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First-principles insight into CO hindered
agglomeration of Rh and Pt single atoms on
m-ZrO2†

Minttu M. Kauppinen, Marko M. Melander and Karoliina Honkala *

In this first-principles study we evaluate the thermodynamic and kinetic stability of Rh and Pt single-atoms

(SAs) and subnano clusters on the monoclinic zirconia surface with and without a CO atmosphere. To

address the kinetic stability and agglomeration of SAs to clusters and nanoparticles, a non-equilibrium

nanothermodynamic approach is developed and parametrised using data computed with density functional

theory. The bare subnano clusters are more stable than SA and become more so with increasing size,

which means the agglomeration is always favoured. CO binds strongly to the single atoms and clusters,

and our atomistic thermodynamics treatment indicates that some CO will be present even at ultra-high

vacuum conditions. A CO atmosphere is shown to hinder cluster growth from SA, and is even capable of

spontaneous cluster disintegration in the case of Pt clusters. Analysis of the CO stretching frequencies

reveals that subnano clusters and single atoms should give peaks in the same region, and that using them

to distinguish between surface species requires caution.

1 Introduction

Single atom catalysts (SAC) form a class of catalytic materials
where the active sites are single atoms (SA) and they have
been a hot topic in recent years.1–3 SACs typically consist of
single transition metal atoms,4,5 deposited on a host material,
which is often a reducible5–8 or irreducible9,10 oxide, a carbon
based material like graphene,4,11 or another pure metal.12

SACs can be synthesised from precursor materials, but they
can also be formed dynamically in situ as mobile species due
to Ostwalt ripening and reactant induced disintegration of
larger particles.13,14

Characterisation of SAC has become easier in the past
years due to the development of high-resolution microscopic
and spectroscopic techniques, although the techniques are
still mainly performed ex situ.15 Methods like density
functional theory (DFT) offer atomic scale resolution, and
thus are complementary to experiments for studies involving
SAC. DFT calculations further benefit from the fact that
building models for SACs is relatively simple. Oxide surfaces
are routinely modelled with surface slabs, and adding a
single metal atom to the surface is not very costly. However

one must consider which morphology, facet, and site of the
oxide should be chosen for a given study. The metal single-
atom can be added to the model as an adsorbate, or as a
substituent to a lattice ion. This choice can be based on
stability or experimental characterisation.

SAs are highly dispersed on the support surface, making
them desirable for heterogeneous catalysis because they
maximise the efficiency of using expensive noble metals.
They have also demonstrated high activity towards a variety
of reactions such as methane conversion,9 CO oxidation,7

and selective hydrogenation.11 DFT calculations predict that
SA can modify the electronic and structural properties of an
oxide support, such as the reducibility,16,17 and have been
suggested to follow different BEP scaling relations than pure
metals.3,12,18,19 Even similar SAs on the same oxide support
may exhibit distinct reactivity.20–22

A major obstacle for the use of SAs in heterogeneous
processes is their instability at reaction conditions. SAs have
a tendency to agglomerate to form larger particles at the
expense of SA and small clusters, change sites,23 and the
catalyst may become deactivated in the process. The stability
of SAs or small nanoclusters is often assessed in the
framework of Ostwald ripening or coalescence.24 In both
models, particle growth takes place via surface diffusion of
either SAs or small clusters. The kinetics of these processes is
determined by SA or cluster diffusion on the support.
Decrease in surface energy is traditionally considered as the
thermodynamic driving force for ripening and coalescence.
The surface tension is, however, a macroscopic and extensive
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thermodynamic quantity, which cannot completely
characterise SA or small cluster thermodynamics.25,26 As
discussed in the present work, non-extensive
nanothermodynamics25,27,28 provides a well-defined
theoretical framework to analyse the kinetic and
thermodynamic stability of SAs and to understand the
thermodynamic driving force in ripening and sintering.

