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ABSTRACT: Supported metal nanoparticle (SMN) catalysts are
enormously crucial for many catalytic applications. However,
catalyst deactivation, caused by sintering and coke formation, is a
ubiquitous problem that significantly undermines catalytic
processing economics. The application of material overcoating
onto supported metal nanoparticles by atomic layer deposition
(ALD) offers the solution to inhibit catalyst deactivation. Herein,
we discuss examples in which ALD has been used to stabilize SMN
catalysts in gaseous and aqueous-phase reactions. We highlight the
ALD tools and methods in coating high-surface-area catalysts.
Besides, various techniques are introduced to understand better
how to characterize the overcoating layer and the catalyst itself.
Finally, the outlook for new techniques to characterize the ALD
overcoated catalytic materials is discussed.
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1. INTRODUCTION

Supported metal nanoparticle (SMN) catalysts have become
increasingly useful for various catalytic applications, including
biomass conversion, CO2/CH4 conversion, lithium-ion bat-
teries, and industrial organic reactions.1−3 SMN catalysts
consist of metal nanoparticles deposited on high-surface-area
solid support material such as metal oxides or metal−organic
frameworks (MOFs). The design versatility of SMN catalysts
allows for a variety of different metal catalysts and support
materials, which makes them useful for such a broad range of
applications. Traditionally, noble metals (Pt, Rh, Ru, and Pd)
are used because of their catalytic activity and stability. Noble
metals, however, are notoriously expensive because of low
availability.4−6 In the search for more readily available and
cheaper catalysts, transition metals such as Co, Ni, Fe, and Cu
began to be used in SMN catalyst systems.5−14 The main
drawback of these materials is their susceptibility to catalyst
deactivation caused by sintering and coke formation.15−17

Sintering, which is the fusion of small metal particles in larger
aggregates, typically occurs at high temperatures (>500 °C)
during operation or catalyst regeneration. The main side effect
of sintering is a drastic loss of catalyst surface area resulting in a
loss in activity. Coke formation causes catalyst deactivation due
to carbon accumulating and blocking the surface of the metal
catalyst during operation.18−20 Catalyst replacement and
process downtime due to deactivation results in billions of
dollars lost to industry each year.15 Much research has looked
at methods to stabilize SMN catalysts, including the use of

core−shell structures, sol−gel coating/coprecipitation techni-
ques, and metal−support interactions to protect against
catalyst deactivation.21−24 Recently, overcoating techniques
have shown much promise in protecting metal nanoparticles
against sintering. However, some methods can result in overly
thick or uneven coatings leading to the loss of catalytic
activity.7,15,18,25,26

To maintain the efficiency of SMN catalysts, the application
of a chemical overcoating requires high precision. Coating
techniques such as chemical vapor deposition (CVD) and
physical vapor deposition (PVD) suffer from poor reproduci-
bility and uniformity. For example, during a typical CVD
process, a substrate is exposed to volatile precursors which
react on the substrate surface to create the deposited
material.27 PVD also has inherent disadvantages as it requires
“line-of-sight” for deposition. In contrast, layered deposition
techniques such as atomic layer deposition (ALD) and
molecular layer deposition (MLD) offer total conformal
deposition with atomic layer control because of the
mechanism’s self-limiting nature. The self-limiting, sequential
surface reactions follow an A−B binary reaction sequence
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during ALD.28−31 Precursors and reactants are saturated in the
reaction chamber to ensure all surface sites undergo the
desired reactions. These features lead to extremely uniform
and conformal deposition on the substrate with atomic-level
thickness control. As a brief example, consider Al2O3 ALD,
which is usually performed using trimethylaluminum (TMA)
and H2O. In the first step, TMA is pulsed into the reaction
chamber and reacts with a surface hydroxyl until all sites are
consumed. Second, the chamber is purged to expel the excess
TMA with the byproduct methane. Third, water vapor is
pulsed into the chamber and reacts with methyl groups on the
AlOx, which forms a hydroxyl group. Lastly, the byproduct
methane and excess H2O is purged from the chamber. These
four steps comprise one cycle of Al2O3 ALD and result in a
growth rate of around 1.2 Å per cycle at 200 °C.32 The surface
chemistry of Al2O3 ALD is shown in eqs 1 and 2, where the
asterisk indicates the surface species and “(g)” signifies species
in gas phases.

− * + → − * +OH Al(CH ) (g) OAl(CH ) CH (g)3 3 3 2 4 (1)

− * + → − * +OAl(CH ) 2H O(g) OAl(OH) 2CH (g)3 2 2 2 4
(2)

To date, there have been multiple in-depth reviews
regarding ALD,32,33 MLD,34,35 and their use for the
stabilization of catalyst materials.36−39 This Perspective will
focus on the development and advanced characterization
methods of ALD overcoated catalysts. We will also discuss the
many characteristics for optimal overcoating such as the
overcoating thickness, deposition method, and overcoating
material.

2. ALD OVERCOATED CATALYST

For applying the overcoating onto SMN catalysts, three general
routes have been described. As seen in Figure 1a, the first
method involves the overcoating layer’s deposition, typically
less than 10 nm, which is then calcined before catalyst
use.5,40−43 The high temperatures during the calcination
process results in the formation of nanopores in the
overcoating layer. The overcoating pores allow access to the
catalytic sites while also inhibiting coke formation and
sintering.25,44,45 For the second route (Figure 1b), a chemical
protective layer, which inhibits or blocks ALD growth, is first
applied to cover the active catalyst phase or metal nano-
particles. A thin film is then deposited via ALD on all areas
without the protective layer. The protective layer is then
removed by oxidation or other means, thereby leaving the
active site or metal nanoparticles exposed while the
surrounding overcoating protects the site from deactivation.
The final route involves the deposition of an ultrathin,
discontinuous coating, as shown in Figure 1c. This can be
achieved because, during initial ALD cycles, deposition can
occur selectively on metal edge sites or facets.46−48 By stopping
the ALD process after only a few cycles (typically less than 5),
the result is the formation of a discontinuous porous coating.
The ultrathin coating protects the catalyst nanoparticles from
deactivation while still allowing access to the catalytic sites.49,50

