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Abstract

When small clusters are studied in chemical physics or physical chemistry,
one perhaps thinks of the fundamental aspects of cluster electronic structure,
or precision spectroscopy in ultracold molecular beams. However, small clus-
ters are also of interest in catalysis, where the cold ground state or an isolated
cluster may not even be the right starting point. Instead, the big question is:
What happens to cluster-based catalysts under real conditions of catalysis,
such as high temperature and coverage with reagents? Myriads of metastable
cluster states become accessible, the entire system is dynamic, and catalysis
may be driven by rare sites present only under those conditions. Activity,
selectivity, and stability are highly dependent on size, composition, shape,
support, and environment. To probe and master cluster catalysis, sophisti-
cated tools are being developed for precision synthesis, operando measure-
ments, and multiscale modeling. This review intends to tell the messy story
of clusters in catalysis.
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1. INTRODUCTION

Catalysts have an enormous impact on the world economy. Today, over 90% of all chemical
manufacturing processes make use of heterogeneous catalysis (1). These critical materials enable
selective formation of desired products at rates that are commercially viable. Catalysis is not only
important for the production of chemicals, materials, and food, but also essential for pollution
control and medical applications, and it is at the heart of the development of sustainable energy
solutions. Currently, the ultimate goal of research in heterogeneous catalysis is to provide a fun-
damental understanding of the processes involved in a catalytic reaction and to be able to design
and synthesize catalysts with optimized properties (2).

The majority of industrial catalysts consist of transition metal particles dispersed on high–
surface area supports (3). These nanoparticles typically have dimensions of a few nanometers.
When the dimensions are further reduced to nanoclusters made of just a few atoms, many exciting
possibilities emerge. Indeed, when matter is organized at the nanoscale, its behavior can be dramat-
ically different from that of the bulk. Its properties become size-dependent, changing discontinu-
ously with size. Two main factors are responsible for this phenomenon. First, when the wavelength
of the electrons in the material is on the order of the material’s size, quantum effects rule the behav-
ior and properties of the system. Band structure becomes discontinuous and breaks down into dis-
crete energy levels. The highest occupied molecular orbital (HOMO)–lowest unoccupied molec-
ular orbital (LUMO) gaps, ionization potentials, electron affinities, etc. become size dependent.
These same properties relate to the availability of electrons for forming bonds or being involved
in reduction–oxidation reactions. Therefore, catalytic activity and selectivity become a function of
size (4). Second, the high surface-to-volume ratio of nanoparticles plays an important role. As most
of the atoms are at the surface of the structure, they rearrange themselves to minimize the number
of dangling bonds and the surface energy, giving rise to unexpected structures. Because of these
particularities, interesting and high catalytic activities often arise (5–20). Hence, heterogeneous
catalysis has the potential to undergo a renaissance and to make possible many previously inacces-
sible industrial processes. Importantly, with dwindling supplies of precious metals and increasing
demand, supported metallic nanoclusters (up to about 30 atoms) are key to achieving cheaper and
“greener” industrial catalytic processes. These promising systems are the focus of this review.

Subnanocluster catalysts are extremely complex and present challenges for operando character-
ization, theoretical modeling, precision synthesis targeting the formation of the most critical sites,
identification of the electronic and structural origins of special properties in realistic conditions,
and eventual mastery at the level of design. The first investigationson metallic nanoclusters were
done in the gas phase (21–25), although real industrial applicability lies in supported clusters and
particles, and the support dramatically modifies their properties, as will be discussed in Section 5.
Later, experimental techniques for cluster generation, size selection, and surface deposition (26–
34) were developed, allowing the study of deposited clusters with precise numbers of atoms (35–37).
These developments made it possible for researchers to approach an architecture that is tractable
yet reasonable for catalysis applications. A wide variety of characterization methods, including
scanning tunneling microscopy as well as ultraviolet and X-ray photoelectron spectroscopy, have
become fundamental to determining structure–activity relationships (38–41). In addition, thanks
to advances in software and hardware, size-selected nanoclusters deposited on oxides are now
treatable by first-principles computational protocols. Indeed, for these systems, experiments rely
heavily on computational investigations, and the synergy between experiment and computation
has been critical for advancement in this field.

In this review, we discuss the major features of cluster catalysts, the promises and challenges
that they offer, advances in our understanding of them, and progress in their design. We show
how subtle changes in the size, support, temperature, and environment in a particular reaction
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can dramatically alter cluster properties, changing the very nature of the catalyst. We discuss how
size reduction, which leads to enhanced catalytic activities, also leads to instability, and we address
deactivation via sintering and strategies for its possible prevention. Lastly, we discuss selectivity
and resistance to poisoning, properties that are also dependent on size and composition. Although
examples of different systems are provided in this review, platinum clusters are used as a guiding
thread. We refer to both experimental and theoretical findings. However, in view of our own
expertise and contributions to the field, we capitalize on the role of and progress in realistic
theoretical modeling. This type of modeling is critical for providing insight at the atomistic and
electronic levels, as there the properties of clusters are dramatically altered by relevant conditions
and the behavior of clusters becomes highly dynamical (fluxional). Therefore, in vacuo calculations
of singular cluster structures or singular reaction events bring limited information. Instead, the
field is in need of a holistic dynamical and statistical view on such catalytic systems, provided in
conjunction with high-quality electronic structure treatments.

2. SIZE AND MORPHOLOGY EFFECTS

Small clusters of transition metals often exhibit unique catalytic activities. The oldest example,
but still a striking one, is gold. Bulk gold is chemically inert and, in fact, it is the only metal that
does not dissociatively chemisorb oxygen. Nevertheless, in 1987, Haruta et al. (42) found that Au
nanoparticles were very effective catalysts. Now we know that Au nanoparticles with diameters
below a few nanometers are catalytically active in a number of reactions (43, 44). In polydispersed
nanocatalysts, even when most of the material is in the form of larger nanoparticles, nanoclusters
are often (but not always) the true actors of catalysis. For example, in iron oxide–supported Au
catalysts, the highest catalytic activity for carbon monoxide oxidation was found for nanoclusters
of about 0.5 nm in size, i.e., containing about 10 Au atoms (45). Similarly, Au6–10 clusters were
pinpointed as highly active and selective for propylene epoxidation (46). The improved catalytic
properties of clusters can be translated into lower reaction temperatures and energetic savings (47).

