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Abstract

Heterogeneous catalysis is crucial in a range of environmental and industrial tech-
nologies, ranging from emission control and the utilization of greenhouse gases to
the production of fuels and chemicals. Understanding and optimizing the catalytic
performance is challenging, as industrial catalysts are generally ill-defined mixtures
of metal and oxide phases. Moreover, the structures and chemical properties re-
spond sensitively to the reaction environments.

Atomic scale understanding of catalytic reactions under relevant reaction condi-
tions is beneficial to aid the discovery of catalyst materials. In this thesis, quan-
tum mechanical calculations are combined with kinetic simulations to elucidate
the synergy between different catalyst constituents and the effects of reaction envi-
ronment on catalytic reactions. To investigate the metal/metal interplay and the
influence of an aqueous reaction environment, the direct formation of H,O, from
H, and O, over water-solvated PdAu single-atom alloy nanoparticles is explored.
The interplay between metal and oxide phases is studied in connection with CO,
hydrogenation to methanol. The dynamic behavior of nanoparticles is probed using
kinetic Monte Carlo simulations in inert and reactive atmospheres.

The formation of H,O, relies on the facile desorption of protons from the surface to
the water solution, leaving the electrons in the metal surface. Ab initio molecular
dynamics simulations reveal that the metal/water interface affects the adsorption
properties of Hy and O, also on other metal surfaces. Similar synergetic effects
occur between metal nanoparticles and oxide supports, where the adsorption of
H, on oxides is stabilized close to metal nanoparticles, owing to an oxide-to-metal
charge transfer. The metal/oxide synergy results in novel catalytic properties under
reaction conditions, which is found to have important implications for the reaction
intermediates in the case of CO, hydrogenation to methanol over Cu/ZnO cata-
lysts.

The work highlights the interplay between the different phases in nano-sized cat-
alyst materials. The synergy results in modified catalyst properties and new cat-
alytic pathways under reaction conditions. Understanding of these processes at the
atomic scale could potentially be used to optimize new materials in heterogeneous
catalysis.

Keywords: heterogeneous catalysis, density functional theory, kinetic Monte
Carlo, metal /water interface, metal/oxide synergy, charge transfer, kinetics
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Introduction

In a chemical reaction, reactants are transformed into products through processes
involving the breaking and formation of bonds. Chemical reactions are reversible,
and the net reaction occurs in the direction that minimizes the free energy of the
system. For example, a reaction between hydrogen and oxygen, resulting in the for-
mation of water, lowers the free energy, which is reflected by a large energy release.
The large energy release means that the reverse reaction rate is negligible. However,
despite the release of energy, the reaction does normally not occur at room tem-
perature. For the reaction to occur, strong hydrogen-hydrogen and oxygen-oxygen
bonds must be broken, which is associated with energy barriers. The higher the
energy barrier is, the lower is the probability of the reaction to occur. One way of
overcoming the energy barriers is to increase the temperature. However, this is en-
ergy intensive and can, in many cases, lead to undesirable side-reactions. Another
way to increase the rate of a chemical reaction is by using a catalyst. In a catalytic
reaction, the reactants interact with a catalyst material, resulting in altered reac-
tion paths and energies upon the breaking and formation of the chemical bonds.
The catalyst material is, ideally, not consumed in the process, and the energies
of the reactants and products are not altered. The yields are therefore, in closed
systems, limited by the thermodynamic equilibrium.

The catalytic acceleration of chemical reactions is crucial in many environmen-
tal and industrial processes, with applications ranging from the conversion and
utilization of greenhouse gases [1-3] to the production of fuels and chemicals [4-7].
Catalysis is, depending on the catalyst and the reacting species, commonly divided
into the three categories biocatalysis, homogeneous catalysis, and heterogeneous
catalysis [8, p.5]. Biocatalysis concerns catalytic processes with biological materi-
als, such as enzymes. In homogeneous catalysis, the phases of the catalyst and the
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reactants are the same. A homogeneous catalyst could, for example, be a solvated
metal atom, catalyzing a liquid reaction. In heterogeneous catalysis, the catalyst
and the reacting molecules are in different phases; most commonly reactants in gas
or liquid phase, catalyzed by a solid catalyst. Technological heterogeneous catalysts
are often realized as metal nanoparticles supported on an oxide, operating under
some specific reaction conditions. The efficiency of a catalyst is characterized with
respect to:

o Activity — how much the reaction rates are increased,
o Selectivity — what the distribution of the products is, and
o Stability — how long it takes until the catalyst degrades.

Finding the optimal catalyst for a specific chemical reaction is generally challenging,
as the performance depends on the elemental distribution and size of the metal
nanoparticles, the choice of support, and the reaction conditions [9, 10].

1.1 Heterogeneous catalysis
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Figure 1.1: A schematic visualization of the influence of a catalyst on the energy changes
in a chemical reaction. The dashed black line is the activation energy for the reaction in
the absence of a catalyst. The solid blue line represents the catalyzed path towards the
products, whereas the dashed red line leads to the formation of by-products.

A schematic visualization of how a catalyst may affect a chemical reaction is shown
in Figure 1.1. In the absence of a catalyst, the energy barrier is high, and the
reaction rate is low. In the presence of a solid catalyst, however, the overall reaction



1.2. Understanding catalytic reactions

is divided into a set of elementary reactions. First, the reacting species adsorb on
the catalyst surface. Thereafter, processes involving the breaking and formation
of chemical bonds occur, and the products desorb from the surface. An optimal
catalyst should, therefore, bind reactants strongly enough so that the reaction can
occur, but not too strongly, as to prevent undesirable bond-breaking and products
sticking to the surface. This is known as the Sabatier principle [8, p.272-273]. In
Figure 1.1, the blue pathway represents the catalyzed reaction towards the desired
products. The overall reaction energy is the same as in the absence of a catalyst,
but the energy barriers towards the products are decreased, and the reaction rate
is therefore increased. However, on the catalyst surface, competing reactions could
occur, forming undesirable by-products, visualized in red. This represents one of
the challenges in heterogeneous catalysis. The catalyst should increase the rates
towards the desired products, while keeping the rates towards the by-products low.
A special case of undesired processes is the deactivation of the catalyst, resulting
in a loss of activity. The deactivation could be a consequence of e.g., catalyst
degradation, or chemical changes to the catalyst surface [11].

1.2 Understanding catalytic reactions

Phenomenological understanding of catalytic reactions rates was obtained already
in the end of the 1800’s [8, p.24]. Catalytic reaction rates were deduced to follow

the expression
r:kH[ai]”i, (1.1)

where k is a reaction rate constant, [a;] is the activity of the reactant, approxi-
mated as partial pressure or concentration, with corresponding reaction order n,.
Arrhenius found that the reaction rate constant scaled with temperature as

k= C e Puwp/knT (1.2)

where C' is a constant factor, and E,, is the apparent activation energy of the
entire reaction. Despite being deduced mainly from experimental measurements,
with limited understanding of detailed catalytic processes, Eqs. (1.1) and (1.2) pro-
vide a description of the general behavior of catalytic reactions. However, to find
suitable catalysts, and to optimize the systems with respect to activity, selectiv-
ity, and stability, atomic level understanding of the catalytic reactions is important.

The atomic understanding of catalytic reactions developed rapidly in the begin-
ning of the 1900’s. Theoretical description of adsorption processes on the catalyst
surface and understanding of the underlying reaction mechanisms made it possible
to quantitatively understand which processes might occur in catalytic reactions
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[9, 12][8, p.24]. The mechanistic understanding did, however, not have a rigorous
foundation until 1935, when Eyring combined quantum mechanics and statistical
thermodynamics to predict the rates of elementary reactions based on the poten-
tial energy surface [13]. The conceptual understanding of catalytic reactions has
since then developed in parallel with advancements of experimental techniques.
X-ray diffraction made it possible to relate the performance of a catalyst to its
crystalline structure [8, p.131]. Physical characterization of catalyst surfaces was
enabled by e.g., electron microscopy and low-energy electron diffraction methods
[14, p.45], which was later refined to atomistic resolution with transmission elec-
tron microscopy and scanning tunneling microscopy [15]. The understanding of
elemental distribution and the chemical state of the catalyst has been advanced by
sensitive X-ray spectroscopy techniques [8, p.134-144|, such as X-ray absorption
spectroscopy and X-ray photoelectron spectroscopy [16]. It is also possible to obtain
information of the intermediates present on the catalyst surface by e.g., infrared
spectroscopy [8, p.158], while the strength with which molecules are bound to the
surface can be obtained from techniques such as micro-calorimetric measurements
[8, p.289] or temperature-programmed desorption experiments [17, p.386-387].

Surface sensitive techniques are commonly used to probe well-defined catalysts
in ultra-high vacuum conditions. However, industrial catalysts are often ill-defined
and subject to harsher reaction conditions as compared to the model systems. This
has led to the, so-called, materials and pressure gaps, which refer to the simplifica-
tion of catalyst complexity and reaction conditions in model systems when surface
sensitive experimental methods are used. Recently, methods to reduce these gaps
have been developed, enabling the possibility to investigate different catalyst struc-
tures and chemical states also at liquid interfaces and at slightly elevated pressures
[18-23]. However, the space and time-resolution of the experiments results in aver-
aged behavior of the chemical processes on the surface. To aid in the interpretation
of experimental results, and to guide in the optimization of new catalysts, compu-
tational models could be employed.

1.3 Computational approaches in catalysis

Computational catalysis relies on an accurate description of the changes in energy
along a reaction path. For a long time such changes were challenging to obtain,
due to the limited computational power, and the limited accuracy of the approxi-
mate solutions of the quantum mechanical equations. Early efforts were therefore
targeted at understanding atomic and molecular adsorption processes. The descrip-
tion and understanding of adsorption on extended metal surfaces and clusters were
in the 1960’s developed thanks to e.g., the Newns-Anderson model [24, 25] and

4
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extended Hiickel theory [26]. Around the same time, the foundations of density
functional theory was formulated, in which the properties of systems are calculated
from the electron density [27, 28]. This approach is less computationally expensive
than, for example, the Hartree-Fock method. However, the accuracy of adsorption
energies was low, and early focus was to calculate trends. As the efficiency and
accuracy of density functional theory calculations increased in the 1990’s [29, 30],
it became possible to calculate adsorption energies on extended surfaces with rea-
sonable accuracy. By comparing calculated adsorption energies with catalytic rate
measurements, for example, the Sabatier principle could be rationalized by, so-
called, volcano plots [8, p.273].

It is currently possible to calculate adsorption energies and activation energies for
elementary reactions on extended surfaces and nanoparticles from first-principles,
albeit at a high computational cost. The accurate description of the electronic
structure for adsorption processes has enabled the possibility to understand and
relate adsorption properties between different transition metal surfaces using sim-
ple descriptors [31-34]. Furthermore, by relating adsorption energies to elementary
reaction energy barriers via e.g., Bronsted-Evans-Polanyi relations [35], it is possi-
ble to explain trends in catalytic activity between different metals and geometries.
However, to properly understand a catalytic reaction, and to obtain information of
e.g., the reaction mechanisms and possible kinetic bottlenecks, kinetic models are
crucial.

With an accurate potential energy surface, it is possible to develop kinetic models
based on first-principles data. In the mean-field approximation, the rate equations
are solved analytically, based on the potential energy surface probed over model
surfaces, e.g., extended metal surfaces with specific orientation. This approach has
provided great insight into the catalytic properties for many reactions on extended
surfaces [36-44]. The mean-field approximation does, however, break down in the
case of finite and inhomogeneous systems, or if substantial adsorption-adsorption
interactions are present [45]. Modeling catalytic reactions over finite and inhomo-
geneous systems, such as nanoparticles, is challenging due to the large variety of
catalytic sites with different chemical properties. The situation is further compli-
cated in the case of dilute alloys, in which metal atoms are dispersed in another
metal host at low concentration. In this case, the chemical properties of the met-
als may be altered, and the interplay between reactions occurring on the different
metal sites could give rise to altered kinetics. One possibility to account for inho-
mogeneities of the catalyst is to employ kinetic Monte Carlo simulations, in which
catalytic paths are probed stochastically [46]. This approach has provided valu-
able insight into the reaction mechanisms and kinetic bottlenecks for a range of
reactions in complex catalytic systems [47-59].
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1.4 The complexity of heterogeneous catalysis

Technological catalysts are often realized as metal nanoparticles supported on an
oxide, operating under some specific reaction conditions. However, in computa-
tional approaches, the potential energy surface is commonly mapped for extended
metal surfaces in vacuum conditions. Whereas the influence of elevated pressures
in gas phase can be described by thermodynamics, the situation is complicated
in the presence of liquid solvents. The influence of a solvent on the adsorption
energies of intermediates can be taken into account by e.g., an implicit solvation
model [60]. This may, however, not accurately describe the real energy landscape
of the catalyst, as the solvent could also influence the reaction by competitive ad-
sorption, or enabling new reaction pathways [61, 62]. Furthermore, by mapping
the energy landscape over extended metal surfaces, it is often assumed that the
support is inert, and does not affect the catalytic reaction. However, the support
could in certain cases influence the potential energy surface by e.g., straining the
metal nanoparticles, form complex metal/oxide structures, or alter the metal as a
result of charge transfer [63-65].

