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ABSTRACT

We investigate how the chemical reactivity of gold nanoparticles depends on the cluster size and shape
using a combination of simulation techniques at different length scales, enabling us to model at the
atomic level the shapes of clusters in the size range relevant for catalysis. The detailed atomic configura-
tion of a nanoparticle with a given number of atoms is calculated by first finding overall cluster shapes
with low energy and approximately the right size, and then using Metropolis Monte Carlo simulations to
identify the detailed atomic configuration. The equilibrium number of low-coordinated active sites is
found, and their reactivities are extracted from models based on Density Functional Theory calculations.
This enables us to determine the chemical activity of clusters in the same range of particle sizes that is
accessible experimentally. The variation of reactivity with particle size is in excellent agreement with
experiments, and we conclude that the experimentally observed trends are mostly explained by the high
reactivity of under-coordinated corner atoms on the gold clusters. Other effects, such as the effect of the
substrate, may influence the reactivities significantly, but the presence of under-coordinated atoms is

sufficient to explain the overall trend.

© 2011 Elsevier Inc. All rights reserved.

1. Introduction

Although gold is generally considered chemically inert [1], it
has, since 1987, been known that gold nanoparticles can be active
catalysts [2], once the particle size is reduced below 5 nm and even
at temperatures as low as room temperature. The mechanism be-
hind this has been widely debated, and no consensus has been
reached. Suggestions include quantum confinement effects [3-5],
charging of the nanoparticles [6-8], active participation by the
support either by supplying oxygen to the cluster [9] or by the
active site being localised at the interface [10-12], and the abun-
dance of low-coordinated gold atoms on the smallest clusters
[13,14]. Recent work based on Density Functional Theory (DFT)
calculations combined with microkinetic models has shown that
low-coordinated gold atoms at corners and possibly edges of the
nanoparticles can act as active sites for catalytic CO oxidation at
room temperature and that this can explain the majority of the
overall trend of increased reactivity of particles smaller than
5nm [15,16]. It should be noted that other effects, such as influ-
ence of the support, undoubtedly contribute to the reactivity, but
it appears to be possible to explain the overall trend without invok-
ing these. In a recent review, Janssens et al. [14] have compiled
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experimental reactivities obtained with various preparation tech-
niques and supports and demonstrated that the overall trend is
consistent with the reactivity per gram Au scaling as the particle
diameter d—3, supporting the notion of corner atoms as the main
contributor to the reactivity. Overbury et al. [17] have measured
the reactivity versus size for TiO,-supported Au nanoparticles
and found a scaling exponent between —3 and —2 depending on
the loading, possibly indicating that both corner and edge atoms
contribute to the reactivity.

The interpretation that corner and edge atoms are dominating
the reactivity of gold nanoparticles is strongly supported by theo-
retical arguments. Gold surfaces do not normally bind oxygen, as
the d-states of gold lie so low in energy that the interaction be-
tween the Au 5d-states and the O 2p-states is net repulsive [1].
Gold atoms situated on the edges and corners of a nanoparticle
have fewer neighbouring gold atoms, which leads to a shift of
the d-states to a higher energy and an increased reactivity when
the reactivity is described with a simple d-band model [1,18]. De-
tailed calculations of the reaction path, based on DFT, have indeed
confirmed this picture and shown that such under-coordinated
atoms are very reactive with respect to CO oxidation [16,18].

Once this has been established, and the reactivities of typical
sites have been calculated, it is in principle straightforward to cal-
culate the reactivity of a given nanoparticle, provided the occur-
rences of the different sites are known. This principle has been
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applied to CO oxidation on gold nanoparticles [13] and also to
ammonia synthesis on ruthenium nanoparticles [19]. In both cases,
a relatively simple model for the particle shape was employed,
based on the Wulff construction. The Wulff construction deter-
mines the thermodynamically favourable shape of crystals: the
shape that minimises the surface energy for a given volume, taking
the anisotropy of the surface energy into account. This is the cor-
rect approach for large particles, where the material can be consid-
ered a continuum and where the energy associated with edges and
corners is negligible. However, for nanoparticles neither is the
case: The excess energy associated with the atoms in the corners
and edges may be comparable to the surface energies. In addition,
the Wulff construction is only able to create clusters with certain
“magic” numbers of atoms, corresponding to adding or removing
whole atomic layers to the cluster surfaces. The Wulff construction
is, therefore, only an approximation neglecting these effects. If a
cluster contains a different number of atoms, it is unclear whether
adding defects to a Wulff construction is going to produce a rea-
sonable low-energy structure. As such defects consist of under-
coordinated (and thus reactive) atoms, their presence or absence
will dominate the reactivity of the cluster.