The thickness of the coating layer is a significant factor as an
overly thin coating layer may fail to prevent sintering, while a
coating that is too thick may inhibit access to catalytic sites and
reduce catalytic activity. There is, however, no set standard for
an overcoating thickness, which has shown to be highly
dependent on the type of catalyst, type of overcoating

Figure 1. Modification techniques for applying an ALD overcoating to SMNs where gray color represents a support material, green represents the
protective layer, blue represents the ALD overcoating, and red represents a metal nanoparticle. Illustrative representation of the following: (a) A
continuous thin film is deposited followed by high-temperature heating to induce overcoating densification results in nanosized pores’ formation.
(b) A protective layer that blocks the ALD materials’ deposition is coated on metal nanoparticles followed by ALD and removing the protective
layer. (c) Represents selective ALD overcoating as the results of few ALD cycles (typically 1−10 cycles).
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materials, the application, and the working temperature of the
catalyst.51,52

2.1. ALD Overcoating Mechanism and Examples.
Recently, researchers have begun to utilize ALD coatings on a
variety of different SMN catalysts. ALD overcoated catalysts
have shown more excellent stability by suppressing sintering
and coke formation, which increase the lifetime of the catalyst
and improve catalytic activity.1,9,40−43,45,53,54 Along with
improving stability through the suppression of sintering and
coke formation, an overcoating can also tune catalyst selectivity
and introduce new active sites through unique surface
chemistry interactions. The self-limiting nature of the ALD
process also allows for high precision during the deposition of
the coating. This makes the application of an overcoating layer
via ALD equally viable on flat substrates versus porous solids
with a high surface area. The ALD process is also quite
versatile as the deposition of many different oxides (e.g., Al2O3,
TiO2, SiO2, MgO, MnO, ZnO, ZrO2, Fe2O3, CeO2, La2O3,
Nb2O5) and metal phases (e.g., Co, Ni, Pt, Pd, Ru, Rh) have
been successfully demonstrated.55−58

Although ALD is commonly thought of as a thin-film
deposition technique, various growth regimes exist based on
the specific ALD chemistry, such as nanoparticle formation and
discontinuous “islands”. As mentioned earlier, the nature of the
ALD process allows for total conformal deposition on a
substrate. However, research has shown that specific substrates
can result in selective, noncontinuous growth of the ALD
overcoating. For example, Lu et al. monitored the growth of an
Al2O3 overcoating on Pd nanoparticles supported on an oxide
substrate.18 In the initial ALD cycles that nucleation occurring
via trimethylaluminum (TMA) dissociative adsorption was

favored at Pd edge and corner sites. A schematic illustration of
the growth process can be seen in Figure 2a−f. In situ quartz
crystal microbalance (QCM) measurements were also used to
study the mass gain per ALD cycle (Figure 2g). The QCM
results were consistent with substrate-inhibited ALD growth, a
process in which growth begins islands forming at discrete sites
before eventually forming a continuous film. An illustration of
bare and overcoated Pd nanoparticles can be seen in Figure
2h,i, respectively.59,60 The research showed that the Al2O3
overcoating layer does not grow in a continuous layer, as is
expected with ALD, but instead favors growth on the Pd
nanoparticles’ specific sites. Experimentally, work by Elam et al.
also showed, using diffuse reflectance infrared Fourier
transform spectroscopy (DRIFTS), that an Al2O3 overcoating
preferentially nucleates at corners, edges, and steps of Pd
nanoparticles.54 DRIFTS was applied to study the carbon
monoxide (CO) chemisorption on the Pd nanoparticles.
Characteristic CO peaks at specific Pd sites were compared for
samples with and without an Al2O3 overcoating. As the
number of ALD cycles increased, the CO−DRIFTS data
showed that the TMA precursor reacts with surface hydroxyl
groups (as intended) and at the most active Pd nanoparticles
(e.g., corner and edge sites). During the methanol decom-
position process, dehydrogenation rapidly occurs at Pd (111)
sites. In contrast, edge, step, and corner sites catalyze the C−O
breakage, resulting in adsorbed carbon species (i.e., coke).61,62

This process provides insight into how the ALD overcoating
increases catalytic selectivity by blocking the energetic Pd sites,
which prevents coke formation and still leaves the catalytically
active Pd (111) sites accessible. The application of an oxide
overcoating on metal nanoparticles results in 2D interfaces

Figure 2. (a−f) Schematic illustration of the Al2O3 ALD growth process starting with (a) high density Pd nanoparticles on the support surface; (b)
nucleation via TMA begins selectively at corner and edge sites; (c) first H2O exposure; (d) three-dimensional growth of the initial nucleation sites;
(e) growth continues and islands merge to form a continuous layer; (f) growth continues and surface roughness from the Pd nanoparticles has
dissipated. (g) Al2O3 mass gain per ALD cycle divided into four growth regimes picture in panels b−f. (h) Illustration of Pd nanoparticles on oxide
support and (i) the same materials with an Al2O3 overcoating with dense layers on the support and porous overcoating on the Pd nanoparticles.
Reprinted with permission from ref 18. Copyright 2012 American Chemical Society.

ACS Catalysis pubs.acs.org/acscatalysis Perspective

https://dx.doi.org/10.1021/acscatal.0c05099
ACS Catal. 2021, 11, 2605−2619

2607

https://pubs.acs.org/doi/10.1021/acscatal.0c05099?fig=fig2&ref=pdf
https://pubs.acs.org/doi/10.1021/acscatal.0c05099?fig=fig2&ref=pdf
https://pubs.acs.org/doi/10.1021/acscatal.0c05099?fig=fig2&ref=pdf
https://pubs.acs.org/doi/10.1021/acscatal.0c05099?fig=fig2&ref=pdf
pubs.acs.org/acscatalysis?ref=pdf
https://dx.doi.org/10.1021/acscatal.0c05099?ref=pdf


becoming 3D interfaces which has been shown to improve
metal stability.63,64 Oxide overlayers can be preferentially
deposited so that active metal sites exist at the metal-oxide
interface. This has shown to greatly increase catalytic
activity.65,66 Cao et al. utilized the atomic level precision of
ALD to deposit atomically dispersed Fe1(OH)x species on Pt
nanoparticles on a SiO2 support.

