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Abstract
Kauppinen, Minttu Maria
Multiscale computational investigation of catalytic properties
of zirconia supported noble metals
Jyväskylä: University of Jyväskylä, 2020, 87 p.
(JYU Dissertations
ISSN 2489-9003; 231)
ISBN 978-951-39-8182-2 (PDF)
This thesis work explores the catalytic properties of zirconia supported noble
metals rhodium and platinum, using multiscale computational methods.
Density functional theory (DFT) based methods were employed to gain atomic
scale knowledge about industrially important catalytic phenomena over
a wide size range of metal species. Models incorporating both the metal
and the support, as well as first-principles atomistic thermodynamics and
microkinetics were used in order to close the material and temperaturepressure gaps between theory and experiment.
DFT results show that deposited Rh and Pt species on zirconia can enhance
the reducibility of the support by accepting electrons from zirconia. A microkinetic model of the water–gas shift reaction was developed for Rh/ZrO2
and used to compare the roles the different domains of the catalyst, i.e. the
metal, support, and their interface, play in the reaction mechanism. The
interface of large nanoparticles, represented with a supported rod model,
is shown to be a potential active site for the reaction due to its ability to
bind and activate water more effectively than the pure Rh sites. A thorough
screening of the water dissociation reaction on the perimeter sites of small
supported clusters demonstrate that each interfacial site is unique which
leads to non-scaling behaviour. A non-equilibrium nanothermodynamic
framework was developed to assess the kinetics of initial stages of agglomeration of single-atoms and sub-nano clusters. Strong thermodynamic driving
force is found for the process on ideal zirconia in the absence of CO. The
results indicate that a CO atmosphere could stabilise Pt single-atoms and
even induce cluster disintegration. Both metal single-atoms are strongly
anchored by cationic and anionic defects on zirconia. These results give new
atomic level insight into the behaviour of the Rh/ZrO2 and Pt/ZrO2 catalysts.
Keywords: heterogeneous catalysis, density functional theory, cluster agglomeration, single-atom catalysts, metal-oxide interface, microkinetic modelling, atomistic thermodynamics

Tiivistelmä
Tässä väitöskirjatyössä tarkastellaan zirkoniatuettujen jalometallien rodium
ja platina katalyyttisiä ominaisuuksia laskennallisia multiskaalamallinusmenetelmiä käyttäen. Tiheysfunktionaaliteoriaan (DFT) pohjautuvia
menetelmiä käytettiin teollisesti merkittävien katalyyttisten prosessien
atomitason ymmärtämiseen monen kokoisilla metallilajeilla. Työssä käytettiin apuna malleja, joissa on läsnä katalyytin metalli- sekä kantaja-aine, sekä
atomistista termodynamiikkaa ja mikrokinetiikkaa kaventamaan kuilua
teorian ja kokeiden välillä.
DFT tulokset osoittavat, että zirkonian pinnalle asetetut Rh- ja Pt-atomit
sekä klusterit voivat parantaa zirkonian pelkistymistä ottamalla siltä vastaan elektroneja. Rh/ZrO2 -katalyytillä tapahtuvalle vesikaasun siirtoreaktiolle kehitettiin mikrokineettinen malli, jota käytettiin metallin, kantajan,
sekä niiden välisen rajapinnan roolien vertailuun reaktiomekanismissa. Suuren metallihiukkasen rajapinta, jota mallinnettiin tuetulla "rod"-mallilla,
osoittautui reaktion potentiaaliseksi aktiiviseksi paikaksi. Tämä johtunee
siitä, että rajapinta sitoo ja aktivoi vettä tehokkaammin kuin pelkät metallipaikat. Veden hajoamisreaktion perusteellinen seulonta pienten tuettujen
metalliklustereiden rajapintapaikoilla osoittaa, että jokainen paikka on ainutlaatuinen, joka johtaa reaktion epäskaalautuvaan käytökseen. Yksittäisten
metalli-atomien, sekä sub-nanoklustereiden alkuvaiheen agglomeraatiota
ja sen kinetiikkaa tutkittiin epätasapaino- ja nanotermodynamiikan puitteissa. Agglomeroitumisprosessille on havaittavissa vahva termodynaaminen ajava voima virheettömällä zirkonia pinnalla. Tulokset osoittavat, että
hiilimonoksidia sisältävä ilmakehä voisi stabilisoida yksittäisiä Pt-atomeja,
ja jopa aiheuttaa klustereiden hajoamista. Molempien metallien yksittäiset
atomit ankkuroituvat vahvasti kationisiin ja anionisiin virheisiin zirkonia
pinnalla. Nämä tulokset antavat uutta tietoa Rh/ZrO2 ja Pt/ZrO2 katalyyttien
käyttäytymisestä.
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Introduction
The humankind has unknowingly made use of homogeneous catalytic processes for millenia in the form of fermentation, and in the modern times
heterogeneous catalysis has been a key factor in industrial development
from the 19th century onwards.1 A catalyst is a material that increases the
rate of a chemical reaction without being consumed itself in the process. In
recent years, catalysis has been highlighted as one of the main strategies in
the battle against climate change due to its uses in biomass valorisation,2,3
CO2 capture and utilisation,4,5 and hydrogen storage,6 to name a few. All
in all, catalysis is essential for the utilisation of sustainable green chemistry2,7–9 and increased efforts from theoreticians and experimentalists alike
are needed for further advances in the field.

1.1

The multiple scales of catalysis

Different phenomena associated with catalytic processes can occur over
vast spatial and temporal scales.10 Catalytic reactors used in industry can
be tens of meters tall, with reagents and products diffusing in and out of the
mesoscopic pores of the catalyst (Figure 1.1).

Figure 1.1: Schematic depiction of the different spatial domains in catalysis.
The actual catalytic activity takes place on the surface of the active material,
e.g. metal facets, and the chemistry is governed by the atomic scale structure
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of the catalyst. Catalysts employed by industry should remain in operation for
months, even years, while the chemical reactions themselves occur as fast as
once every picosecond. Due to the different length and time scales, catalysis
research and development is highly multidisciplinary and encompasses
fields such as chemistry, physics, surface science, materials science, and
process engineering.
Computational catalysis research is focused on the microscopic and mesoscopic aspects of catalysis, and can offer atomic scale information which is,
as of yet, unobtainable by experimental techniques. Methods such as density
functional theory (DFT) can be used to compute adsorption energies, structure geometries, reaction barriers, and more. The challenge of computations
lies in the accuracy and computational cost of the calculations themselves,
as well as the construction of models that fairly represent the catalytic materials and processes under study. The microscopic domain alone still spans
many orders of magnitude, as the distance between atoms in a molecule or a
crystal lattice is typically a few Ångströms, while nanoparticles on the support surface can be many nanometers in diameter. The work undertaken in
this thesis computationally addresses structures ranging from single-atoms
and sub-nano clusters to large nanoparticle interfaces and extended support
oxide surfaces.

1.2

The gaps in the field of catalysis

Divergent methods and conventions used by different disciplines of research
lead to so-called "gaps", i.e. mismatches between areas of knowledge. Such
gaps can exist between theory and experiments as well as experiments and
industrial applications. Surface science has been invaluable to advances
in catalysis since its beginning in the second half of the 20th century.1,11
However, mismatches between industrial applications of catalysis and what
could be studied using techniques of surface science were identified early
on.12 Surface science studies, especially ones utilising techniques such as
thermal desorption and X-ray photoelectron spectroscopy, have to rely on
ultra-high vacuum (UHV) conditions (pressures lower than 10-9 mbar),11 while
industrial catalytic processes take place under immense pressures and temperatures. This disparity between conditions is usually referred to as the
"pressure gap".12 An example of where UHV and ambient pressure conditions yield starkly different results is methanol oxidation on RuO2 .13 Under
UHV, methanol is completely oxidised to form CO2 , but at higher pressures
other combustion products such as formaldehyde are observed. In this case,
techniques relying on UHV could hardly be used to get information about
the ambient pressure reaction due to this selectivity "switch". Considerable
efforts have been put into developing high pressure techniques to help bridge
the pressure gap.11,14,15
Originally, surface science techniques were used to study structurally well defined single crystals as model systems for facets of large metal nanoparticles.
The catalytic materials used in industry are generally more complex and im-
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perfect, which lead to the "materials gap" between research and application.
The study of well defined systems is absolutely fundamental, and has lead to
profound advances in catalysis.1,12 However, nowadays the development of
new materials leans towards even more intricate catalyst designs with varying nanoshapes, particle sizes, and mixed materials, the tailored properties
of which clearly cannot be studied using reductionist model systems alone.

1.2.1

How to build a bridge between theory and experiment

Temperature-pressure and materials gaps also exist between DFT calculations and experiments. DFT calculations employed in catalysis research are
performed at zero Kelvin temperature and zero pressure conditions, leading
to the temperature-pressure gap between pure DFT and experiments. Firstprinciples atomistic thermodynamics16–18 is one way to address the effect of
temperature and gas-phase chemical potentials on the stability of catalytic
materials. A classic example is the case of the RuO2 surface under an oxygen atmosphere, which shows that at realistic pressures the polar oxygen
rich termination is preferred to the stoichiometric UHV surface.17,19 Recently,
atomistic thermodynamics have been used to asses the stability of metal
single atoms versus nanoparticles on a support in the presence of reactants
such as NO and CO.20–23 In Paper IV of this thesis, the stability of Rh and Pt
single-atoms on the zirconia support was compared to those of sub-nano
clusters under a CO atmosphere using ab-initio thermodynamic analysis. In
addition, a framework based on non-equilibrium nanothermodynamics24–28
was developed and employed to assess the kinetics of agglomeration for such
small species.
It can be difficult to use thermodynamic data alone to explain how a reaction proceeds under realistic operation conditions, especially for more
complex reaction pathways. Ab-initio kinetic modelling such as microkinetics (MKM)29–31 and kinetic Monte Carlo (KMC)32–36 methods can be used
to predict surface coverages, and catalyst activities and selectivities. Information about the rate limiting steps can be obtained using degree of rate
control (DRC) analysis.37 Kinetic data from models is often compared with
experimental data in order to validate and sometimes refine the model.38–40
However, such refinement schemes are not fully predictive since they rely on
fitting the data to existing experiments. For fully predictive MKM or KMC the
reaction energies and barriers should be obtained from first-principles only,
either from explicit DFT calculations32,41 or by using scaling relations.34,42,43
Some of the main challenges in making accurate predictions using firstprinciples kinetic modelling are the approximations included in the model
and the accuracy of the electronic structure calculations themselves.44 As microkinetic techniques include the effects of realistic reaction conditions such
as temperature and pressure at the mean-field level, they can be described
as computational operando methods,45 and can act as a bridge between computed and experimental data. Paper II of this thesis presents a DFT based
microkinetic model for the water–gas-shift (WGS) which was used to gain
knowledge about the dominant reaction mechanism and active site over a
Rh/ZrO2 catalyst.
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Before the 2000s, it was only possible to study small finite systems and extended metal facets using DFT, but advances in computational techniques and
processing power of modern supercomputers makes it possible to study more
realistic systems,46 and close the materials gap. For catalysis by oxide supported metals this means being able to model bigger and more complex systems such as metal-oxide interfaces38,47 and supported metal clusters.48–53
Another approach is to employ extended surface calculations together with
scaling relations to describe the different sites present on large nanoparticles.42,43,54 Papers I,II, III, and IV of this thesis make extensive use of periodic
interface and finite size cluster model systems to study the properties of
Rh/ZrO2 and Pt/ZrO2 catalysts.
Computational studies have traditionally focused on minimum energy systems, such as the most stable geometry of a metal particle. This seems like a
reasonable approximation, since the lowest energy structure will be most
abundant, and would be expected to dominate the catalytic behaviour of the
system. At zero Kelvin, only the global minimum structure will be populated
in the system, but as temperature rises higher energy structure geometries
become available as minority species.55 It has recently been demonstrated
that minority species can in fact be responsible for the majority of observed
catalytic behaviour.56 This implies that higher energy structures cannot
necessarily be ruled out from computational studies based on their relative instability. Furthermore, the minimum energy structure is typically
determined under vacuum conditions, when in reality the catalyst will be in
contact with a gas or liquid phase.55 Adsorbates are known to have an effect
on particle morphologies etc. and it is even possible that the reactive catalyst
is formed in situ under reaction conditions.57–59 It is now recognised that
especially small metal species often exhibit ﬂuxional behaviour,55,57,60–63
which affects their catalytic activity. The effect of ﬂuxionality on the water dissociation reaction over the perimeter of small zirconia supported Rh
and Pt clusters was investigated in Paper III, and both global minimum and
near-global minimum structures were considered.

1.3

Oxide supported metal catalysts

Oxide supported metal catalysts form a class of materials widely used in heterogeneous industrial catalysis. The catalysts consist of active metal species
deposited on a metal oxide support. Some popularly studied combinations of
materials include Pt/CeO2 ,51,64 Rh/ZrO2 ,65–68 Au/MgO,38,69–71 and Pt/TiO2 ,.50,69
These catalysts can be prepared via many different methods such as wet
impregnation, co-precipitation, and atomic layer deposition. Metal-oxide
catalysts can be characterised using spectroscopic or chemical methods,
usually to get information about particle size distributions, shapes of the
metal particles, and oxidation states.
The materials of choice in this thesis are zirconia supported rhodium (Papers I, II, and III) and platinum (Papers III and IV). Zirconia is an interesting
support material as it has a high thermal stability72 and has applications
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in biomass processing.73,74 The most stable polymorph of zirconia at temperatures relevant to catalysis is the monoclinic (m) phase.75 Due to the low
symmetry of the m-ZrO2 lattice, the material presents many different kinds
of surface sites.76 Zirconia supported Rh and Pt are active towards the WGS
reaction69 and CO2 /CH4 reforming.77 Rh/ZrO2 is thermally stable68 and sintering resistant,78 and is also active for H2 oxidation.79 Rh dispersed on zirconia
as SA is active towards conversion of methane into methanol,65 while Pt SA
on zirconia perform very well in converting glycerol into lactic acid.80

1.3.1

Metal-oxide interactions

Traditionally, the function of the underlying support was considered to be
an inert surface offering a high surface area for the deposited active metal
particles.81,82 However, the possibility of strong interactions between the
support and the metal affecting catalytic activity was acknowledged already
decades ago.83,84 Strong metal-support interactions (SMSI) were first reported
as a cause for decreased activity of Pt (and other noble metals) dispersed
on titania due to titanium aggregating onto the particles.84,85 In contrast,
the electronic metal-support interaction (EMSI, coined by Campbell86 ), was
found to substantially increase the catalytic activity of ceria supported Pt8
clusters towards water dissociation.64 The effect was attributed to charge
transfer between the metal and the support, but also to the ability of the small
cluster to adapt its geometry to better accommodate the adsorbates. The
tuning of metal-support interactions has now been highlighted as one of the
major tools for enhancing catalytic activity.87
Besides changing the properties of the supported metal species, oxides can
also have an active role in catalytic reactions. Materials where both metal
and oxide contribute to the overall activity are referred to as bifunctional
catalysts. Metal-oxide interfacial sites have long been speculated to be the
active sites of bifunctional materials.82,87 Naturally, all metal-oxide catalysts
have interfacial sites where the perimeter of the metal species meets the
oxide surface. At these sites, adsorbates can simultaneously interact with
the oxide and the metal, which can lead to increased activity, and even have
an effect on scaling relations.47

1.3.2

Metal catalyst size regimes

Oxide supported metal catalysts can be roughly divided into three size
regimes: nanoparticles, clusters, and single-atoms.88 The electronic and
geometric properties vary widely with the size of the metal species, which
in turn affects metal-support and metal-adsorbate interactions, sintering
behaviour, and catalyst activity and selectivity.

1.3.3

Metal nanoparticles and clusters

The division between what is a particle and what is a cluster is not clear
cut, but in broad terms clusters are smaller and have discrete molecular-like
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orbitals as opposed to larger nanoparticles which start to have continuous electronic structures.88,89 Supported metal nanoparticles are heavily
employed in industry because they are more active than bulk metals, both
intrinsically and due to increased surface to bulk ratio, but also more stable
than smaller clusters. The fraction of different kinds of sites on a particle
varies as a function of particle size (see Figure 1.2a for an illustrative example) which can lead to size dependency of the catalytic activity,32,90 like in
the case of the ammonia synthesis reaction over Ru particles.32 Particles of
different shapes, e.g. cubic, spherical, and cuboctahedron, have differing site
assemblies and size dependencies.

(a)

(b)

Figure 1.2: a) Ideal cuboctahedral particles of 55, 147, 309, and 561 atoms (from
left to right) in the gas-phase showing the change in site assembly and the
ratio of surface to bulk atoms. Corner, edge, and square and triangular terrace
sites are coloured from white to blue with the colour darkening in the same
order. b) Supported particles in the shape of ideal truncated cuboctahedrons
showing the ratio of interfacial atoms (light blue) to other surface atoms
(blue).
Small sub-nanometer metal clusters belong to the non-scalable "every atom
counts" regime, where the size dependent behaviour is very unpredictable.88
Another important aspect to consider is their ﬂuxionality, i.e. the tendency
to have many geometric configurations close in energy and the ability to
significantly change their geometry due to adsorbed species.55
The size difference between clusters and nanoparticles leads to differing
support effects. As the particles get smaller, metal-support interactions
become more significant and start to dominate.81 Smaller supported particles
will also have proportionally more interface sites than larger particles (Figure
1.2b). Whereas the support effects may be neglected in computational studies
involving larger metal particles, this is no longer true for sub-nano clusters.
Larger particles can also be modelled using extended surface slabs in order
to reduce computational cost, but small clusters must be modelled with
finite models that can take the finite size effects into account. Furthermore,
thermodynamics of small clusters must be assessed in the framework of
nano-thermodynamics24–27 which properly accounts for their non-extensive
nature.

1.3.4

Single-atom catalysts

Single-atom catalysts (SACs) have been an incredibly popular topic for at
least a decade.88,91–93 The catalyst active site in these materials is just a
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single atom (SA), which naturally offers ultimate dispersion and material
efficiency. Material efficiency is especially important for the use of expensive
rare metals. In principle, higher dispersion increases the number of active
sites, which can lead to increased catalytic performance. However SA are
drastically different from any active site found on a "bulk" nanoparticle, and
can exhibit very different catalytic behaviour. SA can be more active than
larger metal species per atom, such as Pt based SAC for the hydrogen evolution94 and CO oxidation95 reactions. Non-precious metal SA have gained
interest as replacements for noble metal catalysts in electrochemical applications.96 It is important to note, however, that SA on different supports do not
automatically have higher activities towards all reactions than small clusters
or nanoparticles of the same metal. For example, γ-alumina supported Pt
SA are poorly active towards CO oxidation, but can be converted in situ into
highly active sub-nano clusters.97 Clearly, to achieve higher selectivities it
would even be desirable for SA to not be active towards certain reactions,
such as the methanation reaction catalysed by many WGS catalysts.69 In fact,
Rh SA on titania have been reported as inactive for the methanation reaction,
preferably catalysing the reverse WGS reaction instead.98
Gas-phase SA have discrete atomic orbitals and only one geometric configuration, but their electronic structures and coordination environment are
highly modified by the presence of the support.91,99,100 Therefore different
sites on a support can drastically alter the catalytic properties of the SA. It
is not always correct to assume that the catalyst material is homogeneous
even if SA as active sites are, in principle, well defined. Thanks to advances
in spectroscopic and microscopic techniques, SA can nowadays be characterised with high accuracy.92 As complementary techniques to experiments,
computational methods conveniently offer atomic resolution and can be
used to predict and compare stabilities of SA on different surface sites under
various conditions.20–22,99,101,102
Compared to larger clusters and particles, SA are usually less thermodynamically stable and highly mobile, which can make the catalyst susceptible to
loss of activity via sintering. This is a central challenge for the use of SA
in industrial applications.100,103 SA can be stabilised by strong interactions
with the correct support, as well as anchoring by defects.102 Much attention
has also been focused on stabilisation of SA by adsorbates and adsorbate
induced redispersion of nanoparticles into SA: molecules such as CO and
NO have been predicted to stabilise SA against particle growth and even
disintegrate small particles to form SA.20,101,104,105 In contrast, accelerated
sintering caused by reactants has also been reported.106,107
The stabilisation of Pt and Rh SA by different surface sites, such as oxygen
vacancies, on the monoclinic zirconia is discussed in Paper IV. Furthermore,
DFT calculated CO stretching frequencies are discussed in the context of the
use of CO as a probe molecule for such materials. The paper also addresses
the initial stages of agglomeration of SA into sub-nano clusters on the surface
and shows how the kinetics of sintering processes can be estimated based
on DFT data within a non-equilibrium nanothermodynamics framework.

Computational models and methods
The next few sections outline the models and methods employed in the
original Papers. Aspects of microkinetic analysis are covered in more detail
as the implementation was specially developed in-house by the author in
collaboration with Dr. Marko Melander.

2.1

Catalyst model systems

In this work, a variety of computational models were employed to study
the different surface structures and sites present on the oxide supported
metal catalysts. All models were constructed using the Python based Atomic
Simulation Environment (ASE)108,109 and are brieﬂy presented below.

2.1.1

Pure metal and oxide surface slabs

Periodic slab models are traditionally used to mimic different facets of large
metal nanoparticles as well as clean oxide surfaces. The coverage of surface
species can be controlled by changing the size of the periodic computational
cell, or by increasing the number of adsorbates per unit cell.
Surface slabs were used to model the Rh(111) (Paper II), m-ZrO2 (1̄11) (Papers I,
II,III, and IV), and m-ZrO2 (2̄12) (Paper IV). Details of each model can be found
within the included papers. As an example, the zirconia slab employed in
Paper II was a 1 × 1 four stoichiometric layer thick (1̄11) slab (see Figure 2.1)
cut from the m-ZrO2 bulk optimised in previous work.110 The slab represents
the most stable facet of the zirconia surface.

Figure 2.1: Slab model of the m-ZrO2 (1̄11) surface viewed from the top. Zr and
O atoms are coloured white and grey, respectively. The black lines represent
the edges of the computational cell.
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Metal-oxide interface rod model

The effect of the support material is naturally omitted from calculations
involving metal slabs, as the models only include catalyst metal atoms. In
order to study bifunctional catalysts one has to include the support within
the computational model.
One way to consider the interface sites between the support and large metal
particle is by using a rod model, where an infinite length metal rod is placed
on an oxide slab. The edge of the rod mimics the perimeter of an arbitrarily
large particle, with a certain facet exposed towards the oxide. In order to
achieve the same effect using a finite size supported particle model, the model
would have so many atoms that the calculations would become prohibitively
expensive, so the rod model is used instead. The site assembly at the interface
can be tuned by choosing the appropriate facets for the oxide and metal rod.
A rod model was employed for the Rh/m-ZrO2 (1̄11)-interface to study the
reaction mechanism of the water-gas-shift reaction (Paper II) and the effect
of the metal on support reduction (Paper I). The model consists of a 40-atom
rhodium nanorod deposited on top of a two layer thick 2 × 2 zirconia (1̄11)
surface slab (Figure 2.2). The rod was constructed from a fcc Rh bulk in such a
way that one side of the rod mimics the (111)-facet of a large nanoparticle. The

Figure 2.2: Rod model of the Rh/ZrO2 interface viewed from top, front, and
side. The top view includes the periodic boundaries indicated with thin black
lines. Rh, Zr, and O atoms are coloured blue, white, and grey, respectively.
The bottom layer of the slab is drawn in wireframe for clarity. The Rh atoms
making up the top layer of the (111) facet of the rod are highlighted in a ligher
shade of blue to show the orientation of the intended interface facet.
size of the unit cell and the orientation of the rod was chosen to minimize
the lattice mismatch between rhodium and zirconia, which in this case
is very low, only -1.0 %. The negative value indicates slight compressive
strain on the rod along the periodic direction. The small strain makes it
possible to allow the metal atoms to fully relax during geometry optimisation
(as opposed to freezing them) without inducing significant deformations of
the rod. The strain experienced by the metal is known to affect catalytic
performance,43,111,112 and could be tuned to match experimentally measured
values. However, no knowledge of the strain between Rh nanoparticles and
m-ZrO2 (1̄11) is available as of yet.
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Globally optimised supported cluster models

In recent years, it has become possible to construct and employ finite size
supported nanoparticle models consisting of up to several tens of atoms supported on an oxide slab. Large supported metal cluster models are typically
constructed by optimising a cluster in gas-phase and afterwards depositing
it on an oxide. The choice of the particle geometry is nontrivial, and the
structure is not guaranteed to be a good representative of a typical particle
on the real catalyst surface. Global optimisation methods, such as genetic
algorithms,113 can be used to find global (GM) and near-global (NGM) minimum structures for supported clusters, which is part of the growing trend of
utilising optimisation algorithms in computational catalysis research.114–119
The optimisation method and results for these structures were originally
reported in previous work by the Honkala group.113 In the work presented in
this thesis, globally optimised zirconia supported 13 and 19 atom Rh and Pt
clusters were used to study metal enhanced reducibility of zirconia (Paper I)
and initial stage agglomeration of small Pt and Rh clusters (Paper IV). Both
GM and NGM structures of the 13 and 19 atom Rh and Pt clusters were used
to study water dissociation at the metal-oxide interface (Paper III). All GM
and NGM cluster geometries employed in Papers I, III, and IV are presented
in Figure 2.3.

Figure 2.3: Globally optimised a) GM and b) NGM zirconia supported Rh and
Pt clusters. Pt atoms and high coordinated Zr atoms are coloured violet and
grey, respectively, for the rest of the atom colour scheme please refer to Figure
2.2. Reprinted from Kauppinen, M. M.; Korpelin, V. M.; Melander, M. M.; Verma,
A. M.; Honkala, K. J. Chem. Phys. 2019, 151, 164302, with the permission of AIP
Publishing.
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Single-atoms and sub-nano clusters

Compared to the other oxide supported metal catalyst models, single-atom
catalysts are very convenient to model. A typical single-atom model consists
of a periodic oxide slab with a single metal ad-atom on top, which leads to
hardly any added computational cost compared to calculations performed for
the clean oxide slab. Typically, the geometry of the oxide slab is chosen to be
the most stable (i.e. most abundant) morphology and facet for that oxide, or it
could be chosen based on experimental characterisation data for the catalyst
of interest. In the work presented here, the (1̄11) and (2̄12) slabs were used to
represent the zirconia support because (1̄11) is most stable facet for zirconia
and the (2̄12) represents the step-edge between two zirconia terraces.
The final Rh and Pt single-atom models were determined by screening several
possible adsorption sites for the single-atoms and choosing the most stable
one for further calculations (see Figure 2.4 for structure geometries). Models
for SA supported on defected zirconia were constructed by removing one
lattice oxygen (anion defect) or zirconium (cation defect) atom from the
zirconia surface. In both cases, the single-atoms preferably migrate on the
surface to fill the vacancy. The Rh single-atom structures for pristine and

(a)

(b)

Figure 2.4: Structure geometries of the optimised a) Rh SA on the I) ideal, II)
oxygen deficient, and III) Zr deficient ZrO2 terrace and IV) ideal and V) oxygen
deficient ZrO2 edge, and b) Pt SA on the A) ideal, B) oxygen deficient, and C)
Zr deficient ZrO2 terrace and D) ideal and E) oxygen deficient ZrO2 edge. For
the atom colour scheme please refer to Figure 2.2. The Zr atoms on the upper
step of the edge models are coloured lavender for clarity.
oxygen vacancy containing ZrO2 (1̄11) were first used in Paper I, and all Rh
and Pt single-atom models were used in Paper IV.
Sub-nano Rh and Pt cluster models containing 1 to 4 atoms were constructed
from the single-atom structures by adding metal atoms one by one and relaxing the geometries. Several structure geometries for each size were optimised,
and the most stable ones were selected for further calculations (see Figure
2.5 for structure geometries). The models for four atom Rh clusters on the
ideal and oxygen deficient zirconia were originally used in Paper I, while all
the other ones were part of the work in Paper IV.
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Figure 2.5: Structure geometries of the optimised Pt (A-I) and Rh (I-IX) subnano cluster models on the ideal (top row), oxygen deficient (middle row),
and zirconium deficient (bottom row) ZrO2 terrace. The substituent Pt (G-I)
and Rh (VII-IX) atoms are indicated with a lighter shade of violet and blue,
respectively. For the rest of the atom colour scheme please refer to Figure
2.2.

2.2

Electronic structure calculations

2.2.1

Density functional theory

The bulk of the data in the work presented in this thesis was obtained from
quantum mechanical electronic structure calculations using Density Functional Theory (DFT); a well established workhorse for computational materials science. In quantum physics, the state of a system is described by
the wave function which is a function of the three spatial coordinates of all
particles within the system and time. The wave function itself is a solution
to the Schrödinger equation. All properties of a system, including energy,
can be obtained from expectation values
hÔi = hψ| Ô |ψi

(2.1)

where ψ is a normalised wavefuntion and Ô is an operator that corresponds
to some observable. In DFT, all properties of a many-electron system are
functionals of the electron density, n(r). The theoretical foundations of DFT
rest on the two famous Hohenberg-Kohn theorems.120 The first theorem
serves as proof for the external potential v(r) experienced by a group of
electrons being a unique functional of electron density n(r), which in turn
determines the ground state of the system. The second theorem concerns the
variational principle: the minimum value of the energy functional expression
∫
∫ ∫
1
n(r)n(r0)
Ev [n] =
v(r)n(r)d(r) +
d(r)d(r0) + G[n]
(2.2)
0
2
|r − r |
is equal to the ground state energy E for a system defined by electron density
n(r). The middle term describes the classical Coulomb interaction, and the
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G[n] term is a universal functional of the electron density which does not
depend on the external potential. If its form were known exactly, solving for
the ground state of a system would become a relatively simple minimisation
task. The subsequent work by Kohn and Sham121 provides a framework for
using DFT in practice and how to approximate the universal functional. First,
an artificial system of non-interacting electrons is introduced such that it
has the same electron density as a real system under study. The universal
functional G[n] is written as
G[n] = T[n] + E xc [n]

(2.3)

where T[n] is the kinetic energy functional of the system of non-interacting
electrons with density n(r), and E xc [n] is the exchange and correlation functional of the real interacting system with the same density n(r). The total
electron density of an N electron system is expressed as a sum of N densities
of the single-electron wavefunctions, ψi (r), referred to as the Kohn-Sham (KS)
orbitals:
N
Õ
n(r) =
|ψi (r)| 2
(2.4)
i=1

The orbitals satisfy a set of single-electron Schrödinger like Kohn-Sham
equations that must be solved in a self-consistent manner and are of the
form:


1 2
(2.5)
− ∇ + ve f f ψi (r) = i ψi (r)
2
where ve f f is the effective potential experienced by the electrons, and i is
the energy of a single KS orbital.
All DFT calculations discussed here were performed using GPAW,108,122–124
an open source grid based DFT Python code. The main features of the calculations are introduced brieﬂy in the following sections.

