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Abstract

The development of e�ective catalysts for sustainable hydrogen production is essential for
the gradual transition to low-emission technologies. In this thesis, we focus on an ab initio
investigation of experimentally relevant catalysts for dry reforming of methane and the
hydrogen evolution reaction. Our aim is to explore structure�activity relationships and
provide valuable insights for the design of highly e�cient catalysts.

First, we investigate the process of dry reforming of methane (CH4+CO2 −−→ 2CO+
2H2) on Ni-based catalysts. We examine the origin of the experimentally observed dif-
ferences between undoped and Mn-doped CeO2/Ni catalysts through vibrational analysis
and reaction mechanism studies. Metallic Ni is found to be active for the reaction but
prone to carbon deposition, whereas NiO is inactive but resistant to carbon poisoning.
Our results suggest that the key di�erence between undoped and Mn-doped catalysts lies
in the oxidation state of Ni: the Mn-doped catalyst contains partially oxidized Ni, which
remains active while being more resistant to carbon deposition.

Next, we study the hydrogen evolution reaction on Pt- and Ru-based catalysts. For
platinum, surface Pourbaix diagrams are constructed for both ideal surfaces and nanopar-
ticle models, and kinetic analyses are performed on ideal surfaces. The results reveal higher
reactivity for the nanoparticle models and a strong dependence of activation barriers on
the coverage of chemisorbed H. For ruthenium, we compare the activity of hcp and fcc crys-
tal phases by examining close-packed ideal surfaces and Wul�-constructed nanoparticles.
Interestingly, the close-packed surfaces show the opposite activity trend to that observed
in experiments for hcp- and fcc-structured nanoparticles, and the high activity of fcc Ru
catalysts is attributed to the presence of less stable facets on the nanoparticles.

Finally, we investigate models of supported Pt and Ru nanoparticles to compare the
conventional carbon support with the highly e�ective TiON support. The latter is found
to in�uence the catalyst in two ways: (i) it strengthens the adhesion of metal nanoparticles
to the support, enhancing durability and resistance to agglomeration, and (ii) it slightly
weakens the binding of hydrogen atoms, thereby improving activity toward the hydrogen
evolution reaction.
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Povzetek

Razvoj u£inkovitih katalizatorjev za trajnostno proizvodnjo vodika je bistven za posto-
pni prehod k nizkooglji£nim tehnologijam. V tej disertaciji se osredoto£amo na ab initio
raziskave eksperimentalno relevantnih katalizatorjev za suho reformacijo metana in reak-
cijo razvoja vodika. Na² cilj je raziskati povezave med strukturo katalizatorjev in njihovo
aktivnostjo ter ponuditi vpogled na atomskem nivoju za na£rtovanje visoko u£inkovitih
katalizatorjev.

Najprej smo preu£ili proces suhega reformiranja metana (CH4 + CO2 −−→ 2CO +
2H2) na katalizatorjih iz niklja. S pomo£jo vibracijske analize in ²tudijo reakcijskega
mehanizma smo raziskali izvor eksperimentalno opaºenih razlik med nedopiranim CeO2/Ni
katalizatorjem in CeO2/Ni, dopiranim z Mn. Ugotovili smo, da je kovinski Ni aktiven za
reakcijo, vendar je nagnjen k nalaganju ogljika, medtem ko je NiO neaktiven, a odporen
na vezavo ogljika. Na²i rezultati nakazujejo, da je klju£na razlika med nedopiranim in Mn
dopiranim katalizatorjem v oksidacijskem stanju niklja: Mn-dopirani katalizator vsebuje
delno oksidiran Ni, ki ostane aktiven, hkrati pa je bolj odporen proti nalaganju ogljika.

Nato smo raziskali reakcijo razvoja vodika na platinastih in rutenijevih katalizatorjih.
Za platino smo izra£unali povr²inske Pourbaixove diagrame za idealne povr²ine in modele
nanodelcev ter izvedli kineti£no analizo na idealnih povr²inah. Rezultati so razkrili ve£jo
reaktivnost nanodelcev in mo£no odvisnost aktivacijskih barier od pokritosti z adsorbi-
ranimi atomi vodika. Pri ruteniju smo primerjali aktivnost hcp in fcc kristalnih faz z
analizo najbolj stabilnih idealnih povr²in � Ru-hcp(001) in Ru-fcc(111) � in z Wul�ovo
konstrukcijo nanodelcev. Zanimivo je, da najbolj stabilne povr²ine kaºejo nasprotni trend
aktivnosti od pri£akovanega iz eksperimentnih opaºanj za rutenijeve nanodelce. Nadalj-
nje analize so pokazale, da bi visoka aktivnost fcc-Ru katalizatorjev lahko bila posledica
prisotnosti manj stabilnih povr²in na nanodelcih.

Nazadnje smo preu£ili modele Pt in Ru nanodelcev na razli£nih nosilcih, kjer nas je
zanimala primerjava med obi£ajnim ogljikovim nosilcem in u£inkovitim TiON nosilcem.
Za slednjega smo ugotovili, da kaºe dva glavna vpliva na u£inkovitost katalizatorja: (i)
okrepi jakost vezave kovinskih nanodelcev na nosilec, kar izbolj²a obstojnost in odpornost
proti aglomeraciji delcev, ter (ii) nekoliko oslabi vezavo vodikovega atoma, s £imer izbolj²a
aktivnost za reakcijo razvoja vodika.
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Chapter 1

Introduction

The main topic of this work revolves around the sustainable production of hydrogen, en-
compassing both the thermal catalysis of dry reforming of methane (DRM) and the elec-
trochemical hydrogen evolution reaction (HER). The investigation of both reactions was
inspired by collaboration with experimental groups, enabling the computational work to
be aligned with experimentally relevant problems.

1.1 Hydrogen

Molecular hydrogen has a wide range of applications, as it can be used as a chemical
precursor, a fuel, or an energy vector capable of storing and converting energy. At present,
it is primarily used for the production of ammonia, methanol, and in the petrochemical
industry [1]�[3]. Its role as a fuel and energy vector is also gaining a lot of attention due
to its high gravimetric energy density [4], [5], the growing global demand for energy, and
the necessity to reduce carbon emissions.

Conversion of hydrogen fuel into electricity is achieved using fuel cells, where hydrogen
reacts with an oxidizing agent (usually oxygen) to produce electric current and water as the
only byproduct. Although hydrogen consumption generates zero or very low emissions, the
overall environmental sustainability is determined by the production pathway of molecular
hydrogen. A common distinction between production routes is made using a color-based
terminology. While many categories of hydrogen are reported in the literature [1], the
three most common ones are gray, blue, and green hydrogen.

Gray hydrogen is produced by reforming methane, a naturally occurring hydrocarbon
gas. The most established process is steam�methane reforming (SMR), in which methane
reacts with water to produce synthesis gas (also known as syngas), a mixture of CO and H2.
In a subsequent water�gas shift reaction, CO reacts with water to form CO2 and additional
hydrogen. This route is currently the dominant industrial method of hydrogen production,
but it generates large amounts of CO2. Moreover, methane leakage during the process is a
signi�cant concern, as methane is a potent greenhouse gas with a stronger global warming
e�ect than CO2 [6]. An alternative reforming process is DRM, where methane reacts
with CO2 to yield synthesis gas. Because this reaction consumes CO2 as a reactant, it is
considered more attractive, though further research and catalyst development are required.

A related variant is blue hydrogen, often referred to as a cleaner form of gray hydrogen.
The synthesis pathway is identical to gray hydrogen, but the generated CO2 is captured
rather than released into the atmosphere. Due to its relatively low overall cost [7], blue
hydrogen is frequently considered a transitional option between gray and green hydrogen,
which is a sustainable way to obtain hydrogen. Green hydrogen is based on water elec-
trolysis powered by renewable electricity. In this process, water is split into hydrogen and
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oxygen using electric energy.
In recent years, interest in hydrogen has increased considerably, and many experts

regard it as a potential alternative to fossil fuels and a means of reducing greenhouse
gas emissions. Others, however, caution that hydrogen production may not keep pace with
demand and emphasize the need to also consider alternatives such as process electri�cation
and battery technologies [8], [9]. In cases where such alternatives are not viable, hydrogen
can still play an important role as an energy carrier. A critical aspect for the deployment of
clean hydrogen technologies is the shift in production from conventional gray hydrogen to
more sustainable blue and green pathways. The gradual transition toward lower-emission
hydrogen production is also the central focus of this thesis. Speci�cally, dry reforming of
methane was investigated as an attractive alternative to SMR, while the hydrogen evolution
reaction was studied in the context of water electrolysis for green hydrogen production.

1.2 Dry Reforming of Methane

One part of this thesis is devoted to dry reforming of methane and was published as
an article [10] in collaboration with an experimental group of Dr. Albin Pintar from the
National Institute of Chemistry. This research is focused on Ni catalysts supported on
doped and undoped CeO2 and the discussion in this thesis is adapted from our article.

DRM is, as already noted, an attractive alternative to SMR because it converts two
major greenhouse gases, CH4 and CO2, into synthesis gas � a mixture of H2 and CO
� also known as syngas. This syngas can be directly used as a fuel or further processed
to obtain pure hydrogen. In addition to hydrogen production, DRM provides a route to
transform CO2 into a more viable form. The process is strongly endothermic and the
overall reaction can be written as:

CH4 +CO2 −−→ 2CO + 2H2, ∆H = 247 kJ/mol at 25 ◦C (1.1)

In addition to the high energy demand, deposition of atomic carbon on catalysts (i.e.,
coke formation) poses a signi�cant challenge in DRM, particularly at lower temperatures
[11]�[13]. While noble metals are e�ective catalysts with minimal coke formation, their
high cost and scarcity limit large-scale application. Ni-based catalysts provide a more
a�ordable alternative [13], [14], but they are highly susceptible to coke deposition [11].
Two common strategies to mitigate coke formation on Ni while enhancing its activity are
alloying Ni with other metals [13], [15], [16] and tuning the metal�support interaction [13],
[14], [17]. Among promising supports, CeO2 (ceria) has received particular attention due
to its high oxygen storage capacity and redox properties [18].

Ni, as a promising catalyst, has been studied extensively with DFT, and for the Ni(111)
surface either the dissociation of the �rst H atom from CH4 or the oxidation of CH or C has
been identi�ed as the rate-limiting step [19]�[22]. Several studies [21], [23] also emphasize
the issue of strong CO adsorption, which accumulates on the surface and subsequently
promotes coke formation.

In addition, more realistic catalysts in the form of supported metal nanoparticles have
been investigated. CH4 is reported to dissociatively adsorb on metallic particles [13], [24],
[25], while CO2 can adsorb on both the metal and the support, particularly in the vicinity of
metal particles [13], [25]�[27]. Ceria is considered an e�ective support for Ni particles, as it
exhibits strong metal�support interactions and signi�cant charge transfer. At the interface,
Ni atoms are oxidized to +1 or +2 oxidation states, while cerium ions are reduced [28],
[29].

Ni nanoparticles are generally regarded as metallic under reaction conditions, although
the potential roles of nickel carbide and nickel oxide in DRM have also been reported [30],
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[31], with the latter showing greater resistance to coke formation [32]. Prior to testing, Ni
catalysts are typically exposed to a reducing atmosphere, which converts NiO to metallic
Ni [33]�[35]. However, the activated catalysts may retain a fraction of unreduced NiO, as
the degree of reduction depends on the catalyst composition, as shown for NiO�Mg�ZrO2

solid solutions [33], [36], [37].
Our research is primarily based on the experimental results of Sagar and Pintar [38],

who investigated undoped and MnOx-doped Ni/CeO2 as potential catalysts for DRM.
They reported that the MnOx-doped catalyst (Ni/MnxCeO2) exhibits enhanced resistance
to coking and higher conversion rates of both methane and CO2. The Ni/MnxCeO2 catalyst
also showed a higher concentration of oxygen vacancies and mobile oxygen species in the
support. In addition, infrared spectra revealed the presence of a 2020 cm−1 peak on the
Ni/CeO2 catalyst, which is absent in Ni/MnxCeO2. To account for these di�erences, the
authors proposed two possible pathways: direct dissociation of methane and the reaction
of methane with surface oxygen species.

1.3 Water Electrolysis and Hydrogen Evolution Reaction

The second part of this thesis focuses on the hydrogen evolution reaction (HER), the
cathodic half-reaction of water electrolysis. It was carried out in collaboration with the
experimental group of Dr. Nejc Hodnik from the National Institute of Chemistry, leading
to three published articles [39]�[41], on which the discussion in this thesis is based.

Water electrolysis provides an emission-free route to hydrogen production, therefore
both HER and the oxygen evolution reaction (OER), the anodic counterpart, have received
signi�cant scienti�c attention. In acidic media, HER can be written as:

H+ + e− −−⇀↽−−
1

2
H2 (1.2)

The most straightforward approach to evaluating catalytic activity for HER is to cal-
culate the adsorption energy of hydrogen, since chemisorbed H atoms are reaction inter-
mediates [42]. This adsorption energy is generally considered a reliable descriptor under
acidic conditions. However, in alkaline media, HER kinetics have been observed to be two
to three times slower than expected [43], [44], indicating that additional factors in�uence
the reaction rate. Several explanations have been proposed [43]�[45], including the nature
of the proton donor, the e�ect of co-adsorbed species, and solvent reorganization. Among
these, the proton donor is considered an important factor. In acidic media, protons orig-
inate from H3O+-like species, whereas in alkaline media water molecules must act as the
proton donor. Because water dissociation is kinetically slower than proton transfer from
H3O+, it introduces a signi�cant energy barrier to the hydrogen adsorption step [43], [45],
[46], thereby contributing to the sluggish HER kinetics under alkaline conditions. Beyond
H adsorption energy, the binding strength of OH has also been proposed as a relevant
activity descriptor [47], and was later shown to correlate with the activation energy for
hydrogen adsorption [48]. Another factor relevant in alkaline media is the di�erence in
standard electrode potentials: while HER in acidic media has a standard potential of 0 V,
in alkaline media it is −0.826 V. This leads to a higher negative charge density in alkaline
and altered structure of interfacial water [44].

The conventional catalysts for HER are Pt-based, as Pt is among the most active
materials for this reaction. Its high activity is attributed to a near-optimal hydrogen ad-
sorption energy [42]. Since Pt binds hydrogen slightly too strongly, a modest weakening of
the H�Pt interaction would, in theory, further enhance its catalytic activity by bringing it
closer to the top of the volcano plot. Numerous mechanistic studies of HER on Pt already
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exist [46], [49]�[51], investigating the prevailing mechanisms at ideal surfaces and the in�u-
ence of electrode potential or pH. While these studies have deepened our understanding of
Pt's exceptional catalytic performance under di�erent conditions, a major limitation of Pt
remains its high cost and scarcity [5], [52]. This challenge has motivated signi�cant e�orts
to reduce platinum usage in catalysts. One strategy is the use of metal nanoparticles [5],
[52], [53], which provide a high surface-to-volume ratio and exhibit excellent reactivity.
Although DFT studies of nanoparticles are relatively scarce, some investigations have ex-
amined oxygen adsorption [54]�[56], showing that adsorbates bind strongly to edges.

An important factor in�uencing nanoparticle performance is the support material. Tun-
ing the metal�support interaction represents a promising strategy for optimizing catalytic
properties [5], [57]. In this context, a particularly attractive support material is TiONx,
synthesized and investigated by our collaborators at the National Institute of Chemistry.
It can be combined with di�erent metal nanoparticles to form e�ective catalysts for both
HER and OER [40], [41], [58], [59].

Another strategy to reduce platinum usage in catalysts is to employ alternative ma-
terials, with ruthenium emerging as a particularly attractive option for alkaline media.
Compared to platinum, Ru exhibits superior water-splitting performance under alkaline
conditions [60], and a promising route to further enhance its catalytic activity is to con-
trol its crystal phase [60], [61]. While bulk Ru naturally crystallizes in the hexagonal
close-packed (hcp) structure, Kusada et al. [62] successfully synthesized and characterized
face-centered cubic (fcc) Ru nanoparticles, which showed higher activity toward CO ox-
idation for particles larger than 3 nm. Since then, this uncommon fcc phase has been
reported in a variety of applications [63]�[67], including HER [68]�[71]. Although experi-
mental evidence suggests that Ru-fcc catalysts outperform their Ru-hcp counterparts, the
mechanistic origin of this di�erence remains insu�ciently understood. Several DFT studies
have address this question, but their conclusions are often contradictory. For instance, Li
et al. [72] calculated hydrogen adsorption energies on various Ru surfaces and concluded
that Ru-fcc(111) is less active, implying that the hcp phase may be more favorable for
HER. In contrast, Chen et al. [69] examined a RuNi system interacting with a single water
molecule and reported a lower activation barrier for water dissociation on the fcc phase.
A highly in�uential study by Zheng et al. [68], which employed an ice-like water bilayer
model, likewise found a lower activation barrier for water dissociation on Ru-fcc(111) com-
pared to Ru-hcp(001). However, these results were obtained from thin slab models and
did not include corrections for low-frequency vibrational modes � factors that appear to
dominate the preference for the fcc phase in their calculations.
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Chapter 2

Aim of Work

The purpose of this doctoral thesis is to gain insights into the structure�activity relation-
ships of selected catalysts. Our aim is to analyze their activity toward HER and DRM
and to identify the factors that govern their performance. By investigating experimental
observations of novel catalysts, we seek to address key challenges and contribute to the
development of advanced materials containing reduced amounts of expensive noble metals.
Such advances would enable more accessible hydrogen production and, consequently, help
reduce carbon dioxide emissions.

For DRM, the focus is on the observations of Sagar and Pintar [38]. The e�ects of
doping the Ni/CeO2 catalyst with MnOx are examined to explore possible explanations
for the observed activity enhancements. Vibrational analysis is employed to ascribe the
2020 cm−1 peak to the relevant DRM intermediate. Furthermore, reaction pathway anal-
ysis is performed on both Ni and NiO to investigate changes in the proposed mechanism
and to assess the in�uence of oxidation on the activity of Ni-based catalysts.

For HER, the metals of interest are platinum and ruthenium. In the case of platinum,
two catalyst models are investigated: nanoparticles and ideal surfaces. Pourbaix diagrams
(pH�potential diagrams) are constructed to evaluate the reactivity of di�erent surfaces and
to identify the most relevant structures under experimental conditions. For ruthenium, a
comparison of the activity of the fcc and hcp phases under alkaline conditions is carried
out by analyzing water dissociation and the interactions of key intermediates with the
metal surfaces. In addition, nanoparticles of both metals supported on carbon and TiONx

are examined. Adhesion energies and hydrogen adsorption energies are calculated and
compared for the two supports in order to evaluate support e�ects and to determine the
factors that govern catalytic activity.

With the work presented in this thesis, we aim to investigate the following hypotheses:

1. Doping the Ni/CeO2 catalyst with MnOx alters the reaction mechanism, as proposed
by Sagar et al. [38].

2. Models of ideal surfaces capture the same activity trends as nanoparticle models.

3. The fcc phase of Ru is more active toward HER than the thermodynamically stable
hcp phase.

4. The TiON support forms stronger covalent bonds with metal nanoparticles but does
not signi�cantly a�ect the interaction between adsorbed H and the metal compared
to a conventional carbon support.
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Chapter 3

Technical Details

This chapter focuses on the theoretical concepts used in this thesis and the computational
details that describe the setup for calculations. First, density functional theory is brie�y
discussed, followed by the energy equations and equations for electronic structure analysis,
along with the corrections needed to calculate the Gibbs energy. Next, the basic compu-
tational concepts relevant to electrocatalytic reactions are brie�y discussed. Finally, the
computational details for the analysis of both DRM and HER are provided.

3.1 Density-Functional Theory Calculations

All catalytic systems considered in this thesis were studied using density functional theory
(DFT), a computational quantum-mechanical modeling method. The theoretical founda-
tion of quantum mechanics for chemistry is the time-independent Schrödinger equation
within the Born�Oppenheimer approximation, that separates the motion of electrons and
nuclei. By solving the Schrödinger equation, we obtain the wave function of the investi-
gated system, which determines the energy. Analytical solutions for the time-independent
Schrödinger equation can be obtained only for one-electron systems, while for many-body
problems, approximate methods such as DFT must be used.

The central idea of the DFT approach is to simplify the description of a system. Instead
of using a wave function (a 3N dimensional object, where N is the number of electrons)
DFT uses an electron density that is only a 3 dimensional object. This dramatically
reduces the computational load. The theory is based on two Hohenberg�Kohn theorems,
which state that the total energy is a unique functional of the electron density and that
the system in the ground state is determined by its electron density [73], [74]. While
the formalism of DFT is, in principle, exact, it does not enable calculations in practice.
Kohn and Sham developed a framework of applicable DFT with the help of an auxiliary
system of non-interacting electrons that transforms the N -electron problem into a set of
N one-electron equations. The resulting Kohn�Sham equations can be written as [75]:[

− 1

2
∇2 + vex(r) + vH(r) + vxc(r)

]
ϕi(r) = εiϕi(r) (3.1)

Here, −1
2∇

2 is the kinetic term, while vex(r), vH(r), and vxc(r) are external, Hartree and
exchange-correlation potentials, respectively. ϕi(r) is the Kohn�Sham orbital i and εi
its eigenvalue. By self-consistently solving the above equations, we obtain orbitals and
electron density, which are then used to calculate the electronic energy of the system:

Eel = Ts[{ϕi}] + Vex[ρ] + VH[ρ] + Exc (3.2)
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which is a sum of kinetic (Ts), external (Vex), Hartree (VH) and exchange-correlation (Exc)
energy. In practical applications, DFT is not exact because the exchange�correlation term
is not known and must be approximated. Many di�erent approximations have been pro-
posed, among which the generalized-gradient approximation (GGA) functionals are partic-
ularly popular due to their good balance between accuracy and computational e�ciency.

For all the calculations within this thesis, we used the Quantum ESPRESSO software
package [76], [77] with the Perdew�Burke�Ernzerhof (PBE) approximation to exchange-
correlation energy [78]. PBE is a GGA functional that provides decent accuracy for a
wide range of systems and is implemented in Quantum ESPRESSO. Periodic boundary
conditions were applied and the electronic wave functions were expanded in a plane-wave
basis set with pseudopotentials. More speci�c computational details for each system will
be provided in the following sections.

3.2 Energy Equations and Electronic Structure Analysis

From DFT calculations, we obtain information about both the electronic structure and the
total energy of the system. The electronic structure provides insight into the interactions
between di�erent components of the system, while the total energy is an indicator of its
stability. Since the absolute value of the total energy depends on the chosen functional
and computational parameters, only energy di�erences are physically meaningful, as they
are comparable across di�erent computational setups and more directly re�ect realistic
phenomena.

For our research, we are interested in the interaction between reaction intermediates
and the catalyst surface, which can be quanti�ed by the binding and adsorption energies.
Throughout the thesis, the notation X∗ is used to denote an adsorbed X species, while ∗

indicates an adsorption site. The binding energy is then de�ned as:

Eb = EX∗ − E∗ − EX (3.3)

where EX∗ is the energy of a surface with an adsorbed X species, E∗ is the energy of the
bare surface model, and EX is the energy of the isolated X species. Here, X can represent
any species, which is not necessarily stable as a standalone entity. In contrast, adsorption
energy is evaluated with respect to stable standalone species and the equation for it depends
on the species involved in the adsorption reaction. For example, the adsorption energy of
an arbitrary number of adsorbed hydrogen atoms can be calculated with respect to the
hydrogen gas molecule as:

n

2
H2 +

∗ −−→ nH∗

EH
ads = EnH∗ − E∗ −

n

2
EH2

(3.4)

where n is the number of adsorbed hydrogen atoms, EnH∗ is the energy of the surface with
adsorbed H atoms, E∗ is the energy of the bare surface model and EH2 is the energy of a
hydrogen molecule. One can also calculate the average adsorption energy:

E
H
ads =

1

n

(
EnH∗ − E∗ −

n

2
EH2

)
(3.5)

To compare the stability of surfaces with di�erent adsorbate coverages, the surface adsorp-
tion energy can be calculated as:

γ =
Eads

A
(3.6)
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where Eads is the total adsorption energy (for H* it is given with Eq. (3.4)) and A is
the area of the 2D supercell. An analogous relation can also be used to obtain surface
adsorption Gibbs energy from the total adsorption Gibbs energy. The structure with the
lowest value of the surface adsorption Gibbs energy corresponds to the most stable state
under the conditions for which the adsorption Gibbs energies are calculated.

According to the Sabatier principle, an ideal catalyst should bind adsorbates neither too
strongly nor too weakly. A bond that is too strong prevents the products from desorbing
from the surface, while a bond that is too weak fails to activate the reactants. This concept
is often visualized using a volcano plot, which is schematically shown in Figure 3.1. The x-
axis represents a measure of the adsorption energy, while the y-axis represents the reaction
rate. A lower (more negative) adsorption energy indicates stronger binding, whereas a
higher (less negative or more positive) adsorption energy corresponds to weaker binding.

Figure 3.1: Schematic representation of a volcano plot. The top of the volcano corresponds
to the ideal binding strength, where the reaction rate is maximized. On the left side, the
binding is too strong, while on the right side, the binding is too weak. The reaction rate
decreases on both sides away from the peak.

In addition to adsorption phenomena, the stability of the catalyst is also relevant.
Metals can expose di�erent facets, and their relative stability can be assessed by calculating
the surface energies, which are obtained by �tting the equation:

Eslab = 2Σsurf + nEbulk (3.7)

where Eslab is the energy of a slab with n atoms, Σsurf is the surface energy per supercell,
and Ebulk is the energy of a bulk atom. Eslab is calculated at di�erent thicknesses and
Σsurf and Ebulk are determined as the intercept and slope from �tting Eq. 3.7. The factor
of two in the expression arises from the presence of two surfaces in the slab. To obtain the
surface energy per area, the Σsurf must be divided by the area of the supercell:

σsurf =
Σsurf

A
(3.8)

Based on the surface energies, the equilibrium shape of nanoparticles can be predicted
using the Wul� construction. For a given volume, the most stable particle is the one
that minimizes the total surface energy. The equilibrium shape is determined by the
direction-dependent surface energies, where the directions re�ect the symmetry of the
crystal. For each crystalographic direction, a plane perpendicular to that direction is
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drawn at a distance from the origin proportional to its surface energy. The inner envelope
of these planes de�nes the Wul� construction and represents the equilibrium shape of the
nanoparticle. In this work, the equilibrium shapes were generated using the Wul�pack
Python library [79].

To study the stability of catalysts consisting of nanoparticles, we calculated cohesion
energies according to equation:

Ecoh =
1

n
(Esystem − nEatom) (3.9)

where n is the number of metal atoms in the considered system, which could be either
nanoparticle or bulk metal. Esystem is the energy of the system (bulk primitive cell or
nanoparticle) and Eatom is the energy of a metal atom in vacuum. Cohesion energy serves
as a measure of stability and represents the energy change upon the formation of a bonded
system from isolated entities. A lower cohesion energy indicates a more stable system.

In addition to nanoparticles in vacuum, we also considered supported nanoparticles,
where adhesion energy was used as a measure of stability. It is similar to the binding
energy, as it quanti�es the interaction between the nanoparticle and the support:

Eadh = ENP/support − ENP − Esupport (3.10)

Here, ENP/support is the energy of the supported nanoparticle system, ENP in the energy
of an isolated nanoparticle, and Esupport is the energy of the support. Adhesion energy
re�ects the strength of nanoparticle's binding to the support and can indicate the long-
term stability of the system. A stronger binding between the nanoparticle and the support
requires more energy for nanoparticle removal, resulting in a more stable system.

