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tion and functionalization of
powder materials by atomic layer deposition:
a review
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Powder materials are a class of industrial materials with many important applications. In some

circumstances, surface modification and functionalization of these materials are essential for

achieving or enhancing their expected performances. However, effective and precise surface

modification of powder materials remains a challenge due to a series of problems such as high

surface area, diffusion limitation, and particle agglomeration. Atomic layer deposition (ALD) is

a cutting-edge thin film coating technology traditionally used in the semiconductor industry.

ALD enables layer by layer thin film growth by alternating saturated surface reactions between

the gaseous precursors and the substrate. The self-limiting nature of ALD surface reaction offers

angstrom level thickness control as well as exceptional film conformality on complex structures.

With these advantages, ALD has become a powerful tool to effectively fabricate powder

materials for applications in many areas other than microelectronics. This review focuses on the

unique capability of ALD in surface engineering of powder materials, including recent advances

in the design of ALD reactors for powder fabrication, and applications of ALD in areas such as

stabilization of particles, catalysts, energetic materials, batteries, wave absorbing materials and

medicine. We intend to show the versatility and efficacy of ALD in fabricating various kinds of

powder materials, and help the readers gain insights into the principles, methods, and unique

effects of powder fabrication by ALD.
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1. Introduction

Powder materials are widely used in various industrial areas. In
many circumstances, surface modication and functionalization
of powder materials are essential for achieving or enhancing the
desired performances. Effective and precise surface modication
of powder materials has been an everlasting topic for both
academia and industry. In order to introduce the desired physical
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or chemical properties to the powder, many methods, such as sol–gel
processing and chemical vapor deposition (CVD), have been devel-
oped, to produce functional thin lms or discontinuous structures on
the surfaces of the prime particles. Although thesemethods have been
successfully applied to many powder systems, most of these methods
fail to achieve precise control over the thickness of the surface fabri-
cation layer, which may result in compromised effects and poor
consistency or reproducibility. In addition, uncontrolledlm thickness
may easily cause permanent aggregation of primary particles, which
can be detrimental to the performance of the powder.1

Unlike many other vapor-phase deposition techniques, atomic
layer deposition (ALD) is not a line-of-sight dependent process. ALD
processes are based on cyclical self-limiting chemisorptions taking
place on the surface of the substrate. In a typical ALD process as
depicted in Fig. 1, two precursors are alternately introduced in the
vapor form, and each reacts with the surface functional groups
generated during the previous reaction step. Each step of the
surface reaction is self-limiting and the two reaction steps are
separated by inert gas purges which remove the unreacted
precursors and reaction by-products. Thus the lm thickness is
precisely controlled by the number of ALD cycle performed. The
typical ALD lm growth rate for most inorganic materials is ranged
between 0.01 to 0.25 nmper cycle, depending on the specic type of
material, precursors, and reaction conditions.2

The special lm growth mechanism endows ALD the unique
capability of producing conformal coatings on materials with
Fig. 1 Schematic picture of a typical ALD process.
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complex structures. A powder bed can be considered a porous
system with many inter-connected channels and crevices. In an
ALD process, when the gaseous precursor is introduced it can
inltrate the channels and crevices. The self-limiting reactions
take place only on the surface and the gas phase over-reactions
are avoided. Therefore, continuous exposure to the gaseous
precursor until the surface reactions become saturated is the
key to obtaining complete and uniform coating on powder
materials. This can be achieved by developing advanced ALD
reactor and precursor supply systems. Detailed discussions on
this topic will be carried out in the next section.

A large number of materials can be made by ALD, including
many inorganic materials, a variety of organic polymers, and
hybrid materials prepared by alternating inorganic and organic
blocks.3 Most types of powder materials, including micrometer or
nanometer scale inorganic or organic particles, can be effectively
coated. With ALD the structure of the surface fabrication layer can
be controlled at atomic level precision, and the surface properties
can be precisely tuned. By introducing desired physical or chem-
ical properties to the surface, ALD can provide unlimited possi-
bilities to the design and synthesis of novel functional materials.

This review is intended for introducing recent advances in
powder material fabrication by ALD, including reactor and
process design for powder fabrication, and applications in
many different areas such as stabilization of particles, catalysts,
energetic materials, batteries, wave absorbing materials, and
medicine. We hope to show the versatility and efficacy of ALD in
fabricating various kind of powder materials, and help the
readers gain insights into the principles, methods, and effects
of powder fabrication by ALD. Some existing reviews on related
topics are recommended for a more comprehensive under-
standing on ALD.1–7
2. ALD reactor and process for
powder fabrication

It is generally accepted that ALD was pioneered in Finland in the
early 1970s by Suntola and Jorma under the name of “atomic layer
epitaxy” (ALE).8 In 2000 Ferguson et al. demonstrated that ALD
technique could be used to coat ultrathin lms onto the surfaces of
primary particles.9 Since then, the great interest in functionalized
particles has been driving researchers to develop economically
scalable and easy-to-operate ALD reactors for powder fabrication.

Currently, powder or particle ALD is mainly carried out in
xed bed, agitated bed, or uidized bed reactors. Fixed bed ALD
reactors are only suitable for processing small amounts of
powder samples. When a large amount of powder is loaded, it is
difficult for the gas phase precursor to diffuse into the bottom/
inside of the powder bed in each precursor injection step, so
that saturation of the surface reaction cannot be guaranteed,
resulting in nonuniform coating, or more frequently, coating
only on the top or external layer of the powder bed. Libera et al.
reported an example of depositing ZnO on high surface area
silica gel particles using a xed bed ALD reactor.10 The silica gel
powder was held in a container covered by a ne stainless mesh
as shown in Fig. 2a. The gap between the powder layer and the
RSC Adv., 2021, 11, 11918–11942 | 11919
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Fig. 2 (a) Cross-sectional schematic picture of the powder coating fixture of a fixed bed ALD reactor; detailed structures of the cover (b) and the
powder bed (c). Reprinted with permission from ref. 10, Copyright (2008), Elsevier.
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cover as well as the thickness of the powder layer should be
carefully controlled (Fig. 2b and c) to ensure rapid diffusion of
gases between particles. A thick powder bed may lead to non-
uniform ZnO coating between particles or inside the particles.
Therefore, when using a xed-bed reactor for powder ALD, it is
very important to control the amount of substrate material,
uniformly spread the powder in the ow path, and provide
sufficient ALD sequence time to ensure the saturated surface
reaction. Nevertheless, when large-scale production is needed,
the limitations of xed-bed reactors are difficult to avoid, and
other reactor designs must be applied.
Fig. 3 Configurations of ALD reactors for powder fabrication: (a), schema
allows for the controlled delivery of a variety of precursors. The partic
precursor itself. Particles entering the splash zone c) fluidize as soft aggl
elutriation to the filters. Mechanical bed agitation d) facilitates fluidization
dosing. Real-time gas sampling occurs at the outlet of the reactor f) using
are employed to monitor fluidization and proper system operation. R
Schematic of the pulsed-bed ALD system. Reprinted with permission fro

11920 | RSC Adv., 2021, 11, 11918–11942
Since the introduction of uidized bed reactors (FBRs) to
ALD, a variety of materials have been deposited on different
types of powders using FBRs.11–13 Some of the uidized bed ALD
reactors utilize vibration, stirring or other methods of agitation
to prevent particles from agglomerating during the coating
process, and thus improve the uniformity of coatings. King et al.
reported a FBR with mechanical vibration and agitation
(Fig. 3a).14 In this reactor inert carrier gas purge was combined
with mechanical stirring to effectively uidize nanometer or
micrometer-sized particles. During the uidization process,
agglomerated particles showed a dynamic agglomeration
tic of the fluidized bed ALD reactor. The flexibility of the dosing zone a)
le bed b) is fluidized using either the inert purge gas or the reactive
omerates, and operating velocities are controlled to minimize particle
and precursor bubblers e) can be used to maintain fluidization during
in situmass spectrometry. Three capacitance manometers (P1, P2, P3)

eprinted with permission from ref. 14, Copyright (2007), Elsevier. (b)
m ref. 18, Copyright (2014), Elsevier.

© 2021 The Author(s). Published by the Royal Society of Chemistry
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Fig. 4 (a) Schematic diagram of the rotary ALD reactor, showing a), multiple input dosing flange, b), small porous metal cylinder, c), 10 and 1000
Torr capacitance manometers, and d), magnetically coupled rotary manipulator. Reprinted with permission from ref. 19. Copyright (2007),
American Vacuum Society. (b) Simplified assembly drawing of the rotating fluidized bed ALD reactor and schematic diagram of the particle
cartridge. Reprinted with permission from ref. 20. Copyright (2015), with the permission of AIP Publishing. (c) Pneumatic transport line in the
spatial ALD reactor made of three segments: preheating zone (i), precursor reaction zone (ii), co-reactant reaction zone (iii), and a collection
vessel. Reprinted with permission from ref. 23. Copyright (2015), American Vacuum Society.

Review RSC Advances

O
pe

n 
A

cc
es

s 
A

rt
ic

le
. P

ub
lis

he
d 

on
 2

3 
M

ar
ch

 2
02

1.
 D

ow
nl

oa
de

d 
on

 1
/2

3/
20

26
 1

1:
24

:1
4 

A
M

. 
 T

hi
s 

ar
tic

le
 is

 li
ce

ns
ed

 u
nd

er
 a

 C
re

at
iv

e 
C

om
m

on
s 

A
ttr

ib
ut

io
n-

N
on

C
om

m
er

ci
al

 3
.0

 U
np

or
te

d 
L

ic
en

ce
.

View Article Online
behavior, which means the primary particles will be torn away
from some agglomerates and then be absorbed by other
agglomerates. In other words, the agglomerates of primary
particles continuously break apart and form again. With such
mechanism, the surfaces of all primary particles will be exposed
to ALD precursors and be uniformly coated.15

Powder ALD in FBRs can be operated either at reduced
pressure or at atmospheric pressure. Beetstra et al. demonstrated
that ALD of Al2O3 on LiMn2O4 powder (200–500 nm) is feasible
using a uidized bed reactor under atmospheric pressure.16 One
hundred grams of the LiMn2O4 powder was loaded in the FBR and
the primary particles were coated individually. Some of the gaps
between particles were lled with Al2O3, whichmight be caused by
water build-up due to insufficient inert gas purge. In another case,
Pd nanoparticles were deposited onto graphene (GE) nanoplatelets
using a FBR at atmospheric pressure.17 The Pd/GE obtained by
atmospheric pressure ALD showed lower impurity content, better
dispersion and more uniform distribution of Pd nanoparticles.
Obviously, it will be much more convenient to scale-up the ALD
process under atmospheric pressure, however, efficient supplying
and removing of precursors and avoiding side reactions are still
challenging under atmospheric pressure.

Despite their efficacy for coating primary particles, FBRs face the
problem of low precursor utilization efficiency, because a large
fraction of the precursormay be carried away by the fast, continuous
gas ow necessary for particle uidization. A “pulsed-bed” ALD
reactor (Fig. 3b) has been proposed to resolve the dilemma.18 When
the precursor is introduced, the valve at the suction end is closed
simultaneously, and the pressure difference between the two ends of
the reactor generates a large pulse of gas ow, which blows up and
agitates the powder bed. Compared to conventional uidized bed
reactors and processes, this reactor and process design may signif-
icantly reduce the consumption of precursors and carrier gas.

Rotary ALD reactors for fabricating large quantities of
powder samples were also reported.19 In a typical design
(Fig. 4a), the powder was contained in a porous cylindrical
stainless-steel drum inside a vacuum chamber, which was
driven through a magnetically coupled rotating engine. The
rotation speed was adjusted and a centrifugal acceleration less
than 1 G was obtained, thereby the powder bed was agitated by
continuous “avalanche”. Compared with FBRs, in the rotary
ALD reactor static reactant exposure and agitation of the powder
bed are allowed simultaneously, the particle agitation provided
by rotation improves contact between the particles and the
© 2021 The Author(s). Published by the Royal Society of Chemistry
reaction gases, and does not require continuous ow of gas for
uidization, therefore longer precursor residence time and
better utilization of the precursors can be obtained.