SAs are generally kinetically stabilised by support defects
such as oxygen vacancies and low-coordinated sites.29 Both
experiments and calculations also suggest that different
surface species such as CO30,31 could protect SAs against
agglomeration or even induce particle disintegration,32,33

making it possible to recover SA after agglomeration has
taken place. In addition to its possible role in SA stability
and agglomeration, carbon monoxide is widely used as a
probe molecule in experimental9,15,34–36 as well as
theoretical35 studies. Two “geminal” COs bound to a
supported Rh SA are thought to give a characteristic doublet
peak in the IR spectra, which has been previously used to
verify the presence of Rh SAs.9,36 In the case of Pt, the SA is
identified from a single peak, whose exact position depends
on the identity of the support.15 However, given that CO has
the ability to disintegrate clusters and small particles, is it
fair to use it as a probe molecule for SAC that aren't intended
to be used under a CO atmosphere?

Rh9,32,36 and Pt5,7,8 are both popular metals for SAC.
Zirconia supported Pt SA and sub-nano particles have
recently shown superior performance towards conversion of
glycerol to lactic acid,37 while Rh/ZrO2 SAC have
demonstrated activity towards direct methane conversion.9

In this combined DFT and nanothermodynamic study,
we model the SA as well as small sub-nano clusters to get
information about the ensemble of metal species that
populate the support surface at reaction conditions. The
initial stages of agglomeration of SA species into clusters
was investigated in the absence and presence of CO. We
also report the CO stretching frequencies for the most
stable SA and clusters at various CO coverages, and
discuss how these coincide with experimental observations.
The mobility of SA on the zirconia support was also
evaluated by determining their diffusion barriers from one
site to the next. To analyse the kinetic and thermodynamic
stability, a theoretical method combining
nanothermodynamics and non-equilibrium thermodynamics
was developed and parametrised using the DFT data. Our
results highlight the importance of the CO atmosphere on
thermodynamic and kinetic stability of SAs and small
clusters and pinpoint issues related to using CO as a
probe molecule.

2 Methods
2.1 Computational details

Periodic density functional theory (DFT) calculations were
carried out using the Perdew–Burke–Ernzerhof (PBE)
functional38,39 in the grid-based projector augmented wave

(PAW) formalism using the GPAW 1.4.0 software.40–43 For the
cation and anion vacancy containing zirconia surfaces the
calculations were performed spin-polarized with a Hubbard
correction of U = 2 eV applied to the d orbitals of zirconium
atoms.44 For the ideal zirconia the calculations were
performed spin-paired to reduce computational burden. The
Hubbard correction was excluded from the spin-paired
calculations. Test calculations show that its influence on the
adhesion of Rh and Pt single atoms on ideal zirconia is
minor being only 0.1 eV and 0.05 eV, respectively. The
agglomeration energy per atom (entries in Table S2 of ESI†)
changes at most by 0.16 eV when the calculations are
performed spin-polarized and with +U. The core electrons of
heavy elements were represented with the PAW45 setups in
the frozen-core approximation. The Brillouin zones for all
catalyst models and gas phase species were treated at the
Γ-point, with the exception of the zirconia edge, for which a
(4 × 4 × 1) Monkhorst–Pack mesh of k-points was used
instead. The approach has been validated in our previous
work.46 The zirconia terrace was modelled with a m-ZrO2Ĳ1̄11)
(3 × 3) 2D slab cut from monoclinic zirconia bulk. The slab
was two stoichiometric ZrO2 layers thick with atoms in the
bottom layer fixed at their ideal bulk positions. The zirconia
edge was modelled with a (1 × 1) (2̄12) surface slab four
atomic layers thick with the two bottom layers frozen in the
ideal bulk positions. The bulk is described in detail in our
previous work.46 The bulk Rh and Pt metals were optimised
in plane-wave basis with a 800 eV cutoff energy, a (16 × 16 ×
16) Monkhorst–Pack mesh of k-points, and maximum
residual force of 0.025 eV Å−1. Zirconia supported Rh and Pt
cluster models consisting of 13, 19, and 43 metal atoms are
globally optimized structures described in detail in our
previous work.47

The Rh/ZrO2 and Pt/ZrO2 single atom catalyst models were
constructed by placing the metal on the zirconia slab either
as an ad-atom, or substituting (in the case of the (1̄11)
surface) the metal atom for one of the Zr atoms. Several
initial structures with different placement of the Rh and Pt
adatoms on all zirconia sites were considered, and the most
stable configurations were selected for further calculations.