In addition to thermodynamic analysis, we are also interested in electron �ow upon
binding. This can be visualized by calculating electron charge density di�erence:

∆ρ(r) = ρX∗(r)− ρX(r)− ρ∗(r) (3.11)

where ρX∗(r) is the electron density of the surface with the bound species X (X can be either
an intermediate species or a nanoparticle), ρX(r) is the electron density of the unbound
species X, and ρ∗(r) is the electron density of the bare surface. In these calculations,
the geometries of the unbound species X and the bare surface are kept the same as in the
optimized X* system. The electron charge density di�erence allows us to spatially visualize
the regions of electron de�cit and surplus, showing the movement of electrons upon the
binding of segment X. Additionally, we can calculate the planar integrated electron charge
density di�erence along the z-direction:

∆ρ(z) =

∫
A
∆ρ(r)dxdy (3.12)

where ∆ρ(r) is the electron charge density di�erence obtained with Eq. (3.11) and A is
the area of the surface cell. This quantity allows us to extract a 1D plot from a 3D grid,
making it easier to compare the di�erences in electron transfer between systems.

3.2.1 Reaction-mechanism analysis

To study catalytic activity, it is necessary to analyze the underlying reaction mechanism.
The mechanism typically consists of a sequence of elementary steps, each involving an initial
state (IS), a transition state (TS), and a �nal state (FS). Each of these states corresponds
to a point on a multidimensional potential energy surface (PES), which represents the
energy landscape of the system. The IS and FS are local minima on the PES, while the TS
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is a �rst-order saddle point. The most energetically favorable pathway connecting these
three states is the minimum energy path (MEP). Each point on the MEP is a minimum
in all directions except along the reaction coordinate, and the highest point corresponds
to the TS. A schematic representation of the PES and MEP is shown in Figure 3.2.

Computationally, the most accessible property when analyzing a reaction is the reaction
energy (∆E), a thermodynamic quantity that gives the energy di�erence between the FS
and the IS:

∆E = EFS − EIS (3.13)

A negative reaction energy indicates that the FS is energetically more stable than the
IS. Such a reaction is classi�ed as exothermic and involves the release of energy into the
surroundings. If the reaction energy is positive, the reaction is endothermic, meaning the
FS is higher in energy than the IS and energy is absorbed from the surroundings. The
reaction energy re�ects the relative energetic stability of the IS and FS, but it does not
provide any information about the reaction rate. To evaluate the kinetics, one must identify
the transition state and calculate the activation energy:

Eact = ETS − EIS (3.14)

The higher the activation energy, slower the reaction rate. The connection between the
activation energy and the rate constant is described by the Arrhenius law:

k = C exp(−E
act

kBT
) (3.15)

where k is the rate constant, C the pre-exponential factor, kB the Boltzmann constant,
and T the temperature. The overall reaction rate is determined by the slowest elementary
step, known as the rate-determining step. E�ective catalysts can increase the reaction rate
by providing alternative reaction mechanisms with lower activation energies.

The initial and �nal states of a reaction can be determined computationally using
various geometry optimization techniques. The transition state, however, is a �rst-order
saddle point on the PES and therefore cannot be located using conventional geometry
optimization methods. It requires specialized techniques. In this thesis, transition states
were identi�ed using the climbing image nudged elastic band (CI-NEB) method [80], [81]
and the activation-relaxation technique nouveau (ARTn), as implemented in Quantum
ESPRESSO [82], [83]. The NEB method optimizes a sequence of intermediate images

Figure 3.2: (a) 3D representation of the PES with the MEP shown as a blue line. (b)
Schematic 2D representation of the MEP with labeled initial, transition, and �nal states,
along with the activation (Eact) and reaction energies (∆E).
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along the reaction path, which are connected by spring forces. The introduction of an
elastic band with spring interactions prevents the images from relaxing to the initial or
�nal states. The climbing image (CI) extension of NEB enables accurate identi�cation of
the transition state by allowing one image to ascend along the reaction path to the highest
energy point on the MEP, corresponding to the saddle point. While CI-NEB requires both
initial and �nal states as input, the ARTn method requires only a single input structure and
a small perturbation to initiate exploration of the PES. By randomly exploring the PES,
it gradually identi�es a negative eigenvalue in the Hessian matrix, which directs the search
towards a transition state. This method can be used both to explore possible transitions
from a given state and to perform targeted searches for speci�c transition states.

A simpli�ed approach to evaluating activation energies is to employ the Brønsted�
Evans�Polanyi (BEP) relation [84]. It assumes a linear relationship between the reaction
energy and the activation energy. This relation is well established for the dissociation of
diatomic molecules [84], [85], where the transition state is more �nal-state-like, and changes
in the activation energy therefore follow changes in the reaction energy.

3.2.2 Gibbs energy

The total energy obtained from DFT calculations corresponds to electronic ground state
in vacuum at 0 K. While trends at these conditions can o�er valuable insights, calculating
Gibbs energy at �nite temperature and pressure is often necessary to link calculations with
experimental observations. It can be calculated as:

G(T, p) = E0 + E(T )− TS(T ) + pV = E0 +Gcorr(T ) (3.16)

where E0 is the total energy obtained from DFT calculations at 0 K in vacuum. E(T ) and
S(T ) are the corrections to energy and entropy at �nite temperature T . The pV term is
negligible for solids, whereas for isolated molecules it is approximated using the ideal gas
equation (pV = kBT , where kB is the Boltzmann constant). All the corrections can be
expressed together as Gcorr(T ) and can be calculated from translational, rotational and
vibrational contributions. For periodic slab models of surfaces, only vibrational contri-
butions are relevant, leading to thermal corrections in the form of E(T ) = Evib(T ) and
S(T ) = Svib(T ). In contrast, for isolated molecules, vibrational, rotational and transla-
tional contributions must be considered. The total thermal corrections are then given by
E(T ) = Evib(T ) + Erot(T ) + Etr(T ) and S(T ) = Svib(T ) + Srot(T ) + Str(T ).

All vibrational frequencies in this thesis were calculated at the gamma q-point us-
ing density-functional perturbation theory, as implemented in ph.x code from Quantum

ESPRESSO [86]. The equations for calculating Gibbs energies were taken from statis-
tical mechanics [87] and were previously implemented in an in-house adaptation of the
dynmat.x code from Quantum ESPRESSO [88], which was used for the calculations. For
the vibrational contribution, the quantum mechanical harmonic oscillator approximation
was employed and the corresponding expressions for the vibrational energy and entropy
are given by:

Evib(T ) =

N∑
i

hνi

(
1

2
+

1

exp( hνi
kBT

)− 1

)
(3.17a)

Svib(T ) = kB

N∑
i

(
hνi
kBT

1

exp( hνi
kBT

)− 1
− ln(1− exp(− hνi

kBT
))

)
(3.17b)

where h is the Planck constant, T is the temperature, νi are the vibrational frequencies,
and N is the number of vibrational modes, which depends on the type of system under
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investigation. Nonlinear molecules have 3n − 6 vibrational modes, linear molecules have
3n−5, and periodic structures have 3n−3, where n is the number of atoms in the considered
supercell representing the structure of interest. When calculating vibrational contributions
for transition states, only N − 1 vibrational modes are considered, since the mode corre-
sponding to the reaction coordinate is imaginary and therefore excluded from the analysis,
as prescribed by the transition-state theory. In the equation for the energy contribution,
the zero point energy (Evib(0) = ZPE) is also included. To correct for the breakdown of the
harmonic oscillator approximation at low frequencies, the Cramer�Truhlar correction was
applied, where all vibrational modes below 1/2kBT (approximately 100 cm−1) are raised
to 1/2kBT [89].

Rotational degrees of freedom were treated with rigid rotor approximation. The con-
tribution is calculated di�erently depending on whether the molecule is linear or nonlinear.
Linear molecules have two rotational degrees of freedom and their contributions to energy
and entropy are given by:

Elin
rot(T ) = kBT (3.18a)

Slin
rot(T ) = kB

(
1 + ln

2IkBT

ℏ2σrot

)
(3.18b)

where ℏ is the reduced Planck constant, I is the moment of inertia, and σrot is the rotational
symmetry number. Nonlinear molecules have three rotational degrees of freedom and their
thermodynamic contributions are:

Erot(T ) =
3

2
kBT (3.19a)

Srot(T ) = kB

(
3

2
+ ln

√
8π(kBT )3IAIBIC

ℏ3σrot

)
(3.19b)

Finally, the translational contribution with three degrees of freedom is expressed as:

Etr(T ) =
3

2
kBT (3.20a)

Str(T ) = kB

(
5

2
+ ln

((
mkBT

2πℏ2

) 3
2

V

))
(3.20b)

where m is the mass of the molecule and V is the volume. Under the ideal gas approxima-
tion, the volume can be expressed as V = kBT/p.

3.3 Basic Computational Concepts in Electrocatalysis

Electrochemistry encompasses chemical reactions that involve the transfer of electrons
� so-called redox reactions. These are oxidation (loss of electrons) and reduction (gain
of electrons) reactions, which always occur simultaneously: one species is reduced and
another is oxidized. One area of electrochemistry that has gained considerable attention
is electrocatalysis, which deals with redox reactions occurring at an interface between an
electrolyte and an electrode surface, which acts as a catalyst. In comparison to thermal
heterogeneous catalysis, the computational modeling of electrocatalysis is more complex
due to the additional in�uence of the electrolyte and the applied electrode potential.

To better understand the processes involved in electrocatalysis, we �rst brie�y examine
the de�nitions of di�erent types of potentials. The most common potential de�ned for
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Figure 3.3: A schematic representation of di�erent potentials relevant in electrochemistry:
(a) electrostatic potentials, and (b) the similarity between the work function and the
absolute electrode potential

charged species is the electrostatic potential, expressed in volts [V]. It is de�ned as the
amount of work required to move a unit point charge from a reference location to a point of
interest, normalized to a unit of charge. The reference point is often taken to be at in�nity,
where the potential is arbitrarily set to zero. In electrochemical systems, several speci�c
electrostatic potentials are used to describe the environment near an electrode surface:
the inner, outer, and surface potentials, which are schematically shown in Figure 3.3a. As
summarized from the book by Bockris [90], the inner potential refers to the potential within
the electrode, while the outer potential denotes the potential just outside the electrode
surface, in�uenced by the system's charge. The surface potential is de�ned as the di�erence
between the inner and outer potentials, arising from a dipole layer at the interface. Such
a dipole layer appears even at the solid/vacuum interface, where electron spillover creates
a dipole at the surface, giving rise to a nonzero surface potential.

A potential more commonly used in electrochemistry is the electrochemical potential,
typically expressed in units of energy per mole [kJ/mol] or, in computational chemistry, as
energy per particle [eV]. It represents the chemical potential of a charged species, explicitly
including a contribution from the electrostatic potential:

µ̃i =

(
∂G

∂Ni

)
p,T,Nj

= µi + zie0ϕi (3.21)

This equation de�nes the electrochemical potential in the units of energy per species i. It
can be divided into two contributions: the chemical potential (µi), which is a property of
the uncharged species, and the zie0ϕi term, which accounts for the electrostatic contribu-
tion. Here, zi is the charge of species i, e0 is the elementary charge, and ϕi is the inner
electrostatic potential felt by species i.

Related concepts are also the Fermi level and the work function. The Fermi level is a
bulk property de�ned as the amount of work required to add one electron to the bulk of
the system. The work function is the energy needed to move an electron from the bulk
of the metal to a point just outside the surface. It depends on the surface structure �
therefore, a metal has only one Fermi level but exhibits di�erent work functions for various
surface terminations.

Another important concept is the electrode potential. Trasatti [91] de�ned the absolute
electrode potential as the potential di�erence associated with the process of removing an
electron from the electrode in contact with an electrolyte and placing it at a point in
vacuum just outside the electrolyte. This de�nition is conceptually similar to the work
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function, which is the amount of work required to transfer an electron from the bulk of a
metal to a point just outside its surface in vacuum, as schematically shown in Figure 3.3b.
Since the absolute electrode potential is di�cult to determine experimentally, the relative
electrode potential is usually measured instead. It corresponds to the potential di�erence
between the electrode of interest and a reference electrode. By convention, the reference
electrode is the standard hydrogen electrode (SHE), whose electrode potential is arbitrarily
set to 0 V.

3.3.1 Electrolyte

The �rst challenge in modeling electrocatalytic systems is the presence of the electrolyte,
which gives rise to the electrode�electrolyte interface. Solvent molecules in the electrolyte
can interact with both the surface and the adsorbed species, while ions contribute to the
formation of the double layer at charged electrodes. The solvent can in�uence adsorption
energetics through competitive adsorption or by strong interactions between adsorbates and
solvent molecules, which may alter adsorption strengths. In general, three main approaches
exist for modeling solvents within DFT: implicit, explicit, and microsolvation models [92].
These approaches are schematically illustrated in Figure 3.4.

Implicit solvent methods treat the solvent as a dielectric continuum and do not ex-
plicitly represent individual solvent molecules. These methods are computationally very
e�cient but cannot appropriately capture directional interactions (e.g., hydrogen bonding
with solvent molecules) due to the absence of molecular-level details. Furthermore, im-
plicit models have been shown to undersolvate metal surfaces and underestimate surface
charge under applied potential [93]. This limits their applicability in modeling charge-
transfer reactions. Various ab initio computational packages o�er di�erent implicit-solvent
implementations. In our calculations, we employed the Environ plugin [94]�[96], which is
compatible with the Quantum ESPRESSO suite. Within Environ, the solvent is repre-
sented as a dielectric continuum with its corresponding permittivity. The solvation Gibbs
energy within this model is calculated as:

∆Gsolv = Esolv − E0 (3.22)

where Esolv is the energy of the system obtained from calculations with solvent, and E0

is the energy of the same system in vacuum. The Environ module includes various types
of continuum solvation models, which di�er in the de�nition of the solute cavity. For our
calculations, we employed the self-consistent continuum solvation (SCCS) model developed

Figure 3.4: Three approaches for modeling solvents within DFT: the implicit, explicit, and
microsolvation models.
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by Andreussi et al. [95], in which the cavity is de�ned self-consistently based on the electron
density of the solute species.

In comparison to implicit solvent methods, the explicit solvent and microsolvation
models treat solvent molecules explicitly. In the explicit solvent model, the entire solvent
environment is represented on a molecular level. In contrast, the microsolvation model
combines an implicit continuum with a few explicit solvent molecules placed around a region
of interest � typically the active site or the adsorption site. Both approaches o�er a more
realistic representation of the local environment, particularly when directional interactions
are present. The main drawbacks of these models are high computational cost of the
calculations and the limited sampling of solvent con�gurations when used with geometry
optimization algorithms. As a result, the estimation of Gibbs energies may be biased
toward the most stable con�gurations, potentially leading to an inaccurate representation
of the system's thermodynamic properties. To overcome this limitation, such models are
often employed in ab initio molecular dynamics, which allows for a broader sampling of
the con�gurational space and enables modeling of the liquid character of solvents.

For electrocatalysis, the relevant interface is that between the electrode and a aqueous
based electrolyte. The most commonly used model that includes explicit water molecules
is the ice-like water bilayer structure, originally proposed by Ogasawara et al. for Pt(111)
surfaces [97]. This model represents water in a �frozen� state, where only a single, highly
stable con�guration of water molecules is considered. The structure of the water bilayer
includes two distinct groups of water molecules arranged in a hexagonal pattern above
the surface. Half of the water molecules lie parallel to the surface, each donating two
hydrogen bonds to the neighboring water molecules. The other half are oriented with
one O�H bond perpendicular to the surface plane with the hydrogen atom pointing either
toward or away from the surface. These molecules donate one hydrogen bond and act as
acceptors of two, forming a structured hydrogen-bond network. The structure of the ice-
like water bilayer is shown in Figure 3.5. Since this model includes explicit water molecules,
it exhibits similar drawbacks to those already discussed for explicit solvation models. It has
been demonstrated that di�erent orientations of water molecules can signi�cantly a�ect
the calculated work function [98]�[100], even for structures with similar stability [100]. A
di�erence of more than 2 eV has been observed in the work functions of H-up and H-
down water-bilayer structures [99], [101]. Despite its limitations, the ice-like bilayer model
remains highly valuable, especially in cases where water molecules play a direct role in the
studied reactions.

Figure 3.5: H-down (left) and H-up (right) models of the ice-like water bilayer. Oxygen
atoms in water molecules are colored di�erently for clarity: water molecules with O�
H bonds parallel to the surface are shown in dark red, while those with an O�H bond
perpendicular to the surface are shown in light red.
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3.3.2 Electrode potential

In electrocatalytic systems, the electrode potential serves as the driving force of a reaction,
and changes in the potential directly in�uence the reaction rate. Experimentally, control of
the electrode potential is crucial for many setups and can be achieved using a potentiostat.
In DFT, however, incorporating the e�ect of electrode potential into the treatment of a
system is challenging. In the conventional DFT approach, the number of electrons is kept
constant, and the potential adjusts accordingly. The �rst widely adopted method that
introduced the e�ect of electrode potential and enabled the treatment of electrocatalytic
reactions within DFT is the computational hydrogen electrode (CHE) model, formulated
by Nørskov et al. in 2004 [102]. In this method, all calculations are performed on uncharged
systems using standard DFT, and the e�ect of the electrode potential is introduced as an a
posteriori correction. The foundation of the CHE is the reaction for the standard hydrogen
electrode (SHE; H+ + e� −−⇀↽−− 1

2
H2). The electrode potential at which the reaction H+ +

e� −−⇀↽−− 1

2
H2 is at equilibrium under standard conditions (p = 1 atm, pH = 0, and

T = 298 K) is called the standard electrode potential (or the potential of the SHE). This
potential is used as the reference on the electrochemical scale and is therefore assigned a
value of zero volts. Because the reaction Gibbs energy is zero at equilibrium, the following
relation holds:

µ̃−◦H+ + µ̃−◦e− =
1

2
µ−◦H2

(3.23)

The equation expresses the Gibbs energies of the charged species H+ and e− in terms
of the Gibbs energy of H2. Since the treatment of charged species is problematic within
periodic DFT, this approach immensely simpli�es the analysis of electrochemical reactions.
Moreover, the e�ects of pH and electrode potential can be added to the equation. The
pH contribution arises from the activity of H+ ions in the solution, while the e�ect of an
applied electrode potential is introduced through an additional −e0U term associated with
the electron, where U is the potential versus SHE. This results in the following expression:

µ̃H+ + µ̃e− =
1

2
µ−◦H2

+ kT ln(aH+)− e0U (3.24)

The CHE method allows the calculation of reaction energies for electrochemical reac-
tions and associates the Gibbs energy of an electron�proton pair with that of gas-phase
hydrogen. To observe the dependence of activation energies on the electrode potential,
di�erent approaches must be used. The most straightforward one is to calculate activation
barriers for the investigated reaction at di�erent numbers of electron�proton pairs in the
calculation [98], [101], [103]. The ice-like water bilayer can be utilized as a water model
and surplus hydrogens are added to the water molecules to obtain (H(H2O)n)+ complexes.
The surplus electrons are located at the metal surface [101]. One notable problem with
varying the number of proton�electron pairs is the �nite size e�ect [101], [103], which can
signi�cantly impact the results, especially for small supercells. Adding one hydrogen atom
to a cell with a few surface metal atoms results in an unrealistically large value of electrode
potential. Another issue arises for the calculations of charge transfer reaction steps, where
the potential di�erence between initial and �nal states can be substantial.

The methods described thus far employ classical DFT calculations with a constant
number of particles. Recently, schemes enabling DFT calculations at constant potential
have been developed, where the number of electrons is allowed to vary [104], [105]. In these
methods, an appropriate counter-charge technique must be employed to allow a continuous
change in the system's charge. With the development of constant potential DFT methods,
a combination with the CHE model was proposed � the decoupled computational electrode
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[49]. This method decouples proton�electron transfer steps and allows for a non-integer
number of transferred electrons. It can be used for the calculation of both reaction and
activation energies, providing a more accurate description of reaction mechanisms as a
function of the electrode potential.

3.4 Analysis of Methane Dry Reforming

To analyze the e�ect of doping the CeO2/Ni catalyst with MnOx and to explain the
di�erences between the doped and undoped catalysts observed by Sagar et al. [38], we
performed a DFT study of simpli�ed catalyst models. We considered models of Ni(111),
Ni(110), Ni(100), NiO(100), NiMnx(100), and CeO2(111), which are shown in Figure 3.6.
Ferromagnetic Ni was used as a model of fully metallic Ni, while antiferromagnetic NiO
represented a fully oxidized Ni catalyst. These two models can be seen as limiting cases
for di�erent oxidation states of Ni in the catalysts. In addition, Ni(100) with chemisorbed
O atoms up to 1 monolayer (ML) coverage was used as a simpli�ed model of partially
oxidized Ni particles. Doping CeO2/Ni with Mn can also result in the formation of a
Ni�Mn alloy, which was investigated using the NiMnx(100) model, where 25% of surface
Ni atoms were replaced with Mn atoms. For the calculations, plane-wave basis set and
ultrasoft pseudopotentials [106], [107] were used to describe the Kohn�Sham orbitals. For
Ni and NiO systems, cuto�s of 30 Ry and 300 Ry were used for the wave function and

Figure 3.6: Relevant structures for the analysis of DRM on Ni-based catalysts. Arrows
represent the spin of nickel atoms; metallic Ni is ferromagnetic and NiO is antiferromag-
netic. Spin-up nickel atoms are colored blue and spin-down green. Supercells used for
calculating vibrations and reaction paths are also denoted on the pictures.
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electron density, respectively, whereas for NiMnx(100) and CeO2(111) higher cuto�s of
50 Ry for the wave function and 500 Ry for the electron density were employed. NiO and
CeO2 were described using the PBE+U scheme [108], [109], with U parameters of 4.6 eV
for Ni ions and 4.7 eV for Ce ions, as computed self-consistently with the hp.x code [110].

The Ni(111), Ni(100), NiMnx(100), and NiO(100) slabs consisted of four atomic layers,
while the Ni(110) slab was composed of six layers to achieve a comparable slab thickness
across all Ni surfaces. A vacuum region of approximately 12 Å was introduced along the
surface normal to separate periodic images. Adsorbates were placed on the top side of
the slab, and the atoms in the bottommost layer were constrained to their bulk positions,
except for Ni(110), where the two bottommost layers were �xed. All other atoms were fully
relaxed. The in-plane lattice parameters were set according to the calculated equilibrium
bulk lattice constants: 3.52 Å for Ni and 4.23 Å for NiO. For Brillouin-zone integrations,
Methfessel�Paxton smearing [111] was employed, with a width of 30 mRy for Ni and
1 mRy for NiO. The CeO2(111) surface was modeled using a slab consisting of three O�
Ce�O trilayers, with the bottom trilayer constrained to bulk positions. The in-plane lattice
parameter was set to the calculated bulk value of 5.51 Å. Marzari�Vanderbilt smearing [112]
with a width of 20 mRy was applied to facilitate convergence.

Vibrational frequencies were calculated for relevant adsorbed and isolated CHxO frag-
ments (x = 0, 1, 2). The vibrational properties of isolated molecules were computed in
a cubic box of 15 Å side length using only the Γ q-point. For the adsorbed fragments,
only the adsorbed molecule and the two uppermost layers of Ni(111), Ni(110), Ni(100),
NiMnx(100), and CeO2(111) were perturbed, while for NiO(100), only the topmost layer
was perturbed. For vibrational calculations, Ni(111)�(2×2), Ni(100)�(2×2), NiMnx(100)�
(2×2), Ni(110)�(2×2), NiO(100)�(1×2), and CeO2(111)�(1×1) supercells were employed,
with corresponding uniformly shifted k-point grids of 6×6×1, 6×6×1, 6×6×1, 6×4×1,
6× 3× 1, and 3× 3× 1, respectively. In addition, elementary reaction steps in the DRM
mechanism were modeled on Ni(111) and NiO(100) using the CI-NEB method [80], [81].
For these calculations, larger supercells were utilized, speci�cally Ni(111)�(3 × 3) and
NiO(100)�(2×2), with 4×4×1 and 3×3×1 uniformly shifted k-point grids, respectively.

3.4.1 Elementary steps of DRM

The mechanism of dry reforming of methane (DRM) consists of many elementary steps and
can follow di�erent pathways depending on the catalyst. We investigated the elementary
steps shown in Figure 3.7. For methane dissociation, two possibilities were considered: di-
rect decomposition to elemental carbon and a reaction pathway proceeding through CHxO
fragments. The carbon dioxide molecule initially physisorbs on the surface with a linear
geometry and, in this form, exhibits low reactivity. To activate the molecule, covalent
bonds must be formed with the surface, resulting in a bending of the molecular geometry.
From this activated state, three di�erent pathways to form CO were considered: direct
dissociation, reaction through an HCOO intermediate, and reaction through a COOH in-
termediate. Additionally, the reactions leading to the formation of hydrogen and water
molecule were considered, with the latter being an undesired side reaction in DRM.

3.5 Analysis of Hydrogen Evolution Reaction

HER was analyzed on models of ideal surfaces, supported nanoparticles, and isolated
nanoparticles of platinum and ruthenium. Electron orbitals were described using a plane-
wave basis set and projector augmented-wave (PAW) pseudopotentials [113] taken from the
PSlibrary [114], [115]. Plane wave cuto� energies were set to 50 Ry for the wave functions
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Figure 3.7: Investigated elementary steps of the DRM reaction. The �rst part depicts the
considered steps for the decomposition of a methane molecule. The second part shows
three di�erent pathways for the conversion of CO2 to CO. Finally, reactions leading to the
formation of water and hydrogen are presented.

and 575 Ry for the electron density. Methfessel�Paxton smearing with a width of 0.02 Ry
was employed to facilitate convergence [116]. For both metals, the bulk unit cells were
�rst relaxed. Platinum crystallizes in a face-centered cubic (fcc) phase, with a calculated
lattice constant of a = 3.98 Å. For ruthenium, both the thermodynamically stable hexag-
onal close-packed (hcp) phase (calculated a = 2.72 Å, c = 4.29 Å) and the metastable fcc
phase (calculated a = 3.81 Å) were investigated. All relevant models of ideal surfaces are
shown in Figure 3.8a. The thickness of the ideal surface models varied between 3 and 8
atomic layers for Ru, while for Pt, 4 layers were used. The bottom layer of atoms was �xed
to bulk positions in all cases, and at least 15 Å of vacuum was added between the slabs,
along with a dipole correction [117]. To model di�erent coverages, various supercell sizes
were employed, and Brillouin-zone integrations were performed on shifted k-point grids
corresponding to the 12× 12× 1 grid for the fcc(111)�(1× 1) and hcp(001)�(1× 1) surface
cells. The D3 dispersion correction by Grimme [118] was applied in the kinetic analysis of
HER on Pt to capture the interactions of water and hydrogen molecules with the surface.
To compare the activity of the hcp and fcc Ru crystal phases, the Grimme-D3 correction
including only two-body terms was used, enabling additional vibrational calculations with
the ph.x module of Quantum ESPRESSO. Reaction pathways were determined using
the NEB method [80], [81], and for the analysis of water dissociation on Ru, transition
states were subsequently re�ned with the ARTn plugin [82], [83] to relax all atoms and
obtain more accurate geometries prior to vibrational analysis.

Nanoparticles were treated either as isolated or as supported on TiON and carbon. Iso-
lated nanoparticles were surrounded by 15 Å of vacuum, and the Makov�Payne correction
to the total energy was applied [119]. For Brillouin-zone integration, only the Γ q-point
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Figure 3.8: Relevant structures for the analysis of HER. (a) Top and side views of fcc and
hcp ideal surfaces with the (1×1) cells indicated. (b) Models of nanoparticles, where the
number in each name indicates the number of atoms in the nanoparticle. For the fcc55
particle, the locations of edge and kink sites are also labeled. (c) Top and side views of
the structures used as supports for the nanoparticles.

was used. Di�erent shapes and sizes of fcc and hcp nanoparticles were constructed. The
two most utilized fcc nanoparticles in this thesis have the shape of truncated octahedra
and consist of 38 and 55 atoms, with 32 and 42 surface atoms, respectively. They were
analyzed both as standalone and as supported. We also investigated two hcp nanoparticles
consisting of 38 and 54 atoms, having 30 and 42 surface atoms, respectively. The structures
of these four nanoparticles are shown in Figure 3.8b. The general labeling convention for
all nanoparticles used throughout this thesis is phase-Mn, where "phase" denotes either
fcc or hcp, n is the number of atoms in the nanoparticle, and M is the metal. For platinum
nanoparticles, the phase label is omitted because only the fcc phase was investigated.

