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Chapter 1

1.1. General introduction: Electrocatalysis for the

environment

Our current patterns of energy consumption and production are unsustainable from both a
resource and an environmental perspective. In fact, the Intergovernmental Panel on
Climate Change (IPCC) predicts a rise in global temperatures of over 2 °C if we do not
radically depart from using fossil fuels.! Even a temperature rise limited to 1.5 °C would
have a significant impact on nature and human life in many parts of the world.? Moreover,
fossil resources are depleted faster than they are regenerated,>* even considering that
entirely depleting them may in any scenario be incompatible with limiting further global
heating below 1.5 °C.> As part of an effort to abate these crises, the Paris agreement was
signed by 195 UN member states as of the moment of writing (2022).% This agreement calls
for all nations to limit greenhouse gas emissions:’ reducing, replacing, and even capturing
emissions of (i.e. reusing) fossil fuels is considered of the greatest importance.”® Renewable
energy, of which wind and solar energy do not require specific geological features to
function, are the prime candidates for replacing fossil fuels. However, both wind and solar
energy supplies are either variable or even intermittent,®? hence requiring energy storage
to be sufficiently stable for full replacement.>3-1> Moreover, renewable energy itself
cannot replace fossil-based materials directly, since these are not only used as a source of
energy, but also as synthetic feedstocks or industrial fuels.’® Replacing these fuels and
feedstocks therefore requires synthesis from non-fossil resources using renewable energy.
Electrochemistry — more specifically, electrocatalysis — is key to solving both issues.!3-1®

In electrolytic cells, an externally applied electric potential difference across two electrodes
is used for the oxidation and reduction of chemical species. In galvanic cells, the
electromotive force of redox processes is in turn used to produce electricity. These two
types of electrochemical systems allow us to store energy in or retrieve energy from active
chemical species in a highly controlled fashion. Electrocatalysis is electrochemistry applied
to the acceleration of chemical reactions: applied potentials are used to stabilise otherwise
thermodynamically unfavourable intermediates, thereby facilitating the selective formation
of specific reduction or oxidation products. Such processes are generally less
thermochemically demanding than conventional heterogenous catalysis processes. Two
forms of electrocatalysis exist, following the respective definitions by Zhang et al.:'’
homogeneous electrocatalysis, in which oxidation state of the catalyst is changed using an
electrode to oxidise or reduce a target molecule in solution;'® and heterogeneous
electrocatalysis, in which the electrode itself contains the catalytically active sites.*® In this
thesis, we will focus on heterogeneous electrocatalysis.

Research in heterogeneous electrocatalysis focuses on three main aspects: characterisation
of the (chemical) structure of the electrocatalytic active sites, description of reaction
mechanisms, and definition and optimisation of electrocatalytic activities. The goal is to use
the knowledge about these aspects of an electrocatalyst, or several different
electrocatalysts, to optimise the chemical composition and other underlying physical
parameters; thereby one may increase the yield of, and improve selectivity towards the
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desired reaction products.’®?* Various analysis techniques are used to obtain more
information on the nature of an electrocatalytic process. Apart from the conventional
analysis of reaction products, cyclic voltammetry (CV) is used to find the onset potential and
elucidate the kinetics of specific redox reactions,?? infrared (IR) spectroscopy helps to
characterise on-surface adsorbates and their binding properties,”® and operando X-ray
spectroscopy to find the structure of the active surface,?* among others. Although these
methods provide a great source of information on the nature and function of catalytic
materials, for most reactions they do not provide all the information needed to describe
and optimise the catalytic process. Specifically, short-lived or bottleneck intermediates are
key to optimising catalysis. These intermediates are hard to detect relative to less
important, yet more abundant adsorbates, especially on suboptimal electrocatalysts. The
structure of a surface during the catalytic reaction may also be hard to elucidate in
operando. If we want to ascertain the structure and composition of the catalyst surface
during operation, the identity of important catalytic intermediates, and the underlying
relations binding the two, we need to use computational chemistry.?*

1.2. Computational chemistry

Computational chemistry is the study of molecular systems and chemical reactions using
computer simulations. Depending on the chemical system one wishes to describe,
simulations can include macroscopic continuum calculations such as fluid or solid
mechanics, or microscopic or atomistic simulations in which the focus lies on individual
molecules and atoms or small ensembles thereof.?> In the latter category, two types of
simulations can be discerned: molecular mechanics, which uses classical mechanics to
simulate atomic interactions using bonding models and force-field methods,?%?’ and
quantum chemical calculations; these may be combined in the form of QM/MM
simulations.?®?® Quantum chemical calculations, also called ab-initio simulations,?”3°
provide a more accurate description of the electronic structure and distribution of electrons
in chemical systems,3%3! which is of prime importance when describing the molecule-solid
interactions fundamental to heterogeneous electrocatalysis. Density functional theory —
used in the work presented in this thesis — is arguably the most widely applicable and used
method within the scope of ab-initio simulations.3!