2.2.2

Exchange-correlation functionals

Although DFT is an exact theory in principle, the exact form for the exchangecorrelation functional is unknown, and possibly very complicated in reality.
The functional has to be approximated, which is a potential source for errors,
further complicated by the fact that there is no systematic approach to formulating the approximations. The quality of the exchange and correlation
functional used determines the quality of DFT calculated values, which is
especially critical for microkinetic models, such as in the one presented in
Paper II, where the values for barriers are entered into an exponential.
The simplest form of the functional is the local density approximation (LDA),121
where the functional at any point depends only on the local density at that
point:
∫
LDA
E xc [n] =
n(r) xc [n]dr
(2.6)
where  xc [n] is the exchange and correlation energy of a homogeneous electron gas of density n(r). The LDA includes exact exchange for a homogeneous
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electron gas, but the contribution from correlation is estimated. LDA is suitable for systems with slowly varying densities, such as simple metals, but
its accuracy is insufficient for systems relevant to catalysis.125,126 The next
extension to the LDA is the generalized gradient approximation (GGA), where
the functional depends on the gradient of the density in addition to the local
density, and is of the general form
∫
GG A
E xc [n] =
n(r) xc [n, ∇n]dr
(2.7)
The GGA formulation used in Papers I-IV is the Perdew–Burke–Ernzerhof
(PBE) functional.127,128 The PBE functional is widely used for solid state systems and its limits and advantages are well known. However, the selfinteraction error (SIE) present in GGA functionals can lead to problems when
dealing with strongly correlated systems and defected materials.126 A further
complication introduced when dealing with bifunctional materials is that
the functional should simultaneously be able to accurately describe both the
metal and the oxide part of the system, which remains a challenge to this
day.129,130
The SIE is present in all known functionals, however two common strategies to overcome this are hybrid functionals131 and the Hubbard correction
(DFT+U) approach.132 Hybrid functionals include a portion of exact exchange
as a correction to the GGA, which reduces the SIE. Both approaches have been
shown to improve computed values of oxide properties such as the band-gap
for zirconia,133,134 with the DFT+U method involving a much smaller increase
in the computational cost.
GGA functionals have been successfully used in the past in computational
studies involving ZrO2 75,76,110,135 and therefore PBE is also used in Papers I-IV.
The DFT+U approach was used for the defected zirconia systems in Paper IV
with U=2 eV applied to the d orbitals of zirconium atoms.136

2.2.3

Projector augmented-wave method

The KS wavefunctions are smooth and well behaved in the outer regions
of atoms, while rapid oscillations occur near the atomic nuclei, due to the
requirement that they must be orthogonal to the core states. This hinders
computations substantially, as a finer basis is required for accurate representation of this behaviour. The GPAW software employs a grid-based real-space
implementation122,123 of the Projector Augmented-Wave (PAW) method137 to
deal with this problem. The PAW method replaces the all-electron KS wavefunctions ψn (r) with smooth pseudo wavefunctions ψ̃n (r), which are related
to each other by
ψn (r) = T̂ ψ̃n (r)
(2.8)
where T̂ is the linear transformation operator. The pseudo-wavefunctions
should differ from the all-electron wavefunctions only near the atom core, so
the transformation operator becomes
Õ
T̂ = 1 +
T̂R
(2.9)
R
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where each local, atom-centered T̂R term in the summation is non-zero only
within an augmentation region Ω R around the atom. Within the augmentation
region the pseudo-wavefunctions can be expressed as a linear combination
of partial waves φ̃(r)
Õ
| ψ̃(r)i =
ci | φ̃i i
(2.10)
i

where i is a combination of atom index, principal, angular momentum, and
magnetic quantum numbers, and the coefficients ci are scalar products between the pseudo-wavefunctions and fixed projector functions, p̃i (r). The
transformation operator can be defined in terms of all-electron (φi (r)) and
pseudo partial waves, and the projector operators as:
Õ
T̂ = 1 +
(| φ̃i i − |φi i) h p̃i |
(2.11)
i

Chemical bond formation is mainly determined by the valence electrons,
while the core states can be assumed to remain relatively unaffected by
bonding. Therefore, the core states are taken to be identical to those of the
isolated atom in the frozen-core approximation. In GPAW, the number of
frozen-core electrons can be changed for some elements, such as Pt and Rh,
to speed up the calculations, however in this thesis the maximum number of
valence electrons available was used for all elements.

2.2.4

Basis sets & wavefunction descriptions

In GPAW, the KS pseudo-wavefunctions can be expanded using three different
modes: as a linear combination of atomic orbitals (LCAO), on a real space grid
(FD), or in plane-waves (PW). In the LCAO mode, the KS pseudo-wavefunctions
ψ̃i (r) are constructed from a basis of numerical orbitals, Φnml (r):124
Õ
ψ̃i (r) =
ci j Φ j (r)
(2.12)
j

where ci j are the expansion coefficients. The orbitals Φnml (r) are formed
as products of radial functions and spherical harmonics and are centered
around the atomic nuclei. The minimal basis is one wavefunction per atom
valence state, but it can be improved by adding more radial functions per
valence state and by including polarisation functions that correspond to
the lowest unoccupied angular momentum. The double-zeta polarised (DZP)
basis was used for LCAO calculations in Paper II, and for the initialisation of
the FD and PW calculations in Papers I-IV, meaning two radial functions per
valence state and a polarisation function were included in the basis for each
atom. For example, the O basis set consisted of two radial functions each
for the 2s and 2p states and one d-type polarisation function. LCAO mode
was used for initial screening of interface structures in Paper II, as it has a
lower computational cost than using the FD or PW modes especially for large
systems. However, it is difficult to determine the convergence with respect
to the chosen basis,138 which is why the FD mode was employed for the final
calculations to achieve more accurate results.
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The wavefuntions of a periodic solid can be expanded as a sum of planewaves:139
Õ
ψi (r) =
cki exp(ikr)
(2.13)
k

where k is a vector in reciprocal space. In principle, the plane-wave basis
should include an infinite number of waves in order to accurately expand
the wavefunctions. In practice, the basis is truncated to include plane-waves
upto a certain kinetic cutoff energy, as those associated with smaller kinetic
energies will typically have a larger contribution in the summation due
to their coefficients cki .139 The quality of the basis can be systematically
improved by increasing the cutoff energy, i.e. including more plane-waves. A
PW basis with 800 eV cutoff energy was used in Paper IV for the Rh and Pt
bulk optimisations.
In the FD mode, the pseudo-wavefunctions (and electron densities and potentials) are represented on uniform three-dimensional real-space grids.122,123
The accuracy of the grid representation depends on the spacing of the grid
points, and the finite-difference approximations used for calculating derivatives and integrals. Systematic improvement to the accuracy can be achieved
by decreasing the grid-spacing. Furthermore, FD calculations parallelise well
for large systems. The FD mode was used for all final calculations in Papers
I-IV, and the grid-spacing was defined to be 0.20 Å at maximum.

2.2.5

Brillouin-zone sampling

In PW mode the plane-wave basis naturally imposes periodic boundary conditions on the system and in the LCAO and FD modes, the pseudo-wavefunctions
can be made periodic using Bloch boundary conditions
ψ̃nk (r + R) = eik·R ψ̃nk (r)

(2.14)

where n is the band index which distinguishes ψ̃ with the same k, R is a
lattice vector with the same periodicity as the system. In other words, for
wavefunction ψ̃nk (r) there exists a vector k such that translation by R yiels
the same solution as multiplying ψ̃nk (r) by a phase factor. In principle, the
integration of the periodic functions should be carried out over all reciprocal space. However, it is enough to consider the solution only for the first
Brillouin-zone as a summation over a finite set of k-points, owing to Bloch’s
theorem.
A Monkhorst-Pack140 mesh was used to sample the reciprocal space of the
periodic slabs in Papers I-IV, while gas-phase species and structures with
large unit cells were treated at the Γ-point. The size of the mesh is defined as
(N1 , N2 , N3 ), which sample the k-points as:
Õ 2ni − Ni − 1
bi
2Ni
i=1,2,3

(2.15)

where bi are the reciprocal lattice vectors, and ni = 1, 2, ..., Ni . As an example, a
mesh of size (6 × 6 × 1) was used for the Rh(111) slab in Paper III.
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Nudged elastic band method

The nudged elastic band (NEB) is a popular method for calculating reaction
barriers via locating transition states between initial and final structures
obtained from geometry optimisations.141,142 During a chemical reaction, the
reaction traverses from the initial to the final state via the minimum energy path (MEP), depicted in Figure 2.6a where each point lies at an energy
minimum with respect to all directions except the one parallel to the path.
The highest point on the MEP is the transition state. In the elastic band
framework, the fixed initial and final states of a reaction are connected together by a "string" of structures, or images, and each image is connected
to the adjacent image by a harmonic spring. This ensures that the path is
continuous, and the MEP is found from an initial guess of the path by relaxing
the intermediate images. The intermediate images are generated from the
initial and final images by interpolation. In the regular NEB formulation, the

(a)

(b)

(c)

Figure 2.6: A 2D depiction of a potential energy landscape showing a) the MEP
(dashed curve) with a chain of 5 intermediate images (black dots) relaxed
to the path, b) "sliding down" of images caused by the parallel component
of the true force pushing images away from the saddle point, and c) "corner
cutting" caused by the perpendicular component of the spring force pushing
the chain off the MEP.
force applied on an image by the spring is defined in such a way that only
the component of the spring force that is parallel and the component of the
real force that is perpendicular to the local tangent to the path are included.
This force implementation, referred to as "nudging", is essential to NEB and
is done to prevent the "corner cutting" and "sliding down" effects, depicted
in Figures 2.6c and 2.6b, respectively. One issue with the classic nudging
scheme is that it can lead to kinks or detours in the path, slowing down or
even preventing convergence to the MEP.143,144 Two solutions to these problems are the improved tangent143 and full spring force implementations,144
which were employed in some cases to speed up the convergence of the NEB
calculations in Papers II and III.
To find the transition state, the highest saddle point along the MEP has to
be determined. This point is a maximum in the direction of the reaction
coordinate, but minimum in all other directions. In regular NEB, the saddle

30

2.4. ATOMISTIC THERMODYNAMICS

point is located via interpolation, which can lead to an over- or underestimation of the barrier.145 In the climbing-image (CI) scheme, an intermediate
image lying highest in energy is identified, and the force projection to that
image is changed to include the full force due to the true potential, with the
component parallel to the path tangent inverted (Figure 2.7a). This drives
the image to climb up in energy with respect to the reaction coordinate,
determined by the other images, and down in energy with respect to other
directions. In addition, no spring force is applied to the climbing image. The
CI-NEB method only requires a good enough estimate for the path to locate
the saddle point, which is especially important in the case of the full spring
force implementation, where convergence to the true MEP is not guaranteed
due to corner-cutting.144

(a)

(b)

(c)

Figure 2.7: A 2D depiction of a potential energy landscape showing a) a path
that contains a climbing image (white dot) with the inverted true force along
the tangent, b) all-image NEB initial guess (solid black line with white dots)
with simultaneous relaxation of full path onto the MEP c) initial guess (solid
black line with white dots) and images (grey dots) dynamically added by
AutoNEB near the saddle point. In images b) and c) the black arrows represent
the relaxation process.
The automated climbing-image NEB (CI-AutoNEB),141–146 was used in Papers
II and III. In AutoNEB, the initial guess for the path contains a few images
between the start and end points, and new images are added iteratively to
increase geometric or energy resolution (Figure 2.7b). This allows for faster
estimation of the transition state in contrast to an all-image NEB (Figure 2.7c),
where the full guess for the path is defined at the start of the optimisation.
As the systems studied in Papers II and III are quite large, the speed up is
essential for lowering computational costs.

2.4

Atomistic thermodynamics

First-principles atomistic thermodynamics16–18 was employed in Paper IV to
evaluate the stability and amount of adsorbed CO of the single-atoms and
sub-nano clusters in the presence of a CO atmosphere. In this approach, the
surface is taken to be in equilibrium with a reservoir of CO, with a chemical
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potential µCO (T, p). The chemical potential µCO (T, p) at temperature T and
partial pressure p is calculated as
p
ZPE
µCO (T, p) = ECO + ECO
+ µ◦CO (T, p◦ ) + k bT ln ◦
p
|
{z
}

(2.16)

∆µCO (T,p)
ZPE is the zerowhere ECO is the total electronic energy of CO in vacuum, ECO
◦
◦
point energy, µCO (T, p ) is the standard chemical potential of CO, and k b is the
Boltzmann constant. The standard chemical potential of CO was obtained
from the NIST-JANAF thermochemical database.147 In this formalism, the
gas-phase chemical potential is taken to not change upon adsorption to or
desorption from the surface, and temperature remains constant during these
processes. The free energy of the surface changes upon CO adsorption, and
at given temperature and pressure the surface composition with the lowest
free energy is the most stable one. The effect of CO adsorption on the free
energy of the surface is ∆γS (T, p), calculated as

∆γS (T, p) =

1
(GCO-M/ox (T, p) − GM/ox (T, p) − nµCO (T, p))
A

(2.17)

where A is the area of the oxide surface slab, GM/ox (T, p) and GCO-M/ox (T, p) are
the free energies of bare and CO containing supported single-atom M/ox systems, respectively, and n is the number of adsorbed CO molecules present in
the CO-M/ox system. The free energies of the M/ox and CO-M/ox were approximated to be equal to their total electronic energies, with a zero-point energy
correction and vibrational entropy contribution,calculated in the harmonic
approximation as implemented in ASE,[108, 109], included for the CO-M/ox. A
negative (positive) value of ∆γS (T, p) indicates stabilisation (destabilisation)
of the supported metal species upon CO adsorption.

2.4.1

Nanothermodynamics

Small systems, such as the supported sub-nano clusters and single-atoms investigated in Papers I, III, and IV, belong to the so-called "every atom counts"
regime. For these systems thermodynamic properties, e.g. chemical potential, are no longer extensive. Paper IV details the development of our framework for assessing the kinetics of agglomeration that is valid for both arbitrarily small and large systems. The treatment is built from non-equilibrium
nanothermodynamics for which a short introduction is given below. A more
involved derivation can be found in the Electronic Supplementary Information for Paper IV.
In order to treat non-extensive nanoscopic systems, Hill’s nanothermodynamics24–26 introduces the subdivision potential E which describes the nonextensivity of subsystems present in an ensemble and can be regarded as
the energy change resulting from a change in the number of subdivisions.
The subdivision potential enters into the equation for the internal energy of
a system as
Ut = T St − pVt + µNt + EN
(2.18)
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where Nt is the total number of atoms/particles in the system. The system
(denoted by subscript t) itself is a macroscopic (extensive) ensemble of N
independent nanoscopic subsystems that consist of N atoms each, i.e. Nt =
NN. The Gibbs equation of a single subsystem is obtained by dividing by N
and rearranging:
U + pV − T S = µN + E
| {z }

(2.19)

G

dividing by N one gets the definition of the generalised chemical potential µ̂:
µ̂ ≡

E
G
= µ+
N
N

(2.20)

The subdivision potential vanishes for macroscopic systems, and for them
µ̂ = µ. In fact, conventional thermodynamics can be viewed as a limiting
case of nanothermodynamics.25
The above nanothermodynamic treatment can be used to describe the agglomeration process of SA into small sub-nano clusters when combined with
non-equilibrium thermodynamics. A system that is initially out of equilibrium will be driven towards it as an irreversible process via entropy production,28 the rate of which in turn depends on the thermodynamic driving force
and ﬂux. The form of the rate of entropy production is essentially the same for
nanoscopic and macroscopic systems.148 Consider a nanosystem, denoted 1,
that consists of Nt single-atoms dispersed on a support surface. The number
of atoms in each subsystem is N1 = 1, and the number of subsystems N1 can
be taken as the reaction coordinate γ (see Figure 2.8 for illustration). The
final state, R, is a larger cluster with NR = γ, and N R = Nt /γ. Note, that while Nt ,
N R , and N1 are constants, N R and N1 vary as the single-atoms transform into
larger clusters. The transformation 1 → R takes place via surface diffusion
and the entropy production rate is:
dSt
1
=−
dt
T

∫
J(γ)

∂ µ̂(γ, t)
dγ(t)
∂γ(t)

(2.21)

where J(γ) is the ﬂux and can be defined as


k BT
µ̂ R
µ̂1
‡
‡
¯
J1→R ≈
exp[−(∆G di f f + ∆ µ̂1→(R∗ ) )/k BT] exp
− exp
h
k BT
k BT

(2.22)

where ∆G di f f is the diffusion barrier for a single-atom on the surface. The
term ∆ µ̂1→(R∗ ) is the additional barrier which is non-zero in the non-monotonous
case when there exists a higher energy isomer of critical size R∗ between the
initial and final states. The two possible cases are illustrated in Figure 2.8.
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Figure 2.8: Cluster growth from single-atoms showing a monotonous (solid
blue curve) and non-monotonous (dotted blue curve) decrease in chemical
potential. Note how the number of single-atoms, i.e. N1 , decreases moving
along the reaction coordinate.

The final expression for the ﬂux being a product of a kinetic term and a
thermodynamic driving force is very similar to macroscopic models for agglomeration kinetics.21,149–151 The main difference is the driving force here
being the generalised chemical potential as opposed to surface energy.

2.5

Electronic and geometric structure analyses

Bader charge analysis
Bader charge analysis152 was used to determine the charge on metal atoms
in Papers I and IV. The analysis partitions the total electronic charge density
into atomic contributions by dividing space into regions called Bader volumes.
Each Bader volume has one charge density maximum and is separated from
the adjacent volumes by 2D zero ﬂux surfaces, where the gradient of the
charge density is zero perpendicular to the dividing surface. The algorithm
developed by the Henkelman group153–156 represents the charge density on a
grid, and the grid points are assigned to Bader volumes using steepest ascent
trajectories. The total charge in each volume is obtained by integrating the
charge density. In order to reduce the numerical error in the integration
caused by the finite grid representation, a weight function is introduced to
smooth out the spatial partitioning.155
Coordination numbers
The coordination number of a metal site can be related to the adsorption
strength of molecular and atomic species to that site,157,158 generally, the
lower the coordination number the stronger the binding energy. However,
the conventional coordination number cannot distinguish e.g. vertices of
dodecahedron shaped ideal nanoclusters of different sizes, as the atom at
the vertex always has five nearest neighbours regardless of the size of the
nanocluster. The generalised coordination number (GCN) is an extension
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to the conventional coordination number that also takes into account the
coordination numbers of the neighbouring atoms in order to better describe
e.g. finite-size effects.159 It has been demonstrated to perform better as a
descriptor for adsorption strengths of O and H containing species on Pt
nanoparticles and extended surfaces than the d-band center.159 The generalised coordination number GCN(i) of atom i is calculated as a summation
over n j neighbours
ni
Õ
CN( j)
GCN(i) =
,
(2.23)
CNmax ( j)
j
where CN( j) is the conventional coordination atom of neighbouring atom
j and CNmax ( j) is the maximum coordination number of that atom in the
ideal bulk, e.g. 12 for an fcc metal. The definition can be further extended to
describe hollow and bridge sites on an fcc metal:
GCN(s) =

CNmax (fcc) Õ CN( j)
.
CNmax (s) j CNmax ( j)

(2.24)

where CNmax (s) is 12, 18, 22 or 26 for top, bridge, threefold and fourfold hollow
sites, respectively, and mathrmCNmax ( f cc) is 12, the maximum coordination
number for the fcc metal atom.
In order to inlcude strain effects in the descriptor, a slightly modified version of the GCN called the strain-adjusted generalised coordination number
(SGCN) is employed:160
SGCN(i) =

Õ d
CN( j)
bulk
,
d(i, j) CNmax ( j)
j

(2.25)

bulk
where the quantity dd(i,j)
describes the ratio of the ideal metal–metal distance
in the bulk and the distance d(i, j) of the particular metal atom to its neighbour.

In Paper III the GCN and SGCN were tested as geometric descriptors for
hydrogen adsorption energy on ZrO2 supported Rh and Pt clusters. To account
for the effect of the support, the summation over neighbours also included Zr
and O atoms, for which the maximum coordination numbers CNmax ( j) were
defined with respect to the monoclinic zirconium oxide bulk.
Scaling relationships
Scaling relationships and volcano plots have long been fundamental concepts in catalysis research.161,162 Relations between different properties of
catalysts, e.g. the binding strength of a certain intermediate and the temperature required to reach a specific rate of reaction, can be used for screening,
optimisation, and guided design of new catalytic materials. However, they
also impose theoretical limitations on catalyst performance.30,163 Recently,
many different strategies for escaping these scaling relations have been
proposed.30,60,112,163 The possibility also poses the question of how many potential catalysts have been overlooked on the basis of established scaling
relations?
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Thermodynamic scaling relates the adsorption energies of different atomic
and molecular species across catalyst surfaces. Such a relation has been
found to exist e.g. for A and AH x type adsorbates on various transition metals
and their oxides.164,165 The linear scaling between the reaction energy and the
activation energy of a reaction is called the Brønsted-Polanyi-Evans (BEP)
relationship,166 which has been observed for many elementary reactions
on transition metal surfaces.54,167,168 The BEP relation is closely related to
transition state scaling (TSS),30,161,163 which is the linear relation between the
adsorption energy of the transition state and the initial or final state of the
reaction. Figure 2.9 shows the TSS plot for the water dissociation reaction,
which was shown to have good scaling relations over unsupported Rh and
Pt nanoparticles in previous work by the Honkala group.54 The existence
of BEP, TSS, and thermodynamic scaling for the water dissociation reaction
was further investigated on the perimeter sites of small zirconia supported
GM and NGM Pt and Rh clusters in Paper III.

Figure 2.9: Transition state scaling for the water dissociation reaction on
cuboctahedral Rh (red) and Pt (blue) particles (circles) and extended surfaces
(triangles). Data points for the extended surfaces are excluded from the
trendlines. Reprinted with permission from Bazhenov, A. S.; Leon Lefferts, L.;
Honkala, K. J. Phys. Chem. C 2018, 121, 4324–4331. Copyright 2017 American
Chemical Society. with permission.

Since evaluating reaction barriers is more computationally tedious compared
to adsorption energies, it is desirable to reduce the number of explicit barrier
calculations. Relationships between the transition state energy and simple descriptors such as d-band centre, generalised coordination numbers
(GCN), and adsorption enthalpies of intermediates allows for the prediction
of barriers at a reduced computational cost. TSS, GCN, and BEP relationships
can be especially useful for microkinetic and kinetic Monte Carlo simulations which normally require determination of barriers for many elementary
reactions.30,42,163 Such an approach could also incorporated into our own
microkinetic code presented in the next section by expressing the reaction
energetics as functions of the chosen descriptor.
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Microkinetic modelling

In the microkinetic framework a reaction is studied in terms of the elementary steps that make up the total reaction,169 and brings the insight from
the microscopic scale of DFT to the mesoscopic scale. With first-principles
microkinetic modelling, predictions of the conversion, selectivity, turn over
frequencies (TOF), reaction orders, and surface coverages at different reaction conditions can be made based on DFT data.30,44 The next few sections
introduce the main features of the microkinetic model employed in Paper
II and describes how our own Python microkinetics code is implemented.
Further details on the input parameters and reaction conditions used in the
simulations can be found in Paper II.

2.6.1

The mean-field approximation

Microkinetic modelling is a mean-field (MF) technique: one-on-one interactions between reacting species are included in an averaged manner, and
there is no spatial resolution. The rates of reactions are expressed in terms of
rate constant and species concentrations, coverages, or pressures which are
taken to be uniform through the whole system. The MF approximation should
only be invoked in situations where surface diffusion is fast and adsorbateadsorbate interactions are not strong. This reduction in complexity permits
rapid solving of microkinetic models for a large set of parameters, and makes
it a powerful tool for catalyst screening.31 However, one trend in catalysis is
to consider multi-functional nanoparticles with complex site assemblies, for
which the MF approximation is not appropriate. For finite size particles with
heterogeneous site assembly the diffusion mediated kinetic coupling between sites will lead to overall rates which are not mere weighted sums over
sites, which MF methods cannot capture by construction.34,170 Qualitative
agreement between a MF model for a finite size nanoparticle and experimental results has been achieved before for the WGS and dry-reforming of
methane.48 However, the authors did identify the use of a MF model with a
only two active sites as a possible source of error. It is of course possible that
a given system is adequately described by a reductionist approach, but this
may not be known a priori.
In Paper II the sites of the three catalyst domains were modelled separately
from each other, all using the mean-field approximation. The Rh(111) and
ZrO2 facets are cases where the MF approximation is suitable, since they are
extended surfaces. In addition, diffusion is expected to be fast for Rh(111).171
The MF approximation was also used for the metal-oxide interface. Because
the interface was constructed to mimic the perimeter of an arbitrarily large
nanoparticle, the model is periodic and has two near-identical active sites
within the computational cell. This is in direct contrast with, for example, the
GA sub-nano particle models employed in Papers I, III and IV, which clearly
have a much more complicated site assembly due to their finite size and
asymmetry. The periodic interface has two Zr top sites where adsorption
is very weak, and therefore aren’t considered as suitable active sites. Fur-
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thermore, adsorbates were found to sit at the interface in such a way that,
e.g., if a CO were to adsorb on a Rh top site at the interface, the Zr top site
directly below that top site would be blocked. Therefore, each adsorbate was
approximated to take up one full interface site. Another approach that is
sometimes used is the dual-site model where the sites on the oxide and metal
sides of the interface are considered separately, while still being a mean-field
model.38
Oxide supported metal single-atoms, such as the structures studied in Paper
IV, are a special case where the active sites can be expected to be very isolated from each other. The reaction fully takes place on a single site, and the
adsorbate-adsorbate interactions are included explicitly in the underlying
DFT calculations. For SAC, a MF microkinetic model and a fully spatially
resolved Kinetic Monte Carlo (KMC) model are equivalent,172,173 given that
the SA are firmly anchored to one location. Our microkinetic Python implementation is currently being used to study the kinetics of the CO oxidation
reaction over a ceria supported platinum SAC.174

2.6.2

Reaction network

A chemical reaction network is a depiction of how a set of chemical species
can react with each other through elementary reactions. An elementary
step is a reaction that proceeds from reactants to products through a single
transition-state, and therefore cannot be further divided into separate steps.
Elementary reactions are typically thought to follow mass action kinetics
where the rate of a reaction (in one direction) is directly proportional to the
product of the rate constant and the activities of the reacting species raised
to the power of their stoichiometric coefficients
Ö
rf = k f
θiνi
(2.26)
i

The stoichiometric coefficient, denoted v, indicates how many molecules
of each species are consumed or produced when the reaction occurs, and
it can be a negative (for reactants) or positive (for products) integer. For
surface reactions, the activities of the reactants and products are expressed
as fractional coverages. For elementary steps involving adsorption of species,
the activity of the adsorbing species is described with its partial pressure in
the gas-phase.169
As an example, the equation for the water dissociation reaction on a catalyst
surface can be written as
H2 O∗ + ∗

OH∗ + H∗

(2.27)

In this elementary step, the stoichiometric coefficient is -1 for water and the
empty site (denoted ∗), and 1 for OH and H. According to mass action kinetics
the total rate, r, of the reaction is
r = k f θ H2 O θ ∗ − kr θ OH θ H

(2.28)
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where k f and kr are the rate constants of the forward and reverse reactions,
respectively, and θ X are the fractional coverages of the surface species and
empty sites. Note that the empty catalyst sites are treated in an identical
way to the surface species. The site balance dictates that the coverage of
empty sites and surface species must sum to unity:
Õ
θi∗ = 1 − θ ∗
(2.29)
i

The law of mass action strictly holds only for elementary reactions: in general,
it is not possible to derive the overall rate expression for a reaction from the
stoichiometric coefficients of the reactants in a total chemical equation.
The fractional coverages of surface species are time-dependent and can be
expressed in terms of the reaction rates multiplied by the stoichiometric
coefficient of the species for that reaction. For example the above case yields
the following equations:
dθ H2 O
= −r
dt
dθ ∗
= −r
dt
dθ OH
=r
dt
dθ H
=r
dt

(2.30)
(2.31)
(2.32)
(2.33)

The resultant set of coupled differential equations is solved during a microkinetic analysis. Some systems can be solved analytically by invoking
some approximations such as the steady state approximation, where the
surface coverages do not change in time, i.e. all the time derivatives are set
to zero. The difficulty of the problem scales with the number of differential
equations, and for more complex cases it may be necessary to solve the equations numerically. More importantly, finding a numerical solution does not
require the use of the steady-state approximation or presumptions about the
rate determining step, but is an initial value problem which yields the full
dynamic time evolution for the system. The numerical implementation used
in Paper II is presented in the next section.
In practice, it is not always possible to include all reactions that are present
during a catalytic process even when solving the system numerically. Simplifications to the reaction network are often made based on "chemical intuition", one common example being the omission of surface diffusion reactions
which are typically thought to occur very fast and therefore are kinetically
irrelevant. The model employed in Papers II also omits diffusion reactions
from the respective networks. The system of differential equations is always precisely derived from the chosen reaction network, which ultimately
determines what kind of solutions, i.e. behaviour the system can have.175
Therefore care needs to be taken when constructing the network, so that all
essential features of the system will be included.
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Rate constants

In DFT based microkinetic modelling, the rate constants of activated surface
reactions are usually obtained from the calculated reaction barriers using
harmonic transition state theory (HTST).176,177 The rate constant is defined as


 ‡


k bT
∆F ‡
k bT
∆S
∆E ‡ + ∆Z PE ‡
k HT ST =
exp −
=
exp
exp −
(2.34)
h
k bT
h
kb
k bT
where T is the temperature, ∆F ‡ is the free energy of activation, ∆S ‡ is the the
change in entropy computed using harmonic vibrational frequencies, ∆E ‡
and ∆Z PE ‡ are the changes in electronic and harmonic zero-point energy,
respectively, between the transition state and reactant(s), and k b and h are
the Boltzmann and Planck constants, respectively.
For non-activated adsorption of gas-phase species, the rate constants can be
calculated as the kinetic ﬂux from the kinetic theory of gases:10
Aads
k f lux = s(θ) √
2πmk bT

(2.35)

where Aads is the are of the adsorption site, m is the mass of the gas-phase
species, and s(θ) is the coverage dependent sticking coefficient.
In the implementation used in Paper II, all reactions were treated as reversible,
and the detailed balance was ensured by setting the ratio of the forward and
reverse rate constant equal to the equilibrium constant K, defined as


∆F
(2.36)
K = exp −
k bT
where ∆F is the free energy change of the reaction.