Calculations of supported nanoparticles were performed on two di�erent supports:
TiON and graphene (used as a model for carbon support). The TiON structure was
taken from previous calculations by Kokalj [58] and was modeled using a Ti1.5ON(111)
slab consisting of three Ti layers, terminated on both sides by an O/N layer contain-
ing only 50% of O and N ions. Calculations involving the TiON support employed the
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PBE+U method [108], [120], with the U parameter for Ti ions set to 4.0 eV, as self-
consistently determined by Kokalj [58]. The carbon support was modeled using a single
layer of graphene, which has a hexagonal unit cell with computationally optimized lattice
parameters of a = b = 2.467 Å. Both support structures are shown in Figure 3.8c. TiON
was modeled with a (3 × 3) supercell and graphene with a (7 × 7) supercell to accommo-
date the nanoparticles. Both supercells are hexagonal and have similar lateral dimensions:
17.27 Å for graphene and 17.70 Å for the TiON model. In all cases, the (111) facet of fcc
nanoparticles was oriented toward the support, consistent with experimental observations
[40]. To achieve a comparable structure, the (001) facet of hcp nanoparticles was similarly
oriented toward the support. In calculations involving supported nanoparticles, D3 dis-
persion correction by Grimme [118] was employed to account for dispersion interactions,
which are particularly relevant for the adhesion of metal nanoparticles on the graphene
layer.

3.5.1 Elementary steps of HER

HER proceeds via a well-established mechanism involving three elementary steps: the
Volmer, Tafel, and Heyrovsky steps. Under acidic conditions, these steps can be written
as:

Volmer : H+ + e− + ∗ −−→ H∗ (3.25a)

Tafel : H∗ −−→ 1

2
H2 +

∗ (3.25b)

Heyrovsky : H∗ +H+ + e− −−→ H2 +
∗ (3.25c)

and the overall reaction is:

H+ + e− −−⇀↽−−
1

2
H2 (3.26)

The �rst step, known as the Volmer step, involves the electrochemical adsorption of a
hydrogen atom from a hydrated proton. Following adsorption, the Tafel step, the Hey-
rovsky step, or both may occur. The Tafel step is a chemical process that does not involve
electron transfer: two adsorbed hydrogen atoms combine to form a hydrogen molecule. In
contrast, the Heyrovsky step is an electrochemical process, in which a hydrated proton
and an electron from the catalyst combine with an adsorbed hydrogen atom to produce a
hydrogen molecule. Depending on the relative rates of the Tafel and Heyrovsky steps, the
HER may proceed via either the Volmer�Tafel or Volmer�Heyrovsky pathway, whichever is
kinetically favored. If the activation barriers for both steps are comparable, both pathways
are relevant.

In alkaline conditions, the steps are di�erent because the source of hydrogen changes.
Since there is no surplus of hydrated protons, a water molecule acts as the hydrogen source:

Volmer : H2O+ e− + ∗ −−→ H∗ +OH− (3.27a)

Tafel : H∗ −−→ 1

2
H2 +

∗ (3.27b)

Heyrovsky : H∗ +H2O+ e− −−→ H2 +OH− + ∗ (3.27c)

The overall reaction can be written as:

H2O+ e− −−⇀↽−−
1

2
H2 +OH− (3.28)
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By accounting for the self-ionization of water, H2O −−⇀↽−− H+ + OH−, the thermody-
namic treatment of the HER mechanism in acidic and alkaline conditions becomes anal-
ogous. The thermodynamical di�erence between the two mechanisms lies in the activity
of the H+ and OH� species. In acidic conditions, the standard electrode potential of the
HER (Eq. (3.26)) is de�ned as 0 V under standard conditions, where a(H+) = 1. In al-
kaline conditions, the HER is described by Eq. (3.28) and its standard electrode potential
is −0.826 V because, for this reaction, the standard state corresponds to a(OH−) = 1.
The more pronounced di�erence, however, arises from the reaction kinetics. Under acidic
conditions, H3O+-like species readily donate protons, whereas in alkaline media the pro-
tons originate from water, which dissociates more slowly. Consequently, when investigating
alkaline HER, we also considered the kinetic barriers associated with water dissociation.

3.5.2 Construction of surface Pourbaix diagrams

To determine the relevant adsorbed species and their coverage on di�erent surfaces, we
constructed surface Pourbaix diagrams. These diagrams indicate the thermodynamically
stable surface structures as a function of pH and electrode potential. In our analysis, we
considered only the species obtained from water dissociation (H*, OH*, O*):

H+ + e− + ∗ −−→ H∗ (3.29a)

H2O+ ∗ −−→ OH∗ +H+ + e− (3.29b)

H2O+ ∗ −−→ O∗ + 2H+ + 2 e− (3.29c)

In the equations above, each reaction is written as an electrochemical adsorption step
involving a single species. Combining these reactions allows for di�erent coverage combi-
nations, resulting in a general adsorption equation:

(b + c)H2O+ ∗ −−→ aH∗ + bOH∗ + cO∗ + (b + 2 c - a) (H+ + e−) (3.30)

where a, b and c are the number of adsorbed H*, OH* and O* species, respectively.
The adsorption energy for various adsorbate coverages can be de�ned relative to water

and hydrogen molecules as:

∆E = EH∗/OH∗/O∗ +
1

2
(b+ 2c− a)EH2 − (b+ c)EH2O − E∗ (3.31)

where the energy of the adsorbed state (aH∗ + bOH∗ + cO∗) is written as EH∗/OH∗/O∗

for brevity. Since electrochemical reactions occur at �nite temperature and pressure in
aqueous electrolytes, a more relevant quantity to analyze is the adsorption reaction Gibbs
energy:

∆G = µH∗/OH∗/O∗ + (b+ 2c− a)(µH+ + µe−)− (b+ c)µH2O − µ∗ (3.32)

To include the e�ects of pH and electrode potential to the adsorption Gibbs energy, we use
the expression for µH+ +µe− from the computational hydrogen electrode (CHE) approach,
as given in Eq. (3.24). In this approximation, it is assumed that the electrode potential and
pH do not a�ect the chemical potential of neutral species. The adsorption Gibbs energy
can then be calculated as:

∆G = ∆G−◦ − (b+ 2c− a)(kT ln(10)pH + eU) (3.33)

where the standard adsorption Gibbs energy is given by:
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∆G−◦ = µH∗/OH∗/O∗ +
1

2
(b+ 2c− a)µ−◦H2

− (b+ c)µ−◦H2O − µ∗ (3.34)

The chemical potentials of hydrogen gas and water are calculated under standard condi-
tions, 25 ◦C and 1 atm pressure. At these conditions, water is in the liquid state and its
chemical potential can be determined by calculating the chemical potential of water vapor
in equilibrium with liquid water. The vapor pressure of water at 25 ◦C is 0.0313 atm, mean-
ing that water vapor at this pressure has the same chemical potential as the corresponding
liquid phase.

The Eq. (3.33) allows us to assess the Gibbs energy dependence of a given surface
structure with respect to pH and electrode potential. The structure with the lowest ad-
sorption Gibbs energy is thermodynamically the most stable under the given conditions.
The boundaries between two arbitrary states can be determined by equating their adsorp-
tion Gibbs energies (∆G1 = ∆G2), as de�ned by Eq. (3.33). One obtains the following
equation for the boundary lines in the Pourbaix diagram:

eU =

(
∆G−◦

1 −∆G−◦
2

)
1

∆N
− kT ln(10)pH (3.35a)

∆N =(b1 + 2c1 − a1)− (b2 + 2c2 − a2) (3.35b)

From this equation, we observe that the slope of the lines in the Pourbaix diagram for
structures covered with H*, OH*, and O* is independent of the actual coverage of the
adsorbed species in the two corresponding structures. This is because the same number of
H+ and e− species is transferred in all adsorption reactions, resulting in the cancellation
of any coverage dependence. Consequently, the slope of all lines is the same and given by
−kT ln(10). In contrast, the starting value is structure-dependent and di�ers for each line,
depending on the speci�c pair of surface structures involved.

Calculations on ideal periodic surfaces were performed using various supercell sizes to
achieve di�erent coverages of adsorbed species. Due to the varying surface areas of the
employed supercells, we compared the surface adsorption Gibbs energy (obtained from
the total adsorption Gibbs energy with Eq. (3.6)). Similarly to the adsorption Gibbs
energy, the boundaries between di�erent surface structures in the Pourbaix diagram can
be determined by equating their surface adsorption Gibbs energies (γ1 = γ2), resulting in:

eU =

(
∆G−◦

1

A1
− ∆G−◦

2

A2

)
1

∆N
− kT ln(10)pH (3.36a)

∆N =
b1 + 2c1 − a1

A1
− b2 + 2c2 − a2

A2
(3.36b)
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Chapter 4

Dry Reforming of Methane on

Nickel-Based Catalysts

The study of DRM reaction on CeO2/Ni based catalysts is already published in Applied
Surface Science [10] under Creative Commons license and the content of this section is
adapted from the article.

This chapter focuses on explaining the di�erences between the undoped and Mn-doped
CeO2/Ni catalysts for dry reforming of methane. Sagar and Pintar [38] reported that
Mn-doped CeO2/Ni is more active and exhibits lower carbon poisoning compared to the
undoped CeO2/Ni catalyst. Additionally, an IR peak at 2020 cm−1 was observed on the
undoped catalyst but not on the Mn-doped one. In order to explain these observations,
we �rst investigated the formation of Ni�Mn alloys to assess the possibility of doping
the metallic Ni component of the catalyst with Mn. Next, the analysis of vibrational
frequencies was performed to identify which species corresponds to the experimentally
observed 2020 cm−1 peak for the CeO2/Ni catalyst. Finally, the reaction mechanism
for dry reforming of methane on Ni(111) and NiO(100) was analyzed to determine the
feasibility of DRM on both surfaces. Additionally, the coadsorption of di�erent species
present in the initial or �nal states of elementary reactions is discussed in more detail.

4.1 Alloying Ni with Mn

Here, we address the possibility that Mn from the MnxCeO2 support could alloy with Ni
particles. The calculated mixing energy1 for the bulk NiMnx alloy, where 25% of Ni atoms
are replaced with Mn atoms, is −0.77 eV/Mn-atom. This indicates that the NiMnx alloy is
thermodynamically stable. Moreover, the con�gurational entropy would further favor alloy
formation. As a �rst approximation, for a binary alloy, the con�gurational entropy can be
estimated by the ideal entropy of mixing, Smix = −kB[x lnx+ (1− x) ln(1− x)], where x
is the atomic fraction of one of the two metals. Even for more complicated cases, it can
be argued that alloying generally increases the number of accessible microstates, such that

1The mixing energy was calculated as:

Emix =
1

m
(ENiMnx − nENi −mEMn),

where ENiMnx is the energy of the NiMnx bulk alloy supercell consisting of n Ni and m Mn atoms. ENi

and EMn are the energies of Ni and Mn atoms in their respective bulk crystals. The calculated mixing
energy is normalized per Mn atom. The fcc lattice of Ni was used as the starting structure of the NiMnx

alloy, which was further relaxed with variable cell optimization. For bulk Mn, a plain bcc lattice was used
for simplicity, although α-Mn has a unique bcc lattice with 58 atoms in the unit cell [121].
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the con�gurational entropy provides an additional stabilizing contribution, particularly
at elevated temperatures. Mn atoms show a slight tendency toward surface segregation;
speci�cally, the NiMnx(100)�(2× 2) structure with a Mn atom in the surface layer, shown
in Figure 3.6, is by 0.04 eV/supercell more stable than the analogous structure with the
Mn atom in the bulk layer, as estimated using a seven-layer thick slab.

Although the thermodynamic stability of the NiMnx alloy does not prove that Ni
particles supported on MnxCeO2 are doped with Mn, it suggests that Mn could be present
not only in the CeO2 support but also in the metallic part of the catalyst. Therefore, Mn-
doped surfaces will be included in the vibrational analysis but excluded from the reaction
path calculations due to their increased complexity.

4.2 Vibrational Analysis

Sagar et al. [38] attributed the 2020 cm−1 peak observed on the CeO2/Ni catalyst to the
CHxO species. To determine the origin of that peak, we performed vibrational analysis for
CO, CHO, and CH2O species adsorbed on Ni(111). Isolated species and CO adsorbed on
other Ni surfaces were also considered for comparison. The calculated and experimental
C�O stretching frequencies are reported in Table 4.1. As observed from the table, the
DFT calculated frequencies are systematically lower than the experimental ones, with the
highest di�erence between them being approximately 70 cm−1. Even when this discrepancy
is taken into account, the only calculated frequency su�ciently close to 2020 cm−1 is that
of CO adsorbed on a top site of Ni surfaces; all three surface terminations give similar
values of about 2000 cm−1. This agrees well with the experimentally determined value of
2017 cm−1 for CO on CeO2/Ni [126]. The calculated frequency of isolated CO is too high
(2107 cm−1) and that of adsorbed CHO (1292 cm−1) and CH2O (1091 cm−1) on Ni(111)
are signi�cantly lower.

Campuzano et al. [123] showed that CO adsorbs preferentially at three-fold hollow sites
on Ni(111) at low coverages. As the coverage increases, bridge sites are occupied, and at
even higher coverages, CO binds to top sites. DFT calculations agree with this trend: CO
adsorbs most strongly at the hcp site (−1.83 eV), followed by the fcc (−1.80 eV) and bridge
(−1.71 eV) sites, and �nally at the top site (−1.49 eV). The calculated stability di�erence
between the thermodynamically favored hcp site and the inferior top site associated with
the observed IR peak is substantial. However, this di�erence is likely overestimated because
it is well-known that DFT favors CO adsorbed to hollow rather than top sites [127]�[129].
Furthermore, real catalysts consist of Ni nanoparticles that have a signi�cant fraction of
kink and edge sites, which increases the number of available top sites compared to the
hollow ones.

Table 4.1: Calculated C�O stretching frequencies (in cm−1) for CHxO species (x = 0, 1, 2)
either isolated or adsorbed on di�erent surface terminations of Ni. Available experimental
values are written in parentheses. CO(top) and CO(hollow) stand for CO adsorbed on a top
and hollow (hcp for Ni(111)) site, respectively.

CO(top) CO(hollow) CHO CH2O

isolated 2107 (2169)a 2107 (2169)a 1838 1740 (1746)a

Ni(111) 2005 (2045)b 1773 (1817)b 1292 1091
Ni(100) 1997 (2024)c 1641 (1710)c

Ni(110) 1986 (1984)d
a Ref. [122],b Ref. [123], c Ref. [124], d Ref. [125]
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Table 4.2: Calculated properties of CO adsorbed on the relevant surface model. All cal-
culations were performed using the (2 × 2) supercells. Labels used in the table have the
following meaning: Eads � adsorption energy, Erigid

ads � rigid adsorption energy, dM−C �
distance between the carbon atom of CO and the metal atom(s) to which the CO binds,
dC−O � intramolecular CO bond distance, νCO � CO stretching frequency.

Surface adsorption Eads Erigid
ads dM−C dC−O νCO

site (eV) (eV) (Å) (Å) (cm−1)

Ni(111) hcp hollow −1.83 −1.97 1.949 1.188 1773
Ni(100) hollow −1.85 −2.10 2.046 1.207 1641
Ni(100) + O(14 ML) hollow −1.65 −1.91 2.031 1.205 1657

Ni(111) top −1.49 −1.54 1.742 1.159 2005
Ni(110) top −1.62 −1.67 1.754 1.159 1986
Ni(100) top −1.60 −1.67 1.749 1.159 1997
NiMnx(100) topNi −1.59 −1.65 1.744 1.161 1984
NiMnx(100) topMn −1.08 −1.12 1.889 1.158 1958
Ni(100) + O(12 ML) top −0.20a −1.12 1.799 1.151 2049
NiMnx(100) + O( 12 ML) topMn −0.05 −0.18 2.181 1.142 2071
Ni(100) + O(34 ML) top −1.19 −1.48 1.784 1.151 2057
NiO(100) topNi −0.47 −0.56 1.944 1.143 2086
CeO2(111) topCe −0.18 −0.19 2.877 1.139 2100
aThe reason for the abnormally small magnitude of Eads is a pronounced outward relax-
ation of the Ni atom to which CO binds, which costs about 0.9 eV. Note that for this
particular case, the di�erence between Eads and Erigid

ads is considerably higher than for the
other cases.

Our results suggest that the 2020 cm−1 peak arises from CO adsorbed on a top site of
metallic Ni particles, with di�erent Ni surface terminations displaying similar vibrational
frequencies. Because CO is a product of the DRM reaction, it must be present on both
CeO2/Ni and MnxCeO2/Ni catalysts. However, as both catalysts contain Ni particles,
the absence of the 2020 cm−1 peak on one of them suggests a change in the chemical
nature of Ni particles, which in�uences their interaction with CO. Sagar and Pintar [38]
reported that the MnxCeO2/Ni catalyst has a higher content of mobile oxygen in the
support structure compared to the CeO2/Ni catalyst. This could result in more oxidized
Ni particles when supported on MnxCeO2. Additionally, as discussed above, Mn ions
present in the support could also alloy with Ni nanoparticles, changing their chemical
characteristics. To investigate these possibilities, we calculated the stretching frequencies
of CO adsorbed on both oxidized and Mn-doped Ni surfaces, which are given in Table 4.2.
Some other relevant characteristics of CO binding are also presented: the adsoprtion energy
calculated as the binding energy of CO molecule according to Eq. (3.3), rigid adsorption
energy,2 and some characteristic bond distances. O/Ni(100) and NiO(100) were used as
simple models of partially and fully oxidized Ni surfaces, respectively, while NiMnx(100)
and O/NiMnx(100) served as simple models of Mn-doped Ni surfaces. For comparison, the
calculated CO stretching frequency on CeO2(111) was also calculated.

First, we examine the C�O stretching frequencies on increasingly oxidized Ni(100)
surfaces. At 0.25 ML coverage of O on the surface, CO preferentially adsorbs at a four-

2The rigid adsorption energy was calculated as:

Erigid
ads = ECO/slab − Erigid

CO − Erigid
slab

where ECO/slab is the energy of the relaxed CO/slab system, whereas Erigid
CO and Erigid

slab are the energies of
CO and slab with the same geometry as in the CO/slab system, respectively.
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fold hollow site, resulting in a characteristically low frequency. At higher O coverage,
CO adsorbs on a top site, with more than 50 cm−1 higher frequencies compared to the
calculated value for top position on bare Ni(100). On fully oxidized NiO(100), the CO
stretching frequency is about 90 cm−1 higher than on metallic Ni, which can be attributed
to weaker CO adsorption on the oxide surface. As previously observed, the frequencies
calculated with DFT are systematically lower than the experimental values. Therefore,
even at 0.5 ML O coverage, the calculated CO frequency (2049 cm−1) is too high to match
the experimentally observed 2020 cm−1 peak. These results indicate that partial oxidation
of Ni particles on the MnxCeO2 support would explain the absence of 2020 cm−1 peak in
experimental spectra.

Next, we focus on CO adsorption on Mn-doped surfaces. On the NiMnx(100) surface
alloy, CO binds to a Ni atom by about 0.5 eV stronger than to a Mn atom. The corre-
sponding CO stretching frequencies are 1984 and 1958 cm−1 for CO adsorbed on top of
Ni and Mn atoms, respectively. Since Sagar et al. [38] did not report any IR peaks in the
1960�2100 cm−1 range for the MnxCeO2/Ni catalyst, we can argue that the presence of a
NiMnx alloy alone cannot explain the observed di�erences in the IR spectra. In contrast,
on a partially oxidized NiMnx(100) surface, modeled as NiMnx(100) covered with 1/2 ML
of O, the calculated CO stretching frequency is 2071 cm−1, which is similar to the fre-
quency on NiO(100) surface. This suggests that any oxidized Ni surface, either doped or
undoped, would explain the absence of the 2020 cm−1 peak. Furthermore, the NiMnx(100)
surface shows stronger chemisorption of oxygen atom compared to Ni(100). Binding ener-
gies calculated according to Eq. (3.3) are −5.3 eV for pristine Ni and −5.6 eV for the NiMn
alloy. These results indicate that Ni particles doped with Mn may have a higher a�nity
toward oxidation, supporting the hypothesis that the absence of the 2020 cm−1 peak in
the MnxCeO2/Ni catalyst is due to the higher oxidation of Ni particles relative to those
on CeO2.

In comparison, CO adsorbed on CeO2(111) exhibits a frequency of 2100 cm−1, which is
similar to other reported oxide surfaces. Therefore, we suggest that the 2100 cm−1 peak,
observed by Sagar et al. [38], corresponds to CO adsorbed on oxide surfaces, which do not

Figure 4.1: Correlation of the CO stretching frequency with the C�O bond length and
the rigid adsorption energy. Data points corresponding to CO adsorbed at top sites are
circled with brown and are color-coded based on the adsorbent structure: pristine Ni
surfaces are shown in brown, NiMnx in purple, and all oxidized surfaces in red. The points
corresponding to CO adsorption at hollow sites are green. Curves are drawn to guide the
eye.
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weaken the C�O bond as much as metallic Ni. The correlation between CO stretching
frequencies and relevant characteristics of CO adsorption is shown in Figure 4.1. A general
trend is observed: stronger adsorption energies and longer C�O bond lengths correspond to
lower CO stretching frequencies. Hollow sites exhibit the lowest vibrational frequencies, the
strongest CO rigid adsorption energies, and the greatest CO bond elongation. Among top-
site con�gurations, pristine Ni and Mn-doped Ni surfaces show similar C�O bond lengths
and rigid adsorption energies, with CO adsorbed on Mn atom being an outlier. Oxidized
and partially oxidized surfaces display a broader range of rigid adsorption energies, but
they all fall within a �atter region of the plot, where frequencies gradually approach that of
an isolated CO molecule. This results in similar vibrational frequencies of all oxide surfaces.
In contrast, the correlation between the C�O bond length and the stretching frequency is
more linear and gives a clearer distinction between metallic and oxidized surfaces than the
correlation based on rigid adsorption energy.

4.3 Reaction Mechanisms

To evaluate the hypothesis that emerged from the vibrational analysis, which ascribes the
absence of the 2020 cm−1 peak to oxidized Ni particles, the DRM reaction mechanism was
explored on Ni(111) and NiO(100) surfaces. The reaction steps considered in the anal-
ysis are illustrated in Figure 3.7. For methane dissociation, two reaction pathways were
examined: direct dissociation via successive C�H bond cleavages and indirect reaction pro-
ceeding through CHxO intermediates. For the CO2 dissociation, three reaction pathways
were explored: direct dissociation into CO and O, as well as two indirect paths through
the formation of either carboxylic (COOH) or formate (HCOO) intermediates.

The structures of the initial and �nal states corresponding to relevant stable structures
were used in the NEB calculations. It should be noted that the energies of adsorbed species
depend on surface coverage and the presence of other coadsorbed species [130], an aspect
that will be addressed in the following sections. For this reason, the presented reaction
and activation energies are intended for comparison between the two catalysts and should
be taken qualitatively only.

4.3.1 Ni(111) surface

All tested elementary reaction steps for CH4 and CO2 decomposition on Ni(111), along
with their corresponding reaction and activation energies, are shown in Figure 4.2, and
are presented in more detail in Figure A.1 in the Appendix. The reaction pathways that
include the elementary steps with the lowest activation barriers are highlighted in green
and their reaction energy pro�les are shown in Figure 4.3.

The �rst abstraction of an H atom from methane exhibits a relatively high activation
barrier of 0.99 eV, while the two subsequent steps leading to the formation of the CH*
fragment have lower barriers. The �nal abstraction step (CH* → C* + H*), displays the
highest H-abstraction activation energy of 1.31 eV. The activation energy for the oxidation
of C* to CO* is very high (2.11 eV), which is consistent with the well-known observation
that adsorbed carbon acts as a poison for the catalyst. Hence, the formation of CO
preferentially follows the path through the CHO* fragment: CH* + O* → CHO* → CO*
+ H*. Although the activation barrier for the CH* + O* → CHO* step (1.15 eV) is lower
than the one for CH*→ C* + H* (1.31 eV), the small di�erence suggests that C* could still
form as a byproduct of the reaction and eventually poison the surface. Another potential
path to CO* involves the oxidation of CH2*, which has a slightly lower activation energy
(1.05 eV) than the CH* + O* reaction. However, since the barrier for the H abstraction
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Figure 4.2: Snapshots and calculated reaction (∆E, blue) and activation (Eact, red) en-
ergies for the considered elementary steps on Ni(111). The reaction paths involving the
elementary steps with the lowest activation barriers are highlighted in green for each reac-
tion.

of CH2* to CH* is considerably lower (0.35 eV), the path through CH2O* is less likely.
These results suggest that CO* formation from methane primarily proceeds via sequential
H abstraction to CH*, which then oxidizes to CHO* and �nally converts to CO*.

The second group of reactions pertains to CO2 decomposition. The CO2 molecule
can adsorb in two modes: a weakly bound physisorbed state (Eads = −0.03 eV) and an
activated, V-shaped chemisorbed con�guration with an endothermic adsorption energy
(Eads = +0.36 eV). The V-shaped structure is metastable, as it corresponds to a shallow
local minimum on the potential-energy surface, but is a necessary intermediate for the reac-
tion to proceed. According to our calculations, once CO2 is chemisorbed, direct dissociation
into CO* and O* is the most favorable pathway. This route exhibits a lower activation
energy (0.52 eV) than alternative paths involving the formation of HCOO* (0.57 eV) or
COOH* (0.84 eV) intermediates. The oxygen atoms formed in the CO2 dissociation are
used in reactions with CH2* and CH* fragments, facilitating the dissociation of methane
molecule to CO*.
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Figure 4.3: Reaction energy pro�les for the pathways with the lowest activation energies
on Ni(111). The displayed elementary steps correspond to those highlighted in green in
Figure 4.2.

The activation barriers for reactions involving H* and O* intermediates were also cal-
culated. The associative formation of hydrogen, 2H* → H2*, has an activation barrier of
0.92 eV. For water formation, the calculated activation energies are 1.05 eV for the O* +
H* → OH* step and 1.27 eV for the subsequent H* + OH* → H2O* step. These results
indicate faster formation of H2 compared to H2O on metallic Ni surfaces.

Because most of the considered reaction steps involve either H* or O*, we also calculated
their di�usion barriers. They were estimated as the energy di�erence between the less stable
bridge site and the most stable fcc site, consistent with the expected di�usion pathway of
H* and O* on Ni(111): fcc→bridge→hcp→bridge→fcc. The results reveal that H* is
considerably more mobile than O*, with calculated di�usion barriers of 0.1 and 0.5 eV,
respectively. Both barriers are su�ciently low to allow e�cient surface di�usion at reaction
temperatures.

The DFT results presented above suggest that metallic Ni is a viable DRM catalyst
because it can dissociate both CH4 and CO2 molecules into CO and H2. Considering
the most probable reaction pathways on Ni(111) � colored green in Figure 4.2 � the
elementary reaction steps with the highest activation energies are the �rst H-abstraction
from methane, the reaction of CH* with O*, and the formation of H2. One problem
associated with the Ni(111) surface is that the activation barrier for C* formation is not
considerably higher than the barriers for the competing reactions leading to the DRM
products. Moreover, the subsequent oxidation of C* to CO* exhibits a huge activation
barrier. Therefore, C* may accumulate on the surface and eventually poison the catalyst,
making it inactive.