For the case of ruthenium clusters, Gavnholt and Schigtz [20]
have investigated the low-energy configurations of these and have
found that the lowest energy configurations often depart from
Waulff shapes in order to reduce the amount of corners and steps
at the price of a slight increase in surface area. For the case of
ammonia synthesis on ruthenium clusters, this leads to a signifi-
cant reduction in available active sites compared to what would
be expected from a modified Wulff construction [19]. However,
these results cannot be transferred to the case of gold catalysis.
The energetics of the two types of clusters differ significantly,
and furthermore, the reactive site for ammonia synthesis is not a
low-coordinated atoms in itself, but at the foot of an atomic step
on the surfaces.

For these reasons, we are investigating the shape of gold nano-
particles, with a particular focus on the number of under-coordi-
nated atoms as a function of particle size. An obvious approach
to such a task would be molecular dynamics or Metropolis Monte
Carlo simulations. However, neither of these methods is practical
to apply directly to clusters containing more than a few hundred
atoms, as the required simulation times would be astronomical. In-
stead, we introduce a two-step Monte Carlo simulation method in-
spired by the work of Gavnholt and Schigtz [20]. In this method,
first reasonable candidates for the overall shape of the clusters
are found, followed by an investigation of the detailed shape of
the clusters. The method yields an approximate Boltzmann ensem-
ble of cluster shapes, from which the average number of under-
coordinated atoms can be determined. This finally allows us to
predict the overall reactivity. It should be stressed that some care
is required when comparing with experimental reactivity, as we
calculate the reactivity at a single size whereas experimental
measurements will always involve a size distribution. Further-
more, there is no guarantee that the particles being measured upon
have reached their thermodynamically most favourable state, in
particular if formed at low temperature.

2. Method

The energy landscape of a cluster with thousands of atoms is
quite complicated, with regions of many local minima separated
by large energy barriers, as illustrated figuratively in Fig. 1. The
close-lying minima in the figure correspond to moving individual
atoms around, thus creating or removing atomic-scale defects
while preserving the overall shape of the cluster. The large energy
barriers illustrate moving whole layers of atoms from one side of
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Fig. 1. lllustration of the energy landscape of a cluster. The large “valleys”
correspond to different overall shapes of the cluster, i.e., different number of
atomic layers along the various crystal directions. Within each “valley”, there is a
detailed structure, as in most cases the number of atoms does not correspond to all
layers being perfect, and there are many possible arrangements of the few missing/
additional atoms.

the clusters to another, thus leading to different overall shapes of
the cluster.

Any straightforward Monte Carlo algorithm based on moving
individual atoms will not get past these large energy barriers.
However, as the large valleys correspond to different overall clus-
ter shapes, it is possible to sample configurational space by a two-
level method. First, all the relevant “valleys” are identified by
searching for reasonable overall shapes for the cluster, describing
the shape with a relatively low number of parameters. A second
step then investigates the detailed atomic-scale shape [20].

In the developed method, we have limited our focus to struc-
tures based on the face-centred cubic (FCC) crystal structure in or-
der to hold the calculation time at a reasonable level. All atoms are
sitting on sites belonging to an FCC lattice, we do thus not allow for
defects such as stacking faults or twin boundaries, nor do we allow
cluster structures that are not based on a crystal structure, such as
icosahedral or decahedral clusters. However, we explicitly include
the surface relaxation energies in our calculations, although tech-
nically surface relaxations correspond to the outermost atoms
moving slightly away from the perfect positions.

