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Abstract

This work presents a systematic computational investigation of
oxidation and potential catalytic performance of Pt nanoclusters sup-
ported on two types of metal oxides. Ab initio calculations were per-
formed based on Density Functional Theory.

Pt nanoclusters in the present work consisted of a few Pt atoms
and were simulated both in gas-phase and supported on brookite
TiO2(210) and Co3O4(111).

First, the oxidation of free-standing and supported Pt clusters for
different sizes was investigated. Gas-phase and supported clusters
were found to be more prone to oxidation compared to bulk Pt. A size-
dependent oxidation trend was predicted for Pt clusters as a smaller
cluster was easier to oxidize, independent of the type of support. The
same size-dependent oxidation trend was found for gas-phase and sup-
ported Pt clusters.

Next, the oxidation of CO was modeled on Pt clusters to exam-
ine the catalytic performance of these systems. Prior to modeling the
reaction, we employed ab initio thermodynamics to find the possible
oxidation degree of the clusters at the reaction condition. Our cal-
culations showed that from the thermodynamics standpoint, in finite
temperatures and pressure of oxygen and carbon monoxide, clusters
would be partially oxidized regardless of the type of support. How-
ever, the kinetic studies on partially oxidized clusters revealed that
they would almost reduce to a more metallic catalyst. Then, we fo-
cused on modeling the CO oxidation reaction on metallic clusters and
single-atom Pt. To this end, Langmuir-Hinshelwood and Mars-Van
Krevelen oxidation mechanisms were simulated on different sizes of
Pt catalysts over titanium and cobalt oxide. On brookite, single-atom
Pt catalysts, whether anchored on the surface or substituting an atom
from the surface lattice, exhibited lower activation energy for convert-
ing CO into CO2. The predicted activation energy was higher on the
larger Pt cluster, and the smaller cluster performed even weaker. On
the other hand, single-atom Pt on Co3O4 was not predicted to be an
active catalyst unless it substitutes a Co atom from the surface. This
implies the key role of the type of supporting surface in the catalytic
properties of the catalyst.

By comparing two oxidation mechanisms on Pt clusters, we con-
cluded that the L-H mechanism is more probable on Co3O4 supported
Pt clusters rather than TiO2. However, the MvK mechanism seems
to be a more facile oxidation mechanism on adsorbed Pt catalysts on
TiO2. Our findings emphasize the importance of the supporting sur-
face and size of the clusters in the catalytic properties of Pt at subnano
scale.
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1 INTRODUCTION

1 Introduction

Carbon monoxide: Carbon monoxide, CO(g), is a colorless
and tasteless gas that can be toxic to humans by entering the
lungs; inhaling too much CO can saturate hemoglobin hence it
fails in delivering oxygen to the cells.

The current amount of CO in the atmosphere is a result of
natural reasons such as bushfires and volcanoes, as well as hu-
man activities. A large portion of CO is usually produced by in-
complete combustion in vehicles that burn fossil fuels and petro-
chemical industries; this means insufficient oxygen or too much
carbon during the combustion. CO is relatively inert towards
oxidation, so the typical lifespan of CO can be up to several
months before it reacts with O2 to form CO2:

2CO(g) + O2(g) −→ 2CO2(g) (1)

The reactants of reaction (1) have a total spin of 1 (O2 is
in triplet ground state), but the product (CO2) has zero spin.
So, from an electronic structure standpoint, oxidation of CO is
spin-forbidden. This means the reactants and product are in
different spin states and this causes a high activation energy [1].

How to oxidize Carbon monoxide? Probably one way to
oxidize CO would be increasing the temperature to accelerate
the reaction. But a high temperature is not a desirable solution
for this problem. The toxic nature of CO prompted immediate
research studies to explore methods for oxidizing it at a lower
temperature. This means the oxidation of CO should be assisted
by a catalyst. Catalysts are functional materials that affect the
path and energy profile of a reaction: Catalysts help to initiate
or speed up a reaction by decreasing the activation energy. They
also affect the direction and selectivity of a reaction. Oxidation
of CO into CO2 is a well-studied reaction on catalysts [1]. It
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1 INTRODUCTION

was noticed that in presence of moisture, the oxidation reaction
is more easily activated [2]. Later, surfaces of noble metals such
as Pd, Pt, Ag, and Ir were used successfully to convert CO [3,
4, 5, 6].

Yet, the increasing cost of commercial catalysts made from
noble metals and the considerable amount of produced CO urges
altering bulk noble metals with a more affordable form of cata-
lysts.

Supported catalysts: It has been observed that deposition
of noble metals in form of ultra-fine (nanoparticles) particles on
a surface can change the chemical behavior of the metal dra-
matically and lead to raising novel properties. An original ex-
ample is gold which is not an active catalyst as bulk [7], but
a change in chemical behavior was observed when the size of
the gold particles decreased to 10 nm [8]. The catalytic behav-
ior of Nanoparticles (NPs) is a function of many parameters:
particle size [9, 10], type of the supporting surface [11, 12], envi-
ronment temperature [13], and shape and chemical composition
[14]. Numerous research studies have been conducted to inves-
tigate and engineer the catalytic properties of these supported
catalysts, both theoretically and experimentally [15, 16, 17, 18,
19, 20, 21]. Oxidation of CO has been vastly studied in the
field of supported catalysts: deposited NPs of noble metals such
as gold [22], palladium [23], platinum [24], Iridium [25], cop-
per [26], and silver [27] have shown catalytic activities towards
this reaction. Regarding the CO oxidation reaction, we consider
two main mechanisms: Mars-Van Krevelen (MvK) if lattice oxy-
gen is participating in CO oxidation and Langmuir-Hinshelwood
(LH) if all the reactants (CO and oxygen) are chemisorbed on
the catalyst from the ambient before activation (see Figure 1).

Nanoparticles:
Au supported catalysts are highly investigated for CO oxi-

dation application [28, 21]. The interface between Au particles
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1 INTRODUCTION

Figure 1: Two fundamental CO oxidation mechanisms: 1) MvK: CO reacts
with lattice oxygen, 2) LH: Both gas-phase reactants are adsorbed on the
catalyst and then react.

and oxide was found to be crucial for catalytic activity [29]. The
environmental effect on the activity of Au particles was studied;
dual catalytic sites were observed on Au NPs, depending on the
temperature: it was possible to activate O2 on Au nanoparticles
at T ≥ 80◦C. At lower temperatures, however, O2 was activated
at the interface of nanoparticle–oxide [30]. Tuning the size of the
nanocatalyst is of high importance. While bilayer gold films ex-
hibited higher activity relative to Au NPs (∼ 3 nm) [31], smaller
Au NPs (average size ∼ 2 nm) were reported to have the highest
activity [32].

Size effect can vary when the type of the metal changes; while
smaller Au particles were more active, Ru particles exhibited
higher oxidation activity when the particle size increased from
2 to 6 nm [33]. Moreover, the composition of Ru particles was
affected by particle size; spectroscopic characterization revealed
that smaller Ru particles contained more amount of RuO2 [34].

Pd38 particle and Pd slab were modeled by DFT to study
their performance for CO oxidation; the rate-determining step of
reaction was found to be O2 dissociation on Pd particle and CO2

formation on Pd slab, with Pd cluster showing higher activity
[35]. The activation energy of CO oxidation on a Pd(111) single
crystal was measured twice as the one on ∼ 2 nm Pd nanoparti-
cles. Moreover, comparing large Pd particles (27 nm) with the
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1 INTRODUCTION

2 nm particles, the small ones were reported to be more reac-
tive [36]. The type of supporting surface was found to have an
influence on the oxidation mechanism: on graphene-supported
dispersed Pd particles, CO oxidation followed Langmuir- Hin-
shelwood mechanism [37]. On an oxide such as CeO2, in addition
to Langmuir- Hinshelwood, the Mars-Van Krevelen oxidation
mechanism was also observed [38].

The profound impact of particle surface interface on catalytic
performance was observed also on TiO2 supported Cu NPs, on
which the interface acted as an active site for the reaction to
happen. Highly dispersed Cu particles were synthesized by the
deposition-precipitation method, yielding a remarkable number
of interfacial sites which made the catalysts active for tempera-
tures from 120 to 240 ◦C [39]. Cu particles supported on aerogel
TiO2 assisted extraction of lattice oxygen and CO oxidation pro-
ceeded Mars-Van Krevelen mechanism [40].

Platinum particles have been vastly investigated; numerous
experimental and theoretical studies have been conducted to
better understand the properties and performance of these par-
ticles for different applications such as in fuel cells [41, 42], con-
version of exhaust gases [43, 44], and oxidation of hydrocarbons
[45]. Oxidation of CO is one of the most common chemical
reactions which has been studied on these catalysts.

In an experiment, Pt NPs (1 ∼ 3 nm) were synthesized via a
chemical colloid deposition method on Fe2O3 under oxygen-rich
condition, with 2 nm particles showing the highest activity [16].
In another experimental study, a large range of Pt particles (2
≤size≤ 16 nm) was synthesized at different temperatures (300-
700 ◦C); those prepared at higher temperature had smaller diam-
eter and a higher ratio of Ptmetallic/Pttotal. Pt atoms in contact
with the support could be in a partially oxidized state (Pt +δ)
due to charge transfer from the metallic cluster to the surface.
However, Pt atoms with a metallic state were found to be active
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1 INTRODUCTION

sites for catalytic reaction since the turnover frequency (TOF)
of the reaction increased at a higher ratio of Ptmetallic/Pttotal.
TOF is a measure of the catalyst efficiency; which is stated as
reaction progress normalized by active sites with respect to time.
The role of supporting surface in catalytic activity was studied
also for Pt catalysts. The reaction rate of CO oxidation was
higher on Pt particles supported on reducible transition metal
oxides such as Co3O4, Mn3O4, TiO2 and NiO, compared to inert
surfaces like SiO2 [46]. A similar result was obtained by compar-
ing reducible TiO2 and irreducible Al2O3 [47]. Also, interfacial
sites of ceria and Pt particles were found to be active sites for
oxidation reaction [48]. Deposition of Pt NPs on Fe3O4 sur-
face enhanced reducibility of the surface and creation of lattice
oxygen vacancy, so the Mars-Van Krevelen mechanism was also
involved in the oxidation reaction [49].

Single atoms: The smallest size of metallic catalysts, highly
dispersed single-atom catalysts (SACs), have the most efficient
utilization geometry [50, 51]. In a theoretical simulation, oxida-
tion of CO over Ir1 supported on FeOx was compared to Pt1 on
the same surface, and Pt1 showed higher activity regarding CO
conversion [52]. In experimental investigations, Pt1/FeOx sys-
tem was reported to be highly stable and an efficient catalyst
[53, 54]. CO oxidation was observed over Pt single atoms sup-
ported on zeolite at 150 ◦C with moderate activity [55]. On TiO2

nanowires, Pt SACs were found to be remarkably active for CO
oxidation and 90 % of CO conversion happened at temperature
∼ 160 ◦C [56].

One of the difficulties in synthesizing single-atom catalysts is
the homogeneity and stability of single atoms. In the case of
Pt1/CeO2, lowering the temperature in a reducing environment
led to agglomeration of Pt atoms into Pt particles [57]. One
of the successful approaches to synthesizing the Pt SACs was
a wet impregnation technique ( strong electrostatic adsorption)
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1 INTRODUCTION

[50]. Low Pt loading and a large volume of the solution includ-
ing TiO2 particles as well as controlling the pH resulted in the
homogeneous deposition of 1 Pt per TiO2 particle which in turn
were stable through reductive and oxidative conditions.

Nanoclusters: Nanoclusters bridge the size gap between the
nanoparticles and single-atom catalysts. Reported properties of
nanoclusters can be controversial, since adding or removing one
atom can change the chemical properties and catalytic behavior
of the system [58]. Hence, extrapolation of the nanoparticle
properties to clusters is not possible and one needs to study
each system individually.

A theoretical study on Pt11 and Au11 cluster supported on
TiO2 predicted two different reaction paths for oxidation of CO;
while activation of CO was found to be directly possible on
O2 adsorbed on Au11, dissociation of O2 was found to be an
additional step on Pt11 prior to the formation of CO2 [59]. In the
same work, the dissociation of oxygen molecules on the pure Au
cluster was predicted to require activation energy almost three
times higher than ( activation energy = 1.53 eV) compared to
the Pt cluster ( activation energy = 0.52 eV). On the other hand,
the oxidation of CO was more activated on the Pt cluster than on
the Au cluster by 0.75 eV. Yet, considering the whole oxidation
path, CO oxidation was predicted to be less demanding on Pt11;
also Pt cluster was bonded to the surface more strongly.

Subnano scale Ptx clusters (x from 4 to 35) were deposited
on TiO2 by magnetron sputtering and quadrupole mass filter;
the contribution of a different mechanism in the oxidation of
CO was discussed by isotopically labeling the reactants. It was
suggested that Pt atoms at the edge of the clusters are active
sites for the reaction; yet an atomic-level model was not provided
to support this claim [60].

Size selected Pt clusters (Pt5 and Pt19) were adsorbed on
Fe3O4 to study the mechanism of CO oxidation reaction. Mars-
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1 INTRODUCTION

Van Krevelen and migration of lattice oxygen were discussed,
but DFT modeling was limited to the first step of the reaction
(extracting the oxygen from the lattice) and kinetics of the re-
action on the system remained to be further cleared[61].

Schneider et. al. [62] studied the oxidation of CO on small Pt
clusters. They investigated the energetics of interaction between
Pt clusters and molecular oxygen. Latter work did not cover the
kinetics of the reaction, and Pt clusters were studied only in the
gas-phase and not on the surface.

A small Pt cluster (Pt4) was modeled on TiO2 [63], and a
study regarding the kinetics of CO oxidation via the Mars-Van
Krevelen mechanism was provided. But no more insight was
provided regarding other oxidation mechanisms.

There are many studies focusing on the Pt NPs [24, 64, 65,
66]; but Pt clusters are not as well-studied as Pt NPs. In par-
ticular, a systematic study on the performance of subnano scale
Pt catalysts (few atoms) on the atomic scale is missing.

Oxidation of nanocluster: One important possibility which
should be considered for nanoparticles and clusters is their oxi-
dation in catalytic conditions [67, 68]. It has been reported that
the oxidation state of Pt NPs has an impact on the catalytic
properties of the particles [69, 70]. Hence, it is important to un-
derstand the factors that affect the oxidation degree of Pt NPs.
Studies show that the size of NPs, their interaction with the
supporting surface, the nature of the supporting surface, and
the temperature and pressure of the gas-phase atmosphere can
change the propensity of Pt NPs for oxygen [71, 72, 73, 57, 74,
75, 76]. CO oxidation was investigated on Pd NPs and at higher
temperature (≥ 500 K) dynamic formation and decomposition
of oxides was observed, leading to suppression of CO oxidation
[77].

An ab initio investigation on Pt7 reported the most stable
structures of Pt7Ox with x varying from 1 to 7 [78]; however, this
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1 INTRODUCTION

study does not provide a trend for the oxidation of Pt clusters.
The correlation between the cluster size and oxidation of clusters
remains unclear.

About this work: The aim of the present work is first to
computationally investigate the oxidation of Ptx clusters (x ≤ 8)
in gas-phase and supported on two metal oxides: brookite TiO2

and Co3O4. Anatase and rutile TiO2 are more studied surfaces
for the Pt supported catalysts rather than brookite [79, 65, 80,
76]. Also, we are studying Pt clusters supported on Co3O4 for
the first time, and comparing the properties of Pt clusters on
these two different surfaces would be interesting and informa-
tive. Then, the catalytic performance of supported clusters will
be discussed through different oxidation mechanisms. In addi-
tion to Pt clusters, we also conducted a comprehensive study
on the performance of single-atom supported Pt regarding the
oxidation of CO. Moreover, we elucidate the possibility of CO
oxidation over a supporting surface that is doped with atomic
Pt.

This thesis consists of seven chapters: The first and last ones
are the introduction and conclusion, the second chapter explains
the applied computational approaches, and the rest discuss the
results. The thesis is organized as follows:

Chapter 2 (Computational methods) In this chapter, we
explain methods, theories, and approximations that have been
used for simulations in this thesis.

Chapter 3 (Global minima of Pt clusters) This chapter
represents the structures of global minima of gas-phase and sup-
ported Pt catalysts, with different sizes and oxidation degrees.

Chapter 4 (Oxidation of Pt clusters) In this chapter, the
tendency of Pt nanoclusters for oxidation is discussed and com-
pared to bulk Pt. Also, the correlation between cluster size and
oxidation degree is explained. Last, the role of support and in-

8



1 INTRODUCTION

teraction between the metallic clusters and surface is discussed.
Chapter 5 (CO oxidation via MvK mechanism) CO

oxidation reaction was modeled to probe the catalytic perfor-
mance of Pt clusters as well as single Pt catalysts. Here, we
consider the oxidation reaction to proceed through the Mars-
Van Krevelen mechanism, which involves oxygen atoms from
the surface lattice.

Chapter 6 (CO oxidation via LH mechanism) In this
chapter we explain the reaction of CO oxidation via the Langmuir-
Hinshelwood mechanism. This chapter ends with a discussion of
the findings of this work and makes a comparison to the findings
of other researchers.

9



2 COMPUTATIONAL METHODS

2 Computational Methods

This chapter presents the theory and methodology which have
been applied for simulations in this thesis. Density functional
theory (DFT), as a widely used approach for the simulation of
materials, is the main tool employed in this work to compute
the energy and features of the systems. Concepts, approxima-
tions, and computational details are discussed thoroughly in the
present chapter.