4.3.2 NiO(100) surface

The considered reaction paths on NiO(100) are shown in Figure 4.4 and are presented in
more detail in Figure A.2 in the Appendix. The corresponding energy pro�les for reaction
pathways with the lowest activation barriers are shown in Figure 4.5. The investigated
reaction steps are analogous to those examined above on Ni(111). The �rst H abstrac-
tion from the methane molecule on NiO(100) exhibits a higher activation energy (1.37 eV)
compared to Ni(111) (0.99 eV). The subsequent CH3* → CH2* + H* step displays remark-
ably high activation energy of 2.27 eV, making the direct H abstraction path unfavorable.
Therefore, the reaction proceeds through the CHxO intermediates. All CHx* + O* re-
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Figure 4.4: Similar to Figure 4.2, but for reactions on NiO(100). The reaction pathways
involving the elementary steps with the lowest activation barriers are highlighted in green.
Gray-shaded ∆E values were calculated with constrained relaxations of co-adsorbed re-
actants because full relaxation resulted in the product; those reactions are barrierless
(Eact = 0 eV).

actions are highly exothermic and display rather small activation energies. The following
H abstraction steps of CHxO* intermediates all exhibit lower activation barriers than the
initial H abstraction from methane. The formation of carbon on NiO(100) is unfavorable
due to the exceedingly high activation barrier of the CH* → C* + H* reaction (3.14 eV).
Moreover, the oxidation of C* to CO* is highly exothermic and barrierless, making carbon
accumulation and gradual surface poisoning highly unlikely on NiO(100).

As for reactions involving CO2, direct dissociation of CO2* to CO* + O* on NiO(100)
can be excluded due to its extremely high activation energy and highly endothermic reac-
tion energy (∆E > 4 eV). Instead, the reaction proceeds via a V-shaped chemisorbed CO2*
that is stabilized by the nearby H*. This intermediate �rst converts to a cis-carboxylic
COOH* species (Eact = 1.22 eV) and then decomposes to CO* + OH* (Eact = 1.10 eV).
The formed OH* fragment can then react barierlessly with a nearby H* to form an H2O
molecule. It should be noted that the formation of the formate (HCOO*) intermediate
displays a slightly lower activation barrier (1.15 eV) than the formation of the carboxylic
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Figure 4.5: Reaction energy pro�les for reaction pathways with the lowest energy barriers
on NiO(100). The displayed elementary steps correspond to those highlighted in green in
Figure 4.4.

COOH* species (1.22 eV). However, the formate pathway is a dead end, as the decompo-
sition of HCOO* to CHO* exhibits an extremely high activation barrier (Eact = 4.0 eV),
preventing subsequent CO* formation.

It is a notable observation that O* species cannot form on NiO(100) because both CO2*
and CO* dissociations are extremely endothermic (Figure 4.4). Furthermore, even if O*
would form on NiO(100), it would react barrierlessly with nearby H* atoms, exothermally
forming water molecules. As mentioned above, CH4 dissociation goes through CHxO
intermediates and requires excess oxygen atoms on the surface. Since their formation is
unlikely, CH4 dissociation on NiO(100) is questionable, unless O* forms on reduced Ni
patches or originates from the ceria support.

The associative formation of hydrogen, 2H* → H2*, is exothermic (∆E = −0.28 eV),
but displays a relatively high activation energy of 1.30 eV, which is higher than on Ni(111)
(0.92 eV). Additionally, di�usion barriers for H* and O* on NiO(100), calculated with CI-
NEB are 0.9 eV and 0.5 eV, respectively. The barrier for hydrogen di�usion is considerably
higher than on Ni(111), while that for O* is comparable. As a result, on NiO(100), O* is
more mobile than H* and thus more likely to react with surface intermediates. This makes
H2 formation even less favorable compared to H2O formation.

The presented results show that NiO alone is not an e�ective catalyst for the DRM re-
action. Methane decomposition either requires an excess of surface O* species � which are
unlikely to form on NiO � or proceeds through an O-free pathway that involves excessively
high activation energies for some elementary steps. On the other hand, carbon formation is
not expected on NiO, which is a plus. This observations suggests that partially oxidized Ni
may be a better catalyst than both metallic Ni and fully oxidized NiO. By simple extrap-
olation, partially oxidized Ni should exhibit a lower a�nity to carbon accumulation than
metallic Ni, while maintaining higher DRM activity than NiO. The viability of the DRM
reaction on partially oxidized Ni nanoparticles could be further enhanced when supported
on oxides capable of supplying O* species, such as CeO2 and MnxCeO2.

4.4 Coadsorption E�ects

As previously mentioned, the reaction and activation energies presented in Figures 4.2�
4.5 are to be taken qualitatively because they were calculated with the selected structures
without accounting for surface coverage and coadsorption e�ects. To gain some insight into
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these factors, we performed a simple estimation of how H* and O* species in�uence the
thermodynamic stability of relevant DRM reaction intermediates. The coadsorption e�ect
(∆Ecoads) on the adsorption energy was estimated by considering the coadsorbed X* + Y*
con�guration in a given supercell compared to the standalone X* and Y* con�gurations
in the same supercell, where X* are the relevant intermediates and Y* is either H* or O*:

∆Ecoads = E(X+Y)∗ + E∗ − (EX∗ + EY∗), (4.1)

Here, E(X+Y)∗ is the energy of the coadsorbed (X+Y)* con�guration, E∗ is the energy of
the clean surface, and EX∗ and EY∗ are the energies of the standalone adsorbed X* and
Y* con�gurations, respectively. All energies are calculated with the same supercell. The
energies obtained with this equation for Ni(111) and NiO(100) surfaces are presented in
Table 4.3.

According to the Ni(111) results, H* has only a marginal in�uence on the adsorption en-
ergies of coadsorbed species, with ∆Ecoads magnitudes below 0.1 eV. In contrast, the e�ect
of O* is somewhat more pronounced, though still relatively small, with ∆Ecoads ≤ 0.25 eV.
All ∆Ecoads values are positive, indicating that both H* and O* tend to slightly destabilize
the coadsorbed species. Given the small energy di�erences, the previously discussed DRM
mechanism on Ni(111) remains valid, and the reported reaction and activation energies are
reliable.

In contrast to Ni(111), the coadsorption e�ects on NiO(100) are signi�cantly more
pronounced, with all considered coadsorbed structures stabilized relative to their singly
adsorbed counterparts. Snapshots of the coadsorbed structures on NiO(100) are shown in
Figure 4.6, with H* adsorbed on surface oxygen atoms and O* preferentially bound to Ni
sites. H* stabilizes the coadsorbed species by approximately 0.5 to 1.1 eV. For the H* +
O* and H* + OH* pairs, the stabilization is even stronger (1.7 and 1.9 eV, respectively);
however, in these cases the coadsorbed structures at neighboring sites are not stable and
spontaneously relax to OH* and H2O*, respectively. In contrast, O* exhibits either a

Table 4.3: The coadsorption e�ect on Ni(111) and NiO(100) surfaces calculated with
Eq. (4.1). All the considered structures were modeled with the Ni(111)�(3×3) or NiO(100)�
(2× 2) supercell and correspond to IS or FS from NEB calculations.

∆Ecoads (eV)

Ni(111) NiO(100)
X* Y* = H* Y* = O* Y* = H* Y* = O*

CH3* 0.06 0.04 −0.72 −0.01
CH2* 0.02 0.19 −0.81 −1.15
CH* 0.00 0.22 −0.99 −1.43
C* 0.01 0.18 −1.09 −0.44a
CH2O* 0.09 / −0.45 /
CHO* 0.00 0.06 −0.50 −0.04b
CO* 0.05 0.04 −0.66 −0.08
H* 0.00 0.10 −0.58 −1.66a
O* 0.10 / −1.66a /
OH* 0.09 / −1.87a /
a The coadsorbed structure is taken from the constrained calcula-
tion because the full relaxation of X* + Y* resulted in the XY*
formation.
b The coadsorption e�ect was calculated with respect to a local
minimum of standalone CHO* adsorbed on a Ni site.
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Figure 4.6: The top row shows the snapshots of standalone X* adsorbates on NiO(100),
while the leftmost column shows the standalone H* and O* structures. The other snap-
shots display coadsorbed X* + Y* structures, with the associated ∆Ecoads values written
above them. The coadsorption structures with both X* and Y* adsorbed to Ni ions are
highlighted with a blue background. A cross indicates that the coadsorbed state is either
unstable or irrelevant for the DRM reaction.
* The coadsorption e�ect for the CHO* + O* structure was calculated relative to stan-
dalone CHO* bonded to a Ni site, in order to isolate the coadsorption e�ect from the
substantial energy di�erence between CHO* adsorbtion on Ni versus O sites.

marginal e�ect (|∆Ecoads| < 0.1 eV) or a substantial one (|∆Ecoads| ≳ 1.2 eV), depending on
the adsorption geometry. A marginal coadsorption e�ect is observed when both fragments
are bonded to Ni atoms (structures highlighted in blue in Figure 4.6), which is possible
only when O* is the coadsorbed species. In contrast, when at least one fragment binds to
a surface O atom � as is the case for all H*-coadsorbed structures � the coadsorption
e�ect is strong. These results suggest that, for the majority of coadsorbed structures on
NiO(100), the calculated reaction and activation energies are highly susceptible to surface
coverage and the distance between the reacting coadsorbates.

We further analysed the coadsorption e�ect on NiO(100) by examining two possible
contributing factors: coverage and closeness. The coverage e�ect captures the in�uence of
overall surface coverage on the coadsorption energy, while the closeness e�ect accounts for
the changes in coadsorption energy arising from the spatial proximity of the two adsorbates.
To evaluate these contributions, we performed ∆Ecoads calculations with three NiO(100)
supercells of increasing size: (2× 2), (4× 2), and (4× 4) for three coadsorption pairs: H*
+ CH3*, H* + CH2*, and O* + CH2*. For the larger supercells, each X* and Y* pair was
modeled in two con�gurations: one with the coadsorbates placed close to each other, as in
the NEB calculations (denoted as �close�) and one with the adsorbates positioned farther
apart (denoted as "far"). The results of these calculations are shown in Table 4.4. For the
H* + CH3* and O* + CH2* coadsorption pairs, the results reveal that the coadsorption
e�ect persists with decreasing coverage. In the large (4 × 4) supercell, the e�ect remains
signi�cant, particularly if the coadsorbates are located close to each other. This suggest
that the close proximity between the coadsorbates has a greater impact on∆Ecoads than the
coverage, but there is also an additional long-range e�ect that persists even if the adsorbates
are further apart. In contrast, for the H* + CH2* pair, the coadsorption e�ect diminishes
much faster with decreasing coverage in both close and far con�gurations, indicating that
surface coverage plays an important role in this case. At higher coverage, also the closeness
e�ect is important, because the close con�guration display stronger coadsorption e�ect
compared to the far con�guration.

An analysis of the electron density di�erence was carried out for the same coadsorption
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Table 4.4: The coadsorption e�ect on NiO(100) as a function of supercell size and the
spatial proximity between the two coadsorbates. The ∆Eclose

coads values correspond to con-
�gurations with coadsorbates close to each other, whereas the ∆Efar

coads values refer to
con�gurations with coadsorbates far apart.

coadsorbates supercell ∆Eclose
coads ∆Efar

coads

(eV) (eV)

CH3* + H* (2× 2) −0.72 /
(4× 2) −0.76 −0.48
(4× 4) −0.63 −0.34

CH2* + H* (2× 2) −0.81 /
(4× 2) −0.54 −0.17
(4× 4) −0.02 0.04

CH2* + O* (2× 2) −1.15 /
(4× 2) −1.13 −0.81
(4× 4) −1.09 −0.71

pairs as discussed above (H* + CH3*, H* + CH2*, and O* + CH2*) in order to better
understand the di�erences in coadsorption behavior. The electron density di�erence was
calculated analogously to Eq. (3.11); however, since two adsorbates are present, one was
treated as "preadsorbed" and was included as part of the surface system. Therefore, the
equation for the electron density di�erence can be written as:

∆ρ(r) = ρ(A+B)∗(r)− ρA∗(r)− ρB(r) (4.2)

Here, A* is treated as the "preadsorbed" species, and the e�ect of subsequently adsorbing
B in its vicinity is analyzed. We calculated ∆ρ(r) for the coadsorption pairs listed in
Table 4.4 using the (2×2) cells, as well as for the far-(4 × 4) CH3* + H* structure for
comparison. The results, shown in Figure 4.7, reveal that in some cases, the adsorption of
one fragment in�uences the binding of the already "preadsorbed" species. For the CH3* +
H* pair, adsorption of H* modi�es the electron density of Ni�CH3 adsorption bond, while
the reverse e�ect is not observed � meaning that binding of H* is not greatly a�ected
by the presence of CH3. We observe similar pattern for the CH2* + O* pair, where the
electron density of O* is perturbed by CH2 adsorption and not vice versa. In both cases,
the adsorbate that in�uences the other fragment is either partially or fully adsorbed on a
surface O atom (H* or CH2*), while the a�ected species (CH3* or O*) is bonded to a Ni site.
Even for the far-(4×4) CH3* + H* con�guration, we can still observe an in�uence of H* on
the CH3* bonding. This highlights the presence of a non-negligible long-range interaction,
which is consistent with trends observed in the coadsorption energies. In contrast, for the
CH2* + H* pair, both species are at least partially adsorbed on surface O atoms, and their
binding appears electronically independent. This pair also exhibits signi�cant dependence
of coadsorption energy on the coverage as seen in Table 4.4, suggesting that the observed
coadsorption e�ect arises primarily from structural changes at higher coverage rather than
electronic interactions.

These three coadsorption cases reveal that the ∆Ecoads e�ect on NiO(100) can be
broadly grouped into structural and electronic origin. The structural coadsorption e�ect
arises from signi�cant geometric distortions upon binding and is generally short-ranged.
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Figure 4.7: Electron density di�erence plots for selected coadsorption structures, calculated
according to Eq. (4.2). The isosurfaces correspond to electron density ±0.01 e/a30. The
adsorbate written in black represents the preadsorbed species (denoted A* in Eq. (4.2)),
while the species written with with green and denoted with green background corresponds
to the fragment of interest (denoted B in Eq. (4.2)).

As the surface coverage decreases or the distance between coadsorbates increases, the
e�ect diminishes rapidly. In contrast, the electronic coadsorption e�ect is long-ranged and
shows little sensitivity to coverage. In this case, the adsorption of one species perturbs the
electron distribution and thereby a�ects the binding of other species. While this e�ect is
more pronounced when the coadsorbates are in close proximity, it remains present even at
larger distances.

When the coadsorption e�ect is based on electronic origin, the calculated Eact values
of Figure 4.4 should be rather insensitive to coverage and thus reliable. On the other
hand, when the coadsorption e�ect is of structural origin, the corresponding Eact values
are more dependent on surface coverage and are therefore less reliable. In such cases, the
coverage dependence of Eact can be estimated with the Brønsted�Evans�Polanyi (BEP)
relation [84]. For dissociation reactions (XY* → X* + Y*), the two emerging species are
adsorbed close to each other after the bond cleavage. Stabilizing the X* + Y* structure
proportionally lowers Eact, particularly if TS is FS-like. In contrast, for association reac-
tions (X* + Y* → XY*), the two involved species must come into close contact to react.
In such cases, stabilization of the X* + Y* initial state a�ects Eact to a lesser extent, espe-
cially when the TS is IS-like. These considerations imply that, for dissociation reactions,
the Eact values reported in Figure 4.4 should be considered as lower-bounds, since they
were calculated with relatively small supercells. In contrast, for association reactions, the
reported activation energies are more reliable.
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Chapter 5

Hydrogen Evolution Reaction

This chapter is divided into three parts. The �rst part focuses on Pt catalysts, primarily
through thermodynamic analysis, with some discussion of kinetics. The second part ad-
dresses Ru catalysts and compares the activity of the fcc and hcp crystal phases. Finally,
the third part analyzes models of supported Pt and Ru nanoparticles, with particular
emphasis on adhesion and H adsorption.

5.1 Platinum Catalysts

As a highly active catalyst for HER in acidic media, platinum (Pt) serves as an ideal
benchmark metal for analyzing and comparing activity trends. It exhibits high resistance
to corrosion and is in metallic state under typical HER experimental conditions. This
section addresses both the thermodynamic properties of ideal Pt surfaces and nanoparticles
as well as the kinetic behavior of ideal surfaces. First, the adsorption of water-dissociation
products (H*, O*, and OH*) is examined, and the corresponding Pourbaix diagrams are
presented to illustrate the stability regions. Second, the kinetics of the HER, especially
the Tafel step, on ideal Pt(111) and Pt(100) surfaces is analyzed.

5.1.1 Adsorption of H, OH, and O

To compare models of ideal surfaces and nanoparticles and to identify the surface struc-
tures relevant under HER conditions, we calculated the adsorption energies of H, OH, and
O on Pt(111) and Pt(100) ideal surfaces, as well as on the Pt55 nanoparticle, at vary-
ing coverages. All considered surface models are presented in Figure 3.8 in Section 3.5.
The Pt55 nanoparticle was selected because of its cuboctahedral geometry, which exposes
Pt(111) and Pt(100) facets. In addition, its moderate size makes the DFT analysis com-
putationally feasible. The structural patterns of adsorption on the nanoparticle will be
discussed in more details in the following section.

Testing of di�erent adsorption con�gurations at various coverages was carried out,
and the most stable identi�ed structures were used for the subsequent analysis. On the
ideal surfaces, di�erent surface coverages were obtained by employing supercells of varying
size. To enable a consistent comparison of adsorption stability, we calculated the surface
adsorption energy (see Eq. (3.6)). It is determined as the adsorption energy, calculated
according to Eq. (3.31), normalized by the supercell surface area. For the analysis of
the nanoparticle, the same simulation cell was used for all the calculations. However, to
ensure comparability with the results for ideal surfaces, we also calculated the surface
adsorption energy by normalizing the total adsorption energy with the surface area of the
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Figure 5.1: Surface adsorption energy of hydrogen as a function of coverage for (left) the
Pt(111) and Pt(100) surfaces and (right) the Pt55 nanoparticle. Circles denote the Pt(111)
surface, squares the Pt(100) surface, and diamond markers the nanoparticle. The dotted
lines represent �ts to the calculated points: a linear function was applied for coverages up
to 1 ML, and a quadratic function for coverages above 1 ML. The intersection of these
functions is taken as the breakpoint, ensuring a continuous function.

nanoparticle.1 The coverage on the Pt55 nanoparticle was de�ned relative to the number
of surface Pt atoms, which amounts to 42.

The results for the surface adsorption energies of H are shown in Figure 5.1 and the
corresponding structures are given in Figures B.1�B.3 in the Appendix. For the ideal
surfaces, coverages up to 2.0 ML (monolayer � corresponding to one adsorbate per one
surface atom) were considered, while for the nanoparticle the maximum considered coverage
was 2.57 ML. For all surface models, the calculated surface adsorption energies of hydrogen
are negative, indicating that, at pH = 0 and zero overpotential vs. SHE, Pt favors H-
covered surfaces over bare ones. Among the investigated ideal surfaces, Pt(111) binds
H* more weakly than Pt(100). The most stable coverage on Pt(111) is 1.0 ML, with H*
adsorbed at fcc sites. Beyond this coverage, H* begins to occupy top sites. Interestingly,
at 1.5 and 1.75 ML, some H* migrate from fcc to top sites, so the lowest-energy structures
are not those with a complete monolayer of fcc H atoms (see Figure B.1 in the Appendix).
On Pt(100), H* adsorbs at bridge sites across all investigated coverages, with the most
stable con�guration found at approximately 1.5 ML.

It is noteworthy that, up to a coverage of 1.0 ML, both ideal surfaces exhibit a linear
trend of surface adsorption energies with respect to coverage. Beyond this point, however,
the data follow a quadratic dependence. An ideal linear dependence of surface adsorp-
tion energies with respect to coverage indicates that the adsorption energy per adsorbate
remains constant. This can be seen roughly from Figure 5.2, which shows the average ad-
sorption energies (adsorption energy divided by the number of adsorbates) for the ideal sur-
faces. That kind of dependence implies that attractive and repulsive adsorbate�adsorbate
interactions are not present or e�ectively cancel each other. A surface exhibiting an ideal

1The nanoparticle surface area was obtained from the optimized structure of the bare Pt55 cluster in
vacuum by calculating the areas of the (111) and (100) facets. The (100) facet has the shape of a square,
while the (111) facet has the shape of a triangle, with their corners de�ned by the positions of the kink
atoms.
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Figure 5.2: Average adsorption energies for H*,OH* and O* on Pt(111) and Pt(100). Data
points corresponding to Pt(111) are shown as circles in a lighter color, whereas those for
Pt(100) are represented by squares in a darker color.

linear dependence of surface adsorption energy between 0 and 1 ML will be stable either
in the bare state or at full monolayer coverage, depending on the chemical potential of H.
In contrast, a quadratic dependence of the surface adsorption energy, with the parabola
opening upwards, implies that the the magnitude of the adsorption energy per particle
decreases with coverage, as seen from Figure 5.2 for the H* coverages between 1.0 and
2.0 ML. This behavior re�ects the presence of repulsive interactions between adsorbates,
which gradually destabilize adsorption.

The results for the surface adsorption energy on the nanoparticle indicate stronger
binding of H atoms and higher surface coverage compared to the ideal surfaces. The
coverage at the energy minimum exceeds 2 ML, with the corresponding surface adsorption
energy of approximately −0.19 eV/Å2. The higher coverage and stronger binding can be
attributed to the presence of kink and edge sites, which have lower coordination numbers
and are thus capable of adsorbing a larger number of atoms compared to the more highly
coordinated terrace sites. At lower coverages, the nanoparticle exhibits an almost linear
dependence of the surface adsorption energy on coverage, whereas at higher coverages the
trend becomes more piecewise, re�ecting the sequential occupation of di�erent adsorption
sites.

For O and OH adsorption, the calculated surface adsorption energies are shown in Fig-
ure 5.3, with the corresponding structures provided in Figures B.1, B.2, B.4, and B.5 in the
Appendix. Across all investigated surface models, OH* exhibits lower adsorption energies
than O*. On the ideal surfaces, both adsorbates display positive adsorption energies over
the entire coverage range, indicating that a Pt surface with O* or OH* is less stable than
the bare surface. Similar as for the H adsorption, the Pt(100) surface binds both O* and
OH* more strongly than the Pt(111) surface. The most stable binding site for O* is the
fcc site on Pt(111) and the bridge site on Pt(100). For OH adsorption, the site preference
is governed by hydrogen-bonding interactions. On Pt(111), OH* occupies bridge sites at
low coverage, but at higher coverage the preferred site shifts to the top position, where
hydrogen bonds can form more freely. On Pt(100), the bridge site remains the most favor-
able regardless of coverage, as hydrogen bonding is possible there. On Figure 5.2, one can
notice a drop in the average adsorption energy at a coverage of around 0.33 ML, where
H-bonds start to form between OH* groups.

For O adsorption on both ideal surfaces, a parabolic dependence of surface adsorption
energy on coverage is observed, indicating that successive adsorption of O atoms becomes
progressively less favorable due to repulsive interactions between adsorbates. In contrast,
OH adsorption shows di�erent trends on the two surfaces. On Pt(111), the adsorption
energy increases almost linearly with coverage, suggesting that the surface will tend to be



42 Chapter 5. Hydrogen Evolution Reaction

Figure 5.3: Similar to Figure 5.1, but for OH and O adsorption. Red points correspond to
O*, and blue points to OH*. A close-up of the graph is shown for the highlighted area.

either bare or fully covered with 1 ML of OH* at su�ciently high electrode potentials and
pH values. On Pt(100), however, the trend is more quadratic, indicating a gradual increase
in OH* coverage with increasing electrode potential and pH.

On the nanoparticle surface, OH adsorption yields negative energies up to 0.6 ML
coverage, indicating that its adsorption is energetically favored over the bare nanoparticle.
This demonstrates that the nanoparticle is more reactive than the ideal surfaces, binding
adsorbates more strongly and reaching higher coverages. The surface adsorption energy
curve again shows piecewise linear and quadratic regimes, depending on the adsorption
patterns at speci�c coverages.

5.1.1.1 Adsorption patterns on the investigated nanoparticle

The adsorption of H, O, and OH on the Pt55 nanoparticle was further analyzed in terms of
the average adsorption energy and the sequence in which adsorption sites became occupied
with increasing adsorbate coverage. The same adsorption structures as above were consid-
ered, where the number of adsorbed H atoms was increased in increments of six or eight
atoms until a maximum coverage of 108 H*, corresponding to approximately 2.57 ML. For
O* and OH*, structures were sampled by adding two adsorbates at a time, up to maximum
coverages of 68 O* (1.62 ML) and 72 OH* (1.71 ML). The adsorption energy per adsorbate,
i.e., the average adsorption energy, was calculated as the total adsorption energy (given
by Eq. (3.31)) divided by the number of adsorbates (given in Eq. (3.5) for H* adsorption).
The resulting graphs of average adsorption energy for all three adsorbates are presented in
Figure 5.4, and the corresponding structural representations are summarized in Figure 5.5.
The snashots of all relaxed structures are shown in the Figures B.3�B.5 in the Appendix.
In all cases, the energy curves display similar qualitative behavior: at low coverage, the
average adsorption energy increases only gradually, indicating weak repulsive interactions
between adsorbates. At higher coverages, a more pronounced increase is observed, as ad-
sorbates become crowded and stronger repulsive forces arise due to their proximity. It can
also be observed that the average adsorption energy of H* remains negative throughout the
entire investigated coverage range, whereas that of OH* is negative only at low coverage,
and that of O* is positive across all coverages.

At the lowest coverage, an U-shaped trend is observed in the average adsorption energy
curves for O* and OH*, but not for H*. This indicates that the binding of two adsorbates
is more stable than that of a single one. A single OH* adsorbs on a low-coordinated kink
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Figure 5.4: Graphs of average adsorption energy of H* (green), OH* (blue) and O* (red)
on the Pt55 nanoparticle.

Figure 5.5: Adsorption structures of H, OH and O on Pt55 nanoparticle at di�erent cov-
erages. Bellow the structures, the coverage of adsorbates is written in units of monolayer
and the number of adsorbates per particle.

Pt atom (see Figure 5.5) with an adsorption energy of −0.06 eV/atom. The second OH*
prefers the opposite kink atom, giving an average adsorption energy of −0.09 eV/atom,
while adsorption on other kink atoms is less stable (−0.05 eV/atom). After six OH*
adsorbates, the most favorable sites shift from kink atoms to edge sites adjacent to them.

The �rst O* atom adsorbs on a bridge site between a kink and an edge atom (called
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Table 5.1: Bader charges for the bare particle, single adsorption, and the �pair� adsorption
con�guration on the Pt55 nanoparticle.

Pt55 structure adsorbate Pt(kink)

bare / −0.11
1H* −0.11 −0.02
2H* � "pair" −0.14 +0.07
1O* −0.77 +0.29
2O* � "pair" −0.80 +0.70

bridge-edge site) with an adsorption energy of 0.98 eV. The second O* prefers the bridge
site on the opposite side of the kink atom, resulting in an almost linear O�Pt(kink)�O con-
�guration (called "pair" adsorption) with an average adsorption energy of 0.93 eV/atom.
In contrast, adsorption of an O atom on an equivalent but distant site yields a higher
average adsorption energy of 1.00 eV/atom. This shows that stabilization arises primarily
from the paired adsorption con�guration.

A similar trend is observed for H adsorption: one H atom at a bridge-edge position
has an adsorption energy of −0.64 eV/atom, while a "pair" gives an average adsorption
energy of −0.71 eV/atom. However, for hydrogen, the bridge site at the center of the (100)
facet is energetically more stable, and only for more than 12 H* does the pair con�guration
become more favorable than the more stable adsorption site. This explains why the U-
shaped pattern is not observed for H adsorption.

