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ABSTRACT: The goal of this perspective is to highlight the

use of colloidal nanocrystals in the preparation of heteroge-
neous catalysts of well-defined structures with the objective to
advance catalytic science. Colloidal nanocrystals are prepared
with control over size, shape, and composition and are used as
precursors to provide supported systems of interest in
different areas of catalysis. Advances in the preparation of
this class of catalysts are discussed, as well as their use to
understand the effect of size, shape, composition, and support
chemistry in catalyzed reactions. The use of these materials for
microscopy and spectroscopy studies, especially in the
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investigation of structural changes that occur to catalytic materials, is also highlighted. Finally, challenges and opportunities
in the field are discussed to underline prospects and limitations of this approach. It is expected that this area will grow in interest
in the future and that these materials will help elucidate several aspects of catalytic science through a systematic approach

introduced by using controlled colloidal nanocrystals.

1. WHY DO WE NEED WELL-DEFINED
HETEROGENEOUS CATALYSTS?

Catalysis has grown in the last decades to become a prominent
research area with applications expanding into several different
aspects of thermal, photo-, and electro-catalysis. The
importance of catalysis is reflected by the fact that much of
the chemical industry relies on some catalytic process—indeed,
it is estimated that about 90% of the products contain at least
one catalytic step in their production, whether it is using a
heterogeneous or a homogeneous catalyst. The last few
decades also witnessed the growth of catalysis as a science,
with the advent of surface science techniques to explore the
role of crystallographic facets and atomic scale features on
catalytic mechanisms."”” The importance of this progress was
highlighted by the Nobel Prize in chemistry attributed to
Gerhard Ertl in 2007 for his pioneering work in the area.” The
idea of building knowledge to design catalytic materials and the
huge shift created by the development of computational
techniques,” allowed us to steer away from trial-and-error
approaches that dominated most of the initial progress in the
field, at least from an industrial standpoint. An additional
change that contributed to this shift in the last two decades is
the development of synthesis techniques that allow to prepare
materials with much better defined structures than what was
available in the past. Zeolites have certainly been the most
notable example of this change in paradigm very early on (at
least since the 1960s), and their introduction in the
petrochemical industry marked a dramatic change in the way
we think about catalytic processes at the atomic scale.””’
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Tremendous advances in the science of impregnation
techniques provided a much more rational approach to
develop supported catalysts with better control than previously
available."~ " In parallel to these efforts, techniques for the
preparation of size- and shape-controlled nanomaterials have
evolved at a fast pace since the 1990s, with the introduction of
synthetic techniques and concurrent fundamental knowledge
to control the growth of nanocrzfstalhne materials in aqueous
and nonaqueous conditions,' which opened up oppor-
tunities in several areas of science and technology.”* These
synthetic techniques are nowadays so advanced that certain
systems can be prepared with precise control over the number
of atoms present in clusters and nanoparticles, as in the
exemplary case of Au structures.”” >’ The control over size
and shape distributions of these nanoparticles and nanocrystals
with the aid of surfactants and organic ligands opened up an
entire new area of research in catalysis, where single crystalline
surfaces are translated into high surface area, supported
nanocrystal phases that could be operated under more realistic
reaction conditions (Figure 1)."***" These materials not only
demonstrated catalytic performance on par with their conven-
tional counterparts but also improved properties especially
when selectivity is concerned, to the point that industry started
to commercialize colloidal catalysts for hydrogenation
reactions.””*® There is clear potential in this area to increase
basic knowledge in structure—property relationship studies and
in being able to affect catalytic processes at scale.
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Figure 1. Catalytic properties of well-defined, nanocrystal-based
heterogeneous catalysts are similar to corresponding single crystals,
but they can be used under more realistic conditions. (a) Turnover
frequency of cyclohexane (C4H;,, CHA) and cyclohexene (C4Hj,,
CHE) formation under benzene hydrogenation on Pt(100) and
Pt(111) single crystals. (b) Supported cubic and cuboctahedral Pt
nanocrystals tested for the same reaction under 10 Torr of benzene,
100 Torr of hydrogen, and 650 Torr of argon. Reprinted with
permission from ref 1. Copyright 2009 American Chemical Society.

Despite the increased interest and potential in using well-
defined nanostructures in catalytic processes, there is however,
the need for a better focus on what these materials can provide
in terms of knowledge and performance compared to those
prepared through conventional impregnation routes. There can
be indeed the tendency to produce highly sophisticated
nanostructures and to rely on simple catalytic tests to
demonstrate the usefulness of these structures. However, the
focus should be on what questions can be addressed with these
materials and how these materials can play a role in shedding
light on some poorly understood aspects of catalytic
mechanisms, rather than using catalysis as a mere tool to
demonstrate the potential applicability of a nanomaterial. It
needs to be kept in mind that fabricating complicated
nanostructures for large-scale applications, such as almost
any catalytic process is, may not be a valuable route since cost
of production must be compensated by a large improvement in
performance. The scalability of some of these approaches
therefore has to be taken into account if one wants to justify
their potential comparison with standard impregnation
catalysts. It is the goal of this perspective to highlight these
aspects and provide the reader with the idea of how well-
defined, controlled nanostructures prepared by colloidal
approaches can help us answer open questions in the
community and potentially form the basis for improved
catalysts that can be used at the industrial scale in the near
future.

2. WHY ARE COLLOIDAL MATERIALS INTERESTING
PRECURSORS FOR HETEROGENEOUS CATALYSTS?

The need for synthesis methods that provide higher precision
in the preparation of catalytic materials is not new. Entire
conferences and books have been dedicated to discussing this
topic. Advances have been tremendous, especially in
conjunction with improvements in characterization methods
such that the structure of catalytic materials could be
investigated in much better detail. Impressive advances in
the synthesis of supported systems, whether it is metals or
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metal oxides, have emerged, with precision of some approaches
that does not necessarily compromise their scalability.*~'"**
However, catalysts prepared by conventional impregnation
methods still lack control over multiple parameters of the
synthesis at once, which is one of the advantages of using
colloidal nanocrystals. Despite that these methods may achieve
control over one or a selected few parameters, it is usually
impossible to vary one parameter without affecting others. For
example, when preparing a catalyst by conventional impreg-
nation, by varying the support it is rather usual to observe
differences in particle size, particle size distribution, and/or
shape because of the different interactions between the support
and the atomic precursors used during deposition or
precipitation. In another often encountered example, changing
the metal weight loading usually causes a variation in the
average particle size. These effects limit the capability to
systematically investigate a single given parameter in
heterogeneous catalysts. One of the most appealing impreg-
nation methods to prepare supported systems with well-
defined structures is selective electrostatic adsorption, which
takes advantage of the electrostatic interaction between
charged metal oxide support surfaces (at specific pH values)
and charged precursors.”'”** These methods have now been
extended to supported bimetallic particles,” with precision and
scalability that make them very promising for a large range of
catalytic reactions. These advances are important, yet even
better precision and tunability in the synthesis of nano-
structured materials can be useful to further explore a larger
parameter space in catalysis. Another relevant issue with
conventional impregnation approaches is the fact that, for each
precursor/support combination, an optimization study is
required in order to be able to tightly control size and size
distribution of the supported phases.

One of the main advantages of colloidal nanocrystal
methods stands in the ability to independently control the
properties of the supported phase and in the ability to tune and
en%ineer it in solution before the impregnation step (Figure
2).”° This feature allows to independently study how specific
parameters affect reactivity, helping disentangle effects that
would otherwise become convoluted in conventional materi-
als.>’ ™% It is also possible to vary the properties of supported
phases while at the same time being able to vary the properties
of the support independently. This feature allowed many
researchers to use colloidal methods to prepare catalysts for
several different applications, including thermal, electro-, and
photocatalysts, where supports with different characteristics
need to be used (e.g, oxides, carbons, semiconductors). This
high degree of flexibility is very appealing to achieve a
fundamental understanding of parameters affecting catalytic
properties and to improve our knowledge of important
elements playing a role in the development of improved
catalysts for a variety of reactions.