When the potential energy surface is sufficiently well described, kinetic models are
often employed on static catalyst structures to predict the efficiency, and reveal the
dominant reaction mechanisms and possible kinetic bottlenecks. It has, however,
been shown that catalysts are highly dynamic, and the structure of nanoparticles
responds sensitively to changes in reaction conditions [18, 66-68]. In the case of
alloy particles, the elemental distribution of the surface has been found to change
upon variations in the reaction conditions [19, 69]. Furthermore, upon CO adsorp-
tion on gold clusters supported on CeQO,, transient catalysts of single gold ad-atoms
were reversibly formed [70], emphasizing that the working catalyst may in some
cases only be formed and be stable at certain reaction conditions. Similar phenom-
ena have been observed also for extended surfaces under elevated gas pressures,
where atoms detach from the metal, forming ad-atom clusters on the metal surface
[20, 71-73]. The transient catalyst structures upon changes in reaction environ-
ment could have significantly altered catalytic properties. Hence, describing the
dynamic behavior of the catalyst during reactions could be the next step in the
closing of the complexity gap between model and operational catalysts.

1.5 Direct synthesis of H,O, from H, and O,

Hydrogen peroxide (H,0,) is an important green chemical [74]. The applications
of HyO, range from paper and textile bleaching [75], wastewater treatment [76], to
organic synthesis [74, 77]. H,O, is mainly produced in large-scale facilities, via se-
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1.6. CO5 hydrogenation to CH3OH

quential reduction and oxidation of anthraquinones [74, 78]. The process can yield
large quantities of H,O,, at the cost of energy-demanding extraction processes and
the production of toxic wastes. A direct process, in which H,0, is catalyzed with-
out the inclusion of organic compounds, at the location of usage, has the potential
to be environmentally friendly and cost-efficient [79]. The reaction is challenging,
as the formation of OOH and H,0O, on the catalyst surface is directly competing
with undesirable O—-0O bond breaking, resulting in the irreversible formation of
thermodynamically favorable H,O [80]. The direct formation of HyO4 at ambient
temperatures over Pd nanoparticles in different solvents has been investigated ex-
tensively [44, 81-84]. Unfortunately, the high reactivity of Pd results in O—O bond
scission and, consequently, the formation of H,O.

A less reactive metal, such as Au, could be a suitable catalyst to obtain high
selectivities towards H,O,. However, in this case, the nanoparticles are unable to
adsorb and dissociate H,, and the activity is low [85]. One approach is to change
support material, as Au/support interface sites are sometimes associated with sig-
nificantly altered catalytic properties [86, 87]. However, the increased reactivity
at the Au/support interface could have negative consequences for the selectivity
towards H,0O,, as O—O bond breaking is facilitated [87]. Another approach that
has shown to increase the efficiency of the direct formation of H,O, is to alloy Au
with Pd [88, 89]. In the dilute limit, where Pd atoms are dispersed in the surface of
water-solvated Au nanoparticles, selectivities close to 100 % have been measured
[90]. Understanding the mechanisms behind the high performance of dilute PdAu
nanoparticles solvated in water could be important in the catalyst optimization for
direct HyO, synthesis, and potentially other hydrogenation reactions where high
selectivities are important.

1.6 CO, hydrogenation to CH;OH

Another important group of hydrogenation reactions is the conversion of CO, into
valuable chemicals, such as methanol, which could be used as a fuel or chemical
feedstock [91-95]. In the catalytic conversion of CO, to methanol, CO, is hydro-
genated according to:

CO, + 3H, = CH,0H + H,0. (1.3)

In contrast to the direct formation of HyO,, where one wants to preserve the O—-0O
bond, in the synthesis of methanol a C—-0O bond must be broken. Many different
catalysts have been investigated for the reaction, such as indium oxide-based cata-
lysts [96-99], Cu/ceria [100] catalysts, and ZnO/ZrO, catalysts [101]. Industrially,
the process relies on Cu/Zn0O/Al,O4 catalysts, operating at temperatures between

7
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200-300 °C and gas mixtures of CO,/CO/H, at high partial pressures [102]. The
inclusion of CO in the gas mixture increases the activity, as CO e.g., removes in-
hibiting water on the catalyst surface via the water-gas shift reaction [103, 104].
The reason for the efficiency of the industrial catalyst, and the synergetic interplay
between Cu and ZnO is debated, and has been attributed to processes occurring
at the Cu/ZnO interface [105], ZnO-induced strain of the Cu nanoparticles [106],
the formation of a ZnO overlayer over Cu [107], and the formation of a Cu-Zn alloy
[108]. Understanding of the Cu/ZnO synergy could aid in the development of more
efficient catalyst materials.

1.7 Objective of the thesis

The objective of this thesis is to elucidate catalytic processes at the atomic scale, by
employing different computational techniques. Specifically, the synergetic interplay
between different catalyst constituents in catalytic reactions are explored by density
functional theory calculations and kinetic Monte Carlo simulations. A schematic
overview of the investigated phenomena is presented in Figure 1.2. (I) The kinetic
implications of metal/metal interplay in the direct formation of H,O, from H, and
O, over dilute PdAu nanoparticles is investigated. (II) As hydrogenation reactions
are often performed in an aqueous solution, charge transfer processes occurring
at the metal/water interface are explored, and the kinetic implications for the
direct formation of H,O, are elucidated. (III) To explore the dynamic behavior
of PdAu nanoparticles, a kinetic Monte Carlo approach is developed to model the
structural time-evolution in inert and reactive atmospheres. (IV) The influence
of metal/oxide charge transfer upon the adsorption of H, is investigated, and the
kinetic implications for the hydrogenation of CO, to methanol are explored. This
thesis is partly based on the author’s licentiate thesis [109].
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(I) metal/metal (1) metal/liquid

Figure 1.2: Schematic overview of the investigated processes and synergies. (I)
Metal/metal interplay in the direct synthesis of HyO,. (II) Charge transfer processes at
the metal/water interface. (III) Dynamic behavior of nanoparticles in a CO-atmosphere.
(IV) Charge transfer phenomena at the metal/oxide interface, specifically for CO, hydro-

genation to methanol.






The potential energy surface

Reaction kinetics, elementary reaction rates, and stability of intermediates are
determined by the potential energy surface (PES). A chemical system in a specific
atomic configuration corresponds to one point on the (ground state) PES. The PES
is high-dimensional and complete knowledge of the surface is challenging to obtain,
also for small systems. A two-dimensional PES is sketched in Figure 2.1.

Figure 2.1: A two-dimensional potential energy surface. Three points on the PES, cor-
responding to a local minimum, the global minimum, and a saddle point, are highlighted
with white balls.

11



Chapter 2. The potential energy surface

On a catalyst surface, a stable intermediate configuration coincides with a local
(or global) minimum on the PES. Upon an elementary reaction, transferring the
system between two stable configurations, a transition state must be crossed, which
corresponds to a first order saddle point on the PES.

Theory and methods to obtain information about the PES are presented in this
chapter. First, density functional theory (DFT) is described, which is used to calcu-
late the energy of a system in a specific atomic configuration. Thereafter, methods
to propagate along the DFT-based PES, to find stable adsorption configurations,
transition states, and entropic contributions, are presented. Lastly, methods to
correlate the potential energies to stability and elementary reaction rate constants
are reviewed.

2.1 One point on the potential energy surface

The total energy of a system in a specific atomic configuration can be calculated
from quantum mechanics via the time-independent Schrodinger equation:

~

HV = EU, (2.1)

where H is the Hamiltonian operator, ¥ is the wavefunction, and E is the total
energy of the system. In the absence of external fields, the Hamiltonian operator
is the sum of the kinetic and electronic Coulomb potential energy operators:

~

H:T6+TN+V +VN+VNN

h? h?
S N v Z \%

i 2Tne ’ 2MI (22)
S St X e )
47T€0 1, J>1 ‘I‘ —I‘ ‘I‘ _RI‘ 1,J>1 ‘RI—RJ‘

Here, lowercase and uppercase letters are used to denote electrons and nuclei, re-
spectively. The particles are in this case assumed to be point-like, non-relativistic,
and spin-orbit coupling is neglected. [110, p.3—4]. As the potential energy operators
couple the behavior of the particles, the dimensionality of the Schrédinger equation
is difficult to reduce, and finding solutions requires approximations. A first step
to reduce the dimensionality of the Schrodinger equation is the Born-Oppenheimer
approximation.

12



2.1. One point on the potential energy surface

2.1.1 The Born-Oppenheimer approximation

As the mass of an atomic nucleus is significantly greater than the mass of an
electron, the motions of the nuclei and electrons can be decoupled. In the Born-
Oppenheimer approximation, the electrons are assumed to remain in the same adi-
abatic eigenstate, and adjust instantaneously to deviations in the nuclear positions
[111, p.8]. In this case, the total wavefunction can be approximated as the product
between the nuclear and electronic wavefunctions. The electronic wavefunction, for
the nuclear positions Ry, ..., Ry, is obtained from:

HU (R, ...,Ryiry,...r,) = E.(Ry,....Ry)¥ (R, ....Ryiry,.ir,), (2.3)

where the electronic Hamiltonian operator is

~

He = Te + ‘/}ee + ‘/}ext‘ (24>

~

denotes the electron-nucleus Coulomb potential energy operator (V,

Here, V.

ext

Eq. (2.2)). The total energy of the system is in the case of static nuclei:

N in

E=F, + EXY, (2.5)

where Eﬁ?\? is the Coulomb potential energy between the nuclei. For dynamical
processes, the kinetic energy of the nuclei can be included by a classical descrip-
tion of the nuclear motion. The Born-Oppenheimer approximation is valid if the
motions of the nuclei are slow, and the electronic energy levels are sufficiently sep-
arated.

The electronic Schrédinger equation is high-dimensional also after the
Born-Oppenheimer approximation. An early approach to solve for the ground state
electronic wavefunction and energy of a system was proposed by Hartree [112], in
which the wavefunction was separated into one-electron wavefunctions, i.e.,

\I[(rlw",rn) ~ H¢z(rz> (26>
i
Each wavefunction was thereafter subject to a one-electron wave equation®

( — %VQ F Voyt () + ﬁee’i(r)>wi(r) = g;1,(r), (2.7)

where v, is the external potential from the nuclei and v, ; is a mean Coulomb

potential from all other electrons. The one-electron wavefunctions, which minimize

'Henceforth, atomic Hartree units are used, in which m, = e = h = 4me, = 1.
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Chapter 2. The potential energy surface

the total energy of the system, can in this way be obtained iteratively. A many-
electron wavefunction must obey the Pauli exclusion principle. The total Hartree
wavefunction obtained in Eq. (2.6) is, however, not antisymmetric with respect to
the interchange of two electrons. To capture the fermionic nature of the electronic
wavefunction, Fock proposed that the total wavefunction could instead be obtained
from the determinant of the one-electron wavefunctions as [111, p.32]:

1 ¢1<r?701> ¢1(r7}a0n> )

I'l,O'l) wn(rrwo-n)

U(ryoq,...,T,,0,)
where o is the spin of the electron.