At first sight, excluding icosahedral or decahedral clusters
would seem problematic, as it is known that small metallic clusters
typically have these structures, where the surface energy is mini-
mised at the cost of slightly higher bulk energy. However, Baletto
et al. [21] have investigated the crossover size between the icosa-
hedra, decahedra and truncated octahedron (FCC) structures for
different FCC metals. They find that the crossover size is strongly
dependent not only on the metal studied but also on the details
of the interatomic potential. Regardless of the potential, they find
that gold has the strongest tendency to remain in FCC structures.
When modelled with the Embedded Atom Method (which closely
resembles the Effective Medium potential used here), gold prefers
the FCC structure or the decahedral structure to the icosahedral
structure even for the smallest clusters, whereas it is not possible
to determine whether decahedral or FCC structure is preferred
for clusters with less than a few hundred atoms. Other researchers
find larger size ranges where the non-FCC phases are stable [22]. It
would be useful to extend the method described here to explicitly
include such phases; it is, however, not a trivial extension, as there
is no simple underlying lattice in these phases. Furthermore, as the
purpose of this work is to investigate the scaling of the reactivity
with respect to the size, it is of great value to have a homogeneous
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data set without sudden changes in structure, even if this means
that the smallest clusters might have a structure differing from
the experimentally observed structure.

For the coarse-scale simulation, we limit ourselves to structures
constructed only by the low-energy (100), (110) and (111) sur-
faces. As an FCC crystal has six (100) directions, 12 (110) direc-
tions and eight (111) directions, a cluster can be represented by
26 integer parameters giving the distance from the centre of the
cluster to these surfaces measured in atomic layers, in analogy to
a Wulff construction. A Monte Carlo algorithm operating within
this parameter space performs this coarse-scale search. Each
Monte Carlo step starts with a random selection of a parameter,
which is then increased or decreased by one, i.e., one atomic layer
is either added to or removed from the surface represented by the
parameter. This will change the size of the cluster, so in order to
keep the size close to a specified value, another parameter is cho-
sen randomly and then decreased or increased by one to compen-
sate. This compensation is repeated until the size has passed the
desired size leaving two configurations bracketing the correct size,
which can be used as trial configurations in the Monte Carlo algo-
rithm. Normally one would choose the configuration with the low-
est energy, but the size difference makes this choice a bit blurred,
so instead we chose the configuration with the lowest energy per
atom. This will unfortunately favour large clusters with a high frac-
tion of low energy bulk atoms, but at these small size differences,
this is an insignificant problem. At the nth step, the trial configura-
tion is accepted with the probability

—AE
Pn+1 = exp kTSMC ’

where AE is the energy difference between the new and old config-
uration, and Tsycis a fictitious temperature. The energy difference is
given as

Nn + NnH

2 b
where ¢ is the energy per atom. We scale the energies with the aver-
age size between the two clusters in order to have a temperature
with physical meaning. Since this coarse-scaled simulation involves
moving entire surfaces of the cluster, we shall refer to it as “Surface
Monte Carlo” (SMC).

The result of the SMC simulation is an ensemble of reasonable
cluster shapes, represented by defect-free clusters with sizes close
to the desired number of atoms. To save computer time later,
duplicates are removed by taking symmetry into account. In addi-
tion, configurations with energy more than 4 eV above the mini-
mum energy are eliminated, as they are unlikely to contribute
significantly to the final result. Each unique global cluster shape
is then used as the starting point for a regular Metropolis Monte
Carlo simulation in the second step of the algorithm. In this simu-
lation, individual atoms are allowed to move to optimise the struc-
ture, for this reason we shall refer to this phase as “Atoms Monte
Carlo” (AMC).

First, the number of atoms is corrected either by removing the
lowest-coordinated atoms or by adding atoms to the highest-coor-
dinated vacant sites, until the cluster has the desired size. In each
step of the Monte Carlo calculation, a random surface atom is se-
lected and moved to a random supported vacant site, i.e., a site
in the FCC lattice that has at least one nearest neighbour in the
cluster. At the nth step in the calculation, the proposed step is ac-
cepted with the probability

En+1 B En)

AE = (8n+1 - Sn)

Pn+1 = exp (7 kTAMC

Unfortunately, this acceptance probability does not fulfil the
detailed balance criteria of the Metropolis Monte Carlo algorithm,

because the number of available moves, and thus the probability
of suggesting a given move, depends on the configuration. The var-
iance in the available moves is, however, small and it can, therefore,
be corrected a posteriori.

