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ABSTRACT: Atomic layer deposition (ALD) has emerged as an interesting tool for the Contrlled
atomically precise design and synthesis of catalytic materials. Herein, we discuss examples G

in which the atomic precision has been used to elucidate reaction mechanisms and catalyst
structure—property relationships by creating materials with a controlled distribution of
size, composition, and active site. We highlight ways ALD has been utilized to design
catalysts with improved activity, selectivity, and stability under a variety of conditions (e.g.,
high temperature, gas and liquid phase, and corrosive environments). In addition, due to
the flexibility and control of structure and composition, ALD can create myriad catalytic
structures (e.g, high surface area oxides, metal nanoparticles, bimetallic nanoparticles,
bifunctional catalysts, controlled microenvironments, etc.) that consequently possess ~
applicability for a wide range of chemical reactions (e.g., CO, conversion, electrocatalysis,
photocatalytic and thermal water splitting, methane conversion, ethane and propane dehydrogenation, and biomass conversion).
Finally, the outlook for ALD-derived catalytic materials is discussed, with emphasis on the pending challenges as well as areas of
significant potential for building scientific insight and achieving practical impacts.
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1. INTRODUCTION synthesizing heterogeneous catalysts, including impregnation,
ion exchange, and precipitation, have been used for over a
century. While these techniques represent the “state-of-the-art,”
they result in inhomogeneous particle sizes and compositions.
In the case of supported metal catalysts, the resulting mixture of
metal sites can produce a mixture of reaction products rather
than the single, preferred site. This nonuniformity of sites
creates a struggle to find balance between activity, selectivity,
and stability. Great strides were made throughout the 20th
century in improving activities for many catalytic processes by
several orders of magnitude. The challenge in the 21st century
is to improve the selectivity of the catalysts to convert specific
feedstocks into specific products with little or no waste
associated with undesirable side reactions. This search for
atom-efficient chemical transformation has been particularly
important over the past decade as researchers have searched for
ways to more efficiently utilize alternative and oftentimes more
expensive feedstocks (e.g, biomass conversion to fuels and
chemicals) as sustainable and environmentally benign replace-
ments for fossil-based feeds.

Many processes for the conversion of biologically derived
feedstocks to marketable products (e.g., cellulose to sugars,

1.1. The Motivation for Atomically Designed Cata-
lysts. Catalysis is an essential technology for accelerating and
directing chemical transformations." It is a key to realizing
environmentally benign, economical processes for the con-
version of fossil-based feeds. Catalysis is also key to developing
new technologies for creating value from alternative feedstocks,
such as biomass, carbon dioxide, and water. Catalysts, whether
chemical, biological, or a combination of the two,” are the
primary means for industrially converting carbonaceous feeds
(oil, gas, coal, and biomass) to useful products such as fuels and
chemicals. Globally, the catalyst market is estimated to be ~$15
billion per year, resulting in a net positive balance of trade in
the US. and an estimated global economic impact of ~$15
trillion per year: a 1000-fold multiplier of economic impact.® In
fact, approximately one-third of the U.S. GDP can be tied
directly to catalytic technologies,® and nearly 95% of fuels and
chemicals have come through one or more catalytic steps.
Nearly every major industry is directly enabled by catalytic
technology, be it energy, chemicals, pharmaceuticals, health-
care, food processing, agriculture, consumer products, or
environmental remediation.

For most industrial processes, the preferred catalysts are

heterogeneous (normally a solid catalyst reacting with a gas or Received: November 24, 2014
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Figure 1. Overview of elements used for ALD materials. Figure adapted from reference.”!

sugars to ethanol, etc.) have relied on enzymatic catalysis.
Indeed, enzymes have many advantages in that they can be
highly active and selective, processing only a single feedstock
and forming only one specific product. While being selective,
enzymes require constant replacement and lack the flexibility to
operate under a variety of conditions. For example, many
enzymatic systems are designed to work at body temperature
(37 °C) and neutral pH, and they tend to denature outside of
these conditions. We can hope to harness some of the benefits
nature evolved into enzymes by learning how to tailor specific
sites and localized reaction environments to target specific
chemical transformations. The design of catalysts in this
manner is common in molecular catalysis, and although
molecular catalysts have advantages over biologically derived
catalysts, they still lack the robustness provided by inorganic
materials in many catalytic applications. The challenge,
therefore, is to create inorganic (or hybrid) analogues to
enzymatic systems that maintain high activity and selectivity but
with enhanced stability under a broad range of harsh
temperatures, pressures, and solvents.

The challenge of simultaneously improving catalytic activity,
selectivity, and stability is shared by biological and inorganic
catalysts alike. One common way of improving catalytic activity
for heterogeneous, inorganic catalysts is modifying the current
“state-of-the-art” synthesis procedures to maximize the reactive
surface area of the material. In the case of supported catalysts,
these techniques normally result in nanoparticles with a
distribution of sizes and chemical environments (i.e., not a
single active site) and, in turn, chemical selectivity. This
dispersity in possible active sites also poses a challenge in
developing fundamental knowledge regarding mechanisms of
surface reactions on heterogeneous materials. The under-
standing and optimization of the catalytic materials is
convoluted with the reaction mechanism itself, and realistically,
the two cannot be considered independently. In addition, the
resulting dispersed nanoparticles are often unstable, which is
especially important in harsh liquid-phase conditions that will

be required for most biological and biomass upgrading
processes.” Therefore, an important goal is to control the
size, shape, and morphology of supported nanoparticles to
improve selectivity. Importantly, these challenges have
consequences that are simultaneously practical and academic,
and advancement requires realistic solutions to practical
problems based on rigorous scientific understanding.

To achieve the goals outlined above requires a method for
controlling the synthesis of catalytic materials on the atomic
scale. One such method, atomic layer deposition (ALD), has
been shown to be effective at controlling metal and metal oxide
sites and improving catalytic activity, selectivity, and longevity.
Whereas other methods of controlled synthesis (that fall
outside the scope of this perspective) have been studied in the
past, many have been limited to a narrow set of materials and
conditions. ALD, on the other hand, has the advantage of being
able to apply self-limiting films or nanoparticles (depending on
conditions) of nearly any material (Figure 1). Some advantages
of the self-limiting nature of ALD include uniform surfaces,
high conformity to surface features, control and accuracy of
atomic level thickness, and extraordinary reproducibility.
Accordingly, ALD provides a controlled method in which
atomically precise growth is produced, precisely what is needed
to address the catalytic challenges just outlined.

In the past few years, the use of ALD for self-limiting
synthesis of catalysts within nanostructured environments has
been demonstrated. Important examples include combining
theoretical insights with experimental studies to provide a more
detailed understanding of relevant ALD precursor surface
reaction chemistry” and using ALD to control metal growth on
surfaces, alloy and core—shell catalysts,*? and protective and
functional overcoatings.'”'® These new catalysts show
improved selectivity for specific catalytic reactions and are
more stable, even in the high temperature, aqueous conditions
of biomass conversion.'" Even base-metal nanoparticle catalysts
have been synthesized in which edge and defect sites were
selectively poisoned by ALD-derived overcoats, leading to
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Figure 2. Schematic representation of film ALD using a binary (AB) precursor system. The schematic shows (a) substrate with reactive sites, (b)
pulsing of the first precursor and formation of active sites reaction byproducts, (c) purging of byproducts and unreacted precursor, (d) pulsing of the
second precursor, (e) purging of byproducts and second precursor that is unreacted, and (f) film resulting from several ALD cycles.

lower-cost catalysts with improved stability and selectiv-
ity.u_ls’lé’17 In addition, highly active and selective bimetallic
catalysts in which the location of each metal is precisely
controlled could be prepared by ALD.””® Furthermore,
combining state-of-the-art in situ and ex situ spectroscopic
techniques (XANES, EXAFS, TEM, STM, SAXS, etc.) with the
atomically precise synthesis of ALD provided in-depth
structural and electronic characterization of the catalytic
materials, elucidating the scientific basis on which future
applications can be developed.

1.2. A Brief ALD History. Atomic layer deposition, defined
as synthesis using alternating, saturating gas—solid reactions,
was coinvented by two groups working independently.'® The
first group, from which modern ALD is most directly derived,
led by Tuomo Suntola in Finland, invented “atomic layer
epitaxy” (ALE) as a strategy to fabricate electroluminescent
displays. The first ALE patent was applied for in November,
1974, and it described a method for deposmn% ZnS films using
alternating exposures to elemental Zn and S.” Later work by
Suntola’s group discovered that molecular precursors, namely
ZnCl, and H,S, yielded a more production-worthy process
since it could be performed under viscous flow conditions
rather than requiring a high vacuum environment. These early
efforts were directed toward electronic applications and focused
primarily on micrometer-thickness films requiring many
thousands of ALD cycles. An example of this early achievement
was the fabrication and installation of a flight-information
display board at the Helsinki—Vantaa airport in 1983 that
operated for 15 years using ALD Mn-doped ZnS as the
electroluminescent material and ALD Al,O;—TiO, nano-
laminate as the dielectric.

In the second historical group, Professors Aleskovskii and
Koltsov of the USSR Academy of Sciences developed
“molecular layering” (ML) as a means to deposit metal oxides
using alternating exposures to metal chloride precursors and
water. Conference proceedings from the early 1960s describe
TiO, and GeO, ML, but these studies were overlooked by
researchers from outside the Soviet Union because they were
published only in Russian.'® Nevertheless, these early studies
gave birth to ALD for catalyst synthesis, since they focused on
the early stages of thin film growth from 1 to 10 cycles and
utilized high surface area substrates such as silica gel. Indeed, a
Russian patent from 1972 describes Cr(III) oxide ML on silica
gel for use as a dehydrogenation catalyst.*
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Later, in Japan, ALD processes were referred to as molecular
layer epitaxy. The term epitaxy refers to the growth in which
the deposited film has a crystallographic relationship to the
crystal structure of the underlying substrate. ALD coatings are
frequently amorphous in nature, so “deposition”, rather than
“epitaxy”, more appropriately describes all processes falling
under this category, and consequently, this is reflected in the
modern nomenclature, although limited anachronistic examples
of the older nomenclatures can still be found. In addition,
molecular layer deposition (MLD) has been developed as an
analog to ALD using exclusively organic compounds to deposit
thin film polymer layers.

Most of the early pioneering work in ALD catalyst synthesis
was performed at Microchemistry Ltd. by Haukka and Suntola
in the 1990s. This work demonstrated the capability to coat
multikilogram quantities of high-surface-area supports with
catalytically active metal oxides and extended the range of ALD
precursors to include organometallics such as beta-diketonates,
alkyls, and alkoxides. More importantly, the Microchemistry
group showed that the saturation surface coverage of metal-oxo
species could be controlled by adjusting the steric bulkiness of
the precursor ligands or by preheating the substrate to partially
dehydroxylate the surface. They also revealed that blocking
agents could be employed to influence the distribution of ALD
surface species and that differences in surface reactivity (e.g.,
toward Si—OH groups or Si—O—Si bridging groups) could also
be exploited to control surface speciation. Mixed-metal oxide
catalysts were also synthesized by executing multiple ALD
cycles using different precursor chemistries, providing early
inspiration for later works to utilize ALD as a means of
atomically tailoring physical and chemical properties. Later
studies performed at the Helsinki University of Technology
extended ALD catalyst synthesis to include noble metals.
Importantly, these early studies laid the ground for much of the
nanostructured ALD catalyst research that followed.