2.1 Density Functional Theory

Density functional theory [81, 82] is a method based on quan-
tum mechanics (QM) which is useful in chemistry and physics
to compute the electronic structure of different systems such as
atoms, molecules, and bulk solids. DFT is accurate in principle,
however for application purposes and to make it computation-
ally possible, it is necessary to make approximations. Develop-
ing these approximations is the goal of many research studies.
Yet, DFT is applicable to calculate many physical and chemi-
cal properties. Since DFT provides a proper balance between
computational accuracy and cost, it has been widely used as a
standard electronic structure method.

In this chapter, we summarize the basic theorems, concepts,
and approximations in DFT and the computational methods
used in the present work.

2.1.1 The Born-Oppenheimer approximation

For a system composed of atoms or molecules, there are several
nuclei and electrons that should be treated as quantum parti-
cles. One of the problems with the many-body system is that
the Hamiltonian is not solvable because the degrees of freedom
of Ne electrons and Nn nuclei are coupled. However, since nuclei

10



2 COMPUTATIONAL METHODS 2.1 Density Functional Theory

are almost 1000 times heavier than electrons, their motion is too
slow to affect the electronic configuration. Thus, it is possible to
treat the atomic nuclei and electrons separately. So, here nuclei
are considered as points in space with specific mass and charge
from which the motion of electrons is independent. This approx-
imation, also known as Born-Oppenheimer (BO) approximation
or adiabatic approximation [81], proposes to express the total
wavefunction as a product of the ionic Ψ(R) and the electronic
ψ(r) wavefunction:

Φ(r,R) = Ψ(R)ψR(r) (2.1.1)

The wavefunction of nuclei is found by solving the Schrödinger
equation:

(−
∑
I

h̄

2MI

∂2

∂R2
I

+ E(R))Ψ(R) = ϵΨ(R) (2.1.2)

where E(R) is the ground-state energy of electronic Schrödinger
equation and MI presents the mass of the i-th nucleus. The elec-
tronic Schrödinger equation can be expressed as:

(−
∑

i
h̄

2mi

∂2

∂r2i
+ e2

2

∑
i̸=j

1
|ri−rj | −

∑
i,j

ZIe
2

|ri−Rj |

+e2

2

∑
I ̸=J

ZIZJ

|RI−RJ |)ψR(r) = E(R)ψR(r)
(2.1.3)

Here e and m stand for the charge and mass of the elec-
tron. Adiabatic methods are easier to be implemented than
non-adiabatic ones and yield reasonable and cost-effective re-
sults. Yet, by applying the BO approximation one can not solve
the many-body problem analytically. After factorizing the ionic
and electronic wavefunction, we still remain with the electronic
problem which is a challenge to solve due to the interaction
among electrons.

11
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2.1.2 Hohenberg-Kohn Theorems

The Hohenberg and Kohn theorems are valid for a many-particle
system and map the interacting electron system into non-interacting
electrons in an external potential originating from the atomic
nuclei. According to the first Hohenberg-Kohn theorem, for any
interacting system of particles, there is a one-to-one correspon-
dence between the ground state electron density n0(r) and the
external potential vext(r), and the Hamiltonian is uniquely de-
termined by the electron density. So, for any external potential
vext(r), it is possible to define the energy of the system as a
unique functional of the density n(r): E = E[n(r)]. The energy
functional in terms of the external potential vext(r) can be ex-
pressed as:

E[n(r)] =

∫
vext(r)n(r)dr + F [n(r)] (2.1.4)

where F[n(r)] is an unknown/ the universal functional of the
charge density. This functional is independent of the external
potential and contains only the kinetic energy and the interac-
tion among electrons: F [n(r)] = T [n(r)] + Ve−e[n(r)]. The sec-
ond Hohenberg-Kohn theorem determines an important prop-
erty of the energy functional: The true electron density is the
one that minimizes the energy of the overall functional. In prac-
tice, based on the variational principle, the ground-state electron
density is found by changing the electron density until it mini-
mizes the energy functional. In principle, all ground state prop-
erties are determined from the minimization of the functional
E[n(r)].

12
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2.1.3 Kohn-Sham Equations

The main idea of Kohn and Sham (KS) is to replace the many-
body system of interacting electrons with a non-interacting aux-
iliary system. They approximated the ground-state density of
interacting electrons with that of a non-interacting auxiliary sys-
tem. Thus, equation 2.1.4 can be written as bellow:

E[n(r)] = Ts[n(r)] +
∫
vext(r)n(r)dr + EHartree[n(r)]

+EN−N + Exc[n(r)]
(2.1.5)

Considering the spin (σ) of Nσ independent electrons, the
ground-state energy of the system can be obtained by summing
over all Kohn- Sham orbitals (ψσ

i (r)):

n(r) =
∑

σ=↑,↓ n
σ(r) =

∑
σ=↑,↓

∑Nσ

i=1 |ψσ
i (r)|2 (2.1.6)

Ts[n(r)] is the kinetic energy of the auxiliary system:

Ts[n(r)] = 1
2

∑
σ=↑,↓

∑Nσ

i=1 ψ
∗σ
i (r)(−h̄

2m

→
∇)ψσ

i ( r) (2.1.7)

and EHartree [n(r)] is the Coulomb energy of charge density
interacting with itself:

EHartree[n(r)] = e2

2

∫ n(r)n(r′)
|r−r′| drdr′ (2.1.8)

The unknown exchange-correlation caused by many-body ef-
fects is presented as exchange-correlation energy Exc(n(r)):

Exc[n(r)] = T [n(r)] − Ts[n(r)] + Vee[n(r)] − EHartree[n(r)]
(2.1.9)

The first two terms refer to the difference in kinetic energy
of the interacting and non- interacting systems. Minimizing
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equation 2.1.5 leads to Schrödinger-like equations corresponding
to Kohn- Sham orbitals:

Hσ
KSψ

σ
i (r) = ϵσi ψ

σ
i (r) (2.1.10)

where Hσ
KS is defined as:

Hσ
KS = − h̄

2m∇
2 + vσeff(r) (2.1.11)

and effective potential is defined as:

vσeff(r) = vext(r) + e2
∫ n(r′)

|r−r′|dr′ + vσ
xc[n(r)] (2.1.12)

The unknown term vσxc[n(r)] includes all non- classical elec-
tronic interactions:

vσxc[n(r)] = δExc[n(r)]
δn(r) (2.1.13)

So far we have not approximated any term, hence if we knew
the exact functional Exc[n], the Kohn-Sham equations would
lead to the exact ground-state density and energy of the inter-
acting system.

2.1.4 Exchange-correlation functionals

The Kohn-Sham equations map the interacting many-body sys-
tem onto a set of independent single-particle equations success-
fully and make the problem much easier. Although, without
knowing the exact form of the exchange-correlation energy func-
tional Exc[n], the KS equations are not solvable. A class of ap-
proximations to the exchange-correlation is the Local Density
Approximation (LDA), which assumes that each small volume
of the system behaves as a homogeneous electron gas with a
density equal to the local density of the inhomogeneous system
[82]:
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ELDA
xc [n(r)] =

∫
ϵhomxc (n(r))n(r)dr, (2.1.14)

where ϵhomxc (n(r)) stands for the exchange-correlation energy
of each electron in the homogeneous electron gas with a den-
sity of n(r). Also, exchange-correlation potential is a functional
derivative of exchange-correlation energy:

V LDA
xc [(r)] = δELDA

xc [n(r)]
δn(r) = ϵhomxc (n(r)) + n(r)∂ϵ

hom
xc (n(r))
∂n(r) ,

(2.1.15)
In spite of LDA efficiency for systems with slow changes in

spatial density, there is the problem of bond-length underestima-
tion and binding energy overestimation with LDA. Here, Gen-
eralized gradient approximation (GGA) corrections help with
these limitations in terms of density gradient [83].

EGGA
xc [n(r)] =

∫
ϵGGA
xc ((n(r)),∇n(r))n(r)dr, (2.1.16)

GGA provides better values for binding energy and bond
length compared to LDA and delivers a better description of the
inhomogeneous system which is a failure of LDA. Many forms of
GGA functional have been proposed [84, 85, 86, 87], and among
them Perdew formulation [84] is the most used form.

2.1.5 Numerical implementation of the Kohn-Sham equations

To use DFT for practical purposes, the Kohn-Sham equations
must be transformed into an algebraic form to be solved nu-
merically by computers. In periodic crystalline solid systems,
the electronic wavefunction and all the operators in the Hamil-
tonian can be expanded in a plane wave basis set. According
to the Bloch theorem, the Kohn-Sham electronic wavefunctions
in a periodic potential, V (r + R) = V (r), can be written in
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the momentum space as a plane wave modulated by a periodic
function unk(r), with the same periodicity unk(r+R) = unk(r):

ψn,k(r) = eik.run,k(r), (2.1.17)

here k is the electron crystal momentum and it is defined
in the first Brillouin zone of the reciprocal lattice, and n is the
band index. The periodic part is expandable in a basis set of
plane waves:

un,k(r) = 1√
Ω

∑
G

cn,k+Ge
iG.r

(2.1.18)

Here Ω represents the cell volume, G is a vector in reciprocal
space and cn,k+G is the coefficient of the plane waves. So the
Kohn Sham orbitals are described as:

ψn,k(r) = 1√
Ω

∑
G

cn,k+Ge
i(k+G).r

(2.1.19)

This is an exact expansion if we have an infinite plane wave
basis set. In practice, the number of plane waves should be finite
due to computational limitations. Thus, the latter summation
is truncated by cutoff energy (Ecut) which is the kinetic energy:

h̄2

2m |k + G|2 ≤ Ecut (2.1.20)

Only G vectors with kinetic energy lower than Ecut are in-
cluded. The sufficient size for the plane wave basis set is deter-
mined by convergence tests of total energy, adsorption energy,
etc., as a function of Ecut. This way the required accuracy for
each type of calculation is obtained.

In a similar fashion, the ground-state density is also expand-
able in plane waves:

n0(r) =
∑
G

n0(G)eiG.r
(2.1.21)

where n0(G) is the charge density in the reciprocal space:
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n0(G) = 1
Ω

∑
n

∫
BZ fn,k

∑
G′
c∗n,k+(G′−G)cn,k+G′dk (2.1.22)

The modulus of the largest G vector in equation 2.1.21 can be
twice the maximum G vector defined by Ecut. Thus the kinetic
energy cut off of n0 (r) can be 4 times larger than the one of the
wavefunction. Another numerical approximation is to replace
the integral over BZ with a summation over a discrete grid of k-
points. This grid is used to sample the BZ, and one of the most
popular schemes is Monkhorst- Pack grid [88]. It is possible to
solve the KS equations consistently since the effective potential
in the KS equations and the n(r) are related. Figure 2 shows the
self-consistent iterative method to numerically find the solution
of the KS equations.

Since the effective potential and n(r) are both unknown, the
algorithm starts with an initial guess of n(r), which usually is
the superposition of atomic n(r), and then effective KS potential
is calculated and the KS equation is solved with single-particle
eigenvalues and wavefunctions, a new electron density is then
calculated from the wave functions. The convergency is achieved
when changes in the total energy of the atomic system are less
than the pre-defined criteria. Otherwise, the calculated (new)
n(r) is mixed with the initial guessed n(r) (old) and the outcome
n(r) will be used for the next iteration.

2.1.6 Pseudopotentials

Another problem is the strong localization of the wave function
of core electrons. A large number of plane waves are required
to describe these electrons. Moreover, core electrons do not
contribute to chemical reactions. These lead to the idea of using
pseudopotentials [90]. Pseudopotentials are used to freeze the
core electrons and replace the potential of the nuclei plus core

17



2 COMPUTATIONAL METHODS 2.1 Density Functional Theory

Figure 2: Schematic diagram of the self- consistent algorithm for solving the
KS equation[89].

electrons with a fictitious potential, in a way that the behavior
of the valence electrons is not affected beyond the cutoff radius
rc away from the nucleus. The resultant pseudo-wave function
must be equal to all wavefunctions after rc and smooth before
rc; this way a smaller number of plane waves are required.

2.1.7 DFT + U

For many systems such as transition metal oxides, DFT fails to
give a correct prediction for the ground-state [91, 92, 93]. Semi-

18



2 COMPUTATIONAL METHODS 2.1 Density Functional Theory

local exchange-correlation approximations exhibit both one-electron
and many-electron self-interaction error [94, 95, 96]. The cause
of this error originates in localized, highly correlated electrons
of d and f-orbitals in transition metals and the fact that poten-
tials in LDA and Generalized Gradient Approximation (GGA)
approximations are orbital-independent. Thus, to properly de-
scribe the properties of strongly correlated systems, one should
use orbital-dependent potentials for d- orbitals electrons. One
way to incorporate the electron-electron correlation is to directly
add a term to Hamiltonian [97, 98]. DFT calculations corrected
in this way are called LDA+U or GGA+U. DFT+U separates
the electrons into two groups: s and p- orbital electrons which
are described by orbital-independent potential and localized d-
orbital electrons whose Coulomb interaction should be described
by orbital-dependent potential. DFT+U Hamiltonian is written
as [91]:

EDFT+U = EDFT +
∑

I [
U
2

∑
m,σ ̸=m′,σ′ n

Iσ
m n

Iσ′
m − U

2 n
I(nI − 1)]

(2.1.23)
here n denotes the atomic orbital occupation, I represents

the ion, m, and σ are the orbital and spin. U term (also Hub-
bard term) favors integer occupation numbers and creates High-
est Occupied Molecular Orbital (HOMO)/Lowest Unoccupied
Molecular Orbital (LUMO) gap in insulator materials which
are incorrectly described by DFT. Determining the proper U
term for each system is challenging, though it is possible to
find through a self-consistent approach. Following our previous
works [99] and other work [100], the values we have used in this
work are 3.0 and 3.5 eV for Co and Ti, respectively.
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2.2 Genetic algorithm

New properties and size-dependent behaviors of nanoscale parti-
cles have drawn remarkable attention to studying these systems.
The first step of any computational investigation is to find an
atomic configuration that is energetically close to the ground
state or global minima (GM) structure. This task is manually
possible for a few numbers of atoms; however finding the GM
of a larger number of atoms is spatially complicated and very
difficult, since the number of the possible generated structures
increases exponentially with respect to the number of atoms (
O(N 3)). Moreover, it is required to find the GM within a rea-
sonable amount of time and computational resources. The total
energy of different configurations of a set of atoms as a function
of their positions creates their potential energy surface (PES).
Finding the GM means finding a point in PES that corresponds
to the lowest energy. The main challenge is to find the lowest
point on this surface among other local minima. Many algo-
rithms have been developed to build the PES and find the GM.
One can categorize these algorithms into thermodynamics and
evolutionary-based ones. Algorithms driven by thermodynam-
ics are molecular dynamics [101] and Monte Carlo algorithms
such as the popular Basin Hopping method [102]. The algo-
rithm applied in this work is one of the evolutionary genetic
algorithms, which is based on the evolution of the structures
through the mutual pairing of a population of candidates. One
of the most important developments in these algorithms was the
introduction of the cut-and-splice pairing operator [103]. To find
the structural GM of Pt and PtOx clusters we used the genetic
algorithm (GA) as implemented in Atomic Simulation Environ-
ment (ASE) package [104, 105]. This algorithm is applicable in
structural optimization of both gas-phase and supported clus-
ters [106, 107, 108].
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Before starting the algorithm, a set of random initial candi-
dates are generated in a defined simulation cell. Typical size of
10 ∼ 20 (depending on the size of the cluster) candidates was
chosen to keep the diversity of structures. Required minimum
and maximum distances between atoms are specified in order to
avoid detachment or overlapping of the atoms. As the algorithm
starts running, a population (size varied from 10 to 20 struc-
tures) of the most stable and different structures is maintained
to be used for further cutting and pairing. To satisfy these con-
ditions, energy and interatomic distances are constantly com-
pared. The selection of a pair of structures is as follows: Every
structure is assigned with a fitness (Fi) and a probability (ρi) to
be chosen according to the fitness shown in equation 2.2.2.

Fi =
1

2
[1 − tanh(2ρi − 1)], (2.2.1)

ρi =
Ei − Emin

Emax − Emin
(2.2.2)

Moreover, a uniqueness factor is considered for each candi-
date which tends to zero the more the structure is selected for
pairing. The most important step in the algorithm is pairing
two structures, in a way that the best part of them is preserved.
Also, it should be ensured that the PES is sufficiently explored.
Pairing step is done via the cut-and-splice operator, which cut
the clusters into their halves through their center of mass and
keeping the stoichiometry of the clusters by removing or adding
atoms (Figure 3).

Finally, the interatomic distances are evaluated again to make
sure that atoms are not too far or close, otherwise they are dis-
carded and a new cutting operation is performed.
To avoid a degenerate population and keep the diversity of the
structures, four types of mutations are applied to the new can-
didates after they are generated from pairing and before their
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Figure 3: Cut-and-splice operator [104]

structure is locally optimized. By default 30% of new candidates
are mutated; this is an optimal value and if the candidates are
too mutated convergence of the GA would take longer. Imple-
mented mutations in the algorithm are as follows:
Rattle: A random distance between 0 and 0.8 Å along a ran-
dom direction is chosen to translate 40% of atoms in the cluster.
Twist: Applied on clusters supported on a surface; this muta-
tion rotates the cluster with a random angle respected to surface
normal.
Permutation: This mutation permutes the atomic number of
one-third of the atoms and keeps the geometry of the cluster.
Mirror: Half of the cluster is selected and mirrored across a
mirror plane which passes through the center of mass randomly.
The stoichiometry of the cluster remains the same by adding or
removing atoms.

