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Structure and reactivity of ruthenium nanoparticles

Jeppe Gavnholt and Jakob Schigtz*

Center for Individual Nanoparticle Functionality (CINF), Department of Physics, Technical University of Denmark,

DK-2800 Kongens Lyngby, Denmark
(Received 6 July 2007; published 3 January 2008)

We present a method for obtaining detailed structural information of ruthenium nanoparticles in at least the
diameter range from 1.5 to 5 nm. The method is based on an ensemble approach where a large number of
low-energy structures are collected in an ensemble, from which average properties can be extracted using
Boltzmann averaging. The method is used to obtain the number of catalytic active step sites present on the
surface of the ruthenium particles. We find that the presence of highly catalytic active step sites does not
depend significantly on the temperature within a relevant temperature range; the presence of step sites is
mainly a function of the lowest energy shape of the cluster, i.e., a function of the number of atoms. By
combining the structural information with estimations of the single site activities in the ammonia synthesis, we
find that the optimal particle diameter is approximately 3 nm. The single site activities are estimated by using
density functional theory to calculate the barrier of the rate limiting step, the dissociation of a nitrogen

molecule.

DOLI: 10.1103/PhysRevB.77.035404

I. INTRODUCTION

Within the past decade, it has become possible to make
reasonably accurate theoretical estimations of adsorption en-
ergies of individual molecules and barrier heights for the
different part reactions in a variety of different catalytic
processes.''* This success has been made possible by the
use of density functional theory and the increase in computer
power. The adsorption energy and barrier height information
can be combined with either a mean-field kinetic model'! or
a kinetic Monte Carlo model,'? where interactions between
surface species can be included, to obtain the catalytic activ-
ity of single sites. The development of these methods has
given much insight to the fundamental processes governing
many catalytic reactions. One of the things that has been
realized is that some catalytic reactions, such as the ammonia
synthesis, is completely dominated by a few highly active
sites. Dahl et al.'3 show that the sticking coefficient of a
nitrogen molecule on a ruthenium surface drops at least 9
orders of magnitudes, when the steps are blocked by Au
atoms. This is supported by density functional theory calcu-
lations, which show that the barrier of the N, dissociation is
much lower at a step site than at a flat surface site. This
proves that the detailed structure of the catalyst is of vital
importance for at least some catalytic reactions. It is then
necessary not only to find the single site activity in order to
make theoretical estimates of a catalyst’s activity but also to
make some estimate of the catalyst’s detailed surface struc-
ture.

Honkala et al.'* made such an estimate of the catalytic
activity of ruthenium clusters in the ammonia synthesis and
found beautiful agreement with experiments, i.e., between a
factor 3 and 20 in difference. However, the structure estima-
tion was only applicable for a few cluster sizes and did not
include temperature effects. In this paper we take the step
further and develop a method, which can systematically treat
all cluster sizes between at least 1.5 and 5 nm in diameter,
and which gives the temperature dependence on the struc-
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ture. We hope that such a model will provide further insight
to the factors governing the presence of highly active sites.
In this paper, we have focused on ruthenium clusters. How-
ever, the model can be directly applied to other hcp metals,
and with minor modifications, it could be applied to other
crystal structures as well. We have chosen to study ruthe-
nium since this is known to be one of the best catalysts for
the ammonia synthesis.

The main principle of the method is for a given cluster
size to collect a large ensemble of possible and relevant con-
figurations for the cluster. Average properties of the cluster
can then be calculated using simple Boltzmann averaging
over the ensemble. In order to do that, we need the energy
and the property we want to average of each cluster in the
ensemble. In this paper, we have focused on calculating the
average number of catalytic active sites; however, in prin-
ciple, the ensemble could be used to calculate other proper-
ties as well. In the following two sections, we describe the
method. First, we describe the model for obtaining the en-
ergy, and second, we go through the configuration generation
and the Boltzmann averaging. In this part, we will also dis-
cuss the limitations and approximations of the method. Fi-
nally, we present the results, where we look at the number of
catalytic active sites as a function of cluster size. Here, we
will also carry out calculations on the barrier size for the
dissociation of nitrogen at different sites in order to link the
obtained structures to actual catalytic activities for the am-
monia synthesis. The dissociation of nitrogen is the rate lim-
iting step in the ammonia synthesis, i.e., knowledge of the
barrier height for this dissociation will enable us to make a
simple approximation of the ammonia synthesis rate.