67 The overcoated catalyst was
then compared to traditional catalysts by measuring their
performance in preferential oxidation of CO in H2 (PROX)
reactions. The catalyst with 1 cycle of the FeOx overcoating
demonstrated a CO selectivity rate of 100% with complete CO
removal. The overcoated catalyst was also able to operate at
this efficiency within an unprecedented temperature range of
−75 to 107 °C, while the uncoated catalyst only reaches a peak
efficiency of ∼80% above 400 °C. Computational studies have
also confirmed that an overcoating deposition via ALD
preferentially decorates the low-coordination, high energy
sites of metal nanoparticles. DFT calculations were combined
with experimental microkinetic analysis to study the ALD of
metal oxides using metal cyclopentadienyl precursors (MCp2,
M = Fe, Co, and Ni). It was shown that the preferential
decoration on step edges of Pd and Pt nanoparticles is related
to the differences in the free energy change on the (111) and
(211) surfaces and the deposition and that the MCp2 followed

the order of edge > (100) > (111), in which edges were
covered first.68 Lu et al. also confirmed the preferential
deposition on Au nanoparticles during the ALD of a TiO2

overcoat.47 Qin et al. demonstrated that the ALD of FeOx

using ferrocene and O3 as precursors preferentially decorated
Pt nanoparticle’s low coordination sites. The FeOx overcoating
also improved the selectivity (45% to 84%) of cinnamyl
alcohol for the hydrogenation of cinnamaldehyde.48

Lu et al. applied a 45 ALD cycle (45c) alumina overcoating
to supported Pd nanoparticles and found that the overcoating
significantly reduced catalyst deactivation by sintering and
coking for the oxidative dehydrogenation of ethane at 675
°C.18,26 High-resolution transmission electron microscopy
(HR-TEM) images showed that the Al2O3 overcoat thickness
was 7.7 nm. Because of the high thickness of the overcoating,
all Pd nanoparticles were covered entirely, as confirmed by CO
chemisorption data. After calcination at 500 °C in O2, CO
chemisorption peaks returned but became more pronounced
after increasing the calcination temperature to 700 °C, which is
crucial for exposing the Pd active sites and restoring the
catalytic activity. Scanning transmission electron microscopy
was then used to determine the effect of the overcoating on the
thermal stability of the Pd nanoparticles. The uncoated Pd/
Al2O3 sample had an initial average particle size of 2.8 nm,

Figure 3. (a) Schematic of Al2O3 ALD overcoating on 1/16 in. industrial extruded Pt catalyst. Reprinted with permission from ref 69. Copyright
2020 American Chemical Society. (b) Conversion percentage as a function of time. (c) Activity and product percentages comparing different
coating thicknesses on Cu-chromite catalysts. Reproduced with permission from ref 41. Copyright 2015 Elsevier.
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which increased to 4.6 nm after undergoing reactions for only
30 min. The change to a broader, larger particle distribution
was attributed to sintering. However, the 45c overcoated Pd/
Al2O3 showed an initial average particle size of 2.8 nm, which
was unchanged after 1700 min of catalysis. For the uncoated
catalyst, coke formation cause yields to drop to zero within 30
min of the reaction. In contrast, the overcoated catalyst
showed improvements in ethylene yield and was catalytically
stable for ∼1700 min. Infrared spectra of CO chemisorption
confirmed that the ALD Al2O3 overcoating preferentially
blocked the low-coordinated Pd catalyst sites. Such sites
typically favor the C−C bond scission and hydrogen stripping,
which produces the C fragments that lead to coke, CO, CH4,
and CO2. The preferential blocking of low-coordinated sites
also explains the catalyst stability improvement since Ostwald
ripening occurs as low-coordinated surface metal atoms are
released to form larger particles. The stabilization of SMN
using alumina overcoating by ALD has also been proved to be
successful on industrial catalysts by Lu et al., as shown in
Figure 3a.69 The catalysts are Pt nanoparticles dispersed on 1/
16 in. Al2O3 extrudates with different surface area. They
investigated the interplay of Pt loading, ALD overcoat
thickness, and Al2O3 support surface area on propane
dehydrogenation selectivity and catalyst stability. With the
increase of the ALD Al2O3 cycles, both catalyst stability and
propylene selectivity were improved. This study demonstrated
that the Al2O3 ALD overcoats were used to selectively block
the inactive metal sites and stabilize the Pt nanoparticles from
sintering by forming an Al2O3 physical barrier.
Considering the high price of noble metals, it will be cost-

effective to utilize nonprecious metals such as Cu, Co, and so
on. For example, copper chromite as a catalyst has been shown
to be effective for the selective hydrogenation of 2-
furfuraldehyde.41,70 This catalyst suffers from deactivation
due to chromium migration over copper atoms and coke
formation. Zhang et al. demonstrated that applying a thin film
of Al2O3 via ALD could increase catalyst stability for the gas-
phase hydrogenation of 2-furfuraldehyde. With 10 cycles of the
Al2O3 overcoating, the catalyst showed improved stability with
little to no deactivation after 5 h under reaction conditions.
Another catalyst was also prepared using a TiO2 ALD
overcoating, which showed a substantial improvement
compared with the Al2O3 overcoated catalyst. The catalyst
with 20 cycles of TiO2 ALD preserved roughly 75% activity
after 700 min on stream, as seen in Figure 3b. The stability of
the catalyst based on ALD cycles can be seen in Figure 3c,
which shows the activity and product composition after 500
min on stream. The drastic increase in activity was attributed
to the weaker interaction between copper chromite and the
TiO2 compared to the Al2O3 overcoat. Alba-Rubio et al. found
that the acidic Al2O3 ALD resulted in forming a bifunctional
metal-acid catalyst.25 Furfuryl butyl ether was formed due to
the overcoat’s acidity layer, which catalyzed furfuryl alcohol’s
etherification with 1-butanol. In a proof-of-concept experi-
ment, the more acidic NbOx was deposited via ALD, which led
to the further formation of new acid sites and increased the
etherification rate by order of one magnitude. Recent work has
also shown the benefit of an ALD overcoating when applied to
the cathode in a solid oxide fuel cell. A ZrO2 overcoating was
a p p l i e d t o t h e L a 0 . 6 S r 0 . 4 C o O 3 ‑ δ ( o n a
La0 0.8Sr0 0.2Ga0 0.83Mg0 0.17O3‑δ support) cathode and was
shown to stabilize the La0.6Sr0.4CoO3‑δ particles by suppressing
Sr segregation at the surface of the cathode. The stability effect

was demonstrated by retaining the activity of the oxygen
reduction reaction (ORR) for over 4000 h at 700 °C, which is
an improvement in the performance of the new materials by a
factor of 19.71

