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Globally Optimized Equilibrium Shapes of Zirconia-Supported Rh
and Pt Nanoclusters: Insights into Site Assembly and Reactivity

Andrey S. Bazhenov and Karoliina Honkala*

Department of Chemistry, Nanoscience Center, University of Jyvaskyld, P.O. Box 35, FI-40014 Jyviskyld, Finland

ABSTRACT: Metal—support interfaces form an active site
for many important catalytic reactions. The modeling of these
interfacial sites calls for approximations to set up a structure
model, which in turn may significantly have an impact on
studied chemistry and obtained atomistic understanding.
Herein, we have employed a density functional theory-based
genetic approach to obtain globally optimized nanostructures
for Rh and Pt clusters on a ZrO, support. The analysis of the
obtained structures shows that Rh clusters take more compact
shapes, whereas Pt prefers elongated and low-symmetry
structures. We find that metal—oxide perimeter sites are
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structurally different, presenting varying Pt and Rh coordinations and CO adsorption energies. Our analysis shows that the
presence of a support always destabilizes CO adsorption at the cluster edge, but the magnitude of destabilization varies
substantially from site to site. The complexity of catalyst—support interactions demonstrates that even an inert support can

intricately influence the reactivity of interfacial sites.

B INTRODUCTION

Heterogeneous catalysts are indispensable for chemical
industry in the production of fuels and commodity chemicals
from a variety of feedstocks, and they typically comprise
catalytically active metal nanoparticles dispersed on high
surface area solid supports such as metal oxides. The activity
and selectivity of a catalyst are intimately related to the size
and shape of metal particles and the choice of support oxide,
which can actively participate in chemical reactions or be an
inert base.' > The support-induced changes in catalytic activity
typically depends on the support material, and it is often
attributed to perimeter sites at the metal—oxide interface,’
which can provide new binding geometries or favorable
energetics for adsorbed species. The central role of the metal—
oxide boundary has been recognized for many catalytic
processes, especially for CO oxidation’™'’ and water—gas-
shift (WGS) reaction.''~*

However, the structural characteristics of a metal—oxide
interface and their influence on reaction rates at the atomic
level remain typically elusive because of difficulties in
experimental characterization. A frequently used approach to
obtain an atomic-level description of a metal—oxide interface
relies on density functional theory (DFT) calculations
combined with a variety of different atomic structure models
chosen to represent interfacial sites. Supported one-dimen-
sional metal nanowires are popular particularly when chemical
reactions are considered at the metal—oxide interfaces,”'*™ "’
while large, supported nanoparticle models are mainly
employed to address catalyst—support interactions and charge
transfer.”” Recently, catalytic reaction studies'”*"*> have
emerged on large nanoparticles, but they employ predefined
particle morphologies.
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Predefined interface structures are factitious, which in turn
might influence their reactivity. Supported subnanometer
clusters with varying shape, size, and chemical composition
have been emg)loyed for a large number of supports and
reactions.”** ™" These cluster models traditionally build on
manually generated structures emerging from chemical and
physical intuition. While the number of choices for cluster
morphology on a support is relatively small for few-atom
clusters,®" the situation changes with an increasing number of
atoms; therefore, the exploration of energetically low-lying
atomic structures becomes a burdensome task and computa-
tionally impractical calling for automated methods. Advanced
computational methods, such as basin hopping’>*’ and
evolutionary or genetic algorithms (GAs),>* ™ ° have been
recently developed and applied to search for globally optimized
nanostructures in the gas phase’” "' and on support
materials.**~*°

In the present work, we focus on the formation of the
interfacial structures between monoclinic ZrO,(111) and Pt
and Rh clusters. Both these metals demonstrate high activity in
experiments, for example, for a WGS reaction,**™** and m-
ZrO, was chosen as it is a promising support material and
known to have a bifunctional role in a WGS reaction.'**"~°

We employ a first-principles-based GA approach to establish
globally optimized nanostructures for Pt and Rh on m-
ZrO,(111). GA was chosen as it provides an unbiased
optimization scheme to determine a global minimum structure
for oxide-supported metal clusters as shown, for example, for
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Figure 1. Number of screened structures for each GA run and cluster size for both metals together with the visualization of corresponding energy
span. Relative LCAO energy is computed with respect to the most stable structure of each metal and size. A, B, and C stand for the Rh clusters of
sizes 13,19, and 43 atoms, whereas D, E, and F correspond to the Pt clusters of 13, 19, and 43 atoms, respectively.

