations to elucidate the mechanism
for ALD Al,O; on LiMn,0, cathodes (Fig. 7(d)).'*® In situ Fourier
transform infrared spectroscopy (FTIR), quadrupole mass spectro-
metry (QMS), and quartz crystal microbalance (QCM) measure-
ments are combined to have a comprehensive study. It is very
interesting to note that the ALD Al,O; process on LiMn,0, in the
early cycles was different compared to the deposition on conven-
tional substrates. The Al heteroatom bridged several oxygen atoms
at the LMO surface initially, even doping into the LiMn,O,
surface. The initial few cycles of ALD Al,O; lead to a reduction
in the average Mn oxidation state, with a higher ratio of Mn*",
resulting in higher capacities.

In the past few years, several studies have reported the use of
ALD Al,O; as a surface coating for different types of cathode
materials, such as LiC0oO,, LiMn,0,, and LiNi,Mn,Co;_,_,0,."2°"*°
Leung et al. provided insight into the mechanism of ALD coating on

Chem. Soc. Rev, 2021, 50, 3889-3956 | 3897


https://doi.org/10.1039/d0cs00156b

Published on 01 February 2021. Downloaded by University of Western Ontario on 5/24/2021 8:06:18 PM.

Review Article

a4 ALD Al,O; Coatings for Cathodes \

View Article Online

Chem Soc Rev

10 ALD

° 2 © © o w0
e i monn Pt Ml s

o
-
<™ 2ALD
§~ Iy
fo
H bare LICoO;
gw
8

0

o @ e ® % mw w

Charge-discharge Cycle Number

I
I
I
I
I
I
I
I
I
ALD on electrode I
I
I
I
I
I
I
I
I

New Products
& Redox

(a) ALLOj; coatings on LiCoO, . (b) In-operando XAS (¢c) STEM
_,\m ALD on powders ) Yes L A g N g’
: - L 2ALD §>‘
R . g
gm GALD 2
§ bare LiCoO; Baoo] © © onssasa A ac_a

10 20, 30 ac
Cycle nimber

ADF image  Mn valence mapping x  Mn EELS spectra
"2+ 73 8 o
Q
/\ Inner
4 Surface
el

0 40k 80k 1

o

g

[¥]
\inner

\ "b

Surface

Gases

Electrolyte
(Salts/solvents)

Soluble species
Radicals, ROL, et

»
o e
“~Insoluble SEI film-

(LiF, L,CO, etc.) o

wo
[Cathode] [Anode]

x

)
g

°
8
S

2 §|
c‘y::- B }i /\
Site Blocking :

& Partial Film ALD

Formation —
CH, Decomposition Enhanced

& Al Doping Electrochemical

Performance

Area Ratio (PO,F, / PF
°
8

Ny
o
&

cLCO/b-NG
cLCO/CeNG

8

H
2

bLCO/eNG

Capacity (MAhg,co")
g 8

&

b-LCO/b-NG
4

Capacity (MAh Gyco.ng, )

8

°

P
&

\30

[ 50 100 150 200 250

Cycle Number /

I
I
I
I
I
I
I
1
I
1 0
I
I
I
I
I
I
I
I
I

Fig. 7 Characterization and application of ALD Al,O3 coatings for cathode materials: (a) comparison between ALD coating directly on powders and
electrodes; (b) in operando XAS for ALD coated cathodes; (c) STEM for interface characterization; (d) reaction mechanism during an ALD process for
cathode applications; (e) effects of ALD coating on chemical reactions; (f) Al,Oz coating for full cells.

the interface of cathode materials by first-principles calculations."*®
The results revealed that with the oxide coating, e tunnelling to
the adsorbed ethylene carbonate (EC) falls within the non-
adiabatic regime, resulting in reduced electrolyte decomposi-
tion. To better understand the mechanism of ALD Al,O; coating
for cathodes, in operando synchrotron-based X-ray diffraction
(XRD) and in operando X-ray absorption near edge structure
spectroscopy (XANES) were carried out to probe the structure
and interfacial chemistry of cathode materials of LiNi, ;Mng 4-
Coy,0; cathodes during electrochemical cycling.">” The operando
XRD results indicated that the ALD Al,O5-coated electrodes dis-
played a higher level of reversibility in the shift of d-spacing
following charge to 4.7 V. Moreover, as shown in Fig. 7(b), the
operando XANES data revealed that the ALD coating can suppress
the transformation of Co and Mn at low capacities, which was
attributed to the protection of the Ni by preventing side reactions
of the highly reactive oxygen at the Ni sites with the electrolyte and
enabling reversible cycling."” Besides synchrotron-based X-ray
techniques, electron microscopy is another powerful tool to study
the structure and morphology of the coatings. Wang’s group used
aberration-corrected scanning transmission electron microscopy
(STEM) and high-efficiency spectroscopy to characterize and

3898 | Chem. Soc. Rev, 2021, 50, 3889-3956

understand the functions and roles of the ALD AlL,O; coating
layer for the Li; ,Niy,Mn, 60, cathode,'”® as shown in Fig. 7(c).
The atomic-level imaging and nanoscale chemical composition
analysis from STEM and EELS revealed that the ALD Al,O; coating
can mitigate the side reactions between cathode and electrolyte,
eliminate the surface structure transformation, and suppress the
reduction of Mn at the particle surface. Most of the reported
studies believe that the ALD Al,O; plays a role as a chemical
scavenger of corrosive HF and the physical blockage of electrolyte
decomposition. However, Dahn’s group proposed a new mecha-
nism recently, combining published thermochemistry data
with new density functional theory calculations.’* As shown in
Fig. 7(e), °F and *'P solution nuclear magnetic resonance
spectroscopy were applied to understand the surface chemistry.
Their results showed that the LiPFs-containing liquid electrolyte
solution can chemically react with ALD Al,O; cathode coatings to
produce LiPO,F,, which is a well-known and effective electrolyte
additive. Moreover, it is a universal phenomenon observed in
both NMC622 and NCA cathodes with ALD Al,O; coating, in
which LiPO,F, is found in electrolyte solutions stored for 14 days.

Generally, ALD Al,0; has been widely recognized and proven
as an effective coating for various cathode materials with

This journal is © The Royal Society of Chemistry 2021
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enhanced electrochemical performances. Potential mechan-
isms were proposed to explain the functions of the ALD Al,0;
layers. The most popular mechanism is that the ALD Al,O; can
prevent electrolyte decomposition, HF corrosion, and transi-
tion metal dissolution. However, recent literature suggests the
potential for other possibilities. In this case, the functions and
roles of ALD Al,O; in performance enhancement are still worth
further exploration.

Besides ALD Al,Oj3, other metal oxides have also been used
as coatings for various cathode materials, including ZrO,, ZnO,
TiO,, Ce0,, Ga,0;, MgO and FeO,."**"*> Most of these metal
oxides showed similar functions with ALD Al,O; and the
electrochemical performances were enhanced with a few cycles
of ALD metal oxide. However, the comparison between differ-
ent metal oxide coatings is critical. Wang’s group first studied
ALD ZnO, ZrO,, and Al,O; as surface modification layers for
LiMn,0,.'®* All of the ALD-coated LiMn,O, electrodes demon-
strated improved cyclability compared to the bare electrode,
in which ZnO is the most effective oxide coating. However,
this conclusion is a bit different from the earlier work on
ALD ZnO and Al,O; for LiCoO,, in which the Al,O; coated
LiCoO, delivered better performances than that of ZnO
coated LiCoO,. Sun’s group also compared the different metal
oxides, including Al,O3, TiO,, and ZrO, as coatings for LiCoO,
cathodes,'® as shown in Fig. 8(a). From their results, the
Al,O3 coating demonstrated the best cycling stability while
the ZrO, coating contributes to the best rate capability. The
reasons behind the observations can be attributed to multiple
factors, including; (1) Al,O; possesses the highest bandgap
energy (E; = 9.00 eV) and is most effective in suppressing
phase transitions during electrochemical cycling; (2) the
higher electrical conductivity of ZrO, leads to higher rate
performances. One of the consensuses from this area of research
is that ALD Al,O; is the best coating among the different metal
oxides in terms of cycling stability. Moreover, the electrical
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e

"0 BEY
2-760,-C 4 2c-7r0,-D
2-Ti0,-C o 2-TiOy-D

2

8

£

* 2-AL03-C ® 2c-ALOy-D

3 1 3 1
***' 0 20 40 0 80 100 120

Pristine TiO, ZrO, Al,0; Cycle number

Specific Capacity /mAh g~
P
2

é Other ALD/MLD Coatings for Cathodes )

(b) Phosphide-FePO,

View Article Online

Review Article

conductivity of metal oxides affects the rate performances of
the cathode materials.

Phosphates, including FePO, and AIPO,, are another family
of coating material for cathodes, which have also been deposited
by ALD."®*'®” For example, as shown in Fig. 8(b), FePO, was
developed by Sun’s group as a coating for LiNig sMn; 504."*> When
the LiNi, sMn; 50, was coated with 40 cycles of ALD FePO,, the
capacity retention increased up to 100%. Compared to the regular
metal oxides, ALD FePO, can provide both electron/ion diffusion
across the surface. Another candidate material, AIPO,, presented a
much higher thermal resistivity than Al,O3, leading to enhanced
high-temperature electrochemical performances. The DSC pro-
files of the charged pristine high energy NMC (HEMNC), AL, O;-
coated HENMC, and AlPO,-coated HENMC are shown in Fig. 8(c).
The DSC results show that the decomposition temperatures of
pristine high energy NMC (HEMNC), Al,O; coated HENMC, and
AIPO, coated HENMC are 219 °C, 223 °C, and 237 °C, respectively.
The thermal stability improvement induced by the AIPO, coating
can be ascribed to the high thermal stability of phosphate, leading
to better electrochemical performances at high temperatures.

Metal oxide coatings are still limited by their ionic conduc-
tivity and Li-ion transport across the interface of the electrode
particles. In this case, the development of surface coatings with
Li-ion conductivity is necessary and solid-state electrolyte thin
films are the ideal candidates. As shown in Fig. 8(d), Sun et al.
reported for the first time the ALD solid-state electrolyte (SSE)
LiTaO; as a coating for an NMC cathode."®® A 5 nm LiTaO;
coating was proved to be beneficial for preventing transition
metal dissolution into the electrolyte and aided in maintaining
the microstructure of NMC. As a result, the electrochemical
performance of NMC was significantly improved with as low as
5 cycles of LiTaO; coating. Meanwhile, another Li-ion conduc-
tive film, LiAlO,, was also used as a surface modification for
LiCoO, and NCA."®**°! For example, Cui’s group developed a
chemically inert and ionically conductive LiAlO, interfacial
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layer on LiCoO, by ALD. It was found that the LiAlO,-coated
LiCoO, cathode was able to deliver a much higher specific
capacity than that of the Al,O; coating, which can be attributed
to the ionic conductivity of LiAlO,. Moreover, the stability of the
LiAlO,-coated LiCoO, cathode in an extended electrochemical
window of 2.75-4.60 V showed significant improvement com-
pared to the bare LiCoO, cathode, as shown in Fig. 8(e). From
these studies, it has been proven that Li-ion conductive films
fabricated by ALD are more promising as a coating for cathode
materials compared to metal oxide coatings. However, the
currently developed ALD SSE films still present low ionic
conductivity (107°-107° S em™"), which cannot meet the
requirements for fast Li-ion transport across the interface.
Moreover, the relationship between the ionic conductivity
of the coating and the electrochemical performance is still
unclear.

Based on computational simulations, fluoride materials
have the widest electrochemical windows and are especially
favoured for their high potential stability (up to 5 V).'9>'%3
Fluoride chemistry has been widely studied in the ALD com-
munity, for either deposition or etching. Several types of
fluorides, including MgF,, AlF;, and AIW,F, were deposited
as a coating for high-voltage cathode materials, including
LiNigsMn; s0, and LiC00,.***%° AlIF; is the most popular
fluoride ALD coating, which uses TMA as the Al precursor
and another F containing compound (HF, TaF; or hexafluoro-
acetylaceton) as the F precursor. As a result, the cathode
materials coated with ALD fluoride materials delivered remark-
able performances at high voltage. However, the poor ionic
conductivity of metal fluorides such as AlF; has limited their
further improvement. In this case, Cui’s group designed an ALD
LiAlF, process to be applied for high Ni content NMC811.2%°
Compared to other potential coatings such as Li3N, Li,O, LiF,
LiAlO,, and Li;PO,, LiAIF, demonstrates a wider electrochemical
window and ideal chemical stability (Fig. 8(f)). The ionic conduc-
tivity of ALD LiAlF, is around 3.5 & 0.5 x 10" ® S ecm ™', which
is much higher than that of the metal fluoride of LiF and AlF;.
The ALD interfacial layer is chemically and electrochemically
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stable as well as Li-ion conductive, resulting in improved cycling
stability and rate performances of the NMC-811 cathode.

Most ALD coatings are generally amorphous and used as
deposited. The continuous ALD films will shrink and form
island-like structures after high-temperature annealing.*’*
However, recent studies have discovered that post-treatment
of ALD coatings can modify the structures of the cathode
material itself. As shown in Fig. 9(a), a two-step surface modi-
fication method was developed by the Sun’s group to deposit
ALD TiO, on spinel LiNijy;Mn; 0, cathode materials with a
subsequent post-annealing treatment.”*> A TiMn,0,-like spinel
phase was formed resulting from the reaction of TiO, with the
surface LiNijsMn, 50,. The TiMn,O,4-like spinel phase can
combat the impedance growth from continuous irreversible
structural transition and alleviate the electrolyte decomposition
during electrochemical cycling. The electrochemical results
revealed that 25 ALD TiO, cycles appeared to produce the
optimal thickness that yields improved stability, coulombic
efficiency, discharge capacity, and rate capability.

In addition to the degradation of the cathode surface, the
permeation and penetration of liquid electrolytes along the
grain boundaries and cracks in the secondary particles are
another serious issue that worsens the decay of the electro-
chemical performance. In particular, for the Ni-rich NMC
(LiNi,MnyCo, _,_,0,) cathode, when the Ni content is above
0.8, there is a phase transition that occurs near the end of
charge, causing an abrupt anisotropic shrinkage (or expansion
during discharge), which is similar to LiNiO,. This phase
transition has residual stress that causes internal microcracks
and allows the cracks to propagate to the surface of the cathode
particles, leading to the electrolyte penetration and degradation
of the exposed surfaces.’®® To address this challenge, the
ALD solid-state electrolyte Li;PO, was infused into the grain
boundaries of a Ni-rich NMC cathode material,?** as shown in
Fig. 9(b). 10 nm of Li;PO, was firstly deposited on the surface of
Ni-rich NMC by ALD. After annealing at 600 °C for two hours in
the air, the Li;PO, was successfully infused along the grain
boundaries of the secondary particles. The infused solid-state

Fig. 9 Function of ALD films more than coating. (a) Multisite Ti occupation by ALD TiO,; (b) tailoring grain boundaries with ALD LizPOy; (c) dual functions

of grain boundary engineering and surface coating.
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electrolyte within the grain boundaries played several roles
in improving the electrochemical performances, including;
(1) providing fast channels for Li-ion transport; (2) preventing
the penetration of the liquid electrolyte into the boundaries;
(3) eliminating intergranular cracking and layered-to-spinel
phase transformation. The capacity retention and voltage
stability of the cathode were significantly improved with this
grain boundary modification. However, after thermal infusion,
the ALD LizPO, almost completely disappeared from the surface
of the NMC particles, resulting in exposure of the particle surface
to the electrolyte. With this in mind, based on the Li;PO, infused
NMC cathode, another layer of ALD Li;PO, was further deposited
on the exterior surface.”®> With the dual functional grain
boundary engineering and surface coating, superior cycling
stability was achieved even with high voltage cut-offs (91%
retention after 200 cycles at 2.7-4.7 V), as shown in Fig. 9(c).

Until recently, MLD coatings have rarely been reported as
coatings for cathode materials. The major concern is the high
voltage stability of the organic components in the MLD films.
However, it is still interesting to explore the application of MLD
coatings for cathode materials due to the unique properties of
MLD, such as high flexibility. To extend the applicability of
MLD-type coatings, new polymers with good electronic or ionic
conductivity and high voltage stability should be developed for
cathode applications. Moreover, the films derived from MLD
are another possibility for cathodes. For example, a uniform
carbon-Al,0; composite coating was deposited on NMC-622 by
the pyrolysis of MLD alucone under argon.>’® The C-Al,O;
coated NCM-622 exhibited enhanced electrochemical perfor-
mances with higher reversible capacity, better rate capability,
and stability. In the MLD-derived composite coating, the Al,O3
plays a role in suppressing the undesirable side reactions and
stabilizing the layered structure, and the conductive carbon in
the composite enhances the transport of electrons.

In this section, we have summarized the application of ALD/
MLD films in addressing the interfacial issues for different
cathode materials. (1) ALD Al,O; is the most popular coating
for cathode materials and has been widely studied over the past
ten years. The electrochemical performances are effectively
enhanced with ultrathin Al,O; coatings. Furthermore, the
mechanism and interface evolution have been deeply under-
stood using advanced characterization techniques. In addition,
other metal oxides have also been deposited on cathode mate-
rials, and among them, ALD Al,O; is generally considered as
the best coating in terms of electrochemical performance.
(2) Solid-state electrolytes have been deposited by ALD as coatings
for cathode materials, such as LizPO, and LiAlO,. Compared to
the metal oxides, even with thicker layers, solid-state electrolyte
coatings enable better Li-ion conduction across the interface
and enhanced performance. (3) Other ALD materials, including
phosphates and fluorides are developed to modify the interface.
On one hand, the metal phosphates present higher thermal
resistivity, which is beneficial for high-temperature applications.
On the other hand, the metal fluoride demonstrates a wide
electrochemical window for high voltage cathode materials.
(4) Beyond surface modification, ALD films are further designed
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to tailor the structure of the cathode, such as preventing phase
transition and engineering grain boundary.

The general requirements of the coatings for cathode materials
are discussed above, including controllable thickness, uniformity
and conformity. These requirements can be achieved with
ALD/MLD techniques; however, there are extra requirements
for the application of ALD materials as coating layers. (1) A wide
electrochemical window. The ALD coatings for cathodes are
required to be electrochemically stable at high potential,
preventing the decomposition of the liquid electrolyte.
(2) Chemically stable with a cathode and an electrolyte. The
ALD coatings on the cathode are required to be stable when
deposited on the cathode and in contact with liquid electrolytes.
(3) High Li-ion conductivity. The fast Li-ion transport across the
interface leads to low resistance and better rate performances.
A thicker coating also can be realized with high Li-ion conductivity.
(4) Good mechanical properties. The mechanical properties are also
critical for maintaining the structure and volume expansion of the
materials, which should be considered for the coating design.>*”

2.1.1.3 ALD/MLD for anode/electrolyte interface engineering.
The SEI layer on the anode materials is formed due to the
decomposition of the electrolyte at the low electrochemical
potential. The SEI continuously grows in these electron/
electrolyte-participated reactions and the thickness of the SEI
layer is not homogeneous with dual-layer structure and various
components. The generally recognized description of the SEI
structure is the mosaic model, in which the layer close to the
anode surface contains species of low oxidation states of Li,O,
LisN, LiF, LiOH, and Li,CO;. The outer layer near the surface
consists of high oxidation state species such as ROCO,Li, ROLI,
and RCOO,Li, which is related to the solvent decomposition
process. It is widely regarded that the properties of the SEI layer
are the key factor determining the electrochemical perfor-
mances of the anode materials. Graphite is a commercialized
anode material that is widely used for its low electrochemical
potential, minimal volume change, and low cost. The solid
electrolyte interphase (SEI) layer related to the side reactions
between the anode materials and electrolyte is one of the key
factors determining the overall electrochemical performance of
the battery. Lee’s group was the first to report ALD Al,O; as a
coating for graphite,”® as shown in Fig. 10(a). Graphite with an
ALD Al,O; coating on both the powder and electrodes was
compared at an increased temperature of 50 °C for charge-
discharge cycling. The decomposition of the SEI at increased
temperature is exothermic and considered to initiate thermal
runaway. The electrochemical data indicated that the Al,O3
coating on graphite electrodes presented much better cycling
performance than that of Al,O; coating directly on the powders.
The mechanism is explained in the schematic diagram in
Fig. 10(a). When depositing Al,O; on the powders, the graphite
and current collector were isolated by the insulating Al,O; film
and the electrical conductivity was disrupted. Moreover,
ALD Al,0; coated directly on the electrode enables electrical
pathways between interconnected particles, which is necessary
for electronic conductivity. Another interesting work
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demonstrated the application of ALD Al,O; coatings on both
LiCo0, and graphite for full cells,?*® as shown in Fig. 7(f). It was
observed that the full cell with coating on both the cathode and
anode delivered better electrochemical performance compared to
that of the bare electrodes and coating on an individual electrode.
ALD and MLD coatings on other carbon anode materials, such as
carbon nanotubes and carbon fibres, have also been reported to
improve electrochemical performance.?**22

Sn-Based materials, including tin oxides, tin sulfides, and
stannates, are attractive anode materials for LIBs with high
theoretical capacity and improved safety.”'*>>'> However, the
large volume fluctuation of Sn-based materials is the biggest
challenge limiting their further application.*’® The volume
change during electrochemical cycling causes the continuous
consumption of electrolyte and accumulation of a thick SEI
layer, leading to the performance degradation of Sn-based
materials. To address these issues, Sun’s group demonstrated
ALD Al,O; coating on SnO, based anodes®"” (Fig. 10(b)). It was
found that the particle sizes of the SnO, electrodes affected the

3902 | Chem. Soc. Rev., 2021, 50, 3889-3956

volume change of the electrodes, resulting in the need for Al,O;
coating layers with optimized thickness. The well-defined ALD
Al,Oj3 layer can (1) relieve the volume expansion and mechan-
ical failure; (2) act as an artificial interface to block the
undesirable reactions and decomposition of the electrolyte,
resulting in significantly enhanced cycling stability. Further-
more, other ALD films, such as HfO, and TiO, have also been
deposited as protective coatings for Sn-based anodes, including
Sn, SnO,, and SnS,.>'®2* Nevertheless, it has been proven
difficult for thin ALD coatings to accommodate the large
volume fluctuation of Sn-based anodes. Fan’s group designed
a hollow wire-in-tube structure of SnO,@TiO, on a carbon cloth
with a high mass loading by ALD.*** This hollow SnO,@TiO,
structure presented radically improved rate capability and
cycling stability compared to both bare SnO, nanowires and
solid electrodes. This study extends the application of ALD for
anodes beyond surface coating to nanostructure engineering.
Other kinds of anode materials, including Li,TisO:,, M0O3,
MnO,, NiCo,0,, Fe,03;, and Fe;0,, etc., have also been studied
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as ALD coatings designed to improve the electrochemical
properties of anode materials.***>?®