It is in the size regime of subnanoclusters, namely, nanoparticles of less than about 30 atoms,
that one finds the greatest effect of cluster size. Here every atom counts (48). This means that
catalytic properties can potentially be tuned through minor changes in size and/or composition.
Size-dependent properties have been extensively studied for Pt nanoclusters in various reactions.
The study of hydrogenation of ethylene on size-selected Ptn (n = 8–15) soft-landed on MgO made
it clear that the properties of nanoclusters cannot be simply extrapolated from properties at larger
sizes (49). (De)hydrogenation reactions are structure insensitive for bulk platinum (49, 50); i.e.,
the turnover frequency does not change on different crystal planes of platinum. In contrast, MgO-
supported Pt nanoclusters exhibit characteristics consistent with structure sensitivity. Unique
reactivity was also revealed, since clusters containing more than 10 atoms were so reactive that the
hydrogenation of ethylene started at 150 K. Among these Pt clusters, Pt13 was the most active.

When supported on alumina/tin oxide, Pt8–10 clusters were observed to be superb catalysts in
the oxidative dehydrogenation of propane (51). These small clusters were as selective as previously
reported platinum or vanadia catalysts, but were 40–100 times more active. Density functional
theory (DFT) calculations showed that this impressive reactivity in C–H bond activation, as
compared to extended surfaces, resulted from the undercoordinative nature of Pt atoms in the
nanoclusters.

The structural transition from two-dimensional (2D) to three-dimensional (3D) clusters also
leads to completely different activities and selectivities, although there is no general or simple way
to predict how catalytic properties will be affected. For Ptn/rutile TiO2(110), scanning tunneling
microscopy showed a structural transition from 2D to 3D at n = 8, and this transition goes together
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with a decrease in the activation energy for CO oxidation (52). Similarly, 2D and 3D Pt4,6,8 clusters
supported on anatase TiO2(101) were compared using DFT (53, 54). 3D clusters were more active
in the formation of bent CO2

−, the key activated species in the CO2 photoreduction reaction. The
reason is that CO2 adsorbs more strongly at the interface edge sites, and 3D structures provide
a greater number of such sites. Moreover, 3D structures are more flexible (fluxional) and show
large geometrical changes upon adsorption of CO2. As a consequence, the orbital overlap between
the cluster and CO2 is maximized, achieving strong bonding, whereas 2D geometries are tightly
bonded to the surface and exhibit very limited reconstruction. In contrast, alkene activation for
dehydrogenation happens more readily on quasi-2D geometries of Pt7/Al2O3, whereas the 3D
isomers are catalytically irrelevant (55). Therefore, not only the size but also the morphology gov-
erns the properties of the nanoclusters, and the morphological influence is additionally dependent
on the catalyzed reaction. These examples illustrate that the relation between size and catalytic ac-
tivity is very complex and that different factors, such as temperature and the nature of the support
and of the adsorbed reagents in the particular reaction to be catalyzed, have a great effect.

3. ENSEMBLE REPRESENTATION AND ENSEMBLE-AVERAGE
PROPERTIES OF CLUSTER CATALYSTS

The information presented so far may inspire the overly simplistic, long prevalent view that
cluster catalysts are rather stationary entities with well-defined and countable sets of possible
binding sites. However, recent work has started to reveal the dynamic, statistical ensemble nature
of cluster catalysts (56, 57), and theory has played a major role in this revelation.

Metal clusters are fluxional; i.e., they easily change shape as a result of the surrounding con-
ditions or thermally as a result of the delocalized, nondirectional chemical bonds they contain,
which lead to a wealth of potential energy surfaces of clusters in local minima of similar energies.
This has two important consequences. On the one hand, different isomers might be populated at
catalytically relevant conditions, offering many possible binding sites of very different coordina-
tions. On the other hand, the relative stability of accessible cluster isomers and the probability for
them to be populated might vary significantly with subtle changes in the environment, making
their characterization challenging. Consider a simple example of the Pt13 cluster in the gas phase
(Figure 1). The global minimum of this cluster is not a closed polyhedron that one can cut out of
bulk platinum, but a less symmetric structure. However, through sampling of the configurational
space, many other low-lying local minima are recovered, in close energetic proximity to the global
minimum (56). Temperatures in catalysis can be high. In reactions of dehydrogenation typically
catalyzed by platinum, the temperature is 600–700 K. If thermal fluctuations in the system are
sufficient to surmount the barriers to cluster isomerization, Boltzmann statistics can be applied
to obtain population percentages of all accessible minima. Entropic effects can be accounted for.
Averaging over the ensemble would then produce experimentally observable properties, such as,
for example, ensemble-average vertical ionization potential (VIP). In Figure 1, we show how
the average first VIP varies as a function of temperature, i.e., as the number of isomers and the
entropies grow. At high temperatures, this quantity is very different from that characteristic of the
global minimum; also, whereas for Pt13 the VIP slowly grows, for Pt9 it drops instead. In catalysis,
conditions include other factors besides temperature, which further complicates the picture.

The size-specific catalytic activity of subnanocluster catalysts is therefore an ensemble-average
property. Some accessible higher-energy isomers, though less populated, could be the most ac-
tive. It is thus fundamental to take them into account. Cluster structural diversity and dynamic
fluxionality are important features to capture in order to properly elucidate reaction mechanisms
and gain insight essential for future design.
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Figure 1
(a) The spectrum of low-lying isomers of Pt13 in the gas phase. (b) The ensemble-averaged first vertical
ionization potential of Pt13 and of Pt9 as a function of temperature, i.e., with inclusion of more isomers in the
population and accounting for entropic effects as temperature increases. Figure adapted from Reference 56
with permission. Copyright 2016 American Chemical Society.

