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Abstract 
 

This Ph.D. thesis addresses numerical calculations to study the structure and reactivity at 

the interface between liquid water and platinum at the atomic level. The first portion of 

the thesis deals with the background and theoretical methods involved in the research, 

before presenting calculations on the properties of Pt(111) as a catalytic surface, using 

Molecular Dynamics (MD) coupled with Density Functional Theory (DFT), to calculate 

the dynamics and energetics of the reacting systems. Whereas the last chapter deals with 

using high dimensional neural network (HDNN) potentials to describe the structure and 

reaction energetics at the HCl(aq)/Pt(111) interface. This theoretical work is inspired by 

the lack of current experimental techniques available for exploring the interfacial water 

layer. The understanding of such heterogeneous systems is key for the efficient 

development of many technologies such as in hydrogen fuel cells and corrosion 

prevention strategies. 

Chapter 4 presents calculations on the platinum (111) surface, which are relevant for the 

development of catalysts for proton exchange membrane fuel cells. Specifically, a range 

of advanced MD simulations to calculate the free energy landscape for the Volmer 

reaction. I do this by applying a full ab initio treatment of the solvent molecules via ab 

initio molecular dynamics (AIMD) and the umbrella sampling (US) method, giving an 

accurate description of the dynamic processes associated with the solid-liquid interface. 

Based on this method, the free energy barriers are calculated, and a multistep mechanism 

has been proposed. Furthermore, I show that the presence of surface adsorbed cations, 

which are confined to the interface, are ideally suited for efficient hydrogen transfer to 

and from the surface.  

Chapter 5 presents quantum-chemical calculation techniques for the modelling of 

electrochemical reactions. A discussion regarding current electrostatic correction 

methods for reaction energies at constant chemical potential is provided before, 

discussing the method I have adopted, which is based on a simple capacitor model, for 

hydrogen transfer to and from the Pt(111) surface. The strength of this methodology is 

that it makes fewer assumptions on the physics of the interface, while it takes a rigorous  
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statistical mechanics approach. Large datasets of states for the electrolyte in contact with 

Pt(111) surface is calculated. Analysis methods were developed for determining the 

structure of the electrolyte as averages. The methodology gives the possibility for deeper 

insights as to how potentials affect the reaction energetics of the interface.  

In Chapter 6 calculations relevant to the development of direct methanol fuel cell 

(DMFC) technologies are examined. Wherein, processes relevant to the oxidation of 

methanol to CO2 which proceeds via the formation of a CO intermediate, which is known 

to poison the catalyst are investigated. Here, the influence of water on CO oxidation is 

explored using ab initio molecular dynamics (AIMD) and umbrella sampling (US). The 

free energy barriers for CO oxidation and CO2 desorption are calculated under a range of 

reaction conditions. From this I propose a mechanism, which highlights the importance 

of forming hydroxyl species (OHads) for reducing the CO oxidation barrier. Furthermore, 

I show how the configuration of H2O changes the work function of Pt(111), whereby 

even slight changes to the solvent environment leads to changes in the rate of CO 

oxidation and give possible explanations for this. 

In Chapter 7, a HDNN potential is generated and used for the simulations of the 

hydrochloric acid and platinum (111) interface based on ab initio electronic structure 

calculations. Using this approach, it is found that these systems require advance 

molecular dynamics simulations such as umbrella sampling, coupled with long time-

scale simulations to adequately sample reaction energetics at the interface. These 

calculations highlight the influence of repulsive forces in the form of adsorbate-adsorbate 

and adsorbate-solvent interactions explicitly. Hydrogen coupling at the solid-liquid 

interface is chosen as a case study, namely the Tafel and Heyrovsky mechanisms for the 

hydrogen evolution reaction (HER) on Pt(111), whereby the efficiency and accuracy of 

the HDNN approach is exemplified followed by a discussion which highlights the 

potential benefits for theoretical modeling of such reaction systems.  
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Chapter 1. 
 

General Introduction And Outline 

 
1.1. General Introduction 

 
The process of converting one set of chemical substances (reactants) to another 

set (products) is often referred to as a chemical reaction. Chemical reactions lie at the 

heart of Biology and Chemistry. It is, therefore, unsurprising that since our inception, 

mankind has incessantly perused their deeper understanding in an attempt to benefit 

society1. To survive, our early ancestors had to find ways of preserving food surplus and 

to sterilise drinking water. This was often achieved by the conversion of simple sugars 

to ethanol via fermentation or by the mastery of fire to denature complex proteins and 

carbohydrates to maximise nutritional intake2. The development of modern society can 

be attributed to our constantly improving scientific knowledge of chemical reactivity; for 

sustenance, in technology and for preventing the spread of disease and parasites. 

One of the major achievements in modern science was the realisation that many 

chemical reactions rely heavily on catalysts for their viability. The study of catalytic 

materials has puzzled the minds of scientific megaliths since the founding of modern 

chemistry and physics. The term “catalysis” (From the Greek meaning “loosening 

down”) itself was coined in 1836 by Berzelius3, who attributed their function to an 

abstruse mysterious force. While it is only recently that the label of scientific occultism 

has distanced itself from the field of catalysis, due to decades of extensive discussion on 

the issue. To remove any misunderstanding, a catalyst is defined here as having the 

unique property of reducing the rate at which chemical equilibrium is reached, without 

itself undergoing any chemical change as the reaction progresses.  
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Subsequently, the field of catalysis can be subdivided into three broad areas: 

biological, homogeneous and heterogeneous catalysis. Homogeneous catalysts operate 

in the same phase as the reactants and biological catalysts are often specialized proteins 

such as enzymes. While, heterogeneous catalysts are present in a different phase than the 

reactants, wherein the reactants are typically in the gas or liquid phase while the catalyst 

is often a solid phase metal or semi-metal. A summary of several early breakthroughs in 

modern catalysis is given in Figure 1.01, highlighting the contributions of pioneers like 

Davey, Faraday, Kirchhoff and Ostwald4,5. 

The vast majority of chemical production processes utilize catalysts in one form 

or another. Industry often relies on heterogeneous catalysts, due to the relative ease to 

which they can be separated from the reactant and product stream, in the manufacture of 

medicines, textiles, building materials and fuels. However, despite being wide spread in 

industry, the majority of commercially significant catalysts were discovered based on 

trial-and-error empirical methods, leaving much to be learned regarding the principles 

and manifestations of catalysis. The rational design of certain kinds of catalyst is only 

recently becoming a reality, thanks in part to our better understanding of 

thermodynamics, kinetics and theories of bonding and crystal structure6. 

This thesis aims at giving insight into the chemical structure and reaction 

mechanisms at solid-liquid interfaces. Such heterogeneous systems are inherently 

enigmatic and have subsequently attracted wide interest and experienced a strong growth 

in research and development. Here, an overview of the foundations associated with 

studying chemical reactions will be given, with specific attention to how these methods 

are applied to the study of heterogeneous catalysis. Before providing a summary of the 

chapter contents of this thesis.  
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Figure 1.01. A timeline summarising serval of the significant developments in the field 
of catalysis from 1814 to 1925. 
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1.2. Theory Of Chemical Reactions 
 

1.2.1. The Molecular Partition Function 
 
The molecular partition function, Q, for an N-particle assembly is an infinite series that 

determines how molecules partition over the available quantum states: 

! = 1 + %&
'()
*+,

- + %&
'(.
*+,

- + %&
'(/
*+,

- + ⋯																										(1.01) 

Equation (1.01) converges more rapidly when the energy between the states (67) is larger 

and when the temperature is small, since it is dependent on 
8

*+,
. In this way the magnitude 

of the partition function reflects the accessibility of the quantum energy states of the 

molecules involved.  

Here, we need the number of particles to be large to attain the true equilibrium 

average values that are of interest. By taking into account that quantum states can consist 

of numerous states all sharing the same energy (degenerate states). States with the same 

energy comprise an energy level, whereby, we can represent this degeneracy (97) of the 

ith level using Equation (1.02): 

! = : 97
;<<	=>?>@A

%&
'(B
*+,

-																																													(1.02) 

1.2.2. The Arrhenius Equation And Transition State Theory 
 

The reaction rate constant, k, for an elementary reaction is often given by the Arrhenius 

equation7, Equation (1.03): 

D = E%('FGH) = E%&
'FG
*+,

-																																											(1.03) 

Where, A is the pre-exponential (“frequency”) factor, Ea is the activation energy and J 

is the thermodynamic beta or coldness. The reaction rate constant is highly sensitive to 
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the activation energy of the reaction. Even minor changes in the magnitude of Ea can 

dramatically alter the rate constant and thus the rate of a chemical reaction.  

The choice of catalyst is often based on improving the rate and selectivity of 

forming a desired product. To rationalise an expression for the rate of an elementary 

chemical reaction, statistical mechanics can be applied. More specifically, transition state 

theory (TST) based on statistical mechanics has proven highly successful at explaining 

reaction rates. The theory itself was founded in 1935 by Henry Eyring8, and 

independently by Evans and Polanyi9,10.  

 TST is based on the assumption that the potential energy surface for a reaction 

can be subdivided into two regions, namely the reactant (R) and product (P) regions. 

Thus, if we consider a molecule, which can find itself in the reactant ground state, in the 

product ground state or in an exited state of transition between R and P, i.e. the transition 

state (TS). A one-dimensional free energy landscape for the molecule is sketched in 

Figure 1.02. 