2.1.2 The electron density

Another approach to solve for the ground state electronic energy was proposed by
Thomas, Fermi, and Dirac. Instead of separating the total electronic wavefunction
into one-electron wavefunctions, the electron density was utilized. Although an effi-
cient way of reducing the dimensionality of the electronic Schrodinger equation, the
kinetic energy of the electrons was poorly described by a density functional, approx-
imated by a homogeneous electron gas [113, p.120-121]. Thus, the early attempts
were not used in practical calculations. The approach to use the electron density
as the basic parameter was put on a firm theoretical ground by Hohenberg and
Kohn [27], showing that there is a one-to-one mapping (except for a constant term)
between the external potential and the ground state electron density. Furthermore,
it was shown that there exists a universal functional that maps the electron density
to the electronic energy of the system, i.e.,

Eln(r)] = /n(r)vext(r) dr + Fln(r)] = Eeg[n(r)] + Fn(r)]. (2.9)

The energy functional, F/, obeys the variational principle, hence, it is minimized for
the ground state electron density. The universal functional, F', can be separated
into a functional accounting for the electron-electron interactions, and a functional
G, so that

En(r)] = Ee[n(r)] + Eg[n(r)] + G[n(r)]

(2.10)
— [+ 5 [ ne)eam dr+ G,
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2.1. One point on the potential energy surface

As the electron density is considered, the potentials have the forms:

Zy,

Vi (1) = — ) ——~ 2.11

ext(T) Ek TR (2.11)
_ [ )

vee(r)—/|r/_r|d . (2.12)

The exact theory presented by Hohenberg and Kohn is, however, difficult to ap-
ply, as the theorems only prove the existence, and not the analytical form, of the
universal functional F'. An approach to apply the theory was developed by Kohn
and Sham [28]. In the Kohn-Sham approach, G is replaced by a kinetic energy
functional of non-interacting electrons 7{), and an exchange-correlation functional

E. ., that captures the effects that are neglected upon treating the electrons as non-

interacting. Introducing single-particle Kohn-Sham orbitals, ¢, the kinetic energy
functional is

Tyfo(e)] =5 Y1, [ vio) V20 dr. (213)

where f; is the electron occupation of the orbital. The total electron density in the
system is obtained from

2
n(r) = Zfz|¢z(r)| . (2.14)

In the Kohn-Sham approach, the total electronic energy of the system is, hence,
E[n(r)] = Egu[n(r)] + Ee[n(r)] + To[n(r)] + Ey [n(r)]. (2.15)

The orbitals and the electron density are obtained in an iterative approach, from
the Kohn-Sham equations:

(= 592+ v ) () = 205 (r). (216)

The effective potential vy (r) is the sum of the external potential (Eq. (2.11)), the
electron-electron potential (Eq. (2.12)), and the exchange-correlation potential,
i.e.,

veff<r) = Uext<r> + Uee(r> + ch<r) (217>

(2.18)
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Chapter 2. The potential energy surface

The kinetic energy of the system, Tj[n(r)], is calculated from the Kohn-Sham
eigenvalues, ¢, as:

St [uimeite e =37 £ [ uie)( = 597+ )t
— (2.19)
Tyfn(e)] = 3 i~ B o) = 2B, fn(w)] — [ nlx)o (o) .

By inserting Eq. (2.19) into the total electronic energy functional (Eq.(2.15)), the
total electronic energy is

Eln(r)] = Z figi = Eeo[n(r)] + Ey [n(r)] — /n(r)vxc(r) dr. (2.20)

For non-spin polarized calculations, each Kohn Sham-orbital can be occupied by
two electrons (f; < 2). The theory can be extended to also account for different
spin states [111, p.64]. In this case, the total density is calculated as the sum of the
two spin-densities. Each Kohn-Sham orbital can, in this case, be occupied by only
one electron (f; < 1) and the exchange-correlation functional is spin-dependent,
i.e.,

v, (r,0) = OE  [n(r, 0’)].
n(r,o)

The Kohn-Sham approach is an effective way of applying the density functional
theory. However, as the approach assumes a system of non-interacting electrons,
and an energy functional, F, ., that should capture the discrepancy between the
non-interacting and fully interacting systems, the accuracy heavily relies on the

description of the exchange and correlation effects.

(2.21)

2.1.3 The exchange-correlation functional

The exchange and correlation functional should bridge the Kohn-Sham approach to
the exact, fully interacting many-electron system. In the full system, the wavefunc-
tion must obey the Pauli exclusion principle. Another difficulty when considering
the full many-electron wavefunction is the electronic correlation effects, resulting
in changes to the kinetic energy contributions, as compared to the non-interacting
system [111, p.66]. Furthermore, as the effective potential is calculated from the to-
tal electron density, each electron is, in the Kohn-Sham approach, interacting with
itself. An early approach to approximate the exchange and correlation effects is the
local density approximation (LDA) [111, p.77]. The electron density is described
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2.1. One point on the potential energy surface

as locally homogeneous and the exchange-correlation energy functional is:

EEPNn)] = [ n@)ePAn(e)dr. (222)
The LDA is an exact description for a homogeneous electron gas, as €,. can be
derived from quantum Monte Carlo simulations [114]. For open-shell systems, spin
can be included in the LDA. In the local spin density approximation, the exchange
and correlation energy functional of the two spin densities is

ELSPA (o, (r), m, (r)] = / n(r)eLSPA [y (x), my (1)) d, (2.23)

where n(r) = n.(r) + n (r). Albeit a reasonable approximation for e.g., bulk
metals and for determining the structure of systems with strong bonds, the L(S)DA
approximation is poor for describing molecular bond strengths, metal surfaces, and
other systems with highly varying densities [115] [111, p.82]. A way to enhance the
performance of the exchange-correlation functional is to include a dependence on
the electron density gradients. In the generalized gradient approximation (GGA),
the exchange-correlation energy functional is expressed as:

ESCGA [nT(r), 7%(1“)]

(2.24)
= [ el ),y () Felng (1), (), Vs o), Vi (),

where F,_ is an enhancement functional to account for density inhomogeneities.
Many GGA functionals have been developed [116-120], either to follow physical
constraints, or to better reproduce experimental observations.

In addition to chemical bonds, dispersion interactions could be important for ad-
sorbed molecules. Dispersion interactions do not stem from density overlap or
chemical bond, but rather electric field coupling from density fluctuations. The
interactions are long-ranged and are, therefore, not effectively captured by LDA or
GGA [110, p.228-230]. Exchange-correlation functionals accounting for dispersion
interactions have been developed [121-123]. Dispersion interactions can also be
accounted for without explicit description in the E,. functional. A parametrized
dispersion energy, based on the position of the nuclei is, in the D3-method, added
to the ground state energy after the Kohn-Sham equations have been solved [124].

Exchange-correlation functionals tend to poorly describe the electron self-interaction

correction, resulting in an over-delocalization of electrons [113, p.160-161]. This
problem is most emphasized in systems with strongly correlated d and f electrons,
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Chapter 2. The potential energy surface

such as metal-oxides [125]. The description can be improved by employing a hybrid
functional [111, p.96][126], in which the description of the exchange effects is a com-
bination between density functionals and Hartree-Fock calculated contributions as:

E,. = aEYF 4 (1 — o)EPFT 4 EDFT (2.25)

where o € (0,1). Hybrid functionals are computationally expensive and there-
fore unsuitable for large systems. Another approach to improve the description of
strongly correlated systems is by including a Hubbard U-correction, which compen-
sates for the electron self-interaction [127].

2.1.4 Solving the Kohn-Sham equations

Calculations for periodic systems, such as extended metal or metal-oxide surfaces,
are greatly simplified by Bloch’s theorem, which states that a wavefunction subject
to a periodic external potential can be expressed as [113, p.88]:

i(r) = Ty (r), (2.26)

where u has the same periodicity as the external potential. The periodicity of the
potential can be expressed by three vectors: a;, a,, and a;. From these vectors,
the reciprocal lattice vectors are defined as

b — 2ma; X ay

(3

_ 2.2
a, - (a; X ag) (227)
The volume spanned within the reciprocal lattice vectors is the Brillouin zone. All
other vectors in reciprocal space can be expressed as the sum of a specific vector
in the Brillouin zone and a vector G = n;b; +nyby + n3bs, where n, n,, and ng
are integers. To sample the reciprocal space, a plane wave basis set can be utilized.
The basis set is defined as

¢>k,G(r> = !

\/’al - (ay x ag)|

As the Kohn-Sham orbital, v, is periodic, it can be expressed as a Fourier series of
the basis set according to

el(k+G)r, (2.28)

%,k(r) = Z Ci,k(G)¢k,G(r)- (2.29)
G
In reciprocal space, the Kohn-Sham equations have the form [111, p.184]
1 ~ / /
> (5 + GPog e + (G = G))Ciu(G) = 1, Cin(G), (2.30)
G/
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2.1. One point on the potential energy surface

where v is the Fourier transform of the Kohn-Sham effective potential. As the
Fourier coefficients decrease rapidly with G, the expansion is usually truncated at
a specific cutoff energy value:

1
5|k + G|? < Ey - (2.31)

It is also possible to truncate the sampling of the Brillouin zone (number of k)
in the calculations. However, the truncation has to be determined from explicit
testing as to when e.g., the cohesive energy or specific adsorption energies are
converged. After the Kohn-Sham orbitals have been obtained for each k-point, the
total electron density is obtained as

r)|2, (2.32)

where w is a weight factor of the k-point and f is the occupancy of the orbital.
The plane wave approach is an efficient method for periodic systems with smoothly
varying potentials; especially, the kinetic energy is simple to evaluate. However,
for periodic systems with a net charge, such as a negatively charged metal surface,
the electronic potential energy diverges at G = 0. This can be compensated by the
inclusion of an equally charged uniform background (jellium) [128]. As the back-
ground charge is uniform, the Fourier transform compensates for the divergence at

G =0.

In the case of strongly oscillating wavefunctions, a very large number of plane
waves are required to accurately describe their behavior. The oscillations are most
significant close to the atomic nuclei. One approach to get around this problem,
is by employing the projector-augmented wave (PAW) method [129]. In the PAW
method, the solutions for the spherical Schrodinger equation for the single atoms
with varying energy eigenvalues and angular momenta are determined. This set is
denoted as the target set |¢j>. For the chemical system of interest, consisting of
either one or more atoms, an augmentation sphere is defined symmetrically around
each atom. A set of smoother, orthogonal, pseudo-wavefunctions [¢,) is formulated,
satisfying

6;) =T 16;) = |6,) + Z 6:) — 16:) ) (Bil8,) (2.33)

where (p,| is a local projector in the augmentation sphere satisfying (f)z|ggj) = 0,5
Notice that the augmentation depends on the atomic specie, and angular momen-
tum quantum numbers. After the pseudo-wavefunctions have been converged, with
respect to the Hamiltonian H=7tHT , the orbital wavefunctions can be deter-
mined from

) +Z 6:) = 16:) ) (il ) - (2:34)
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Chapter 2. The potential energy surface

The orbital wavefunction is, hence, corrected within each augmentation sphere with
the exact atomic wavefunctions. This can be done for all electrons in the system.
However, as core electrons are not significantly involved in the forming and breaking
of bonds, they are assumed to be frozen, also outside of the augmentation sphere,
i.e. represented by the wavefunctions calculated for the single atoms [130].

2.2 Exploring the potential energy surface

With the density functional theory calculations presented this far, it is possible to
calculate the energy of a chemical system in a specific nuclear configuration, i.e.,
one point on the potential energy surface. In this section, methods to find local
minima and first-order saddle points on the PES are presented. These points are of
considerable interest, as minima correspond to stable intermediate configurations,
and first-order saddle points correspond to transitions state configurations.

2.2.1 Finding local minima

To find, e.g., stable adsorption configurations and stable nanoparticle structures,
minima in the PES with respect to nuclear positions must be obtained. It is
possible, with a converged electron density, to find the forces acting on each nucleus
from the electron density [131]. The Hellmann-Feynman force on a nucleus in the

system is
e

F,=—V,E=—V,EX — / W (r)V,(H,) U, (r)dr. (2.35)

For local potentials, the second term becomes an expression that only depends on
the electron density:

1 ext

F, = —V,EX — / n(r)V, v, (r) dr. (2.36)

The unperturbed electron density can be used, as the effects on the kinetic energy
of the electrons and the electron-electron interactions upon deviations of nuclear
motion cancel [113, p.57]. When the forces on each nuclei have been determined,
the structure can be updated by moving the nuclei along the forces.

2.2.2 Vibrational modes

Atoms and molecules bound to a catalyst surface vibrate with characteristic fre-
quencies. The energy of a vibration is quantized according to

1
E, =hv <§—|—n>, n=0,1,2.. (2.37)
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2.2. Exploring the potential energy surface

where v is frequency of the vibrational mode. Owing to Heisenberg’s uncertainty
principle, the system cannot reside in the bottom of the potential energy well [132,
p.20-21]. The lowest energy state for a specific atomic configuration must therefore
include the zero-point energy contribution

1
Ezpc = 5 Z hViv (238)

where the summation is performed over the frequencies corresponding to the vibra-
tional modes. Furthermore, the frequencies give important insight into the chemi-
cal system. For example, for an adsorbate in a local minimum, all frequencies are
positive, whereas at the transition state, exactly one frequency is imaginary. In
this work, the frequencies have been calculated assuming the harmonic approxima-
tion, i.e., the PES in the vicinity of the configuration of interest is assumed to be
quadratic. Upon finite movements of the atoms, a mass-weighted Hessian matrix
is constructed. The frequencies of the different modes are thereafter obtained from
the eigenvalues of the Hessian, \;, as v; = 1/, /(27).