The next step is to locally relax the candidates and update
the population with new candidates. The criterion for conver-
gence is arbitrary and based on the total number of structures
computed, on the fact that the energy of the most stable struc-
ture does not change anymore for a sufficiently large number of
steps, and on visual inspection of the geometry of the putative
GM. The schematic performance of the GA is shown in Figure
4.
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Figure 4: Overall steps of the algorithm and data flow [104].

2.3 Ab-initio thermodynamics

DFT calculations predict the electronic structure and material
properties at zero temperature and pressure. Ab initio thermo-
dynamics is a framework to connect the DFT results in mi-
croscale to macroscopic properties at finite temperature and
pressure [109]. Gibbs free energy (G) is the appropriate type
of potential to describe a system at finite temperature and pres-
sure.

Change of the Gibbs free energy of a reaction can be calcu-
lated as:

∆G = Gproducts −Greactants (2.3.1)

A reaction with a negative (positive) value of ∆G is exother-
mic (endothermic), meaning that the conversion of reactants
into products is thermodynamically favorable (unfavorable).

The Gibbs free energy of an atomic system can be decom-
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posed as:

G = Etot + Fvib + Frot + Ftrans + Felec + pV (2.3.2)

Here Etot represents the internal (DFT total) energy of the
optimized system which is the minimum of PES. We are in-
terested in changes in the total energies and not the absolute
values, since the absolute value of the total energy depends on
the type of the pseudopotential and does not have a physical
meaning. Fvib, Frot, and Ftrans are the vibrational, rotational
and translational energies, and Felec is the electronic energy of
the system. The energy corresponding to the vibrational fre-
quency of a system including the zero-point energy is defined as
[110]:

Fvib ≃ kBT
∑

i
hνi

2kBT
(2.3.3)

in which i denotes all the vibrational modes. The rest of
the components usually have a small contribution and hence are
neglected for supported clusters. But, for gas-phase clusters, a
large contribution comes from translational and rotational en-
tropy, which cannot be ignored. Therefore, we computed these
contributions. It was found that for gas-phase clusters the Gibbs
free energy of formation is not affected by the entropic contri-
butions significantly. That is because the entropic contribution
in metallic and oxidized clusters are quantitatively very similar
and enter in equation 2.3.6 and cancel out each other. As an
example, in the case of Pt4O8 entropy contribution at 600 K was
calculated to be of the order of 10 meV, which is negligible.

The chemical potential of the species is the quantity that
connects the DFT results with Gibbs free energy. The chemi-
cal potential of an element is the change in the total energy of
a system due change in the number of atoms of the given ele-
ments. In the present work, the reactants (O2 and CO) are in
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the gas-phase and are treated as ideal gases. Hence, the chemi-
cal potential of oxygen, µO, (and CO) depends on temperature
and pressure according to:

µO(T, p) = µO(T, p◦) +
1

2
kBTln

(
p

p◦

)
, (2.3.4)

where p◦ is the standard pressure, 1 bar, and kB is the Boltz-
mann constant. The temperature dependence of µO at p◦ is
obtained from the JANAF thermochemical tables [111]. We de-
fine the change in the chemical potential of oxygen relative to
its zero-temperature value as:

∆µO(T, p) = µO(T, p) − 1

2
E(O2) (2.3.5)

To compute the Gibbs free energy of formation (oxidation en-
ergy) as a function of the oxygen chemical potential, we write:

∆G(T, p) = G(PtxOy) − G(Ptx) − yµO(T, p)

≃ E(PtxOy) − E(Ptx) − y
(
1
2E(O2) + ∆µO(T, p)

)
= yEform(PtxOy) − y∆µO(T, p)

(2.3.6)

Where E(Ptx) and E(PtxOy) are total energies of metallic
and oxide Pt clusters. Here we have approximated the free en-
ergy of metal and oxide clusters with their DFT total energy.
While this approximation is reasonable for supported clusters,
gas-phase clusters have large contributions from translational
and rotational entropy, which cannot be ignored.

To check explicitly the effects of such contributions, we com-
puted the rotational, vibrational, and translational entropic con-
tributions according to statistical mechanics [110]. We found
out that these entropic contributions have a negligible effect on
the Gibbs free energy of the formation of gas-phase clusters.
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The reason for this is that the value of entropic contribution in
metallic and oxidized clusters are very similar; they enter in Eq.
2.3.6 with an opposite sign and so they cancel out. For exam-
ple, for the Pt4O8 system, such entropic effects at 600 K are of
the order of 10 meV, which is negligibly small. Vibrational fre-
quencies were computed according to a finite difference scheme:
atoms are shifted with 0.01 Å displacement along three dimen-
sions and forces on atoms are computed. At zero temperature,
the vibrational energy or zero point energy (ZPE) of the system
is a non-zero value. The effect of ZPE in the total energy of the
clusters is less than 0.05 eV/O for all the systems, hence it is
not included in thermodynamics calculations.

2.4 Nudged elastic band method

Let us consider the PES corresponding to a reaction. Using
local optimization, one can find the initial and final states of
the reaction steps. Now the challenge is to find the minimum
energy path (MEP) on PES and connect these two states. Figure
5 shows two local minima on the surface energy of a reaction.

The line connecting these two local minima passes through
a transition state which is the saddle point of the presented
surface energy. The method which was employed in the present
work for finding the MEP and TS configuration of the reaction
elementary steps is Nudged Elastic Band (NEB), developed by
Henkelman et. al. and implemented in QE [113]. The idea is to
create an initial linear interpolation between the reactant and
product, discretized by a number of ”images”. These images
are connected with an elastic spring so they do not collapse into
the initial or final state. Depending on the complexity of the
step, the number of images can vary from 5 to even 20. Figure
6 demonstrates a simple example of an initial guess of the code
regarding the reaction path.
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Figure 5: Schematic of PES of a fictional system [112]. Local minima of
reactant and product is connected through a path which is shown by red line
(MEP). The first order saddle point along the red line with the maximum
energy is called the Transition state (TS).

Figure 6: Linear interpolation of a simple chemical reaction,

NEB is a refinement of Elastic Band method [114], in which
each atom feels a force defined as:

Fi = −∇V (ri) + Fspring
i , (2.4.1)
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Fspring
i is the spring constant:

Fspring
i = ki+1(ri+1 − ri) = ki(ri − ri−1) (2.4.2)

The climbing image NEB method (CI-NEB) [115] has one
modification which drives the image with the highest energy up
to the saddle point. First, a sufficient number of NEB algorithm
iterations should be done so the reaction path becomes almost
defined. Then, by turning on the climbing image option, the im-
age with the highest energy starts climbing up along the elastic
band to converge on the highest point of the saddle point.

The theory and the practical methodology employed in the
present work were discussed in detail. A theoretical introduction
regarding DFT and relevant approximations as well as computer
implementation of the approach were presented. Further, ab ini-
tio thermodynamics was introduced as an approach to connect
the numerical results of DFT calculation to the properties of the
atomic system at finite temperature and pressure. Moreover, a
systematic method for finding the global minima of atomic clus-
ters was introduced and the setting and important parameters
were discussed. Finally, the NEB method was considered in this
work to study the kinetics of a reaction on nanoscale atomic
clusters.
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3 Global minima of Pt clusters

This chapter presents the stable structures of all the free-standing
and supported Pt clusters with different numbers of Pt atoms.
First, the computational details and bench markings are ex-
plained, and the structures and their stability are discussed.

3.1 Computational details and structural model

The DFT calculations were performed with the QUANTUM
ESPRESSO (QM) code [116], employing a plane waves basis set
and pseudopotentials. We adopted the Perdew–Burke-Ernzerhof
(PBE) approximation for the exchange and correlation func-
tional [84].

We employed ultrasoft pseudopotentials to describe Pt, Ti,
and Co ions, while a projector-augmented wave pseudopotential
was used for oxygen. For all the cluster simulations, k-point
sampling of the Brillouin zone was performed at the gamma
point and a Marzari-Vanderbilt scheme with a width of 0.136
eV was used to smear the electronic occupations. For nanoclus-
ters, the relativistic effects could be pronounced in defining some
properties. The impact of considering the spin-orbit coupling
(SOC) was actually studied on Pt7 cluster [78]. Although the
magnetic moment, total energy, and energy scale of isomer clus-
ters were remarkably different depending on considering or ne-
glecting SOC, it was found that SOC has in fact no effect on
the structure of the Pt7 global minima and a negligible effect
on the binding energy of Pt atoms in the cluster. Moreover,
the phase diagrams obtained by ab initio thermodynamics were
almost the same for SOC and non-SOC scenario. Finally, the
effect of SOC was not found to be drastic on the catalytic ac-
tivity of the cluster. Hence, we decided to neglect these effects
in our simulations.
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We simulated bulk platinum, PtO (Tetragonal, P42/mmc),
and β-PtO2 (Orthorhombic, Pnnm) as a reference, using the
primitive unit cells, a 8 × 8 × 8 k-point mesh, and a cutoff of
410 eV. The lattice parameter of optimized bulk Pt was found
to be 3.96 Å, overestimated by 1% with respect to the experi-
mental value of 3.92 Å[117]. As shown in table 1, the structural
parameters of PtO and β-PtO2 compare favorably with the ex-
perimental measurements [118, 119]. The cohesive energy of Pt
bulk system was calculated to be −5.58 eV, in good agreement
with the experimental value of −5.85 eV [120]. The calculated
heats of formation for bulk PtO and β-PtO2 with respect to the
total energy of bulk Pt and molecular oxygen, are −0.48 eV/Pt
and −1.44 eV/Pt, respectively. These values are consistent with
previous theoretical works, −0.68 eV/−1.42 eV [72] and −0.55
eV/−1.57 eV [121].

Bulk calculated lattice constants (Å) exp. lattice constants (Å)
Pt 3.96 3.92

PtO a = 3.149 a = 3.08
c = 5.331 c = 5.34

β-PtO2 a = 4.438 a = 4.48
b = 4.533 b = 4.53
c = 3.131 c = 3.13

Table 1: Structural computed parameters of bulk Pt, PtO and PtO2.

The GA was employed in interface with QE in the present
work to find the GM of small metallic and oxide Pt clusters, both
in gas-phase and supported on surfaces of TiO2 and Co3O4.

Supported clusters were modeled on the surface of Co3O4

(111) and brookite TiO2 (210). Periodic slabs of TiO2(210) and
Co3O4(111) were modeled using (1 × 2, with 96 atoms) and
(2 × 2, with 108 atoms) supercells, respectively (see figure 7).
To model the TiO2 (210) surface we considered a stoichiometric
slab, consisting of 4 Ti-layers. To model the polar Co3O4(111)
surface we employed a symmetric, non-stoichiometric slab, as
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done in one of our previous works on this system [99]. Here we
use a slab that includes a total of 11 layers, terminating with
Co+2 (tetrahedral sites), Co+3 (octahedral sites) and O−2 atoms,
the same model used by Yan et al. [122]. The surface is charged
and has a dipole moment. Hence, one can consider Co3O4 (111)
surface to be a Taskar type III polar surface [123].

Figure 7: The slab models used in present work. a) Brookite TiO2 (210)
and b) Co3O4 (111) .

In all the calculations, the bottom two layers of the slabs
were fixed, while the rest of the layers were allowed to relax.
To avoid spurious interactions among periodic replicas of the
slabs, we included 12 Å of vacuum in the direction normal to the
surface. To model Co3O4 we used the DFT+U approach, adding
a Hubbard term (3 eV) on the d states of Co atoms. In the case
of stoichiometric TiO2, we verified that the effect of adding a
U=3.5 eV Hubbard term on the formation energy of Pt oxide
clusters is negligible, therefore, we performed a PBE calculation.
Whereas in the presence of oxygen vacancies (i.e. reduction of
Ti4+ to Ti3+) on the brookite surface, the addition of Hubbard
term ( U=3.5 eV) is necessary to calculate the formation energy
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of oxygen vacancy.
Gas-phase Pt and Pt oxide clusters were simulated in a large

20 × 20 × 20 Å3 cubic cell. To model the oxidation of Pt clus-
ters we considered five different stoichiometries, namely PtxOy

clusters with y/x = 0, 0.5, 1, 1.5, and 2, and considered clusters
containing up to 8 Pt atoms. The search for the GM of gas-phase
clusters is carried out in three steps: First, the GA algorithm
was used in combination with the LAMMPS program to exploit
the efficient reactive force field developed for the Pt-O system
by Fantauzzi and co-workers [124]. The 20 most stable struc-
tures found from this step were then used as initial candidates
for GA calculations at the DFT level. To perform the structural
relaxation within the GA calculations we used loose criteria for
the plane wave cutoff and forces: The Kohn-Sham orbitals are
expanded up to a kinetic energy of 25 Ry for the wave function
and 200 Ry for the charge density, and the maximum conver-
gence force criterion for geometry optimization is 0.05 eV/Å per
atom. The GM is then further optimized by a more stringent
cutoff energy of 50/500 Ry and a force threshold of 0.026 eV/Å.
The cohesive energy of gas-phase metallic clusters, normalized
per Pt atom, is calculated as:

Ecoh = (E(Ptx) − xE(Ptiso))/x (3.1.1)

where E(Ptx) is the total energy of the gas-phase cluster,
E(Ptiso) is the total energy of an isolated Pt atom, and x is the
number of Pt atoms in the cluster. Using the total energy of the
Pt atom in the bulk form instead of isolated Pt, would result in
positive cohesive energy.

Also in the case of supported clusters we adopted a two-step
procedure. We first performed GA calculations with a cutoff of
25/200 Ry and a maximum force threshold of 0.05−0.2 eV/Å,
depending on the size of the system. We then optimized the
most stable structure with the same parameters of gas-phase
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clusters (cutoff of 50/500 Ry and force threshold of 0.026 eV/Å).
When modeling the TiO2/Pt8 and the Co3O4/Pt8, Co3O4/Pt8O8

systems, in order to avoid the interaction between periodic repli-
cas of the clusters, the size of the cells were doubled, i.e. we em-
ployed (1 × 4) and (2 × 4) supercells, respectively. All calcula-
tions are spin polarized, with the exception of supported clusters
on TiO2, where we found negligible effects (less than 0.1 eV) of
spin polarization on the formation energy of the supported clus-
ters. We quantify the stability of the clusters by calculating the
adsorption energy. The adsorption energy of metallic clusters
on the TiO2 and Co3O4 surface is calculated as [125]:

Eads = (E(Ptx@slab) − E(slab) − E(Ptx)). (3.1.2)

Here, E(Ptx@slab) is the total energy of the support + ad-
sorbed Pt cluster, E(slab) is the total energy of the clean surface
and E(Ptx) is the total energy of the metallic cluster in gas-phase
where all systems have been relaxed.

More practical details about how to use the GA code is as
below:

The starting population of 20 initial candidates was gener-
ated by GA according to criteria implemented in StartGenera-
tor module of ASE. After DFT optimization of the initial can-
didates, new candidates were generated by pairing initial can-
didates using operations of mirror, rattle and permutation mu-
tation (permutation only for oxidized clusters) with 0.3 proba-
bility. Interatomic distances and energy of structures were com-
pared with the default values in InteratomicDistanceCompara-
tor module of ASE (pair cor cum diff=0.015, pair max=0.7,
δE=0.02). To illustrate how a genetic algorithm (GA) optimiza-
tion proceeds, in Figure 8 we show as an example the evolution of
the total energy of the most stable structure encountered during
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the (GA) calculation, relative to the putative global minimum
(GM), as the GA is progressing, i.e. as a function of the number
of structures computed. Figure 8.a refers to Pt6O6 in gas-phase,
while Figure 8.c refers to Pt6O6 supported on Co3O4. Figure
8.b and 8.d illustrate the total energy of all the structures op-
timized during the GA calculation, ordered according to their
total energy and referenced to the total energy of the putative
GM. Figure 8.b refers to Pt6O6 in gas-phase, while Figure 8.d
refers to Pt6O6 supported on Co3O4.

These examples show that, even in the case of small clus-
ters with only 10 to 20 atoms, identifying a putative GM in-
volves several hundred geometry optimizations. Since each of
these optimizations is approximately O(N3) in the number of
atoms, global optimization of larger clusters becomes quickly
prohibitively expensive as N increases.

Figure 8: Energy of the most stable structure encountered as the GA calculation
is progressing, relative to the putative GM structure, for a) Pt6O6 in gas-phase,
and c) Pt6O6 supported on Co3O4. The total energy of all the structures computed
during the GA optimization, ordered according to their total energy relative to the
putative GM for: b) gas-phase Pt6O6 and d) Pt6O6 supported on Co3O4.
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3.2 Results and discussion

3.2.1 Gas-phase clusters

The GA algorithm was applied to search for the most stable
structures of Pt and PtxOy clusters in gas-phase. The lowest
energy configurations for pure Ptx clusters (x=2, 4, 6, 7, 8, 10)
are shown in Fig. 9.

Figure 9: Global minima of metallic Pt clusters in gas- phase predicted by
GA.

The computed bond length of the Pt2 dimer is 2.31 Å, slightly
shorter than what was reported experimentally [126]. For larger
clusters the average bond length of Pt- Pt bond increases, reach-
ing to 2.57 Å for Pt10 (see table 2).