A new reactor design named rotating uidized bed, which
combines the advantages of uidized bed reactor and rotary
reactor, has been proposed. Duan et al. demonstrated ALD of
alumina on a silica powder using the rotating uidized bed reactor
(Fig. 4b).20 The rotating uidized bed reactor provides centrifugal
force that assists uidization of particles, and the gasless uidiza-
tion may solve the problem of low precursor utilization efficiency.

Recently, the concept of spatial ALD has also been intro-
duced to fabricate powder materials. As a most special feature of
spatial ALD, the two ALD half reactions are spatially separated from
each other, so that no pumping or purging steps are required.21,22

Van Ommen et al. proposed a novel spatial ALD reactor for catalyst
preparation based on pneumatic transportation.23 As shown in
Fig. 4c, the spatial ALD reactor includes three parts: (i) the heating
zone, (ii) the reaction zone for the rst half reaction, and (iii) the
reaction zone for the second half reaction. Different reactants were
injected at the beginning of each reaction zone. With the N2 ow,
particles could be suspended and be transported from one reaction
zone to the other. Using the spacial ALD reactor, platinum (Pt)
nanoclusters with a diameter of about 1 nm were deposited on P25
titanium dioxide (TiO2) nanoparticles.

Despite the limitations, a lot of lab-scale research on ALD
powder fabrication is carried out with xed bed ALD reactors, due
to the fact that most commercially available ALD systems are only
equipped with xed bed reactors primarily designed for coating
at substrates. While for most fundamental research projects only
a small amount of sample is needed, to develop practical appli-
cations of ALD for powder materials, research on ALD reactors
capable of fabricating large quantities of powders and reducing the
assumption of precursors is indispensable. To achieve these goals,
innovations on reactor designs which can improve the gas–solid
mass transfer, and the development of more efficient solid state
precursor supply systems, are most important tasks.
3. Applications
3.1 Stabilization and passivation of particles

Owing to their excellent barrier properties, ALD lms have been
applied to at substrates for the purpose of surface protection
or stabilization. This advantage could also be applied to powder
materials. The dense ALD lm produced on the surface of particles
RSC Adv., 2021, 11, 11918–11942 | 11921
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Fig. 5 (a) Bright-field TEM image of 50-cycle ALD Al2O3 coated Fe3O4 NPs; Reprinted with permission from ref. 24. Copyright (2016), American
Vacuum Society. (b) HRTEM image of ALDmullite film on zirconia NPs; Reprinted with permission from ref. 26. Copyright (2018), John Wiley and
Sons. (c) Bright-field TEM image of ALD ZrN film and U–Mo interface. Reprinted with permission from ref. 33. Copyright (2019), Elsevier.
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could provide a unique surface sealing function, which would
effectively isolate the underlying material from the environment
and thus improve the stability of the particles. Al2O3 was the most
widely used ALD coating material for surface passivation against
oxidation, high temperature, moisture, corrosion and so on, due to
its compactness and mature technology. In the past decade, more
and more researchers have tried other oxide materials, such as
TiO2, ZrO2, SiO2, and nitride materials such as ZrN, as environ-
mental barrier coatings (EBCs). The uniform surface coverage and
precise thickness control of ALD could help minimize the content
of surface modication material. This is essential for applications
in which bulk properties of the original materials need to be
maintained as much as possible.

Iron(II,III) oxide (Fe3O4) nanoparticles (NPs) are widely used
in magnetism related elds, however, in atmospheric condi-
tions Fe3O4 NPs tend to be spontaneously oxidized to Fe2O3 and
lose their magnetization. Using a rotating uidized bed ALD
reactor, Duan et al. deposited uniform and pinhole-free Al2O3

lms onto the Fe3O4 nanoparticles (Fig. 5a).24 Thermogravi-
metric analysis showed that a 5 nm-thick ALD Al2O3 lm
effectively protected Fe3O4 nanoparticles from spontaneous
oxidation, without losing the magnetic properties. Similarly,
Cremers et al. applied ALD Al2O3 coatings on micron-scale Fe
and Cu powders to improve their oxidation resistance.25 For the
Cu powder, an 8 nm ALD Al2O3 lm can increase the oxidation
temperature by 200 �C, while for the Fe powder, a 25 nm Al2O3

lm is required to obtain a similar oxidation resistance effect.
Hoskins et al. reported the synthesis of mullite (Al2O3–SiO2)

lms on zirconia and silicon carbide powders through ALD for the
purpose of high temperature oxidation resistance (Fig. 5b).26 Tri-
methyl aluminum (TMA), water, tris-dimethylaminosilane
(TDMAS), and H2O2 were used as the reactants, and the lms were
annealed at 1500 �C for 5 hours to be converted to the mullite
phase. Reduced oxidation of silicon carbide by up to 62% could be
obtained with a 10 nm ALD alumina lm. Compared with the ALD
alumina lm, 1.5 times thicker mullite lm is needed to achieve
a similar high temperature oxidation resistance effect.

Titanium dioxide (TiO2) is an excellent white pigment.
However, the high photocatalytic activity of TiO2 under UV
irradiation leads to inevitable degradation of surrounding
materials, which seriously affects its application. In order to
11922 | RSC Adv., 2021, 11, 11918–11942
avoid the degradation caused by the photocatalytic activity of
TiO2, many efforts were made to passivate the TiO2 particles
through ALD. Alumina lms were deposited on the TiO2

nanoparticles by ALD in a uidized bed reactor.27 The coated
TiO2 particles showed reduced photo catalytic activity with the
increasing lm thickness. Liang et al. deposited aluminum
alkoxide (alucone) lms on TiO2 particles using TMA and
ethylene glycol as the precursors.28 Methylene blue oxidation
tests showed that the 20-cycle ALD alucone lm could quench
the photo catalytic activity of pigment-grade TiO2 particles.
With a uidized bed ALD reactor, King et al. deposited 2 nm
thick SiO2 insulating lms on TiO2 particles using TDMAS and
H2O2 as precursors at 500 �C.29 H2SO4 digest experiment
revealed that the ALD process enables high quality, fully dense
SiO2 lm deposition on the substrates. The photocatalytic
activity of pigment-grade anatase TiO2 particles was reduced by
98% aer the ALD surface passivation. A recent work by Guo et al.
demonstrated that a 1 nm thick ALD Al2O3 layer could effectively
inhibit the photo catalytic activity of rutile, anatase and P25 TiO2

nanoparticles, without affecting the optical absorption.30 Ceramic
ALD coatings such as Al2O3 and SiO2 can inhibit the photocatalytic
activity by preventing the electrons and holes produced by ultra-
violet absorption to migrate to the surface, and the large band gap
of ceramic oxide materials ensures the optical transparency of the
coating and thus retains the bright white color of TiO2. Precise
control on the thickness of the coatings allows TiO2 particles to
maintain the original gloss and brightness of the pigment while
inhibiting the photocatalytic activity.

As a type of potential lighting material, uoride phosphors
have attractive optical properties. However, their sensitivity to
moisture may lead to phosphor degradation, and the poor
chemical stability limits their applications. ALD Al2O3 and TiO2

layers were deposited onto uoride phosphor particles to
improve their chemical stability.31 Both lms could cover the
surfaces of the uoride phosphor particles. The ALD Al2O3

shells suffered from delamination and blistering aer deposi-
tion, whereas ALD TiO2 layers appeared conformal and
uniform. With the ALD TiO2 coating, the uoride particles ob-
tained enhanced adhesion with the hydrophobic shells and
their chemical stability towards moisture was remarkably
improved. In addition, for SrAl2O4-based long aerglow
© 2021 The Author(s). Published by the Royal Society of Chemistry
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phosphor particles, the aqueous durability can be signicantly
improved by depositing nanoscale ALD Al2O3 or TiO2 layers, as
reported by Karacaoglu et al.32

In recent years powder ALD has shown potential in the eld
of nuclear energy. The precise processing ability and the rela-
tively low deposition temperature are the key advantages of ALD
for future applications in nuclear energy eld. As an EBC
material that could hinder the diffusion between U–Mo fuel and
aluminum substrate, a ZrN layer is usually introduced on the
surface of nuclear fuel particles by physical vapor deposition.
However, due to the limitations of PVD methods, the binding
between the ZrN lm obtained by PVD and the substrate is
relatively weak, and it is easy to delaminate under irradiation.
ALD may provide a better solution than PVD. ALD zirconium
nitride (ZrN) lms were deposited onto natural uranium–

molybdenum (U–Mo) based fuel particles (Fig. 5c) to form
a diffusion barrier coating that could prevent the harmful
interaction between the fuel and the aluminum matrix.33 In situ
heavy ion irradiation experiment showed that the ALD ZrN lm
signicantly improved the irradiation stability of the fuel
particles. During the extended storage process of spent nuclear
fuel, helium gas accumulation from alpha decay could damage
the structural integrity of the fuel. ALD Al2O3 layer could serve
as a barrier for the retention of helium generated from fuel
particles.34 Surrogate micron-scale nickel particles were homo-
geneously coated with 3–20 nm thick Al2O3 lms in a uidized
bed ALD reactor and were then loaded with helium at 800 �C in
a tube furnace. Subsequent helium spectroscopy measurements
showed that the ALD Al2O3 coating increased the helium storage
capacity by up to two orders of magnitude compared to the
uncoated nickel particles. Environmental barrier coatings that
block hydrogen diffusion are necessary for preventing the
embrittlement of uranium fuel substrate and avoiding corrosion.
ALD tungsten nitride (WN) lms were deposited on zirconia NPs
and yttria stabilized zirconia micropowders.35 Subsequent
annealing was performed to produce a crystallized tungsten
coating. Differential thermal analysis (DTA) test revealed that the
reaction of hydrogen with the underlying material was delayed by
the ALD lm. To completely eliminate the reaction, thicker ALD
lm or more effective EBC should be selected.

Stabilization and passivation of particles is a universal
requirement for a number of different areas. More examples on
this topic will be further discussed in the sections of catalyst
and energetic material.
3.2 Catalyst

ALD has been widely used in the eld of catalysis. ALD enables
precise fabrication of nano or sub-nano surface structures,
which provides a powerful tool to synthesize model catalysts.
For catalysis applications complete encapsulation of particles is
usually not required. Clustered or island structures formed at
the early stage of lm nucleation are the most important reac-
tive sites for catalytic reactions. In most cases only a few cycles
of ALD are performed. On the other hand, supports for catalysts
may have much more complicated structures as well as much
larger surface areas than conventional solid particles.
© 2021 The Author(s). Published by the Royal Society of Chemistry
Consequently, in each ALD cycle a very long precursor exposure
is usually needed to ensure saturated surface reaction. With the
unique capability of ALD in atomic layer by layer fabrication of
3D structures, precisely controlled catalytic materials could be
obtained, which are benecial for establishing the correlation
between structural and chemical properties, such as active
components, particle size, surface chemical states, and exposed
crystal facets and their catalytic performances. Many novel
catalytic structures, such as core shell structures, partially
embedded structures, single atom catalysts, bimetallic cata-
lysts, ALD overcoatings, controlled micro environments, have
been fabricated, for the purpose of improving the catalytic
performances in terms of activity, selectivity, and stability.36 In
this section, examples will be categorized according to the type
of substrate and the catalytic materials.

3.2.1 Metal ALD on oxide or carbon support. Supported
noble metal catalysts are widely used in chemical and envi-
ronmental industries. Since noble metals are very expensive, it
is desirable to make the catalysts in a highly dispersed state to
increase their efficiency. ALD is the perfect technology for this
purpose. Noble metals are among the earliest discovered metal
materials that can be synthesized by thermal ALD. Normally,
the ALD lm deposition processes of noble metals on metal
oxide substrates follow the island growth mechanism.37,38 That
is, during the early stage of lm growth, highly dispersed metal
particles, rather than continuous metal lms, are formed,
which can be used as excellent active sites for catalytic reac-
tions. In some cases, nucleation delay can be observed when
a metal element is deposited on certain types of oxide supports.
Nucleation delay refers to an incubation period at the early
stage of an ALD process, during which the lm growth rate is
much lower than the normal deposition rate. The nucleation
delay is related to many factors, such as surface chemical proper-
ties and reaction enthalpy changes. Sometimes, before depositing
precious metal species, an ultra-thin oxide layer such as alumina
or titanium dioxide is rst deposited on the surface of the support
to overcome the nucleation delay or to facilitate metal growth.
Examples on oxide ALD on oxide supports will be illustrated in
details in the next sub-section. Many efforts have been made to
deposit NPs, clusters, or single atoms of Pd, Pt, and other metals
on a variety of support materials. The synthesized catalytic mate-
rials can be used for traditional heterogeneous catalysis, photo-
catalysis, or electrocatalysis reactions.