 
 
 
 
 
 
 
 
 
 
 
 
 
 
 

Figure 1.02. Free energy landscape in transition state theory. The two curves show the 
free energy potential of the initial reactant state and the final product state. ∆G is the 
driving force of the reaction, and GA

 is the activation free energy.  
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 To use TST, we first need to find the probability of finding a species in a given 

state using Q. If the species is assumed to react once it reaches the TS, the rate can be 

expressed in terms of  the reactant (QR) and transition state (QTS) partition functions, 

Equation (1.04): 

K[M]
KO

= P
!,=

!Q
[R] = D,=,[R]																																									(1.04) 

Here, P is the attempt frequency, which for a weakly bonded vibrating system is usually 

very small. Under these conditions P can be assumed to equal T+UVW  at the correspondence 

limit i.e. when  DXY ≫ ℎ\, where \ is the vibrational frequency for a reaction coordinate, 

yielding a single vibrational mode along the reaction coordinate.  

Equation (1.04) is in many cases a good approximation for describing the rate of 

chemical reactions. However, from the partition functions, it is possible to derive a 

version of the Arrhenius equation which yields a relationship between the free energy 

change along a reaction coordinate and the rate of reaction, Equation (1.06): 

!,=

!Q
= %

]'∆_
#

*+,
a
%
]∆=

#

*+
a
= %

]'∆b
#

*+,
a
																																							(1.05) 

Where, ∆d# is the entropy change and ∆e# is the enthalpy change along a reaction 

pathway (since, ∆f# = ∆e# − Y∆d#). 

K[M]
KO

= D,=,[R] =
DXY
ℎ
%
]'∆b

#

*+,
a
[R]																																				(1.06) 

It is by analysing the barrier of the reaction at the TS, that TST allows for a better 

understanding of how, even the most complicated chemical reactions take place.  
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1.3. Heterogenous Catalysis 

From Figure (1.03), we see that the presence of a catalyst, essentially introduce 

alternative transition states for the reacting molecule. As mentioned previously, transition 

states can be understood as saddle points in a free energy landscape, in which reactants 

move. From TST, it becomes obvious that the opening of a reaction path with a lower 

activation free energy, ∆G#, results in an exponential speed-up of the reaction. For this 

reason, the vast majority of chemistry applied in industry is dependent on catalysts to 

make reactions feasible. 

 For the same reason, the loss of energy due to poorly optimised catalytic systems 

has great influence over the world’s energy consumption. It is of immense interest for 

chemists to characterize the transitions states of reactions, to understand catalysts and 

find better catalysts for the optimisation of reactions. A large amount of effort goes into 

catalyst development using experimental and computational tools, both in academic and 

industrial applications. 

 
 
 
 
 
 
 
 
 
 
 
 
 
 
 

Figure 1.03. Schematic representation of the energy profile for a reaction between tow 
reactants A and B forming a product C. The blue line corresponds to the non-catalysed 
reaction, while the red line is the reaction pathway in the presence of a catalyst. The 
subscript “ads” signifies the species adsorbed on the catalyst surface. 
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 In the majority of commercially significant catalytic processes, the catalyst is 

present in the solid phase while the reactants are in the gaseous or aqueous phase11. In 

1915, Langmuir suggested that catalytic reactions occur at the interface of well-defined 

surfaces12. The general consensus is that reactions at the heterogenous interface proceed 

via one of two major mechanisms: 

(1) Langmuir-Hinshelwood Mechanism: Where both reactants are both adsorbed 

on the catalyst surface and react via a surface coupling mechanism.  

(2) Eley-Rideal Mechanism: Where one reactant is adsorbed on the catalyst 

surface and reacts with a species in the gas or liquid phase. 

An atomic level verification was not available until many years later, when 

modern surface science methods could finally vindicate this hypothesis. Since then, the 

investigation of heterogenous catalytic mechanisms reached a new era of progress and 

discovery. Surface science techniques permitted the first detailed picture of the electronic 

properties of catalytic surfaces allowing for the gradual build-up of an atomic-level 

understanding.  

Several techniques where developed for this purpose, for instance, low energy 

electron diffraction (LEED) spectroscopy13, temperature programmed desorption 

(TPD)14,15, scanning tunnelling microscopy (STM)16, atomic force microscopy 

techniques (AFM)17,18 and high-pressure X-ray photoelectron spectroscopy (HPXPS)19 

all of which have been extremely successful for understanding reactants and products in 

the gas phase. 

Despite these advancements, we can only get a clear description of the reactants 

and products, while the transition state and reaction pathway remain elusive. 

Furthermore, reactions which occur at the solid-liquid interface add another layer of 

complication, as UHV conditions cannot be applied to these systems under working 
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conditions. Thus, features including the reaction kinetics, free energy barriers and the 

atomistic structures of intermediates along the reaction pathway remain challenging, 

even for current spectroscopic techniques to detect when liquid is present20,21,22,23.  

To solve these issues associated with surface science techniques, the development 

of several theoretical methods24, such as density functional theory (DFT) and molecular 

dynamics, have become powerful tools for understanding reaction mechanisms. DFT, 

not only allows for an accurate description of crystal structures and accurate energetics 

but can also determine the transition states and various other reaction intermediates with 

relative ease. Allowing for a more complete picture of reaction cycles on heterogenous 

surface - even for those at the solid-liquid interface, Figure 1.04. 

 

 

 

 

 

 

 
Figure 1.04. Schematic representation of the structure and composition complexity with 
model accuracy. Reproduced from Reference (25), © 2019, Wiley-VCH. 
 

1.4. Outline 

Understanding the structure and reactivity at the H2O/Pt(111) interface is the main 

concern of this thesis. In the following chapters I will present the work carried out for 

this PhD, which has consisted of several subprojects. The chapters are divided as follows:  

Chapter 2. The motivation of this thesis will be outlined along with some fundamental 

aspects of the H2O/Pt(111) interface from an experimental and theoretical perspective. 
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Chapter 3. The methods used in many of the quantum chemical calculations are detailed. 

A summary of the key concepts of Density Functional Theory (DFT) along with the 

methods in the computational programs used extensively through this thesis (VASP and 

LASP). 

Chapter 4. Ab initio molecular dynamics (AIMD) and umbrella sampling (US) are used 

to calculate the free energy barriers for hydrogen transfer at the H2O/Pt(111) interface, 

and a multistep mechanism has been proposed along with its implications for the 

hydrogen evolution reaction (HER). 

Chapter 5. In this chapter, I begin by carefully examining state-of-the-art quantum-

chemical principles and techniques for the modelling of electrochemical reactions, 

providing a mini-review including the appropriate computational setting of d-metals and 

the treatment with the charged electrochemical system. Before, discussing and applying 

an electrostatic correction method, based on a simple capacitor model, for hydrogen 

transfer to and from the Pt(111) surface. 

Chapter 6. Ab initio molecular dynamics (AIMD) and umbrella sampling (US) have 

been used to access the influence of water on the reactivity of CO oxidation. Several 

reaction systems have been calculated including in the gas phase and under 

electrochemical conditions. 

Chapter 7. Here, simulations using a high dimensional neural network potential are used 

for the study of reactions at the HCl(aq)/Pt(111) interface based on ab initio electronic 

structure calculations. The free energy profile for the Tafel mechanism is given based on 

free energy calculations. The consequences of my results for the hydrogen evolution 

reaction is also discussed. 
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Chapter 2. 
 

Introduction To Water At Metal Interfaces 

 “The fossil-fuel era brought with it a highly centralized energy 

infrastructure and an accompanying economic infrastructure, both of 

which favoured the few over the many” – From the hydrogen 

economy by J. Rifkin 

Abstract 
 
Due to its importance in modern chemical technologies, such as in electrolysis, fuel cells, 

catalysis and corrosion, water at metal surfaces has become one of the most studied 

systems. Despite the advances made in surface science over the past forty years, many 

questions remain unanswered. While the increasing demand for clean energy technology 

without greenhouse gas emissions has created a renewed interest on the interaction of 

water with catalyst surfaces. In particular, reactions involved in the production of 

hydrogen (H2) as a clean energy carrier and the fuel cell conversion of hydrogen into 

electricity involve adsorbed water and hydrogen as key reaction intermediates. In the 

following Chapter I will begin by giving an outline of the motivations for much of the 

work in this thesis, as well as current theoretical and experimental methodologies used 

for characterising the water-metal bonding and reactions on Platinum (Pt). A brief 

historical description of our current understanding of the interaction of water with 

Pt(111) surface is given, summarizing several fundamental aspects and applications.  
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2.1. Overview And Motivation 
 

Energy, by definition is a finite quantity, obeying the first law of 

thermodynamics. Henceforth, energy cannot be created or destroyed, it can only be 

transferred, or converted from one form to another. The first law is generally valid, with 

no violations ever observed, meaning that energy is always conserved. Fundamentally, 

energy transformation is driven by the changing to a more probable state in phase space. 

Homo Sapiens have long learned to harness this property of energy, be it for improving 

steam engine outputs or in other conversion devices. For example, we take advantage of 

the potential energy found in molecules such as those derived from fossil fuels, while 

kinetic, heat, mechanical, gravitational and electrical energy are all essential for the 

proper functioning of technological devices, both past and present.  

 

 

 

 

 

 

 

 

Figure 2.01. Plot showing fossil fuel emissions (GtC) between 1990 and 2015 in the 
European Union. Highlighting various emission scenario models on emissions. 
Reproduced from the Environmental Energy Agency of the European Union, EEA. 