II. ENERGY OF A CLUSTER

Both in the process of finding the relevant cluster configu-
rations and in the following Boltzmann averaging, it is of
absolute importance that we are able to calculate the energy
of the different cluster configurations. Since this paper fo-

©2008 The American Physical Society


http://dx.doi.org/10.1103/PhysRevB.77.035404

JEPPE GAVNHOLT AND JAKOB SCHIATZ

cuses on large clusters with up to 4000 atoms in size, it is not
possible to apply high-accuracy methods such as density
functional theory directly for this task. We need a method
which can compute the energy of a 4000 atom cluster within
a few tenths of a second, such that it is possible to obtain
energies of many different structures within a reasonable
time of computation. One possibility is to optimize an effec-
tive medium theory (EMT) potential for ruthenium, as de-
scribed by Jacobsen ef al.'>1% Another possibility is to assign
an energy to each atom in the cluster depending on the con-
figuration of nearest neighbors, where the total energy is then
simply the sum of all these atomic energies. The individual
atomic energies should then be estimated from density func-
tional theory (DFT). This turned out to be the preferred
method for this type of calculations, so in the following, we
will describe this method in more detail. Afterward, we argue
why this is the preferable method by making a comparison to
the above-mentioned effective medium approach.

All the DFT calculations presented in this paper are based
on a plane-wave expansion of the wave functions, a revised
Perdew-Burke-Ernzerhof (RPBE) description of exchange
and correlation effects,!” and ultrasoft pseudopotentials.'d
Plane waves with energy up to 350 eV are used. The self-
consistent electron density is determined by iterative diago-
nalization of the Kohn-Sham Hamiltonian, Fermi population
of the Kohn-Sham states using a temperature of 0.1 eV, and
Pulay mixing of the resulting electronic density.'® All total
energies have been extrapolated to zero temperature. Slabs
have been separated by at least 10 A in all calculations. The
DFT calculations are made with the DACAPO software.?’

A. Description of the method

The simplest way to assign an energy to each atom is to
let the energy depend solely on the number of nearest neigh-
bors. DFT is then used to obtain a relation between the en-
ergy and the number of nearest neighbors. However, since
different surfaces in many cases contain atoms with the same
number of neighbors, we extend this model a bit, such that
the atomic energy not only depends on the number of nearest
neighbors but also the configuration of these. In this way, we
preserve the freedom to assign different energies to different
surfaces. However, we also restrict ourselves to find energies
of nonstrained hcp structures. As it will be argued in the next
section, this is sufficient for our purpose.

We illustrate the method by the example shown in Fig. 1
where we assign energies to the atoms sitting on the (0001)

and (10f1) surfaces and the edge between them. Further-
more, we include the step formation energy. First, the bulk
energy is determined by doing a standard lattice parameter
optimization using DFT. Here, we found the lattice param-
eters a=2.7529 A and ¢=4.3595 A, which are 1.7% and
1.8% above the experimental values. The lattice parameter
values obtained here have been used in all the following
calculations. Furthermore, the found bulk energy has been
subtracted from the following results, such that all energies
are the total surface energies. After this, the surface energies
are determined by calculating the energies of the slabs shown
in panels (a) and (b) in Fig. 1. All atoms with 12 nearest
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FIG. 1. Some of the surfaces for which energies have been
calculated using DFT. The calculations are used to determine the
energy of the gray atoms. Panel (a) shows the close-packed surface
(0001). Panel (b) shows the (1011) surface. The surfaces on panels
(c) and (d) are repeated edges between the (0001) surface and the

(1011) surface with and without a step, respectively.

neighbors are considered as bulk atoms, i.e., they are as-
signed zero energy. All the energies are then placed on the
rest of the atoms. For the (0001) surface, this is straightfor-
ward since all the remaining atoms sit in the same configu-
ration, so the energy is just distributed evenly. However, for

the (1011) surface, there are two different types of surface
atoms. In this case, we choose to distribute the surface en-
ergy proportional to the missing number of nearest neigh-
bors. After this, we find the edge energy by calculating the
energy of the slab shown in panel (c) in Fig. 1, which con-
sists of repeated edges between the (0001) surface and the

(1011) surface. From the figure, it is clear that two types of
atoms have not been assigned an energy, the ones in the inner
and the ones in the outer edge. Again, we distribute the re-
maining energy among these atoms, proportionally to the
number of missing nearest neighbors. Finally, we can find
the step formation energy by calculating the energy of the
slab shown in panel (d) in Fig. 1, where a step has been
formed at the edge by removing a row of atoms. Here, there
is only one type of atom, which has not been assigned an
energy. By assigning the remaining energy to these, we en-
sure that the model gives correct step formation energies.