Feng et al. studied the nucleation and growth of ALD Pd
lms on different oxide substrates using palladium hexa-
uoroacetylacetonate (Pd(hfac)2) and formalin as precursors.39

Pd nanoparticles were deposited on ZnO and Al2O3 coated
mesoporous silica gel and their catalytic performances were
evaluated in methanol decomposition. The ALD Pd/Al2O3 cata-
lyst exhibited high activity, while the ALD Pd/ZnO catalyst
deactivated rapidly. In situ extended X-ray absorption ne
structure (EXAFS) measurements revealed that duringmethanol
decomposition, the Pd species supported on ZnO could
“dissolve” into the matrix, leading to gradually diminished
activity. An overcoating layer of ALD Al2O3 could bind to Pd
species and effectively prohibit the loss of activity. Based on
a similar strategy, ultra small Pd particles were synthesized on
RSC Adv., 2021, 11, 11918–11942 | 11923
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alumina support by low temperature Pd(hfac)2 exposure fol-
lowed by depositing ALD Al2O3 protective coatings.40 In the
following high temperature reduction step, the size of the Pd
particles could remain unchanged. Gong et al. studied the size
distribution of Pd particles deposited on an activated carbon
(AC) support by ALD.41 The AC support was pre-treated by acid
reux and high temperature calcination to tailor the surface
functional groups. The average size of Pd NPs supported on AC
was determined by the number of ALD cycle as well as the type
and concentration of functional groups on the support (Fig. 6).
Pd NPs were also deposited on Fe2O3 modied AC to form
a large surface area magnetic Pd/Fe2O3/AC catalyst.42 The AC
support was modied by Fe2O3 ALD followed by Pd ALD. In
hydrodechlorination of 1,4-dichlorobenzene the Fe2O3 species
in close contact with Pd effectively prevented the metal species
from being poisoned by chloride ions and thus enhanced the
catalytic performance. In another case, Gong et al. deposited TiO2

coatings inside the mesopores of a silica molecular sieve MCM-
41.43 Then ALD of Pd was performed to produce a highly dispersed
Pd/TiO2/MCM-41 catalyst. In selective hydrogenation of acetylene,
the ALD Pd/TiO2/MCM-41 catalyst showed very good conversion
and selectivity to ethylene. The spatial connement effect from
internal channels of the molecular sieve leads to a narrow size
distribution of Pd nanoparticles and effectively prevents sintering
of particles during the high temperature treatment. The small,
uniform Pd nanoparticles densely distributed in the meso-pores of
MCM-41 signicantly enlarged the number of active sites and
lowered the reaction temperature.

Platinum (Pt) is also widely used as an industrial catalyst in the
areas of fuel cell, automotive and petroleum industries, despite its
high price. Lashdaf et al. proposed for the rst time that ALD could
be used to deposit Pt on silica or alumina support to make a sup-
ported catalyst.44 Goulas et al. reported the method to synthesize
platinum nanoclusters on TiO2 NPs with an atmospheric pressure
uidized bed ALD reactor using trimethyl methylcyclopentadienyl
platinum (MeCpPtMe3) and ozone as reactants.45 Homogeneously
Fig. 6 Schematic representation on effects of surface functional groups
ref. 41. Copyright (2015), American Chemical Society.

11924 | RSC Adv., 2021, 11, 11918–11942
distributed and highly dispersed Pt nanoclusters with a narrow
size distribution were obtained. Using the same ALD reaction Pt
NPs were also uniformly supported on carbon nanotubes (CNT).46

The Pt/CNT catalyst showed excellent catalytic performance in the
hydrolysis of ammonia borane. Covering the Pt/CNT with a porous
ALD TiO2 layer could further improve the durability of the catalyst.
Dendooven et al. reported a strategy to achieve independent
control over the Pt particle size and coverage by combining two
distinct ALD processes of Pt.47 The particle density was controlled
by tuning the ALD cycle using MeCpPtMe3 and oxygen as the
precursors, while the particle size was controlled by subsequent
growth using the same Pt precursor and nitrogen plasma. X-ray
uorescence (XRF) and grazing incidence small-angle X-ray scat-
tering (GISAXS) measurements conrmed a good control of the
loading, density, and average size of Pt particles. This method
demonstrates the feasibility of independently controlling the size
and coverage of metal particles by combining different ALD
processes, which is usually difficult to achieve through a single
ALD process. Leus et al. reported the synthesis of ALD Pt NPs
conned in ametal organic framework (MOF)material.48 ALD of Pt
was conducted at 200 �C using MeCpPtMe3 and O3 as precursors.
The utilization of O3, which is a more powerful oxidizer than
oxygen, makes it possible to remove the ligand at a lower
temperature, which may help prevent coalescence of Pt particles.
The structure of the metal organic skeleton was well maintained
during the ALD process. By XRF and TEM analysis, it was
conrmed that Pt NPs were highly dispersed in theMOF structure.
The obtained catalyst exhibited excellent activity in hydrogenation
of different linear and cyclic olens.

High cost is the major drawback of noble metal catalysts.
Since only the atoms exposed on the surface of catalyst particles
can participate in the catalytic reaction, researchers have been
trying to downsize catalyst particles to maximize the utilization
of noble metal species. To this end, fabricating single atom
noble metal catalyst would be an ideal solution. However, the
synthesis and stabilization of single atom catalyst is a big
on Pd particle size synthesized by ALD. Reprinted with permission from

© 2021 The Author(s). Published by the Royal Society of Chemistry
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Fig. 7 Schematic illustration of the bottom-up synthesis of dimeric Pt2/graphene catalysts. Creation of isolated anchoring sites on pristine
graphene; followed by one cycle of Pt ALD at 250 �C for the formation of Pt single atoms; the second cycle of Pt ALD was performed at 150 �C to
selectively deposit the secondary Pt atoms on the preliminary ones for the formation Pt2 dimers. The balls in cyan, white, red, and blue represent
carbon, hydrogen, oxygen, and platinumwhile the ball in gray represents carbon atoms in the graphene support. Reprinted with permission from
ref. 54. Copyright (2017), Springer Nature.
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challenge, because metal atoms are extremely mobile and are
very easy to sinter under reaction conditions. One possible way
is to anchor the single atoms into the surface defects of oxide
supports. ALD has been proved to be an important method for
the synthesizing and investigating of single atom catalyst.49

Single-atoms and sub-nanometer clusters of Pt were supported
on the surface of graphene nanosheets using ALD.50 Very
limited anchoring sites for Pt precursor were distributed on the
inert surface of graphene, thus effectively prevented agglomer-
ation of Pt atoms. Compared with traditional Pt/C catalysts,
these catalysts showed higher activity and excellent CO toler-
ance in methanol oxidation reaction, which was attributed to
low-coordinated and unsaturated 5d orbitals of the single Pt
atoms. Using a similar strategy, Cheng et al. synthesized
nitrogen-doped graphene nanosheets supported single plat-
inum atoms and clusters for hydrogen evolution reaction (HER)
through ALD.51 Compared with commercial Pt/C catalysts, the
catalytic activity was signicantly improved by up to 37 times. Pt
single atoms were also deposited on the MOF-derived N-doped
carbon through ALD to produce single-atom catalysts. The
catalyst showed 6.5 times higher activity in oxygen reduction
reaction (ORR). The electronic structure of Pt single atoms can
be tuned by the co-adsorption of hydroxyl and oxygen, which
signicantly reduces the free energy change of the rate-
determining step and thus enhances the ORR activity.52 From
the above examples, it can be noticed that the selection of
support materials with defect sites, such as nitrogen-doped
graphene nanosheets and MOF-derived N-doped porous
carbon, may be an effective way to synthesize and stabilize
single atoms through strong metal support interaction.

To compare the effects of single atom and nanoparticle
catalysts, Pt was loaded onto mesoporous zeolite HZSM-5 with
different ratios of Pt single atoms to nanoparticles using ALD at
high temperature or solution graing at room temperature.53

Catalytic performances in CO oxidation and low temperature
water–gas shi (WGS) reactions were studied. IR spectroscopy
characterization using CO as a probe molecule conrmed that
© 2021 The Author(s). Published by the Royal Society of Chemistry
the activity for CO oxidation and low temperatureWGS reaction were
only observedwith Pt nanoparticles but not with Pt single atoms. This
result demonstrates that the strategy of using single atoms to improve
the catalytic efficiency may not work for all reactions. Yan et al. re-
ported the method of synthesizing Pt2 dimers on graphene using
ALD.54 A schematic illustration of the synthetic process is shown in
Fig. 7. Pt single-atoms were deposited on the nucleation sites created
before, then secondary Pt atoms were attached selectively to the Pt
atoms previously deposited. In the reaction of ammonia borane
hydrolysis, the Pt2/graphene catalyst showed impressive activity,
whichwas about 17 times higher than graphene supported Pt1 single-
atoms and 45 times higher than Pt NPs, respectively. The decreased
adsorption energy of ammonia borane and H2 molecules on Pt2
dimers may be the main reason for the promoted activity.

Single atom Pd catalysts could also be fabricated by ALD. A
method of synthesizing single atom Pd1/graphene catalyst (Fig. 8)
by performing one cycle of ALD Pd on high temperature annealed
graphene was reported.55 In selective hydrogenation of 1,3-buta-
diene, the Pd1/graphene catalyst showed�100% butene selectivity
with 95% conversion under a mild reaction condition. The high
selectivity may be attributed to the changed adsorption mode of
1,3-butadiene as well as the enhanced steric effect on Pd atoms.
The same group also synthesized single atom Pd1/C3N4 catalyst for
acetylene hydrogenation reaction, and enhanced selectivity to
ethylene and coking resistance were obtained.56

Besides noble metal catalysts, some other active transition
metal elements, including Ni, Cu, Fe, and Co, can also be
synthesized by ALD. Similar to ALD noble metal catalysts, highly
dispersed transition metal NPs or clusters with precisely
controlled structures could be generated on a variety of
supports, and these highly dispersed metal species can effec-
tively promote the efficiency of active materials. For example,
a nickel (Ni) NP catalyst was prepared by performing ALD of Ni
on a porous g-Al2O3 powder using bi(cyclopentadienyl) nickel
(NiCp2) and hydrogen as precursors.57 The g-Al2O3 supported Ni
NP catalyst exhibited both high activity and stability in high
temperature dry reforming of methane (DRM). The improved
RSC Adv., 2021, 11, 11918–11942 | 11925
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Fig. 8 (a) A schematic illustration of single-atom Pd1 catalyst
synthesized on high temperature treated graphene through anchoring
site creation, selection, and Pd ALD. (b) Representative HAADF-STEM
images of Pd1/graphene (atomically dispersed Pd atoms are high-
lighted by white circles). Reprinted with permission from ref. 55.
Copyright (2015), American Chemical Society.
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performance was attributed to the formation of NiAl2O4 that could
be reduced to highly dispersed metallic Ni during the DRM reac-
tion. Through ALD of Cu on a mesoporous silica using Cu(thd)2
(thd ¼ 2,2,6,6-tetramethyl-3,5-heptanedionate) and ozone as
precursors, a Cu/SiO2 catalyst was prepared.58 In low temperature
WGS reaction, the ALDCu/SiO2 catalyst exhibited excellent activity,
which was related to defect sites on small Cu particles or clusters
that may induce strong interactions with the support.