The result of the AMC simulation should be a canonical ensem-
ble of cluster configurations corresponding to the sub-space reach-
able from the global cluster shape. Since each global cluster shape
results in a separate atomic Monte Carlo simulation, the resulting
ensembles should be combined. Unfortunately, there is no “cor-
rect” way to do this, but if we assume that the local energy land-
scapes around each global shape are not too different, it is a
good approximation to weigh the result of each Boltzmann simula-
tion with

—E
ws = Nsexp <kTAl\le>7

where E; is the lowest energy encountered in the sth AMC simula-
tion, Tayc is the temperature of the AMC simulations, and N is
the number of symmetrically equivalent initial cluster shapes (this
factor compensates for the removal of symmetrically equivalent
shapes in the coarse-grained simulation). While combining the re-
sults of the AMC simulations, we also correct the resulting ensem-
ble for a number of phenomena, which could change it significantly.
First, the energy of the cluster is calculated with all atoms in lattice
sites; in reality, the surface atoms will relax inwards lowering the
energy of the cluster. The relaxation energies of all clusters are cal-
culated by minimising the energy with respect to all coordinates
using the Limited-memory Broyden-Fletcher-Goldfarb-Shanno
(LBFGS) algorithm [23]; the relaxed energies (Eqx) are then used
to correct the ensemble. In addition, a correction factor B; compen-
sates for the previously mentioned lack of detailed balance. Finally,
it is computationally advantageous to run the AMC simulation at a
higher temperature than the desired temperature (T); this is also
corrected at this step. In summary, each configuration in the
ensemble is assigned a weight

1 exp(fErelax.i/kT)

wW=wW.— ——+ =7 7
! 5 B,‘ exp(fEi/kTAMC)

It should be noted that the algorithm presented here differs from
the algorithm suggested by Gavnholt and Schigtz [20] in two ways.
First, we allow the number of atoms in the first step to depart from
the desired cluster size, whereas Gavnholt and Schigtz already here
remove or add some atoms. Secondly, we perform a full Monte Car-
lo simulation to find the detailed atomic-scale shapes correspond-
ing to each global shape, whereas Gavnholt and Schigtz attempt
to sample all possible ways the atoms can be added to or removed
from the global shape to give the actual cluster, reverting to a ran-
dom sampling if the number of combinations is prohibitively large.

In the discussion previously, we have assumed that the energy
of a cluster can be calculated. As literally millions of configurations
are being examined, this must be done in a computationally effi-
cient way. We choose to describe the energy of a gold cluster with-
in the Effective Medium Theory (EMT) [24], as EMT has proven to
give a reliable description of the noble metals. We use parameters
refitted to elastic and energetic properties by Rasmussen [25,26],
as these reproduce the surface energies much better than the ori-
ginal EMT parameters. The parameters used were Eo=—3.80¢€V,
so=2.60 bohr, V,=2.703 eV, n,=1.310bohr!, x=2.757 bohr},
2.=1.948 bohr~!, see Ref. [24] for documentation of the parameters
and the functional form.

A multi-level method like this by necessity contains a number
of simulation parameters that should be chosen carefully, in this
case the temperatures of the SMC (Tspc) and AMC (Tapyc) simula-
tions, the length of the two simulations (Nsyc and Nayc), and the
energy cut-offs (Eeyamc and Ecyereisx) above which AMC is not
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Table 1

Parameter values used in the simulations. Larger clusters require more steps in the
Atomic Monte Carlo steps (but not in the Surface Monte Carlo). Furthermore, the
relaxation energy increases with cluster size, and a greater cut-off is needed to insure
convergence.

Cluster Nsmc Namc Ecutamc Ecut retax Tsmc Tamc

size (eV) (eV) (K) (K)

<1000 32x10° 1.0x10° 4 1.24 4000 1000
2500 32x10° 1.0x10° 4 3.24 4000 1000
4500 32x10° 7.0x10° 4 4.24 4000 1000
8000 24%x10°5 12x107 4 5.24 4000 1000

performed and above which configurations are no longer mini-
mised, respectively. Significant work is saved by not performing
the AMC step on configurations generated by the SMC that are
unlikely to contribute to the final result. Similarly, the energy
minimisation step needed for the a posteriori correction of the
ensembles produced in the AMC can be skipped if the unrelaxed
energy is sufficiently high. Great care was taken to ensure that
the results were insensitive to changes in Tsy,c and T, and that they
were converged with respect to the other parameters, see Table 1.
Convergence of the simulations was checked by comparing two or
three separate simulations and was deemed sufficient when the
different simulations gave the same result, i.e., when the average
cluster energy was within a few tens of meV and the distribution
of CN was very close. In the worst case, the reactivity varies by less
than 8% between two otherwise identical simulations.