Pt3 is an equilateral triangle in agreement with previous stud-
ies [127, 72, 128]. Our calculations suggest that the most sta-
ble structure for Pt4 is planar, even though the 3D tetrahedron
structure is only 0.1 eV higher in energy. This result is in line
with other studies [129, 72, 130] where the lowest energy Pt4
structure is found to be either the planar or the 3D one, de-
pending on the details of the calculation, suggesting that these
two structures are indeed very close in energy. The calculations
show that a 2D to 3D transition occurs from Pt6 to Pt7. Pt6
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Cluster Average bond length (Å) Cohesive energy (eV/Pt)
Pt2 2.31 -1.91
Pt3 2.45 -2.44
Pt4 2.48 -2.77
Pt6 2.50 -3.31
Pt7 2.54 -3.39
Pt8 2.53 -3.48
Pt10 2.57 -3.75

Table 2: Average Pt- Pt bond length for each Pt cluster and the cohesive
energy of the clusters normalized by the number of Pt atoms.

exhibits a 2D planar triangular structure, whereas Pt7 has a 3D
structure. The structure of Pt7 has the same planar geometry
of Pt6 with an additional Pt atom at one corner which forms a
triangle vertical to the rest planar atoms. A similar structure
was predicted for Pt7 in a recent study [78].

Pt8 and Pt10 clusters exhibit a pyramid-like tetrahedral struc-
ture. The computed average Pt-Pt bond length of all the Pt
clusters is found to be 2.53 Å. Our morphological studies are
comparable with previous theoretical works [72, 131]. Com-
paring the structure of Pt clusters predicted by GA with the
structures reported in other works, we found the energy of the
former to be equal to or slightly lower than the latter, showing
the reliability of GA.

Fig. 10 shows a plot of the cohesive energy of the gas-phase
Pt metallic clusters as a function of the cluster size, computed
according to Eq. 3.1.1. We considered also larger Pt NPs, con-
taining 19 to 79 atoms, in order to partially bridge the gap
between small Pt clusters and Pt bulk. In this case, we did not
optimize the NPs using the GA, but we simply built the struc-
tures from bulk coordinates using the NanoCrystal tool [132]
and then performed a structural optimization.

Our calculations clearly show that the cohesive energy de-
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Figure 10: cohesive energy of metallic Pt clusters in gas-phase.

creases monotonically with increasing cluster size, in agreement
with the work of Schneider et. al [72]. As reported by previous
studies [133, 127, 72], the tendency of larger Ptx (x > 6) clus-
ters to adopt a 3D structure is related to the strong interaction
between Pt atoms.

Having investigated the structure and stability of gas-phase
Pt clusters, we begin finding the GM of Pt oxide clusters in
gas-phase. Since there are more number of atoms and species in
oxidized clusters, the quest for finding GM is more complicated
now and GA should be run more.

Fig. 11 shows the lowest energy configurations of PtxOy clus-
ters.

The Pt2Oy and Pt4Oy oxide clusters adopt a linear and al-
most symmetric configuration. Larger Pt oxide clusters, PtxOy

(x≥6), exhibit a ring shape structure, in agreement with pre-
vious studies [72]. O atoms of the oxidized clusters, in most
cases, prefer to bind to two Pt atoms, minimizing the number of
O-O bonds. The exceptions are large clusters with the PtxO2x

stoichiometry (i.e. Pt6O12, Pt7O14, Pt8O16) where several O-O
bonds are present.
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Pt2O2 Pt2O3 Pt2O4

Pt4O4 Pt4O6
Pt4O8
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Pt7O14

Pt8O12Pt8O8 Pt8O16

Pt2O1 Pt2O2

Pt4O2

Pt6O3

Figure 11: Global minima structures of Pt oxide clusters in gas-phase

3.2.2 Supported clusters

Similar to gas-phase clusters, the GM of clusters adsorbed on
the TiO2(210) and Co3O4(111) were found employing GA. In
addition to clusters, now top layers of the slabs also should be
optimized. Hence, running GA for supported clusters is more
computationally demanding. Due to this, we limited the size
of the clusters up to Pt6O12. Figure 12.a shows the GM of
supported clusters on both types of supports.

The Pt metallic clusters adsorb more strongly on Co3O4(111)
compared to TiO2(210), and the larger the Pt cluster the stronger
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the interaction with the support, with the exception of the Pt1
on TiO2(210).

The metallic Pt4 cluster has an almost planar structure on
both supports that is similar to the gas-phase case. Instead, the
Pt6 and Pt8 metallic clusters adopt a bilayer structure in agree-
ment with a previous theoretical study [134]. This is in contrast
with the results reported in an experimental study [135] where it
is shown that Pt4 and Pt7 metallic clusters supported on a rutile
TiO2 (110) surface are flat and bilayer structures are observed
for larger Pt clusters. The adsorption energies of the Pt metal-
lic clusters supported on the TiO2(210) and Co3O4(111) surfaces
are computed using eq 3.1.2 and are reported in Fig. 12.b as a
function of the cluster size.

(a)

(b)

Figure 12: Global minima and Adsorption energy of Pt clusters supported
on TiO2 and Co3O4. The inset shows the adsorption energy per Pt atom.
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In a similar study [136], Wanbayor and Ruangpornvisuti have
shown that the Pt adatom binds strongly on the surface of
anatase TiO2(001) (the adsorption energy was −2.6 eV), whereas
other metal adatoms such as Au and Pd adsorb more weakly
on the same surface (with adsorption energies of −1.51 and
−1.39 eV, respectively). In the work of Wang et al. the com-
puted adsorption energies of a single Pt atom and a dimer Pt2
on the same anatase TiO2(001) support are found to be −2.5
and −1.6 eV, respectively.

When considering larger Pt clusters, it has been shown that
the adsorption energy (using the total energy of the Pt cluster
as reference) of a Pt5 nanocluster supported on the Co3O4(220)
surface is −4.75 eV [137]. The corresponding quantities in our
study for Pt4 and Pt6 on Co3O4(111) are −5.47 eV and −5.65
eV.

GMs of oxidized Pt clusters are shown in Figure 13 with
different oxygen content. As one can see, the structures with a
high number of oxygen atoms exhibit a lower tendency for being
adsorbed on the surface of the support.

The oxidized Pt4Oy clusters exhibit 3D structures when ad-
sorbed on both the supports. When adsorbed on the TiO2(210)
surface the Pt6O6 cluster presents a ring-like shape, similar to
the gas-phase case, whereas it assumes a 3D shape on the Co3O4(111)
support. On both the supports, the oxidized Pt6O9 and Pt8O8

clusters have a ring-like structure.
In summary, numerical details regarding the simulation of

bulk and nanoscale systems were discussed. The cohesion of
metallic Pt clusters and adsorption of metallic and oxide Pt
clusters on the surface of the slabs were examined. Then, the
performance of the GA and the process of finding the stable
structure of Pt clusters were shown. Next, the GMs of the Pt
and Pt oxide clusters in the gas-phase and supported on TiO2

and Co3O4 were exhibited, and the structural change upon ad-

40



3 GLOBAL MINIMA OF PT CLUSTERS 3.2 Results and discussion

Figure 13: Global minima of Pt oxide clusters supported on a) TiO2 b)
Co3O4.

sorption was discussed.
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4 Oxidation of Pt clusters

This chapter focuses on exploring the oxidation of Pt clusters
at different adsorption states and cluster sizes. First, we discuss
the oxidation of Pt clusters in the gas-phase and then we inves-
tigate the impact of adsorption on two types of surfaces on the
oxidation of clusters.

To study the oxidation of metallic clusters both in the gas-
phase and on the supports we computed the oxidation energy or
formation energy (Eform) of Pt oxide systems using the following
formula:

Eform(PtxOy) =
1

y

(
E(PtxOy) − E(Ptx) −

1

2
yE(O2)

)
(4.0.1)

Here, E(PtxOy) is the total energy of the oxidized cluster,
E(Ptx) is the total energy of the metallic cluster, E(O2) is the
total energy of the molecular oxygen and y is the number of
oxygen atoms in the system.

4.1 Oxidation of gas-phase clusters

We computed formation energies of three different stoichiome-
tries of Pt oxides: PtxOx, PtxO1.5x and PtxO2x; the results are
shown in Fig. 14. Eform of clusters can be compared to the PtO
and PtO2 bulk (horizontal green and dark green dashed lines,
respectively).

One can see from Fig. 14 that PtxOy nanocluster with any
content of oxygen has much lower formation energies than bulk
PtO or PtO2; and more negative Eform for clusters means oxida-
tion of clusters is much more favorable than bulk Pt. Moreover,
as the size of the clusters increases, the formation energy in-
creases as well and tends to approach the bulk values, in agree-
ment with the work of Xu et al. [72]. The affinity for oxygen
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Figure 14: Formation energy of Pt oxide clusters in gas-phase as a function
of cluster size.

is therefore larger for smaller Pt clusters. Easier oxidation of
smaller Pt clusters can be originated from the fact that all the
Pt atoms are susceptible to the environment.

Comparing the formation energy of PtxOx and PtxO2x clus-
ters, Fig. 14 shows that at DFT level Eformof PtxOx is more
negative, in line with the previous report [71]. Though, this is
the opposite of what happens in the bulk, where PtO2 showed
lower Eform. This suggests the stability of PtxOx nanoscale clus-
ters against fully oxidation into PtxO2x at DFT condition. This
is in line with a previous report [71]; however, is the opposite of
what happens in the bulk, where the formation energy of PtO2

is lower than the one of PtO [138]. Further, we found that
the formation energy of clusters with PtxO1.5x stoichiometry lies
between those of the other two oxides. This suggests that the
oxidation of Pt clusters occurs as Ptx → PtxOx → PtxO1.5x →
PtxO2x. According to our findings, PtO is a stable phase in the
nanoscale, while the bulk is not thermodynamically stable, as
already reported in previous works [138].
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4.2 Oxidation of supported clusters

Eform of supported clusters was calculated similar to Eformof the
gas- phase clusters using equation 4.0.1. Fig. 15 shows the plot
of the formation energies (Eform) of the supported oxidized Pt4Oy

and Pt6Oy clusters as a function of the number of O atoms (y).

Figure 15: Formation energy of Pt4 and Pt6 oxide clusters as a function of
oxygen content. The largest cluster considered here is Pt6O9.

As one can see from Figure 15, Eform of clusters supported on
the Co3O4(111) and TiO2(210) surfaces are higher than those
in gas-phase; this suggests that it is easier to oxidize gas-phase
Pt clusters compared to supported Pt clusters. Also, there is
a trend in the oxidation of supported Pt clusters similar to the
gas-phase case: Smaller Pt clusters are easier to oxidize com-
pared to larger clusters. Interestingly, a reverse size dependency
of oxidation was found for Cu clusters upon adsorption on the
Al2O3 surface [73]: the smaller the clusters the more difficult
it was to oxidize the Cu clusters in the gas-phase, while the
opposite happened when they were adsorbed on the support.

A significant finding of this investigation is the comparison
shown in Figure 15 between the Eform of oxide nanoclusters and
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Eform of bulk phases. For both gas-phase and supported clusters,
the Eform is remarkably lower than the Eform values of bulk PtO
and PtO2. This implies that small gas-phase or supported Pt
clusters are much easier to oxidize rather than Pt bulk. This
finding can explain recent experimental evidence of the oxida-
tion of Pt clusters supported on Co3O4(111) at conditions of
temperature and pressure where oxidation of bulk Pt does not
happen [139].

The next important finding is that the effect of the type of
support varies by cluster size: The Eform of the clusters with
a high oxygen content (Pt4O6, Pt4O8, Pt6O6, Pt6O9) is very
weakly affected by the type of support, whereas some signifi-
cant differences can be seen at low oxygen content.

The atoms included in the GA optimization include both the
atoms of the clusters and also the oxygen atoms of the first layer
of the support. We included the oxygen atoms from the surface
in GA structural optimization to see if oxidation of Pt clusters
by the surface is favorable. However, this was not observed in
any of the GMs found by GA. So, the creation of oxygen vacancy
by clusters is not favorable. To rationalize this finding, we com-
puted the cost of creating an oxygen vacancy on the pristine
brookite surface as well at the interface between the brookite
surface and the Pt6 cluster; the lower values we obtained were
3.52 eV and 3.14 eV, respectively. On the other hand, the for-
mation energy of Pt6Oy per oxygen atom is never lower than
-2 eV, as shown in Figure 15. This means that oxidizing Pt
clusters by gas O2 are thermodynamically favorable, while oxi-
dizing Pt clusters via oxygen from the support is not favorable.
Furthermore, to support this conclusion, we created a surface
oxygen vacancy in the proximity of the TiO2/Pt6 interface and
adsorbed the lattice oxygen atom on the Pt6 cluster. The en-
ergy cost with respect to the pristine surface is +1.18 eV, in
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line with the previous estimate. This explains why in the global
optimization by the GA we never found structures where the Pt
clusters were oxidized via the formation of oxygen vacancies on
the support.

4.3 Ab initio thermodynamics

Now we can focus on the thermodynamic stability of the oxidized
Pt clusters both in gas-phase and supported on Co3O4(111) and
TiO2(210) surfaces. The change of the Gibbs free energy of
formation as a function of the chemical potential of oxygen,
∆µO was calculated using equation 2.3.6. The phase diagrams
are reported in Figure 16.

Figure 16: Gibbs free energy of formation of clusters in gas-phase (a-c),
supported on TiO2 (d-f) and supported on Co3O4 (g-i). The three panels on
the left refer to Pt2Ox, the three panels in the middle correspond to Pt4Ox

and the three panels on the right refer to Pt6Ox clusters. The light and
dark-shaded areas demonstrate the region of stability of bulk β − PtO2 and
PtO, respectively.

According to equation 2.3.4 and 2.3.5, lower partial pressure
of oxygen and/or higher temperatures correspond to more reduc-
ing conditions and lower values of ∆µO (left side of the phase
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diagrams). On the other hand, higher partial pressure of oxygen
and/or lower temperatures refer to more oxidizing conditions
and higher values of ∆µO (right side of the phase diagrams).
∆G of all the Pt oxide clusters were compared with metallic Pt
clusters. The black line at ∆G=0 represents the metallic state
of the system ∆G of oxide clusters plotted with respect to this
line. To reach a very low ∆µO, where the most stable phase of
the three clusters sizes examined is the metallic phase ( Ptx), the
environment should be extremely reducing. In all cases, reduc-
ing to metallic state happens at values of ∆µO lower than −1.5
eV, which is far from practical use; ∆µO=−0.62 eV is reachable
at UHV conditions: 10−12 bar and room temperature, and to
reach a more negative ∆µO like −1.32 eV temperature should
raise to 600 K.

With the increase in ∆µO, oxidized forms of the clusters be-
come thermodynamically stable. The transition to the PtxO2x

stoichiometry takes place in all cases at negative values of ∆µO.
This suggests that at ambient conditions i.e. pressure 1 bar and
room temperature, which is corresponding to ∆µO=−0.27 eV,
the clusters can be fully oxidized.

Comparing clusters of different sizes, we can see that the
transition to the fully oxidized form, PtxO2x, requires higher
values of ∆µO for larger clusters. This is consistent with the
results displayed in Figure 15, since smaller clusters show more
affinity for oxygen. Furthermore, PtxOx stoichiometry is sta-
ble in a larger range of chemical potential for larger clusters.
This is a common trend for gas-phase and supported clusters.
The most evident difference comes from the Pt6 case, where the
formation energy per oxygen atom is considerably lower in the
gas- phase compared to the supported clusters. Comparing clus-
ters supported on TiO2 and Co3O4, the differences are minor.
These are just another representation of the same findings al-
ready highlighted in the previous Section when discussing the
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Eformin Figure 15. Another interesting finding is that the sta-
bility range of the PtxO0.5x and PtxO1.5x phases is considerably
smaller than the PtxOx and PtxO2x phases. This is evident also
in Figure 17, where the stable phases of the same 9 systems
discussed in Figure 16 are shown as a function of temperature
and pressure. It is predicted from these phase diagrams that at
room temperature and at 600 K, Pt nanoclusters are oxidized in
the full range of pressures examined, down to UHV conditions.
For Pt2 and Pt4, the PtxO2x phase appears at room tempera-
ture, while the PtxOx phase dominates at 600 K. For the larger
Pt6, on the other hand, only the PtxOx phase appears in the
temperature range of 300-600 K.

Similar phase diagrams have been reported by Xu et al. for
the gas-phase and stationary small Pt nanoclusters (Ptx, x = 1,
2, and 3), and their findings is in line with the ones reported
here [71]. Akhil S. Nair et al. reported a similar oxidation trend
for Pt7 [78].
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Figure 17: T-PO2 phase diagram of Pt oxide clusters (a-c) in gas-phase (d-f)
supported on TiO2 and (g-i) supported on Co3O4.

Our predictions agree with experimental observations. Ono
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and coworkers [140] reported the reduction of PtO2 NPs sup-
ported on TiO2 to metallic Pt at a temperature above 550 K in
UHV, while some of the Pt NPs supported on SiO2 remained
oxidized up to 750 K in UHV. The same authors also observed
higher temperatures for oxygen desorption on NPs compared to
Pt(111), and higher oxygen desorption temperature for smaller
nanoparticles [141]. Moreover, the formation of interfacial PtOx

was observed on Pt NPs at temperatures higher than 400 K for
low oxygen pressure (10−6 bar) on Co3O4 [139].

Based on the above discussion, at industrially relevant con-
ditions for catalytic oxidation (T ∼ 300 − 600 K, PO2

∼ 0.1
− 1 bar), we predict supported nanoclusters to be in an oxi-
dized state, on both types of supports considered in this work.
Small clusters such as Pt2Ox are found in a fully oxidized state
(i.e. Pt4+). As the size of the clusters increases, Pt clusters are
predicted to be both in Pt4+ and Pt2+ oxidation states (higher
oxidation state is reached at lower temperatures). As to the
largest clusters (Pt6Ox), these are mostly found in Pt2+ oxida-
tion state only, indicating the role of cluster size in the oxidation
state.