Currently, global energy demands are based almost exclusively on fossil fuels, 

which are a finite resource that are a major contributor to greenhouse gas emissions. A 

society which heavily relies on depleting energy supplies, such as these, will inevitably 

encounter sharp economic and environmental decline, the onset of which is only a matter 
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of time. In recent years, an increased emphasis has been placed on “carbon-neutral” 

technologies which utilise renewable energy sources as alternatives to fossil fuels, due to 

their reduced environmental footprint and to reverse the current trend of exponential 

fossil fuel emissions into the atmosphere, Figure 2.01.1,2  

One potential candidate is the use of molecular hydrogen (H2), which has been 

known for decades to be the cleanest possible energy carriers, boasting zero carbon 

dioxide emissions and possessing the largest possible energy density of any known 

fuel.3,4,5 When hydrogen is combusted in oxygen it has the ability to produce 286 kJ of 

energy for every mole of hydrogen consumed, the process typically proceeds as follows: 

 
2H2 (g) + O2 (g) ⇌ 2H2O (aq) (ΔH = -286 kJmol-1) 

 
The utilisation of hydrogen as a fuel has been somewhat commercialised in the 

form of the hydrogen fuel cell,6 which is an electrochemical device that converts the 

chemical energy stored in hydrogen (H2) fuel into electricity through a series of redox 

reactions, often with oxygen (O2) as the oxidising species. Hydrogen fuel cells are 

considered the most promising technology for sustainable energy production. For 

instance, Toyota’s recent introduction of the hydrogen fuel cell powered Mirai7, with a 

price tag of ~£62,500 (at the time of writing) highlights the possibilities for future 

developments in the automotive industry. However, several drawbacks exist like high 

retail prices, while several technical challenges exist regarding the H2 source, like power 

loss issues due to the slow kinetics using existing technology. Furthermore, large-scale 

energy storage in the form of hydrogen batteries is further limited by the high cost of Pt 

and the relatively low energy density of existing battery technology. While the major 

hurdle to manufacturing scalability of the hydrogen fuel cell is mainly inhibited by its 

reliance on the platinum catalysts. 
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Currently, H2 is produced by several methods such as the non-electrochemical 

steam reforming of natural gas, or via catalytic reactions involving water and biomass-

derived polyols e.g. as in sorbitol. Despite seeming desirable for H2 production, biomass-

derived commodity chemicals (Figure 2.028) have several drawbacks associated with 

their use. The most damning consequence being production of carbon containing waste 

products, which in turn will increase the CO2 content of the atmosphere. Hence, the need 

for hydrogen production by sustainable methods without CO2 emission. The most 

attractive route is the reverse process of hydrogen combustion, requiring the splitting of 

water, which is enormously endergonic.9 Nobel metal catalysis have helped circumvent 

this problem by lowering the activation barrier allowing for recent technological 

developments such as fuel cells10 and batteries.11  

 

 

 

 

 

 

 

 

 

 

 
Figure 2.02. Strategies for producing commodity chemicals from biomass. The part set 
on a grey background shows some of the currently most important commodity chemicals 
produced from fossil resources. By strategy 1, these same chemicals are produced from 
renewable building blocks. Strategy 2 covers the idea of producing alternative chemicals, 
which potentially can substitute some of the “old” chemicals. Together strategies 1 and 
2 cover the parts shown on the green background. Reproduced from Reference (8), © 
2008, Wiley-VCH. 
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To improve the overall efficiency of the water splitting reaction, the individual 

half-cell reactions must be well understood. One of the most extensively examined 

reactions involved in water splitting is the hydrogen evolution reaction (HER: 2H+ + 2e- 

⇌ H2) occurring at the cathode. HER has become the focus of numerous investigations 

due to it being an ideal model system for examining fundamental aspects of the solid-

liquid interface.,12,13,14 Under acidic conditions HER proceeds via two mechanistic 

processes. Each is comprised of an adsorption and desorption elementary step, with one 

of these being the system dependant rate determining step:15,16 

 
(1) Volmer step, involving the discharge of a hydrogen species from a hydrated 

proton to the metal surface: 

"#$% + '( ⇌ ")*+ + ",$ 

(2) Tafel step, the coupling of two adsorbed hydrogen species on the metal surface 

forming molecular hydrogen: 

")*+ + ")*+ ⇌ ", 

(3) Heyrovsky step, involves the coupling of an adsorbed hydrogen species with a 

proton in solution, forming molecular hydrogen: 

")*+ + "#$% + '( ⇌ ",$ + ", 

 
The first, is the combination of Equations (1) and (2), known as the Volmer-Tafel 

mechanism, whereby an initial proton adsorption from the electrolyte onto the electrode 

surface is followed by chemical recombination and subsequent desorption of molecular 

hydrogen. The second mechanism differs only in the method of desorption, here the 

chemical recombination is replaced with a charge transfer step commonly referred to as 

electrochemical desorption (Equation (3)), overall this process is known as the Volmer-
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Heyrovsky mechanism. Each elementary step is schematically summarised in Figure 

2.03.  

 

 
 
 
 
 
 
 
 
 
Figure 2.03. Schematic representation of the mechanism of HER on Pt. (From left to 
right) The Volmer, Tafel and Heyrovsky mechanism, which are described in the main 
text. 
 

From these two mechanisms, we can see that the fundamental elementary step 

involved in HER is the seemingly simple Volmer mechanism, which describes the 

adsorption/desorption process of a proton/hydrogen atom on an electrode surface. An 

alternative fourth step involving a H2
+ intermediate (a species that is commonly 

encountered in radiation chemistry) has been proposed, however, the consensus is that 

the reaction is dominated by the above three elementary steps, which are now classical 

in the literature.17  

The catalyst with the greatest activity towards HER is Platinum (Pt). It is, 

therefore, not so surprising that the majority of current electrocatalyst technologies utilize 

Pt or Pt based catalysts. The issue of long term sustainability arises when technologies 

heavily rely on precious metals such at platinum, with the economic stability of platinum 

group metals being described as unstable at best.18  This has led to a renewed interest in 

understanding what makes Pt so efficient for HER and its reverse process, the hydrogen 

oxidation reaction (HOR). Thus, to circumvent the use of Nobel metal catalysts and 
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potentially design more efficient electrode materials, an understanding of the 

fundamental elementary reactions is required at an atomic level.  

Furthermore, the dynamic nature of species at the electrode-electrolyte interface 

means that it is very difficult to accurately measure many of the essential reaction 

phenomenon experimentally, such as; reaction kinetics, free energy barriers and the 

atomistic structures of intermediates. Experimental studies often rely on indirect methods 

for determining which elementary step is rate limiting. The most common method is 

through the measurement of Tafel slopes, which are taken as the slope of the log to the 

current (log(j)), plotted versus the overpotential (η)19. In theory, the distinction between 

the Tafel and the Heyrovsky mechanisms can be determined based on transition state 

theory (TST), since the transition state energy in the Heyrovsky step and Tafel step can 

be compared based on total energy or free energy calculations. Thus, it is highly desirable 

that an understanding of the HER process for species at the solid-liquid interfaces are 

elucidated from first principle calculations. Hence, this topic is the motivation for a great 

deal of current research and consequentially is the focus of much of the work in this 

thesis.  
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2.2. Perspective Of The H2O/Metal Interface 

2.2.1. Water Monomer Interactions 
 
In the case of HER, the reaction takes place at the interface between liquid water and the 

transition metal surface. It is essential that the surrounding chemical environment is 

accurately depicted. The fundamental interaction of water with transition metal surfaces 

has been the focus numerous investigations over the past decade. In an effort to gain a 

deeper understanding of the interactions involved, a number of studies have emerged 

relating to the interaction of water monomers on transition metal surfaces. Theoretical 

studies mainly based on static density functional theory (DFT) calculations20,24,21,22 agree 

well with experimental investigations23 regarding the water monomer geometry and 

binding site on transition metal surfaces. 

The molecular orbitals of water are constructed by combining the two hydrogen 

1s orbitals with the appropriate orbitals belonging to the oxygen atom, resulting in five 

bonding molecular orbitals (MOs). Namely, the 1a1, 2a1, 3a1, 1b2 and 1b1 MOs, the 

symbols of which arise from group theory and provide information regarding the 

symmetry properties of the orbitals. The total wavefunction for water (-./0) is formed 

from a matrix determinant containing ten different types of spin-orbital to accommodate 

for the ten electrons in the molecule, e.g.  

 
 -./0 =

3
√35!78|1;3<	1;3>	2;3<	2;3>	3;3<	3;3>	1A,<	1A,>	1A3<	1A3>| 

 
The probability density energy diagram for water’s MOs is shown in Figure 2.04(a). It is 

the interaction of these orbitals with the surrounding chemical environment which gives 

water its unique properties and help rationalise its interaction with metal surfaces. 
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(a) 

 

 
 
 
 
 
 
 
 
(b) 
 
 
 
 
 
 
 
 
 
 
 
 
 
Figure 2.04. (a) Calculated energy level diagram for the highest occupied orbitals of a 
single water molecule. (b) Electron density differences for H2O adsorbed on Pt(111). The 
green and yellow regions correspond to electron depletion and accumulation 
respectively. Highlighting the role of the 1b1 orbital in bonding with the Pt(111) surface. 
Reproduced from Reference (24). © 2006 Springer Nature Switzerland. 
 

The major interaction of water molecules with Pt(111), has been suggested to be 

via an initial Pauli repulsion as the monomer comes within close proximity with the 

Pt(111) surface. It has been suggested that this manifests itself by way of the lone pair 

electrons (1b1) of water interacting with the Pt d-band electrons. To facilitate this 

interaction, charge transfer stabilization in the form of oxygen lone pair depopulation 

must occur, as well as a favourable dipole alignment of the water molecules and metal 

surface, creating bonding and anti-bonding states, which are situated below and above 

the Fermi level respectively25,26,27. The general consensus is that water preferentially 
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binds to the Pt(111) top site position, lying flat to the surface and mainly interacting 

through the 1b1 molecular orbital and the d-band of the Pt(111) surface, shown in Figure 

2.04(b).  