Many studies have shown that the ALD overcoating can also
improve the catalyst stability in aqueous-phase reactions. When
trying to stabilize cobalt catalysts for the aqueous-phase
hydrogenation (APH) reaction, Lee et al. demonstrated the
importance of selecting a coating material.9 The Co catalyst
was testing with Al2O3 and TiO2 ALD coatings. The Al2O3
overcoated catalyst showed no catalytic activity because of an
irreducible cobalt aluminate phase forming. However, the TiO2
coated catalyst was able to stabilize the Co catalyst by
preventing sintering and leaching.9 Because of stability issues,
precious metals such as Pt and Ru are typically used for these
reactions. This research opened the door for new, low-cost
catalysts such as Co coupled with an ALD overcoating. The
application of an Al2O3 overcoating has also been shown to be
successful for stabilizing supported copper catalysts for the
hydrogenation of 2-furfuraldehyde in liquid-phase reac-
tions.7,25,45 Lei et al. applied ZnO ALD overcoating to
promote Pt catalysts for aqueous-phase reforming of 1-
propanol.72 The enhanced activity and selectivity after ZnO
overcoating derived not only from the protecting morpho-
logical structure but also from the Zn → Pt charge transfer.
This study demonstrated the overcoat material could function
as a promoter as well.
Similar to ALD, molecular layer deposition (MLD) is also

based on self-limiting and sequential surface reactions in the
gas phase. It is also a useful technique for generating thin film
but differs in that organic precursors are used to create
polymers or organic−inorganic hybrid films. For example, the
MLD of alucone, an aluminum-based hybrid organic−
inorganic film, used TMA and ethylene glycol (EG, HO-
(CH2)2−OH).34,35,44 The general procedure is the same as
Al2O3 ALD with the only difference being that EG is used in
place of H2O. Because of MLD’s ability to deposit hybrid
materials and polymers with precise layer-by-layer control,
various metalcones have been developed for various
applications.73−77 Also, with MLD, it is crucial to generate
pores within the overcoating to allow access to active sites.
One technique for pore generation involves removing the
organic components with the MLD layers by water etching or
thermal treatment.78 The residual structure results in porous
layers which allow access to metal sites while preventing metal
sintering. Gould et al. used MLD to prepare a porous alucone
layer to prevent Ni nanoparticles’ sintering used for the dry
reforming of methane (DRM).44 Under the harsh DRM
conditions, Ni nanoparticles without the MLD overcoating
increased in size from the initial 5.3 to 9.7 nm after 82 h. In
contrast, the Ni particles with 10-cycle MLD (∼2.4 nm thick)
increased to an average of only 7.8 nm after 108 h and two
additional reduction/calcination cycles. It was also noted that
the addition of the overcoating cut the amount of coke
formation in half. Ingale et al. compared the difference in
overcoating effects between Al2O3 via ALD and alucone via
MLD on Ni catalysts for the DRM.79 They noted that the
Al2O3 ALD Ni catalysts showed little to no increase in stability
or activity, likely due to inactive NiAl2O4 species’ formation
blocking the DRM active Ni0 sites. In contrast, the alucone
MLD overcoating showed high activity and increased stability
under DRM conditions. It was shown that the MLD
overcoating after only three cycles had a significant effect on

ACS Catalysis pubs.acs.org/acscatalysis Perspective

https://dx.doi.org/10.1021/acscatal.0c05099
ACS Catal. 2021, 11, 2605−2619

2609

pubs.acs.org/acscatalysis?ref=pdf
https://dx.doi.org/10.1021/acscatal.0c05099?ref=pdf


Ni stability and allowed the catalyst to operate at higher
temperatures without sintering. Piper et al. utilized alucone
thin film on Si nanoparticles as part of the anode in a lithium-
ion battery (LIB). The MLD coated anode outperformed the
uncoated cathode by boasting a specific capacity of 900 mAh
g−1 after 150 cycles, while the anode without the coating layer
rapidly degraded and failed after 30 cycles.80

2.2. Stabilization of Metal Nanoparticles by Area-
Selective ALD. For SMN catalysts, the metal particles’ size
plays a large role in determining catalytic selectivity and
activity. Various techniques have been employed for nano-
particle synthesis, including ALD, precipitation, laser-assisted
desorption, impregnation, and colloidal synthesis, each of
which has its advantages and disadvantages. Research has
shown that the ideal nanoparticle size varies for each
application, and each system has unique interactions between
the metal, support, and overcoating layer of SMN catalysts.
The general idea for preparing supported metal nanoparticles
is that small particles offer a higher number of surface-active
atoms per weight percentage but lower thermal stability as
particle size decreases. One of the key challenges is controlling
and minimizing metal nanoparticles’ size when it comes to the
synthesis and stabilization of new SMN catalyst systems. Bo et
al. utilized surface-modified TiO2 support particles that were
partially masked with a thin SiO2 overcoating for an Ag-based
SMN catalyst.22 The modified TiO2 surface and the SiO2
coating created a template in which Ag nanoparticles were
deposited via photodeposition. The overcoating based
template resulted in the deposition of uniform Ag nano-
particles with diameters ≤3.5 nm. In contrast, Ag particles
deposited on the unmodified TiO2 support were larger (4.7 ±
2.7 nm) and more polydisperse. Additionally, the samples
containing the SiO2 coating showed no signs of sintering after
being heated to 450 °C for 3 h, while large Ag aggregates (>10
nm) were observed in the uncoated sample. The lack of
sintering in the coated sample was partially attributed to the
strong binding interaction between the TiO2 and Ag

nanoparticles, and the fact that the nanoparticles weakly
interact with the SiO2 domains creates an energetic barrier
preventing nanoparticle aggregation.81,82 In this case, the
additional overcoating layer facilitates the deposition of the
smaller, more uniform nanoparticles while also providing
increased particle stability at high temperatures.
Ray et al. demonstrated four useful blocking agents (nitriles,