Even though in the present work we assumed the system to
be in contact with an atmosphere containing only oxygen, in
realistic conditions other compounds such as water can also be
present and can adsorb and dissociate on the oxide surfaces. In
the case of the Co3O4 (111) surface, considering oxygen chemical
potentials down to -0.5 eV, the surface is partially hydroxylated
even in ultra-high vacuum (UHV) conditions at 423 K [122].
The hydroxylation of the brookite TiO2(210) surface has been
investigated in a recent work [142]. While hydroxylation of the
surface can have significant effects on the structural and cat-
alytic properties of supported clusters, we did not investigate
these effects in the present model.
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4.4 Bader charge

There are different methods to partition the charge density and
map them into individual atoms. To compute the charge trans-
fer between the surface and clusters we used the Bader partition-
ing scheme employing Henkelman’s code [143]. In this scheme,
the electron density is divided at zero flux surfaces and results
depend little on the employed basis set.

First, we computed the Bader charge on Pt and O atoms of
Pt oxide clusters in the gas-phase. This analysis shows that the
amount of transferred charge from Pt to O atoms in the clusters
varies from +0.5 to +1.2 e per Pt atom. To have a reference
for assigning the oxidation states, we computed the difference
between the Bader charge of Pt bulk (Pt0) and the Bader charges
in bulk Pt2+ and Pt4+ oxides (∆q). In PtO (Pt2+), ∆q on
Pt is 0.99 e, in α-PtO2 (Pt4+) 1.69 e, in β-PtO2 (Pt4+) 1.73
e and in β′−PtO2 (Pt4+) 1.81 e. The fingerprint for the Pt2+

oxidation state is therefore a value of ∆q around 1 e, while for
Pt4+ it is 1.7- 1.8 e. It is clear from Table 3 that for clusters
with a fixed number of Ptx atoms (x=2, 4, 6) ∆q, and thus the
oxidation state of Pt, increases with increasing the number of O
atoms. Since ∆q varies between 0.56 and 1.22 per Pt atom, Pt
atoms never reach the formal oxidation state of Pt4+ found in
bulk of PtO2 oxides. These values for the Bader charges are in
agreement with previous studies where some of the same clusters
have been considered [74].

Next, we focus on the charge transfer between the Pt clus-
ters and the Co3O4 and TiO2 supports. The Bader analysis
shows that the binding of the clusters on both types of supports
leads to small charge rearrangements at the Pt cluster/oxides
interface (maximum +0.07 e/Pt on TiO2 and −0.23 e/Pt on
Co3O4). Moreover, the values of ∆q of the Pt atoms of the
supported clusters regarding the number of oxygen atoms fol-
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PtxOy spin ∆q (e) PtxOy spin ∆q (e) PtxOy spin ∆q (e)
Pt2O2 0 +0.59 Pt4O6 0 +0.77 Pt7O7 0 +0.68
Pt2O3 0 +0.64 Pt4O8 0 +1.22 Pt7O14 2 +1.05
Pt2O4 0 +0.88 Pt6O6 0 +0.69 Pt8O8 0 +0.69
Pt4O2 2 +0.56 Pt6O9 0 +0.89 Pt8O12 1 +0.70
Pt4O4 0 +0.69 Pt6O12 0 +0.98 Pt8O16 0 +1.17

Table 3: Average positive Bader charge for each Pt atom and total magne-
tization (number of up minus down electrons) of gas-phase clusters.

  

a) b)

+0.2 +0.2
+0.5

+0.2
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Figure 18: Charge distribution on Pt4 cluster adsorbed on a) Co3O4 and b)
TiO2

low a trend similar to the one observed in the gas-phase case.
As an example, we have considered the case of the metallic Pt4
cluster adsorbed on the Co3O4 and TiO2 oxides, as shown in Fig-
ure 18. The positive charge on the metallic cluster is slightly
more on Co3O4 than on TiO2, yet this charge is less than 0.5
( e)/ Pt. This small amount of charge is transferred from the
metallic cluster to the supports. Here, the values of ∆q per
Pt atom are 0.16 and 0.04 e on Co3O4 and TiO2, respectively.
Similar behavior has been reported in previous studies: Ammal
and coworkers reported Bader charge differences of +0.1 e/Pt
for Pt3 cluster supported on rutile TiO2 [144]; the same has also
been observed for a Pt5 cluster on the Co3O4(220) surface [137].
These results suggest that the supports have little influence on
the electronic properties of the supported metallic and oxidized
subnano Pt clusters. A similar small charge transfer was pre-

51



4 OXIDATION OF PT CLUSTERS 4.5 Electronic structure of the Pt clusters: the d-band model

dicted on TiO2(110) for Ag single atoms [145].
For a deeper insight, we provide an analysis of the electronic

structure of gas-phase and supported clusters based on the d-
band model.

4.5 Electronic structure of the Pt clusters: the d-band
model

To find a correlation between the formation energy of the oxi-
dized clusters and their electronic structure, we used the d-band
model [146, 147, 148]. We computed the d-band center of metal-
lic Ptx and oxidized PtxOx clusters with respect to their Fermi
level, and we tried to correlate these quantities to the Eform of
the PtxOx clusters. The data are reported in Table 4 and are
graphed in Figure 19.

Cluster size
d-band center
for Ptx (eV)

d-band center for
PtxOx (eV)

Eform of PtxOx

(eV)
2 -1.35 -1.97 -1.82
4 -1.60 -2.40 -2.03
6 -1.86 -2.30 -1.95
7 -1.86 -2.26 -1.89
8 -1.92 -2.25 -1.79
10 -1.79 - -

Table 4: d-band center of metallic and oxide clusters compared to the size
and formation energy of the clusters. Regarding Pt10, the GM of the oxidized
cluster was not available.

The center of the d-band of metallic Ptx clusters approached
more negative values as the size of the cluster increased, at least
up to Pt8, while Pt10 does not follow this trend. The center of
the d-band of the oxidized PtxOx clusters does not follow a clear
trend with the size of the cluster.
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Figure 19: a) d-band center of metallic (Ptx, left y-axis) and oxidized (PtxOx,
right y-axis) clusters as a function of the size of the cluster; b) d-band center of
metallic (Ptx, left y-axis) and oxidized (PtxOx, right y-axis) clusters as a function
of the formation energy of the PtxOx clusters.

Plotting the formation energy of the PtxOx clusters against
the center of the d-band, we do not see a clear correlation. We,
therefore, conclude that the d-band model, developed to de-
scribe the interaction of adsorbates on metallic surfaces, does
not seem to describe well the properties of very small (sub-
nanometer) PtxOx clusters. This is probably due to the very
different nature of these systems since we are studying the ad-
sorption of metals on oxides.

In this chapter, we investigated the oxidation of Pt clusters
as a function of cluster size and type of support. It was found
that Pt shows more affinity for oxygen in the nanoscale com-
pared to the bulk phase. Further, smaller Pt clusters are easier
to be oxidized. The type of support can affect the oxidation of
Pt clusters, but not majorly in a highly oxidative environment.
Ab initio thermodynamics calculations showed that higher pres-
sure of oxygen and lower temperatures favor the oxidation of
Pt clusters. The outcome of chapters 3 and 4 was published
in the journal of Physical Chemistry C and is accessible at
https://doi.org/10.1021/acs.jpcc.2c02176.
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5 CO oxidation via Mars-Van Krevelen

In this chapter, we examine the kinetics of CO oxidation over
Pt clusters. The elementary steps of the oxidation reaction were
simulated on different Pt cluster sizes supported on TiO2 and
Co3O4. First, we consider CO oxidation through the MvK mech-
anism, which involves the oxygen atoms from the support lattice.

To explore the kinetics of reactions and find activation barri-
ers, transition states of CO oxidation mechanisms were searched
by means of the climbing-image nudged elastic band (CI-NEB)
scheme. Using the Broyden optimization scheme, the reaction
paths were optimized until the error on images was less than
0.05 eV/Å, and a minimum number of 9 images was considered
for different paths. We define the adsorption energy (Eads(CO))
of CO molecules on the system as below:

Eads(CO) = (E(system@nCO) − E(system) − nE(CO))/n
(5.0.1)

where E(system@nCO), E(system) and nE(CO) are the total
energies of combined system nCO/Ptx/support, the Ptx/support
system and CO molecules, respectively and n is the number of
adsorbate CO molecules.

From now on, in the presence of oxygen vacancies (i.e. re-
duction of Ti4+ to Ti3+) on the brookite surface, the addition
of Hubbard term ( U=3.5 eV) is necessary to calculate the for-
mation energy of oxygen vacancy. A Hubbard term of 3 eV was
already considered for all the calculations on Co3O4.

The formation energy of the oxygen vacancy (FEOv
) in the

lattice is defined as [149]:

FEOv
= (E(stoi@system) + 1/2E(O2) − E(reduced@system))

(5.0.2)
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where E(stoi@system) and E(reduced@system) represent the
total energies of the stoichiometric Pt/support system and re-
duced Pt/support system, respectively.

As mentioned in section 1, two oxidation mechanisms are
considered in the present work: MvK and LH. First, we inves-
tigate CO oxidation through MvK mechanism, and in the next
chapter, we will discuss the LH oxidation mechanism.

5.1 Adsorption of CO and O2

The first step of studying CO oxidation is to find out how CO
molecules react with the surface and Pt clusters. The bond
strength of CO on the catalyst is important since too strong
bond strength could lead to CO poisoning and impair the Pt
nanoparticles (NPs) catalysts [150]. On the other hand, in case
of weak interaction between CO and catalyst, there would be
low coverage of CO and hence the oxidation reaction would fail.
According to the Sabatier principle, the maximum reaction rate
is reachable when the bond strength between the adsorbate and
the surface is of medium magnitude. There have been efforts
to study and control the adsorption of CO on Pt systems [151,
152, 153]. The bond length of CO on bulk Pt depends on the
adsorption site [154, 155] and surface strain [156]. Reducing the
size of the bulk Pt system to Pt NPs and a consequential change
in the structure of the system, as well as CO coverage, are found
to have a considerable impact on CO adsorption [153, 157].

While CO adsorption on pristine TiO2 is not thermodynam-
ically favorable, it is favorable on Co3O4 surface [158]. In the
present work, we use a (111) termination, which exposes Co+2,
three-fold and two-fold oxygen atoms. Table 5 summarizes the
computed adsorption energy of CO on different sites of Co3O4

surface.
Adsorption of CO is favorable on Co+2 cations and 3-fold co-
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Adsorption site Bond length (Å) Adsorption energy (eV)
Co+2 1.93 -1.04
O2c CO2 desorption -
O3c 1.29 -0.78

Table 5: CO bond length and adsorption energy of CO on pristine Co3O4

(111). O2c and O3c refer to oxygen atoms in the lattice with a coordination
number of 2 and 3.

ordinated lattice oxygen atoms. We found that although bridge
oxygen atoms of Co3O4 lattice react with CO and form CO2, the
activation barrier we calculated for this step was more than 1.4
eV. This was also experimentally observed on the same surface
[159]. The highest activation barrier for CO oxidation on Co3O4

(110) surface was predicted to be 1.7 eV [160]. So, CO oxida-
tion over Co3O4 would be slow and thus we skip investigating
the oxidation path on Co3O4 surface.

Pt6 and Pt4 clusters supported on TiO2 and Pt6 supported
on Co3O4 were probed by CO molecule in order to find the
favorable sites for CO molecule adsorption and predict the CO
coverage in the catalytic condition. The top sites of Pt atoms,
interfaces between Pt clusters and support, and metallic and
oxygen atoms of support nearby the clusters were examined.
CO molecules adsorb strongly on supported Pt clusters. The
most stable sites for the adsorption of CO were found to be on
top of the Pt atoms.

The adsorption energy of a single CO molecule on Pt6/TiO2

varied from -1.2 to -2.3 eV with an average of -1.86 eV, in line
with previous work [151]; showing that interaction between CO
and nanoscale Pt systems is stronger than bulk Pt on which
CO adsorption energy is within the range of -1.22 ∼ -1.66 eV,
depending on the adsorption site [156]. For a smaller cluster, i.e.
Pt4/TiO2, the average adsorption energy of one CO on different
sites was calculated to be -1.95 eV. In full CO coverage, the

56



5 CO OXIDATION VIA MARS-VAN KREVELEN 5.1 Adsorption of CO and O2

average adsorption energy was computed to be -2.13 eV/CO.
Adsorption of one CO on Pt/TiO2 adatom is exothermic by -
2.28 eV. On Co3O4, Pt- CO interaction was found to be slightly
stronger: -1.30 to -2.57 eV on Pt6 with an average of -2.06 and
-2.80 eV on Pt adatom. As one can see, the interaction of CO
is stronger with smaller Pt systems. Similarly, CO adsorption
was found to be stronger on Pt5 compared to Pt19 supported on
Fe3O4 [161]. Stronger CO adsorption as well as more cationic
sites were observed on Pt particles supported on TiO2 particles
[50].

On the same Pt6/TiO2 system, now fully covered by CO (1
CO per Pt), the average adsorption energy was calculated to be
-1.85 eV/CO. For Pt4/TiO2 under full CO coverage, the aver-
age adsorption energy was -2.13 eV/CO. As mentioned above,
by increasing CO content on Pt6 and Pt4/TiO2, the average ad-
sorption energy of CO decreased from -2.3 to -1.85 and -2.13 eV,
respectively. Figure 20 shows how CO bond strength changes
with CO coverage.

Figure 20: Average adsorption energy of CO molecule on Pt6 supported on
TiO2 and Co3O4.

On Co3O4, by adding up to 6 CO molecules, the average ad-
sorption energy of CO increased from -2.57 to -1.80 eV. Sangnier
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et. al. reported a similar trend regarding the weakening of the
CO- Pt bonding energy as the CO coverage increased on Al2O3

supported Pt catalyst [162].

The structure of the clusters underwent a severe deformation
after covering the Pt clusters fully with CO molecules, as shown
in Figure 21.

Figure 21: Structure modification of Pt clusters after being covered by CO,
a) Pt4/TiO2 b) Pt6/TiO2 and c) Pt6/Co3O4.

While full CO coverage induced little deformation on the
Co3O4 supported cluster, it led to the uplifting of the Pt6/TiO2

cluster, and in the case of Pt4/TiO2, the cluster split into monomer
and trimer Pt. Adsorption-induced structural change of the
platinum particles supported on Al2O3 was observed in a pre-
vious experiment as well [163]. CO-induced cluster dissociation
was also predicted for Au/CeO2 catalyst[164]. This is opposed to
what was observed on Fe2O3, on which adsorption of CO stabi-
lized Pt dimers against dissociating into atomic Pt and induced
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agglomeration of Pt atoms into small clusters [153].
Since the adsorption of CO on Pt clusters is more exothermic

than the adsorption of O2 (-1.35 eV), if the partial pressure of the
two gases is similar, the catalyst would have higher coverage of
CO. Yet, we found the favorable adsorption sites for O2 molecule
on Pt clusters to be interfacial sites (adsorption energy varied
from -0.71 to -1.35 eV). This opens a window into the possibility
of CO oxidation via the LH mechanism on small Pt clusters.

5.2 Ab initio thermodynamics

Having investigated the CO adsorption energy and possible sites
on Pt clusters, now we need to know about the adsorption
strength and coverage of CO on Pt clusters at finite pressure
of CO. Having the total energy of Pt6/TiO2 and Pt6/Co3O4

cluster covered by 1 to 6 CO molecules, we can compute the
Gibbs free energy of CO adsorption on Pt6 cluster as a function
of the chemical potential of CO (∆µCO) using equation 2.3.5.
The result is plotted in Figure 22. As one can see, for less neg-
ative values of ∆µCO (lower temperature, the higher pressure
of CO: CO rich environment) CO coverage is higher, and vice
versa.

The range of ∆µ(CO) in which we are interested varies from
-0.5 to -1 eV (corresponding to the experimental catalytic con-
dition of temperature 300 ∼ 500 K and CO pressure of 0.2 ∼
0.8 bar). Within the mentioned range of ∆µCO, and in presence
of only CO, the Pt cluster is fully covered by CO molecules re-
gardless of the type of support, in line with previous study [165]
and experiment [166].

Further, we need to know what happens to an oxidized clus-
ter when it is exposed to CO. So, similar to metallic cluster,
we studied the CO adsorption on Pt6O6 and Pt6O3 clusters sup-
ported on both types of oxides. When exposed to CO molecules,
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(a)

(b)

Figure 22: Different coverage of CO on a) Pt6/ TiO2 and b) Pt6/ Co3O4

system. The line corresponding to the metallic systems is ∆G = 0. Right
side of the plot corresponds to lower temperature and higher CO pressure,
and vice versa.

some of the chemisorbed oxygen atoms of the Pt oxide cluster
react with CO immediately and form *CO2 (adsorbed CO2) or
CO2(g). This reduction reaction is non-activated and occurs af-
ter a local optimization, meaning the oxidized clusters in contact
with CO(g) would be partially reduced. On the other hand, re-
calling the results from chapter 4, we found that small Pt clus-
ters were predicted to be fully oxidized in presence of oxygen
only. Now we are interested to know how Pt clusters interact
with CO and oxygen in a more practical condition, where both
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gas-phase species (O2 and CO) are available.
Using the total energy of clusters with different content of CO

and oxygen and equation 2.3.5, we constructed a phase diagram
for each type of support as a function of the chemical potential
of oxygen (∆µO) and CO (∆µCO), shown in Figure 23.

Figure 23: Phase diagram of a) Pt6/Co3O4 and b) Pt6/TiO2 cluster in
thermodynamic equilibrium with gas-phase O2 and CO. Here more negative
values of ∆µ correspond to the higher temperature and lower pressure of the
species.