1.2.1. The wavefunction interpretation and its
limitations

Along with the wavefunction interpretation, in which wavefunctions behave as described
by the Schrodinger equation, density functional theory (DFT) is one of the key approaches
to approximating the Schrédinger equation. In the wavefunction interpretation of quantum
mechanics, the properties or states of individual particles (n = 1) or collections of n
particles are described using wavefunctions W (74, ..., %, t) or |¥ >, where 7 are the spatial
coordinates of particle i. For these wavefunctions, the probability of finding the entire set
of particles in specific sites {7, ..., 7.} is equal to ¥*(#, ..., %)¥Y (#, ..., 7,), of which the
integral for all coordinates combined over space < W|¥ > is equal to 1 where < ¥|
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represents the complex conjugate of the wavefunction. Similarly, the value of an observable
X for a system — including energy and momentum - is defined as
< '1U|X|'1U >, where X is the corresponding quantum operator. The time dependency of the
wavefunction is described using the time-dependent Schrédinger equation, which contains
the Hamiltonian operator (H), a specific quantum operator that describes the energy of the
system for a specific combination of 7:

d
lh&W(Fll "'PFTI,I t) = HW(FI‘ '--'Fn' t) (1)

where # is the reduced Planck constant and the Hamiltonian operator A representing the
total energy is defined as the sum of the kinetic energy (T) and potential energy (V)
operators:

n

—h? S .

A =T+r7=22m. V2 4+ V(R T ) )
=1 '

where m; is the mass of particle i. Any wavefunction can be expressed as a linear

combination of stable wavefunctions or eigenfunctions of the Hamiltonian, as described in

the time-independent Schrédinger equation:

AY#,, ..., 7, t) = EU(F, ..., Ty, t) 3)
These eigenfunctions do not have any net momentum, nor do they show any change in
density with time, and depend on time only with a phase factor exp (— @) where ¢

can be any real number. Note that any wavefunction that is stable for many particles, must
be stable for every single particle described by the wavefunction. Hence, in order to
calculate the all-electron wavefunction representing the entire system, we can express it in
terms of the single particle, non-interacting wavefunctions which are solutions to the single
non-interacting particle Schrédinger equation as an initial guess:

_K2
Hy(F) = %Vz + Voo () = EY(¥) 4)

where ng(F) is the background potential experienced by the single non-interacting
particle. Its solutions are orthonormal, and hence neither show net overlap in spatial
distribution, nor in spin or any other relevant quantum property. This obviously does not
take into account particle-particle interactions, which means we can only describe the
entire system if we take all possible distributions of the individual particle into account.
Before adding the interaction energies, we must consider that some of the particles are
identical, and hence are indistinguishable while sharing the set of available single-particle
wavefunctions: switching two atomic positions should either yield the same wavefunction
if the atoms are allowed to be in the same wavefunction (bosonic particles), or yield the
wavefunction multiplied by —1 if atoms are not allowed to be in the same wavefunction
(fermionic particles). For bosons, having two equal wavefunctions for two particles keeps
the wavefunction a valid solution of the Schrédinger equation; for fermions, it annihilates
the entire wavefunction which means multiple particles cannot coexist in the same state.
For fermions, the necessary anti-symmetry is ensured by defining the wavefunction ¥; as a
sum over products of single-particle wavefunctions that obeys the above conditions for the
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non-interacting system, which are called Slater determinants.3> Hence for the identical
particles in the wavefunction:

L 1 S S S
Wi T = D (i () ey )
. VN!
{licCni
_l/’j,1(?2)l/)j,2(71) ---wj,N(FN) + )
(5)
Since we have split the wavefunction into terms which are products of the individual non-
interacting particle wavefunctions, we can now further separate the energy terms in the
Hamiltonian:

n _hz
mv:Z 2—mvg+vbg(?i)+21/ij(7j—ﬁ) Y =EY (6)

i=1 j#i
The total wavefunction is expressed as a linear combination of Slater determinants, and c;
can be optimised to obtain the true ground and excited states of the multi-particle
wavefunction. However, the resulting equation is analytically unsolvable and very hard to
solve numerically due to the N? interactions between particles, which all need to be
calculated during each computational iteration. It would, therefore, be preferable to avoid
the usage of single particles and calculate the entire system of many particles at once.

1.2.2. Basics of density functional theory

Density functional theory is based on the aforementioned principle that if particles are
indistinguishable, only the overall density can be observed, which depends directly on the
wavefunctions of the N individual particles:3!

N
p() = D piFibo, o) @
i=0
It may appear that the density does not describe the particles completely, since the complex
part of the wavefunction is obscured by the multiplication with the complex conjugate
above. However, any complex prefactor has no physical meaning: since the probability
distribution of individual wavefunctions depends on their own unique Hamiltonians, and
the effect of the potential energy on the wavefunction only depends on this probability
distribution, the density itself is coupled one-on-one to the underlying potential energy.3
This is the first Hohenberg-Kohn theorem.3* Now we can redefine the above Hamiltonian in
terms of the density at specific locations, expressed in density functionals corresponding to
the various energy contributions to the system:3

E[p(P)] = T[p(P)] + Vo Dp () + f f f Vo — Pp@)p@dd

+ f Veelp () p(P)]d7,
®
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In this equation, T is the kinetic energy, V}, is the background potential or potential
generated by non-identical particles, and V,; is the classical interaction within the charge
density distribution. Note that these three terms only describe classical interactions; V. is
the exchange-correlation functional which takes into account local energy deviations from
the classical energy caused by quantum statistical deviations of particle-particle interactions
in a many-particle system. More simply put, even though the probability density for each
particle may be high in one position if one ignores interactions, it is highly unlikely that they
are close together when observed together if their interactions are repulsive, and that they
are far apart if their interactions are attractive. The exchange-correlation functional, and
the kinetic energy functional, are non-trivial.