Advances have been made, both in multiscale modeling theory and in multimodal operando
experimental characterizations, toward capturing some of the described realistic aspects of sub-
nanoscale catalysis. From the computational standpoint, one difficulty is in the determination of
the geometries of the catalyst, since shapes and overall potential energy landscapes of subnan-
oclusters are generally unpredictable. The search for relevant structures is now largely automated,
and several algorithms have been developed for this purpose, including genetic (58–63), simulated
annealing (64), particle swarm optimization (65, 66), and basin hopping (BH) (67) algorithms.
Often, these methods rely on DFT for local geometry optimizations. However, even DFT is
expensive in view of the required amount of sampling. To alleviate the computational cost of
searching for global minima, classical force fields or neural network–based approaches have been
applied to perform a preoptimization of every new geometry before handing it to DFT (56, 68,
69). Most of these methods are designed for gas-phase clusters, and thus one usually has to deposit
the most stable cluster(s) with different orientations on different binding sites of the support in
order to approximate the configurational space. Within this procedure, one may easily remain
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trapped in metastable high-energy minima. Fortunately, some of these algorithms are adapted for
surface-deposited clusters (70, 71).

The importance of higher-energy structures of supported size-selected nanoclusters for catal-
ysis was only recently realized (55, 56, 72–74). The example of ethylene dehydrogenation on Pt7

and Pt8 on Al2O3 illustrates the relevance of ensemble representation (55). Experiments show that
Pt7 supported on Al2O3 is significantly more active toward dehydrogenation of ethylene than Pt8

and Pt4, which exhibit comparable activities. The global minima of supported Pt7 and Pt8 give
no answer to this puzzle, since both have 3D geometries with comparable properties. However,
meaningful differences arise when considering not only the most stable isomer, but all the isomers
that are predicted to be populated at the catalytic temperature of 700 K. As shown in Figure 2,
all the relevant Pt8 conformers have 3D morphologies, and the global minimum is highly dom-
inant in the population (P700 K = 87.7%) according to Boltzmann statistics. By contrast, Pt7 has
significant thermal access to 2D isomers that become more and more predominant upon increas-
ing temperature. These 2D structures feature greater charge transfer from the support and more
binding sites that can activate ethylene for dehydrogenation rather than for hydrogenation or
desorption. Differences in accessible structures were confirmed through ion scattering experi-
ments and through CO temperature-programmed desorption (TPD) that assessed the number
of exposed Pt binding sites at catalytically relevant temperatures (55). Size-specific activity was
attributed to this morphological difference in the Pt7 and Pt8 ensembles.

In a more general sense, the nature of the available binding sites in the ensemble of clusters
can be used to make first estimations of properties. As we see in the example above, Pt7 offers a
wider variety of binding sites for adsorbates as opposed to the more uniform structural isomers
of Pt8. Every site is characterized by its own coordination environment; electronic structure; and,
therefore, affinity to reagents, such as ethylene, coke, or products of partial dehydrogenation.
Hence, structural diversity leads to the availability of sites, some of which may have the desired
optimal affinity for the rate-determining intermediate, i.e., would place the given site at the tip of
the Sabatier volcano. The effective catalytic activity of the ensemble, therefore, depends on the
activity of every available site on every accessible cluster structure, weighted by the availability
of this structure in the population. This statistical definition of size-specific activity of cluster
catalysts is very different from the more traditional, stationary, single-cluster view. The worst-
case scenario would be if the diversity of sites were so vast that the population exhibited detectable
activity toward all processes, since any incoming species would be able to find the binding site with
just the right affinity. Selectivity, as well as deactivation by poisoning agents in such conditions,
could be a problem. Note, however, that the selectivity aspect of cluster catalysis presented in this
way is yet unexplored. Obviously, the preferred scenario is when the sites that are most active
toward desired processes are also highly abundant, but even a low concentration of very special
active sites can make a good catalyst. It can help if sites of undesired selectivity are permanently
occupied by adsorbates.

4. EFFECT OF COVERAGE

It is noteworthy that the structures and relative stabilities (i.e., availability in the population) of all
the minima depend heavily not only on temperature, but also on the support and on the chemical
nature and coverage of adsorbates, such as reactants, reaction intermediates, and poisoning agents.
We discuss coverage first and address the effect of the support below. The adsorbates can radically
change the energy landscape of a nanocluster. This was beautifully illustrated in a study of H
adsorption on the Pt13 cluster supported on γ-alumina (75). In the absence of hydrogen, the
ground state of Pt13 was predicted to be biplanar, allowing it to maximize its interaction with the
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ΔEads (eV) = 0.43
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ΔQ (e) = –1.23
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ΔQ (e) = –1.08

ΔEads (eV) = 0.19
P700K = 3.82%
ΔQ (e) = –0.94

ΔEads (eV) = 0.17
P700K = 5.03%
ΔQ (e) = –1.07

Eads (eV) = –4.89
P700K = 87.73%
ΔQ (e) = –1.24

ΔEads (eV) = 0.30
P700K = 0.57%
ΔQ (e) = –1.22

ΔEads (eV) = 0.39
P700K = 0.14%
ΔQ (e) = –1.08

ΔEads (eV) = 0.41
P700K = 0.10%
ΔQ (e) = –0.80

a

b

E1 ethylene (eV) = –1.97
P700K = 96.30%
Π-bound, sp2

E1 ethylene (eV) = –1.29
P700K = 72.48%
Π-bound, sp2

E2 ethylene (eV) = –1.62
P700K = 67.60%
2 Π-bound, sp2

E3 ethylene (eV) = –1.73
P700K = 69.22%
2 Π-bound, sp2

1 di-σ bound, sp3

Prismatic minimum, Pt7,globSingle-layer, Pt7,loc

Figure 2
(a) Lowest-energy minima of adsorbed Pt7 and Pt8 with adsorption energies (Eads), Boltzmann population at 700 K (P700 K), and charge
transfer from the support to the clusters (�Q). (b) Examples of structures obtained for Pt7/Al2O3 with adsorbed ethylene, with ethylene
adsorption energies, prevalence in the population at 700 K, and the bonding character in the adsorbed ethylene shown. Upon the
adsorption of one ethylene molecule, the second, single-layer isomer becomes more stable than the prismatic one that used to be the
global minimum in the absence of adsorbates. By the time three ethylene molecules are adsorbed, the prismatic structure spontaneously
undergoes isomerization to the single-layer one. Figure adapted from Reference 55.