2.2.2. Water Adlayer Interactions 
 
The presence of water adlayers can have a significant influence on the surface chemistry 

and properties of metal catalysts. In heterogeneous catalysis the role of water on metal 

surfaces can drastically alter the product selectivity and reaction rate e.g. in HER/HOR, 

oxidation reactions28, biomass reforming29 and Fischer–Tropsch reactions30 to name just 

a few. However, water can also hinder or even quench some catalytic reactions. Hence, 

understanding the role of water adlayer’s and other liquids in chemical reactions is of 

fundamental interest. 

When we quest for a deeper understanding of reactions at the solid-liquid 

interface, we must first arrive at an accurate structural description of the interfacial water 

layer. However, due to the myriad of bonding mechanisms and the sensitivity of the water 

adlayer to damage by electrons/photons produced by experimental probes, resolving the 

interaction of water at metal surfaces is not a straightforward task, being the issue of 

ongoing debate. For instance, from 1982 (Doreing and Madey, Figure 2.05(a))31 to the 

present day, several experimental models have emerged regarding the true bonding 

nature of water with transition metal surfaces32, giving rise to several confusing pictures.  

Solving the structure of the interfacial water layer on Pt(111), is complicated by 

the numerous stable configurations water can adopt, depending on environmental 

conditions such as the adsorbate coverage and reaction temperature. It is extremely 

difficult for experimentalists to form a perfect water monolayer in Ultra-High Vacuum 

(UHV), which has been attributed to the sensitivity of the water layer to damage by the 

probe and the uncontrollable presence of contaminants33,34.  Additionally, issues such as 
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the similarity in water-metal/water-water interaction energies and the degenerate nature 

of “H-up” and “H-down” water configurations, predicted using electronic structure 

calculations, have further compounded the issue35,36. 

(a) 

 

 

 

 

 

(b) 

 

 
 
 
 
 
 
 
 
(c) 
 
 
 
 
 
 
 
 
 
Figure 2.05. Schematic representations of (a) the adsorbed water bilayer on Ru(001)  
predicted by Doreing and Madey. (Reproduced from Reference (31), © 1984 North-
Holland Publishing Company). (b) Water adsorbed on close packed metal surface, 
highlighting “H-up” (left) and “H-down” (right) configurations. (Reproduced from 
Reference (37), © 2002 American Physical Society). (c) Scanning Tunnelling 
Microscopy (STM) image of water on the clean Pt(111) surface, highlighting disordered 
water arrangements (left) and ordered regions (right). (Reproduced from Reference (32), 
© 2010 American Physical Society). 
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Despite this, in 2002 Ogasawara et al.37 gave the first detailed picture of the 

structure of water on Pt(111) combining x-ray absorption, x-ray emission, and x-ray 

photoelectron spectroscopy along with static DFT calculations, Figure 2.05(b). The 

interfacial region was suggested to consist of a mixed phase hexagonal structure, with 

water orientation alternating between “H-up” or “H-down” configurations relative to the 

Pt(111) surface. These claims where later cross-examined by Nie et al.32 in 2010, wherein 

the interfacial water layer was, in fact, found to consist of flat-lying water molecules 

comprised of 5-, 6- and 7-member rings. These later findings explain the triangular 

depressions commonly found in STM images, as shown in Figure 2.05(c). 

Furthermore, the addition of subsequent adlayers magnifies the complexity, being 

described as one of the major challenges facing surface science in coming years38. There 

are several reasons for this, such as the necessity for adequate statistical sampling of the 

water layer before obtaining representative observables. Therefore, a complete picture of 

the interaction of the saturated water environment on transition metal surfaces is lacking, 

with the fundamental nature of the M-H2O bond being the focus of ongoing theoretical 

and experimental investigations.39,40  

Thus, despite improvements in in-situ characterization, which have permitted 

researchers to go beyond the restrictions of UHV and probe several molecular level 

processes under near ambient conditions, the viewpoint from an experimental 

perspective is by no means a complete one. Computational approaches represent a well-

defined interfacial environment and can therefore enable a systematic way of improving 

our understanding of interfacial properties and their influence on surface reactions, which 

dictate the efficiency of many macroscopic devices.  
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2.2. Theoretical Modelling of Electrified Interfaces. 
 

 

 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
Figure 2.06. Illustration of the variation of electrostatic potential in an electrochemical 
cell. Since the potential becomes constant in the electrolyte, one can treat the two 
electrodes independently. Reprint from Reference (41), © 2014 John Wiley & Sons.  

  

As shown in Figure 2.06, an electrochemical cell comprises of a cathode, anode, 

electrolyte and external circuitry. The electrostatic potential through the cell is induced 

by the potential difference between the cathode (negatively charged) and anode 

(positively charged). To compensate the charge on the electrodes, there should be an 

equivalent number of counter-ions to make the potential in the electrolyte constant. This 

charge distribution, which can be deemed as a capacitor, is called the electric double 

layer. The width of the layer is only a few Angstroms (Ȧ)42, and the potential in the layer 

is highly inhomogeneous parallel to the surface43.  

Initially, the electric double layer was treated by continuum models, which are 

attributed to Helmholtz, refined by Gouy and Chapman (GC) in the early 20th century44 

and later by the Stern layer model which has features of both Helmholtz and GC models. 

The continuum model assumes that a single layer of ions adsorbs at the electrode surface, 



Chapter 2: Introduction To Water At Metal Interfaces 

 26 

and the potential of this fixed layer shows a linear behaviour. The continuum model is 

helpful in providing qualitative guidelines for understanding some macroscopic 

properties of the electrochemical interface; however, a more accurate and realistic model, 

which takes the atomistic structures into consideration, is required. (Note: A more 

detailed overview of simulations at constant electrode potential is given in the 

introduction of Chapter 5, here I introduce the key issues). 

 Many calculations, mostly based on periodic density functional theory (DFT) 

modelled on low-index Nobel metal surfaces, have been developed for calculating the 

properties of HER at the solid-liquid interface. However, describing electron-transfer 

(ET) reactions faces two main obstacles: 

The first being the difficulty in describing the potential dependence of ET 

reactions using time-independent DFT. Unlike in experiments, the electrode potential 

cannot be fixed to a finite value using traditional DFT calculations, due to the number of 

electrons being held constant. This can be circumvented on adoption of the grand 

canonical ensemble, whereby the number of electrons is able to change during the 

calculation duration.45 The convergence of the grand canonical Kohn-Sham equation can 

only be realistically performed on the smallest of systems due to its significant 

computational cost.46 Pioneering efforts by Nørskov and Neurock et al.,47 which focused 

on correcting the DFT calculated values to that of constant electrode potential, have led 

to the development of more sophisticated methods that make it possible to calculate 

potential dependant thermodynamic state functions.  

Secondly, due to the complexities and computational expenditure involved in 

modelling the electrode-electrolyte interface has led to the formulation of an array of 

modelling approaches over the past decade. For this purpose, three main approaches exist 

for modelling the aqueous environment:  
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(1) Systems which model the solvent layer explicitly;48  

(2) Systems which utilize a, more computationally affordable, continuum solvation 

method based on the modified Poisson-Boltzmann equations and finally;49,50  

(3) Systems which completely neglect the treatment of the water layer altogether,51, 

52,53 suggesting it has little influence on the energetics of the system. 

Despite their computational affordability, many of these models lack important 

thermodynamic constraints, while static DFT calculations are often overly sensitive to 

the configuration of water molecules in the model. It is common practice for the water 

layer to be modelled as though it where ice, an assumption that is unrealistic considering 

the thermal fluctuations of the solvent environment under standard conditions.  

Thus, despite recent efforts, there is currently no consensus on what the most 

appropriate way to calculate reactions barriers at the solid liquid-interface, leaving much 

room for future development. However, the emergence of modern theoretical techniques, 

in particular DFT methodologies, has meant that a pivotal role can be played by theory 

in cutting edge research in the reactivity at solid-liquid interfaces.  
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Chapter 3. 

Theoretical Background 

Abstract 

Ab initio methods, which are based on the first principles of quantum mechanics, can be 

readily applied to calculate the fundamental properties of materials and chemical 

reactions. Before the dawn of the computer age, with it being impossible to carry out 

calculations in silico, a pure quantum mechanical treatment was only possible for simple 

hydrogen-like systems. However, in the modern era whereby computational power is 

increasing at a rate of Moore’s Law,1 has meant the properties of even the most complex 

systems can be calculated. In this chapter, an overview of the theoretical foundations at 

the heart of this thesis will be discussed. The story begins with the quantum many-body 

problem, which naturally leads us through to Hartree-Fock Theory and an overview of 

Density Functional Theory (DFT) with a final section on the many analytical techniques 

used throughout this work such as; umbrella sampling (US), the weighted histogram 

analysis method (WHAM) and the Stochastic Surface Walk (SSW) method. A synopsis 

of the primary codes used for the electronic structure simulations will also be given: 

VASP (Vienna Ab Initio Simulation Package) and LASP (Large-scale Atomistic 

Simulation of complex materials with neural network Potential). 
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3.1 The Quantum Many-Body Problem 

In Chemistry, the species that are of most interest are described as many-bodied, 

that is they contain multiple electrons and nuclei. It is possible to calculate the properties 

of a non-relativistic many-body system, containing N electrons, via ab initio methods. 

Whereby, the ground state wavefunction or eigenstates, !"($, &), of a many-bodied 

system satisfies the time-independent Schrödinger equation,2 shown in Equation (3.01):  

 
ℋ)!*($, &) = ,*!*($, &)																																											(3.01) 

 
This deceptively simplistic representation takes the form of an eigenvalue 

problem. Where, ,* is the total energy eigenvalue, considering the quantum systems 

electron (r) and nuclear (R) positions and ℋ)  is the Hamiltonian operator of the system. 