3. HOW CAN CATALYSTS BE PREPARED USING
COLLOIDAL BUILDING BLOCKS?

The synthesis of colloidal nanocrystals has been reviewed in
many excellent papers.””*>*' These materials are soluble in a
variety of common organic solvents depending on the choice
of ligands and protecting agents for the synthesis. Aqueous-
based conditions with water-soluble surfactants or glycol-based
systems Frovide colloidal nanocrystals soluble in polar
solvents.**~** When using hydrophobic ligands such as amines,
carboxylic acids, and phospines with long alkyl chains, the
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Figure 2. Colloidal nanocrystals are useful building blocks to prepare
uniform and well-defined heterogeneous catalysts. Their synthesis
allows control of several parameters including size (e.g, 2.2 + 0.4 and
4.4 + 0.2 nm Pt nanocrystals, TEM images reported in a and b). Once
deposited onto high surface area supports such as Al,O5 (high angle
annular dark field-scanning transmission electron microscopy,
HAADF-STEM, images in ¢ and d, respectively), they offer the
opportunity to independently control several of the catalyst
parameters, including obtaining “artificial” bimodal particle size
distributions by “mixing and matching” nanocrystal precursors (e)
to answer fundamental questions about activity and stability of these
systems (f and g are high magnification images of individual 4.4 and
2.2 nm nanocrystals, respectively). Reprinted with permission from ref
36. Copyright 2016 Elsevier.

materials are usually hydrophobic'”*® and can be manipulated
to be made soluble in more polar solvents if needed.**’
Because of their properties, colloidal nanocrystals can be
treated as molecular precursors for the preparation of catalysts
similarly to how salts are used for conventional impregnation
processes and can be deposited onto arbitrary supports. The
interaction between the colloidal nanocrystals and the support
is very important to determine their deposition, as it has been
observed that nanocrystal—nanocrystal interactions can drive
their aggregation instead of resulting in a homogeneous
dispersion on high-surface area supports.”’
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There have been early attempts to use preformed metal
nanoparticles for impregnation onto support materials.
However, the particles are usually mixed with the support
powder and the dispersion evaporated to force the particles to
deposit onto the support surface.”**” Using this process, an
optimal dispersion may not be achieved and preferential
deposition of nanocrystals in few regions of the support may
occur. Deposition methods that instead rely on specific
interactions between nanocrystals and support surface are
preferable; however, these interactions can be tricky to
understand and control. Zheng and Stucky hypothesized that
Coulombic interactions are crucial and proposed the use of
aprotic solvents.>® If protic solvents were used, it was claimed,
hydrogen bonding interactions between solvent molecules and
hydroxyls on the oxide surface could displace the nanocrystals,
thus leading to particle desorption. In chloroform, instead, Au
nanocrystals of several sizes up to 6.3 nm could be readily
impregnated, leaving a clear supernatant indicating the
successful and complete deposition of the nanocrystals on
different oxide materials (Figure 3). It must be kept in mind
though that this process highly depends on the nanocrystal and
support composition.
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Figure 3. Deposition of 6.3 nm Au nanocrystals capped with
dodecanethiol (vials on the left) on several oxide supports in
chloroform. The powders settle at the bottom of each vial leaving a
colorless supernatant and indicating a complete deposition of the
nanocrystals on the support surface. The nature of the solvent is
crucial for a successful deposition. Reprinted with permission from ref
50. Copyright 2006 American Chemical Society.

In a previous study suggesting the important role of
electrostatics in nanoparticle deposition, Grunwaldt and
coauthors showed that the adsorption of small, negatively
charged Au colloids could be performed on several supports
only by regulating the solution pH such that hydroxyl groups
were protonated and positively charged.”" Therefore, multiple
parameters such as solvent, temperature, concentration, and
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presence of organic compounds (excess ligands) can play a role
in the deposition process. This aspect further highlights the
similarity between nanocrystal and atomic precursors in the
preparation of catalysts, where specific intermolecular forces
need to be taken into account to achieve satisfactory
deposition and dispersion. As a consequence, specific processes
for the deposition need to be implemented if the interactions
are unfavorable: for example, by modifying the surface
chemistry of the support™ or by modifying the deposition
conditions to manipulate the nanocrystal—support interac-
tions."” An example of the latter is performing the deposition
process in solution at high temperature, which leads to the
facilitated diffusion of the nanocrystals into the inner pores of
the support and their more homogeneous deposition.*”
Diffusion can be indeed one of the main issues in achieving
optimal dispersions, as industrial carriers are usually pellets of
macroscopic size (rather than powders) that pose further
complications to the homogeneous dispersion of the active
phase across the whole available surface area of the support. An
inhomogeneous deposition of the active phase may in fact lead
to sintering, loss of active surface area, and reduced catalytic
performance.>® Furthermore, successful deposition depends on
the pore size and pore size distribution of the support since
nanocrystals with hydrodynamic diameter (i.e., including
organic ligands on their surface) larger than the average
support pore size are excluded from most of the support
available surface area. When this is the case, either a different
support must be chosen or other strategies need to be
implemented, such as, for example, the synthesis of the support
material around the colloidal nanocrystals in core—shell-type
structures.”* "% Despite the recent increased amount of work
on studying the deposition processes of colloidal nanocrystals
to prepare well-defined catalysts, the science behind them
remains still mostly empirical and a better understanding of the
forces in play is needed in order to guarantee a better
dispersion without mass transfer limitations. This area
therefore represents a fruitful topic of investigation for both
the colloids and the catalysis communities.

Following deposition of NCs on a support, ligand removal is
an often necessary step for the activation of the materials for
catalysis. Noteworthy are recent reports on the improvements
in selectivity for certain processes when organic ligands are
present on the surface of supported metal particles,”'~* an
exciting area of investigation. Nevertheless, in most cases
ligands hinder the active surface accessibility, leading to much
decreased, and most often completely blocked, catalytic
activity. Several processes have been developed in order to
remove ligands from supported colloidal nanocrystals depend-
ing on the nature of the ligands and materials. Treatments
under an atmosphere of ozone and while exposing a catalyst
powder to UV light (UV—ozone treatments) have been shown
to promote ligand removal and catalyst activation.”**> These
treatments could be very effective but tend to be limited by the
availability of ozone and by the exposure of the materials’
surface to the light and cannot therefore be scaled up very
easily. Other treatments rely on washing steps to remove
organics based on equilibrium reactions between adsorbed and
free ligands® or on specific ligand chemistry such as acid—base
interactions,”” but their efficacy is not complete, this requires
the use of large amounts of solvents, and this could cause
changes in the supported catalysts during the treatment
conditions. Electrochemical steps for removal of ligands from
supported particles to prepare electrocatalysts have also been
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shown to be promising in activating these materials,’” although
they can only be performed on conductive substrates (such as
carbon). Finally, recently we also showed how rapid thermal
treatments under oxidizing atmospheres can be used to activate
colloidal catalysts by removing organic ligands without
affecting particle size distribution and shape,*® but the specific
conditions and length of the thermal treatment need to be
tailored based on the material system. Overall, for any method,
there still is the question whether the carbon is completely
removed from the particle surface, especially since recent
studies showed that small amounts of residual carbon can be
left behind even under conditions that are thought would lead
to complete removal of organic species.”” In addition to
carbon, other elements contained in common surfactants (S, P,
Cl, Br, etc.) must be carefully considered, as ligand removal
strategies may remove carbon but leave other species behind
that can result in the poisoning of the catalyst surfaces. Bottom
line, there is no “one size fits all” type of treatment, and
depending on the system of interest, a choice needs to be made
over which process could be most effective.

4. WHAT CAN WE LEARN WITH CATALYSTS
PREPARED USING COLLOIDAL NANOCRYSTALS?

Research interest in catalysts prepared using colloidal nano-
crystals has been increasing in the past decade for a variety of
catalytic applications. Among the work done in this area,
common elements can be discerned in the way these materials
have been used to increase the specific activity or selectivity of
a certain catalytic process, but more importantly to gain
fundamental understanding of several parameters that play a
role in tuning and improving performance. Some of the most
relevant topics that have been thoroughly investigated are
reported here to highlight how colloidal materials can help
elucidate different aspects of heterogeneous catalyzed reac-
tions.

4.1. Systematic Structure/Property Relationship
Studies To Investigate the Effect of Individual Param-
eters in Catalytic Reactions. The opportunity to investigate
individual parameters and identify their role and importance
on the final performance of a catalyst is one of the most
appealing aspects of using colloidal building blocks. Obviously,
not every parameter can be tuned via this approach, and not all
catalysts can be studied, but certainly a large number of
systems could be systematically investigated. Some of the most
important parameters are discussed in the following sections.