surface. A high degree of hydrogen coverage (H/Pt > 1.4), however, induces a reconstruction
from biplanar to cuboctahedral morphology because of the greater ability of the latter to adsorb
hydrogen. Hence, the very nature of the catalyst is adsorbate dependent. Catalyst structure and
catalyzed reaction are mutually dependent. This example shows the need to perform global catalyst
structure searches in the presence of adsorbates.

This statement applies even to such relatively simple events as reverse spillover from the
support to the cluster. For Pt6 on CeO2(111), the global minimum structure (Figure 3a) was
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Figure 3
(a) The global minimum of Pt6/CeO2; the green O atom is the candidate for reverse spillover from the
cluster–surface interface. (b) The most stable isomer after reverse spillover starting from the structure in
panel a. (c–f ) The most stable isomers after reverse spillover identified using a basin hopping search. Figure
adapted from Reference 76 with permission. Copyright 2014 American Chemical Society.

found using the BH algorithm (76), and then two computational approaches were applied to
study the reverse oxygen spillover. This process consists of the formation of an O vacancy at the
platinum–support interface and the migration of that O atom to the cluster. In the first approach,
the final state, i.e., that in which the O atom had already migrated to the cluster, was obtained by
a local geometry optimization for each possibility of moving an interfacial O atom, starting from
the global minimum of Pt6/CeO2. The most stable structure obtained in this way is depicted in
Figure 3b. In the second approach, a BH optimization of the final state was performed, and several
structures significantly more stable than this (by almost 1 eV) were found (Figure 3c–f ). There
is no resemblance of the BH-identified most stable isomer with the initial structure of Pt6 on
CeO2. In practice, which one of the isomers would actually form in catalysis depends additionally
on the kinetics. But this example illustrates that it is unsafe to assume minimal rearrangements
of the cluster catalyst and to trust that large barriers would keep it fixed. Taking this one step
further, we can infer that the catalysts’ potential energy surfaces change when transitioning from
reactants to intermediates to products. In the language of a statistical ensemble, we should say
that the ensemble changes, not the single structure.

In Baxter and colleagues’ (55) study on size-selected Pt clusters supported on alumina for
ethylene dehydrogenation, accounting for ethylene coverage was essential to capturing the role of
the second-lowest energy minimum of Pt7/Al2O3 rather than the global minimum (Figure 2b).
Whereas in vacuo the prismatic isomer is the global minimum, as soon as a single ethylene
molecule adsorbs, the order of the isomers reverts and the single-layer isomer becomes more
stable. Since the single-layer isomer pulls more negative charge from the support, it is more
nucleophilic and binds ethylene more strongly, bringing the overall energy of the system below
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the former global minimum. Ethylene TPD experiments showed that the cluster can adsorb up
to three ethylene molecules, and therefore the computational work was extended to this relevant
coverage. By the time three ethylene molecules are adsorbed, the prismatic isomer undergoes a
barrierless isomerization toward the single-layer configuration. It was thus demonstrated that the
single-layer isomers are the real players in catalysis. This work emphasizes the additional important
point that, in realistic conditions, key active sites may emerge that are metastable or not present
in ambient conditions, i.e., before the catalyst is brought to its activated state. Therefore, in order
to identify the catalytically relevant sites and truly understand reaction mechanisms, operando
characterization techniques and a tour de force of realistic modeling are required.

Bridging the pressure gap (i.e., the pressure difference in surface-science modeling experiments
versus in real catalysis) requires accounting for pressure effects on the underlying support. In this
regard, an important consideration for oxide surfaces is the presence of hydroxyl groups (77).
The hydroxylation state of an oxide is a complex matter that depends on several factors, such
as the type of oxide, the surface orientation, and the chemical potentials of oxygen and water
(78). Hydroxyl groups are known to play a role in catalytic reactions, either by modifying the
electronic properties of the catalyst or by participating in the reaction (79, 80). Similarly, the
shape and sintering behavior of nanoparticles depend on the hydroxylation level of the underlying
oxide, although this relation may not be straightforward (81). Other surface species also influence
clusters. Chlorination, for instance, helps to mitigate the sintering of Pt nanoclusters supported
on γ-alumina (82, 83). Therefore, it is important to include such species in simulations.

5. ELECTRONIC METAL–SUPPORT INTERACTION

In catalysis, metallic nanoclusters are usually dispersed on oxide supports with high surface area.
For small clusters, most of the cluster atoms are at the interface with the support, which greatly
impacts the chemical properties of the cluster. Campbell (84) called this phenomenon electronic
metal–support interaction (EMSI). The support plays a crucial role in modulating the geometric
and electronic structure of the nanocluster and, thus, its catalytic properties, as well as its stability
against sintering (78, 85, 86). EMSI may be weak (van der Waals interaction) or strong (covalent
and/or electrostatic interaction). The extreme form of EMSI is strong metal–support interaction
(SMSI). SMSI was initially considered to be harmful to the catalyst because of the formation of an
oxide layer on the surface of the metal nanoparticle (87, 88). By now, several works have demon-
strated that SMSI can substantially enhance the catalytic properties of metal nanoparticles (89–91).
Interaction with the support adds a level of complexity to the system, but also another degree of
freedom to achieve the greatest performance of the catalyst and stability against deactivation.

