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CONSPECTUS

upported metal nanoparticles are among the most important cata-

lysts for many practical reactions, induding petroleum refining,
automobile exhaust treatment, and Fischer—Tropsch synthesis. The cata-
lytic performance strongly depends on the size, composition, and D D)
structure of the metal nanoparticles, as well as the underlying support. StepA b
Scientists have used conventional synthesis methods induding impreg- '
nation, ion exchange, and deposition—precipitation to control and tune
these factors, to establish structure—performance relationships, and to
develop better catalysts. Meanwhile, chemists have improved the stability
of metal nanoparticles against sintering by the application of protective
layers, such as polymers and oxides that encapsulate the metal particle.
This often leads to decreased catalytic activity due to a lack of precise
control over the thickness of the protective layer.

A promising method of catalyst synthesis is atomic layer deposition (ALD). ALD is a variation on chemical vapor deposition in
which metals, oxides, and other materials are deposited on surfaces by a sequence of self-limiting reactions. The self-limiting
character of these reactions makes it possible to achieve uniform deposits on high-surface-area porous solids. Therefore, design
and synthesis of advanced catalysts on the nanoscale becomes possible through precise control over the structure and composition
of the underlying support, the catalytic active sites, and the protective layer. In this Account, we describe our advances in the
synthesis and stabilization of supported metal catalysts by ALD. After a short introduction to the technique of ALD, we show several
strategies for metal catalyst synthesis by ALD that take advantage of its self-limiting feature. Monometallic and bimetallic catalysts
with precise control over the metal particle size, composition, and structure were achieved by combining ALD sequences, surface
treatments, and deposition temperature control.

Next, we describe ALD oxide overcoats applied with atomically precise thickness control that stabilize metal catalysts while
preserving their catalytic function. We also discuss strategies for generation and control over the porosity of the overcoats that
allow the embedded metal particles to remain accessible by reactants, and the details for ALD alumina overcoats on metal
catalysts. Moreover, using methanol decomposition and oxidative dehydrogenation of ethane as probe reactions, we demonstrate
that selectively blocking low coordination metal sites by oxide overcoats can provide another strategy to enhance both the
durability and selectivity of metal catalysts.
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1. Introduction

Transition-metal nanoparticles on oxide supports are ob-
jects of great interest in heterogeneous catalysis due to their
unique chemical and physical properties. They are widely
used in petroleum refining, automobile exhaust treatment,
Fischer—Tropsch synthesis, water gas shift, and many other
processes. Substantial effort has been devoted to improving
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control over the size, composition, and morphology of metal
nanoparticles to obtain highly uniform species that are
expected to exhibit higher selectivity compared with cata-
lysts that are profoundly inhomogeneous.'? Improving the
stability of metal particles against sintering under reaction
conditions has also drawn a lot of attention, especially for
applications in high temperature reactions, since it is a
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SCHEME 1. General ALD Binary Reaction Sequence for Layer-by-Layer
Growth
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major cause of catalyst deactivation.>~> Encapsulation of
metal nanoparticles, by various types of porous layers using
techniques such as chemical vapor deposition (CVD) and
sol—gel chemistry to form core—shell structures, shows
good sintering resistance up to 800 °C.°~'" However, in
most cases there is a large decrease in catalytic activity due
to mass transfer resistance associated with the protective
shell (usually tens of nanometers thick). A method which
allows atomically precise control over the thickness and
composition of protective layers can preserve catalytic ac-
tivity to the greatest extent while improving the stability.
Atomic layer deposition (ALD) is a thin film growth
technique similar to CVD, except that the deposition is
broken down into cycles each of which is a sequence of
two surface reactions.'>~'* As shown in Scheme 1, ALD is
carried out by first exposing the support to precursor A. The
first step is a surface reaction between precursor A and
functional groups on the support. The reaction stops when
all available surface functional groups are consumed. Un-
reacted precursor and any volatile byproducts are then
removed by inert gas purging. Following the purge, precur-
sor B is introduced to the support to conduct the second
surface reaction. A new surface with the same functional
groups as the starting surface is generated after removing
unreacted precursor and byproducts through a second inert
gas purge. Because each surface reaction step is self-limiting,
the amount of material deposited can be controlled pre-
cisely by selecting the number of ALD cycles. This makes it
possible to achieve highly conformal thin films on substrates
regardless of whether the surfaces are flat or possess high
aspect ratio features, high surface area, or high porosity
where CVD fails.">~ '8 As a consequence, ALD has attracted
great attention in a variety of applications such as elec-
tronics,'*'8 catalysis,'®~2° photovoltaics,' 82728 batteries,?®
and fuel cells.>*>3° In this Account, we discuss the applica-
tion of ALD to heterogeneous catalysis. We will focus on
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strategies for synthesizing and stabilizing supported metal
catalysts. The performance of the resulting catalysts will be
also discussed.