To gain further insight into the stabilization of the "pair" adsorption structure, Bader
charge analysis was performed and the results are summarized in Table 5.1. The data show
that both H* and O* are negatively charged, with the H charge of about −0.1 and the O
charge of approximately −0.8. In contrast, the kink Pt atom to which the adsorbate binds
becomes increasingly positively charged. Upon adsorption of each H atom, the charge of
the kink Pt atom increases by approximately +0.1, whereas adsorption of each O atom
increases the charge of Pt by about +0.4. This demonstrates that the more electronegative
O atom has a stronger e�ect on the charge distribution of the surface Pt atoms compared
to H. If we consider only the purely electrostatic contribution of the �pair� con�guration
with Coulomb interaction,2 we obtain stabilization energies of −0.06 and −1.3 eV per
adsorbed atom for H* and O*, respectively. For H*, the estimated stabilization is close to
the di�erence observed from the calculated average adsorption energies, whereas for oxygen
it is considerably lower. In the case of O adsorption, signi�cant Pauli repulsion is present
and counterbalances the strong electrostatic attraction. For H adsorption, the repulsive
contribution is less pronounced, and therefore the estimated stabilization energy provides
a more realistic assessment. For OH adsorption, no clear origin of stabilization could be
identi�ed. Both the charge density di�erence and the Bader charge analysis yield similar
results for single and paired OH adsorption.

2The electrostatic interaction energy was calculated using the Coulomb expression, which in atomic
units is given by:

Ei,j =
qiqj
rij

(5.1)

where qi and qj are the charges and rij is the distance between i and j charges. The electrostatic contri-
bution to the stabilization of the �pair� con�guration was obtained as:

∆E”pair” = (2EX,Pt + EX,X)
”pair” − (2EX,Pt)

1X∗
(5.2)

where X is either H or O. The �rst part is calculated from the "pair" con�guration and the second part
from a single-adsorbate calculation.
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With increasing coverage, the �rst noticeable change in the slope of the average ad-
sorption energy appears at 24 adsorbates, corresponding to approximately 0.6 ML. At this
coverage, all adsorbates occupy bridge-edge positions, with one adsorbate per edge and
two adsorbates bound to each kink atom. O* and H* atoms adopt the �pair� con�gu-
ration, whereas OH* groups adsorb in pairs with a hydrogen-bond-like arrangement (see
Figure 5.5). Our results agree with the observations that the bridge-edge sites strongly
bind O atoms [54]�[56]. Because of this strong binding, they are considered inactive toward
the oxygen reduction reaction [55].

Upon increasing the coverage beyond 24 adsorbates, two species adsorb on the same
edge, introducing repulsive interactions, particularly for the OH and O adsorbates, as seen
from the increase in the average adsorption energy. O and H atoms tend to adsorb in
con�guration of 4 adsorbates around one kink atom (or two �pair� con�gurations) which
is more stable than having three atoms around one kink. For O adsorption, it was also
observed that at certain coverages, two O atoms prefer bridge positions on the (100) facet
rather than at bridge-edge sites. OH groups adsorb progressively, eventually leading to
three OH groups around a single kink atom, and subsequently four.

The next distinct change in the average adsorption energy occurs at 48 adsorbates,
corresponding to a coverage of roughly 1.2 ML, where all bridge-edge positions are occupied
and each kink atom is surrounded by four adsorbates. Beyond this coverage, O atoms
increasingly occupy bridge sites on the (100) facets, while OH groups bind to the central
top positions of these facets. Additional OH and O species are subsequently adsorbed
on the (111) facets and at kink sites. With OH* adsorption at a (111) hollow site, a
spontaneous formation of water molecule was observed in some cases, indicating that the
super high coverages are not realistically achievable.

For H adsorption, a wider coverage range was investigated, as the small size of the H
atom allows for higher coverages compared to O and OH. Between 1.2 ML and 1.9 ML,
no pronounced change is observed in the trend of the average adsorption energy. Within
this range, H* occupies half of the bridge sites at the center of the (100) facets, the kink
sites, and the hollow sites on the (111) facets. Beyond this point, the remaining bridge
sites on the (100) facets become progressively occupied, followed by a sharp increase in the
average adsorption energy. This increase arises when all bridge sites on the (100) facets
are occupied and additional H atoms adsorb on the bridge positions of the (111) facets,
accompanied by the displacement of H atoms from hollow to bridge sites to accommodate
the new adsorbates.

5.1.1.2 Structural changes of the investigated nanoparticle upon adsorption

Upon increasing the number of adsorbed atoms, the structure of the nanoparticle is also
a�ected. To visualize this e�ect, we calculated the radial distribution function of Pt atoms
around the central Pt atom for the bare nanoparticle and the nanoparticles at the maxi-
mum considered coverage of each adsorbate.3 The results are shown in Figure 5.6, which
reveals that adsorption of OH* induces the strongest deformation of the nanoparticle, as

3The radial distribution function was calculated as the ratio of the local number density of Pt atoms
in the nanoparticle (ρlocal) to the average number density in bulk Pt (ρPt) according to:

g(r) =
ρlocal
ρPt

=
1

ρPt

N
4
3
π(r3max − r3min)

(5.3)

where N is the number of atoms within the distance interval [rmin, rmax] from the origin, and the denomi-
nator corresponds to the volume of the spherical shell de�ned by rmin and rmax. The bulk number density
was obtained from the calculated bulk lattice parameter and the radial distribution function was evaluated
in increments of 0.1 Å.
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Figure 5.6: Radial distribution function of Pt atoms around the central Pt atom. For each
adsorbate, the data correspond to the structure with the highest investigated coverage,
while the clean nanoparticle is shown as a reference. The H-covered nanoparticle is repre-
sented in green, OH in blue, and O in red.

all peaks broaden and the distinct layering characteristic of the bare particle is lost. In
comparison, the H- and O-covered nanoparticles retain a more ordered structure, with only
small displacements of Pt atoms around the particle center, while the outermost atoms ex-
hibit larger deviations. In particular, the kink atom in the O-covered structure is displaced
by approximately 0.8 Å, leading to an overall increase of about 1.5 Å in the particle di-
ameter. The signi�cant displacement of kink atoms suggests that these atoms may serve
as the initial sites for oxidation of the nanoparticle. For H adsorption, the displacement of
kink atoms is smaller, amounting to only about 0.3 Å.

During relaxation of the O- and OH-covered structures at various coverages, a ten-
dency toward deformation was observed, particularly at high OH* coverages, where the
nanoparticles exhibited pronounced structural distortions. Deformation of nanoparticles
was also reported by Verga et al. [54], who noted a tendency of oxygen atoms to move
toward subsurface sites as the coverage increases. In our case, this e�ect was not observed
during geometry optimization and was also not explicitly investigated.

5.1.2 Catalysts models under realistic conditions

The previous section focused on the analysis of DFT energies, whereas we now turn to
surface structures under realistic electrocatalytic conditions. For this purpose, the Gibbs
energy is more relevant than the energy directly obtained from DFT calculations. In a �rst
approximation, we can assume that the vibrational contributions of reactants and products
approximately cancel out, and we account only for the rotational and translational degrees
of freedom of the gas-phase species (H2 and H2O, since the Gibbs energy of water is
calculated as that of water vapor at 25 ◦C):

µgasi = E0 +Grot(T ) +Gtr(T ) + pV

µsolidi = E0

(5.4)

Here, E0 is the DFT energy, and Grot(T ) and Gtr(T ) are the contributions from the
rotational and translational degrees of freedom, respectively. We will refer to this as the
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�rst approximation.
In electrochemical systems, the catalyst surface is exposed to an aqueous environment,

and this contribution can become signi�cant, especially for polar adsorbates or when hy-
drogen bonding with the solvent occurs. Therefore, the expression for the Gibbs energy of
the solid phase is modi�ed to include the solvation term:

µgasi = E0 +Grot(T ) +Gtr(T ) + pV

µsolidi = E0 +∆Gsolv

(5.5)

This approximation will be referred to as the approximation with solvation. Since the
reference H2 and H2O molecules are in the gas phase, solvation e�ects are not applicable
to them.

A complete treatment of the Gibbs energy would also include vibrational contributions
for both gas-phase and solid species. In that case, the expressions for the Gibbs energy, as
introduced in Section 3.2.2, have the form:

µgasi = E0 +Gvib(T ) +Grot(T ) +Gtr(T ) + pV

µsolidi = E0 +Gvib(T ) + ∆Gsolv

(5.6)

These equations were applied only to ideal surfaces, as the calculation of vibrational con-
tributions for nanoparticles is computationally expensive.

5.1.2.1 E�ect of electrode potential and pH

The e�ect of pH and electrode potential on the surface adsorption Gibbs energy at room
temperature (25 ◦C) was analyzed within the CHE approximation (see Eq. (3.24)) for
all three adsorbates. The results for selected adsorbate coverages on the Pt(111) surface
with standard Gibbs energies calculated according to Eq. (5.6) are shown in Figure 5.7
for three di�erent pH values. Each line in the graph corresponds to a di�erent surface
coverage, which determines the slope � higher coverages lead to steeper slopes. Within
the CHE approximation, the e�ect of pH and electrode potential is added a posteriori and
is therefore independent on the surface model, apart from the surface area.

For adsorption structures containing H atoms, the slope is positive irrespective of the
coverage, indicating that increasing the electrode potential destabilizes H*. This behavior
is expected, since the electro-adsorption of H* from H+ requires an electron from the
electrode (see Eq. (3.29a)). As the electrode potential increases, electrons become less
available for H adsorption, making the adsorption process more di�cult. In contrast, O*
and OH* exhibit negative slopes, implying that their adsorption becomes more exothermic
at positive potentials. Both O and OH species originate from water dissociation and donate
electrons to the surface upon formation (see Eqs. (3.29b) and (3.29c)). The slope for O* is
steeper than that for OH* at the same coverage, as O* formation involves a transfer of two
electrons, whereas OH* formation involves only one. From these results, a general trend
can be observed: at high electrode potentials the surface becomes predominantly covered
with OH* or O* fragments, while at lower potentials H* is present on the surface.

Within the CHE approximation, a change in pH a�ects only the intercept of the ad-
sorption energy lines, while the slope remains unchanged. As a result, the graphs shift to
the left with increasing pH, indicating that, at a given potential, the OH- and O-covered
surfaces become more stable compared to the H-covered ones. At lower pH, the concen-
tration of H+ ions in the solution is higher, making the adsorption of H* more exothermic
at a given electrode potential.

The presented dependence of surface adsorption energy on electrode potential and pH
represents an idealized picture. Within the CHE approach, electron and proton transfer
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Figure 5.7: Surface adsorption Gibbs energy on Pt(111) as a function of electrode potential
versus SHE at di�erent pH values, calculated using the CHE approximation. Green lines
correspond to H-covered surfaces, blue lines to OH-covered surfaces, and red lines to O-
covered surfaces. Each line represents a di�erent coverage as indicated in the graphs. For
clarity, not all investigated coverages are displayed.

are assumed to be coupled, and the adsorbed state is treated as independent of electrode
potential and pH. While this approximation is highly useful for comparing di�erent cat-
alyst models under given conditions, a deeper understanding of the electrode-potential
dependence requires more advanced methods that explicitly account for it.

5.1.2.2 Pourbaix diagrams

To allow a direct comparison of surface structures under di�erent conditions for the in-
vestigated models, Pourbaix diagrams were constructed. These were obtained within the
CHE approximation, following the procedure outlined in Section 3.5.2. As a �rst approxi-
mation for calculating the standard Gibbs energy of adsorption, we added only rotational
and translational contributions � see Eq. (5.4). For the analysis, the dissolution of Pt was
not considered, as it occurs outside the potential range shown in the diagrams. Likewise,
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the formation of platinum oxides was excluded, since only adsorption phenomena were
addressed. In addition to "pure" adsorption structures, we also sampled mixed adsorp-
tion pairs (OH*+H*, O*+H*, O*+OH*) on the ideal surfaces. However, due to the large
number of possible con�gurations, mixed states were not considered for the Pt55 particle

The resulting diagrams are shown in Figure 5.8. All surface models exhibit a general
trend: at lower pH and lower potentials, the surface is predominantly covered with H*,
whereas at higher pH and potentials it becomes covered with OH* or O*. For the ideal
surfaces, among the considered adsorbate pairs, only the O*+OH* combination appears
in the Pourbaix diagrams, while both combinations involving H* are absent. For the
Pt(111) surface, increasing the potential and pH leads to a gradual decrease in H* coverage,
followed by a wide region where the surface is bare. At higher potentials and pH, O-covered
structures become more stable, with their coverage gradually increasing. The Pourbaix
diagram for Pt(111) shows no region where OH* is thermodynamically the most stable.
In contrast, Pt(100) exhibits only a narrow region in which the bare surface is most stable

Figure 5.8: Pourbaix diagrams for Pt(111), Pt(100), and Pt55 surface models constructed
from the �rst approximation to Gibbs energies (see Eq. (5.4)). Green denotes H-covered
surfaces, blue corresponds to OH, and red to O. Mixed O+OH coverages are shown in
purple. Black dotted lines indicate the water reduction and oxidation lines. The legend
is provided on the right, and the most abundant structures have their coverages written
directly in the graphs.



50 Chapter 5. Hydrogen Evolution Reaction

and as the potential and pH rise beyond the bare region, OH* adsorption occurs �rst.
Further increases lead to a mixed OH*/O* state, and eventually, at the highest values,
the surface becomes fully covered by O*. The conditions relevant for HER lie around the
hydrogen line, where the Pt(111) surface is covered with 1 ML H*, whereas the Pt(100)
surface exhibits higher coverage, reaching about 1.5 ML of H*. Overall, consistent with
the surface adsorption energy results (see Figures 5.1 and 5.3), the Pt(100) surface is more
reactive and exhibits higher coverages of the investigated adsorbates.

For the nanoparticle, a similar trend is observed, but the adsorbate coverages are
overall higher. The maximum H* coverage considered is 2.57 ML, which is also the highest
observed value in the Pourbaix diagram. Increasing the coverage further would likely
lead to spontaneous H2 formation, as hydrogen molecule was occasionally formed even at
lower coverages during geometry optimization. The structure most relevant under HER
conditions corresponds to the 2.19 ML H-covered particle, where all bridge-edge sites, all
bridge sites on (100) facets, kink atoms, and hollow sites on (111) facets are occupied.
The lowest H* coverage appearing in the Pourbaix diagram is 1.14 ML. In contrast to the
bare surfaces, the nanoparticle model does not exhibit any region where the bare surface
is the most stable. Instead, the surface structure transitions directly from an H-covered
to an OH-covered state. Initially, half of the bridge-edge sites are occupied with OH*
(0.57 ML coverage), followed by a rapid increase to 1.14 ML, where all bridge-edge sites
are �lled. A further increase in potential results in the adsorption of several additional OH
groups, after which the surface transitions to an O-covered state with all bridge-edge sites
occupied. Increasing the pH and electrode potential even further leads to an O* coverage
of 1.62 ML, which represents the highest value considered in this study. Mixed OH*/O*
phases were not included in the analysis, although, based on the Pourbaix diagrams of
the ideal surfaces, such mixed states would likely be present at higher pH and electrode
potentials.

From this analysis, it can be concluded that at low potentials and pH the Pt surfaces are
predominantly covered with H*. With increasing pH and potential, OH* becomes stable
on some surfaces, while at su�ciently high pH and potentials all surfaces are eventually
covered with O*. For the nanoparticle model, higher adsorbate coverages are observed,
making the analysis of low-covered particle less relevant for representing realistic conditions.
The bridge-edge sites are fully occupied in most cases, except at OH* coverages below 1 ML,
where partial occupation of these sites is observed. This indicates that these sites are
mostly occupied under realistic conditions and are therefore likely less active for catalytic
reactions, as noted by Jinnouchi et al. for the OER [55].

5.1.2.3 Contributions from solvation and vibrations for ideal surfaces

In addition to the �rst approximation to evaluate the standard Gibbs energy as presented
above, we also included corrections arising from water solvation (the approximation with
solvation given with Eq. (5.5)), as well as contributions from vibrational degrees of free-
dom to both energy and entropy (the complete treatment of the Gibbs energy according to
Eq. (5.6)). The solvation contribution was evaluated according to Eq. (3.22) with implicit
solvent model, while the Gibbs energy corrections for vibrations were calculated following
the equations presented in Section 3.2.2. These corrections were applied only to the ener-
getically most stable structures at a given coverage, under the assumption that the relative
order of stability would not change � or, if it does, the resulting Gibbs energies of the
competing structures remain similar.

The resulting Pourbaix diagrams are shown in Figure 5.9. When comparing the di-
agrams obtained from the approximation with solvation (�rst row) to the corresponding
diagrams obtained from the �rst approximation (see Figure 5.8), only minor di�erences



5.1. Platinum Catalysts 51

Figure 5.9: Pourbaix diagrams on the Pt(111) and Pt(100) ideal surfaces calculated with
(a) the approximation of the Gibbs energy with solvation (see Eq. (5.5)), and (b) the
complete treatment of the Gibbs energy (see Eq. (5.6)).

are observed. The solvation contribution for OH* averages around −0.13 eV/OH for stan-
dalone OH* and increases to −0.04 eV/OH when OH* groups form H-bonded network at
higher coverages. For O*, the solvation contribution is approximately −0.01 eV/atom on
Pt(111) and −0.03 eV/atom on Pt(100). For H*, the contributions are close to zero (about
−0.005 eV/atom). Thus, the only relevant di�erence is the stabilization of certain OH*
structures, leading to their slightly higher presence in the Pourbaix diagrams with solva-
tion included. For the Pt(100) surface, this causes a direct transition from the H-covered
surface to the OH-covered one, without an intermediate region of bare surface, which was
present in the diagrams based on the �rst approximation to Gibbs energies.

It should be noted, however, that the stabilization of OH* is likely underestimated
in these calculations, since the implicit solvent model cannot properly capture hydrogen
bonding with the surrounding water molecules. At low coverages, OH* can form H-bonds
with solvent molecules, which would increase its stability beyond the implicit-solvent pre-
diction, while at high coverages H-bonding between OH* adsorbates reduces the relative
impact of solvation. Consequently, the occurrence of low-coverage OH* structures in the
O*/OH* region of the Pourbaix diagram is likely higher than currently predicted. For
comparison, Rossmeisl et al. estimated the solvation stabilization of OH* to be around
−0.3 eV using an explicit ice-like water bilayer model [131].
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Further, the Pourbaix diagrams constructed based on the complete treatment of the
Gibbs energies (Figure 5.9b) are similar to those obtained using the approximate Gibbs
energy. A slightly increased stability of O-covered structures compared to OH* is observed,
resulting in a narrower region of OH* adsorption. The overall ∆Gcorr(T ) correction for
the adsorption process amounts to approximately 0.3 eV for OH*, 0.2 eV for H*, and only
0.02 eV for O*. These values are consistent with those reported in the tables by Nørskov
and Rossmeisl [42], [102]. The similarity between the Pourbaix diagrams constructed using
di�erent approaches to calculate the Gibbs energy indicates that even the �rst approxi-
mation, which includes only the rotational and translational contributions of gas-phase
species, already provides reliable results.

According to experimental observations, surface oxidation of Pt begins with the adsorp-
tion of OH* at potentials of around 0.75 V in acidic media [132]. Our results for Pt(111) do
not predict any region where the OH-covered surface is the most stable, whereas the OH-
covered region predicted for Pt(100) corresponds well to the experimental observations.
This highlights the importance of employing more realistic water models that can account
for hydrogen bonding between OH* and the surrounding water environment. The signi�-
cance of the water solvent was also emphasized by Wakisaka et al. [133], who reported that
the concentrations of OH* groups and adsorbed water molecules in the �rst solvation layer
are approximately equal, corresponding to the coverage expected for an ice-like water bi-
layer. For low-index surfaces, it has been reported that on Pt(100) the electrode potential
at which OH* adsorption occurs overlaps with the hydrogen adsorption/desorption region
[133], [134]. This observation aligns with our Pourbaix diagrams, which show a direct
transition from H- to OH-covered surfaces without an intervening bare-surface region.

5.1.3 Kinetic analysis

All three elementary steps of the HER (Volmer, Tafel, and Heyrovsky � see Eqs. (3.25a)�
(3.25c)) were investigated on Pt(111) using NEB calculations at di�erent H* coverages.
An ice-like water bilayer model was employed to represent the aqueous environment and
to provide protons for the Volmer and Heyrovsky steps. The Tafel step was modeled using
the conventional H-down water bilayer, while the Volmer and Heyrovsky steps were mod-
eled with the ice-like bilayer containing an additional proton, simulating an (H2O)nH+

species that acts as a proton donor under acidic conditions. The ice-like water bilayer
model represents a simpli�ed interfacial structure and cannot capture the liquid character
of water. Moreover, the absence of water molecules above the bilayer a�ects the orien-
tation and hydrogen-bonding environment of water molecules in the model. Given these
limitations of the ice-like bilayer model, as well as the use of calculations performed at a
constant number of electrons, the presented results should be interpreted as providing only
a qualitative, approximate description of the HER mechanism.

The reaction and activation energies obtained for low and high H* coverages are shown
in Figure 5.10, while details of all reaction pathways are provided in the Figure B.6 in the
Appendix. For the Volmer step, the low-coverage case corresponds to adsorption on a bare
surface, where a single H atom adsorbs on an fcc site. In the high-coverage case, a complete
monolayer of H* is pre-adsorbed on the fcc sites, and the additional H atom adsorbs on
a top site. For the Tafel step, at low coverage, two H atoms adsorbed on neighboring fcc
sites recombine, whereas, at high coverage, a top-site H atom reacts with an adjacent fcc
H atom. For the Heyrovsky step, one fewer H atom is present on the surface, since, in
contrast to the Tafel step, one H is supplied from the water phase.

A clear dependence of the reaction and activation energies on coverage is evident from
the graphs. The Volmer step becomes increasingly endothermic and slower with higher
H* coverage, since adsorption becomes more di�cult as the surface becomes saturated. In
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Figure 5.10: Reaction energies (gray) and activation energies (blue) for the elementary steps
of the HER. Low coverage corresponds to the minimal coverage required for the reaction
within the considered supercell, while high coverage refers to approximately 1 ML.

contrast, both the Tafel and Heyrovsky steps become more exothermic and exhibit lower
activation barriers at higher coverage. For the Tafel step, the reacting hydrogen atoms
change from an fcc�fcc pair at low coverage to an fcc�top pair at high coverage. It is
noteworthy that at low coverage the barriers for the Tafel and Heyrovsky steps are largely
determined by the endothermic energy of the reactions, whereas at higher coverage, a
noticeable di�erence emerges between the reaction energy and the activation barrier. From
these trends, it follows that at low coverage H2 formation is the rate-determining step, while
at higher coverage, which is expected from the Pourbaix diagrams under conditions relevant
to HER, the Volmer step becomes slower and has an activation barrier comparable to that
of the Tafel step.

Lindgren et al. [49] performed a kinetic study of HER on Pt using constant-potential
calculations. They observed a strong dependence of the Volmer and Heyrovsky steps on
the applied potential, whereas the Tafel step showed little variation. This is consistent with
the equations of each elementary step (see Eqs. (3.25a)�(3.25c)), where the Volmer and
Heyrovsky steps involve electron transfer, while the Tafel step does not. As the electrode
potential decreases, both the Volmer and Heyrovsky steps become faster; however, in the
potential region relevant for HER, the Volmer�Tafel pathway was predicted to be predom-
inant. They further reported that coverages above 1 ML are required for the reaction to
proceed, since H* atoms adsorbed in hollow sites are too strongly bound to the surface to
participate in the reaction. In contrast, Tang et al. from the Nørskov group [51], employed
the charge extrapolation method [135] and concluded that the Volmer�Heyrovsky pathway
dominates. They also found that H* coverage saturates at 1 ML, with additional H atoms
beyond this coverage being unlikely to have a signi�cant e�ect on the catalytic activity.

Our results indicate that the Tafel step exhibits a lower barrier than the Heyrovsky
step. However, no explicit e�ect of electrode potential was included in our study, which is
expected to predominantly in�uence the Heyrovsky step, while having little impact on the
Tafel step [49], [51]. The treatment of electrochemical processes within the conventional
constant-electron DFT framework and periodic boundary conditions su�ers from a well-
known �nite-size e�ect: the introduction of a proton�electron pair substantially alters the
electrode potential. This leads to two major complications: (i) the calculated reaction
and activation energies depend on the supercell size, and (ii) the electrode potential is
inconsistent between the initial, transition, and �nal states within the same supercell. For
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the low-concentration case of the Volmer step, we calculated a di�erence in work function
of approximately 1.5 eV between the initial and transition states.

Due to these limitations, a direct comparison between the electrochemical Heyrovsky
step and the chemical Tafel step is not straightforward based on our results. We therefore
focused more attention on the chemical Tafel step, which is largely independent of the
electrode potential.

5.1.3.1 Tafel step on Pt(111) and Pt(100)

We analyzed the dependence of the reaction and activation energies of the Tafel step on H*
coverage for both Pt(111) and Pt(100) surfaces in vacuum. Calculations were performed
in a (2 × 2) supercell with initial-state coverages ranging from 0.5 to 2.0 ML. The initial
state (IS) corresponds to the most stable structure identi�ed at a given coverage, while
the �nal state (FS) was chosen as the most chemically sensible con�guration, though not
necessarily the lowest in energy. On the Pt(111) surface, three di�erent reaction pathways
for H2 formation were considered, depending on the positions of the reacting H atoms:
fcc�fcc, fcc�top, and top�top. On Pt(100), where H* preferentially adsorbs on bridge sites,
two possible pathways were examined according to the relative orientation of the reacting
H atoms: the 90◦ and 180◦ con�gurations. All these options are illustrated schematically
in Figure 5.11.

The reaction and activation barriers as a function of coverage are shown in Figure 5.12a
and the reaction paths are given in Figures B.7 and B.8 in the Appendix. Both energies
decrease with increasing coverage. Across the entire coverage range, Pt(111) consistently
exhibits lower activation and reaction energies compared to Pt(100). Among the three
possible pathways on Pt(111), the fcc�fcc combination displays the highest barrier and
was therefore examined only up to 1 ML coverage. Its activation energy shows little
dependence on coverage and is between 0.9 and 1.0 eV. At higher coverages, the top�fcc
and top�top mechanisms become the viable pathways. The reaction energies are identical
in both cases, since the same �nal state is involved. In terms of activation energies, the fcc�
top pathway exhibits lower values, which decrease with increasing coverage. In contrast,
for the top�top mechanism, the activation energies do not show a consistent trend with
the coverage. Therefore, the fcc�top pathway is expected to play a more dominant role at
higher concentrations.

On the Pt(100) surface, only the 180◦ pathway was analyzed for coverages up to 1 ML,
due to the structure of the initial state. Similar to Pt(111), the activation energy below
1 ML shows little dependence on coverage and is largely determined by the reaction energy,
which is signi�cantly endothermic. At higher coverages, both the 90◦ and 180◦ pathways
become viable, with the 90◦ option generally yielding lower activation barriers. The 180◦

pathway shows some variation in activation energies as the coverage increases, but the val-

Figure 5.11: Positions of reacting H* atoms for the considered reaction pathway options
for the Tafel step on Pt(111) (left) and Pt(100) (right). Hydrogen atoms are shown as
orange circles.
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Figure 5.12: (a) Reaction and activation energies of the Tafel step as a function of coverage.
(b) Activation energy as a function of reaction energy for hydrogen chemisorption on Pt
surfaces (reverse of the Tafel step). The orange-like color corresponds to Pt(100), and the
green color to Pt(111).

ues remain around 1 eV. In contrast, the 90◦ pathway exhibits a more apparent dependence
on coverage, with activation energies steadily decreasing as coverage increases. Reaction
energies are similar across coverages up to 1 ML, but decrease beyond this point. Due to
di�erences in the �nal states of the two pathways, their reaction energies are not the same.