The electronic structure of the nanocluster is affected by charge transfer between the catalyst
and the support. The direction and amount of the charge transfer can, in principle, be tuned by the
nature of the oxide, defects, doping, etc. Nonreducible oxides, such as MgO, CaO, and Al2O3, are
characterized by large band gaps and low reactivity. The charge transfer at the interface is usually
small. Defects can turn charge transfer and can also be fully responsible for catalyst activation,
as is the case for Au8 in CO oxidation, which is active only when deposited on a MgO surface
containing O vacancies (F-centers) because of increased charge transfer from the support to the
catalyst (92). For Au15Cu15 supported on MgO, F-centers again facilitate CO oxidation, whereas
Mg vacancies (V-centers) reduce the charge transfer to the cluster and harm the activity. However,
the V-centers provide the strongest binding to the surface, making sintering less likely (93).

In reducible oxides, such as TiO2 and CeO2, the metal has access to several oxidation states,
so its oxidation state can easily be lowered. The bond between the metal and oxygen has a less
pronounced ionic character and, unlike in nonreducible oxides, the oxygen still has oxidizing power
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a b

c d e

Figure 4
The most stable isomers of (a) Pt4 in the gas phase, (b) Pt5 in the gas phase, (c) Pt4 on TiO2(110), (d ) Pt4 on
MgO(100), and (e) Pt5 on MgO(100). Deposition on a substrate can alter nanocluster morphology in
potentially surprising ways, as can be seen by comparing panels a, c, and d and comparing panels b and e.
Data from References 97, 98.

(78). Consequently, these surfaces can easily accept charge from a donor species. The occurrence
and direction of charge transfer can be optimized by controlling the thickness of the oxide film
(94) or by the inclusion of defects or dopant atoms. For instance, on TiO2 anatase and tetragonal
ZrO2(101) doped with nitrogen, Ag and Au clusters become positively charged (95). As a result,
the cluster–support interaction is enhanced, since both the surface and subsurface nitrogen dopant
anchor the cluster to the surface.

The substrate can have a marked effect on the morphology of the cluster, which, again, is
important for catalytic properties in structure-sensitive reactions. For AumRhn (4 ≤ m + n ≤ 6)
(96), for example, interaction with MgO can change a 2D structure to a 3D structure (or vice
versa) upon deposition. The reason is that the interaction of the substrate with Rh atoms is more
favorable than with Au atoms. We are learning the logic behind shape transformations, but the
relative weights of all the factors governing shape transformations, such as the strength of atom–
support interactions versus the strength of intracluster bonding for a given shape and composition,
are not trivial to predict, although they can be computed. Hence, the way in which the support
alters the morphology of the cluster can be surprising, as shown in Figure 4: Gas-phase Pt5 is a
trigonal bipyramid, but upon deposition on MgO it becomes planar and stands upright as a result
of charge transfer, induced partial covalency, and repulsion with the negatively charged O atoms
at the surface (97). Pt4 in the gas phase also has a 3D structure, and upon deposition on MgO,
its structure remains approximately the same. This more compact shape results from the slight
dominance of intracluster bonding over coordination to the support. The situation is completely
different when this cluster is supported on TiO2(110): Pt4 adopts a square-planar shape, which
provides increased interaction with this support (97, 98). Of course, we have so far discussed only
ground-state geometries, but the entire ensembles show marked differences when going from the
gas phase to the surface (e.g., 26, 28, 99).

Overall, cluster–support interaction can be a powerful tool for tailoring and optimizing the
properties of catalysts. A beautiful example is Au20. In the gas phase, the ground state of Au20 is
a pyramidal structure with a very high HOMO−LUMO gap of 1.77 eV (100). This cluster has
very limited reactivity and is not useful for catalysis (101). However, the Au20 cluster can also
adopt a 2D planar structure. This conformer is thermodynamically less stable but catalytically
more active. When deposited on MgO or graphene, the 3D isomer is still the most stable one. In
light of this situation, various ways of stabilizing the catalytically active isomer by tinkering with
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the substrate have been proposed. One idea is to use an ultrathin layer of MgO on an underlying
metal surface of Mo(100) as support (102–104). Another way of stabilizing the planar isomer is
by doping the surface, e.g., doping MgO with aluminum (105) or doping graphene with nitrogen
(106). Other proposed ideas include growing the system (cluster and MgO support) in the presence
of an electric field (107) and depositing Au20 on pristine silicene/Au(111), allowing strong Si–Au
covalent bonds (108). In all cases, the morphological transformation is caused by a substantial
charge transfer from the support to the cluster. As a result, the excess charge on the supported 2D
Au20 conformer makes it an even better catalytic agent for the oxidation reaction of CO.

We emphasize that it is extremely difficult to predict how a specific metal–support interaction
will affect the chemical properties of a catalyst. For example, Co nanoclusters were deposited on
different oxide supports (MgO and Al2O3) and on an inert carbon-based support [ultrananocrys-
talline diamond (UNCD)] for use in the Fischer–Tropsch synthesis (109). The overall activity
was greatest in the case of UNCD support. Moreover, this system exhibited the highest selectivity
toward the formation of longer-chain hydrocarbons. This effect was correlated to the oxidation
state of the metal. Similar studies were performed for Ag clusters catalyzing the epoxidation of
propylene (110). In this case, however, it was found that whereas Ag nanoclusters are highly effi-
cient catalysts when supported on alumina, they become inactive when deposited on UNCD. It
was proposed that the lack of metal-oxide interfacial sites in the case of Ag on a UNCD support
limits the epoxidation catalytic activity. This result points out the extreme effects of interaction
between the support and the metal catalysts, opening a wide range of possibilities to optimize
specific catalytic processes.