amines, thiols, and the ligand hexafluoroacetylacetonate) as a
protective layer on Pd nanoparticles during the ALD of Al2O3
an overcoating.83 It was shown that the thiols and amines have
the highest binding affinity and protection for the Pd
nanoparticles. Liu et al. utilized selective-area ALD to generate
oxide nanotraps to secure platinum nanoparticles on Al2O3
support.84 In this work, 1-octadecanethiol (ODT) was used as
a protecting agent on the Pt nanoparticles because of the
strong binding strength between the thiol group and Pt. A
Co3O4 overcoating was then applied via ALD to the surface of
the Al2O3 support. The materials were then calcined in air to
remove the ODT protecting group resulting in the formation
of Co3O4 nanotraps that contained the Pt nanoparticles, as
seen in Figure 4a. The Pt−Co3O4 interface interactions
resulted in a decrease in the CO oxidation temperature and
activation energy required. It was also noted that the thermal
stability of the Pt nanoparticle increased. After undergoing
calcination at 600 °C in air, an average Pt particle size was
determined to be 2.91 nm for the sample containing the Co3O4
nanotraps, while the sample without the nanotraps had an
average particle size of 9.74 nm.
Techniques have also been developed to simultaneously

synthesize highly dispersed nanoparticles protected by a metal
oxide overcoating. Lu et al. utilized an ABC-type method
(Figure 4b) in which the protecting group ligands were from
the ALD precursors.85 Initially, the precursor palladium
hexafluoroacetylacetonate (Pd(hfac)2) was deposited on the
support material, while the hfac ligands remained on the Pd.
The next precursor, TMA, was then introduced to react with
surface hydroxyl groups followed by H2O to form an Al2O3

Figure 4. (a) Illustration of the preparation of ALD Co3O4 nanotraps for stabilizing supported Pt catalyst. Reproduced with permission from ref 84.
Copyright 2017 Wiley-VCH Verlag GmbH & Co. KGaA, Weinheim. (b) Schematic illustration of the ABC-type ALD process. Reproduced with
permission from ref 85. Copyright 2010 Wiley-VCH Verlag GmbH & Co. KGaA, Weinheim. (c) Representation of the ALD Al2O3 nanobowl
formation for stabilizing Pd single-atom catalysts. Reproduced with permission from ref 86. Copyright 2016 Royal Society of Chemistry.
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overcoat on the support. The hfac ligands protect the Pd from
reacting with the Al2O3 precursors so that the Al2O3 is only
deposited on the support material and not the Pd. After the
desired density of protecting Pd nanoparticles and Al2O3
overcoating is achieved, the hfac ligands are removed by
calcination leaving the Pd nanoparticles exposed. This direct
synthesis route offers a unique approach for synthesizing highly
uniform SMNs with high catalytic stability. Lei et al. utilized
Pd(hfac)2 as a precursor to synthesize protect single-atom Pd
catalysts.86 First, Pd(hfac)2 is chemisorbed onto the substrate
surface. A thin film of TiO2 was then applied via ALD, which
only deposits on the substrate surface and not the Pd(hfac)2
due to the hfac ligands’ presence. The bulky nature of the
ligands results in the formation of nanobowls around the
protected Pd sites. Lastly, the hfac ligands are removed via
formalin (HCHO). A schematic illustration of the synthesis
process can be seen in Figure 4c. Overall, the TiO2 overcoating
greatly increased the single-atom Pd’s stability during both
reduction and oxidation conditions and was shown to be a
promising catalyst for methanol decomposition reactions.
The research mentioned above briefly demonstrates the

versatility of ALD-based overcoating and how they can be
applied to stabilize a variety of different catalysts. For the
overcoating that is at least one atomic layer, the formation of
the nanopores allows access to the catalytic sites so that the
catalyst materials can retain their activity. Although the process
is not fully understood, there has been progress in the past few
years related to understanding the mechanism of pore
formation. During the calcination process, research has
shown that pore formation can be affected by the type of
overcoat and support material, catalyst size, overcoating
thickness, catalyst composition, heating environment, and
heating rate.24,87

The thickness of the overcoating layer typically describes by
the number of ALD cycles, has also been shown to play a
significant role in affecting catalyst stability and activity. As
mentioned above, the ideal overcoating thickness is highly
dependent on the specific application. A typical range for the
deposition of an overcoating layer is between 5 and 45 ALD
cycles. The actual thickness of the overcoating will vary
depending on the ALD material. In general, catalyst stability
will increase as the number of ALD cycles increases, but an

overly thick coating can result in catalytic activity loss. O’Neill
et al. prepared Cu catalysts supported on a γ-Al2O3 support
with 5, 15, and 45 cycles ALD AlOx overcoating.53 The
materials then underwent calcination at two different temper-
atures before their catalytic rates for furfuryl and furfural
alcohol production were measured. In this work, the thinnest
coating at 5 ALD cycles offers the highest catalytic activity
while having the same degradation rate as the catalysts with
overcoating of 15 and 45 ALD cycles. It was shown that fully
regenerable Cu catalysts for liquid-phase hydrogenation
reactions could be attained with only 5 cycles of AlOx
overcoating. However, for higher calcination temperatures,
the 45-cycle overcoating has a much lower loss in activity
compared with the 5-cycle overcoating.
The support material used for SMN catalysts can also have a

large effect on short and long-term catalytic activity. The
support materials serve not only as a scaffold for the metal
catalyst but can also affect catalyst selectivity and activity in a
variety of ways, including changing surface acidity/basicity,
creating new active sites, altering the electronic structure of the
active sites, changing morphology and size of the metal
nanoparticles, and encapsulating the metal nanoparticles via
metal−support interactions.88−91 Breaking down different
support materials into two major categories, we can describe
them as either porous or nonporous. It is essential to note the
pore formation in the ALD overcoating during calcination is
not dependent on the type of support material, though it can
affect the number and physical properties of overcoating pores.
Recent work by George et al. prepared 1 nm Pd nanoparticles
on two different support materials to investigate different
effects of an ALD overcoating.24 The catalyst nanoparticles
were featured on both spherical, 60 nm Al2O3 particles and
Al2O3 porous particles with broad distribution aggregate
particles and pore sizes. Each material then underwent AlOx
ALD for 20, 30, or 40 cycles at temperatures of 100, 200, or
300 °C, respectively. A set of overcoated samples was also
prepared for each support material without adding the Pd
nanoparticles. After samples were calcined to 800 °C, the pore
size, volume, and distribution were analyzed via N2
physisorption. Most notably, a tunable relationship was
identified between the pore volume and the ALD temperature.
For samples without Pd nanoparticles, the nonporous support