2. ALD Strategies for Supported Metal
Catalyst Synthesis

In many heterogeneous and electrocatalytic reactions, par-
ticle size plays a major role in catalyst performance.'3"~33
Therefore, a synthesis method which can precisely tune the
size of noble metal nanoparticles while maintaining a nar-
row size distribution can improve the catalytic performance.
In addition, bimetallic catalysts offer the possibility to com-
bine the advantages of each component and allow tuning of
catalytic properties via nanoparticle composition and struc-
ture. While the design and economical synthesis of catalysts
at the atomic scale represent a scientific grand challenge,’
ALD offers a potential solution to this challenge. Both the
size and composition of metal nanoparticles can be con-
trolled precisely using ALD methods, and the ability to coat
large areas using vapor phase infiltration has the potential
for commercial viability. In the following sections, we will
describe several implementations for the ALD synthesis of
metal nanoparticles in order of increasing complexity.

2.1. A-Type ALD. The simplest implementation of ALD
for synthesizing noble metal nanoparticles is to expose a
solid support to a volatile metal precursor. At temperatures
sufficiently low to prevent thermal decomposition, the pre-
cursor will chemisorb to a saturation coverage and retain a
portion of its ligands. Metal nanoparticles form through
aggregation after sequential heat treatments in oxidizing
and reducing environments to remove the ligands. This is
essentially a chemical grafting process, and has a very long
history in the ALD literature.>* However, high calcination
temperatures can lead to particle sintering, and the need to
cycle the temperature for different reactions is inconvenient.

2.2. AB-Type ALD. The next implementation is the “AB”
method described in the Introduction. First, a volatile metal
precursor A is exposed to a support until saturation. After
purging the unreacted metal precursor A and byproducts,
the surface is exposed to an oxidizing or reducing precursor
B to form nanoparticles, remove remaining ligands, and
create new active sites for the next cycle. Compared to
the “A-type” ALD, the “AB” method can be performed over
multiple cycles at a constant temperature lower than typical
calcining temperatures so as to limit sintering. In this
method, the particle size and loading can be controlled via
the number of ALD cycles. As an example, Pt ALD uses
1806-1815
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FIGURE 1. ALD Pt nanoparticle diameter versus number of Pt ALD
cycles deposited on Al,O3 nanospheres and measured using TEM
(blue symboils), and deposited on SrTiO3 nanocubes and measured
using X-ray diffraction (red symbols).

(methylcycdopentadienyl)trimethylplatinum (MeCpPtMes) and
oxygen at 300 °C in two surface reactions:>®

A) 3 FO* +2 MeCpPtMe; (g) — 2 |MeCpPtMe,* + CHs (g) + CO; (g) + H20 (g)

B) 2 [MeCpPtMe,* +24 0, (g) — 2 |Pt* +3 FO* +16 CO; (g) + 13 H,0 (g)

Figure 1 shows the diameter of ALD Pt nanopatrticles versus
the number of Pt ALD cycles. The blue symbols were
determined from TEM analysis of ALD Pt nanoparticles
deposited on spherical Al;Os. The red symbols were de-
duced using the Scherrer equation from X-ray diffraction
measurements of ALD Pt nanoparticles deposited on SrTiO3
nanocubes.?® Figure 1 illustrates that the nanoparticle size is
directly proportional to the number of ALD cycles and can be
controlled with a precision of ~0.5 nm. The particle size is
not strongly influenced by the substrate as evidenced by the
similarity between depositions on the Al,Os and SrTiO3
surfaces. Similarly, for Pd the size of nanoparticles on an
Al,Os3 support was found to vary linearly between 1.1 (+£0.5)
nm and 2.9 (+£0.9) nm as the number of Pd ALD cycles was
increased from 1 to 25 using palladium(ll) hexafluoroacetyl-
acetonate [Pd(hfac),] and HCHO at 200 °C.3”