Si is an excellent alternative for graphite due to its high
theoretical capacity of 4200 mA h g™, low discharge potential
(~0.2 to 0.3 V vs. Li/Li"), natural abundance, low cost and
environmental friendliness.”**>** Si and its composites have
attracted enormous attention in recent years for industrial
applications. However, the alloying process of Si anodes leads
to a large volume expansion (~400% ) during cycling, low ionic
conductivity, and unstable SEL.>** Similar to other anode mate-
rials, the SEI is a critical factor for Si-based electrodes, and
ALD/MLD displays great potential to stabilize the interface.
Huang’s group first reported ALD Al,O; on patterned amor-
phous Si anodes for LIBs.>**> As shown in Fig. 10(c), 20 cycles
ALD alumina-coated Si electrodes presented excellent cycling
performance with an initial charge capacity of 1125 mA h g™*
and a retained capacity of 1100 mA h g~ " after 100 cycles. From
the SEM images after cycling, cracks are observed on the bare Si
columns. Remarkably, with the conformal ALD Al,O; coating,
the small cracks and pinholes of Si were reduced, resulting in
high coulombic efficiency and good cycling performance. The
reduced cracking with ALD Al,O;-coated Si was also investi-
gated by in situ atomic force microscopy (AFM) in detail.**®
It has been proven through first-principles investigations that
the intrinsic ionic conductivity of ALD Al,Os is very low, but the
Li diffusion energy barrier becomes lower as lithiation proceeds
and LiAlO, is formed.””” To further improve the electro-
chemical performance, Hwang’s group proposed multiple
approaches combining the ALD technique with a vinylene
carbonate (VC) electrolyte additive.**® With the combination
of these strategies, the stability of the Si anode was significantly
improved due to the formation of a more stable SEI. Moreover,
other ALD coatings, such as TiN, TiO,, and ZnO, were used for
Si anodes and led to improved performances.***>** Mitlin’s
group provided a detailed comparison between Al,Os, TiN, and
TiO, coatings on the inner, the outer, or both surfaces of hollow
Si nanotubes.>®®> Optimal performance was achieved for Si
nanotubes with ALD TiO, on both sides, enabling a capacity
retention of 1700 mA h g~ " after 200 cycles at 0.2C, which is
significantly improved compared to the bare Si nanotubes. The
TiO, layer, which consists of amorphous TiO, and cubic LiTiO,,
displayed both high ionic and electronic conductivity leading to
fast lithiation kinetics. However, ALD films with only high
electronic (TiN) or only ionic (Al,03) conductivity are not nearly
as effective.>”

In contrast to ALD materials, MLD layers have become more
attractive as coatings for Si anodes. The MLD films, including
organic-inorganic hybrid layers and polymer layers, are con-
sidered to be more mechanically robust and highly flexible,
which is beneficial for relieving the large volume change in
the Si anode during lithiation and delithiation.>*® Ban’s group
first applied MLD alucone for Si nanoparticles, using TMA
and glycerol (C3Hs(OH);) forming the Al-GL hybrid films
(Fig. 10(d)).>®” The AI-GL coating on the Si anode provided
significant improvement in cycling stability, rate, and CE.
It was concluded that the AI-GL layers maintained a
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mechanically robust, resilient, and highly conductive network
for the Si electrodes, and are stable against liquid electrolyte,
allowing for long and stable cycle life. To understand the
influence of MLD alucone coatings on the performances of Si
nanoparticles, in situ TEM analysis was carried out on both
uncoated and alucone-coated Si nanoparticles, as shown in
Fig. 10(e).>*®**>° The MLD alucone coating on Si nanoparticles
can reduce the formation of Li,O, resulting in fast and highly
reversible lithiation kinetics. It was also clarified that the
alucone coating possesses good mechanical flexibility and fast Li"
conductivity.”>® Furthermore, the DFT calculations by Ma et al.
revealed that the alucone film is electronically and ionically
conductive after saturation with Li atoms, which is in agreement
with the observed morphology and electrochemical analysis.*®°
Rather than
alucone with glycerol linkers, another type of MLD alucone
(Al-dioxybenzene, Al-HQ) was developed using TMA and hydro-
quinone as precursors (Fig. 10(f)).>** During the MLD deposi-
tion and subsequent treatment, a longitudinal crosslinking
reaction occurred between the aluminum-dioxybenzene chains.
The 3D cross-linked network led to improved conductivity and
mechanical properties. High flexibility of the AI-HQ coating
enabled the accommodation of volume expansion and main-
tenance of the mechanical integrity of the Si electrodes, resulting
in excellent cycling performance and high rate capability with a
reversible capacity of over 1500 mA h g~ " after 200 cycles. More
recently, Ban’s group further developed a nanoscale polyamide
coating by MLD on a Si anode with excellent electrochemical
performance.>>

In this section, we discuss the typical examples of ALD/MLD
coatings for anode materials in LIBs, such as graphite, Sn-based
materials, and Si anodes. The roles of ALD/MLD coatings are
summarized as (1) forming a stable artificial SEI to prevent
the side reactions between anodes and liquid electrolytes.
(2) Relieving the volume change of alloy-based anodes (Sn
and Si). ALD Al,O; is the most popular and widely developed
coating for different anodes. However, due to the volume
change of most anode materials, coatings with better mechan-
ical properties are highly desired. In this case, MLD coatings
with high flexibility are more promising as protective layers for
anode materials, especially for Si anodes.

There is still significant room for exploring the engineering
of electrode interfaces by ALD/MLD. Firstly, better mechanical
properties, including flexibility and stiffness, are among the
major requirements for accommodating the large volume
changes. Secondly, both ionic and electronic conductivity are
required to provide pathways for Li-ions and electrons across
the surface of the electrodes. Thirdly, the chemical and electro-
chemical stabilities towards liquid electrolytes are the most
basic requirements for a high-performance ALD/MLD coating.

2.1.1.4 ALD/MLD for 2D/3D micro-batteries. Additionally, as
unique thin film deposition techniques, ALD/MLD are consi-
dered as promising approaches for the fabrication of thin-film
batteries and 3D micro-batteries.>***® It is possible to deposit
uniform electrodes and electrolytes on 2D flexible substrates
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(such as polymers) and more complex 3D substrates with these
techniques.

A thin film solid-state battery (SSB) was demonstrated by
Stewart et al., in which the tin oxynitride was deposited by ALD
using tetrakisdimethylamido(tin), H,O, and N, plasma as
precursors.’®* LiPON was deposited by ALD as SSEs and Li
was deposited by e-beam evaporation. In the thin film SSBs, the
SnN,, anodes demonstrated more stable performances than the
SnO, or SnO,N;, films, which retained 75% of their capacity over
200 cycles compared to only 50% for SnO,. Another example of
thin film SSBs was reported by the same group, in which LiPON
was deposited by ALD as an SSE and LiCoO, and Si were
deposited as the cathode and anode, respectively.

Besides the 2D configuration, the 3D electrodes of hierarchical
CNTs@FePO, architecture were designed by ALD. Compared to
the 2D electrodes, the 3D CNTs@FePO, nanostructure displays
16 and 33 times higher areal capacity Li and Na ion batteries,
which is 64 and 33 pA h ecm™? after 180 cycles, respectively.'"
Lethien’s group reported another 3D electrode design by ALD for
micro-batteries, in which an anatase TiO, negative electrode was
coated on 3D tubes with Li;PO, as an electrolyte.>®® A high surface
capacity of 0.37 mA h cm™> was achieved by this proposed
approach.

Pearse et al. also demonstrated a 3D micro full cell by ALD,
in which all the active battery components including electrodes,
solid electrolyte, and current collectors were deposited by ALD
onto Si wafers with arrays.”*® The 3D micro-battery fabricated by
ALD utilized a prelithiated LiV,Os as a cathode, Li,PO,N as a solid
electrolyte, SnN, as an anode and TiN and Ru as current collectors
with a deposition temperature at or below 250 °C. Remarkably,
the 3D micro-batteries fabricated by ALD exhibit a reversible
capacity of 2.6 uA h em™2 up to 100 cycles. Moreover, by using a
3D substrate with ALD deposition, the areal discharge capacity of
the cell is 9.3 times higher than the integrating planar cells. This
work provided a new opportunity for the realization of long-
sought 3D micro-batteries by ALD techniques.

2.1.2 ALD/MLD for next generation Li batteries

2.1.2.1 ALD/MLD for Li-O, batteries. Li-O, batteries provide
high theoretical energy densities up to 3-5 times larger than
LIBs and have significant potential for application in EVs and
large-scale energy storage systems.>*”>°* However, the develop-
ment of Li-O, batteries has been greatly hindered by the
sluggish oxygen evolution reaction (OER) process during
charge, which is caused by the poor charge conductivity of
the discharge product, Li,O,. In addition, the liquid electrolyte
is decomposed from reactive superoxide species during dis-
charge, and Li,O, suffers from side reactions with the defect
sites on the carbon cathode.?”®*”" A thin layer of Li,CO; could
be created at the interface of Li,O, and carbon, as shown in
reactions (R1) and (R2).

Li,O, + C + 1/20, — Li,CO; (AG = —542.4 kK mol ")  (R1)
2Li,0, + C — Li,0 + Li,CO; (AG = —533.6 k) mol ™)  (R2)

The insulating nature of carbonate species generates high
interfacial resistance, contributing to the large voltage polarization
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272 Hence, surface modification of the

during discharge/charge.
air electrodes is critical to prevent the accumulation of side
products on the carbon surface and tune the formation mecha-
nism of the discharge products. ALD not only enables uniform
surface coating on flat surfaces but can also form thin films on
3D or mesoporous structures, which is ideal for modifying the
air electrode in Li-O, batteries. Amine’s group demonstrated
ALD deposited Al,O; on super P conductive carbon particles
to cover the defect sites, preventing unwanted side reaction of
the electrolyte with the carbon.””® Then Pd nanoparticles were
further coated on the carbon surface by ALD. Pd nanoparticles
created active sites for crystalline Li,O, formation and served
as the catalyst during the Li,O, decomposition (Fig. 11(a)).
Compared to the charge overpotential of the bare carbon-
based cathode (over 1 V), the ALD-coated material shows a much
lower charge potential of 0.2 V. Density functional theory (DFT)
calculations revealed that the Al,O; was inert to TEGDME solvent
and could prevent the dissociation of TEGDME molecules in the
electrolyte.

Detailed studies (Fig. 11(b)) on Pd/Al,0;/C materials with 1,
3 and 10 ALD cycles of Pd catalysts revealed the role of ALD
in relation to the electrochemical performance of Li-O,
batteries.””* ALD enabled the formation of Pd nanoparticles
in the range of 2-8 nm with uniform dispersion on the carbon
substrate. Although with high charge overpotential, the
Pd/Al,O5/C electrode with 3 ALD cycles delivers a high capacity
of 6600 mA h g, suggesting that the full coverage of the
carbon defects may prevent the decomposition of the electrolyte.
For the case of the electrode with 10 ALD cycles, the cell shows a
low charge overpotential of 3.3 V, which is probably due to
improved electronic conductivity and more crystallization sites
created by the Pd nanoparticles on the electrode surface. Similar
nano-architecture by ALD could also be expanded to other cata-
lysts such as Pd/ZnO/C.>” The catalyst further lowered the charge
potential to 3.0 V, supporting the synergic effect of ZnO and Pd
nanoparticles. Subsequently, other ALD metal oxides, including
TiO,, In,03, Fe,03, and ZnO, were deposited either on carbon
electrodes or catalysts to prevent the corrosion and side reactions
between air electrodes and electrolyte.””*>*" The electrode archi-
tecture achieved by ALD opened a new door for the prevention of
side reactions and guided the new design of functional catalysts
in Li-O, batteries.

The defect sites on the carbon could react with Li,O,
compromising the electrochemical performance, which is
difficult to rule out when focusing on fundamental studies.
We employed ALD to cover the surface defect sites and silver
clusters are further loaded to probe the different scenarios
during the discharge process in Li-O, batteries.*®* Silver clusters
with different sizes (3, 9, and 15 atoms) were deposited on ALD-
modified carbon by the magnetron sputtering method.>*2¢
It was found that the morphology of the discharge products
has a high dependency on the cluster size, and the Li,O,
formation is through a solution-mediated process (Fig. 11(c)).
DFT results supported that superoxide species had a weaker
bonding to Ag;s clusters and thus LiO, reached a supersaturated
solution, growing on the nucleation sites as LiO, containing
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product and leading to the low charge overpotential. The form
of LiO, was proved to be present in Li-O, cells and showed
fast kinetics during charge.”*®” Meanwhile, in Ag; and Ag, based
electrodes, LiO, underwent a disproportionation reaction to form
Li,O, in the electrolyte and then deposited on the electrode
surface, resulting in high charge potential in galvanostatic mode.
Another effective catalyst deposited by ALD for air electrodes for
Li-O, batteries is Ru or RuO, nanoparticles.”®” Wang’s group
reported the selective deposition of Ru onto the b planes of TiSi,
nanonets by ALD as a catalyst for Li-O, batteries.”®® The selective
deposition was a result of different interface energetics proven by
DFT calculations. As a result, extensive cyclability (>100 cycles)
with confirmed Li,O, formation and decomposition was
obtained. Furthermore, Sun and his group further designed a
3D nanostructure using a conductive and porous matrix of
Mn;0, nanowire and carbon nanotube composite film as sub-
strates. Then, the ALD RuO, nanoparticles with an extremely low
loading (just 2.84 wt%) were uniformly deposited on the matrix to
form the composite electrode.”®® The Mn;0,/CNTs-RuO, elec-
trode delivered a high specific capacity, improved round-trip
energy efficiency, and ultra-long cycle life.

In this section, the recent results of the application of ALD
for Li-O, batteries have been summarized and discussed.
Several critical challenges for Li-O, batteries were effectively
addressed by ALD. Firstly, catalysis was widely used to decrease
the overpotential for the oxygen reduction reaction (ORR) and
oxygen evolution reaction (OER). ALD is an ideal coating
technique for catalysts in Li-O, batteries, especially for noble
metals such as Pd and Ru. Secondly, the corrosion and side
reaction between the carbon electrodes and electrolyte is one of
the major issues limiting the performance of Li-O, batteries.
Benefitting from the uniform coverage of ALD, thin metal
oxides were used to protect the carbon electrode and catalysis
with significantly improved cycling stability.

2.1.2.2 ALD/MLD for Li-S batteries. Li-S batteries are highly

sought after for their high theoretical energy density of
2600 W h ¢! and the wide abundance of elemental sulfur.

This journal is © The Royal Society of Chemistry 2021

However, several problems have plagued the development of
Li-S batteries including poor electrical conductivity of sulfur,
side reactions of electrode materials with electrolyte, Li den-
drite formation, and dissolution of polysulfide species, leading
to rapid capacity fading. ALD/MLD are promising techniques
that have been shown to eliminate many of these issues
through various mechanisms. For example, there have been
several studies using ALD/MLD modified cathodes to prevent
polysulfide dissolution.>®*°” Other cases have used ALD to
modify the separator and trap dissolved polysulfides.**® More
recently, ALD has been applied to Li metal anodes to further
prevent side reactions and extend the cycling lifetime of Li-S
batteries significantly, which will be discussed in detail in the
following section. As a result, ALD/MLD are promising coating
techniques for addressing the issues of Li-S battery systems.

As one of the earliest examples of ALD for S cathodes,
Elam et al. utilized low-temperature ALD of Al,O; on Sg cathodes
at 50 °C to improve the electrochemical performance of Li-S
batteries (Fig. 12(a)).>®” The low-temperature ALD process sup-
pressed the sublimation of S, which is important for retaining the
electrode capacity. Moreover, depending on the number of ALD
cycles, different morphologies ranging from Al,O; nanoparticles
to thin films can be obtained. The mechanism of improved
performance is postulated to differ depending on the morpho-
logy of the ALD coating. For ALD Al,O; nanoparticles, it is
believed that they adsorb polysulfides, effectively eliminating
the shuttling effect and improving coulombic efficiency. In contrast,
ALD Al,O; thin films on the S cathode act as a physical barrier to
prevent the dissolution of polysulfides into the electrolyte.

As one of the primary roles of ALD coatings for Li-S
batteries, many materials have been used to adsorb polysulfide
species. Pint et al. recently used an ALD process for V,05 on
CNTs to anchor polysulfides and achieve long cycle life.>*> After
optimization of the ALD coating thickness, a balance between
polysulfide anchoring and high S confinement within the CNT
channels was achieved, leading to Li-S batteries with 73%
capacity retention after 450 cycles (Fig. 12(b)). Several other
ALD materials have been explored for applications in Li-S
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batteries, such as MgO and ZnO, as exemplified by Shi et al.>*?
They developed a reduced graphene oxide (rGO)-sulfur compo-
site aerogel which was modified by ALD ZnO or MgO as an
electrode for Li-S batteries (Fig. 12(c)). While batteries with
both ALD coatings had enhanced electrochemical performance
relative to the uncoated electrodes, it was found that ZnO
was more effective than MgO. The authors carried out DFT
calculations which revealed that ZnO has a significantly higher
binding energy towards Li-S* radical species (5.40 eV) com-
pared to MgO (1.22 eV). Because of this, it is believed that ALD
ZnO is more effective in inhibiting polysulfide shuttling. The
ZnO-modified electrode could achieve a discharge capacity of
998 mA h g~ " at a current density of 0.2C with minimal capacity
fading after 100 cycles.

ALD has proven to be a powerful tool for application in Li-S
batteries. The wide range of ALD chemistries can be applied on
either the anode, separator, or cathode to directly enhance
electrochemical performance. While multiple ALD coatings
have been shown to interact with polysulfide species, there is
still relatively little work studying the effects of different metal
centers or how they may affect the interconversion of S species
during electrochemical cycling. Nevertheless, ALD chemistries
often need reaction temperatures greater than 100 °C, which
may cause S sublimation and reduce the capacity of electrodes.
In this case, MLD coatings with lower deposition temperatures
may prove vital for future improvements.

MLD has recently been shown to be advantageous for
applications in Li-S batteries. Traditionally, Li-S batteries have
been cycled in ether electrolytes due to the reversible trans-
formation between elemental S and Li,S species through

3906 | Chem. Soc. Rev, 2021, 50, 3889-3956

polysulfide intermediates. Nevertheless, ether electrolytes have
narrow electrochemical stability windows and have low flash
points which cause severe safety concerns. In an ideal scenario,
Li-S batteries may be better suited for carbonate electrolyte
systems due to their better thermal stability. However, conven-
tional Li-S batteries are unable to operate in carbonate electro-
Iytes due to the irreversible side reactions between polysulfide
intermediates and carbonate solvents.

Recently, Sun et al. discovered that MLD alucone coatings on
carbon-S cathode composites can enable stable electrochemical
?9 The alucone coating
serves multiple functions including acting as a protective barrier

cycling of Li-S cells in carbonate systems.

against side reactions and plays a role in the interconversion of
S species. In a typical Li-S battery with ether electrolyte, two
cathodic reactions occur at around 2.3 V and 2.1 V during the
lithiation of sulfur corresponding to the reduction of cyclo-Sg
to long-chain polysulfides and short-chain sulfide species,
respectively (Fig. 13(a)). In comparison, the pristine carbon-S
cathode in a carbonate electrolyte exhibits a broad CV peak at
2.5 V that is irreversible in subsequent cycles, which can
be attributed to the formation of long-chain polysulfides.
However, upon applying as little as 10 cycles of MLD alucone
on the carbon-S cathode, the Li-S batteries show reversible
cycling of S species, albeit with electrochemical activity at
different potentials compared to traditional Li-S voltages,
suggesting an alternative reaction route. The Li-S cells were
shown to not only cycle better with alucone coated cathodes in
carbonate electrolyte at increased temperatures, but also the
cells actually performed better than that with conventional
ether electrolytes. This work highlighted the ability of MLD to

This journal is © The Royal Society of Chemistry 2021
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enable Li-S batteries with longer life in new types of electrolyte
systems, which is important for their commercialization.

Shortly after, Sun’s group further revealed the working
mechanism of alucone coated S in Li-S batteries by in operando
XANES studies.”®® S K-edge XANES of Li-S batteries with
alucone-coated S cathodes revealed different reaction mechanisms
found in ether versus carbonate electrolyte systems (Fig. 13(b)).
In conventional ether electrolytes, the alucone coating does not
affect the interconversion of S intermediates, following the tradi-
tional reaction scheme. However, in a carbonate electrolyte, the
in operando S K-edge XANES reveals that the MLD coating enables
cyclo-Sg molecules to be directly reduced to Li,S in a solid-phase
reaction without the formation of polysulfide intermediates.
Moreover, high-performance Li-S pouch cells were fabricated
with MLD-coated S cathodes in carbonate electrolyte for the
first time. A first discharge capacity of over 1100 mA h g ' ata
0.05C rate was achieved, resulting in an energy density at the
cell level of over 200 W h kg™ *. This work provided important
information on the reaction mechanisms of Li-S batteries in
carbonate electrolytes and the role of MLD alucone coatings in
achieving high electrochemical performances.

It is expected that new MLD coatings may provide alternative
reaction chemistries for Li-S batteries and more work in the
future should be focused on studying the effects of different
MLD thin films and their interactions with S cathodes.

This journal is © The Royal Society of Chemistry 2021

2.1.2.3 ALD/MLD for solid-state Li batteries. All-solid-state Li
batteries (ASSLBs) based on solid-state electrolytes (SSEs) have
attracted significant attention recently due to their capability of
achieving high energy density and improved safety compared to
liquid-based electrolyte systems. One of the major components
of SSBs is the solid-state electrolyte (SSE), which requires a wide
voltage stability window and good ionic conductivity. Until
now, several types of SSEs, including oxide, sulfide, halide,
and polymer electrolytes, have been developed to replace the
flammable liquid electrolyte in conventional batteries.***%3
The organic polymer-based SSE poly(ethylene oxide) (PEO) is
one of the earliest developed SSEs for SSBs. However, the ionic
conductivity of polymer SSEs at room temperature is generally
in the range of 107°-107° S em ™", which is still far away from
practical applications. An ionic conductivity of over 10™* S cm ™"
can be achieved at high operation temperatures (65-80 °C). For
the oxide SSEs such as perovskite (LizzLags6TiO3), NASICON
(LiTiy(PO,)3), and garnet (Li;LazZr,0,,), the ionic conductivities
at room-temperature are around 10 °~10"% S em™ . The sulfide-
based SSEs possess the highest ionic conductivity of 10> S cm™*
(Li;oGeP,S;,) among all different types of SSEs. Although signifi-
cant progress has been achieved for the development of high ionic
conductive SSEs, the fabrication of thin film SSEs at the nanoscale
is also important for thin film batteries, 3D micro-batteries and
interface engineering of electrode materials. In the past few years,
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various thin films SSEs, such as Li;PO,, LiTaO3, LiNbOj;, LiSiO,,
Li;La;Zr,0y,, and LiPON, have been fabricated by ALD,>%"307309
However, the ionic conductivities of the developed ALD SSEs are
around 10 %-107° S cm ™, which cannot be directly used as SSEs
for SSBs. Moreover, these ALD SSEs are generally amorphous and
the high-temperature post-annealing can cause shrinkage of the
films, resulting in island-like structures. A recent achievement
from Dasgupta’s group reported an amorphous lithium borate-
carbonate (LBCO) film which can be prepared by ALD, yielding
the highest Li-ion conductivity (2.2 x 107° S em™' at room
temperature) among all previously reported ALD-prepared Li-ion
conductive compounds.*'® Although it is difficult for the ALD
LBCO films to be directly used as SSEs for SSBs, they are still
promising as an interface modification between SSEs and cath-
ode/anode electrodes.