A surge in ALD research and development began in the late
1990s and early 2000s and continues to the present day, driven
by the needs of the microelectronics industry. For instance, the
requirement for “high-k” materials to replace SiO, as the gate
dielectric in transistors motivated research into the oxides of
Hf, Zr, Ta, and other materials. As a consequence, the palate of
available ALD materials has greatly expanded to include much
of the periodic table and includes oxides, nitrides, sulfides, and
metals (Figure 1).>' For any given material, multiple ALD
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chemistries have been developed so that today the number of
available ALD processes numbers over 1000. This situation is
ideal for catalyst synthesis because it permits a vast selection of
catalyst, support, and promoter materials to precisely tune the
catalytic behavior. The surge in ALD activity for micro-
electronics caught the attention of researchers in other fields
who sought to adopt the ALD microelectronic approach of
depositing controlled functional layers for nanomaterials
synthesis in applications such as photovoltaics, energy storage,
and sensing. ALD layers can be used to functionalize
nanoporous supports such as carbon nanotubes (CNTs)*>*’
and anodic alumina®**® to impart desirable chemical, physical,
and electronic properties to the supports. The support can be
retained in the final device or used merely as a template to be
later etched or dissolved. Experimental, analytic, and numerical
studies of infiltration and coating have been performed to
better understand the processes underlying ALD nanomaterials
growth, and these studies are invaluable to ongoing research in
ALD for catalyst synthesis.

Note that our review of the ALD catalyst literature reflects
the fact that the focus of the majority of the work has been on
the development and synthesis of ALD materials rather than on
a detailed exploration of their catalytic properties. For the
continued development of ALD catalysts, additional careful
investigations of the performance of ALD catalysts and direct
comparisons with how they differ in structure and performance
from catalysts synthesized by more traditional means will be
necessary.

2. ATOMIC LAYER DEPOSITION PROCESS AND
EQUIPMENT

2.1. Atomic Layer Deposition Processes for Catalysts.
ALD is a vapor-phase deposition technique relying on discrete
pulsing of chemical precursors that act as sources for
component elements of the desired film (Figure 2). One
precursor is typically a high vapor pressure metal precursor,
such as trimethylaluminum (TMA),*® hafnium tetrachloride,*’
or titanium isopropoxide.”® The reaction of this metal precursor
with the substrate is referred to as the first half-reaction (Figure
2a,b), in which the reactive ligands of the metal precursor are
partially removed by reaction with active sites on the substrate
surface. When the first half reaction reaches completion, the
precursor pulse is stopped, and excess unreacted precursor and
reaction byproducts are purged with an inert gas or evacuated
at high vacuum (Figure 2b,c). The second half reaction usually
contributes an oxygen component when depositing oxides or a
reducing agent in the case of metals (although many other
examples including nitrides, sulfides, etc. exist; see Figure 1)
and removes the remaining ligands of the metal precursor,
regenerating the active sites and completing the reaction cycle
(Figure 2d). The reactor is purged or evacuated again following
completion of the surface reaction (Figure 2e), and the cycle
can be repeated until the desired thickness is achieved (Figure
2f). The self-limiting nature of the half-reactions imparts
excellent film conformality and thickness control to this
process, and variations of this basic process can lead to the
synthesis of more complex structures. Deposition by ligand
exchange reactions (Figure 2) is the most common ALD
mechanism; however, self-limiting growth can also be achieved
by other mechanisms, such as combustion or reduction in the
case of noble metals®” and sacrificial exchange reactions in the
case of W and Mo ALD.*

1807

It is important to distinguish ALD from chemical vapor
deposition (CVD), a related vapor-phase deposition process,
which employs a continuous precursor stream and is
characterized by nonself-limiting growth. While broadly used,
CVD can lack the degree of conformality and digital thickness
control that make ALD so critical for applications in catalysis.
CVD has been used extensively to produce catalysts since the
1970s;*! however, the precision of the ALD process and the
increase in availability of suitable chemical reaction schemes
and ALD-specific reactors has led to a recent growth in the use
of ALD in catalyst synthesis. It should be noted that CVD-like
growth can occur within the ALD process with a loss of the self-
limiting growth mode. There is a temperature regime for each
specific reaction pathway within which ALD self-limiting
growth can be achieved. ALD attempted at either too high or
too low a reaction temperature is considered to be outside the
so-called “ALD window”*>** and, thus, sacrifices the benefits
that make ALD an attractive mode of catalyst synthesis. In
general, both self-limiting and continuous growth processes are
present, but conditions within the ALD window can be chosen
such that kinetically slow, continuous growth modes may be
considered insignificant.

To achieve ideal conformality with ALD on high-surface-area
materials found in typical catalyst supports, long precursor
pulse times may be necessary to achieve surface saturation. This
increased pulse time is due to limitations of reactant mass
transport and precursor partial pressure at short times, and it
increases the possibility of non-self-limiting growth. An example
of this behavior is found in the coating of trench structures with
hafnium oxide, which can result in slight nonuniformity, with
coatings at the tops of the trenches being thicker than at the
bottoms.>* The top of the trench is exposed to the Hf sources
at a higher partial pressure than seen in the bottom of the
trench, leading to a higher reactant dose at the opening and an
increased rate of continuous or CVD-like deposition in addition
to the purely self-limited growth rate. Reports on other
materials systems have noted the observation of a deviation
from purely self-limited growth, such as in the deposition of
Al,O; on battery LiCoO, cathode powders,* the deposition of
tungsten oxide on TiO, powders,®® and in a TiN process with
precursors decomposing during long pulses.>” Although the
ideal self-limiting growth mode is commonly used to describe
ALD, deviations from self-limited deposition can play a
significant role in the application of ALD to catalysts.
Researchers looking to leverage the advantages of ALD in
catalysts need to be cognizant of these modest but important
deviations from ideal behavior and realize that ALD and CVD
are part of the same growth continuum.

The example of ALD shown in Figure 2 is a binary process
driven by the formation of thermodynamically favored surface
species as the half-reaction products. The kinetic processes
comprising two precursors are typically thermally driven and
are referred to as thermal AB ALD processes. Although the AB
process is commonly employed, other variations exist. For
example, three different precursors can be used, such as
aminopropyl triethoxysilane—H,0—ozone®® or Pd(hfac),—
TMA-H,0O, in an ABC sequence.”® The complexity of the
reaction sequence can be further increased to create ABCB
processes, which have been used in the deposition of mixed
oxides, such as TMA—HZO—szMg—HZO.13”40 This flexibility
in reaction sequences is a significant part of what makes ALD
such an attractive method of catalysts synthesis.

DOI: 10.1021/cs501862h
ACS Catal. 2015, 5, 1804-1825


http://dx.doi.org/10.1021/cs501862h

ACS Catalysis

The simultaneous introduction of specific reactants can open
possible process windows that extend the previously mentioned
ALD window by catalyzing the half-reaction. This coaddition or
copulsing of specific reactants, which do not remain in the film
yet interact with other ALD reactants, can facilitate the film
deposition process. These catalyzed ALD processes, usually
referred to as catalytic ALD, may be written as an A/C—B/C
sequence. The most well studied example is the use of an amine
catalyst to facilitate the reactions between the surface and
precursors, with the primary example being to enable low
temperature deposition of SiO,.*"** Si precursors such as SiCl,
and TEOS are not sufficiently reactive within the range of
desired ALD temperatures (~30 to 250 °C).*'** Utilizing
amine catalysts enables the deposition of SiO, at room
temperature, avoiding potential thermally induced damage to
other system components, such as those on an existing
electronic circuit or supported metal nanoparticles. A proposed
catalytic reaction mechanism is shown in Figure 3 where

N0 H;N"‘H\Q/ =
léllofsli(osth —_— ||1,._‘0 /éi(OEth
- — —
NHZH\O _Et
—_— H o _Si(OEt)
—

Figure 3. Proposed mechanism for Lewis base catalysis of SiO, atomic
layer deposition during the Si(OEt), half-reaction using NH;. (a) NH;
forms a six-membered ring complex with silanol and Si(OEt),, (b)
pushing electrons in the six membered ring complex, creating a more
reactive and nucleophilic surface oxygen, (c) resulting in a Si surface
species, NH;, and the reaction byproduct ethanol.

ammonia is hypothesized to form hydrogen bonds with surface
silanol groups, thus catalyzing the deposition of SiCl, by
making the hydroxyl oxygen more nucleophilic.** An alternative
method for rapid SiO, ALD involves the limited polymeric
grov‘\gh of Si precursors catalyzed by an ALD deposited Al
site.

In contrast to thermally or catalytically driven ALD, growth
modes may also be enhanced using the in situ transfer of energy
to precursors to generate reactive molecules such as ozone or
the metastable species found in plasmas. Energy-enhanced ALD
(EE-ALD) is used as an umbrella term to encompass a variety
of methods used to transfer energy to precursors before they
reach the substrate. EE-ALD methods include plasma-enhanced
ALD (PE-ALD),* hot wire ALD,* and ALD processes using
ozone**3¥4%™* Ozone can be generated with oxygen plasma
or through the use of UV light irradiation. EE-ALD techniques
are typically employed to reduce the deposition temperature, to
circumvent the need for water as the oxygen precursor, or to
increase growth rates.*” Careful design of processing and
reactor conditions, including the wall material, are important
considerations in EE-ALD methods, especially PE-ALD,
because the walls can greatly affect the lifetime of the reactive
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species. For example, the radical recombination on reactor walls
can be 3 orders of magnitude higher than on a SiO, surface.

The least energetic of the EE-ALD techniques is called
radical enhanced ALD (REALD), which typically utilizes
plasma generated through a RF coupled source, electron-
cyclotron-resonance, or surface-wave-type plasmas powdered
by a microwave source.**** The source is positioned
sufficiently far from the sample that ions generated in the
plasma are quenched as a result of recombination before they
reach the sample, and remaining radicals act as precursors to
film growth. Another technique used to generate radicals as
precursors is hot-wire ALD, which uses a filament heated to
~1300—1900 °C placed near the inlet, on which precursors are
cracked before entering the reactor.*>*’ Remote plasma ALD is
similar to REALD; however, a remote plasma source is
positioned sufficiently close to the reactor that the concen-
tration of ions reaching the sample is controlled and does not
necessarily diminish to zero.*”*’ The remote plasma source in
this case is separate from the reaction chamber, but the
substrate can experience a small concentration of impinging
ions and a high radical flux. The EE-ALD approach with the
highest amount of athermal energy directed to the growth front
is direct plasma ALD. This approach involves an electrical
connection between one of the plasma electrodes and a
substrate, creating a near-surface electric field perpendicular to
the surface, directing and accelerating ions to the growth
front.***” The kinetic energy of the ions can be transferred to
the adsorbed species, leading to an enhanced reaction rate at
low substrate temperatures. The required electrical connectivity
is often difficult to achieve, and hence, direct plasma use on
powders poses significant obstacles. The EE-ALD approaches
most relevant to catalysis are therefore ozone ALD, radical
enhanced ALD, and remote plasma ALD. The growth of AIN>
and TiN*' on powders using NH; plasma has been used to
demonstrate remote plasma ALD.