Treating the support surface before ALD processing pro-
vides another means to control the particle size and loading.
Since surface hydroxyl groups are typically the species res-
ponsible for metal precursor chemisorption, decreasing the
surface hydroxyl density should reduce the metal loading. In
agreement with this idea, when the hydroxyl density on an
ALD Al,O3 surface, prior to Pd deposition, was reduced
through thermal treatment, reaction with alcohols to form
surface alkoxides, or reaction with trimethylaluminium
(TMA), the Pd loading decreased.®® For example, when an
ethanol exposure was used to remove a fraction of the Al O3
1808 = ACCOUNTS OF CHEMICAL RESEARCH
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SCHEME 2. Schematic Model of ABC-Type ALD
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a plurality of ABC cycles. (f) The protective ligands are removed to activate metal
nanoparticles. Reprinted with permission from ref 39.
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surface hydroxyls by conversion to ethoxide species prior to
a Pd(hfac), exposure, the Pd loading dropped by 36%, but
the Pd particle size was unchanged.

Temperature can also influence particle size in ALD. In
situ quartz crystal microbalance (QCM) measurements de-
monstrated that Pd(hfac), chemisorption on oxide surfaces
can occur at temperatures as low as 80 °C, far below the
minimum temperature of 200 °C required to strip off the
remaining hfac ligands using HCOH.3”3° This finding sug-
gested that a route to smaller Pd nanoparticles involves
chemisorption of Pd(hfac), at lower temperatures to re-
duce agglomeration. Indeed, low-temperature deposition of
Pd(hfac), yielded a particle size of only 0.8 + 0.2 nm and a
significantly narrower particle size distribution compared to
the standard 200 °C Pd(hfac), adsorption.3®

2.3. ABC-Type ALD. Given that higher temperatures can
induce sintering through agglomeration, another ALD pro-
cess variation, low temperature “ABC-type” ALD, has been
developed as depicted in Scheme 2.373° This procedure
combines the deposition of catalytic metal at low tempera-
ture (50—-80 °C), the A-reaction, with deposition of new
support material, the B- and C-reactions. Here the newly
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FIGURE 2. Morphology, size distribution histogram, and weight percentage of as-prepared Pd nanoparticles on 10-cycle Al,O5 coated silica gel
support by different cycles of ABC-type Pd ALD at 80 °C: STEM images of an as-prepared 15 cycles of ABC-type Pd ALD sample at low (a) and high
(b) magpnifications. (c) Size distribution histogram of Pd nanoparticles. (d) Pd content by weight percentage for different Pd ALD cycles. Reprinted with

permission from ref 39.

created support not only provides additional nucleation sites
for metal deposition (Scheme 2c—e) but also inhibits ag-
glomeration during the activation step (Scheme 2f). Highly
uniform, 1 nm Pd nanoparticles with a wide range of load-
ings were successfully synthesized using the A/B/C se-
quence: Pd(hfac),/TMA/H,O at 80 °C (Figure 2). Treatment
with formalin removes the capping hfac ligands (red curves
in Scheme 2f), leaving the metal particles accessible for
chemisorption and catalytic function. Diffuse reflectance
infrared Fourier transform spectroscopy (DRIFTS) measure-
ments of chemisorbed CO, performed after each step in the
ABC process, support the capping, ligand removal, and
accessibility of the metal particles depicted in Scheme 2.
To date Pd,3”3° Pt3° and Ag metal particles have been
prepared on alumina and titania supports. The Pt/TiO,
system yielded the smallest metal particles so far with an
average particle size of 0.5 nm at a loading of 1.2 wt %. High
resolution scanning transmission electron microscopy (STEM)
images show Pt rafts with a large percentage of monomer and
oligomer species.