Small clusters of two, three, and four metal atoms were
constructed from the SA models by atom-wise adding one,
two, and three metal atoms in contact with the first one and
relaxing the structures. Several starting structures were
attempted in each case, and the most stable ones were
selected for the subsequent calculations.

Gas phase H2O, H2, CO, and CO2 molecules were
optimised in a non-periodic computational cell that was 18 ×
18 × 18 Å in size. For the calculation of cluster adhesion
energies, the single-point energies of the metal clusters were
calculated in the gas-phase constrained to their supported
geometries. The calculations were performed spin-polarized
and the resulting cluster multiplicities can be found in Table
S5.† All structures, with the exception of the bulk metals,
were optimised in the grid basis with a 0.2 Å maximum grid
spacing, and allowed to relax until the maximum residual
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force was below 0.05 eV Å−1. The CO stretching modes and
the adsorbate modes used to calculate zero-point energies
were calculated from the Hessian matrix using the finite
difference approach.

Diffusion barriers of Rh and Pt atoms on the ideal
m-ZrO2Ĳ1̄11) surface were calculated using the climbing image
nudged elastic band method (CI-NEB).48–51 Formulae used
for computing the thermodynamic and kinetic parameters
are detailed in the ESI.†

3 Results & discussion
3.1 Single atom stability

The formation energy, Efsa, of a SA (see ESI† for full formula)
measures how difficult it is to form an SA on the support
surface with respect to the bulk metal and gives a convenient
way to compare the stabilities of single atoms on different
sites of an oxide.13 Formation energies and Bader charges
were calculated for Rh and Pt atoms on ideal and anion/
cation defected ZrO2 terrace, and on ideal and anion defected
ZrO2 edge (see ESI† for tabulated data). The formation energy
is strongly endothermic for both metals at the ideal edge and
terrace sites, being 3.44/2.93 and 2.61/1.29 eV for Rh/Pt,
respectively. Both metal atoms are nearly neutral on the ideal
terrace and edge sites, with Pt having slightly negative and
Rh slightly positive Bader charges. The Efsa value for Pt is
always lower than that for Rh at the same site, which
indicates a higher affinity of Pt towards the zirconia surface.
This is in agreement with our previous study, where small Pt
clusters supported on zirconia were shown to have higher
adhesion energies than Rh particles of the same size.47 In the
case of both Rh and Pt, the formation energy is lower at the
edge site, indicating that the metal atom prefers under-
coordinated sites, as previously suggested for Pt on
alumina.10

Next, we consider the SA located on the defected zirconia.
The maximum concentration of vacancies, and therefore the
amount SA they can host, is related to the thermodynamic
cost of creating them. On the pure zirconia terrace, the
vacancy formation energy is very endothermic being 3.62 and
11.80 eV for the oxygen and zirconium vacancies, respectively
(see ESI† for formulas used). In our previous study we
reported that adsorbed Rh species lower the formation
energy of a nearby oxygen vacancy.16 The same effect is seen
here for Pt SA, which lowers the oxygen vacancy formation
energy so much that it becomes exothermic by −0.74 eV. The
Bader charges show that Pt is able to accommodate a more
negative charge than the Rh atom, accepting more electrons
left over from creating the vacancy. The oxygen vacancy
formation energy in the presence of Rh is 0.80 eV. Pt and Rh
SA also significantly lower the zirconium vacancy formation
energies to 5.78 and 4.60 eV, respectively, which is still highly
thermodynamically unfavourable.

The SA formation energy of both metals on an oxygen
vacancy containing ZrO2Ĳ1̄11) surface is much less
endothermic than on the corresponding ideal surface, and is

even exothermic in the case of Pt. In the case of the
structures with a Zr vacancy, the metal atoms occupy the
vacancy as a substitute for the missing surface Zr atom, both
having Bader charges of ca. +1.4|e|. The formation energies
are strongly exothermic for both metals, the value for Rh
being more exothermic than that for Pt by 0.5 eV. The
exothermic formation energies are due to the Zr vacancy
being very unstable, and that formation of the substituted
single atom site is strongly favoured.