4.1.1. Size Effects. In the large parameter space that
researchers in catalysis and materials chemistry have to
navigate when studying heterogeneous catalysts, the effect of
particle size is prominent. Catalytic processes occur on
surfaces, and atom coordination is crucial to break and form
chemical bonds in reactants and products. At varying particle
size, the fraction of particular sites being exposed to reactants
can change drastically, and the coordination environment of
surface atoms plays a significant role in their reactivity.”” The
different catalytic properties of sites or ensemble of sites as a
function of particle size give rise to effects known to provide
structure sensitivity.”' Some reactions only depend on how
many active sites are exposed, and these are structure-
insensitive reactions, such as hydrocarbon hydrogenation
reactions.”” However, if a catalyst shows changes in rate
(normalized by surface atoms) as the particle size is varied of at
least a few times (more conservative views would suggest an
order of magnitude), then the reaction is labeled structure-
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sensitive. Understanding whether reactions are structure-
sensitive is important to adequately tune the catalyst for
maximum performance, but this aspect can be challenging
because reactions can be sensitive to very small variations in
active phase size even to few atoms.”””* Colloidal materials
with precise control of size offer a unique opportunity to study
the structure sensitivity of catalytic reactions. Even reactions
that were previously thought to be structure-insensitive have
then been found to be structure-sensitive using colloidal
nanocrystal precursors, such as in the case of CO oxidation,”
confirming observations from past work.”® It was indeed more
recently demonstrated that arrays of colloidal Ru (oxide)
nanocrystals with uniform size showed up to 8 times difference
in rates when the unsupported Ru phase was varied between 2
and 6 nm.”” Interestingly, the largest particles showed the
highest rate (Figure 4).

> ® 60nm
1l ® 60nm 34 e
L] v 53mm b : \f'\\ ® s53nm
— 38nm 2 é\ % e s S
T 201 ¢ 31mm w e ¥ 2tom
“ v o b " 28
o A 28nm —_ " \\\v N .8 nm
& ® 21mm . & 19 So S e wm o 21nm
@ 15 - e L L NN
Fl ~ [N
(= £ 0 m By s
= 1 ; :
g = il LR N
+ 1 1 \\\'\a <
51 e v B N, ON\Y
. ¢ 4 o 24 i\!
= L] ~N
o ® . t -
™ T T T T -3 T T T T T T

170 180 190 200 210 220 230 240 250 1.90 1.95 2.00 2.05 2.10 2.15 2.20 2.25

Temperature (°C) 1000/T (K*)

Figure 4. TEM images of Ru nanocrystals with different sizes: (a) 2.1,
(b) 2.8, (c) 3.1, (d) 3.8, (e) 5.0, and (f) 6.0 nm. Arrays of these
nanocrystals were tested for CO oxidation, resulting in turnover
frequencies (g and h) that demonstrated structure sensitivity, with
larger nanocrystals performing better than smaller ones. Adapted with
permission from Reference77. Copyright 2010 American Chemical
Society.

The same reaction may be structure-sensitive on some
supports and structure-insensitive on others, depending on the
conditions and materials used. For Pt-group metals supported
onto inert oxides, like SiO, or AL, O;, the reaction rate is
proportional to the exposed metal surface. However, we
demonstrated that, by tuning the particle size between 1.6 and
12 nm for Ni, Pd, and Pt nanocrystals and depositing them
onto a ceria support, the role played by the metal/ceria
interface on the CO oxidation activity is to introduce structure
sensitivity.”® The same particles deposited onto alumina did
not show structure sensitivity, thus further proving that the
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ceria support participates in the reaction by providing activated
oxygen species at the metal—support interface.”” The knowl-
edge can be used to design more active materials, such as
single-atom catalysts with maximized efficiency in noble metal
usage.””®" The structure sensitivity can be reversed when
studying other reactions, such as is the case of methane steam
reforming. We found that the production of CO and CO, (in
addition to H,) was strongly correlated to the size of Pd
nanocrystals on an alumina support but not on ceria; in this
case, the oxygen-donating ability of ceria promotes the water—
gas shift activity of supported Pd of any size, leading to the
same catalytic output for different sizes. The Pd supported
onto the inert alumina that does not participate in the catalytic
cycle showed instead size-dependence in the reaction
selectivity.*®

The size-dependence may also result in complex behavior
when relating performance with particle size. A well-known
example of a structure-sensitive reaction is the Fischer—
Tropsch synthesis on Co-based catalysts, where larger particles
are known to be more productive than smaller ones, and
several studies set an optimum nanoparticle size around 8—10
nm in terms of hydrocarbon productivity.”*~** Colloidal cobalt
nanocrystals have been used to shed further light on this topic,
and well-defined Co;0, nanocrystals supported on alumina
showed an optimum at 9.3 nm, with maximized CO
conversion and hydrocarbon productivity, in line with previous
studies. It is likely that this specific size shows an optimum
content of Co atoms or ensembles with appropriate
coordination geometry.”> A similar conclusion is found with
Fe-based catalysts that have also been prepared from colloidal
nanocrystals.””*® The colloidal route certainly is a promising
approach to exquisitely control the size of the active phase in
reactions that are structure-sensitive.

Similar challenges and opportunities in explaining and
exploiting size-dependent activity are found in electrocatalysis.
In this field, complications arise not only because of the
potential restructuring of the materials under applied potentials
or due to leaching but also because of the adsorption of species
during reaction conditions that can strongly modify the
reactivity of specific facets/sites. In the case of Pt materials
for oxygen reduction reaction it has been indeed observed that
smaller Pt particles are poisoned by the adsorption of
electrolyte compounds on some facets, thus leading to
suppressed activity compared to larger particles.®” This result
is surprising given that, more commonly, smaller particles show
higher rates because of the more favorable surface-to-volume
ratio; however, this result was in line with previous studies on
polycrystalline foils.*® Size effect can play a role beyond
adsorption and reactivity especially when multiple phases are
involved, as it has been elegantly demonstrated in Au/Fe;O,
heterodimer particles for electrocatalytic production of
H,0,.*

4.1.2. Shape Effects. Colloidal nanocrystals are particularly
useful in correlating the catalytic performance with exposed
crystallographic planes or facets in a way similar to the use of
single crystal surfaces. Catalytic rates, for example, for
nanocrystals that expose a specific facet are found to be very
close to what is observed in single-crystal experiments,”’” but
the catalysts can be operated under more realistic reaction
conditions. Tuning the nanocrystal shape allows to control the
type and fraction of exposed facets, thus providing the ability
to study the influence of geometric arrangements of atoms on
the catalytic performance.” Many excellent reviews showcase
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the capabilities in synthesizing nanocrystals with controlled
facets and morphology with impressive control.””*" Still, a
deeper understanding of the mode of growth and morphology
control in these materials is needed to discover mechanistic
pathways to specific compounds.””” In most cases, the
presence of surface ligands helps stabilize facets that would
otherwise not normally be formed according to Wulff
construction rules.”* However, because ligands need to be
removed to allow catalytic reactions, reaction conditions
unavoidably induce reconstructions that make shape control
challenging to study. These effects must be taken into account
when investigating this topic through accurate characterization
of the materials before, after, and, if possible, during catalysis
with in situ and operando techniques to evaluate eventual
structural changes brought by the reaction conditions. Liquid-
phase conditions may suffer less of these problems because of
the possibility of using ligand-protected nanocrystals for
reactivity studies. Especially when high-energy facets can be
stabilized and exposed to reactants, it is possible to observe
increased reaction rates when the most stable facets would
instead show lower rates.”

In seminal work on shape-control of nanocrystals for liquid-
phase catalysis, it has been shown how selectivity in
hydrogenation reactions using Pd catalysts can be controlled
and studied using shape-controlled nanocrystals (Figure
5).°%”” With this level of control, turnover frequencies can
be mathematically derived for atoms with different coordina-
tion and geometry, thus being able to extract kinetic
parameters.

Shape control has been widely investigated in electro-
catalytic applications, and Pt is one of the most studied systems
and a prototypical example.”® The field developed from the
study of single-crystal materials with clean crystallographic
orientations to the preparation of nanostructured materials
with control over the exposed facets.”” On this subject, there
have been a countless number of examples where nanocrystal
shapes expose mostly combinations of low-index facets but also
more exotic shapes where high index planes are present.'*”'"!
Similar studies have been expanded to novel electrocatalytic
materials such as transition metal phosphides as well, although
with a more limited choice of shapes,'”” and to assemblies of
nanocrystals.'”> However, some fraction of the work related to
Pt-based electrocatalysts has been mostly focused on
producing and testing materials, with sometimes poor
fundamental understanding.