Figure 5. Schematic depiction of (a) stainless-steel tray containing powder catalyst and (b) rotary drum ALD reactor. Reprinted with permission
from ref 95. Copyright 2020 American Vacuum Society. (c) Fluidized bed ALD reactor. Reprinted with permission from ref 96. Copyright 2008
Elsevier B.V.
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showed a lower volume of small pores around 2 nm were
present in the ALD films deposited at higher temperatures. In
contrast, porous supports contained a high volume of small
pores and greater surface area. It was noted that this feature
was due to less residual H2O remaining in the porous support
material during ALD at higher temperatures, which results in
pores not being filled in the support material.92,93 For the
samples containing Pd nanoparticles, the same trend was
observed with an increased number of small pores.
2.3. ALD Tools and Methods to Coat Catalyst. It has

already been proved that ALD is capable of depositing material
with high precision; however, when coating the catalyst with
high surface area, the ALD equipment and process are different
compared with those used for planar coating substrates. Since
the precursors and products’ diffusion rate into and away from
reaction sites within the porous structure is relatively slow, it is
essential to redesign the ALD process and reactor for effective
powder coating.
When the powder quantity is small (e.g., 1−10 g), the

conventional ALD system can still be used by spreading the
powder uniformly inside a stainless-steel tray with a mesh on
top. The mesh’s pore size is smaller than the powder particle
size to prevent powder spilling but still allows efficient diffusion
of the ALD precursors and byproducts in and out of the
tray.57,94 To fulfill the precursor’s adequate penetration deep
inside the powder bed vertically, a long precursor dose and
purge time are required. However, it is often observed that the
powder at the bottom of the tray is unsaturated, resulting in
nonuniform ALD coating, as shown in Figure 5a. Thus,

specialized ALD systems, such as fluidized bed, rotary drum, or
spatial ALD reactor, are developed.
Figure 5b shows the schematic of a rotary drum

incorporated in a hot-walled, viscous flow ALD reactor. The
rotary drum is connected to a motor, which allows the particles
to be agitated while performing the ALD coating.95 Instead of
using an external force to agitate the powder, Figure 5c shows
the fluidized bed reactor’s schematic. The powder is contained
inside a vertical tube, and the carrier gas is injected from the
bottom. When the upward drag force exerted by the carrier gas
is equal to or larger than the gravity of the powder, those
powder particles will be fluidized.96 Rotary drum and fluidized
bed ALD reactors can facilitate the heat and mass exchange
and overcome diffusion limitations when coating a larger
quantity of powder.

3. CHARACTERIZATION
Understanding the process of pore formation in the over-
coating will allow for better control of pore formation and the
structural changes associated with pore formation during the
calcination process. A better understanding of the catalyst
overcoating layer will significantly benefit the synergistic effects
between the overcoating and catalyst itself. This will eventually
lead to a better catalyst design for highly efficient and stable
materials. The ability to fully characterize overcoated catalysts
is another aspect of this topic that cannot be understated.
Overcoated SMN catalysts contain a support material, metal
nanoparticles, and the overcoating layer. All of which can have
unique interfacial interactions and surface chemistries based on
the type of materials. Because of their complicated nature and

Figure 6. (a) GISAXS images and (b) the calculated Pt particle size via GISAXS images as a function of temperature for (a) Pt−N samples and (b)
Pt−O samples. (b) Representation of particle evolution for Pt−N and Pt−O samples with and without an Al2O3 overcoating. Reproduced with
permission from ref 97. Copyright 2020 Royal Society of Chemistry.
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the fundamental properties of a catalyst, in operando/in situ
characterization of SMN catalysts are vital.
Recent work done by Solano et al. utilized ALD to fabricate

Pt nanoparticle on a Si substrate to investigate nanoparticle
thermal stability as a particle size function.97 Two different
samples were prepared by depositing Pt via ALD using a
nucleation regime of either O2 or N2 (N2*) plasma. Each of
the two samples contained an equal amount of Pt but varied in
particle coverage and size. For clarity, the samples generated
using the O2 plasma and N2 plasma will be referred to as Pt−O
and Pt−N, respectively. This method resulted in a distinct
difference in Pt particle size where the radius of the Pt−O
particle was 3.2 nm, while the Pt−N particles were smaller with
a radius of 2.1 nm. Samples were then prepared with various
ALD cycles of an Al2O3 overcoating before being heated to 850
°C (0.2 °C s−1). Pt particle size was monitored as a function of
temperature, as seen in Figure 6a,b, via in situ grazing-
incidence small-angle X-ray scattering (GISAXS). GISAXS has
shown to be a powerful tool for determining the size/shape of
nanosized materials in thin films, at surface interfaces, and at
the surface of materials.98,99 In situ low-energy ion scattering
(LEIS) was also used to determine the atomic composition at
the surface of the select sample. The GISAXS and LEIS data
show that as few as one ALD cycle of Al2O3 has a large effect in
protecting the Pt particles against sintering. The data also
showed that the more isolated Pt−O nanoparticles were less
susceptible to coarsening than the Pt−N nanoparticles. This
was due to the Pt−N nanoparticles’ high surface density, which
prevented the physical particle isolation by the Al2O3
overcoating (Figure 6c).
Many industrial SMN catalysts operate in specific atmos-

pheres, temperatures, and pressures. To fully understand a
catalytic reaction, in operando characterization methods are
vital as they can monitor structural, chemical, and electronic
changes to materials during catalysis. For fresh, unused
overcoated SMN catalysts, structural changes typically occur