3.2 Agglomeration thermodynamics

The agglomeration energy describes the energy gained per
atom when N supported SA clump together to form a
supported cluster of N atoms. The calculated values and the
equations used are tabulated in the ESI.†

As expected, the agglomeration energy on the pristine
zirconia terrace becomes more exothermic with increasing
cluster size, the largest values being −2.13 and −1.73 eV with
respect to 43-atom cluster for Rh and Pt, respectively. The
agglomeration energies of the two metals are nearly identical
in the 2–4 atom range. Beyond 4 atom clusters the
agglomeration energy continues to become more exothermic,
but the change is not as rapid as for the smallest clusters.
For Pt in particular there is very little change in energy
between the Pt4 and Pt13 clusters.

The adhesion energies (see ESI† for tabulated values and
for equations used) of the Pt and Rh single atoms are
essentially the same, being −2.46 and −2.44 eV, respectively.
For Pt clusters, the adhesion energy becomes more
exothermic with increasing cluster size, while for Rh, clusters
with 1–3 atoms have almost the same adhesion energy. The
3- and 4-atom Rh clusters have much less exothermic
adhesion energies than the corresponding Pt clusters, which
suggests that the metal–support interaction for Rh is weaker
as observed previously for the zirconia supported 13- and 19-
atom Rh and Pt clusters.47 On the other hand, the Rh–Rh
and Pt–Pt cohesive energies are −6.07 and −5.72 eV,
respectively, indicating that the metal–metal interactions in
the rhodium clusters are stronger. The differences in the
cohesive and adhesive energies are reflected in the cluster
geometries (see Fig. 2a and b), as the supported Pt clusters
prefer more open structures with longer Pt–Pt bonds while
Rh prefers more compact cluster geometries, which are quite

Fig. 1 Schematic representation of single atom (black semi-circles)
agglomeration into clusters (blue semi-circles). The figures connected
by straight black arrows depict atom-wise agglomeration while the
curved grey arrow represents coalescence.
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similar in shape to optimised gas-phase Rh clusters found in
literature.52 Similar differences in cluster morphologies
between Rh and Pt have been observed for the larger
clusters.47

On the oxygen or zirconium vacancy containing zirconia,
the agglomeration energies can be calculated in a few
different ways (see ESI† for equations used) that describe
slightly different processes. First, the SA atoms could
agglomerate in such a way that empty vacancies are left
behind, while the cluster forms in the vicinity of just one
vacancy. Leaving unfilled oxygen vacancies behind is highly
thermodynamically unfavourable and the total energy change

of four atoms agglomerating together would be +3.36 and
+9.75 eV for Rh and Pt, respectively. For comparison, the
corresponding values on the defect free zirconia are −5.51
and −5.14 eV. Agglomeration of SA is even more unfavourable
if any Zr vacancies are left behind, being ca. +17 eV for the
case of four Rh atoms. This is likely due to the high cost of
Zr vacancy formation. Clearly, agglomeration into particles
cannot occur on a catalyst that contains Rh or Pt as
substituted species unless the vacancies are filled with
something else, or if there are free metal SA species on the
surface that could fill in the vacancy. The surface could also
restructure in a way that is not accounted for in the

Fig. 2 Agglomeration of a) Rh and b) Pt SA species with and without adsorbed CO. Rh, Pt, C, adsorbate O, lattice O, and Zr atoms are coloured
blue, violet, dark gray, red, light gray and white, respectively. The curved dark arrows represent the agglomeration process where the cluster
grows one atom at a time. The number next to them corresponds to the energy difference between the larger cluster and the smaller cluster plus
another single atom species at an infinite separation. The straight horizontal grey arrows represent CO adsorption and the number underneath is
the differential adsorption energy in eV.