Shape effects are not only limited to metal phases: metal
oxides have also been heavily investigated because of their wide
applicability in catalysis.'*”'*° The advantage in studying metal
oxides is that they are usually more stable compared to their
metal counterparts under reaction conditions, in particular at
high temperature, such that methods to remove ligands and
stabilize metal oxide nanocrystals can be successfully
applied."*”'”” Shape-controlled metal oxide nanocrystals have
been useful in clarifying trends on the reactivity of specific
facets in debated areas, such as, for example, in the improved
activity of TiO, facets with high surface energy such as the
(001) facets.””'*® Being able to produce titania nanocrystals
with controlled fractions of exposed (101) and (001) planes
was crucial to demonstrate that, under photoreforming
conditions, the high-energy (001) facet delivers lower
hydrogen production rates than nanocrystals with mostly
(101) facets exposed.'”” Interestingly, samples with about 50%
of each facet exposed delivered rates that were intermediate
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Figure S. TEM images of polyvinylpyrrolidone (PVP)-stabilized Pd
nanocrystals: (A) 6 nm cubes (CUB6), (B) 18 nm cubes (CUB18),
(C) 31 nm octahedral (OCT), and (D) 5.5 nm cuboctahedra (COT).
(E) Studying the hydrogenation of 2-methyl-3-butyn-2-ol (MBY) on
Pd nanocrystals, two types of active sites are involved: atoms on the
planes, regardless of their crystallographic orientations, constitute one
type of active site, 6;; low-coordination atoms, or atoms at the edges,
represent another type of active site, 0,. (F) Selectivity toward the
target product, 2-methyl-3-buten-2-ol (MBE), at 50% (circles) and
95% (squares) conversion of MBY and as a function of o, sites.
Adapted with permission from ref 96. Copyright 2011 American
Chemical Society.

between the two extreme samples, validating the results
regarding the activity of specific facets. These shape-controlled
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titania nanocrystals could also be employed under conditions
more commonly used in the surface science community, thus
helping to bridge a gap with high-pressure reaction studies.
Under these conditions, titania shape was shown to exhibit a
strong influence on the reaction selectivity in the photo-
catalytic conversion of organic compounds.106'107'110'111 Nano-
crystal shape can also drastically affect the location of specific
catalytic events,"'” such that shape engineering can result in
improved activity thanks to better manipulation of reactivity
patterns occurring on the surface as well as processes occurring
in the bulk of the nanocrystals.'"> Despite it is certainly true
that fluxionality and reconstructions can exist in solution
during liquid-phase catalysis as well as in the gas phase,''*'"
this approach can nevertheless be useful in understanding how
to tailor chemical selectivity in reactions where multiple
product pathways are possible.

4.1.3. Composition Effects. The activity and selectivity of
heterogeneous catalysts may very much benefit from the
combination of multiple elements contributing to form the
active site. There are countless examples of industrial processes
that are performed using alloyed phases or mixed oxide solid
solutions. One of the most useful properties of these materials
is their tunability, which can be more widely manipulated
compared to their single-element counterparts. Clearly, the
same reason why these materials are more interesting also
make them more challenging to study: more parameters and
experimental conditions need to be controlled. Here again, the
ability to control the concentration and location (in some
cases) of several elements is crucial to understand the role of
multiple phases on the overall final activity and stability of the
catalysts. There are different reasons for tuning the
composition in nanocrystal catalysts: (i) increase the intrinsic
reactivity of a catalyst by introducing a bifunctional mechanism
or promoter effects; (ii) increase its stability by limiting
deactivation phenomena; and (iii) improve the efficiency in
using precious elements.

Promoter effects are important but the understanding of if
and how a second element promotes an active phase is not an
easy task. Being able to precisely position the promoter atoms
such that they can have an effect on the active phase is
challenging, especially when relying on common impregnation
techniques. In this case, the use of bimetallic nanocrystals as
precursors to promote the localized segregation of a second
metal'' is a viable alternative to achieve geometric precision,
such that multiple phases can be fairly compared under the
same reaction conditions.''”

In thermal catalysis and especially in electrocatalysis,
composition effects have been used to tune the adsorption
energy of reactants on metal substrates by introducing strain,
increasing the intrinsic reactivity of catalytic sites, and
introducing novel adsorption binding motifs.'"*~"*" Compres-
sive and tensile strain may lead to large changes in catalytic
activity,'*" depending on the active phase and the reaction of
interest. The possibility to tune strain by changing composition
in surface alloys has led to a large number of investigations
related to Pt-based nanocrystal systems for several electro-
catalytic applications, and in particular for the oxygen
reduction reaction.'*>7*?° In this case, tuning the strain leads
to a change in the oxygen binding energy, which is slightly too
strong in pure Pt resulting in nonoptimal performance.
Therefore, the introduction of a second metal (or an alloy)
in the core to support a thin shell of Pt has become one of the
most studied nanocrystal systems.'”’~"*’ Among these studies,
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recent work on Pt supported on carbide and nitride materials
using clever colloidal processing through silica templating is
especially notable because of the high thermal stability of the
obtained materials and their beneficial electrocatalytic proper-
ties.>"! Tt is interesting to note that similar concepts served
as the hypothesis driving the development of materials using
dealloying techniques, i.e., processes where a bimetallic or alloy
nanocrystal is prepared, and then one of the components
(usually a base metal) is removed through leaching or
electrochemical processing.'*>"*

It is often the case that multiple effects may contribute to the
overall performance of bimetallic phases, and being able to
prepare nanocrystals with a range of compositions is especially
useful. Libraries of nanocrystals can be prepared using seed-
mediated approaches, where a nanocrystal seed is used to grow
bimetallic or multimetallic materials with control over size
provided by the initial seeds.''”'**'** Libraries of Au/Cu
nanocrystals prepared in this way, for example, have been used
to demonstrate trends in the CO, electrocatalytic reduction to
CO and other products, with Au-rich materials producing CO
more selectively, whereas Cu-rich materials produce multiple
products."*® Interestingly, materials with intermediate compo-
sition provided a gradual transition in product formation
between the two extreme pure phases. In similar work, it was
also shown that the crystallographic order (or disorder) of
alloyed phases could very much impact the catalytic properties
to the point that disordered (alloyed) Au/Cu nanocrystals
were shown to be more active for electrocatalytic hydrogen
evolution, whereas ordered (intermetallic) counterparts were
much more selective toward CO, reduction to CO (Figure
6).137

Compositional control provides an ideal way to study the
effect of adding a second element to the stability of a given
one. For reactions that require high temperatures, lowering the
vapor pressure of certain elements (or compounds) and
reducing the particle mobility are useful ways to limit
deactivation mechanisms related to sintering."’® In the case
of volatile oxides, such as those formed by Pt, it is known that
the addition of Pd helps their stabilization."**”"* In a detailed
study using composition-controlled Pd/Pt nanocrystals of
similar small size (~3 nm) supported on alumina, we found
that the addition of even small amounts of Pt to Pd decreases
its activity for methane combustion in the absence of water but
also improves its stability when water is present and at high
temperatures.141 Because conventional impregnation leads to
supported particles with highly variable Pd/Pt ratios, it would
be hard to elucidate these properties and trends that instead so
clearly emerged through the use of colloidal nanocrystal
catalysts.

Composition control may also be used to more efficiently
utilize rare and expensive noble metals, such as when a small
concentration of Pt-group metals is added to a base metal host,
such as Cu'*>'* (alloys of this type with Au have been known
for much longer time to be high-performing catalysts'**'**).
These systems, named diluted or single-atom alloys, were
initially approached as single crystals and later developed in
colloidal form and have been shown to be selective
hydrogenation catalysts while also being resistant to poison-
ing;'** to possess a different catalytic behavior than their
corresponding pure metal counterparts;'*’ and to be promising
for selective catalytic oxidations as well."** Our recent results
in this area show in particular that we can control the
introduction of small amounts of Pd in Au nanocrystals, while
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Figure 6. Demonstration of how atomic ordering in Au/Cu bimetallic
nanocrystals impact their electrocatalytic activity toward CO,
reduction. (a) TEM images of Au/Cu bimetallic particle prepared
with controlled degree of ordering from disordered (alloyed) to
ordered (intermetallic) nanocrystals. (b) X-ray diffraction patterns of
the nanocrystals demonstrating the variable degree of ordering. (c)
Electrochemical CO, reduction activity of the samples where CO and
H, faradaic efficiency are compared. Reproduced with permission
from ref 137. Copyright 2017 American Chemical Society.

also simultaneously controlling the size of the nanocrystal
phases and the support on which they are deposited (Figure
7)."*® These materials were supported on P25 titania and
studied for the oxidation of isopropanol to acetone, a model
reaction that is thought to proceed through a hydroperoxide
(or hydrogen peroxide) intermediate.'*” By using a library of
compositionally controlled Pd/Au nanocrystals, we were able
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Figure 7. Simultaneous control over size and composition in Pd/Au
nanocrystals containing isolated Pd sites (diluted or single-atom
alloys). (a—i) TEM images of nanocrystals with different sizes and Pd
concentrations. (j, k) These materials show that isolated Pd sites in
Au supported on titania are more effective in catalyzing the hydro-
oxidation of isopropanol to acetone than the corresponding Pd and
Au counterparts. Adapted with permission from ref 148. Copyright
2018 American Chemical Society.

to unambiguously show the synergistic effects between these
two metals in the hydro-oxidation pathway, with increase in
activity as we increased the concentration of single Pd sites on
the Au nanocrystals, thus opening up opportunities to use
these materials for selective oxidation reactions.