Converting the experimental condition of CO oxidation reac-
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tion into chemical potential values of CO and oxygen using equa-
tion 2.3.4, we obtain a range of ∆µ for gas-phase species: ∆µCO

from -0.5 to -1 eV and ∆µO from -0.3 to -0.5 eV. This window
of ∆µ is shown on both phase diagrams, where Pt6O4/Co3O4

and Pt6O3/TiO2 are highlighted. Accordingly, in presence of
CO and O2 within the experimental range of ∆µ, Pt clusters
supported on TiO2 and Co3O4 are partially oxidized and fully
covered by CO molecules.

So far our findings are based on thermodynamics only. Hence,
finding Pt clusters in a partially oxidized state is energetically
possible. An experimental study reported the partial oxidation
of the Pt NPs ( ∼ 1 nm) in catalytic condition [50]. However,
this could be different within subnano regime. Now, we move
one step forward to study the systems more realistically by tak-
ing the kinetics of the reaction into account.

5.3 CO oxidation on supported PtOx clusters

In the previous section, we found Pt6O3/6CO structure to be
thermodynamically stable on TiO2 under experimental condi-
tions. Now we examine this system by considering kinetics, try-
ing to find out if the cluster will remain oxidized. For this pur-
pose, we investigated the interaction between the chemisorbed
oxygen atoms on the cluster and adsorbed CO molecules. NEB
calculations for Pt6O3/6CO showed that adsorbed CO molecules
on the Pt cluster react with chemisorbed oxygen atoms and
form CO2. Three oxygen atoms on the cluster react with CO
molecules and form CO2. For the complete reduction of the ox-
idized cluster, the maximum barrier was found to be 1.65 eV,
see Figure 24. Formation and desorption of the first CO2 show
the lowest activation barriers. Formation of CO2 from second
oxygen requires surmounting a higher energy barrier of 1.6 eV.
Removal of the last oxygen has a slightly lower activation energy
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(1.55 eV for the formation of carbon monoxide).

Figure 24: Reaction between adsorbed CO and atomic oxygen on a partially
oxidized Pt cluster.

Based on what was mentioned, it is predicted that at finite
temperature and CO pressure, a partially oxidized Pt cluster
will be mostly reduced. Our attempt to re-oxidize the cluster
when it is already covered with CO failed: after the catalyst
is reduced, adsorption of CO is thermodynamically more favor-
able on the reduced system rather than adsorption of O2. After
a partial reduction, local optimization of O2 adsorbed on the
partially oxidized cluster led to the desorption of molecular oxy-
gen, meaning this structure is not a local minimum. Hence, we
predict that the reduction of the partially oxidized cluster is ir-
reversible. An experimental attempt to reduce a pre-oxidized
Pt cluster (∼ 1 nm) supported on TiO2 resulted in partial re-
duction of the cluster by CO while it retains some oxygen [50].
So, the cluster will be predominantly metallic.

A kinetics study on Pt NPs supported by anatase revealed
that the activation energy of CO oxidation suddenly changes
after the temperature is raised up to a certain value, and this
was attributed to the oxidation of Pt NPs at that temperature
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and a different channel for CO oxidation [167], but the oxida-
tion mechanism on oxidized particles was not clear. Considering
the above discussion, we continue our investigation on metallic
clusters only and skip further simulations for partially or fully
oxidized clusters, since they are not stable phases in catalytic
conditions.

5.4 CO oxidation on supported Ptx clusters

As already mentioned, the oxidation of CO may proceed via
Mars-Van Krevelen or Langmuir Hinshelwood mechanism. First,
we discuss the Mars-Van Krevelen mechanism, in which oxygen
atoms from the lattice incorporate in CO oxidation.

The key step in this mechanism is the activation of a lattice
oxygen atom to interact with a CO molecule in the vicinity. The
formation energy of oxygen vacancy (FEOv

) and concentration
of oxygen vacancies in the lattice has been considered to be cor-
related with the catalyst activity [63, 47]; lower FEOv

results in
higher activity. For instance, as was observed before [47] TiO2

supported Pt1 performed better in converting CO compared to
Al2O3 supported Pt1, and FE(Ov) is lower on a reducible surface
like TiO2 rather than irreducible Al2O3.

For Pt6, Pt4 and Pt1 systems covered by CO and supported
on TiO2 and Co3O4, we computed the FE(Ov) at the cluster-
support interface and around the clusters. The presence of the
metallic cluster eases the creation of Ov on TiO2 only in the
proximity of the cluster. Table 6 summarizes the lowest FEOv

computed on pristine surface and surface with adsorbed clus-
ters/ adatom according to equation 5.0.2.

The minimum energetic cost of creating an Ov at the interfa-
cial sites (between Pt6 and TiO2 surface) was 3.05 eV, less than
the pristine brookite (3.9 eV). The latter value was found to
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system FEOv (eV) system FEOv (eV)
TiO2 surface 3.9 ~5.2 Co3O4 surface 1.9 ~2.1

Pt6/TiO2/6CO 3.0 ~4.9 Pt6/Co3O4/6CO 1.9 ~2.5
Pt4/TiO2/4CO 2.9 ~4.4 Pt4/Co3O4/4CO -
Pt1/TiO2/1CO 2.1 ~4.1 Pt1/Co3O4/1CO 1.3

Table 6: FEOv calculated for pristine surface as well as different sizes of Pt
clusters supported on TiO2 and Co3O4.

be 2.9 and 2.08 eV for Pt4/ TiO2 and Pt1/ TiO2, respectively.
This is an indication of the metallic particle-assisted formation
of Ov. Theoretical and experimental studies show that adsorp-
tion of Pt clusters on Fe3O4 facilitates the formation of oxygen
vacancy [161, 49]. Enhanced reducibility of the surface by the
presence of metallic clusters was predicted in other studies as
well [168, 169].

Creation of Ov on TiO2 leads to localization of extra electrons
on Ti+3; the charge was mostly distributed between Ti atoms
at the vicinity of Ov and a negligible amount of charge was
transferred to the cluster. This is similar to what Chen, H.-
Y. T et. al reported [170], after adsorption of the Ruthenium
cluster on anatase, the charge was only partially transferred to
the cluster. On the other hand, for Au NPs supported on TiO2,
the creation of oxygen vacancy resulted in charge transfer to the
particles and stabilization of the vacancy [168].

We studied the MvK mechanism on Pt6, Pt4 and Pt1 systems,
supported on TiO2 and Co3O4. We also considered another
possibility which is substituting one of the atoms from supports
with a single Pt. First, we discuss the CO oxidation reaction
via MvK on Pt clusters, and in the next section, we explain the
oxidation reaction simulation on atomic Pt.

Pt particle-assisted CO oxidation via the MvK mechanism
can be divided into two cyclic halves:
1) Abstraction of one lattice oxygen, formation, and desorption
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of the first CO2. At the end of this half cycle, the catalyst is
reduced and is left with an oxygen vacancy.
2) Filling the lattice vacancy with molecular oxygen from the
environment, dissociation of O2, formation of the second CO2

with the extra oxygen atom, desorption of CO2, and recreation
of the initial state of the catalyst.

The energy profiles and full catalytic cycle of CO oxidation
on Pt6/TiO2 and Pt4/TiO2 through the MvK mechanism are
shown in Fig. 25. The same mechanism was also simulated on
Pt6/CO3O4 to see the role of support in CO oxidation; the cor-
responding energy profile is displayed in Figure 26. Elementary
steps of the oxidation cycle are explained below:

CO adsorption: We considered the first step of CO oxida-
tion to be the adsorption of CO on the system (Figure 25 and 26,
S1 −→ S2). The adsorption of CO on Pt clusters is exothermic
and non-activated, regardless of the type of support. Full CO
coverage on Pt6/TiO2 causes a drastic deformation, and adsorp-
tion of 6CO weakens the cluster/support interaction. However,
the structure of Pt6/Co3O4 is less affected by the adsorption
of CO (see Figure 26, S2). In order to check the stability of
this system at high temperatures (T), we employed ab initio
molecular dynamics (AIMD) at T=400 K for almost 9960 fem-
toseconds. The results of AIMD simulation for Pt6 supported
on TiO2 showed that at elevated T, the system becomes slightly
mobile.

CO2 formation: Next, the adsorbed CO molecule (which is
close enough to the interface) diffuses to the interface to interact
with the nearest lattice oxygen, remove it from the surface and
form the first CO2. Removal of lattice oxygen to form CO2 is an
activated step: this step is the most demanding step of the MvK
mechanism on Pt6/TiO2 and Pt4/TiO2 by exhibiting activation
energy (Ea) of 1.46 and 1.77 eV (Figure 25, S3). Formation of
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CO2 from lattice oxygen is known as an activated step in metal/
reducible oxide heterogeneous catalysts [168, 164, 171, 13].

(a)

(b)

Figure 25: Energy diagrams for CO oxidation via MvK oxidation mechanism
on a) TiO2/Pt6 and b) TiO2/Pt4 systems. Here, Ea is the energy barrier to
go from Si to Si+1 step.
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On Pt6/Co3O4, for the same step, the activation barrier was
predicted to be 1.30 eV, which is slightly lower than the one
on TiO2. This was expected, since removing oxygen from the
lattice is easier on Pt6/Co3O4, see Table 6. Formation of CO2

on Pt4/TiO2 requires an oxygen reverse spillover (the oxygen
is taken from beneath the cluster). The values that we found
on TiO2 are comparable to the reported barrier of 1.13 eV on
CeO2/Pt4 [63]. An experimental work on Au/TiO2 is another
evidence that showed as an activated step, removal of lattice
oxygen by Au NPs occurs only at higher temperatures ∼ 120 °C,
and at lower temperatures formation of CO2 was not observed
[13].

Figure 26: Energy profile of MvK mechanism for CO oxidation on Pt6 cluster
supported on Co3O4.

CO2 desorption: the Last step of the first half-cycle of CO
oxidation is CO2 desorption from the system through an acti-
vated step. This step implies overcoming a barrier of 0.31 and
0.64 eV for clusters supported on TiO2 (See Figure 25, S4). Ener-
getically, desorption of CO2 is slightly exothermic on Pt6/TiO2,

68



5 CO OXIDATION VIA MARS-VAN KREVELEN 5.4 CO oxidation on supported Ptx clusters

but it costs almost 0.5 eV on Pt4/TiO2 and Pt6/Co3O4. These
predictions are made at T=0; at finite temperatures, however,
the entropic effect would increase which in turn leads to a more
negative chemical potential. This effect enters equation 2.3.6
and increases the Gibbs free energy of the system with adsorbed
CO2. Hence, ∆ G of the CO2 desorption would increase and
this process would be thermodynamically more favorable. Des-
orption of the first CO2 from Pt6/Co3O4 (Figure 26, S4) shows
higher activation energy (Ea = 1.32 eV). In spite of what is re-
ported in another computational work [63], that first half of the
cycle on Pt4/TiO2(101) was found to be endothermic by 0.27
eV, we found it to be exothermic on all the clusters in present
work.

Abstracting one oxygen from lattice leaves behind a vacancy,
and hence the cluster undergoes a notable structural deforma-
tion and becomes attracted to the vacancy to compensate for
the absence of oxygen.

O2 adsorption and dissociation: To close the catalytic
cycle and regenerate the catalyst, the surface was re-oxidized by
gas-phase molecular oxygen. On Pt4/TiO2, since the vacancy
is located under the cluster and it is not accessible, we tried
an alternative path and replenished the vacancy with adjacent
oxygen from the lattice, and then filled the latter with gas-phase
oxygen. Migration of the nearest lattice oxygen to fill the oxy-
gen vacancy possesses a barrier of 1.49 eV (Figure 25.b, S5 −→
S6). The new vacancy adjacent to the cluster is now exposed to
molecular oxygen from the environment.

Adsorption of O2 nearby the vacancy is non-activated and
quite exothermic by at least 1 eV on clusters supported on TiO2;
however a small activation barrier was predicted on Pt6/Co3O4,
i.e. Ea = 0.22 eV ( see Figure 26, S5 −→ S6).

A possible path for filling the oxygen vacancy could follow
these steps: 1) adsorption of molecular oxygen, 2) dissociation
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of molecular oxygen, 3) filling the vacancy. Except for Pt6/TiO2

on which dissociation of O2 had a negligible barrier of 0.13 eV
(Figure 25. S7), step 2 was not found as an intermediate on
Pt4/TiO2 and Pt6/Co3O4. This step was predicted to be highly
exothermic on Pt6/TiO2 by releasing 3 eV energy. The existence
of an Ov assists O2 dissociation by electronically enriching O2

and elongating O-O bond to 1.42 Å(O-O bond length in gas-
phase is 1.23 Å). This is in line with another DFT study of Pt
particles on mesoporous TiO2, on which O-O bond length was
increased to 1.48 Å after adsorption of O2 [66].

A relatively higher barrier ( 0.41 eV) was predicted for O2

dissociation on Pd/CeO2(100) which was comparable to the for-
mation of CO2 ( 0.5 eV) on the same system [171].

On Fe2O3 supported Pt NPs, O2 dissociation turned out to
be the rate-determining step of CO oxidation through the MvK
mechanism [150].

In an experimental work on Au/TiO2 system, the reduced
system was re-oxidized by O2 pulses at different temperatures
(-20 to +240 °C); it was observed that O2 consumption did not
change remarkably as the temperature increased [168]. DFT cal-
culations on the same system revealed that filling the vacancies
is barrierless because of the coexistence of adjacent vacancies in
the lattice, and in the case of a single oxygen vacancy this step
is activated by a small barrier of 0.16 eV.

Formation and desorption of second CO2: After adsorp-
tion and dissociation of molecular O2, the first atomic oxygen
recreates the stoichiometric surface, the second oxygen is ad-
sorbed on the surface as an adatom, oxidizing the catalyst. The
second oxygen may react with an adsorbed CO molecule or a
second Ov. Furthermore, we also considered the possibility of
the formation of the second oxygen vacancy around Pt6/TiO2.
The minimum cost to remove the second oxygen around the
cluster is about 3 eV, which makes it thermodynamically unfa-

70



5 CO OXIDATION VIA MARS-VAN KREVELEN 5.5 CO oxidation on supported single Pt

vorable. Hence, we skip investigating multiple oxygen vacancies
and consider the possibility that the remained atomic oxygen is
not consumed to fill another vacancy, but to react with a second
CO from another CO2.

Formation of the second CO2 with chemisorbed atomic oxy-
gen on Pt6/TiO2 was predicted to have an energy barrier close
to Pt4/TiO2: 0.87 and 0.75 eV, respectively (see Figure 25, S8).

The last step which is desorption of the CO2 molecule has a
barrier lower than 1 eV on clusters supported on TiO2, S9, and
then the catalytic cycle is closed by adsorbing a CO molecule.

Formation and desorption of the second CO2 occur in one
step on Pt6/Co3O4; this step ( Figure 26, S6 −→ S7) is associated
with the highest energy barrier on Pt6/Co3O4 (1.62 eV).

5.5 CO oxidation on supported single Pt

In the case of a single Pt atom catalyst, we examined two struc-
tures: 1) a single Pt adsorbed on the surface (Pt1- adatom) and
2) a metal atom of the lattice was substituted by single-atom
Pt. This means substituting a Ti from TiO2 and Co from Co3O4

slab with Pt. On TiO2, Pt will be coordinated with five and six
oxygen atoms from the lattice ( referred to as Pt1(5c), Pt1(6c)).
On Co3O4, there are two types of cobalt atoms: Co+2 and Co+3,
and substituting Pt with these cobalt atoms results in three co-
ordinated (Pt1(3c)) and six coordinated ( Pt1(6c)) Pt atoms.
This selection is based on the phase diagram in Figure 27 which
is computed using ab initio thermodynamics. Different possi-
bilities regarding the substitution of Pt1 on brookite and Co3O4

were considered, including substitution with Ti (Co), O, and Ti
(Co) in presence of oxygen vacancy.

In Figure 27, all the free energy values were compared to the
energy of Pt1- adatom, which is the horizontal axis of the plot.
Within the range of interest of chemical potential, Pt1 substi-
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(a)

(b)

Figure 27: Gibbs free energy of different models as a function of oxygen
chemical potential. Pt1 was adsorbed/ substituted at different sites in pres-
ence or absence of oxygen vacancy (Ov) on the surface of a) brookite TiO2

and b) Co3O4 .

tuting by 5 and 6- coordinated Ti atoms are stable phases. On
rutile (110) nanowires, the favorable configuration for Pt was
substituting a five-fold coordinated Ti atom [56]. This is simi-
lar to what was reported in another DFT simulation on CeO2

which atomic Pt preferred to substitute Ce atoms [172]. We also
simulate the reaction on Pt1-adatom, since experimentally it is
a possible and common phase.

First, we discuss the oxidation reaction over Pt1- adatom,
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Pt1(5c), and Pt1(3c). CO oxidation on Pt1(6c) will be discussed
later.

Fig. 28 depicts the configurations and potential energy dia-
gram of the oxidation reaction of CO on Pt1- adatom. Adsorp-
tion of Pt1- adatom on TiO2 pushes one of the bridge lattice
oxygen atoms upward, as shown in Figure 28.a, S1. After ad-
sorption of CO, his oxygen is the easiest one around the Pt-
adatom to remove, with FEOv

∼ 0.9 eV. We checked the pos-
sibility of creating another oxygen vacancy on the reduced sys-
tem; removing the second oxygen was endothermic by 2.6 eV,
and since the activation barrier of CO2 formation would be ≥
2.6 eV, hence we skipped simulating this path.