2.6.4

Entropy corrections

The most necessary entropy contribution to include in a microkinetic model
is the entropy change upon adsorption/desorption of gas-phase species,
as the change is the largest during this type of elementary step. As a first
approximation, the adsorbed surface species can be considered to have no vibrational, translational, or rotational degrees of freedom (DOF), and therefore
zero entropy. Only the gas-phase species will have an entropy contribution
to their free energies, and so the surface reaction barriers and energies will
consist only of the enthalpy term. This is a useful approximation to make,
since entropy effects for surface reactions are usually small compared to the
enthalpy change,177 but require much more effort to determine accurately
than for the gas-phase. The values for the gas-phase species entropies can
be obtained from tabulated experimental data, such as the National Institute
of Standards and Technology (NIST) database.147 Tabulated data was used
for gas-phase entropies in the microkinetic model in Paper II. If tabulated
data is not readily available for a molecule, the entropies can be calculated
in the ideal gas approximation from vibrational frequencies obtained from
DFT calculations.
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The entropies of surface species are usually calculated within the framework of the free translator/rotor, harmonic approximation, or the hindered
translator/rotor model. The free translator model assumes that the potential
energy landscape of the surface is ﬂat, and the adsorbate retains all but one
translational DOF. In the harmonic approximation, all DOFs, 3N per adsorbed
species where N is the number of atoms, are treated as harmonic vibrations.
The assumption here is that the adsorbates have no rotational or translational DOFs, i.e. they are locked in place on the surface. In the hindered
translator model translational and rotational DOFs are calculated from translation and rotational barriers. Alternatively, the translational entropy can be
determined via the complete potential energy sampling (CPES) method.178
In Paper II the entropies of surface species were introduced to the microkinetic model in the harmonic limit where the entropy Sharm of a surface species
is125

DOF
Õ 
i
−i /k b T
Sharm = k b
− ln (1 − e
)
(2.37)
i /k b T − 1)
k
T(e
b
i
and i are the energies of the vibrational degrees of freedom (DOF). The values
Sharm were calculated using the ase.thermochemistry module implemented
in ASE.108,109

2.6.5

Coverage effects

Because the MF approximation excludes adsorbate-adsorbate interactions,
there is nothing to prevent strongly adsorbing species such as CO from
achieving complete coverage on the surface. This leads to the poisoning
of the surface, i.e. total catalytic inactivity, as there are no free sites for
reactions to occur on. In reality, repulsive forces between adsorbates can
lower the strength of the adsorbate-surface bonds. It is common to include
adsorbate-adsobate effects between like-species in a MF fashion by expressing the adsorption enthalpy as a function of the adsorbate coverage.41,178 It is
also possible to include adsorbate-adsorbate interaction between different
species in an average way, by making the adsorption energy a function of the
coverage of some other surface species. Such an approach was employed, for
example, in the work by Grabow et. al. for the effect of CO on other surface
species in their microkinetic model for WGS.41 The coverage dependence
can be implemented asymmetrically, such as in the former example, where
the coverage of one species affects the adsorption strength of other species
but not the other way around. Coverage dependence can also be included
for barriers, for example how the methane dissociation barrier was made
oxygen coverage dependent in the work of Jørgensen and Grönbeck.179
In Paper II the adsorption energy of CO was made coverage dependent because without it, CO had full monolayer coverage on the Rh(111) surface at all
conditions tested. The following equation was used in place of the static free
energy:
∆F = −1.91 + 0.0065 · exp (4.79 · θ CO ) + 0.031135 · θ CO · exp (4.79 · θ CO )

(2.38)
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The equation has the same form as CO adsorption on Pt(111) calculated from
differential binding energies at several CO coverages,41 but with the CO adsorption energy on Rh(111) as the first term. The addition of this expression
to the model resulted in lower CO fractional coverages of approximately 0.5
to 0.8, depending on temperature. Lateral effects between other adsorbates
were not considered, as this effect was only added as a test to see if catalytic
activity could be recovered by limiting CO coverage.

2.6.6

Reactor models and mass balance

One of the inputs of a microkinetic model is the gas-phase composition in
the reactor, which can be matched to some experimental set up. The time
evolution of the partial pressure of gas-phase species i is governed by the
differential equation:
dPi
dt
|{z}
Accumulation

Û in − Pi (t)) +
= V(P
i

Õ

vi j r j

(2.39)

j

|

{z

In - Out

}

| {z }
Generation

The total expression is the accumulation term for species i, with the rates of
the reactions which produce or consume species i included in the generation
term. The term above the "In - Out" underbrace describes the change in
pressure due to ﬂow VÛ in and out of the reactor. The mass balance of the
system depends on the form of the accumulation terms, and it can be altered
to mimic different types of reactors.180
One way to construct a microkinetic model is to set the accumulation terms
of all gas-phase species to zero, i.e. the gas-phase composition in the reactor
is assumed to be constant. This, along with constant temperature, is referred
to as the steady reaction conditions assumption.169 Physically, this can be
thought of as a very large reactor, where the surface reactions taking place
have virtually no effect on the gas composition in the reactor. Another way to
think of this is a reactor with an arbitrary ﬂow in and out of the system that
perfectly balances the generation term. Solving a model numerically using
this assumption is slightly easier than in the case of variable composition,
since the differential equations for gas-phase species can be replaced with
constants. For the steady-state solution of such a model the total rate will be
non-zero, provided that the specified gas-composition is not at thermodynamic equilibrium and that the temperature is high enough for the reaction
to take place. This makes the steady conditions approach very popular, since
a non-zero total rate is required for the degree of rate control analysis.
If a solution for the full time evolution of a system is desired, the gas composition must be allowed to change in time. The simplest form of the mass
balance with time dependent accumulation is the closed system, which only
includes the generation term in the accumulation expression. The initial
pressures of gas-phase species are specified at the start of the microkinetic
run, and the reaction will proceed towards a dynamic equilibrium provided
that the temperature is high enough for activation. At steady state, the net
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rate of the reaction will be zero. The experimental equivalent of this zero
ﬂow system is the batch reactor (BR).
It is sometimes useful to recover the full time evolution of coverages and
pressures while obtaining non-zero steady state net rates, e.g. to observe
the appearrance and disappearrance of a short lived intermediates. This is
done by introducing a ﬂow through the system. For a reaction where the
number of moles of gaseous species remains the same, such as WGS studied
in Paper II, the accumulation due to ﬂow can be simply defined as a sum of
the molar ﬂow in and out of the reactor. The composition of the inlet ﬂow
can be specified as a constant ratio of gases. For the outlet ﬂow at any time
t, the composition will be the same as the ratio of gas-phase species in the
whole reactor at time t, since perfect mixing is assumed. The molar ﬂow
cannot be kept constant for reactions where the number of moles changes; it
is more convenient to use mass ﬂow instead. In the implementation used for
the ongoing work on the CO oxidation reaction,181 the inlet and outlet ﬂows
are determined using masses. All gases were assumed to behave ideally,
therefore the ideal gas model was employed in Paper II. A system with a
steady ﬂow in and out of the reactor modelled as a single constant volume
with perfect mixing mimics the continuous stirred-tank reactor (CSTR).
Another reactor type frequently used in microkinetic modelling is the plugﬂow reactor (PFR). The PFR, depicted in Figure 2.10, is a cylinder that is
divided into volume cells, or "plugs", of infinitesimal thickness that the reactant and product gases ﬂow through. The catalyst material is perfectly
distributed through the volume, and there is perfect mixing in the radial direction, but no back or forward mixing in the axial direction. In simulations,
the PFR can be modelled as a series of connected CSTR which act as the
plugs. The steady state composition at the outlet of a CSTR upstream defines
the inlet composition of the next plug downstream. The PFR model gives
spatial resolution of gas-phase and surface compositions along the reactor
length, but no information about the transient behaviour if modelled by a
series of CSTR at steady state.

Figure 2.10: Schematic depiction of a plug ﬂow reactor.

In principle, it is possible to model the PFR so that the plugs are also coupled
which gives the outlet concentration as a function of time during the transient
period leading up to steady state.
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Degree of rate control

The degree of rate control (DRC) analysis is a popular tool used for interpreting
microkinetic results which allows for a straightforward way for identifying
the rate determining steps (RDS) of a reaction.37,182 The degree of rate control,
XRC , of a single elementary step i is defined as a partial derivative of the total
rate r with respect to the rate constant ki of step i:




ki ∂r
∂ ln r
XRC,i =
=
(2.40)
r ∂ki k j,i ,Ki
∂ ln ki k j,i ,Ki
The rate constants k j,i of other reactions and all equilibrium constants K
including step i are kept constant. This is equivalent to varying the free
energy of the transition state of step i while keeping all other points on the
potential energy surface fixed.37
The XRC values of elementary steps within a reaction network have been
shown to obey the sum rule:183
Õ
XRC,i = 1
(2.41)
i

The proof relies on the condition that the surface coverages remain constant
for an infinitesimal change in the free energy of the transition state of step
i. This may be difficult to achieve in practice, when finite differences are
used for the derivatives and especially in the case of non-steady reaction
conditions.
In the limiting case of a single RDS, the XRC value of that RDS would be
one, while all other elementary steps in the reaction pathway would have
an XRC value of zero. Steps with a negative value are rate inhibiting. Even
small changes to the barriers of elementary steps with the largest XRC values,
i.e. kinetically most significant steps, can introduce major errors to kinetic
parameters such as reaction orders and apparent activation energies. Refinement schemes where barriers of those steps are iteratively replaced with
values from higher level calculations have been utilised before to improve
microkinetic models.38 However, this approach must be used with care, and
may not be suitable in all cases. The XRC value describes the response of the
total reaction rate to a differential change in the rate constant of a step, while
changing calculation parameters might have a much larger effect and could
therefore change the relative kinetic importance of a step completely.
The DRC analysis also offers a way to evaluate reaction orders with respect to
the reactant and product pressures.180,183 The reaction order n of a gas-phase
species is conventionally defined as the logarithmic derivative of the total
rate r with respect to the partial pressure p of that gas-phase species:
n=

∂ ln r
∂ ln p

(2.42)

This formula was used to calculate reaction orders for the WGS reaction in
Paper II, where the inlet gas-composition was chosen to match previous
experimental data on the WGS over a Rh/ZrO2 catalyst.66
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Alternatively, n can be defined as a weighted sum over the elementary steps,
with XRC,i representing the weight of a given step i:
n=

Õ
i

XRC,i

∂ ln ri
∂ ln p

(2.43)

where the partial derivative is the reaction order of step i. This approach will
be implemented to be used in a future microkinetic study of the CO oxidation
reaction.174,181

2.6.8

Python implemenation

In Paper II, the microkinetic model was solved numerically using our own
Python based microkinetic code. The code uses Numpy184,185 for array handling, Scipy186,187 for the integration, and matplotlib188 for plotting results The
most important features of the Python implementation are presented in the
following sections. Some of the features discussed here are new additions
to the implementation which will be used in a new microkinetic study of
the CO oxidation reaction.181 Note that the code presented here is simplified
pseudocode and therefore will not provide a working copy of the program.
The MicroKinetic class
The main code provides the MicroKinetic class, which sets up and solves the
differential equations for the surface coverages and plots the results. The
inputs for the class are the reaction free energies and barriers, integration
parameters, and reaction conditions. The class is brieﬂy described below:
class MicroKinetic(self, dG, dGa, species, reactants,
products, M, sites, ads_Area, n_sites, theta0, S_matrix, T,
flow = 0,flow_ratio = None, P0 = None, reactor_volume = 10,
t = 1,steps=1000, DRC = False, ode_solver='standard',
algorithm='BDF'):
'''
MicroKinetics object.
The MicroKinetics class for solving microkinetic models for
a batch (BR) or continuous-stirred tank (CSTR) reactor.
Parameters:
dG: Free energy change for each elementary step
dGa: Free energy barrier for each elementary step
species: Labels for species, used for plotting
reactants: Number of reactant molecules
products: Number of product molecules
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M: Molar masses of gas-phase specieslist of floats
sites: How many sites each species occupies
ads_Area: Area of active site
n_sites: Number of active sites in mol
theta0: Initial coverage of surface species
S_matrix:
Matrix of stoichiometric coefficients of m rows
and n columns where:
n = number of elementary steps and
m = number of participating species
T: Reaction temperature
flow: Flow of gas in and out of reactor
flow_ratio:
Ratios of reactant and product species at reactor inlet.
Must add up to exactly 1 if flow is non-zero
P0: Initial pressures
reactor_volume: Volume of reactor
t: Simulation time
steps: Number of time steps
DRC: Switch on DRC analysis by setting to True
ode_solver:
'standard' uses scipy ode with bdf
'super_stiff' uses scipy ode_ivp
algorithm:
Used only if ode_solver = 'super_stiff'
'BDF' backwards differentiation (standard)
'Radau' slow but super stable, use if BDF fails
'RK45' Runge-Kutta 45
'''
def get_k_flux(ads_Area, M, T)
#Get rate constants from kinetic flux
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#for adsorption/desorption steps
#returns k_flux
def get_rate_constants(dG, dGa, T, k_flux)
#Get rate constants from HTST for surface steps
#makes tuple of k with HTST and flux values
def get_rate_vector(theta, S_matrix)
#Generates the rate "vector" r
def model(t, theta, species, sites,
S_matrix, r, flow, flow_rates, M)
#Returns differential equations dtheta/dt
def ode_integrator(model, theta0, steps, t)
#Solver for the ODEs in model
def stiff_ode_solver(model, theta0, steps, t, algorithm)
#Solver for especially stiff ODEs in model
def solve_microkinetic_model(k, ode_solver, DRC)
#Assigns a solver to the model
#Gets coverages of species "c" at times "t"
#Calls make_DRC if true
def make_DRC()
#Executes one regular mk run and gets rates0
#iteratively changes k and solves the model
#with modified k to get modified rates r
#calculates Xrc value for each reaction
def plot_microkinetics(t, c, species):
#Plots results of mk analysis
def tabulate_data(filename):
#Tabulates data in a textfile
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A simplified version of the reaction network for CO oxidation over a Pt/CeO2
SAC is used as an example to illustrate how the code works. This reaction has
two competing pathways: the direct R1 → R2 → R5 → R6 pathway, and the
indirect pathway R1 → R3 → R4 → R5 → R6 that proceeds dditional O2 −Pt−CO
intermediate.
Table 2.1: CO oxidation over a Pt single-atom site
R1
R2
R3
R4
R5
R6

Pt + CO(g)
Pt − CO
Pt − CO + O2(g)
O − Pt − CO2
Pt − CO + O2(g)
O2 − Pt − CO
O2 − Pt − CO
O − Pt − CO2
O − Pt − CO2
O − Pt + CO2(g)
O − Pt + CO(g)
Pt + CO2(g)

A standard input script for a microkinetic simulation for the example reaction
looks like this:
#Script for running microkinetics
#First, import the MicroKinetic class and numpy
from microkinetics import MicroKinetic
import numpy as np
#Stoichiometric coefficients for each species.
#Rows correspond to species, columns to n_reactions
#Reactants have sc = -1, products have sc=1 for each reaction.
M_s = np.array([[1,-1,-1,0,0,0], #Pt-CO
[0, 1,0,1,-1,0], #O-Pt-CO2
[0,0, 1,-1,0,0], #O2-Pt-CO
[0,0,0,0, 1,-1], #O-Pt
[-1,0,0,0,0, 1], #Pt
[-1,0,0,0,0,-1], #CO
[0,-1,-1,0,0,0], #O2
[0,0,0,0, 1, 1]]) #CO2
#Labels for surface species, site, and gas-phase species,
#used in the plot
species = ['Pt-CO', 'O-Pt-CO2', 'O2-Pt-CO', 'O-Pt',
'Pt', 'CO', 'O2', 'CO2']

#Temperature
T = 450 # K
#Reaction energies and barriers
#Note: these are example values only!
dG = [-0.2, -0.3, -0.5, 0.2, -1.0, -0.5]
Ga = [0.0, 0.0, 0.0, 0.5, 1.0, 0.5]
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#Number of sites each surface species occupies,
#0 for an empty site and gases
sites = [1, 1, 1, 1, 0, 0, 0, 0]
#Initial coverages of surface species
#last in the list is the empty site
theta0 = [0.0, 0.0, 0.0, 0.0, 1.0]
mk = MicroKinetic(dG,
Ga,
species,
2, #Number of reactant gases
1, #Number of product gases
[28.0, 32.0, 44.0], #molar masses
sites,
3e-19, #ads area
5, #n_sites
theta0,
M_s, #stoichiome
T = T,
flow= 0, #set to zero for batch
P0 = [1,1,0],
reactor_volume = 10
t = 10e0,
steps = 10e5,
DRC = False)
#Solving the model
t,c = mk.solve_microkinetic_model()
#Plotting the results
mk.plot_microkinetics()
Rate constants
The rate constants are calculated by .get_rate_constants() and .get_k_flux()
methods using Eq. 2.34 and 2.35, respectively. The user must specify which
method is used for each step by supplying lists of the indexes of the adsorption and desorption steps for each gas-phase species. The resulting forward
and backward rate constants are stored as a tuple.
Reaction rates
In Python, the reaction rate expressions can be written by hand in terms
of variable names in the same form as Eq. 2.28. This was the way the code
was implemented at the time of Paper II. However, it is very easy to make
mistakes when writing these equations, so it is more convenient to automate
this process. In preparation for the on-going CO oxidation project,181 a new
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way to handle the rate equations was implemented.
Consider a set of n elementary reactions indexed from 1 to j with m reactants
and products, collectively referred to as species from here on out, with indices
1 to i. The sets of i species and n reactions form the reaction network which
is endowed with mass action kinetics. The total rate r of the jth reaction
within the network can be generally expressed as:

rj = k f j

m
Ö

H[−ν ]|ν |
θi i j i j

− kr j

i

m
Ö

H[νi j ]|νi j |

θi

(2.44)

i

where k f j and kr j are the rate coefficients of reaction j, θ is the surface coverage (or pressure for gas-phase species) of species i, and νi j is the stoichiometric coefficient of species i in reaction j. The values for νi j are supplied
to the mircokinetic code as a matrix with i rows and j columns. H is the
Heaviside step function which evaluates to 0 for negative arguments and to 1
for positive arguments. This ensures that species whose νi j is positive, i.e.
they are products of reaction j, do not contribute to the forward rate k f j , and
vice versa for species with negative νi j values. Note that this treatment is not
necessary if the forward and reverse reactions are instead treated as separate
irreversible forward reactions. In that case the rates are functions of reactant
coverages only, which all have positive νi j values. This treatment is more
fundamental and is the way it is formulated in chemical reaction network
theory.175 However, the reason for the approach chosen here is simple: half
as many entries in the stoichiometry matrix mean fewer opportunities for
human error in the Python input.
The following Python code exemplifies how the rates are calculated by the
.make_rate_vector() method of the MicroKinetic class:
#generate two numpy arrays containing the absolute values of
#negative (Sm) and positive (Sp) stoichiometric coefficient
#with all other coefficients set to 0 from M_s matrix
Sm = np.transpose(abs(np.where(M_s < 0, M_s, 0)))
Sp = np.transpose(abs(np.where(M_s > 0, M_s, 0)))
#generate the products of reactant (Tr) and product (Tp)
#coverages (contained in array 'theta') raised to the
#power of the absolute value of their stoichiometric
#coefficients for each reaction
Tr = np.prod(np.power(theta, Sm),axis=1)
Tp = np.prod(np.power(theta, Sp),axis=1)
#generating the 'rate vector' r:
#list comprehension is used
#to create a list of rates for all reactions
#from the element wise product of Tr/Tp and

50

2.6. MICROKINETIC MODELLING

#forward (kf)/reverse (kr) rate constants (stored in tuple 'k')
#the list is then converted into a numpy array
r = np.array([kf*Tr[n] - kr*Tp[n] for n,(kf,kr)
in list(zip(range(n_reactions),k))])
Setting up the model
In the implementation used in Paper II, the ordinary differential equations
(ODEs) were written into the Python code by hand. In the new implementation, the ODEs are evaluated at each time step by .model(), and are generated
by taking the dot product of the transpose of the rate vector and the stoichiometric matrix.
#ensure no negative coverages or pressures
theta = np.clip(theta, a_min = 0, a_max = np.max(theta))
#enforce site balance
#e is the index of empty site coverage entry in theta
theta[e] = 1 - np.sum([c*s for c,s in list(zip(theta, sites))])
#get 'rate vector' and take dot product with S_matrix
#to obtain ODEs as list 'dthetadt'
r = make_rate_vector(theta)
dthetadt = np.dot(S_matrix, np.transpose(r))
The ODEs for gas-phase species are modified to include the ﬂow terms, which
are analytically written as:
mi
Fi = f low × f low_ratioi − Í
× f low
|
{z
}
j mj
|
{z
}
Fi,in

(2.45)

Fi,out

where mi is the mass of gas-phase species i at time t, f low is the total ﬂow in
grams per second, ratioi is the fraction of species i in the inlet gas-composition,
and the sum is over the masses of all j gas-phase species. The ﬂow term is in
grams per second, and has to be converted to bars per second by multiplying
with MRTi V where Mi is the molar mass of species i, V is the reactor volume, and
R and T are the universal gas constant and temperature, respectively.
An alternate way to include the ﬂow would be to extend the reaction network
to include some pseudoreactions,175 in which gas-phase species react to
"zero" at a rate proportional to their pressures.
Solvers
The default solver used by the MicroKinetic class is the Variable Coefficient
ODE solver (VODE),189 implemented in scipy.integrate.ode of the Scipy package.186,187 Microkinetic models often include rate constants that differ by
many orders of magnitude, which makes the system of ODEs very stiff. The
backward differentiation formula (BDF) is therefore used as the method for
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VODE, and it performs well and fast for the microkinetic model presented in
Paper II. Once the microkinetic model is fully set up, the
.solve_microkinetic_model() method is called to run the simulation to get
the coverages and pressures as an ordered list of lists. The data can be used to
plot the coverages and pressures as a function of time using the matplotlib188
package, or written into a text file.
The VODE solver is an older API, and only includes the Adams (non-stiff
problems) and BDF (stiff problems) methods. A newer implementation is
employed in the CO oxidation study,181 which uses the solve_ivp solver of the
scipy.integrate package.
DRC analysis
For the purpose of practical DRC analysis, the finite difference approximation
is used for the partial derivative in the equation for the XRC,i value:
!


ki0 r 0 − r f
ki ∂r
≈ 0
XRC,i =
(2.46)
r ∂ki
r k0 − k f
i

f

i

where ki0 and ki are the unmodified and modified rate constants of reaction
i, r 0 is the total rate of product formation calculated using unmodified rate
f
constants, r f is the new total rate calculated with modified ki while other
k are kept unmodified. The rate constants are changed by a small amount,
e.g. 1 %, and the analysis is repeated iteratively for all reaction steps. As a
consequence of using finite differences to approximate the derivatives, the
XRC sum rule is not strictly upheld, although the deviations are small.

Results and Discussion
The results of the included original Papers I, II, III, and IV are summarised
and discussed in the following sections. Each subsection corresponds to one
paper, with some added insight and discussion based on newer studies.

3.1

Metal enhanced reducibility of zirconia

Reducible oxides can play an active role in catalytic processes due to their
ability to store and release oxygen. One example of this is the water–gas shift
(WGS) reaction, for which one of the possible mechanisms is a Mars-vanKrevelen (MvK) type reaction where an adsorbed CO molecule reacts with
a lattice oxygen. The release of the formed CO2 creates an oxygen vacancy
which can subsequently be refilled with an oxygen from water.
Zirconia is usually thought to be an irreducible oxide, meaning it is difficult
to remove oxygen atoms from its crystal lattice. This would indicate that zirconia cannot supply oxygen to be used in MvK-type reactions. However, past
experimental studies have proposed that metals and dopants present on the
support can enhance the reducibility of zirconia based materials.190–193 Indeed, computational studies predict that the cost of a surface oxygen vacancy
creation on t-ZrO2 is lowered in the presence of Au and Ru species.130,194 In
our DFT study (Paper I), rhodium species of varying sizes ranging from a
single atom to a 13 atom cluster were placed on the monoclinic ZrO2 (1̄11)
surface and their effect on the cost of removing one surface oxygen was
evaluated.
The cost of removing a surface oxygen from the zirconia lattice, i.e. the
reducion energy, with no metal present is ca 3.3 to 3.8 eV depending on
the location of the vacancy, clearly indicating irreducibility of the oxide. A
recent DFT study has reported the lowest vacancy creation energy to be ca
3.2 eV,195 which is in good agreement with our result. In the presence of Rh
species, the reduction energy is dramatically lowered. The effect is stronger
in the immediate vicinity of the Rh species, creating a kind of reduction zone
around the species. The Rh single atom and Rh4 cluster induced the lowest
reduction energies, lowering it by >80% compared to the pristine zirconia.
The larger species, Rh13 cluster and Rh40 nanorod had a lesser impact on
the support reducibility, with the reduction energies being approximately
1.6 and 1.1 eV, respectively. A significantly lowered oxygen vacancy creation
energy in the presence of metal species has been reported also for Pt/TiO2 ,196
52
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Au/TiO2 ,196 Ru/ZrO2 ,130 and Ru/AuO2 .194
On the pristine zirconia, the band gap between the O 2p valence band and the
Zr 4d conduction band is shown to be more than 2 eV. Due to the band gap,
the two electrons left over from creating the vacancy aren’t able to localise on
the zirconium cations. Instead, the electrons induce defect states in the gap,
clearly shown in the density of states (DOS) of the reduced zirconia (Figure
3.1), which is typical behaviour for irreducible oxides.130 The DOS analysis
reveals that the Rh species introduce additional unoccupied states in the
band gap, which allows the electrons to localise on the Rh instead. The Bader
charges (see Figure 3.2) of Rh also support this view: the Rh species accept
0.90 to 0.77 electrons, and larger amount of charge accommodated coincides
with lower cost of oxygen removal.

Figure 3.1: DOS projected onto the orbitals of the corresponding atoms in
pristine (top row) and reduced (bottom row) systems: (A) ZrO2 , (B) Rh1 /ZrO2 ,
(C) Rh1 /ZrO2 , (D) Rh13 /ZrO2 , and (E) Rh40 /ZrO2 . The electronic states of the
Zr, O, and Rh atoms are coloured light grey, pink, and teal. The Fermi level
is indicated with green lines. Reprinted with permission from Bazhenov,
A. S.; Kauppinen, M. M.; Honkala, K. J. Phys. Chem. C 2018, 122, 6774–6778.
Copyright 2018 American Chemical Society.
Our results in Paper I demonstrate that Rh single atoms sub-nano clusters
can dramatically alter the cost of removing a lattice oxygen from zirconia. We
later observed the same effect for Pt/ZrO2 species during the study reported
in Paper IV. This time, a Hubbard correction of U=2 eV was used for the Zr
4d orbitals, and the reduction energies were calculated for zirconia with
deposited M1−4 Rh and Pt clusters. The reduction energy of pristine zirconia
was found to be 3.62 eV, which agrees well with the result in Paper I for that
vacancy site, despite the addition of the Hubbard U. Likewise, the results
for the Rh single atom and Rh4 tetramer are very similar to the previously
calculated values. Interestingly, the Rh2 dimer and Rh3 trimer have a more
pronounced effect on the reducibility than the single atom and the tetramer.
The reduction energy is 95 and 127 % lower in their presence, respectively,
which in the case of the Rh trimer means removal of the oxygen is exothermic.
For the Pt 1 to 3 atom species the reduction energy is also exothermic from
-0.74 to -1.17 eV, while for the Pt tetramer the reduction energy is 0.63 eV
endothermic. Based on the results reported in Paper I, it was not possible
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Figure 3.2: Bader charges (indicated with the colour gradient) in the presence
of the most stable oxygen vacancy (indicated in black): (A) ZrO2 , (B) Rh1 /ZrO2 ,
(C) Rh4 /ZrO2 , (D) Rh13 /ZrO2 , and (E) Rh40 /ZrO2 . The lattice Zr and O atoms are
differentiated from each other by size, the O atoms being smaller. In subfigure
(B) the Rh single-atom is the blue atom directly on top of the vacancy, and
Rh species with more than one atom are drawn as wireframes for visibility.
Reprinted with permission from Bazhenov, A. S.; Kauppinen, M. M.; Honkala,
K. J. Phys. Chem. C 2018, 122, 6774–6778. Copyright 2018 American Chemical
Society.
to know how the size of the metal species affects its ability to lower the
reduction energy, except that much larger particles (>13 atoms) would have
a weaker effect. The newer results obtained from the work in Paper IV show
that the size effect is not uniform. For the 1, 2, and 3 atom species the effect
gets stronger with increasing size for both Pt and Rh. For Pt, the tetramer is
much less effective at lowering the reduction energy compared to the smaller
species, while for Rh it is equally good as the single atom. As the enhanced
reducibility of zirconia was not the main focus of Paper IV, no screening of
favourable vacancy sites was performed, and the same site was used for all
cluster sizes. This could contribute to the unpredictable pattern in reduction
energies, however it cannot explain why the single atoms have a weaker
effect than the dimers and trimers, since the vacancy site for it was selected
based on the previous thoroughly screened results.