One of the most inhibiting factors of ASSLBs is the side
reaction between anode/cathode and the SSE. Surface modifi-
cation of the interface with ALD/MLD techniques has been
demonstrated as a promising strategy that can alleviate specific
problems associated with parasitic side reactions. On the anode
side, the direct use of Li metal in the ASSLBs has problems
associated with poor contact, uncontrollable side reactions and
the formation of Li dendrites. Hu et al.*'* coated ALD-Al,O; on
a garnet electrolyte (Li;La, ;5Cag.25Z11.75Nbg 25015, LLCZN) to
increase the interfacial contact and reduce the interfacial
impedance from 1710 Q em™> to 1 Q cm ™ (Fig. 14(a)). The intimate
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contact is derived from the high binding energy of Li with lithiated
ALO;. In addition, the ultrathin lithiated Al,O; can provide con-
ductive Li" ion pathways and prevent the garnet decomposition.
Sun et al. compared the ALD-AL,O; coating process on the Li
metal anode and the NASICON-type LATP [Li; 3AlysTi; ;
(PO4);].*"* These results showed that the ALD coating on the
electrolyte enables a much more stable Li/LATP interface. Both
Li penetration and Ti reduction are prevented by the dense
ALD-AL,O; coating (Fig. 14(b)). Apart from improving the inter-
facial stability of Li/oxide-based SSEs by coating ALD-AlL,O3,
MLD-prepared inorganic-organic coating (alucone) has been
developed as well to alleviate the interface problem between Li
metal and Li;,SnP,S,, sulfide-based SSEs®"* (Fig. 14(c)). An alucone
interlayer, as an artificial SEI, significantly suppresses the side
reactions by blocking electron transfer. Very recently, Dasgupta et al.
used a suite of operando microscopy and spectroscopy techni-
ques to study the impact of the ALD-AL,O; on the electro-chemo-
mechanical degradation of Li;,GeP,S;, (LGPS) sulfide electrolytes
(Fig. 14(d)). This ALD-AL,O; interlayer was confirmed to delay
degradation of the Li/LGPS interface by modifying the interphase
chemistry and morphology.>'*

On the cathode side, the interfacial problem mainly exists
between oxide cathode materials and sulfide-based SSEs. Due to
the different affinities of Li* ions towards oxides and sulfides,
the space charge effect is one of the main obstacles that
renders poor cycling stability. Moreover, the variable-valence-state
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Fig. 14 ALD for improved anode interface in SSBs: (a) ALD Al,Os for LLZO and Li metal; (b) ALD Al,Os for LATP and Li metal; (c) MLD alucone for LSPS
and Li metal; (d) using operando microscopy and XPS to study the impact of the ALD-Al,O3 on the electro-chemo-mechanical degradation of LGPS.
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transition metal elements in the cathode materials are reactive
with sulfide electrolytes. It is recognized that the development of
Li-ion conductive and chemically/electrochemically inactive
cathode coating materials is essential. Lee’s group demonstrated
that ALD-Al,O; layers coated on LiCoO, (LCO) cathode materials
can effectively prolong the cycle life of the ASSLBs.>'> High-
resolution TEM and EELS aided in observing that the ALD-Al, O3
layer can reduce the thickness of the formed interface. The
interdiffusion of elements from LCO cathode materials and
Lis 15G€0.15P0.8554 SSEs is also inhibited, as shown in Fig. 15(a).
Sun et al. further demonstrated ALD processes for amorphous
and Li-ion conductive LiNbO, (LNO), LiPO, (LPO), and LiZrO,
(LZO) coating layers on LCO and NMC cathode materials.*'®™
In situ XANES results imply that the LNO shell can suppress the
interfacial reactions between LCO and Li;,GeP,S;, during the
charging and discharging processes (Fig. 15(b)), and a similar
functionality was also verified for the LPO-coated and LZO-
coated cathode materials. It should be noted that ALD processes
(i.e. sub-cycles and deposition temperatures) can be easily tuned
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to fabricate conformal cathode coating layers with different ionic
conductivities, which is demonstrated in the LZO coating by
Zhao et al. (Fig. 15(c)). In addition to the binary and ternary
coating materials, the amorphous ALD-LBCO (including Li, B, C,
and O elements) layer was verified to work well in a thin film
battery, which shows a very promising ionic conductivity of 2.2 x
10°° S em ™' at 25 °C (Fig. 15(d)).**® Therefore, ALD-LBCO is
anticipated to be an ideal protection layer when applied to
cathode materials for ASSLBs. In addition to the ionic conductivity
of the interfacial layer, the electronic conductivity is also an
important factor that can determine the battery performance.
Recently, Deng et al. employed MLD to prepare poly(3,4-ethylene-
dioxythiophene) (PEDOT) as a semiconducting additive for cathode
composites in the sulfide-based solid-state batteries®'? (Fig. 15(e)).
The MLD-PEDOT modification not only significantly suppresses
the side reactions but also realizes effective electron transfer at the
cathode/SSE/carbon three-phase interface.

SSBs are promising energy storage systems and the future
target for the battery community. However, the development of
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conductivity of the interface.
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SSEs and interfacial issues are the major hurdles that need to
be overcome for practical applications. Meanwhile, the applica-
tion of ALD and MLD for SSBs is still in the early stage. To play a
more important role, new ALD and MLD films with high ionic
conductivity, electronic conductivity, and wide electrochemical
windows need to be developed.

2.1.2.4 ALD/MLD for Li metal anodes. The practical energy
density of present LIBs (~240 W h kg™ ') has nearly approached
its physicochemical energy density limit with only a 7-8%
increase per year.**® With a super high capacity (3860 mA h g™ )
and the lowest electrochemical potential (—3.04 V vs. the standard
hydrogen electrode), Li metal is strongly regarded as the most
promising candidate for next-generation Li metal batteries (LMBs)
beyond traditional LIBs. To date, some fundamental issues
including poor safety and cycling stability still hinder the
practical applications of the Li metal anode. Firstly, the for-
mation of dendrites during electrochemical plating/stripping
can penetrate the separator, triggering the failure of the battery
due to internal short circuits. The risk of thermal runaway and
cell combustion arising from shorting will significantly
increase. Secondly, the formation of unstable SEI components
due to uncontrolled side reactions between Li metal and liquid
electrolyte leads to poor coulombic efficiency. In addition, the
large volume fluctuation of Li during electrochemical cycling
owing to its hostless nature further causes the formation of
“dead” Li deposits and further aggravates parasitic side
reactions.® The stability of the SEI is the most important factor
that needs to be addressed in order to prevent further side
reactions between Li and electrolyte. Nevertheless, naturally-
formed SEI is heterogeneous with respect to composition, ionic
conductivity, and mechanical properties, leading to fracture
upon electrochemical cycling and continuous side reactions
between Li and the electrolyte.**"*>* Therefore, an interphase
design is critical to improving the stability of the SEI and is
considered to be an effective approach to enhance the perfor-
mance of Li metal anodes. The functions of the artificial SEI are
summarized as: (1) a strong physical barrier against dendrite
propagation; (2) preventing the side reactions between Li metal
and the electrolyte; (3) regulating the Li* flux on the surface of
Li metal and uniformizing the Li nucleation and deposition.**?
There have been many studies reporting the construction of
surface coatings on Li as a protective film, including metal
oxides,****?* solid-state electrolytes,”****” and polymers.?***>*°
These ex situ strategies can be realized by various coating
techniques, such as chemical vapor deposition,**® wet chemical
methods,**" and physical vapor deposition.**> Among all of the
coating methods, ALD is believed to be very promising due to
its conformal coverage and accurate control over thickness in
the nanoscale regime.'® Ultra-thin protective films with homo-
geneous composition can be deposited on Li metal, and all the
features achieved by ALD can be beneficial towards meeting the
requirement of an ideal SEI. As an analogue technique to ALD,
MLD is employed for the deposition of polymeric films rather
than inorganic materials by ALD. As previously mentioned,
MLD provides several unique advantages such as tunable

3910 | Chem. Soc. Rev,, 2021, 50, 3889-3956
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electrochemical properties and improved mechanical perfor-
mance while maintaining the advantages of ALD.***

The investigation of ALD metal oxides for Li metal protec-
tion was reported by Noked’s group for the first time.*** In their
work, a ~14 nm thick ALD Al,O; layer was coated on Li by
plasma-enhanced ALD (PEALD) with trimethylaluminum (TMA)
and O, plasma. When tested in Li-S batteries, the ALD-protected
anodes showed improved capacity retention compared to bare Li
for up to 100 cycles (Fig. 16(a)). Moreover, this Al,O; layer can
effectively prevent the corrosion of the Li surface when exposed
to the atmosphere, sulfur, and electrolyte. Following this work,
there have been other studies on the protective effects of ALD
Al,O; for Li. Dasgupta’s group used TMA and H,O as precursors
to deposit an optimized ~2 nm ultrathin Al,O; layer and
investigated the plating/stripping of symmetric Li-Li cells.***
They observed a greatly improved lifetime enabled by the coating
layer and a smooth Li surface after 1000 electrochemical cycles.
This work demonstrated that Li can transport through Al,O;
during the Li plating process, which was confirmed from XPS
results that indicated that Al still remained on the surface after
Li plating. Based on their first work, Noked’s group further
studied the protective effects of ALD coating on Li against
organic electrolyte quantitatively using mass spectrometry and
in situ AFM.**® They confirmed that both electrochemical degra-
dation and solvent corrosion can be efficiently suppressed by
ALD Al,O;. Moreover, Elam’s group investigated the growth
mechanism of ALD Al,O; deposition on Li by in situ quartz
crystal microbalance and found enhanced wettability of the
Li surface towards electrolytes.**® Promisingly, the cycling life
of ALD protected Li was four times longer than bare Li when the
volume of electrolyte was only 5 pL. Furthermore, Cui’s group
applied ALD Al,O; on a 3D hollow carbon host, which can guide
Li deposition inside the hollow carbon spheres and prevent
direct electrolyte contact, resulting in a high coulombic effi-
ciency of 99% over 500 cycles.**” Other than Al,O;, Cho’s group
recently reported a ZrO, encapsulation layer on Li metal by
plasma-thermal activated ALD for the first time, as shown in
Fig. 16(b).>*® This conformal and ionically conductive ZrO, layer
with high-k dielectric properties can suppress side reactions and
stabilize Li metal. The protected Li also exhibited good heat
tolerance up to 170-180 °C due to the high thermal resistance
of ZrO,.

The development of lithium-containing compounds via ALD
is also considered as a promising strategy to stabilize the Li
metal anode. Elam’s group developed an ultrathin and ionically
conducting ALD Li,ALS coating to stabilize the SEI and
decrease the interfacial resistance.**® In this ALD process, a
newly developed coating of Al,S; by tris(dimethylamido)
aluminum(m) and H,S is combined with a reported process
for Li,S by combining lithium tert-butoxide (LiO‘Bu) and H,S
subcycles. The electrochemically deposited Li with LiALS
coating was found to maintain a smooth surface, and the cycle
life of Li-Cu cells was doubled compared to the bare Li. A new
ALD process enabling the deposition of LiF (Fig. 16(c)) directly
on Li was also developed recently by Elam’s group.**® In the
synthesis of ALD LiF, LiO‘Bu and HF/pyridine solution were

This journal is © The Royal Society of Chemistry 2021


https://doi.org/10.1039/d0cs00156b

Published on 01 February 2021. Downloaded by University of Western Ontario on 5/24/2021 8:06:18 PM.

Chem Soc Rev

(a) ALD ALO,

Bare Li-metal

200 m_\

10004 % ALD protected Li anode

8 e00| Bare Li metal anode

Encapsulate Li with ZrO, ALD

. ALD Protection Layer |

MLD Alucone
—_—

4 ALD/MLD for Li Metal Anodes N\

(b) ALD ZrO, s

High C-Rate

I
1
1
I
I HighT°C
I
I
I

High C-Rate

~—— Lithium Metal 1 HighT°C

View Article Online

Review Article

(¢) ALD LiF

“ CoatedLi

L R e

- Broken
o | dondiites

¢ P

g

Bare Li* b

Severe dendrites and dead Li

Smooth and Uniform Li* kinetics
Q00000 Q0

Coulombic, Emaen;:y
@
&

Suppressed dendritic growth

(f) MLLD Zircone

I

I

I

1

I

I

1

[ ,

I\

I .
'E - W = |
'

|

! L S A

loz | g w1 ¢
].O _)""}:5.\’\ & ¥ =
|

1) MLD organic P
2) ALD inorganic ¥
£ - <

Li metal foil -

= SO0MLD/S0ALD/G (2033nm) - 30ALD/G (3.33nm)
- 50ALD/SOMLD/G (20.33nm) ~ 10MLD/G (3.33nm)

Organic layers

ALD inorganic
MLD ic

L E

i metal foil %

Organic layers

0 20 40 60

80 100
Film Deflection (nm) /

Inorganic layers

Fig. 16 ALD/MLD for Li metal anodes: (a) ALD Al,Os; (b) ALD ZrO,; (c) ALD LiF; (d) MLD organic polyurea; (€) MLD hybrid inorganic—organic alucone;
(f) MLD hybrid inorganic—organic zircone; (g) ALD-MLD dual protective layer.

used as precursors for deposition at 150 °C, which is below the
melting point of Li. A high shear modulus of 58 GPa was
detected by nanoindentation measurements, which is higher
than that required to prevent the growth of Li dendrites. Owing
to the high dielectric value and great stability of LiF, the
protected Li showed a stable coulombic efficiency of ~99.5%
for 170 cycles. Furthermore, Cui’s group demonstrated selective
ALD LiF deposited on the defect sites of h-BN films.>*" The
LiF was primarily deposited on the defects of h-BN, thereby
saturating the h-BN crystallites. As a result, the protected
electrodes exhibit excellent cycling stability with more than
300 cycles at relatively high coulombic efficiency in an additive-
free carbonate electrolyte.

To date, polymeric films have been reported as effective
coating materials for Li metal with some interesting and unique
mechanical properties. The fabrication of various MLD nano-
scale coatings on Li has been reported by Elam’s group and
Sun’s group. Different from ALD coatings, MLD coatings have
good flexibility, lower density, and high softness, which can lead
to improved electrochemical performance when using artificial
SEL A type of pure polymeric coating of ‘polyurea’ was reported
to stabilize the SEI by our group for the first time, as shown
in Fig. 16(d).>** Abundant polar groups in this polymer can
redistribute the Li-ion flux and lead to a uniform Li plating/
stripping process. Both XPS and TOF-SIMS results confirmed
that nitrogen remained on the surface after electrochemical
cycling, suggesting that the protective film is mechanically

This journal is © The Royal Society of Chemistry 2021

robust upon electrochemical cycling. As a result, a three-fold
increase in cycle life was achieved in symmetric cells at a current
of 3 mA ecm > and higher capacity retention was obtained in
Li-LFP batteries for 200 cycles. A hybrid inorganic-organic MLD
coating, alucone, has been reported by both Sun’s group and
Elam’s group for use as a protective layer for Li metal anodes
(Fig. 16(e)).>***** With a composition consisting of (-Al-O-CH,-
CH,-O-),, repeating units, alucone is synthesized by the sequen-
tial reactions of TMA and ethylene glycol (EG). Our results
showed that alucone-protected Li had superior electrochemical
performance compared to that of ALD Al,O; coatings.*** The
reason for the improved performance was revealed by RBS
measurements on both electrochemically cycled Al,O; and
alucone coated Li. The results demonstrated that the alucone
coating was more effective than Al,O; in preventing film fracture
under the large volume change during Li plating/stripping.
Elam’s group also found a similar conclusion that alucone
coating can stabilize Li against dendrite growth and minimize
side reactions.*** Their results showed that the protected Li can
yield longer cycle life and 39.5% higher capacity after 140 cycles
in Li-S batteries with a high mass loading of ~5 mg cm 2.
Sun et al. recently reported the fabrication of MLD zircone as a
protective layer on Li metal at 130 °C using zirconium tert-
butoxide and ethylene glycol as precursors, as shown in
Fig. 16(f).>** In situ synchrotron X-ray absorption spectroscopy
was used to study the lithiation process of the zircone thin films.
Promisingly, the zircone-coated Li showed a 10-fold increase in
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cycle life in Li-O, batteries compared to those with unprotected
Li due to its excellent air stability.

The electrical and mechanical properties of MLD thin films
are different compared with their ALD counterparts. When
used as protective coatings on Li, dense ALD films are expected
to block the electron transport and reduce unwanted side
reactions, whereas porous MLD films are expected to better
accommodate the volume changes during plating/stripping
because of their improved flexibility. Recently reported by
Sun et al., a dual protective layer for Li metal anodes was
fabricated by combining ALD and MLD, leading to significantly
enhanced electrochemical performances.**° Inspired by natural
SEI formation, this dual protective layer consisted of organic
alucone as the outer layer and inorganic Al,O; as the inner
layer. The concept and design of the ALD/MLD recipe are
shown in Fig. 16(g). The mechanical properties of the protective
layer were investigated by atomic force microscopy (AFM). The
results showed both high strength and local flexibility, which
are beneficial for suppressing crack formation upon electro-
chemical cycling. Results from SEM demonstrated that dendrite
growth and dead Li formation can be effectively suppressed by the
introduction of a dual-layer. Moreover, surface and interface
analysis by both TOF-SIMS and RBS indicated an excellent robust
feature of the protective layer. This work demonstrates the precise
control over coating thickness and composition enabled by
ALD and MLD techniques, which is difficult to achieve by other
methods.

In this section, we have summarized the application of ALD/
MLD coatings to address the challenges of Li metal anodes. The
reasons for their enhanced electrochemical performances are
mainly: (1) the electronically insulating properties of the coat-
ings can induce Li deposition underneath the films. (2) The
protective layers can serve as a physical barrier to suppress
dendrite growth and/or accommodate volume change. (3) Side
reactions between electrolyte and Li can be suppressed by
coating. Ionic conductivity plays a crucial role in SEI as the
Li-ion transport through the interphase considerably affects the
electrochemical performances.*” However, there are still very
few reports on the fabrication of ALD/MLD coatings with high
ionic conductivity directly on lithium. We strongly believe the
development of new ALD/MLD processes for ionically conduc-
tive coatings on Li is of great importance to realize stable
Li metal anodes for next-generation LMBs.

2.1.3 ALD/MLD for Na batteries and beyond

2.1.3.1 ALD/MLD for Na ion batteries. With the continuous
consumption of resources due to the large demand for Li-ion
batteries, the availability of Li sources has been dramatically
reduced. Thus, it is necessary to develop a new energy storage
system to replace Li-based batteries.>****° Na batteries, including
Na-ion batteries (NIBs) and room temperature Na metal batteries,
are recognized as promising alternatives to Li batteries due to
the lower price and natural abundance of sodium, and similar
intercalation chemistry to lithium.***>>> The electrodes,
including both the cathode and anode, are still the key compo-
nents for high-performance Na batteries. ALD/MLD can be
used for the fabrication of electrodes and engineering of the
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electrode/electrolyte interfaces. Sun et al. were the first to
demonstrate an ALD-fabricated sodium titanate as an anode
for NIBs.>*® As shown in Fig. 17(a), the NaO‘Bu, titanium(v)
isopropoxide (TTIP), and H,O were used as precursors at a
deposition temperature of 200-275 °C. One ALD supercycle
consists of two ALD sub-cycles, which include NaO’Bu-H,O
and TTIP-H,O0. The as-deposited sodium titanate was amorphous,
and crystalline Nay,3TiO, was obtained after a post-annealing
treatment. Carbon nanotubes (CNTs) were used as the substrate
for electrode fabrication. The sodium titanates on CNTs delivered
excellent electrochemical properties as anodes for NIBs with high
energy density, exceptional rate performances and long lifespans.
As shown in Fig. 17(a), the as-deposited amorphous sodium
titanates demonstrated better electrochemical performances with
high capacity compared to the crystalline Na,,;TiO,. Another
work reported nitrogen-doped TiO, on CNTs (N-TiO,/CNTs) fabri-
cated by plasma-enhanced ALD using N, plasma.*** Furthermore,
Rao et al. have grown ultrathin crystalline epitaxial thin films of
MoS, on c-sapphire by ALD.*** The MoS, films showed a high
density of nanowalls and exhibited a high surface to volume ratio.
The cell with the ALD-grown MoS, nanowall network presented
remarkable electrochemical performances in both LIBs and NIBs,
delivering a specific capacity of 667 mAh g " and 1710 mAh g~*
for LIBs and NIBs, respectively.

Similar to their application in LIBs, ALD/MLD techniques
are also used to modify the SEI layer for anode materials in
NIBs. Hu’s group designed a novel hybrid nanostructure
(Fig. 17(b)), consisting of Sn nanoparticles (SnNPs) attached
to carbon nanofibers (CNFs) with another thin layer of ALD
Al,O; for use as an anode in NIBs.**® As shown in Fig. 17(b),
without the ALD coating, the SnNPs detach and fall off from the
underlying CNF substrate after sodiation/desodiation cycles.
In contrast, the ALD Al,O; coating could conduct sodium ions
after forming the Na-Al-O layer, allowing for the uniform
sodiation of the SnNP core. The volume change of SnNP during
cycling was accompanied by a conformal swelling and shrinking
of the Na-Al-O layer. It was verified by in situ TEM that the ALD
Al,O; coating was robust and deformed coherently with the
SnNPs during the sodiation/desodiation process, effectively
limiting the volume changes during cycling. As a result, the
electrochemical stability was improved with the ALD Al,O,
coating. Liu et al further demonstrate the concept using a
composite anode of SnO, nanoparticles on carbon cloth (CC)
with the surface coating layer of ALD Al,0,.>*” Moreover, the
ALD metal oxides of Al,O; and TiO, have also been deposited as
a protective layer for conversion-type anodes such as CuO and
NiC0,0,.%°%%%° For example, Li’s group demonstrated CuO
nanowire electrode arrays grown on 3D Cu foams with ALD
TiO, as protective coatings (as shown in Fig. 17(c)).>** The CuO
nanowire arrays delivered a high specific capacity of 592 mA h g~*
and remarkable cycling performances with a high capacity
retention of 82% over 1000 cycles.

On the cathode side, ALD Al,O; was also used to engineer the
interface for different cathode materials, such as Na,;(Mng s54-
Nig.13C00.13)0z, P2-Na,3Niy;sMn, /30, and NazV,(POy);.>% 3 For
example, our group reported an ALD Al,O;3 coating for P2-type
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Fig. 17 ALD/MLD for Na-ion batteries: (a) ALD fabricated sodium titanate; (b) ALD Al,Os for Sn anode; (c) ALD TiO, for CuO anode; (d) ALD Al,Os for

Naz/3(Mng 54Nig 13C00.13)O>.

Na,/3(Mng 54Nig 13C00.13)0, with an optimized thickness of 2
AL O; cycles, as shown in Fig. 17(d). Thick ALD Al,O; can reduce
the utilization of active materials and increased the charge-
transfer resistance upon cycling.**® The role of ALD metal oxide
coating in NIBs is similar to that of LIBs, which prevents the side
reactions between the cathode and electrolyte, minimizes the
transition metal dissolution, and provides structural stability
against mechanical stresses which occur during the cycling
process.

2.1.3.2 ALD/MLD for Na metal batteries. Room temperature
Na metal batteries (NMBs), including Na-S, Na-Se, and Na-O,
batteries, present higher energy densities compared to tradi-
tional LIBs and NIBs.>**’*"° Sun’s group demonstrated non-
noble ALD Co;0, catalysts on CNTs as an air electrode for
Na-air batteries.*”* As shown in Fig. 18(a), a conformal layer of

This journal is © The Royal Society of Chemistry 2021

Co30, was formed on the CNT substrates by an ALD technique.
In contrast, mechanically mixed CNT/Co3;0, nanocomposites
were prepared for comparison. The ALD deposited Co;0,~CNTs
air electrodes can effectively improve the utilization of the
catalytic centres and orientate the growth of the discharge
products, resulting in an increased capacity and extended
lifespan. Furthermore, we designed another 3D structured air
electrode for Na-O, batteries,’”* in which graphene foam was
used as the substrate and mesoporous Mn;O, with ALD Pd
deposition was decorated on the graphene foam. In this 3D air
electrode, the mesoporous Mn;0, and Pd nanoclusters acted as
ORR and OER catalysts, respectively, resulting in a stable
electrochemical performance for over 100 cycles in Na-O,
batteries.