340

The method as described here can handle clusters up to approx-
imately 10,000 atoms, before the computations become unwieldy.
The main limitation in addition to computer time is the storage re-
quired to store all clusters that potentially need relaxation. An
alternative that could be used would be to assign energies to atoms
according to their nearest neighbours only and include the relaxa-
tion energy in these energies. This was the choice made by Gavn-
holt and Schigtz [20], at the price of ignoring interactions
between surface defects.

3. Results

Using the described method, we have performed simulations on
gold clusters with sizes ranging from 65 to 8000 atoms. We have
chosen this lower boundary, disregarding that Baletto et al. [21]
have showed that gold clusters may favour the decahedra structure
at sizes below 500 atoms, in order to obtain the overall trend in
catalytic activity down to very small clusters based on the FCC
structure. We have specified the number of atoms in our clusters,
so it is not given that we will have closed shells or filled edges. This
is seen in Fig. 2, showing typical configurations for a number of
clusters with different sizes. The violet atom in the cluster with
340 atoms is an adatom sitting on top of a (100) surface; this is
an example of a situation where complete layers are not formed.

For each cluster size, an approximate Boltzmann ensemble was
obtained, from which the average number of atoms with a given
coordination number (CN) was found based on a weighted average

9000000
O 0 9 N W A

Fig. 2. Pictures of the configuration with lowest energy found in the simulations, for different cluster sizes. It is seen that the nine-coordinated (11 1) surfaces dominate the
non-bulk of the clusters. When the clusters become sufficiently small, the fractions of six- and seven-coordinated corner and edge atoms become comparable to the fraction
of surface atoms. Note how the clusters often can accommodate the arbitrary number of atoms by departing from Waulff-like shapes either by being elongated (the 150 atom
cluster) or by breaking the symmetry between otherwise equivalent surfaces (most obvious on the 617 atom cluster, but seen on almost all clusters).
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Fig. 3. Fraction of atoms with coordination numbers from 4 to 9.

as described in the previous section. The result can be seen in Fig. 3,
where the fraction of atoms in the cluster with a CN between four
and nine is plotted against the cluster diameter, which is calculated
based on the volume of the atoms in the cluster assuming that the
cluster is spherical. We have omitted atoms with coordination num-
bers below 4 or above 9, because they, respectively, are exceedingly
rare or have a very small reactivity, as we will see later, and they are,
therefore, of no importance to the overall reactivity.

The majority of the nine-coordinated atoms are (111) surface
atoms. They are seen to dominate the non-bulk for clusters above
3 nm and their fraction is seen to increase with decreasing cluster
size until 1.5 nm where it drops drastically. This drop happens
because the clusters become so small that their surface is mostly
made up of edges and corners instead of flat facets. The seven-coor-
dinated atoms represent the edges between two (11 1) surfaces and
edges between the (100) and (11 1) surfaces. The majority of the
six-coordinated atoms are the corners between two (111) and the
(100) surfaces, but six-coordinated atoms are also seen at edge de-
fects. Both the fraction of seven- and six-coordinated atoms are seen
to increase for decreasing cluster diameter as expected, where the
rise for the corner atoms is steeper than the one for the edge atoms.
For small clusters below 3 nm, the fraction of these atoms becomes
comparable to the fraction of nine-coordinated surface atoms. The
majority of the eight-coordinated atoms are mostly (100) surface
atoms and their fraction is seen to be low and fairly constant, as
the (100) facets are small, until the fraction begins to fluctuate for
very small particles. The five-coordinated atoms are caused by de-
fects such as vacancies at edges, and they are seen to be insignificant
for clusters larger than 1.5 nm. The majority of four-coordinated
atoms are corners where four (11 1) surfaces meet, or adatoms on
(100) surface; the former can be seen as a special case of the latter
where the (100) surface is only four atoms. This fraction is always
small, but increases somewhat for the very smallest clusters around
1 nm. Some of these features can be seen on the five different clus-
ters shown in Fig. 2, where the gold atoms have been colour coded
according to their CN.