3.2

Role of the metal/oxide interface in WGS

The water–gas shift (WGS) reaction is the conversion of water and carbon
monoxide into hydrogen and carbon dioxide.197 WGS is present in various
industrial processes198–202 and is catalysed by a many oxide supported metals.38,69,70,203,204 Many catalysts are known to be bifunctional towards WGS,
i.e. both the metal and oxide contribute in the reaction.205,206 For various
bifunctional systems, the interface between the metal and oxide domains
has been highlighted as a potential active site by both experimental and
computational studies.38,48,70,77,207–213
Rh/ZrO2 has been shown to be active towards WGS,66,69 and although the
exact mechanism by which it proceeds is uncertain, a simple LangmuirHinshelwood mechanism was used to explain the experimental kinetic
data.67 The mechanism of the WGS reaction has long been under debate, and
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the general consensus is that the reaction can proceed through alternative
pathways depending on the catalytic material and the reaction conditions.
The two key processes present in any WGS mechanism are water activation
and CO oxidation. The detailed reaction pathways can be roughly divided into
"associative" and "redox" categories. In the redox pathways, CO is directly
oxidised by an O atom, whereas in the associative schemes CO first reacts
with OH to form an intermediate species, which then decomposes to form
CO2 and H2 .
The reaction network constructed for this work contains 13 elementary steps,
summarised in Table 3.1, and it includes the surface redox, and associative carboxyl and formate mechanisms. The MvK redox pathway was not
Label
R1
R2
R3
R4
R5
R6
R7
R8
R9
R10
R11
R12
R13

Reaction
H2 O(g) + ∗
H2 O ∗
∗
H2 O + ∗
OH∗ + H∗
OH∗ + ∗
O∗ + H∗
OH∗ + OH∗
O∗ + H2 O∗
∗
∗
H +H
H2 (g) + 2∗
CO(g) + ∗
CO∗
∗
∗
CO + O
CO∗2 + ∗
CO∗2
CO2 (g) + ∗
∗
OH + CO∗
COOH∗ + ∗
∗
COOH + ∗
CO∗2 + H∗
CO∗ + H∗
HCO∗ + ∗
∗
∗
HCO + O
HCOO∗∗
HCOO∗∗
CO∗2 + H∗

Table 3.1: Labeled elementary steps in the reaction network for the WGS. ∗
denotes a general empty adsorption site
included as it has been ruled out for Rh/ZrO2 in a previous experimental
study,66 and although the Rh rod reduces the cost of pulling a surface oxygen away from zirconia, the process still remains thermodynamically unfavourable. In contrast, the surface redox pathway214 can in principle proceed in the absence of the oxide, and is routinely included in DFT models
for WGS.41,215–219 The two associative pathways considered here differ by the
identity of the key intermediate, which has been a source of debate for quite
some time.41,203,204,208,215,216,220–224 Generally, computational studies tend to
favour carboxyl as the intermediate,41,215,216,220 while a formate pathway is
often proposed by experimentalists.203,204,221,223,224 Formates have also been
observed on the zirconia support of the Rh/ZrO2 catalyst during WGS.66
The reaction energies and barriers for all elementary steps were evaluated on
the pure metal and support surfaces, as well as the metal-support interface.
The results for were first analysed based on DFT only, by constructing potential energy surface (PES) diagrams. As an example, the PES for the water
dissociation reaction is depicted in Figure 3.3. From this particular example it is apparent that each surface behaves completely differently towards
the dissociation reaction, with the zirconia support and the interface being
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Figure 3.3: Potential energy diagram and adsorption structures for water
adsorption and dissociation on Rh, ZrO2 , and the Rh/ZrO2 -interface shown
in black, pink, and teal lines, respectively. Rh, Zr, H, Oads and Olat atoms are
shown in grey, lavender, white, red, and pink, respectively. Reprinted with
permission from Kauppinen, M. M.; Melander, M. M.; Bazhenov, A. S.; Honkala,
K. ACS Catal. 2018, 8, 11633–11647. Copyright 2018 American Chemical Society.
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much more capable of activating water than the pure metal facet. This is
in agreement with earlier experimental predictions that the role of zirconia
is to facilitate water activation.204–206,225 The three domains were shown to
also perform differently towards the other steps in the reaction network as
well, but for overall understanding of the reaction dynamics under realistic
conditions, a full microkinetic model was constructed for all three model
systems.
An example of the output of a microkinetic simulation is shown in Figure 3.4,
where the coverages of surface species are plotted with respect to time as
the system approaches steady state. The microkinetic analysis of the WGS

Figure 3.4: A plot of surface coverages and partial pressures during a microkinetic analysis of the ZrO2 surface at 700 K with 1:1 H2 O:CO ratio and 2
bar s−1 ﬂow rate. For the sake of clarity, intermediates whose coverage was
<0.01 monolayers throughout the entirety of the simulation time were not
plotted. Reprinted with permission from Kauppinen, M. M.; Melander, M. M.;
Bazhenov, A. S.; Honkala, K. ACS Catal. 2018, 8, 11633–11647. Copyright 2018
American Chemical Society.
reaction over the zirconia surface shows that there is no production of CO2
or H2 at the wide range of conditions considered. This is in line with the previous experimental understanding that zirconia alone does not catalyse the
WGS reaction.208 However, the microkinetic plot shown here demonstrates
how formate is accumulated on the zirconia surface at the expense of OH
groups. This coincides with experimental evidence that suggests that formate is formed from a reaction between CO and "terminal" OH groups on the
zirconia surface, while "multicoordinate" OH, which in our case corresponds
to the hydrogen surface species, remain on the surface.76,208 Our DFT results
demonstrate that the formation does not preferably occur through a single
step reaction between CO and OH, but instead react to give a carboxyl intermediate that decomposes to CO2 and H pair, which then rapidly react again
to formate.
Similar to the pure zirconia surface, no gas-phase H2 or CO2 was present at
steady state on the Rh(111) at the simulated reaction conditions. This was due
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to the CO coverage being virtually 1 ML, which poisons the surface. The same
problem has also been encountered for the Pt(111) surface.41 To combat this,
the CO adsorption energy was modified to include coverage dependency in a
mean-field fashion. With the coverage-dependent CO adsorption, the surface
was able to stay partially unoccupied, but still no product was observed at
any tested reaction conditions. Weak water adsorption was identified as a
potential cause for the inactivity, and with this in mind the microkinetic
analysis was repeated for a range of water adsorption energies. The results
showed that more exothermic water adsorption energies lead to increased
WGS activity, as indicated by higher steady state CO conversions. However,
this heavy modification of water adsorption energies does not lead to higher
activity than what is observed on the interface using only pure DFT values.
At the Rh/ZrO2 interface, the microkinetic analysis shows the onset of WGS
at 600 K, while at lower temperatures the surface is populated by CO and OH
with no product formation. CO conversion increased with increasing water to
CO ratio (see Figure 3.5), and the reaction orders of 0.58 and 0.05 with respect
to water and CO, respectively, reﬂect this nicely. A negative reaction order
with respect to CO2 is captured by our model which qualitatively agrees with
experimental findings.66 Reaction orders are difficult to match to experiments

Figure 3.5: CO conversion, %XCO , at the interface at different reaction conditions. Reprinted with permission from Kauppinen, M. M.; Melander, M. M.;
Bazhenov, A. S.; Honkala, K. ACS Catal. 2018, 8, 11633–11647. Copyright 2018
American Chemical Society.
due to the strong dependence on reaction conditions, especially in the case
of CO2 .38,214 Nevertheless, our model achieves good agreement with previous
experimental data for CO conversions and reaction orders.66,67
According to the degree of rate control analysis, the dominant reaction mechanism at the interface is the associative carboxyl mechanism with carboxyl
dissociation being the rate determining step. Other microkinetic studies of
the WGS reaction have also reported the carboxyl mechanism as the dominant one on Pt41 and Cu215 (111) surfaces, and interfacial sites of Au/MgO38 and
Cu/ZrO2 .226 The fact that carboxyl is never present in significant amounts on
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the surface means that it would not be observed experimentally. In contrast,
formate is frequently observed in experiments,203,204,221,223,224 but according
to our results it is more likely a spectator or weakly inhibiting species. The
DRC analysis was also performed for the Rh(111) surface using the modified
water adsorption energy, since the rate has to be non-zero for this analysis.
The rate determining steps were found to be water dissociation and CO oxidation, meaning that the reaction preferably proceeds through the surface
redox pathway, in contrast to the carboxyl pathway that dominates at the
interface.
All in all, this combined DFT and microkinetic study sheds light on the
reaction mechanism and active site of the WGS reaction over the Rh/ZrO2
catalyst. The roles of the metal, support, and their interface were determined
by explicitly considering each of them in the DFT calculations.

3.3

Water at the metal-oxide interfacial sites of subnano clusters

The water dissociation reaction (H2 O→OH+H) is a key elementary step in
many industrially relevant reactions such as the WGS reaction. The energetics of the reaction have been assessed computationally over various extended metal54,227 and oxide110 surfaces, unsupported metal clusters,54,63 and
metal–oxide interfaces.38,48,64,226 Calculated ctivation energies vary widely
from 0.67219 to ∼2 eV38,227 for the clean metal systems. Previous work by
our group54,110 and the work in Paper II show that both the zirconia support
and the Rh/ZrO2 interface outperform the pure Rh metal for water activation.
Lowered activation barriers compared to pure metals have also been reported
for other metal-oxide interfaces.48,209,226 For such bifunctional systems, considering both the oxide and the metal together is essential for closing the
materials gap.
In Paper III, globally optimised zirconia supported Pt and Rh clusters were
used to study the dissociation of water at the metal-oxide interface. The
molecular and dissociative adsorption energies of water were evaluated at
all perimeter sites of the 13 and 19 atom global minimum (GM) Rh and Pt
clusters, and were found to vary strongly from site to site (see Figure 3.6).
This variation in the adsorption energies can be explained based on the
irregular shape of the clusters, as well as the asymmetry of the zirconia
support, which together result in a unique geometry for every site at the
perimeter. On average, the energy change of the dissociation reaction was
almost thermoneutral, being slightly exothermic on the Rh clusters and
mildly endothermic Pt clusters, however the energies are so varied that the
average value is not very useful. All clusters have perimeter sites at which
the dissociation reaction is more thermodynamically feasible than on the
extended metal and support surfaces, but also sites were dissociation cannot
occur.
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Figure 3.6: a) adsorption geometry of water and b) adsorption energies of
molecular and dissociated water at the perimeter sites of Rh13 , Rh19 , Pt13 , and
Pt19 GM clusters. The adsorbate O and H atoms are coloured red and light
blue, respectively. For the rest of the atom colours, please refer to Figure 2.3.
The water molecules are labeled clockwise in each case starting from the
one marked with a red circle, and the corresponding adsorption energies
are shown as blue (molecular) and grey (dissociative) bars. Reprinted from
Kauppinen, M. M.; Korpelin, V. M.; Melander, M. M.; Verma, A. M.; Honkala, K.
J. Chem. Phys. 2019, 151, 164302, with the permission of AIP Publishing.
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Next, the barrier for the dissociation at each stable adsorption site was determined. The barriers were found to vary strongly, with the lowest and highest
values being 0.35 and 1.13 eV for the Pt19 and Pt13 clusters, respectively. Not
only did the barriers vary from cluster to cluster, the barriers were different from site to site as well. For example, at the Rh19 cluster interface the
activation energies ranged from 0.40 to 0.88 eV. The transition states for
the lowest water dissociation barrier at each of the clusters are pictured in
Figure 3.7. No trend was observed for the geometry of the transition states
and the barrier heights.

Figure 3.7: Transition state geometries for water dissociation with lowest
barriers at the GM cluster interfaces. Reprinted from Kauppinen, M. M.;
Korpelin, V. M.; Melander, M. M.; Verma, A. M.; Honkala, K. J. Chem. Phys. 2019,
151, 164302, with the permission of AIP Publishing.
The adsorption energy and barrier results were also analysed for BEP, TSS,
and thermodynamic scaling relations across the GM cluster perimeter sites.
As an illustrative example, the scaling plots for the GM Rh13 cluster are
presented in Figure 3.8. With the exception of the Pt19 cluster, correlation
between adsorption energies of initial or final structures and the transition
states was found to be poor. Water dissociation has been previously reported
to have a BEP relation with R2 =0.54 over extended metal surfaces.228 The
thermodynamic scaling between the initial and final states were also found
to have no notable correlation across the sites, except for the Rh13 cluster
(R2 =0.80). In contrast, the water dissociation reaction has been found to
have very good TSS over Rh and Pt unsupported cuboctahedral particles and
extended surfaces.54
The lowest barriers for the Rh and Pt GM clusters are lower than those reported for the corresponding metal (111) surfaces and large unsupported
nanoparticles,54,227 indicating increased ability to facilitate water activation.
These clusters also perform better for water activation than Cu/ZrO2 226 and
Au/MgO interfacial sites.38 However, in Paper II water dissociation was shown
to occur on the pure zirconia spontaneously, raising the question whether
the hydrogen is supplied to the metal particle via reverse spill-over from
the support instead of direct dissociation at the interface. Our preliminary
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Figure 3.8: Scaling plots for Rh13 showing the BEP (top left), thermodynamic
scaling (top right), initial TSS (bottom left), and final TSS (bottom right) relationships.
analysis of the H diffusion across the interface suggests that the barriers for
these two processes are similar, implying they could both contribute during
the catalytic cycle.
Molecular and dissociated H2 O adsorption was also investigated on the nearglobal minimum (NGM) cluster interfaces (see Figure 3.9). Similarly to the
GM structures, the adsorption energies vary from site to site on the perimeter
of the NGM particles. The variation is greater for the dissociated than for
molecular water. In general, the NGM clusters bind dissociated water much
more strongly than the GM clusters, while the molecular water adsorption energies are comparable between the two groups. This was attributed to the fact
that molecular water mainly adsorbs on the oxide side of the interface, while
dissociated water partially adsorbs on the metal. However, the difference in
the OH+H adsorption energies between the GM and NGM structures cannot
be solely explained by stronger H binding on the clusters, but is related to the
deformation that the clusters undergo upon adsorption. On average, the NGM
structures experience a larger change in metal-metal bond lengths than their
GM counterparts, indicating a higher degree of ﬂuxionality.
Adsorption of atomic hydrogen on the GM clusters was further investigated
in order to gain more information about its significance to the total adsorption
energy of dissociated water. The adsorption energy of the H+OH pair was
calculated at various sites by changing the placement of H on the cluster
while keeping the OH adsorbed on the oxide far away from the cluster. The
evaluated adsorption sites and energies are presented in Figure 3.10a. The
adsorption energy of the H+OH pair ranged from -0.01 eV to -0.99 eV across
all GM clusters, and since the placement of OH was not varied, these numbers
directly reﬂect the stability of H at each site. The adsorption energies do
not seem to correlate with the general site geometry (i.e. bridge, top, or
hollow), which is probably due to the irregular shape of the clusters. However,
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Figure 3.9: a) H2 O adsorption geometries and b) molecular and dissociative
adsorption energies on near-global minimum Rh13 , Rh19 , Pt13 and Pt19 clusters. Oxygen atoms which are not part of the support are colored red, while
hydrogen atoms are colored light blue. H2 O molecules are labeled clockwise
starting from the H2 O indicated in each case with a red circle (labeled "1"). The
H2 O adsorption energies are indicated with gray bars while OH+H adsorption
energies are indicated with a blue bar. Reprinted from Kauppinen, M. M.;
Korpelin, V. M.; Melander, M. M.; Verma, A. M.; Honkala, K. J. Chem. Phys. 2019,
151, 164302, with the permission of AIP Publishing.

Figure 3.10: a)Hydrogen adsorption geometries on the GM clusters. The H
atoms are coloured according to the adsorption energy of the H+OH pair from
white (-0.01 eV)to black (-0.99 eV), and the Rh and Pt atoms are coloured
according to their SGCN values from white to blue and violet (see bar for
colour scale), respectively. The zirconia support is shown in wireframe for
clarity b) Plots of H+OH adsorption energies versus SGCN values showing
the linear trend lines and their R2 values. Reprinted from Kauppinen, M. M.;
Korpelin, V. M.; Melander, M. M.; Verma, A. M.; Honkala, K. J. Chem. Phys. 2019,
151, 164302, with the permission of AIP Publishing.
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the H atom did favour top and bridge sites over hollow sites, which has
been previously observed also for unsupported and γ-Al2 O3 -supported Pt13
clusters.56,229 In previous work by the Honkala group, CO adsorption energy
was also found to vary widely and unpredictably over the interfacial sites of
these GM clusters.113
As demonstrated by the lack of scaling between the SGCN values and the adsorption energies of the H+OH pair (Figure 3.10b), the adsorption behaviour is
very unpredictable. The smooth overlap of atomic positions (SOAP) descriptor,230 also failed to explain the adsorption behaviour. Additional analyses
were performed for the Pt13 cluster, but none of them were able to explain
the observed variations in adsorption energies. No correlation was found between the adsorption energy and Bader charges, projected d-band centers,231
the electrostatic potential,232 or Fukui functions.233
The large differences in water dissociation reaction energies between the
GM and NGM clusters highlights the importance of considering not only
minimum structures, but also low-lying higher energy structures. Although
the population will mainly consist of minimum energy structures at low
temperatures, at the elevated temperatures of catalytic reaction conditions
the population distribution will include more higher energy structures. As
such, the total catalytic activity will depend on the ensemble of species
present on the surface, rather than the properties of a single stable structure.
Due to the absence of scaling relations so far it is not possible to predict
barriers or adsorption energies over the various sites of the GM and NGM
clusters using simple descriptors. This poses a challenge for modelling their
catalytic behaviour at a reasonable computational cost.

3.4

Agglomeration of zirconia supported Rh and Pt
SA

One of the main challenges for the practical use of single-atom catalysts
is their tendency to agglomerate into larger clusters and particles.100,103 In
this work, the stability of Pt and Rh SA was evaluated at various sites on
f . This approach
the m-ZrO2 surface by comparing their formation energy, Esa
has been used in previous DFT studies to assess SA stability on oxide supf , of a single-atom on a support surface
ports.20,21 The formation energy, Esa
with respect to the bulk metal is defined as
f
Esa
= Esa/ox − Eox − Ebulk

(3.1)

where Esa/ox , Eox , Ebulk are the electronic energies of the supported single
atom, the support, and the metal atom in the bulk, respectively. An exothermic value indicates that SA formation on the support is favourable with
respect to the bulk. The formation energies of Rh and Pt single-atoms on
different zirconia sites (see Figure 2.4 for the structures) were calculated to
evaluate the relative stabilities and determine the most favourable site. The
f and the Bader charges on the SA are collected in Table 3.2.
values for Esa

3. RESULTS AND DISCUSSION

65
f

system
Rh/ZrO2 (1̄11)
Rh/ZrO2 (2̄12)
Pt/ZrO2 (1̄11)
Pt/ZrO2 (2̄12)

ideal
3.44(+0.15)
2.61(+0.08)
2.93(−0.02)
1.29(−0.10)

Esa / eV (Bader charge / |e|)
anion defected
cation defected
0.49(−0.84)
−3.89(+1.42)
0.92(−0.71)
−1.60(−1.10)
−3.33(+1.46)
−1.02(−0.95)
f

Table 3.2: Formation energies Esa of Rh and Pt single atoms on ideal and
defected zirconia terrace and edge sites.
On clean terraces and edges the formation energies are strongly endothermic
for both metals, and the SA are nearly neutral, with Pt having small negative
charges, and Rh small positive charges. The Pt are slightly more stable
with respect to the bulk than the Rh SA. The anion defected zirconia has
one oxygen vacancy per unit cell, and the SA spontaneously migrate to fill
the vacancy if placed close to it. This effect was previously observed for
Rh in Paper I, and now also for Pt. For Pt, the formation energy is strongly
exothermic, indicating that the formation of the Pt SA in the anion defect is
favoured. The most favourable site for the SA based on the highly exothermic
formation energies is the zirconium vacancy. Both SA preferably occupy
the vacancy, acting as a cationic subsitute for the missing zirconium. These
findings agree with the generally accepted notion that SA can be stabilised
by surface defects.102
Next, the stability of the SA was evaluated with respect to supported subnano clusters. The initial agglomeration of SA can proceed in an atom-wise
manner or by coalescence (see Figure 3.11 for a schematic depiction), via diffusion of SA on the support surface. Coalescence can also occur when small
clusters diffuse and clump together, but this was not explicitly considered
here. Agglomeration thremodynamics were determined both with and with-

Figure 3.11: Schematic depiction of the SA atom-wise (straight black arrows)
and coalescence type (curved grey arrow) agglomeration processes. The
black semi-circles represent SA and the blue semi-circles represent larger
clusters/particles.
out adsorbed CO to assess the role a strongly bidning adsorbate could have
on the process. The reaction energies for atom-wise and total (coalescence)
agglomeration on the pristine zirconia terrace in the absence of CO and with
one adsorbed CO per metal atom are presented in Table 3.3. In the absence of
CO, there is a strong thermodynamic driving force for SA agglomeration into
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sub-nano clusters. The reaction energy of each consecutive agglomeration
step gets more exothermic with increasing cluster size, and is very similar
for Rh and Pt. The presence of one CO per metal atom drastically changes
the agglomeration thermodynamics for both metals. In the case of Rh, the

no CO
−0.98
−1.30
−3.16
−5.34

∆E1→2
∆E2→3
∆E3→4
∆Etot

Rh
with CO
−1.23
−0.66
−1.47
−3.36

Pt
no CO
−1.01
−1.31
−2.82
−5.14

with CO
+0.29
+0.09
+0.60
+0.98

Table 3.3: Agglomeration energies of Rh and Pt single atoms on zirconia (1̄11)
in eV. See Figure 3.11 for explanation of the ∆En→n+1 and ∆Etot labels.
step-wise energy change no longer increases steadily with growing cluster
size, and ∆Etot is 2 eV less exothermic. For Pt, the effect of CO is even more
substantial: agglomeration into sub-nano clusters becomes endothermic. In
fact, adsorption of CO on the Pt2 dimer even induces spontaneous disintegration of the dimer into two CO-Pt complexes. Overall it seems that a CO
atmosphere could stabilise Pt SA, but can only make the agglomeration somewhat less favourable for Rh SA on the zirconia support. The effect that the CO
can have on SA and clusters is clearly heavily inﬂuenced by the support, as
another computational study has predicted that Rh particles should be more
easily disintegrated by CO on TiO2 than Pt particles.20 In the case of the anion

(a)

(b)

Figure 3.12: Agglomeration of SA in the presence of cationic Zr defects
can occur by a) substituent SA agglomerating together leaving unfilled
cationic/anionic vacancies behind or b) SA agglomering onto one substituent
atom acting as a nucleation site. The black dots are SA sitting in the vacancy,
white circles with dashed outlines are unfilled vacancies, and blue dots are
surface SA and clusters.
and cation defected zirconia, the agglomeration can be considered in two
main ways. The first case, illustrated schematically in Figure 3.12a, results in
unfilled vacancies left on the surface, which is highly thermodynamically
unfavourable for both types of defected zirconia. The step-wise agglomeration energies become slightly less endothermic with increasing cluster size,
but the effect is overwhelmed by the strong destabilisation caused by the
free vacancies. The second possibility is that the vacancy filling SA acts as a
nucleation site (Figure 3.12b), with surface SA from defect free sites forming
a cluster on top of it. Furthermore, for the cation defected zirconia it is more
natural to consider the "cluster" to consist of the N additional atoms on top
of the substituent. For example, two SA on top of the vacancy filling SA may
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formally be considered a trimer, but is more structurally analogous to the
dimers on the ideal and anion defected zirconia surfaces.
Agglomeration energies corresponding to the start and end configurations
depicted in Figure 3.12b are presented in Tables 3.4 and 3.5 for the anion
and cation defected zirconia, respectively. In contrast to the agglomeration

∆E1→2
∆E2→3
∆E3→4
∆Etot

Rh
no CO
with CO
−1.51
−0.62
−2.51
−1.31
−1.12
−0.63
−5.14
−2.57

Pt
no CO
−1.12
−1.17
−0.82
−3.11

with CO
−0.03
−0.45
+0.42
−0.06

Table 3.4: Agglomeration energies of Rh and Pt single atoms on anion defected
zirconia (1̄11) in eV.
without adsrobed CO on ideal zirconia, the ∆En→n+1 does not increase steadily
with growing cluster size. Just like in the case of the SA supported on ideal
zirconia, adsorbed CO also hinders the agglomeration process on the anion
defected zirconia. However, CO does not induce spontaneous dissociation of
the Pt dimer as opposed to the case on ideal zirconia. The exothermic values
Rh
∆Enuc→1
∆E1→2
∆E2→3
∆E3→4
∆Etot

no CO
−1.20
−1.38
−1.98
−1.98
−6.56(−5.35)

Pt
with CO
−1.03
−1.47
−1.37
−1.40
−5.27(−4.24)

no CO
−0.58
−1.24
−1.83
−1.25
−4.90(−4.32)

with CO
−0.95
−0.14
+1.55
−1.06
−0.59(+0.36)

Table 3.5: Agglomeration energies of Rh and Pt single atoms on cation defected zirconia (1̄11) in eV. The numbers in brackets correspond to the total
energy change for the process 1 → 4, where in the starting configuration one
free SA is already at the nucleation site
of ∆Enuc→1 indicate that the metal atoms have a higher affinity towards the
metal atom filling the cationic vacancy than the adsorption site on the ideal
zirconia surface. This indicates that if such metal substituted sites existed
on the zirconia support, other SA could preferably agglomerate there. After
the initial diffusion of the SA to the site, the agglomeration energetics are
quite similar to the situation on the ideal zirconia. Once again, the presence
of CO makes the agglomeration process somewhat less favourable, but is not
enough to induce Rh cluster dissociation. Even for the Pt dimer one CO per
Pt atom is not enough to dissociate it into two Pt-CO monomers, however the
Pt-Pt bond is elongated by ca 0.5 Å. One additional adsorbed CO elongates
the Pt-Pt bond even further, and upon the adsorption of the fourth CO the
dimer dissociates into two Pt-2(CO) species.
According to equation 2.22, SA or small clusters are stabilised against agglomeration if there exists a cluster of critical size R∗ which lies higher in energy
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than the initial state. However, no such species has been found among the
bare clusters studied here. The generalised chemical potentials, µ̂, calculated
for the bare clusters supported on ideal zirconia (see Electronic Supplementary Information of Paper IV) get more exothermic with growing clusters size
in a monotonous manner. There is a strong thermodynamic driving force for
agglomeration, and the process is expected to be fast as the Rh/Pt SA diffusion on ideal zirconia has a barrier of only 0.7/0.9 eV. On the defected zirconia
the situation will be drastically different since the thermodynamic cost of
the SA diffusing away from the vacancy is very high. A CO atmosphere could
also be used to stabilise Pt species, but not Rh, since even in the presence of
CO the agglomeration into larger clusters is thermodynamically favourable.
Our results agree with other experimental and computational evidence that
shows that SA can be stabilised against agglomeration by adsorbed species,102,104
and that CO can dissociate larger metal species.20,101 Furthermore, our atomistic thermodynamic analysis (see Figure 3.13) shows that when exposed to
a CO containing atmosphere, adsorbed CO will be present on SA and clusters
even at UHV conditions, especially so at lower temperatures. Rh species are
able to incorporate more CO than the Pt species, and are more resistant to
cluster deformations.
The CO stretching frequencies were also calculated for all optimised structures (see Electronic Supplementary Information of Paper IV for full data).
CO is often used as a probe molecule in both experimental65,92,98,234,235 and
computational studies.235 A Rh SA can be identified by the doublet peak
produced by two co-adsorbed COs65,98 whereas a Pt SA should give a single
peak.92 Our results show that the peaks given by the adsorbed CO on the
SA and clusters are all found within quite a narrow frequency range. This
combined with the ability of CO to disintegrate small clusters complicates
its use as a probe molecule for these species.
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Figure 3.13: Phase diagrams showing the most stable CO configurations for
Rh (I-XV) and Pt (A-J) SA and sub-nano clusters. Adsorbate C and O atoms are
coloured grey and red, respectively. For the rest of the atom colour scheme,
please refer to Figure 2.3.