A wide range of materials may be deposited and coated by
ALD. The self-limiting growth mode allows for conformally
coated substrates in almost any geometry,”>™> and selective
coating may be achieved by control over the nature and density
of active species on the substrate."***® ALD layers can be
uniformly developed over high-aspect-ratio, structured surfaces
with complex geometries, provided that all of the surface has
appropriate reactive sites. The possible materials coated by
ALD for catalysis and electrocatalysis range from planar-surface
wafers to hierarchically structured mesoporous oxides,>**°
zeolites,56’57 high-aspect-ratio nanostructures (ie. nanowires,60
nanotubes®>**), complex self-assembled surfactants,*® and
block copolymers.®® Furthermore, the choice of the ALD
precursors, surface preparation, and deposition conditions
allows for the production of pinhole-free coatings, porous
coatings,'”' %% coatings with compositionally controlled
gradients,ls"w’63 nanolaminates,®* nanoparticles,és_67 and
core—shell structures.***® This wide array of synthesis
approaches to the ALD process has only begun to be exploited
for catalytic applications.

The structure and composition of an ALD film is dependent
on the choice of precursor. In addition to oxides, ALD
nitrides,*”7%”" sulfides,”* carbides’”> and other binary alloys
have been deposited by choosing half-reaction schemes. Metals
may also be deposited using a reducing agent instead of an
oxidant.***¢77%”5 For example, the processes for TiO, and
Al,O;, may be modified so that the H,O pulses are replaced
with NH; pulses, resulting in the growth of TiN”"7® and AIN.”’

DOI: 10.1021/cs501862h
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In the case of some ALD-grown oxides, the choice of oxygen-
containinég source can change the bonding and oxygen
content.*® The specific reactants, while nominally generating
films of the same composition, can affect the detailed structure
and defect concentration. For example, AlO,, films grown with
ozone have been found to contain a lower concentration of Al—
Al bonds and O—H bonds than AlO, grown with H,O,
effectively giving ALD another degree of control over the
resulting atomic structure.*

In addition to the deposition of conformal coatings,
nanoparticles may also be formed on a surface through an
appropriate choice of precursors, substrate, and conditions.
Nanoparticle formation is especially notable in the deposition
of metals for catalysis, in which ALD provides exceptional
control over particle size.** ™% The initial formation of sparsely
spaced metal clusters or islands serve as nucleation points
during the ALD process. Nanoparticle growth proceeds
through an island growth mode often referred to as a
Volmer—Weber growth mechanism.”® The metal precursors
can have a stronger interaction with the preexisting deposited
metals than with the substrate, leading to the preferential
formation of islands over conformal films. These interactions
among metal precursors, substrates, and surface metal deposits
in ALD have been demonstrated in certain systems to allow
core—shell metal nanoparticles to be produced with a high
degree of compositional control.>**%

The selective adsorption of molecules, blocking or
consuming active sites prior to the initiation of the ALD
cycles, prevents these sites from participating in ALD film
formation, creating templates that result in a selectively coated
surface. The templates can be removed after the ALD process,
creating a controlled porosity or the formation of micro-
structure in the ALD film. Selective coating by ALD was first
developed through the lithographic patterning of surfaces with
unreactive organosilanes.”® The planar templating approach
was extended to powders b;r grafting unreactive template
molecules onto TiO, particles.”” The template molecules serve
to block ALD coating, resulting in the formation of
“nanobowls” that allowed for finely tuned, shape-selective
sieving of reactant molecules by controlling the size and shape
of the template as well as the thickness of the film.”” Another
example of the atomic selectivity in the ALD synthesis of
catalysts has also been demonstrated in the deposition onto
metal surfaces, in which edge and corner sites were significantly
more reactive with the coating precursors than the close packed
facets.'”"" If excess ALD cycles were used, the ALD films
coalesced, completely encapsulating the metal, but subsequent
high temperatures treatment led to the formation of pores in
the coating through the densification of the ALD film, again
leading to a selective coating on the buried metal.® These pores
allow the diffusion of reactants through the coating to undergo
chemical transformation on the metal surface.

An emerging field within ALD is the production of organic
and hybrid inorganic—organic materials. These techniques
include the growth of inorganic materials on organic substrates,
the growth of polymers, and the growth of hybrid inorganic—
organic films. Recent studies using organic substrates have
covered the deposition of model inorganic films such as Al,O;
onto substrates such as polymers,®® nanofibers,®" and
surfactants.”®> Techniques that utilize organic molecules
exclusively as precursors, or organic molecules in conjunction
with metal precursors, are categorized as MLD.**** A class of
hybrid inorganic—organic materials produced using this
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technique are the “metalcones” (i.e, alucone, zincone, and
titanicone).*> The simplest example of a metalcone process is
the TMA—ethylene glycol process to produce alucone.** The
alcohol groups of the ethylene glycol react with the methyl
groups of TMA in a fashion similar to the typical TMA—H,0
process, with ethylene glycol spacers linking molecular AlO,
layers. Metalcone films can have excellent compliance®” and
may be gyrolized to produce graphitic alloys®® or highly porous
oxides.®

2.2. ALD Reactors for Catalysts. Many ALD processes
have been developed primarily for coating planar substrates,
such as silicon wafers. New designs and approaches are required
to utilize ALD processes on powders on both the research and
industrial scales. Powders present the most dramatically
different case from the typical planar Si wafer, with increased
diffusion times required for precursors to travel through pores
on the mesoscale, and orders of magnitude more surface area,
which require correspondingly longer reaction times or higher
reactant partial pressures in the ALD reactor. Many attempts
have been made to agitate particle beds to decrease diffusion
times and prevent particle agglomeration. In this article, we
briefly describe different ALD reactor configurations. A more
detailed article discussing the various techniques to use ALD
for coating of powders may be found elsewhere.*®

The simplest and most established approach to the coating of
powders consists of a static bed of particles into which the
precursor vapors must diffuse and permeate to reach and coat
all surfaces. The bed may be in a crucible or tray supported on a
heating stage,*® or it may be in a flow tube with a specifically
designed tray, such as that seen in Figure 4.*” The diffusion
kinetics for this type of reactor configuration may be simplified
to a model that treats the bed as a series of channels between
particles.®®

Analytical solutions to this growth model can be obtained to
describe the ALD growth process. These solutions were
important in developing a fundamental understanding of the
ALD processes.”*”> Assuming realistic channel dimensions and
reaction conditions, a powder or particle bed depth of greater
than a few hundred micrometers would require precursor
residence times that are unreasonably long for practical
applications (greater than a few minutes per precursor pulse).
Consequently, various approaches to enhance the reactant
contact with the particle surface in a static bed have been
developed. Precursors may continuously flow through the
reactor under an active pressure drop, permitting a high
reactant partial pressure to be present throughout the reaction.
Alternatively, the precursors may be dosed and held in a static,
nonflowing reactor, allowing a “soak time” for thorough
reactant diffusion and reaction, leading to greater precursor
utilization. This static bed approach is well suited for the
laboratory scale; however, batch size is typically limited to
several grams.

Particle coating in a fluidized bed is a standard industrial
approach to powder processing; however, the use of fluidized
bed reactors for ALD is less common.’’ An example of a
fluidized bed ALD reactor design is shown in Figure Sa, and a
few fluidized bed ALD reactor options are now commercially
available with a range of features and functionality. Fluidized
bed ALD has several advantages, including (1) the ability to
operate between vacuum and ambient pressure (e.g, Pt ALD
on Ti0,);”* (2) demonstrated scalability of the fluid bed design
(e.g., fluidized catalytic cracking), providing confidence in the
ability to produce larger quantities of catalyst; (3) well-mixed
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Figure 4. (a) ALD reactor schematic showing precursors, carrier gas,
heated flowtube, valves, and pump, with a powder tray in the flowtube.
(b) Side view of the powder tray showing precursors entering the
reactor and diffusing into the powder bed to coat the powder. (c)
Close-up showing precursors diffusing through the wire cloth on the
powder bed to prevent loss of the powder. (d) Close up showing
precursor diffusion into the powder bed and into the pores of the
powder. Part a adapted with permission from Elam et al,, Copyright
2002, AIP Publishing LLC.* Parts b—d adagted with permission from
Libera et al., Copyright 2008, Elsevier B.V."”

solid particles; (4) improved gas transport compared with a
static bed; and (S) a very large ratio of powder to reactor wall
surface area (allowing efficient use of precursor by preventing
its loss onto the reactor walls). In addition, because all of the
precursor must pass through the fluidized powder bed,
precursor usage efficiency can be greatly increased, which has
the practical implication of greatly reducing synthesis time and
cost. Progress of the reaction can be monitored using in situ
mass spectrometry to determine pulse sequencing times,
optimize deposition speed, and optimize precursor utilization.”
Fluidization may also be aided by the addition of baffles,
vibration of the bed, or by a rotating propeller.”® Finally, it is
important to note that particles typically have a range of sizes,
and this will influence the fluidization behavior.”®** In addition,
nanoparticles typically fluidize as large highly porous
aggregates, but the nanoparticles can shed and recombine
from aggregate to aggregate, which allows all of the individual
particles to be coated evenly.”®

The typical ALD process relies on temporal separation of the
precursors through the inclusion of a purge stage between
precursor pulses, with the substrate remaining fixed in space.
An alternate, albeit less well proven, concept is spatial ALD, in
which the precursors are dosed continuously in different zones
of the reactor while the substrate is moved through space
between regions.”® This design offers the advantage of
continuous processing. Studies on spatial ALD have shown
promisin% preliminary results in the scale-up of wafer-coating
systems.”> A conceptual design for a spatial powder ALD
system is shown in Figure 6. Figure 6a shows the theory of
operation of a semicontinuous spatial ALD reactor based on a
valved reservoir concept.”®”” The powder would be supported
above a powder-compliant valve while the precursor vapor is
filled into a reservoir below (Figure 6ai). The pressure in the
powder reservoir would be lower than in the precursor
reservoir so that when the valve is opened, the precursor
gases escape upward and the powder would be partially
fluidized (Figure 6aii). The precursor would react with the
powder, and then the powder falls into the reservoir below
(Figure 6aiii). A CAD drawing of this semicontinuous reactor
concept is shown in Figure 6b.”” Another spatial ALD design
has been proposed by a group in Delft with promising
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Figure 5. (a) Schematic of a fluidized bed reactor for particle ALD. The reactor has an online in situ mass spectrometer, a stirring agitator, and
vibration enhanced fluidization. Close-up on the right shows particle concentration as a function of height in the bed. Adapted with permission from
Elsevier B.V., Copyright 2007.”° (b) Schematic of a rotary bed ALD reactor. Reproduced with permission from AIP Publishing LLC, Copyright

2007.*
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Figure 6. Schematic spatial ALD processes using powder reservoirs.
(a) Schematic of powder reservoir theory of operation, i—iii. The
powder to be coated is supported on a. (b) CAD drawing of a powder
reservoir type reactor. Adapted from King et al. and material available
in the public domain.”®"”

preliminary results for depositing Pt nanoparticles on TiO,.””
In this configuration, a powder is moved using pneumatic
transport through a winding tube made up of reaction zones
that alternate between empty or purged regions.

An alternative approach to the agitation of particles during
ALD is in the use of rotary bed reactors (Figure
Sb)SOSHESILI00 1y this approach, the powder is typically
contained within a rotating cylindrical enclosure with porous
walls through which the reactants diffuse. Remote plasma ALD
has been demonstrated on powders in a rotary bed,*>*' in
which an RF coil on a rotating quartz tube is used to energize
precursors before the gas reaches the catalyst support. The
remote plasma source allows the higher-energy ions to
recombine before impinging on the coating surface, where
their interaction can lead to defects. Note that although the
rotary reactor is simpler than alternatives such as spatial or fluid
bed ALD, it is also more likely to waste precursor as a result of
bypassing of the substrate in the reactor.