2.2.3 Finding transition state configurations

An elementary catalytic reaction, transferring the system from one configuration
to another, corresponds to the transition between two local minima in the PES. On
the catalyst surface, the reaction can occur in many different ways. The most facile
reaction path contains the lowest energy barrier. The transition state configuration
for the most facile reaction path is therefore obtained from the highest point in the
lowest energy path. The transition state is, hence, a first-order saddle point in the
PES. Several different methods can be applied to obtain transition state configu-
rations, where the nudged elastic band method [133] and the dimer method [134]
are two examples. To find first-order saddle points, the structure must propagate
according to the forces along all coordinates, except along the reaction coordinate,
where the energy should be maximized. Hence, the "forces” on each atom i towards
the transition state are given by

Fisaddle — _VIE + QVlE . %2 %zﬁ (239)

where 7, is the reaction coordinate for the specific nucleus. In the nudged elastic
band method, the reaction coordinates are obtained from defining a set of inter-
mediate structures, interpolated between the initial and final state configurations.
Between each intermediate, springs are added along the reaction coordinates, hence,
iteratively defining the reaction coordinates. However, as this approach only pro-
vides the reaction path, the spring forces are, in the climbing-image nudged elastic
band method, added to all intermediate structures except for the highest energy
one, to find the correct transition state configurations [135].
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Chapter 2. The potential energy surface

2.2.4 Molecular dynamics simulations

In cases for very dynamic systems with many close-lying minima on the PES,
molecular dynamics (MD) simulations can be employed to find stable intermediate
configurations. MD can, for example, be employed for processes at the metal /water
interface, where the configuration space of the water molecules is large, and slight
distortions to the structure result in significant changes in energy. In classical MD
simulations, Newton’s equations of motion are integrated, propagating the chemical
system in time according to e.g., the leap-frog algorithm [136, p.80]:

vi(t+ %) =v,(t- %) + %At (2.40)
r,(t+At) =r,(t)+v;(t+ At (2.41)
(t+a¢) (t+3)

v, (1) =%(Vi<t+%) +vi<t—%)>. (2.42)

In ab initio MD, the atomic velocities are updated according to the forces obtained
from DF'T calculations. The approach is an effective way of sampling larger parts
of the configurational space. However, MD simulations will, to a large extent,
sample configurations close to local minima, and hence, cannot be used to explore
transition state configurations. To more efficiently sample rare events, constraints,
such as the bond length between two atoms, can be included in the simulations. If
constraints are included, an additional term is added to the DFT-calculated forces,
so that the total force on each atom is [137]:

F,=—V,E—) N(t)V,0,(t), (2.43)
k

where the first term is the force due to the PES, and the second term is a summation
over all constraints in which the atom is involved. The constraint o, and the
corresponding Lagrange multiplier )\, are time-dependent, and can therefore be
updated during the simulation to e.g., represent the elongation of a specific bond.
As a result of the heavy sampling of the PES when performing MD simulations, the
entropic changes can be captured and included in the exploration of events. The
free energy difference along the reaction coordinate £ in constrained MD simulations
can be evaluated from thermodynamic integration [138]

&1
Ate — ate) = | (§?> a. (2.44)
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The derivative of the free energy along the reaction coordinate can be calculated
at different points from the statistical average [138, 139]

3A o <B1_1/2 [_/\ + kBTBQ]>§/
T (B,

(2.45)

where ) is the Lagrange multiplier of the specific constraint and B; and B, are
functions of the reaction coordinate and the atomic masses:

Bi=Y v v
1 (2.46)

By= 33— V& (ViV,0) Vi
2,7

m;m,;

The constrained MD approach is convenient if the system is highly dynamic, and
transition state configurations are difficult to obtain, e.g, for events occurring at
the interface between a metal surface and an aqueous solution.

2.3 From potential energy surface to reaction
rate constants

From the methods presented in the previous sections, it is possible to get an un-
derstanding of the potential energies in catalytic processes. However, to explore
the reaction kinetics, including e.g., elementary reaction rates, dominant reaction
paths, and rate-determining steps, the knowledge of the PES must be translated
into elementary rate constants, which is done via partition functions.

2.3.1 Partition functions

The partition function, Z, for a specific chemical system in thermal equilibrium
with its surroundings, where energy is allowed to be exchanged, is defined as

Z =Y ge FilkeT, (2.47)

The summation is performed over all energy states, and ¢ is the degeneracy of the
state. The partition function could, in principle, be obtained from complete poten-
tial energy sampling [140]. However, for intermediates bound to a catalyst surface,
the contribution to the partition function is often approximated as stemming from
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only vibrational degrees of freedom (with the bottom of the potential energy well
as reference), i.e.,

HZ —hw,(n+3) ke T _ (— 3, b, /%BTH th T (248)

where the first factor corresponds to the zero-point energy correction. In cases
where the approximation of only vibrational contributions cannot be made, the
partition function is instead obtained from the assumption that translational, ro-
tational, and vibrational degrees of freedom are decoupled, so that

L2y Lot Din, (2.49)
The partition function has additional contributions from electronic and nuclear
effects, however, they are often set to unity. The translational partition function
is derived from non-interacting particles, confined in an N-dimensional box with
lengths L;, resulting in:

Z, = (V%kaT) HL (2.50)

where N = 3 for a freely translating molecule in gas phase. Depending on the
rotational degrees of freedom, the partition function is given by [141, p.82]:

2
Z1D — %\/ZWIkBT
8m2IkpT
2D B
Zioh. =~ 33 (2.51)

JT 8121k T
Zit = L=

where I is the moment of inertia, I; are the eigenvalues of the matrix of moments
of inertia, and o is a factor accounting for the symmetry of the system. The
probability of a chemical system in equilibrium being in a specific energy state s,
with energy F(s) is given by the Boltzmann distribution [142, p.229]:

P(s) =" <S)e§(s)/kBT. (2.52)
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2.3. From potential energy surface to reaction rate constants

2.3.2 Transition state theory

The rate constant for an elementary reaction can be derived from the partition
functions of the initial and transition state configurations. The rate constant is
given by the probability of the specie being in the transition state with respect to
the initial state via a quasi-equilibrium, and the vibrational frequency along the
reaction coordinate [13]:
71
k=v—. (2.53)
Zini

The vibrational contribution to the partition function along the reaction coordinate
can be extracted from the partition function at the transition state, i.e.,

e—hv/2kgT  7ix

k= v T 7 (2.54)
If kgT' >> hv, the rate constant becomes
kgT Z+
ko~ B2 (2.55)

h Zini‘
The potential energy of the transition state and initial state configurations can
thereafter be extracted from the partition functions, resulting in

e
b~ ’ﬁZT ZZo N (2.56)
ini,0

where the subscript 0 indicates that AE?* is measured from the bottom of the
potential energy wells.

2.3.3 Adsorption rates

A special case of elementary reactions is the adsorption of a molecule on a catalyst
surface. In this case, the partition function of the initial state is the gas phase
partition function. The partition function of the transition state, excluding the
reaction coordinate, can be approximated as a free gas molecule with one trans-
lational degree of freedom removed. The rate constant for adsorption events can,
therefore, be expressed as

b — kpT Z*° o~ AEF[kpT _ ba o~ AEH kT (2.57)
ads. h Z3D \/ 2mmkgT ’

where the last equality is a result of Eq. (2.50) and the ideal gas law. Here, p is the
partial pressure of the gas, and a is the area of the adsorption site. Often, a sticking
coefficient s is included in the rate constant, to account for e.g., non-adiabatic
electronic effects neglected in the Born-Oppenheimer approximation [143].
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2.3.4 Free energies

Elementary reactions are highly reversible, especially when close to equilibrium
conditions. If the rate constant of a specific elementary reaction is denoted k", the
reverse reaction rate constant, k=, can, according to Eq. (2.55) and the shared
transition state, be expressed as:

k= gt (2.58)

For a reaction occurring with a fixed number of particles (N), constant volume
(V), and constant temperature (T'), it is convenient to work with Helmholtz free
energy, A. It is related to the partition function as [142, p.248|

A=E—-TS=—kzTlhZ, (2.59)

where the entropy S is obtained from

0A 0

As A scales monotonically with Z, changes in Helmholtz free energy will govern the
stability of intermediates and the kinetics of the reaction. If the pressure p is kept
constant, instead of the volume, extra compressive/expansive work is required. In
this case, the reaction is governed by changes in Gibbs free energy:

AG = AA +pAV = AE + pAV — TAS. (2.61)

The reaction rate constant and reverse reaction rate constant for a specific elemen-
tary reaction, can in a constant NPT system be expressed as

kt = ICBTTe—AGI/kBT (2.62)
k= = kteAG/ kT, (2.63)

where AG? is the free energy barrier of the elementary reaction, and AG is the
elementary reaction free energy. By describing the reverse reaction rate constant
from the forward reaction rate constant and the elementary reaction free energy,
thermodynamic consistency is maintained. It should be emphasized that AG* and
AG are not constant, but depend on the temperature, partial pressures, and local
environments on the catalyst surface.
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First-principles-based kinetic
modeling

With the methods presented in Chapter 2, the rate constants for different elemen-
tary reactions can be calculated from first principles. The potential energy surface
and the elementary reaction rate constants can give insight into the catalytic re-
action. However, kinetic modeling is crucial to properly understand the reaction
mechanism and possible kinetic bottlenecks. In first-principles-based kinetic mod-
eling, the free energies are used to probe the time-evolution of a chemical system.

As an example, consider the reaction A(g) + B(g) = AB(g). On the catalyst
surface, the reaction is separated into a set of elementary reactions, visualized in
Figure 3.1. The adsorption and desorption of reactants A and B are indicated
with red and blue arrows, respectively. Diffusion on the surface is visualized with
black arrows. The reaction between A and B, forming AB is represented with a
green arrow. When AB is formed, it desorbs from the surface, shown with a purple
arrow. However, more processes could occur on the surface, such as the formation
and desorption of an undesirable by-product, for example, AB,.

In this chapter, kinetic theory and methods to investigate the time-evolution of
catalytic systems are presented. The foundations of mean-field kinetic modeling
and kinetic Monte Carlo simulations are reviewed, and the different approaches are
compared. The chapter is concluded with a section on kinetic data analysis, and
how the results can be related to experimental observations.
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@e

Figure 3.1: A schematic overview of possible events occurring in the reaction
A(g)+B(g) = AB(g). The red and blue arrows indicate the adsorption and desorption
of A and B, respectively. Black arrows show diffusion on the surface, whereas the green
arrow represents the formation of AB. When AB is formed, it can desorb from the surface,
visualized with a purple arrow.

3.1 The chemical master equation

The adsorbate-configuration presented in Figure 3.1, is one of many possible states
that the surface may be in. Upon an elementary reaction, a new state is obtained.
In the case of no surface symmetries, the number of states scales exponentially
with the number of surface sites. The configurational space is, hence, enormous
and complete sampling of all states is not feasible. It is therefore important to
apply methods to explore the states in systematic ways. The chemical master
equation describes the change in probability of a specific state i, with respect to

28



3.2. Mean-field kinetic modeling

time [144, 145]:

d£ Z(WP WP) (3.1)

J

P is the probability of the specific state and the summation is performed over all
other states. The first part in the summation represents the transition from state j
to state ¢ with the corresponding rate W, ;, wheres the second part is the transition
from state i to state j with the corresponding transition rate 1. It should be
noted that the majority of possible states are not directly connected, as there are
no elementary reactions transferring the system between the states. The transition

rates W, are for these transitions zero.

3.2 Mean-field kinetic modeling

From Eq. (3.1) it is, in simple cases, possible to derive analytic expressions for
the surface coverages and reaction rates. The expectation value of the number of
adsorbed A on the catalyst surface is

=> PA,, (3.2)

where P; is the probability of the state and A, is the number of A in the specific

7
state. The change of the expectation value of the number of adsorbed A is

d(A dP,
%: — dt Ai _Z:<Z(Wiij_WjiPi>>A —ZWUPJA A)).