Conclusions and outlook
The work presented in this thesis explored a wide variety of catalytic phenomena taking place on different catalyst sites. The results offer computational
insight into the industrially important water–gas shift reaction over zirconia
supported rhodium, and various properties such as stability, agglomeration,
adsorbate binding, and metal-support interaction were investigated for zirconia supported rhodium and platinum.
Our microkinetic model of the water–gas shift reaction provides further evidence about the important role that the metal/oxide-interface plays during
the reaction. The interface is identified as being the most active domain compared to the extended facets of the support and large nanoparticles. But how
about small nanoclusters? The clusters investigated in Paper III are so small
that they don’t have well defined facets, and the interface presents many
unique sites. The mean field microkinetic model used in Paper II wouldn’t be
suitable for these systems due to the complex site assembly. Furthermore,
the uniqueness of each site doesn’t allow a coarse graining of the sites. Full
spatial resolution and diffusion effects are likely needed to properly describe
the kinetics over these systems. However, the calculations involving such
finite size supported cluster models are anything but cheap, and the configurational space is vast. Usually, scaling relations and descriptors can be used
to reduce the number of explicit barrier calculations,30,34,42,161 but so far these
have not been found for the GM and NGM clusters. One possible descriptor
could be a modified version of the metal site stability.236 Preliminary results
for the Pt13 /ZrO2 GM cluster show that there is some correlation between the
adsorption energy of CO to site and the energy difference between the ideal
cluster and the cluster with the top site defining atom removed. More data is
required to verify the existence of this relation.
The absence of suitable scaling relations and descriptors for adsorbate interactions on the genetic-algorithm generated zirconia supported global and
near-global minimum Rh and Pt clusters remains an interesting problem
for future studies. Without reliable scaling relations, it is virtually impossible to make predictions about the catalytic behaviour in such a way that
it would take into account the site assembly and the ensemble effects of
these clusters. Machine learning methods are currently being utilised by our
collaborators at Aalto University to try and identify the properties of the GM
and NGM clusters that determine the adsorption energy of CO and explain
why the previously used descriptors fail to explain the changes in adsorption
behaviour.
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Differences in the observed behaviour between GM and NGM clusters raised
further questions about the importance of the structures lying higher in
energy for the catalytic behaviour of the whole ensemble. We plan to address
this problem by using ab-initio molecular dynamics to study isomerisation
between different cluster geometries at reaction conditions. This will give
further information on the population distribution of the clusters, as this
could depend not only on the relative thermodynamic stability, but also on the
kinetic constraints imposed by possibly significant isomerisation barriers.
Another factor to be considered is the effect of surface adsorbates, which can
induce large deformations in cluster geometries, and therefore stabilise or
de-stabilise certain structures.
The microkinetic code is currently being used to study CO oxidation over
a ceria supported Pt single-atom site,181 and a sub-reaction network of the
hydrodeoxygenation of γ-valerolactone over zirconia supported Rh and Ru
nanoparticle catalysts.237 The MicroKinetic Python class is also still being
developed to include new methods. Using a temperature ramp is already
possible for the CSTR and batch reactors, and the same basic method could
also be used to include a time dependent electrode potential. The temperature
ramp can be used to mimic light off curves and with the electrode potential
the code could be used to model electrocatalytic reactions. At the moment,
the class does not include a method to calculate only the steady state solution
without full time integration, but this will be implemented in the near future.
Similarly, even though it is possible to modify the .model() method by hand
to invoke the steady reaction conditions assumption, in the future this will
be implemented as a separate model that handles it automatically.
Although the activity of the Rh and Pt single atoms was not explicitly studied
in Paper IV, it seems that at least for the single atoms supported on pristine zirconia, the strong CO binding could inhibit their activity. It would be
interesting to study a reaction, such as CO oxidation, on the single atoms
using density functional theory based microkinetic modelling. A mean-field
microkinetic approach would be especially suitable for the vacancy substituted single-atoms, as they are predicted to have large diffusion barriers and
low coverages. Contrasting the results for the reaction over e.g. Pt/CeO2 ,
Pt/ZrO2 , and Rh/ZrO2 would give more insight into how the identity of the
oxide and metal affect the catalytic performance of the single atoms. The
smallest few-atom clusters are also simple enough that it could be possible
to construct a full microkinetic model of some simple reaction, for example
to compare the activity of SA to the dimer species.
The methods and framework for assessing SA and sub-nano cluster stabilities
presented in Paper IV can also be used for other oxides and metals in future
work. The stability of the supported sub-nano Rh and Pt clusters was found
to increase with larger size for the studied cluster atomicities, but it would
be too bold to assume this remains true for the whole sub-nano size regime.
For a more complete picture of the early agglomeration stages, stabilities of
clusters in the 4 to 13 atom range should be investigated. The diffusion of
species other than SA was not considered in the present work, as the SA are
assumed to be the most mobile metal species on the surface. However, the

72
coalescence of larger clusters could also be a significant channel for particle
growth, and the estimation of the time scale of such processes requires
knowledge about cluster diffusion on the surface.
Currently the utilisation of machine learning for catalyst design, stability
and activity of single-atom systems, and properties of NGM structures are
all very popular topics in catalysis. Machine learning methods, kinetic modelling, and prediction of catalytic activities often rely on scaling relations
and descriptors, while perhaps the most important characteristic of small
ﬂuxional systems and single atoms is to escape them. The exotic behaviour
of supported sub-nano clusters makes them simultaneously interesting and
arduous to investigate. Is it possible to extend reductionist approaches to
capture the unique behaviour of these systems and to eliminate the need for
explicit calculations? It seems that more systematic studies on well defined
but complex systems are required both experimentally and computationally
to unravel these intriguing phenomena.
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DFT Prediction of Enhanced Reducibility of Monoclinic Zirconia upon
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ABSTRACT: Oxides are an important class of materials and are widely used, for example,
as supports in heterogeneous catalysis. In a number of industrial catalytic processes, oxide
supports actively participate in chemical transformations by releasing lattice oxygen anions.
While this is intuitively understood for reducible oxides, the reducibility of irreducible oxides
may be modiﬁed via nanoengineering or upon inclusion of foreign species. Our calculations
predict that the ability of irreducible monoclinic zirconia to release oxygen improves
substantially upon deposition of rhodium. Through a comprehensive screening of Rh/ZrO2
with diﬀerent size of the rhodium species, we ﬁnd that a Rh adatom and a Rh4 nanocluster
have the largest impact on the reducibility of zirconia. With increasing size the eﬀect of
rhodium decays. Our ﬁndings demonstrate that the phenomenon of enhanced reducibility of
irreducible oxides in the presence of metals should be considered when interpreting
experimental and computational results, as reactions that involve release of oxygen from an
oxide support might be possible for irreducible oxides.

■

vacancy formation energy on tetragonal zirconia23,24 based on
results for a Ru10 cluster and Au metal nanostructures
containing at most 10 atoms. However, it is yet to be
determined how metal-enhanced reducibility of zirconia evolves
for even larger nanostructures than studied so far.
Herein we report computational predictions of enhanced
reducibility of monoclinic ZrO2 in the presence of rhodium
species. A monoclinic ZrO2 (1̅11) surface diﬀers from a
tetragonal ZrO2(101) surface: It presents a more diverse
surface structure, where the coordination of oxygen anions to
zirconium cations varies, whereas the oxygens considered on a
tetragonal (101) surface are identical.23 Our analysis covers all
of the oxygens present in the ﬁrst stoichiometric layer. We
demonstrate that the release of oxygen from the most abundant
ZrO2 (1̅11) surface improves even in the presence of a single
rhodium adatom. Additionally, we incorporate Rh4 and Rh13
nanoclusters as well as an inﬁnite Rh40 nanorod onto the ZrO2
(1̅11) surface to address the eﬀect of the size of the rhodium
species on the reducibility of ZrO2 (Figure 1). Because
modeling of nanometer-size supported particles is computationally demanding, the inﬁnite Rh40 nanorod was chosen to
mimic the perimeter of an arbitrarily large nanoparticle
exposing a 111-facet toward the support.

INTRODUCTION
Oxide materials are found in a variety of industrial applications
ranging from electronics to heterogeneous catalysis,1−3 where
they are widely used as supporting materials or active catalytic
components. Among the industrially important processes, the
water−gas shift (WGS) reaction is pivotal for obtaining
chemicals and fuels. 4,5 However, the precise reaction
mechanism of the WGS reaction has remained a controversial
issue, partly due to the undeﬁned role of the support. A series
of computational and experimental studies has demonstrated
that the WGS reaction proceeds via the so-called “redox”
route,6−8 where the abstraction of oxygen from the oxide is one
of the reaction steps. While the “redox” mechanism is obvious
in catalytic systems based on reducible oxides, it has also been
suggested to be viable for their irreducible counterparts.8,9
A number of reports indicates that the reducibility of oxides
may be tailored. Growth of thin ﬁlms, nanoshaping, and doping
have been shown to improve the oxygen release from oxides.
Furthermore, it has been suggested that formation of metal/
oxide interfaces upon deposition of metal species might also
impact on the reducibility. These approaches have been
extensively studied for reducible oxides.10−14 However, less
attention has been paid to irreducible oxides, such as ZrO2, a
prominent catalyst component in the WGS reaction. Several
experimental studies have suggested that the release of oxygen
is facilitated by the presence of metals in ZrO2-based catalytic
materials.6,7,15−18 These catalysts are predominantly composed
of monoclinic zirconia, which is typically the most active phase
of zirconia for the WGS reaction.8,9,19−21 Recent computational
studies predict the reduction of vacancy formation energy for
some metal/irreducible oxide combinations. The decrease is
mild for, for example, MgO,22 and is up to 60% for Au on a
highly symmetrical tetragonal ZrO2 (101) surface.23,24 Interestingly, the identity of the metal seems to have an impact on the
© 2018 American Chemical Society

■

COMPUTATIONAL DETAILS
Spin-paired periodic density functional theory (DFT) calculations were carried out using the Perdew−Burke−Ernzerhof
(PBE) functional,25,26 implemented in the grid-based projector
augmented wave (GPAW) formalism.27−29 The core electrons
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Figure 1. Employed models: (A) ZrO2, (B) Rh1/ZrO2, (C) Rh4/ZrO2, (D) Rh13/ZrO2, and (E) Rh40/ZrO2. For visual clarity, polyatomic rhodium
species are shown in wireframe. Color scheme: zirconium in light gray, oxygen in orange-red, and rhodium in teal.

Figure 2. Reduction energy, ΔER, mapped on the corresponding lattice oxygen atoms (structure ﬁgures) and as a function of the distance between
the oxygen to be abstracted and the closest rhodium atom (plots): (A) ZrO2, (B) Rh1/ZrO2, (C) Rh4/ZrO2, (D) Rh13/ZrO2, and (E) Rh40/ZrO2.
For visual clarity, polyatomic rhodium species are shown in wireframe. For the identiﬁcation of the kinds of atoms, the reader is kindly referred to
Figure 1.

cases of the (2 × 2) repeated cells. The computational
approach has been validated in our previous papers.30,31
The reducibility of the considered systems was evaluated in
terms of reduction energy, ΔER, with respect to the gas-phase
water molecule as ΔER = Ered + (EH2O − EH2) − Estoich, where
Ered and Estoich are the respective electronic energies of reduced
and stoichiometric systems and EH2 and EH2O correspond to the
electronic energies of the gas-phase hydrogen and water
molecules. We note that the choice of the gas-phase reference
strongly aﬀects the reduction energy. Using hydrogen and
water as a reference helps us to avoid the known errors coming
from DFT calculations of gas-phase oxygen.32,33 The absolute
values of the reduction energies change when the GGA+U level
of theory is applied; however, we are mostly interested in
trends and relative energy changes that are less sensitive to the
chosen functional.

of heavy elements were represented with the PAW setups in the
frozen-core approximation. The calculations included the
following number of valence electrons: 15 for Rh, 12 for Zr,
6 for O, and 1 for H. Electron density was expanded on a
uniform real-space grid with a maximum spacing of 200 mÅ.
Each structure was allowed to relax with a threshold of 50 meV
Å−1 for the maximum residual force.
The ZrO2 (11̅ 1) surface was represented as a 2D slab
constructed from the previously optimized bulk: the P21/c
space group, a = 5.161 Å, b = 5.231 Å, c = 5.340 Å and β =
99.6°. The lateral dimensions and the slab were varied
depending on the size of the incorporated metal species to
avoid interaction between the periodic images. The surface
slabs for the pristine surface and the surface containing Rh1,
Rh4, and Rh13 species were (3 × 3) repeated cells of two
stoichiometric layers thick, that is, 72 ZrO2 units. Surface slab
that accommodated the Rh40 nanorod was a (2 × 2) repeated
cell of two stoichiometric layers thick, that is, 32 ZrO2 units.
The positions of the atoms in the bottom half of the slabs were
ﬁxed to their bulk positions.
Computational cells included enough vacuum along the
nonperiodic direction to ensure the complete decay of the
electron density at the edges. The reciprocal space was sampled
with the Γ-point alone in the cases of the (3 × 3) repeated cells
and by a (2 × 2) Monkhorst−Pack mesh of k-points in the

■

RESULTS AND DISCUSSION
Figure 2 shows the reduction energy, respectively, mapped onto
the corresponding anions and as a function of the distance
between the lattice oxygen and the closest rhodium atom. It is
clearly seen that the reduction energy of ZrO2 (1̅11) varies
slightly from one anion to the other (Figure 2A), highlighting
the diﬀerences in oxygen coordination. On average, the
computed reduction energy is 345 ± 26 kJ mol−1 and indicates
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Figure 3. Structure of the most stable reduced systems: (A) ZrO2, (B) Rh1/ZrO2, (C) Rh4/ZrO2, (D) Rh13/ZrO2, and (E) Rh40/ZrO2. For visual
clarity, polyatomic rhodium species are shown in wireframe. Color scheme: zirconium in light gray, oxygen in orange-red, rhodium in teal, and
oxygen vacancy in black.

Figure 4. Density of states projected onto the orbitals of the corresponding atoms (in diﬀerent colors) in stoichiometric (top row) and reduced
(bottom row) systems: (A) ZrO2, (B) Rh1/ZrO2, (C) Rh4/ZrO2, (D) Rh13/ZrO2, and (E) Rh40/ZrO2. For visual clarity, the values of the density of
states are scaled by 1/9 for the Zr and O atoms and by 1/n for the rhodium atoms in the cases of the Rhn/ZrO2 systems. Coloring of electronic
states: zirconium in light gray, oxygen in pink, and rhodium in teal. Vertical green lines indicate the position of the Fermi level.

Figure 5. Change in the local Bader charges upon the formation of the most stable oxygen vacancy (in black): (A) ZrO2, (B) Rh1/ZrO2, (C) Rh4/
ZrO2, (D) Rh13/ZrO2, and (E) Rh40/ZrO2. For visual clarity, polyatomic rhodium species are shown in wireframe. For the identiﬁcation of the kinds
of atoms, the reader is kindly referred to Figure 3.

Ru-based zirconia systems, respectively. Whether the diﬀerences in magnitude of enhanced reducibility between
monoclinic and tetragonal ZrO2 are due to diﬀerent metal
species or the diﬀerent polymorph of zirconia remains to be
identiﬁed.
Figure 3 shows the structures for the studied systems with
the best reducibility. Upon removal of a lattice oxygen, the
metal part undergoes only minor changes in its geometry. As
the most mobile species, the single rhodium adatom sometimes
migrates to another surface site closer to the formed oxygen
vacancy. We note that for Rh40/ZrO2 the most reactive lattice
oxygen is located behind the rod. However, if we focus on the
front of the rod, which mimics the Rh(111)/ZrO2 interface for
large Rh nanoparticles, the reduction energy for the most
reactive oxygen is 145 kJ/mol, close to the value found for the
Rh13 cluster.
The second group of the lattice positions, that is, the anions
that are further than 4 Å away from the closest Rh atom, is
characterized by signiﬁcantly smaller changes in the reduction
energies, as seen from the plots in Figure 2B−E. On average,

poor reducibility of the surface in line with the commonly
accepted classiﬁcation of zirconia being an irreducible oxide.34
Our calculations show that metallic rhodium strongly
inﬂuences the reducibility, and the impact correlates with the
distance between the oxygen to be abstracted and the closest
rhodium atom (Figure 2B−E). We have divided the lattice
positions into two groups: the distance is (1) <4 Å and (2) >4
Å. In the ﬁrst group, the reduction energy is lowered
substantially and is at best as low as ca. 68 kJ mol−1 in the
presence of a single Rh adatom. For Rh4/ZrO2, the decrease is
>80% compared with bare ZrO2(1̅11), being as small as for the
single Rh atom. While for the larger rhodium species the eﬀect
is less pronounced, the reduction energies are still considerably
lowered being ca. 150 kJ mol−1 (>55%) and ca. 105 kJ mol−1
(>69%) for the Rh13/ZrO2 and Rh40/ZrO2 systems, respectively. Similar inﬂuence of metal species on the reducibility of
irreducible oxides has been previously evaluated computationally for Au/MgO,19 Aun (n ≤ 10)/tetragonal-ZrO2,20 and Ru10/
tetralgonal-ZrO2;21 however, the magnitude of the positive
eﬀect of metals was found to be <55% and <43% for Au- and
6776

DOI: 10.1021/acs.jpcc.8b01046
J. Phys. Chem. C 2018, 122, 6774−6778

Article

The Journal of Physical Chemistry C

experimental and computational ﬁndings for oxidation
processes over irreducible oxides.

the reduction energy for these positions in the Rh/ZrO2
systems is lowered by ca. <27% compared with the pristine
ZrO2 (1̅11) surface. These ﬁndings suggest that there is a kind
of “enhanced reduction zone” within ca. 4 Å from the Rh
species.
To gain further understanding of enhanced reducibility, we
analyzed the density of states and the local charges of the
stoichiometric and reduced systems. In the case of the reduced
systems, we considered only the structures with the lowest
reduction energies, shown in Figure 3. As seen from Figure 4A,
the band gap between the O 2p valence band and the Zr 4d
conduction band state is >2 eV in the case of ZrO2(1̅11). This
indicates that the excess electrons left into the vacancy after the
removal of lattice anions require a signiﬁcant amount of energy
to localize on the zirconium atoms. Oxygen removal from the
lattice leaves two electrons into the vacancy and introduces
vacancy-induced states into the middle of the gap. These
cations altogether gain ca. 1.11 electrons, which is nearly what
an anion in the stoichiometric surface has, according to the
Bader analysis (Figure 5A).
The presence of on-surface Rh introduces changes to the
electronic structure as the electronic states of Rh are in part
hybridized with the valence band (Figure 4B−E). This leads to
the narrowing of the band gap between the occupied oxygen
states and the unoccupied rhodium states, eﬀectively facilitating
localization of the electrons left after the oxygen removal. The
Bader analysis reveals that the adatom accepts ca. 0.90
electrons, while ca. 0.34 electrons are localized on three
zirconium atoms located next to the oxygen vacancy (Figure
5B). The larger Rh species, that is, the Rh4 and Rh13 clusters
and the Rh40 nanorod, accommodate ca. 0.77 to 0.79 electrons.
The remaining ca. 0.35 to 0.44 electrons are localized on the
support. The three bottommost atoms in the Rh4 cluster bear
practically identical charges, while the top of the cluster is
neutral (Figure 5C). In the cases of the Rh13 cluster and the
Rh40 nanorod, the transferred electrons are majorly localized on
a single Rh atom adjacent to the oxygen vacancy (Figure 5D,E).
It is worth noting that we observe a qualitative trend between
the reduction energy and the number of excess electrons
accommodated by the Rh species: The more negative the
charge on a Rh species, the lower the corresponding reduction
energy.
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ABSTRACT: The industrially important water−gas-shift (WGS)
reaction is a complex network of competing elementary reactions in
which the catalyst is a multicomponent system consisting of distinct
domains. Herein, we have combined density functional theory
calculations with microkinetic modeling to explore the active phase,
kinetics, and reaction mechanism of the WGS over the Rh−ZrO2
interface. We have explicitly considered the support and metal and
their interface and ﬁnd that the Rh−ZrO2 interface is far more active
toward WGS than Rh(111) facets, which are susceptible to CO
poisoning. CO2 forming on the zirconia support rapidly transforms
into formate. These ﬁndings demonstrate the central role of the
interface in the water−gas-shift reaction and the importance of modeling both the support and the metal in bifunctional
systems.
KEYWORDS: water−gas shift, heterogeneous catalysis, density functional theory, microkinetics, bifunctional, metal−support interface
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to the sintering of the Rh nanoparticles.25 Recently, the
material has also gained interest as a catalyst for partial
oxidation of methane.26 A simple ﬁve-step Langmuir−Hinshelwood kinetic model has been previously used to represent
experimental data on the WGS over a Rh−ZrO2 catalyst.27 The
model does not make assumptions about the possible
intermediates of the surface reaction steps, although hydroxyl
was suggested to be one of the important reaction
intermediates in an earlier study.22 In that study, the Mars−
van Krevelen-type redox mechanism was ruled out on the basis
of the observation that rhodium was in a metallic form under
WGS reaction conditions. Hydroxyl, carbonates, and carboxylate were suggested to be possible reaction intermediates,
while formates were observed on the zirconia support of the
catalyst at temperatures below 623 K.22
In general, multiple reaction mechanisms have been put
forward for the water−gas-shift reaction on oxide supported
metal catalysts, and the dominant mechanism depends on both
the nature of the catalyst and the support. It is commonly
suggested that WGS prefers the so-called ”redox” mechanism
over reducible oxide supports.1,28,29 In this Mars−van
Krevelen-type mechanism, the oxide support provides lattice
oxygen for the oxidation of CO into CO2, leaving an oxygen
vacancy behind. The oxide is subsequently reoxidized by water,
which dissociates into the oxygen vacancy, producing hydrogen
in the process. Irreducible oxides, such as zirconia,30 are
thought to be incapable of providing lattice oxygens for the

INTRODUCTION
The water−gas-shift (WGS) reaction converts water and
carbon monoxide to hydrogen and carbon dioxide1 and
presents a key reaction in many industrial processes including,
e.g., steam reforming,2−4 methanation,5 and Fischer−Tropsch
reactions.6 A number of diﬀerent metal−oxide combinations
are known to catalyze the WGS reaction, with varying activity,
such as Au/MgO,7−9 Pt/CeO2,7,10,11 Pt/TiO2,7,11 and Cu/
CeO27 to name but a few. Experimental studies highlight the
bifunctionality of WGS catalysts, for which both active metal
component and support oxide contribute to the reaction
mechanism and, thus, to overall activity.12,13 In particular, the
support can have a major eﬀect, as in the case of platinum
promoted WGS catalysts, where the order of activity for
diﬀerent supports has been reported as Pt/TiO > 2Pt/CeO2/
Al2O > 3Pt/ZrO ≥ 2Pt/CeO > 2Pt/Fe2O3.7 The ordering of
catalysts on the basis of activity is challenging because the
reaction conditions and preparation method also have an
eﬀect, making it diﬃcult to compare the results obtained in
diﬀerent studies.
The metal−oxide interface has been computationally and
experimentally identiﬁed as a potential active site for WGS on
a multitude of bifunctional catalytic systems,8,9,14−21 in which
the reaction mechanism depends on the chemical nature of the
metal and support together with reaction conditions.1 One
less-studied material, zirconia-supported rhodium, has been
previously demonstrated to be active for the WGS,7,22 but little
is known about the exact reaction mechanism and the identity
of the active site. It is a promising material because both
zirconia23 and Rh−ZrO224 are known to have excellent thermal
stability, and Rh−ZrO2 has been recently shown to be resistant
© 2018 American Chemical Society
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redox reaction, and therefore, alternative ”associative” mechanisms have been put forward for catalysts supported on those
materials12,15 as well as for CeO2-supported systems.10,11 In
associative pathways, CO reacts on the catalyst surface with
dissociated water to produce an intermediate (e.g., carboxyl or
formate) species, which then dissociates into a hydrogen atom
and CO2. The nature of this intermediate has been under
debate.10,11,15,31−38 Several computational studies on diﬀerent
unsupported metal surfaces suggest that carboxyl is the
reaction intermediate for the associative mechanism.31−34
However, many experimental groups have observed formate
on the oxide support under WGS reaction conditions and have
argued it to be the main reaction intermediate.10,11,35,37,38
Formate is said to be formed from the reaction between CO
and a ”terminal” OH group bound oxygen down to a single
metal cation of the oxide, generating a bi-dentately bound
formate.11,15,36,38,39 The reaction is unlikely to occur in a single
low-barrier step due to the many bonds that are required to be
broken and formed simultaneously. In contrast, carboxyl can
be formed in a single step from CO and OH.
Another pathway that also does not require the formation of
oxygen vacancies on the support is the ”surface redox”
mechanism, in which water fully dissociates to form H2 and
atomic oxygen, which can then oxidize CO into CO2.40
Complete water dissociation can take place via two diﬀerent
pathways. After the initial partial dissociation of water into OH
and H, atomic oxygen can be formed from direct dissociation
of OH or from the disproportionation reaction between two
OH groups to form H2O and O. Because the surface redox
pathway does not require the reduction and oxidation of the
oxide support, it can, in principle, operate on the metal alone
and has been included in many density functional theory
(DFT) studies on the WGS on unsupported metal
surfaces.31−33,41−43 Surface redox was originally thought to
be the main reaction mechanism on the Cu(111) surface;40
however, it was later shown in a DFT study that WGS
proceeds through a carboxyl mechanism on Cu(111) instead.31
The surface redox route has been recently shown to be the
dominant mechanism for Ni−Al2O3 in a combined computational and experimental study.18
Computational studies typically employ slab models to
perform calculations for the WGS over metal catalysts;31−33,41−43 however, because the slab contains only
metal sites, the models completely ignore the possible role of
the underlying oxide supports and, by extension, the catalyst−
support interface. The forward and reverse WGS reactions over
rhodium have also been previously studied employing slab
models of the Rh(111) facet.33,42,44 These studies employed
only DFT calculations, and no solid understanding was
reached about the dominating mechanism for the WGS on
Rh(111). The role of formate was only explicitly considered in
ref 33, where it was stated that the formate pathway was
energetically competitive with the redox and carboxyl pathways. That study suggests that formate is the most-abundant
experimentally observed intermediate because its formation
barrier is lower than its dissociation barrier. Overall, the
rationalization of obtained DFT results on WGS calls for
further analysis, such as a microkinetic modeling, which allows
the resolution of the dominant pathway under varying reaction
conditions. Furthermore, a catalyst model including both the
metal and the support might be needed to better represent the
material of interest.