2.4. ABCD-Type ALD. Supported bimetallic nanoparticle
catalysts can be also synthesized with precise control over
both the particle size and composition by simply combin-
ing two metal components. Here AB represents the ALD

sequence for one component, and CD represents the second
component. The size of the bimetallic particles can be con-
trolled via the total number of ALD cycles. Moreover, the
composition will be dictated by the relative number of ALD
cycles used for each component. Finally, the structures of the
bimetallic nanoparticles may be controlled by the order in
which the individual cycles are executed. One of the appeal-
ing features of ALD for the atom scale synthesis of bimetal-
lics is that once a procedure is developed to create the
desired nanoparticles, the same process can be used to
deposit them on virtually any substrate, and at any quantity.

2.4.1. ALD of Pt—Pd Nanoparticles. Pt—Pd, ~1 nm diam-
eter mixed-metal nanopatrticles were synthesized over ALD
modified SiO, gel (SA 100 m?/g) using MeCpPtMe;—0-
cycles for Pt ALD and Pd(hfac),—HCHO cycles for Pd ALD.*°
The composition of Pt—Pd nanoparticles could be adjusted
in two ways. Due to the different Kinetics for the ALD Pt and
Pd reactions, the Pt metal loading and the resulting Pt—Pd
composition could be varied by adjusting the deposition
temperature while the Pd loading remained constant with
temperature. Alternatively, the relative number of Pt and Pd
ALD cydles can be used to tune the composition.

As an example, Pt—Pd mixed-metal nanopatrticles exhi-
biting a mean size of 1.2 + 0.4 nm by STEM and a 1:1 molar
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FIGURE 3. Pd;Pt;/5cTiO,/SiO, XANES of (a) Pt edge and (b) Pd edge and Fourier transform of EXAFS of (c) Pt edge and (d) Pd edge in comparison to the
monometallic nanoparticles. Reprinted with permission from ref 40. Copyright 2012 American Chemical Society.

ratio were synthesized using one Pt ALD cycle followed by
one Pd ALD cycle.*° The Pt—Pd nanoparticle structure was
investigated using X-ray absorption spectroscopy (XAS)
measurements at both the Pt L edge (11.56 KeV) and the
Pd K edge (24.35 KeV), shown in Figure 3. The as-prepared
samples were reduced in H, at 250 °Cfor 1 h to obtain a fully
metallic state prior to performing the XAS measurements.
Small shifts in the edge position and changes in shape for both
the Pt and Pd edges were clearly observed. Significant changes
in the magnitude and imaginary part of both the Pt and Pd
extended X-ray absorption fine structure (EXAFS) measure-
ments indicated second scatters in the first shell structure, i.e.
a bimetallic nanoparticle. Furthermore, EXAFS model fitting
showed that Pt—Pd forms a Pt-core, Pd-shell structure, inde-
pendent of the preparation temperature and ALD pulse se-
quence. Density functional theory (DFT) was used to calculate
the lowest energy configuration for the Pt—Pd binary system.
In vacuum, there was no clear preference for either a Pt- or Pd-
rich surface. However, the Pd-rich surface was found to be
more stable with one monolayer of hydrogen adsorbed, in
good agreement with the EXAFS results.*°

2.4.2. ALD of Pt—Ru Nanoparticles. Pt—Ru nanopatrticles
were synthesized using MeCpPtMes—O, cydles for Pt ALD and
2,4-(dimethylpentadienyl)(ethylcyclopentadienyl) rutheniuml)
(Ru(DER))—0> cycles for Ru ALD at 300 °C.*? Preliminary
QCM measurements revealed that the growth rates of Pt and
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Ru during the Pt—Ru mixed-metal ALD were in close agree-
ment with the growth rates of the individual components.
Nanoparticles synthesized using 2c Ru ALD, 1c Pt ALD, and
1c Ru ALD on spherical Al;O3 yielded an average particle
size of 1.2 + 0.3 nm. XAS measurements at the Ru K-edge
(22.12 KeV) showed a shift by ~3 eV to higher energy
compared to a Ru/SiO, standard, suggesting the formation
of bimetallic Pt—Ru. The magnitude of the Fourier transform
clearly showed features consistent with Pt atoms in the first
coordination shell of Ru. Ru K-edge fitting yielded coordina-
tion numbers of 3.8 for Ru—Ru and 4.5 for Ru—Pt. In addition,
the Ru—Pt nanoparticles supported on spherical Al,O3 pow-
der exhibited a much higher reactivity in the methanol de-
composition reaction compared to a physical mixture of Ru
and Pt monometallic catalysts. While these experiments
confirm the formation of bimetallic nanoparticles, additional
structural details (core—shell versus alloy) will require XAS
data at the Pt K-edge.