The expected H* coverage under HER-relevant conditions is 1 ML for Pt(111) and
around 1.5 ML for Pt(100). On Pt(111), this corresponds to a Tafel barrier of about
0.9 eV via the fcc�fcc mechanism. If additional H atoms adsorb beyond 1 ML, the top�
fcc pathway becomes accessible, which exhibits a signi�cantly lower barrier. The top�top
mechanism, however, appears unlikely, as it requires two additional H* atoms on top of
the 1 ML coverage and displays a higher barrier than the fcc�top pathway. On Pt(100)
covered with 1.5 ML of H*, the Tafel barrier is also around 0.9 eV and does not change
signi�cantly with the addition of H* atoms. This suggests that the Heyrovsky step could
be relevant on Pt(100) due to the relatively high barrier of the Tafel pathway. In contrast,
on Pt(111), the top�fcc mechanism could facilitate H2 formation, though the additional H*
on top positions are not thermodynamically favored under HER conditions. These �ndings
are consistent with the conclusions of Lindgren et al. [49], who reported that coverages
above 1 ML are required for HER to proceed.

For dissociative chemisorption reactions, a linear relationship between activation and
reaction energies is often observed [85], known as the Brønsted�Evans�Polanyi (BEP)
relation. Since hydrogen chemisorption is the reverse of the Tafel step, the corresponding
reaction and activation energies for the dissociation reaction obtained from Tafel analysis
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are shown in Figure 5.12b. A linear-like trend is observed, suggesting that the analysis
of the activation energy for the Tafel step on both Pt(111) and Pt(100) surfaces can be
simpli�ed using the BEP relation, provided that the slope and intercept are properly
determined.

5.2 Ruthenium Catalysts

Parts of this section, focusing on the comparison of close-packed surfaces of fcc and hcp
ruthenium, are based on our article published in the Journal of Catalysis [39].

Ruthenium is considered to be a promising catalyst material for HER in alkaline conditions.
To better understand its catalytic behavior, we �rst evaluate ruthenium's performance
relative to platinum catalysts. We then focus on the e�ect of crystal phase on its activity,
comparing the thermodynamically stable hcp phase and the uncommon fcc phase, which
has been observed in catalysts with ruthenium nanoparticles [62], [68]�[71]. Experimental
studies have shown that for HER, catalysts containing the fcc-structured nanoparticles
exhibit higher activity compared to those with only the hcp ones [68]�[71].

5.2.1 Comparison with platinum

Similarly to Pt, we investigated the adsorption of H, OH, and O on the close-packed Ru-
hcp(001) surface at di�erent coverages. The resulting surface adsorption energy plots,
calculated according to Eq. (3.6) and Eq. (3.31), together with the �tted lines obtained for
Pt(111), which is structurally very similar, are presented in Figure 5.13. The adsorption of
H* is stronger on Ru than on Pt, and a linear trend of surface adsorption Gibbs energies
is observed up to a coverage of 1 ML. This suggests that the surface is either bare or
fully covered with 1 ML of hydrogen, which preferentially occupies the fcc sites. At higher
coverages, additional H atoms adsorb on top sites, giving rise to a concave quadratic trend,
i.e., a parabola that opens downwards. As a result, the transition between 1 ML and 2 ML
coverage is discrete and does not involve any intermediate coverage.

Figure 5.13: Surface adsorption energies of H*, OH*, and O* on Ru-hcp(001). Green lines
correspond to H* adsorption, blue to OH*, and red to O*. For comparison, the �tted
adsorption energies on Pt(111) are shown in gray.
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Similar as for H*, the adsorption of O and OH is also more favorable on Ru-hcp(001)
compared to the structurally similar Pt(111) surface. On Ru-hcp(001), the adsorption
energies at lower coverage are even negative, indicating that surfaces covered with either
OH* or O* are more stable than the bare surface. Oxygen atoms preferentially adsorb
on hcp sites, whereas OH groups initially occupy fcc sites. At higher coverages, when
H-bonded networks form, OH* also adsorbs on bridge or top sites. The surface adsorption
energy trends loosely follow quadratic pro�les, with a minimum at approximately 0.5 ML
for OH* and 0.2 ML for O*.

From the obtained adsorption states, we constructed the surface Pourbaix diagram
for Ru-hcp(001), shown in Figure 5.14a. We used the approximation accounting only
for rotational and translational degrees of freedom (see Eq. (5.4)), and the diagram was
constructed analogously to that of Pt, following the procedure outlined in Section 3.5.2.
In contrast to Pt, mixed adsorbate phases were not considered, and only pure H*, OH*,
or O* states were included in the analysis. The diagram shows that under HER-relevant
conditions, Ru-hcp(001) is covered with 1 ML of H*, and at low enough pH and potentials
the coverage changes to 2 ML, consistent with the surface adsorption energy graphs. At
high pH and electrode potentials, only O-covered surfaces appear, indicating that Ru
preferentially adsorbs O* rather than OH*. The surface is rapidly saturated with 1 ML
of O*, re�ecting its tendency toward oxidation. Compared to the Pourbaix diagram for
Pt(111) (Figure 5.8), Ru exhibits higher coverages of both H* and O*, and a shift of the
potential for O* adsorption to lower values. This highlights that Ru is more reactive than
Pt, favors O* over OH*, and is more prone to oxidation.

Figure 5.14: (a) The complete Pourbaix diagram for the Ru-hcp(001) surface and (b) the
Pourbaix diagrams for each individual species. Green, blue, and red denote H*, OH*, and
O*, respectively.
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Additionally, we constructed Pourbaix diagrams for each individual investigated species
(H*, OH*, and O*) as shown in Figure 5.14b. These diagrams allow us to identify the
potential�pH regions in which each species is thermodynamically stable relative to the bare
surface, assuming no competing adsorption from other species arising from water dissocia-
tion. For H*, the partial Pourbaix diagram additionally reveals a sharp transition between
1.0 ML coverage and the bare surface, as expected from surface adsorption energies. This
transition is not visible in the complete Pourbaix diagram due to the competing adsorp-
tion of O*. Similarly, the partial Pourbaix diagram for O* also shows an intermediate
low-coverage region before the bare surface becomes more stable. In contrast, OH* does
not appear in the complete Pourbaix diagram, but occupies a region similar to that found
in the partial Pourbaix diagram for O*.

Figure 5.15: Cohesion energy of Ru hcp and fcc nanoparticles as a function of the number
of atoms. Blue and gray correspond to the hcp and fcc phases, respectively, while green
represents generic nanoparticles consistent with both crystal structures. Separate �tted
curves are shown for the hcp and fcc data points. The cohesion energies of the bulk
phases are shown as two straight lines. Below the graph, snapshots of the constructed
nanoparticles are shown, along with the number of Ru atoms in each.
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5.2.2 Uncommon fcc phase

As Ru-fcc phase was observed in catalysts relevant for HER [68]�[71], we compared the
Ru-hcp and Ru-fcc phases in terms of thermodynamics and kinetic parameters. First, to
determine the thermodynamic stability of both crystal phases, cohesion energies (Eq. (3.9))
for bulk structures and nanoparticles4 were calculated. For bulk, values of −6.74 and
−6.63 eV/atom were obtained for Ru-hcp and Ru-fcc, respectively. This signi�es that
the hcp bulk phase is by 0.11 eV/atom more stable compared to the fcc crystal phase.
For nanoparticles, the results and the analyzed structures are presented in Figure 5.15. In
contrast to the bulk structure, no signi�cant di�erence in thermodynamic stability between
the two phases was observed. The �tted curves for the Ru-hcp and Ru-fcc particles are
almost superimposed across the investigated size range, with small di�erences observed
only for the largest particles. This results suggest that both hcp and fcc crystal structures
are thermodynamically feasible for small Ru nanoparticles with diameters of up to ∼2 nm
(corresponding to the largest nanoparticles considered in this study), and potentially even
larger, though this was not examined here.

Table 5.2: Surface energies and coordination numbers (CN) for the low index surfaces of
Ru-hcp and Ru-fcc. All coordination numbers lower than 12 are given: the �rst number
refers to the upper-most layer of atoms and if the second number is stated it refers to the
second layer. For comparison, surface energies obtained by Zhao et al. [64] and Li et al.
[63] are also given.

surface CN
σsurf (meV/Å2)

our data Zhao et al. [64] Li et al.[63]

Ru-hcp(001) 9 164 164 160
Ru-hcp(100) 8, 10 184 181 181
Ru-hcp(011) 8, 9 184 180 177

Ru-fcc(111) 9 149 150 145
Ru-fcc(100) 8 189 176 184
Ru-fcc(011) 7, 11 176 162 171

To make the analysis of the activity of Ru-fcc and Ru-hcp phases feasible, we con-
centrated on the calculations with low-index ideal surfaces (Ru-hcp(001), Ru-hcp(100),
Ru-hcp(011) and Ru-fcc(111), Ru-fcc(100), Ru-fcc(011)), which are shown in Figure 3.8 in
Section 3.5. We calculated their surface energies by �tting Eq. (3.7) with slabs of thick-
nesses ranging from 20 Å to 40 Å. The results are presented in Table 5.2, alongside the
characteristic coordination numbers of surface atoms and reference surface energies re-
ported in the literature [63], [64]. From these results, we can observe that the close-packed
surfaces � Ru-hcp(001) and Ru-fcc(111) � are thermodynamically the most stable. For
the Ru-hcp phase, the (100) and (011) terminations exhibit similar stability, whereas for
the fcc phase, the (100) termination is the least stable. The observation that the Ru-
fcc(100) surface has a larger surface energy than the more open Ru-fcc(110) surface may
seem surprising. This can be attributed to the larger surface area of the primitive cell
of Ru-fcc(110) compared to that of Ru-fcc(100). When compared with the literature, the
calculated surface energies for the hcp crystal phase are consistent with both previously
reported studies. For the fcc phase, our results align well with those of Li et al., but

4Spin-polarized calculations were performed for nanoparticles containing less than 30 Ru atoms. For
larger nanoparticles, the e�ect of magnetization on energy was negligible (less than 1 meV/atom) and
therefore not considered.
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di�er from the values reported by Zhao et al., who reported relatively high stability of the
Ru-fcc(100) and Ru-fcc(011) surfaces. This may be a consequence of the use of RPBE
functional in their study.

5.2.2.1 Binding of H and OH on Ru-hcp(001) and Ru-fcc(111) surfaces

Ru-hcp(001) and Ru-fcc(111) represent the most stable low-index surfaces of their corre-
sponding crystal phases and are structurally very similar. They both exhibit the same
structure of layers, but di�er in their stacking sequence. This structural resemblance and
their thermodynamic stability, makes them well-suited for a direct comparison of the hcp
and fcc phases of ruthenium. To investigate their catalytic activity towards HER, we �rst
investigated adsorption behavior of H and OH fragments. Calculations were performed
across multiple slab thicknesses to ensure convergence and to enable comparison with val-
ues reported in the literature.

A convergence test of adsorption energies with respect to slab thickness was performed
for top and fcc sites within the (

√
3 ×

√
3)R30◦ supercell, and the corresponding values

are reported in Table 5.3. The results indicate that binding energies obtained for 3- and
4-layer slabs are generally not converged. Therefore, it is advisable to use slabs consisting
of at least 5 or 6 atomic layers to obtain reliable results. To examine the spatial extent of
charge redistribution upon adsorption, planar integrated electron charge density di�erence
plots were calculated for the fcc site and are shown in Figure 5.16. They show that charge
redistribution e�ects are still clearly visible at the third atomic layer and progressively
vanish deeper into the slab.

Results of the binding energies on di�erent sites for (
√
3×

√
3)R30◦ and (3×3) supercells

at a slab thickness of six atomic layers are reported in Table 5.4. For the H binding energies,
we observe that the values obtained for the two supercell sizes are very similar. The most
stable adsorption site for H* on both surfaces is the fcc site, which yields identical binding
energies for Ru-hcp(001) and Ru-fcc(111) slabs with a thickness of 6 layers. For other
slab thicknesses (Table 5.3), Ru-hcp(001) generally binds H slightly more strongly. The
second most stable site is the hcp site, where the Ru-fcc(111) surface binds H slightly more
strongly than Ru-hcp(001). Adsorption of H on the bridge site is not stable on either
surface, therefore, the reported energies were obtained from constrained calculations and
are nearly identical for both crystal phases. The least stable con�guration for H adsorption
is the top site, which exhibits a more pronounced di�erence between the two surfaces: Ru-
hcp(001) binds H* approximately 0.1 eV more strongly than Ru-fcc(111). Previous studies
of H adsorption energies also identify the fcc site as the most stable adsorption site on both

Table 5.3: Convergence of binding energies of H* and OH* at fcc and top sites on Ru-
hcp(001) and Ru-fcc(111) with respect to slab thickness.

Eb(H @ fcc) (eV) Eb(H @ top) (eV) Eb(OH @ fcc) (eV) Eb(OH @ top) (eV)

layers hcp(001) fcc(111) hcp(001) fcc(111) hcp(001) fcc(111) hcp(001) fcc(111)

3 −2.89 −2.94 −2.52 −2.35 −3.38 −3.20 −3.10a −2.87a

4 −2.97 −2.97 −2.52 −2.48 −3.47 −3.50 −3.10a −3.11a

5 −2.96 −2.94 −2.53 −2.40 −3.47 −3.41 −3.11a −3.02a

6 −2.95 −2.95 −2.53 −2.42 −3.41 −3.41 −3.12a −3.03a

7 −2.96 −2.93 −2.52 −2.42 −3.43 −3.42 −3.12a −3.04a

8 −2.96 −2.95 −2.53 −2.40 −3.44 −3.40 −3.12a −3.01a

aObtained by laterally constraining the bottommost adsorbate atom.
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Figure 5.16: Planar integrated electron charge density di�erence in the surface normal
direction for H and OH adsorbed on the fcc site on Ru-hcp(001) and Ru-fcc(111) calculated
for 8-layer thick slabs. Ru-hcp(001) is represented with the blue colored curve and Ru-
fcc(111) with the gray one. Vertical dotted lines represent Ru layers and the red line is the
surface Ru layer on both models

Table 5.4: Binding energies of H and OH at di�erent sites on Ru-hcp(001) and Ru-fcc(111).
Results were obtained using six-layer slabs and the (

√
3×

√
3)R30◦ and (3× 3) supercells.

Eb(H*) (eV) Eb(OH*) (eV)

cell site hcp(001) fcc(111) hcp(001) fcc(111)

(
√
3×

√
3)R30◦

top −2.53 −2.42 −3.12a −3.03a

bridge −2.79a −2.80a −3.39 −3.39
fcc −2.95 −2.95 −3.41 −3.41
hcp −2.85 −2.88 −3.43 −3.32

(3× 3)

top −2.53 −2.44 −3.13a −3.04a

bridge −2.80a −2.81a −3.42 −3.36a

fcc −2.96 −2.96 −3.46 −3.49
hcp −2.86 −2.90 −3.51 −3.47

aObtained by laterally constraining the bottommost adsorbate atom.

Ru-hcp(001) and Ru-fcc(111) surfaces [66], [67]. When comparing adsorption strengths,
these studies report that Ru-fcc(111) binds H more strongly compared to Ru-hcp(001),
which is not observed from our results.

The most favorable adsorption sites for the OH* fragment are the hcp site on Ru-
hcp(001) and the fcc site on Ru-fcc(111) with slightly stronger adsorption observed on
the Ru-hcp(001) surface. In contrast to H*, the binding energies of OH* on hollow sites
di�er between the larger and smaller supercells. As the coverage increases, OH adsorption
becomes less stable, especially on the hcp sites. For top and bridge positions, however, only
minor di�erences in binding energy are observed between the two supercell sizes. As with
H adsorption, the top site is also the least favorable for OH adsorption, with Ru-hcp(001)
binding OH approximately 0.1 eV more strongly compared to Ru-fcc(111). Reported values
for OH* adsorption strength in the literature vary: Zhao et al. [67] reported the fcc site
as the preferred one on both surfaces, with Ru-fcc(111) exhibiting stronger OH* binding
than Ru-hcp(001). Nandi et al. [66] identi�ed the hcp site as the most favorable, with
comparable binding energies on both surfaces.

From these results, we conclude that both H* and OH* preferentially adsorb at hollow
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sites, with similar binding energies on both Ru-hcp(001) and Ru-fcc(111) surfaces. Ad-
sorption at the top site results in the largest energy di�erence between the two surfaces�
approximately 0.1 eV for both adsorbates. To investigate the origin of the observed dif-
ferences in adsorption behavior, we analyzed the projected density of states (PDOS) for
H and OH adsorbed at the top and fcc sites. Results are shown in Figure 5.17 for both
sites. They reveal a clear di�erence between the two adsorption sites. Upon adsorption of
H at the fcc site, the 1s orbital of hydrogen exhibits a distinct peak in the energy range of
−7 to −6 eV relative to the Fermi level. On the bare Ru surfaces, no signi�cant density
of states is present in this range. However, upon H adsorption, a portion of the states
originating from the Ru 5s and 4d orbitals shifts into this region, indicating the formation
of a binding interaction. The geometry of these electronic states, visualized with the inte-
grated local density of states (ILDOS) plots in the range between −7 and −6 eV (shown
in Figure 5.17a), is similar for both surfaces and resembles tilted dz2-like orbitals.

On the top site (see Figure 5.17b), the PDOS has di�erent characteristics. The 1s
orbital of hydrogen is not localized but instead spread over a broader energy range. The
PDOS of the H atom di�ers between the Ru-fcc(111) and Ru-hcp(001) surfaces, indicating
di�erent interactions with the Ru atoms. Among the calculated PDOS of individual or-
bitals for Ru surface atoms, the 4dz2 and 5s orbitals exhibit the largest di�erences between
the bare Ru surface and the surface with H adsorbed at the top site. This is consistent
with the geometry of the adsorption bond. The 5s orbital shows a similar PDOS change

Figure 5.17: PDOS for Ru surface atoms and an adsorbed H atom on the (a) fcc site and
(b) top site, calculated using the (

√
3 ×

√
3)R30◦ supercell. For the fcc site, the ILDOS

plots in the energy range from −7 to −6 eV relative to the Fermi level are also shown.
For the top site, the DOS projected to the 5s and 4dz2 orbitals is shown beneath the
atom projected DOS. Blue represents the Ru-hcp(001) surface, gray corresponds to the
Ru-fcc(111) surface, and green indicates the H atoms. Dotted black lines show the PDOS
of a bare surface Ru atom for comparison.
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for both Ru-hcp(001) and Ru-fcc(111); however, the 4dz2 orbital of Ru-hcp(001) exhibit
a more intense peak at lower energies compared to that of Ru-fcc(111). This may explain
the stronger interaction between the Ru-hcp(001) surface and H at the top position. The
importance of the Ru 4dz2 � H 1s orbital interaction in determining adsorption strength
has already been reported by Cai et al. [136].

5.2.2.2 Activity of Ru-hcp(001) and Ru-fcc(111)

Based on adsorption energies, no apparent di�erence is observed between the two investi-
gated surfaces, apart from the 0.1 eV di�erence in the binding energy of H and OH at the
top site. To get more insight into the activity of Ru-hcp(001) and Ru-fcc(111) surfaces,
the analysis of water dissociation reaction was conducted. In alkaline media, the source of
hydrogen for the Volmer step of HER is water, which dissociates to an adsorbed hydro-
gen atom (H*) and a hydroxide ion (OH−). As an approximation of the Volmer step, we
modeled the dissociation of adsorbed water:

H2O
∗ −−⇀↽−− H∗ +OH∗ (5.7)

While the initial state is the same for both reactions, the �nal state of the modeled reaction
(Eq. (5.7)) includes an adsorbed OH* rather than a hydrated hydroxide ion (OH−), making
the reaction easier to model with DFT.

Calculations were performed using both the (
√
3 ×

√
3)R30◦ and (3 × 3) supercells

with ice-like water bilayer model, to explicitly include water molecules in the calculation.
In the smaller, (

√
3×

√
3)R30◦ supercell, only two water molecules are present, resulting

in a highly symmetric and constrained bilayer. In contrast, the larger (3 × 3) supercell
contains six water molecules, allowing for a more �exible ice-like structure. In both su-
percells, dissociation of a water molecule results in OH* occupying the same top site as
the dissociating water molecule. However, the dissociating hydrogen atom adsorbs at an
adjacent empty top site in the smaller supercell, whereas in the larger supercell, it adsorbs
at a more coordinated bridge-like site, as the surrounding water network can reorganize to
accommodate it.

For the two supercells employed, we tested di�erent directions for H* dissociation, as
illustrated in Figure 5.18. In the (

√
3 ×

√
3)R30◦ supercell, the dissociation of H* can

proceed along three distinct directions, denoted as 180◦, 60◦, and −60◦, where the angles
are de�ned relative to the xy projection of the non-dissociating O�H bond (marked with

Figure 5.18: Di�erent dissociation pathways of a water molecule above Ru-hcp(001) and
Ru-fcc(111) surfaces within the ice-like water bilayer model. Both surfaces have the same
possible pathways, therefore only one surface per supercell is shown in the background.
The directions of the dissociating H atom are indicated by arrows and the black dotted
line represents the reference plane used to de�ne the pathway angles.
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a black dotted line in Figure 5.18). The 60◦ and −60◦ paths are very similar although not
geometrically equivalent and they exhibit nearly identical activation energies, with di�er-
ences of less than 0.01 eV. Therefore, the −60◦ path was omitted from further analysis, and
only the 180◦ and 60◦ directions were considered. In the (3× 3) supercell, the dissociating
hydrogen atom is more stable at a bridge-like adsorption site. Two geometrically favorable
dissociation directions were identi�ed, denoted as 90◦ and 150◦, which are analogous to
the 60◦ and 180◦ directions in the smaller supercell, respectively. For the 90◦ pathway, we
also observe a proton transfer from a neighboring water molecule to the dissociating one.

The results for the reaction and activation energies of water dissociation are given in
Tables 5.5 and 5.6 for the (

√
3×

√
3)R30◦ and (3×3) supercells, respectively. Snapshots of

the IS, TS, and FS for representative pathways in both supercells are shown in Figure 5.19,
while snapshots for each distinct pathway are provided in Figure C.1 and Figure C.2 in
the Appendix. If we �rst look at the results for the smaller (

√
3 ×

√
3)R30◦ supercell,

both investigated reaction pathways have identical initial and �nal states, and thus the
reaction energies are the same. The results for Ru-hcp(001) are largely insensitive to slab
thickness, whereas those for Ru-fcc(111) converge more slowly and require slabs at least
�ve layers thick. This trend is in agreement with the convergence behavior observed for the
adsorption energies. The di�erence in reaction energies for Ru-hcp(001) and Ru-fcc(111) is
around 0.2 to 0.3 eV, with Ru-hcp(001) exhibiting more exothermic values. Since the two
surfaces di�er only in the stacking of layers, this di�erence appears large, but it can largely
be attributed to the di�erences in adsorption energies. Due to the constrained structure of
ice-like water bilayer in the smaller supercell, both H* and OH* are adsorbed on the top
site in the �nal state. From the adsorption energies (see Table 5.4), it can bee seen that
the Ru-hcp(001) surface exhibits by about 0.1 eV stronger adsorption of both H* and OH*
on top site compared to Ru-fcc(111).

Table 5.5: Reaction and activation energies for the water dissociation reaction in the
(
√
3 ×

√
3)R30◦ supercell on Ru-hcp(001) and Ru-fcc(111) surfaces, evaluated along the

60◦ and 180◦ pathways.

∆E (eV) Eact
60◦ (eV) Eact

180◦ (eV)

layers hcp(001) fcc(111) hcp(001) fcc(111) hcp(001) fcc(111)

3 −0.60 −0.13 0.43 0.51 0.58 0.63
4 −0.61 −0.48 0.40 0.43 0.54 0.57
5 −0.60 −0.31 0.44 0.49 0.57 0.61
6 −0.59 −0.35 0.46 0.47 0.59 0.58
7 −0.59 −0.36 0.43 0.47 0.56 0.58

Table 5.6: Reaction and activation energies for the water dissociation reaction in the
(3 × 3) supercell on Ru-hcp(001) and Ru-fcc(111) surfaces, evaluated along the 90◦ and
150◦ pathways.

∆E90◦ (eV) Eact
90◦ (eV) ∆E150◦ (eV) Eact

150◦ (eV)

layers hcp(001) fcc(111) hcp(001) fcc(111) hcp(001) fcc(111) hcp(001) fcc(111)

5 −0.73 −0.55 0.53 0.57 −0.36 −0.23 0.52 0.60
6 −0.70 −0.60 0.52 0.54 −0.33 −0.25 0.55 0.57
7 −0.73 −0.59 0.51 0.55 −0.35 −0.25 0.52 0.57
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Figure 5.19: Top- and side-view snapshots of the IS, TS, and FS structures for H2O
dissociation within a water bilayer on Ru-hcp(001), shown for the 180◦ path in the (

√
3×√

3)R30◦ supercell (top) and for the 150◦ path in the (3 × 3) supercell (bottom). In the
side-view IS, the direction of the dissociating H atom is marked with a green arrow, whereas
in the top-view snapshots it is highlighted in green�yellow.

Despite this substantial di�erence in reaction energies, the activation energies are simi-
lar for the two surfaces, with the 60◦ trajectory showing about 0.1 eV lower values. For this
preferred trajectory, Ru-hcp(001) has a slightly lower activation energy than Ru-fcc(111),
by an average of 0.03 eV for slabs at least �ve layers thick.

For the (3 × 3) supercell (Table 5.6), only the initial state is the same for both con-
sidered pathways, but the �nal states di�er. As seen from the table, the reaction energies
vary signi�cantly between the two pathways with the 90◦ path being considerably more
exothermic than the 150◦ path on both Ru surfaces. In the 90◦ case, a spontaneous proton
transfer from a neighboring water molecule to the dissociating one is observed during the
reaction, as seen in Figures C.2 in the Appendix. This proton transfer increases the dis-
tance between OH* and H* and stabilizes the �nal state. The di�erence in reaction energies
between the two Ru surfaces is similar for both paths, around 0.1 eV, with Ru-hcp(001)
exhibiting more exothermic values. This di�erence is smaller than the one observed in the
(
√
3×

√
3)R30◦ supercell, which can be attributed to the fact that in the �nal state, only

OH* is adsorbed on the top site � a site that exhibits signi�cant di�erences in adsorption
energy between the two surfaces. The H* atom occupies a bridge-like site, which exhibits
a similar adsorption energy on both surfaces.

In contrast to the reaction energies, no large di�erences are observed between the
activation energies on Ru-hcp(001) and Ru-fcc(111) for the (3 × 3) supercell. The two
reaction paths also yield similar activation energies, with the 90◦ path displaying marginally
smaller values. For this slightly preferred path, Ru-hcp(001) has a slightly lower activation
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Figure 5.20: Movement of the dissociating hydrogen atom during the reaction in the (
√
3×√

3)R30◦ and (3 × 3) supercells for all investigated paths. The moving hydrogen atom is
shown in blue, and its position in the transition state is highlighted in purple. The depicted
structures correspond to the initial states of the pathways.

energy than Ru-fcc(111), by an average of 0.02 eV for slabs at least �ve layers thick.
A detailed visualization of hydrogen movement for all pathways is shown in Figure 5.20.

Since the motion is similar on both investigated surfaces, only the paths on Ru-hcp(001)
are illustrated. In all cases, the hydrogen atom passes through a bridge-like transition
state. For the 150◦ path, a pronounced curvature of the trajectory is observed, with H
moving toward a more angular, 120◦-like transition state. Based on the investigated paths
and their respective activation energies, we can conclude that the water molecule prefers
to dissociate along a more angular trajectory. This was already shown by Zheng et al. [68],
although the angular path was rejected due to the absence of an imaginary frequency
for the proposed transition state. For our calculations, vibrational analysis reveals one
imaginary frequency for the identi�ed transition states, con�rming them as viable options.