Intermetallic compounds are also interesting systems to
investigate using colloidal nanocrystals,"*” and the ability to be
able to precisely tune, at the individual nanocrystal level, the
particle composition and stoichiometry is very crucial. In
organic reactions, where different functional groups may react,
it is important to find approlpriate conditions to selectively
affect a desired functionality,">" and differences in performance
and selectivity can be detected even between samples with
small differences in metal ratios."*” All these features provide a
further justification for tuning the bimetallic composition to a
very fine extent given the sensitivity of the catalytic output.

4.1.4. Support Effects. Another important parameter that
may affect the performance of supported phases is the support.
In conventional impregnation techniques, it is very likely that
particle size and geometry is not the same when the
impregnation is performed on several supports because of
distinctly different interactions with the metal precursor. The
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support surface area, morphology, chemistry, and hydrox-
ylation density are all elements that play a role in determining
the final characteristics of the supported particles. On the
contrary, starting from the same preformed nanocrystals
guarantees that supported phases on different materials are
very similar in size, shape, and composition. This approach can
be used to verify controversial hypotheses in the literature
about the role of supports in catalysis, such as with gold
catalysts for CO oxidation."*” In a detailed study, researchers
found that alumina-supported Au nanocrystals provided rates
for the CO oxidation reaction as high as using titania as
support, the typical choice.””* The authors attributed this
result to the change in supported Au shape induced by the
support, in contrast to the oxygen donation ability that is most
often invoked to explain these effects. However, these results
are in contrast with what had been reported a few years earlier
by other groups using small colloidal Au particles (2 nm) to
prepare catalysts on TiO,, ZrO,, and AL, O;. Interestingly, in
this latter case, even catalysts that were only dried before
catalysis (i.e., plausibly still with organic ligands on the Au
surface) showed to be highly active for CO oxidation. This
observation suggests that specific metal—support interactions
may not be needed, although it cannot be excluded that, during
the drying process or immediately under catalytic reactions,
ligands were removed providing the interface sites for the
reaction. Certainly, the use of preformed Au colloidal
nanocrystals to investigate the role of the support is important
because, in this example, ZrO, and Al,O; supports did not
provide catalysts as active as the Au/TiO, counterpart while
having exactly the same Au phase. These examples
demonstrate that there is still need to further investigate the
high sensitivity of Au catalysts on many factors impacting their
catalytic performance.

The study of support effects is not limited to thermocatalytic
reactions. Electrode support materials can also play a major
role in electrocatalytic reactions and determine activity and
stability of the supported phases. In an attempt to understand
the synergistic role played by Ni and Mo phases that leads to
one of the best nonprecious metal systems for electrocatalytic
hydrogen production in alkaline solutions, we prepared Ni
nanocrystals of different sizes and drop-casted them onto Ti
and Mo foils used as electrodes.'”” The samples supported on
Mo foil showed much higher currents for hydrogen
production; additionally, a surprising result was found when
larger particles delivered much higher currents than smaller
particles (Figure 8). The reverse trend was found true for the
Ti substrate. The hypothesis we put forward is that the wetting
of the Mo substrate by the Ni particles under electrocatalytic
conditions promotes an electronic interaction between the two
phases that provides Ni with multiple oxidation states when
the particles are large and only metallic Ni if the particles are
small. This multitude of oxidation states for larger nanocrystals
promotes the reaction,*'*” thus explaining how large
particles that are affected by both the substrate and the
reaction conditions could achieve higher rates. This example
highlights how multiple control over particle size and support
provides a systematic way to understand structure—property
relationships.

4.2, Systematic Understanding of Catalyst Deactiva-
tion Phenomena. The performance of a catalyst is only
partially described by activity and selectivity. Catalyst stability
is of utmost importance in realistic applications because
replacing a catalyst in a commercial process could be very
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substrates at —0.27 V versus the reversible hydrogen electrode
(RHE). Normalizing the rates by Ni surface area exaggerates both
trends. Reprinted with permission from ref 155. Copyright 2016
Cambridge University Press.

expensive and represents a loss of productivity if the process
needs to be temporarily shut down. In automotive catalysis,
precious metals are added in high amounts because of the
drastic loss of activity experienced by the catalytic converter in
the first short period of operation. Studying and improving
catalyst stability can therefore truly result in great environ-
mental improvements and financial savings.

Multi?le phenomena are responsible for catalyst deactiva-
tion."*®'>” Despite there being several different chemical,
mechanical, and thermal causes, they all involve some process
by which active surface area is lost, with consequences for
catalyst activity and selectivity. Because these processes involve
changes to the chemical and structural nature of the catalyst,
control over these properties represents a very useful starting
point to be able to identify these changes to the materials
occurring under/after operation. The knowledge gained during
these studies informs researchers about the potential strategies
that could be used to reduce catalyst deactivation and find
ways to limit the root causes of it.

Among deactivation phenomena that occur under high-
temperature operating conditions, sintering is one of the main
causes of performance loss."**'®” This process is related to the
movement of atomic species or entire particles on the surface
of a support or through the gas phase, leading to agglomeration
of the active phase and decrease in the surface area-to-volume
ratio driven by the minimization of surface energy. The exact
mechanisms leading to sintering are still under debate for many
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systems. Two processes, particle migration and coalescence,
and Ostwald ripening, are responsible for sintering. Strategies
to mitigate them could involve very different approaches;
hence, the knowledge of which process is active under specific
reaction conditions is crucial. Using size-controlled particles it
is possible to study this aspect, especially in conjunction with
in situ and operando techniques that allow following the
structural changes of the materials in real time and while they
are performing catalytic reactions.

Both particle migration and Ostwald ripening depend on
particle size (small particles have higher surface energy and
systems tend to spontaneously minimize energy); however,
ripening is particularly sensitive to particle size distributions
because the driving force for this process is the difference in
energy between particles of different sizes. Unfortunately, in
conventional materials prepared by impregnation, particle size
distributions are too wide to be able to extract useful
information from them.'®" It has been demonstrated that
catalysts with very narrow size distributions, such as those
prepared by using cluster sources,'®> show substantially
reduced driving force for ripening-induced sintering.'**'** It
is unlikely that the movement of atomic species is suppressed,
but instead it is possible that the final overall result is a
dynamic exchange of atomic species between uniform particles,
which reduces the energetic differences between them such
that no overall sintering is observed. With this in mind, in
collaborative work we used uniform colloidal nanocrystals to
investigate whether particle migration and coalescence or
Ostwald ripening processes were responsible for Pt-based
catalyst deactivation under high-temperature conditions.*® By
using uniform, small (2.2 + 0.4 nm), and large (4.4 + 0.2 nm)
Pt particles, three samples were prepared: two in which an
individual particle size was used, and one in which the two
sizes were mixed and deposited onto the support to artificially
simulate a difference in particle size distribution (see also
Figure 2). In situ TEM studies at atmospheric pressure with a
special cell under diluted hydrogen showed that whereas little
changes occurred to the two materials with single particle
distributions, much more noticeable effects were found for the
sample with a bimodal particle size distribution, demonstrating
that Ostwald ripening is indeed the main cause of particle
sintering in this system. Much more recently, similar
conclusions were reached in studies of Co-based catalysts for
Fischer—Tropsch synthesis.'® Preformed, size-controlled Co
nanocrystals were used to investigate the effect of ligand
removal on the performance and the sintering of the metal
phase under reaction conditions. It was found that larger
particles were stable under ligand removal and activation
conditions but that small particles with higher mobility would
sinter already during pretreatment conditions (Figure 9). The
support played a further role, with titania leading to structural
changes even for the large Co particles, whereas silica
maintained particle size distributions more stable even after
long exposure of the materials to reaction conditions. This
behavior could be fully understood thanks to the very narrow
size distribution of the initial Co nanocrystals used.