3. Metal Oxide Overcoating on Metal Catalysts

by ALD: Stabilization and Catalytic Performance
ALD metal oxide coatings, where a conformal and uniform
metal oxide layer forms on metal nanoparticles as well as
the support, have been studied as a method to stabilize
the particle size.?92'2>4142 These studies were motivated
by the atomically precise control of layer thickness and
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FIGURE 4. TEM images of Pd/Al,O3 catalysts on spherical alumina
support following different numbers of ALD Al,O5 overcoating cycles
(insets show higher magnification images). (a) Without overcoating; (b) 5
cycles AlOs; (0) 20 cycles Al,Os3; (d) thickness of Al,O5 overcoats versus
ALD cycles. Reprinted with permission from ref 43. Copyright 2012
American Chemical Society.

composition afforded by ALD in comparison with other
methods such as chemical vapor deposition and sol—gel
chemistry.>~'" For example, we recently showed that ALD
Al;O3 layers could be precisely deposited on Pd nanopatrticle
catalysts at a growth rate of ~1.6 A/cycle (Figure 4).*> The
ability to form ultrathin coatings has the potential to mini-
mize the mass transfer resistance problem. In this section,
we discuss the stability, accessibility, and catalytic perfor-
mance of ALD alumina-overcoated Pd/Al,O5 catalysts.

3.1. Stabilization. One may anticipate that the overcoat
thickness would be critical to catalyst performance. If the
coating is too thick, it will reduce the catalytic activity, but if it
is too thin sintering will not be inhibited. A recent study of
methanol decomposition on uncoated and alumina-coated
Pd nanoparticles demonstrates the effect of “overcoating”
on both particle stability and activity.?' Surprisingly, a
single ALD Al,Os cycle (~0.1 nm) was sufficient to suppress
sintering of Pd nanoparticles during methanol decomposi-
tion at 270 °Cfor 6 h. Uncoated Pd particles doubled in size
after the same treatment. Figure 5a displays the methanol
conversion measured at 270 °C for Pd catalysts with 0—32
cycles of ALD Al,O3 overcoat. For 1—16 overcoat cycles, the
catalytic activity was essentially identical. In fact, the cata-
lysts prepared with overcoats in this range showed slightly
higher activities than the uncoated catalysts, consistent with
loss of surface area by the unprotected Pd via sintering.
Beyond 16 overcoat cycles, the catalytic activity decreased.
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FIGURE 5. (a) Methanol conversion for Pd catalysts with 0—32 cycles
of ALD Al,O3 overcoating in the methanol decomposition reaction
carried out at 270 °C. (b) DRIFTS spectra of CO chemisorbed to saturation
coverage on fresh and used Pd catalysts with different numbers of ALD
Al>O5 overcoat cycles (Oc-, 1¢-, 8¢, and 24¢-Al,Os). Spectra for the
used 24c-Al,05 samples were enlarged by x100. Reprinted with
permission from ref 21.

At 24 cydles, the catalyst had lost nearly 80% of its activity,
and 32 cycdles effectively shut off all conversion.

DRIFTS of CO chemisorbed on these materials revealed
that the first few ALD Al;O3 cycles nucleate preferentially at
Pd edge and corner sites as seen by the loss of bridged and
linear CO peaks at 1978 and 2095 cm™', respectively
(Figure 5b).%" Since the Pd atoms on the low-coordination
sites contribute little to the dehydrogenation reaction path-
way for methanol decomposition,** the catalytic activity was
not affected by the ALD Al,O5 overcoats. With increasing
numbers of ALD Al,O3 overcoating cycles, the Al,O3 deposit
begins to intrude on the Pd(111) sites and eventually leads to
the complete particle encapsulation and no detectable CO
chemisorption on the 24c-Al;O3; overcoated Pd sample
(Figure 5b).