One of the primary hurdles for ALD catalysts is that the
volatile precursors are often more expensive than the materials
used in traditional synthesis, which means that ALD reactors
must ensure maximal usage of the precursor. This point and the
large powder-substrate-to-reactor surface area ratio achievable
in a fluidized bed reactor (in combination with fact that scaled
commercial processes for fluidization technology have already
been developed) are the reasons that fluidized beds are often
considered the preferred technology. It is worth noting that the
disadvantaged cost of “rare” precursors is not an uncommon

1811

hurdle in commercialization of new materials (or other
advanced technologies for that matter) as appropriate large
scale applications for the precursor are required before large
scale production is pursued, which can subsequently bring
down the costs drastically. In addition, although continuous
processes generally have advantages with respect to capital and
operating labor expenditures, the fact that fluidized bed ALD is
a batch process with respect to the catalyst should not
necessarily be considered prohibitory because industrial scale
catalyst manufacturing is commonly done via batch synthesis
(e.g., zeolite crystallization).

Implementation of ALD catalyst manufacturing on a
commercial scale will require integration into the existing
manufacturing infrastructure, execution at an economically
feasible cost, detailed reactor design, and process intensifica-
tion. Since catalyst manufacturing costs represent the
summation of materials costs, capital expenditure, and labor,
some promising routes to reducing total costs include
increasing reactor throughput (e.g, continuous operation via
spatial ALD for efficient use of capital and labor), increasing
precursor utilization (reducing materials cost), and reducing net
energy consumption during operation (lower temperatures,
reduced use of vacuum, etc.) Choosing the appropriate reactor
will require finding the appropriate cost mitigation strategies
with the required material specifications on a case-by-case basis
and may be driven by the needs of individual applications.
Although ALD on powders at a commercial scale is still not
realized, these advances provide an expanding set of options for
technology development.

3. ALD OF METAL OXIDE CATALYSTS

3.1. Fundamental Insight and Application of ALD
Metal Oxides for Catalysis. Among materials deposited by
ALD, metal oxides are perhaps the most predominant (Figure
1) because of their early applications as thin film insulators and
semiconductors for microelectronics, their adherence to the
traditional concept of AB ALD outlined in the previous section,
and the relative availability and efficiency of the oxygen
precursor source (e.g, water, O, Oj, alkoxides, etc.). For
catalytic applications, the conformal deposition allows the
creation of well-defined oxide catalysts over intricate
morphologies with high surface area, such as common catalytic
supports like mesostructured silica.>>'*' 7' ALD on these
supports effectively enables the synthesis of mesostructured
oxides of any metal, with a high degree of control over pore size
due to the atomic level control of ALD. From a catalytic
standpoint, ALD of metal oxides has been used for the creation
of catalytic sites and designed nanostructures and for depositing
protecting overlayers on other catalytic materials.

Part of the prevalence of the application of metal oxide ALD
in catalysis is that the deposition of metal oxides can utilize a
wide range of metal—organic precursors, ranging from metal
chlorides, f-diketonates, alkyls, alkoxides, and metallocenes,
with oxide formation often being the most thermodynamically
favorable product.'® During the first cycle, the ligands on the
metal precursors act as spacers that allow the chemisorption of
isolated metal centers, which upon subsequent reaction leaves
site-isolated metal oxides. Moreover, after the first cycle, the
density of the resulting metal oxide is controlled by the
bulkiness of the ligand,'” the presence of blocking molecules
on the surface,”” % the number of bonding sites on the
support,'”” and the number of reaction cycles.'”®'% These
examples are just some of the relatively large number of
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Figure 7. (a) STEM image of Si/ALD-TiO,/Ni interface as a photoanode for water oxidation. (b) Chronoamperometry of the n—p*-Si/ALD-TiO,/
Ni photoanode at 0.93 V versus SCE in aqueous 1.0 M KOH under 125 mW cm ™ of illumination intensity. (c) Cross-sectional TEM image of ALD-
Co00,/p*n-Si photoanode. (d) Chronoamperometry of the ALD-CoO,/p*n-Si photoanode at 1.1 and 2 V versus RHE in aqueous 1.0 M NaOH
under 100 mW cm™ of illumination intensity. Parts a and b reproduced with permission from Hu et al. Copyright 2014, AAAS."'® Parts ¢ and d

reproduced with permission from Yang et al. Copyright 2014, American Chemical Society.
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synthesis variables that can be controlled, allowing ALD to
achieve such high degrees of atomic selectivity over such a wide
range of materials. Furthermore, the gas phase deposition
approach does not involve the solvents used in traditional wet
or incipient wetness impregnation that often lead to
aggregation of the metal centers as the solvent evaporates.
The atomic control of ALD over the growth of the metal
oxide allows for the monitoring of the evolution of structure
and its correlation with catalytic properties. This control is an
important example of how ALD can be used as a tool to
contribute to fundamental understanding. Among the most
extensively studied systems are titania-'°>'*>"°7'"? and
vanadia-'®*"">~"'* supported catalysts. Titanium and vanadium
oxide on SBA-15 and FDU-15 have been studied using liquid-
phase cyclohexene epoxidation, and the catalytic activity has
been observed to scale with the increasing amount of titanium
and vanadium oxide deposited by ALD.'"> Importantly, the
porosity of the SBA-15 and FDU-15 was maintained during the
ALD process, demonstrating that ALD can be used to make
catalytic sites over high surface areas with intricate morphology.
In the case that a high surface area support is used, catalysts
with larger active surface areas can be achieved with ALD
coating than by synthesizing the corresponding bulk oxide. In
another example, VO, supported on nonporous SiO, and Al,O;
synthesized via ALD and impregnation demonstrated that
catalysts prepared using ALD showed superior catalytic activity
for propane dehydrogenation compared with impregnated
catalysts."' "> A similar trend was observed for cyclohexane
dehydrogenation using VO, supported on anodic aluminum
oxide (AAO) prepared using ALD and incipient wetness
impregnation.”> Low loadings of VO, deposited by ALD
showed monomeric oxo species, and it was observed that ALD-
prepared catalysts were 2—7 times more active than the
corresponding loading deposited by incipient wetness impreg-
nation. The superior activity was attributed to the dispersion of
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the vanadium centers deposited by ALD onto AAO. ALD-
derived metal oxide catalysts have demonstrated superior
catalytic activity (compared with catalysts prepared by
impregnation techniques) for epoxidation of cyclohexene,''*
o-xylene oxidation, oxidative dehydrogenation (ODH) of
cyclohexane,” propane dehydrogenation,''® and liquid-phase
butanol dehydration,'® primarily as a result of increases in
catalytic dispersion and stability resulting from deposition of
thin films on high-surface-area supports that prevent the active
phase from crystallizing and sintering.

ALD also has been applied as protective coatings to impart
stability for the underlying oxide, a topic discussed in more
detail in Section 5. Coatings of niobia ALD have been used to
hydrothermally stabilize both the acidic NbO, film and the
SBA-15 support.®® Silica is widely used as a catalyst support;
however, hydrothermal conditions, common in biorefining, lead
to silica restructuring, which causes loss of surface area and
catalytic activity. Deposition of NbO, on SBA-1S consumes the
surface silanols, thereby stabilizing the mesostructure of the
SBA-1S, even under the hydrothermal conditions. This
stabilized material can then be used as a high-surface-area
NbO, catalyst or as a support (ALD for support modification
discussed more in Section 4.1). By adding Pd on the deposited
NbO,, a bifunctional catalyst active for the conversion of y-
valerolatone to pentanoic acid was demonstrated. The synthesis
of bifunctional catalysts is particularly important for areas such
as biomass conversion, in which bifunctionality can improve
selectivity by converting highly reactive intermediates that lead
to catalyst fouling and loss of yield.

For photoelectrochemical (PEC) applications, TiO, has been
used to protect photocathodes of Cu,0''® and photoanodes of
ZnO,"” $i,"'® GaAs,''® and GaP.!*® In these examples, ALD
was utilized to demonstrate how the material performance
depended on atomic control of film thickness because the
protective layer must fall within a narrow range for optimal
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performance. Thick films were detrimental to the performance,
and films that were too thin did not impart the desired stability.

Electrochemical water splitting (2H,O() — 2H,(g) +
O,(g), AE = 123 V) has been identified as an important
reaction for its potential as a producer of “green hydrogen”.'"
This reaction typically occurs in highly corrosive environments
(high and low pH, high bias, etc.) which provide a significant
stability challenge for the alkaline electrolyzers, proton
exchange membrane electrolyzers, or solid oxide electrolysis
cells that are commonly used.''” ALD has been used to add
metal oxides to different semiconductor or metal catalysts to
make anode and cathode catalytic materials with improved
activity and stability for water electrolysis, photoelectrolysis,
and photocatalytic water splitting (without a bias).*

Metal oxides are also common catalysts in photoelectrolysis
and photocatalytic water splitting because they can reduce or
eliminate the required bias, and ALD catalysts have made
important contributions in the improvement of these catalysts.
ALD is used to create materials with controlled thickness and
composition and to investigate oxide interface chemistries. In
one example, hematite (Fe,0,) is investigated for PEC splitting
of water due to its abundance and desirable 2.1 eV band gap,
which enables absorption of a s'§niﬁcant fraction of the solar
spectrum (up to ~580 nm);'*’ however, the overall solar
conversion efficiency of traditional hematite electrodes is poor.
To improve the efficiency, hematite is synthesized via ALD, and
other metal oxides such as Mg'*' and Ga'?** are systematically
incorporated, utilizing the atomic control of ALD. The
controlled Mg doping of hematite via ALD allows the creation
of p-type hematite, which when deposited on top of an n-type
hematite leads to an n—p junction that creates a built-in field
that can be used to assist in PEC cells.'*" Other examples
include the deposition of hematite on ALD deposited Ga,O4
and Nb,O; underlayers over fluorine-doped tin oxide. The
presence of Ga,O; and Nb,Oj improves the crystallinity of the
hematite compared with bare fluorine doped tin oxide.'** The
improved crystallinity decreases the density of defects, resulting
in decreased recombination with the back contact. Other oxides
being explored for PEC include WO0,'"** and MnO,"**
Tungsten oxide synthesized by ALD and paired with a
manganese-based catalyst leads to the stabilization of WO; at
pH 7 during PEC splitting of water.'** Manganese oxide ALD
on glassy carbon, which upon heat treatment yields Mn, 03, was
also demonstrated as an excellent catalyst for the oxygen
evolution reaction.'**

Other important applications of ALD in this area of catalysts
include photoanodes coated with a metal oxide ALD layer over
the semiconductor surfaces.""®'*>™'*” It has recently been
reported that ALD of a conformal TiO, layer protects a Si
photoanode against corrosion.'”® The thin ALD TiO, layer
allowed continuous operation in acidic and basic conditions in
100 mW cm™? of simulated solar illumination at 5.1 mA cm™
photocurrent density.125 Very recently, as shown in Figure 7a,b,
over 100 h of continuous operation at a current density of
>0.30 mA cm™> was demonstrated using an ALD TiO,-coated
Si photoanode in conjunction with Ni.'"® A Si photoanode was
also stabilized during water oxidation using an ALD CoO,
coating. This coating made the Si photoanode (Figure 7c)
corrosion-resistant while maintaining a high photovoltage (610
mV) for water oxidation at pH of 13.6.">” Figure 7d shows the
stability of the ALD-CoO,-coated Si photoanode under
simulated solar illumination (100 mW cm™? intensity)."*’
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ALD-deposited SrO,, AlO,, and CeO, films on solid oxide
fuel cell (SOFC) cathodes (35 wt % LagSry4CoOs,
Lay¢Sry4FeO;, or BaySrysCoygFey,0; supported on yttria-
stabilized-zirconia scaffolds) have been used to demonstrate the
effect of ALD modification on the performance of the cathode
for the oxygen reduction reaction (ORR)."*® ALD SrO,, AlO,,
and CeO, coatings decreased the oxygen adsorption ability of
the cathode, thereby deactivating the cathode for the ORR.
ALD SrO, and AlO, films blocked the active surface area of the
electrode, whereas ALD CeO,, films preferentially interacted
with oxygen vacancies on the surface of the electrode,
increasing the impedance.'*® Through the ALD-modified
SOEC studies, it was demonstrated that the oxide morphology,
which can be more easily controlled with ALD, is important for
modifying the performance of perovskite-based electrodes. In
another example, it was reported that ALD ZrO, overcoating
over a SOFC cathode (Lay¢Sry,Co0; s supported on
Lag ¢Srg,Gag g3Mgg 17,055 scaffold) stabilized the
Lay6Sry4Co0; 5 particles and suppressed Sr segregation at the
surface during operation at 700 °C for over 4000 h of
continuous ORR operation.129 In addition, the polarization
area-specific resistance and degradation rate of the ALD
electrode decreased by factors of 19 and 18, respectively,
compared with an analogous non-ALD electrode.'”