The kinetic energy is defined for each separate particle, as can be deduced from Egs. 2 and
6. In turn, Eq. 7 — as noted by Hohenberg and Kohn themselves, in their application of the
Thomas-Fermi model for electron gases —3 shows that we can separate the total density
into densities p; for individual particles. This principle was used by Kohn and Sham to define
hypothetical complex wavefunctions ¢; for each individual particle: the Kohn-Sham
wavefunctions.3* Applying the Schrédinger equation to the kinetic part of the equation, and
adapting the potential energy part from Eq. 8, yields the Kohn-Sham equations for the
system:
2

020, + Vg i + 04D f f f VaGy - Dp(R)dr

2m
Ve lp(P)]

5p(P) 0;(7) = €,0:(F)
9

In these equations, the kinetic energy is calculated explicitly. According to the second
Hohenberg-Kohn theorem, optimising these systems of equations, and deriving the overall
density p(7) from the optimized ¢;(#), gives us the overall energy of the system when we
insert p(7) into Eq. 8. However, one unknown quantity remains: the exchange-correlation
functional. A perfect (or universal) density functional would include all possible non-classical
interactions exactly, whether near or far. Unfortunately, this would require knowledge of
particle densities and their interactions for all possible 7. A perfect density functional
calculation would hence be equally (in)feasible as a perfect wavefunction calculation.®

Therefore, we must approximate the exchange-correlation functional, such that
calculations of all interactions or properties of the systems we need are sufficiently
accurate, or at least the trends between them are. There are multiple types of practically
usable exchange-correlation functionals,®® which include those based on local densities
p(#) (local density approximation functionals or LDAs), density gradients Vp(#) in
generalized gradient approximation (GGA) functionals, such as the Perdew-Burke-Ernzerhof
(PBE) functional,®” up to non-local functionals which take into account long-range
interactions, such as the various Van der Waals (vdW) functionals,® and hybrid functionals
containing exact exchange.3*° The way the functional depends on (derivatives of) densities

10
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can be defined using either model quantum systems — non-empirical functionals — or
through analysis of previously calculated and experimental datasets — semi-empirical
functionals.®* Although semi-empirical functionals are usually more accurate for systems
similar to those used to obtain the functional, non-empirical functionals remain closer to
the underlying physics, bear a lower risk of overfitting and hence overspecialising, and are
in that respect more general.*! The choice of exchange-correlation functional is important;
one must verify the applicability of individual functionals to a new system if the desired
results are known, and observe whether calculations are consistent across different
functionals if the desired results are unknown 3>4144

Apart from the density functional, in practice we need to apply several other
approximations to successfully and efficiently perform a DFT calculation. Firstly, we
generally assume that wavefunctions of atomic nuclei and electrons are only coupled
through their classical interactions.*®> This enables the nuclei to be described separately,
usually as point particles. A practical approximation for any computer that is not a perfect
Turing machine is the wavefunction cut-off: since memory is limited, we are forced to set a
cut-off beyond which we cannot see finer detail. For DFT implementations with periodic-
boundary conditions, as the one used in the work presented in this thesis, this is generally
described as if it were a free particle energy, with greater energies representing shorter
wavelengths and hence finer detail. Another approximation — using pseudopotentials —
serves to reconcile the wavefunction cut-off described above with the necessity of fine
detail and strong density gradients near nuclei. These pseudopotentials combine the nuclei
with core electrons into a set of potentials and densities which may even be perturbed by
the surrounding electrons.*®*” Thereby, fewer electrons need to be taken into account in
the DFT calculations, less detail is needed close to the nuclei, and yet we still obtain similarly
accurate energies and density distributions. Finally, some calculations with wavefunction
energies close to the Fermi level are highly unstable under normal circumstances due to
optimisation of wavefunctions affecting which Kohn-Sham wavefunctions are occupied. For
these calculations, part of the electronic density just below the Fermi level is redistributed
to the wavefunctions just above the Fermi level; this procedure is called smearing, and can
be corrected for numerically after energy optimisation.*® Finally, the Brillouin zone for
continuous systems is approximated using k-points, which will be discussed in the next
section.

1.2.3. Thermodynamics of molecular systems

With all the caveats and methods discussed above, DFT allows us to calculate the internal
energies and other system properties needed to approximate the overall free energy of the
system; this free energy represents the overall probability of finding one configuration of
atoms, or rather a set of configurations which are deemed equivalent or related based on
our chemical definitions. If we define the temperature, and thereby a weighted average
energy for all different configurations combined, as being constant, we find for reasons
extensively described by Gibbs,* that for independent particles the Boltzmann distribution

11
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applies. In this distribution, the probability P, depends on particle energy E;, Boltzmann
constant kp and temperature T as follows:

P, « exp (kBT (10)
For fermionic particles or states, which are identical and cannot coexist in the same state,
the Fermi-Dirac distribution applies:>%>!