Fig. 3 Phase diagrams showing the most stabilising amount of adsorbed CO on Rh (left) and Pt (right) 1–4 atom clusters as a function of CO
pressure and temperature. Note that the Pt2 species containing 2 CO molecules is no longer a dimer, but two Pt–CO monomers close together on
the surface formed from the spontaneous disintegration upon CO adsorption.
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calculations performed here. Alternatively, one could
consider the SA sitting in a vacancy as a nucleation site with
the other metal atoms coming from the pristine zirconia
instead. In this case, on the oxygen defected surface the
agglomeration energies are comparable to those on the
pristine zirconia with the exception of the Rh trimer, and Pt
tetramer (see ESI† for tabulated values).

Even though e.g. the structure containing the substituted
SA and one other metal atom is formally a dimer, it is more
structurally analogous to the SA on non-substituted zirconia.
Therefore, the calculations on the metal substituted zirconia
were performed for structures containing up to 5 Rh or Pt
metal atoms, and from here on out the MN clusters on Zr
vacancy containing zirconia will be considered to consist of
the N additional metal atoms deposited on top of the metal
atom sitting in the Zr vacancy. The SA sitting in the cationic
vacancy can be considered as a nucleation site similar to the
SA on the surface with an oxygen vacancy. Calculated this
way the total agglomeration energy of four free SA onto the
nucleation site is −6.56 eV for Rh and −4.90 eV for Pt. The
migration of a SA from an ideal zirconia site onto the
nucleation site is −1.20 and −0.58 eV exothermic for Rh and
Pt, respectively, which indicates that the SA have a stronger
affinity to the site with a substituted metal atom than the
pure zirconia site. The calculated adhesion energies for the
clusters on metal substituted zirconia (see ESI† for tabulated
values) are also more exothermic than for the clusters on
ideal zirconia, with Rh adhesion being stronger than that of
Pt.

3.3 Effect of CO on agglomeration thermodynamics

The atom-wise agglomeration process from Rh and Pt single
atoms up to 4-atom clusters with and without adsorbed CO is
depicted in Fig. 2a and b. In the previous section, the
agglomeration of SA was considered as a kind of coalescence
of SA into a particle of a certain size. The schematic Fig. 1
illustrates the connection between the two schemes.

In the absence of CO, the addition of each consecutive
atom into the cluster is increasingly exothermic as the larger
clusters become more and more stable. This indicates that
there is a large thermodynamic driving for the agglomeration
of SAs. The incorporation of one CO molecule per metal atom
(the right-most structure of each row in Fig. 2a and b)
dramatically changes the agglomeration thermodynamics. In
the case of Rh, the formation of a Rh dimer with two CO
adsorbed is more favourable than with no CO, but the
formation of trimers and tetramers is much less favourable,
though still strongly exothermic. The total agglomeration
energy of four single atoms into a Rh4 cluster is 2.15 eV less
exothermic in the presence of CO than in the absence of CO.

For Pt species, the difference upon incorporation of CO is
even more dramatic than for Rh. The adsorption of two CO
molecules onto the dimer causes it to spontaneously
dissociate into two Pt–CO complexes. Spontaneous cluster
disintegration has recently been reported also for Pt4 clusters

with four adsorbed CO on CeO2.
53 The energy change of

+0.29 eV upon bringing the two Pt–CO complexes close
together is most likely due to repulsion between the
complexes. Three adsorbed CO are not enough to
spontaneously dissociate the Pt trimer, however it is 0.38 eV
less stable than three infinitely separated Pt–CO complexes,
and the middle Pt–CO unit is no longer in contact with the
zirconia surface. The CO covered Pt4 can exist as structures
that do not spontaneously dissociate, however they are
slightly higher in energy than the partially dissociated
structure consisting of CO containing Pt SA and Pt2
complexes. In total, the agglomeration process (with respect
to the lowest energy non-dissociated Pt4 system) for CO
containing Pt is 1.08 eV endothermic, which is a difference of
6.22 eV compared to the case with no adsorbed CO. In order
to explain the higher stability of the Pt–CO unit compared to
the CO covered clusters, we analysed the density of states
plots of Pt, Pt–CO, Rh, and Rh–CO units on ideal zirconia,
please Fig. S7 in the ESI.† From the plots, it can be seen that
the Pt states located in the zirconia band gap are more
significantly modified by the presence of CO than those of
Rh. We tentatively ascribe the observed stability of Pt–CO
units to enhanced hybridization between Pt and zirconia
states in the presence of adsorbed CO.