While catalyst−support interfaces are in principle straightforward to model, constructing a computationally feasible
model including necessary details is diﬃcult. In cluster models,
the metal catalyst consisting of up to several tens of atoms is
placed on an oxide slab.16,18,45−49 This can be a useful
technique for modeling metal clusters and small particles but is
unsuitable for modeling nanoparticles in the range larger than,
e.g., 3 nm that are active for WGS on Rh/ZrO2.22 Recently,
computational studies have employed oxide-supported metal
nanorods to model the metal−oxide interface.8,9,17,19,50−52 In
these models, a metal nanorod two or three layers thick is
placed on an oxide surface slab. The calculations are periodic
along the length of the rod, meaning that the rod is inﬁnitely
long. This construction can be taken to represent an actual
nanowire with a cross-section of a few atoms or the perimeter
of an arbitrarily large nanoparticle.
First-principles microkinetic modeling is often used to
unravel the complex reaction network and relate the 0 Kelvin
and zero pressure DFT results to the real catalytic process
taking place at reaction conditions.4,53,54 For the WGS
reaction, there exist DFT-based microkinetic models for
unsupported metal surfaces,31,32 but as was explained above,
those calculations exclude the potentially important contribution from the support. Recently, DFT-based WGS microkinetic
models have been constructed for oxide-supported metal
structures, namely Ni−Al2O3,18 Au−TiO2,19 Cu−ZrO2,51 and
Au−MgO.8 All of these studies highlight the metal−oxide
interface to be of signiﬁcant importance to the WGS activity
for the materials studied, information that would not be
attainable without an explicit interface model. For the Ni55/γAl2O3 cluster model, the surface redox reaction was shown to
occur at the metal−support interface sites, with OH
dissociation as the rate-limiting step.18 For the gold catalyst
supported on the irreducible MgO, represented by a nanorod
model, WGS was shown to proceed via the carboxyl
mechanism.8 The carboxyl formation step was found to be
rate-limiting. In contrast, when gold is supported on reducible
TiO2, WGS proceeds through the Mars−van Krevelen-type
redox reaction with water dissociation as a rate limiting step, as
demonstrated using a nanorod model for Au/TiO2(110).19
Comparing the MgO and TiO2 supported gold systems reveals
how great an impact the choice of support has on the
mechanism. A Cu/m-ZrO2(2̅12) rod model was used to study
the reactivity of copper nanowires supported on zirconia.51 It
was found that although the interfacial sites do not directly
take part in the WGS mechanism, the ZrO2 support facilitates
the WGS by modifying the Cu sites in the immediate vicinity
of the oxygen-rich interface. The reaction was found to occur
through the carboxyl mechanism, with water dissociation being
the rate-limiting step. All of these studies highlight the fact
that, depending on the identity of the metal and support, the
WGS can occur through vastly diﬀerent reaction mechanisms,
the promoting eﬀect of the interface being complex and varied.
In this work, we undertake a multiscale computational study
of WGS over m-zirconia-supported rhodium nanoparticles to
elucidate the reaction mechanism and to understand how
diﬀerent constituents of a catalyst, the support, “bulk”
nanoparticle, and the catalyst−support interface contribute to
overall activity and what is the active phase of a catalyst. We
use three model systems to capture the bifunctional nature of
the Rh−ZrO2 catalyst and include a complete set of elementary
reaction steps to construct a WGS reaction network. We begin
by presenting DFT results for the thermodynamic and kinetic
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Figure 1. Models used for the three studied systems: a Rh(111) surface, a ZrO2(1̅11) surface, and a Rh/ZrO2(1̅11) interface. Rh, Zr, and O atoms
are shown in gray, lavender, and pink, respectively. The unit cell of the periodic structure is indicated with indigo outlines.

properties of the reaction. With ﬁrst-principles microkinetic
modeling, we analyze the reaction mechanism and the
contribution of the components of the catalyst toward CO
conversion. We close by comparing our ﬁndings to existing
experimental observations and highlight the complexity of
water−gas shift chemistry, the challenges in microkinetic
modeling, and the importance of diﬀerent sites and parts of a
catalyst to form an overall understanding of the reaction at
hand.

were allowed to relax until the maximum residual force was
below 0.05 eV·Å−1.
The interface was modeled with a 40-atom Rh nanorod
covalently bound to a 2 monolayer thick m-ZrO2(1̅11) surface
with the Rh(111) facet of the front edge of the rod facing
toward zirconia to mimic the perimeter of a large nanoparticle;
see Figure 1c. The m-ZrO2(1̅11) slab was chosen to represent
the support because monoclinic zirconia is the most-stable
polymorph at typical WGS conditions,69 and (1̅11) is the
most-stable facet.69−71 The size of the unit cell of the ZrO2 slab
was 2 × 2, which was chosen to minimize lattice mismatch
between the oxide and the Rh rod. For the size of the chosen
unit cell, the lattice mismatch between bulk rhodium and mZrO2(1̅11) is −1.0% and 6.8% along the a and b axes (see
Figure 1c), respectively. Because the calculations have to be
periodic along the length of the rod, the alignment in which
the lattice mismatch is smallest, −1.0%, was chosen. This
means that in the ﬁnal interface model, the rhodium−rhodium
bonds are compressed by 1.0% along the length of the rod. To
optimize the interface structure, the top ZrO2 layer and the all
the Rh atoms were allowed to relax freely, keeping the atoms in
the bottom layer of the ZrO2 slab ﬁxed at their ideal bulk
positions. Several starting structures with diﬀerent positioning
of the rod along the b axis were optimized in the LCAO−DZP
basis, and from those, the lowest energy structure was chosen
for further study. We also evaluated the strain- and ligandinduced change in the d-band center of the ﬁrst row of Rh
atoms as per the procedure described in ref 52. The change in
the d-band center is −0.45 and 0.10 eV due to the ligand and
strain eﬀect, respectively, making the overall change in the dband center modestly negative by −0.35 eV. The strain eﬀect
for the Rh−ZrO2 interface is smaller in magnitude than in the
case of the Rh−MgO interface due to the smaller lattice
mismatch.52 We also observe a greater ligand eﬀect as
compared to the Rh−MgO interface, making the overall
change in the d-band center more negative in our case.52
To eliminate the interaction between an adsorbate and the
back side of the next periodic image of the rod, adsorbates
were only placed on oxide sites close to the Rh−ZrO2
interface. On the rod, adsorbates were placed on the ﬁrst
row of Rh atoms. The most stable extended rhodium (111)
surface (Figure 1a) was modeled with a 2 × 2 slab with a
lattice constant of 3.857 Å. The slab was four atomic layers
thick and the two bottom most layers were kept ﬁxed. The
zirconia terrace was modeled with a m-ZrO2(1̅11) (1 × 1) 2D
slab (Figure 1b), which was four stoichiometric ZrO2 layers
thick with the two bottom-most layers ﬁxed at their ideal bulk

■

METHODS
Computational Details. All DFT calculations reported
herein were performed using the GPAW 1.1.0 software.55−58
The exchange and correlation eﬀects were described within the
generalized gradient approximation (GGA) employing the
Perdew−Burke−Ernzerhof (PBE) functional,59,60 and the core
electrons of elements were treated with the PAW61 setups with
the frozen core approximation. The Brillouin zones for the
rhodium and zirconia surfaces were sampled using a 6 × 6 × 1
and a 4 × 4 × 1 Monkhorst−Pack mesh of k-points,
respectively, while the interface and the gas-phase species
were treated at the Γ point.
The transition states (TS) were located using a climbing
image automated nudged elastic band (CI-AutoNEB)
method62−65 or constraint optimization, and they were
conﬁrmed by the presence of a single imaginary vibrational
mode along the reaction coordinate. For the full list of
imaginary frequencies, please refer to the Supporting
Information. The vibrational analysis was performed for the
reaction intermediates on all three model systems to calculate
zero-point energies (ZPE). In each case, the analysis was
performed only for the adsorbate atoms, and frequencies less
than 100 cm−1 in energy were omitted from the ZPE
calculations. Reaction rates for surface reactions were
computed using harmonic transition-state theory.66 For nonactivated adsorption steps, the rates were calculated using
kinetic gas theory (see the Supporting Information). The
entropy of adsorbed species was calculated using the harmonic
approximation as implemented in the atomic-simulation
environment,57 while gas-phase entropies were taken from
the NIST database.67
We thoroughly screened possible adsorbate structures at the
interface with the LCAO68 DZP basis, allowing them to relax
until the maximum residual force was below 0.1 eV·Å−1. The
most promising interface structures as well as rhodium and
zirconia surfaces were then optimized in the grid basis with a
0.2 Å maximum grid spacing. In the grid basis, the structures
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positions. The model is described in detail in our previous
work.70 Gas-phase H2O, H2, CO, and CO2 molecules were
calculated in a nonperiodic computational cell that was 12 ×
12 × 12 Å in size with 0.2 Å maximum grid spacing.
Microkinetic Model. In a microkinetic model, the pressure
and surface coverage of each species as a function of time is
obtained by solving the reaction-rate equations. Rate constants
are based on DFT-computed activation free energies and
prefactors are taken to be equal to kbT/h. The complete
reaction network and details of the microkinetic model are
given in the Supporting Information. Brieﬂy, we used an inhouse code to solve the reaction rate equations for a
continuous stirred tank reactor. We solve the dynamical
equations explicitly as a function of time because this gives
important information on the transient time-dependent
dynamics of the complex system. Furthermore, this approach
provides information on the reaction mechanism and how
diﬀerent species react, form, and disappear with time. The
simulation time was set to 10 000 s for all runs to ensure that
the system had enough time to reach dynamic steady-state.
Catalyst mass, BET, Rh loading, and particle diameter were set
at 100 mg, 100 cm2/g, 0.5 wt %, and 5 nm, respectively, to
mimic experimental values. For analyzing the results, we
performed rate control analyses (for more details, see the
Supporting Information).72 From the time-dependent ﬂuxes
for [ṅi(t)] reactants and products, we calculated the conversion
as:
X prod(t ) =

̇ out (t )
∫t dtnprod

∫

dtnreac
̇ in (t )
t

≈

n prod
̇ out (t )
nreac
̇ in (t )

=

Pprod(t )
in
Pprod
(t )

Table 1. Labeled Elementary Steps in the Reaction Network
for the WGSa

a

label

reaction

R1
R2
R3
R4
R5
R6
R7
R8
R9
R10
R11
R12
R13

H2O(g) + * ⇌ H2O*
H2O* + * ⇌ OH* + H*
OH* + * ⇌ O* + H*
OH* + OH* ⇌ O* + H2O*
H* + H* ⇌ H2(g) + 2*
CO(g) + * ⇌ CO*
CO* + O* ⇌ CO2* + *
CO2* ⇌ CO2(g) + *
OH* + CO* ⇌ COOH* + *
COOH* + * ⇌ CO2* + H*
CO* + H* ⇌ HCO* + *
HCO* + O* ⇌ HCOO**
HCOO** ⇌ CO2* + H*

Asterisks denote a general empty adsorption site.

SS
= X prod

(1)

where “in” and “out” refer to input and output feeds,
respectively, while P is the pressure. We approximate the full
conversion to be the time-independent steady-state (SS)
conversion XSS. Reaction order with respect to the reactant and
product gases was also determined by varying the partial
pressure of one gas while keeping the others constant. For full
details, see the Supporting Information.

■

Figure 2. Potential-energy diagram and adsorption structures for
water adsorption and dissociation on Rh, ZrO2, and the Rh−ZrO2
interface shown in black, pink, and teal lines, respectively. Rh, Zr, H,
Oads, and Olat atoms are shown in gray, lavender, white, red, and pink,
respectively.

RESULTS
We start with by presenting DFT results for a WGS reaction
thermodynamics and kinetics over three diﬀerent components
of a Rh−ZrO2 catalyst. Next, we analyze and compare the
DFT-computed reaction mechanisms collectively. Finally, we
report predicted CO conversions and surface coverages from
the microkinetic analysis.
Results from DFT Calculations. We have considered the
three most commonly proposed reaction pathways for the
WGS: the associative carboxyl route, the associative formate
route, and the redox route. Table 1 summarizes the
corresponding elementary steps. Both reaction themodyamics
and kinetics of the elementary steps were evaluated on all three
model systems. In the following sections, we analyze the
elementary steps for these pathways, addressing both
adsorption- and transition-state geometries as well as their
zero-point corrected reaction energies and activation barrier.
Water Dissociation and Disproportionation. Regardless of the overall reaction mechanism, the WGS reaction
always begins with at least partial water dissociation leading to
the formation of hydrogen and a hydroxyl species followed by
either a reaction with CO or a complete water dissociation to
atomic hydrogen and oxygen. Figure 2 summarizes the

potential energy surface (PES) for partial and complete
water dissociation over the three model systems discussed in
detail below. On ZrO2, molecular water adsorbs preferably on
a Zr cation via its oxygen atom with strongly exothermic
adsorption energy of −0.96 eV. At the interface, adsorption
energy is less exothermic, being −0.74 eV, and water again
binds on top of a Zr cation with the hydrogens pointing toward
the Rh rod. The weakest adsorption energy for a single water
molecule is found on Rh(111), in which water also favors the
top-site adsorption but has a substantially smaller exothermic
adsorption energy of −0.32 eV. The Rh(111) surface presents
the highest activation energy for water dissociation, and the
computed barrier for O−H cleavage is 0.72 eV with the O−H
bond length 1.54 Å at the transition state. Overall, the reaction
is mildly endothermic by +0.09 eV. Although the desorption
barrier for H2O is lower than the barrier for partial
dissociation, the situation might change dramatically with
increasing water coverage because water molecules form
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destabilized by 0.41 eV compared with the inﬁnitely separated
species. On rhodium, the CO and O favor adjacent top and
hollow sites, and the co-adsorption structure is destabilized by
only 0.08 eV. In the case of the zirconia surface, completely
dissociated water has an adsorption energy of −0.03 eV with
respect to the water molecule in the gas phase, and the coadsorption with CO is mildly stabilized by −0.13 eV. In the coadsorbed conﬁguration, CO is slightly tilted with the carbon
atom closer to the oxygen atom, while the oxygen atom has
migrated from the original hollow site to the Zr−Zr bridge site
adjacent to CO. Figure 3 illustrates the potential energy surface

intermolecular hydrogen bonds stabilizing the adsorption.
Our ﬁndings for Rh(111) agree well with the previous DFT
results for water adsorption and activation on Rh(111).75 In
contrast to Rh(111), we ﬁnd that on m-ZrO2(1̅11), water
dissociation is spontaneous and slightly exothermic with the
reaction energy of −0.10 eV. This agrees with the experimental
observation that water adsorbs dissociatively on m-ZrO271 as
well as previous DFT calculations for the thermodynamics of
water adsorption on m-ZrO2(1̅11).70 At the interface, water
dissociation takes place across the interface, and the OH
species stays on the Zr top site (that is, the preferred water
adsorption site) while the H atom transfers to a Rh hollow site
close to metal-oxide interface. The O−H bond length at the
transition state is 1.41 Å. The reaction is exothermic by −0.11
eV and has a barrier of 0.35 eV. These results show that both
pure zirconia and the interface are capable of providing
adsorbed OH and H for the subsequent reaction steps, while
water activation is much more energetically costly on rhodium
and, thus, less likely. Altogether, our results provide further
support for the experimental observation that the role of the
ZrO2 support is to activate water during WGS.11−13,28
Complete water dissociation is a possible source of atomic
oxygen for the surface redox reaction pathway. The reaction is
endothermic on both m-ZrO2(1̅11) and at the interface, with
an activation energy of 1.34 and 1.00 eV, respectively. On
Rh(111), the reaction is exothermic by −0.28 eV and has an
activation energy of 0.85 eV. Alternatively, O atoms can also be
generated on a catalyst surface by the disproportionation
reaction between two OH species, in which one OH species
donates a proton to the other, forming atomic oxygen and
water. On the Rh(111) surface, the reaction is mildly
exothermic by −0.19 eV and occurs spontaneously. It has
been previously shown that the disproportionation reaction
proceeds spontaneously also on the extended Pt(111) surface
and at the Ni−Al2O3 interface.18,32 On zirconia, no stable
conﬁguration for co-adsorbed atomic oxygen and molecular
water could be found, but atomic structure relaxation lead to
the spontaneous formation of two adsorbed OH species
instead, which indicates that disproportination is unlikely on
bare ZrO2. At the interface, molecular water and atomic
oxygen are stable when placed far away from each other but
spontaneously form two OH groups when brought close
together, making disproportination unfeasible also at the
interface.
CO Adsorption and Oxidation. CO adsorption is
exothermic on all three model systems, and the molecule
adsorbs linearly through its carbon atom. The most exothermic
adsorption energy is on a top site of Rh(111), being −1.91 eV,
with the shortest Rh−C bond length of 1.82 Å as well. At the
interface, the CO prefers adsorption atop interfacial Rh with a
slightly less exothermic adsorption energy of −1.51 eV and a
longer Rh−C bond length of 1.84 Å. On zirconia, CO adsorbs
on a Zr top site with a Zr−C bond length of 2.60 Å and is
substantially weaker, only −0.38 eV, which is slightly less
exothermic than the value reported in the literature.39
As discussed above, atomic oxygen may be obtained from
disproportionation or complete water dissociation. Its
adsorption energy with respect to gas-phase water is +0.19
and +0.31 eV for the interface and rhodium systems,
respectively. Prior to CO oxidation, the co-adsorption of CO
and O takes place. At the interface, the O atom occupies a Rh−
Zr bridge site but moves toward a Zr cation upon CO
adsorption on a Rh-top site, and the conﬁguration is

Figure 3. Potential-energy diagram and adsorption structures for CO
oxidation on Rh, ZrO2, and the Rh−ZrO2 interface shown in black,
pink, and teal, respectively. In the cases of Rh and the interface, the
gas-phase reference is H2O − H2 + CO, but for ZrO2, it is H2O + CO
because hydrogen is kept co-adsorbed on the surface. Rh, Zr, H, Oads,
and Olat atoms are shown in gray, lavender, white, red, and pink,
respectively.

for CO oxidation by atomic oxygen on Rh, ZrO2, and the Rh−
ZrO2 interface. On Rh(111), CO oxidation is clearly
endothermic by +0.79 eV and has an activation energy of
1.30 eV. At the interface, the reaction is −0.59 eV exothermic
due to the weaker binding of reactants and the strong
stabilization of CO2. The activation energy is 0.69 eV, almost
half of the barrier on the Rh surface. CO oxidation is
kinetically most favorable on the zirconia because the reaction
takes place without a kinetic barrier and is exothermic by
−0.25 eV. However, the diﬃculty of forming atomic oxygen on
zirconia due to the high barrier of full water dissociation, and
OH disproportionation renders CO oxidation highly unlikely.
The TS geometries on Rh(111) and the interface are both “Lshaped” with C−O bond lengths of 1.81 and 1.80 Å,
respectively. The TS at the interface resembles the ﬁnal state
of the reaction, while on Rh(111), the TS is more similar to
the initial structure.
Besides the diﬀerence in activation energies, the strength of
CO2 adsorption varies on the three surfaces; the molecule
adsorbs exothermally at the interface and on pure zirconia by
−0.68 and −0.57 eV, respectively, but is only weakly
physisorbed on the Rh(111) by −0.01 eV. This implies that
once formed, the CO2 molecule is likely to desorb immediately
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presenting the largest dissociation barrier of 0.92 eV on
rhodium. Our results for the Rh(111) surface diﬀer from
earlier DFT results for the carboxyl pathway.33,42 This seems to
be because we have considered the more stable trans-carboxyl
as the reaction intermediate, whereas previous studies report
results for the cis-carboxyl.
Formate Formation and Dissociation. The discussion of
formate formation and dissociation is divided into two parts.
First, we compare the pathway on the rhodium and interface,
which is followed by the discussion concerning formate
formation on bare zirconia. As noted previously by other
DFT studies on the WGS,31,32,51 formate formation in a single
step is improbable due to the adsorption geometries of formate
as well as its precursors OH and CO. Instead, CO can react
with a hydrogen atom to form a formyl intermediate that can
then be oxidized by atomic oxygen into formate. Figure 5
shows the PES of formate formation and dissociation on the
Rh(111) surface and at the interface. CO hydrogenation to
form a formyl species is endothermic, the reaction energy
being +1.17 and +0.40 eV on rhodium and the interface,
respectively. The corresponding activation energies are 1.44
and 0.94 eV, meaning that the reaction is kinetically more
favorable at the interface. The forming C−H bond is longer at
the interface, being 1.35 Å, than on rhodium, being 1.20 Å.
Another key diﬀerence is that at the interface, hydrogen in
bound to an O atom in the initial state, and the hydrogenation
occurs across the interface. On rhodium, the hydrogen initially
occupies a Rh hollow site, and in the TS, both CO and H are
atop one Rh atom, which leads to a higher activation energy.
The next reaction step, oxidation of formyl into formate, is
exothermic by −0.68 and −1.78 eV and has a barrier of only
0.55 and 0.15 eV on the rhodium and interface, respectively.
Overall the formation of formate is thermodynamically more
favorable at the interface than on rhodium, as illustrated in
Figure 5. At the interface, formate dissociation into adsorbed
CO2 and atomic hydrogen requires the breaking of a strong
O−Zr bond as well as the C−H bond and has a high barrier of
1.30 eV. On Rh(111), formate is considerably less stable than
at the interface, which is reﬂected in a lower dissociation
barrier of 0.85 eV and a less-endothermic reaction energy. The
energetics of the formate route have been previously
determined for the Rh(111) surface with DFT.33 Our reaction
energy and barrier for the formyl formation and the reaction
energy for formyl oxidation agree with the previous result very
well, but our formyl oxidation barrier is ca. 0.2 eV lower.
Furthermore, we have found a lower barrier for the formatedissociation step, 0.85 eV compared to the previous reported
value of 1.35 eV.33 This is due to diﬀerences in both the
transition-state and ﬁnal-state geometries. In our case, formate
dissociation is easier than its formation, indicating that the
clean metal surface is unable to accumulate formate.
We note that the reaction between CO2 and H to form
formate has a barrier of 0.68 eV and is exothermic by −0.63 eV
at the Rh−ZrO2 interface. Interestingly, very similar results
have been found for the Cu38−m-ZrO2(1̅11) interface, where
formate acts as an intermediate for the CO2 hydrogenation
into methanol.48 Because we ﬁnd formate formation to be
easier from WGS products than from reactants, it indicates that
formate could potentially act as a reaction inhibitor.
Next, we address formate formation on the zirconia surface,
where we were unable to locate a good transition state with a
competitive activation energy for the formation of the formyl
intermediate. The following two pathways were considered. In

from the rhodium surface to the gas phase, whereas on the
zirconia and at the interface, it is available to react further with
some other surface species such as hydrogen.
Carboxyl Formation and Dissociation. Carboxyl is
formed from co-adsorbed OH and CO and can have either a
cis or a trans geometry, the latter isomer being the more stable
on all three model systems. The hydrogen atom in transcarboxyl points toward the surface, and the carboxyl can
dissociate directly into co-adsorbed H and CO2 by the cleavage
of the O−H bond. The PES for the two-step process is
presented in Figure 4. At the interface and ZrO2, the carboxyl

Figure 4. Potential-energy diagram and structure geometries for
carboxyl formation and dissociation on Rh, ZrO2, and the interface
shown in black, pink, and teal, respectively. In the cases of Rh and the
interface, the gas-phase reference is H2O − 1/2H2 + CO, but for ZrO2,
it is H2O + CO because hydrogen is kept co-adsorbed on the surface.
Rh, Zr, H, Oads, and Olat atoms are shown in gray, lavender, white, red,
and pink, respectively.

formation step is endothermic by +0.63 and +0.29 eV with a
barrier of 0.66 and 0.44 eV, respectively. The TS geometries
are similar, but the forming C−O bond length is 1.52 Å on
zirconia, whereas at the interface, the corresponding bond is
longer, being 1.74 Å. In contrast, on rhodium the reaction is
exothermic by −0.11 eV and has a barrier of 0.41 eV, making
the carboxyl formation step most facile on rhodium. The C−O
bond in the TS is the longest out of the three, being 1.96 Å,
and also resembles the ﬁnal state more than those on the other
two surface models. The diﬀerences in the reaction and
activation energies are due to the relative stabilities of OH and
CO on the three model systems. CO adsorbs most strongly on
the Rh(111), while OH prefers the Zr cation. On pristine Rh
and ZrO2 surfaces, either CO or OH has to adsorb at an
unfavorable site. At the interface, both metal and oxide sites are
available to accommodate the adsorbates; CO is bound to a Rh
atom, and OH is bound on a Rh−Zr dual site, leading to a
more-stable co-adsorbed structure and higher activation energy
than for the two pristine surfaces. The carboxyl dissociation
step is most feasible at the interface because it has a barrier of
only 0.37 eV and is exothermic by −0.28 eV. On zirconia and
rhodium, the reaction is endothermic by +0.76 and +0.23 eV,
respectively, lacking a kinetic barrier on zirconia, while
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Figure 5. Potential-energy diagram and adsorption geometries for formate formation on Rh and the Rh−ZrO2 interface shown in black and teal,
respectively. For images 1−3, the oxygen atom is treated in a separate computational cell, and the gray line between steps 3 and 4 represents the
process of bringing the O atom from inﬁnite separation to the vicinity of the other molecules. The gas-phase reference is H2O − 1/2H2 + CO. Rh,
Zr, H, Oads, and Olat atoms are shown in gray, lavender, white, red, and pink, respectively.

hydrogen as discussed above. The newly formed CO2 can
either desorb or further react with hydrogen to formate, which
is strongly exothermic by −2.45 eV and has an activation
energy of only 0.02 eV. Because CO 2 desorption is
endothermic by +0.57 eV, formate formation is preferred.
Due to the strong exothermicity of the reaction, formate acts as
a thermodynamic ”sink”; therefore, even though CO2 can also
react with hydrogen back to carboxyl and even further back to
CO and OH, the equilibrium is shifted toward formate.
Comparison of Mechanistic Aspects of Studied
Reaction Pathways. Based on our DFT results, we
determine that water activation is more favorable both on
the zirconia support and at the Rh−ZrO2 interface than on
Rh(111). This is in line with the previous experimental
ﬁndings, which suggest that the role of the oxide support is to
activate water.11−13,28 Furthermore, the Rh−ZrO2 interface
can provide OH and H species for the subsequent steps of the
WGS, and thus, no diﬀusion from the bulk oxide to the
interface is required. Interestingly, the identity of the metal
seems to play a role because for the Cu−ZrO2 interface, H2O
dissociation was previously found to be ”too facile”.51 This
leads to strong adsorption of OH species at the interface and
high CO oxidation barriers, rendering the Cu−ZrO2 interface
unreactive.51
For the Rh−ZrO2 interface, all barriers in the carboxyl route
are lower than those in the surface redox route, which is
limited by the high barrier of the full dissociation of water. In
particular, the carboxyl formation step, which consumes OH, is
favored over OH dissociation. Formation of WGS products via
the formate intermediate is also unlikely because it also
requires full water dissociation. Furthermore, once formed,
formate is very stable, and decomposition to either HCO + O
or CO2 + H requires overcoming a barrier of 1.63 or 1.31 eV,
respectively. This could lead to the blocking of active sites by
formate. Because formate can also be formed from CO2 on the
surface, this is a possible source for CO2 inhibition of the
WGS. This has been observed experimentally for the Rh−ZrO2
catalyst22,27 and has been computationally suggested for other
systems.18,31

formyl formation from adsorbed CO and a hydrogen bound to
a lattice oxygen, the CO inserts itself into the O−H bond and
forms a ”lattice formyl”. The transformation of ”lattice formyl”
to bidentate formates requires extraction of oxygen from the
lattice. This is typically costly because the reduction of zirconia
is strongly endothermic if no rhodium atoms or tiny clusters
are in the vicinity.76 In the other reaction pathway, CO reacts
with a terminal OH group, again inserting itself into the O−H
bond, which leads to a reaction pathway for which the location
of transition state fails. One of the authors of this paper has
previously investigated a similar reaction pathway and found
that the direct reaction of CO with a terminal OH has an
activation energy of at least 1.60 eV.39 Thus, we suggest the
following alternative route for formate formation from WGS
products on bare zirconia, as shown in Figure 6. First, adsorbed
CO reacts with a terminal OH to form a carboxyl intermediate,
which can then dissociate into adsorbed CO2 and atomic

Figure 6. Potential-energy diagram and structure geometries for
formate formation on ZrO2. The gas-phase reference is H2O + CO.
Rh, Zr, H, Oads, and Olat atoms are shown in gray, lavender, white, red,
and pink, respectively.
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already ∼60% of water dissociates into OH and H. Formate
formation begins at 600 K. Figure 7 shows how formate

On the Rh(111) surface, the highest barrier in the carboxyl
pathway is the carboxyl dissociation step, while for the redox
reaction, the highest barrier is CO oxidation. The activation
energy of the carboxyl dissociation step is 0.30 eV lower than
that of the CO oxidation step, which means that the associative
carboxyl pathway is energetically less costly of the two.
Availability of OH groups for carboxyl formation is an
important factor for the reaction pathway because the
disproportionation reaction readily consumes OH to form
oxygen and water. The formate pathway is unfavorable because
the formyl intermediate has a formation barrier of 1.44 eV, and
the equilibrium is toward the backward reaction into CO and
H. The rhodium surface is not expected to accumulate formate
because the dissociation barrier is lower than the formation
barrier. Because CO2 only weakly interacts with the metal
surface, the readsorption of CO2, and its reaction with
hydrogen to formate is unlikely. In addition, the strong
binding energy of CO on Rh(111) indicates that the surface
will have a high CO coverage, which might lead to selfpoisoning and preventing water adsorption.
The zirconia support is not expected to be active for the
WGS,15 although the carboxyl route is shown to be a plausible
way to generate the products on the m-ZrO2(1̅11) surface.
One possible reason for the inactivity is that the formation of
formate from CO2 and hydrogen has a very low barrier of only
0.02 eV, and the reaction is strongly exothermic, essentially
trapping the products on the surface. The complexity of the
network prevents further analysis of the dominant pathway and
comparison between the activity of diﬀerent catalyst domains
based on DFT results.
Microkinetic Analysis. To fully elucidate how the
pathways discussed above compete under reaction conditions,
a comprehensive microkinetic analysis is performed. Microkinetic-reactor model simulations predict consumption of
reactants and formation of products as a function of time
under given reaction conditions. Herein, we report the results
from simulations over three diﬀerent model systems: a ﬂat
Rh(111) surface, a Rh(111)−ZrO2(1̅11) interface, and an
ideal ZrO2(1̅11) surface. The number of sites in the individual
models were estimated to mimic the ratios of the metal,
support, and interface sites present in a real catalyst (see the
Supporting Information). For our chosen particle size of 5 nm,
the ratio of interface to metal facet sites is 1:12. In the
microkinetic analyses, temperature was varied from 300 to 800
K at 100 K intervals, and total pressure was set at 2 bar but
water to CO ratio was altered. The initial coverage of all
intermediates was set to zero for all simulations. No a priori
assumptions were made about the rate-determining step or
steady-state gas composition and surface coverages. The model
remains thermodynamically consistent through detailed
K
balance. The equilibrium ratio p was evaluated for all

Figure 7. Plot of surface coverages and partial pressures during a
microkinetic analysis of the ZrO2 surface at 700 K with a 1:1 H2O-toCO ratio and a 2 bar s−1 ﬂow rate. For the sake of clarity,
intermediates whose coverage was <0.01 monolayers throughout the
entirety of the simulation time were not plotted.

accumulates on zirconia as a function of time at 700 K. Even at
the beginning of the simulation, all molecular water has
dissociated, and the overall coverage of dissociated water
fragments is 0.8 monolayers. The formate coverage gradually
increases reaching 0.6 monolayers at steady state, consuming
OH species bound to Zr cations, while the coverage of H
atoms attached to lattice oxygens remains virtually unchanged.
Once formed, formate species stay on zirconia. The observed
consumption of the terminal OH species nicely agrees with
experimental results, in which formate formation was found to
occur at the expense of terminal OH, while the concentration
of ”multicoordinated” OH groups remained unchanged.15 We
note that a further increase of temperature allows the sample to
reach steady state faster but leads to a decrease of formate
concentration due to fewer terminal OH groups being
available.
WGS on Rh(111). On the planar Rh(111) surface, no
formation of either product, CO2 or H2, was observed
independent of reaction conditions and gas ratios studied in
microkinetic simulations. This is because the surface is fully
occupied by CO molecules with a coverage of 1 monolayer,
which prevents water adsorption. Such high CO coverage was
also observed in microkinetic simulations for the WGS on
Al2O3-supported Ni nanoparticles.18 This was attributed to
excluding lateral interactions between adsorbates from the
model. High CO coverage was also reported for Pt(111) when
lateral interactions were absent.32 The CO adsorption energy
on metal facets is known to be coverage-dependent due to the
repulsive lateral interactions between the CO molecules.77
This is also true for rhodium;78 still, 0.75 monolayer CO
coverage has been reported on rhodium single crystals under
ultra high vacuum.79 To include the coverage dependence of
CO adsorption into our model, lateral interactions between
CO molecules were taken into account by employing the
mean-ﬁeld approach according to eq 2.0.4 in the Supporting
Information.
Simulations with coverage-dependent CO adsorption show
that the coverage varies from 0.5 to 0.8 monolayers with
temperature ranging from 800 to 300 K but is independent of
the H2O-to-CO ratio. Even though there are now free surface
sites available for water adsorption and dissociation, no
product formation is observed. Our DFT binding energy for
water was calculated at 0.25 monolayers, but a recent DFT
study demonstrates that water adsorption energy on metals

K eq

simulations at the steady-state conditions and was found to be
less than 0.1 in all cases, meaning that the steady state was far
from the thermodynamic equilibrium for all simulations. For
further details concerning the microkinetic model, please refer
to the Supporting Information.
WGS on ZrO2(1̅11). As expected based on experimental
results on the bare zirconia,15 no gas-phase H2 or CO2 are
produced at any temperature or gas composition studied. At
300 K, the surface is totally covered by molecular water. When
the temperature reaches 350 K water dissociation becomes
feasible and ∼5% of water molecules dissociate, at 500 K
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Figure 8. CO conversion, %XCO, as a function of temperature with diﬀerent water adsorption energies, with the CO adsorption energy of (a) −1.91
eV and (b) − 1.45 eV, which corresponds to our original DFT computed value, and an experimental value,80 respectively. The inlet gas
composition was kept as a 1:1 H2O-to-CO ratio with a 2 bar s−1 ﬂow rate. Note the diﬀerent ranges of the y axes.