1
P — (11)

Ei—u
1+ex ( ! )
PUk,T
Besides, for bosonic particles or states, which are identical yet may coexist in the same state,
the Bose-Einstein distribution applies:>

1
P —————— 12
L exp(Ei_”)—l a2
The total probability of any set of configurations is the sum over all probabilities for all

configurations P = }}; P;, which is called the partition function Z. If we invert Eq. 10 for this
cumulative probability, the resulting energy is the (Helmholtz) free energy of the system:

F = —kgTIn(Z) = —kyT In (Z Pi> (13)

i

It is more common to use the Gibbs free energy for a system in chemistry:

G=F+pV (14)
This free energy is analogous to the Helmholtz free energy yet assumes the pressure on the
system is constant as opposed to the volume of the system. However, the pressure in
electrochemical systems is usually no greater than 1 bar, while overall volume changes
during an electrochemical reaction are generally small enough for us to safely ignore pV. As
a practical impression of the volume change necessary, a change in volume of 1.6x105 A3,
which would be chemically significant (~0.01 eV), would correspond to a cube with each
dimension 25 hydrogen-hydrogen distances long, which is larger than almost all reactions
caused by a single atom. Thus, in practice, G = F. The Helmholtz energy, and thereby the
Gibbs energy, is separated into internal energy and entropy terms:

G=F=E-TS (15)
Here the internal energy is the weighted sum over all individual state energies,
PE, -1 0Z
B

and the entropy captures the non-internal energy part of the free energy, rather dependent
on the availability of different states to each particle:

s=F -~ 17)
B T 2oL

12
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If we want to calculate the thermodynamic quantities listed above for the adsorbate
systems we are interested in, we must first define which domains of atomic coordinates we
consider chemically equivalent. For molecular systems, these atomic coordinates centre
around local optima of the atomic positions: here, the potential energy surface is at a
minimum, and no net force is exerted by the electrons or any applied electric field on the
nuclei. Additionally, the domains of atomic coordinates span across all combinations of
atomic positions which eventually converge to the local optimum, when allowed to move
along their respective forces imposed by the potential energy surface.

Within these domains of atomic coordinates, one can find nuclear and electronic
wavefunctions for which the Hamiltonian is constant for all relevant atomic coordinates and
hence are stable. These wavefunctions are the translational and rovibrational modes of the
system. For most intents and purposes these modes are split into translational modes, in
which the centre of mass moves in space, rotational modes, in which rotational modes
involve all-atom motion considered independent of potential energy; and vibrational
modes, in which atomic motion is significantly impeded by the potential energy surface.
This means we can split the free energy of the system into three terms, with each having
their own internal energy and entropy components:
G =0Go + Gyip + Grot + Gy =
Eel + Em’b + Erot + Etr - (TSel + TSVib + TSrot + TStr)
(18)

1.2.4. DFT and atomistic thermodynamics

The electronic energy E,; for a configuration is obtained by first picking an initial candidate
atomic configuration, and subsequently relaxing all relevant atoms to a local optimum.
During relaxation, the electronic densities are optimised first using DFT as described above.
Subsequently, the forces exerted by the electronic density and any applied field on the
atomic nuclei are calculated. If the resulting forces are above the atomic force threshold,
the nuclei are moved according to the forces exerted on them. They may move towards any
nearby local optimum depending on the aggressivity of the relaxation algorithm. If the
atomic forces are below the threshold, the resulting configuration has converged, and the
corresponding DFT energy Epgr is equivalent to E,; for free molecules or adsorbates, with
an offset depending on the choice of functional or computational method. Molecular-
molecular contributions have to be accounted for externally, either by calculating the
interactions between molecules in a crystalline lattice, or by adding phase-change
enthalpies AGppqse from the gas phase to the liquid or solid phase. S, is usually ignored,
since it is negligible for materials with a band gap greater than kzT and is not very
dependent on surface-adsorbate interactions for conductors, since the conducting bands
themselves are based on large numbers of atoms and are only slightly perturbed by an
adsorbate.

13



Chapter 1

Vibrational thermodynamics

Calculating the vibrational energy E,;;, and entropy S,;, requires modelling the potential
energy landscape near the local optimum and obtaining the vibrational modes with their
respective free energies. A first approximation of the potential energy surface near the local
optimum is that the potential energy is quadratic in all directions:

Vharm (F) = Eel + (F - 7_ﬂ)opt)TV(F - Fopt) (19)
The forces on the atoms are:
EF() = —VWharm(®) = =2V(7 = #opy) = F(F — Topr) (20)
Matrix F, which consists of elements F; j, consists of the individual forces per unit distance
on atomic coordinate j exerted by a displacement in atomic coordinate i. This matrix can
be approximated using the single-atom displacement method.> In this method, one or
multiple displacements of a single atom are taken along each relevant atomic coordinate,
forces per unit distance are calculated for each displacement, and a (weighted) average
force per unit distance is calculated from these values for each atomic coordinate. The
corresponding accelerations, defining the dynamic matrix of the atoms, are:

a(?) = D(F — Topt) (21)

, the dynamic matrix D depends on the square root of the masses of

§|"ru

where, since d =

atoms involved:*3

Ry (22)
Stable vibrational modes are those in which accelerations are parallel to displacements:
these correspond to the eigenvectors of matrix D, or #;. The corresponding eigenvalues d;
are equal to the square of the vibrational frequencies, and when these are inserted into the
equations for the quantum harmonic oscillator, the energies of the various vibrational
modes of the oscillator are for any integer n:

E, = (n + %) hd; = (n + %) Eoxe (23)

where E,,. is the excitation energy of the quantum harmonic oscillator. The minimum or

D

. . : 1
zero-point energy of the oscillator is Ezpp = EEexc.53'5“

All vibrational modes in the harmonic oscillator model are independent and can be linearly
combined, which means each mode has its own internal energy and entropy. Moreover,
each vibrational mode can be excited n times, and one mode cannot be excited to different
n simultaneously. The partition function of any vibrational mode, therefore, is equal to:

_Eexc

[ee)
—Eexc _nEexc e 2kpT
z=e 2kpT e kpT — — 24
—Ford (24)
n=0 1—e¢e kBT

The corresponding vibrational free energy is

14
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1 Eexc
Frode = —kgTIn(2) = =Eeye — In (1 —exp (— )) (25)
2 kgT
Moreover, the corresponding vibrational energy is
-1(-E Eovcz 1 E
Emode = 7( Zexc Z— exiEexc> = EEexc + L—CEW (26)
1—e ksl 1—e ksl
and the vibrational entropy is
F, —E
Smode — mode mode (2 7)

T
The total vibrational entropy S,;; is usually defined as the sum over all S,,,,4., €xcept for
free molecules as discussed below. Although one can similarly define E,;;, as being the sum
over all E,;,4e¢, it is common to simplify E,,,,4. to zero-point energy Epg, since for high E,,.
deviation from Epg is small, and the energy converges to kgT for E,,. approaching zero
(the continuous limit).>>>%
Rotational and gas-phase corrections
The final terms of the free energy as shown in Eq. 18 — rotational and translational free
energy — do not apply to rotationally and translationally restricted species such as
adsorbates. For non-linear free molecules, the rotational modes comprising the rotational
free energy have to be calculated numerically using quantum mechanics.”’ Instead, it is
common to exclude rotational energies since they originate from low-energy modes, and
replace vibrational, rotational, and translational entropies by the experimentally obtained
entropies in the desired phase.

All specific calculations discussed above do not take into account that the results may
deviate from physical reality due to the assumptions underlying the exchange-correlation
functional. Note that one of the main reasons to perform DFT calculations is to find
intermediates which otherwise cannot be observed. For these intermediates, we have to
reasonably assume that the energies or trends are accurate, which emphasizes the need to
compare density functionals if there is any doubt. For observable species for which
sufficient experimental data is available, we may compare the calculated formation
energies to their experimentally obtained equivalents. Even if there is a large difference
between both, we must not ignore the effect correcting these formation energies has on
reaction energies between corrigible and incorrigible species. It is hence customary to apply
gas-phase, or DFT, corrections AG,,, only where deviations are greater than average for
the exchange-correlation functional, thereby increasing the odds of DFT errors cancelling
out for the other intermediates. There are several studies which compare the DFT errors for
different exchange-correlation functionals;3>*~* the errors listed in these works can be
used to estimate the target DFT errors for one’s own set of free molecules.

By including all relevant terms discussed above, we obtain the entire free energy for any
system:

G = EDFT + Em’b TS+ Athase + AGCOT‘T (28)
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1.2.5. Kinetics and the nudged elastic band method

Along with the thermodynamics discussed above, chemical kinetics are relevant for our
computational study of chemical reactions. Here, we define a reaction as a transition of the
chemical coordinates from a set of atomic configurations centring around one local
minimum to a set of configurations around another minimum. For diffusion processes, the
interatomic distances of the migrating species are maintained or shifted slightly; conversely,
for chemical reactions, the optimum interatomic distances between the reactant atoms
(and ratios between them) are changed beyond the point they may (or may not) be
considered to constitute a chemical bond. The rate of a chemical reaction, therefore,
depends on the net motion of atoms from the reactant configuration space to the product
configuration space.

Although it is possible to simulate reaction trajectories for individual configurations, and
hence calculate the exact reaction probability at specific temperatures, it is more common
to approximate the reaction rate using transition state theory (TST).>5% In TST, it is assumed
that the kinetic energies on different configurations are distributed randomly and all
reactions occur near the lowest energy point on the boundary between the reactant and
product configurations.>® This lowest energy point is an optimum along all possible
directions, except the one perpendicular to the boundary; hence, it is also called a saddle
point. The atomic configuration at this saddle point is called the transition state (TS). The
reaction rate in the TST approximation is dependent on the thermodynamic probability of
the saddle point, as expressed in the Eyring equation:®®

thpT =4G*
k= - e ksT (29)

In Eq. 29, k is the reaction rate constant or the rate per amount of reactant, and 7 is the
transmission coefficient or probability of successfully crossing the saddle point. AG¥ is the
free energy difference between the reactant state and the transition state (TS), which is
similar to the free energy of the initial and final modes in that:

Gt = Eppr + EX, —TSE

v vib (30)
In this equation, the vibrational energies and entropies are taken along the boundary, as
opposed to the entire atomic coordinate space for initial and final states. Each TS must lie
on a trajectory between the local optimum of the reactant configurations and the local
optimum of the product configurations. To ensure this, there are several methods to find
valid transition states: one such method is the dimer method. In this method twin
configurations, which differ by a deformation perpendicular towards a hypothetical
boundary, move up towards the boundary and are deformed to align with the gradient
towards the saddle point. Another way to find a transition state is the nudged elastic band
(NEB) method, which is used in the work presented in this thesis. The NEB method involves
creating several images, starting at the reactant and product configurations and deforming
them towards a hypothetical transition state, along a hypothetical trajectory.®® All images,
apart from the reactant and product images, are relaxed; as opposed to the relaxation

16
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towards the local minimum as described above, in this relaxation there are additional spring
forces between each subsequent image to keep the images as closely together as possible:

ﬁNEB (n) = ﬁ(n) + kn—l,n(Fn - Fn—l) + kn,n+1(77n+1 - Fn) (31)

with F being the force exerted by electrons and external fields, and k being individual spring
constants.®® When the images are converged, they align with the trajectory as closely as the
spring constants and number of images allow. The TS configuration can be found either by
sampling the atomic coordinates nearby the highest-energy image and minimising the
atomic forces, or by forcing the top image n; against the potential gradient component
along the trajectory tangent #,,,, in the climbing-image NEB method:®!