3.4 CO binding and vibrational frequencies

CO stretching frequencies are often used as an indication of
the presence of single atoms on the support,7,9,35,36,54,55 and
here the calculated CO adsorption energies and IR stretching
frequencies are reported in the ESI.† CO binds to the single
atoms and clusters with adsorption energies for a single CO
varying from −0.78 to −3.89 eV, with no clear trend with
respect to the structure or chemical composition. The
adsorption strengths also vary from one metal atom to the
next for all clusters, for example on the Rh2 the adsorption
energy for a single CO on a top site differs by 0.45 eV
depending on which atom it is binding to. With the dimer
being a perfectly symmetric species, this difference is clearly
induced by the support. Location dependent adsorption
energies have been previously reported for dissociated water,
hydrogen, and CO on the globally optimised zirconia
supported Rh and Pt clusters.47,56 The type of the most
favourable adsorption site varies as well, with CO sometimes
preferring a top, bridge, or a hollow site. Especially in the
case of Pt clusters the CO molecules preferred to form
bridges between the metal atoms, almost appearing to hold
the clusters together.

In the phase diagrams (Fig. 3), where the most favourable
CO coverages are plotted for a range of experimental
conditions for M1–4 clusters on ideal zirconia, it is shown that
the single atoms and small clusters incorporate CO even at
very low pressures. In fact, all of the species studied here are
expected to contain at least one adsorbed CO under ultra
high vacuum (P < 10−9 mbar) at temperatures under 600 K.
This indicates that CO adsorption should be accounted for
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when analysing the stability or reactivity of zirconia
supported SAs and clusters, if CO is expected to be present in
the gas-phase.

Unlike on metal facets, the CO adsorption energy does not
depend on the coverage in a smooth manner, but is very
unpredictable. For some metal species, such as Pt3 on ideal
zirconia, the differential adsorption energy becomes less
exothermic with each adsorbed CO, yet for others, such as
Pt4 on ideal zirconia, the adsorption starts off weaker and
becomes more exothermic on average with each added CO
until the cluster spontaneously breaks apart. The
unpredictable behaviour of CO adsorption is probably due to
the extensive restructuring that the particles can undergo
upon CO adsorption, as well as the inequivalent nature of the
adsorption sites mentioned earlier. The fluxionality of small
clusters and its effect on catalytic activity has been discussed
recently.56–61 The non-uniformity of CO adsorption is clearly
seen in the phase diagrams (Fig. 3): some CO coverages are
never the most stable. For example the Rh4 and Pt4 clusters
go directly from four and three adsorbed CO to being
completely bare at elevated temperatures and low CO
pressures. The difference in the adsorption energy of a single
CO to a supported SA/cluster and the same SA/cluster in gas-
phase frozen to the same geometry, ΔΔEads, measures the
ligand effect the oxide support has on the adsorption of CO.
The ligand effect was evaluated for the M1–4 clusters (see
ESI† for equation used and tabulated values), and was found
to vary strongly from one cluster to the next. For most
clusters ΔΔEads is negative, which indicates a stabilising
ligand effect, while for the SA the value is almost always
positive, with the exception of the Pt SA on the cation
defected zirconia.