3.2. Porosity Generation within ALD Overcoats. For
overcoated catalysts, it is crucial to maintain the access of
reagents to the embedded metal nanoparticles. In the case
of oxide overcoats prepared by sol—gel chemistry, there
have been mainly two ways to generate pores within the
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FIGURE 6. Structural characterization of ALD Al,O3 overcoats and accessibility of embedded Pd NPs after high temperature treatments. (a) Pore size
distribution on the uncoated Pd/Al,O3, as-coated 45Al1/Pd/Al,0s, and 45Al/Pd/Al;03-700C samples. (b) IR spectra of CO chemisorption on the Pd
samples with and without ALD Al,O3 overcoats at the CO saturation coverage: the uncoated Pd/Al,Os, fresh 45A1/Pd/Al>Os, 45Al/Pd/Al;05-500C,
45A1/Pd/Al,03-700C, and 45A1/Pd/Al,0s-used samples. Inset is the higher wavenumber region for the 45A1/Pd/Al,05-700C and 45A1/Pd/Al,O3-
used samples showing the near absence of edge and corner sites after reaction. Reprinted with permission from ref 20.

oxide overlayer: (i) sol—gel method combined with organic
growth-directing agents, such as dendrimers, where the
pores are formed by removal of the organic molecules
through calcination;”® and (i) a surface-protected etching
procedure.'’ For ALD protective overcoats, a number of
methods have been developed to generate and control
porosity:

(i) Self-inhibited growth. By combining in situ QCM mea-

(i
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surements, in situ quadrupole mass spectroscopy
(QMS) with DFT calculations, we discovered that the
as-deposited ALD Al,O3 overlayer on Pd nanoparticles
is porous due to a self-poisoning, self-cleaning growth
process.*> CH;* surface species, formed through dis-
sociative chemisorption of TMA on Pd surfaces, be-
have as a poison to inhibit Al,O5; growth during
subsequent ALD cycles. Indeed, in the first ~7 cycles
of ALD Al,O3; on Pd surfaces, the observation of
hydrogen by QMS*?® along with the detection of bare
Pd sites through CO chemisorption measurements?'
indicated that the Al,O3 layer was porous. Methanol
decomposition activity on the overcoated Pd catalysts
also supports this conclusion.?'

High temperature treatment. When the Al,O3 overcoat
becomes thicker than ~2 nm, the embedded Pd
nanoparticles are completely encapsulated as evi-
denced by the absence of CO chemisorption.?’ How-
ever, we found that pores could be generated through
high temperature dehydration,?>*> the removal of
ALD-derived carbon residues, and dewetting of Al,O3
from the nanoparticle.° For example, an ~8 nm thick
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ALD Al,O5 overcoat of Pd/Al;Os3 (45 cycles) became
porous after calcination at 700 °C for 2 h in 10%
oxygen in helium (45AI1/Pd/Al,05-7000C).%° As shown
in Figure 6a, new pores, ~2 nm diameter, were
generated on 45Al/Pd/Al;03-700C. DRIFTS of CO
chemisorbed on the coated Pd/Al,Os catalyst indicated
the gradual restoration of nanoparticle accessibility after
increasing treatment temperatures (Figure 6b). An inter-
esting phenomenon was observed after subjecting the
Al;O3 overcoated Pd sample to oxidative dehydro-
genation of ethane (ODHE) at 675 °C for 28 h (45Al/
Pd/Al>,0s-used). By comparison to the uncoated Pd
NPs, the features associated with CO bound to edges
(linear CO and bridged CO at 2058 and 1965 am ',
respectively) and corners (linear CO at 2081 cm~') on
the used samples had substantially lower intensities
relative to the feature due to CO on facet planes
(bridged CO at 1929 cm "), indicating that the Al,O5
preferentially decorated the low coordinated Pd sites
as a result of the temperature-induced structural changes.

(iii) Organic porogens. Liang et al. recently showed that

highly porous Al,Os5 films were formed on Pt nano-
particles by oxidizing aluminum alkoxide hybrid
polymer films.?®> These films were deposited using
alternating cycles of TMA and ethylene glycol for
alucone molecular layer deposition (MLD) followed
by calcination to remove the organic component.
Hydrogen chemisorption analysis showed that the
Pt dispersion only decreased from 65% to 38% after
applying 40 cydes of alucone MLD followed by



calcination, verifying the high porosity of the Al,O3
film.