The strategies to understand and mitigate deactivation under
photo- and electrocatalytic conditions need to be different
compared to thermal heterogeneous catalysis. The solvent
plays a big role in promoting not only the movement of species
within the catalyst/electrode surface but also in accelerating
processes of dissolution, leaching, and redeposition. Further-
more, mechanical and chemical stresses caused by changes in
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Figure 9. Behavior of cobalt nanocrystals supported on either titania
or silica for Fischer—Tropsch synthesis after different treatments. (a,
b) Average Co nanocrystal sizes from TEM analysis of the TiO,- and
SiO,-supported samples, respectively. Error bars report standard
deviation of the average particle size. (c, d) Schematic illustration of
the sintering behavior of the nanocrystals on TiO, and SiO,,
respectively, after different treatments. Co(II) or Co(III) is depicted
in yellow whereas Co(0) in blue. Reproduced with permission from
ref 165. Copyright 2018 American Chemical Society.

oxidation state of catalyst species under start-up/shut-down
operation or during cycling of reaction conditions between
oxidizing and reducing potentials may also cause loss of activity
over time, and appropriate choice of operating conditions is
therefore crucial.'® Clearly, there is a trade-off between
catalyst activity and long-term stability that needs to be
tailored based on appropriate requirements. Studying mecha-
nisms of electrocatalyst deactivation is therefore important in
order to understand how to tune catalyst structure, but also
reaction conditions, to obtain high productivity. Colloidal
nanocrystals have proven to be a great resource to understand
these mechanisms. Gold nanocrystals protected by alkanethiol
ligands and dispersed on a carbon substrate were recently used
to demonstrate that particle mobility can be rather high even
under the room temperature conditions of CO, electrocatalytic
reduction.'”” Interestingly, the removal of capping agents
under the applied potential and their solubility in the
electrolyte was found to govern the formation rate of dendritic
species by random walk and agglomeration of the “naked” gold
nanocrystals (Figure 10).

Particle clustering was similarly found to be the main cause
of degradation in Cu electrocatalysts prepared by deposition of
Cu nanocrystals onto glassy carbon electrodes.'®® In this case,
however, it was further discovered that restructuring of the
particles occurred with time, with a change in shape and
formation of small clusters of few Cu atoms probably
responsible for the transport of Cu species across the electrode
surface. These structural changes, which could be tracked very
precisely because of the uniformity of the initial Cu
nanocrystals, were found to drastically affect the CO,
reduction reaction, with a decrease in Faradaic efliciency
favoring instead hydrogen evolution. Other studies performed
using Cu nanocubes as active phase for CO, reduction
demonstrated that even deeper changes to these structures can
occur, with complete restructuring of specific facets, formation
of pores, and surface roughening.'® This reconstruction led to
a dramatic change in the electrocatalytic performance,
decreasing the rate of formation of carbon-coupling products.
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Figure 10. Scanning electron microscopy images of gold nanocrystals
supported on glassy carbon after (A) 0, (B) 10, and (C) 100 min of
polarization at —1.2 V in 0.1 M NaHCO; buffer. TEM of (D) as-
synthesized gold nanoparticles and (E) a dendrite formed after 100
min of polarization. Reproduced with permission from ref 167.
Copyright 2014 American Chemical Society.

Interestingly, the deposition of the same Cu nanocubes on a
Cu substrate, rather than on carbon, showed improved
stability, thus highlighting not only the importance of the
substrate in determining activity and stability of supported
phases but also that colloidal nanocrystals allow to truly isolate
specific parameters that can guide the design of stable
materials.

4.3. Use of Colloidal Catalysts as Premier Materials
for Spectroscopy/Microscopy Studies. The use of
colloidal nanocrystals for fundamental understanding of
catalytic performance is not limited to their activity. An
appealing aspect of these materials is that the structural
features of an individual nanocrystal are very close to those of
the average of many nanocrystals in a given sample. The same
cannot be said for materials prepared by conventional
impregnation approaches, were the wide size distributions
mean that an individual particle can be located far away from
the average (i.e, being much smaller or much larger, have a
different shape, or be very different in composition). This
important feature allows using averaged spectroscopic
techniques to characterize atomic/local changes in the
structure of the materials, and at the same time, using
microscopic techniques to gain an understanding of the overall
catalyst structure. This advantage is particularly useful in
spectroscopic techniques where averaged features require
extensive modeling and fitting to be able to extract meaningful
information from experimental data.

Structural changes occurring at the atomic level are followed
using microscopy techniques. Current strategies involve the
use of in situ tools to investigate catalysts close to reaction
conditions either with environmental TEM techniques or with
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specialized cells that are transparent enough to electrons and
where the sample is kept under liquid- or gas-phase conditions
at atmospheric pressure and elevated temperatures. This
second option is growing in popularity because of the high
resolution achievable and with the opportunity to observe the
sample while under conditions of interest in catalysis."” In
particular, cells with appropriate design have been developed
to the point of using single graphene sheets as transparent cell
windows to contain liquids.'”' This environment could
potentially be used to understand changes in catalyst structure
under liquid-phase catalysis conditions and could help
elucidate mechanisms of deactivation such as leaching. In the
case of gas-phase catalysis, these special cells have already
demonstrated the benefit of being able to observe supported
nanocrystals as they undergo changes in their structure. Using
TiO,-supported Pd nanocrystals and a gas cell operating at
atmospheric pressure in an aberration-corrected TEM, our
collaborative research has shown how reductive pretreatments
in hydrogen atmosphere promote a process termed strong
metal—support interaction (SMST).'”* This process, which has
been first described nearly four decades ago,'”>'”* consists in
the migration of a reducible oxide support onto the surface of
metallic crystallites induced by surface energy minimization.
Thanks to observations performed using the in situ cell and to
detailed computational predictions on the surface energy of the
materials, we were able to describe the formation of two
different crystallographic structures of the TiO, layers
migrating on top of the metallic Pd nanocrystals (Figure 11).
The Pd nanocrystals also showed structural changes under the
reducing conditions, and changes in shape were associated
with a redistribution of the exposed facets as they underwent
reduction. Because of the uniformity of the sample, the
structural changes were observed to be reproducible in all of
the supported nanocrystals.

Shape changes, i.e., reconstructions occurring to facets that
lead to an overall rearrangement of lattice planes and thus to
the overall shape of a material, can be easily followed and
tracked in materials where shape uniformity is high. Some-
times, drastic changes in shape may occur but go unnoticed.
Microscopy techniques are then very useful to correlate these
shape changes with structural transformations, and in
bimetallic materials, also with compositional changes occurring
during the restructuring process. When these two events are
correlated, an in-depth analysis using combined high-
resolution electron microscopy and spectroscopic information
on the composition results in very useful correlations. It must
be kept in mind, however, that when using microscopy
techniques, it must be demonstrated that beam effects are not
affecting the structural modifications observed in the materials.
These notions have been recently beautifully shown in
octahedral Pt/Ni nanocrystals for the oxygen reduction
reaction, with a clear correlation between the rearrangement
of the two components, structural transformations of the
overall nanocrystals, and their electrocatalytic activity."*

Other spectroscopic techniques can be used to directly
follow the catalytic processes as they occur. Astute constructs
prepared using colloidal building blocks result in unique
systems to study these processes. One recent example consists
in the deposition of Pt nanocrystals on the surface of silica
spheres and the deposition of mesoporous silica around the
spheres and surrounding the nanocrystals.'”> In this way,
controlled channels were prepared to investigate the reactivity
of Pt surfaces through single-molecule fluorescence events.
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Figure 11. Computational predictions and experimental verification
of SMSI effects in Pd/TiO, catalysts exposed to different atmospheres
and oxygen chemical potential. (A) Theoretical calculations of free
energy G for different TiO, phases on Pd(111) or Pd(100) surfaces as
a function of oxygen chemical potential yto. (B) TiO,/Pd double layer
found under H, (5 vol %)/Ar at 1 atm total pressure and 500 °C. (C)
TiO,/Pd single layer found under H, (4.9 vol %)/O, (2 vol %)/Ar at
1 atm total pressure and 500 °C. (D) No layer was observed under H,
(4.7 vol %)/0, (5.7 vol %)/Ar at 1 atm total pressure and SO0 °C.
The top-down views of the corresponding simulated structures of the
experimentally observed surface layers are shown above the TEM
images. Pd is in dark green, Ti in gray, and oxygen in red. Reproduced
with permission from ref 172. Copyright 2016 American Chemical
Society.

The authors were able to demonstrate that Pt particles
confined within the pores were more active and hypothesized
that either an increased effective concentration of reactants
within the pores or a specific adsorption of reactants or
intermediates caused by the confinement of the particles could
be the reason for the observed results. The ability to prepare
well-defined structures using colloidal building blocks provided
a real boost to the confidence of averaged results.