J

(3.3)
Here, (A; —A;) represents the change of number of adsorbed A upon the transition
from state j to state i. This value depends on the specific elementary reaction, and
is zero in the case of diffusion on the surface. Under the assumption that all surface
sites are equal and no adsorbate-adsorbate interactions are present, the transition
rates upon an elementary reaction A + B — AB, are all equal to an elementary
rate constant k. Assuming that A and B may react to form one AB-configuration,
if they occupy neighboring surface sites, the change in expectation value of A upon
the elementary reaction is

_ Z Wiij S Z Pj (A . B>?eighbors _ —k((A - B)neighbors>. (34)
2,7 7

(A — B)?eighborS is the number of possible final states ¢ from each initial state j.
The probability of a specific A and a specific B occupying neighboring sites on the
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surface is
Ny
Ng—1 ’

neighbors _

P (3.5)
where N, is the number of neighboring surface sites, and Ng is the total number
of surface sites. In the mean-field approximation, A and B are assumed to be
independent and randomly distributed over an infinitely large surface [141, p.112],
hence, Eq. (3.4) becomes:

T N1 (<A> (B) + (A~ (4)) (B~ <B>>>). (3.6)

If the surface is infinitely large, and the variables are independent, Ng — 1 ~ Ng
and the covariance is zero, i.e.,

Sz (a)(B). (3.7)

By dividing both sides with Ng, the mean-field expression for the elementary reac-
tion A4+ B —— AB is:
db,

The coverage of X, fy, is defined as (X)/Ng, and is hence, an expectation value.
The expression obtained in Eq. (3.8) is, in the mean-field approach, general for any
intermediate and elementary reaction [146], i.e., the time-derivative of the coverage
of adsorbate X is

de
d_tX = ZIiXNZkigi<917 s On). (3.9)

Here, the summation runs over all elementary reactions involving the species X, I*
is the change of the number of X upon the elementary reaction, N, is the number
of neighboring surface sites, k; is the elementary reaction rate constant, and g, is a
function of the coverages. The coverages can, hence, be obtained from solving a set
of coupled differential equations. In simple cases, or if assumptions are made about
the reaction, analytical solution can be found [8, p.61]. The mean-field approach
is often used to see trends between catalytic materials, and has been employed to
elucidate the performance of catalytic materials in a range of different reactions
[36-41]. However, to model reactions over alloys and nanoparticles, with a range
of different sites, and to properly capture adsorbate-adsorbate interactions, other
methods must be employed.
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3.3 Kinetic Monte Carlo modeling

Kinetic Monte Carlo is a stochastic approach to propagate a chemical system along
paths in the configurational space, satisfying the probability distributions of the
chemical master equation [46, 147]. The simulations are coarse-grained, so that
molecular vibrations are not explicitly considered, and only stable intermediate
configurations are considered. Kinetic Monte Carlo has been employed to elucidate
the catalytic properties in a range of different reactions where non-uniform struc-
tures or when adsorbate-adsorbate interactions give rise to altered kinetics [47-51].
Different kinetic Monte Carlo approaches exist with respect to how the stochastic
propagation is performed, e.g., the variable step size method, the random selection
method, and the first reaction method [141]. In this work, a first reaction method
approach has been employed [148] in accordance with the flowchart presented in
Figure 3.2.

Initialize system

Define sites and events

Construct list, L, with all possible
processes and times of occurrence

l

Update system

Update the system according to the process
with the smallest time of occurrence

Update L

Remove impossible processes from L

Add enables processes and times of occurrence

End simulation

End simulation
Analyze kinetic data.

Figure 3.2: A flowchart of kinetic Monte Carlo simulations performed according to the
first reaction method.
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1. The system is initialized

The kinetic Monte Carlo simulation is initialized according to the geometry of
interest, e.g., a (111) surface, a stepped surface, or a nanoparticle of certain
shape and size.

The catalytic sites are defined based on the geometry of the system. The
sites may differ in character, depending on the chemical element and atomic
coordination. The sites are connected to their neighboring sites, as to know
whether events occurring over multiple neighboring sites are possible.

All elementary reactions are defined, including criteria to determine whether
they are possible given the state of the system. The potential energy land-
scapes for the different catalytic sites are described.

The reaction conditions, such as temperature, partial pressures, and initial
surface coverages are specified. The time of the simulation is set to the initial
time.

A list L is constructed, containing all initially possible transitions. In the
case of an event occurring over two sites, each entry is specified by four
variables: the specific elementary reaction, the two different sites, and the
time of occurrence, defined as

Inu
t =t— — 3.10
occurrence k Y ( )

where t is the current simulation time, w is a random uniform number in the
interval (0,1], and k is the rate constant for the elementary reaction.

2. The system is propagated in time (repeatedly)

32

The system is updated according to the event with the lowest time of occur-
rence, i.c., t is set to tmin ., and the occupations of the sites are updated

according to the event.

Events that are disabled are removed from L. Events that are enabled due to
the update are added to L with their associated times of occurrence. Events
for which the rate constant has been altered due to e.g., different adsorbate-
adsorbate interactions are given new times of occurrences.

In principle, it is also possible to update the reaction conditions, such as
temperature and partial pressures. However, new times of occurrences must
in these cases be calculated for each possible event.



3.4. Comparison between mean-field and kinetic Monte Carlo modeling

3. The simulation is finalized

e The time evolution of the system is stopped if a certain simulation time is
reached, or enough data has been collected.

3.3.1 Statistical averages from the first reaction method

The first reaction method should explore the configurational space stochastically,
while resulting in the correct statistical averages. To show that this approach results
in the correct average reaction times, consider an event M, with the corresponding
rate constant k. As the time of occurrence is sampled from Eq. (3.10), it follows
that

, . 1 1

t =1t —t:——lnu:—Eln(l—u):F(u) (3.11)

occurrence k

d
Y= —F1t)=—

where F'~! is the inverse function of F. The expectation value for the time of which
the process occurs is therefore

(1 _ e*’ft’> = ke Ht', (3.12)

> / 1
/ t' ke Mt de = — (3.13)
0 J
Furthermore, if multiple processes My, ..., M are possible with the corresponding
rate constants kq, ..., k, each process should occur with a probability proportional
to its rate constant. The probability of process M, occurring before any other

process is obtained from Eq. (3.12) as

o0 , o o0
p(M;) = / k:je’kjtd (/ ke kitide, / k:NeththQv> dt; =
0 t; 12

o k.
—t. I\i k;, 14/ J
= /O kje i 2im1 dtj = —~

Zizl kz
Hence, both the reaction times and the probability of processes occurring result in
correct statistical averages.

(3.14)

3.4 Comparison between mean-field and kinetic
Monte Carlo modeling

In the simple case of adsorption and desorption of A, where each A occupies a single
site and no adsorbate-adsorbate interactions are present, it is possible to derive an
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exact analytical expression for the coverage. Starting from an empty surface, Eq.
(3.9) results in

do,(t) K g )t
dt - kadse*(t) - kdeseA(t) = eA(t) - K—H (1 —€ i " )7 (315>

where the equilibrium constant K = k,4./k,.s- Here, the partial pressure of A has
been included in the adsorption rate constant. Hence, the equilibrium constant
does in this case depend on both temperature and partial pressure. In Figure
3.3, the analytic solution of the time-evolution of the coverage is presented with a
dashed black line. When the coverage is lower than the equilibrium coverage, the
adsorption rate dominates. Over time, the equilibrium coverage is reached, and
the adsorption and desorption rates are equal. Kinetic Monte Carlo simulations of
the adsorption and desorption of A on a (10 x 10)-grid and a (100 x 100)-grid are
presented with red and blue lines, respectively.

mean-field
K 1
K+1
(0]
o
©
o (100x100)
3
(@)

Time

Figure 3.3: The kinetic Monte Carlo-simulated occupations on the surface as a function
of time, for a (10 x 10)-grid (red) and a (100 x 100)-grid (blue), compared with the
analytical expression of the coverage (black).

For the (100 x 100)-grid, the deviations from the analytical solution are small,
as the coverage is merely an average of a large number of sites. The (10 x 10)-
grid can be interpreted as describing the local coverage for a smaller region of the
(100 x 100)-grid. Here, the surface coverage fluctuates significantly. For large grids,
or a large number of simulations, the expectation value of the surface occupation
will converge to the average coverage. However, it should be emphasized that lo-
cal fluctuations are still present. For nano-sized catalysts, the (10 x 10)-grid may
represent the entire catalyst. The analytical expression could, in this case, not
capture the oscillating behavior of the total coverage. This could have significant
consequences for the description of catalytic reactions, as the reaction rate con-
stant is sensitive to changes in local environment. Furthermore, if a reaction only
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occurs at high coverages, the reaction rate would in the mean-field approximation
be constant and low. However, if fluctuations are captured, the reaction rate may
momentaneously be high, resulting in average reaction rates greater than those
obtained from the mean-field approximation. In conclusion, the expectation values
are in the kinetic Monte Carlo simulations obtained from averaging a large number
of data points, while maintaining the atomic description. This is in contrast to the
mean-field approximation, where the averaging is part of the formalism, neglecting
the site-resolution. In this simple case, the coverages will converge towards the
same values. However, this is generally not the case. For diatomic dissociative
adsorption, without desorption or diffusion, the mean-field approximation would
result in a completely covered surface. This might not be the case if the system is
modeled with site-resolution, as two neighboring surface sites are required for the
adsorption.

As the mean-field approximation assumes independent adsorbates, it can not accu-
rately capture adsorbate-adsorbate interactions. It is, however, possible to mimic
the effects of the interactions, to obtain more reasonable coverages and reaction
rates. The adsorbate-adsorbate interactions could in the mean-field approach be
incorporated by scaling of the adsorption energies as a function of total coverage
[149, 150]. Kinetic Monte Carlo simulations, on the other hand, provide a site-
specific description of the intermediate occupations. The adsorption-adsorption
interactions can therefore be explicitly described as functions of the local environ-
ment [151-153]. In Figure 3.4, the effects of adsorbate-adsorbate interactions for
the single-site-adsorption and desorption of A on a (24 x 12v/3)rect.(111) surface
is visualized.

no interactions repulsive interactions attractive interactions

Figure 3.4: The coverage after 100000 adsorption/desorption events for different
adsorption-adsorption interactions.

In the left figure, no adsorption-adsorption interactions are included. The adsorp-

35



Chapter 3. First-principles-based kinetic modeling

tion energy is slightly endergonic (AG,4s > 0 = K < 1), so that the time-
averaged coverage is below 0.5. The adsorbates are randomly distributed on the
surface. In the middle figure, a pair-wise repulsive interaction between neighbor-
ing adsorbates is included. The probability of adsorbates residing in neighboring
sites is therefore reduced, which results in a lower equilibrium coverage. In the
right figure, a pair-wise attractive interaction between neighboring adsorbates is
included. The adsorption is, hence, stabilized next to another adsorbate, and is-
lands of adsorbates are formed, resulting in a higher equilibrium coverage. The
site-specific description could have significant consequences for the description of
catalytic reactions. As mentioned previously, the reaction rate constants could be
affected by neighboring species on the surface. Furthermore, the possibility of ele-
mentary reactions occurring relies on neighboring surface species, which is altered
due to e.g., the formation of islands. Local knowledge of the occupations can, thus,
provide a more accurate description of catalytic reactions.

3.5 Analysis of reaction kinetics

By having site-specific information of the processes on the surface, it is possible
to elucidate main reaction pathways, potential kinetic bottlenecks, and the effects
of local coverages, which could aid in optimizing the performance of the catalyst.
To describe the efficiency of a catalyst under specific reaction conditions, turn-over
frequency (TOF) is commonly used. The TOF describes the number of products
formed per site every second. The TOF should preferably be high for the desired
products and low for the by-products formed in side-reactions. A way to measure
the distribution of the products is the selectivity. The selectivity S towards a
product p is
TOF

_ p
S, = S TOF, (3.16)

where the summation is performed over all products. For certain reactions, it is
challenging to find a catalyst and reaction conditions that obtain a high TOF to-
wards the desired product, while also maintaining a high selectivity. An example is
the direct formation of H,O, from H, and O,. An efficient catalyst should bind O,
strongly enough to facilitate the reaction towards H,O,. However, if O, is bound
too strongly, the selectivity will be reduced due to irreversible O—0O bond breaking,
resulting in the formation of H,O [80].