One more pending matter in terms of realistic modeling is the transition from crystalline sur-
face models to amorphous supports, which are relevant in industry. A recent work pointed to the
need of modeling such supports after comparing Pt10 on highly ordered alumina (obtained under
UHV conditions) and Pt10 on an amorphous alumina substrate (111). Interestingly, the authors
found that, when exposed to realistic reaction conditions, Pt10 on ordered alumina undergoes a
morphological transition to a system very similar to Pt10 on amorphous alumina. The computa-
tional modeling of amorphous supports is difficult because of the diversity of surface features, the
need for a bigger unit cell, and limited experimental data. The approach to modeling amorphous
supports that has so far been most successful is based on classical molecular dynamics (MD) refined
with density functional theory (DFT) (112–114). Some theoretical studies of amorphous surfaces
as supports for nanoclusters have been successful, with results comparable to experimental data
(115, 116), but more research in this direction is definitely needed.

6. CLUSTER CATALYST STABILITY

The interaction between the metallic clusters and the underlying surface is furthermore intimately
linked to the longevity of the catalyst. Indeed, a major challenge in achieving routine use of metallic
nanoclusters as catalysts is their instability against deactivation via poisoning and sintering, or
thermal agglomeration into large particles aiming to reduce the surface energy. Whereas poisoning
is reaction-specific, sintering is universal to most subnanoclusters, especially in catalytic processes
that require high temperatures, such as steam reforming. Sintering causes the loss of active sites
and size-specific catalytic characteristics. Thus, the stabilization of nanoclusters against sintering
is fundamental for their applications.

Sintering can happen via two major mechanisms: Ostwald ripening (OR) and cluster coales-
cence, or Smoluchowski ripening (SR). In the OR regime, an atom leaves the cluster and migrates
through diffusion, either on the surface or through the vapor phase, in order to join larger parti-
cles. The SR regime involves Brownian motion of entire nanoparticles on the support, leading to
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aa bb

Figure 5
Pd19 supported on (a) Rh(111) and (b) a graphene moiré film on Rh(111). Figure adapted from Reference 123
with permission.

their coalescence and agglomeration. When particles are very small (a few atoms), the mechanism
of sintering has been more often (117–120) than not (121) observed to be the OR mechanism.

In general, the mechanism depends on the relative strengths of intracluster bonding versus
cluster–support bonding, as well as on some additional entropic factors. In fact, the ripening
modes can be changed between OR and SR by tuning the interactions with the substrate (122,
123). This was evidenced when Pd clusters were deposited on particular substrates and the ripening
regimes compared (123). On Rh(111) (Figure 5a) and on hexagonal BN moiré films on Rh(111),
Pd clusters sinter via OR. In contrast, on graphene moiré films grown either on Rh(111) or on
Ru(0001) (Figure 5b), the binding energy to the support is weaker, and Pd clusters coarsen by the
SR mechanism. On these supports, OR can be observed only at very high temperatures. Stronger
cluster–support interactions discourage SR. For example, Ag clusters sinter with markedly different
speeds on ceria and magnesia (124). To control sintering, functionalization of the support and
introduction of dopants are being explored with some success (125–127). Oxidized Co4 clusters
were found to be resistant to sintering whenever they were supported on alumina or on UNCD
(128), but the reasons for the stability were different for each support. Alumina anchors the clusters
through bonds between Co and surface O and between cluster O and aluminum. On UNCD, the
origin of the sintering resistance lies in electrostatic and dispersive interactions at the hydrogen-
terminated pristine surfaces, as well as in covalent bonds between the cluster and the defect sites
of the support. We note, finally, that changing the cluster–support interaction will also affect the
activity. Hence, activity and sintering resistance should ideally be optimized simultaneously.

An alternative way to discourage SR is by preventing the fusion of clusters upon coalescence.
A pioneering work achieved a sintering-resistant Ir catalyst supported on MgO in this way (122).
This so-called “smart” catalyst consists of clusters of a critical size (nearly 1 nm, or about 40 Ir
atoms) that do not fuse, even if they collide with other clusters, because they possess rigid cubic
structures and the energy penalty to rearrange the atoms to merge is too high. The effect was not
repeatable for Pt and Au, however.

OR, by contrast, can be mitigated by increasing the strength of intracluster bonding, for
example by nanoalloying with other elements. Pt nanoclusters deposited on MgO, for instance,
are predicted to be more OR-resistant if doped with boron (72, 129): Covalent Pt–B bonds distort
and stabilize the clusters, increasing the barrier to Pt atom dissociation and thus reducing the
propensity to sinter. Another, and perhaps the most successful, approach to reducing OR is based
on the idea that the driving force for OR is provided by the different chemical potentials of
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particles with different sizes. If all the particles have the same size, OR might be suppressed. This
has been shown for Pt clusters on different supports (130). Thus, a perfectly monomodal initial
size distribution is an attractive solution for fighting OR.

Other methods of preventing sintering have to do with the architecture of the support physically
preventing clusters from disassembling and migrating, and include the use of isolated pores, or pits
on the surface, as well as overcoating after cluster deposition. We do not discuss these techniques
here, as our focus is on clusters.

Our understanding of the process of sintering comes largely from microscopy (28, 41). To the-
oretically probe the process, multiscale ensemble simulations mimicking the effect of temperature
are required. For example, to explain the phenomenon that alloying Pt with an equal amount of
Pd reduces sintering of the clusters on oxides (131), which had been observed experimentally but
not yet understood, a Monte Carlo (MC) scheme was devised (132) (Figure 6). First, the global
minimum and all thermally accessible local minima of PtxPdn−x (n = 4–0, x = 0–4) deposited on
TiO2 were found using DFT. The energy of the cluster of every stoichiometry was then taken
as an ensemble average over the structures that exist at the temperature of interest as defined by
Boltzmann statistics (this was the first way to account for temperature, T ). All atom-dissociation
energies were also precomputed. Finally, the full potential energy surfaces for the single Pt and
Pd atoms on TiO2 were computed. The simulations began with tossing of Pt and Pd atoms onto
the support at the desired coverage. Allowed MC moves included atom jumps from site to site
over a fine grid on the support, association to form clusters with precomputed energy gains, and
dissociation from clusters with precomputed penalties. All energy components went into the MC
acceptance criterion, which also contained T. Simulations reproduced the experimentally known
fact that clusters with Pt:Pd = 1:1 survive the most during sintering. The main reason for the
stability was identified to be entropic: Since such clusters have considerably more thermally acces-
sible isomers than do clusters with other Pt:Pd proportions, configurational entropy contributes
to the free energy of the system in a favorable way.