3.2.2 Oxide and sulde ALD on oxide, carbon, or polymer
support. Metal oxide (MO) is another class of widely used
heterogeneous catalyst. MO catalysts can not only be used for
redox reactions, but can also be used for acid–base catalyzed
reactions. Most MO materials can be synthesized by ALD.
Usually no nucleation delay is observed when a MO is deposited
on a MO substrate. By depositing one or several ALD cycles of
MO on the surface of oxide, uniformly distributed and highly
dispersedMO species can be obtained; upon increasing the ALD
cycle number, the MO species will coalesce to form a contin-
uous thin lm, while the fundamental structure of the original
support is maintained. The deposited MO species may directly
be used as the active site or as a new substrate for introducing
the desired active site-support interaction.

Porous alumina particles were synthesized by depositing
thin lms of Al2O3 on a highly porous poly styrene-
divinylbenzene (PS-DVB) template via ALD, followed by high
temperature calcination to remove the organic template.59 The
deposition was held at 33 �C with TMA and water as precursors
in a uidized bed reactor. The obtained porous Al2O3 particles
had a surface area of 80–100 m2 g�1 and could be used as
a template or support material.
11926 | RSC Adv., 2021, 11, 11918–11942
VOx were deposited onto an alumina support by ALD, using
vanadium oxytriisopropoxide (VOTP) and hydrogen peroxide
(H2O2) as precursors.60 A series of VOx/Al2O3 catalysts with
precisely controlled structures were synthesized by varying the
number of VOx ALD cycle. In the reaction net work of cyclo-
hexane ODH, mono vanadate was found to favor the formation
of olen, while poly vanadates facilitated the direct conversion
from cyclohexane to benzene.61 Catalytic performances of the
series of ALD VOx/Al2O3 catalysts were also investigated in
oxidative dehydrogenation of ethylbenzene with CO2 (CO2-
ODEB). In this reaction, isolated VOx monomer was discovered
to be more active and stable than the polymeric VOx and crys-
talline V2O5. V–O–Al bonds were considered as the major active
sites for CO2-ODEB.

NiO was deposited on mesoporous SiO2 by means of ALD
using NiCp2 and H2O as precursors.62 The NiO NPs were
uniformly distributed on the mesoporous SiO2 support. The
ALD NiO/SiO2 catalyst was very effective for catalyzing toluene
combustion reaction below 200 �C. The high activity was
attributed to the large surface area of the mesoporous SiO2

substrate, which could signicantly increase the loading of
highly dispersed catalytic species and accelerate the oxidation
of toluene by enhancing the diffusion of adsorbed toluene from
SiO2 to NiO. Similarly, carbon nanotube (CNT) supported NiO
NPs were prepared through ALD using NiCp2 and O3 as
precursors.63 Due to the lack of defect sites on CNT, it is difficult
to directly grow oxides on the surface of CNT. In this study, O3

played both the roles of the defect forming agent and the oxygen
source. In the electro-oxidation of methanol, the ALD NiO/CNT
catalyst showed signicantly improved electrochemical catalytic
activity and stability. The enhanced catalytic performance was
resulted from the strong interaction between NiO and CNTs,
which prevented NiO NPs from dissolution, Ostwald ripening,
or aggregation during the reaction.

Singh et al. performed ALD of TiO2 to fabricate the surface of
a brous nano-silica (KCC) support using titanium tetraiso-
propoxide (Ti(OiPr)4) and H2O2 as precursors to make an
effective photocatalyst.64 Conformal coatings of TiO2 on KCC
were obtained. Aer proper heat treatment uniformly dispersed
ultra small TiO2 NPs were formed. In photocatalytic degrada-
tion of organic pollutants, activity of the ALD TiO2/KCC catalyst
was much higher than many other reported catalysts. The
superb catalytic performance was resulted from the combined
effects of the unique mesoporous structure of KCC that facili-
tated diffusion of reactants and the size quantization effect of
TiO2 NPs. Chen et al. proposed a strategy to synthesis carbon
supported nanoporous nitrogen-doped TiO2 photocatalysts
using an ABCB four-step ALD reaction sequence in which tita-
nium tetrachloride (TiCl4, precursor A), ethanolamine
(precursor B), and malonyl chloride (precursor C) were used as
the precursors.65 Aer 200 cycles of deposition, the obtained
lm was annealed at 350 �C and the nanoporous structure was
formed. The nanoporous catalyst exhibited excellent photo-
catalytic activity in the degradation of methylene blue even with
visible light radiation. The photocatalytic activity of SnO2 NPs
can be enhanced by forming core–shell NPs through ALD, as
reported by Podurets et al.66 Ultra thin (<10 nm) ZnO and TiO2
© 2021 The Author(s). Published by the Royal Society of Chemistry
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lms were deposited onto SnO2 NPs. In photocatalytic degra-
dation of methylene blue under UV-Vis irradiation, full degra-
dation was achieved within 10 min using the core–shell
catalysts. The promoted photocatalytic activity was attributed to
the core–shell structure which adjusted the band gap value.

Highly dispersed ZnO species were deposited onto ZSM-5
and Y zeolites by ALD using diethyl zinc (DEZ) and H2O as
precursors.67 With the incorporation of ZnO, Brønsted acid sites
on Y zeolite were completely removed, while those on ZSM-5
were only partially removed. Activities of both types of zeolites
were signicantly enhanced in the reaction of propane dehy-
drogenation and aromatization. ZnO species (Lewis acid sites)
promoted the dehydrogenation reaction, while subsequent
oligomerization and cyclization reactions required participa-
tion of Brønsted acid sites.

Iron oxide NP catalyst supported on reduced graphene oxide
(rGO) was prepared by ALD using bi(cyclopentadienyl) iron
(FeCp2) and oxygen as precursors.68 Fe2O3 NPs with a narrow
size distribution were homogenously dispersed on the rGO
nanosheets. The ALD Fe2O3/rGO catalyst exhibited high cata-
lytic activity for thermal decomposition of ammonium
perchlorate (AP). The enhanced catalytic performance was
attributed to the optimized spatial distribution of Fe2O3 NPs
supported on the rGO nanosheets and the synergistic effect
between them. Porous Fe2O3 nanotubes were prepared by ALD
using different kinds of iron containing metal–organic
compounds and organic constituents as precursors on a carbon
ber support.69 Aer proper high temperature annealing porous
nanotubes with tunable pore size and a–g phase junctions were
obtained. The porous Fe2O3 nanotubes exhibited superior
activity for photo-Fenton reaction. The porous nanotubes
produced using iron tert-butoxide (ITBT) and ethylene glycol
(EG) as precursors showed the highest photo catalytic activity.

In addition to metal oxides, sulde materials grown by ALD
have aroused attention in the eld of catalysis. The ALD
processes of metal sulde materials usually use metal organic
compounds and hydrogen sulde (H2S) as precursors.70 The
procedures of metal sulde ALD are very similar to those of
metal oxide ALD. Cobalt sulde was deposited onto a MOF
material named NU-1000 using bis(N,N0-di-i-propylacetamidi-
nato) cobalt(II) (Co(amd)2) and H2S as precursors.71 Cobalt
sulde was uniformly deposited throughout the MOF structure
without destroying the crystallinity and porosity of the support.
The resulting ALD in MOF (AIM) material exhibited higher
catalytic efficiency than cobalt oxide and CoSx reference mate-
rials in selective hydrogenation of m-nitrophenol to m-amino-
phenol, as a result of the high dispersity of CoSx sites. The same
group also reported the synthesis of NiS-AIM catalysts.72 Few-
atom clusters of nickel sulde was synthesized on the NU-
1000 MOF support by ALD using bis(N,N-di-tert-butylacetami-
dinato) nickel(II) and H2S as precursors. The NiS-AIM catalyst
exhibited excellent activity in a photocatalytic hydrogen evolu-
tion reaction (HER). The rate of H2 production reached
4.8 mmol g�1 h�1. A NU-1000 MOF supported iron-thiolate
photocatalyst was also synthesized through an MLD process,
using iron amidinate coordination complex and 1-dodeca-
nethiol as precursors.73 When exposed to light, the MOF
© 2021 The Author(s). Published by the Royal Society of Chemistry
supported iron-thiolate catalyst can convert nitrate into
ammonium ions. These results indicate that depositing cata-
lytic components on the active nodes of chemically stable MOF
materials using ALD or MLD is a very promising method of
synthesizing MOF supported catalysts.

Molybdenum disulde (MoS2) has been considered an ideal
material to replace noble metals as a high-performance elec-
trocatalyst in HER, due to its low cost and high activity.
NiSx@MoS2 heterostructure electrocatalysts with controllable
interface properties were synthesized by depositing NiSx on
MoS2 nanosheets using ALD.74 Compared with single-phase
MoS2 and NiSx, NiSx@MoS2 heterojunctions have lower over
potential and faster reaction kinetics, which greatly enhanced
the HER activity. The improved catalytic performance is attrib-
uted to the optimized adsorption of reaction intermediates and
the promoted charge transfer near the MoS2/NiSx interface. In
addition to the high activity, NiSx@MoS2 heterojunctions also
showed high stability in the alkaline medium.

Metal suldes synthesized by ALD are very promising cata-
lytic materials. However, in most ALD processes of metal
suldes, highly toxic, explosive, and corrosive H2S is used as the
sulfur precursor, which seriously limits the large-scale appli-
cation. In order to solve this problem, an organic sulfur
precursor, di-tert-butyl disulde (TBDS) was developed to
replace H2S for metal sulde ALD.75 It has been proved that the
new ALD process using aminated nickel and TBDS precursors
has ideal ALD growth behaviors, and high quality NiSx lms can
be prepared. The new ALD process of metal sulde that avoids
the use of H2S will greatly favor the applications of ALD metal
suldes in catalysis and nanoscience.

3.2.3 Metal ALD on metal. Bimetallic catalysts can exhibit
better catalytic performances than their parent monometallic
counterparts, on account of the synergistic effect of the two
components.76 Bimetallic catalysts can be conveniently synthe-
sized via ALD by sequentially depositing two different metallic
materials under controlled conditions. By varying the cycle
number of different ALD processes, bimetallic catalysts with
different composition and structure can be precisely produced.
However, the synthesis of bimetallic catalysts through ALD might
be challenging when the two metals do not share a common ALD
temperature window or the surface chemical reactions are
incompatible. It is also difficult to ensure that the second metal
species grow only on the surface of the rst metal particles and not
on the support.76 In the following section different strategies to
selectively deposit the second metal on the primarily metal parti-
cles to form bimetallic catalysts will be introduced.

In the work of Christensen et al., a method of synthesizing Pt–
Ru NPs by sequential ALD of Pt and Ru on an Al2O3 powder was
demonstrated.77 The composition of the NPs could be controlled by
varying the ratio of Pt to Ru ALD cycles, while the particle size could
be controlled by the total number of ALD cycles. These bimetallic
catalysts exhibited improved activity for methanol decomposition
compared to a mixture of supported Pt and Ru NPs.

Atomic scale controllable synthesis of Pd/Pt and Pt/Pd core–
shell NPs via area-selective ALD was reported.78 The method
involves pre-treating the substrate using self-assembled mono-
layers (SAMs) of octadecyl trichlorosilane (ODTS). The
RSC Adv., 2021, 11, 11918–11942 | 11927
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Fig. 9 Schematic illustration for fabricating core–shell NPs through
area-selective ALD on ODTS modified substrate. Reprinted with
permission from ref. 78. Copyright (2015), Springer Nature.
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formation time of the SAM was controlled to obtain pinholes, in
which hydroxyl (–OH) groups were exposed as the intended
nucleation sites for metal species. Since the surface ODTS SAMs
can effectively prevent the generation of new nucleation sites,
the second metal was selectively deposited on the previous
nucleation sites to form the Pd/Pt and Pt/Pd NPs with uniform
core–shell structures and a narrow size distribution (Fig. 9). The
SAMs-assisted area selective ALD is a typical strategy to achieve
selective ALD growth. This method can be easily applied to
synthesize other core–shell structured NPs with different
components, which provides a convenient and exible way of
manufacturing novel nano structures.
Fig. 10 Structures of ALD bimetallic NPs. Aberration-correctedHAADF-S
shell; (b), 12 Pt-core 20 Pd-rich-shell; (c), 12 Pt 10 Pd alloy; and (d), 1 P
Reprinted with permission from ref. 79. Copyright (2014), Springer Natu

11928 | RSC Adv., 2021, 11, 11918–11942
In an ALD process nucleation of metal on the surface of
different supports is dependent on reaction conditions such as
atmosphere and temperature. Lu et al. reported low tempera-
ture selective ALD to synthesis supported bimetallic NPs.79 With
careful selection of the co-reactants and deposition tempera-
ture, the secondary metal would prefer to grow on the surface of
primary metal NPs, rather than on the oxide support (Fig. 10).