The Rh–CO and Pt–CO monomers have one stretching
frequency at 1956 and 2037 cm−1 on the ideal zirconia,
respectively. The frequency for Pt–CO is close to previously
reported experimental values for Pt SA supported on CeO2

(ref. 55) and FeOx.
7 The Rh and Pt SA with two adsorbed CO

have the characteristic symmetric and asymmetric modes
which are 40 and 30 wavenumbers apart in frequency. The
difference between these peaks has been reported as around
70 cm−1 for Rh SA on different supports, including tetragonal
zirconia.9,36 The addition of each consecutive CO adds
another stretching frequency, but also shifts the pre-existing
CO stretching modes. The bridge bonded CO on clusters have
the lowest frequencies (<1900 cm−1), similar to those
reported for CO bridge bonded to metal nanoparticles.7,9,36,55

Interestingly, the stretching frequencies given by Pt1ĲCO)3
species on ideal zirconia are in good agreement with previous
experimental vibrational data.62 The stretching modes of
adsorbed CO are sensitive to the structure of the underlying
oxide, which is seen as shifts in the frequencies when the
cluster is deposited on oxygen defected or metal substituted
zirconia. For example, the stretching frequency of a single
CO bound to a Rh SA is lowered by over 60 cm−1 in the
presence of an oxygen vacancy, probably due to the CO lying
closer to the zirconia surface. Also the two Pt–CO complexes

formed upon spontaneous Pt dimer disintegration give two
frequencies approximately 40 cm−1 apart that are both shifted
from the isolated Pt–CO frequency. The Pt–Pt distance
between the complexes is 4.4 Å.

In summary, these CO stretching frequencies of different
SA and clusters are quite close together, with the number of
bound CO dependent on reaction conditions, it could be
difficult to identify which peaks belong to which species.
This kind of ambiguity in CO frequencies has been predicted
also for ceria supported Pt8 clusters and SA.63 However, the
presence of low frequency peaks could be an indication of
the presence of small clusters.

3.5 Agglomeration kinetics

Finally, we consider the kinetics of SA agglomeration which
is a complex surface diffusion process with several time
scales.64 The traditional picture of SA agglomeration is based
on either Ostwald ripening or coalescence. In both processes
the decrease in the surface energy provides the driving force.
Additionally, the Ostwald ripening process assumes a critical
particle size at which neither shrinking nor growth takes
place; the critical particle size can be understood as an
additional thermodynamic barrier separating SAs and small
clusters from larger particles.

While the above traditional notions are applicable to
nanoparticle growth, for SAs or very small clusters, such as
considered in this work, the surface energy is no longer a
meaningful concept and cannot even be defined. Indeed, SAs
and small clusters belong to the “every-atom-counts” size
region where the thermodynamics are no longer
extensive.25,27,28 As a result, the decrease in surface energy
can no longer be used as the driving force. To mend this
deficiency and to account for the non-extensive
thermodynamic nature of SAs and nanoclusters, we
combined non-equilibrium thermodynamics and

Fig. 4 Pictorial presentation of the scheme used for analyzing SA
stability. The studied reaction is the agglomeration of SA and the
reaction coordinate γ is the SA coverage. Stability of the system along γ

is obtained from generalized chemical potentials,  (see ESI†). The
solid line characterizes the evolution of  without a critical cluster size.
The dashed line depicts a situation in which a critical cluster size
separates the SAs and the growing cluster inducing an additional
kinetic barrier Δ‡.
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nanothermodynamics to develop a kinetic model for the
sintering of SAs and USCs. Unlike previous kinetic
models,13,24,65,66 our model does not rely on the particle-size
dependent surface tension or critical particle size and is
applicable to arbitrarily small or large particles. Furthermore,
it is possible to study the tendency of SAs to grow into cluster
or further to larger nanoparticles.

Following the development in the ESI† and the scheme in
Fig. 4, the kinetics of particle growth can be characterized
using the effective flux from an SA to cluster size R as
follows.

J ̄1→R≈
kBT
h

exp − ΔG‡
diff þ Δ‡

1→ R*ð Þ
� �

=kBT
h i

exp
R

kBT
− exp

1

kBT

� �

(1)

where ‘1’ denotes a SA, ΔG‡
diff is the SA diffusion barrier,

Δ‡1→(R*) is a possible additional thermodynamic barrier from
a SA to a critical cluster size R*, and R is the generalised
chemical potential which depends on the particle size. As
detailed in the ESI,† (R) takes into account the
thermodynamics non-extensitivity resulting in particle size-
dependent thermodynamics.