Au clusters on Ti0,(110)** and MgO(lOO).43 Specifically, our
aim is to determine the atomic structure of the metal—oxide
interface and to explore how the interface structure depends on
the chemical nature of metals and cluster sizes. Compared to
TiO,(110) and MgO(100) surfaces, the m-ZrO,(111) surface
represents a lower symmetry structure with varying atom
coordination numbers, which may affect the interface structure.
Moreover, the size regime of metal clusters in the present work
expands well beyond previously addressed 20-atom cluster
sizes. Our results demonstrate that rhodium and platinum
species have different affinity toward the oxide and, hence,
exhibit different morphologies. With the largest, 43-atom
cluster, we observe the emergence of a (111) facet at the
boundary. The reactivity of perimeter sites at the formed
metal—oxide interface is probed by evaluating the adsorption
energy of carbon monoxide, a typical probe molecule used to
explore reactivity in experiments.”’ The analysis of coordina-
tion of interfacial sites highlights the uniqueness of these sites,
which is also supported by the variation of CO binding
energies.

B COMPUTATIONAL DETAILS

Spin-paired calculations were carried out in the grid-based
projector augmented wave (PAW) formalism of the DFT using
the GPAW 1.1.0 code.’””’ The Perdew—Burke—Ernzerhof
density functional was employed throughout the study.’
The core electrons of all atoms were represented with the
PAW setups®® in the frozen core approximation. The number
of valence electrons for Rh and Pt was selected to be 9 and 10
electrons, respectively, to speed up the calculations. The
impact of this choice is minor for obtained results, for example,
CO adsorption energies on Pt(111) and Rh(111) surfaces are
about the same as computed with 1S (Rh) and 16 (Pt)
electron setups. In the structure search, the electron density
was expanded in an atomic orbital basis set of double-zeta
polarized quality.”” At the refinement stage and for the
adsorption studies, the electron density was represented on a
real-space uniform grid [finite difference (FD)] with the
maximum spacing of 200 mA to improve the accuracy. The
reciprocal space was in all cases sampled by the I'-point alone.
All computational cells included at least S A of vacuum below
the slabs and at least 5 A of vacuum above the slabs along the
nonperiodic direction.

The structure search was performed using the GA
implementation in the ASE packagesg’59 version (3.9.1). A (3
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X 3) m-ZrO,(111) slab of one stoichiometric layer thick was
used as a template, with all atomic positions fixed. For each
size and metal/oxide combination, three independent starting
populations of 20 candidates were generated randomly. The
offspring was created using cut-and-splice (70% probability)
and mutation (30% probability) operators. Each candidate was
relaxed with the threshold in the maximum residual force of 80
meV A™'. A GA run was executed until its population stopped
changing significantly and included ca. 400—800 structures.

The candidates in the three final populations were merged
afterward and sorted by energy. The metal particles from 20
most stable structures were cut, placed onto the (3 X 3) m-
ZrO,(111) slabs of two stoichiometric layers thick (the atomic
positions in the bottom layer fixed), and refined with the
maximum residual force of S0 meV A~'. Finally, the most
stable structure among the refined was selected and used in
further calculations and analyses.