ALD can also be combined with other techniques to synthesize
supported bimetallic catalysts. In the report of Wang et al., an Au/
SiO2 catalyst was rst synthesized using a deposition–precipitation
method, then Pd was selectively deposited only on the surface of
Au NPs by choosing a proper deposition condition.80 Thus Pd@Au
core–shell bimetallic NPs were formed on the silica support.
Atomic level precise adjustment of the Pd shell thickness could be
achieved by changing the Pd ALD cycle. In solventless oxidation of
benzyl alcohol, the best catalytic performance was obtained with
a Pd shell thickness of 0.6–0.8 nm due to the optimum synergistic
effect between the two metals.

3.2.4 Oxide ALD on metal catalyst. Stability is an important
specication for evaluating the performance of a catalyst. For
many catalytic systems coking, leaching, and sintering of the
active sites are the major causes for catalyst deactivation. By
applying ALD coatings on the surfaces of metal catalysts, oxide
or nitride layers can grow on specic sites of the particle
surface, which will act as protective layers to prevent the catalyst
particles from coking, leaching, or sintering. Many materials,
such as Al2O3, TiO2, MnOx, ZrO2, and so on, have been used as
ALD overcoatings to improve the stability of the catalysts in
many catalytic reactions. By optimizing the composition and
TEM images and corresponding EDS line profiles of (a), 5 Pd-core 15 Pt-
t-core 35 Ru-rich-shell bimetallic NPs on spherical alumina support.
re.

© 2021 The Author(s). Published by the Royal Society of Chemistry
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structure of the overcoating layer, signicantly enhanced
stability of the catalyst can be achieved without affecting the
activity.

Featuring the most typical ALD reaction, Al2O3 is the rst
reported ALD overcoating material. For example, supported
palladium NPs were coated by 45 ALD cycles of Al2O3 at 200 �C
using TMA and water as precursors.81 The catalysts were tested
in ODH of ethane to ethylene. Aer reaction at 675 �C for 28
hours, no visible change in the morphology of the catalyst was
observed. Thermogravimetric analysis conrmed that coke
formation was effectively inhibited. In another report, an
effective approach to stabilize Pd/SiO2 catalysts with porous
ALD Al2O3 overcoating was demonstrated. Octahedra Pd NPs
were supported on SiO2 nanospheres, and then 40 cycles of
Al2O3 ALD were performed to coat the Pd/SiO2 catalyst.82

Thermal treatment introduced pores to the Al2O3 overcoating
and the embedded Pd particles were partially exposed. The ALD
Al2O3 overcoated Pd/SiO2 catalyst can efficiently catalyze
methane combustion between 200 and 850 �C without signi-
cant deactivation. Applications of ALD Al2O3 overcoated Pd
catalysts were also reported in many others catalytic reactions
including methanol decomposition,83 hydrogenation of
furfural,84 and hydrogenation of 1,3-butadiene.85

ALD coatings of MnOx were also used to decorate Pd cata-
lysts. Al2O3 supported Pd NP catalysts were prepared by wet
impregnation, then ALD of manganese oxide was performed using
tris(2,2,6,6-tetramethyl-3,5-heptanedionato)manganese(III) and
ozone as precursors.86 The ALD MnOx coatings selectively passiv-
ated Pd (111) facets, and thus prevented decarbonylation of
benzaldehyde and inhibited the formation of toluene byproduct,
besides a high yield of benzaldehyde was obtained.

ALD Al2O3 coating was deposited on supported Pt NPs as the
stabilizing layer against particle coarsening. In situ synchrotron
grazing incidence small angle X-ray scattering measurements
revealed that the ALD Al2O3 stabilizing layer successfully pre-
vented Pt particle from coarsening during thermal annealing
and improved the Pt surface accessibility.87 A selective ALD
method was developed to modify Pt NPs with nickel oxide
(NiOx) overcoating to improve the catalytic performance.88 NiOx

can be selectively deposited on the low coordination sites of the
Pt NPs during the initial growth period. Fourier transform
infrared (FTIR) characterization and density functional theory
(DFT) simulations proved that the source of selectivity is the
intrinsic binding energy discrepancy of the nickel precursor on
Fig. 11 TEM images of (a), AlN and TiO2 bilayer film coated particles, das
ref. 90. Copyright (2013), John Wiley and Sons. (b) The TiO2/Co/TiO2 ca
with permission from ref. 93. Copyright (2014), Royal Society of Chemistr
ref. 94. Copyright (2010), American Chemical Society.

© 2021 The Author(s). Published by the Royal Society of Chemistry
the platinum site. The ALD NiOx/Pt/Al2O3 catalyst exhibited
enhanced catalytic activity for CO oxidation, which could be
attributed to the formation of a highly reactive metal oxide
interface. Moreover, the sintering resistance ability of the
overcoated catalyst was also signicantly improved.

It is generally accepted that the catalytic activity of supported
gold catalysts is largely dependent on the size of Au NPs, but the
cause of this particle size effect is unclear. Yao et al. applied
ultra thin TiO2 overcoats of different thicknesses onto Au/TiO2

catalysts with different Au particle size.89 Combining the results
of high-resolution TEM and XPS characterization and CO
oxidation reaction, they proved that CO adsorption at the low
coordination Au site is not the rate-determining step. Further-
more, the particle size effect in CO oxidation actually reects the
effects of perimeter of Au particles at the Au–TiO2 interface.
This example demonstrates that, with the help of highly
controllable ALD method, many predetermined catalytic struc-
tures can be precisely synthesized, which are extremely useful
for revealing the mechanism of catalytic reactions.

ALD overcoating can also be applied to non-noble metal
catalytic systems. O'Neill et al. reported that copper catalysts
can be stabilized by ALD Al2O3 overcoats.90 In liquid-phase
hydrogenation of furfural to furfuryl alcohol, the ALD Al2O3

overcoat decreased catalyst deactivation by preventing sintering
and leaching of the metal catalyst (Fig. 11a). ALD Al2O3 and TiO2

overcoats were also used to enhance the stability of a Cu based
catalyst in furfural hydrogenation, and the effects of different
types of overcoats were compared.91 In situ TPR/TPO measure-
ments revealed that TiO2 had less modication effect on Cu
than Al2O3. In the furfural hydrogenation reaction, the catalyst
overcoated by ALD TiO2 exhibited enhanced stability with
unaffected activity.92 Aer calcination at 500 �C, the interaction
between the TiO2 overcoat and the underlying catalyst was
strong enough to inhibit the migration and steric hindrance of
chromite, but it was much weaker than that between the Al2O3

overcoat and copper chromite, which could reduce the catalytic
activity.

Protective ALD TiO2 overcoats were applied to cobalt parti-
cles supported on TiO2 (Fig. 11b and c).93 For catalysts with ALD
TiO2 overcoats, high catalytic activity was maintained during
aqueous-phase hydrogenation (APH) reactions. In contrast, the
activity of the uncoated cobalt catalysts dropped quickly due to
leaching of the active phase. The ALD TiO2 overcoat stabilized
cobalt catalysts were proved to be effective for APH of a series of
hed arrows point to the ALD overcoat; Reprinted with permission from
talyst calcined at 873 K; (c), the used TiO2/Co/TiO2 catalyst. Reprinted
y. (d) STEM image of TiO2/AlN/Fe NPs. Reprinted with permission from

RSC Adv., 2021, 11, 11918–11942 | 11929
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reactants including xylose, furfuryl alcohol, and furfural, in
which the uncoated Co catalysts suffered from severe
deactivation.

Iron-based magnetic photo-active NPs were modied by ALD
of TiO2 and aluminumnitride (AlN).94 The iron NPs were produced
by thermal decomposition of iron oxalate, and then TiO2 lms
were deposited on the iron NPs in a uidized bed ALD reactor at
100 �C using TiCl4 andH2O2 as precursors. To prevent oxidation of
iron particles, 100 cycles of AlN was performed at 250 �C with TMA
and ammonia (NH3) as precursors before the TiO2 deposition
(Fig. 11d). The AlN overcoat successfully inhibited iron oxidation
while the magnetic moment was not affected. The ALD TiO2 lm
provided photo catalytic activity for the magnetic NPs, as demon-
strated by successful decomposition of a methylene blue (MB)
solution under ultraviolet irradiation.
3.3 Energetic material

Energetic materials can store a large amount of chemical energy
which can be quickly released upon thermal, mechanical, or
electrical actuation. They have found extensive applications in
explosives, propellants, and other energy related elds.95 Thermal
energy released from exothermic reactions of metal powder fuels
has also been widely used. For example, thermite reaction, which
is based on the solid state redox reaction between the metal fuel
and the oxidizer, can release twice the amount of heat compared to
conventional monomolecular energetic materials.96 With the help
of ALD, researches have beenworking on synthesizing new types of
nanothermite materials and exploring proper surface modica-
tions of metal fuels to improve their safety, stability, and energy
release performances.

In general, the diffusion path between oxidant and fuel plays
a decisive role in the rate and power of the thermite reaction. In
order to obtain faster energy release and higher energy effi-
ciency, oxidants and fuels should be mixed uniformly and the
sizes of oxidant/fuel particles should be reduced to nano scale
to shorten the diffusion path. Traditional methods of preparing
energetic composites, such as sol–gel method, self assembly,
Fig. 12 SEM (a) and TEM (b) images of 225-cycle ALD SnO2 coated Al n
Springer Nature.

11930 | RSC Adv., 2021, 11, 11918–11942
and arrested reactive milling, fail to achieve accurate control of
the composite structure or uniform mixing of the oxidant and
the fuel. Core–shell structured nanothermite materials synthe-
sized by ALD enable uniform combination as well as close
contact of the oxidant and the fuel on nanometer scale. Fergu-
son et al. attempted to deposit oxidizer lms on Al NPs to make
nanothermites for the rst time.97 SnO2 lms were deposited on
Al NPs using SnCl4 and H2O2 as precursors in a uidized bed
ALD reactor. However, insufficient reactant exposure and
unsaturated surface reaction led to a fuel/oxidizer ratio largely
deviated from the stoichiometry of the thermite reaction.
Nevertheless, SnO2 coated Al NPs reacted much more quickly
and violently than the uncoated Al particles. This work was
complemented by Qin et al. in 2013.98 By carefully adjusting the
ALD pulse sequence of SnCl4 and H2O2, perfect encapsulation
of Al NPs by SnO2 layers was achieved and Al@SnO2 core–shell
structured nanothermite material was synthesized (Fig. 12a and
b). Laser ignition test showed that the resultant nanothermite
reacted several times faster than the mechanical mixture of
nanopowders. Similarly, Fe2O3 was also deposited onto the
surface of Al NPs to produce Al@Fe2O3 core–shell structured
nanothermite.99 Compared with mechanically mixed Al–Fe2O3

nanopowders, the Al@Fe2O3 nanothermite had a lower ignition
temperature, a larger energy release, and much faster reaction
rate. The improved energy performance was attributed to the
intimate contact and the uniform distribution of reactants on
nanometer scale, which effectively reduced the average mass
diffusion distance between the oxidizer and the metal fuel. Yan
et al. reported the synthesis of a rGO/Al@Fe2O3 energetic
composite by ALD.100 Al NPs were rst anchored on reduced
graphene oxide (rGO) nanosheets, then Fe2O3 lms were
deposited onto the rGO/Al substrate by ALD, producing the rGO/
Al@Fe2O3 energetic composite. The rGO/Al@Fe2O3 composite
containing 4.8 wt% of rGO showed a 50% increase of the energy
release compared to the Al@Fe2O3 nanothermite. The further
improved energy performance was attributed to the dispersion
of Al NPs on the surface of rGO nanosheets, which successfully
prevent the agglomeration of Al particles during ALD of Fe2O3.
anopowder. Reprinted with permission from ref. 98, Copyright (2013),

© 2021 The Author(s). Published by the Royal Society of Chemistry
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Surface passivation is important for energetic materials
sensitive to air and water. Spontaneous combustion of energetic
materials during storage, transportation, or handling are
serious safety problems limiting the applications of novel
energetic materials. Besides, composition change caused by
oxidation or disintegration will reduce the energy density and
change the energy release pattern. Consequently, sometimes it is
necessary to carry out surface modication of high energy density
materials to improve their safety and stability without deterio-
rating the energy performance. Aluminum hydride (AlH3) is a very
promising high energy material. However, its high reactivity with
H2O may lead to hydrogen release under ambient conditions.
Chen et al. produced conformal passivation layers on a-AlH3

particles by depositing Al2O3 lms via ALD.101 In hydrothermal
aging tests, the passivated AlH3 powder showed signicantly
improved stability with the presence of H2O vapor. At elevated
temperatures the dehydrogenation rate of the passivated AlH3 is
not much affected, indicating that ALD is a viable technique to
stabilize AlH3 without affecting its energy release capability.