The wavefunction and its corresponding energy eigenvalues are labeled with principle 

quantum number n. It is possible to construct the Hamiltonian by considering all the 

energy terms associated with the electrons (elec) and nuclei (N): 
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																																				= 	PC + PQRQS + TCUC + TQRQSUQRQS + TCUQRQS																																		 

 

= PVWXYR + TVWXYR																																													(3.02) 

 
Examining Equation 3.02 from the bottom line up, it becomes quite clear that the 

total kinetic energy term (TTotal) consists of both the systems nuclei (TN) and the electrons 

(Telec) kinetic energy while the total potential energy (VTotal) term is the sum of nuclear 

repulsion (VN-N), electronic electrostatic repulsion (Velec-elec) and the columbic attraction 

(VN-elec) associated with electron-nuclear interactions. However, the solution to this 
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equation is not a straightforward one, as the final term (VN-elec) means that the 

coordination of the electrons and nuclei is intrinsically coupled. Thereby, the equation 

cannot be solved using variable separation and thus requires significant effort to solve 

for even the most basic of quantum systems. Fortunately for us this is not the end of the 

story, as several approximations exist allowing for at least a partial solution to this 

problem. One of the most important being the Born-Oppenheimer approximation. 

3.1.1. The Born-Oppenheimer Approximation. 

On assessment of the expanded Hamiltonian, (Equation 3.02), It becomes 

apparent that the issue of electrostatic interactions of the electrons means that the 

complete electronic wavefunction cannot be written as a product of the individual 

electronic wavefunctions. The Born-Oppenheimer approximation3 states that; due to the 

significant difference in mass associated with the electrons and nuclei, their motion can 

be treated independently, meaning that the wavefunction can be justifiably subdivided 

into its constituent variables. In other words, the electrons are considered to move 

instantaneously to changes in the nuclear position. On fixing the position of the nuclei, 

we effectively describe the nuclei as simple point charges, thereby allowing for a 

significant simplification of the wavefunction that can now be solved via the method of 

variable separation: 

 !($, &) = [*($)\*Q($, &)																																									(3.03)  

 
Here, [*($) depends on the nuclear coordinates and \*Q($, &)	depends on both the 

electronic and nuclear coordinates. From this approximation the time-independent 

Schrödinger equation can be readily derived (Equation 3.01). 

In summary, the Born-Oppenheimer Approximation allows for the dependence of 

the electronic wavefunction on the nuclear position to be significantly suppressed. The 
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major problem of the electron-electron correlation is still not resolved. Despite allowing 

for a more simplistic approach for solving the Schrödinger equation it still proves to be 

exceedingly difficult to solve exactly for many-body systems without the need for further 

approximations.  

3.1.2 The Pauli Principle, Exchange and Correlation 

Quantum objects with a half-integer overall spin are described as fermions, while 

those with an integer overall spin are bosons. Therefore, protons, neutron and electrons 

each have an associated intrinsic spin. Dirac’s relativistic quantum theory4 states that all 

elementary particles (Quarks and Leptons), within the standard model, must be spin ½. 

Electrons, being one of these twelve fundamental quantum particles, are thereby 

described as spin ½ fermions. The significant difference between bosons and fermions is 

that, all fermions must obey the Pauli principle.5 The result is that under particle 

exchange, such as the exchange of fermions &]	and &^, there must be a change in the 

overall sign of the wavefunction: 

 
!_&, . . , &], . . , &^, . . , &`a = −!_&, . . , &^, . . , &], . . , &`a																	(3.04) 

 
Another key concept is electron correlation, whereby the motion of an electron is 

coupled with that of its neighboring electrons in the system. Electrons repel each other 

according to Coulombs law, with a repulsion energy »1/rij. In the following section (3.2) 

we find that the Hartree-Fock method replaces this instantaneous electron-electron 

interaction with the Hartree exchange energy operator, which accounts for the repulsion 

of each electron with an averaged electron cloud distribution. This introduces an error in 

the calculated wavefunction and total energy, called the total correlation energy (Ecorr). 

In other words, the correlation energy is defined as the difference between the Hartree-

Fock energy (EHF) in a complete basis set and the true energy (Ecorr = Eexact - EHF).  
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3.2 Hartree-Fock Theory 

Hartree-Fock theory has become one of the most effective methods for solving the 

many-body Hamiltonian and represents a significant step forward for electronic structure 

calculations. The theory builds upon the original Hartree approximation,6 whereby it was 

first suggested that if the electrons are described as non-interacting distinguishable 

particles, it is straightforward to construct a multi-electron wavefunction (!(&)) as a 

product of the single electron wavefunctions ([(&c)): 

!(&) = [(d>)[(d5). . [(dC) =e{[(&c)}
*

D=>

																												(3.05) 

      However, in the original Hartree approximation the electron exchange is completely 

neglected, Hartree-Fock theory7 was developed with this problem in mind and the 

electrons are subsequently treated as indistinguishable particles. Therefore, for the 

electronic wavefunctions to satisfy the Pauli principle and exchange conditions, outlined 

in Section 3.1.2, they must behave like a matrix (Slaters) determinant.8 The single particle 

electronic wavefunctions can then be re-written in the following form: 

 

!(&i, &j, … , &`) =
1

√m!
o

pB(&i) p4(&i)
pB(&j) p4(&j)

⋯ pr(&i)
⋯ pr(&j)

⋮ ⋮
pB(&`) p4(&`)

⋱ ⋮
⋯ pr(&`)

o																 

 

=
1

√m!
	uvG_!>(&i)!5(&j). . !C(&`)aG																			(3.06) 

 

Where, uv, is the anti-symmetrising operator (determinant) which permits all possible 

anti-symmetric combinations of the wavefunctions to be computed, a criterion that is 

necessary for the description of indistinguishable particles. From this, the Hartree-Fock 

energy, ,xy,	for a system containing n-electrons can be calculated using Equation (3.07): 
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																																																			(3.07) 

(Note: The essential terms have been highlighted and given an alias to aid with further 

explanation.) 

Where, ÅD, is the one electron kinetic energy and external potential, while the second 

term, ÇDM, accounts for the classical electron-electron coulomb potential. Finally, ÉDM,	is 

the Hartree exchange term that accounts for electron exchange, allowing for the 

satisfaction of the Pauli principle. To ensure that orthonormality is conserved, the 

variation of ,xy	with respect to single-electron wavefunctions is calculated via variation 

principle using a Lagrange type equation, having the general form ℒ(Ü, á, à) = â(Ü, á) −

à(ä(Ü, á) − ã). The specific Hartree-Fock minimisation Lagrangian is shown in 

Equation 3.08: 

ℒxy_!(&i, &j, … , &`), (àDM)D,M=>,..,Ca = ,xy −6àDM
D,M

_< !DG!M > −éDMa					(3.08) 

Here, we have defined a Lagrangian, ℒxy, that depends on the single-electron 

wavefunctions used to construct the Slater determinant, (!(&i, &j, … , &`)) and on a set 

of Lagrange multipliers ((àDM)D,M=>,..,C)	for each of the orthonormality constraints between 



Chapter 3: Theoretical Background 

 37 

!Dand !M. The Lagrangian is therefore a sum of both the energy and the Lagrange 

multipliers with their associated constraints. The above set of equations can be solved by 

minimizing the Lagrangian with respect to a set of variation parameters contained within 

a trial (or guess) wavefunction,	!D,M(&), which itself is an example of a typical stationary 

point equation (Equation 3.09): 

êℒxy_!(&i, &j, … , &`), (àDM)D,M=>,..,Ca
ê!D,M(&)

= 0																								(3.09) 

From this we can obtain the Hartree-Fock equations, the derivation of which goes 

beyond the scope of this thesis; however, it should be noted that this is the point at which 

one of the most important term arises which is the exchange potential energy Vx 

(highlighted in red): 

íD!D(&) = {−
1
2
∇5 + TQ|X(&) + z

ì(dî)
|d − dî|

~dî}!D(&) −6z
!M(&)!M

∗(&î)

|d − dî|

*

M

!D(&î)~d′ 

= {−
1
2
∇5 + TQ|X(&) + z

ì(&î)
|d − dî|

~dî}!D(&) + zT|(&, &î)!D(&î)~dî	(3.10) 

In summary, HF theory represents a major step forward in electronic structure 

calculations with the inclusion of electron exchange in the HF equation. However, the 

use of single electron slater determinants to describe the wavefunctions intrinsically 

neglects electron correlation which leads to poor approximations of the electronic ground 

state structure. Therefore, despite being qualitatively correct for many simple 

compounds, HF theory lacks the accuracy for quantitative conclusions. 
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3.3 Density Functional Theory 

“Theoretical chemists and physicists, following the path of the 

Schrödinger equation, have become accustomed to think in a 

truncated Hilbert space of single particle orbitals. DFT provides a 

complementary perspective. It focuses on the quantities in the real 

three-dimensional coordinate space, principally on the electron 

density p(r) of the ground state. These quantities are physical, 

independent of representation, and easily visualizable even for very 

large systems.”  - Walter Kohn, 1999 Nobel Lecture.9 

The density functional formalism provides a method by which the calculations 

required to obtain accurate properties of multi-atomic systems is greatly reduced. The 

methodology solves single-particle Hartree-type equations, while continuing to provide 

accurate results that have far exceeded the expectation of its creators. DFT suggests that 

all properties, including energetically excited states, can be regarded as a mere functional 

of the ground state density: 

,_ì(d)a = P(ì(d)) + TD*X(ì(d)) − TQ|X(ì(d))                      (3.11) 

In this section, the origins and application of DFT will be discussed, with emphasis 

on the unknowable quantities contained within Equation 3.11. A brief discussion follows 

regarding current methods employed to reduce the error associated with these quantities. 