We did these calculations for the (10104), (0001), and

(1011) surfaces and all the edges between these since the
ruthenium clusters almost entirely consist of these low-

energy surfaces. Furthermore, we included the (1010B) sur-
face. Naturally, there will still be atoms sitting on the clusters
in other configurations than those included here. These atoms
have been assigned an energy based on the number of nearest
neighbors alone. We obtain a relation between the energy and
the number of nearest neighbors by averaging the already
calculated energies. The atoms which are assigned an energy
in this way are mainly corner atoms, i.e., it is a small part of
the total energy.
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FIG. 2. (Color) A comparison between the energy obtained us-
ing four different methods. The estimated EMT, the estimated DFT,
and the simple bond breaking model are all compared to the full
EMT energy. Each point corresponds to a certain configuration of a
10 046 atom cluster. Points on black line indicate perfect agreement
between the full EMT energy and the method in question. Energies
are relative to the energy of the found ground state configuration.
From this, we conclude that the estimated DFT is the preferred
method in our situation (see text).

B. Test of the method

Since it is impossible to calculate the DFT energy of a
large cluster, it is hard to test the accuracy of this method
directly. So, instead we optimized an EMT potential for
ruthenium.?! With this potential, we went through all the
same calculations as for the DFT potential and established an
estimated EMT potential. With these three potentials, the es-
timated DFT, the estimated EMT, and the full EMT, we cal-
culated the energy of a lot of different configurations of a
10 046 atom cluster. In Fig. 2, we have plotted the obtained
energies using the estimated DFT and the estimated EMT
versus the full EMT energy. For comparison, we also in-
cluded a simple bond breaking model, where the energy is
proportional to the number of broken nearest neighbor
bonds. The figure shows that the estimated EMT model and
the full EMT potential have better agreement than any of the
others. From this, we conclude that the main difference be-
tween the full EMT potential and the estimated DFT poten-
tial is due to the change from EMT to DFT and not due to
using the estimated DFT values instead of the exact values.
In other words, calculating the cluster energy as a sum of
atomic energies, which are estimated from surface calcula-
tions, is a better approximation than calculating the cluster
energy using the EMT potential instead of the accurate DFT
potential.

Another advantage of the estimated DFT model is that we
are sure to get the high-accuracy DFT step formation ener-
gies at the edges, which are the most important energies in
this case, since these step edge sites typically are the most
catalytic active, as we will argue for later. These steps are
badly described in the EMT model.

Finally, we tested the estimated DFT potential by calcu-

lating the energy of the (3031) and (1100) surfaces, which
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TABLE I. Comparison between full DFT surface energy and the
estimated DFT surface energy of two surfaces, which were not used
in the development of the estimated DFT potential.

Full DFT Estimated DFT Error
Surface (eV/atom) (eV/atom) (eV/atom)
(3030) 2.525 2.536 0.011
(1700) 2377 2371 —~0.006

was not used in estimating the individual atomic energies.
The results are shown in Table I, from which it is seen that
the error per surface atom is very low, on the order of
0.01 eV/surface atom. All cluster energies in the following
are determined using the estimated DFT model.

III. NUMBER OF SITES ON A CLUSTER

In this section, we present the developed method for find-
ing the number of times a specific site occurs on a cluster of
a given number of atoms. First, we go through the method of
obtaining a ensemble of configurations for the cluster, and
then we show how this ensemble can be used to obtain the
number of sites at a given temperature using simple Boltz-
mann factor averaging. Finally, we perform some testing of
the method.

A. Generating an ensemble

Clusters of several thousand atoms in size have almost
endless different possible configurations, so it is completely
impossible to calculate the energy of them all. Instead, we
need a method which only searches through relevant con-
figurations, i.e., configurations of low energy. The obvious
choice in such a situation is some sort of Monte Carlo
method, and we have in fact tried using the Metropolis algo-
rithm. All close-packed configurations were allowed and the
energy of each configuration was calculated using the EMT
potential. By all close-packed configurations, we mean hcp
and fcc including all possible stacking faults. Each new con-
figuration was generated by moving one atom from one part
of the cluster to another. The algorithm was able to find
configurations with stacking faults, but they were too high in
energy to contribute significantly to the ensemble.

The problem using such a method is that the potential
energy surface contains many local minima with very high
barriers between them, which can make the time it takes to
search through a sufficient amount of the configurational
space much too high except for the smallest clusters, unless
one makes sure it is possible to jump directly through these
barriers. Also, an algorithm based on genetic optimization
was implemented, but it suffered from the same problems.

The limitations of these methods, however, inspired a way
around the problems since they showed that all these low-
energy configurations, in which the simulations got stuck,
have some common characteristics. They are all clusters,

which almost only consist of the (0001), (1011), and (1010)
surfaces, possibly with some atoms missing near the edges or
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Build cluster from parameters
(adjust number of atoms (see text))
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the set of parameters

uChange
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Remove all symmetrically equivalent
sets of parameters

‘ Take first set of parameters

!

Calculate how many atoms must be removed from the cluster
given by the parameters, in order to get the correct cluster size

!