Catalysts synthesized by ALD have also been used for solar
water splitting with visible light without using a bias."*® A
plasmonic photocathode was prepared that consisted of ALD
TiO,-coated gold nanowires capped with Pt nanoparticles.
Three thicknesses of ALD TiO, film (8, 12, 21 nm) were
studied, and it was concluded that an 8 nm TiO, thickness gave
rise to the highest photocurrent (—18 pA cm™2), another
example of how the superior precision of ALD can be used to
improve catalyst performance.*® In another example, H, was
produced via water splitting, with a high-temperature redox
cycle using CoFe,0, deposited on different substrates (ALO,
or ZrO,) by ALD."*""3* It was shown that the ALD CoFe,0,/
Al,O;-based water splitting, with isothermal redox cycle at 1623
K, generated over 6 times more H, than non-ALD ceria-based
water splittin% catalysts with traditional temperature-swing
redox cycles."*” The ALD CoFe,0,/Al,0; was also effective for
CO, splitting to CO and O, after reduction at temperatures
150 K lower than traditional iron oxide- and ceria-based
materials."*® In this example, the compositional control and
improved interfacial area between the materials that was
achieved by ALD was crucial to the improved catalytic
performance.

The envisioned application for the H, that would be
produced in the preceding examples could be for the
production of electricity in fuel cells or the hydrogenation of
CO,. Methanol was produced via CO, reduction with water
using ALD TiO,-coated p-GaP photocathodes having different
ALD TiO, thickness with the TiO, preventing corrosion of the
GaP. In addition to stability, the ALD TiO, layer enhanced
efficiency of the process by forming a pn-junction with the
underlying GaP. The increase in the TiO, layer thickness from
1 to 10 nm led to the shift in overpotential from 0.1 to 0.5V,
demonstratin§ how ALD can be used to tune the final
performance.** ALD has also been used to control the
dispersion of metal nanoparticles (which is discussed in more
detail in the next section) and metal loading for electrodes of
proton exchange membrane fuel cells (PEMFCs).**'*> The
catalytic activity of Pt and the efliciency of PEMFCs depend on
the Pt loading and its dispersion on the support materials, such
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as CNTs. It has been an important challenge to control Pt
loading and dispersion on the support for PEMFCs. Previous
methods to deposit Pt on the support have low productivity
and high Pt loading. ALD not only provided uniform dispersion
of the Pt on the CNTs but also allowed the Pt loading on the
CNTs to be controlled from 0.02 to 0.10 mg cm ™2 by changing
the number of ALD cycles from 100 to 400 cycles, with the
resulting ALD-synthesized Pt electrode having 11 times higher
specific power density than commercial electrode.”®

3.2. Challenges and Outlook. The importance of the
interplay between structure and performance for catalysts is
well-known, but despite significant advancements in the
characterization of catalysts and catalytic processes, it is often
challenging to achieve atomic level understanding of detailed
structure—property relationships. Many industrial catalytic
processes (e.g, oxidation/combustion, pollution remediation,
acid catalysis/zeolites, etc.) involve a metal oxide as the active
phase or as the support, but there are very few examples in the
open literature in which the structure—property relationships
have been elucidated in a generalizable way such that they can
be used as a fundamental basis on which to design improved
materials. Much of the challenge is due to advancements in
controlled synthesis lagging behind analytical advancements,
where many examples of atomic resolution have been
demonstrated.

Atomic layer deposition is poised to close this gap, given its
atomic control over the metal oxide thickness and composition.
These two important features of ALD facilitate the develop-
ment of catalyst fundamentals because the process can be
coupled with powerful analytical techniques, such as Fourier
transform infrared spectroscopy (FTIR),* electron micros-
copy,'""*® X-ray absorption spectroscopy (XAS),"*”'** X-ray
diffraction (XRD),"** X-ray photoelectron spectroscopy
(XPS),""*'* quadrupole mass spectrometry (QMS),'*' and
quartz crystal microbalance (QCM),***' which allow in situ
and operando characterization of catalytic structures and
processes. Significant insight can be gained from the
incorporation of an ALD system with a synchrotron X-ray
source, which would enable in situ XAS and XRD experiments.
To date, this type of in depth analysis is missing from many of
the studies of ALD catalysts, in which the novel ALD materials
are often simply compared with materials made by more
traditional means without elucidating the reasons for the altered
performance. The stepwise, bottom-up approach of synthesiz-
ing metal oxides via ALD enables the observation of how the
oxide structure evolves from an isolated metal-oxo species into
its bulk form, and by manipulating the conditions of the
synthesis, it is possible to probe the mechanisms of defect
formation and elimination as well as probe the controlling
variables that determine crystallinity. The capabilities of ALD
enable studies to address fundamental problems, such as when
a metal oxide starts to exhibit bulk properties, what the nature
of the Lewis and Bronsted acid structures in amorphous silica—
alumina are, and how these properties depend on the local
environment. Moreover the “digital” nature of the synthesis
virtually eliminates variations that can arise from sample
handling and preparation.

Although ALD holds great promise in catalyst synthesis and
in understanding fundamentals of catalysts and catalytic
processes, important challenges remain. As mentioned
previously, a deeper understanding of structure—property
relationships is necessary for the optimization and improve-
ment of current catalysts. ALD-derived metal oxide catalysts
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often outperform catalysts derived from traditional approaches,
such as impregnation and precipitation, in terms of at least one
of the three important aspects of catalyst performance (activity,
selectivity, and stability); however, despite the potential,
shifting catalyst synthesis away from the traditional techniques
is hindered by the scalability and cost of current ALD
technology for catalyst synthesis. In addition to eventual
advancements in ALD reactor design, the ability to build
catalytic sites with superior performance using less cycles of
ALD should help to offset the cost. However, further lab scale
demonstrations of proofs-of-concept showing superior catalytic
properties of ALD-derived catalysts are needed to continue
motivating research on scale—up of this technology for
catalysis.

4. ALD FOR SUPPORTED METAL CATALYSTS

4.1. Support Modification and Synthesis. Although
ALD oxide films can be deposited and directly used as catalysts,
as was discussed in the previous section, the conformal nature
of metal oxide deposition by ALD makes it possible to prepare
a high-surface-area catalyst support, with a tunable pore size,
composed of any ALD-deposited thin film by simply coating a
conventional high-surface-area platform, such as SiO, or AL, O;.
Alternatively, more unconventional sacrificial templates, such as
polymer, may be used as well.'** Other, atypical platforms, such
as catalytic nanoliths, single crystals, and nanoporous bulk
metals such as §01d can also be prepared as supports using this
approach.”*”'" Because most of the catalytically interesting
metal oxides can be deposited by ALD (e.g., TiO,, ALO;, ZrO,,
Ce0,), the ability to make practical supports of these oxides
considerably expands the scope of possible catalyst materials.
Synthesis of even high-surface-area, multicomponent mixed
oxide supports should be possible. Although the support is not
often considered to be directly involved in the catalysis, there
exist innumerable applications in which the nature of the
support does have significant implications in catalyst perform-
ance, and the ability to systematically vary the nature of the
support via ALD should help provide valuable insight into the
role of the support materials.

An interesting example of support synthesis by ALD and its
impact on catalysis can be found in work studying support
effects in liquid-phase reforming of 1-propanol by supported
Pt.'* The catalysts were prepared by coating nonporous
NanoDur spherical alumina with 20 ALD cycles of TiO, or
CeO,, followed by deposition of Pt using 1 ALD cycle. In this
way, observed differences in reaction kinetics can only be due
to the change in the support surface because surface area,
porosity (in this case, none), and metal deposition were the
same for all of the catalysts. In a comparison of the two ALD-
coated samples with the catalyst prepared by deposition of Pt
directly on the NanoDur, TEM analysis showed that the Pt
particles deposited on the TiO, and CeO, deposits were
significantly smaller and possessed a narrower size distribution.
After reaction, the particle size had increased, but the Pt
particles were measurably larger when using the bare alumina
support than they were with supports consisting of TiO, or
CeO, ALD thin films. This behavior was a convincing
indication of a stronger interaction between the Pt and CeO,
and the Pt and TiO, supports. In addition, the Pt/TiO, also
showed twice the activity of the catalysts using alumina or ceria
supports, more than could be accounted for based on increased
dispersion alone, suggesting the support does more than
provide surface area for dispersion.
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Figure 8. STEM images of (a) 1 ALD cycle of Pd on AlO,-coated SiO,, (b) 4 ALD cycles of Pd on AlO,-coated SiO,, and (c) 15 ALD cycles of Pd
on AlO,-coated SiO,. (d) The particle size distribution of 15 ALD cycles of Pd on AlO,-coated SiO, and (e) the measured metal loading as a
function of Pd ALD cycles demonstrate the exceptional control of particle size available by ALD. Figure reproduced with permission from Lu et al.
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A solution-phase analog to the gas phase ALD support
modification has been demonstrated for rhenium oxide-
catalyzed 2-butanol dehydration.'*> In this study, ReO,
supported on mesoporous silica (SBA-15) is compared with
the same support modified by alumina, deposited from toluene
and ethanol solution using aluminum isopropoxide. ReO, on
the pure silica support exhibited the highest initial activity but
showed significant deactivation after ~2 h of reaction. The
activity of the catalyst using the alumina-modified silica support
was lower initially, but better maintained its activity. After 3 h,
the catalyst with the modified support had higher activity than
the materials using pure silica. Strong interactions between the
ReO, and the alumina were inferred from>’Al NMR, which
suggested bonding between rhenium oxide and acidic $-
coordinate aluminum, elucidating the way that ReO,, anchors to
the support, and ac-HAADF STEM, which showed improved
resistance to sintering and the formation of raft-like structures
on the alumina-modified silica.