ﬁNEB (nt) = ﬁ(nt) - Z(ﬁ(nt) : f\tan)ftan
+ knt—l,nt(Fnt - Fnt—l) + knt,nt+1(?nt+1 - Fnt)
(32)
Both the NEB and the climbing-image NEB method are illustrated in Fig. 1.

1.3. DFT methods for electrochemistry simulations

By applying the thermodynamic and kinetic methods described above, in the context of the
theoretical discussion also described above, we can model solids and molecular systems in
general. However, the complexity of heterogeneous electrochemical systems requires us to
take some additional considerations into account, and other methods to be applied. A
laboratory-scale heterogeneous electrocatalytic system consists of a solid electrode in
contact with an electrolyte, with a counter electrode (in)directly submerged in the same
electrolyte, and a bias potential and current source connecting both, as shown in Fig. 2.
There are several additional aspects or interactions not described by calculation of single
molecules using the methods discussed above. These include longer-range delocalisation of
electrons in solids; simulation of the active surface of the catalyst; adsorbate-solvent and
saddle point as a red circle. Interstitial images are shown as black circles, spring interactions

NEB CI-NEB

Figure 1. Comparison of NEB and climbing-image NEB methods. The reactant and product
configurations are shown as crosses, the optimum trajectory between them as a black curve, and the
springs, and external and spring forces using black and red arrows, respectively.
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Figure 2. Simplified model of a heterogeneous electrochemical system; aspects and interactions of
interest in computational models are highlighted using red ellipses.

using red adsorbate-electrolyte interactions; and applying a (simulated) electric potential
to the target electrode.

1.3.1. Simulation of solids and k-point sampling

Simulating solids can be done by calculating the electronic Kohn-Sham orbitals in a periodic
unit cell. A common way of implementing these wavefunctions is using projector-
augmented waves (PAW). Projector-augmented waves are built up from plane waves, which
are perturbed by pseudopotential wavefunctions addressed above to take care of high-
density gradients in spheres surrounding individual atoms; interactions between plane
waves and pseudopotential wavefunctions are taken into account separately from the
interactions between plane waves.*® If one chooses a small unit cell to calculate a solid, only
a limited number of short-range electronic states is taken into account. This fails to describe
many long-range electron-electron interactions and wavefunctions which define the band
structure, and affects the energy of the solid and its interactions with adsorbates. Larger
unit cells are unwieldy to calculate, since the calculation time scales as O (N3) with respect
to the number of electrons in the system.®? We must calculate the entire Brillouin zone of a
small-cell system to improve electronic energy calculations while limiting the overall
computational cost.

The Brillouin zone is the reciprocal unit cell, which means that all k points within the Brillouin

zone other than the gamma point ([, k =6) correspond to wavefunctions which are
periodic beyond the unit cell boundary, the so-called Bloch functions:53

Uz () = s (Pe™” (33)
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with y,, being a projector augmented wave. Hence, we can add k to the PAWSs building the
Kohn-Sham orbitals, which are identical in terms of potential energy and density
distribution yet affect the kinetic energy in Eq. 9:

N _hz N P _hZ B —\2 N P
Tu, . (7) = S Vi, (e = S (=iV + k) @, z(Pe*T (34)

Note that the shape of Kohn-Sham orbitals within the unit cell may depend on l_c), partially
because the higher-energy states within the Brillouin zone remain unoccupied. If one

optimises the Kohn-Sham orbitals for all k using the combined electron density of the k
combined, one obtains a more accurate density distribution.

In practice, the Brillouin zone is sampled using a limited number of points. Specifically, the
Monkhorst-Pack grid is widely used: k points are distributed equally over the Brillouin zone,
with either their point of mass lying on the I' point or one specific k point at I.%* By calculating

the total DFT energies for the individual k as described above, and subsequently integrating
over the interpolated energies between the k points, we can estimate the total energy of
the supercell. The quality of the band structure and overall energy of the system generally
improves with increasing k point densities, although computational costs increase
simultaneously. Additionally, more important than sampling many k points is sampling the
right k points, which trace the key parts of the band structure most accurately. Converging
the k point distribution is necessary to improve energetic and physical accuracy while
retaining computational efficiency.

1.3.2. The electrode-electrolyte interface and

solvation

When an optimum k point distribution has been found for a solid, and the lattice parameters
of the solid have been optimised, we can use the interatomic distances to construct a
surface. Since our unit cell and corresponding calculations need to be continuous in all
dimensions to properly simulate a solid surface, we have to cut the original bulk unit cell
into slabs. These consist of several layers from the original bulk cell or from its supercells,
which expose facets usually described by their Miller indices. The outermost layers, which
are directly exposed to adsorbates, the medium or vacuum depending on the type of
calculations, relax under the influence of their local environments, which means that the
interatomic distances differ from those in the bulk.5> One may choose to relax all layers,
which is technically more accurate yet requires many layers for the centremost layers to
behave like the underlying bulk. Conversely, one can keep the layers on one surface fixed in
bulk positions, while relaxing the other layers. This method is used for slabs in the work
presented in this thesis, and requires optimising the number of layers to ensure the desired
reaction or formation energies converge satisfactorily.