ALD has also been extended to Na-S and Na-Se battery
applications. As shown in Fig. 18(b), we designed a novel

Chem. Soc. Rev,, 2021, 50, 3889-3956 | 3913
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Fig. 18 ALD/MLD for Na metal batteries: (a) ALD CozO, as a catalyst for Na—air batteries; (b) ALD TiO, for Na—S batteries; (c) MLD alucone for a Na metal anode.

structured cathode material for Na-S batteries.*”> The C/S/
BaTiO; composites were firstly fabricated via electrospinning
and a subsequent annealing process. Then, ALD TiO, was
deposited on the C/S/BaTiO; composites as the protective layer.
With the ALD TiO, coating, the electrode showed enhanced
stability with a discharge capacity of 611 mA h g™ " after 400 cycles.
The ALD coating can effectively adsorb the polysulfides, suppress
the volume changes, reduce the interfacial resistance, and facili-
tate charge transfer and ion transport, resulting in improved
electrochemical performances. Moreover, the ALD Al,Os-coated
(Se/porous N-doped carbon nanofibers)@Se composites were
rationally designed and fabricated as free-standing cathodes for
Na-Se batteries. The ALD coated composite electrode with high Se
loading (67%) delivered the high specific capacity of 503 mAh g™*
after 1000 cycles with almost 100% capacity retention at the
current density of 0.5 A g~'. The major function of the ALD
Al,O; is to serve as an artificial barrier to limit the dissolution
of sodium polyselenides and mitigate the shuttle effects in the
electrolyte.

For room temperature Na metal batteries, the Na metal
anode is another serious challenge that needs to be overcome.
As an alkali metal, the issues of a Na metal anode can be
summarized as (1) Na dendrite growth; (2) unstable SEI and
dead Na layer formation; and (3) infinite volume change.?”**”*
For the individual subcategories of Na metal batteries, there are
other problems specific to the full cell system. For example, the
0O, diffusion to the anode is also a critical issue in Na-O,
batteries.>”® Our previous review has summarized the recent
development of Na metal anodes in detail.>”” ALD/MLD can
play an important role in addressing the interfacial issues. Hu's
group and our group reported ALD Al,O; as a protective
layer for the Na metal anode.?”®?7° The ultrathin Al,O; coating
serves as a stable artificial SEI for Na metal, resulting in
both carbonate-based and ether-based symmetric cells with
enhanced electrochemical performances. Furthermore, our

3914 | Chem. Soc. Rev,, 2021, 50, 3889-3956

group firstly demonstrated MLD alucone coatings for Na
metal.*®® As shown in Fig. 18(c), the MLD alucone presented
strong surface bonding on the surface of Na metal. Fig. 18(c)
also shows the electrochemical performances of the sym-
metrical cells for both Na@25alucone and the pristine Na foil
at 1 mA cm ™ ?/1 mA h em ™2 in the NaPF4-carbonate electrolyte.
From the results, the Na@25alucone presented more stable
plating/stripping performances with reduced dendrite growth
and double the lifetime.

ALD was also used to fabricated SSEs for Na-based SSBs.
Nuwayhid et al. firstly demonstrated a thermal ALD process for
sodium phosphorus oxynitride (NaPON), thin-film SSEs.*®!
In the ALD process, sodium tert-butoxide (NaOzBu) and DEPA
were used as precursors with the deposition temperature at
250-400 °C. The ALD process produced a conformal film with a
stoichiometry of Na,PO;N, corresponding to a sodium polyphos-
phazene structure. The ionic conductivity of the NaPON film was
as highas 1.0 x 1077 Sem ' at 25 °Cand up to 2.5 x 10 °*Sem™*
at 80 °C with an activation energy of 0.53 eV. Their promising result
makes NaPON a viable SSE or passivation layer for Na-based SSBs.

2.1.3.3 ALD/MLD for other batteries. The application of ALD/
MLD has also been extended to other battery systems, such as
Al-ion, K-ion, and Zn-ion batteries.****° For example, Huang’s
group demonstrated uniformly coated ALD amorphous V,05
on CNTs as a cathode for K-ion batteries.*®*® The V,0;@CNT
sponge cathode deposited by ALD exhibits a reversible capacity
of 206 mA h g~' and stable cycling performances in the
carbonate-based electrolyte. Liu et al. utilized ALD Al,O; coating
to modify the solid electrolyte interphase (SEI) on a biomass
carbon anode in K-ion batteries and improve the average CE from
99.0% to 99.6%.>*® ALD protection coatings were also proposed to
be effective for Zn metal anodes, where ALD TiO, and Al,O; was
used as a demonstration.®®” The ALD layer can prevent gas
generation on the Zn metal anode and maintain effective contact

This journal is © The Royal Society of Chemistry 2021
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between the Zn and electrolyte, resulting in enhanced coulombic
efficiency. The protected Zn metal anode can be cycled in the
Zn-MnO, batteries over 1000 cycles with a capacity retention of
85%. Furthermore, ALD was used to deposit nanoscale ZnO on
the current collector as a binder-free cathode for rechargeable
Al-ion batteries.*®® The electrochemical results showed that the
binder-free ALD grown ZnO cathode manifested a high initial
discharge capacity of 2563 mA h g~ ', which was significantly
higher than that of the cells fabricated with the ZnO powder as
the cathode. However, the capacity decay is serious with only
245 mA h g~ ' at a current rate of 400 mA g ' after 50 cycles.
Further efforts are needed to stabilize the cycling stability of this
cathode material for Al-ion batteries.

In this section, the applications of ALD/MLD for Na batteries
and beyond (including Na-ion batteries, Na-metal batteries,
Al-ion batteries, Zn-ion batteries) have been discussed in detail.
The studies on this topic are not as prominent compared to Li
metal batteries, but promising progress has been reported.
Firstly, several types of electrode materials were fabricated by
ALD with controllable structure and thickness. Secondly, the
ALD coating was deposited as a coating for both anode and
cathode electrolytes in different battery systems. On the cathode
side, the ALD layers were used to prevent side reactions and
transition metal dissolution during cycling. On the anode side,
the ALD coating served as a buffer layer to relieve the volume
change and stabilize the SEI layer. In particular, the ALD/MLD
coatings were effective for metal anodes, such as Na metal and Zn
metal anodes. Thirdly, ALD was shown to be capable of fabri-
cating catalysts for the air electrode in Na-O, batteries.

2.2  ALD/MLD for supercapacitors

2.2.1 ALD for electrode fabrication. Supercapacitors are
another important electrochemical energy storage system with
higher power density compared to batteries.**® However, the
energy density of supercapacitors is not as high as traditional
LIBs. This makes supercapacitors suitable for applications that
require short power bursts but not necessarily high energy
density.*®>*%° Another great advantage of supercapacitors is
the extremely long lifetime due to the charge storage mechanism,
which is based on splitting charge at the surface of the electrodes
in an electric double layer without chemical reactions.***%
Moreover, supercapacitors are generally safer than batteries for
high power-rating charging and discharging.>***%

The performance of supercapacitors is highly dependent on
the surface/near-surface reactions on the electrodes, which is
one of the most significant factors for determining the perfor-
mance of the supercapacitor. ALD/MLD has been used to
deposit active materials on different substrates to fabricate
composite electrodes for supercapacitors.>******°* For example,
Yushin’s group fabricated VO,/multi-walled carbon nanotube
(MWCNT) composite electrodes by ALD with controlled thickness
and porosity, greatly improving the electrical conductivity and
cycling stability (Fig. 19(a)).>° The results show that the thin VO,
films on the MWCNTs present higher capacitance, in which the
10 nm thick VO, exhibited the highest capacitance of 1550 F g~ "
at a current density of 1 A g~ . Moreover, the charge-discharge
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tests show stable performance with high capacitance retention
over 5000 cycles. TiO, is also a promising candidate with
impressive capacitance behaviour. However, the low ion diffu-
sion coefficient and high electrical resistance limit its further
application.***% To address these issues, Sun et al. deposit
TiO, on graphene to prepare TiO,-G composites for
supercapacitors.®®” As shown in Fig. 19(b), the surface of the
wrinkled graphene is uniformly covered by TiO, nanoparticles,
in which the particle size is 10 nm after 100 ALD cycles. The
50 cycles-TiO,-G and 100 cycles-TiO,-G composites deliver the
capacity of 75 F g~" and 84 F g~ ' at a scan rate of 10 mV,
respectively. The composite electrode shows good cycling per-
formance up to 1000 cycles at 2 A g~*, as shown in Fig. 19(b).
The composite electrode deposited by ALD possesses excellent
conductivity for charge transfer and open structures for ion
diffusion. Furthermore, their group demonstrated that ALD
TiO, coated on CNTs could lead to a higher capacitance of
135 Fg " at 1 A g~ with excellent stability over >1000 cycles.***
Other transition metal oxides, such as NiO, Co;0,4, Mn;0,, Fe,0;,
WO;, etc.,, were deposited by ALD on different conductive
substrates to fabricate electrodes for supercapacitors.’®™'® For
example, NiO is one of the most popular electrode materials
due to the high theoretical specific capacitance of 2573 F g™/,
environmental friendliness and low cost. Qin’s group applied
the ALD technique to deposit NiO nanoparticles of various
sizes on nanoporous graphene (NG) as the electrode for a
supercapacitor.*® The NiO/NG composite with 500 ALD cycles
presented the best performance with a high specific capacitance
of up to 1005.8 F g~ at current densities of 1 A ¢~'. The ALD
deposited metal oxides with controlled size and uniform coverage
provide short ion diffusion pathways and the conductive substrate
can significantly enhance the conductivity of the metal oxides.
Moreover, noble metal oxides, such as RuO,, are considered as one
of the highest performing pseudocapacitive material candidates.*"
Realized by ALD, a very small amount of RuO, (~9.3 wt% Ru) leads
to a 40% increase in capacitance for the graphene electrodes,*® as
shown in Fig. 19(c). Moreover, the strong chemical bonding
between RuO, and graphene results in excellent cycling stability
with over 92% capacitance retention over 4000 cycles.
Additionally, metal sulfides and metal nitrides have also
been used as electrode materials for supercapacitors.*'* This
was exemplified by Wang’s group, in which a CosSs film was
deposited on a Ni foam electrode.**® The deposition process
used bis(N,N-diisopropylacetamidinato)cobalt(n) and H,S as
the precursors for the ALD CooSg process, as shown in
Fig. 19(d). With 2000 ALD cycles, 54 nm Co,Sg was coated on
the Ni foam to form the CooSg/NF electrode. In the 2 M KOH
aqueous electrolyte, the excellent specific capacitances of 1645,
1616, 1544, 1493, 1378, and 1309 F ¢~ ' can be obtained for the
Co0oSg/NF electrode at the current densities of 3, 6, 12, 15, 30,
and 45 A g~ ', respectively. Furthermore, the prepared electrode
exhibited stable long-term cycling performance with 94%
retention at a current density of 45 A g~ ' up to 2000 cycles.
Other metal sulfides, such as MoS, and SnS,, were also developed
by ALD as electrodes for supercapacitors.*'>*'* For example,
molybdenum hexacarbonyl [Mo(CO)s] and H,S were used as
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precursors to deposit MoS, on Ni foam substrates.*'® A high areal
capacitance of 3400 mF cm™ > was obtained for the MoS,@NF
electrode with an optimized MoS, thickness of 400 ALD cycles at a
current density of 3 mA ecm™>. A high cycling stability (>80%
specific capacitance retention) was achieved for over 4500 cycles.

2.2.2 ALD for the design of nanostructures. To further
improve the performance of supercapacitor electrodes, nano-
structured materials need to be rationally designed in order to
enhance the surface area and porosity. ALD/MLD techniques
are promising techniques that can be used to design various
nanostructures by using sacrificial templates. Lei’s group
designed well-defined Pt nanotube arrays and Pt/MnO, core-
shell nanotubes by ALD in anodic alumina templates and used
them as current collectors.*™ In this process, the Pt NT array
was first grown on the pre-patterned alumina template by
ALD. Unlike the conventional ALD process for Pt deposition,
an innovative ALD process for Pt was developed with a low N,
filling step used after pulsing. In their ALD Pt deposition
process, the nucleation delay phenomenon largely decreased,
and half of the Pt precursor was saved to obtain a similar Pt
film deposited by the conventional ALD process. After the Pt
deposition, mixed polydimethylsiloxane (PDMS) solution was
used on the surface of the template followed by dissolving the
backside alumina template. Then, a thin MnO, layer was
deposited on the Pt nanotubes by electrodeposition. The diameter
and length of the Pt nanotubes are 180 nm and 2 um, respectively.
The MnO, shells were electrodeposited on Pt cores and controlled
by the deposition times, as shown in Fig. 20(a). When the MnO,
deposition time was 30 s, the tube diameter and the shell
thickness was about 240 and 30 nm, while the diameter and
thickness reach up to about 340 and 80 nm respectively for 90 s
deposition time (Fig. 20(a)). The Pt/MnO,-30 s delivered a higher
capacity of 793 F g~ ' at a current density of 2 A g ' compared to
the 530 F g~ ' of Pt/Mn0,-90 s. Moreover, the Pt/MnO, presents
good rate capability at different current densities, as shown in
Fig. 20(a), which was attributed to the superior surface area of
the Pt nanotube that could enable fast and reversible faradaic
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reactions along with short ion diffusion paths. Another nano-
structured TiC hollow sphere array was fabricated on a conductive
substrate by the ALD-assisted template synthesis strategy,*'® as
shown in Fig. 20(b). In a typical process, close-packed PS spheres
were used as a template on the graphite substrate. ALD TiO, was
deposited on the template and the PS spheres were dissolved by
toluene. Finally, the monolayer of TiC hollow nanosphere arrays
was successfully formed after a high-temperature carbothermal
reaction. The designed electrode delivered excellent electro-
chemical performances with high capacitance, ultra-long lifespan
over 75000 cycles with a high capacity retention of 98% and
promising rate capability. Another interesting structure of TiO,/
MnO,-C core/shell arrays were designed and fabricated using a
combination of ALD and electrodeposition methods,*"” as shown
in Fig. 20(c). A high specific capacitance of 880 Fg ' at 2.5 Ag ',
exceptional rate performances of 735 F g ' at 30 A g ' and
excellent cycling stability of 94.3% capacitance retention after
20000 cycles were obtained for the TiO,/MnO,-C electrodes.
Some other nanostructures were further developed using ALD-
assisted methods.”***"”*** In a typical process, different types
of templates are used to deposit ALD films. Afterwards, the
templates are removed or transferred to create nanostructures
by post-treatment processes. Then, the 3D nanostructures with
high surface area and short ion diffusion paths are achieved with
significantly improved electrochemical performances.

2.2.3 MLD for electrode design. MLD has also been
reported as a fabrication method for electrode materials in
supercapacitors. Because MLD films generally consist of pure
polymers or organic-inorganic hybrid films, they are used to
design porous metal oxides and carbon-containing composites
with post-treatment methods. Qin’s group was the first to
demonstrate the use of MLD to design electrodes for super-
capacitors, in which aromatic polyimide (PI) films were deposited
on the surfaces of graphene and then carbonized to produce a
nitrogen-doped carbon layer on graphene.*”* The as-prepared
N-doped carbon layer-coated graphene electrodes exhibited a high
capacitance of 290.2 Fg ' at 1 A g™ " with excellent rate properties

This journal is © The Royal Society of Chemistry 2021
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and stability. In another example, a gap shell structure with an
ultrathin and conformal porous carbon coating was successfully
constructed through ALD and MLD processes followed by anneal-
ing and etching.**® The as-obtained composite electrode exhibited
a high capacitance of 1034.6 F g~ " at a current density of 1 A g ™"
with superior rate capability. The gap-porous carbon derived by
ALD/MLD can not only maintain the electrochemical reactivity of
nickel sulfide but also provide a protective layer with a buffer area
for volume change.

In this section, we summarized the development of ALD/MLD
techniques for supercapacitor applications. Firstly, different mate-
rials, including metal oxides, metal sulfides and metal nitrides,
were deposited by ALD on various conductive substrates to fabri-
cate composite electrodes for supercapacitors. The conductive
substrates, such as graphene, carbon nanotubes and Ni foam,
provide improved electronic conductivity for the ALD-deposited
materials. The nanoscale materials deposited by ALD can provide
uniform coverage and short ion diffusion pathways, resulting in
enhanced electrochemical performances. Secondly, by combining
with other methods or using templates, ALD was used to design
and fabricate nanostructured materials with high surface areas.
Thirdly, MLD was used to create porous metal oxides and carbon-
containing composites by post-treatment methods. However, the
study of MLD films for supercapacitor applications is still in a state
of infancy. This application of MLD is expected to be explored
further in the future.

3. ALD/MLD for energy conversion
3.1 ALD/MLD for electrocatalytic reactions

3.1.1 ALD/MLD for proton-exchange membrane fuel cells
3.1.1.1 ALD of Pt on different substrates for improving ORR
activity. Proton-exchange membrane fuel cells (PEMFCs) are

This journal is © The Royal Society of Chemistry 2021

promising alternative power sources for transportation and
portable applications due to their high efficiency in converting
the chemical energy from hydrogen into electrical energy, near
room temperature operation, and zero emissions.**® During the
operation of PEFCs, the oxygen reduction reaction (ORR) is the
rate-limiting reaction due to its inherently sluggish kinetics.
Therefore, in order to achieve widespread commercial imple-
mentation of PEMFCs, developing a promising catalyst for
enhanced oxygen reduction reaction (ORR) kinetics is of great
significance. Platinum is reported as the most effective catalyst
used for the ORR in PEMFC.**”"**® However, Pt is still facing a
great challenge for commercial applications in PEMFCs due to
its gradually increasing price and low abundance in the earth.
ALD is a promising technique to solve the problems associated
with reducing cost. ALD can not only precisely control the
particle sizes ranging from single atom, sub-nanometer clusters,
or nanopatrticles in high-aspect-ratio and porous materials, but can
also be used to design novel structures through surface engineering
of the substrate to improve the activity of Pt catalysts.***
Aaltonen et al. made great progress in ALD synthesis by
deposition of Ru metal from RuCp, and O,, and the process has
been extended to other metals such as Pt, Rh, and Ir.**%**! The
intrinsic roughness of the surface induced by noble metal ALD
processes can effectively increase the surface area of the
catalyst, leading to a more efficient device.'®*** Due to the
self-limiting characteristic of the ALD process, the precursor
should be volatile and thermally stable. In addition, precursors
must chemisorb on the surface or react rapidly with the
substrates and react aggressively with each other.*** Until
now, Pt precursors such as MeCpPtMe;, Pt(acac), (acac =
acetylacetonato) and platinum(u) hexafluoroacetylacetonate
[Pt(hfac),] have been investigated for the deposition of Pt.
However, Pt(acac), has lower thermal stability, which makes
it an unsuitable precursor for thermal ALD.****** When using
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Pt(hfac), as the precursor, the formalin should be used as the
reactants and the ALD process was found to be only effective at
relatively high temperatures (200 °C).**® Therefore, MeCpPtMe;
is the most widely used Pt precursor in ALD for the preparation
of Pt NPs used in the ORR. During the ALD Pt process, the
island growth of Pt NPs occurs instead of thin film formation.
In a whole Pt ALD cycle, the Pt precursors firstly bond with the
functional groups on the surface of the substrates. Then the
chemical ligands are removed by the introduction of O, or Os.
The formed Pt atoms might aggregate to small clusters due to
the limited number of functional groups on the substrate
surface, which leads to the formation of Pt NPs instead of a
thin film on the substrates. Hence, the selection of the sub-
strate is of great importance for ALD Pt NPs, and it can
significantly determine the ORR activity of the catalysts. Pt
nanoparticles (NPs) are deposited on substrates such as oxides,
carbon materials and other metals.

Carbon nanotubes (CNTs) are one of the most widely used
carbon substrates for the deposition of Pt. Chen and co-workers
prepared three carbon nanotube-supported Pt nanoparticles
(Pt/CNT) with different sizes by tuning the number of ALD cycles
(Fig. 21(a))."*” In addition, they compared the ALD-prepared
catalysts with those obtained by impregnation methods. During
the ORR test, the ALD-Pt/CNT catalysts showed much higher
activity and selectivity than those of the impregnation-Pt/CNT
catalysts. It was found that the well-controlled Pt particle size and
distribution, desirable Pt® 4f binding energy, and the Clfree Pt
surfaces of the ALD-Pt/CNT catalysts contributed to the outstanding
ORR performance. Besides carbon-based supports, Yang and
co-workers fabricated fibrous membranes of niobium-doped
titania-supported platinum catalysts (Pt@Nb-TiO,) by a two-step
approach (Fig. 21(b)).**® Firstly, they synthesized Nb-TiO, fibrous
membranes by electrospinning. Then the Pt NPs were deposited
on Nb-TiO, by ALD. The as-prepared catalysts were further post-
treated at 200 °C in 5% H, to improve the conductivity of Nb-TiO,
fibres and obtain Pt NPs with better crystallinity. After the post-
treatment, the ORR activity could reach as high as 0.28 mA cm™2 at
0.9 V (vs. RHE) and it had very good stability with only a ~10% loss
in ORR activity after 30k cycles. When Pt is deposited on TiSi,
nanonets, Pt nanoparticles were observed to only grow on the (020)
planes and the NPs exhibited 5-fold twinned structures with planes
exposed, as shown in Fig. 21(c).**° The interaction between Pt and
the TiSi, nanonet b planes was the key to the formation of twinned
Pt nanoparticles. At 0.9 V vs. RHE, the current density of the Pt/TiSi,
catalysts was 0.16 mA cm™ 2, which is considerably higher than that
of Pt/C (0.1 mA cm™?). The availability of non-carbon electrode
constructions, such as the Pt@Nb-TiO, and Pt/TiSi,, permits
fundamental studies to discern the role of the carbon support in
existing devices.

To improve the mass activity of Pt catalysts and thereby
reduce the cost of the catalyst, one of the most direct routes is
to increase their atom utilization efficiency (AUE) by reducing
the particle size to clusters or even single atoms.**° However,
the single atom Pt catalysts exhibit a 2 electron process instead
of a 4 electron process during the ORR.**! DFT results indicate
that the breaking of the O-O bond can readily occur on Pt

3918 | Chem. Soc. Rev,, 2021, 50, 3889-3956

View Article Online

Chem Soc Rev

nanoparticles. Meanwhile, for single atoms, the O, molecule is
end-on adsorbed on isolated Pt atoms (which avoids O-O
cleavage), resulting in the selective production of H,0,.*****3
It has been reported that Pt single atoms can not only be
deposited on carbon-based supports,*****> but also on a metal
surface, forming the single atom alloys (SAAs). Sun et al
successfully deposited Pt single atoms on octahedral Pd NPs
due to the similar lattice constants between Pd and Pt.
To obtain Pt single atoms, we only conducted one cycle of
ALD by using MeCpPtMe; and O, as precursors.**® The atomic-
resolution STEM image (Fig. 21(d)) clearly illustrates the
presence of Pt-isolated atoms on the Pd(111) surfaces. With
the formation of the SAA structure, the Pt atoms on Pd
exhibited more metallic state compared to that on NCNTs.
The coordination number of Pt-Pd is fitted to be 0.8 in the
EXAFS spectra, which further provides direct evidence of
the presence of isolated Pt atoms on octahedral Pd particles.
In the ORR, the octahedral Pt/Pd SAA catalysts exhibited a mass
activity of 1.09 A mg ™' normalized by the Pt mass at 0.9 V vs.
RHE, which is 8.3 times greater than that of the Pt/C catalyst
(0.13 Amg™ ).