Calculate the different ways the extra atoms can be split in groups
(N), (N-1, 1), (N-2, 2), (N-2, 1, 1), (N-3, 3) ... and so on

!

Collect all relevant groups of 1,2,3...N atoms from the cluster
and calculate the energy it takes to remove each group

Combine last two steps to find all possible ways of removing
the atoms, and the energy of each resulting configuration. Pick
random sample in case of overwhelming no. of possibilities.

yes Take next set of
parameters

no

Calculate properties using Boltzmann averaging on the ensemble End

FIG. 3. Flowchart of the algorithm that collects an ensemble of relevant structures for a given cluster.

in a few cases a couple of adatoms placed on one of the
surfaces. Because of this, we can restrict ourselves to search
through configurations with these characteristics. The reason
that only configurations with these characteristics are rel-
evant is that the energy it takes to break a nearest neighbor
bond is close to 0.5 eV, which is much higher than the ther-
mal energy at all relevant temperatures. So, all odd configu-
rations with holes in the surface or other cuts in the surface
are way too high in energy.

We have not investigated the energy of non-close-packed
structures, for example, structures with internal stress, which
could be relevant for the smallest nanoparticles. However,
high-resolution transmission electron microscopy studies of
industrial Ru-based catalysts have shown nanoparticles with
a regular hep crystal structure,'*2?

After having gained these experiences, we chose to divide
the generation of the ensemble of structures into two steps.
First, we find all the relevant clusters, which only consist of

the (0001), (1011) and (1010) surfaces and with a number of
atoms close to the desired cluster size. For each relevant
cluster, we then adjust the number of atoms. If the number of
atoms is too large, we search through the different ways one
can remove the excess number of atoms; otherwise, we
search through the ways one can add the lacking number of
atoms.

A flowchart of the method is shown in Fig. 3, the details
are described in the following sections.

1. Finding relevant cluster shapes

The first step is done by describing all relevant clusters
through 16 parameters {ly—I3,ho,—hs,,.ho4—hs 4, which
are defined on Fig. 4. The total height of the cluster is not
included since that is governed by the number of atoms. Any
cluster only consisting of the (0001), (1011), and (1010)
surfaces can be described by these 16 parameters. With this

parametrization, it is now possible to escape the large barri-
ers in the potential energy surface, i.e., it is possible to do a
Metropolis Monte Carlo search through the configurational
space, where one of the parameters is changed between each
step. The energies used in the algorithm are not the energies
of the cluster given by the 16 parameters since these cluster
may not consist of the right number of atoms. Instead, the
extra or lacking numbers of atoms have been removed or
added at a favorable position on the cluster before calculat-
ing the energy.

Through a testing phase, it was found that a simulation
temperature of 2 eV is optimal in this type of simulations. At
this temperature, the simulations move rather freely between
all relevant sets of parameters without spending too much
time in irrelevant sets of parameters. The algorithm is run for
a sufficient amount of steps, typically around 50 000, and
then we pick out the sets of parameters with an energy below
5 eV above the lowest found energy. This limit was set to
5 eV since the removal and/or adding of extra and/or lacking

FIG. 4. The definition of the 16 parameters {ly—I3,hq,
—hs ., hog—hs 4} describing the cluster shape. {I,—I5} are the dimen-
sions of the basal plane, whereas {h¢ ,—hs ,} and {h 4,—hs 4} are the
number of layers up and down to the edges between the (0001)

surfaces and (1011) surfaces.
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atoms may not have been done in the optimal way; i.e., in the
next part where we search through all the ways one can do
this removal and/or adding, we may find lower energy con-
figurations within these 16 parameters. After some testing,
we found that it sometimes is possible to find configurations
with up to 2 eV lower energy, i.e., by setting a 5 eV limit,
we are reasonably sure to get all configurations with up to
3 eV higher energy than the ground state configurations.
Later, we will see that this is enough.

We continue the simulations until we are confident that all
relevant sets of parameters have been collected. This we test
by looking at how many rotation symmetric and mirror sym-
metric pairs we have collected. Here, we find that more than
half of all the symmetric versions are found, i.e., we feel
confident that we rarely miss all the symmetric versions of a
relevant configuration. After this, the collected set is reduced,
such that it only contain symmetrically different clusters.

2. Removing excess atoms

After having collected all relevant sets of parameters, we
then go through each set of parameters one by one and figure
out how many different configurations each set of parameters
correspond to, i.e., typically how many ways we can remove
the excess number of atoms. Here, we only go through the
ways to remove extra atoms since it is by far the most com-
mon situation and since the algorithm is very similar to the
one that finds the ways to add lacking atoms.