To end I will make some concluding remarks regarding the advantages and limitations 

of Density Functional Theory, to give the reader some regard for the accuracies and errors 

of current state of the art electronic structure calculations. 
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3.3.1 Hohenberg-Kohn Theorems 

The foundations for modern day Density Functional Theory where born in 1964, 

when Pierre Hohenberg and Walter Kohn10 demonstrated that the ground state properties 

of a system, of interacting particles, could be related to its ground state density 

distribution. The two main theorems proposed in their paper are as follows:  

Theorem 1: The external potential Vext(r) and therefore the total energy (E) are a 

function of the electron density p(r). 

Theorem 2: The ground state energy E(p(r)) can be obtained via variation principle i.e. 

The density decreases until the total energy is exactly equal to the ground state energy. 

The total energy as a function of electron density is shown in equation 3.12: 

		,_ì(d)a = ℱxò_ì(d)a − zTQ|X(d)ì(d)~d		 

= P_ì(d)a + TQUQ_ì(d)a − zTQ|X(d)ì(d)~d																										(3.12)	 

Where ℱxò_ì(d)a is the universal functional, which includes the kinetic energy 

of all the interacting particles i.e. all the electron-electron interactions. On using this 

treatment, a significant issue arises where it is impossible to calculate the universal 

functional (P(ì(d))) and the electron-electron interaction energy (TQUQ_ì(d)a) exactly.  

3.3.2 Kohn-Sham Equations 

Based on the theorems of Hohenberg and Kohn, Kohn and Sham11 drastically 

simplified the problem of solving the many-body Schrödinger equation. They showed 

how the ground state density of an interacting system could be calculated by breaking 

down the ground-state density into those for non-interacting systems acting in an external 
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potential. The genius of the equations is that they essentially reduced the problem to a 

series of single-particle Schrödinger equations, which makes it much more 

straightforward to solve. The primary equation derived by Kohn-Sham is shown in 

(3.13): 

ô− ℏ4

4?@
∇4Aöõú(ù)û!<(d) = ℇ<ψ<(d)																																							(3.13) 

Where !<(d), is the Kohn-Sham single-electron eigenfunction and ℇ< is the 

corresponding eigenvalue. It should be noted that the Kohn-Sham eigenvalues ℇ<, are 

not the true energy levels of the multi-electron system.  

The Kohn-Sham density, over all states, can be calculated using Equation (3.14): 

ì(d) = 6|!<(d)|5																																																			(3.14)

C

<=>

 

While the Kohn-Sham external potential is shown Equation (3.15):  

Tò°(d) = TQ|X(d) +	∫
£(K§)
|K:K§|

•ùî 	+ T|S(d)																																			(3.15) 

The final term in Equation (3.15) is the so-called “Exchange-Correlation” 

potential energy, which is arguably the most significant and challenging term associated 

with DFT. The Exchange-Correlation potential can be estimated using the equation 

shown in (3.16): 

T|S(d) =
¶ß®©(™)

¶™(ù)
																																																						(3.16) 

The Exchange-Correlation energy term ,|S(ì) contains a conglomeration of 

many-body interactions. The four terms that constitutes the ,|S(ì) are the Coulomb 

functional, the Exchange functional, the Correlation functional and the Kinetic functional 
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i.e. the difference in kinetic energy between the fictitious non-interacting system and the 

real system. Unfortunately for density functional theory the constituent parts can never 

be known exactly, meaning that suitable approximations must be employed. How good 

the approximation of the ,|S(ì) term dictates the validity and accuracy of the method. 

Many of these approximations of the ,|S(ì) term, such as the Local Density 

Approximation (L(S)DA) and the Generalized Gradient Approximation (GGA), have 

been essential for the wide spread adoption of DFT in modern scientific research.  

3.4 Local (Spin) Density Approximation (L(S)DA) 

When using the L(S)DA74,12 it is assumed that the exchange-correlation energy 

density at every point in space, for a species, is the same as that of the Uniform Electron 

Gas (UEG) at that position. The real density of the species will vary over space, i.e. it is 

a local property that is integrated over all space. 

In other words, the L(S)DA is used in any density functional formalism whereby the 

value of the exchange-correlation energy, ,´¨_ì(d)a	is calculated directly from the value 

of the density at that specific point, ì(d), equation is shown in (3.17): 

,´¨
≠(°)ÆØ_ì(&)a = zì(&)ℰ´¨

±ß≤_ì(&)a~&																																(3.17) 

3.5 Generalized Gradient Approximation (GGA) 

The limitations associated with the L(S)DA are well documented, with issues such 

as the underestimation of several lattice parameters, such as the bond length and lattice 

constant for metals and insulators, being a regular feature of such approximations (over-

binding problem). One way of improving the result of the L(S)DA is to include the 

gradient or Laplacian of the density, ∇ì(&), within the expression. Such an approach is 

referred to as a Generalized Gradient Approximation (GGA), equation (3.18):  
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,´¨
≤≤Ø_ì(&)a = z~dì(&)ℰ´¨(ì(&), |∇ì(&)|)																								(3.18) 

Several closely related GGA-functionals have been developed which differ only in 

the way by which the gradient of the density is expanded e.g. PBE,13 PW91,14 and B96 

to name just a few. GGA largely corrects the underestimations and several of the 

limitations attributed with L(S)DA, however, there is still considerable issues, such as 

overestimation of lattice constant for many of the heaviest elements in the periodic table 

and often drastic underestimations of the band gap energy being a regular feature (band 

gap problem). The Perdew-Burke-Ernzerhof (PBE) GGA-functional has become one of 

the most widely used and versatile functionals in electronic structure calculations. PBE 

represents an excellent compromise between the CPU time and the accuracy of results; 

it has therefore been used extensively throughout this and other works. 

3.6 Treating Van Der Waals (vdW) Interactions 

Van der Waals forces arise from the correlated motion of electrons resulting in 

fluctuating multipoles which form long-range interactions, Figure 3.01. Despite being 

essential for describing key processes such as physisorption energies and crystal 

structure, they cannot be adequately described using traditional GGA or LDA exchange 

correlation functionals, due to the long-range nature of the electron correlation energy 

required for an accurate description.  

,≥•¥
Æµ =6 6 ∂*

Ç*Ø∑

dØ∑
* â•,*(dØ∑)																																						(3.19)

*=∏,πØ∑

 

There are two main approaches for the computation of vdW dispersion in DFT. 

The first is to add an empirical two-body or multi-body correction term to the DFT energy 

(e.g. D2, D3), whereby, the general D3 vdW correction energy (,≥•¥Æµ ) is shown in 

Equation 3.19. Where, Ç*Ø∑ is the pairwise dispersion coefficients, dØ∑*  is the distance 
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between the atom pairs A and B, â•,* is the damping function and ∂* is a global scaling 

factor which is dependent on the density functional being used. 

The second type is in the form of non-local vdWs density functionals (,|S), 

wherein the non-local dispersion energy (,S*R) is computed self-consistently using the 

DFT charge density (e.g. ,|S = ,|≤≤Ø + ,S≠ÆØ + ,S*R). The non-local correlation energy 

can be calculated using the following equation: 

,S*R = �ì(d>)[(d>, d5)ì(d>)~µd>~µd5 

where, [(d>, d5) is the vdW kernel, which itself is a function of the electron density of 

distant atoms and ensures the interaction is asymptotic in nature (1/|r1-r2|6). This 

approach is more computationally demanding compared to the aforementioned empirical 

inclusion (e.g. optB88-vdW15). 

 

 

 

 

 

 

 
 
 
 
Figure 3.01. Schematic image highlighting the dipole interactions in the water tetramer. 
The blue dashed line represents the hydrogen bond network formed between (negative 
charge) O and the (positive charge) H species in neighbouring water molecules. 
 

In this thesis, dispersion interactions are included by means of D3 with additional 

Becke-Johnson dampening. In Chapters 4, 5, 6 and 7 Grimme’s third generation DFT-

D3 method is applied. In this approach, the density functional is augmented with an 

empirical term correcting for long-range dispersion effects, described by a sum of 
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damped interatomic potentials to the usual DFT energy. More specifically, a multi-

bodied correction to the PBE functional in the form of the revised version of the DFT-

D3 method, with a damping function proposed by Becke and Johnson16, which is 

calculated based on the polarizability and dipole moment of the exchange-hole. These 

approaches have been carefully tested and agree well with experimental results or high-

level reference data. D3 corrections are found to be in close agreement with higher levels 

of theory such as non-local exchange correlation functional optB88-vdW when 

simulating liquid water at room temperature. 

3.7 Advantages and Limitations of DFT 

Advantages: 

• DFT includes electron correlation; it can therefore calculate geometries and 

relative energies of large systems with reasonable accuracy and calculation 

time. 

• Ab initio calculations often find it difficult to deal with the number of 

electrons in transition metal species and often gives poor results. DFT is 

much more efficient and is therefore the method of choice for geometry and 

energy calculations on transition metal compounds. 

• DFT works with electron density, which has a clear physical meaning, rather 

than a wavefunction whose physical meaning is still being debated. 

Limitations: 

• The exact exchange-correlation functional Exc(ρ(r)), is unknown meaning 

that there is no systematic method in place for improving upon existing 

methods 

• Band gap problem, where a significant underestimation in the band structure 

is observed. This is due to the ground state nature of DFT making it less 
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suited to calculate unoccupied higher-energy excited states, such as those in 

the conduction band, which is required for accurate band gap energy 

determination. 

• The accuracy of DFT is being gradually improved by functional 

modification, however in some cases this is achieved by a substantial amount 

of fitting against existing experimental data, making some DFT methods 

somewhat semi-empirical. 

• The semi-empirical nature of current DFT is not a fundamental feature of the 

basic method but results from the unknowable nature of the exact exchange-

correlation energy. 