3.1.1.2 Improvement of the ORR durability by area selective
ALD and MLD. In addition to the activity, durability is another
important parameter for evaluating Pt catalysts. The harsh
conditions (strong acid environment, high oxygen concentration,
high humidity and etc.) at the cathode might gradually deactivate
Pt catalysts, resulting in the loss of Pt performance due to Pt NP
migration and agglomeration. Thus, there is a significant need for
the development of highly active and durable Pt catalysts that can
withstand harsh conditions for long-term testing. It has been
reported that the creation of the porous layer of inorganic oxide
is an effective route for the stabilization of supported metal
NPs. The surrounding oxide layer, which has weaker bonding to
metal NPs, can provide an additional energy barrier to restrict the
diffusion and migration of the metal NPs across the biphasic
support surface. However, for many methods, precise control over
the thickness of the porous overlayers is difficult to achieve and
results in a decrease in ORR activity from mass transfer resistance.
By using ALD, the thickness of the stabilizer can be precisely
controlled. McNeary et al. stabilized carbon black-based Pt cata-
lysts with ALD-deposited TiO,.**” They found that ten cycles of
TiO, ALD on the functionalized substrate yielded well dispersed,
locally homogeneous TiO, structures that could surround the
small Pt nanoparticles. The catalysts with the addition of TiO,
ALD nanostructures maintained around 70% mass activity after
the accelerated durability testing (ADT).

By manipulating the surface functional groups of Pt cata-
lysts, area selective ALD can be achieved, which means that the
location of deposited materials is precisely controlled, avoiding
the coverage of Pt active sites.’*¢**%%%® One of the most
successful designs for highly stable catalysts is Pt catalysts
encapsulated in zirconia nanocages by area-selective ALD.**°
The synthetic strategy is depicted in Fig. 22(a). The ALD Pt NPs
were firstly deposited on nitrogen-doped carbon nanotubes
(NCNTs). Then oleylamine was attached to the Pt NP surface

This journal is © The Royal Society of Chemistry 2021
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as a blocking agent, which results in the selective deposition of
zirconia around the Pt NPs, instead of on the Pt surface due to
the blocking agent. The Pt catalyst encapsulated in zirconium
nanocages showed very high activity and stability towards the
ORR in acid media. The novel catalyst exhibited 9 times higher
stability than ALD-Pt on NCNTs without the zirconia nanocage
and 10 times higher stability compared to the state-of-the-art
commercial Pt/C catalyst. Pt NPs encapsulated in a zirconia
nanocage also showed six times greater ORR activity than a Pt/C
catalyst. The remarkably stable performance with this novel
catalyst is attributed to the presence of the zirconia nanocages,
which prevent Pt NPs from migrating and agglomerating on the
support. In addition, the higher surface area of small Pt NPs
and the synergistic effects between Pt and ZrO, resulted in the
enhanced activity of Pt/ZrO, catalysts. Besides ZrO,, TaO, has
also been reported as an alloying additive that can enhance the
activity and durability of various catalysts. Our group deposited
TaO, NPs on a commercial Pt/C catalyst by area-selective
ALD." Due to the blocking agent, TaO, particles are selectively
nucleated and grown around Pt NPs. With the formation of the
triple-junction structure at the interface, the sample with
35 ALD cycles of TaO, on the Pt/C surface exhibited superior

This journal is © The Royal Society of Chemistry 2021

stability compared with Pt/C. After 120 h ADT, the activity in a
membrane electrode assembly (MEA) remained 88%. These
examples show that it is critical to design novel Pt encapsula-
tion catalysts with open or holey nanocage architectures by
precisely controlling ALD metal oxide layers. The open or
holey nanocage architectures are essential for achieving good
performance because they allow reactants, such as oxygen and
protons, to reach the Pt surface.

Molecular layer deposition (MLD), as an analogue of ALD,
has been employed to produce inorganic-organic hybrid
thin films with many advantages. Alucone is considered as a
promising material as the interlayer to improve the stability of
catalysts. However, the poor conductivity of MLD coatings
greatly hinders their application in electrochemical systems.
Recently, Sun et al. prepared a porous structure by annealing
the alucone MLD layer. With the deposition of Pt NPs on the
porous structure, the Pt catalysts were anchored on the surface
and exhibited good performance.*”> As shown in Fig. 22(b),
30 cycles of MLD alucone (TMA-GLY) thin film were firstly
deposited on the NCNTs using sequential exposures of TMA
and glycerol at 150 °C. After annealing the NCNT-MLD material
at 400 °C for 3 h, Pt NPs are selectively deposited on the porous
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structure by an ALD method. The Pt catalysts show significantly
enhanced ORR activity and durability compared to that without
the MLD interlayer.

3.1.1.3 Improvement of ORR durability by enhancing the inter-
actions between Pt single atoms and supports. Carbon-based
substrates have many advantages, such as large surface area,
high electrical conductivity and well-developed pore structure,
and thus have been widely applied as the support material in
electrochemistry. However, the weak interactions between the
carbon support and metal particles lead to Pt NP migration
and agglomeration, and eventually a rapid degradation of
electrocatalyst performance. To solve these issues, enhancing
the interaction between Pt NPs and carbon supports by ALD

3920 | Chem. Soc. Rev., 2021, 50, 3889-3956

oxide has been proposed. The strong metal-support interactions
(SMSIs) can improve the activity and durability of the Pt catalysts
by tuning the electronic structure and hindering metal particle
migration. In addition, the preparation of metal oxide-decorated
carbon composites for the deposition of Pt NPs can maintain the
good electroconductivity of the substrates. By introducing metal
oxide NPs to the position between the Pt catalyst and carbon
support, a stable and strong interface between the Pt and metal
oxide can be achieved, which plays a significant role in preventing
the rapid degradation of the catalytic activity.

For example, Sun et al. synthesized extremely stable Pt NPs
immobilized on a carbon support via a bridge layer of nitrogen-
doped tantalum oxide (N-Ta,O5).**! Firstly, the Ta,O5 NPs were
developed by ALD to decorate the carbon black surface. Then,
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https://doi.org/10.1039/d0cs00156b

Published on 01 February 2021. Downloaded by University of Western Ontario on 5/24/2021 8:06:18 PM.

Chem Soc Rev

NH; treatment of the ALDTa,05/C support was conducted to
dope N species, leading to the formation of N-doped-Ta,05/C
with enhanced conductivity. Finally, a microwave-assisted
ethylene glycol (EG) reduction method was used to deposit Pt
NPs on different supports. X-ray absorption spectroscopy indi-
cated that the total unoccupied density of states of Pt in the
Pt/N-ALDTa,0s/C is higher than that of 0.826 for Pt/ALDTa,0s/
C and 0.795 for Pt/C. This result provides the most direct
evidence for the electronic effects and SMSIs formed between
the Pt NPs and N-Ta,O;/C support. The as-prepared Pt/N-
ALDTa,0s5/C catalyst showed around two times higher mass
activity compared to Pt/C after 10 000 cycles of ADT (Fig. 22(c)).
Another metal oxide used for increasing the interaction
between Pt and the support is ZrO,. Cheng and co-workers
synthesized ALD-ZrO,/nitrogen-doped graphene nanosheets
(ZrO,/NGNs) as the support for Pt NPs.*>® The unique triple-
interface of ZrO,-Pt-NGN induced strong interaction between
the Pt NPs and supports. As a result, the Pt-ZrO,/NGN catalyst
exhibited 2.2 times higher durability than that of Pt/NGNs in
ORR testing. These attempts provide more strategies for the
preparation of well-dispersed, nanoscale metal compounds for
carbon surface modification towards achieving controllable
and well-defined metal-support interfaces.

In addition to the introduction of metal oxides between the
carbon support and Pt NPs, the substitution of the carbon-
based support with other materials is another promising strat-
egy for improving the durability of Pt catalysts. Among various
supports, ZrC has many advantages, such as high conductivity,
strong electrochemical corrosion resistance, high stability, and
good thermal conductivity, which makes it as a good substitute
for Vulcan XC-72 (carbon black) support. Based on this, Sun
et al. used a ZrC support as a substitute for a carbon-based
support for the ALD of Pt NPs.*** As shown in Fig. 22(d),
we synthesized a robust Pt-on-ZrC nanocomposite catalyst with
strong metal-support interactions by ALD. The quantitative
XANES results showed that the interactions between Pt and
the ZrC support by ALD are much higher than that prepared
from the conventional chemical reduction method. Due to the
strong interaction between Pt and ZrC, the exhibited ORR activity
was 9 times greater than Pt/C after the extended durability test.

3.1.1.4 ALD for MEA systems. On the anode side, the fast
hydrogen oxidation reaction (HOR) is driven by a small amount
of Pt/C catalyst. However, when the Pt loading is lower than
0.025 mg cm 2, the HOR performance would obviously
decrease due to the very thin layer thickness. Therefore, the
Pt loading at the anode needs to be further decreased for fuel
cell automotive applications. Hsieh et al. directly deposited Pt
NPs by ALD on a gas diffusion electrode consisting of CNT and
GO. The MEA was fabricated using an ALD-Pt electrode as the
anode to study the performance of a single cell, which offered
improved catalytic activity.*>*>® Recently, Shu et al. deposited
Pt NPs on a gas diffusion layer by the ALD method.**”"**® The
formed catalyst layer exhibited around 2.5 times higher mass
activity than that of the MEA with the anode prepared using
the commercial catalyst. Perng and co-workers grew Pt NPs on
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nitric acid-treated CNTs with ALD for catalysis in PEMFCs.**°
The Pt loading amount of the anode and cathode (0.019 and
0.044 mg cm %, respectively) in the MEA is significantly
reduced. In addition, the PEMFC test indicated that the specific
power density of ALD-prepared MEA is 11 times higher than
that made from commercial catalysts. This result revealed that
ALD can significantly decrease the Pt loading of the electrodes
in PEMFCs. To achieve extremely low Pt loading while main-
taining high PEMFC performance and durability, Sun et al.
prepared a series of membrane electrode assemblies (MEAs)
with low Pt loading in the anode layer through the use of
ALD.**° The best ALDPt-MEA with an ultralow anode Pt loading
of 0.01 mg cm ™2 displays a high surface area of 155 m* gp, .
During the PEMFC test, the ALDPt-MEA exhibited a power
density of 0.78 W cm ™ ?, and maintained around 90% after
ADT (Fig. 23(a)). The above studies demonstrated that the
application of ALD for Pt deposition directly on the carbon
layer of the electrodes can effectively reduce the Pt loading
while enhancing the Pt dispersion, utilization, and durability,
thus enhancing their performance on MEA anodes.

In addition to the fabrication of active Pt catalysts, ALD has
also been applied for the improvement of membrane properties.
Moghaddam and Shannon prepared a silicon-based inorganic-
organic membrane as a substitute for Nafion-based PEMFCs
(Fig. 23(b)).*** Silicon-based inorganic-organic membranes have
a number of advantages over Nafion, including higher proton
conductivity, a lack of volume change, and membrane electrode
assembly capabilities. A silicon membrane with pore diameters
of ~5-7 nm was firstly fabricated, followed by the addition of a
self-assembled molecular monolayer on the pore surface. Plasma-
directed atomic layer deposition (PD-ALD) was employed to create
a 2 nm thick hydrophilic silica aperture at the mouth of the pores.
With the formation of the silica layer, the diameter of the pores
is reduced, and the proton conductivity value is significantly
increased, which is two to three orders of magnitude higher than
that of Nafion at low humidity. The MEA with this membrane
exhibited much higher power density than previously achieved
with a dry hydrogen feed and an air-breathing cathode. Inside
the membrane, the catalysts are expected to catalyze water
production. The introduction of metal oxide nanoparticles that
have hygroscopic properties, such as TiO,, can absorb the water
produced in the cathode reaction. Uhm and Lee coated an
ultrathin layer of hydrophilic TiO, on a hydrophobic microporous
gas diffusion layer (GDL) at the cathode by ALD to maintain the
power performance of PEFC cathodes operating under extremely
low humidity.*®® They found that the TiO,-coated GDL resulted in
higher performance than the as-received GDL at low humidity
operation.

3.1.2 ALD for electrocatalytic small organic molecule
oxidation

3.1.2.1 ALD for electrocatalytic methanol oxidation. The direct
methanol fuel cell (DMFC) has received more and more atten-
tion due to its high efficiency, high power density and short
start-up transient-response time. Despite considerable advances
in these points, the widespread application of DMFCs has been
hindered by several technical and economic barriers. The low
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electrocatalytic activity of commercial Pt/C catalysts toward the
MOR and serious CO poisoning are the most severe challenges.
By using ALD, Hsieh et al. fabricated Pt NPs on carbon powders,
offering superior catalytic activity toward MOR. They found that
the ALD-Pt catalyst offers not only an improved catalytic activity
toward methanol oxidation but also superior CO tolerance, as
compared to commercial P/C. The substrates for Pt loading can
also significantly affect the MOR activity.*®® Qin and co-workers
prepared a Pt/CNT catalyst coated with N-doped carbon (NC-Pt/
CNTs) by ALD (Fig. 24(a)).*®* Firstly, Pt NPs and polyimide (PI)
are sequentially deposited on CNTs by ALD. Subsequently, the
catalysts were annealed at 600 °C in a H, atmosphere, and the PI
was carbonized to produce porous N-doped carbon. It was
observed that the current density of NC-Pt/CNTs was 0.76 A mgp, ',
which is 2.7 times higher than that of commercial Pt/C and
1.7 times higher than that of Pt/CNTs. The interactions between
Pt and the N-doped carbon can weaken the Pt-CO bond, resulting
in enhanced catalytic activity and durability for the MOR.

In addition to carbon substrates, metal oxide substrates
have proven to be effective in minimizing the effect of CO
poisoning. Peng and co-workers prepared a Pt@ZnO catalyst on
carbon cloth via ALD.*® Firstly, they deposited a ZnO seed layer
on carbon cloth, followed by hydrothermal growth of high-
density vertical aligned ZnO nanorods (NRs). To increase the
surface hydrophilicity of the ZnO NR arrays, UV light irradia-
tion was used prior to the deposition of Pt NPs on ZnO by ALD.
XPS results indicated that Zn(OH), species were formed on the
ZnO NR arrays, which may enhance CO tolerance via a bifunc-
tional mechanism. The negative binding energy shift of the Pt
4f peak and the positive shift of the Zn 2p peak suggest that
charge transfer occurs between the ZnO support and the Pt
NPs. The electronic modification of surface Pt atoms via
ligand effects could lower the adsorption energy of CO and
improve the electrocatalytic activity on MOR. Thanks to the
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(a) ALD fabrication of ultra-low Pt loading anode; (b) ALD-modified silicon-

ZnO substrates, the catalysts exhibited 90% higher methanol
oxidation activity than commercial Pt/C with the same Pt
loading. Sun and co-workers deposited a 1.5 nm SnO, inter-
facial layer to anchor Pt NPs on CNTs by using SnCl, and H,O
as precursors (Fig. 24(b)).*°® In the electrochemical testing, the
ECSA of Pt-SnO,/CNTs is 1.36 times higher than that of
Pt/CNTs. In addition, the Pt-SnO,/CNTs also shows higher
activity towards the MOR than Pt/CNTs, as indicated by a
52 mV more negative onset potential, along with larger specific
and mass activities. Recently, Mo,C has also been used as an
anode material for the direct oxidation of hydrocarbons in fuel
cells. Chen and co-workers demonstrated a highly active and
stable Pt nanoparticle/Mo,C nanotube catalyst for methanol
electro-oxidation.*®” The peak current density of Pt NPs/Mo,C
for the MOR is 1.5 times higher than that of the commercial
Pt/C catalysts.

A convenient way to modify the strong CO intermediate
bonding interactions with the Pt catalyst is to make alloys or
bi-metallic surfaces. To obtain bimetallic catalysts, the two
metal precursors should have similar properties, as the ALD
process is carried out using one precursor cycle followed by
another precursor cycle. For example, Sairanen et al. prepared
Pt-Co bimetallic catalysts by using Pt(acac), and Co(acac); as
precursors.*** When compared with ALD mono-metallic Pt, the
onset potential decreased by 50 mV and the current intensities
of the Pt-Co catalysts were 1.5 times higher, which might be
attributed to the electronic effect of Co on Pt. Other widely used
catalysts for MOR are Pt-Ru bimetallic catalysts. It has been
reported that the removal of CO is much faster on a Pt-Ru
surface than on pure Pt.**®*%%° For instance, Johansson and
co-workers prepared highly dispersed Ru-decorated Pt nano-
particles using MeCpPtMe;, Ru(EtCp), and O, as the
precursors.”’® The Pt nanoparticles decorated with 5 ALD Ru
cycles exhibited much better catalytic activity towards the MOR

This journal is © The Royal Society of Chemistry 2021
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compared with the undecorated Pt catalyst. Shim and co-workers
synthesized Ru onto a porous Pt mesh by ALD and applied the
heterogeneous Pt-Ru catalysts directly as the anode in direct
methanol solid oxide fuel cells (DMSOFCs).*”* The obtained Pt/Ru
catalyst after 100 ALD cycles outperformed pure Pt by more than
1 order of magnitude in terms of power output. The authors also
deposited Ru by ALD on a porous Ni mesh to substitute Pt
catalysts. The maximum power density of the Ni/ALD Ru sample
was found to be comparable to that of the Pt/ALD Ru sample,
despite the dramatic reduction (<10%) in precious metal catalyst
loading.*”? The good performance of the Ni/ALD Ru sample is due
to the stabilizing effect of the Ni surface after ALD deposition of
Ru and the prevention of carbon formation.

Decreasing the size of Pt nanoparticles is an effective route
to increasing the surface area of Pt catalysts. In addition, the
formation of clusters and single atoms can improve atom
utilization to a new level. In 2013, Sun et al. reported a
practical synthesis for single Pt atoms anchored to graphene
nanosheets using the ALD technique.*’® In this study, the Pt
catalysts from single atoms, subnanometer clusters to nano-
particles were precisely controlled by the ALD method. Among
the three types of Pt catalysts, the single atom catalysts
exhibited the best activity (Fig. 24(c)). XAFS analysis revealed
that the superior performance of single atoms was contributed

This journal is © The Royal Society of Chemistry 2021

Pd NPs on SnO,-TiO, for EOR.

by the low-coordination environment and partially unoccupied
5d states.

3.1.2.2 ALD for electrocatalytic formic acid oxidation. The fuel
cells based on formic acid are particularly well-suited for
applications related to room-temperature power generation
and portable electronics. The performance of a direct formic
acid fuel cell (DFAFC) is largely determined by the catalyst
deposited on the anode for formic acid oxidation (FAO). Pt is an
effective catalyst for FAO. Hsieh and co-workers fabricated
Pt nanocatalysts supported on graphene oxide (GO) sheets by
ALD and investigated their electrocatalytic performance in
FAO.*%75 The ALD-Pt atoms were decorated on the edges of
the GO sheets with the presence of dangling bonds and oxygen
functionalities (Fig. 24(d)), which resulted in unique FAO
catalytic activity. During the FAO process on Pt, the ratio of
the current density of the first anodic peak (/;) to the second
anodic peak (/,nq) clearly provides a clue regarding the reaction
pathway (direct or indirect oxidation). They found that the ratio
of J1st/Jana for the Pt-GO catalyst is approximately 99.8%, and a
high ratio of 93.7% can be reached after 100 CV cycles,
indicating that the ALD-Pt catalyst displays the capability to
regenerate the CO-adsorbed surface after cycling. The presence
of Pt-O species can increase the anti-poisoning ability during

Chem. Soc. Rev,, 2021, 50, 3889-3956 | 3923


https://doi.org/10.1039/d0cs00156b

Published on 01 February 2021. Downloaded by University of Western Ontario on 5/24/2021 8:06:18 PM.

Review Article

FAO in addition to improvement of the catalytic activity. The
Pt-O species can induce abundant Pt-O,gqs and Pt-(OH).qs
to strip the CO-adsorbed sites (according to this reaction step:
Pt—(CO)ags + Pt-0aqs — 2Pt + CO,), thus resulting in a high CO
tolerance.

Pd can substitute Pt for electrochemical FAO due to its good
stability and high-power densities. In addition, the reaction
pathway of formic acid is on Pd a direct dehydrogenation
process without the formation of CO species. Santinacci et al.
prepared three-dimensionally (3D) nanoarchitectured Pd-Ni
bimetallic catalysts by ALD on high-aspect-ratio nanoporous
alumina templates.*’® The deposition of NiO is carried out with
the use of nickelocene and O; precursors and the formed NiO
film is reduced to metallic Ni by a reductive annealing process
under a H, atmosphere. The growth of Pd clusters uses
palladium hexafluoroacetylacetone (Pd(hfac),) and formalde-
hyde, which is commonly used for Pd ALD. The electron
microscopy images show a homogeneous deposition of
granularly-structured Pd onto the Ni substrate. The deposited
Pt NPs preferred the growth along the [220] direction on the
amorphous NiO film. The oxidized Ni is a more suitable
substrate for obtaining three-dimensional growth of Pd islands,
which are ideal for electrocatalytic applications. The FAO on the
Pd/Ni nanocatalysts proceeds through a direct dehydrogenation
mechanism according to the cyclic voltammetry curves. The
as-prepared Pd/Ni bimetallic system Pd (40 ALD cycles)/Ni
(1000 ALD cycles) demonstrates a high activity of 0.83 A mg™"
toward the FAO, with a Pd loading amount of 0.06 ng cm >, The
strong interaction between Pd and Ni, the electronic effects
between the alloyed Pd/Ni metals and the mass transport effect
in 3D nanostructures might be the reason for the enhanced
electrochemical properties. Besides the deposition of Pd on
the substrates, ALD was also used to deposit a SiO, layer for
stabilizing Pd-based catalysts for FAO. Zahmakiran et al
prepared trimetallic PdCoNi NPs supported on TiO, nano-
powders (PdCoNi/TiO,) by a wet-impregnation method. After
the preparation, ALD was utilized to improve the catalytic
durability of PdCoNi/TiO, by growing SiO, layers among the
PdCoNi alloy NPs by using 3-aminopropyltriethoxysilane and
oleylamine as the Si source and surface protection groups,
respectively.””” Due to the existence of free -NH, functional-
ities, the resulting PACoNi/TiO,-ALD-SiO, nanocatalyst displays
almost two times higher activity than PdCoNi/TiO, in FAO. The
-NH, functionalities grafted onto the support might affect the
formic acid adsorption/storage process. The O-H bond cleavage
in formic acid is facilitated by the -NH, functionalities leading
to the formation of metal-bound formate species which
accelerate the dehydrogenation process and produce H, and
CO,. Moreover, the SiO, layer-protected PdCoNi alloy NPs
showed unprecedented catalytic stability against sintering
and leaching throughout the reusability experiments.