Al powder is the most widely used metal fuel in many ener-
getic systems, and the stability of Al particles is mainly due to
the native oxide (Al2O3) layer. However, under certain condi-
tions the surface native oxide layer is not able to stabilize Al
particles. Al NPs were passivated using an ultrathin zirconia
(ZrO2) coating by ALD.102 The hydrophobic ALD ZrO2 passiv-
ation lm successfully prevented the reaction between Al NPs
and hot water at 80 �C (Fig. 13). The improved barrier property
of ALD Al2O3/ZrO2 laminated lm might be a consequence of
the ZrAlxOy phase formation at the interface of Al2O3 and ZrO2.
Fig. 13 SEM images of Al@Al2O3@ZrO2-8 before (a) and after (b) stab
Al@Al2O3@ZrO2-8 after stability test; SEM images of Al@Al2O3@Al2O3-50
from ref. 102. Copyright (2018), American Chemical Society.

© 2021 The Author(s). Published by the Royal Society of Chemistry
Zr powder is type of metal fuel featuring high volumetric
energy density. However, safety issues such as uncontrolled
oxidation and ultra-high electrostatic discharge (ESD) ignition
sensitivity restrict the its applications. Qin et al.103 applied
molecular layer deposition (MLD) of polyimide to encapsulate
Zr particles, and the following high temperature annealing
converted the polymer lms to carbon lms. The polymer and
carbon coatings greatly reduced the ESD sensitivity of the Zr
powder without affecting the energy release. ALD Al2O3 coatings
were also deposited on Zr particles. The ALD Al2O3 coating
could form a dense gas diffusion barrier, which effectively
suppressed oxidation of the Zr powder up to about 700 �C.104

The ignition delay of the Zr powder was extended and the ESD
ignition sensitivity was reduced.

So far, reports on surface modication of energetic materials
using ALD are only about enhancing their stability and safety. In
fact, the energy release processes of energetic materials are also
closely related to surface physical and chemical properties, and
ALD is an effective approach to regulate these properties.
Therefore, ALD may also provide an important tool to control
the energy release processes of various energetic materials by
precise modications on surface composition and structure.
3.4 Electrode material

Lithium-ion batteries (LIB) and capacitors (LIC) are among the
most popular energy storage devices for applications in portable
electronics and electrical vehicles. However, problems such as
high cost, volume change during charging, degradation of
electrodes, and safety concerns are limiting the applications of
ility test at 80 �C; TEM image (c) and element line scanning (d) of
before (e) and after (f) stability test at 60 �C. Reprinted with permission

RSC Adv., 2021, 11, 11918–11942 | 11931
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LIB and LIC.105–107 Composition and structure of the electrode
material, especially the surface chemistry between the electrode
and the electrolyte greatly inuences the electrochemical
properties of batteries and capacitors.108 By applying ultrathin
ALD coatings of merely several nanometers, performances of
the electrochemical materials can be remarkably improved.
Many factors, such as reduced side reactions, promoted ion
diffusion, and suppressed volume changes, may be responsible
for the improved performances, however the exact mechanism
still needs further investigation. In this section some typical
applications of ALD for the fabrication of electrode materials
used in LIB and LIC are introduced. Several examples of other
energy devices, such as sodium ion batteries (SIB), solid oxide
fuel cells (SOFC) and solar cells are also included. More detailed
studies focusing on applications of ALD in the battery eld can
be found elsewhere.106,107,109–111

3.4.1 Surface modication of cathode material. For the
cathode of LIB, side reactions occur when the cathode and the
electrolyte directly contact, which may cause electrode degra-
dation. Protection of the cathode material is a necessity. Metal
oxides such as ZnO, Al2O3, ZrO2, TiO2, Fe2O3, and other mate-
rials including AlF3, FePO4, and AlPO4 have been deposited by
ALD on the cathode material as surface modication layers.

Previous studies have shown that the LIB performance can
be improved if LiCoO2 cathode material is coated with metal
oxides using wet chemical techniques. In the research of Jung
et al., the LiCoO2 powder was coated with an ultrathin Al2O3

lm by performing only two cycles of ALD.112 The ALD Al2O3

coated LiCoO2 powder exhibited 89% capacity retention aer
120 charge–discharge cycles, which is 100% higher than that of
the bare LiCoO2 powder. The underlying mechanism may be
attributed to the barrier property of ALD Al2O3 lm that can
minimize Co dissolution or reduce surface electrolyte reactions.
Li and co-workers studied the effects of ALD TiO2, ZrO2 and
Al2O3 coatings on the electrochemical performance of LiCoO2

electrode.113 It was found that the improvement of battery
performance is closely related to the type of coating material
and that a dense coating on the LiCoO2 powder may affect the
diffusion of Li+ ions and lower the battery performance.

A LIB cathode material Li1.2Ni0.13Mn0.54Co0.13O2 was coated by
nanolayers of Al2O3 and TiO2 through ALD.114 The ALD Al2O3 lm
was smooth and conformal, while the TiO2 layer appeared to be
composed of tiny particles. During repeated charging and dis-
charging cycles, the ALDAl2O3lm improved the stability of the cell.
The TiO2 layer was more reactive with lithium and a LixTiO2 inter-
face was formed, which slightly increased the cell capacity but the
repeated insertion/extraction processes of Li+ ions caused erosion of
the surface TiO2 layer and resulted in decreased cell performance.

Lithium-rich layered materials are among the most
competitive cathode materials for next-generation electric
vehicles. However, a major problem of these materials is the
oxygen release during initial charging, which may result in
lower initial coulombic efficiency (CE), strong electrolyte
oxidation, and thermal instability. According to the report of
Xiao et al.,115 the surface of a Li2MnO3 cathode material was
protected by an aluminum phosphate (AlPO4) coating synthe-
sized by ALD using TMA, trimethylphosphate ((CH3)3PO4,
11932 | RSC Adv., 2021, 11, 11918–11942
TMPO), and water as precursors. During the ALD process, part
of the C2/m Li2MnO3 phase transformed into a spinel phase
which effectively suppressed the release of oxygen, and the
initial CE could be signicantly enhanced. Compared to the
unprotected cathode material, ALD AlPO4 coated cathode
material was more stable at high temperatures.

Ultrathin cerium dioxide (CeO2) lms were coated on the
surface of LiMn2O4 powder by ALD, using tris(i-
propylcyclopentadienyl)cerium (Ce(iPrCp)3) and deionized
water as precursors.116 The as-prepared cells performed high
stability and high initial capacity retention aer 1000 charge–
discharge cycles. The improved cell performance was explained
by suppression of the impedance rise and facile transport of the
species.117 ALD of CeO2 was also applied to modify the surface of
a Li-rich layered material made from Li1.2Mn0.54Ni0.13Co0.13O2

(LRNMC) particles.118 Compared with the uncoated LRNMC
particles, the surface modied samples showed 8% higher
capacity and signicantly improved capacity retention aer 400
charge–discharge cycles. The efficacy of the CeO2 lm was
interpreted as increasing the substrate conductivity and block-
ing the dissolution of metal irons.

The most commonly used electrolyte material, lithium hexa-
uorophosphate (LiPF6), may generate hydrouoric acid (HF)
when it encounters water. Therefore LiPF6 may inevitably contain
HF, which might etch metal oxide coatings. Metal uorides could
be more stable against HF corrosion than metal oxides. Jackson
et al. developed the ALD process of AlF3 in which TMA and TaF5
were used as precursors.119 Conformal AlF3 lms were deposited
onto a LiNi0.5Mn0.3Co0.2O2 (NMC) Li-ion battery cathode material.
The coin cell with coated cathode particles exhibited signicantly
improved charge capacity at high discharge rates.

Besides LIBs, cathode materials of other batteries or capac-
itors were also modied with ALD protective layers. For
example, ALD Al2O3 layers were reported to be effective for
enhancing the cyclic stability of a Na2/3(Mn0.54Ni0.13Co0.13)O2

(MNC) cathode for sodium ion batteries (SIB).120 The cathode
coated with 2 ALD cycles of Al2O3 exhibited the best electro-
chemical stability and rate performance, while the one coated
with 10-cycle Al2O3 showed the highest coulombic efficiency.
The enhanced electrochemical stability may be a consequence
of the protective effect and the high bandgap energy offered by
the ALD Al2O3 coating. Furthermore, the oxide coating could
provide structural stability against mechanical stresses during
cycling. ALD Al2O3 coatings were also applied to LiNi0.5Co0.2-
Mn0.3O2 (NCM) particles as the cathode material for lithium ion
capacitor (LIC).121 By inhibiting the dissolution of transition
metal in NCM and releasing internal stress change during
cycling, the ALD Al2O3 coatings signicantly improved the
cycling capability and rate performance of the capacitor.

A method to stabilize nanostructured solid oxide fuel cell
(SOFC) cathode through ALD was proposed.122 By covering the
highly active but unstable cathode La0.6Sr0.4CoO3�d (LSCo) with
a thin ALD ZrO2 layer, the fuel cell maintained a high oxygen
reduction reactivity (ORR) at 700 �C for 4000 hours (Fig. 14).
With the ALD ZrO2 coating, the polarization area specic
resistance and the degradation rate were reduced by a factor of
19 and 18 respectively. The ALD ZrO2 coating provided the
© 2021 The Author(s). Published by the Royal Society of Chemistry
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Fig. 14 (a) TEM image showing nanoscale ALD ZrO2 coating on LSCo NPs; and comparison on long-term stability of pristine and ALD–ZrO2

coated LSCo cathodes: (b), R0 (overall area-specific resistance); (c), Rp (polarization area-specific resistance). Reprinted with permission from ref.
122. Copyright (2013), American Chemical Society.
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porosity for O2 to access to LSCo, conducting electrons and
oxide ions, limited the thermal growth of LSCo NPs, and
inhibited surface segregation of Sr.

Doping electrode particles with ions has been proved an
effective way to achieve enhanced electrochemical perfor-
mances. Metal ions could enter the lattice structure of cathode
particles during ALD processes.123,124 The ALD deposition
process may begin at the structural defects, aer the defects
were saturated, the ions began to participate in the formation of
oxide lms on the surface of the cathode particle. Patel et al.
reported that ALD Fe2O3 coating provided signicant perfor-
mance improvement of the LMNO cathode.123 Compared with
other doping methods, slight doping using ALD would enhance
the cycle stability of LIB cathode, while excessive doping may
cause distorted lattice structure or impeded Li+ diffusion
channels, which could reduce the capacity.