Reaction orders and apparent activation energies are ways to to describe the ef-

ficiency of a catalyst, as a function of reaction conditions. These could be used
to optimize the reaction conditions. The analysis is in this case performed via the
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phenomenological rate expression towards a product p:

ry = Cpe T T, (3.17)

where C'is the pre-factor, E*PP is the apparent activation energy, [X] is the activity
of species X, and n is the reaction order. The activity is often approximated as
the partial pressure of a gas or the concentration of a solvated species [8, p.29].
The reaction order n, , for any reactant, and the apparent activation energy E,
towards a product p is obtained from Eq. (3.17) as [8, p.25-38]:

Olnr?
Ol
E2p = T2 an;p (3.19)

Here, the pre-factor, apparent activation energy, the activities and the reaction
orders are all assumed to be independent of temperature. This is, however, not
the case, and their values will therefore depend on the specific reaction conditions.
As reaction orders and activation energies can be measured experimentally, the
concepts act as a bridge between computational models and experiments.
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Charge transfer in catalytic
reactions

Operational catalysts are multi-component systems, often constituted of metals in
contact with oxides and liquid solvents. A catalytic reaction is, thus, not restricted
to occur on one part of the catalyst. In some cases, the catalytic activity is im-
proved, by a separation of the reaction, in which elementary reactions occur on
different parts of the catalyst [154]. Moreover, the presence of several different con-
stituents results in interface regions between the components. The interfaces could
modify the properties of the components, as compared to the isolated materials.
The modification can have different origin. For example, the lattice mismatch can
induce strain in the materials. The interfaces could also lead to polarization in
the materials, and in some cases, electron transfer between the components. These
modifications are sometimes referred to as materials synergy. Adsorbates on the
surface can further induce the synergetic interplay between the catalyst compo-
nents, affecting the kinetics of the reaction. Identifying the underlying reasons for
experimentally observed synergies is often difficult. To aid in the understanding of
the synergies, model systems with a reduced structural complexity is valuable, in
which the interplay between different catalyst constituents could be isolated.

In this chapter, the interplay between metal catalyst surfaces and an aqueous
solution is discussed. In particular, the charge transfer processes occurring at the
metal /water interface for adsorbed H, are described, and its kinetic implications
for the direct formation of H,O, from H, and O, is discussed. The adsorption of
H, is further employed to elucidate the interplay between metal nanoparticles and
oxide supports, and its possible kinetic implications for the hydrogenation of CO,
to methanol.

39




Chapter 4. Charge transfer in catalytic reactions

4.1 Charge transfer at the metal/water interface
during H,O, synthesis

It is well-known that a liquid solution can have significant consequences for the
activity and selectivity of a catalytic reaction [6, 10]. The altered kinetics could
have different origin, such as the solvation of intermediates and transition states
on the surface [155, 156], or competitive adsorption of solvent molecules on the
catalyst surface. In hydrogenation reactions, methanol from the solution has been
proposed to adsorb on the surface, forming ligands that co-catalyze the reaction
by transferring hydrogen between intermediates [157, 158]. A similar mechanism
could occur in water solutions, were water molecules act as a bridge in a proton-
coupled electron transfer [90, 158].

Another mechanism that has been proposed to occur at the metal/water inter-
face is the complete charge separation of hydrogen [79, 159-161]. In this process,
H is separated into a proton solvated in the solution, and an electron delocalized
in the metal surface. Results from ab initio molecular dynamics simulations of
the charge separation of H at the metal/water interface is presented in Figure 4.1.
Initially, H is adsorbed on the metal surface below a water solution (left). The
transition state is reached when H diffuses on top of a metal atom, below a wa-
ter molecule (middle figure). In the final configuration (right), a hydronium ion
(H3O+) has been formed, which is solvated in the water solution over a negatively
charged metal surface.

e 200 28 s

Figure 4.1: Atomic structures of the charge separation process at the interface between
Pt(111) and a water solution. The initial (left) and final (right) configurations are op-
timized structures, from molecular dynamics simulations, whereas the transition state
configuration is taken from a constrained molecular dynamics simulation. Atomic color

codes: Pt (gray), O (red), and H (white).
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The influence of a metal/water interface, and the charge separation of H, in the
direct formation of H,O, from H, and O, over dilute PdAu nanoparticles in a
water solution, is investigated in Paper I. The changes in free energy for the
charge separation of H at the Au(111)/water interface is shown in Figure 4.2. The
free energy gradients for the charge separation are calculated with constrained
molecular dynamics simulations for different H—H,O distances, and the free energy
profile is obtained from thermodynamic integration. H is initially adsorbed on the
Au surface. The transition state is reached when H diffuses on top of an Au atom,
directly below H,O. In the final configuration, an H?,OJr ion is formed, and the
electron is delocalized in the Au surface. The charge separated state is stable, and
the process is associated with a low free energy barrier of 0.28 eV. To explore the
generality of the effects owing to the metal/water interface, the charge transfer
processes are explored also for the (111)-surfaces of Cu, Ag, Pd, and Pt, in Paper
II. Tt is found that the charge separation is facile and exothermic, or close to
thermo-neutral, also at the interfaces between Ag, Pd, and Pt and water. For Cu,
however, the charge separation has a high free energy barrier of 0.85 eV. Moreover,
the presence of water is found to stabilize the adsorption of O,, as a result of a
metal-to-O, charge transfer, increasing the strength of the hydrogen bonds between
O, and water.

Relative free energy (eV)

1 1 1
4 3 2 1 >

H—-H,0 distance (A)

Figure 4.2: Relative free energies for the charge separation of H at the Au(111)/water
interface. Atomic visualizations for three different H-H,O distances are included, corre-
sponding to the initial, transition and final states. Atomic color codes: Au (yellow), O
(red), and H (white).
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4.1.1 Energy deconvolution of the charge separation

The different energy contributions in the charge separation of H can be analyzed
to rationalize the stable state of a water-solvated proton over a negatively charged
metal surface. A schematic visualization of the energy contributions is presented
in Figure 4.3.

! |
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Figure 4.3: A schematic visualization of the different energy contributions in the charge
separation of H at the metal/water interface.

The contributions are:

1 — 2 — Desorption of H from the metal surface.

2 — 3 — lonization of H.

3 — 4 — Electron transfer to the metal surface.

4 — 5 — Solvation of the proton.

5 — 6 — Coulomb interactions between the proton and the metal surface.

Of the different contributions, processes (1 — 2) and (3 — 4) are significantly
metal dependent. The desorption energy of H from the surface depends on the
metal-H binding strength, whereas the electron transfer energy contribution is pro-
portional to the metal work function. In this case, the presence of water can
decrease the work function as compared to vacuum conditions [162]. The charge
separation is favored by surfaces with weak H, adsorption energies and high work
functions. However, the facility of the process depends on the possibility of H,
adsorption and dissociation on the surface. Hence, while Au(111) has a high work
function [163], and binds H weakly, alloying with an active metal, such as Pd, is
necessary to facilitate the dissociation of H,.
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4.1.2 Kinetic implications of the charge separation of H

The charge separation of H at the metal/water interface can have significant impli-
cations for the kinetics of hydrogenation reactions. Whereas interactions between
adsorbates and the solution shift the energies in the reactions, the charge separa-
tion of H enables new reaction pathways in the reaction. The consequences of the
charge separation on the potential energy surface are visualized in Figure 4.4.

A

Relative energy

Reaction coordinate

Figure 4.4: A partial potential energy surface highlighting the implications of the
charge separation process at the metal/water interface. * denotes an intermediate bound
to the surface. On the metal surface, the reaction towards the desired product (black) is
competing with the formation of a by-product (red). The charge separation of H enables
an alternative reaction pathway in the catalytic reaction (blue).

In the reaction (Figure 4.4), H should react with A,, forming HA, (black). The for-
mation of HA, is on the catalyst surface competing with the undesirable A~ A bond
breaking, forming 2A (red). The relative heights of the energy barriers between the
two paths give some insight into the selectivity of the reaction. However, it should
be noted that the rate of the side reaction can be greater than the formation of HA,
at a low H coverage. If charge separation of H is preferred, an alternative reaction
path is enabled (blue). After the charge separation, the proton recombines with
the electron at A,, forming HA,. Low barriers for the charge transfer processes are
beneficial in the formation of HA,. A too stable charge separated state is not de-
sirable, as the decomposition of HA, into A, +e 4+ H ; becomes favorable, which
would decrease the activity and selectivity in the reaction. It should be noted that
the stable charge separated state results in a negatively charged metal surface dur-
ing reaction. The consequences of this are discussed in Section 4.2.2.

A, in Figure 4.4 denotes a general intermediate. In the direct formation of H,O,
from H, and O,, the formation of OOH and H,O, are directly competing with the
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undesirable O—0O bond breaking in adsorbed O,, OOH, and H,0,, resulting in the
formation of water [80, 85, 164]. Single-atom alloy PdAu nanoparticles, solvated in
a water solution has experimentally been shown to obtain H,O, selectivities close
to 100 % [90]. In Paper I, the mechanism of the direct formation of H,O, from
H, and O, over dilute PdAu nanoparticles in a water solution is investigated. It is
found that Pd monomers in the surface of the nanoparticles enable the dissociation
of H,, after which, a proton is desorbed to the water solution and an electron is do-
nated to the nanoparticle surface. The proton and electron recombine at O, species
adsorbed on Au atoms at edges and corners of the nanoparticles. The facile charge
separation of H, and the high energy barriers for O—O bond breaking on Au sites,
enable the possibility to obtain high selectivities towards H,O, over dilute PdAu
catalysts. The presented reaction mechanism, in which the elementary reactions
are separated over different sites, has later been experimentally confirmed for the
reaction over Pt;Au catalysts [165].

4.2 Charge transfer at the metal/oxide interface
during methanol synthesis

The synergy between different catalyst constituents can have significant conse-
quences for reactions catalyzed by metal nanoparticles supported on an oxide sup-
port [166, 167]. The synergy and improved catalytic performance is often assigned
to the altered chemical properties at the metal/oxide interface [168, 169]. How-
ever, the effects of the support may reach further than the interface sites. The
support could, for example, induce strain in the metal particles [170], hence influ-
encing the potential energy surface [34]. In some cases, the reaction is separated,
so that some elementary reactions occur on the metal nanoparticles, whereas other
processes occur on the support [171]. Another type of metal/oxide synergy is the
transfer of charge between oxide supports and metal nanoparticles, or thin oxide
films supported on a metal surface [172]. The transfer of charge between the oxide
and the metal has been shown to be promoted by the adsorption of molecules on
the oxide [173-175]. For example, the adsorption energy of H, on thin oxide films
supported on a metal is significantly increased as compared to the adsorption on
a bare oxide surface, owing to an oxide-to-metal electron transfer [176, 177].

H, can adsorb in two different configurations on oxide surfaces [176]. The two ad-
sorption configurations are shown in Figure 4.5, for the case of Wurtzite ZnO(1010).
The heterolytic adsorption (left) results in the formation of one oxygen—proton
bond, and one metal-hydride bond. This adsorption configuration is charge neutral
and associated with an adsorption energy of -0.05 eV (exothermic). The homolytic

44



4.2. Charge transfer at the metal/oxide interface during methanol synthesis

adsorption (right), results in the formation of two oxygen—proton bonds. This ad-
sorption is not charge neutral with respect to H, and results in two excess electrons
that delocalize and reside in the oxide conduction band. The homolytic adsorp-
tion is therefore unfavorable, being 0.34 eV (endothermic). Previous findings have
shown that the heterolytic adsorption is preferred on oxides such as MgO [178],
ZnO [179, 180], and ZrO, [181]. However, for surfaces where the oxidation state
of the metal cations can change, excess electrons, instead of delocalizing in the
conduction band, reduce the metal cations. Therefore, the homolytic adsorption
is more stable on e.g., CeO,, for which the oxidation state of Ce can change from

Ce*™ to Ce* [182, 183).

-0.05 eV +0.34 eV

Figure 4.5: Optimized structures of the heterolytic (left) and homolytic (right) adsorp-
tion of Hy on ZnO(1010) with the corresponding adsorption energies. Atomic color codes:
Zn (blue), O (red), and H (white).

The unstable homolytic adsorption of H, is a consequence of the low stability of
the excess electrons. However, in prototypical catalysts, oxide surfaces are often
in direct contact with metal nanoparticles. The metal can, in these cases, act as a
reservoir for the electrons, hence, stabilizing the homolytic adsorption of H,. The
influence of a supported nanoparticle on the adsorption of H, is explored in Pa-
per IV and Paper V. In Figure 4.6, the two adsorption configurations of H, are
shown for the case of a ZnO(1010) surface with a supported Pt nanoparticle. The
heterolytic adsorption configuration (left) is slightly destabilized by the presence
of a Pt nanoparticle, being 0.06 eV (-0.05 €V in the absence of a Pt nanoparticle).
However, the homolytic adsorption of H, (right) is significantly stabilized to -1.91
eV (0.34 eV in the absence of a Pt nanoparticle). The stabilization of homolytically
adsorbed H, is a result of the excess electrons transferring to the Pt nanoparticle.
The charge transfer and stabilization of homolytically adsorbed H, in the presence
of a supported metal nanoparticle are found to be general for different metals,
oxides and oxide surface orientations.
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+0.06 eV

Figure 4.6: The heterolytic (left) and homolytic (right) adsorption configurations of Hy
on ZnO(1010) close to a supported Pt nanoparticle. Atomic color codes: Pt (gray), Zn
(blue), O (red), and H (white). Note that the homolytic adsorption of Hy is significantly
stabilized as compared to the adsorption in the absence of a Pt nanoparticle.