at elevated temperatures during the calcination process.7,25,100

Specifically, it is essential to monitor the metal nanoparticle for
any changes resulting in sintering along with changes in the
overcoating layer resulting in the formation of nanopores. For
many catalysts, the calcination temperature is often required to
be at or above 500 °C. Monitoring structural changes at such
elevated temperatures often require specialized equipment and
are outside the capabilities of many lab instruments. Typical
methods for characterizing porous materials such as Barret−
Joyner−Halenda (BJH) and Brunauer−Emmett−Teller (BET)
theory lack the ability for time-resolved data acquisition for in-
operando conditions. Recent research by our group analyzed
the structural changes that occurred in TiO2 and Al2O3
overcoating on nonporous support.100 This work was able to
monitor overcoating pore formation using specialized sample
cells combined with synchrotron-based X-ray techniques. Pore
formation and evolution were monitored using small-angle
(SAXS) and wide-angle (WAXS) X-ray scattering. First, the
Al2O3 ALD overcoated support was calcined to different
temperatures with a maximum of 800 °C while measuring the
sample with SAXS. At lower temperatures (300 °C), no
changes were observed; however, the maximum temperature
changes in the SAXS spectra were visible. After data treatment
and fitting, the SAXS data showed pores’ formation with a size
range of around 10 nm. The SAXS data for the TiO2 coated
sample showed that pore formation occurred around 500 °C,
resulting in 2.5 nm pores. Based on the assumption that pore
formation is based on the overcoating layer’s densification,
high-resolution X-ray diffraction (HRXRD) was then used to
identify structural changes during heating. The HRXRD data
was consistent with the SAXS data in that changes were only
observed at the same elevated temperatures for each
overcoating material. Analysis of the XRD pattern showed
the formation of sharp diffraction peaks at the same
temperatures that changes in the SAXS spectra were observed,
indicating the overcoating change from amorphous to

Figure 7. (a) Contour plot of the combined in situ SAXS/WAXS data. The dotted line shows the phase transition as a function of temperature
resulting in pore formation in the TiO2 overcoating. Reproduced with permission from ref 100. Copyright 2016 American Chemical Society. (b) In
situ XRD data for the TiO2 overcoated sample as a function of temperature. In situ SAXS data and mathematical model describing ALD film pore
size as a function of temperature for the ALD (c) TiO2 and (d) Al2O3 overcoating. Reproduced with permission from ref 87. Copyright 2018
American Vacuum Society.
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crystalline. To confirm these results and provide insight into
the pore opening process, a TiO2 overcoated sample was
measured via in situ SAXS/WAXS. The sample was heated
from 30 to 1000 °C at a rate of 20 °C/min with SAXS and
WAXS images taken every 60 s. Figure 7a shows a contour plot
of the combined SAXS and WAXS data. The figure shows a
sharp intensity increase at q value 1.83 Å−1 representing a peak
formation due to the transition to the anatase phase of TiO2.
By looking at the peak area as a function of temperature, the
sharp phase transition can be clearly seen around 470 °C,
denoted by the black dashed arrow in Figure 7a. The SAXS
contribution from the pores in the overcoating were then
isolated by subtracting the SAXS data from the uncoated
sample from the overcoating spectra. The SAXS spectrum of
the ALD overcoating pores can then be fit to obtain
information to pore size and size distribution. The fitted data
shows that pore formation occurs during the phase transition
around 470 °C. It was also determined that the average pore
size at 470 °C has a diameter slightly less than 2 nm. The pore
size then gradually increases as temperature increases, with a
final result of 2.5 nm pores developing at 700 °C. The results
from this work demonstrate powerful techniques for the in
situ/in operando characterization of overcoated catalyst
materials. This unique look into the pore formation in ALD
overcoating will help researchers design better catalyst
materials.
Other recent work compared the pore formation of both

TiO2 and Al2O3 ALD-based overcoatings using in situ XRD
and SAXS.87 ALD overcoatings of Al2O3 (∼4.9 nm thick) and
TiO2 (∼2.5 nm thick) were prepared on nonporous NanoDur
substrates. Samples were then subjected to in situ XRD and
SAXS experiments. As seen in Figure 7b, the XRD data
monitors structural changes in the ALD TiO2 overcoated
particles. The black arrows on the x-axis denote new peaks
formed at temperatures above 500 °C, corresponding to the
anatase TiO2 phase transition. Figure 7c,d show the SAXS data
and models for the ALD TiO2 and Al2O3 overcoated particles,
respectively. The plots show pore size as a function of
temperature. For both overcoating materials, it was shown that
pores formed abruptly around 400−500 °C. For the TiO2
overcoating, pore formation corresponds to the temperature at
which the phase transition to anatase TiO2 was observed in the
XRD data. Pore formation in the Al2O3 overcoating are also
consistent with the phase transition from amorphous to γ-
Al2O3.

101 It was also observed in both overcoating materials
that pore size steadily increases as the annealing temperature
increases (above 500 °C), meaning that pore size can be tuned
by adjusting the annealing temperature. This work utilized in
situ, synchrotron-based X-ray techniques to provided new
insight into the pore formation mechanism in ALD overcoating
materials.
As mentioned earlier, recent work by George et al. provided

an in-depth look into the pore formation process in an alumina
overcoating through several in situ characterization techni-
ques.24 In this work, AlOx overcoating was deposited via ALD
on spherical and porous Al2O3 substrates. For both types of
support materials, pores of ∼2 nm were formed in the
overcoating after high-temperature annealing. However,
samples containing Pd showed an increase in small pore
volume compared to films prepared without Pd. Nitrogen
adsorption isotherm data was used to provide information
about the overcoating pores’ porosity and morphology. BJH
analysis of the N2 isotherm data showed a sharp increase at 4

nm for the pore size distribution for the N2 desorption data.
This was attributed to be an artifact caused by tensional
instability of the N2 meniscus in ink-bottle-shaped pores.102