The ability to describe structural changes occurring to
individual supported particles using averaged spectroscopic
techniques has also been demonstrated using colloidal
nanocrystals. Techniques such as X-ray absorption spectros-
copy (XAS) and X-ray photoelectron spectroscopy (XPS)
provide averaged signals due to the coexistence of multiple
phases that need to be deconvoluted using appropriate models.
In the case of uniform nanocrystals, it may occur that the
averaged signal represents a spectroscopic signature relatable
to the individual supported components. Therefore, structural
changes that may go unseen in conventional materials can
instead become easier to distinguish when using uniform
phases. Related to this topic, we recently described the changes
occurring to supported Ru nanocrystals under oxidizing
conditions and mild temperatures.'’® Using X-ray absorption
near-edge spectroscopy (XANES), we could identify the
formation of oxidized, single-site Ru species on the surface
of ceria upon mild oxidative treatment of supported Ru
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nanocrystals at temperatures between 150 and 250 °C. This
restructuring process could be followed using a spectroscopic
pre-edge feature present in the XANES spectrum of the Ru K-
edge, a feature that is dampened if multiple Ru species coexist
in the sample (Figure 12). Because of the uniformity of the
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Figure 12. (a) Ex situ EXAFS results in the R space for 2.6 nm Ru/
CeO, after deposition (fresh), after a low-temperature (250 °C)
oxidizing pretreatment (OX-LTR), and after catalytic reaction for
CO, hydrogenation (postcatalysis). (b) In situ XANES spectra 4.4
nm Ru/CeO, catalyst under different environments. Here the OX
temperature was 280 °C as the redispersion of the 4.4 nm Ru/CeO,
catalyst occurred after oxidation at 280 °C with a CO selectivity
>90%. Reproduced with permission from ref 176. Copyright 2018
American Chemical Society.

supported Ru particles and their similar restructuring history
during the experiment, a strong pre-edge feature was observed
that allowed us to follow the process. The structural
transformation of the supported Ru nanocrystals resulted in
a dramatic shift in CO, reduction selectivity from CH, to CO
as main product. The use of uniform nanocrystals is therefore
crucial in some cases to clearly observe structural trans-
formations that could have a strong effect on the overall
catalytic performance.

5. HOW CAN WE USE COLLOIDAL NANOCRYSTALS
TO PREPARE ACTIVE AND STABLE CATALYSTS?

New knowledge provided by the fundamental understanding of
structure—property relationships can be translated into better
performing catalysts. This knowledge informs us on the next
steps to take to create structures with the highest predicted
performance either by increasing the specific intrinsic activity
of certain sites or by increasing their density.'”” While
preparing these structures may still be the limiting step, the
field of colloidal nanocrystals synthesis has grown to the point
that many different architectures can be made with impressive
control over several parameters through the understanding of
the thermodynamic and kinetic handles to achieve it.”>'”® This
high level of control, coupled to the large number of structures
that can be prepared, make this approach uniquely capable of
preparing catalysts to achieve desired high activity, stability,
and selectivity. These types of structures could be hardly
fabricated with other conventional methods.

Among emerging architectures that are particularly interest-
ing for catalysis are colloidal particles with programmed void
structures, such as in nanoframe materials and in dealloyed
particles. In these structures, an efficient utilization of active
sites is achieved through the void spaces created within a larger
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structure, thus increasing the available specific surface area.
Additionally, sites with unusual coordination environments can
be obtained within the concave surfaces of the materials.'”*"*’
An exciting recent example of this approach is represented by
the colloidal synthesis of Pt/Ni nanoframes realized by etchin$
Ni away in acid from octahedral alloyed nanocrystals.'®
Preferential leaching of Ni compared to Pt leads to structures
with hollow cores and Pt-rich surfaces.”> These nanoframe
nanocrystals are colloidally stable in solution, such that they
can be deposited onto arbitrary substrates for catalysis. The
authors explored the activity and stability of these materials for
electrocatalysis after deposition onto carbon supports,
demonstrating much higher specific activity for the oxygen
reduction reaction when compared to commercial Pt/C
materials, and very good, even surprising, stability after
10,000 cycles.'®" The same strategy to prepare Pt/Ni frame
catalysts has been taken a step forward by coating these
nanostructures with MOF layers.'*” The MOF layers serve to
increase the H, uptake by the composites and also as sieving
layers for organic molecules. With the combination of these
two factors, the authors demonstrated that alkenes with
molecular size small enough to enter the pore channels could
be effectively hydrogenated, whereas others with larger size
could not, thus providing evidence for shape selectivity in these
systems. The leaching process utilized to create these frame
structures is strongly related to dealloying methods that also
rely on the preferential removal of one metal from an alloy,
either using chemical etching'® or in some cases using
electrochemical methods.'** Active oxygen reduction reaction
electrocatalysts have been obtained in this way from Pt alloys,
for example.'*” These materials show similar performance to
Pt-based catalysts with shape and composition control,'®
demonstrating that active site motifs in both dealloyed and
nanostructured Pt-based catalysts could be similar.

Colloidal nanocrystals have become very popular for the
preparation of active electrocatalysts for multiple reactions.
One of the reasons why this is the case is the fact that some
carbon-based supports, which are commonly used in preparing
electrocatalytic materials, are thermally sensitive and need to
be handled differently than the commonly employed oxide
supports for thermal catalysis. The advantage of colloidal
nanocrystals is that active phases are already formed in solution
and do not require high-temperature thermal activation
steps.”” Even phases that would require particularly harsh
thermal treatments can be first prepared in solution and then
dispersed on the electrode material. Sulfide and phosphide
compounds, which would normally require treatments in
sulfur- and phosphorus-containing atmospheres at several
hundred degrees Celsius, can be prepared in solution in the
form of well-defined clusters and nanoparticles (Figure 13).18¢
These materials have shown a remarkable activity for the
hydrogen evolution reaction that put them in close distance to
the most active and precious Pt catalysts.'®” Another advantage
of colloidal nanocrystals is that their density on support
materials can be controlled, leading to ensemble effects that
can be studied in detail. In one example, it was found that a
density-dependent structural transformation occurring to Cu
particles during CO, electroreduction led to improved
performance after conversion of dense Cu arrays into larger
cube structures.'®

In looking for improved activity in thermal catalytic
reactions, one element of interest is the coupling between
multiple active sites at the metal—oxide interface, which has
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Figure 13. Representative TEM image (A) and corresponding
energy-dispersive X-ray spectrum (B) NiP nanocrystals synthesis
through colloidal methods. High-resolution TEM reveals lattice
fringes and exposed facets (C) leading to a proposed crystal model
(D). These materials perform very well for the hydrogen evolution
reaction (polarization data, E, and Tafel plots, F), almost reaching the
activity of noble metals such as Pt. Reproduced with permission from
ref 187. Copyright 2013 American Chemical Society.

been recognized as a crucial reactive location in multiple
systems.”*"*>'?% Controlling these interface sites at the atomic
scale is important to modulate reactivity and stability or to
demonstrate that this contact area is required for catalysis."”" It
has been demonstrated that it is possible to engineer metal—
metal oxide interfaces directly in the colloidal building blocks
using a single structure that contains these interface sites in
platinum/iron (and nickel) hydroxide nanocrystals.'”” These
hybrid nanocrystals were first prepared in solution and then
dispersed onto a high surface area support. Because of the low
amount of Ni or Fe hydroxide added, only part of the Pt
surface is covered, leaving much of the Pt surface available for
reactivity with the high density of interface sites at the
boundary with the deposited Ni or Fe hydroxide phase. These
catalysts, supported onto thermally stable alumina, showed
high and stable reactivity for CO oxidation. An alternative way
to prepare metal—support interfaces with controllable length
and composition was proposed few years ago by Somorjai,
Yang, and co-workers using Langmuir—Blodgett deposition of
alternate layers of nanocrystals.'”> These tandem bilayer
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catalysts showed that only when certain interfaces were formed
(e.g, A—B and B—C interfaces by stacking A—B—C nano-
crystal phases), hydroformylation reactions were possible,
which was not the case when the specific interfaces were absent
(e.g, when using the A—C—B configuration). This work
highlighted how interfaces are critical for activity and
selectivity but also how to artificially create extended interfaces
with multiple layers of control. Creating these interfaces at the
atomic scale represents an exciting direction toward exploiting
the potentially different reactivity that emerges from these
systems compared with bare metallic surfaces. Another
procedure to form metal—oxide interface sites is by segregation
of alloyed nanocrystals, demonstrated in the preparation of
Au/MnO nanoparticles by controlled oxidation of AuMn
alloyed phases for sensitive H,O, detection''® or for the
systematic screening of promoters in the methane combustion
reaction using bimetallic Pd nanocrystals.''” In this latter
example from our group, several Pd/M nanocrystals (M =V,
Mn, Fe, Co, Ni, Zn, and Sn and potentially extendable to other
metal combinations) were prepared and supported onto high-
surface area alumina, and the catalysts calcined in air at high
temperature to segregate the second metal in the form of an
oxide phase closely localized near the Pd particles. With this
strategy, we were able to demonstrate that some metals could
improve the intrinsic activity of Pd for methane combustion,
whereas some other metals improved its thermal stability.
Overall, this method could be useful for the systematic
screening of promoters for a variety of catalytic applications.