4.2.1 Energy contributions in homolytic H, adsorption

A schematic visualization of the different energy contributions in the adsorption of
%HQ on an oxygen ion in the oxide surface is presented in Figure 4.7.

1H
P) 2
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Figure 4.7: A schematic visualization of the different energy contributions in the ho-
molytic adsorption of %HQ on the oxide in the presence of a metal nanoparticle.
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The contributions are:

1 — 2 — Formation of an O* —~H" bond (and scission of H-H bond).

2 — 3 — Oxide-to-metal electron transfer.

3 — 4 — Coulomb interactions between the negatively charged metal and HT.
4 — 5 — Distortions to the metal nanoparticle and oxide surface [174].

The reason for the oxide-to-metal charge transfer, and the associated energy con-
tribution, can be rationalized and estimated from the density of states (DOS). In
Figure 4.8, schematic DOSes for an oxide surface (left), and for an oxide surface
with a supported metal nanoparticle (right) are visualized. The electronic states
corresponding to the oxide and the metal nanoparticle are shown in red and black,
respectively. The Fermi energies are marked with dashed gray lines. For a ho-
molytic adsorption of H, on the bare oxide surface, the excess electrons occupy
states in the conduction band. However, when a metal nanoparticle is present,
electronic states around the Fermi energy are available. A transfer of the excess
electrons from the oxide conduction band, to the unoccupied metal states, is asso-
ciated with a lower electronic energy, and hence, a stabilization of the homolytic
adsorption of H,.

DOS (1/eV)

E-E-(eVv) O E-E-(eV) 0

Figure 4.8: A schematic visualization of the density of states for an oxide surface (left)
and an oxide surface with a supported metal nanoparticle (right). The oxide states are
shown in red, whereas the metal states are presented in black. Atomic color codes: metal
[INP] (gray), oxide cation (blue), and oxygen (red).

The lower energy states of the metal as compared to the conduction band of the
oxide (Figure 4.8) can also explain charge transfer phenomena occurring in other
processes where excess electrons are present. One example is the formation of an
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oxygen vacancy in the oxide surface, which generates two excess electrons. On the
bare oxide surface, the formation of oxygen vacancies results in occupied electronic
states in the band gap [184]. In Paper VI, oxygen vacancy stabilities in the
presence of a supported metal nanoparticle are investigated. For vacancies formed
close to a metal nanoparticle, no new electronic states are formed in the oxide
band gap. The electrons are, instead, transferred to the metal nanoparticle, and
the oxygen vacancy is stabilized.

4.2.2 Kinetic implications of oxide-to-metal charge
transfer

The charge separation of H at the metal/water interface and the homolytic ad-
sorption of H, at the metal/oxide interface results in a stabilization of H in the
water solution and on the oxide, respectively. H may in these cases interact with
adsorbed species on the metal phase, or act as a hydrogen buffer in hydrogenation
reactions. Furthermore, the charge transfer results in negatively charged metal
surfaces and nanoparticles under reaction conditions. The possible implications
of the charge transfer for an elementary reaction AB —— A + B are visualized
in Figure 4.9. The intermediate stabilities and energy barrier on a neutral metal
are presented in black. On the negatively charged metal (blue), the intermediate
stabilities and energy barrier may be altered.
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Figure 4.9: A partial potential energy surface highlighting possible implications of
charge transfer to the metal surface under reaction conditions. The energies on a neutral
metal are presented in black and the energies of the intermediates on a negatively charged
metal are presented in blue.

The implications of oxide-to-metal charge transfer in the hydrogenation of CO, to
methanol over Cu nanoparticles supported on ZnO is investigated in Paper IV.
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4.2. Charge transfer at the metal/oxide interface during methanol synthesis

In the reaction, the energy barrier for the scission of the C—O bond in adsorbed
formic acid is found to be sensitive to the charge state of Cu. The charge transfer,
due to homolytically adsorbed H, on the ZnO support, reduces the energy barrier
for the C—O bond scission by ~0.1 eV, which corresponds to a factor ~10 increase
in elementary reaction rate at operational temperatures.
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Reaction kinetics over
nanoparticles

Kinetic modeling relies on an accurate description of the potential energy surface.
This is commonly realized from calculations for adsorption and transitions state
configurations on extended model surfaces. These energies can be employed directly
to describe the kinetics over single crystal catalysts, with one type of catalytic site.
Industrially, however, metal nanoparticles are the preferred catalyst, owing to the
large surface-to-volume ratio. For larger nanoparticles, most of the surface resem-
bles extended surfaces. For smaller nanoparticles, the surface is constituted of a
large fraction of low-coordinated metal atoms at the edges and corners, associated
with significantly altered catalytic properties. The configuration space of catalytic
sites, adsorbates, and adsorbate-adsorbate interactions is in this case large, and ex-
plicit calculations for each possible configuration is unfeasible, and approximations
are needed.

As the chemical properties of the different metal atoms in a nanoparticle are cor-
related, it is often possible to find descriptors to describe the catalytic properties.
This is known as scaling relations. Whereas scaling relations enable an approximate
description of the entire potential energy surface, the existence of relations is one
reasons why the optimization of metal catalysts is difficult. The mere existence of
scaling relations stresses the limitation of the possible property space for materials.

In this chapter, trends between local coordination of catalytic sites and the po-
tential energy surface are reviewed. Kinetic implications of reactions occurring
over different catalytic sites are discussed, and the reaction mechanism of direct
formation of H,O, from H, and O, in water-solvated, dilute PdAu nanoparticles
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Chapter 5. Reaction kinetics over nanoparticles

is described. This is followed by a discussion on the dynamic behavior of nanopar-
ticles in inert and reactive atmospheres.

5.1 Descriptors and scaling relations

The stability of an intermediate on a metal surface depends on the electronic struc-
ture, and specifically the d-band center, of the adsorption site [24, 25, 31-34]. The
d-band center shifts with the local environment of the metal atoms. Therefore, in-
termediate stability and elementary reaction energy barriers on a catalyst surface
can also be described by the local coordination of the catalytic sites [185-187]. The
coordination number, i.e., the number of nearest neighbors, is one way to describe
the local coordination. A refined descriptor, that also captures the effects of longer-
ranged coordination, is the generalized coordination number (GCN) [188, 189]. The
GCN of a catalytic site, 7, is defined as

1
where CN_ ... ; is the maximum number of nearest neighbors for the specific site,

and the summation is performed over all nearest neighbors. The catalytic site could
be either one or more atoms. In an FCC crystal structure, the maximum number
of nearest neighbors for a single atom is 12, whereas the maximum coordination
number for a bridge site between two atoms is 18. By calculating the adsorption
energies of intermediates on extended surfaces with different GCN, it is often pos-
sible to find linear relations between GCN and adsorption energies. The relation
between a descriptor and the adsorption energies of intermediates are sketched in
the left panel of Figure 5.1.

Often, it is also possible to find relations between the stability of intermediates in
an elementary reaction, and energy barriers, schematically visualized in the middle
panel of Figure 5.1. Here, f is a function specifying the degree of which each
intermediate stability affects the energy barrier [35]. The scaling relations are an
important tool to interpolate the potential energy surface calculated on extended
model surfaces, to catalytic sites with other local coordination. By combining the
relationships between the descriptors, adsorption energies, and the energy barriers,
the reaction rate on a single active site often follow the, so-called, volcano curve
presented in the right panel of Figure 5.1.
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Figure 5.1: Scaling relations in the description of different catalytic sites. (Left) Rela-
tion between a descriptor and the adsorption energy of intermediates. (Middle) Relation
between intermediate stabilities and energy barriers. (Right) The (log) rate of a reaction
as a function of the descriptor.

5.2 Kinetic coupling in catalytic reactions

The descriptor value which maximizes the elementary reaction rates could differ
between elementary reactions on the surface, e.g., for some elementary reactions,
a low coordination of the catalytic site is preferred, whereas for other processes,
a high coordination could be beneficial. A separation of the reaction on different
sites cannot occur on surfaces with only one type of site. However, it is possible
on nanoparticles, where a large number of non-equivalent sites are present. The
influence of a multitude of different sites in a catalytic reaction is visualized in
Figure 5.2.
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Figure 5.2: The potential energy surface of a reaction containing two elementary reac-
tion steps for (left) an isolated site 1, (middle) an isolated site 2, and (right) a coupled
system of site 1 and site 2.
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If the reaction occurs solely on site 1, the first elementary reaction step is associ-
ated with a low barrier, whereas the second step has a high barrier. In this case,
intermediates could overcome the first barrier, where after they are stuck, and the
total reaction rate is low. The situation is reversed if only site 2 is present. In this
case, the first barrier is high, and can not be overcome, resulting in a low reaction
rate, despite the low second barrier. If the reaction is instead occurring over a
system where both site 1 and site 2 are accessible, the situation is changed. After
the first elementary reaction has occurred on site 1, the intermediates could, in the
coupled system, diffuse to site 2 where the second reaction can occur, resulting in
an increased reaction rate.

Due to the strong relations between differently coordinated sites and the chemi-
cal properties, it is difficult to find mono-metallic catalysts where the potential
energy surfaces are as different as between site 1 and site 2 in Figure 5.2. Mixing
two different metals, forming an alloy, could shift the binding energies of intermedi-
ates. However, the alloy typically preserves the linear relations between adsorption
energies and energy barriers in elementary reactions [190]. One way of circumvent-
ing the linear scaling relations is to introduce metal monomers in the surface of
another metal host, forming a single-atom alloy (SAA) [190-192]. SAAs of PdCu
[57, 193], PdAg [194], and PdAu [69, 195] have been shown to be especially selective
in hydrogenation reactions. In the case of direct H,O, formation from H, and O,
over dilute PdAu, selectivites close to 100% have been measured in water solutions

[90).

5.3 Site communication in direct H,0O, synthesis

In Paper I, the direct formation of H,O, from H, and O, is explored over SAA
catalysts of Pd monomers dispersed in an Au host. The potential energy surface
is mapped with density functional theory calculations over differently coordinated
Pd monomers, taking the effects of the water solution into account. The poten-
tial energy surface over different Au sites is described by generalized coordination
numbers. The kinetics of the reaction is simulated with kinetic Monte Carlo sim-
ulations. For Pd atoms residing in an extended Au(111) surface, all elementary
reactions occur on the Pd atoms, and the selectivity towards Hy,O, is high. The
high selectivity towards H,O, in the reaction over dilute PdAu nanoparticles is,
however, not only a consequence of the high selectivity over Pd atoms residing in
Au(111) facets. Whereas the Pd monomers are crucial for dissociating H, in the
reaction, the main reaction path is H,O, formation on low-coordinated Au sites at
the nanoparticle edges and corners. The main reaction mechanism is presented in

Figure 5.3.
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5.3. Site communication in direct H,O, synthesis

Figure 5.3: The mechanism in the direct formation of HyO, from H, and O, over dilute
PdAu nanoparticles in a water solution. Atomic color codes: Au (yellow), Pd (blue), O
(red), and H (white).

The main reaction mechanism is:
(1) Dissociation of Hy on Pd monomers in the surface.

(2) Charge separation of H, forming a stable intermediate state with protons sol-
vated in the water solution, over a negatively charged metal surface.

(3) Adsorption of O, on low-coordinated Au sites, and the subsequent recombi-
nation of a proton and an electron, forming OOH.

(4) A second proton-electron recombination, forming H,O,, which is desorbed from
the surface.

The separation of the reaction between Pd and Au, and hence the selectivity to-
wards HyO,, is sensitive to the amount and placement of Pd monomers in the Au
nanoparticle surface. In Figure 5.4, the selectivity towards H,0,, at H, and O,
partial pressures of 1 bar and 286 K, for four different nanoparticle compositions
are presented.

95



Chapter 5. Reaction kinetics over nanoparticles

Figure 5.4: The selectivity (S) towards H,O, for different compositions of Pd monomers
in the Au nanoparticle surface. Atomic color codes: Au (yellow) and Pd (blue).

If a Pd monomer is located in the (111)-facet, the reaction is separated so that the
formation of HyO, succeeds on the Au sites. If more Pd monomers are placed in
different (111)-facets, a larger fraction of OOH is formed on Pd. However, the O—-0O
scission rate is low over these sites, preserving a high selectivity. The situation is
changed when a Pd monomer is placed on an edge of the nanoparticle. In this
case, OOH is to a large extent formed on Pd, due to the strong O, adsorption
energy on low-coordinated Pd, and facile O—-O bond scission, resulting in the
formation of H,O. The selectivity cannot be restored by the inclusion of a Pd
monomer in a (111)-facet, over which the selectivity is high, as the adsorption
strength of O, is weak. The selectivity can, however, be improved by increasing
H, pressure, effectively blocking ill-located Pd monomers from O, adsorption. An
optimal catalyst for high Hy,O, selectivity should only have Pd monomers in (111)-
facets, with a large ratio between low-coordinated Au sites and Pd monomers.