Formation of first CO2 (S3) is slightly exothermic on TiO2

with a barrier of only 0.6 eV, while on Co3O4 is more endother-
mic (∼ 1eV). Sequential desorption of CO2 (S4) requires the
highest Ea in the catalytic cycle on both types of supports: 1.09
eV on TiO2 and 1.67 eV on Co3O4. Formation and desorption of
the second CO2 occur spontaneously on TiO2 (28.a, S6 −→ S7);
however on Co3O4 in addition of these steps which take place
sequentially, an extra step involving the dissociation of O2 and
filling the vacancy (Ea = 0.89 eV). In the second half of the cycle
on Co3O4, the formation of CO2 drops the energy of the system
to ∼ -7 eV, showing that at DFT condition this intermediate is
highly stable (S8). This is similar to what happens on Pt4/TiO2

(S8), but desorption of this CO2 is not the most demanding step
of the reaction on either of these systems.

The rate-determining step for CO oxidation by the MvK
mechanism on Pt clusters supported on TiO2 was found to be
CO2 formation. However, the bottleneck of oxidation reaction
on Co3O4 supported cluster as well as Pt1- adatom is desorp-
tion of CO2. In the case of a single-atom catalyst, the reaction
proceeds slower on Co3O4 rather than TiO2. We assume there
is a single rate-determining step and the only parameter con-
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trolling the kinetics is the height of the largest barrier; on TiO2

this barrier is 1.46 eV, on Co3O4 this barrier is 1.62 eV. Hence
on this basis, one could predict CO oxidation to be slower on
Co3O4 compared to TiO2.

(a)

(b)

Figure 28: Catalytic cycle and energy diagram of CO oxidation on a) Pt1-
adatom/TiO2 and b)Pt1- adatom/Co3O4 systems.

In spite of the reasonable barrier, we predicted for the first
step of the MvK on Pt1/brookite, Selin Bac and others [173] re-
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ported a substantial energy barrier for CO2 formation on Pt1/rutile:
3.12 and 2.18 eV, depending on CO or O2 migrating towards the
other species. Further, they closed the cycle by co-adsorbing two
CO molecules on the reduced system, so the formation of the
second CO2 took place with the assistance of another CO. But
CO- assisted MvK resulted in even higher energy barriers for
CO2 formation and desorption (≥ 3eV).

On Pt1(5c)/TiO2, similar to the MvK mechanism on TiO2

supported Pt clusters, the most demanding step was predicted
to be forming CO2 with lattice oxygen. However, Ea of this step
does not exceed ∼ 1 eV which is close to the highest Ea on Pt1-
adatom, see 29.a, S2 −→ S3. Moreover, same as Pt1-adatom,
formation, and desorption of the second CO2 is simultaneous
on Pt1(5c)/TiO2 with an Ea of 0.68 eV which is comparable
with Ea of the same step on Pt- adatom (0.79 eV). Although
the rate-determining step is not the same on Pt- adatom, and
Pt1(5c), the highest energy barriers on these two systems are
almost identical, 1.09 and 0.99 eV respectively. Substituting
a 3-fold Co with Pt leads to a reaction path (see Figure 29,
b) which displays the lowest activation barrier relative to Pt
cluster and Pt adatom on Co3O4. In this case, it is possible to
co-adsorb two CO molecules on a Pt atom, and this structure is
slightly more favorable than adsorbing one CO. First CO reacts
with lattice oxygen, and formation and desorption of CO2 have
almost the same energy barrier (0.6 ∼ 0.69 eV). Here, the other
CO molecule acts as a spectator and does not interact directly
in the oxidation reaction. Hence, the next step (S5) is adsorbing
another CO and then molecular oxygen to fill the lattice vacancy.
Adsorption of oxygen is an activated step with 0.36 eV activation
energy. While the formation of the second CO2 has the highest
barrier in the cycle (0.77 eV), removing it is not activated and
is highly exothermic.

The energy barrier to form and desorb CO2 on Pt1/CeO2(110)
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(a)

(b)

Figure 29: Catalytic cycle and energy diagram of CO oxidation on a)
Pt1(5c)/TiO2 and b)Pt1(3c)/CoO4 systems.

was predicted to be 1.31 eV if the oxidation reaction goes through
MvK mechanism [174]. On the same support but exposing (111)
termination, the predicted activation energy was even higher (
2.38 eV) [175].

By replacing a fully coordinated metallic atom of the surface
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with a single Pt, CO (g) reacts dissociatively with oxygen from
the system and forms CO2 (g).

This mechanism takes similar steps over Pt1(6c) on titanium
and cobalt oxide. CO (g) approaches the oxygen atom which
is bonded on top of Pt1(6c). To remove this oxygen, 1.83 eV
energy is required on TiO2. On Co3O4 however, EformOv

asso-
ciated with this oxygen is 2.22 eV, which is more than EformOv

on pristine Co3O4. A recent study on the interaction between
Pt atom and rutile (110) revealed that substituting a 6- coordi-
nated Ti with Pt makes the formation of oxygen vacancy easier
and stabilizes the oxygen vacancy against migration [176]. In
the case of Pt1 on CeO2, removal of lattice oxygen was 1 eV
more endothermic in presence of a single Pt- adatom compared
to bare CeO2. However, doping CeO2 with atomic Pt made it
easy to remove the oxygen at the vicinity of Pt [174].

Local optimization of the catalyst with a CO molecule ad-
sorbed on lattice oxygen (∗CO) leads to simultaneous formation
and desorption of CO2. Adsorption, formation, and desorption
of CO2(g) happen in one step on both supports, with the forma-
tion of ∗CO2 being the transition state. The activation energy
corresponding to this step is higher on Co3O4 (0.70 eV) than
on TiO2 (0.48 eV). Sequential adsorption of O2 and filling the
vacancy is non-activated and reduces the energy of both systems
to lower than -2 eV. After filling the oxygen vacancy, one atomic
oxygen is chemisorbed on the surface which readily reacts with
another CO (g) to form and leave the system as CO2. Formation
and desorption of the second CO2 are associated with moderate
energy barriers on both supports: 0.38 and 0.32 eV on TiO2 and
Co3O4, respectively.

The reaction paths of CO oxidation assisted by Pt-substituted
on both oxides are depicted in Figure 30

As one can see, the catalytic performance of Pt1 is different
on two different types of supports in this work. An experimen-
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(a)

(b)

Figure 30: CO oxidation on oxides doped with Pt1(6c) on a) TiO2 and b)
Co3O4.

tal study on Pt1 adsorbed on surfaces with different reducibil-
ity supports our findings: SACs were synthesized on highly re-
ducible Fe2O3, reducible ZnO, and irreducible Al2O3. It was
found that the reaction rate on a single Pt relates to the re-
ducibility of the supporting surface [177].

In a theoretical work on Pt1/CeO2, the stable structure was
found to be Pt substituting a 6- coordinated Ce atom. In this
simulation, two CO molecules form CO2 with lattice oxygen
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atoms sequentially, and then two vacancies are filled via disso-
ciative adsorption of one molecular oxygen which is the rate-
determining step of the cycle [172].

In an experimental investigation on Pt1/rutile with Pt sub-
stituting a Ti atom, the highest barrier associated with CO con-
version was found to be 22.7 KJ/mol−1 (∼ 0.2 eV), which was
in line with the computed barrier from DFT simulation of the
same system (19 KJ/mol−1) [56]; these results are numerically
comparable with our findings. In general, reverse spillover of
lattice oxygen to interfacial sites of the heterogeneous catalysts
was found to be the rate-limiting step of the oxidation reaction
rather than O2 dissociation [12].

The role of cluster size, as well as type of support, was in-
vestigated for CO oxidation via the MvK mechanism on Pt cat-
alysts. If Pt clusters are oxidized before the catalytic reaction,
they would be mostly reduced upon exposure to CO. As for the
MvK mechanism, removing the lattice oxygen by CO to form
CO2 was found to be a common rate-determining step of CO
oxidation on supported Pt clusters, whereas desorption of CO2

product was the demanding step on single-atom Pt catalysts.
The activation barriers will drop in case of substituting a metal-
lic lattice atom with atomic Pt, especially for highly coordinated
lattice atoms.
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6 CO oxidation via Langmuir Hinshelwood

The present chapter investigates the oxidation of CO on Pt
clusters via LH oxidation mechanism, in which both reactants
chemisorb on the catalyst before reacting. The Kinetics of CO
oxidation is discussed on Pt clusters as well as single-atom Pt
catalysts.

6.1 CO oxidation on supported Ptx clusters

The second oxidation mechanism that we considered for the CO
oxidation on Pt catalysts is the Langmuir Hinshelwood (LH).
In analogy to section 5, oxidation reaction was modeled on Pt6
and Pt4 clusters supported on TiO2 as well as Pt6 supported on
Co3O4. LH mechanism was also investigated over single Pt cat-
alysts as adatom and substituted. Unlike the MvK mechanism,
with the conventional LH scheme, the role of lattice oxygen in
oxidation is excluded, and the CO oxidation reaction takes place
via the coadsorption of CO and O2.

CO oxidation on Pt clusters on TiO2 and Co3O4 via LH mech-
anism takes place as displayed in Figure 31 and 32 according to
following steps:

CO adsorption on Pt cluster: First step of the cycle is
the non-activated adsorption of the last CO on Pt clusters, so
the clusters are fully (1 CO per Pt) covered by CO.

O2 adsorption: We tried to find an adsorption site on the
clusters, but since they are already fully covered by CO, adsorp-
tion of gas-phase O2 was not possible. Therefore, we probed the
interfacial sites and perimeter of the clusters and interfacial sites
between the surface and clusters, and interfacial sites were found
to be favorable sites for adsorption of O2. There is experimental
evidence that confirms the reactivity of interfacial sites between
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Pt particles and surface [166, 60]. Similar to CO adsorption, ad-
sorption of O2 is energetically favorable and non-activated (step
S3 in Figure 31.a and b and Figure 32).

O2 dissociation: On TiO2 supported clusters, dissociation
of O2 is an activated step, and is associated with an energy
barrier of 1.35 eV on Pt6 and 0.66 eV on Pt4 (Figure 31.a and
b, S4). Dissociation of O2 on Pt6 exhibits the highest energy
barrier in the cycle. However, this step did not appear as an
intermediate on Pt6/Co3O4.

Formation of CO2: After dissociation of O2, a CO molecule
diffuses towards the atomic oxygen to form CO2 (S5 in Figure
31, S4 in Figure 32). This step is activated by 0.9 and 0.67
eV on Pt6 and Pt4, respectively. Although CO2 formation is
exothermic on TiO2, this step is endothermic on Co3O4, which
can be attributed to the simultaneous dissociation of O2 prior to
CO2 formation. Moreover, Ea of this step on Co3O4 is 0.82 eV,
as the highest energy barrier of the whole cycle on Pt6/Co3O4.

Desorption of CO2: Formed CO2 from the previous step
is still adsorbed to the system. To remove this product from
the catalyst, one should overcome a similar, small barrier (< 0.2
eV) on both types of supports (step S6 on TiO2, S5 on Co3O4).
This step leaves behind the catalyst with atomic oxygen which
is still chemisorbed in the system.

CO adsorption: Since adsorption of CO is very favorable
and non-activated as well, the catalyst would gain another CO
from the ambient. This step is substantially exothermic on all
systems by releasing at least 2 eV energy.

Formation of second CO2: Next step on all Pt systems is
formation of another CO2 with retained atomic oxygen on the
cluster (step S8 on TiO2, S7 on Co3O4). While the formation
of the second CO2 has a moderate Ea on Pt6/Co3O4, Ea on
Pt6/TiO2 was found to be 1.16 eV; a remarkable Ea of 1.72
eV was predicted on Pt4/TiO2 as well. The huge activation
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(a)

(b)

Figure 31: Steps of CO oxidation over a) Pt6 and b) Pt4 supported on TiO2

via LH mechanism.

energy regarding desorption of CO2 makes this step the most
demanding step of CO oxidation on Pt4/TiO2.

Desorption of second CO2: Desorption of second CO2 is
just slightly more difficult than first CO2 on Co3O4. On TiO2

however, the removal of the second CO2 is more demanding than
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the first CO2 (∼ 0.5 eV compared to 0.2 eV). This last step closes
the cycle and recreates the catalyst.

Figure 32: CO oxidation through LH mechanism over Pt6/Co3O4.

6.2 CO oxidation on supported single Pt

In addition to Pt clusters, we examined CO oxidation over a
single Pt-adatom on both surfaces. We also checked the possi-
bility of CO oxidation on Pt1-5c via LH; we found out that the
first part of the cycle is highly endothermic. Since Ea of an ele-
mentary step is equal to or more than the ∆E of the elementary
step, therefore oxidation would be kinetically unfavorable.

The possible oxidation path and energy profile of the reaction
on Pt1 on both supports are displayed in Figure 33. The initial
step of the catalytic cycle is the adsorption of CO ( S1 −→ S2)
which is more exothermic on Co3O4 by more than 1 eV. For an
oxidation reaction going through the LH channel, the next step
would be the adsorption of O2 from the environment (S3). The
order of adsorption for O2 and CO was reported to be ineffective
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on the turnover frequency of the reaction [173]. Similar to what
we found on Pt clusters, the adsorption of molecular oxygen on
a single Pt is also non-activated or has a negligible activation
barrier. On TiO2, Pt adhesion to the surface is more perturbed
by the adsorption of O2 at the interface. Adsorption of O2 ad-
jacent to Pt-adatom leads to the up-moving of Pt where Pt is
only bonded to one oxygen from the lattice and increasing bond
length of O-O to 1.41 Å.

Dissociation of O2 was not found as an activated intermediate
on Pt1/both types of supports. The first activated step of LH on
Pt1 is spontaneous dissociation of O2 and succeeding formation
of CO2 from coadsorbed species. This step (S4) is exothermic on
TiO2 and endothermic on Co3O4. But, compared to the moder-
ate value of Ea on TiO2 (0.86 eV), Ea of 1.98 eV is remarkably
high on Co3O4. For the same reaction step on rutile, Ea was
reported to be close to what we found on brookite [173]. The
previous step is followed by the removal of the first CO2, which
releases more than 1 eV energy on Co3O4 by overcoming a small
energy barrier (∼ 0.3 eV); it faces no energy barrier on TiO2

but is slightly uphill in free energy.
Adsorbing another CO on the catalyst is highly favorable,

especially for Co3O4 on which the free energy of the system drops
to less than -7 eV. As a result, the formation of the second CO2

requires overcoming a much higher Ea of ∼ 1.4 eV on Co3O4,
whereas the same reaction step has an energy barrier of 0.67
eV on TiO2. However, to remove the second CO2 and close the
cycle, a substantial barrier of 1.34 eV should be overcome on
TiO2, almost twice the Ea of 0.67 eV on Co3O4. The bottleneck
of the second half of the cycle was found to be the formation
of CO2 on rutile, with an associated energy barrier of 1.58 eV
[173].

Considering our simulations on Pt1 adsorbed on TiO2 and
Co3O4, one can see that the highest energy barrier on TiO2
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(a)

(b)

Figure 33: LH mechanism for CO oxidation on Pt- adatom supported on
the surface of a) TiO2 and b) Co3O4.

is almost 1.3 eV corresponding to the removal of the second
CO2; whereas on Co3O4 breaking O-O bond and forming CO2 is
kinetically hindered by a high activation energy of ∼ 2 eV. As
a result, if oxidation of CO goes through the LH channel, most
probably Pt1/Co3O4 will perform much slower.
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A non-MvK oxidation path was reported on Pt1 supported on
irreducible Al2O3 [178, 158]; but according to the results found
in the present work, MvK is predicted to be an easier reaction
channel than LH on Pt1 if supported on reducible brookite. An-
other ab initio study on irreducible θ -Al2O3 (010), predicted
a derivation of LH for CO oxidation on Pt1: Adsorption of O2

was more favorable than CO, and hence adsorption of CO on
oxidized Pt1 led to the formation of carbonate (-CO3). Removal
of formed carbonate is highly endothermic, and unless the reac-
tion is run at high temperature, the catalyst would be covered
by CO2 [179]. This indicates the crucial role of the type of sup-
porting surface in the CO oxidation mechanism. Another DFT
work on reducible Pt1/CeO2 (110) is in agreement with our find-
ings: although the highest activation energy was predicted to be
1.31 eV for the MvK mechanism, it increased to 2.15 eV if the
reaction proceed via LH mechanism [174].

Comparing the intrinsic activation barriers of LH mechanism
on Pt systems with different sizes, we notice that on TiO2, Pt6
and Pt1 would perform similarly. However, Pt4 shows a higher
Ea than Pt6 via the LH mechanism. In agreement with our
findings, Pt1/FeOx had a higher rate and TOF for CO oxidation
via LH mechanism than Pt clusters and Pt NPs [53].

On the other hand, CO oxidation on Ptx/Co3O4 occurs on
Pt6 cluster with a mild value of activation energy, whereas Pt1
does not sound to be an efficient catalyst for CO oxidation.
This is vividly another evidence that the catalytic behavior of
Pt systems is dictated by the type of support and the number
of Pt atoms encompassed in the catalyst.
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7 Discussion, conclusions, and outlook

7.1 Discussion

The present work is a thorough investigation of the catalytic
performance of supported Pt systems on metal oxides. It was
found that the catalytic behavior of Pt systems is governed by
cluster size, type of support, and oxidation state of the cluster.

Our simulations show that on Pt catalysts supported on re-
ducible surfaces such as TiO2 and Co3O4, conversion of CO into
CO2 can involve oxygen atoms from the lattice. Adsorption of
metallic particles induces/ promotes the catalytic activity on
the metal oxide surface. Our findings are another proof of the
pivotal role of metallic clusters in CO oxidation on metal oxide
supports. CO2 production on TiO2 and Fe3O4 was not observed
prior to adsorption of a metallic particle like Pt and Au [180,
161, 168, 66, 161].