5.2.2.3 Activation and reaction Gibbs energies

The results and analysis presented above are based on activation and reaction energies
calculated at 0 K without ZPE. However, for evaluating reaction kinetics and thermody-
namics, the relevant quantities are the activation and reaction Gibbs energies calculated
under experimental conditions. We therefore calculated the vibrational contributions to IS,
TS, and FS for each path and determined contributions to their Gibbs energy according to
Section 3.2.2. Because vibrational calculations are computationally demanding, they were
evaluated for the (

√
3×

√
3)R30◦ supercell with slab thicknesses of 3, 4, and 5 atomic layers

by diagonalizing the full interatomic force-constants matrix. For the (3×3) supercell, only
the 90◦ pathway was analyzed for the �ve layered slab by calculating and diagonalizing
only the water bilayer part of the interatomic force-constants matrix. For thicker slabs, we
used the vibrational contributions to the Gibbs energy derived from the �ve-layer slabs.

All transition states display a single imaginary frequency of approximately 1000i cm−1,
con�rming all investigated pathways as valid options. The resulting activation and reaction
Gibbs energies calculated at 25 ◦C, along with the vibrational contributions, are listed in
Table 5.7 for the (

√
3 ×

√
3)R30◦ supercell and in Table 5.8 for the (3 × 3) supercell.

Both energies and Gibbs energies are also graphically presented in Figure 5.21 for easier
comparison. Note that for (

√
3×

√
3)R30◦ both the 60◦ and 180◦ reaction paths start from

the same initial state and end in the same �nal state, di�ering only in the H trajectory
during the O�H bond cleavage. Consequently, the two trajectories have identical reaction
Gibbs energies but di�erent activation Gibbs energies.

For the (
√
3×

√
3)R30◦ supercell, the vibrational contributions (∆Gcorr) to the reaction

Gibbs energies are small in magnitude, ranging from −0.04 to +0.03 eV, which indicates
that they largely cancel between the �nal and initial states. In contrast, for the (3 × 3)
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Table 5.7: Reaction and activation Gibbs energies calculated at 25 ◦C for the (
√
3 ×√

3)R30◦ supercell with the ice-like water bilayer model. The Gact values are reported for
the 60◦ and 180◦ pathways, while the ∆G values are identical for both pathways. The
Gcorr corrections for vibrational degrees of freedom are also given.

∆G (eV) ∆Gcorr (eV) Gact (eV) Gact
corr (eV)

layers hcp(001) fcc(111) hcp(001) fcc(111) hcp(001) fcc(111) hcp(001) fcc(111)

60◦ pathway

3 −0.59 −0.17 0.004 −0.040 0.32 0.40 −0.112 −0.116
4 −0.59 −0.47 0.017 +0.007 0.30 0.32 −0.100 −0.109
5 −0.58 −0.32 0.025 −0.017 0.33 0.37 −0.106 −0.112
6a −0.56 −0.36 / / 0.35 0.36 / /
7a −0.56 −0.38 / / 0.32 0.35 / /

180◦ pathway

3 0.44 0.50 −0.135 −0.131
4 0.42 0.44 −0.119 −0.125
5 0.44 0.49 −0.123 −0.122
6a 0.46 0.46 / /
7a 0.44 0.46 / /
aThe ∆G and Gact values were obtained by combining the corresponding ∆E and Eact values
with the Gcorr corrections from the �ve-layer slab.

Table 5.8: Reaction and activation Gibbs energies calculated at 25 ◦C for the (3 × 3)
supercell with the ice-like water bilayer model. The ∆Gcorr and Gact

corr corrections were ap-
proximated by calculating and diagonalizing only the water-bilayer part of the interatomic
force-constants matrix.

90◦ pathway
∆G (eV) ∆Gcorr (eV) Gact (eV) Gact

corr (eV)

N hcp(001) fcc(111) hcp(001) fcc(111) hcp(001) fcc(111) hcp(001) fcc(111)

5 −0.83 −0.65 −0.096 −0.099 0.35 0.39 −0.181 −0.185
6a −0.80 −0.70 / / 0.34 0.35 / /
7a −0.83 −0.69 / / 0.33 0.36 / /
a The ∆G and Gact values were obtained by combining the ∆E and Eact values with the
corresponding Gcorr corrections from the �ve-layer slab.

supercell, the ∆Gcorr values are about −0.1 eV for both Ru-fcc(111) and Ru-hcp(001).
Comparing these corrections between Ru-fcc(111) and Ru-hcp(001), we realize that their
di�erences are small compared with the reaction energy di�erences. Thus, the reaction
Gibbs energies follow the same trend as the reaction energies.

For the activation energies, a di�erent pattern is observed. Contributions from vibra-
tions to the Gibbs energy are always negative, and their values are around −0.1 eV for
the (

√
3 ×

√
3)R30◦ on both surfaces and about −0.2 eV for (3 × 3) on both surfaces.

These contributions lower all energy barriers for water dissociation but do not alter the
overall energy trends. Consequently, Ru-hcp(001) exhibits slightly lower activation Gibbs
energies compared to Ru-fcc(111). This trend is not a�ected by the slab thickness, as all
thicknesses consistently reveal it. More speci�cally, for the (

√
3×

√
3)R30◦ supercell, the

activation Gibbs energies for the preferred 60◦ path are 0.33 and 0.36 eV for Ru-hcp(001)
and Ru-fcc(111), respectively, calculated as the average over the �ve- to seven-layer slabs.
The corresponding values for the 180◦ path are 0.44 and 0.47 eV. For the (3 × 3) super-
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Figure 5.21: The (
√
3×

√
3)R30◦ (�rst row) and (3×3) (second row) reaction and activation

Gibbs energies for H2O dissociation, calculated at 25 ◦C using the water bilayer model.
Results for Ru-hcp(001) are shown in blue and for Ru-fcc(111) in gray. Gibbs energies are
represented by solid colored bars, while the corresponding energies are indicated by black
dashed bars. Note that for the (

√
3×

√
3)R30◦ supercell, the reaction Gibbs energies are

identical for the 60◦ and 180◦ paths.

cell, the values for the 90◦ path are 0.34 and 0.37 eV for Ru-hcp(001) and Ru-fcc(111),
respectively.

The presented results contrast with the high-impact study of Zheng et al. [68], who
attributed the experimentally observed higher activity of the Ru-fcc phase to a DFT-
calculated higher intrinsic activity of Ru-fcc(111) compared to Ru-hcp(001). They used
three-layer Ru slabs along with the bilayer model of water and the (

√
3×

√
3)R30◦ supercell.

Their reaction Gibbs energies of −0.59 and −0.24 eV for Ru-hcp(001) and Ru-fcc(111),
respectively,5 follow a similar trend to ours � namely, that the water dissociation reaction
is signi�cantly more exergonic on Ru-hcp(001). However, their reported activation Gibbs
energies of 0.51 and 0.41 eV for the 180◦ path on Ru-hcp(001) and Ru-fcc(111), respectively,
are in stark contrast to our results. While their calculations suggest that Ru-fcc(111) is
considerably more active than Ru-hcp(001), our results indicate that Ru-hcp(001) is in
fact slightly more active.

The di�erence mainly originates from the treatment of the vibrational contribution
to the Gibbs energy. Zheng et al. [68] reported vibrational contributions to the activation
Gibbs energy of+0.03 eV for Ru-hcp(001) and−0.10 eV for Ru-fcc(111), whereas our (

√
3×√

3)R30◦ value is approximately −0.10 eV for both surfaces. This discrepancy arises from
two sources: (a) the incomplete treatment of vibrational contributions in their work, and

5Zheng et al. [68] reported only the Gibbs energies for the Volmer step, ∆GVolmer = −0.84 for Ru-
hcp(001) and −0.48 eV for Ru-fcc(111). They are calculated form ∆G for water dissociation with added
correction obtained from the thermodynamic cycle. Their �nal equation to obtain Volmer Gibbs energies
is: ∆GVolmer = ∆G− 0.24 eV for both Ru-hcp(001) and Ru-fcc(111).
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(b) their use of too-thin slabs, which lead to unconverged results as demonstrated above.
Speci�cally, their incomplete treatment of vibrational contributions has three shortcomings:

1. Only the zero-point energy (ZPE) was considered, while thermal contributions to the
vibrational Gibbs energy were neglected. In particular, Zheng et al. used Evib(T ) =
1
2

∑
i hνi ≡ ZPE, whereas the correct harmonic-oscillator expression is:

Evib(T ) =
∑
i

hνi

(
1

2
+

1

exp( hνi
kBT

)− 1

)
. (5.8)

It is worth emphasizing that for low-frequency modes the thermal term becomes
larger than the ZPE term (for example, for hν = kBT/2, the second term is about
1.5, i.e., three times larger than the �rst term).

2. In the harmonic-oscillator model, vibrational entropy diverges as the frequency ap-
proaches zero. Without correcting for this e�ect, low-frequency modes contribute
excessively to the vibrational Gibbs energy, potentially leading to nonphysical re-
sults. Zheng et al. applied no correction for the low-frequency modes, whereas we
used the Cramer�Truhlar correction [89].

3. Zheng et al. [68] diagonalized only the adsorbate part of the interatomic force-
constants matrix, whereas, for the smaller cell, we calculated and diagonalized the
full matrix.

For the results reported by Zhang et al., using the full vibrational thermal energy and
the Cramer�Truhlar correction for the low-frequency modes would yield activation Gibbs
energies of 0.39 and 0.37 eV for Ru-hcp(001) and Ru-fcc(111), respectively, instead of their
originally reported values of 0.51 and 0.41 eV. The reported shortcomings of the DFT study
by Zheng et al. together with our results indicate that the ideal Ru-fcc(111) surface is not
intrinsically more active than Ru-hcp(001). If anything, the presented �ndings suggest
that Ru-hcp(001) may be slightly more active.

5.2.2.4 Activity of low-index surfaces

Since the higher activity of fcc-structured nanoparticles cannot be explained by the ac-
tivity of close-packed Ru-fcc(111) and Ru-hcp(001), we also investigated other facets that
are present on nanoparticles. As nanoparticles expose a variety of facets, their overall
catalytic performance may be signi�cantly in�uenced by the less stable ones. To reveal the
activity trends of other facets present on the nanoparticles, we examined the adsorption
of H* and OH*, as well as the dissociation of a single water molecule on low-index surface
terminations. In addition to the already presented Ru-hcp(001) and Ru-fcc(111) surfaces,
we investigated Ru-hcp(100) and Ru-hcp(011) for the hcp phase, and Ru-fcc(100) and
Ru-fcc(011) for the fcc phase (structures are shown in Figure 3.8 in Section 3.5). Unlike
the close-packed surfaces, the other terminations are not directly comparable between the
two phases. For each of these surface terminations, slabs with dimensions similar to the
6-layered (3× 3) slabs of Ru-hcp(001) and Ru-fcc(111) were constructed.

The binding energies of H*, OH*, and H2O* at their most stable adsorption sites are
presented in Figure 5.22a. H* preferentially adsorbs at the hollow site on all investigated
Ru-hcp surfaces and Ru-fcc(111), while on Ru-fcc(100) and Ru-fcc(011) it favors the bridge
site. The OH* fragment also predominantly binds at hollow sites, except on Ru-hcp(100)
and Ru-fcc(011), where it prefers the bridge position. Water molecule adsorbs on a top site
or close to a top site on all surfaces. All adsorption geometries are shown in Figure C.3 in
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Figure 5.22: (a) Binding energies of H*, OH*, and H2O*; (b) reaction and activation
energies for the dissociation of a single water molecule on low Miller-index Ru-hcp and
Ru-fcc surfaces. Blue bars correspond to the hcp crystal phase, while gray bars represent
the fcc phase.

the Appendix. The binding energies of H* exhibit minimal variations, with no signi�cant
di�erence between the hcp and fcc crystal phases. A similar behavior is observed for a
water molecule. In contrast, OH* exhibits stronger binding on fcc surfaces, except on the
close-packed Ru-fcc(111), where the binding energy is comparable to that on the analogous
Ru-hcp(001) surface.

The reaction and activation energies are graphically presented in Figure 5.22b, and the
corresponding reaction pathways are provided in Figure C.4 the Appendix. In contrast to
the ice-like water bilayer model, the reaction energies on the Ru-hcp(001) and Ru-fcc(111)
surfaces are similar. This can be attributed to the structure of the �nal state, in which
both H* and OH* are adsorbed at hollow sites. As seen from Table 5.4, the hollow sites
give comparable binding energies between the surfaces. The activation energies are also
similar between the two surfaces. For other low-index surfaces, the reaction and activation
energies vary. In general, Ru-fcc surfaces exhibit more exothermic reaction energies and
lower activation barriers compared to the investigated Ru-hcp terminations. The lowest
activation energies within each crystal phase are observed on the Ru-hcp(011) and Ru-
fcc(011) surfaces, with values of 0.68 eV and 0.64 eV, respectively.

The values of reaction energy for water dissociation is governed by three primary factors:
(i) the binding energy of the water molecule, (ii) the binding energy of H*, and (iii) the
binding energy of OH*. For the Ru surfaces studied here, the largest discrepancies in
the binding energies are observed for the OH* and as a result, its binding energies are
the dominant contributors to the observed di�erences in reaction energies. Given that
OH* is the product of water dissociation, its stronger adsorption to the surface leads
to a more exothermic reaction energy. Additionally, lower reaction energies for water
dissociation on Ru surfaces tend to result in lower activation energies. However, this
relation is less pronounced, as the variations in activation energies are smaller than that in
reaction energies. This observation aligns with the well-established BEP relation. However,
the correlation is weaker due to structural di�erences among the surface terminations and
their active sites.
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5.2.2.5 Wul� construction

To extend the �ndings obtained for ideal surfaces to catalysts composed of nanoparticles,
we performed a thermodynamic Wul� construction using the investigated low-index facets.
Based on Wul� constructions employing surface energies for a broader range of surface
terminations, as reported by Li et al. [63] and Zhao et al. [64], the three facets considered
in this study account for more than 60% of the total surface area of the Wul�-constructed
polyhedron for both crystal phases. Moreover, for nanoparticles up to 6 nm in diameter,
these facets cover the majority of the surface.

A comparison of our calculated surface energies with those reported by Zhao et al. [64]
and Li et al. [63] is presented in Table 5.2 in Section 5.2.2 on p. 59. Our surface energies
for the hcp crystal phase agree well with both literature sources, whereas our values for
the fcc phase show the largest di�erence with those reported by Zhao et al. Based on this
comparison, we constructed Wul� polyhedra and �ve representative atomistic nanoparticle
models with diameters between 2 and 6 nm, using both our calculated surface energies
(named as this work) and those from Zhao et al. The constructed structures are shown
in Figure 5.23. The surface fractions of each facet obtained from the Wul� polyhedra,
which presents a thermodynamic limit, along with the corresponding activation energies
for water dissociation calculated on ideal surfaces (discussed in the previous section), are
given in Table 5.9. For the fcc phase, the Wul�-constructed structures di�er between the
two datasets; the surface energies from this work result in nanoparticles dominated by
the (111) facet, whereas the surface energies by Zhao favor greater exposure of (100) and
(011) facets. In contrast, the hcp crystal phase gives very similar results between the two
datasets, with the (011) facet covering the largest portion of the surface. This facet is also
the most catalytically active. However, for the fcc particles, the dominant (111) facet is
the least active among the considered surfaces.

To compare the catalytic activity of the constructed nanoparticles, an e�ective activa-

Figure 5.23: Wul� polyhedrons and the corresponding atomistic structures for the hcp and
fcc crystal phases, constructed using our calculated surface energies (named this work) and
those reported by Zhao et al. [64] (see Table 5.2). For the hcp crystal phase, only one set
of structures is shown as both sets of surface energies yield identical particles within the
investigated size range. For the atomistic particles, an approximate diameter is also given.
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Table 5.9: Thermodynamic surface fractions of di�erent facets obtained from Wul�-
constructed polyhedron. The corresponding activation barriers for water dissociation, as
presented in Figure 5.22 are also included.

fcc xi � this work xi � Zhao Eact
i (eV) hcp xi � this work xi � Zhao Eact

i (eV)

(111) 0.77 0.49 0.78 (001) 0.20 0.19 0.80
(100) 0.13 0.16 0.70 (100) 0.24 0.23 0.74
(011) 0.10 0.34 0.64 (011) 0.56 0.58 0.68

tion energy was calculated for each structure. The overall reaction rate on a nanoparticle
can be expressed as the sum of the individual rates over all facets:

r =
facets∑

i

ri =
facets∑

i

[
CiAiyi exp

(
− Eact

i

kBT

)]
(5.9)

where ri is the reaction rate on facet i, which can be expressed in terms of activation energy
Eact

i and the number of active sites Aiyi, with Ai representing the surface area of the facet
and yi the number of active sites per area. Ci is the pre-exponetial factor in Arrhenius
equation, kB is the Boltzmann constant, and T is the temperature. The overall reaction
rate on the nanoparticle can also be described using an e�ective activation barrier:

r = CeffAy exp

(
−
Eact

eff

kBT

)
(5.10)

where A is the total surface area of the nanoparticle and y is the average number of active
sites per unit area. Assuming that the pre-exponential factors and the number of active
sites per area are similar across di�erent facets, the e�ective activation energy can be
written as:

Eact
eff = −kBT ln

facets∑
i

xi exp(−
Eact

i

kBT
) (5.11)

To calculate the fraction of the surface area of each facet (xi = Ai/A), we tested two
approaches. The �rst approach is geometric, in which edges and kinks are used to de�ne
the boundaries between surface facets. The surface area of each facet is then determined
by calculating the area of the resulting polygonal regions. The second approach is based
on the coordination numbers of surface atoms: for each surface atom, its coordination
number is compared with the values corresponding to the low-index facets (see Table 5.2).
The atom is then assigned to the facet whose coordination number most closely matches
its own. The fraction of the surface area is then calculated with respect to the number of
surface atoms (xi = Ni/N). This method is only applicable when all investigated facets
have distinct coordination numbers. In our case, this is true for the fcc facets; therefore,
we compared the two methods on fcc nanoparticles. With the coordination number ap-
proach, the fraction of the (011) facet, which has the lowest coordination number (7), is
considerably higher than with the geometric approach, because all kink and edge atoms
are attributed to this facet. As a consequence, the calculated e�ective activation barriers
are lower by approximately 0.01 eV. Since the coordination number based method cannot
be applied to hcp nanoparticles, all subsequent analyses were performed with geometri-
cally determined surface areas. The resulting fractions of surface areas for all considered
atomistic nanoparticles are given in Table 5.10. The surface fractions of all hcp particles
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Table 5.10: Characteristics of Wul�-constructed nanoparticles for the fcc and hcp phases,
based on the currently calculated surface energies and those reported by Zhao et al.
For each particle, the surface fractions (xi) and the corresponding e�ective barriers (see
Eq. (5.11)) are provided. For the hcp phase, only one set of values is shown, as the particles
constructed from both sets of surface energies are identical. The TD limit denotes the ideal
Wul�-constructed polyhedrons.

N d (nm) x(111) x(100) x(011) Eact
eff (eV)

hcp � based on surface energies of this work and of Zhao et al.

588 2.5 0.19 0.18 0.62 0.69
978 3.1 0.19 0.15 0.66 0.69
2430 4.2 0.20 0.22 0.58 0.69
4872 5.4 0.21 0.25 0.54 0.69
8076 6.4 0.18 0.22 0.60 0.69

TD limit 0.19 0.23 0.58 0.69

fcc � this work

483 2.7 0.97 0.03 0.00 0.77
1229 3.3 0.63 0.22 0.15 0.69
2993 4.7 0.75 0.12 0.14 0.69
5527 5.7 0.73 0.18 0.09 0.70
7441 6.4 0.77 0.14 0.09 0.70

TD limit 0.77 0.13 0.10 0.70

fcc � based on surface energies of Zhao et al.

579 2.5 0.29 0.25 0.47 0.66
1085 3.2 0.40 0.16 0.44 0.66
2675 4.4 0.54 0.16 0.29 0.67
5287 5.6 0.59 0.17 0.23 0.68
8457 6.5 0.51 0.21 0.28 0.68

TD limit 0.49 0.16 0.34 0.67

are similar to the ideal values, whereas fcc particles with diameters below 4 nm exhibit
deviations from the ideal distributions.

E�ective activation energies were calculated for all atomistically constructed nanopar-
ticles as well as for the the ideal Wul� polyhedra. The results are also given in Table 5.10.
The hcp particles yield a consistent e�ective activation energy of 0.69 eV, independent
of nanoparticle size. In contrast, the values for fcc particles vary, with smaller particles
exhibiting di�erent barriers compared to larger ones. This variation arises because, in
smaller particles, the total number of atoms signi�cantly a�ects the obtained geometry of
the particle and consequently the surface fraction of each facet. Comparing the e�ective
barriers of larger fcc nanoparticles, the results based on the surface energies from this work
give a higher e�ective activation energy (0.70 eV) compared to the results based on the
surface energies by Zhao (0.67 eV). This di�erence is due to the larger surface fraction of
the (011) facet predicted by the surface energies by Zhao, which is the most active and
has the greatest in�uence on the e�ective barrier. Speci�cally, increasing the (011) facet
area fraction from 0.10 (as obtained with the surface energies from this work) to 0.34 (as
obtained from the surface energies by Zhao) reduces the e�ective activation barrier from
0.70 eV to 0.67 eV. This corresponds to an increase in reaction rate by a factor of three at
room temperature.

As observed from the results, the activity of hcp nanoparticles is relatively insensitive to
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details. For all hcp particles, the most active (011) facet covers the largest surface area, and
the e�ective activation energies of the constructed particles are only 0.01 eV higher than the
barrier on the ideal (011) surface. This suggests limited potential for enhancing catalytic
activity by tuning the shape of hcp nanoparticles. The fcc particles constructed from
the surface energies based on this work exhibit slightly higher e�ective activation barriers
compered to the hcp ones. However, increasing the surface fraction of the most active (011)
facet can improve their overall activity, as demonstrated by comparing the results based on
our surface energies with those obtained using the surface energies by Zhao. The limit of
the e�ective barrier for the fcc particles is 0.64 eV, which is the barrier on the Ru-fcc(011)
ideal surface. These �ndings imply that synthesizing Ru-fcc nanoparticles with a higher
proportion of the (011) facet could enhance catalytic performance toward HER in alkaline
conditions, where water dissociation is relevant.

An important consideration is also how the morphology of Ru nanoparticles is a�ected
under experimental conditions. According to the surface Pourbaix diagram for Ru (see
Figure 5.14), during HER, the surface is covered with hydrogen atoms, which may a�ect
the morphology of the nanoparticle. For the fcc nanoparticles, it was observed that with
increasing coverage, the fraction of the fcc(011) facet increases [137]. According to our
results, this enhances the activity of nanoparticles toward water dissociation. We did not
�nd a similar study of morphology changes for hcp Ru nanoparticles. However, based on
CO adsorption studies on nanoparticles of both crystal phases by Zhao et al. [64], it is
likely that hcp particles are also a�ected by the increased H coverage. As previously noted,
the shape of Ru-hcp particles is already dominated by the most active (011) facet, so any
morphological change would either decrease or marginally increase the activity. On the
other hand, if the shape of the fcc particles evolves in favor of the (011) facet, their activity
is expected to surpass that of the hcp particles.

According to the presented results, the experimentally observed higher activity of Ru-
fcc catalysts compared to their Ru-hcp counterparts [68]�[71] may originate from the
nanoparticle morphology. For the fcc crystal phase, lower barriers were observed on the
less stable low-index facets. Therefore, with the right morphology, the fcc particles could
be more active than the hcp ones, which are less tunable due to the already dominant
surface fraction of the most active hcp(011) facet.

Within the present approach to evaluating nanoparticle activity, the contributions of
edge and kink sites to the overall catalytic activity are not explicitly considered. While edge
sites have been identi�ed as the primary active sites for the HER on platinum nanoparticles
in acidic environments [138], [139], their role under alkaline conditions is less straightfor-
ward. In alkaline media, the water dissociation reaction presents an additional step, and
edge sites are hypothesized to be occupied by competing adsorbates [138] or to exhibit a
lower coverage of active H atoms [139]. Additionally, studies on ruthenium catalysts in al-
kaline media have shown that highly crystalline nanoparticles with preferential exposure of
the (001) facet exhibit higher activity than small, polycrystalline aggregates with low crys-
tallinity [140]. These observations highlight the non-negligible contribution of facet sites
to HER activity under alkaline conditions. A more comprehensive assessment of nanopar-
ticle activity would require explicitly accounting for edge and kink sites and evaluating the
contribution of higher-index facets that become increasingly prevalent in larger particles.

5.3 Models of Supported Nanoparticles

Studies of supported metal nanoparticles were conducted in collaboration with the Labo-
ratory of Electrocatalysis at the National Institute of Chemistry. Our research led to two
publications: Smiljani¢ et al. [40] for Pt catalysts and Smiljani¢ et al. [41] for Ru catalysts.
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Both are published under a Creative Commons license. The content of this subsection is
based on the DFT analysis presented in the two articles.

In practical applications, platinum and ruthenium metal catalysts are commonly used in
the form of supported nanoparticles. To enable a more direct comparison between experi-
mental results and DFT calculations, we employed idealized models of supported nanopar-
ticles for both platinum and ruthenium on graphene and Ti1.5ON supports. Graphene
was chosen to represent a conventional carbon-based support, while Ti1.5ON served as a
model of titanium oxynitride (TiON), which has been observed to be a promising support
material for various metal catalysts [40], [41], [58].

5.3.1 Platinum

In order to achieve a reasonable compromise between accuracy and computational e�-
ciency, we performed calculations with two Pt nanoparticles: Pt38 and Pt55. They have a
diameter of 1.1 and 1.3 nm, respectively. The symmetry of the nanoparticles was chosen
to re�ect experimental observations [40], and their placement on the TiON support was
determined to preserve the fcc stacking sequence of the Ti layers. On graphene, di�erent
lateral positions of nanoparticles were tested, and the most stable identi�ed con�guration
was used for further analysis. Snapshots of the nanoparticle models and their placement
on supports are shown in Figure 5.24. On these models, varying numbers of H atoms were
adsorbed, ranging from a single H atom to coverages exceeding two H atoms per surface
Pt atom.

We calculated the average hydrogen chemisorption energy using Eq. (3.5) and included
thermal corrections to energy and entropy via Eq. (3.16) to obtain the average chemisorp-
tion Gibbs energy. The vibrational contributions were approximated from analysis on ideal
surfaces. The results for both considered nanoparticles on TiON and C supports at 298 K
and 1 atm are presented in Figure 5.25. For each H* coverage, multiple adsorption patterns
were tested; however, only the energies of the most stable identi�ed structures are shown
in the �gure. The corresponding adsorption structures are shown in Figures D.1 and D.2
in the Appendix. In general, hydrogen chemisorption Gibbs energy becomes less exergonic
with increasing coverage, as hydrogen atoms are forced to occupy less favorable adsorp-
tion sites. When comparing the two supports, we observe that Pt/C systems consistently
exhibit slightly more exergonic adsorption Gibbs energies across the entire coverage range.

Figure 5.24: Structures of the Pt nanoparticles and supports used for calculations. On
the supports, the positions of adhesion are labeled with green triangle (corresponding to
Pt55 particle) and green hexagon (corresponding to Pt38 nanoparticle). On the TiON
support, the O atoms at the vertices of the green triangle and hexagon were displaced to
accommodate the nanoparticles.
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Figure 5.25: Average H adsorption Gibbs energy as a function of the number of H atoms
on two Pt nanoparticles supported on TiON and graphene. Vertical green bands indicate
H coverages relevant under HER conditions. For each number of adsorbed H atoms, only
the adsorption Gibbs energy of the most stable identi�ed structure is reported. Below the
graphs, snapshots of the most stable structures at 0 V are shown.

This suggests that H atoms bind slightly more strongly to Pt/C than to Pt/TiON at the
equivalent number of H atoms.