Based on the average number of atoms with different CN, it is
straightforward to calculate the overall catalytic activity of the
clusters as a function of the diameter, given that the activity per
atom is known for the different CN. In previous DFT calculations,
the catalytic activity of CO oxidation for the (111)- and (211)-
and (532)-surfaces, with CN=9, 7 and 6, respectively, has been
calculated [18]. The activity of CO oxidation has also been found
for atoms with CN 4 and 5, based on DFT calculations for a 12-atom

Table 2

CO and O adsorption energies on gold together with the calculated Sabatier activities
and rates, where the latter is calculated at 300 K [16,18,27]. The activities are the
results of using energetics calculated with DFT in a microkinetic model, as described
in the references.

CN Eo (eV) Eco (eV) A (eV) rs(s7h)
9 -0.23 0.12 -1.181 9.040 x 10°8
7 -0.24 -0.23 -0.832 6.593 x 1072
6 -0.29 -0.48 -0.586 894.63
5 -0.27 -0.56 —0.548 3890.6
4 —0.59 -0.83 -0.529 8113.3

and a 55 atom cluster, respectively [16,18]. To calculate the
activity, a microkinetic model is formulated splitting the CO oxida-
tion reaction into elementary steps. The microkinetic model is ana-
lysed using a simplified kinetic treatment, “Sabatier analysis” [27],
taking into account the surface coverage and reaction rates ob-
tained within the model with binding energies and transition bar-
riers calculated within DFT. For all structures, 2-3 atoms are
needed for the reaction, but as the reactivity is mostly determined
by the coordination number of the lowest-coordinated atom, the
reactivity is formally assigned to this atom. Only the dissociative
oxidation path is contributing significantly to the reactivity, except
for CN 4, where both the associative and dissociative mechanism
are taken into account. For more details, we refer to reference 16
and 18. The resulting activities are listed in Table 2.

It should be noted that the activity of the six-coordinated atoms
is around 10* times larger than the one of the seven-coordinated
atoms at room temperature. The activity contribution from atoms
with CN larger than six is, therefore, insignificant compared to the
overall activity. Furthermore, this large factor makes our results
relatively insensitive to uncertainties on the calculated activities,
as the main features of our results reflect the ratio of active
(CN < 6)-to-inactive (CN > 7) atoms.

By multiplying the activity of an atom with a given CN with the
fraction of atoms having this CN and sum over the CN’s, we obtain
the overall activity of the clusters as a function of the diameter. The
result is seen in Fig. 4, where panel a show the overall activity and
panel b show the activity broken up into contributions from atoms
with different coordination numbers. It is important to use the
Boltzmann average of the entire ensemble and not just the lowest
energy cluster to find these activities, since activities calculated
from the ground state configurations vary by up to 40% from the
correctly calculated activities in an unsystematic way, as the pres-
ence or absence of a single defect may influence the activity signif-
icantly, and as there are often several configurations with an
energy only slightly larger than the ground state.

The shape of the curve resembles the compilation of experi-
mental data on CO oxidation on gold clusters on a variety of
substrates, presented by Janssens et al. [14] The linear relationship
in Fig. 4a confirms that the activity depends exponentially on the
diameter of the clusters, and the exponent is found to be —3.0 +
0.1. This exponent is in excellent agreement with the expectations
when corner atoms are dominating, but in less good agreement
with the experimental results by Overbury et al. [17], where the
exponent is found to be —2.7+0.3 and —-1.9+0.2 at 298K for
two different series of gold clusters on a TiO, substrate. A scaling
exponent between —2 and —3 naturally leads to the conclusion
that both edge and corner sites contribute to the activity,! in con-
tradiction to the DFT calculations, indicating that only corner atoms
have any significant activity. However, detailed analysis of our

1 As the number of corner atoms is independent of the particle size, the number of
edge atoms scale with the diameter d, the number of surface atoms with d?, and the
total number of atoms with d°, the fraction of corner and edge atoms must thus scale
with d~3 and d 2, respectively.
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Fig. 4. (a) The average activities of the clusters as a function of cluster diameter on a double-logarithmic scale. The fitted line has slope —3.0 £ 0.1. In addition, the
contribution to the activities from atoms with different coordination number is shown for clusters smaller than 3 nm in panel. (b) The contribution from seven- or higher

coordinated atoms is negligible.

simulations indicates that corners alone may cause exponents be-
tween —2 and -3.