Adhesion energy per atom in contact with the supports was
computed as AE,q, = Eyyzi0y-111) — Em — Ezio, Where the

subscript x refers to the number of atoms in a nanocluster. The
first term is the energy of the globally optimized Rh or Pt
cluster on the ZrO,(—111) surface, whereas the second term
gives the energy of a gas-phase cluster obtained by removing a
support and without optimizing the atomic structure. The third
term stands for the energy of the support after removing a
cluster and without optimizing the atomic structure. The
adsorption of a CO molecule was only considered in the “on-
top” position for perimeter sites along the metal—oxide
interfaces (M/ZrO,). The adsorption energy, AE,, was
calculated using the energy of the gas-phase CO molecule,
Eco, as the reference (12.8 X 12.8 X 12.8 A cell, 200 mA grid
spacing, S0 meV A™! residual force threshold) as AE,4,' = Ey —
(Eint + Eco), where Ey is the energy of a CO/M/ZrO, system
and E;, is the energy of a corresponding M/ZrO, system.
Adsorption energies for unsupported clusters were determined
as follows: AE,4> = Ecoym — Ey — Eco, Where Ecqy is the
energy of the unsupported cluster obtained by removing ZrO,
and fixing atoms into their optimized positions obtained in the
presence of the support. Ey; and Ecq are total energies of the
bare cluster and gas-phase CO with all the atoms fixed to their
optimized positions obtained in the presence of the support.
AAE,4 = AE,4' — AE,;” describes the change in adsorption
energy because of the support. The positive (negative) value of
AAE,,; corresponds to destabilization (stabilization) of CO
binding because of ZrO,.
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Figure 2. Globally optimized structures of (A) Rhy;, (B) Rhyo, (C) Rhys, (D) Pt;3, (E) Pt and (F) Pt,; nanoclusters supported on the ZrO,
surface slab. Each structure is shown in top, front, and side views. Color scheme: Rh in teal, Pt in purple, Zr in light gray, and O in pink. The fixed

layers of the supporting oxide are shown in wireframe.

B RESULTS AND DISCUSSION

In this study, we address three cluster sizes by considering M3,
My, and M,; (M = Rh, Pt) metal clusters. The first two, M,
and M, are, respectively, the smallest possible cuboctahedron
and octahedron for the face-centered cubic metals. The last
one, My, exhibits a distorted rhombicuboctahedral shape and
may be constructed from the M, octahedrons by placing metal
trimers onto each of the triangular facets.

Equilibrium shapes of M;; M, and M,; nanoclusters
deposited onto the ZrO, support were obtained through global
optimization employing the GA. For each M/ZrO, structure,
we performed three optimization runs, each starting from a
randomly generated population. The offspring was created
using cut-and-splice crossover (70% probability) and rattle
mutation (30% probability) operations. The supporting oxide
was represented with a fixed two-dimensional slab of one
stoichiometric layer thick to lower the computational burden.
We used the globally optimized M,o/ZrO, structures as
templates for M,;/ZrO, optimization, implying that only 24 of
43 metal atoms were involved in the crossover and mutation
operations. We note that only the atoms in the supporting
oxide were fixed in the corresponding DFT calculations.

Overall, we screened 9845 M/ZrO, structures, employing
the linear combination of atomic orbitals (LCAO) DFT
formalism (see Computational Details for more details). The
resulting ranking of the screened structures is given in Figure 1.
The majority of the structures for M;; and M,y are found
within 1.0 eV from the most stable structure (see Figure
1A,B,D,E). The distributions for M,; nanoclusters, shown in
Figure 1C/F, tend to be wider compared to those for M,; and
My nanoclusters, owing to the fact that they have Mo “cores”
excluded from the GA operations. For each M/ZrO, system,
the results of the three individual GA runs were merged and 60
lowest energy structures were selected, which were then re-
evaluated on a two-layer ZrO, slab using the FD DFT
formalism (see Computational Details for more details). The
best ranked structure of the 60 selected was considered
globally optimized.
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Figure 2 shows the best globally optimized M,3/ZrO,, Mo/
ZrO,, and M,;/ZrO, systems. It is clearly seen that the 13- and
19-atom Pt and Rh nanoclusters exhibit different morphologies
on the ZrO, surface. Rhodium (Figure 2A—C) tends to form
more compact structures, whereas platinum nanoclusters
(Figure 2D—F) are more elongated and adjust to the surface
structure of ZrO,, suggesting that platinum wets ZrO, at a
higher extent in the considered size regime. These differences
are also supported by adhesion energies, which are more
exothermic for Pt being —143 and —169 kJ/mol for 13- and
19-atom nanoclusters. The corresponding adhesion energies
for Rh nanoclusters are —116 and —112 kJ/mol suggesting that
the metal—support interaction is weaker for 13- and 19-atom
Rh nanoclusters than for Pt. The difference between rhodium
and platinum decreases for M; nanoclusters, as both Rh,; and
Pty; begin to form (111)-type facets, which are energetically
the most stable facets for the face-centered cubic metals. The
similarity between Rh and Pt morphology is also illustrated by
similar adhesion energies which are —96 and —98 kJ/mol,
respectively, and indicate comparable metal—support inter-
action. Interestingly, for all these structures, the number of
metal atoms in contact with the zirconia support is larger for Pt
than for Rh.