If the excess number of atoms is N, then one could re-
move all N atoms from one part of the cluster but one could
also remove N—1 atoms from one part and 1 from another or
N-2 from one part and 2 from another and so forth. Further-
more, one could remove from three, four, five, and so on
different parts of the cluster. In order to include all these
possibilities, we start out by collecting all the ways one can
remove one atom, a group of two atoms, a group of three
atoms, and so on up to a group of N atoms. By a group, we
mean atoms sitting next to each other. We only collect groups
sitting near the edges, as illustrated in Fig. 5, since all others
give too high an energy to be relevant.

After this, we go through all the different ways you can
remove groups of atoms such that it adds up to N atoms, i.e.,
one group of N atoms, two groups of N—n and n atoms, and
so forth up to N groups of 1 atom. For each of these different
ways, we use the already obtained data on the different ways
the different group sizes can be removed and go through all
combinations. In some cases, when N is large, the number of
combinations is overwhelming. In these cases, we take a ran-
dom set of combinations out, typically a set of 10 000 com-
binations for each group combination. In these cases, each of
the random combinations are assigned a weighting factor of
the number of configurations divided by 10 000, which is
used in the Boltzmann averaging later such that we get the
correct weighing between the configurations when we calcu-
late properties of the clusters. Figure 5 shows a few different
configurations for a 1670 atoms cluster. Panel (d) shows the
found ground state configuration.

When we have gone through this for all the relevant sets
of parameters, we have a huge set of configurations, which is

PHYSICAL REVIEW B 77, 035404 (2008)

FIG. 5. Some different ways, one could remove nine atoms
(gray) from a cluster. (a)-(c) show examples where all removed
atoms are in one group. (d) shows an example where the atoms are
removed in two groups (one of five and one of four atoms). The
configuration shown in (d) is the found ground state configuration
for a 1670 atom cluster.

a representative segment of all possible configurations with
an energy below a certain limit value.

B. Calculating properties

After having generated the ensemble of configurations,
we can start calculating properties of the cluster. This is done
using simple Boltzmann averaging, where the average value
of a property O is calculated as

E.
O:w: —
> 0w, CXP{ kBT}

(0)=— : (1)
E.
S e 1]

where the sum goes over all configuration in the ensemble.
O;, w;, and E; are the value of property O, the weighting
factor, and the energy of configuration number i. The weight-
ing factor is the weighting factor introduced in the last sec-
tion multiplied by a symmetry correction, which is the num-
ber of rotations and mirrorings which will result in a new
configuration. This is included since the ensemble of con-
figurations has been reduced such that configurations which
only differ by a rotation or mirroring are removed. 7 is the
temperature at which we want to know the average. The only
property we calculate the average of here is the number of
some specific sites. However, we could calculate many other
properties of the clusters as well.

This way of averaging the configurations rely on the ap-
proximation that it is reasonable to only include configura-
tions which are local minima on the potential energy surface
in our ensemble. Ideally, we should also include the different
entropies of the different minima. However, we used the de-
veloped EMT potential (see Sec. II) and compared a long
constant temperature molecular dynamics simulation with
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FIG. 6. Only configurations with a energy below a limit value
are saved and used in the further calculations. The graph shows the
found number of sites divided by the found number of sites with a
limit energy of 3 eV above the ground state level for a 4000 atoms
cluster as a function of the limit energy. Each line corresponds to a
certain site type. The inset shows the same thing where the found
number of sites are divided by the found number of sites with a
limit energy of 2 eV instead of 3 eV. The asymptotic behavior
when approaching 3 eV shows that 3 eV is a sufficiently high limit,
whereas the inset shows that a limit of 2 eV is insufficient.

the ensemble approach for a small cluster of 79 atoms and
found that the difference was below 5%. This indicates that
the curvatures of the different local minima are sufficient
alike, such that the entropy does not vary much from mini-
mum to minimum, i.e., the approximation seems valid.

C. Testing the method

When we collect configurations for the ensemble, we only
include configurations which have an energy below a certain
limit value. This is done to keep the amount of data down
and is justified by the fact that low-energy configurations are
more relevant than higher-energy configurations. In order to
set this limit value, we made a calculation on a 4000 atom
cluster and calculated the number of sites at 1200 K for 22
different types of sites with many different limit values. We
chose this large cluster and this high temperature since we
wanted an upper boundary on the limit value. Figure 6 shows
the found number of sites relative to the found number of
sites at a limit value of 3 eV as a function of the limit value.
The graph clearly indicates asymptotic behavior toward 1 as
the limit value goes toward 3 eV, i.e., we conclude that a
limit value of 3 eV above the found ground state energy is
sufficient. This is the limit value we have used in all further
calculations. The inset in Fig. 6 shows the same plot, but
here the number of sites is taken relative to the number of
sites at a limit value of 2 eV. This graph does not show the
same asymptotic behavior, i.e., a limit value of 2 eV is not
sufficient.