Further, our investigation implicitly reveals the significant
role of reducible supports in CO conversion reaction. We found
MvK and LH oxidation mechanisms to be thermodynamically
and kinetically possible on Pt catalysts supported on reducible
brookite TiO2 and Co3O4. For the MvK oxidation mechanism,
Pt catalysts supported on TiO2, both Pt6 and Pt1 adatom were
found to be more active catalysts than Pt4. In the case of the
MvK, Pt catalysts supported by Co3O4 have lower activation
energy only if a single atom Pt substitutes one 3-coordinated
Co atom from the lattice.

For the LH mechanism, while Pt6 is more active on Co3O4,
Pt1 adatom/Co3O4 shows a high barrier for CO oxidation.

Moreover, if the oxidation reaction is assisted by Pt clusters
on TiO2, the activation barriers are quite similar for MvK and
LH. This does not apply to single Pt on TiO2 or Pt catalysts
supported on Co3O4.
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In the case of irreducible surfaces such as Al2O3 which act as
a spectator during CO oxidation, MvK was not detected as a
possible mechanism [178]. Oxidation of CO into CO2 was exper-
imentally observed via both LH and MvK mechanisms on TiO2

supported Pt clusters, but CO2 production via MvK demanded
higher temperature. Moreover, CO and O2 molecules were iso-
topically labeled, and it was found that only 20 % of produced
CO2 was a result of the lattice oxygen incorporation and the
rest of produced CO2 was the outcome of LH mechanism [60].

We found that for Pt clusters, the activation of the lattice
oxygen is the slowest step on TiO2, but removing CO2 is the
demanding step on Co3O4. The latter was found to be the most
demanding step also on Pt- adatom catalysts supported on both
oxides. In this scenario (MvK mechanism), Pt clusters (Pt6) are
less efficient catalysts compared to Pt1 (adsorbed as adatom or
substituted) on TiO2. Whereas on Co3O4, the energy barrier for
oxidation of CO was found to be higher on Pt1 adatom rather
than Pt6. This finding is supported by experimental investiga-
tion on Pt catalysts adsorbed on anatase which demonstrated
that Pt1 is at least 4 times more active than Pt clusters (∼ 1
nm) in the oxidation of CO [50].

To obtain a better insight regarding the effect of cluster size
on oxidation reaction, in addition to Pt6, we also modeled CO
oxidation on Pt4/TiO2. In this case, we found higher activa-
tion barriers on the smaller cluster, indicating a possible de-
cay in the catalytic performance of the smaller Pt systems in
subnano scale. By computing the change of the energy of the
system for the initial steps of the oxidation reaction, we found
that the energetics of the reaction is not favorable on Pt4 sup-
ported on Co3O4. Hence, we skipped performing further simula-
tions over Pt4/Co3O4. An experimental comparison showed that
while smaller Au particles (< 5 nm) supported on anatase ex-
hibited remarkable performance in CO conversion, the catalytic
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performance of Pt NPs deteriorated as their size decreased to
less than one nanometer [9].

We checked the possibility of CO conversion on a pre-partially
oxidized Pt cluster; most probably the partially oxidized clus-
ter will be reduced and the clusters will be mostly metallic.
However, it is possible that some oxygen atoms remain on the
clusters since the barriers to activate these chemisorbed atomic
oxygens are higher. In this scenario, we examined oxidation
of CO through LH on a partially oxidized cluster and found it
hardly possible due to unfavorable adsorption of O2 (g) on such
a system. It was experimentally observed that preoxidized Pt
clusters were partially reduced when exposed to CO, yet showed
much less reactivity regarding CO oxidation rather than metal-
lic clusters; CO remained adsorbed on partially oxidized cluster
until temperature raised to more than 160 ◦C.

Oxidation of CO over cobalt oxide-supported Pt particles
has been rarely studied. Pt particles supported on mesoporous
Co3O4 exhibited remarkable activity relative to other reducible
oxides [46]. Hence, there is not much theoretical or experimen-
tal evidence for us to make a comparison. Our simulations and
findings suggest that Pt clusters are possibly active catalysts
when supported on Co3O4. In addition, in spite of many theo-
retical and experimental works supporting the idea of Pt1 being
a good catalyst, our findings predict that probably this is not
the case on Co3O4. Single Pt catalyst was active only when
substituting an atom from the lattice. This could be an initial
idea for further investigations.

Further, we tried to complete our study by finding a descrip-
tor in order to explain the different behaviors of Pt catalysts.

Experimentally, it has been proposed that cationic Pt atoms
are active sites for CO oxidation [50]. An experimental work by
Beniya et. al. [181] on Ptn clusters, 7 ≤ n ≤ 35, supported on
non-reducible Al2O3 showed a reduced catalytic activity with a
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decrease in the size of the clusters. They attributed this activity
quenching to an increased number of cationic Pt atoms (CN ≤
5) in smaller clusters. Undercoordinated Pt atoms in contact
with the support had a partial positive charge, which decreased
their tendency for oxygen. While they used a method based on
bond energy to predict a low CO oxidation activity and oxygen
affinity for Pt atoms at the perimeter of the cluster in contact
with TiO2, we found the interface of clusters and support to
be favorable sites for adsorption and dissociation of O2. In a
more recent work [60], same authors reported a more detailed
study on CO oxidation on rutile TiO2 supported Pt clusters:
they claimed a correlation between the number of edge Pt atoms
with CN≥6 and the number of produced CO2 molecules through
MvK mechanism; the number of these Pt atoms with maximum
coordination number decreased with increase in cluster size. In
the present work, however, considering the small size and 3D
structure of Pt systems, and also the fluxionality of the clusters,
we can not claim the same.

Another possibility is to find a linear correlation between ac-
tivation energy and adsorption energy of reactants, known as
the Brønsted–Evans–Polanyi relation [182]. Here we considered
the change in free energy corresponding to dissociative adsorp-
tion of O2 on Pt systems and the activation barrier of sequential
dissociation of O2. As depicted in Figure 34, there is no lin-
ear relation between activation energy and adsorption energy of
molecular oxygen; also no size-dependent relation was found.

We only have three data points on TiO2, and for Co3O4 two
data points are insufficient to establish a trend, hence it was not
possible for us to check this relation on Co3O4.

In general, the application of metallic single-atom and clus-
ters in the conversion of CO into CO2 has been studied for dif-
ferent metals on different supports [183]. The findings of the
present work highlight the potential of Pt nanocatalysts for the
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Figure 34: Calculated activation energies (Ea) and dissociative chemisorp-
tion energies (∆E) of O2 for Pt catalysts on TiO2.

oxidation of CO(g), which is one of the gaseous products of ex-
haust emissions. This work presents a report regarding the cat-
alytic performance of different sizes of Pt clusters, which could
be of interest when synthesizing and tailoring nanocatalysts.
Moreover, a comparative, detailed study of different configu-
rations of single-atom catalysts was provided, which could be
useful in explaining the experimental observations.

7.2 Conclusions and outlook

In this thesis, we performed a theoretical investigation within
the framework of DFT on the oxidation and catalytic behavior
of nanoscale Pt clusters supported on the surface of brookite
TiO2(210) and Co3O4(111).

To study the oxidation of Pt clusters, we interfaced a ge-
netic algorithm with QE and found the possible global minima
of metallic and oxide clusters in the gas-phase and on both sur-
faces. Then, using the definition of formation energy, we studied
the oxidation of Pt clusters for different cluster sizes. We found
that Pt nanoclusters show much more affinity for oxidation com-
pared to bulk Pt. Also, smaller Pt clusters were found to be eas-
ier to oxidize than larger clusters. Gas-phase Pt clusters form
the most stable oxides; however, adsorption on the supporting

91



7 DISCUSSION, CONCLUSIONS, AND OUTLOOK 7.2 Conclusions and outlook

surface hindered their oxidation to some extent. While oxida-
tion of smaller clusters was easier on Co3O4 than TiO2, for larger
clusters the type of support had a negligible impact on the oxi-
dation of clusters, especially in a highly oxidative environment.
Ab initio thermodynamics calculations showed that higher pres-
sure of oxygen and lower temperatures favor the oxidation of Pt
clusters.

Bader charge analysis was used to study the interaction be-
tween the clusters and the surfaces. It was found that the
amount of transferred charge from clusters to either of the sur-
faces in this work was very small. Thus, we did not find a
remarkable charge transfer between metallic clusters and sup-
porting oxides.

Next, we moved one step forward to study not only ther-
modynamics but also the kinetics of a reaction over Pt cluster
catalysts. Oxidation of carbon monoxide was selected as the
chemical reaction to be modeled on these catalysts. Adsorption
sites of CO and O2 on the catalysts as well as their relative cov-
erage in reaction conditions were found. Then, the conversion
of CO into CO2 was examined over Pt clusters via the MvK
and LH oxidation mechanism. It was predicted that on TiO2 a
larger cluster can perform better than a small cluster in the oxi-
dation of CO. However, atomic Pt catalysts showed much higher
activity on TiO2 than Pt clusters. The opposite was predicted
on Co3O4, meaning that a Pt cluster is a reasonable catalyst
on Co3O4 but a single-atom Pt is not predicted to be efficient
for CO oxidation. Only by doping the Co3O4 surface with sin-
gle atom Pt, CO oxidation is possible with a lower activation
barrier.

To have a more complete picture of the catalytic activity of Pt
clusters supported on brookite, we plan to calculate the reaction
rate of CO oxidation over Pt clusters.

A further step that one can consider is to study larger sub-
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nano Ptx clusters on this surface; since in this work, we predicted
smaller Ptx clusters show relatively higher activation energies.
Moreover, our model does not consider the effect of other ad-
sorbates from the ambient, such as hydroxyl group, water, etc.
One can consider these factors to obtain a more realistic image
of the catalytic activities of Pt clusters.

Also, our simulations on Co3O4 are just an initial investiga-
tion of Ptx/Co3O4 catalysts. We only considered Pt6 and Pt1,
while the activity of other Ptx systems on Co3O4 remains to be
studied.
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A Appendix

A sample of the GA input file in combination with Quantum
ESPRESSO on a parallel machine, using communication via
sockets is as follow:
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ASE input file for generating the starting population
from ase .ga. data import PrepareDB
from ase import Atoms
from ase . lattice . cubic import FaceCenteredCubic
from ase .ga. startgenerator import StartGenerator
from ase .ga. utilities import closest distances generator
from ase .ga. utilities import get all ato m typ es
from ase . constraints import FixAtoms
import numpy as np

db file = ’gadb .db ’

slab = Atoms ( cell =[15.0 ,15.0 ,15.0] , pbc =[1 ,1 ,1])

p0 = np. array ([5.0 , 5.0 , 5.0])
v1 = np. array ([3.5 , 0.0 , 0.0])
v2 = np. array ([0.0 , 3.5 , 0.0])
v3 = np. array ([0.0 , 0.0 , 3.5])

atom numbers = 6 ∗ [78]

cd = closest distances generator ( atom numbers = atom numbers ,
ratio of covalent radii =0.7)

sg = StartGenerator (slab ,
atom numbers = atom numbers ,
closest allowed distances =cd ,
b o x t o p l a c e i n =[p0 , [v1 , v2 , v3 ]])

population size = 20
starting population = [sg. get new candidate () for i in range ( population size )]

d = PrepareDB ( db file name = db file ,
simulation cell =slab ,
stoichiometry = atom numbers )

for a in starting population :
d. add unrelaxed candidate (a)

ASE input file for relaxing the candidates

from random import random
from ase .io import write
import time
from ase .ga. data import DataConnection
from ase .ga. population import Population
from ase .ga. standard comparators import InteratomicDistanceComparator
from ase .ga. cutandsplicepairing import CutAndSplicePairing
from ase .ga. offspring creator import OperationSelector
from ase .ga. standardmutations import MirrorMutation
from ase .ga. standardmutations import RattleMutation
from ase .ga. standardmutations import PermutationMutation
from ase .ga. utilities import closest distances generator
from ase .ga. utilities import get all ato m typ es

def jtg ( job prefix , traj file , job id ):
s = ’#!/ bin / bash\n’
s += ’# SBATCH −− nodes =1\n’
s += ’# SBATCH −−ntasks −per − node =4\n’
s += ’# SBATCH −−ntasks −per − socket =4\n’
s += ’# SBATCH −−cpus −per − task =8\n’
s += ’# SBATCH −− gres = gpu :1\n’
s += ’# SBATCH −−mem =60000 MB\n’
s += ’# SBATCH −− time 12:00:00\n’
s += ’# SBATCH −−job − name ={0}\n’. format ( job prefix )
s += ’# SBATCH −A Project name\n’
s += ’# SBATCH −p m100 usr prod\n’
s += ’ module load profile /chem − phys\n’
s += ’ module load python /3.8.2\n’

s += ’ export OMP NUM THREADS =2\n’
s += ’ python3 local calc .py {0} {1}\n’. format ( traj file , job id )
return s

population size = 20
mutation probability = 0.3
da = DataConnection (’gadb .db ’)
tmp folder = ’ tmp folder ’
pbs run = PBSQueueRun SP (da ,

tmp folder = tmp folder ,
job prefix =’ SOCKET ’,
n simul =10 ,
job template generator =jtg ,
qsub command =’ sbatch ’,
qstat command =’ squeue ’)

atom numbers to optimize = da. get atom numbers to optimize ()
n to optimize = len ( atom numbers to optimize )
slab = da. get slab ()
all atom types = ge t all ato m typ es (slab , atom numbers to optimize )
blmin = closest distances generator ( all atom types ,

ratio of covalent radii =0.7)

comp = InteratomicDistanceComparator ( n top = n to optimize ,
p a i r c o r c u m d i f f =0.015 ,
pair cor max =0.7 ,
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dE =0.02 ,
mic = False )

pairing = CutAndSplicePairing (slab , n to optimize , blmin )
mutations = OperationSelector ([1. , 1. , 0.] ,

[ MirrorMutation ( blmin , n to optimize ),
RattleMutation ( blmin , n to optimize ),
PermutationMutation ( n to optimize )])

print (’N. of unrelaxed : ’, da. get number of unrelaxed candidates ())
while (da. get number of unrelaxed candidates () > 0 and

not pbs run . enough jobs running ()):
print (’N unrelaxed : ’, da. get number of unrelaxed candidates ())
print (’N running : ’, pbs run . number of jobs running ())
a = da. get an unrelaxed candidate ()
pbs run . relax (a)
time . sleep (1.)

population = Population ( data connection =da ,
population size = population size ,
comparator = comp )

print (’Len curr pop :’, len ( population . get current population ()))
while ( not pbs run . enough jobs running () and len ( population . get current population ()) > 2):

a1 , a2 = population . get two candidates ()
a3 , desc = pairing . get new individual ([a1 , a2 ])
if a3 is None :

continue
da. add unrelaxed candidate (a3 , description = desc )

if random () < mutation probability :
a3 mut , desc = mutations . get new individual ([ a3 ])
if a3 mut is not None :

da. add unrelaxed step ( a3 mut , desc )
a3 = a3 mut

print (’N running : ’, pbs run . number of jobs running ())
pbs run . relax (a3)
time . sleep (1.)

print (’Done ’)
write (’ all candidates . traj ’, da. get all relaxed candidates ())

ASE input file to run a GA calculation with QUAN-
TUM ESPRESSO on a parallel machine via sockets
from ase . optimize import BFGS
from ase . calculators . espresso import Espresso
from ase .io import read , write
from ase .ga. relax attaches import VariansBreak
from ase . calculators . socketio import SocketIOCalculator
import sys

fname = sys . argv [1]
job id = sys . argv [2]
print (’Now relaxing {0}’. format ( fname ))
print (’ Job ID : {0}’. format ( job id ))
a = read ( fname )
label file = ’ espresso {0}’. format ( job id )
tmp qe = ’ tmp {0}’. format ( job id )
print (’tmp dir : {0}’. format ( tmp qe ))
pseudopotentials = {’Pt ’: ’ p t p b e v 1 .4. uspp .F. UPF ’}

input data = { ’ control ’: {’ restart mode ’ : ’ from scratch ’,
’ pseudo dir ’ : ’./ pseudo ’,
’ outdir ’ : tmp qe ,
’ max seconds ’ : 13500},

’ electrons ’: {’ mixing beta ’: 0.7 ,
’ electron maxstep ’: 100 ,
’ conv thr ’ : 1.0e −07 ,
’ scf must converge ’: False},

’ system ’: {’ ecutwfc ’: 25 ,
’ ecutrho ’: 200 ,
’ occupations ’ : ’ smearing ’,
’ smearing ’: ’mv ’,
’ degauss ’: 0.01}}

unixsocket = ’ ase espresso {0}’. format ( job id )
command = (’ mpirun −gpu −−map −by socket :PE =2 −−rank −by core

pw.x < espresso {0}. pwi −−ipi {unixsocket}: UNIX
espresso {0}. pwo ’. format ( job id , unixsocket = unixsocket ))

espresso calc = Espresso ( command = command ,
pseudopotentials = pseudopotentials ,
label = label file , stress = False , tprnfor =True , input data = input data )

dyn = BFGS (a, trajectory =’ opt {0}. traj ’. format ( job id ), logfile =’ opt {0}. log ’. format ( job id ))
with SocketIOCalculator ( espresso calc , log = sys . stdout ,

unixsocket = unixsocket ) as socket calc :
a. calc = socket calc
vb = VariansBreak (a, dyn )
dyn . attach (vb. write )
dyn . run ( fmax =0.05 , steps =300)
socket calc . close ()

a. info [’ key value pairs ’][ ’ raw score ’] = −a. get potential energy ()
write ( fname [: −5] + ’ done . traj ’, a)
print (’Done relaxing {0}’. format ( fname ))
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