When a metal is deposited on an oxide, lattice parameter
mismatch introduces strain, which can be made worse by the
choice of a computational model, especially for periodic
structures. Herein, the analysis of metal—metal distances shows
that average Rh—Rh distances in Rh,3/ZrO,, Rh,/ZrO,, and
Rh,3/ZrO, are, respectively, 2.56 + 0.12, 2.62 + 0.11, and 2.67
+ 0.11 A being ca. 2—6% shorter compared to the Rh—Rh
distance in the Rh bulk (2.73 A). Similarly, for Pt;;/ZrO,,
Pt)o/ZrO,, and Pt,;/ZrO,, the average Pt—Pt distances are
correspondingly 2.64 + 0.09, 2.685 + 0.11, and 2.70 + 0.10 A,
respectively, which are ca. 4—6% shorter compared to the Pt—
Pt distance in the Pt bulk (2.82 A). The observed decrease in
Pt—Pt and Rh—Rh distances results likely from clusters
adjusting their structures to the surface structure of the
oxide, and similar contraction with respect to bulk has been
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seen computationally for, for example, Pt;; on ALO;* and
experimentally for y-alumina-supported Pt.’

The metal nanoclusters are coordinated with the support by
making M—Zr and M—O bonds, which is reflected in density
of states plots (figure not provided), where the states of the
nanocluster are partly placed into the gap of ZrO, and partly
hybridized with the valence states of Zr and O atoms.
According to the Bader charge analysis,”' the M/ZrO, systems
exhibit mild charge transfer, the total magnitude of which is
<0.5 electrons regardless of the size of the metal nanocluster
and indicates that clusters remain metallic on ZrO,. The
difference between rhodium and platinum is found in the
direction of charge transfer: rhodium acts as a weak electron
donor with respect to the ZrO, support, whereas platinum is a
weak electron acceptor. It is interesting to note that the Bader
analysis shows that on TiO,(110) Pt clusters are electron
donors.®>

Upon cluster interaction with the support, a metal—oxide
interface emerges, presenting perimeter sites. We define a
perimeter site as a metal atom in a nanocluster, which is
chemically bound to the supporting oxide and is accessible to
adsorbates. Different morphologies exhibited by different
nanoclusters suggest that the perimeter sites should also be
different. We performed a comparative analysis of the first
coordination spheres of the perimeter sites. As seen from Table
1, the perimeter sites in the studied systems have different

Table 1. First Coordination Spheres of the Perimeter Sites
(Atoms) in M/ZrO, Systems”

coordination cn. Rhy;y Rhyy Rh,; Pt Pty Pty
M3 Zrl O1 S 1 1 1
M3 Zr2 O0 S 1
M3 Zr2 O1 6 1 1 1 1
M3 Zr3 O1 7 1 1
M4 Zrl O1 6 1 2
M4 Zr2 O1 7 1 1 1
M4 Zr3 O1 8 1 1 2 1 2
MS Zr1 O1 7 1 1 1
MS Zr2 O1 8 1 3 4 2
MS Zr3 O1 9 1 3
M6 Zr1 O0 7 1
M6 Zr2 O1 9 4
M6 Zr3 O1 10 1 1
M7 Zr2 O1 10 1