There are two parts of the method that rely on random
sampling. First of all, there is the Monte Carlo part where we

PHYSICAL REVIEW B 77, 035404 (2008)
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FIG. 7. An estimation of the statistical uncertainty in the calcu-
lations. The abundance of 22 different sites has been estimated in
three completely independent calculations on a 4000 atoms cluster.
For each site, the three estimations on the number of sites have been
used to calculate the relative standard deviation. The graph shows
the average of these relative standard deviations taken over the 22
different sites as a function of temperature. The low values (below
2 X 107 show that the statistical error is negligible).

expect we have found all relevant sets of parameters. Fur-
thermore, there is the second part where we rely on random
sampling of configurations. In order to check the statistical
uncertainty that come from these random samplings, we
made three separate simulations on a 4000 atoms cluster. For
all three ensembles, we calculated the relative standard de-
viation on the number of sites for 22 different sites. Figure 7
shows the average of these relative standard deviations as a
function of temperature. It is seen that the average relative
standard deviation is below 2 X 1073 at all temperatures be-
low 1200 K, i.e., we conclude that the statistical error is
negligible.

IV. CALCULATING THE REACTIVITY

When calculating the catalytic activity of a cluster, one
should ideally pick out every type of surface site present on
the cluster and calculate the contribution to the catalytic ac-
tivity from each of these. However, since the catalytic activ-
ity is completely dominated by a few highly active sites, we
can neglect the contribution from all other sites and only
focus on these. In the following, we present the obtained
results. First, we show the size dependence of the number of
active sites. Second, we combine these results with obtained
barrier heights for the dissociation of nitrogen in order to see
how the ammonia synthesis activity depends on the cluster
size.

A. Number of active sites

In the dissociation of nitrogen, we expect the dominating
sites to be step sites since they possess low-coordinated sur-
face atoms, which from the d-band model®?* are predicted
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FIG. 8. Definitions of four different edges. Completed edges are
seen to the left and stepped edges to the right. The color differences
indicate the definitions of the sites. A completed edge site is defined
by a dark gray atom having exactly the nearest neighbors sitting as
the light gray atoms does. A stepped edge site is defined by a free
position having exactly the nearest neighbors sitting as the light
gray atoms. Edges A and B connect the (0001) surfaces and (1011)
surfaces. Edge C connects two (1010A) surfaces. Edge D connects

two (1011) surfaces. Step site B is known as the Bj site.

to give the largest weakening of the bond. Furthermore, the
nitrogen molecule can bind to more surface atoms at the foot
of a step.13 For this reason, we have focused our analysis in
the four step sites shown in Fig. 8. These step sites are most
likely to be found at the edges of the cluster, so for compari-
son we have also shown the same edges without the step in
Fig. 8.

Figure 9 shows the average number of these four step
sites as a function of the number of atoms in the cluster in
the range between 396 and 416 atoms. The black and gray
lines correspond to temperatures of 300 and 1200 K, respec-
tively. From the graphs, it is clear that this is a regime where
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FIG. 9. (Color online) The number of step sites as a function of
the number of atoms in the cluster. The four step sites are defined in
Fig. 8. The black curve is at a temperature of 300 K, whereas the
gray (light blue) is at 1200 K. 400 atoms corresponds to a cluster
with approximately 1.8 nm diameter.

the addition or removal of a single atom has a huge impact
on the properties of the cluster. This is an expected behavior
at the nanometer scale and is one of the many challenges and
opportunities that comes when decreasing the size of struc-
tures down to a few nanometers.

The black lines in the graphs of Fig. 9 also show that the
average number of sites is near integer at 300 K. This indi-
cates that the ground state configuration dominates at this
temperature such that the integer values are the number of
step sites in the ground state configuration. At 1200 K, the
points are not so bound to the integer values, i.e., at this
temperature, the higher-energy configurations are important
as well. However, the graphs indicate a rather small tempera-
ture dependence on the number of sites.

Figure 10 shows the average number of these four step
sites as a function of the number of atoms in the cluster in
the range between 1000 and 1009 atoms. These graphs show
less rapid variations in the average number of sites indicating
that the single atom influence on the properties begin to
loose the importance at these cluster sizes. This may be the
first estimation of the size at which the properties of a cluster
will cease to change dramatically due to the addition or re-
moval of a single atom.

From the graphs in Fig. 10, it is also seen that the ten-
dency toward having near integer values of the average num-
ber of sites at 300 K is not so big at these larger clusters.
That is not so surprising since the number of possible con-
figurations is much higher at larger clusters, i.e., the ground
state configuration will be less dominant. Furthermore, it is
seen from the graphs that a higher temperature has a stronger
tendency to smear out the size effects rather than increasing
the number of step sites as one might intuitively expect.