4.2. Monometallic Nanoparticle ALD. Like much of the
pioneering work on ALD, the potential to better control the
composition, density, and size of supported metal catalysts was
first described in a Finnish patent from the group led by
Tuomo Suntola at Microchemistry Ltd. in 1992'*® and later
described in an article by Lakomaa from the same group.'*’
The concept of controlling the particle size by preparing the
support with appropriate ALD layers, by the nature of the metal
precursor, and the reaction temperature were all contained
therein. The deposition of Cr was one of the examples cited,
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and the concept is also summarized in a review by Ribeiro and
Somorjai in 1994.'**

To the best of our knowledge, the earliest report of a
supported metal catalyst prepared by ALD in the open
literature (referred to as ALE in the publication, and excepting
early Soviet work on ML published only in Russian) was nickel
on alumina prepared using Ni(acac), and air as the A and B
reagents, respectively.'®® This report was issued at nearly the
same time as the review by Ribeiro and Somorjai.'*® The
catalyst activity for toluene hydrogenation was determined for a
series of materials with increasing Ni content obtained by
increasing the number of ALD cycles. The catalyst showed no
activity after the first cycle, but the activity per gram of Ni
increased with loading, passing through a maximum before
declining. This behavior is similar to Ni/alumina materials
prepared by conventional methods and is attributed to the
catalytic requirement for metallic nickel, which is formed only
when nickel ensembles of sufficient size are present.'*’ As
compared with other supported metal NP systems described
later, the ALD deposited nickel in the Ni/Alumina material
deposits in a cationic form, and when the loading is sufficient,
reduces to metallic Ni under the reducing conditions of the
toluene hydrogenation. This example illustrates how the
extraordinary control of the metal nanoparticles can help to
elucidate the nature of the catalytic active site. More recently,
nickel supported on silica catalysts for dry reforming of
methane were prepared by ALD."*® Compared with traditional
methods of preparation, the ALD materials were characterized
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by much higher dispersion and more uniform particle size.
These materials exhibited better performance for methane
reforming than unsupported NiO materials in terms of
selectivity and stability against coke formation.

An ALD process to prepare supported palladium nano-
particle catalysts has been demonstrated and studied for
methanol decomposition.”” The process makes use of Pd(II)
bishexafluoroacetylacetonate (Pd(hfac),) as the metal precur-
sor (A reagent) and formalin, a mixture of methanol and
formaldehyde, as a reducing agent (B reagent) to form metallic
palladium.">" Two supports, ZnO-coated silica gel and AL O5-
coated silica gel, were employed. The ALD process produced
highly dispersed, highly uniform Pd particles with dimensions
of 1—2 nm. Further work to tune the Pd particle size explored
the role of reaction temperature and blocking of surface
hydroxyl groups using reaction with ethanol or trimethylalu-
minum.”* It was found that by lowering the ALD growth
temperature from a typical value of 200 to 100 °C, the Pd
particle size distribution narrowed, with an average size of 0.8
nm (SD = 0.2 nm) and approximately the same loading as
produced by the higher temperature growth.”” The TOF
observed from the smallest particles was ~2 times that of larger,
2 nm Pd particles. Similarly, the space time yield of hydrogen
production from methanol decomposition was 2 times that of a
conventional Pd/alumina catalyst prepared by incipient wetness
impregnation of PdCL,.'*> This example illustrates how ALD
can be used to obtain the practical goal of increased dispersion
and activity while simultaneously helping to elucidate catalytic
fundamentals such as structure sensitivity of a reaction through
careful control of the particle size.

In addition to Pd, ALD preparation of catalyst materials
containing Pt, 537156 Rh 153 Ry 153157 [ 153158159°,4 266 o
supports ranging from carbon, silica, alumina, and titania have
been described, among others, representing most of the
catalytically interesting late transition metals. In addition to
Pd, characterization of particle size and study of the growth
mechanism have been performed for Pt %15 1p 158 and Ag,66
with the majority of catalytic experiments having been
conducted using materials containing supported Pt and Pd.
Generally, the nanoparticle size depends primarily on the
deposition temperature and the number of deposition cycles.
Nanoparticles in the range of 1—3 nm with small deviations
(Figure 8) are typical of most metals, although with Ag, the size
is larger. The catalytic reactions that have been studied over
these materials include methanol decomposition,®”””* oxidative
dehydrogenation,lo’160 propane combustion,” and CO oxida-
tion.">® In addition, tandem reactions have been described for
liquid-phase ether hydrogenolysis by a lanthanide triflate and
supported Pd combination, an important reaction for the
potential utilization of lignin,161 and for an enzyme and
supported Pd combination used for stereoselective trans-
formations potentially useful in the pharmaceutical industry.'®>

Most heterogeneous catalysts are synthesized with techni-
ques or supports in which atomic scale control and character-
ization of multiple components at the catalytic surface is
difficult.'®® This difficulty leads to considerable uncertainty
about the surface composition and atomic arrangement and is a
major impediment in understanding catalytic performance at
the atomic scale and designing improved materials. The
uniformity of supported nanoparticle size achieved with ALD
provides the means to overcome one source of inhomogeneity
in solid catalyst materials. When combined with highly uniform,
crystalline support materials, this aspect of ALD nanoparticle
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synthesis provides the opportunity to investigate the inter-
actions between supports and metals with atomic detail. One
such combination has been the study of Pt nanoparticles on
single crystal SrTiO; (STO) nanocuboids. The STO support,
when prepared under the proper conditions using hydro-
thermal synthesis, adopts a cuboidal nanoparticle shape with
dimensions in the range 10—100 nm and facets in the (001)
surface orientation."® Furthermore, it is possible to control
whether the facets are terminated by TiO, or SrO layers.
Nanoparticles of Pt (or any metal) supported on the facets have
shapes that are thermodynamically controlled according to the
so-called “Winterbottom construction,”165 which is analogous
to the Wulff Construction'® but includes the interfacial free
energy between metal and support. In a demonstration of the
control of the formation and growth of nanoparticles, high-
resolution electron microscopy was used to show that the
supported ALD-Pt nanoparticles adopt the Winterbottom
construction.'*® Essentially, the nanoparticles appear with the
Wulff shape truncated by the plane of the support. The
orientation of the truncation plane depends on the epitaxy
between metal and support, which for Pt and STO is cube—
cube. When the support composition changes from SrTiO; to
Ba; sSrysTiO;, the lattice mismatch energy increases, as does
the corresponding interfacial energy, as evidenced by the
appropriate shift in the truncation plane.'”” When used in the
catalytic hydrogenation of acrolein, Pt supported on SrTiO;
was more selective for the allyl alcohol product, as expected for
nanoparticles with the Winterbottom construction because of
their higher proportion of (111) facets. This demonstrates a
predicted structure—function relationship that was proven by
experiment. This result would not have been evident or as
convincing without the uniformity of particle size, and
consequently active sites, obtained from the ALD synthesis
that leads to an essentially ideal model catalyst. Further insights
and experimental proofs can be anticipated in the future with
the application of this strategy to other systems or with the use
of ALD oxide overcoats on supported metal nanoparticles, as
described later.

4.3. Bimetallic Nanoparticle ALD. The addition of a
second metal component to a supported metal nanoparticle
catalyst provides an additional level of flexibility and complex-
ity. Not only are there variations in particle size and shape with
which to contend, but also variations in particle composition
and elemental arrangement of the metals into core—shell or
intimately mixed structures. This flexibility and complexity,
however, leads to significant inhomogeneity in catalysts
synthesized by traditional techniques. This in turn has
significantly hindered the fundamental understanding of the
nature of the active site in bimetallic catalysts and limited the
rational development of improved materials. The capability to
prepare uniform catalytic materials by ALD significantly
reduces this variability and facilitates the ability to understand
the experimental catalytic results they produce.

The preparation of bimetallic nanoparticles on high surface
area supports usin% ALD has been demonstrated for PtRu,”®
PdRu,® and PtPd®” systems. A primary goal of the synthesis
strategy is to prepare materials with exclusively bimetallic
nanoparticles and no monometallic nanoparticles. With the
proper selection and sequence of reactions, it is possible not
only to meet this goal but also to controllably form core—shell
or well mixed bimetallic nanoparticles with a given pair of
metals. An example of what can be achieved is presented for the
PtPd system (Figure 9).*% The strategy is to deposit the two
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Figure 9. EELS line scan across a single Pd/Pt nanoparticle. (a) The
position of the line scan is indicated in the HAADF-STEM image. (b)
Only Pd (blue squares) could be detected by EELS because the Pt
signal appeared to be too weak. The HAADF brightness profile (red
circles) displays the full diameter of the particle (~5.5 nm). The Pd
signal was detected only in the core (~3.5 nm wide) of the particle.
Figure reproduced with permission from Weber et al. Copyright 2012,
American Chemical Society.*’

metals sequentially at a low reaction temperature where the rate
of deposition on the oxide is slow compared to the rate of
deposition on previously deposited metal nanoparticles. Thus,
core—shell nanoparticles of the type Pd@Pt (Pt core, Pd shell)
and Pt@Pd (Pd core, Pt shell) are formed by simply changing
the sequence in which the two metals are deposited at 150 °C:
MeCpPtMe;—0;—n[Pd(hfac),—H,] and Pd(hfac),~HCHO-
n[MeCpPtMe;—0,], respectively. In the first case, Pd
selectively deposits on the Pt when H, is used as the B
reagent. Likewise, Pt deposits selectively on Pd when O, is the
B reagent. The number of cycles used for each metal, n, is
chosen depending on the desired particle size and thickness of
the shell.

A more subtle strategy is required to deposit well-mixed PtPd
alloy nanoparticles using an ABC ALD approach. In this case,
the sequence is MeCpPtMe;—0,—H,—Pd(hfac),—H,—0,.
The 6-step sequence is then performed through a number of
cycles, depending on the desired size of the nanoparticles. The
H, treatment prior to Pd(hfac), converts the Pt oxide shell to
the metallic state, which enhances Pd deposition. The O,
treatment at the end of the sequence, prior to MeCpPtMe;,
forms the oxide skin, which is the preferred reaction surface for
the Pt precursor. Both ac-HAADF STEM images and CO FTIR
measurements demonstrate that the nanoparticle growth
proceeds as desired.® In addition, simple catalytic tests using
propane ODH over PtPd’ and methanol decomposition over
PtRu® bimetallic nanoparticles demonstrate enhanced activity
when compared with the physical mixture of the two
monometallic catalyst materials.

4.4. Challenges and Outlook. The ability to achieve
atomic control of the size, density, composition, and structure
of monometallic and bimetallic nanoparticles makes ALD an
exceptionally powerful tool for catalysis research. Furthermore,
it is an excellent way to maximize the benefits of high surface
area supports, with ALD deposition having been demonstrated
on metal organic frameworks,168 aerogels,156’169 zeolites,’
carbon nanotubes,””** and graphene.'”® The investigation of
controllable parameters involved in the deposition processes
(such as choice of reagents, temperature, and flux) is in its
infancy. Continually expanding the flexibility of the ALD
technique by widening the potential precursors, conditions, and
resulting materials should be considered a primary goal, but
searching out applications for the new catalyst materials and
carefully elucidating why ALD materials perform better (or

1817

worse) at an atomic level rather than simply comparing the
catalysts is at least as important. Expanded synthesis flexibility
will allow for better elucidation of catalyst active sites as well as
improved yield of the desired active site during catalyst
synthesis. With continued improvements and understanding of
the ALD chemistry, longstanding fundamental questions
concerning structure sensitivity, the atomic structure of active
catalytic sites, the site composition, and the dynamics of these
properties under reaction conditions will be much more readily
answered with highly uniform catalysts made possible by ALD.
The synthesis of these controlled materials is especially critical
for drawing conclusions from bulk characterization techniques,
such as XAS, which rely on an assumption of uniformity (an
assumption that is often downplayed and likely not met in
many characterization studies of bimetallic materials). The
potential control over nanoparticle size, composition, and
shape, provides ALD the potential to be transformational in
terms of how fundamental heterogeneous catalysis research is
performed, helping to bridge the gap between molecular
catalysts and heterogeneous catalysts by narrowing the
distribution of possible active sites in a material and providing
unprecedented control over the chemical properties and
electronic structure of the nanoparticles.