The algorithm was later extended to allow for atom evaporation and redeposition to account
for atom loss and possible OR via the vapor phase (98). The extended algorithm showed that PtZn
clusters on MgO(100) and TiO2(110) sinter rapidly, but in different ways. Zn easily evaporates
from magnesia, but binds strongly to Ti atoms on titania. This results in Pt-rich sintered phases
on MgO and in separate Pt-rich and Zn-rich sintered phases on TiO2 (98). These simulations still
do not consider the effects of adsorbates.

The shortcoming of these sintering simulations is the lack of adsorbates, which would neces-
sarily be present in reaction conditions and could influence the stability of the clusters (133, 134).
In fact, high pressures of H2 and O2 can enhance the sintering of metallic nanoclusters (135–137).
Bound CO weakens and distorts deposited Au clusters and should therefore accelerate sintering.
The atomistic information that simulations provide is crucial for eventual mitigation of sintering,
and therefore algorithmic capabilities should develop in this direction.

7. ROLE OF CLUSTER FLUXIONALITY IN REACTION
DYNAMICS—THE LATEST FRONTIER

Notice that so far, modeling accounts for the statistical distributions of shapes in the ensemble
at a given temperature. An added degree of complexity comes from the dynamics. The fluxional
nature of clusters (57, 138, 139), of course, contributes to the thermal rearrangements in the en-
semble, in the minima on the free energy surface, e.g., in the well of the reactants or intermediates
of the catalyzed reaction. Some isomers that we discover and include can be kinetically trapped
or unreachable, and it is therefore important to balance the populations by the kinetic effects.
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Figure 6
(a) Sintering simulation of mixed PtPd clusters with different initial Pt:Pd ratios and different temperatures:
All conditions favor the retention of clusters that consist of equal numbers of Pt and Pd. (b) The middle row
of panel a viewed as a heat map, i.e., from above, showing cluster buildup around the diagonal where the
numbers of Pt and Pd atoms are equal. Figure adapted from Reference 132 with permission. Copyright 2014
American Chemical Society.

Born–Oppenheimer MD reveals that Au12 and Au13 gas-phase clusters, for example, exhibit
different topologies that cyclically interconvert at room temperature, being highly fluxional. In
contrast, Au20 is not as fluxional and shows high stability in its pyramidal shape (140). Clearly,
the support will play an important role in a cluster’s fluxionality, facilitating or hindering cer-
tain morphologies (141). Theoretically approaching these effects is not simple. A limited picture
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can be given by MD, although it would recover only a fraction of viable pathways. A fuller
thermodynamics–kinetics map of cluster catalysts would be highly desirable.

Nevertheless, even more formidable is the possibility that cluster fluxionality can couple to
the reaction coordinate. Notice that this is different from isomerization and re-equilibration of
the cluster ensemble before or after the reaction step. It is much harder to capture, and may
have dramatic consequences for the calculated reaction rate. In some cases, clusters undergo a
small flexing or adaptation of structure as part of the reaction event in order to provide the most
favorable reaction path (55, 142). Indeed, this behavior can be one of the keys to success in cluster
catalysis. Yang et al. (53) defined a displacement to describe the extent of the structural flexibility
of a cluster using the following formula:

Displacement =
∑

n

√
(Xnf − Xni )2 + (Ynf − Yni )2 + (Znf − Zni )2

M
, 1.

where X, Y, and Z represent the coordinate of the n-th atom in the cluster, i and f represent the
initial and final states, and n = 1 − M, with M being the number of atoms of the cluster. This
formula was applied to compare the two main isomers of Au13, icosahedral and cuboctahedral
(143). In the gas phase, the cuboctahedral conformer is more stable, but when deposited on
partially reduced anatase TiO2(101), the icosahedral cluster becomes more stable after a significant
reconstruction. The latter isomer binds CO2 more strongly after altering its structure; it can easily
adopt different configurations to optimize CO2 adsorption. When the above formula was applied,
it was shown that there is a direct relation between the higher displacement of the icosahedral
cluster and a larger CO2 adsorption energy. Thus, a more flexible isomer is able to adapt to the
environment, increasing its interaction with the substrate as well as facilitating its binding to the
reactants. This type of flexing is not problematic for theory. True cluster isomerization, however,
is more dramatic and involves crossing a barrier. The question is, can this kind of isomerization
happen simultaneously with the reaction step, and lower its barrier, in a coupled reaction path (57)?
It is not inconceivable, considering the nondirectional bonding in metallic clusters. This might
be system dependent, and not something that has a universal answer or approach for capturing,
as happen so often with nanocatalysts. Computational modeling will be vital to clarifying this
question because it allows, in principle, a separation of the diverse components of a given system.
There is much work to do in this respect, and new theoretical strategies and algorithms must be
developed.

8. COMPUTATIONAL METHODS

There are two major avenues in the computational methodologies that, in our view, require
algorithmic developments: the statistical mechanical and quantum mechanical avenues. To com-
putationally study nanocatalysis, one would ideally use global optimization sampling to determine
the structures that will be populated under catalytic conditions and, eventually, calculate the re-
action mechanism. As described in this review, this task can be extremely complicated. Catalytic
conditions imply high temperatures and coverage with adsorbates, which will simultaneously in-
fluence both the support (e.g., contribute to the creation of defects) and the metallic nanoclusters
(via fluxionality and induced restructuring). The structure on the interface will in turn affect the
coverage. Hence, not only is the problem massive, but it also needs to be solved self-consistently.
For simulations to be feasible, simplified models are needed, such that adequate computational
methods that are still sufficiently accurate can be used (144). Smart sampling and global opti-
mization strategies are being developed to reduce the computational cost as much as possible.
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Generation of ensemble descriptions of cluster catalysts in realistic conditions needs to follow,
but so far precedents of this sort are very rare.