When performing real experiments, it is unfortunately im-
possible to measure the exact number of atoms in the clusters
that are present on a sample. So in order to present some
results which are more comparable to experiment, we need to
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FIG. 10. (Color online) The number of step sites as a function of
the number of atoms in the cluster. The four step sites are defined in
Fig. 8. The black curve is at a temperature of 300 K, whereas the
gray (light blue) is at 1200 K. 1000 atoms corresponds to a cluster
with approximately 2.7 nm diameter.

do some averaging over several cluster sizes. Figure 11
shows the number of step sites per volume at 300 K and at
1200 K as a function of cluster diameter. Each point is an
average of approximately 60 different clusters evenly distrib-
uted in the diameter range of +0.1 nm around the desired
diameter. All cluster sizes in the range contribute equally to
the average, no attempt is made to take into account that
some cluster sizes, for example, corresponding to closed
shells, might be more abundant since this would depend on
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FIG. 11. (Color online) The number of step sites per volume as
a function of the cluster diameter. The four step sites are defined in
Fig. 8. The black curve is at a temperature of 300 K, whereas the
gray (light blue) is at 1200 K. Each point is an average of approxi-
mately 60 different clusters. The uncertainty in the diameter indi-
cates the spread in cluster sizes, whereas the uncertainty in the
number of sites is the average standard deviation of the number of
sites obtained from the 60 different clusters. The unit in the y axis is
nm=.

PHYSICAL REVIEW B 77, 035404 (2008)

the details of how the clusters were produced.

The figures clearly indicate that the size dependency is
different for the different types of sites. For step site A, there
is apparently a maximum at 3 nm, which is more significant
at 1200 K compared to 300 K. For step site B, there seems to
be a maximum at a diameter of 3.5 nm. However, the curve
is not very smooth, especially at 300 K, the variations are
large. For step site C, the curve seems to increase monotoni-
cally for decreasing cluster size, whereas for step site D, the
curve is smooth with a maximum around 3.5-4.0 nm de-
pending on the temperature. This illustrates very well the
complexity involved when trying to understand the size scal-
ing of cluster properties. From the graphs, it is also seen that
the uncertainties are smaller at 1200 K than at 300 K. This is
a consequence of the smearing of the cluster size effects by
the temperature, which was also seen above.

The obtained values for the number of sites are quite low.
It is approximately an order of magnitude lower than the
rough estimates made by Honkala et al.'* For example, for
step site B (Bs), we get a peak value between 1.5 and
2.5 pmol/g at 3.5 nm in diameter where they find a peak
value of 30 wmol/g at 2 nm diameter. However, our peak is
a bit broader, so they would probably get approximately a
factor 10 lower reaction rate, if our results for step site B was
used in their work, which is a change in the wrong direction
compared to experiments. However, they only include the
contribution from the Bjs site and in the next section, we
show that step sites A and D probably give significant con-
tributions to the overall rate. Furthermore, it is not impos-
sible that other factors, which are not included in the model,
influence the presence of step sites. For example, it is likely
that the presence of gas will increase the number of step sites
since the adsorption energy typically is higher at step sites
compared to flat surfaces, which would favor the presence of
step sites. Furthermore, the presence of a substrate could
influence the presence of step sites, at least through the limi-
tations it would give on the topological freedom. This will be
the topic of later publications.

B. Activity versus cluster size

In order to illustrate how these data on the occurrence of
special sites can be used to get the catalytic activity, we have
calculated the dissociation barrier of nitrogen on all four step
sites since nitrogen dissociation is the rate limiting step in
the ammonia synthesis. These calculations were done using
density functional theory. Figure 12 shows the obtained ini-
tial, transition, and final states for all four step sites. The
initial and final states have been obtained by keeping the
surface atoms fixed and making a local minimization of the
energy by changing the position of the nitrogen atoms. The
initial states are not the lowest-energy molecular absorbed
states. In all four cases, these states are found when the ni-
trogen molecule sticks out of the surface from the top of a
surface atom. However, the energy barriers for going down
to the shown initial states are much smaller than the barrier
found for the actual splitting of the molecule. The barrier of
dissociation is then found by making a local minimization of
the energy by changing the position of the nitrogen molecule
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FIG. 12. (Color online) The splitting of a nitrogen molecule on
the four different step sites defined in Fig. 8. The initial states are
just local minima and not the lowest-energy absorption states. How-
ever, in all cases, the barrier between the lowest-energy absorption
states and the initial state is lower than the barrier between the
initial state and the final state, i.e., the energies of the transition
states are the true barrier energies for the dissociation.

for different fixed values of the molecular bond length. From
that, we get the energy as a function of bond length, which is
shown on Fig. 13 for all the four different step sites.