(iv) Selective growth. In this method, organic molecules
are attached to the metal nanoparticle prior to the
ALD overcoating treatment. The role of these organic
molecules is to mask the nanoparticles and prevent
growth of the oxide overcoat on the metal surface in
a manner similar to the aforementioned ABC-type
ALD.*° After removing the organic molecules by oxi-
dation, the metal nanoparticle will be surrounded by
a metal oxide “nanobowl” where the size of the bowl
can be controlled by selecting the appropriate mask-
ing agent and controlling the number of overcoat
cycles.*®

3.3. Catalytic Performance. An interesting and poten-
tially important situation arises when the low coordination
metal sites exhibit undesirable catalytic properties. In this
case, preferential blocking of these undesirable sites by
oxide overcoats could produce a more selective catalytic
material. For instance, in methanol decomposition, the un-
desired carbon—oxygen bond breakage reaction pathway
to carbon deposition preferentially occurs at the low coordi-
nation Pd sites, while the desired dehydrogenation reaction
pathway takes place at Pd(111) terrace sites.** Therefore,
the catalytic activity ehancement along with the improved
stability of Pd nanoparticles was achieved on the alumina
overcoated Pd catalysts for methanol decomposition since
the ALD Al;O3 preferentially decorated the low coordination
Pd sites.”!

A second example of this potential can be seen in the
comparison between ALD Al,O5 coated and uncoated Pd/
AlL,O; catalysts for the ODHE reaction.?® Supported Pd
nanopatticles are notorious for deactivation by coke forma-
tion during alkane dehydrogenation.*” In our hands a con-
ventional Pd/Al,O5 catalyst completely deactivated in less
than 30 min during the ODHE reaction. Post-mortem exam-
ination of the materials revealed carbon fibers to such an
extent that the reactor was completely plugged, and the Pd
had sintered extensively. In contrast, Al,O3 overcoated Pd
nanopatticles exhibited excellent size stability and resis-
tance to coke formation over 2 days of reaction testing at
675 °C and produced near-equilibrium yields of the desired
ethylene product. In this study, we discovered that the edge
and corner atoms played a central role for sintering, coking,
and undesired reactions from C—C bond breaking.*® There-
fore, exceptional resistance to sintering and coking in high
temperature catalytic reactions, along with significant selectivity
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enhancement, was achieved because the edge and corner
atoms were selectively blocked and stabilized by alumina
overcoats.

In the aforementioned examples, the improved catalytic
selectivity was an unanticipated consequence of the selec-
tive Al,O3 deposition on particular Pd sites. However, the
“selective growth” approach described above for catalyst
stabilization offers the potential for much greater control
and flexibility over the catalytic selectivity through judicious
selection of appropriate molecular templating agents to
fashion the “nanobowl”. In analogy with the well-known
selective catalysis achieved through micropore size and
shape in zeolite and enzyme catalysts, it is conceivable that
precise control over the pore size and pore shape within
metal oxide overcoats could give rise to shape-selective
catalytic function.

4. Conclusions and Prospects

In this Account, we illustrated the synthesis and stabilization
of supported metal catalysts by ALD, taking advantage of its
self-limiting character. The precise control over metal parti-
cle size, composition, and structure is achieved along with
great flexibility by the combination of ALD sequence, surface
treatment, and deposition temperature. Similarly, stabiliza-
tion of metal particles by applying ALD oxide overcoats
demonstrated important advantages from atomically pre-
cise control of protective layer thickness and composition
compared to conventional methods such as CVD and sol—gel
chemistry. Spedifically, selective blocking of low coordination
metal atoms by oxide overcoats provides a new strategy for
enhancing both the durability and selectivity of metal cata-
lysts. Moreover, the potential to control pore size and shape
within an ALD oxide overcoat could provide shape-selective
catalytic function.

ALD has been successfully commercialized in the micro-
electronics industry. While there are technical and financial
challenges to transitioning ALD from the research laboratory
into the catalyst industry, they are not insurmountable. The
main technical challenge is scaling up the process to the
quantity of material relevant to catalyst manufacturing.
Fixed-bed and/or fluidized-bed reactors more suited for
coating high-surface-area powders or monoliths would be
employed rather than equipment designed to coat silicon
wafers. Successful examples of these designs have been
reported in the literature.>>3* Whether the catalyst manu-
facturer can justify the capital and production costs asso-
ciated with ALD will depend on the value of the end product.
1806-1815
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