Figure 9. CO, O, and H coverages, and CO conversion, %XCO, at steady-state WGS plotted against H2O adsorption energy. The CO adsorption
energy was kept at the original DFT value. Note that the lines connecting the data points are for the purpose of guiding the eye only and do not
indicate interpolation of data. The reaction conditions were kept at 700 K with a 1:1 H2O-to-CO ratio and 2 bar s−1 ﬂow rate.

becomes more exothermic at higher coverage.73 We hypothesize that weak water adsorption, rather than poisoning of Rh by
CO, prevents the WGS reaction from proceeding. To verify
this, CO conversion was simulated with a 1:1 H2O-to-CO ratio
and 2 bar s−1 ﬂow rate at temperatures from 300 to 800 at 100
K intervals, with modiﬁed H2O adsorption energies, as seen in
Figure 8. The simulations were repeated for two CO
adsorption energies: our own DFT value of −1.91 eV and an
experimental value of −1.45 eV.80 All other elementary steps
involving water and CO, as well as all activation energies were
kept constant at their original DFT values.
Figure 8a,b shows that enhancing water adsorption energy
initiates WGS activity in both cases. However, the conversion
is lower when the less-exothermic experimental value for CO
adsorption energy is used. In general, we observe that the water
adsorption needs to be modiﬁed at least by 0.3 eV to initiate
WGS around 700 K and that CO conversion remains always
below 10% on Rh(111), which is less than half of the
conversion at the interface at the same temperature. Only at
800 K with a water adsorption energy of −0.82 eV is the CO
conversion slightly higher than at the interface, but due to
there being fewer interface sites than Rh(111) sites, the
turnover frequency per site is lower at Rh(111). We emphasize
that WGS activity on Rh(111) is only achieved by heavily
modifying the water adsorption energy and that if pure DFT
values are used, the Rh(111) facet remains inactive for all

studied reaction conditions. Because the WGS activity strongly
depends on the water adsorption energy, with moreexothermic water adsorption leading to higher CO conversion,
we tentatively ascribe the poor WGS activity of Rh(111) to
weak water adsorption.
To unravel the reaction mechanism, we use the degree of
rate control (DRC) analysis.72 The summation of the XRC
values of all steps in the microkinetic model should equal to
unity, meaning that in the case of a single rate-determining
step, for that step, XRC = 1 . Because DRC can only be
evaluated when products are formed, we analyzed the reaction
mechanism for enhanced H2O adsorption energy of −0.82 eV
(that is, 0.5 eV more exothermic than the DFT computed
value) close to the value reported for a high water coverage.73
This gives a 7% CO conversion at 700 K, which is substantially
lower than at the interface, as shown in the next section. The
obtained DRC values are XRC,R2 = 0.418 and XRC,R7 = 0.403 for
water dissociation and CO oxidation steps, respectively. These
ﬁndings show that WGS follows a surface redox mechanism
that is limited by two elementary steps. The negative DRC
value of XRC,R3 = −0.241 for the complete water-dissociation
step, indicates that the atomic oxygen needed for CO oxidation
must originate from the disproportionation reaction. Interestingly, according to the DFT results, the carboxyl pathway is
energetically less costly on Rh(111) than the surface redox
reaction. The DRC value for the carboxyl dissociation step is
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only XRC,R10 = 0.129, which means it is not as rate-controlling
as the CO oxidation step. The carboxyl formation step has a
small negative DRC value, indicating that this step slightly
inhibits rate of H2 production, which, in turn, means it cannot
be part of the dominating pathway. The reason why the
carboxyl reaction is unfavorable is likely due to the low
availability of OH groups. After formation, the OH groups are
immediately consumed by the disproportionation reaction,
which is more favorable than COOH formation due to the
more-exothermic reaction energy and zero kinetic barrier.
The CO conversion and coverages of the most abundant
surface species (CO, O, and H) are plotted against H2O
adsorption energy in Figure 9. We observe that CO conversion
increases with increasing O coverage, while CO coverage
remains constant. As water adsorption becomes more
exothermic, partial dissociation becomes more feasible. This,
in turn, provides more OH groups for the disproportionation
reaction generating the atomic oxygen and leading to higher
CO conversion.
WGS at the Rh−ZrO2 Interface. At the Rh−ZrO2
interface, the production of H2 and CO2 begins at 600 K,
while at lower temperatures, CO and OH are present but do
not react further. Because CO binds on the Rh top site at the
interface, lateral interactions between CO molecules were
treated in the same manner as for Rh(111), but we note that
the reaction does proceed even without them. Figure 10

illustrates steady-state CO conversion, %XCO, plotted against
temperature at diﬀering gas compositions. In general, CO
conversion increases with an increasing water:gas ratio, and the
maximum conversion, 75%, is reached at 700 K with the ratio
10:1. The simulations demonstrate negligible surface coverage
for formate between 300 and 500 K at all water-to-gas ratios.
However, similar to the zirconia support, formate appears at
600 K, and its coverage is ca. 0.1 monolayer at all gas ratios,
falling below 0.1 monolayer at 700 K.
The DRC analysis was perfomed at 700 K with a 1:1 H2Oto-CO ratio and a 2 bar s−1 ﬂow rate. The carboxyl-dissociation
step was found to be the most-rate-controlling with XRC,R10 =
0.735. The eﬀect of all the other steps on the overall rate is
very small with the exception of the formate dissociation step,
whose XRC value is 0.151. The formyl oxidation step has a
small negative XRC value, meaning that formate formation is
slightly inhibitive. Naturally, lowering the dissociation barrier
of such a species will have a positive eﬀect on the overall
reaction rate. Based on this DRC data, we conclude that at the
Rh−ZrO2 interface the WGS follows the associative reaction
mechanism with carboxyl as the reaction intermediate.
The steady-state coverages of OH and CO are plotted
against temperature at low and high water-to-gas ratios in
Figure 11. At both gas compositions, CO coverage decreases
with increasing temperature, while OH coverage goes through
a maximum and decreases at high temperature. Higher partial
pressure of water leads to a higher coverage of OH species,
which, in turn, facilitates higher CO conversion. At 800 K, the
conversion is limited by the low coverage of reactants,
particularly OH.
Next, we compare the coverages of the most-abundant
reactive species on the rhodium and interface models. The
reaction conditions were selected to be 700 K with a 1:1 H2Oto-CO ratio and a 2 bar s−1 ﬂow rate. Moreover, for rhodium, a
modiﬁed H2O adsorption energy of −0.82 eV was employed.
On both models, CO coverage is highest among all of the
species, being 0.6 and 0.4 monolayers on rhodium and the
interface, respectively. On rhodium, the second most abundant
species is oxygen with a coverage of 0.2 monolayers, while at
the interface, oxygen coverage is zero and the second most
abundant species is OH with a coverage of 0.3 monolayers.
This diﬀerence in the identity and coverage of active surface

Figure 10. CO conversion, %XCO, at the interface at diﬀerent reaction
conditions.

Figure 11. OH and CO coverages, and CO conversion, %XCO, at steady-state WGS plotted against temperature under 1:1 and 10:1 H2O-to-CO
ratios. Note that the lines connecting the data points are for the purpose of guiding the eye only and do not indicate interpolation of data.
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both in the eﬀectively screened ”solid regions” and at the
unscreened tail of the ”molecular regions”. Even if the exact
DFT functional is available, the evaluation of free energies is
not easy and may contribute to observed diﬀerences between
experimental and computational results.96
The construction of an atomistic model for the catalyst−
support interface introduces additional complexity. Central
questions are whether a small cluster can represent a larger
nanoparticle and whether a bulk-like continuous structure,
such as a supported rod model, can mimic a nanoparticle
perimeter. The choice of an interface model inevitably aﬀects,
e.g., mechanistic details and computed energies. Care should
also be taken in choosing a set of elementary steps to be
studied because considering a subset of reactions that is too
small might lead to incorrect catalytic activity.82 Finally, the
overall catalytic performance needs to be addressed under
experimental conditions using ﬁrst-principles microkinetic
modeling or kinetic Monte Carlo calculations. In kinetic
simulations, one should pay attention to how interfacial sites
are considered. In the present work, we chose to use a single
”interfacial site”, while a dual-site model was utilized in a WGS
study over MgO-supported metal nanorods.8 Our choice was
based on the atomic-level mechanistic understanding of the
Rh−ZrO2 interface. We observed that once an intermediate
adsorbs near the interface, adsorption across the interface
becomes unfavorable, and therefore, there is no need to
distinguish between cationic, anionic, and metallic sites at the
interface in the microkinetic model. This simpliﬁes that the
treatment of interfacial coverages and diﬀusion between
diﬀerent interfacial sites can be neglected.
Computational Insights into WGS on ZirconiaSupported Rhodium. The present study provides new
insight into the reaction mechanism and active domain of the
water−gas reaction over the zirconia-supported rhodium
catalyst. According to our DFT−microkinetic analysis, the
interface is the most-active domain of the Rh−ZrO2 catalyst,
which is not easily elucidated from DFT results alone because
the energy diﬀerences between the competing pathways are
minor. We predict that the support and bulk rhodium are
inactive for WGS. Only when the interface is explicitly
included is product formation observed. The turn-over
frequency (TOF) for the reaction at the interface is 38 times
greater than the TOF over Rh(111) at identical reaction
conditions (700 K with a 1:1 H2O-to-CO ratio and a 2 bar s−1
ﬂow rate), even when using the modiﬁed H2O adsorption
energy for Rh(111). This implies that, while the interface sites
make up a minority of the total surface sites, they are still
responsible for the majority of the WGS activity. We also note
that decreasing particle size leads to a greater number of
interfacial sites and, in turn, results in greater catalytic activity.
Conversely, because metal sintering has been previously
identiﬁed as a possible deactivation mechanism for WGS
over Rh−ZrO2;22 this further supports the above interpretation
that the interface is the catalytically active domain. Thus,
neglecting the oxide−metal interface in computational models
might lead to incorrect conclusions on the activity of diﬀerent
catalysts toward WGS. Even if the ordering of catalytic activity
of diﬀerent metals can be correctly captured with simpliﬁed
models, neglecting the metal−support interface even on
nominally inert supports may lead to unsatisfactory agreement
between computational and experimental results. As observed
in this work and previously,8,9,18,19,51 the interfacial sites can be
paramount for the overall catalytic behavior. As such,

species further illustrates the diﬀerence in the reaction kinetics
between the Rh(111) and Rh−ZrO2 interface.
To shed light on the possible inhibition of the WGS
byproduct gases, we computed the reaction orders with respect
to the reactant and product gases (see the Supporting
Information). The reaction order with respect to H2O is
0.58, while it is only 0.05 with respect to CO. This means that
CO partial pressure has a minor eﬀect on the overall reaction
rate, while the inﬂuence of water partial pressure is substantial.
Our result for CO agrees very well with a previous
experimental result, while the eﬀect of water partial pressure
is over-estimated in our study.22 A similarly over-estimated
H2O order was obtained from a WGS microkinetic model on
Pt(111).32 Correctly capturing the negative CO2 reaction
order is typically challenging,8,40,81 but, in agreement with
experiments,22 we ﬁnd a negative reaction order for CO2, our
value of −0.12 being less negative than the experimental one.
In contrast, we also ﬁnd a negative order with respect to H2,
which was previously experimentally determined to be close to
0.22 Unfortunately the limited amount of experimental kinetic
data makes comparison between the predicted and experimental reaction orders diﬃcult because the values typically
depend on the reaction conditions and prevents the use of
selective reﬁnement schemes.8,82,83

■

DISCUSSION
Challenges in Modeling Catalysis at the Metal−Oxide
Interface. In general, the construction of computational
models for metal−support interfaces presents a number of
challenges for atomistic simulations. One such challenge is the
selection of an exchange-correlation functional, which
determines the quality of the DFT calculations. It is wellknown that approximate exchange-correlation functionals of
generalized gradient approxiation (GGA) type, suﬀer from the
self-interaction error, which may lead to inaccuracies in the
formation of a metal−oxide interface, and describing catalytic
reactions and charge-transfer processes. Typically, the functional is selected on the basis of the comparison of
computational and experimental results, and the functional
that reproduces target experimental values is used for a given
chemical process and material. In reﬁnement schemes,
thermodynamics and kinetics of most important elementary
steps are computed at a higher level of theory employing, e.g.,
GGA+U or hybrid functionals.8,82,83 This allows improved
accuracy while minimizing additional computational costs.
Furthermore, models are improved until computed and
measured quantities agree satisfactorily. The downside is that
such an approach is not predictive, whereas in a fully selfconsistent, predictive model, all elementary steps are computed
at the same level of theory. However, there is no a priori
guarantee that hybrid functionals or the inclusion of +U give
better results than GGAs, meta-GGAs, or van der Waals
corrected functionals.84−86 The reason is that the quality of the
underlying GGA, amount of exact exchange, and the value of
the +U parameter all impact reaction and activation energies.87
In the case of a hybrid functional, the amount of the exact
exchange to be included depends on the screening properties
of the materials,88,89 and it is unclear whether universally
parametrized (screened) hybrids such as HSE90,91 or PBE092
meet the complexities of metal−oxide interfaces. These
systems might beneﬁt from the use of local hybrids in which
the amount of exact exchange depends on the material and
local environment93−95 to capture correct long-range behavior,
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oversimpliﬁed computational models might need reﬁnement to
predict correct chemistry and to identify promising bifunctional materials not captured by existing scaling relations.20,52
As shown in the present work and previously experimentally,15 the zirconia support alone does not catalyze the WGS.
Instead, the role of the zirconia is to provide dual sites at the
interface. We observe that zirconia forms and accumulates
formate, which is not further converted into products, making
formate a spectator species, at least when located far away from
the interface. It has been previously suggested by experimental
studies that metal is needed to dissociate formate.15,36
According to our DFT calculations, formate is able to diﬀuse
on the zirconia surface at the cost of ca. 1 eV, which suggests
that diﬀusion to the interface is kinetically feasible under WGS
conditions, but thermodynamics and site balance favor formate
binding on zirconia. The formate dissociation barrier into the
WGS products is 1.30 eV at the interface, which is higher than
any barrier in the carboxyl pathway, suggesting that the
formate mediated pathway would be slower if present and
hinder the overall reaction by taking up active sites.
Furthermore, this interpretation seems to be in line with the
experimental observations made for Pt/ZrO2.36 That study
ﬁnds that the exchange time of formate was slower than the
overall reaction rate, and we concluded that formates found on
the zirconia support were not involved in the major WGS
pathway.
In previous DFT−microkinetic studies, the WGS has been
shown to occur via the carboxyl pathway on Pt(111),32
Cu(111),31 the Au−MgO interface,8 and the Cu−ZrO2
interface.51 The carboxyl mechanism was also found to be
dominant for Rh−α-Al2O3 in a study that employed a semiempirical DFT reﬁned microkinetic model.83 Our DRC
analysis performed here shows that the rate-determining step
is carboxyl dissociation, the same as for Pt(111).32 Because
water activation is easily achieved at the Rh−ZrO2 interface, it
is not a rate-controlling step. Similar facile water activation is
reported for the Au−MgO interface, where the carboxyl
formation step is the RDS. Although at ﬁrst glance, Cu−ZrO2
seems similar to our Rh−ZrO2, partial water dissociation is the
rate-determining step at the copper−zirconia interface, similar
to the bare Cu(111) surface. It was also found that the
underlying zirconia support speeds up water dissociation, but
the reaction takes place on Cu sites only, whereas we have the
water activation taking place on the Rh−Zr dual sites across
the interface. This diﬀerence could be due to the interface
model used as well as the identity of the metal.
Finally, we compare computed CO conversion to a
previously reported experimental value. Our value for CO
conversion is ca. 40% at 700 K with a 2:1 water-to-gas ratio,
which agrees fortuitously well with the values of 45−50%
reported in literature for similar reaction conditions.22
Although our model excludes the methanation reaction, this
is expected to increase the CO conversion by less than 1% for
the conditions and gas compositions considered.22 We note
that the higher content of WGS products in the inlet gas
substantially enhances the methane yield.7 The slightly lower
CO conversion compared to the measured value could be not
only due to approximations and models employed in
calculations but also due to the diﬀerences in reaction
conditions, catalyst structure, and reactor model.
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■

CONCLUSIONS

■

ASSOCIATED CONTENT

The ﬁrst-principles microkinetic model presented herein shows
how the water−gas-shift reaction proceeds over a ZrO2supported Rh catalyst. We ﬁnd that the metal−support
interface is the most active domain of the Rh−ZrO2, system
giving highest CO conversion to hydrogen and carbon dioxide.
The reaction proceeds along the associative reaction
mechanism via a carboxyl intermediate. Interestingly, the
carboxyl coverage remains negligible under all reaction
conditions and gas ratios studied because it reacts onward
immediately, explaining why carboxyl is not readily observed in
experiments.
DFT-computed CO adsorption energy on Rh(111),
representing the facets of Rh nanoparticles, leads to 1
monolayer CO coverage in the microkinetic analysis and
renders the surface unable to run the reaction. Including meanﬁeld lateral interactions between CO molecules reduces CO
coverage but does not initiate the WGS reaction, which is only
achieved if the exothermicity of water adsorption is enhanced.
In contrast to the interface, the reaction proceeds now via the
surface redox route with water activation and CO oxidation as
the rate-controlling steps. However, even with this modiﬁed
water-adsorption energy, the CO conversion on Rh(111)
remains much lower than that achieved at the interface.
The exposure of m-ZrO2(1̅11) to reactant gases leads to the
formation and accumulation of formate from 600 K onward in
microkinetic simulations. Formate on the bulk zirconia is
shown to act as a spectator species. Calculations show that
formate diﬀusion to the metal−support interface and its
subsequent decomposition are feasible. Even so, the rate of
reaction for this process is expected to be slow, and therefore,
it provides only a minor contribution toward the WGS
products, as compared to the carboxyl pathway at the interface.
Our computational study provides an atomically reﬁned
model of WGS on zirconia-supported rhodium nanoparticles.
We show that diﬀerent parts of the system have distinctly
diﬀerent roles in the reaction. Although the bulk oxide support
and metal particles do not directly take part in the WGS
reaction, it is fair to say that they both have a major eﬀect on
the reaction mechanism through the formation of the metal−
oxide interface. Based on the obtained atomistic information
from the combined DFT and microkinetic model, surface
coverages and CO conversions were calculated and related to
the elementary steps. The obtained results explain and resolve
experimental observations and interpretations related to the
formation and role of formate as well as the absence of
carboxyl. This was achieved by including the support, the metal
catalyst, and the interface within the computational model.
The present DFT and microkinetic study further strengthens
the argument that design of bifunctional catalysts must not rely
on simpliﬁed models for activity and selectivity because this
can potentially lead to the exclusion of prominent material
combinations and inaccurate designing principles for a
multitude of catalytic reactions.
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ABSTRACT

Water dissociation is an important reaction involved in many industrial processes. In this computational study, the dissociation of water
is used as a model reaction for probing the activity of interfacial sites of globally optimized ZrO2 supported Pt and Rh clusters under the
framework of density functional theory. Our ﬁndings demonstrate that the perimeter sites of these small clusters can activate water, but the
dissociation behavior varies considerably between sites. It is shown that the studied clusters break scaling relationships for water dissociation,
suggesting that these catalysts may achieve activities beyond the maximum imposed by such relations. Furthermore, we observed large differences in the thermodynamics of the water dissociation reaction between global minimum and near-global minimum isomers of the clusters.
Overall, our results highlight the uniqueness of interfacial sites in catalytic reactions and the need for developing new concepts and tools to
deal with the associated complexity.
Published under license by AIP Publishing. https://doi.org/10.1063/1.5126261., s

I. INTRODUCTION
The dissociation of water into hydroxyl and hydrogen species
plays a key role in many industrially relevant processes, such as the
water-gas shift (WGS) reaction and steam reforming. The water dissociation reaction has been studied computationally over a number
of different systems such as clean metal surfaces [e.g., Cu(111),1
Au(111),1 Pt(111),1,2 Rh(111)1,2 ] and unsupported metal clusters
(e.g., Cu,3 Au,3 Pt,2 and Rh2 ). Varying activation energies are
reported for ideal metal surfaces, ranging from as low as 0.674 to
0.961 eV on Ni(111), ∼0.8 eV over Pt(111)1,5 and Rh(111),2,6 and
even as high as ∼2 eV over Au(111).1,7 Numerous studies strongly
advocate the vital role of support, and the metal-support interface,
for the overall catalytic activity.6,8–12 Therefore, both the metal and
the support should be considered when investigating such systems
computationally. The choice of the supported metal catalyst model
is nontrivial; typical models employ either supported ﬁnite clusters
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or nanorods, and different metal-support combinations have been
investigated (e.g., Au/MgO,7 Cu/ZrO2 ,13 Rh/ZrO2 ,6 Ni/Al2 O3 ,9 and
Pt/CeO2 10 ). In contrast to clean metal surfaces, on the metal-support
interfaces such as Ni/Al2 O3 ,9 Rh/ZrO2 ,6 Cu/ZrO2 ,13 and Au/TiO2 ,14
the barriers are reported to be much lower than those on the
corresponding pure metals.
In our current study, we use globally optimized supported clusters to model zirconia-supported rhodium and platinum catalysts.
Both materials have been found to be active toward the WGS reaction,15,16 and Rh/ZrO2 is also active for H2 oxidation17 and the
partial oxidation of methane.18 Recent studies have highlighted the
importance of considering the catalyst as an ensemble of clusters
with similar energies rather than as the static minimum energy
structure.19–22 While the clusters may spend most of their time as
the global minimum (GM) structure, at reaction conditions there is
available energy for them to isomerize to one of the structures lying
only slightly higher in energy. These near-global minimum (NGM)
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structures can be more reactive than the most stable isomer and may
even dominate catalytic activity while being minority species.20 With
this in mind, we have investigated the GM as well as NGM structures
of zirconia-supported rhodium and platinum clusters of different
sizes.
Multiple ways to escape traditional scaling relations have been
proposed for heterogeneous catalysts,23 among which the ﬂuxionality under reaction conditions24 and the presence of multiple different adsorption sites25 are highly relevant for small, supported clusters. The absence of scaling relations makes it difﬁcult
to predict activation energies; however, it also provides a way to
improve catalyst performance beyond a previously proposed maximum.26 The Brønsted–Evans–Polanyi (BEP) relation27 between the
reaction energy and barrier for water dissociation over extended
transition metal surfaces has been established before, and oxygen
atom adsorption energy was found to be a good descriptor for the
reaction.28 Over unsupported Rh and Pt nanoparticles, the transition state (TS) energies were found to correlate well with water
adsorption energies across different sites.2 The descriptors in this
case were the projected d-band center and coordination number
of the surface atoms forming the site, which also correlated linearly with the transition state energies.2 However, the extended surfaces were observed to not ﬁt in the same scaling relation as the
nanoparticles.
In this study, we focus on the water dissociation reaction at the
perimeter sites of GM and NGM isomers of supported Rh and Pt
clusters. The activation energies are compared to the reaction energies in order to establish a BEP relation to predict the activity of
interfacial sites toward water dissociation. Transition-state scaling
between the initial (or ﬁnal) state and the transition state energy is
also evaluated. Next, we compare the thermodynamics of the water
dissociation reaction on the GM and NGM structures. Finally, we
screen hydrogen adsorption sites on the clusters, and the adsorption
energies are compared to the strain-adjusted generalized coordination numbers (SGCN)29 of the sites, as well as the smooth overlap of
atomic position (SOAP)30 descriptor. Our results further highlight
the importance of thorough consideration of the interface sites of
small ﬂuxional clusters and the heterogeneity and catalytic behavior
found at the perimeter of such clusters.
II. COMPUTATIONAL DETAILS
All density functional theory (DFT) calculations were carried
out in the projector-augmented wave (PAW)31 formalism of DFT as
implemented in the GPAW 1.4.0 package.32–34 The Perdew–Burke–
Ernzerhof (PBE) functional35,36 was used to describe the exchange
and correlation effects under the generalized gradient approximation (GGA). The core electrons of all elements were described by
PAW setups in the frozen-core approximation. Setups with 15 and
16 valence electrons were used for Rh and Pt, respectively. The maximum spacing for the real-space grid basis was 0.2 Å, a value our
group has previously used successfully for related systems.2,6,37–39
The reciprocal space was sampled at the Γ point.
The interface model was built using 13 and 19 metal atom clusters (Pt and Rh) dispersed over monoclinic zirconia, m-ZrO2 (111),
as support. The Rh13 , Rh19 , Pt13 , and Pt19 clusters supported on
m-ZrO2 (111) were modeled using the globally optimized geometries discovered in previous work by our group.39 In that study, the
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global optimizations using a genetic algorithm (GA) were carried out
for three sizes (13, 19, and 43 atoms) of Rh and Pt clusters over the
m-ZrO2 (111) support. For each M/ZrO2 system, three optimization runs were performed starting from randomly generated populations. The offspring was created using cut-and-splice crossover
(70% probability) and mutation (30% probability) operations. First,
metal atoms were allowed to relax (f max = 0.08 eV/Å) over a ﬁxed
3 × 3 single layer ZrO2 surface. The resulting structures from all GA
runs were merged, and for the 60 lowest energy structures, the metal
fragments were cut and adsorbed over a 2 layers thick (bottom layer
ﬁxed) 3 × 3 ZrO2 support. Finally, the optimization runs were carried out until the maximum residual forces reached below 0.05 eV/Å.
Overall, ∼9900 M/ZrO2 structures were screened. For further details,
please see Ref. 39.
The m-ZrO2 (111) support was selected because of its representation of the most stable polymorph at the considered WGS reaction
conditions and (111) being the most stable facet. The oxide support
was described by a slab model consisting of 3 × 3 unit cells with a
thickness of two stoichiometric layers. All global minimum (GM)
Rh13 /ZrO2 , Rh19 /ZrO2 , Pt13 /ZrO2 , and Pt19 /ZrO2 catalyst structures
are depicted in Fig. 1. We also employed near-global minimum
(NGM) isomers lying higher in energy studied by our research
group39 to compare the energetics with their respective global minimum catalytic systems (see Fig. 1). The NGM clusters were chosen
based on geometrical as well as energetic considerations; we picked
NGM geometries that were noticeably different from the GM clusters and whose energies were within roughly 1 eV of the global minima. The relative instabilities of the chosen NGM isomers of Rh13 ,
Rh19 , Pt13 , and Pt19 clusters compared to their respective GM clusters were calculated as 0.80, 1.33, 0.56, and 0.35 eV, respectively.
The gas-phase reference for molecular water was computed in a
nonperiodic cell of size 17.5 × 16.0 × 16.6 Å.
In the geometry optimizations, the bottom layer of the zirconia
slab was kept frozen to its initial geometry, while the top zirconia
layer, the metal cluster, and the adsorbed atoms were allowed to
relax until the maximum residual force reached below 0.05 eV Å−1 .
We consider this an acceptable criterion, considering the large sizes
of our systems with about 2000 valence electrons; the choice is also
consistent with our work on the global optimization of these clusters.39 The transition state structures of water dissociation reactions
at various interfacial sites were located using the climbing-image
nudged elastic band (CI-NEB) method.40–43 The obtained transition
state structures were conﬁrmed by harmonic vibrational analysis
with the presence of an imaginary frequency mode corresponding
to the reaction coordinate.
The adsorption energies of molecular and dissociated water
were computed as
Eads = Etotal − EMX /ZrO2 − EH2 O(g) ,

(1)

where Etotal is the energy of the optimized supported cluster and the
water molecule (or dissociated water). EMX /ZrO2 is the energy of the
supported metal cluster, where M corresponds to either Pt or Rh
and X is either 13 or 19. EH2 O(g) is the computed energy of the gasphase water molecule under nonperiodic boundary conditions. The
reaction energy of water dissociation is deﬁned as
ΔE = Eads (OH + H) − Eads (H2 O).

(2)
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FIG. 1. Structure geometries of (a) global minimum and (b) near-global minimum zirconia-supported Rh13 , Rh19 , Pt13 , and Pt19 clusters. Rh, Pt, and O atoms are colored
blue, purple, and light gray, respectively. High-coordinated Zr atoms are colored dark gray, while lower-coordinated Zr are colored white.