All barrier heights are compared to the gas phase level
since this is the relevant activation energy at relevant pres-
sures and temperatures, where the coverage is low.!® From

2.5 ; ; ; ; ;
— step A
2t o~ -- stepB
';‘ oy --- step C
! Yoo ] e step D
1.5 /

energy / eV

1 1.5 2 25 3 35 4 45 5
bond length / angstrom

FIG. 13. (Color online) The energy as a function of the nitrogen
bond length for the dissociation of a nitrogen molecule on the four
different sites defined in Fig. 8. All energies are relative to the gas
phase energy. The lines are cubic splines connecting the actual cal-
culation points.
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this, we see that step site C has a large barrier of more than
2 eV with respect to the gas phase level, which means that it
is practically catalytic inactive. The barrier height is even
higher than the barrier on the flat close-packed surface
(0001).% The barrier is approximately the same for step sites
A and B, i.e., 0.59 eV, with respect to gas phase level. This is
a bit higher than what has earlier been reported for step site
B (Ref. 10), which is known as the Bs site. This difference is
due to the fact that we calculate the barrier for a step sitting
on the edge of a cluster, whereas Ref. 10 calculates the bar-
rier for a step sitting on a surface, i.e., the neighboring envi-
ronment is a bit different. The energy barriers on the non-
stepped edges in Fig. 8 are much higher, so they do not
contribute to the activity.

A very simple approximation of the catalytic activity in
the ammonia synthesis for the four different step sites can be
obtained from the found barrier heights by writing the activ-
ity as

r=A exp[— kE—a], (2)

B

where E, is the barrier height with respect to gas phase level.
We do not include the adsorbed molecular state explicitly
since it is in equilibrium with the gas phase and has a low
coverage at relevant pressures and temperatures.'® kg and T
are the Boltzmann constant and the temperature, respec-
tively. A is the prefactor, which depends on the equilibrium
constants of the other reaction steps and the gas pressures.
However, we assume that the prefactor is the same on all the
sites since we only need a rough estimate of the activity of
the different cluster sizes relative to each other. In this way,
we avoid making detailed calculations of all the elementary
partial reactions in the ammonia synthesis for all the differ-

1200 K

activity per volume (arbitrary unit)
activity per volume (arbitrary unit)

20 30 a0 020 20 40 5090 230 0 5O
diameter / nm diameter / nm diameter / nm

FIG. 14. (Color online) The total catalytic activity of ruthenium
clusters in the ammonia synthesis as a function of the cluster diam-
eter. The different colors indicate how much the different step sites
contribute to the total activity. The activity peaks at a cluster size of
3 nm.
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ent sites, as it was done for the Bs site by Logadéttir and
Ngrskov.!0

The catalytic activities obtained from Eq. (2) can then be
multiplied by the number of sites present on the clusters to
obtain the catalytic activity per volume catalyst as a function
of cluster diameter, which is seen in Fig. 14. The graphs at
300 and 700 K indicate a maximum in the catalytic activity
per volume catalyst at a cluster diameter of 3 nm, even
though the curve is not so smooth. At 300 K, it is clearly
seen that all the catalytic activity comes from step sites A and
B, whereas step site D start contributing at 700 K. At
1200 K, the picture is a bit more clear and smooth. There
still seems to be a optimal cluster diameter at 3 nm. The
existence of such a maximum fits well with the experimental
observation that the catalytic activity of a sample can in-
crease after sintering the smallest Ru particles.”® Further-
more, it is seen that step site D also contributes to the total
activity at this higher temperature due to fact that it is more
present on the clusters than the two others and the fact that
the difference in barrier height becomes less important as
temperature increases. The ammonia synthesis typically runs
at a temperature around 700 K in industrial catalysts.

V. SUMMARY

We have developed a method to determine detailed struc-
tural information of ruthenium clusters in the diameter range
from 1.5 to 5 nm. The method can directly be applied to
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other hcp metals and with minor modifications, it can be
applied to other structures as well. We find that the number
of catalytic active step sites does not change much with tem-
perature within reasonable temperature ranges. The role of
the temperature is more to smooth out some of the strong
size dependence. At very small cluster sizes, the structure
depends sensitively on the exact number of atoms. We find
that this strong single atom dependence begin to cease at
cluster sizes around 1000 atoms. We find that the dependence
on the presence of step sites with respect to the cluster di-
ameter is significantly different for the different types of step
sites. This illustrates the complexity involved in understand-
ing size dependencies. Finally, we made density functional
theory calculations in order to get the barrier of dissociation
for nitrogen on the different step sites. This barrier was used
to estimate the ammonia synthesis activity of the different
step sites. This information was combined with the structural
information to obtain the catalytic activity versus cluster
size. Here, we found that the optimal cluster diameter is ap-
proximately 3 nm.
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