In summary, density functional formalisms are based on the two Hohenberg-Kohn 

theorems, which state that the ground state properties of an atom or molecule are 

determined by its electron density function, and that a trial electron density must give 

energy greater than or equal to the true energy. 
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3.8 DFT Implementation: VASP Methods 

The Vienna ab initio simulation package (VASP) is a code that has been developed for 

calculating the properties of multi-atomic systems from first principles, using the 

pseudopotential (PP) approximation for the external potential (Figure 3.02) and a plane 

wave basis set for the wavefunction expansion. VASP includes fully optimized Projector-

Augmented Wave17 (PAW) potentials and Ultra-Soft Vanderbilt Pseudopotentials18 (US-

PP) for all elements in the periodic table. The reason for using PPs in the first place, is 

that the core electrons are tightly bound to the nucleus and are considered chemically 

inert, leaving only the valence electrons to be considered. PPs are typically generated for 

free atoms, but can be applied to solids and molecules since the core states almost remain 

the same 

 

 

 

 

 

 

 

 

 

 
 
 
Figure 3.02. Illustration of an all-electron potential (solid line) and pseudopotential 
(dashed lines). rc denotes the point where the energy of the all-electron potential and 
pseudopotential are equivalent. The pseudopotential approximation assumes that the core 
electrons are inert and can therefore be neglected. (Adapted from Reference 19) 
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This means that a smaller basis set can be implemented for a given accuracy, 

therefore, making the code highly efficient, even for transition metal elements. The PAW 

method has one important advantage, where it allows for a considerable reduction in the 

cut-off energy, while still maintaining high levels of accuracy. 

 

 

 

 

 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
Figure 3.03. Two-Dimensional schematic representation of periodic boundary 
conditions (PBC) as implemented on VASP. The central unit cell (highlighted in yellow) 
has been periodically repeated in all directions. It should be noted that the trajectory of 
the blue species has been preserved for each unit cell tessellation. 
 

Within VASP, the Kohn-Sham equations are solved in a self-consistent (SCF) 

manner with an iterative matrix diagonalization process. While, the relaxation of periodic 

systems can be performed using several different algorithms to find the system specific 

lowest total energy; the most popular are the Conjugate-Gradient20 (CG) and Quasi-

Newton (DIIS) algorithms. The CG algorithm calculates the electronic ground state for 

a given geometry, where the forces are calculated and then based on these forces a new 



Chapter 3: Theoretical Background 

 48 

lower energy geometry is predicted. This process is then repeated until a set energy 

(INCAR tag: EDIFF) and force (INCAR tag: EDIFFG) criteria is reached. Normally until 

the forces on all atoms is reduced to zero. 

For the VASP code to apply DFT to infinitely large systems it is necessary to use 

the supercell approach with periodic boundary conditions (PBC), whereby the supercell 

and associated atomic coordinates are symmetrically replicated in all directions, an 

example of which is shown in Figure 3.03. For calculations involving slabs or few-

layered materials a suitable vacuum distance of approximately ~15 Å (z-direction) is 

required, so that the species is considered as a freestanding layer. If the vacuum space 

between layers is too small then a continuum is established between repeating units, 

where the fundamental properties of the material would be altered. PBCs allow for the 

energy eigenstates for the electrons in a periodic crystal to be written as Bloch wave 

energy eigenstates (Equation 3.20) where all the possible energy eigenvalues are 

described within the IBZ (Irreducible Brillouin zone), which allows for accurate property 

calculations of periodic systems: 

Ψ*<(d) = ª*<(d)ºD<ù																																														(3.20) 

Here, ª*<(d) is the periodic function, k is the wavevector and ºD<ùdescribes the nth band 

at a specific position in reciprocal space (k-space). If the supercell is large, the Brillouin 

Zone (BZ) will thus be small, while free standing molecules or large systems only require 

a Gamma point centered K-sampling for accurate results. Within VASP, fast Fourier 

transform (FFT) are used to compute the Hartree potential using PPs and PBCs.  

The number of k-points in the irreducible brillouin zone (IBZ) is of considerable 

importance to allow for the desired properties to be accurately calculated. The problem 

however is that the CPU time increases rapidly with an increase in the number of k-

points. A compromise must therefore be made, so that the calculations are carried out 
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with the lowest number of k-points, which also give an accurate description of the 

investigated system. It is essential that preliminary convergence tests are conducted to 

select the system specific K-point scheme for optimal brillouin zone integrations. For 

more information regarding the input parameters, used for calculations throughout this 

report, please refer to the latest version of the VASP manual.21  
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3.9 Molecular Dynamics (MD). 

3.9.1 Classical and Ab Initio Molecular Dynamics. 

        Classical molecular dynamics is a computational method that enables the 

monitoring of dynamic processes of many atom systems, using Newtonian equations of 

motion, with atoms interacting via an imposed potential. The principles of classical MD 

where first conceived in the late 1950s by Alder and Wainwright,22 who were interested 

in the interaction of hard spheres. It has evolved since then, into an essential tool for 

elucidating the atomic scale processes that are hidden from physical experiments due to 

the timescale on which they occur. Processes such as the orientations and atomic 

velocities can be readily calculated on integrating the equations of motion and generating 

time dependent trajectories. 

Ω⃗D(ø) = ¿D
•4ù⃗F
•X4
= ¿D¡⃗D(ø), ¬ = {1. . m}                             (3.21) 

Where, ¡⃗D =
•4ù⃗F
•X4

 is the acceleration (second derivative of the atomic positions, d⃗D	, with 

respect to time, t), ¿D is the mass and Ω⃗D is the force on the ith atom, due to its interaction 

with its neighbors. The forces of each atom can be calculated according to Equation 3.21. 

The positions of the atoms are then evolved in time, which requires the use of integration 

algorithms. The most frequently utilized of these algorithms is the Verlet Algorithm,23 

or several similar variants:24 

dD(ø + ∆ø) = dD(ø) + ƒD(ø)(∆ø) +
>
5
¡D(ø)∆ø5 

ƒD(ø + ∆ø) = ƒD(ø) +
>

5
(¡D(ø) + ¡D(ø + ∆ø))∆ø                     (3.22) 

        The basic MD procedure repeats for how many desired iterations. This information 

can then be further interpreted using statistical mechanics to calculate various structural 

or thermodynamic properties. The accuracy of a given simulation is determined by the 
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calculation time allocation, whereby a lengthy simulation time is required to ensure that 

stable estimates of physical properties are observed.  

        The ergodic hypothesis states that; If a system of constant total energy is sampled 

over a long enough time, all the available energy regions will be visited equally. Thus, 

the time averaged energy, in principle, should be equal to the average over all available 

energy states. Classical MD can therefore be used as a computational method for 

investigating the statistical mechanics of a molecular system. The connection between 

the microscopic state of a system and the macroscopic properties can be related using a 

statistical ensemble. In MD, if the atoms in the simulation are in equilibrium and belong 

to a statistical ensemble, macroscopic properties can be readily extracted. In MD, four of 

the most commonly used ensembles are as follows: 

• The canonical ensemble (NVT): Simulation is carried out with a fixed number of 

atoms (N), volume (V) and temperature (T). 

• The isothermal-isobaric ensemble (NPT): Simulation is carried out with a fixed 

number of atoms (N), pressure (P) and temperature (T). 

• The microcanonical ensemble (NVE): Simulation is carried out with a fixed 

number of atoms (N), volume (V) and energy (E). 

• The grand canonical ensemble (µVT): Simulation is carried out with a fixed 

chemical potential (µ), volume (V) and temperature (T). 

        In classical MD, no quantum mechanical effects between atoms are accounted for, 

therefore, the resulting inaccuracies must be compensated for via parameterization 

techniques. The most common method of parameterization is the use of a system specific 

force field, which accounts for the main interactions of species in the simulation. An 

accurate force field contains information on atomic charges, Van der Waals (VdW) 

interactions, bond lengths, bond angles and others.25,26 Therefore, the validity of classical 
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MD simulations depends on both the force field used and the timescale over which the 

calculation is performed. 

        In 1985, Car and Parrinello incorporated ab initio calculations into MD 

simulations,27 this represents a significant breakthrough in terms of accuracy, as it is now 

possible for a quantum mechanical treatment of the atom energy. Therefore, the 

previously used parameterization techniques that compensated for the inaccuracies in a 

purely classical treatment could now be neglected. Here, rather than Newton’s equations 

of motion, the electronic structure calculations are used to determine the forces acting on 

the particles. Whereby, the force is determined from the Kohn-Sham energy, 

,|S(ì),	rather than classically. However, since electronic structure calculations are 

required at each time step, a significant amount of computational power is required per 

time step. 

3.9.2 Umbrella Sampling (US) and Weighted Histogram Analysis 

Method (WHAM) 

        One drawback associated with both classical and ab initio MD is that some 

processes require a timescale that is beyond the scope of even the world’s largest 

supercomputers. Unfortunately, it is also often the case that such processes are the most 

interesting. It is, therefore, necessary to go beyond the scope of standard MD simulations, 

whereby it would be impossible to observe such phenomena. For many systems, the free 

energy landscape has many local minima. If these minima are separated by a high saddle 

point (low probability region) then the transition between these states would require a 

great deal of simulation time. 

To circumvent this issue, it is possible to apply constraints to “force” the 

simulation along a desired trajectory. Such constraints can be in the form of harmonic 
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(T(É) = <

5
(|Éî(d) − É(d)|)5) or Gaussian (≈(É)) bias potentials applied on a collective 

variable (É) or reaction coordinate. Umbrella sampling28,29 is thus a method whereby 

such constraints are applied so that the unfavorable states of interest are sampled 

adequately, e.g. the harmonic constraints take the shape of a parabola or “umbrella”, 

hence the name umbrella sampling. 