3.1.2.3 ALD for electrocatalytic ethanol oxidation. Ethanol has
also been applied in the fuel cells, due to their low cost, easy
storage, low toxicity and pollutant emission, and high energy
density. In addition, ethanol can be easily produced in large
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quantities by the fermentation of biomass from agriculture.
However, the C-C bond is difficult to break at low temperature
during the ethanol oxidation process. Hence, the development
of highly active electrocatalysts is critical to achieving the
commercialization of direct ethanol fuel cells (DEFCs). Hsieh
et al. investigated the ethanol oxidation reaction (EOR) activity
of ALD Pt NPs with different sizes and found that the ALD-Pt
catalysts with smaller size exhibited relatively high catalytic
activity, CO tolerance, and stability.*”®

However, the ethanol oxidation kinetics on Pt-based cata-
lysts in acidic media is slow, incomplete, and mostly leads
to the production of acetic acid and acetaldehyde. Pd is
considered to be a promising alternative to Pt for the EOR in
an alkaline medium due to it being relatively more abundant
and having higher tolerance towards carbonaceous species from
ethanol oxidation. Rikkinen and co-workers demonstrated that
Pd nanoparticle catalysts on a porous carbon support can be
prepared with ALD.*”® Due to the narrow size and good dispersion
on the carbon support (Fig. 24(e)), the ALD-Pd/C exhibited better
mass activity compared with the commercial material. Chen and
Wang used chemical vapor-deposited three-dimensional
graphite-coated nickel foam as the substrate for the deposition
of Pd NPs.*®® Benefitting from the advantages of ALD, the Pd
loading can be reduced to as low as 50 pug cm™ 2 The peaking
current density of ALD-Pd/GNF with 450 cycles was about
2.64 times (39.97 mA cm™?) higher than that of commercial
Pd/C (15.17 mA cm?). Nevertheless, carbon-based materials
are not stable and corrode under these reaction conditions.
TiO, is well-known for its high stability and its strong metal-
support interaction with Pt group metals. Baranova and Santi-
nacci grew Pd NPs with precisely controlled sizes on TiO,
nanotubes (TNTs) by ALD.*®! They found that the EOR activity
of Pd NPs can be enhanced by annealing the TiO, nanotubes,
since anatase is more conductive than the amorphous TiO,.
The 500 ALD cycle Pd/TNTs system showed the best catalytic
activity and satisfactory stability in alkaline media. The peak
current for ethanol oxidation can reach approximately
2.25 A mg~". In addition to TNTs, they also investigated the
EOR activity of Pd NPs on SnO,-coated TNTs (Fig. 24(f)). The
XPS results indicated that the top surface of the SnO, layer is
reduced to metallic Sn during the deposition of the Pd parti-
cles, which facilitated the ALD process of Pd.***> The activity of
Pd NPs for the EOR was further enhanced on SnO, compared
with that on TiO, surfaces. The positive impact of the addition
of Sn species on a Pd catalyst can be attributed to the preferred
deposition of Pd on metallic Sn, facilitation of OH adsorption
on the SnO, layer, and the strong metal-support interaction
between Pd and SnO,. These studies indicated that the use of
ALD to grow metallic nanoparticles onto three-dimensional
nanostructured substrates appears to be a very promising
approach for the preparation of well-defined catalysts for
ethanol and other alcohol electrooxidation.

3.1.3 ALD for electrocatalytic oxygen evolution reactions.
The electrochemical oxygen evolution reaction (OER) is the core
reaction process in water splitting for renewable energy con-
version devices. However, due to the slow reaction kinetics of
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the OER, the energy conversion efficiency is limited to a certain
extent. At present, the commercial electrocatalysts for the OER
are RuO, catalysts. Unfortunately, high cost and poor durability
have hindered their further development and applications.
Therefore, it is of great importance to developing effective
OER catalysts by various methods. Finke and Hoffmann
reported that ALD fabricated TiO, coatings on IrO,, RuO, and
F-doped SnO, can tune the surface charge density, and conse-
quently tune the catalytic activity of the electrocatalyst.*®* For
example, the TiO,/IrO, catalyst exhibited a current density of
0.9 mA cm ™ at 350 mV overpotential, which is a 9-fold increase
compared with that of IrO,. With the different ALD cycles of TiO,,
the oxidation state of Ti and the potential of zero charge can be
adjusted, resulting in the tuned activity of the electrocatalysts.
To substitute the noble metals, many researchers have
developed highly catalytic and low-cost transition metal com-
pounds. Nowadays, cobalt and cobalt oxides have been extensively
applied in electrocatalysis, especially for the OER, because of their

View Article Online
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high catalytic activity and good stability. By using ALD, the
as-prepared Co-based catalysts can be uniformly deposited onto
the substrates and the thickness can be accurately controlled.
Yilmaz and Uyar reported ALD of highly monodisperse Co;0,
nanocrystals of different sizes on N-doped electrospun carbon
nanofibers (Co@nCNFs) for the OER.*®* The obtained
Co@nCNFs with an average Co;0, particle size of 3 nm exhibited
the turnover frequency (TOF) value of 0.14 s~ " at an overpotential
of 550 mV, which is ca. 3 and ca. 15-fold higher than those of bulk
Co and the standard state-of-the-art IrO, catalyst, respectively.
Li and co-workers synthesized a homogeneous N-doped cobalt
oxide thin film on high-surface-area CNTs (N-Co0O,/CNTs)
by plasma-enhanced ALD at 200 °C.**> The overpotential of the
OER for the N-CoO,/CNTs electrocatalyst was only 420 mV at
10 mA cm * (Fig. 25(a)). They found that the intrinsic crystal
structure and chemical composition of cobalt oxides were
tailored after N-doping and the resulting NCoO,/CNTs electro-
catalyst displays remarkable electrocatalytic activity and stability
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towards the OER. In addition to oxides, a uniform thin layer of
CooSg was synthesized on CNTs by using bis(N,N’-diisopropyl-
acetamidinato)cobalt(i1) and H,S precursors.**® With the deposi-
tion of 200 ALD cycles, a 7 nm CooSg thin layer on the CNTs
can be obtained as shown in Fig. 25(b). The ALD-synthesized
CooSg/CNT catalyst exhibited an overpotential of 369 mV with a
current density of 10 mA em™?, which is much smaller than that
of RuO, (409 mV), and CoO,/CNT (431 mV). The Tafel slope of an
ALD-synthesized Co0,Sg/CNT electrocatalyst was 58 mV dec’,
indicating that the Tafel kinetics of the CosSg/CNT electrocatalyst
was favored during the OER process. In addition, the LSV curves
were maintained well after the 2000 cycles scan, which indicated
the good stability of the ALD-prepared CooSg electrocatalyst.
Cobalt phosphate (CoPi)-based electrocatalysts have also exhi-
bited good performance towards the OER. Palma et al. deposited
CoPi films by using bis(cyclopentadienyl)cobalt(un) (CoCp,),
trimethyl phosphate and O, as precursors.*®” The Co-to-P atomic
ratio can be controlled by tuning the ALD process and is found to
significantly affect the activity of the prepared electrocatalyst. The
current density increased from 1.77 mA cm ™2 to 2.89 mA cm™ 2 at
1.8 V vs. RHE, concurrently with a Co-to-P ratio increase from
1.6 to 1.9. The results highlight the role of stoichiometric
composition of Co in CoPi on its activity. Rongé et al. developed
a plasma-enhanced process to obtain CoPi films without the need
for a phosphidation step. The as-prepared CoPi films exhibited
an overpotential of 509 mV with a current density of 10 mA cm ™2,
which is much smaller than that of C0;0,.**® In addition, this
catalyst can enable hydrogen evolution after either a thermal or
electrochemical reduction step.

Besides Co-based transition metals, Mn- and Ni-based metal
oxides were also prepared by ALD for the OER. For example,
Bent et al. prepared MnO catalysts on glassy carbon electrodes
through the use of a Mn(EtCp), precursor.*®® The as-deposited
films of MnO can be converted to Mn,O; via annealing. In OER
testing, the Mn,O; catalyst could reach a current density of
10 mA cm™? at 1.81 V, while the MnO catalyst required 1.84 V,
as shown in Fig. 25(c). The small differences in the OER are
attributable to differences in surface area. Following this study,
the authors prepared NiO thin films using Nickelocene and O;
at 275 °C.**° The ALD-grown NiO thin films were studied as an
OER electrocatalyst with the incorporation of Fe from the
electrolyte. They characterized the activity of NiO towards the
OER in both trace Fe and Fe-saturated 0.1 M KOH electrolytes
and found that the Fe-saturated electrolyte significantly increases
the OER activity of the NiO films. Bein further confirmed that
when a 1 nm layer of the PE-ALD NiO catalyst is deposited on a
porous transparent conductive oxide (TCO) substrate, their OER
activity can be further improved (Fig. 25(d)).***

Mo-S sites along the edges of MoS, are very active for
the OER owing to the excellent chemisorption of the oxygen-
containing intermediates. Liu and co-workers reported ALD of
ultrafine MoS, nanocrystals over a porous Co foam by using
Mo(CO)s and H,S as precursors (Fig. 25(e)).***> The ALD-derived
Co@MoS, only requires an overpotential of 270 mV to reach a
current density of 10 mA ¢cm 2. Furthermore, the Co@MoS,
electrode exhibited excellent stability, showing no noticeable
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degradation after operating at 20 mA cm > for 50 hours and
100 mA cm ™2 for an additional 50 hours. In order to further
improve the activity, plasma treatment was proved as an
effective route to generate vacancies and structural disorder
on the surface of MoS,, which can further increase the exposure
of the active site. Liu et al. fabricated MoS, nanoflakes that were
obtained by ALD using MoCls and H,S on a carbon fibre paper
(CFP) surface (Fig. 25(f)).*°> When the CFP@MoS, was treated
by plasma for 20 s, the current density increased to 80.42 mA cm >
at 1.6 Vvs. RHE, which is two times higher than that of CFP@MoS,,
(43.89 mA cm?). In addition, the Tafel slope decreased from
65.8 to 61.2 mV dec” " when the plasma treatment time increases
from 0 to 20 s, which further indicates that the plasma treatment
can improve the activity of MoS, nanoflakes.

3.1.4 ALD for electrocatalytic hydrogen evolution reactions

3.1.4.1 ALD of Pt-based catalysts. Hydrogen is a clean fuel
and can be applied as the energy source in PEMFCs. Water
electrolysis is considered a promising green route for the
production of hydrogen. The hydrogen evolution reaction
(HER) is one half-reaction during water electrolysis, and
Pt-based catalysts have exhibited good activity during the
hydrogen evolution process. The HER process on Pt particles
contains two half-reactions, which are the Volmer reaction and
the desorption reaction (Heyrovsky reaction or Tafel reaction).
Many previous studies indicated that the Tafel mechanism
usually occurs on Pt NPs due to the high H coverage on Pt
surfaces. By using the ALD method, Pt-based catalysts have
been synthesized to decrease the Pt content, thus reducing the
cost. Alshareef and co-workers reported the fabrication of
monolithie, self-standing, 3D graphitic carbon scaffolds with
conformally deposited Pt by ALD (Fig. 26(a))."** The as-prepared
Pt on a 3D network of laser-scribed graphene (Pt/LSG) electrode
exhibited comparable activity with the benchmark Pt/C electrode.
It should be noted that the mass loading (0.04 mg cm ™) of Pt/LSG
was much smaller than that of a commercial Pt/C catalyst
(0.5 mg ecm™?). The synergistic effect between the ALD Pt and
the 3D network of the laser scribed graphene provides an avenue
for maximized utilization of Pt loading and enhanced HER
activity. Another reported strategy to lower Pt loadings by ALD is
to use tungsten monocarbide (WC) as the support.**® Chen et al.
deposited Pt onto WC powders using ALD to obtain a Pt~-WC core-
shell catalyst for the HER. The Pt-WC core-shell exhibited
equivalent HER activities compared to bulk Pt catalysts, while
the Pt loading amount is reduced 10 times.

Downsizing noble metal nanocatalysts to clusters or even
single atoms is an effective strategy to significantly increase
their catalytic activity and efficiency. In 2013, Sun et al. firstly
reported isolated single Pt atoms anchored to graphene
nanosheets by an ALD method for the MOR. Subsequently,
we synthesized Pt single atoms on N-doped graphene nano-
sheets (NGNs) through the ALD method (Fig. 26(b)).**® The
HER activity and reaction mechanism on Pt single atoms were
carefully investigated. At an overpotential of 0.05 V, the mass
activity of the ALD50Pt/NGNs catalyst reached 10.1 A mg ™,
which was much greater than the ALD100Pt/NGN catalyst and
Pt/C catalyst. Synchrotron characterization and DFT analysis
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Fig. 26 ALD fabrication of HER catalysts: (a) Pt NPs on 3D graphitic carbon; (b) Pt single atoms and clusters; (c) Pt—Ru dimer catalysts; (d) MoS, thin films;

(e) TiO, modified MoS, nanoflakes; (f) RuO,@Pd NPs.

revealed that the Pt single atoms are strongly anchored on the
substrates due to the SMSIs. In addition, according to the DFT
results, the interaction between single Pt atoms and N-dopants
is much larger than that of Pt atoms/C-substrates, indicating
that Pt atoms are bonded to N-sites. Due to the unique electro-
nic structure of Pt single atom catalysts, several H could adsorb
on one Pt atom, followed by the formation of H, on the isolated
Pt atom. According to the DFT calculations results, during the
HER process, four H atoms can be adsorbed on Pt single atoms,
and the interaction between the Pt and H atoms reduced the
repulsion between the H atoms. The desorption process is
similar to the Tafel reaction (Hu,qs + Hags — H,), and leads
to a Tafel slope that is similar to the Volmer-Tafel mechanism
(29 mV dec ').*”

Recently, dual-metal catalysts were found to greatly enhance
catalytic performance due to the synergistic effects. The
method by pyrolyzing two metal precursors simultaneously
has been reported as a successful route for the preparation
of dual-metal catalysts. However, the detailed location of
each metal site can hardly be controlled. The ALD technique
provides the possibility to achieve atomically precise metal
clusters, even bimetallic catalysts. Through careful control of
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the ALD deposition conditions, the second metal can be
selectively deposited on the initial metal deposition sites,
enabling the formation of bimetallic dimer structures. Very
recently, Sun et al. successfully prepare high-quality one-to-one
A-B bimetallic dimer structures (Pt-Ru dimers) by ALD.
As shown in Fig. 26(c),**® the atomic resolution HAADF-STEM
images illustrate that a dimer-like structure was successfully
prepared by a two-step ALD process. The different contrast of
the two atoms reflects that the dimer is composed of Pt and Ru.
The EXAFS R space curve fitting results based on the Ru K-edge
and Pt Lj-edge indicated that the coordination number of
Pt-Ru is close to 1, confirming the formation of Pt-Ru dimer
structures. Benefiting from the unique bimetallic dimer sites,
the Pt-Ru dimers exhibited 50 times higher HER activity
compared to commercial Pt/C catalysts and the dimer structure
was maintained after the long-term durability test. The Pt-Ru
dimer HER mechanism and reaction route were systematically
explained by first-principles calculations. We found that when
three hydrogen atoms connect with the Pt atom (3H-Pt), and
three bonds with the Ru atom (3H-Ru), a hydrogen atom can be
released from the Ru atom. The Pt-Ru dimer generates a
synergistic effect by modulating the electronic structure which
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evolves from metallic to semiconducting during the hydrogen
adsorption, resulting in an increase in the unoccupied orbitals
and a decrease of the bonding between the Ru and H, thus
playing a vital role in the high HER activity. These findings
demonstrate that the remarkable performance of the single Pt
atoms and Pt-X dimer can be mainly attributed to their unique
electronic structure. In addition, these ALD approaches for
SACs provide a promising approach for the rational design of
highly active and stable bimetallic dimers, which have great
potential for application in various catalytic reactions.

3.1.4.2 ALD of MoS, catalysts. Recently, molybdenum disul-
fide (MoS,) has attracted attention due to its biomimetic
hydrogen evolving activity. It should be noted that MoS, has
poor activity for the HER in its bulk form, which is due to the
small amount of HER active sites at the basal planes. The HER
activity of MoS, can be improved by tuning the exposed surface
of the crystalline MoS, to increase the number of active edge
sites. Min and co-workers prepared an amorphous MoS,
catalyst on Au by the ALD method. During the ALD process,
the molybdenum hexacarbonyl (Mo(CO),) and dimethyldisulfide
(CH;3S,CH3) are employed as Mo and S precursors, respectively.**®
The required overpotential for a designated current density of
100 pA cm™? on the MoS, film is 165 mV. The turnover frequency
on each active site of the amorphous MoS, film is calculated to be
3 H, per s at 0.215 V. The Tafel slope is 47 mV dec " indicating
that the HER process follows the Volmer-Heyrovsky mechanism
on the amorphous MoS, surface. However, the weak adhesion
of MoS, on Au caused the unstable activity of the ALD-MoS,/Au
catalysts. The authors tried to use carbon fibre papers (CFPs) as
the alternative to replace the Au substrate, as CFPs can provide
a large surface area and strengthen the adhesion of the ALD
MoS,.>* Different from the amorphous MoS, on a Au surface,
the ALD-MoS, on CFP exhibited a mixture of amorphous and
nano-crystalline phases. Because of the formation of nano-
crystalline MoS,, the turnover frequency of the MoS,/CFP is
smaller than that of the amorphous ALD-MoS,/Au. However,
the MoS,/CFP catalyst exhibits very good stability with no
obvious change in the polarization curves after 1000 CV cycles,
due to the strong interaction between MoS, and CFP. To achieve
the direct growth of nanocrystalline MoS, by ALD, Bae and Shin
demonstrated that the nonideal growth mode operates when
MosS, is deposited by ALD on planar surfaces using MoCls; and
H,S as the precursors (Fig. 26(d)).>°" This nonideal mode of
growth shows that the growth thickness does not linearly increase
with the number of cycles. Interestingly, the relative ratios of the
edge sites and basal planes of MoS, can be controlled by tuning
the ALD conditions. At low growth temperatures, the MoS, with
mixed 2H and 1T phases can be deposited due to the incorpora-
tion of chlorine impurities. They found that the as-prepared
planar MoS, films exhibited good HER performance, with a
current density of 20 mA cm > at —0.3 V and a Tafel slope of
50-60 mV dec .

To make the MoS, more active, many studies focused on
synthesizing MoS, catalysts with more edge sites or to further
improve the active edge sites by modification. Kim and Kuech
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attempted to make use of basal plane sites which account for
the majority of the MoS, materials in bulk form.>°> They firstly
ALD deposited TiO, on the bulk MoS, particles. A thin layer of
TiO, is formed on the edge sites of the MoS, and TiO, islands
are formed on the basal planes. Then they dissolved the TiO,
layers by an in situ electrochemical activation method. After this
process, the localized surface distortions are created on the
MoS, basal planes. The TiO, coatings on the basal planes and
edge sites completely disappeared on the surface of MoS,
catalysts after the electrochemical activation process, as shown
in Fig. 26(e). In addition, the degree of surface distortion on the
MoS, basal planes can be tuned by controlling the ALD TiO,
coating cycles from 10 to 50. With the increase of the surface
distortions on the MoS, basal plane, the HER catalytic activity
was increased. The as-prepared MoS, catalysts exhibited a
much smaller Tafel slope (80-90 mV dec ') compared with
that of pristine MoS, (180 mV dec™'). According to the DFT
calculations, the hydrogen-binding energy is reduced on the
local flexure of MoS, layers, which results in the improved HER
kinetics. This result suggests that the ALD technique can be
used for the decoration of the catalysts by induced physical
changes including defects, defect-mediated strain, and flexure
of surface layers.

3.1.4.3 ALD of other catalysts. Transition metal sulfides have
high stability and conductivity, which allows them to be applied
from catalysis to photovoltaics. Among them, nickel sulfide
exhibited good activity for the HER. Farha and Hupp con-
structed nickel sulfide (NiS,) layers by using bis(N,N’-di-tert-
butylacetamidinato)nickel(n) (Ni(amd),) vapor and hydrogen
sulfide gas as the precursors.’® In situ quartz crystal micro-
balance (QCM) studies revealed a linear GPC of 9.3 ng cm ™2 per
cycle growth behavior for NiS, films. The ALD NiS, catalysts
exhibited the overpotential of 440 and 576 mV at a current
density of 10 mA cm™? in acidic and pH 7 phosphate buffer
aqueous reaction media, respectively. In addition to two binary
sulfides, ternary sulfides can also be achieved by the ALD
method. For example, Fe,Co;_,S, films were grown by ALD at
120 °C from the precursors, including bis(N,N’-diisopropyl-
acetamidinato)-cobalt(u), bis(N,N’-diisopropylacetamidinato)-
iron(u), and H,S.°* The ternary Fe,Co;_,S, was achieved by
repeatedly growing one or multiple cycles of FeS, followed by
one or multiple cycles of CoS,. In addition, the elemental
composition of the ternary sulfide Fe,Co,_,S, can be tuned
by controlling the cycle ratio of FeS, and CoS,. The as-prepared
Feo.54C00.4650.02/CNTs/CC electrode achieved —10 mA ecm™? at
an overpotential of —70 mV in alkaline solution, which
indicates the effectiveness of the ALD method. Transition-
metal carbides (TMCs) have also attracted a lot of attention
due to their peculiar electronic structures and their broad
applications in electrocatalysis. Wang and co-workers synthe-
sized smooth, pure, crystalline nickel carbide (Ni;C) films on
CNTs by using bis(1,4-di-tert-butyl-1,3-diazabutadienyl)nickel(ir)
and H, plasma with an ideal self-limiting ALD growth
fashion.>*> The as-prepared ALD NizC/CNT catalyst showed an
onset overpotential of —77 mV (at —0.1 mA cm™?), and an
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overpotential of —132 mV to reach —10 mA cm™ > in 1 M KOH
aqueous solution.

Recently, several studies reported that rationally designed
Ru-based catalysts exhibited good HER performance. For example,
the anomalous crystalline structure of Ru on g-C;N, was prepared
by Qiao et al. and it exhibited comparable HER activity with Pt in
alkaline solutions.’*® By using ALD, Sun et al. fabricated PA@RuO,
core-shell catalysts by using octahedral and cubic Pd NPs with two
typical surface atom arrangements as the substrates (Fig. 26(f)).>"”
Due to the similar lattice constants of Pd and Ru, Ru atoms were
selectively deposited on Pd particles instead of N-doped CNT
substrates by using bis(ethylcyclopentadienyl)ruthenium(n) and
O, as precursors. The ALD cycles can easily tune the thickness of
the RuO, shell. The as-prepared octahedral Pd@RuO,/NCNT
exhibited better activity and stability for the HER in acid solution
compared with the cubic one. According to the XAS and XPS
results, the Ru shell consists of metallic Ru and Ru(wv). DFT
calculation results indicated that the H* can be easily detached
on the octahedral PdA@RuO,, and resulted in a better HER activity.

3.2 ALD/MLD for photoelectrocatalysis

3.2.1 ALD/MLD for photovoltaics

3.2.1.1 ALD/MLD for dye-sensitized cells (DSSCs). Renewable
solar energy is regarded as the most promising alternative clean
energy source for fossil fuels. To realize cost-effective and
performance-competitive solar cells, dye-sensitized solar cells
(DSSCs) have been extensively explored since 1991 and garnered
increasing research attention over the past few decades.’*®>*
The advantages of DSSCs are their low cost, simple manufacturing
process, lightweight, flexibility, low toxicity, etc. A typical DSSC
consists of several parts, including the photoanode on a conduc-
tive substrate, sensitizer, electrolyte and counter electrode.’*"!
The excited electrons are generated from the photoanode under
the visible light irradiation when the photoanode experiences
photo-excitation of the absorbed dye molecules. The electrons are
then injected into the conduction band of a semiconductor and
further to produce the electric current with an external circuit. The
dye is then restored to the original state by electron donation from
the redox electrolyte. Moreover, the charge is returned from the
external to the cycling circuit on the counter electrode in the
cell.>"* The performances of the DSSCs are determined by each
component in the cell. For example, the function of the photo-
anode in DSSCs is to support the sensitizer loading and transport
the photo-excited electrons from the sensitizer to the external
circuit. In this case, both high surface area and fast charge
transportation are the keys to achieving high-efficiency photo-
anodes for DSSCs.