5. NANOPARTICLE ALD OVERCOATING FOR
CATALYSIS

5.1. Overcoating Metal Nanoparticles. An area of ALD
application in catalysts conceptually related to bimetallics is the
overcoating of supported catalysts. Whereas the creation of
bimetallic catalysts relies on the atomically selective potential of
ALD to deposit the second component so that it is chemically
associated with only the first, overcoating leverages the ability
of ALD to create conformal films over the high aspect ratio
surfaces that result from depositing nanoparticles onto porous
supports.

The first demonstration of utilizing fluidized bed ALD to
coat particle surfaces was the use of TMA to deposit AlO, films
on boronitride particles,'”" and the demonstration of ALD on
metals was soon to follow with the deposition of AlO, onto Ni
particles.'”> Although these early examples were not applied as
catalysts, the demonstration of ALD coating of particles was an
important technical development. The idea and successful
demonstration of overcoating metal nanoparticles did not
originate with the use of ALD. In fact, it was predated by
different methods, including sol gel, precipitation, and CVD
techniques that have been highlighted by others'’*'”* (and
references within) and is conceptually similar to the effects of
strong metal support interactions.>'”> However, these
techniques have the significant downside that they often result
in relatively thick, porous, and agglomerated overcoating films
with little control over the resulting properties, whereas it has
been shown that primary particles can be coated with
controlled, nanothick, and initially pore-free ALD films.'7¢
The advantage of ALD that was realized in these early examples
was the atomic level control that the technique provides, with
subnanometer control over film thickness being orders of
magnitude better than more primitive techniques. In addition,
the conformal nature of ALD enables the synthesis of more
homogeneous materials with a decreased number of film
defects.

Figure 10 illustrates four strategies (types I-IV) that have
been used to date to modify supported metal nanoparticle
catalysts using ALD overcoats. In these examples, the support
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Figure 10. Four strategies for modifying supported metal nano-
particles using ALD overcoatings: (a) type I, nanobowl synthesis; (b)
type II, metal nanoparticles isolated in nanobowls; (c) type III,
selective decoration of nanoparticles; and (d) type IV, complete
overcoating, followed by heating to induce nanoscale porosity. Gray
represents the support material, black represents a metal nanoparticle,
red represents the ALD overcoat, and green represents a removable
grafting or template molecule.

(typically a hydroxylated metal oxide surface) is represented by
the gray rectangle, the nanoparticle is the black circle, and the
ALD coating is the red layer. In type I (Figure 10a), the active
phase is first protected by grafting a molecular species (green)
intended to block or inhibit the subsequent ALD process to
prevent growth. For instance, the protecting species can be a
bulky organic moiety, such as a calixarene or adamantane-
carboxylic acid. Next, atomic layer deposition is performed to
deposit a film, but the resulting layer grows only on the support
surface and not on the blocking group. Finally, the blocking
group is removed, for example, by oxidation using ozone,
oxygen radicals, or by heating in O,. The net result is a
“nanobowl” with radius dictated by the size of the blocking
group and depth determined by the thickness of the ALD layer.

In type II (Figure 10b), a metal nanoparticle can be isolated
at the bottom of a nanoparticle by choosing a blocking or
protecting group that selectively and strongly binds to the metal
nanoparticle, such as hexafluoroacetylacetonate. In many cases,
the blocking group could also be the original ligands of the
metal precursor. These nanobowls can protect the nanoparticle
against sintering and also provide size and shape selectivity to
the catalyst.

In Type III (Figure 10c), the supported nanoparticle is
subjected to a small number of ALD cycles (typically 1—10)
such that both the nanoparticle and the support become at least
partially coated but the film is intentionally discontinuous on
the metal. The ALD coating on the support serves to stabilize
the particle against agglomeration while the material deposited
on the nanoparticle surface can inhibit coking, tune the catalytic
selectivity, and reinforce weakly held low-coordination sites on
the surface. These effects derive from selective growth of the
ALD material on certain crystalline sites on the metal
nanoparticle (such as defects, edges, and high index planes),
leaving other sites uncoated (such as terraces and low index
planes) and, therefore, available for catalysis.

In Type IV (Figure 10d), both the metal and support are
completely overcoated with an ALD film several nanometers
thick. In this state, the catalytic activity of the nanoparticle and
substrate are completely eliminated since it is not possible for
any compound to access the active surface. However, heating
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the sample densifies the ALD layer and induces nanoscale
porosity that restores access to the nanoparticle surface. The
net effect of this procedure is that the metal nanoparticle is
protected against sintering and dissolution by the thick coating,
but catalytic activity is achieved via the pores. Moreover, the
size of the pores may be controlled by the temperature and
duration of the heat treatment to introduce size or shape
selectivity similar to a molecular sieve. Reordering of the ALD
layer on the metal surface can preferentially expose certain sites
on the nanoparticle surface (similar to Figure 10c) to further
modulate the catalyst selectivity. In the future, it is possible and
even likely that variations and extensions of these four types of
ALD overcoating will be demonstrated.

One example of type I overcoating is demonstrated in the use
of TiO, nanoparticle photocatalysts. By grafting of a calixarene
template onto the TiO, nanoparticle, part of the TiO, surface
was protected during subsequent ALD of an AlO, overcoat.”’
Following ALD, the template could be removed, leaving behind
a nanobowl that exposed at its bottom the photoactive TiO,
(with size controlled by the size of the template employed, see
Figure 10a). Using this method, the size selectivity of the
photo-oxidation of substituted alcohols could be improved by
nearly an order of magnitude. Similarly, by using the correct
protecting groups, supported metal nanoparticles could be
isolated at the bottom of similarly synthesized nanobowls,
providing the ability to add size selectivity to the catalyst as well
as provide a physical barrier to sintering via nanoparticle
agglomeration (Figure 10b)."””

Covering the surface of a catalytic metal nanoparticle by a
thick ALD coating can lead to the loss of catalytic activity;'®
however, numerous methods have been developed that allow
for selective re-exposure of the nanoparticles underneath.'”*
One such method utilizes the exceptional thickness control of
ALD to deposit submonolayer films (type III, Figure 10c). By
controlling the bulkiness of the precursor ligands to physically
space out the deposited precursors or by detuning the ALD
synthesis parameters to achieve lower growth rates, films with
coverages far below a monolayer can be produced.
Furthermore, in some cases, the ligands of the ALD precursors
can poison the ALD substrate, blocking the sites for precursor
adsorption and limiting the amount of precursor deposited.
This situation was utilized in the deposition of AlO, onto Pd
nanoparticles used to catalyze the decomposition of meth-
anol."”® In addition, this application demonstrated the benefit
of ALD overcoating because despite blocking some of the active
sites of the Pd nanoparticle, the ALD prevented the sintering of
the catalysts, which actually had the effect of increasing the rate
at longer times.'>'"'”

By initially sacrificing part of the exposed active surface area,
similar overcoating approaches have also been utilized to
stabilize precious metal nanoparticles and preserve more of the
active surface area in the long term. One such approach that has
been demonstrated is the use of MLD overcoats consisting of
alternating cycles of TMA and ethylene glycol over supported
Pt nanoparticles.'* After a thick shell of the MLD overcoat is
deposited, the carbonaceous component can be removed by
calcination, leaving behind a porous shell that re-exposes the Pt
underneath. Further demonstrating the potential high degree of
control of ALD or MLD, the resulting size of the pores in the
overcoat can be manipulated by altering the carbonaceous
precursor.'”” The use of larger precursors results in a larger
pore size, imparting a tunable degree of size selectivity to
supported metal nanoparticles (type IV, Figure 10d).
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The most commonly employed method for re-exposing the
overcoated active phase is through thermal treatment (type IV,
Figure 10d). As examples, this method has been utilized for
ALD coatings on Au for CO and H, oxidation'® and on Pd for
oxidative dehydrogenation of ethane.'® This method does not
require organic precursors like MLD, potentially simplifying the
synthesis, and it can be utilized to provide porosity even in
relatively thick overcoat films. This approach is important
because while in many cases thinner overcoats will be preferred
to maximize rates per gram and minimize loss of active surface
area, it is possible to envision scenarios where it is desirable to
utilize the overcoat for additional applicability, as discussed
later. In such cases, thicker overcoats could potentially offer
offsetting benefits. The AlO, overcoated Pd catalyst system was
also key in the development of fundamental understanding of
how the ALD overcoats interact with nanoparticles. Using
FTIR spectroscopy and DFT calculations, it was shown that the
deposited ALD precursors would selectively interact with the
high-energy, low-coordination surface sites of metal nano-
particles.”'® These sites are believed to be responsible for the
sintering and Ieachin§ phenomena that lead to irreversible
catalyst deactivation.'*” The ability to selectively protect the
most susceptible sites with atomic precision, while maintaining
the catalytic activity of the rest of the nanoparticle is a primary
example of what makes ALD such a potentially powerful
catalyst synthesis technique.

Another useful application of ALD coating is the stabilization
of base metal catalysts such as Cu, 713138181 o016 40
Ni,'”'®* which are prone to irreversible deactivation like such as
and leaching, especially in the liquid phase, which is critical for
applications in future biorefineries. There are instances in which
these less expensive catalytic materials can perform the same
chemistry as their more expensive precious metal counterparts;
however, they deactivate quickly and become impractical
alternatives.

The demonstration of nanoparticle stabilization of base-metal
nanoparticles by ALD was done with a Cu/y-AlL,O; catalyst
overcoated with AlO,, which was used for the hydrogenation of
furfural in the liquid phase."'~**"** AlO, overcoats on CuCrO,
were also used to stabilize catalysts for the hydrogenation of
furfural in the gas phase.'®’ This reaction is industrially
important, with over 250 000 tons of production per year over
copper catalysts."® These examples of ALD overcoating of
copper were an important breakthrough for the concept of
stabilization of nanoparticles because it generalized the
technique (precious and base metals) and the conditions in
which it could be applied (high temperature gas and liquid
phases). The fundamental knowledge about the interactions
between the overcoat and the nanoparticle were extended from
the prior work on the Pd/y-Al,O; catalysts. Subambient FTIR
and scanning tunneling microscopy were used to demonstrate
the atomic selectivity of ALD, showing the selectivity for initial
deposition on low coordination sites and maintenance of that
selectivity for low coordination sites after exposure to high
temperature thermal treatments to open porosity in the
overcoat.'! An examination of how the overcoat changes to
become porous while maintaining its stabilizing interaction was
also probed with XRD and solid state NMR, suggesting that
formation of small crystallites in the amorphous ALD films play
an important role in pore formation."" Finally, in a first of its
kind measurement, liquid-phase operando XAS measurements
were used to measure particle sintering simultaneous to kinetics
measurements to elucidate mechanisms of catalyst deactivation
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for liquid-phase furfural hydrogenation over Cu/y-Al,O;
throu%hout its time on-stream and during catalyst regener-
ation.®® The Cu/y-ALO; system is an example of how ALD
can be used to advance practical objectives (improvement of
base-metal catalyst stability) as well as develop fundamental
scientific knowledge (ALD film/nanoparticle interaction and
mechanisms of Cu/y-AlL,O; deactivation in the liquid phase).