As addressed in the context of surface relaxation, we must describe the properties of the

electrode-electrolyte interface. For vacuum conditions, this is trivial, and the only
consideration is to eliminate spurious (dipolar) interactions between separate periodic
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slabs. However, if a medium is present, one has to take into account the stabilisation of the
surface and adsorbed species by the solvent and (if present) the electrolyte. Here, we need
to apply a solvation model. Solvation may be described by implicit solvation methods and
explicit solvation methods. Implicit solvation describes the medium as a continuum
response of the solvent to the charge densities. Generally, this response is based on the
displacement of charge in the electrolyte, and the electric permittivity of the medium, which
both stabilise the electric field emanating from the surface and adsorbates.®® Explicit
solvation methods involve the direct (DFT) calculation of atomic nuclei and electrons from
solvent molecules. The advantage of using implicit solvation methods over explicit solvation
methods is that the former do not require the calculation of various different molecule
configurations, nor the electrons and nuclei inside, hence efficiently simulating bulk solvent
behaviour without additional DFT costs.®”%8 However, exclusion effects caused by (Pauli)
repulsion between solvent molecules and electrolyte species are ill-represented by implicit
solvation models — especially when dealing with non-flat surfaces and adsorbates — and
specific structurally dependent interactions such as hydrogen bonding may only be
simulated properly using explicit solvent molecules.5%7°

1.3.3. Simulating the applied electric potential

The last aspect to be taken into account in computational electrochemistry is the applied
electric potential itself. The primary effect of the applied potential is that the formation
energy of the intermediate is shifted with respect to the coupled reaction in the reference
electrode, and a secondary effect is that charge may accumulate on the electrode, thereby
affecting near-surface electric fields and the structure of the solvent at the electrode. In
other terms, for a redox reaction with oxidiser A and reductor B:

A+ne” > A" ;B->Bt+e” (35)

the overall reaction energy
AG,, = AGy,(U = 0) —n(4Gp — eU) + AAG(U) (36)
for redox stoichiometry n, reaction energy 4G, ,,, product formation energy 4G, ,,, counter
formation energy AGg, electrochemical potential U, and combined solvation energy and

field effect AAGf(U). If water or H* is oxidised or reduced, the corresponding redox reaction
is

1
A+nH++ne‘—>AHn;§H2—>H++e‘ 37

Assuming solvation or adsorbate stabilisation is independent of the applied potential, we
can ignore AAGf(U) and calculate the onset potential with respect to the reversible
hydrogen electrode:

n
EAGHZ) (38)
for AGy,as the (reference) formation energy of Hz(g). This approach to the counter-reaction
is called the computational hydrogen electrode (CHE),”* which was extensively used in the
work presented in this thesis. The CHE method has some limitations, some of which touch

U= %(A(;f,n -
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on the weaknesses in DFT. One such limitation is that surface fields and solvent structure
effects caused by applied potentials are not taken into account. Another limitation is that
the model does not account for intermediates with a net charge different from either
reactant or product. This effectively assumes that the reaction step involves concerted
proton-electron transfer, which does not necessarily apply in reality.”?

By performing the calculations and applying (gas-phase or phase transition) corrections as
listed in Section 1.2, and use the computational methods for electrochemistry discussed in
Section 1.3, we can describe the entire electrochemical process from reactant to product.

1.4. Scope of this thesis

In the preceding sections of this chapter, we presented density functional theory
calculations and computational methods, and discussed various considerations we need to
consider regarding the efficient simulation of heterogeneous electrocatalysis. By using and
building upon these methods and considerations, we studied the formation of various
molecules and catalyst surfaces, and the structure of operando catalyst-electrolyte
interfaces involved in energy storage. This research will be presented and discussed in the
following chapters of this thesis.

In Chapters 2 and 3, we present two studies on carbon-based energy storage through
carbon monoxide (CO) reduction. In Chapter 2, we start by describing the onset of carbon
chain formation on late transition metals: the reduction of CO to Cz species on late transition
metal (100) surfaces, its reaction pathways and corresponding onset potentials.>® Hori et al.
found that Cu(100) shows greater rates of C2 formation from CO than either Cu(111) or
other late transition metals, and Calle-Vallejo and Koper described the most likely reduction
mechanism on Cu(100) using DFT.>®> We find that both the calculated onset potentials and
derived trends across the range of late transition metals point towards Cu(100) being the
lowest overpotential transition metal (100) surface for ethylene production. However, for
ethanol production, both onset potentials and derived trends favour Ag(100), which poses
some interesting considerations for the usage of Ag in catalysts selective towards ethanol.

Chapter 3 discusses a subsequent step in carbon chain growth, namely co-reduction of CO
with Cz products created on Cu(100) to form Cs species. There are two main mechanisms
which may underlie this process: hydroformylation (alkene-CO coupling) and carbonyl-CO
coupling. Hori et al. showed that Cu(711) surfaces produce significantly greater amounts of
C3 products than Cu(100), which indicates (111)-type steps may promote Cs formation.
Using exhaustive and granular nudged elastic band calculations, we first calculated the
barriers for ethylene-CO and acetaldehyde-CO coupling reactions on Cu(100) and on
Cu(711). These calculations show that acetaldehyde-CO coupling is strongly favoured on Cu
compared to hydroformylation, and confirm that (111) steps further improve the coupling
barrier between acetaldehyde and CO. Secondly, the onset potentials towards all Cs
products obtained through hydrogenation and dehydration lie well positive of the C; onset
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potential. Hence, if a C2 compound is produced on Cu(711), and it couples to CO, there is no
effective thermodynamic barrier to any Cs product.