ALD and MLD techniques have been used to design and
fabricate photoanode materials for DSSCs.>***'* To minimize
the time scale for transferring the injected electrons to the
conducting oxide, a thin semiconductor oxide is required on
the conductive substrate. ALD is an ideal technique to fabricate
core-shell-structured photoanodes. TiO, is one of the most
widely used semiconductor photoanode materials and can also
be easily deposited by ALD technique.’**>** As shown in
Fig. 27(a), a thin TiO, shell was deposited by ALD onto high
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surface area ITO and ZrO, core nanoparticles.’** The ALD TiO,
was deposited at 120 °C with a GPC of 0.6 A using TiCl,
and H,O0 as precursors. With an N719 dye, the results indicate
that with the increase of the thickness of the TiO, shell
(to 1.8-2.4 nm), the short-circuit current densities, open-circuit
voltages, and back electron transfer lifetimes all increased.
When further increasing the thickness of TiO, (>3 nm), electron
trapping in the TiO, shell occurs, increasing back electron
transfer (BET) and decreasing device efficiencies. In addition,
ALD-designed core-shell photoelectrodes can provide a practical
alternative for maximizing solar cell efficiencies by enhancing
electron transport through mesoporous films. Another candidate
metal oxide for photoanode applications is ZnO, which is also a
routine material deposited by ALD.’***2¢ Gritzel’s group fabri-
cated a ZnO nanoshell by ALD on a 2.5 pm thick Al,O; meso-
porous scaffold and used it as a photoanode for DSSCs, as shown
in Fig. 27(b).”*” With a ZnO nanoshell of 3-6 nm, a maximum
power conversion efficiency of 4% was achieved with the stan-
dard organic sensitizer and Co*/Co®" redox mediator. A high-
power conversion efficiency (PCE) of 7% was achieved with a
similar ZnO nanostructure in the CH;NH;PbI; based solid-state
solar cells. The comparison of the photovoltaic performance and
the electron transfer dynamics between different metal oxide
photoanodes is also interesting. However, the morphological
differences between the different metal oxides hamper the fair
comparison. ALD techniques can circumvent this issue by
depositing these oxides on an insulating mesoporous template
and using them directly as photoanodes. Gritzel’s group deposited
different thicknesses of ZnO and TiO, on mesoporous alumina for
photoanode applications in DSSCs.**® The results showed that the
best performance was achieved with 5 nm ZnO or TiO, overlayer
films yielding a high-power conversion efficiency of 4.4%.
Moreover, the transport rate of electrons through ZnO is faster
compared to the TiO,.

In addition, other types of core-shell structures were devel-
oped by ALD as a photoanode for DSSCs.**°>*> In 2006, Yang’s
group demonstrated the core-shell structures of Al,O; or TiO,
shells on ZnO nanowires by ALD,”** as shown in Fig. 27(c). The
results showed that the ALD Al,O; could act as an insulating
barrier regardless of thickness and that the cell V,. could be
improved at the expense of a larger decrease in ;.. However,
when the TiO, shell thickness was 10-25 nm, it caused an
obvious increase in V., resulting in an improvement in con-
version efficiency up to 2.25%. Another similar TiO,-ZnO core-
shell structure was demonstrated with a TiO, shell on ZnO
nanocrystallites.>** The ultrathin layer of ALD-TiO, can effec-
tively enhance the power conversion efficiency from 5.2% to
6.3%. The ALD-TiO, layer increases the open-circuit voltage and
suppressed surface charge recombination without impairing
the photocurrent density. Hupp et al. designed a doubly coaxial
photoanode architecture based on templated SiO, aerogels.>*®
As shown in Fig. 27(d), the first layer of ZnO was deposited on
the template by ALD to create the electronically interconnected,
low density, and high-surface-area semiconductor framework.
Then, another layer of thin conformal oxide of alumina, zirconia,
or titania was further deposited via ALD to suppress the
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dissolution of ZnO. The doubly coaxial structure of the SiO,-
ZnO-TiO, photoanode showed 2 orders of magnitude faster
electron transport compared to the SiO,-TiO, structure. The
fast electron transport by the coaxial core-shell-shell structure
enables good charge-collection efficiencies even with redox
shuttles capable of rapidly intercepting injected electrons.
Surface area is an important parameter that affects the
sensitizer loading and cell efficiency. The design of a hierarchical
nanostructure is an effective approach to increasing the effective
surface area. ALD has been used to fabricate hierarchical nano-
structures using a sacrificial template or through the combi-
nation of other approaches. For example, 3D colloidal silica was
used as a sacrificial template on a conductive substrate.>® After
the deposition of ALD TiO,, the silica spheres were etched using a
2% HF solution to form the TiO, inverse opal photoanode. The
Ta-doped TiO, films were deposited by repeated super-cycles
of two groups of sub-cycles dedicated for Ta,Os and TiO,,
respectively. The content of Ta in the TiO, films affects the cell
performances. The photoconversion efficiency was effectively
increased by Ta doping, which increased the electron concen-
tration. However, excessive Ta doping decreased the Js. and
photoconversion efficiency. The 3.4 atom%-doped TiO, inverse
opal electrode presented a high photoconversion efficiency of
1.56%, which was 23% higher than that of pure TiO,.>*¢
In another study, different sizes of polystyrene spheres were
used as a template and then ALD was applied to deposit TiO,
thin layers (Fig. 27(e)).”"” The results showed that the TiO,

3930 | Chem. Soc. Rev., 2021, 50, 3889-3956

inverse opal with a size of 288 nm demonstrated a high power
conversion efficiency of 2.22%. The smaller size of the TiO,
inverse opal with higher surface areas led to higher efficiency.
More complex nanostructures were further designed for a novel
self-assembled 3D ZnO nanostructure.>® As shown in Fig. 27(f),
a poly(methylmethacrylate) (PMMA) micro-template was used
to fabricate a ZnO 3D host backbone by ALD. Afterwards, ZnO
nanowires were grown on the 3D host backbone via a hydro-
thermal method. Finally, another 10 nm dense TiO, overlayer
was deposited throughout the 3D ZnO host by ALD. With an
increased surface area attributed to the ZnO nanowires, the
photocurrents increased to 4 mA em™>. The ALD TiO, overlayer
can effectively reduce dark currents, recombine the photo-
generated electrons from the conduction band of the semi-
conductor to the electrolyte and increase the transport rate.
Beyond the design core-shell structure photoanodes, ALD
has been more widely used to modify the interfaces in DSSCs,
including passivation, barrier, and blocking layers. Different
metal oxides have been demonstrated to engineer the interfaces
in DSSCs. For example, ALD Al,O; is one of the most popular
and routine materials used for this purpose.”**~>** As shown in
Fig. 28(a), ALD Al,O; was deposited on cadmium sulfide (CdS)
quantum dot-sensitized solar cells as a barrier layer.”>® It was
found that the ALD Al,O; layer can suppress the dark current
and increase electron lifetimes with increasing Al,O; thickness.
The thickness of the ALD barrier layer affected the performance of
the cell, in which a thin layer leads to an increase in open-circuit
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voltage and efficiency, however, a thicker layer resulted in a loss of
photocurrent and decreased efficiency. Other metal oxides, such
as Ga,03, TiO,, In,03, etc., were also developed to modify the
interface of the photoanodes.”>*>>® As shown in Fig. 28(b), the
surface of the porous substrate was passivated using a sub-
nanometer-thick Ga,0; tunnelling overlayer by ALD.>*” The ALD
Ga,0; leads to a high open-circuit potential of 1.1 V with an
organic D-n-A sensitizer and a cobalt redox mediator. Moreover,
the electron back reaction is effectively reduced with the Ga,0;
overlayer, which leads to improved charge collection efficiency
and fill factor up to 30% and 15%, respectively. To understand the
influence of tunnelling layers on blocking the interfacial charge
carrier recombination reaction (Fig. 28(c)), the recombination
characteristics, electronic properties on the surface, transport
rate, and injection dynamics were investigated for different metal
oxides of Ga,0s, ZrO,, Nb,Os, and Ta,0s.”>° The results showed
that both Ga,0; and ZrO, are good candidates as tunnelling layers
to limit the interfacial recombination of photogenerated carriers.
Moreover, pentavalent oxides such as Nb,Os and Ta,Os introduce
shallow donor levels below the conduction band of titanium
dioxide.>’

One of the issues of DSSCs is the charge loss which occurs at
the interface between the conductive substrate and electrolyte.
To suppress the substrate/electrolyte recombination, a thin oxide
blocking layer is usually used on the surface of the conductive
substrate. Different metal oxides, such as Al,O;, HfO,, TiO,, etc.,
have been deposited by ALD and used as blocking layers.”**>¢
For example, Parsons’s group demonstrated an ALD TiO, layer as
a blocking layer for DSSCs with significantly impeded charge
recombination in functional DSSCs, leading to improved photo-
currents, open-circuit photovoltages, and fill factors.”®® Com-
pared to the blocking layer fabricated by other methods
(hydrolysis and spin casting), with the thinner ALD films, a
better performance was achieved, which is attributed to the
lower pinhole density.

Besides the photoanode, the counter electrode is another
important component of DSSCs. The electrons were transferred

This journal is © The Royal Society of Chemistry 2021

by the counter electrode from the external circuit back to the
redox electrolyte, further catalyzing the reduction of the redox
couple. Different conductive materials, such as Pt, Ru, metal
sulfides, and metal nitrides, etc. have been studied as counter
electrodes for DSSCs.>'**'>%!* ALD was also applied to fabri-
cate the counter electrode, including Pt, Ru, conductive poly-
mers and MoS,, etc.’*®* 7 For example, Pt nanoparticles were
deposited by ALD on indium tin oxide/polyethylene naphthalate
substrates.”®® The ALD deposited Pt showed better performance
compared to the electrodeposited and sputtered Pt counter
electrodes with relative improvements in the efficiency of
19% and 29%, respectively. In addition, ALD was shown to be
practical for fabricating a large area counter electrode with an
efficiency of 3.1%.

3.2.1.2 ALD/MLD for perovskite solar cells (PSCs). The metal
halide perovskite solar cells (PSCs) utilize novel thin-film
photovoltaic technology and have attracted increasing atten-
tion over the past decade due to their remarkable PCE of over
25%.°”*%7% Generally, the PSCs have a sandwich-type structure
including a conductive substrate, perovskite layer, and charge
transport layer (electron transport layer and hole transport
layer).>”®>”® The cell performance and stability are determined
by several factors, such as perovskite/contact interfaces, internal
and external degradation, etc.>”°®' The ALD fabrication method
is regarded as a promising tool to address the challenges
in PSCs.

ALD is ideal for the fabrication of perovskite thin films due
to its advantages which include controllable thickness and
uniformity. For ALD-derived perovskite, another advantage is
the improved adhesion with a wide range of substrates. However,
the direct growth of halide compounds by ALD is challenging.
In 2015, Sargent’s group demonstrated an ALD-assisted process
to synthesize perovskite CH;NH;Pbl; thin films.’®* As shown in
Fig. 29(a), the ALD PbS was first deposited as a seed layer on the
glass substrate, in which H,S and Pb(tmhd), were used as
precursors. The GPC of PbS was ~1.3 A. Afterwards, the PbS film
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Fig. 29 ALD-derived perovskite thin films of CHzNHzPbls.

was converted to Pbl, through exposure to iodine gas. The Pbl,
was subsequently converted to CH;NH;PbI; through a 60 s dip in
methylammonium iodide in IPA. The surface roughness and
morphology are shown in the AFM images in Fig. 29(a). The
morphology of the final CH;NH;PbI; perovskite film is primarily
determined by the methylammonium iodide treatment, and the
thickness of the CH;NH;PbI; perovskite film is thicker than the
initial ALD PbS film. Another similar process was reported by
Julien et al.,>® as shown in Fig. 29(b). The PbS thin films were
firstly deposited on planar and porous substrates by ALD,
in which the polycrystalline p-type PbS films are found to be
stoichiometric and pure. The CH;NH;PbI; perovskite film was
obtained by annealing the ALD PbS film at 150 °C in the
presence of vapors from methylammonium iodide. As seen in
the XRD results, the perovskite CH;NH;PbI; was successfully
synthesized by this multistep approach. The SEM images
indicate that the grain size of the ALD PbS is approximately
40-70 nm and the converted perovskite film has a more densely
packed layer with large grain sizes. The direct synthesis of
perovskite CH;NH;Pbl; has yet to be successful. However,
Popov et al. have moved forward to fabricate metal iodides by
ALD,*®* which are closer to the ALD perovskite CH;NH;PbI;.
In their process, lead silylamide (Pb(btsa),) and Snl, were used
as precursors and the deposition temperature was below 90 °C.
The roughness of the substrate surface significantly affected
the crystalline texture and morphology of the PbI, films, in
which the films are dense on smooth substrates and porous on
rough substrates. This ALD Pbl, film presents high film quality,
uniformity, and scalability.

Charge transport layers are essential for the performance
and efficiency of PSCs.’®*”%¢ The charge transport layer is
used to selectively extract photo-generated charges from the
perovskite layer and transport the electrons/holes to the
electrodes.®®”®® The charge transport layers are generally
divided into electron transport layers, which transport photo-
excited electrons, and hole transport layers, which transport
holes. The main characteristics required of an ideal charge
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transport layer include charge selectivity, high conductivity,
chemical stability, transparency, and pinhole-free dense
morphology.’”® Meanwhile, the thickness of the charge trans-
port layers is required to be thin in order to reduce the charge
transfer resistance of the photogenerated charges. With this in
mind, ALD is an ideal approach to deposit a charge transport
layer with conformal and dense film growth. Among the
different materials, TiO, has been extensively studied as a
charge transport layer in PSCs. In the early studies, the ALD
TiO, layers were deposited as a hole blocking layer in
PSCs.’®7% For example, Griitzel's group demonstrated the
sub-nanometer ALD TiO, overlayer for high efficiency solid-
state mesoscopic solar cells using a perovskite absorber, which
effectively blocked the parasitic back reactions.’®® Subse-
quently, ALD-TiO, was further studied as an electron transport
layer for PSCs.*°”°17%%* Jung’s group reported flexible perovs-
kite solar cells with a high power conversion efficiency of
12.2%. As shown in Fig. 30(a), the amorphous and compact
TiO, was deposited by ALD with a thickness of 20 nm. The fast
electron transport leads to the excellent performance of the
PSCs, which was proven by the time-resolved photolumines-
cence and impedance studies. Additionally, the flexibility of the
device is remarkable, in which it can maintain 95% of the
initial PCE after 1000 bending cycles with a bending radius of
10 mm. Afterward, Li’s group further investigated the effect of
TiO, thickness on the performance and clarified the mechanism
behind the improved performance.®® Different thicknesses of
the TiO, film, ranging from 5-20 nm, were optimized, in which
a high efficiency of 13.6% was achieved with the 10 nm thick
TiO, layer. The optimized electron transport layer provided by
ALD-TIO, delivered several advantages including high transmit-
tance, low leakage current, and low charge transfer resistance
and recombination rate.®®® The post-treatment process of the
ALD-TiO, electron transport layer also influences cell perfor-
mance. Martinson et al. explored two strategies which include
annealing at 500 °C and UV-O; treatments for the ALD-TiO,
electron transport layer.*** The results showed that the

This journal is © The Royal Society of Chemistry 2021
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Fig. 30 ALD deposited charge transport layers for PSCs: (a) TiO,; (b) ALOs; (c) SnOy; (d) GaN; (e) NiO.

room-temperature UV-O; treatment for ALD-TiO, is considered
as a more effective way to improve the efficiency comparable to
crystalline TiO, thin films synthesized by higher temperature
methods. To show the advantages of ALD-TiO,, other methods
were also investigated for the fabrication of TiO, electron trans-
port layers. Tian’s group demonstrated a comparison between
ALD and spin-coating methods for the synthesis of TiO, electron
transport layers.®®® Compared to the spin-coating, the ALD TiO,
electron transport layer is more uniform, and presented reduced
interfacial charge accumulation, and accelerated electron
transport. In another study, the ALD approach was proven to
be superior to the spray pyrolysis and sol-gel methods.’®® The
results showed that high-temperature sintering is not mandatory
to achieve high-performance PSCs and that low-temperature
fabrication of a compact layer by ALD can provide high efficiency
on flexible substrates.

SnO, is another promising electron transport layer candi-
date for PSCs due to its deep conduction band, high electron
bulk mobility, wide optical bandgap, and excellent chemical
stability.>”>%7"®'* Hagfeldt’s group firstly demonstrated the
use of ALD SnO, instead of TiO, as an electron transport layer
with an almost hysteresis-free efficiency of 18% and a high
voltage up to 1.19 V.°"> Compared to TiO,, the PSCs with SnO,
as an electron transport layer delivered better performances
with high voltages and remarkably good stability over time.
A barrier-free charge transport across the SnO,/perovskite inter-
face was achieved, resulting in highly stable current densities.
Moreover, the ALD deposition parameters have obvious influ-
ences on the properties of the deposited materials. As shown in
Fig. 30(c), Hu et al studied different oxidant precursors,
including H,0, O, and O, plasma, for use in the deposition
of ALD SnO, and their effects on the PSCs.®’® The results

This journal is © The Royal Society of Chemistry 2021

showed that the ALD SnO, electron transport layer deposited
using O; has the best performance with a stable PCE of 15.3%
and a remarkably high V. of 1.17 V. During the ALD process, an
interfacial layer of PbI, was formed between the SnO, and
perovskite. Different oxidant precursors resulted in different
extraction barriers at the interfaces, in which the barriers were
the largest for H,O-deposited SnO, and the smallest one is
0O;-deposited SnO,. The smaller barrier led to superior electron
extraction. Another important parameter for the ALD process is
the deposition temperature. Kuang et al. studied the ALD SnO,
electron transport layer deposited at different temperatures in
the range of 50-200 °C.°™ The ALD-SnO, deposited at 200 °C
contributed to cell stability; however, the efficiency decreased
by approximately 50% for the counterpart device using the
50 °C SnO,. The post-treatment of the ALD layers also has an
influence on the cell performance. Jeong et al. demonstrated
ALD-SnO, exposed to different post-annealing temperatures of
180 °C and 300 °C and used them as electron transport
layers.®'® As a result, the PSCs with the ALD Sn0,-180 °C layer
showed the highest power conversion efficiency of 18.3% and
better reproducibility. The higher power conversion efficiency
of ALD Sn0,-180 °C based PCSs compared to the as-deposited
SnO, was attributed to the enhanced electron-transport
properties, thus improving the electrical conductivity. However,
although the conductivity of the ALD Sn0O,-300 °C was highest,
the poor hole blocking ability of ALD SnO,-300 °C led to a lower
power conversion efficiency. Another similar study was demon-
strated by Wang et al,’'® in which the PSCs with a lower
temperature (100 °C) post-treatment under air resulted in a
higher power conversion efficiency of 20.3% than that of the
PSCs with the as-deposited SnO, and SnO, annealed at higher
temperatures of 200 and 300 °C.
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Some other materials, such as GaN, and Nb,Os, etc. have also
been demonstrated as electron transport layers for PSCs.*"” "
For example, as shown in Fig. 30(d), Wei et al. deposited a
compact and amorphous n-type GaN layer by plasma-enhanced
ALD at 280 °C to be used as an electron transport layer for
PSCs.®'® The GaN-based PSCs exhibited higher efficiency of
15.18% with less hysteresis than the GaN-free device (10.38%
efficiency). The improved performance with the GaN layer can be
attributed to the improved electron extraction and reduced
recombination at the FTO/perovskite interface. In addition, the
bilayer structure was further designed as an electron transport
layer for PSCs.°*® As shown in Fig. 30(b), an ultra-thin Al,O;
insulating layer was deposited between the electron transport
layer of ZnO and perovskite for PSCs.®*" This insulating layer
with an electron transport layer can suppress the carrier’s
recombination process and improve the conversion efficiency
of PSCs. The designed interface with ZnO/Al,O; resulted in PSCs
with high efficiency of 15.55%, in which the thickness of the
Al,O; insulating layer is only 4 A. Another bilayer structure of
TiO,/WO; was designed and fabricated by a combination of ALD
and spin-coating processes on a conductive substrate to prevent
the contact between the fluorine-doped tin oxide (FTO) and
perovskite.®®> The PSCs with the TiO,/WO; electron transport
bilayer exhibited an enhanced power conversion efficiency of up
to 20.14%, which was much better than the single WOj; or TiO,
electron transport layer-based devices.

For the hole transport layers, NiO has proven to be one of
the most popular materials due to its good optical trans-
parency, high chemical stability, and ability to align the band
edges of the perovskite layers.””>>”® The advantages of NiO as a
hole transport layer can be summarized as: (1) suitable work
function and large bandgap; (2) efficient hole extraction and
low electrode polarization restricted to the interface of NiO;
(3) high transparency in the visible spectral range.”®® ALD holds
obvious advantages in the fabrication of NiO hole transport
layers compared to other methods, such as sol-gel processes.®**%**
Seo et al. first demonstrated ultra-thin NiO by ALD as a hole
transport layer for PSCs.®”® The results showed that the work
function and hole concentration of the thin NiO hole transport
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layers increased due to the overlap of the Debye length, resulting in
an enhanced photovoltaic activity. A post-annealing process of the
NiO layer can reduce the hydroxylated NiOOH on the surface,
leading to higher electrical conductivity and better interfacial
properties. The inverted planar PSCs with ALD NiO hole extraction
layers exhibited a high efficiency of up to 16.40% with negligible
hysteresis. Similarly, another work also demonstrated the influence
of the post-treatment of ALD NiO on the PSC performances.®*® The
PSCs with post-annealed ALD NiO layers delivered a higher effi-
ciency of 17.07% when compared to the pristine NiO-based device,
which had an efficiency of 13.98%. To improve the device reliability
for large-scale fabrication, an atmospheric pressure spatial ALD
process was developed to deposit NiO hole extraction layers,
as shown in Fig. 30(e).®*” The PSCs with NiO hole extraction layers
exhibited a high-power conversion efficiency of 17.1%. The NiO
obtained by spatial ALD has improved uniformity with an average
roughness of <0.6 nm. Importantly, the simply prepared and high-
quality ALD NiO films are compatible with the large-throughput
fabrication of perovskite optoelectronics.

The passivation layers at the perovskite absorber and contact
layer interfaces in PSCs are generally used to reduce the
concentration of surface defects that induce undesirable carrier
recombination. ALD Al,O; is one of the most commonly used
passivation layer materials for PSCs.®**"%*® For example, as
shown in Fig. 31(a), a thin layer of ALD Al,O; was deposited
on CH;3;NH,;PbI; ,Cl, for PSCs to reduce the hysteresis loss and
stabilize the devices against humid conditions.®®” As a result,
the PSCs with the ALD Al,O; layer exhibited a high efficiency of
18.8% with a significantly reduced hysteresis. Furthermore, the
Al,O; passivation layer can significantly improve the PSC’s
stability against ambient humidity while retaining 60-70% of
the initial efficiency after 70 days. However, the pristine cell
without the Al,O; layer suffered from a drastic fall to 12% of its
initial PCE during the study period. In another study, two ALD
layers were deposited for the PSCs; one being a ZnO passivation
layer and the other one being the Al,O; encapsulation layer, as
shown in Fig. 31(b).°*® The fabricated PSC device showed a
remarkable efficiency of 16.5% with high reproducibility. The
Al,O; encapsulation layer can effectively enhance the ambient
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Fig. 31 ALD deposited passivation and encapsulation layers: (a) Al,Os; (b) ZnO and AlLOs; (c) alucone and AlLOs.
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stability of the PSCs due to its ability to act as an effective gas
diffusion barrier. To further improve the operational stability of
PSCs in a humid environment, an alternating organic-inorganic
encapsulation structure was deposited by ALD/MLD and found to
exhibit an excellent water vapor transmittance rate, as shown in
Fig. 31(c).* The PSCs with the Al,Oz/alucone hybrid encapsula-
tion layer survived at 80% relative humidity and 30 °C for over
2000 h while preserving 96% of its initial performance.