ALD surface modication layers have shown remarkable effects
on improving the stability of cathode materials. Some results on
capacity retention of ALD modied LIB cathode materials are
summarized in Table 1. In order to protect the electrode material
from side reactions and increase the cycle life, thicker protective
coatings are preferred. Materials with limited electronic and ionic
conductivity, such as alumina, may not be the best choice for
cathode coating, because the increased lm thickness may affect
species transport and damage the capacity. Therefore, an ideal
ALD coating material should be able to combine the protective
effect and high electronic and ion conductivity. Accurate thickness
control of the surface coating is also essential for reaching the
optimal balance between high cycle life and high capacity.

3.4.2 Surface modication of anode material. Some anode
materials of LIBs suffer from great capacity loss due to the
formation of solid electrolyte interface (SEI) layer during the
Table 1 Capacity retention of ALD modified LIB cathode materials

ALD material Cathode material Thickness/nm

Al2O3 LiCoO2 0.3–0.4
TiO2 Li1.2Ni0.13Mn0.54Co0.13O2 1
AlPO4 Li1.2Mn0.54Co0.13Ni0.13O2 1
CeO2 LiMn2O4 3
CeO2 Li1.2Mn0.54Ni0.13Co0.13O2 2.5

© 2021 The Author(s). Published by the Royal Society of Chemistry
charge–discharge cycles, as well as large volume changes which
may damage the anodes and expose the fresh surface. The aim of
ALD modication of anode materials is to improve the battery
performance by prohibiting the formation of continuous SEI layer,
suppressing volume changes, and reducing side reactions.125

Thin lms of metal oxides are preferred for anode modi-
cation. Wang et al. coated Al2O3 lms onto SnO2 anode particles
by ALD.126 They found that the ALD Al2O3 lm with a proper
thickness suppressed the volume changes of SnO2 particles, and
thus signicantly improved the electrochemical behavior of the
battery, especially the cycling performance. Kang et al. reported
Fe3O4 nanocrystals conned in ameso cellular carbon foam (MSU-F-
C) used as an LIB anode material.127 An ultrathin ALD Al2O3 layer
deposited on the composite anode could signicantly improve the
rate capability and durability, and reduce undesirable side reactions.
Ultrathin (about 1 nm) ALD Al2O3 lms were also coated on the
surface of TiO2 nanotubes used as the anode material.128 Compared
to the uncoated nanotube, a better electrochemical performance
was achieved as a result of the increased mechanical stability and
enhanced lithium ion diffusion. A composite LIB anode material
was prepared by interwoven Mn3O4 NPs with carbon nanotube
(CNT) network through a self-assembly strategy.129 Then an ultra-
thin uniform ALD TiO2 coating was deposited on the anode mate-
rial to stabilize the SEI. The obtained anodematerial showed a high
capacity, stable cycle stability, excellent rate performance, and
a commercial grade area capacity. The ALD TiO2 coating stabilized
SEI provides high electronic conductivity and lithium ion diffusion
ability, and improves the reaction kinetics of Mn3O4 through an
“electron density enhancement effect”.

Silicon nanostructures have shown improved capacity and
cyclability in LIBs as anodes. Silicon nanowires (SiNWs) were
coated with TiN lms using TiCl4 and NH3 as precursors at 120 �C
Capacity retention/%

Ref.Cycling number w/o ALD ALD

120 45 89 112
100 68.2 70 114
40 Drop rapidly Stay stable 115
1000 0 62 116
400 22 62 118

RSC Adv., 2021, 11, 11918–11942 | 11933
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and the coated SiNWs were used as the anode material for LIBs.130

The conformal and uniform TiN lms limited the growth of SEI
and improved the mechanical stability of the anode. In addition,
delamination of the nanowire assemblies from the underlying
current collector were also reduced. In another work, silicon
nanotubes (SiNTs) coated with ALD lms of TiO2, TiN, or Al2O3 on
the inside, outside, or both surfaces of the nanotubes were used as
the anode material for LIBs.131 Enhanced cycling performances
were obtainedwith almost all kinds of coatings on all surfaces. The
anode material using SiNTs coated with 1.5 nm TiO2 on both the
internal and external surfaces showed the best performance.

ALD coatings have also been applied to enhance the
performance of dye sensitized solar cells (DSC). In a recent work
published by Li et al.,132 an ultrathin TiO2 binding layer was
deposited onto TiO2 host-particles by low temperature ALD, to
enhance the interconnection between the host NPs of the
photoanode, and to elevate the adhesion between the photo-
anode and the substrate. With the ALD coating enhanced power
conversion was achieved and the ALD TiO2 coating resulted in
lower internal resistance and longer electron lifetime of the cell.

3.4.3 ALD of active electrode material. Aside from forming
surface protection or modication layers, ALD are also used to
deposit active materials onto conductive substrates, to produce
novel electrode materials with predetermined composition, struc-
ture, and morphology. By changing these parameters, the perfor-
mances of the electrode materials could be precisely tuned.

Carbon based materials are a typical class of electrode
materials for their good electrical conductivity and high surface
area. Construction of composite structures integrating carbon
and high capacity/capacitance materials such as transition
metal oxides and metal phosphates is a common strategy to
take the advantages of each component and thus improve
electrochemical performances.133 A high specic capacity
material LiFePO4 was deposited on CNTs using a quaternary
ALD process in which ferrocene (FeCp2), ozone (O3), trimethyl-
phosphate (TMPO), water (H2O), and lithium t-butoxide
(LiOtBu) were used as the precursors.134 The surfaces of CNTs
were uniformly covered with LiFePO4 layers. Due to the high
electric conductivity and high surface area of the CNTs, the
LiFePO4/CNT anode remedied the default of low rate perfor-
mance of LiFePO4. A high power density and ultra-long cycling
lifetime were also achieved. Similarly, ultrathin Nb2O5 lms
were deposited on the surfaces of CNTs by ALD, using niobium
ethoxide (Nb(OEt)5) and deionized water as precursors.135

Subsequent high temperature annealing turned the amorphous
lms into the hexagonal phase. The ALD Nb2O5@CNT anode
exhibited high-rate and long-life lithium ion storage, which may be
attributed to the synergistic effects of carbon nanotubes, hexagonal
Nb2O5, and the ultrathin lm structure. A novel nanostructured 3D
anode material was fabricated by depositing polyimide lms
through MLD onto Ti2Nb10O29 (TNO) microspheres, followed by
high temperature annealing to convert the polyimide lms into
carbon layers.136 The resultant TNO@C composite possessed
uniformly connected conductive networks offered by MLD carbon,
and the anode showed signicantly improved electron/ion trans-
port, remarkable high-rate capacity and a high capacity retention
aer 500 cycles of charge and discharge.
11934 | RSC Adv., 2021, 11, 11918–11942
For LIB electrode materials, amorphous coatings would
suppress the increasing impedance and favor lithium diffusion
due to their so structures. For instance, amorphous or crys-
talline ALD SnO2 lms were homogeneously deposited on both
sides of graphene (GE) nanosheets to form SnO2-GE–SnO2

composites for LIB anodes.137 The crystal structure of SnO2 lms
could be controlled by changing the reaction conditions of ALD.
Both the amorphous and crystalline SnO2-GE anodes exhibited
good electrochemical performances, but higher coulombic
efficiency and better cycling stability were achieved with the
amorphous SnO2-GE anode. The buffer effect of amorphous
SnO2 could mitigate the huge volume expansion and reduce the
shrinkage of SnO2 lattice, while crystalline SnO2 may pulverize
during the charge and discharge processes.

Interstitial metal carbides have high electrical conductivity,
high hardness and excellent chemical stability, which make
them competitive electrode materials. An ALD assisted template
synthesis strategy was reported, for the preparation of single-
layer titanium carbide (TiC) hollow sphere arrays on conduc-
tive substrates.138 In this method, polystyrene spheres (PS) were
used as the template, and an ALD TiO2 layer was uniformly
coated on the PS and was then converted into TiC arrays by
subsequent carbothermal reaction (Fig. 15). These TiC arrays
showed exceptional long-term cycle life and excellent high-rate
ability when tested as high temperature supercapacitors. Bi(1,4-
di-tert-butyl-1,3-diazabutadienyl) nickel(II) and H2 plasma were
used to coat smooth, pure, and ideally crystallized Ni3C lms on
CNTs, producing a core–shell nanostructured Ni3C/CNT
composite.139 The ALD Ni3C/CNT composite exhibited excel-
lent performances as supercapacitors and for electrocatalytic
hydrogen evolution.

Metal suldes have shown great potential as the anode for
LIB. For instance, the theoretical capacity of Al2S3 is more than
1400 mA h g�1, about four times the capacity of commercial
graphite anode. Aluminum sulde (AlSx) thin lm was synthe-
sized by ALD using tris(dimethylamido) aluminum and H2S as
precursors.140 The ALD AlSx lm was deposited onto nitrogen-
doped graphene nanosheets (NGNS) to form an anode of LIB.
The anode material exhibited a high capacity of 640 mA h g�1 at
a current density of 100 mA g�1 in the voltage window of 0.6–
3.5 V. A reliable cyclability over 60 cycles was demonstrated.

Pt-based catalysts are widely used in the electrodes of proton
exchange membrane fuel cells (PEMFCs) because of their
excellent catalytic performances in both hydrogen oxidation
and oxygen reduction reactions (ORR). However, conventional
Pt/C catalysts exhibit poor durability due to the detachment and
agglomeration of Pt NPs during fuel cell operation. Lee et al.
reported a method of synthesizing high-performance Pt/carbon
catalyst for PEMFCs using FBR ALD.141 Two types of carbon
supports were tested. Uniformly dispersed and highly dense Pt
NPs obtained by ALD with an optimized ionomer content
exhibited high fuel cell performance and excellent stability. WN
was deposited on the ALD Pt/C catalyst using bis(tert-butyli-
mido)bis(dimethylamido) tungsten and ammonia as precur-
sors, producing a conformal coating on the surface of the
catalyst particles.142 The subsequent thermal treatment led to
a reduced amount of nitride and separated Pt and W domains.
© 2021 The Author(s). Published by the Royal Society of Chemistry
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Fig. 15 (a, d and g) Fabrication process of monolayer TiC hollow sphere arrays on a graphite paper substrate; (b and c), SEM and TEM images of
the PS sphere template; (e and f), SEM and TEM images of the TiO2 hollow sphere arrays; (h and i), SEM and TEM images of the TiC hollow sphere
arrays. Reprinted with permission from ref. 138. Copyright (2013), Royal Society of Chemistry.
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The surface modied Pt/C catalyst showed an ORR activity (465
mA mg�1) much higher than that of the bare Pt/C catalyst (277
mA mg�1). Aer accelerated durability test, the surface modi-
ed catalyst exhibited better retention of electrochemical
properties and higher mechanical stability. A porous organic–
inorganic hybrid inter-layer was deposited on a CNT support
throughMLD using sequential exposures of TMA and glycerol at
150 �C, followed by high temperature annealing.143 Pt NPs were
subsequently deposited onto the MLD-modied CNT surface by
ALD. The MLD-modied CNT surface with enriched pores hel-
ped anchoring the Pt species and avoided agglomeration or
detachment of the NPs. Besides, the inter-layer induced elec-
tron transfer from Pt to the substrate. Therefore the as-prepared
Pt catalysts showed signicantly enhanced ORR activity and
durability compared to the catalysts grown on the bare CNT.

3.5 Wave absorbing material

In recent years, wave-absorbing materials are more and more
widely used in military and civilian elds. The common wave
absorbing agents are powders of carbonyl iron, ferrite, barium
titanite, and so on. Carbonyl iron powder has high magnetic
permeability, good absorbing ability, and wide absorbing
frequency bandwidth, therefore it has become one of the most
widely used absorbing materials. However, corrosion and
oxidation limit its applications under certain conditions. To
improve the corrosion resistance and electromagnetic perfor-
mance of carbonyl iron, Al2O3 thin lms were coated on the
carbonyl iron powder by ALD.144 The ALD Al2O3 lms con-
formally covered the surfaces of carbonyl iron particles.
Thermal stability and corrosion resistance of the surface
© 2021 The Author(s). Published by the Royal Society of Chemistry
modied carbonyl iron powder were signicantly improved.
Besides, electromagnetic parameters and wave absorbing
properties were also enhanced. Under the same experiment
conditions, a 40.9% lower reection loss (RL) can be obtained.