5.4 Catalytic reactions over dynamic dilute
nanoalloys

The activity towards H,O, over dilute PdAu relies on Pd monomers located in
the surface of the nanoparticles. This is a challenge, as the thermodynamically
preferred positions of Pd monomers in an inert atmosphere are in the bulk of Au
[196, 197]. In a reactive atmosphere, however, the thermodynamic preference is
switched to Pd residing in the Au surface, owing to a stronger adsorption energy
on Pd [69, 196, 197].

During reaction, there is not a one-to-one correspondence between the thermo-
dynamically preferred compositions and the actual composition of the nanoparti-
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5.4. Catalytic reactions over dynamic dilute nanoalloys

cles, as structural changes could be kinetically limited. In the direct formation of
H,0, over dilute PdAu, the active catalyst is a meta-stable configuration in inert
atmospheres, rather than the thermodynamically preferred state. To investigate
the structural evolution of the nanoparticles in inert and reactive environments, a
three-dimensional kinetic Monte Carlo approach is constructed in Paper III. The
possible events in the simulations are expanded to also include atomic displace-
ments, i.e., changes to the catalytic sites. The update of the system is, in this
case, with respect to site coverages and site positions. This approach enables the
possibility to simulate the chemistry on the nanoparticle surface, and the struc-
tural evolution of the nanoparticle bulk and surface simultaneously. It is found
that the deactivation of the catalyst (loss of surface Pd) in an inert atmosphere is
slow at low temperatures. This is in agreement with experimental findings where
Pd deposited on stepped Au surfaces at 380 K are located mainly in the surface
layer, whereas at 460 K they are located sub-surface [198, 199]. The activation of
the nanoparticles is thermodynamically enabled in CO atmospheres. However, at
low temperatures, the time for activation is long, owing to kinetic limitations. The
deactivation and activation of the catalysts rely on the formation of vacancies in
the system. In the formation of a vacancy, a surface atom is detached from the
surface, forming an ad-atom on the surface. It is found that CO does not only
stabilize Pd at the surface, but also increases the formation rate and stability of
vacancies and ad-atoms in the nanoparticles. The influence of CO on the formation
of a vacancy and an ad-atom in the case of an extended (111)-surface is presented
in Figure 5.5.

1.30 eV
1.35eV

0.94 eV 0.75 eV

Figure 5.5: The energy barrier and stability for the formation of a vacancy and an ad-
atom in (top) inert atmospheres and (bottom) the presence of CO. Atomic color codes:
Au (yellow), Au ad-atom (brown), O (red), and C (gray).

The energy barrier to form a vacancy is in inert atmospheres high, and the sta-
bility is low. Hence, when a vacancy is formed, it will immediately be healed by
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Chapter 5. Reaction kinetics over nanoparticles

the ad-atom. In the CO-facilitated process, the barrier is reduced by ~0.4 eV as
compared to the inert process. The barrier for the healing of the vacancy is in the
presence of CO increased to 0.19 eV, as compared to 0.05 eV in the inert case. The
increased barrier for vacancy healing results in an increased coverage of vacancies
in the system. The facility of vacancy formation increases with lower coordination
of the metal atom, and is the fastest on nanoparticle corners.

The facile ad-atom formation and higher stability of ad-atoms in the presence
of CO results in formation of transient clusters on the nanoparticle surface, shown
in Figure 5.6. The transient clusters are formed and dispersed on the micro-second
time-scale, which makes them difficult to capture with first-principles molecular
dynamics simulations or experimental methods. As low-coordinated atoms and
clusters could be associated with unique catalytic properties [73, 200, 201], they
might be responsible for a large part of the catalytic activity. The kinetic Monte
Carlo approach opens up the possibility to also incorporate structural changes of
nanocatalysts during reactions.
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Figure 5.6: Structures obtained from a kinetic Monte Carlo simulation for an Au
nanoparticle in a CO-pressure of 1 bar and a temperature of 300 °C. Atomic color codes:
Au (yellow), Au ad-atom (brown), O (red), and C (gray). The vacancies are emphasized
with black color.
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Concluding remarks

The objective of this work has been to explore catalytic processes at the atomic
scale, with special emphasis on processes occurring in multi-component catalyst
systems. Charge transfer phenomena occurring at interfaces between catalyst con-
stituents and the kinetic implications during catalytic reactions, have been investi-
gated with density functional theory calculations and kinetic Monte Carlo simula-
tions. The kinetic implications of metal/metal interplay and the charge separation
of hydrogen at the metal /water interface were investigated for the direct formation
of HyO, over water-solvated PdAu single-atom alloy nanoparticles. The kinetic
Monte Carlo simulations were extended to also explore the structural evolution
of nanoparticles in inert and reactive atmospheres. Charge transfer processes at
metal /oxide interfaces were explored in the case of H, adsorption. The kinetic
implications of this process were investigated for the case of CO, hydrogenation to
methanol over Cu/ZnO catalysts.

In this chapter, the main findings of the work are presented. The limitations
of the computational approaches, and possible ways to improve the description of
catalytic reactions, are discussed. The chapter is concluded with a brief perspective
on future possibilities in continuation of this work.

6.1 Main findings

The reason for the high selectivity towards H,O, in the direct formation from H,
and O, over dilute PdAu nanoparticles in a water solution was found to have sev-
eral origins. Pd atoms in the surface of the Au nanoparticles act as active centers
for H, adsorption and dissociation, which is crucial for the reaction to proceed. A
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facile charge separation of hydrogen at the metal/water interface, in which a pro-
ton is solvated in the water solution, and the electron is transferred to the metal
surface, enables a new, faster, reaction path towards H,O,. The proton and elec-
tron recombine at O, species adsorbed on Au sites at the nanoparticle edges and
corners, resulting in the formation of H,O,. The separation of elementary reaction
events for this reaction is a novel mechanism, and is for nanoparticles with Pd
atoms located in low-coordinated positions, important to maintain a high selectiv-
ity towards H,O,.

The charge separation of hydrogen at the metal/water interface is exothermic, or
close to thermo-neutral, and associated with small energy barriers also for Pd(111),
Ag(111), and Pt(111). At the Cu(111)/water interface, the charge separation has
a considerably higher barrier, being 0.85 eV. Water is found to also stabilize the
adsorption of O, on the metal surfaces, as a result of a metal-to-O, charge transfer,
increasing the hydrogen bond strengths at the interface. The altered potential en-
ergy surface and new reaction pathways enabled at the metal /water interface could
have implications also for other hydrogenation reactions occurring in the presence
of water.

The kinetic Monte Carlo simulations were extended to explore the structural evolu-
tion of Au and PdAu single-atom alloy catalysts in inert and reactive atmospheres.
Pd residing in (111)-facets of the Au nanoparticle are meta-stable, and found to
not migrate to the bulk at low temperatures. A reactive atmosphere, such as CO,
is known to stabilize Pd at the surface of Au. However, the presence of CO also
has important consequences for the kinetics of the activation. In the presence of
CO, the energy barrier for the formation of a vacancy and an ad-atom is reduced
and the formed ad-atom is stabilized. The adsorbate-induced increase of vacancies
is important for Pd migration to the surface. The presence of CO also gives rise to
the formation of transient cluster on the nanoparticle surface. The transient clus-
ters are formed during reaction conditions, and could have important implications
for catalytic reactions occurring at low-coordinated sites.

The metal/oxide interface was investigated for metal nanoparticles supported on
Zn0O, MgO, and ZrO, surfaces in the case of H, adsorption. Whereas the adsorption
is weak on the pristine oxide surfaces, the inclusion of a metal nanoparticle is found
to substantially increase the H, adsorption strength. The reason for the stabiliza-
tion of adsorbed H, on oxide ions in the oxide is a result of electron transferring to
the metal, effectively charging the metal nanoparticles under reaction conditions.
The metal/oxide synergy results in OH-groups close to the metal during reaction.
The OH-groups could potentially form hydrogen bonds with intermediates at the
metal /oxide interface, or act as a hydrogen buffer during hydrogenation reactions.
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The kinetic implications of the metal/oxide synergy are investigated for CO, hydro-
genation to methanol over Cu nanoparticles supported on ZnO. The Hy-induced
charge transfer to the Cu nanoparticles could influence the stability of interme-
diates on the metal surface. For the C—O bond breaking in HCOOH, forming
HCO and OH, the charge transfer results in a 0.1 eV lowering of the energy barrier.
Furthermore, the stabilization of hydrogen on ZnO close to the Cu nanoparticles
substantially increases the adsorption strength of HCOO at the perimeter of the
Cu nanoparticles, owing to hydrogen bonds.

At the metal/oxide interface, oxygen vacancies in the oxide are found to be stabi-
lized, owing to the excess electrons transferring to the metal nanoparticles. This
could, e.g., facilitate a Mars-van-Krevelen mechanism during reaction, or other
processes which may be sensitive to the presence of oxygen vacancies. Understand-
ing the synergetic interplay at metal/water and metal/oxide interfaces could be
an important step in the discovery of efficient catalysts. The synergies give rise
to altered potential energy surfaces and enable new reaction pathways, influencing
the activity and selectivity in the reaction.

6.2 Limitations

Modeling catalytic reactions is challenging, and the accuracy of the predictions re-
lies on several approximations. A first approximation is the catalyst system itself.
As operational catalysts are often complex multi-component materials, simplified
catalyst structures are used to model the parts which are believed to be responsible
for the catalytic activity. As kinetic models often describe the reaction over a static
catalyst, knowledge of structure and chemical state of the catalyst during reaction
conditions is valuable. Furthermore, model structures are often small compared to
the operational catalyst, which leads to impurities, promoters, or irregular struc-
tural defects often being either neglected or overestimated. The simplification of
the model system is a trade-off between an accurate description of the catalyst and
the computational feasibility.

The kinetics of a catalytic reaction is governed by the potential energy surface,
which is obtained from density functional theory calculations. Small errors in the
description of relative intermediate stabilities and energy barriers could have large
implications for the kinetics. For example, if the free energy barrier of an elemen-
tary reaction is changed by 0.2 eV, the elementary reaction rate is altered by a
factor ~ 500 at 100 °C. This could be problematic, as the accuracy of the density
functional theory calculations rely on the description of the exchange and correla-
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tion functional. For the PBE functional, the errors in intermediate stability often
exceeds 0.2 eV as compared to experimental results [202]. Fortunately, as the er-
rors of the calculations often scales similarly for intermediates, the differences in
errors for an elementary reaction tend to be less uncertain. The relative errors do,
however, not cancel in the case of reactant and product energies, which need to be
corrected to obtain an accurate prediction of the turn-over frequency.

6.3 Future possibilities

There are many interesting processes to explore in continuation of this work. The
description of the dynamic behavior of nanoparticles during reactions can be em-
ployed to more complex chemical processes on the catalyst surface. For example,
during oxidation reactions where parts of the catalyst could oxidize during reac-
tion, influencing the catalytic activity. The possibility to combine the description
of chemical state and structural evolution of a catalyst during reactions is an in-
teresting route. This is, however, challenging, as the configurational space grows
substantially for each new intermediate in the reaction. A first step to refine the
modeling of chemical reactions on dynamic nanoparticles could be to also include
adsorbate-induced strain effects, which may affect chemical processes on the sur-
face, and the structural evolution of the catalyst.

The dynamic description of catalysts could be employed for metal nanoparticles
supported on an oxide support. In this case, the structural changes of the par-
ticles, potential alloying, and the formation of oxygen vacancies during reactions
could be investigated simultaneously. Furthermore, the possible detachment of
atoms from the nanoparticle, forming single-atom catalysts on the oxide surface,
or Ostwald-ripening processes could be explored. Metal/liquid interfaces could be
investigated for other surface orientations and different liquids. In this case, an
approach based on machine-learned force fields could potentially be employed to
e.g., pre-equilibrate the liquid structure at the interface.

The potential of single-atom alloy catalysts for other reactions, in which the selec-
tivity could benefit from site communication, can be further investigated. However,
exploring the kinetics of reactions over nanoparticles with kinetic Monte Carlo sim-
ulations is computationally expensive, and is therefore an inefficient way to probe
the efficiency of many different catalyst materials. It would, therefore, be inter-
esting to explore in which ways mean-field approximations can be included in the
simulations to reduce the computational cost, while maintaining the detailed de-
scription of kinetic Monte Carlo simulations.
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