The dehydration of the AlOx overcoating was also monitored
via in situ thermogravimetric analysis (TGA) and DRIFTS. In
situ TGA and DRIFTS data identified the loss of internal
hydroxyl groups and structural water at temperatures between
500 and 650 °C. It was also shown that the addition of Pd
nanoparticles resulted in a 50% increase in water in the AlOx
overcoating. It was proposed that the increase in small pore
volume in the Pd containing samples was correlated to the
increased water. A tunable relationship was identified between
the volume of small pores and ALD temperature. For the
nonporous support, ALD films that are deposited at higher
temperatures result in a lower volume of small pores. In
contrast, ALD films deposited on the porous support at higher
temperatures resulted in a higher number of small pore and
greater surface area because of less H2O remaining in the pores
at higher temperatures resulting in the incomplete filling. In
situ powder X-ray diffraction (PXRD) was conducted to
corroborate the structural information obtained from the
nitrogen isotherm data. The PXRD spectra showed that large
structural changes occurred at temperatures over 700 °C. Since
structural water loss, dehydroxylation, and pore formation
occur at temperatures below 700 °C, these changes correspond
to the AlOx overcoat’s crystallization as Al3+ migrate within the
oxygen lattice resulting in crystalline transition alumina. This
highlights the effect of particle morphology, Pd content, and
ALD temperature on pore formation in ALD thin films.
X-ray absorption spectroscopy (XAS) is a useful technique

for analyzing the materials’ local geometric and electronic
structures.103−106 An XAS spectrum can provide element-
specific information related to the oxidation state, coordination
number, and identify neighboring atoms in a sample.107−110

XAS can investigate the structure change of the metal
nanoparticles without and with ALD overcoating. In recent
work, Yang et al. used XAS to analyze CuO catalysts on
SiO2.

111 Such catalysts have shown promise for use in the
catalytic ozonation for water treatment but often suffer from
stability issues due to leaching. To stabilize the catalyst, an
Al2O3 thin overcoating was applied via ALD. XAS spectra were
then obtained for the uncoated and ALD overcoated catalysts,
as well as CuO as a reference. By analyzing the X-ray
absorption near edge structure (XANES) spectra, it could first
be determined that the Cu catalyst was not reduced by the
addition of overcoating because of the lack of the presence of
the Cu+ characteristic peak. When comparing the XANES
spectra of the fresh and used ALD catalysts, the data also
showed no change in Cu’s oxidation state. The Fourier
transformed X-ray absorption fine structure (EXAFS) spectra
were analyzed to investigate the Cu atoms’ coordination
number in each sample. The uncoated CuO/SiO2 catalyst
showed a Cu−O coordination number (CN) of 3.8. This CN
is slightly lower than the expected CN of 4. It has been
reported that the undercoordinated Cu is likely the cause of
leaching in aqueous reactions.7 After undergoing the ozonation
reaction, the CN for the uncoated catalyst was reduced even
further to 3.6. In contrast, the calculated CN for the fresh
Al2O3 coated CuO/SiO2 catalyst was 4, and the CN showed
no change after undergoing the ozonation reaction. Cao et al.
utilized in situ XAS to investigate Pt SMN catalysts with an
atomically dispersed Fe1(OH)x overlayer for use in proton-
exchange-membrane fuel cells.112 The iron hydroxide overlayer
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had shown to dramatically increase the CO conversion rate as
well as broaden the working temperature range. In situ XANES
data was collected at the Fe K-edge while under 10% H2 in
helium. The XANES data showed the disappearance of a Fe3+

characteristic pre-edge peak while features associated with Fe2+

increased. The XANES data confirmed the reduction of the
Fe−Pt/SiO2 sample at room temperature, which helps explain
the increased catalytic performance over the uncoated Pt
catalyst. This research demonstrated the unique capabilities of
an advanced characterization technique such as XAS. The
XANES and EXAFS spectra were able to provide a unique
insight into the fundamental role the ALD overcoating layer
provided in stabilizing various SMN catalyst materials.

4. CONCLUSIONS AND OUTLOOK

In summary, we have discussed the recent advancements
related to SMN catalyst research. The various synergistic
effects and interactions between different SMN catalyst
components (e.g., metal nanoparticles, support material, and
overcoating) make SMN catalyst research of great economic
and scientific interest. This Perspective has highlighted an
ALD-based overcoating ability to inhibit catalyst sintering and
coking without catalytic activity loss effectively. These
interactions and the nanosized nature of the metal catalyst
and the overcoating pores can make these materials difficult to
characterize correctly. We have also discussed how beneficial in
situ and in operando characterization techniques are for
understanding catalyst and overcoating evolution and stability.
Going forward, we believe systematic studies are required to

fully understand how the overcoating thickness and heating
conditions all affect pore formation and pore size/shape. Again,
because of the changes that occur to SMN catalysts during
operation, in situ and in operando characterization techniques
will be vital to understanding the physical (e.g., phase changes
and particle sintering) and chemical changes that occur in real-
time. SAXS and XAS are powerful characterization techniques
that can provide a wide range of structural and electronic
information. These characterization techniques often operate

at beamlines featuring synchrotron-based X-rays, offering
unique and versatile experimental designs. Recently, research-
ers have utilized these techniques simultaneously to study
change to their materials in real-time.113−115 To the best of our
knowledge, this concept has not yet been applied to studying
SMN catalyst overcoating stability and pore formation. A
schematic illustration of an experimental setup for simulta-
neous SAXS/XAS measurements can be seen in Figure 8a. In
short, the incident X-ray passes through the sample and
continues in the same direction while the scattered X-rays hit
the detector. As the incident X-ray energy is scanned across the
energy range of interest, the sample absorbs the X-rays, and X-
ray fluorescence signals are generated. By placing the
fluorescence detector at a 90-degree angle from the incident
X-ray, we can continuously collect XAS data while also
collecting SAXS images with the 2D detector. Specialized
sample cells can also be utilized for such experiments to allow
for controlled gas flow, temperature, pressure, and other
conditions around the sample. An example of such a sample
cell can be seen in Figure 8b.116 Figure 8c,d show schematic
views of the sample cell which outline the compact design of
the cell. The versatility of this cell allows for many different
types of in situ experiments while allowing control of both the
sample atmosphere and temperature (up to ∼1270 K). These
simultaneous, in situ experiments combined with specialized
sample cells will be incredibly beneficial for monitoring and
understanding changes to the catalyst and ALD overcoating
under operational conditions.
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Figure 8. (a) Schematic illustration for simultaneous, in situ SAXS/XAS experiments. (b) Photo of a reaction cell designed for in situ experiments.
(c) Representation of the sample holder, heating coils, and thermocouple location. (d) Expanded representational overview of the reaction cell.
Reproduced with permission from ref 116. Copyright 2008 International Union of Crystallography.
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