For practical application of microwave absorbing materials
(MAMs), effective electromagnetic (EM) impedance matching
between the permeability and the relative permittivity is crucial
to achieve strong absorption. An efficient and lightweight EM
absorbing material was prepared by Wang et al. through mixing
ALD Fe3O4/graphene and Ni/graphene composites. The ALD
Fe3O4 and Ni NPs had narrow size distributions, and were
uniformly dispersed throughout the entire graphene surface.
The minimum optical reection loss was �46.4 dB at 15.6 GHz,
with a coating thickness of only 1.4 mm. The promoted EM
absorption property of the composite material was ascribed to
the effective impedance matching, multiple interfacial polarization
and increased magnetic loss from the added magnetic constitu-
ents.145 The same group also proposed a method to produce ZnO
supported Ni NPs with enhanced microwave absorption.146 NiO
lms were uniformly deposited on ZnO particles by ALD, followed
by high temperature reduction to synthesize ower-like ZnO coated
with Ni NPs. The ZnO@Ni composite exhibited signicantly
improved EM absorption properties compared to ZnO (Fig. 16). The
enhanced absorption capacity was explained by the combination of
various dielectric–magnetic loss mechanisms.

A new type of microwave absorbing material was synthesized
by coating carbon nanobers with multilayer gradient lms
through ALD.147 The gradient nanolm was composed of ZnO
with different Al2O3 content, which was prepared by alternating
ALD ZnO and ALD Al2O3 cycles at different ratios. The
RSC Adv., 2021, 11, 11918–11942 | 11935
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Fig. 16 (a–c) TEM images of ZnO@Ni; (d), size distribution of Ni NPs; (e), HRTEM image of ZnO@Ni; RL curves of ZnO@Ni composites with
a thickness of 1.5 mm (f) and 2 mm (g); 3D representations of RL of ZnO (h) and ZnO@Ni. (i) Reprinted with permission from ref. 146. Copyright
(2013), Royal Society of Chemistry.
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multilayer gradient lm acted as intermediate layers to tune the
impedance matching between air and the nanober surface,
and the microwave absorption performance was remarkably
enhanced. A reection loss of �58.5 dB was achieved at 16.2
GHz with a composite thickness of only 1.8 mm. In Table 2, the
wave absorption performances of different materials fabricated
by ALD are listed and compared.
3.6 Medicine

There is a great demand for surface modication and engi-
neering in the medical eld. Through proper surface modi-
cation, the following goals may be achieved: protection and
stabilization of pharmaceutical ingredients; controlled release
of drugs; enhanced penetration of medicine into human
tissues; improved biocompatibility of surgical devices,
implants, and articial tissues.148 ALD perfectly meet the needs
of surface engineering in the medical eld, and many oppor-
tunities are related to powder fabrication.

Active pharmaceutical ingredients (APIs) are mainly organic
solid powders. In order to be prepared in a variety of dosage
forms, many APIs require processing. Powder ow improve-
ment and APIs protection are oen desirable. Due to the
inhomogeneous nature and irregular shapes of drug particles,
conventional coating techniques can hardly achieve conformal
coating around the particles. ALD is a potential way to
Table 2 Wave absorption properties of different materials fabricated by

ALD material Original wave absorbing material

Frequency for RL #

Thickness/mm

Al2O3 Carbonyl iron powder 2.5
Fe3O4 Graphene 1.5
Ni Flower-like ZnO 1.5
ZnO/Al2O3 Carbon nanobers 1.9

11936 | RSC Adv., 2021, 11, 11918–11942
encapsulate drug particles with high quality coatings.
Micrometer scale acetaminophen particles were coated with
ALD Al2O3, TiO2 and ZnO in a rotary reactor.149 The main
polymorph remained unchanged during the ALD process. HPLC
analysis showed that no degradation product was produced,
which conrmed the stability of ALD coated drug samples. ALD
metal oxide coated acetaminophen showed slowed drug release.
ALD Al2O3 and TiO2 coated acetaminophen particles exhibited
good cytocompatibility. Evaluation in vitro on intestinal Caco-2
cells indicated that thick ZnO coatings showed the greatest
cytotoxicity among the materials studied.

ALD coatings were also used for improving the stability of drug
particles. Hellrup et al.150 investigated the feasibility of applying
ALD Al2O3 coatings to prevent moisture absorption. Dynamic
moisture absorption experiments showed that the ALD Al2O3

nanoshells almost completely inhibited the adsorption of water.
These results have demonstrated the potential of ALD coatings in
improving the long-term stability of drug particles.

Vitamin C is a very important and commonly used medicine,
but it suffers from rapid oxidation/degradation in light and
humidity. Haghshenas-Lari et al. applied TiO2 coatings to
protect the surface of vitamin C particles by ALD, and studied
the effects of ALD experiment parameters on the structure and
quality of TiO2 coating.151 It was demonstrated that the ALD
TiO2 coating can successfully slow down the degradation and
improve the medical stability of vitamin C.
ALD

�10 dB/GHz RL min/dB

Ref.w/o ALD ALD Thickness/mm w/o ALD ALD

2.42–3.87 2.76–4.65 2.5 �14.5 �20.3 144
— 12.4–16.9 1.4 �3.3 �46.4 145
— 12.1–17.4 2 �9.3 �48 146
— 12.7–18 1.8 �9.2 �58.5 147

© 2021 The Author(s). Published by the Royal Society of Chemistry
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ALD protective coatings can also be applied to enhance the
medical stability of vaccine.152 Affected by its instability,
vaccines usually require refrigerated storage and multiple
vaccinations, and thus the practical impacts of the vaccine are
oen compromised. Garcea et al. prepared thermostabilized
powders containing HPV16L1 ingredient using spray drying,
and coated these powders with ALD alumina layers to protect
the inside antigens and modulate the release. With the ALD
alumina protective coating, the antibody titers were unaffected
by incubation at 50 �C for one month. Antibody response test
demonstrated that a single dose of the ALD-coated vaccine
produced neutralizing responses and antibody titers were
equivalent or superior to conventional alum-adsorbed two-dose
immunization of the L1 protein.

Zhang et al. reported ALD modication of budesonide and
lactose organic particles with atomic scale Al2O3 lms.153 A
vibration-assisted uidized bed ALD reactor was used, and the
coating experiments were carried out under near ambient
conditions (<40 �C, 1 bar). Complete and conformal coating on
the drug particles (Fig. 17a) and the feasibility to tailor heat
transfer, dissolution rate and dispersibility were demonstrated.
With the increasing ALD Al2O3 lm thickness, the dissolution
rates of both budesonide and lactose particles were reduced,
Fig. 17 (a) TEM images of ALD Al2O3 coated budesonide (left) and lacto
(2017), Royal Society of Chemistry. (b) Plasma concentration curves for in
times. Reprinted from ref. 154. Copyright (2019), with permission from E

© 2021 The Author(s). Published by the Royal Society of Chemistry
which indicated the potential application of ALD coatings for
controlled drug release. The coated drug powders were less
cohesive, which implied improved powder processability aer
the ALD surface modication.

Hellrup et al. also performed pharmacokinetic studies
showing that ALD Al2O3 nanoshells coated on the APIs can be
used to achieve long sustained drug release.154 30 nm-thick ALD
Al2O3 coating was deposited onto micro particles of indo-
methacin, and the drug level in blood samples were tested in
rats for 12 weeks (Fig. 17b). The uncoated indomethacin was
eliminated with a half-life of 15 h, and the coated samples
showed dramatically slower release rate which sustained for
more than 12 weeks.
4. Conclusion and perspective

The growing demands for controllable surface modication of
powder materials and precise manufacture of nanostructures
have stimulated the development of ALD technology for powder
fabrication. This article starts with a brief introduction to the
principles of ALD, followed by a retrospection on the develop-
ment of ALD reactors designed for powder fabrication, and then
illustrates typical examples of applications of ALD for
se (right) particles; Reprinted with permission from ref. 153. Copyright
domethacin measured on blood samples from test animals at different
lsevier.
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fabricating powder materials in various elds. The advantages
of ALD for powder fabrication include the diversity of selectable
ALD and substrate materials; the conformality of the produced
lms on 3D structures; the uniformity and high dispersion of
the obtained discontinuous structures; and most importantly,
the ability to precisely control the dimension as a result of the
self-limiting ALD surface reaction. These features make ALD
a very unique and effective tool for powder fabrication.

The strong potential of ALD for powder fabrication has been
proved in many areas, and ALD technology may be applied to
even more areas in the future, to produce novel materials or
structures through precise surface engineering of powders. For
existing applications, ALD powder fabrication may move
towards the goal of mass production and cost reduction.
Whereas there are still many problems that need to be solved:

(1) The research on ALD reactors and processes for industrial
scale powder fabrication should be advanced. Existing uidized
bed reactors, rotating reactors and spatial reactors have
demonstrated the potential for mass production of powder
materials. The existing reactor designs need to be improved and
new reactor designs should be investigated to enhance the mass
and heat transfer, reduce the particle agglomeration, and
increase the utilization of precursors.

(2) The development of economical precursors and corre-
sponding surface reactions are also necessary for the large scale
application of ALD, especially for scalable fabrication of powder
materials with huge surface areas.

(3) Emerging applications of ALD powder fabrication should
be further investigated. More surface modication/
functionalization materials should be tested and novel structures
should be designed and synthesized to optimize their perfor-
mances. Evaluation on the merit or importance of the technology
(for instance, signicance in improving scientic understanding or
potential for industrial application) should be made.

The potential applications for ALD are virtually endless.
Surface engineering of powder materials at atomic level precision
will enable introduction of the desired structural, physical, or
chemical properties to the surface of the powder, which will
signicantly enrich and promote the performances and/or functions
of the materials. The future research of ALD for powder material
fabrication may be full of challenges, but it is certainly rewarding.
Abbreviates
AC
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Activated carbon

ALD
 Atomic layer deposition

AP
 Ammonium perchlorate

APH
 Aqueous-phase hydrogenation

APIs
 Active pharmaceutical ingredients

CNT
 Carbon nanotubes

CVD
 Chemical vapor deposition

DEZ
 Diethyl zinc

DFT
 Density functional theory

DRM
 Dry reforming of methane

DSC
 Dye sensitized solar cells

DTA
 Differential thermal analysis
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EBC
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Environmental barrier coating

EM
 Effective electromagnetic

ESD
 Electrostatic discharge

EXAFS
 Extended X-ray absorption ne structure

FBRs
 Fluidized bed reactors

FTIR
 Fourier transform infrared

GE
 Graphene

GISAXS
 Grazing incidence small-angle X-ray scattering

HAADF-
STEM
High angle annular dark eld scanning
transmission electron microscopy
HER
 Hydrogen evolution reaction

LIB
 Lithium-ion batteries

LIC
 Lithium-ion capacitors

MAMs
 Microwave absorbing materials

MLD
 Molecular layer deposition

MO
 Metal oxide

MOFs
 Metal organic frameworks

NMR
 Nuclear magnetic resonance

NPs
 Nanoparticles

NTs
 Nanotubes

NWs
 Nanowires

ODH
 Oxidative dehydrogenation

OER
 Oxygen evolution reaction

ORR
 Oxygen reduction reaction

PEMFCs
 Proton exchange membrane fuel cells

PS
 Polystyrene spheres

PS-DVB
 Poly styrene-divinylbenzene

rGO
 Reduced graphene oxide

SAMS
 Self-assembled monolayers

SEI
 Solid electrolyte interphase

SEM
 Scanning electron microscope

SERS
 Surface enhanced Raman scattering

SIB
 Sodium ion batteries

SOFC
 Solid oxide fuel cells

TEM
 Transmission electron microscope

TMA
 Trimethyl aluminum

WGS
 Water-gas shi

XAFS
 X-ray absorption ne structure spectroscopy

XANES
 X-ray absorption near edge structure

XRD
 X-ray diffraction

XRF
 X-ray uorescence
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