Vsites 7 7 8 8 7 8

“The number after M (Rh or Pt), Zr, and O refers to the coordination
of that particular element.

coordinations, making them unique. If only the coordination to
Pt or Rh atoms in perimeter sites is considered, Pt nanoclusters
have more three-coordinated Pt atoms, whereas Rh nano-
clusters present more five-coordinated metal atoms.

Having determined the GA structures for ZrO,-supported Pt
and Rh clusters with different sizes, we now focus on the
systematic examination of CO adsorption characteristics. CO
was chosen as a probe molecule because interfacial atoms have
been identified as active sites, for example, for water—gas-shift
reaction, 214166366

Figure 3 shows the adsorption energies of a CO molecule in
the “on-top” geometry for all perimeter sites in each studied
system. Overall, the CO binding is moderately exothermic, but
adsorption strength varies from site to site, further supporting
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the uniqueness of the perimeter sites in the considered clusters.
On average, we find the calculated adsorption energies to be
—(147 + 16), —(164 + 17), and —(176 + 19) kJ mol™ for
Rh;3/ZrO,, Rh,y/ZrO,, and Rh,;/ZrO,, respectively. In the
case of Pt-based systems, the variation of the energy values is
larger being —(152 + 33), —(171 + 31), and —(138 + 31) kJ
mol ™! for Pt,3/ZrO,, Pt;y/ZrO,, and Pt,;/ZrO,, respectively.
The more pronounced variation of adsorption energy on Pt
clusters could be in part due to their lower symmetry and a
larger number of low Pt-coordinated perimeter sites.
Interestingly, similar large variation in CO adsorption energies
has been reported on the perimeter sites of a MgO-supported
elongated Pt;; cluster, whereas on the interfacial sites of a
spherical Pt,; cluster adsorption energies are more identical.’”

The strongest binding modes of a CO molecule for each
system are given in Figure 4, which shows that the variation in
most exothermic adsorption energies is negligible for different
Pt cluster sizes despite different coordinations of a metal atom
bound to CO, while slightly larger variation is seen for Rh. The
bond lengths of adsorbed CO are independent of the cluster
size being on average 1.164 and 1.157 A for Rh and Pt
perimeter sites, respectively. The differences to the bond
lengths of atop-bound CO on the Rh(111) and Pt(111)
surfaces are minor. Overall, the most exothermic CO
adsorption energies on a top geometry of supported metal
clusters are close to the values computed on Rh(111) and
Pt(111) surfaces, where adsorption energies are —185 and
—174 kJ/mol, respectively, at the 2 X 2 surface cell. In
addition, CO adsorption energy on Pt,;/ZrO, differs only by 2
kJ/mol from the value reported for an ideal gas-phase
cuboctohedran Pty nanocluster.”®

To further explore the origin of the variation in CO
adsorption energies, we analyzed the role of the support in
more detail. In the present case, the oxide surface is
inhomogeneous in a sense that the cations and anions do
not form a highly symmetrical lattice and their coordination
numbers vary. Therefore, the influence of the support might
differ from one perimeter site to the other. The CO adsorption
geometry and cluster geometry have been optimized in the
presence of the support, whereas the unsupported structures
have been obtained by removing the support and keeping the
metal atoms and CO fixed. This approach excludes the
influence of quite substantial gas-phase cluster deformation on
studied energies. AAE 4 measures explicit support influence
on CO binding and is plotted in Figure 5a. Only positive
AAE, 4 values have been obtained, which means that the
support destabilizes CO adsorption in all studied systems.
However, the magnitude of destabilization ranges from S to 86
kJ/mol and varies from site to site, further highlighting the
uniqueness of the interfacial sites. On average, the magnitudes
of destabilization are 65, 43, 39, and 37 kJ/mol/site for Pt;;,
Pt;5, Rh};, and Rhyy clusters, respectively. As an example, we
explicitly compare CO binding energies between Pt;g and Rhg
clusters with and without the support in Figure Sb. The plot
highlights larger variation for CO binding on unsupported Pt;g
than for Rh;y and suggests that for given cluster sizes and
shapes the finite size effects are more pronounced for Pt than
for Rh. We associate this to a lower symmetry of Pt compared
to Rh, rather than the chemical nature of the metal.
Furthermore, the variation in CO adsorption energy on
ZrO,-supported Rh;y is mainly due to the support. For
example, sites 2, 3, and 4 have nearly equal binding strengths
on unsupported Rh g, but in the presence of the support site 3