Electronic structure offers another complication. Empirical potentials and force fields are pop-
ular and computationally inexpensive, but they are not accurate for transition metal clusters, and
therefore more sophisticated (and expensive) methods must be used. DFT currently offers the
best balance between accuracy and computational cost. The systems to study are large. Surface-
deposited clusters are modeled as supercell slabs within periodic boundary conditions. The size
of the supercell can become problematically large when dealing with bigger clusters (i.e., six or
more atoms), to avoiding cluster–cluster interactions. The vacuum space between repeating im-
ages in the z-direction and the thickness of the slab also have to be large enough to avoid spurious
surface–surface interactions. Nowadays, artificial electrostatic forces across the vacuum can be
avoided using dipole corrections, which are implemented in most periodic code.

However, one needs to be careful when using DFT for surface-deposited clusters. The relative
energies of cluster isomers often depend on the DFT method employed (56). Furthermore, for
strongly correlated systems, DFT can produce completely unreliable results because of the lack
of cancellation of the Coulomb self-interaction of an electron with itself and also because of the
intrinsically single-reference nature of the method. This is the case for late transition metal clusters
(e.g., clusters of Co and Ni and their oxides, often popular in catalysis), and rare earth oxide supports
(e.g., ceria) (145). Many electronic states differing by electron localization or type of magnetic
coupling of unpaired spins can be found close in energy in these systems, and the coupling between
these states can be strong. As a result, the description should contain a superposition of multiple
single-determinant states. More sophisticated electronic structure methods are then required for
an even qualitatively correct description (146), and such methods for properly describing strongly
correlated systems either are not yet implemented for periodic systems or are too expensive to
use (as is the case for the random-phase approximation; see 147, 148). Hybrid functionals can
help only to a limited extent, as they are still intrinsically single-reference. Additionally, it is
not known a priori how much Fock exchange should be introduced in a hybrid functional for
best agreement with experiment. A less computationally demanding (and therefore widely used)
corrective scheme to treat these systems is the addition of the Hubbard U term to a set of atomic-
like orbitals (e.g., to cerium f-states in the case of CeO2) (149, 150). Although the U value can
be chosen on a self-consistent basis (151, 152), it is most often chosen to fit a given property.
Again, however, DFT+U does not capture static electron correlation. This means that DFT+U
calculations address just one electronic state instead of a superposition, and even that state has
broken symmetry. In addition, there is no guarantee that, if a given flavor of DFT predicts that the
single chosen state is the lowest-energy one, the prediction is correct. In our opinion, the blind
use of DFT+U is dangerous. It is too often abused, likely generating many results and predictions
that will eventually prove wrong. A prime example of this is a large body of literature on ceria-
supported cluster catalysts treated with DFT+U. Despite developments such as hybrid functionals
based on a screened Coulomb potential (153) and methods using Green’s function (154), the field
is still in need of trustworthy electronic structure methodologies for strongly correlated systems.

9. CONCLUSIONS

With increasing environmental concerns worldwide, the use of nanoparticles as catalysts is a
novel way to exploit resources more efficiently. Surface-deposited metallic nanoclusters have
the potential to be superb catalysts, with unique and unexpected activities and selectivities. For
practical applications, selectivity and cluster stability against sintering and poisoning need to be
improved.
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Cluster catalyst design is a balancing act, with multiple mutually entangled components need-
ing to be simultaneously optimized. Catalyzed reactions are sensitive to clusters’ geometric and
electronic structures, and at the same time these structures are greatly affected by the nature of
the adsorbates present and the temperature of the reaction. The support additionally influences
cluster structure, stability, and properties, including catalytic activity, but stability and activity
can be in contradiction. Structural diversity in the ensemble of cluster structures accessible un-
der catalytic conditions is an important feature that often allows for the formation of otherwise
metastable but catalytically relevant sites, or for clusters’ dynamical adjustment to the reaction
event, lowering the barrier. However, structural diversity and dynamic fluxionality may lead to the
reduced selectivity of the catalytic process. Additionally, important metastable sites are difficult
to identify and characterize under working conditions and are especially difficult to deliberately
generate. In fact, it may be best to carry out the synthesis of a catalyst under the same conditions
at which it will eventually operate. In terms of characterization, operando techniques should play
a major role and should also use input from surface science. Theoretical modeling, in order to be
useful, should fully depart from the paradigm of a single stationary structure and should include
effects of temperature, coverage, and dynamics.

In view of this complexity, it is not surprising that cluster catalysts are not routinely amendable
to design, and many discoveries in this field are still accidental. However, through modern and
developing techniques, we start gaining understanding of how cluster catalysts operate and which
factors are important for their special properties. Several modest but successful attempts at design
or strategic modification have been reported. Therefore, we are optimistic about the future rise
of strategic design and the precision synthesis of stable cluster catalysts with abundant catalytic
sites of desired activity and selectivity.
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90. Carrasco J, López-Durán D, Zongyuan L, Duchoň T, Evans J, et al. 2015. In situ and theoretical
studies for the dissociation of water on an active Ni/CeO2 catalyst: importance of strong metal–support
interactions for the cleavage of O–H bonds. Angew. Chem. Int. Ed. 54:3917–21

91. Bliem R, Hoeven JVD, Zavodny A, Gamba O, Pavelec J, et al. 2015. An atomic-scale view of CO and
H2 oxidation on a Pt/Fe3O4 model catalyst. Angew. Chem. Int. Ed. 54:13999–4002
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