A. Generalized coordination numbers
Following Ref. 44, the generalized coordination number (GCN)
of cluster atom i is deﬁned as
ni

GCN(i) = ∑
j

CN( j)
,
CNmax ( j)

(3)

where j runs over the nearest neighbors of atom i, ni is the number
of nearest neighbors for atom i, CN(j) is the conventional coordination number of atom j, and CNmax (j) is the maximum coordination
number of atom j (12 for an fcc metal; 7 for Zr; and 3 or 4 for O).
To account for bridge and hollow sites s, the deﬁnition is extended
as follows:
GCN(s) =

CN( j)
CNmax (fcc)
.
∑
CNmax (s) j CNmax ( j)

(4)

Here, CNmax (s) = 12, 18, 22, or 26, for top, bridge, 3-fold, or 4-fold
hollow sites, respectively, and CNmax (fcc) = 12. The index j runs over
the nearest neighbors of the atoms that deﬁne the adsorption site,
without double-counting any atoms. This is a slightly generalized
version of the deﬁnition in Ref. 44 to allow for the inclusion of atoms
other than fcc metals.
The GCNs were reﬁned by considering strain effects for the
metal cluster atoms.29 This is done by including a factor describing the ratio of the optimal bulk bond length dbulk to the particular
metal–metal bond length d(i, j),
SGCN(i) = ∑
j

dbulk CN( j)
,
d(i, j) CNmax ( j)
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where SGCN denotes strain-adjusted GCN. A similar strain adjustment can be written for Eq. (4). In the site calculations, if a neighbor of the site was coordinated to multiple site-deﬁning atoms, the
average distance was used to determine the strain adjustment.

(5)

III. RESULTS
A. Water adsorption and dissociation at global
minimum cluster-support interfaces
The molecular adsorption of water at interfacial sites of the
zirconia-supported global minimum Rh13 , Rh19 , Pt13 , and Pt19 clusters was thoroughly screened. The starting geometries were chosen
based on results from previous studies concerning water adsorption
on Rh and Pt,2 ZrO2 ,37 and the Rh–ZrO2 interface,6 which show
that water should preferably adsorb on the oxide sites rather than on
the metal. Therefore, we initially deposited molecular water on each
of the Zr top sites in the immediate vicinity of the clusters, sitting
almost horizontally with one hydrogen pointing toward the cluster.
The optimized adsorption geometries are depicted in Fig. 2 along
with their adsorption energies as bar charts. The data can also be
found in the supplementary material in a tabular form (Table S1).
Please note that the geometry optimizations were performed for one
deposited water molecule at a time, and in Fig. 2, for brevity’s sake,
the molecules are shown in a single image with the cluster being in
its optimized geometry.
Upon optimization, some water molecules moved far away
from the cluster, while some moved to be adsorbed on a Rh/Pt top
site instead of the Zr top site (labeled 5 and 7 for Rh13 and 7, 9, and 11
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FIG. 2. (a) H2 O adsorption geometries and (b) molecular and dissociative adsorption energies on global minimum Rh13 , Rh19 , Pt13 , and Pt19 clusters. Oxygen atoms that
are not part of the support are colored red, while hydrogen atoms are colored light blue. For the rest of the atom colors, please refer to Fig. 1. H2 O molecules are labeled
clockwise starting from H2 O indicated in each case with a red circle (labeled “1”). The H2 O adsorption energies are indicated with gray bars, while OH + H adsorption energies
are indicated with blue bars.

for Pt13 in Fig. 2). All such water molecules were initially deposited
on high-coordinated Zr atoms (colored dark gray in Fig. 2). While
most surface Zr atoms are bound to 6 lattice oxygens, the highcoordinated ones are bound to 7, rendering them unable to adsorb
water at all. The molecules that moved far away from the cluster were
omitted from Fig. 2 as well as further calculations since they were
deemed to be too far from the interface to be activated by it.
The adsorption energies display signiﬁcant variation along
the perimeters of all clusters. For instance, over Rh13 /ZrO2 and
Rh19 /ZrO2 , the adsorption energies range from −0.99 to −0.32 eV
and from −0.96 to −0.45 eV, respectively. This roughly spans the
whole range of adsorption energies previously calculated for Rh(111)
and m-ZrO2 (111) surfaces, with the weakest adsorption energy
being comparable to that of Rh(111) (−0.34 eV)2 and the strongest
to that of m-ZrO2 (111) (−1.01 eV).37
Over Pt13 /ZrO2 and Pt19 /ZrO2 , the adsorption energies range
from −1.04 to −0.29 eV and from −0.95 to −0.42 eV, respectively.
Like in the case of Rh clusters, the strongest adsorption energies are
comparable to the adsorption energy found on bare zirconia, and the
weakest are similar to the adsorption energy found on Pt(111).2
The bare ZrO2 (111) presents four Zr atoms per unit cell, and
water adsorption energies vary from one Zr top site to the next.37
The weakest adsorption energy on the pristine zirconia corresponds
to the high-coordinated Zr cation, and as discussed above, water
cannot adsorb atop these Zr at the interface. Another factor is the
formation of hydrogen bonds to the surface oxygen atoms, which
is different from one site to the next.37 However, the rest of the
variance in adsorption strength cannot be explained only by comparing the Zr sites to those on pure zirconia. One possible explanation could be that the presence of the metal cluster changes the
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coordination of the Zr cations as well as the surface oxygen atoms;
however, the irregular shape and size of the clusters means that the
effect is unpredictable.
Dissociative adsorption geometries of water at the global minimum clusters were optimized for the same interface sites as the
molecular adsorption. Starting geometries were constructed by moving one of the hydrogen atoms to the nearest promising adsorption
site (e.g., nearest hollow) on the metal, with OH staying at the original water adsorption site. Geometries were allowed to fully relax,
and in some cases, hydrogen diffused quite far away from the initial placement. In the case of the Pt13 cluster, three dissociated water
structures (H2 O labeled 2, 3, and 12) preferably have the hydrogen
sitting on an interfacial surface oxygen atom instead of the metal
site. The OH species generally stayed near their initial positions, with
some of them moving closer to the cluster to bind through the O
atom to both Zr and Rh. This bridge-bonded geometry was previously also found for the nanorod model of the Rh–ZrO2 interface.6
On the Rh13 cluster, two structures (H2 O labeled 5 and 7) were found
with OH preferably binding to a Rh top site, which was the original
H2 O adsorption site for them. The same applies for Pt13 structures
with H2 O labels 7, 9, and 11.
As in the case of molecular water, dissociative adsorption energies vary signiﬁcantly from site to site (see Fig. 2 and Table S1 in the
supplementary material for details). On average, the water dissociation reaction is mildly exothermic at the Rh cluster interfaces but
slightly endothermic at the Pt cluster interfaces. On the extended
Rh(111) surface, the reaction has been found to be weakly exothermic by ∼0.1 eV,2,6 while on the extended Pt(111) surface, the reaction
is moderately endothermic by ca. 0.3 eV.2,45 The difference in reaction energies between Rh and Pt has previously been shown to be less
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pronounced for gas-phase nanoclusters than for extended surfaces.2
Here, although the average reaction energies between the clusters
are comparable to each other, comparing reaction energies between
roughly equivalent sites reveals how different the water dissociation
energetics are between the clusters. For instance, H2 O label 1 occupies the same Zr top site on all systems, and while the molecular
adsorption energies are very similar, the OH + H adsorption energies
and therefore the reaction energies are different. One explanation
may be that the hydrogen adsorption strength varies since it adsorbs
on completely different sites on the clusters. Furthermore, the Zr
sites are not exactly equivalent due to the presence of the clusters.
In general, all of the clusters include some sites at their perimeter
where water dissociation is thermodynamically more favorable than
on the extended metal (111) and m-ZrO2 (111) surfaces and some
sites where water dissociation is unfeasible.
In order to supplement the results obtained from the adsorption energy calculations, we analyzed the scaling between molecular and dissociated water adsorption energies. The obtained scaling
plots of OH + H vs H2 O adsorption energies show very poor R2 values for all clusters (see Figs. S1–S4 of the supplementary material
for details), except for Rh13 /ZrO2 which has a slightly better value
(R2 = 0.80, slope = 0.71). Thus, the energies of the initial and ﬁnal
states of the dissociation reaction do not scale with each other at
the Rh19 , Pt13 , and Pt19 cluster perimeters. For these clusters, a particular site may bind both molecular water and dissociated water
equally well, or it might bind one weaker or stronger than the other.
Note that only sites for which activation energies were determined
are included in the scaling relationships and that sites where dissociation does not occur “across” the interface (H2 O adsorbs on
metal/OH and H both adsorb on oxide or metal) were excluded from
the analysis. The exclusion of outliers does not lead to any signiﬁcant
improvement of the R2 values, except for Rh13 /ZrO2 for which there
is no scaling (R2 = 0.18) between the initial and ﬁnal state energies if
all sites are included.
B. Activation energies
A thorough screening of transition state (TS) structures at the
interfacial sites was carried out over the Pt13 /ZrO2 and Rh13 /ZrO2
clusters. To reduce the computational cost, ﬁve transition state calculations across the interface were performed over the Pt19 /ZrO2
and Rh19 /ZrO2 clusters. Over the M19 (M = Rh or Pt) clusters, we selected water molecules for TS calculations solely based
on geometry so that each water is adsorbed on a Zr top site
with one hydrogen pointing toward the cluster (see Tables S2
and S3 in the supplementary material). The transition state structures corresponding to the lowest barriers are depicted in Fig. 3.
All activation energies pertaining to each cluster are supplied in
Tables S2 and S3 of the supplementary material along with the corresponding imaginary frequencies, as well as O–H and M–H bond
lengths.
Locating transition state structures at the asymmetric metaloxide interfacial sites has its fair share of complications. We came
across a few examples where the dissociation occurred at the nearby
metal sites or over the zirconia surface instead of across the interface. Therefore, careful observation is mandatory while dealing
with interfacial reactions over asymmetric cluster models. We note
that the abovementioned TS cases were removed from our scaling
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FIG. 3. Transition states corresponding to the lowest water dissociation barrier.

relationships, but full data and further discussion are provided in
Table S3 and Sec. I of the supplementary material.
The forward activation energies over the Pt13 and Rh13 clusters
range from 0.60 to 1.13 eV and from 0.48 to 0.81 eV, respectively.
Over the Pt19 and Rh19 clusters, the forward activation energies
range from 0.35 to 0.76 eV and from 0.40 to 0.88 eV, respectively.
The varying nature of the activation energies, even between Zr sites
that are equivalent on the bare surface, can partially be attributed to
the different Zr coordinations due to cluster asymmetries. Therefore,
similar to the adsorption strengths of H2 O and OH + H, there is no
predictability between the type of Zr site and barrier height. The M19
and Rh13 clusters exhibit a similar range of barriers, whereas Pt13 has
slightly higher barriers. Interestingly, over Rh clusters, lower barriers
often correspond to lower water binding strengths, but Pt clusters
show mixed behavior and there is no relation between adsorption
energies and barriers.
The smallest calculated activation energies are lower compared
to clean Rh(111) and Pt(111) surfaces and unsupported Rh147 and
Pt147 metal nanoparticles (∼0.72 eV).1,2,6 The present metal-oxide
interfaces also perform better in terms of activation energy compared to the Cu/ZrO2 13 and Au/MgO interfaces7 for the activation
of water. Evidently, the results for Rh-based clusters are in good
agreement with the Rh/ZrO2 rod model interface (Eact = 0.35 eV)
previously studied by our research group.6 The lowest activation
energies over the Rh19 and Rh13 clusters differ only by 0.05 eV and
0.13 eV from that on the rod model interface. The larger difference
observed for Rh13 may be explained by its smaller size.
Although the barriers obtained for the activation of water over
the present cluster interfaces are lower or similar compared to various metal-oxide catalysts, they are still higher compared to the pure
zirconia surface. Our research group has previously found the activation of water over pure zirconia to be spontaneous and mildly
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exothermic.6 Therefore, the water activation might occur over zirconia ﬁrst, followed by hydrogen diffusion to the metal frame. The
diffusion of a hydrogen atom on m-ZrO2 (111) is likely a complex process, as there exist multiple possible pathways for diffusion.
Under reaction conditions, the behavior is further complicated by
the adsorbate (e.g., hydroxyl) coverage of the surface.46 As an example, we have simulated the diffusion of H from a 2-coordinated
lattice oxygen atom to the nearest lattice oxygen on the ideal
m-ZrO2 (111) surface and found the activation energy to be fairly
high at about 1.3 eV. We emphasize that this value corresponds
to one possible route out of many, and a thorough analysis of diffusion pathways is required to deﬁnitively describe the diffusion
behavior.
The presence of hydrogen at the metal site is desired for further reaction with CO in the WGS process because, as previously
observed, CO strongly prefers metal sites.6,7,13 Interestingly, we
found a few cases in our study where the water molecule preferably
dissociated onto a ZrO2 lattice oxygen next to the cluster. In these
cases, H2 O is initially hydrogen bonded to a 2-coordinated surface
oxygen atom, facilitating the dissociation onto it. The barriers for
such dissociations range between 0.04 and 0.75 eV, meaning that the
cluster can impede the ordinarily spontaneous dissociation on zirconia to varying degrees. With regard to the diffusion of H from oxide
to metal, we found two paths on Pt13 with diffusion barriers of 0.60
and 1.10 eV. On a Rh/ZrO2 rod model using similar computational
methods as in the present work (please see Ref. 6 for details), the
oxide-to-metal H diffusion barrier was found to be 0.62 eV. These
barriers are of comparable magnitude to those of water dissociation across the cluster-oxide interface, suggesting that both pathways
could supply H to the cluster.
The Brønsted–Evans–Polanyi (BEP) relationships based on forward activation energies and reaction energies were studied in order
to further analyze the results obtained from the calculations. They
demonstrated weak trends over Rh13 , Rh19 , and Pt13 clusters, as
indicated by low R2 values. Interestingly, the Pt19 cluster delivers
an improved trend (R2 = 0.83) compared to the other systems. We
note that the M19 relationships contained only ﬁve data points, and
therefore, a slight difference in correlation cannot be ruled out with
a larger number of data. A BEP relation with an R2 value of 0.54
has been reported earlier for dissociation over numerous clean metal
surfaces.28
We also analyzed the transition state scaling (TSS) relationships based on the adsorption energies of TS and molecular water
(initial state) or dissociated water (ﬁnal state). The Pt19 cluster delivered a good linear trend based on the TS and ﬁnal states of water
with an R2 value of 0.89. This correlation arises from the fact that
the TS structures resemble the ﬁnal states on the Pt19 cluster. Other
systems expressed no dependencies between two considered parameters. In comparison with the present models, the unsupported Rh
and Pt nanoparticles previously investigated by our research group
exhibited R2 values of 0.92 and 0.85, respectively.2 Furthermore, we
studied the bonding patterns in the TS structures in relation to their
adsorption energies. There was no observed correlation between
O–H bond lengths and Eads of TS structures over any cluster. The
trend between Rh–H bond lengths and Eads (TS) over Rh19 showed
a little improvement but not to a signiﬁcant level. Moreover, no
dependencies were found in between M–H bond lengths and Eads
of TS structures over other clusters.
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C. Water adsorption over near-global minimum
catalytic systems
Next, we address the thermodynamics of dissociative water
adsorption over systems with near-global minimum (NGM) cluster isomers and compare the values to those obtained on the global
minima. The initial geometries for both molecular and dissociated
water were built in the same way as on the GM clusters, and the
optimization behavior was similar. Figure 4(a) shows all the considered water molecules at various interfacial sites of NGM isomers of
the Rh13 /ZrO2 , Rh19 /ZrO2 , Pt13 /ZrO2 , and Pt19 /ZrO2 catalytic systems. The adsorption energies of water on the Rh13 and Rh19 clusters
range from −0.99 to −0.64 eV and −0.87 to −0.41 eV, respectively.
On the Pt13 and Pt19 clusters, the corresponding ranges are −0.98
to −0.36 eV and −1.07 to −0.20 eV. These ranges are comparable to those obtained on the GM clusters, which is to be expected,
since molecular water usually adsorbs to the oxide Zr top sites in
both cases. The adsorption energies are summarized in Fig. 4(b) and
reported in detail in the supplementary material (Table S4).
In contrast to the molecular water adsorption energies, the dissociative adsorption energies on the NGM clusters differ from those
on the global minima. The dissociative adsorption energies over the
NGM isomers are considerably more exothermic; while only one
water molecule with dissociative adsorption energy below −1.20 eV
was found on the GM clusters, a total of 12 such cases were discovered on the NGM clusters, ranging from −1.83 eV to −1.25 eV.
For instance, the most exothermic adsorption energy for dissociated water on GM Pt13 is −1.04 eV, while the corresponding ﬁgure
on the NGM cluster is −1.54 eV (water label 7). To investigate this
difference, the OH group of dissociated water label 7 on the NGM
Pt13 cluster was moved to a Zr top site on a faraway corner of the
cluster. As a consequence, the OH + H adsorption energy changed
from −1.54 eV to −0.74 eV. This suggests that the stronger dissociative adsorption on NGM sites cannot be attributed (at least
solely) to differences in H adsorption sites between the clusters, as
similar OH + H adsorption energies were obtained for the global
minima when the OH group was placed at the same corner (see
Sec. III D).
The stronger OH + H binding on the NGM clusters seems to
be related to the deformation of the clusters upon adsorption. Both
molecular and dissociated water deform the NGM clusters more
than the GM clusters, with the mean metal atom displacement for
NGM clusters being roughly 50% higher averaged over all cases.
This is evidence of the NGM clusters’ higher ﬂuxionality, which
stands to reason considering their lower stability compared to the
GM clusters. Since the less stable clusters are capable of relaxing
to more favorable geometries upon adsorption, the OH + H binding is more exothermic on the NGM clusters than the GM clusters. This effect is not observed for H2 O binding because molecular
adsorption causes considerably less cluster deformation than dissociative adsorption. We note that the clusters usually maintain their
shapes fairly well even upon dissociative adsorption, however, and
signiﬁcant deformations only occur in a few cases.
Because of the stronger adsorption of dissociated water, the
reaction energies for water dissociation on the NGM clusters are
more exothermic than those on the global minima. In agreement
with the results observed for the GM clusters, the reaction energies are more exothermic for Rh than Pt interfaces. A similar trend
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FIG. 4. (a) H2 O adsorption geometries and (b) molecular and dissociative adsorption energies on near-global minimum Rh13 , Rh19 , Pt13 , and Pt19 clusters. Oxygen atoms
which are not part of the support are colored red, while hydrogen atoms are colored light blue. For the rest of the atom colors, please refer to Fig. 1. H2 O molecules are
labeled clockwise starting from the H2 O indicated in each case with a red circle (labeled “1”). The H2 O adsorption energies are indicated with gray bars, while OH + H
adsorption energies are indicated with blue bars.

has been observed earlier for Rh and Pt surfaces and nanoparticles, though in that investigation the difference became insigniﬁcant for small (M55 ) nanoparticles.2 Here, the average ΔE is roughly
−0.5 eV for both NGM Rh clusters and 0.0 eV for both NGM Pt clusters. The variation in reaction energy is dominated by the variation
in dissociative water adsorption energy, as the molecular adsorption energies are rather similar to one another by comparison. The
linear scaling behavior between molecular and dissociated water
adsorption energy remains similar to the GM case, with no notable
correlation.
D. Hydrogen adsorption at various cluster sites
In order to estimate the signiﬁcance of the H adsorption site to
the water dissociation energy, we conducted a thorough screening of
the available sites. This was carried out by computing the adsorption
energy of dissociated water for various H adsorption sites with the
OH group on a Zr top site at a faraway corner of the computational
cell. The OH site was chosen to minimize the effect of cluster-OH
and H–OH interaction and to eliminate the adsorption energy variation caused by changes in the OH adsorption site. These OH + H
adsorption energies are used as a measure of the H binding strength.
The optimized locations of the H atoms, color-coded according to
the corresponding adsorption energies, are presented in Fig. 5(a).
Each OH + H adsorption energy was calculated separately, but all H
locations have been collected into the same ﬁgure for brevity. This
is reasonable because the deformation of the cluster in response to
H adsorption was fairly modest: the highest individual metal atom
displacement observed was 0.62 Å, while the average displacement
was on the order of 0.1 Å.
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The OH + H adsorption energies exhibit considerable variation
with differing H adsorption sites. For instance, on the Rh13 cluster,
the adsorption energy ranges from −0.99 to −0.17 eV depending
on the site. Notably, we ﬁnd no obvious connection between the
geometry of the H adsorption site and the adsorption energy on
any of the clusters; both top and bridge sites can bind H strongly
or weakly, depending on the speciﬁc position of the site. This is
at least partially explained by the irregularity of the cluster geometries, which results in each adsorption site on the clusters having a
unique chemical environment. Only few H atoms relaxed to hollow sites, though, and the binding is fairly weak in these cases.
A preference for top and bridge sites has also been reported for
both gas-phase and γ-Al2 O3 -supported Pt13 clusters with varying
H coverages.20,47
Since the coordination number or location of the hydrogen
atom on the cluster does not seem to explain the variation in
adsorption energy, we turned our attention to more sophisticated
descriptors. In earlier studies, the generalized coordination number
(GCN) has been successfully used to explain differences in adsorbate binding between different adsorption sites on nanoparticles.2,44
Due to the irregularity of the cluster geometries, we also incorporated the strain adjustment proposed in Ref. 29, resulting in the
SGCN descriptor. The OH + H adsorption energies have been plotted against the SGCN values of the H adsorption sites in Fig. 5(b),
from which it is evident that these quantities show no correlation
with each other. Thus, the SGCN is unable to explain the adsorption
behavior of hydrogen on these supported clusters.
Alternatively, the chemical environment can be characterized
by the smooth overlap of atomic position (SOAP) descriptor, which
we utilized as implemented in the DScribe 0.2.8 package.30,48 SOAP
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FIG. 5. (a) Adsorption geometries of all hydrogen atoms on supported global minimum Rh13 (upper-left), Rh19 (upper-right), Pt13 (lower-left), and Pt19 (lower-right) clusters,
and (b) plots of OH + H adsorption energies vs SGCN. The colors of the metal atoms correspond to their SGCN values (gradients shown in the ﬁgure), while the color gradient
of the H atoms corresponds to the adsorption energy of OH + H with OH far away and H at the pictured site (white: −0.01 eV and black: −0.97 eV).

vectors were computed for each H adsorption site on the M13 clusters, with the parameters nmax = 12, lmax = 9, and rcut = 12 Å. For
each cluster, the most strongly hydrogen-adsorbing site was used as
the reference to which other sites were compared by SOAP similarity analysis. The dot product and the Euclidean 2-norm were used
as similarity metrics. These metrics ﬁnd no correlation between the
OH + H adsorption energy and SOAP similarity to the strongestadsorbing site. Other SOAP parameter combinations were also
explored, but they resulted in the same conclusion. However, we
cannot rule out the possibility that, e.g., machine learning could
allow SOAP to explain the adsorption behavior.
Further analyses were carried out using the Pt13 cluster as a test
case. Explanations for the H adsorption behavior were sought from
the Bader charges49 and projected d-band centers50,51 of the cluster metal atoms, the electrostatic potential surrounding the cluster,52
and the Fukui functions of the cluster.53 These methods describe the
electronic structure and response of the cluster, thus complementing the geometric descriptors discussed above; the d-band model
is a simple approach to rationalize covalent bonding in terms of
a Newns–Anderson Hamiltonian, the electrostatic potential map is
a measure of Lewis acidity, while Fukui functions characterize the
electron donor/acceptor properties. The analyses provided no clear
relationship between the H adsorption site and binding strength,
indicating that the electronic as well as geometric structures of
the supported clusters are quite complicated. Finally, we note a
connection between the geometric and electronic descriptors: the
SGCN and projected d-band center exhibit a moderate correlation
(R2 = 0.65 for Pt13 and 0.45 for Rh13 ).
IV. DISCUSSION
The elucidation of catalytic activities under the computational
framework, while mimicking the experimental conditions, requires
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a careful analysis of the nature of catalytic active sites. The formation and understanding of these active sites at the interfaces of
supported metal catalysts is complex to pursue due to the irregular shapes of the clusters. Deposition of asymmetric clusters over
a catalyst support results in different coordinations of metal atoms
throughout the cluster perimeter. Herein, the adsorption analyses
at the perimeter of zirconia-supported Pt and Rh clusters report
similar challenges. Every interfacial adsorption site over each cluster is found to be unique, and the differences in adsorption energies
are notable. The molecular water preferably adsorbs on Zr top sites
near the cluster, avoiding adsorption over high-coordinated zirconia atoms. Deformation of the clusters upon molecular adsorption
is small, whereas with dissociated water, the clusters show comparatively larger changes in geometry. Overall, the binding of H2 O
and OH + H is highly dependent on the adsorption sites over our
clusters, making it difﬁcult to predict the pattern.
In this work, all screening was done by manually constructing
plausible initial guesses for geometry optimizations. This approach
is good when the system is simple and only a moderate number
of structures are required for screening. Manual screening in complicated systems, such as these clusters, is somewhat arduous and
may cause a sampling bias: catalytically signiﬁcant structures can be
missed if the human building the initial structure does not realize
their importance. This is highlighted especially when the behavior of
the system at hand is difﬁcult to predict. In the case of the H screening discussed in Sec. III D, for instance, a more complete description
of hydrogen adsorption on the clusters could be obtained by conducting a thorough, automated scan of the adsorption energy as a
function of H position.54 Such an approach would avoid human
sampling bias and also provide a larger quantity of data without
an extensive manual setup. Of course, such a comprehensive scan
would also require using more computational resources or lowering
the level of theory.
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Linear regressions using physics-based descriptors were found
unable to rationalize the observed variations in adsorption, reaction,
and transition state energies. In addition to linear regression, the
data could be analyzed using more reﬁned regression models which
are rapidly gaining traction55 as means to describe chemical systems. For instance, the physics-based descriptors used herein could
be taken as input parameters (features) used for training a supervised regression or neural network algorithm. Such an approach can
possibly describe the data as a nonlinear function of several physically meaningful features.55 Alternatively, the data could be analyzed using automatized and more abstract featurization approaches
such as SOAP used in this work. While abstract features may alleviate manual labor, they may also provide a qualitative understanding of the important features or descriptors. Whether physics-based
or more abstract featurization is used, large data sets are needed
to obtain a reliable machine learning model—obtaining this data
from DFT may well become the bottleneck for the machine learning
approaches.
Water adsorption strength over clean metal surfaces is often
reported to be weak compared to that on pure zirconia;1,2,6,7,37 therefore, the support is needed for overall catalytic activity. According to
previous works, zirconia alone cannot catalyze the WGS reaction.6,16
As the water activation behavior of Rh(111) and Pt(111) are quite
similar,2 the Pt(111) surface could be expected to perform similarly
toward WGS. Therefore, even though the interfacial sites make up
a minority of the whole system, they can play a key role in the catalytic activity. In line with previous results, molecular water binds
at the present interface sites with moderate strengths and displays
lower dissociation barriers than on the pure metal surfaces.1,2,6 Our
present study shows that water dissociation can take place across the
interface, thereby supplying hydrogen to the metal cluster for further
reaction with CO in the WGS process.
The presence of NGM isomers highlights the importance of
considering the ensemble of structures instead of focusing only on
the GM isomer.19 Our study shows that molecular water adsorption
is rather similar between GM and NGM structures, but a considerable difference is observed for OH + H adsorption, which may
be partially attributed to the cluster deformations. Consequently,
the results based on NGM isomers raise numerous questions: (i) at
elevated temperatures, what is the extent of ﬂuxionality during the
reaction? (ii) how does cluster ﬂuxionality affect the reaction mechanism and minimum energy pathways? (iii) how and to what extent
do surface species modify the cluster geometry? Note that we exclude
kinetics over NGM clusters, and the present comments are based on
thermodynamic analysis. Moreover, only low-coverage cases were
considered; higher adsorbate coverages may introduce larger structural deformations than those observed here, in particular, if the
adsorbates are included in the global optimization.
Finally, the breaking of energy scaling relationships is an inherent way to overtake the maximum catalytic activities proposed based
on volcano plots.56 In our study, the linear scaling relationships
between adsorption energies of H2 O and OH + H over all GM and
NGM clusters show, at best, poor correlations. As meaningful BEP
and TS scaling relationships were also not observed, we are unable to
predict activation energies based on adsorption or reaction energies
over these clusters. This is perhaps unsurprising given that scaling
relations assume that the initial structures as well as the transition
state and ﬁnal structures are relatively similar across the studied
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sites. Our results demonstrate that simple scaling relationships do
not hold for these zirconia-supported Rh and Pt clusters and, consequently, interfacial sites may display unexpected catalytic behavior.
This calls for systematic computational and experimental studies on
atomically well-deﬁned clusters in order to better understand these
systems and formulate new concepts for the prediction of catalytic
properties.
V. CONCLUSIONS
We have investigated the dissociation of water over globally
optimized Rh and Pt clusters on m-ZrO2 (111). It was observed that
the adsorption and reaction properties of the system are complex
and cannot be easily predicted from simple geometric or electronic
structure measures of the cluster or from scaling relations. Three
main factors likely contribute to this complexity: (i) the irregular
morphology of the clusters, (ii) the small size of the clusters, and (iii)
the low symmetry of the support. Together these factors result in
very intricate properties for the clusters and cause every adsorption
site to be unique.
As the properties of a cluster are highly dependent on its exact
geometry, and there exist multiple cluster isomers that are close in
energy to the GM structures, focusing only on the most stable geometry provides a limited view of a catalytic system. Indeed, we found
that NGM clusters can bind dissociated water more strongly than the
GM clusters. This effect could stabilize cluster geometries that are
less favorable on the bare surface, further increasing the number of
thermodynamically feasible structures in the H2 O/M/ZrO2 system.
The aspects mentioned above indicate that there is potential for
rich catalytic chemistry on small, ﬂuxional clusters. Our results reinforce the necessity of using an ensemble model comprising a variety of cluster geometries to gain a complete picture of the catalytic
process.
SUPPLEMENTARY MATERIAL
See supplementary material for the complete water adsorption
and dissociation data, including adsorption and reaction energies,
activation energies, TS bond lengths, imaginary frequencies, and
scaling relationship plots.
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