The generalization of utilizing ALD to stabilize nanoparticles
has continued as researchers have extended the applicability of
the technique. TiO, overcoating on Co particles was used for
furfuryl alcohol hydrogenation, demonstrating the use of oxides
other than AlO,'® This work highlighted an important
challenge as well as a strength of ALD overcoating. The
combination of AlO, overcoats with Co nanoparticles were
shown to form a catalytically inactive cobalt aluminate phase
after exposure to relatively moderate temperatures. This
example underscores the challenge of materials compatibility
between the overcoat and the nanoparticle and highlights an
area where significant potential for rational design led by
techniques such as DFT exists. Further generalization of ALD
overcoating has been demonstrated by overcoating TiO, on Ni
nanoparticles to reduce coking'®* and MLD of alucone to
stabilize Ni for the dry reforming of methane."”

5.2. Functionalizing Overcoats. An emerging area of
investigation is learning to manipulate the atomic control of
ALD to further utilize the overcoat by imparting additional
functionality to it. An early example of the overcoat having a
functional role was its use to optimize photonic effects in TiO,
photocatalysts by ALD coating Ag nanoparticles with atomi-
cally controlled thickness."®* The atomic control was necessary
both to elucidate the dependence of the photonic effects on
spatial distribution and to create a material with optimized
properties. Another example included the introduction of NbO,
overlayers with a protecting AlO, overcoat on Cu nanoparticles
to create a bifunctional catalyst.”> This proof-of-concept
example demonstrated how ALD can be used for process
intensification by combining two reactions into one catalyst.
The approach could be especially important when one of the
reactions creates a highly reactive intermediate that can lead to
carbonaceous deposits on the catalyst, a common occurrence in
biomass refining. The addition of bifunctionality can ensure
that the highly reactive intermediate is converted to a more
stable product before its concentration is allowed to
accumulate. Alternatively, rather than the addition of
bifunctionality through the introduction of an additional active
site, moderation of undesired overcoat activity through control
of the overcoat thickness or composition has also been
demonstrated. In this example, it was shown that decreasing
overcoat thickness could decrease deactivation while increasing
rate of furfural hydrogenation by decreasing the number of acid
sites in the overcoat that lead to furfural resinification and pore
blocking.13 Building on that success, it was also shown that the
controlled addition of basic MgO,, into an AlO, overcoat could
further reduce the number of acid sites in the overcoat, further
decreasing the rate of deactivation."

5.3. Outlook and Challenges. ALD overcoating has
demonstrated remarkable selectivity toward deposition on high-
energy, low-coordination sights on nanoparticle surfaces. Thus,
ALD can be used to design more selective catalysts for
reactions in which undercoordinated active sites catalyze
unfavorable side reactions, as was shown for Pd and Ni
catalysts on which coking side reactions were reduced after the
introduction of ALD or MLD overcoats."”"” Perhaps more
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importantly, for reactions in which the mechanistic under-
standing is not as well understood or has not been
experimentally verified, ALD can be used to synthesize selective
nanoparticles in which the defect and low coordination sites
have been eliminated by the use of ALD overcoatin§ with a
material that is inert for the chemistry under study.'®

ALD overcoating would also be a powerful tool for
examining mechanisms in which the support is suspected to
play a significant role. ALD could be used to completely cover
the support before deposition of the nanoparticles, changing
the support chemistry without significantly altering the final
morphology. The same approach could also be used to
synthesize inverse catalysts that would result in an increased
number of sites where metal and support material are in
intimate contact.

As highlighted above, ALD overcoating provides numerous
opportunities for practical solutions as well as scientific insight.
However, many challenges remain to be addressed. One
particularly important issue that was mentioned previously is
the issue of materials compatibility.'® Materials need to be
chosen that will ensure either proper segregation or intermixing
at the interface, depending on the application of choice.
Although there is significant prior art in this area from materials
science and metallurgy, more study is needed to understand
how this knowledge transfers to the atomic scale. To leverage
the advantages of atomic selectivity and precision provided by
ALD, the interfacial integrity must be strictly maintained, as
opposed to the case of thick films and bulk materials in which
the characteristic lengths may be nanometers or micrometers
rather than angstroms or atoms. This is an area in which
theoretical studies should be particularly useful in interpreting
experimental observations and for screening classifications of
materials for compatibility to guide future experimentation.

Another challenge is to identify precursors, conditions, and
methods (e.g, masking or templating) that could favor
deposition onto highly coordinated facets rather than low
coordination defects and edge sites. As of now, the
demonstrated ALD systems always show preference for initial
deposition at low coordination sites. In cases that these low
coordination sites are responsible for the chemistry of interest
(e.g, many Au-based catalysts), this is an obvious obstacle to
employing ALD overcoating. In addition, there are cases that
the overcoat could have negative secondary consequences, as
was the case with the AlO, films deposited on Cu catalysts that
led to increased blocking of the nanoparticles by coking
reactions."®® In such cases, creative solutions and alternatives to
mitigate such unintended consequences need to be explored, as
was done with the addition of MgO, to decrease acidity and
coking."?

Enhancement of nanoparticle stability is a critically important
and already established practical application of ALD, especially
for biomass conversion in the liquid-phase. This is an
application (the production of “green chemicals”) that may
justify what is currently an increased cost of making an ALD
catalyst. Althugh stabilization of metal nanoparticles is a
significant advancement, many opportunities to expand the
impact of ALD overcoating still exist. Whereas ALD of oxides,
metals, and bimetallics, offers the ability to finely control the
distribution of active sites, overcoating with ALD enables the
ability to structure microenvironments around an active site
and create catalytic architectures. This approach includes the
potential to finely tune the spatial distribution of the two active
sites to optimize activity and selectivity or modify the
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composition of the overcoat to alter the hydrophobicity inside
the pore (Figure 11). In addition, one can envision tuning the

K’_— Solid Solvent Microenvironment ﬁ

v

Hydrophobic

Bifunctional

Figure 11. An example of the potential for a tailored active site
surrounded by a microenvironment that could be created with the
combination ALD/MLD and polymer overcoating. Figure reproduced
with permission from Schwartz et al. Copyright 2014, American
Chemical Society.”

acidity of an overcoat layer by atomically controlling the
composition to maximize the desired reactions without
catalyzing the formation of less favorable and unwanted side
products. In addition to these practical applications, ALD
overcoating provides another important tool for the exper-
imentalist to help elucidate reaction mechanisms by selectively
blocking active sites.

6. OUTLOOK FOR ATOMICALLY DESIGNED ALD
CATALYSTS

ALD is a technique for synthesizing catalysts at the atomic level
that has gained attention for its application to heterogeneous
catalysts in the past few years. ALD provides the ability to
synthesize model supported catalysts that can be used to
elucidate fundamental catalytic phenomena and offers a number
of uniquely powerful opportunities. For example, ALD can
“homogenize” supported heterogeneous catalysts by creating
nanoparticles with extremely narrow distributions in size and
composition, which is essential for understanding the
fundamental nature of the catalytic active site. This type of
control over the distribution of active sites is critical for
elucidating reaction mechanisms that form the foundation for
the rational design of improved catalysts. Finally, ALD closes
the loop in this catalyst design approach by being an ideal
method for synthesizing a rationally designed material with
atomic-level precision (Figure 12).

Although the potential to use ALD as a tool for developing
fundamental knowledge and facilitating rational design is clear,
the continued development of practical applications for ALD
catalysts will be essential in motivating sustained interest in the
technology. Processes for synthesizing ALD catalysts are
oftentimes considered slow and expensive, but this is not
inherent to the chemical kinetics of the ALD process, but rather
due to limitations of current ALD strategies, equipment, and
precursor availability/cost. The microelectronics industry uses
ALD on a commercial scale to manufacture a range of different
devices. Thus, as the application of ALD in the microelectronics
industry matures with the limits of device miniaturization
approaching, a broadening of ALD applications within catalysis
will become necessary to motivate continued development.
Initially, applications in whihc the cost structure is similar to the
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Figure 12. ALD can be used in a feedback loop in order to rationally
design catalytic materials. First, model catalysts with controlled
distributions of active sites can be synthesized and subsequently
used to more clearly elucidate the reaction mechanisms, catalytic
fundamentals, and structure—property relationships. After elucidating
the fundamentals, the atomic-level control provided by ALD is the
ideal way to synthesize ideally designed catalytic architectures.

microelectronics industry (i.e., the final products have very high
value in order to justify the investment in ALD) are of primary
interest. For example, the creation of highly dispersed and
stabilized nanoparticles has intriguing potential because of the
high costs associated with precious metal raw materials, process
shutdowns for regeneration, catalyst replacement, and disposal.
Furthermore, the development of stabilized nanoparticles may
be an important hedge against potential environmental damage
from leached metals or against future environmental regulations
that could significantly increase costs for disposing of metals.
The extended lifetime of metal nanoparticle catalysts is one
application in which the increased cost of ALD catalysts may be
justified, especially in situations that a precious-metal catalyst
can be replaced by a base-metal catalyst as a result of the
enhanced stability imparted by ALD. Furthermore, applying
ALD for stabilization has been demonstrated with only a few
cycles of relatively inexpensive precursors, lowering the barrier
for adoption. Meanwhile, the ability to build complex catalyst
architectures (bifunctionality, spatial control of active sites,
tuning of hydrophobicity/hydrophilicity, tuning of acid/base
properties) that could tailor the microenvironment around an
active site extends ALD catalysts to be potentially applicable to
any chemistry and offers possibilities for catalyst customization.
This high degree of control and specialization may be another
entry way for ALD catalysts because they can be useful for
specialized synthesis of high-value-added products (e.g,
pharmaceuticals). If ALD catalysts can gain initial adoption
through these high-value entries to the catalyst market
(stabilization and specialization), it would facilitate the
development of scaled-up synthesis processes such as large-
scale batch coating, fluidized beds, or continuous spatial ALD.

Development of ALD methods and improvements in reactor
design over the last two decades, much of it centered around
the development of thin films for electronic materials, have laid
the fundamental foundation for ALD of catalytic materials. In
just a few years, the atomic precision of ALD has demonstrated
important practical and fundamental successes. It has shown
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potential to address practical catalytic issues, such as creating
highly dispersed nanoparticles on high-surface-area supports,
finely controlling the composition and morphology of
bimetallic nanoparaticles, the imparting of size selectivity,
stabilizing metal nanoparticles through the creation of nano-
bowls and overcoats, and the creation of local microenviron-
ments through the atomic tuning of the properties of overcoat
layers. Although it is unknown if ALD synthesis techniques will
ever prove commercially viable, the demonstrated potential
impacts outlined by the above examples warrant continued
examination of ALD process improvements (to drive down
costs) as well as investigation of expanded applications (to
broaden demand). Furthermore, as discussed throughout this
Review, ALD has been used in elucidating mechanisms of
catalyst performance such as photonic effects, particle size
effects, support effects, and interfacial active sites, which makes
it an academically interesting tool for the elucidation of
fundamental catalytic science, even if it never finds direct
commercial application.
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