The experiments by Overbury et al. only address clusters larger
than 2 nm; if we similarly limit our analysis to particles larger than
2 nm, we find an exponent of —2.7 + 0.1, in perfect agreement with
one of Overbury’s experimental data series and consistent with the
compilation of experimental reactivities by Janssen et al. This
change is not random, but is caused by a small but systematic var-
iation in the data, where the reactivity of both the smallest and
largest particles are slightly above the exponential fit with slope
—3.0, for two different reasons. Fig. 5 shows the absolute number
of low-coordinated atoms for all the particles. It is seen that for
the smallest particles, the number of six-coordinated ‘“corner”
atoms decrease, whereas a small number of five and even four
coordinated atoms appear. This happens because it becomes ener-
getically favourable to eliminate an entire (100) facet by adding a
single adatom (see the 80-atom cluster in Fig. 2), effectively intro-
ducing a four-coordinated atom at the expense of four six-coordi-
nated atoms. As the reactivity of a four-coordinated atom is more
than ten times that of a six-coordinated, this actually leads to an
increase in the reactivity, as we see for the very small particles.

For clusters in the range of 17-35 A, the number of six-coordi-
nated atoms is slightly above 24 (the number of corners in a trun-
cated octahedron), with a weakly increasing tendency. In this size
range, it is usually possible to eliminate most defects by choosing a
slightly elongated cluster shape, such as the 150-atom cluster
shown in Fig. 2. The increase is mostly a result of defects such as
steps on the terraces, caused by the fact that the number of atoms
in the clusters typically does not match the numbers one would get
by making “perfect” clusters by adding whole layers to the various
surfaces. With increasing cluster size, it becomes difficult to
accommodate a given number of atoms in a (possibly elongated)
defect-free shape without departing too much from the ideal Wulff
shape, and it becomes energetically favourable to introduce a few
defects, a tendency enforced by entropic effects. Again this is
clearly seen in Fig. 2, most clearly for the 8000 atoms cluster.
The number of corner sites is expected to grow even further for lar-
ger clusters, as the (110) facets predicted by the Wulff construc-
tion will eventually appear, leading to a doubling of the number
of six-coordinated atoms. Indeed, the cluster with 4500 atoms
exhibits a single (110) facet. This will lead to an exponent between
—2 and -3 in this size range, as the number of corner atoms grad-
ually increases.
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Fig. 5. The absolute number of low-coordinated atoms as a function of cluster size.
The number of six-coordinated atoms is seen to be close to the number of corner of
a truncated octahedron (24) for clusters with intermediate size, but deviates from
this value for the smallest and largest clusters.

Thus, our main conclusion is that the reactivity scales as a
power law with the cluster size, with an exponent between —3
and —2.7. The departure of this value from —3 is not caused by both
edge and corner atoms contributing to the reactivity, but by corner
and corner-like defect atoms alone, as is clearly seen in Fig. 4b,
where the entire contribution is from atoms with coordination
number six or lower. The exponent departs from —3 as it is impos-
sible for the larger clusters to incorporate an arbitrary number of
atoms in a regular, almost defect-free structure, whereas for med-
ium-sized clusters this is often possible by producing a slightly
elongated or asymmetrical cluster, as seen in Fig. 2.

4. Discussion

While our results are in agreement with one of the exponents
found by Overbury et al. [17], when we limit our simulations to
the same size range, it should be noted that they find two different
exponents of —2.7 and —1.9 (at 298 K) for two differently made
batches of clusters. Both batches are on TiO, substrates, but they
differ in the loading of 7.2 wt.% and 4.5 wt.% gold, respectively.
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Neither the experiments nor our simulations offer any explanation
of this dependency on the loading, as both sets of data were taken
with cluster sizes in the same range.

The measured exponents change to —2.8 and —2.1 when the
temperature is lowered to 273 K. Our data are for 300K and are
thus directly comparable with Overbury’s for 298 K. If we recalcu-
late the reactivities at 273 K, it leads to a change in the exponent by
—0.05 in excellent agreement with the trend seen by Overbury et
al.

It should be noted that other interpretations of Overbury’s mea-
surements are possible. In a reinterpretation of Overbury’s data,
Bond proposes that nanoparticles below a threshold size are non-
metallic and that only these are catalytically active. The power
law-like dependence of reactivity with particle size would then re-
sult from the finite width of the size distribution of the clusters:
with increasing average cluster size, there will be a diminishing tail
of the particle size distribution reaching below the threshold size
[28].