Even though eqn (1) is derived using a non-equilibrium
nanothermodynamic approach, it is remarkably similar to
models obtained using a macroscopic description of particle
growth kinetics in ref. 13, 24, 65 and 66; the flux is defined
as a product of a kinetic term and a thermodynamic driving
force which in is due to the generalised chemical potential
rather than surface energy of macroscopic models. The
timescale for agglomeration is given by the surface diffusion
between of SAs or larger clusters. While the SAs can be
stabilised by the R*, the driving force for SA agglomeration
to clusters or larger particles is extremely large as shown in
the ESI.† Therefore, SA agglomeration will be extremely fast
and irreversible whenever diffusion is sufficiently fast.

To understand the sintering of zirconia supported Rh/Pt
SAs and clusters we consider the pathways presented in
Fig. 2a and b. All the quantities used for parametrising eqn
(1) are based on DFT-computed values as shown in the ESI.†
In the absence of CO, no critical cluster size has been
identified and sintering of SAs and clusters to larger particles
is always energetically favourable. As shown in the ESI,†
forming even larger cluster with 13, 19, and 43 atoms is
always favourable and irreversible. We note that it cannot be
completely ruled out that a critical size could be found
among clusters with 5 to 12, 14 to 18, or 20 to 42 atoms. As
there is no energetic penalty for particle growth (ΔR* = 0),
ZrO2Ĳ1̄11) is unable to kinetically stabilize Rh/Pt SAs or
clusters. Furthermore, the diffusion barrier for Rh/Pt SA on
the ideal zirconia terrace is only 0.7/0.9 eV, which can be
overcome even at moderate temperatures. On the vacancy
containing zirconia, the diffusion barrier will be much larger,
since the thermodynamic cost alone of the SA leaving the
vacancy is already several eV.

In the presence of CO, sintering of Rh is again
spontaneous and no critical cluster size has been found. As a

result, CO atmosphere cannot be used to kinetically stabilise
Rh SA and clusters on zirconia. The case of Pt is different, as
CO adsorption makes agglomeration both thermodynamically
(no driving force) and kinetically (Δ2 > 0) unfavourable. As a
result CO is expected to suppress Pt agglomeration on
zirconia. Interestingly, previous calculations report that TiO2

supported Rh particles should be more susceptible to CO
induced disintegration than Pt particles, owing to the more
exothermic formation energies of the Rh–CO complexes.31

4 Conclusions

The stability of Rh and Pt single atoms was evaluated on the
pristine and anionic/cationic defect containing zirconia. The
defected zirconia sites as well as the zirconia edge site
stabilise single atoms more compared to the ideal zirconia
terrace. Agglomeration of the SAs is strongly
thermodynamically favoured in all cases unless unfilled
vacancies are left behind by the agglomerating atoms, in
which case the process is highly unfavourable. Agglomeration
of free Rh SA onto Rh substituent atoms on the zirconia
surface is even more exothermic than onto an ideal zirconia
site, indicating that they could act as nucleation sites for
agglomeration. The presence of CO kinetically and
thermodynamically hinders the agglomeration of SA, and in
the case of Pt dimers and tetramers induces spontaneous
particle disintegration.

The atomistic thermodynamic analysis of the MN–xCO
complexes shows that the SA and clusters are likely to have
CO bound to them at a very wide range of temperatures, even
under UHV. Computational models involving small clusters
and SA should therefore include adsorbed CO if any CO is
expected to be present in system of interest. CO binding to
the SA is also so strong that it may in some cases be
considered a poison. Our results also show that vibrational
frequencies of CO adsorbed SAs and small clusters are closely
spaced. This makes the application of vibrational
spectroscopy to identify of SAs, clusters, and adsorption sites
error-prone. Furthermore, using CO as a probe molecule to
characterise SAs is troublesome because CO can induce
particle disintegration which might not take place under the
intended operation conditions without CO. Our combined
DFT and thermodynamic analysis shows that CO may
significantly affect thermodynamic and kinetic stability and
the structure of SAs or small clusters. Therefore, caution is
needed when using CO or other common probe molecules to
characterise the existence and properties of SAs.
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