DOI: 10.1021/acs.jpcc.9b00272
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Figure 3. Considered CO adsorption sites numbered at the M-oxide boundary (support not shown) and CO adsorption energies plotted for each
site, on Rh13 (A), Rh19 (B), Rh43 (C), Pt13 (A), Pt19 (E), Pt43 (F) clusters.

Figure 4. Most favorable adsorption of a CO molecule onto the perimeter sites of (A) Rh;3/ZrO,, (B) Rh,4/ZrO,, (C) Rh,3/ZrO,, (D) Pt;3/ZrO,,
(E) Ptyy/ZrO,, and (F) Pt,;/ZrO,. The corresponding adsorption energies (in kJ mol™") are given in the bottom right corners of the panels. The
coordination of the corresponding perimeter sites in the absence of CO is given in the bottom left corner of the panels. Color scheme: Rh in teal, Pt
in purple, Zr in light gray, oxide O in pink, and CO in green and red. The fixed layers of the supporting oxide are shown in wireframe.

binds CO considerably weaker than the other two sites. In the
case of Pt;y/ZrO,, the variation in CO adsorption energy is
partly due to the fluctuation in support influence and also due
to the changes in CO binding energies on an unsupported
cluster. For example, site 4 which initially binds CO strongly
experiences large steric repulsion from the support, whereas
site 5 binds CO weakly but has only small destabilization
because of the support and thus in the presence of the support
these two sites have nearly equal CO binding energies.
Altogether, our results show that the reactivity of interfacial
sites toward CO adsorption depends sensitively not only on
the local geometry of the zirconia support below but also on
the shape of the cluster.

B CONCLUSIONS

In summary, the ability to computationally determine global
minimal structures for supported metal clusters is important to
determine metal—support interfacial sites whose structural and
electronic characteristics determine their catalytic properties.
Herein, we obtained the GA structures for 13-, 19-, and 43-

7213

atom Pt and Rh clusters on m-ZrO,(—111). Our results
highlight that Rh and Pt exhibit different shapes on the studied
oxide surface: Rh clusters are more rounded, and Pt clusters
present more elongated shapes. With the M,; cluster, we see
the emergence of the (111)-type facets for both metals and
demonstrate that (111)/oxide models typically used in DFT
calculations are structurally correct, but periodic boundary
conditions may introduce artificial strain effects. The analysis
of coordination of perimeter sites shows that they are
structurewise unique for both metals and studied sizes; this
is reflected through the variation of CO adsorption energies for
different boundary sites. However, for the best Pt interfacial
site at each cluster size, CO adsorption energy is nearly
constant, whereas slightly larger changes are seen for Rh
clusters. Our analysis highlights that the variation in CO
adsorption energy in the studied size regime results from site-
dependent catalyst—support interactions combined with the
finite size effects. Overall, the first-principles GA approach is a
valuable methodology to obtain globally minimal structures for
small clusters supported, but high computational burden for
larger nanostructures such as My; calls for further methodology

DOI: 10.1021/acs.jpcc.9b00272
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clusters and (b) adsorption energies for supported and unsupported
Pt)y and Rhyy clusters. Site numbers are taken from Figure 3.

development employing, for example, neural networks to reach
the experimentally important size regime in the future.
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