Clearly, the simulations presented here are by necessity based
on a number of simplifying assumptions. As already mentioned,
we assume that the overall cluster shapes are FCC-based rather
than icosahedral or decahedral. While this assumption is most
likely incorrect for the smallest clusters, we do not expect it to
change the main result significantly, since the smallest clusters
will still be able to incorporate an arbitrary number of atoms in
an almost defect-free structure.

Another simplifying assumption is that we ignore interactions
with the substrate. In a simple interface-energy model [29,30],
interactions with the substrate will just truncate the obtained
shapes, leaving all trends unaltered. However, it is likely that the
role of the substrate is more complicated, as evidenced by mea-
surements of substrate effects [9,12] and possibly by Overbury’s
results depending on the loading. It could be speculated that the
energetics of the metal atoms sitting at the rim of the particle,
where the particle surface meets the substrate, directly influences
the shape of the particle; or even that these atoms are particularly
reactive and participates in the reaction in a substrate-dependent
way. Investigating these effects may be the topic of future work.

Finally, it should be noticed that whether the simulations of
largest clusters have not been converged properly with respect to
the length of the Monte Carlo simulations, the lowest energy states
will not have been found, and too many defects would be observed.
For this reason, special care was taken to converge the largest cal-
culations. For the largest cluster sizes, the Monte Carlo simulations
do not find the ground state, nor are they expected to do so, as the
ground state will have vanishing weight in the Boltzmann ensem-
ble. It is for this reason that the 8000-atoms cluster displays
defects at more than one corner. It is, however, impossible to guar-
antee that the simulations have fully converged to the correct
thermal distributions, in particular for the largest particle sizes. In-
deed, a similar effect may influence the experiments: the largest
clusters might not have completely reached the thermodynamic
equilibrium shape. In both cases, this would result in a lowering
of the absolute value of the exponent. One could speculate whether
such effects would depend on the loading and thus contribute to
the difference between the two measurement series by Overbury
et al.

The two-level simulation method presented in this work brings
direct simulations of cluster shapes and reactivity into a size range
where the clusters can also be studied with, e.g., Transmission
Electron Microscopy, thus closing the size gap between simula-
tions and experiment. In future work, this method will most likely
be extended to take into account the effects of substrate. In collab-
oration with experimental studies of supported catalysts, both
with respect to reactivity and to cluster morphology, this may fi-
nally settle the discussion of the detailed atomic-scale mechanism

of Au catalysis, including the roles of under-coordinated atoms and
of the support.

5. Conclusion

We present a two-level Monte Carlo-based algorithm allowing
us to simulate ensembles of gold clusters in the catalytically rele-
vant size range of 1-6 nm. Our results show that the catalytic
activity is entirely dominated by atoms with coordination number
6 or lower, i.e., atoms in a “corner-like” local coordination. Our re-
sults nevertheless predict a reactivity scaling with the diameter as
d* where the exponent o is close to —3 as expected for corner-
dominated activity. However, the number of six-coordinated
atoms is not fixed at 24 per cluster as would be expected from sim-
ple geometric arguments, but increases slowly for the largest clus-
ters as defects must be incorporated into the clusters since the
number of atoms rarely matches a closed-shell structure. For clus-
ter sizes up to 4-5 nm, an arbitrary number of atoms can usually
be accommodated by creating slightly skewed closed-shell clus-
ters, but for larger clusters this becomes energetically unfavour-
able, defects are created and the reactivity becomes larger than
otherwise expected. Alone, this would change the exponent to a
value between —3 and —2, which could erroneously be interpreted
as signifying that atoms at the edges contribute to the reactivity. In
these simulations, this effect on the exponent is masked by a sim-
ilar slight increase in reactivity of the very smallest clusters due to
the appearance of four and five coordinated atoms.

Our main conclusion is that the overall trend in the size depen-
dence of the catalytic activity of gold clusters can be explained by
low-coordinated gold atoms in corner-like positions. This by no
means excludes that other effects may influence the catalytic activ-
ity of gold clusters, in particular it is likely that support effects play
a role, either directly by modifying the reaction at the rim of the
particle or indirectly by altering the equilibrium shape of the par-
ticle. This will be the topic of further studies.
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