To determine which H* coverages are relevant under experimental conditions, we per-
formed a thermodynamic analysis based on the surface adsorption Gibbs energy as a func-
tion of electrode potential. The surface adsorption Gibbs energy was calculated per surface
Pt atom according to the following equation:

γads =
n

NPt
∆Gads =

n

NPt

(
∆G

−◦
ads + e(U − URHE)

)
(5.12)

Here, n is the number of adsorbed H atoms and NPt is the number of surface Pt atoms
(32 for the Pt38 particle and 42 for Pt55). ∆G

−◦
ads represents the average H adsorption

Gibbs energy, shown in Figure 5.25. The eU term accounts for the electode potential
(see Eq. (3.24)). Since we are interested in potentials relative to the reversible hydrogen
electrode (RHE), the pH-dependent term cancels out.

The resulting lines from Eq. (5.12) for each investigated system are shown in Fig-
ure 5.26. Each line represents the most stable identi�ed structure for a speci�c number
of adsorbed hydrogen atoms. The slope of each line di�ers, as it is determined by the
ratio n/NPt, which depends on the number of adsorbed hydrogen atoms and the size of
the nanoparticle. As the number of adsorbed hydrogen atoms increases, the slope becomes
steeper, which is evident from the graph. At a given electrode potential, the thermody-
namically preferred structure is the one corresponding to the line with the lowest surface
adsorption Gibbs energy. If all lines lie above y = 0, this indicates that the bare nanopar-
ticle is more stable than any structure with adsorbed hydrogen.

If we examine the results presented in Figure 5.26, we observe a general trend: the
number of adsorbed hydrogen atoms increases as the electrode potential decreases. In
contrast, at su�ciently positive potentials, the bare surface is more stable than the H-



5.3. Models of Supported Nanoparticles 77

Figure 5.26: Surface adsorption Gibbs energy, as de�ned by Eq. (5.12), plotted as a function
of electrode potential. Green background bands represent the region of electrode potentials
experimentally relevant for HER [40]. Each line represents the most stable identi�ed
structure with a certain number of H atoms. Only selected coverages are shown due to
clarity. Each line corresponds to the most stable identi�ed structure for a given number of
hydrogen atoms. To maintain visual clarity, only a selection of lines is shown.

covered ones, as all adsorption lines eventually lie above y = 0. In the range of electrode
potentials relevant to HER (between −0.1 and 0 V versus RHE [40]), the most stable
structures for the Pt38 nanoparticle contain 72 and 60 H atoms per nanoparticle for the C
and TiON supports, respectively. This di�erence in coverage arises form the weaker binding
of the nanoparticle on graphene, which allows hydrogen atoms to adsorb at the perimeter
Pt atoms of the bottomost Pt layer bonded to the graphene support � sites that are
energetically unfavorable on the TiON support. Hydrogen chemisorption on the supported
Pt55 nanoparticle follows a similar adsorption pattern on both supports, yielding similar
coverages at experimental conditions: 82 and 79 H atoms per nanoparticle for graphene
and TiON, respectively. From Figure 5.26, we can also observe that some lines lie very
close to the lowest-lying line at experimental conditions. These correspond to structures
with coverages similar to the most stable structure, suggesting that the experimentally
relevant coverage may �uctuate, but is generally expected to be around 2 hydrogen atoms
per surface Pt atom.

Returning to Figure 5.25, the green bands denote the most stable hydrogen coverages
at experimental conditions. Since slightly weaker adsorption is observed on Pt/TiON
across the entire range of H coverages, this trend also holds in the experimentally relevant
region. In the HER volcano plot [42], platinum lies near the peak, although it slightly
overbinds the H atom. According to our results, the Pt/TiON system binds H somewhat
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more weakly than Pt/C. Based on the volcano plot argument, this suggests that Pt/TiON
should be slightly more active for HER than Pt/C. The small but consistent di�erence
in hydrogen adsorption energies suggests that the support can in�uence the energetics of
reaction intermediates � at least for the structures examined in this study.

In addition to investigating the e�ect of the support on H adsorption, we also examined
the adhesion strength of the two supports. The adhesion energy of the Pt55 nanoparticle
was calculated according to Eq. (3.10), with respect to the undeformed TiON structure.
DFT calculations reveal that Pt nanoparticles adhere signi�cantly more strongly to TiON
than to graphene. For Pt55, the adhesion energies are −15.9 eV on TiON and −3.6 eV
on graphene; for Pt38, the corresponding values are −14.7 and −2.4 eV, respectively. Ad-
ditionally, electron charge density di�erences and the planar integrated electron charge
density di�erences were calculated according to Eq. (3.11) and (3.12), respectively. The
results are presented in Figure 5.27. A much more pronounced electron redistribution is
observed at the Pt55/TiON interface compared to that with C. There is a strong elec-
tron �ow from the surface Ti atoms and the bottom region of the Pt nanoparticle toward
the interface region. The greater electron charge transfer observed for TiON is consistent
with its signi�cantly stronger adhesion energy compared to graphene. Strong adhesion
provides two bene�ts for the catalysts. First, it reduces the likelihood of Pt nanoparticle
detachment and coalescence, thereby keeping the particle dispersed and maximizing the
platinum surface area during HER. Second, it is known that stronger binding to a support
can in�uence nanoparticle reactivity by weakening the adsorption of small molecules �
provided the adsorbates bind primarily through covalent interactions [141].

The presented electron density di�erence results and adhesion energies correspond to
the bare catalyst systems. However, under experimental HER conditions, Pt nanoparticles
are covered with hydrogen atoms. Therefore, we also calculated the adhesion energies of
the Pt55 nanoparticle covered with di�erent numbers of adsorbed H atoms. They were
calculated according to Eq. (3.10), using the energy of the relaxed Pt55 nanoparticle with
the adsorbed H atoms as the energy for the standalone nanoparticle (ENP in the equation).
The results are shown in Figure 5.28, alongside the calculated overlap volume between

Figure 5.27: Left: planar integrated electron charge density di�erence, calculated with
Eq. (3.12), for Pt/TiON (blue curve) and Pt/C (red curve). Positive ∆ρ(z) corresponds
to an excess in electron density. The x-axis origin (z = 0) is arbitrarily set to the position
of the bottom layer of Pt55, as shown in the background images where the nanoparticle
and support structures are visualized to aid interpretation. Right: Corresponding 3D
electron charge density di�erence plots, calculated with Eq. (3.11). Isosurfaces are drawn
at ±0.01 e/a30, with blue and red regions representing electron depletion and accumulation,
respectively. Adhesion energies are reported below the structures.
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Figure 5.28: Dependence of adhesion energy on the number of adsorbed H atoms on the
supported Pt55 nanoparticle. Red and blue data points correspond to the graphene and
TiON supports, respectively. Gray data on both graphs represent the overlap volume at
the nanoparticle�support interface, which is displayed on the secondary axis.

the atoms of the adhered nanoparticle and the atoms comprising the support structure.6

For the graphene-supported system, we observe minimal changes in adhesion energy for
coverages up to 80 adsorbed H atoms. Beyond this point, a sharp increase of approximately
0.5 eV is observed. A similar trend is seen for the overlap volume: it decreases gradually
up to 80 atoms, followed by a distinct drop, indicating that the nanoparticle and the
graphene support drift further apart. In the case of TiON, the adhesion energy increases
slowly up to 80 adsorbed H atoms, after which a sharp rise of about 2 eV occurs. Unlike
the graphene system, no sharp decrease in overlap volume is observed at this point. Both
supports exhibit an in�ection point in adhesion energy behavior at 80 adsorbed hydrogen
atoms. At this coverage, both catalysts begin to adsorb additional H atoms in close
proximity to the Pt�support interface, which destabilizes the nanoparticle's adhesion. Even
at the highest coverage considered, the Pt55/TiON catalyst maintains signi�cantly stronger
adhesion compared to the Pt55/C system, where the nanoparticle is primarily bound to
the support through van der Waals interactions.

From the presented results, two e�ects of the support are observed: (i) its in�uence on
the adsorption of intermediates and (ii) its impact on the nanoparticle adhesion strength.
The in�uence on intermediate binding is relatively small but persistent, and may contribute
to tuning reaction energetics and enhancing catalytic activity. In contrast, the e�ect of
the support on nanoparticle adhesion is more pronounced. The graphene support binds
Pt nanoparticles considerably more weakly than TiON even at higher H coverages. As
a result, the Pt/TiON catalyst is expected to exhibit enhanced stability and durability
owing to its stronger adhesion, as well as higher activity than Pt/C resulting from altered
hydrogen adsorption.

5.3.2 Ruthenium

Similar as for Pt nanoparticles, analysis of Ru nanoparticles supported on graphene and
TiON supports was also preformed. While Ru crystallizes in the hcp phase, supported
fcc-structured Ru nanoparticles have also been observed experimentally [62], [68]�[71]. In

6The overlap volume was estimated using a Monte Carlo method. Atoms were modeled as van der
Waals spheres with the following radii: rC = 1.70 Å, rN = 1.60 Å, rO = 1.55 Å, rTi = 2.15 Å, rPt = 2.05
Å, in accordance with the crystallographic radii recommended by Batasanov [142]. For H atom, a value of
1.20 Å was used as proposed by Bondi [143]. The estimated uncertainty in the calculated overlap volumes
is ±0.5 Å3, which is su�ciently small to ensure reliable trends.
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Figure 5.29: Structures of the Ru nanoparticles and supports used for calculations. On the
supports, the positions of adhesion are labeled with green triangle (corresponding to Ru{6}N

nanoparticles) and green hexagon (corresponding to Ru{7}N nanoparticles). On the TiON
support, the O atoms at the vertices of the green triangle and hexagon were displaced to
accommodate the nanoparticles.

addition, there are also experimental indications that fcc Ru particles could be present in
the catalyst with TiON support [41]. As already presented in Section 5.2.2, the stability
of Ru-hcp and Ru-fcc nanoparticles is very similar at least up to particle sizes of about
2 nm. To analyze a potential preference of either graphene or TiON supports for a speci�c
crystal phase, the adhesion energies of similar nanoparticles of both phases were calculated
according to Eq. (3.10). Nanoparticles were chosen in pairs, and within each pair, the hcp
and fcc nanoparticles are mutually comparable because they have the same two bottom
layers, where the bottommost layer adheres to the support. In particular, hcp-Ru{7}38 vs fcc-
Ru{7}38 and hcp-Ru{6}54 vs fcc-Ru{6}55 pairs are considered, where the super-scripted number
(Ru{N}) indicates the number of Ru atoms in the bottommost layer that faces the support.
The fcc nanoparticles were adsorbed on TiON in a similar way as the Pt nanoparticles
to continue the fcc stacking of layers. The hcp particles were adsorbed with the same
orientation of the bottom two layers as the corresponding fcc particles. On graphene,
di�erent lateral positions were tested for all four particles and the most stable identi�ed
one was used for analysis. The adhesion positions of the selected nanoparticles are shown
in Figure 5.29.

The calculated cohesion and adhesion energies of the selected pairs of particles are
given in Table 5.11. The adhesion energies were calculated with respect to the undeformed
TiON slab.7 Both pairs of nanoparticles have similar cohesion energies and therefore similar
stability. For di�erent supports, we can observe that TiON binds these nanoparticles about
four times stronger than graphene, thus immobilizing and stabilizing them. As for the hcp
vs fcc adhesion preference, the hcp nanoparticles adhere to graphene by 0.3 eV stronger
than the fcc nanoparticles. In contrast, on the TiON support, fcc-Ru{7}38 binds by 0.6 eV
stronger than hcp-Ru{7}38 , but vice-versa is true for the Ru{6}n nanoparticles, where hcp-
Ru{6}54 adheres by 0.3 eV stronger than fcc-Ru{6}55 . The results show a small preference of
graphene to bind hcp structure compared to fcc, but adhesion on TiON gives no consistent
trend and depends on the nanoparticle's shape. However, the number of cases considered
is far insu�cient to reach any statistically valid conclusion.

7In the article, where the results are published [41], the reported adhesion energies are with respect
to a more stable identi�ed TiON structure (∼0.4 eV more stable compared to the undeformed one). It
was identi�ed with re-optimization of TiON slab after adsorption of Ru{6}

N nanoparticle. In this work,
adhesion energies are reported with respect to the undeformed TiON slab to maintain consistency with
the Pt analysis. Consequently, the obtained values are about 0.4 eV lower than those reported in the
original article.
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Table 5.11: The cohesion energies (Eq. (3.9)) and adhesion energies (Eq. (3.10)) of the
selected comparable Ru nanoparticles on TiON and graphene supports. The adhesion
energies were calculated with respect to the undeformed TiON structure.7

nanoparticle Ecoh (eV) Eadh@C (eV) Eadh@TiON (eV)

hcp-Ru{7}38 −5.03 −4.3 −17.4
fcc-Ru{7}38 −5.04 −4.0 −18.0

hcp-Ru{6}54 −5.21 −4.1 −16.6
fcc-Ru{6}55 −5.18 −3.8 −16.3

Adhesion was further analyzed with electron density di�erence for Ru{6}N nanoparticles
on both supports. Planar integrated electron density di�erence along the surface normal
direction (∆ρ(z); see Eq. (3.12)) and structures with isosurfaces of electron density dif-
ference (∆ρ(r); see Eq. (3.11)) are shown in Figure 5.30. For both supports, electron
de�cit is observed in the support and electron surplus in the bonding region between the
nanoparticle and the support. However, for TiON support, a much larger electron �ow
is observed. The bottom layer of Ru and the upper layer of Ti ions donate electrons
to the binding region, resulting in notable electron accumulation. A similar pattern was
observed for Pt metal, which indicates that TiON support strongly binds di�erent metal
nanoparticles and can enhance their durability and catalytic activity [40], [41], [58]. On
TiON support, the ∆ρ(z) curves for fcc-Ru{6}55 and hcp-Ru{6}54 are almost superimposed
and no relevant di�erence can be observed for the two phases. For the graphene support,
the curves are more di�erent, which can be attributed to the di�erent binding site (see

Figure 5.30: Left: planar integrated electron density di�erence along the z direction for
Ru{6}N pair of nanoparticles on both graphene and TiON supports. z = 0 corresponds to
the positions of the bottommost Ru layer, as indicated by the atomic structure shown as
a watermark behind the ∆ρ(z) curves. Red and blue colors represents structures with the
graphene and the TiON support, respectively. For the hcp structure, a darker shade is
used, whereas a lighter shade of color and dotted lines are used for the fcc phase. Right:
snapshots of hcp-Ru{6}54 nanoparticle on TiON and graphene with electron density di�erence
isosurfaces of ±0.01 e/a30. Red color represents electron excess and blue is used for electron
de�cit.
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Figure 5.29). This analysis further con�rms the observed small di�erence of adhesion for
fcc and hcp nanoparticles. The presented results indicate that the fcc phase can be present
on the TiON support, but gives no evidence for its formation.

Since no clear preference for the formation of fcc and hcp structures on C or TiON
supports was observed, we analyzed H adsorption only for the thermodynamically stable
hcp phase. Similar to the supported Pt nanoparticles, we adsorbed H atoms on the sup-
ported Ru nanoparticle, but the analysis was simpli�ed. Only the hcp-Ru{6}54 particle was
analysed and two cases were investigated: (i) low coverage with a single H atom on var-
ious adsorption sites, and (ii) high coverage with 76 H atoms adsorbed on the supported
nanoparticle.

For the investigation of a single chemisorbed H atom, we constructed 44 and 41 initial
adsorption structures for TiON and graphene, respectively. After structural optimization,
we obtained 27 distinct relaxed structures on each support, as some converged to the same
con�guration � snapshots of the optimized structures for both supports are provided in
Figures D.3 and D.4 in the Appendix. Chemisorption energies were calculated according
to Eq. (3.4) and the results are shown in Figure 5.31. The range of chemisorption values
is quite wide for both supports (they span from −0.2 eV to −0.8 eV) without any clear or
consistent trend. The only apparent di�erence is in the adsorption at the bottom layer,
where the hcp-Ru{6}54 /TiON system gives only one super stable site for chemisorption of
H. In contrast, graphene support do not in�uence the binding of H in the bottom layer
signi�cantly, because more sites are stable and the corresponding binding energies are more
similar to other sites.

Since the results for low coverage case give limited insight, we also performed calcula-
tions with high coverage structures. This setup is a better representation of experimental
conditions, where high coverage of H is expected (see Figure 5.14). The adsorbed hcp-
Ru{6}54 particle was covered with 76 H atoms with the same adsorption sites occupied
on both supports. The optimized structures and the corresponding average chemisorp-

Figure 5.31: Chemisorption energy of a single H atom on various sites of the hcp-Ru{6}54

nanoparticle, supported on TiON and graphene. Next to the graph a picture of nanoparticle
is shown to facilitate interpretation; y=0 is arbitrarily set to the bottommost Ru layer and
red dashed lines indicate the positions of the Ru layers in the supported nanoparticle.
Snapshots of the corresponding optimized structures are provided in Figures D.3 and D.4
in the Appendix for graphene and TiON, respectively.



5.3. Models of Supported Nanoparticles 83

Figure 5.32: Snapshots of the hcp-Ru{6}54 nanoparticle covered with 76 chemisorbed H atoms
supported on TiON support (left) and graphene (right). The average H chemisorption
energies are also stated.

tion energies calculated according to Eq. (3.5) are shown in Figure 5.32. The average H
chemisorption energies are −0.456 and −0.471 eV per H atom for hcp-Ru{6}54 on TiON and
graphene, respectively. These values indicate that the binding on hcp-Ru{6}54 /TiON system
is slightly weaker compared to that on hcp-Ru{6}54 /C. A similar trend was already observed
for Pt/TiON catalyst in Figure 5.25 in the whole investigated range of coverages. In the
Volcano plot for HER, Ru binds H too strongly [144], [145] and the observed lowering of
the strength of H binding could facilitate HER and potentially make the catalyst more
active.

When studying the TiON support, we observed similar trends with both Ru and Pt
metals. The adhesion of the investigated metal nanoparticles is signi�cantly stronger com-
pared to graphene support, which stabilizes the catalyst and makes it more durable. In
addition, slightly weaker chemisorption energy was observed on metal particles supported
on TiON, which could make the catalyst more active. This is also consistent with the
�ndings that supports which bind metal nanoparticles strongly tend to weaken their inter-
action with small adsorbates that bind predominantly covalently [141]. The combination of
strong adhesion and favorable e�ect on hydrogen adsorption energy makes the TiON sup-
port highly promising for nanoparticle-based catalysts for HER and other similar reactions
[40], [41], [58].
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Chapter 6

Conclusions

This thesis investigated the structure�activity relationships of selected DRM and HER
catalysts. In the �rst part, we examined Ni/CeO2 and Ni/MnxCeO2 catalysts for the dry
reforming of methane. The analysis showed that the experimentally observed 2020 cm−1

vibrational frequency, present for the Ni/CeO2 catalyst and absent for the Ni/MnxCeO2

catalyst, corresponds to CO species adsorbed on the Ni surface. Our results suggest that
partial oxidation of Ni upon MnOx doping could explain this observation. Vibrational
analysis con�rmed that oxidation of the Ni surface shifts the CO stretching frequency to
higher values. Reaction pathway analysis further revealed that Ni(111) is active but prone
to carbon deposition, whereas NiO(100) is inactive but resistant to carbon deposition. A
partially oxidized Ni surface could thus remain active, due to metallic Ni centers, while be-
ing less susceptible to deactivation owing to oxidized regions that suppress carbon buildup.
The corresponding pathways on both Ni and NiO do not support the �rst hypothesis (�Dop-
ing the Ni/CeO2 catalyst with MnOx alters the reaction mechanism, as proposed by Sagar
et al.�), since in both cases the reaction proceeds via CHxO intermediates. Instead, our
analysis indicates that the key factor di�erentiating the activity of the two catalysts is the
oxidation state of Ni.

The second part of this thesis addresses HER, focusing on platinum- and ruthenium-
based catalysts. For platinum, we compared ideal surface models with the Pt55 nanoparti-
cle. The nanoparticle exhibits higher adsorbate coverages and stronger adsorption of H*,
O*, and OH* than the ideal surfaces, demonstrating that the second hypothesis (�Models
of ideal surfaces capture the same activity trends as nanoparticle models�) is overly opti-
mistic. The main di�erence between the models lies in the presence of edge and kink sites
on the nanoparticle, which bind adsorbates more strongly. Pourbaix diagram predicts high
overall nanoparticle coverage, suggesting that adsorbates on facet centers contribute to the
activity as well. This is particularly relevant for larger nanoparticles, where the fraction
of atoms located on the facets is high compared to that at edge and kink sites. For such
nanoparticles, the hypothesis becomes more credible. Among the models of ideal surfaces,
Pt(100) was found to be more reactive than Pt(111), exhibiting stronger adsorption en-
ergies and higher coverages. Kinetic analysis revealed a clear coverage dependence: the
barrier for the Volmer step increased with H* coverage, whereas those for the Tafel and
Heyrovsky steps decreased. A detailed examination of the Tafel step further showed higher
activity on Pt(111) compared to Pt(100) for this elementary reaction.

For ruthenium, we compared the fcc and hcp crystal phases. Calculations on close-
packed Ru-fcc(111) and Ru-hcp(001) suggested slightly higher activity for Ru-hcp(001).
This trend was observed from both activation Gibbs energies and activation energies, as
the vibrational contributions did not change the trends. However, analysis of additional
low-index surfaces together with Wul� constructions indicated that fcc nanoparticles may
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achieve higher overall activity by tuning morphology toward a greater share of the active
fcc(011) facet. These �ndings therefore partially support the third hypothesis (�The fcc
phase of Ru is more active toward HER than the thermodynamically stable hcp phase�),
though the enhancement originates from the morphology and facet distribution of the
nanoparticles rather than the activity of the close-packed surfaces, as claimed in the liter-
ature [68].

Finally, we examined platinum and ruthenium nanoparticles supported on TiON and
graphene. For both metals, TiON provided substantially stronger adhesion than graphene,
which reduces detachment and agglomeration of the nanoparticles. While adsorption of
a single H atom on Ru nanoparticles showed no clear support-dependent trends, high H
coverage revealed slightly weaker binding on both Pt and Ru when supported on TiON.
This �nding suggests that the support can also tune interactions between active sites and
intermediates, thereby in�uencing the activity. These results partially agree with the fourth
hypothesis (�The TiON support forms stronger covalent bonds with metal nanoparticles but
does not signi�cantly a�ect the interaction between adsorbed H and the metal compared to
a conventional carbon support�). The TiON support indeed binds metal nanoparticles
strongly, but it also subtly alters intermediate�metal interactions. It is worth noting that
even small energy changes can noticeably a�ect reaction rates.

Overall, this thesis demonstrates that subtle structural modi�cations � such as the
oxidation state of Ni in DRM, the morphology and phase of Ru nanoparticles in HER,
and the in�uence of the TiON support � can a�ect catalytic activity. These results
provide atomic-level insights into how catalytic performance can be tuned by nanoparticle
morphology and metal�support interactions. In turn, such understanding provides a basis
for the rational design of more e�cient HER and DRM catalysts, contributing to more
sustainable hydrogen production technologies.
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Appendix A

Dry Reforming of Methane on

Nickel-Based Catalysts

In this appendix, �gures detailing reaction pathways corresponding to the elementary steps
considered in the analysis of the DRM reaction for both the Ni(111) and NiO(100) surface
models are shown.

Figure A.1: Reaction pathways for the analyzed elementary steps on Ni(111). Each panel
shows the reaction path obtained from the NEB calculations, along with snapshots of the
initial (IS), transition (TS), and �nal (FS) states, as well as the corresponding activation
and reaction energies.
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Figure A.1 (continued): Reaction pathways for the analyzed elementary steps on Ni(111).
Each panel shows the reaction path obtained from the NEB calculations, along with snap-
shots of the initial (IS), transition (TS), and �nal (FS) states, as well as the corresponding
activation and reaction energies.
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Figure A.1 (continued): Reaction pathways for the analyzed elementary steps on Ni(111).
Each panel shows the reaction path obtained from the NEB calculations, along with snap-
shots of the initial (IS), transition (TS), and �nal (FS) states, as well as the corresponding
activation and reaction energies.
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Figure A.2: Similar to Figure A.1 but for the analyzed elementary steps on NiO(100)
model.
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Figure A.2 (continued): Similar to Figure A.1 but for the analyzed elementary steps on
NiO(100) model.
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Appendix B

Platinum Catalysts for HER

This appendix presents �gures of the optimized H*, OH*, and O*-covered Pt surface models
used in the analysis, along with the reaction pathways of the considered HER steps.

Figure B.1: Top-view snapshots of adsorption structures on Pt(111) for H*, O* and OH*.
On each snapshot, adsorbate coverage is stated in ML units.
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Figure B.2: Top-view snapshots of adsorption structures on Pt(100) for H*, O* and OH*.
On each snapshot, adsorbate coverage is stated in ML units.

Figure B.3: Adsorption structures of H* on the Pt55 particle. Next to each structure the
number of adsorbed H atoms is written.
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Figure B.4: Adsorption structures of O* on the Pt55 particle. Next to each structure the
number of adsorbed O atoms is written.
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Figure B.5: Adsorption structures of OH* on the Pt55 particle. Next to each structure the
number of adsorbed OH fragments is written.
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Figure B.6: Reaction pathways for HER on Pt(111) modeled with an ice-like water bilayer
model. Each panel shows the minimum-energy path from NEB calculations, with snapshots
of IS, TS, and FS, together with the corresponding activation and reaction energy.
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Figure B.7: Reaction pathways for the Tafel step on Pt(111) at di�erent coverage of H*.
Each panel shows the minimum-energy path from NEB calculations, with snapshots of IS,
TS, and FS, together with the corresponding activation and reaction energy.
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Figure B.8: Reaction pathways for the Tafel step on Pt(100) at di�erent coverage of H*.
Each panel shows the minimum-energy path from NEB calculations, with snapshots of IS,
TS, and FS, together with the corresponding activation and reaction energy.
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Appendix C

Ruthenium Catalysts for HER

This appendix presents �gures of the reaction pathways of water dissociation on the ana-
lyzed surfaces and supercells, with the corresponding initial (IS), transition (TS), and �nal
(FS) states.

Figure C.1: Water dissociation on Ru-hcp(001) (top row) and Ru-fcc(111) (bottom row)
modeled with the (

√
3×

√
3)R30◦ supercell and an ice-like water bilayer.



102 Appendix C. Ruthenium Catalysts for HER

Figure C.2: Water dissociation on Ru-hcp(001) (top row) and Ru-fcc(111) (bottom row)
modeled with the (3× 3) supercell and an ice-like water bilayer.

Figure C.3: The most stable adsorption sites for H*, OH*, and H2O* on all investigated
Ru-hcp and Ru-fcc surfaces.
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Figure C.4: Reaction pathways for water dissociation on low-index surfaces of hcp (left)
and fcc Ru (right). Each panel shows the minimum-energy path from NEB calculations,
with snapshots of IS, TS, and FS, together with the corresponding activation and reaction
energy.
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Appendix D

Structures of Supported

Nanoparticles

In this appendix, the snapshots of structures used in the analysis of supported nanoparticles
are provided.

Figure D.1: Snapshots of the most stable identi�ed structures of the Pt55 nanoparticle
supported on graphene and TiON with di�erent number of adsorbed H atoms.
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Figure D.2: Snapshots of the most stable identi�ed structures of the Pt38 nanoparticle
supported on graphene and TiON with di�erent number of adsorbed H atoms.
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Figure D.3: Snapshots of optimized structures and chemisorption energies of a single H
atom adsorbed on various sites of hcp-Ru{6}54 supported on graphene. Snapshots are ordered
according to the increasing height of the adsorbed H atom above the support.



108 Appendix D. Structures of Supported Nanoparticles

Figure D.4: Snapshots of optimized structures and chemisorption energies of a single H
atom adsorbed on various sites of hcp-Ru{6}54 supported on TiON. Snapshots are ordered
according to the increasing height of the adsorbed H atom above the support.
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