Control of nanocrystal shape can be taken to the extreme by
forming sheet-like structures just a few atomic layers
thick."”*"”> This strategy may prove useful in the efficient
use of precious metals because the sheets may in principle
expose 100% of their atoms to the gas phase, and these atoms
are highly undercoordinated, thus making them attractive for
catalysis. These materials are prepared using CO as reducing
and capping agent; thanks to the strong binding of CO to
specific facets, the growth is limited to two dimensions, thus
leading to the particular sheet-like structure. For Rh,
polyvinylpyrrolidone (PVP) is used to obtain shape control,
but the decomposition of formaldehyde under the solvother-
mal conditions used might also lead to liberation of CO as a
structure-directing agent. In both cases, supported Pd and Rh
nanosheets showed catalytic performance on par with or better
than commercial catalysts used for comparison.

When looking at potential structures for increasing the
stability of supported catalysts under reaction conditions,
strategies for mitigating sintering need to be tailored
depending on the mechanism of deactivation.'*®'°>'
Numerous works demonstrated that encapsulated particles
are much more sinter-resistant compared to supported
phases.'”” The cage effect offered by thermally stable inorganic
shells represents a huge benefit to stop particle migration and
coalescence, despite mass transport sometimes Iimiting the
performance of these systems.'”® Supported phases in the form
of small particles that would normally sinter at temperatures of
700—800 °C, such as Au and Pt, have been repeatedly shown
to be stable when embedded within hollow spheres or silica
shells.””"*” Porous shells with appropriate pore diameters need
to be built in order to be able to exploit the reactive surfaces of
the metal cores. The thermal stability imposed by the oxide
shells can also be used as a way to increase catalytic
performance by specific interactions between the metal and
the oxide. In the case of oxide shells that participate in the
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reaction mechanisms, such as ceria, it is possible to observe the
benefit of both improved thermal stability and increased
activity.*>°*'?%?% We demonstrated that ceria-coated Pd
nanocrystals, supported onto alumina, can be highly active
for methane combustion and stable even after prolonged
reactivity at high temperatures.’> Taking this concept one step
further, nanostructures made of carbon nanotubes embedded
within porous shells of ceria, titania, or zirconia and containing
dispersed Pd and Pt particles showed interesting catalytic
performance for several reactions (Figure 14).2%! Interestingly,
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Figure 14. TEM image of structures composed of carbon nanotubes
embedded within layers of ceria containing Pd nanocrystals (a) and
corresponding electron energy loss spectroscopy (EELS) mapping of
the C and Ce content in the composites (b) showing that the carbon
nanotubes are embedded inside the ceria layer. Palladium is not
visible in this image due to its low loading. (c) CO conversion during
the water—gas shift reaction at 250 °C over the materials containing
different amounts of ceria. Reproduced with permission from ref 201.
Copyright 2012 American Chemical Society.

carbon nanotubes were needed not only to guarantee the final
overall morphology of the materials but also to act as the active
component to steer electrons to and from the reducible oxide
shell.

More widely considering core—shell (or yolk—shell)
structures as those in which colloidal nanocrystals are
embedded within a different second inorganic phase, nano-
crystals encapsulated within layers of metal—organic frame-
works (MOFs) have attracted much attention in the past few
years.””” More than for their thermal stability, which is limited
by the organic component, the interest is due to the high
structural ordering and controllable degree of porosity of the
MOF materials that can act both as capture/storage units and
as sieving layers to allow only certain molecules to interact with
the encapsulated core materials (i.e., size/shape-selective
catalysis).”® It is also possible that the MOF layers play a
more active role in determining the selectivity of catalytic
processes when they interact directly with functional groups of
reactant molecules to drive their catalysis.””**** Synthesis
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techniques to incorporate metal particles within MOF channels
had been existing for some time, but much more controlled
ways to grow MOF layers from colloidal nanocrystal surfaces
have been developed in more recent years.””%> Different
strategies can be employed, bZ addition of ligand-capped
particles during MOF growth,”” by using sacrificial template
layers that guarantee attachment of MOF monomers to the
particles,59 or with a two-step approach where preformed
nanocrystals are added to the MOF surface, and additional
MOF layers are grown around the particles.””> These materials
showed interesting shape- and size-selective catalysis for a
variety of reactions. Remarkably, in some of these composites
it was found that the MOF layers displayed interesting effects
on activation energy barriers that could be attributed to either
the diffusional pathways of the reacting molecules or to the
geometry of the transition state that may be affected by MOF
chains present around the active nanocrystal sites.”” The ability
to tune the chemistry of MOF channels in order to control the
diffusion of species to active sites is a further exciting avenue
that can be explored in these composites.”*

The areas of interest and examples reported in this section
should not be seen as limiting for the field. Colloidal
nanocrystals offer many opportunities to design and realize
systems of interest in catalysis, and it is expected that the
number of examples showcasing the use of these materials will
increase in the near future.

6. WHAT ARE THE CHALLENGES AND
OPPORTUNITIES LYING AHEAD FOR THE FIELD?

As repeatedly highlighted in this perspective, there are two
main goals of using colloidal nanocrystals in heterogeneous
catalysis: to improve our fundamental understanding of
structure—property relationships in catalysis and to prepare
better performing materials by carefully engineering these
nanostructures. Despite the fact that the former goal does not
necessarily require planning for the use of scalable and cost-
effective materials as much as the latter, it is important to keep
in mind that in all cases heterogeneous catalysts are eventually
used at a scale that is enormous. Every year, millions of tons of
chemicals are produced using catalytic technologies. For a
catalyst to be successfully employed on an industrial scale,
many hurdles need to be overcome. A few of these hurdles
have to deal with the scale of materials production, their cost,
and their performance under realistic conditions. In all these
three areas, there is a lot that needs to be done in order to be
able to apply colloidal nanocrystals in industrial applications.
For this reason, whether it is to gather fundamental
understanding or to prepare better performing catalysts, it is
important to consider the potential applicability of the
knowledge and results that are obtained through fundamental
research.

Regarding the scale of production, it is important for
solvents and conditions used for the synthesis to be as scalable
as possible. Synthesis techniques that are reproducible and
relatively insensitive to small variations in the synthesis
conditions are preferred. Moving synthesis processes from
batch-type to flow-type would also be an important step.”"”
There are current existing synthesis processes ran industrially
to prepare colloidal quantum dots and colloidal Ag nanocryst-
als, but it must be stressed the fact that the quantities are rather
low (<100 tons/year).””® Therefore, market penetration of
colloidal nanocrystals is still limited, and for catalytic materials
to be prepared from these precursors, the synthesis processes
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must be improved. The very high dilution requirements and
the use of large volumes of solvents during purification are
hurdles that need to be overcome, similarly to synthesis of
other industrially relevant catalysts.”””*'” One particular issue
is the necessary purification of the nanocrystals prior to
deposition on the support. This step is rather energy- and
materials-intensive but necessary to remove unreacted
precursors and excess organic compounds from the mixture.
Novel, convenient ways to purify nanocrystals need to be
developed, and some studies emerged in the literature as
particularly promising.”'' Another possibility is to directly
deposit the as-synthesized particles onto support materials,
which is currently used to prepare commercial catalysts for
hydrogenations,” but these methods need to make sure that
the nanocrystals are uniform and no undesired phases are
codeposited (e.g, atomic precursors still present in the
mixture).

A related issue or challenge to overcome is the cost of the
materials. Clearly, for catalysts to be scalable, the cost of
production should be as low as possible and at the very least
compensated by the improved performance. For example, a
catalyst made from nanocrystals could be more expensive to
produce than a commercial one, but if it leads to a catalytic
process with higher selectivity, such that savings are realized in
limiting the separation steps downstream, then the overall
financial savings could still counterbalance the production
costs. However, finding ways to reduce production costs in
colloidal nanocrystal synthesis are still important. As high-
lighted in the previous paragraph, flow-type synthesis and
methods to ease the purification steps are promising avenues to
explore in this case.

Finally, an important point is related to the performance of
these materials under realistic conditions. Being able to test
catalysts under conditions that at least simulate the presence of
poisoning species or of species that induce leaching, during
start-up/shut-down operations, or under conditions of high-
temperature aging to simulate the stability of the materials are
all important steps to take. Very often chosen conditions are
too ideal, and the catalytic performance may not necessarily
reflect the needs and demands of the particular application
area. What conditions to choose is something that needs to be
tailored for each specific application, but certainly the choice is
important to guarantee depth and importance to these studies.

Overall, the use of colloidal nanocrystals as precursors for
the preparation of heterogeneous catalysts offers a variety of
potential approaches and structures for numerous applications.
It is expected that this area will continue to grow with the
number and type of structures and systems studied in the next
years. Many opportunities to improve our fundamental
knowledge of catalytic processes and prepare better catalysts
are within reach.
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