In Chapter 4, we continue discussing the effect various surface sites have on reaction
intermediates. This chapter, however, is our first foray into oxygen reduction: here we
extend the work by Calle-Vallejo et al. on solvation of *OH on Pt with limited numbers of
solvent water molecules,”® or micro-solvation, for several late transition metals.”* We find
that there is a linear relation between the generalised coordination number of most surface
sites for each metal,”>77 as long as the nanoparticles maintain their shapes. For Ag, Au, Pd,
the solvation energies are independent of the binding energy as is the case with Pt; since
micro-solvation energies on Pt are close to those calculated via explicit solvation using many
water molecules, it is likely that micro-solvation is accurate for the other late transition
metals as well. On the other hand, solvation decreases for more strongly binding adsorption
sites on Ir, which indicates that stronger binding interactions may actively modify solvation.

The final three chapters, 5 to 7, explore various aspects of fundamental electrochemistry
on Pt(111): from efficient and durable hydrogen evolution reaction (HER) with graphene
overlayers, through describing corrosion under highly negative potentials, to the
restructuring of the surface during at increasingly high anodic potentials. In Chapter 5, we
present a collaboration between experiment and theory: the properties and mechanism of
hydrogen adsorption on graphene-covered Pt(111).”® Graphene is expected to block ions in
solution from disrupting the HER, and may even accelerate the reaction relative to the bare
Pt surface: it is known that Pt(111) overbinds H by 0.10 eV compared to the reaction rate
optimum, and graphene may interfere with Pt-H binding. Our experiments indicate that H
atoms indeed bind more weakly on Pt(111) when the latter is covered by a layer of
graphene; the corresponding calculations on various H coverages on bare and graphene-
covered Pt(111) show a weakening of ~0.06 eV, which supports the hypothesis that HER is
kinetically aided by the presence of graphene. Also, H does not permeate through graphene
hexagons, yet migrates from the aqueous medium through vacancies as observed using
SEM measurements. As the nature of the vacancies cannot be directly observed, we
computed the diffusion kinetics for *H under graphene, and diffusion thermodynamics of H
near graphene vacancies. It transpires that H can readily diffuse underneath graphene, and
removing two adjacent atoms from a graphene layer provides a channel for H atoms to
adsorb and move underneath the graphene bulk. These findings support the usage of
(defective) graphene for more efficient and durable HER catalysis on platinum electrodes.

Chapter 6 describes what happens to the Pt(111) surface when it is left unprotected, and
driven to negative potentials far beyond the HER onset. Cathodic corrosion takes place
under these conditions, which means that part of the Pt surface is effectively reduced,
desorbs, and forms Pt nanoparticles. Platinum hydrides are considered the main
intermediate of cathodic corrosion. Therefore, it is likely that the formation of the main
surface-bound cathodic corrosion intermediate involves high surface densities of hydrogen
— greater than 1 monolayer (ML) H in and underneath the surface Pt layer — and complex
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detachable hydride structures. To find candidate structures for high-density platinum
hydrides, we adsorbed single monolayers of Pt and multiple layers of H onto a Pt(111) slab,
in various configurations and stacking patterns. 2 ML H forms an island of stability across a
broad range of applied potentials, relative to near-2 ML H structures containing H vacancies
or additional H atoms. Moreover, successive relaxation results in a remarkably stable 3 ML
H configuration at ~-0.4 V vs RHE. This structure consists of a network of highly-coordinated
platinum atoms supported by a full monolayer of hydrogen, and is possibly a hydride
precursor for the cathodic corrosion of Pt(111).

Finally, in Chapter 7 we discuss the restructuring of the Pt(111) surface under oxidative
electrochemical conditions.” The usual hypothesis is that this restructuring occurs through
place exchange, in which oxygen is incorporated into the surface and pushes platinum
atoms outwards. Van Spronsen et al. observed a possible alternative cause of this pit
formation: the formation of complex stripe or hexagonal spokewheel structures while
exposing Pt(111) to 1 and 2.2 bar O3, respectively, in which several Pt atoms appear to be
expelled from the newly created surface structures.®’ We performed calculations on stripes
consisting of PtO: units, with various PtO2/Pt(surface) ratios and stripe configurations, and
various on-surface O coverages. Beyond 1.2 V vs RHE, with increasingly positive applied
potentials, the stripe structures with PtO2/Pt(surface) = 6/7, 7/8, or 8/9 are most stable as
opposed to on-surface O configurations; this is consistent with the SEM observations, and
oxygen coverages derived from XPS measurements, by van Spronsen et al.2° Moreover, the
interatomic spacing in the three most stable structures is similar to literature values for bulk
PtO2. Our calculations, therefore, support the stripe formation hypothesis for surface
restructuring during oxidative cycling of Pt(111).

In summary, we present in this thesis a broad range of computational simulations of
heterogeneous electrocatalytic processes, focussing on reaction efficiency and the
structure of the active surface. We find that for those systems for which experimental data
is available in literature, our computational results correspond well to experiment.
Moreover, we derive novel computational methods, and prove their applicability across a
broad range of possible catalyst materials. This thesis provides a basis for further research
into energy storage, whether computational or experimental, and carbon-based or
hydrogen-related, and elucidates several processes and trends necessary to further the field
of electrocatalysis for energy storage.
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