3.2.2 ALD/MLD for photoelectrochemical water splitting.
Another important energy conversion device is the photo-
electrochemical (PEC) water splitting cell, which splits water
into H, and O, through the use of sunlight.®**®** 1t is a
renewable approach to convert solar energy into storable fuels.
In a PEC water-splitting cell, the photoelectrodes mainly consist
of Hy-evolving p and O,-evolving photoelectrodes. For the
0,-evolving photoanode, n-type semiconductor materials are used
to drive the holes to the interface between the semiconductor and
electrolyte.®**** Electron-hole pairs are generated when the
energy of the light is greater than the bandgap on the photoanode.
The holes, where the water oxidation occurs, move to the surface.
The protons are reduced to form molecular hydrogen and the
electrons are collected at the metal cathode.®*>®'® On the
H,-evolving photocathode, the p-type semiconductor facilitates
electron transfer to the electrolyte interface for the reduction
reaction. The proton proton is reduced by acquiring the electrons
to evolve hydrogen gas at the photocathode surface, and the holes
move back to the counter electrode, where water oxidation takes
place.**>** Therefore, the choice of semiconductor material is
the key to achieving high-performance PEC water splitting
devices.®*”**° The semiconductor generally requires a suitable
bandgap, high conductivity, excellent stability and low cost, and
should be environmentally friendly.

Fe,0; possesses a suitable bandgap and low-cost, which
makes it a desirable candidate as a photoelectrode for PEC
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water splitting devices.®®'~**> Wang’s group demonstrated ALD
Fe,O; on a TiSi, nanonet as a photoele(:trode,656 as shown in
Fig. 32(a). The TiSi, nanonet was used as a charge transport
layer to improve the charge collection. The photocurrents of
1.6 and 2.7 mA cm™ > were achieved at 1.23 and 1.53 V (vs. RHE)
without any additional oxygen-evolving catalysts. Another
p-LaFeO;/n-Fe,O; heterojunction structure was reported by
Chen’s group.®®” The La,O; layer was first deposited on the
B-FeOOH nanorods by ALD, followed by the formation of the
p-LaFeO;/n-Fe,O3 heterojunction which was obtained by a post-
annealing process. Because of the well-matched band levels of
LaFeO; and o-Fe,03, the photocurrent density was promoted
from 0.37 to 0.58 mA cm > at 1.23 V versus RHE. The significant
improvement could be attributed to the accelerated charge
separation within the space depletion layer induced by the
built-in potential.®*”

TiO, was the first reported photoelectrode for water splitting;
however, it's solarto-fuel conversion efficiency is the major
limitation.®>®"°®* The main challenges for the TiO, photoelectrode
are the carrier diffusion length, optical penetration depth, and
inefficient electron collection. Peng et al. demonstrated an ALD
TiO, layer on nano antimony-doped tin oxide (nanoATO) films as
photoelectrodes for PEC water splitting, as shown in Fig. 32(b).***
The nanoATO-ALD TiO, photoelectrode delivered a high photo-
current density of 0.58 mA cm > under 1.5 G AM (~sunlight of
100 mW cm™?), which is 3 times higher than that of the planar
TiO, electrodes on FTO glass. It was further reported that the
thickness of the ALD TiO, layer and post-treatment process are
also critical factors that affect the water splitting capabilities.®®®
ALD TiO, was deposited on hematite nanorod arrays as photo-
electrodes. In this study, different post-annealing temperatures of
400, 650 and 750 °C, were investigated. It was found that with an
annealing temperature of 650 °C, significant photocurrent can
be observed. Furthermore, the thickness of the ALD TiO, was
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optimized. Below a critical thickness, the PEC performance was
steadily enhanced. If the thickness of the TiO, layer was too thick,
the hole transfer from hematite to liquid was blocked because of
the formation of a substantive heterojunction. With the optimized
annealing temperature and thickness for the ALD TiO, layer,
a high photocurrent of 1.9 mA cm > at 1.23 V (vs. RHE) under
AM 1.5 simulated solar illumination was achieved.

In addition to TiO,, other metal oxides, such as Ga,03, SnO,,
ZnO, HfO,, WO3, etc., have been deposited by ALD on different
substrates and used as effective photoelectrodes for PEC water
splitting devices.’”°*®"%”7 For example, as shown in Fig. 32(c),
Zhao et al. compared two different deposition techniques
which included sputtering and ALD for the deposition of WO,
thin film photoelectrodes.®’® For the sputtered WO;, the film
possessed obvious nanosized holes throughout the surface. Mean-
while, for the ALD WO; film, no obvious microholes or other
physical defects were observed. The highest performance was
achieved for WO; films deposited by ALD after annealing in air,
which led to the fewest physical defects and an appropriate
amount of oxygen vacancies.””® Another Nb-doped SnO, was
deposited by ALD and demonstrated by Gritzel's group
(Fig. 32(e)).”° The doped films were deposited using SnO, and
Nb,Os subcycles in which the content of Nb was controlled from
0-4%. The conductivity of the SnO, was improved with Nb-doping,
in which the conductivity reached a maximum with 2% Nb in SnO,.
With another layer of hematite, the architecture showed a signifi-
cant photocurrent plateau of 2.26 mA cm™> at 1.4 V vs. RHE.

Besides the metal oxide, metal nitrides such as tantalum
nitride have received increasing attention due to their favourable
bandgaps and band edge positions that straddle both the
reduction and oxidation potentials of water.®***%! Narkeviciute
et al. fabricated core-shell Ta;Ns on a Si substrate by ALD
(Fig. 32(d)).°®® The TazN; was obtained by the nitridation of
amorphous Ta,Os under NH;. The thinner Ta;Ns shells resulted
in superior photocurrents and absorbed-photon-to-current effi-
ciencies indicating minimal carrier diffusion lengths on the order
of tens of nanometers.
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Similar to other applications, ALD is also used to design
different 3D-structured photoelectrodes for PEC water splitting
devices aimed towards achieving high specific surface area,
direct electron transport pathways, and excellent light-harvesting
abilities."”>%%>"%°! In an early study, Cheng’s group reported a 3D
ordered urchin-like hollow TiO,/ZnO nanorod structure on trans-
parent FTO as a photoanode for photoelectrochemical hydrogen
generation,*> as shown in Fig. 33(a). In a typical process, a
monolayer of PS microspheres was assembled onto the FTO
substrate to act as a sacrificial template. Then, 20 nm of TiO,
and 10 nm of ZnO were deposited onto the PS spheres by ALD.
Afterwards, ZnO nanorods were grown onto the surface of TiO,/
ZnO hollow spheres with a hydrothermal approach. With a CdS
sensitizer, a photocurrent of 3.6 mA cm ™2 (at 0 V vs. Ag/AgCl) was
generated by the urchin-like TiO,/ZnO photoanode, which is
much higher than that of the 2D and 1D structure. The higher
surface area provided by the nanostructured electrode for quantum
dot loading contributed to the enhanced light scattering ability.
Another interesting 3D-structured cactus-like WO;@ZnWO,@
ZnO-ZnO was demonstrated by Zhang’s group, fabricated by
combining ALD with a hydrothermal process.®®® As shown in
Fig. 33(b), the well-aligned WO; nanosheet array was grown on
FTO glass by the hydrothermal method. Subsequently, the
amorphous ZnO layer was coated on the WO; nanosheets by
ALD and further annealed in air to form a ZnWO, buffer layer.
Finally, another set of ZnO nanosheets was grown on the
surface by a secondary hydrothermal process. As a result, the
fabricated 3D photoelectrode photocurrent density was 3.8 times
higher (~1.57 mA em™?) at 1.23 V vs. RHE than the pristine WO;
photoanode after long-term continuous illumination. Their
group further developed another ZnO-GaON core-shell nano-
wire structure by PE-ALD,*** as shown in Fig. 33(c). The ZnO
nanowire was firstly grown on the FTO substrate via a hydro-
thermal method with an ALD ZnO seed layer. Afterwards, a
GaON film was further deposited on the ZnO nanowire by a
PE-ALD process. To grow the GaON film, NH; and O, gas were
introduced simultaneously at a specific flow ratio in the plasma
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Fig. 33 ALD-derived 3D structured photoelectrodes for PEC water splitting devices: (a) TiO,-ZnO; (b) WO:@ZnWO4@Zn0O-Zn0; (c) ZNO-GaON.
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pulse step. The unique structure of ZnO-GaON core-shell nano-
wires with optimized ALD GaON shell thickness exhibited a
significant electric field enhancement and light trapping ability,
which improved the photocurrent from ~ 0.24 (pristine ZnO) to
2.25 mA cm™? at 1.23 V versus RHE.

To improve the PEC device performance, numerous
transition-metal/metal oxides, such as nickel (and NiO) and
cobalt (and Coz0,), have been used as catalysts for oxygen-
evolution. ALD was also widely reported as a method to deposit
transition-metal catalysts on photoelectrodes for PEC water
splitting.®°%*9>7°° yvang et al. fabricated a conformal, biphasic
CoO, catalyst by PE-ALD and used it as a photoelectrode with
high activity and compatibility.”®" A compact and continuous
nanocrystalline Co;0, spinel was deposited by PE-ALD, which
provides effective protection for the underlying substrate.
Furthermore, disordered surface layers composing of Co(OH),
were obtained at a reduced deposition temperature and signifi-
cantly improved electrocatalytic activity. This Co(OH), layer
promoted chemical and structural transformation, leading to
a high concentration of catalytically active sites. As a result, the
C030,4/Co(OH), thin films exhibited high activity towards water
splitting with enhanced durability.

Passivation layers are widely used to suppress the surface
recombination that occurs on photoelectrodes for PEC water
splitting devices. ALD is an ideal technique to deposit the
passivation layer, which has also been introduced in the above
sections for solar cells. TiO, is one of the most popular
materials as a passivation layer and has been deposited by
ALD.>*»7%2771% Bor example, Yang’s group fabricated an epitax-
ial rutile TiO, shell by ALD on TiO, nanowires as the passiva-
tion layer.”** When coated with a 150-ALD-cycle TiO, shell, the
photocatalytic activity of the 1.8 pm long TiO, nanowire was
enhanced 1.5 times (1.5 V vs. RHE) higher, reaching a current
density of 1.1 mA ecm ™2 This ALD TiO, coating improved the
charge collection efficiency due to the passivation of surface
states and an increase in surface area. Moreover, Paracchino
et al., examined several factors that determine the performance
and stability of Cu,O photocathodes with ALD-deposited
overlayers.”"> It was found that the ALD deposition temperature

(a) Roll to roll for flexible
substrate

Gas Gas Gas
Bearing ™A Bearing H0 Bearing

Uil
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Wob diroction

Web guide

Flexible substrate Spatial ALD drum

&

(" Large Scale ALD/MLD N

(b) Rotary Reactor for
powder
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is critical towards the device performance, and determines the
energy level positions as well as crystallinity. With a more
crystalline overlayer, 62% stability over 10 hours of testing
was achieved for the Cu,O photocathodes. Some other metal
oxides deposited by ALD, such as Al,03, SnO,, Ta,0s, ZnO, etc.,
were also reported as passivation layers for PEC water splitting
devices.”"*7?° For example, ALD Al,O; was deposited on TiO,
nanotubes as a passivation layer and was used as a photoanode
for PEC water splitting.”>" The optimized ALD coating exhibited
an enhanced photocurrent density by 0.8 times compared to
the pristine TiO, nanotubes. The improvement was mainly
ascribed to the reduction of the electron-hole recombination
and decreased surface defect density combined with the field-
effect passivation induced by the ALD Al,O; shells. In another
work, 2 nm of ALD-ZnO was fabricated on the spin-cast
PC71BM thin-film n-type organic semiconductor photoanode
as a passivation layer.”** As a result, the passivated photoelectrode
exhibited increased stability for 1000 s and a photocurrent of
30 pA cm 2 at E = 1.23 V versus RHE, which was nearly 300% and
600% of those in the un-passivated PC71BM, respectively. The
results revealed that the ALD ZnO can tunnel the hole transfer
through passivation layers and improve the adhesion to the
organic semiconductor, thus lowering Ohmic resistance.

4. Large scale ALD/MLD

With significant efforts from the community, ALD and MLD
techniques have been widely proven as effective and promising
tools for energy storage and conversion applications, particu-
larly for the fields of batteries and fuel cells. However, one of
the major concerns is the practicality of large-scale deposition
for industrial applications.””® To address this concern, large-
scale spatial ALD systems have been proposed and developed.”*
In a spatial ALD process, the precursors are pulsed simultaneously
and continuously, but at a different physical location in the
reactor.”>>”%’ Fig. 34(a) shows the concept of roll-to-roll ALD,
which uses a typical spatial ALD process. In this roll-to-roll
process, the reactor is divided into individual spaces, exposing

Fig. 34 Large scale ALD/MLD: (a) roll-to-toll techniques for flexible substrates; (b) rotary reactor for powder; (c) fluidized bed reactor for powder.
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the precursors to the substrate in different regions and moving
the substrates through the reactor.””*”*! This roll-to-roll ALD
process allows very high deposition rates while maintaining the
desired ALD properties such as film quality and conformality.
Subsequently, another roll-to-roll reactor was designed, consisting
of a central drum that contains one or more half-reaction zones
for individual precursors, as illustrated in Fig. 34(a). This upgrade
allows for the avoidance of the mechanical contact between the
deposition side of the foil and the reactor and further minimizes
the amount of moving parts.””® These roll-to-roll ALD reactors are
ideal for large scale flexible substrates requiring fast deposition
rates.”*> For energy storage and conversion applications, they are
promising to carry out roll-to-roll ALD coatings on electrodes at
the industrial level.

Another reactor design is used for large-scale powder deposi-
tions. It is also very important and practical for energy storage
and conversion applications, such as ALD/MLD coatings on
cathode/anode powders for batteries, and catalysis deposition
on carbon powders for fuel cells. One of the options for ALD/
MLD deposition on powders is the rotary reactor, which is
presented in Fig. 34(b). The rotary reactor allows for static
reactant exposures that can utilize the ALD precursors more
efficiently.”**7*> Another possibility is the fluidized bed reac-
tor, which has been studied intensively for different ALD/MLD
processes.”**”7*° For example, Fig. 34(c) shows a typical flui-
dized bed reactor for ALD deposition on powder. This reactor
allows for the optimization of the process variables at any scale.
Combined with in situ mass spectrometry, the precursors can
be fully utilized to maximize precursor utilization and surface
saturation. Some ALD companies have already commercialized
the fluidized bed reactor with the capabilities of process material
at the ton level, as shown in Fig. 34.”°° Moreover, many types of
films can be deposited in these reactors on virtually any particle
substrate using this gas-phase reaction process.”*®

5. Conclusions

In this comprehensive review, we summarize the development
and understanding of ALD/MLD techniques for energy storage
and conversion applications, focusing on batteries, super-
capacitors, fuel cells, solar cells and photoelectrochemical
water splitting. In general, ALD/MLD are very promising tech-
niques that can address the challenges for energy storage and
conversion due to their unique properties such as precise
thickness control, excellent uniformity and conformity, and
tunable composition. The main content of this review is as
follows:

(1) ALD/MLD techniques are used to fabricate electrode
materials for LIBs and NIBs. Various types of metal oxides
(SnO,, ZnO, and TiO,, etc.) have been deposited on different
substrates (such as graphene, carbon nanotubes, and stainless
steel) as anode materials. Several Li/Na-containing compounds
(LiCoO,, LiFePO,, and NaTiO,) have been developed as cathodes
for LIBs and NIBs. Meanwhile, MLD is proposed to synthesize
organic electrodes for batteries. Benefitting from the advantages
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of ALD/MLD, the morphologies, structures, compositions, and
particle sizes are precisely controlled by adjusting the ALD/MLD
parameters, resulting in excellent electrochemical performances.
However, as we discussed above, the drawbacks of ALD/MLD for
electrode fabrication are also obvious. The major concern is the
low GPC of ALD/MLD films, which is in the range of A per cycle for
most of the procedures. To reach a high enough loading of the
active materials, hundreds or even thousands of ALD cycles are
required to obtain a thick electrode. This time-consuming process
has less commercial viability for standard battery technologies,
particularly when compared with composite/powder-based
electrodes. Nevertheless, it still needs to be pointed out that
ALD/MLD is still promising for the design and fabrication of
thin film batteries or micro-batteries with thin electrodes.

(2) Rather than electrode fabrication, ALD/MLD is more
promising for the engineering of the interface between the
electrode and electrolytes in LIBs and NIBs, especially on the
cathode side. ALD Al,O; is the most popular coating layer used
to modify the surface of cathode materials. The electrochemical
performances of Al,Os-coated cathode materials are signifi-
cantly improved with only a few cycles of ALD. The protection
mechanism of ALD Al,O; has been intensively studied by
different approaches, such as in operando XRD, in operando
XANES, and STEM-EELS. The most widely recognized explana-
tion is that the thin ALD Al,O; can prevent the electrolyte
decomposition, HF corrosion, and transition metal dissolution.
Some other metal oxides have been further investigated as
a coating for cathode materials, in which ALD AlL,O; still
performs the best among them. However, the metal oxides
are generally non-ionic conductive, which will limit the Li-ion
transport across the interface. In this case, Li-ion conductive
solid-state electrolytes have been developed to replace the metal
oxide coatings for cathode materials. The solid-state electrolyte
coating enables fast Li transport and achieves even better
electrochemical performances compared to their respective
metal oxides. Beyond surface coating, ALD films are used to tailor
the structures of the cathodes with further post-treatments, such
as doping the lattice and modifying the grain boundary.

(3) On the anode interface of LIBs and NIBs, the ALD/MLD
coatings serve two purposes. On one hand, the ALD/MLD layers
are deposited as an artificial SEI to prevent the side reactions
between the anode materials and liquid electrolytes. On the
other hand, the ALD/MLD surface coating can relieve the
volume change of the anode materials during lithiation/
delithiation. Generally, when depositing coating layers for
anodes, MLD presents more promising properties and better
electrochemical performances compared to ALD due to the
enhanced flexibility for volume change accommodation.
Beyond the conventional anode materials, Li metal and Na
metal are excellent candidates for next-generation Li metal
batteries and Na metal batteries, respectively. The application
of ALD/MLD has also been extended to artificial SEI fabrication
for Li and Na metal anodes. Similar to regular anodes, the MLD
layers deliver better performances than that of ALD coatings for
alkali metal anodes. Additionally, the organic-inorganic hybrid
coatings have been proven to be ideal layers with excellent
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electrochemical, chemical and mechanical properties. Moreover,
the ALD/MLD techniques have been applied to address the inter-
facial issues for SSBs, in which ALD/MLD layers are used to prevent
the side reaction between the electrodes and SSEs.

(4) ALD/MLD has also been used to deposit catalysts with
controllable particle sizes for metal-air batteries and fuel cells.
For metal-air batteries, precisely controlled catalysis is the key
to tune the discharge product composition and morphologies.
Moreover, selective ALD deposition can be applied to stabilize
the catalysts. For electrocatalytic applications, ALD has been
shown to be an ideal technique to deposit catalysts with
controllable particle sizes in high-aspect-ratio and porous
materials. It can be further used to design novel structures
and modify the surface of the substrate to stabilize the cata-
lysts. Moreover, ALD can be used to precisely deposit single
atoms and even dimer catalysts on the different substrates,
which improves the activity to a new level.

(5) ALD/MLD has been used to develop nanostructure materials
for different applications, such as batteries, supercapacitors, solar
cells and photoelectrochemical water splitting. Generally, different
types of templates are used to deposit ALD films. Afterwards, the
templates are removed or transferred to create hollow nano-
structures by post-treatment processes. Finally, the 3D nano-
structures with high surface area and short ion diffusion paths
are achieved with significantly improved performances for
different energy-related devices.

(6) For photovoltaics of DSSCs, perovskite and photo-
electrochemical water splitting, ALD/MLD is used to deposit
the core-shell structure of the photoelectrode with minimized
electron transfer routes to the conductive substrate. Moreover,
ALD has been more widely used to modify the interfaces in
DSSCs, including passivation, barrier, and blocking layers, with
significantly improved performances.

(7) The potential of large scale ALD/MLD for energy applica-
tions has been further discussed. On one hand, roll-to-roll ALD/
MLD has been widely developed for flexible substrates and is
suitable for battery electrodes, fuel cell membranes and solar cell
substrates. On the other hand, the rotary and fluidized bed
reactors are designed for the mass production of powder samples,
which is ideal for cathode/anode material manufacturing.

6. Perspective

Significant progress in the fields of ALD/MLD for energy
applications has been reported over the past decade and ALD/
MLD techniques are gradually becoming recognized by the
energy storage and conversion communities as powerful and
effective tools. However, challenges still remain and need to be
addressed, at the same time, enormous potential is expected to
be exploited. We list the detailed potential directions and
perspectives below.

(1) Extension of other ALD chemistries for energy applications.
Currently, the most popular materials deposited by ALD for
energy applications are various metal oxides and noble metals.
In the ALD community, other types of materials, such as nitrides,
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sulfides, and fluorides, have been successfully synthesized by ALD
(or PEALD). These materials have unique properties compared
to metal oxides and are expected to be applied in energy
applications. For example, metal nitrides generally show higher
electronic conductivity and chemical stability compared to
metal oxides, and can be used as a substrate for fuel cell
catalysis or as coatings for cathode/anode materials for bat-
teries. Furthermore, metal fluorides have been predicted to
have the widest electrochemical stability windows, especially at
high potential. These materials would be ideal coatings for
cathode materials in batteries. With this in mind, more oppor-
tunities and possibilities should arise for ALD/MLD chemistry
in energy applications.

(2) Development and application of new MLD chemistry.
The developed MLD chemistries are plentiful and attractive,
however, their application in energy is still in an early stage.
Firstly, the organic electrodes fabricated by MLD for Li and Na
storage are interesting with various electrochemical active sites.
Secondly, the fabrication of Li-ion and Na ion conductive MLD
films is also challenging, putting forward the requirement for
new MLD chemistries. Meanwhile, for fuel cell applications,
highly conductive and catalytically active MLD thin films are
expected to be explored as catalysts in fuel cells. Furthermore,
the post-treatment of MLD films can be used to design and
synthesize porous and carbon-containing films.

(3) Investigation of the properties of ALD/MLD films.
Although numerous materials have been synthesized by ALD/MLD
techniques, their properties have not been fully studied, such
as chemical stability, electrochemical stability, and mechanical
stability. These properties are always predicted from simula-
tions or inferred from the same bulk materials. However, the
properties of ALD/MLD films at the nanoscale or atomic scale
are relatively different compared to the bulk materials. In this
case, the understanding and characterization of ALD/MLD
films at the nanoscale are critical for the community.

(4) Tuning of the mechanical properties of ALD/MLD films.
Recent studies reveal that the mechanical properties also affect
the electrochemical performances of the electrode, particularly
the materials with large volume change. However, there are few
examples of research focusing on the mechanical properties of
the ALD/MLD films. Thus, it is also important to connect the
mechanical properties of the coating layer to the electrochemi-
cal performances of the batteries.

(5) Rationally designing films by ALD/MLD. Various indivi-
dual ALD/MLD films have been studied for energy applications.
However, individual films cannot meet all the requirements for
different applications. The combination of different ALD/MLD
films for hybrid coating designs is required to meet the
demands of specific applications.

(6) Mechanistic insight behind the electrochemical performance.
It has been widely proven that ALD/MLD is effective in improving
the performances of various systems. However, the functionality
and mechanisms of ALD/MLD layers are still unclear. Thus,
advanced characterization methods, especially in situ techniques,
are the key for providing a deep understanding and will provide
guidance towards future ALD/MLD material design.
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(7) Currently, there is a need to demonstrate the practical
applications of ALD/MLD technologies in energy storage and
conversion for large-scale production. In particular, it is urgent
to realize the mass production of ALD coatings on powder
materials, such as cathode materials for batteries.
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