≈(É) = ℎ ∙ º
»U
|…§(ù)U…(ù)|4

5 4
À
																																																	(3.23) 

Several variations of the US procedure exist. Here I will focus on the methods 

employed primarily throughout this thesis to study the reactions at the solid-liquid 

interface. MD simulations based on umbrella sampling can be used to investigate 

processes such as he desorption and adsorption processes. Such processes can be studied 

from the changing free energy in terms of a specific collective variable or reaction 

coordinate. The initial state and final states are located at the local minimum of free 

energy whilst the transition state resides at the maximum of free energy. In several cases, 

the solvent plays a central role in assisting the treated reaction. A species participating in 

a liquid phase reaction experience solute-solvent interaction which occur in the tens of 

femtosecond time scale. To accurately sample the reaction coordinate, a series of 

Umbrella Sampling (US) simulations partially covering the reaction pathways can be 

carried out. For instance, In Chapter 4 the combination of the primitive coordinates and 

angles is a natural choice for adsorption/desorption processes. In this condition, R(O–H) or 

R(Pt–H) and qO-H-Pt is deemed sufficient for defining a CV. 

Here, it is possible to create an artificial potential using a Gaussian peak module, 

Equation (3.23). Where  and  are the height and width of the Gaussian distribution 

and  is the collective variable (reaction coordinate). As the MD simulations is 

performed within the canonical ensemble so that the free energy can be related to the 

h w

x
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probability based on the Boltzmann’s distribution through the canonical partition 

function (Q):  

Ã = zº[UŒß(ù)]~Cd 																																																					(3.24) 

Where E(r) is the system specific total energy, –  is the thermodynamic beta (– =

1 —∑P)⁄  and kb is Boltzmann’s constant (kb = 8.617x10-5 eV/K). The free energy (A) 

can therefore be expressed using Equation 3.25: 

” = −1 –‘ ’"Ã																																																												(3.25) 

Thus, the probability along the set of collective variables can be written as: 

÷(É) =
∫é[É(d) − É]º[UŒß] ~Cd

∫ º[UŒß] ~Cd
																																												(3.26) 

In each of the individual MD simulations based on umbrella sampling, a fixed artificial 

potential can be introduced, and the potential surface can be expressed as: 

,◊(d) = ,ÿ(d) + ≈D(É)																																																				3.27) 

Where, ,◊(d) is biased energy potential, ,ÿ(d) is the unbiased energy potential and 

≈D(É) is the artificial energy potential. The biased probability distribution, based on the 

biased energy potential can then be written as: 

÷D
◊(É) =

∫é[É′(d) − É]º[UŒ(ß(ù)AŸF(…î(ù))] ~Cd

∫ º[UŒ(ß(ù)AŸF(…î(ù))] ~Cd
																										(3.28) 

It is essential that we derive a relation between the unbiased probability distribution to 

the biased energy potential and the artificial potential. Thankfully this can be readily 

calculated as: 

÷D
ÿ(É) = ÷D

◊(É)º[UŒŸF(…)] ×
∫é[É(d) − É]º[UŒŸF(…(ù))] ~Cd

∫ º[UŒß(ù)] ~Cd
																								(3.29) 

The unbiased free energy can therefore be calculated as follows: 
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”D
ÿ(É) = −

1
–
’"÷D

◊(É) − ≈D(É) + {−
1
–
’" ¤
∫ º[UŒß(ù)]º‹UŒŸF_…(ù)a› ~Cd

∫ º[UŒß(ù)] ~Cd
fi} 

															= −
1
–
’"÷D

◊(É) − ≈D(É) + ΩD																																																(3.30) 

Whereby, all the complex terms are contained within the free energy shift term Fi, which 

see a marked simplification for our calculation. The solution of this function can be 

performed based on the self-consistent theory (SCF) until the calculation converges to 

its threshold.  

 To combine multiple simulations and derive the unbiased probability ÷(É), it is 

necessary to use methods such as the Weighted Histogram Analysis Method (WHAM) 

30,31 , wherein the sequence of constrained simulations can be related to the product of 

the probability of each simulation. Thus, obtaining an unbiased free energy profile along 

that particular collective varriable. By combining many simulations performed at 

different positions along a collective variable, it is possible to obtain a continuous set of 

results going from one minima to the other crossing the transition state. A schematic 

summary of the processes involved in the combined umbrella sampling and WHAM 

methodology is shown inn Figure 3.03. 
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Figure 3.03. Schematic representation of the umbrella sampling method for a simple 
absorption-desorption process between a reactant molecule (blue) and a metal surface. 
Numerous simulations are carried out along a partitioned collective variable divided into 
simulation windows. The reactant is restrained relative to a sub-surface atom, to drive 
the system from one thermodynamic state to another e.g. from initial state to final state. 
Each window provides us with a histogram each with a virtual harmonic potential 
constraint, overlapping windows provide the input for the weighted histogram analysis 
method (WHAM) which provides free energy profile along the collective variable. 

 

 

 

 

 
 
 
 



Chapter 3: Theoretical Background 

 57 

3.10  LASP Methods 

Here I will outline the methods used primarily in Chapter 7, wherein the Large-scale 

Atomistic Simulation of complex materials with neural network (NN) Potential (LASP)32 

code is used extensively. However, more details are given in the introduction of Chapter 

7 regarding the high-density neural network (HDNN) potential generation. LASP allows 

for simulations using HDNN potentials, which are generated by learning an initial first 

principles dataset. The initial dataset is provided in the form of a potential energy surface 

(PES), that is generated using the stochastic surface walking (SSW) global optimization 

method, which permits the PES exploration for a wide range of complex materials.  

However, LASP is not limited to SSW-NN global optimization, the software can 

also perform common tasks for computing PES properties, such as single-ended and 

double-ended transition state searches, along with molecular dynamics modules with and 

without bias. For the purposes of this thesis, I will outline the basics of the stochastic 

surface walk method followed by an overview of the HDNN potential generation. 

3.10.1 Stochastic Surface Walk (SSW) 
 
The stochastic surface walk method (SSW) is used to identify the energy along reaction 

pathways and for the generation of the global potential energy surfaces for the 

construction of the HDNN potential. The method is based on bias-potential-driven 

dynamics33 and the Metropolis Monte Carlo (MC) algorithm,34 which modifies the 

structural configuration from one state to another on the PES and relies on Metropolis 

MC algorithm to accept or reject each move based on probability. The method is perfectly 

suited for the exploration of complex PESs with high efficiency without the need for 

existing knowledge of the PES. The initial minimum energy structures, both local and 

global, can be obtained from SSW searching trajectories. 
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Figure 3.04. Schematic representation of the overall SSW algorithm. Adapted from 
Reference (35). 
 

The overall SSW method is comprised of three independent steps, summarized 

in Figure 3.04. The initial “climbing” procedure, which is the combination of a bias-

potential assisted climbing and local optimization process lies at the heart of the SSW 

method and will be summarized herein.  

First, a random direction vector (fl‡·)	is generated based on the current structural 

minimum (‚‡„), where “i” is the index of the current MC step. Next, according to fl‡· 

and ‚‡„ the configuration is dragged to a higher energy state ‚‡‰. fl‡· is found based on 

the combination of two randomly generated vectors.  

fl‡
· =

(fl‡
Â + Êfl‡

Á)	

|fl‡
Â + Êfl‡

Á|
												 

Namely, the combination of a randomly generated global vector (fl‡
Â) distributed over 

groups of atoms (e.g. initial velocity generated from MD simulation) and a bond 

formation mode between two distant atoms (fl‡Á), where à is the random mixing 
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parameter. Once, fl‡· is generated, the biased dimer rotation method (CBD)35,36 is used to 

refine the parameters. 

On moving from ‚‡„ to ‚‡‰, a modified PES is generated (Vm-H) from the real 

surface (Vreal) using a series of Gaussian bias potentials (Ë*) (n is the index of the bias 

potential, n=1, 2, …H) along the direction fl‡È: 

TÍUx = TùQYR +6Ë*

x

*=>

 

The geometry along the biased PES is then optimized, whereby the energy minimization 

is constrained with the added bias constraints. These bias constraints can then be 

removed, followed by the Metropolis MC algorithm to generate a new configuration 

allowing for the systematic sampling of the whole PES. 

Summary of the Metropolis Monte Carlo (MC) algorithm:  

(1) Assign an initial guess geometry for the system in question (‚‡„). 

(2) Randomly perturb the coordinates of (‚‡„) using a random displacement vector 

(Î‚‡,ÏÌÈÓ
„ ):  ‚‡Ai„ = ‚‡

„ + Î‚‡,ÏÌÈÓ
„ . After every nth step, the magnitude of the 

displacement vector will be increased along with an acceptance probability of 

~25%. 

(3) Compute the energies for the new coordinate system  Ô‡Ai„ . 

(4) If Ô‡Ai„ ≤ Ô‡
„, then the move can be accepted. However, if Ô‡Ai„ > Ô‡

„, we must 

assign a random value Ò, 0 ≤ Ò ≤ 1. Then if the Boltzmann factor is greater than 

Ò (exp(−ôÔ‡ıi
„ UÔ‡

„

ˆ˜¯
û) > Ò) we can accept ‚‡Ai„  . If not, we must reject ‚‡Ai„  and 

keep ‚‡„. The higher in energy we go, the less likely the configuration will be 

accepted/kept. In this way the algorithm somewhat explores the PES 

neighbouring the local minimum to explore multiple low energy structures. 
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(5) Repeat until a set number of trials (Ntrials) is reached before averaging our 

properties over all the generated configurations. 

3.10.2 Double Ended Surface Walk (DESW) 

The DESW algorithm was developed to connect two minima on a PES and locate 

the associated transition state (TS). The method operates by systematically moving a 

reactant (R) and product (P) pair in a stepwise manner toward each other. Similarly, to 

SSW, the surface walking involves repeated bias potential addition and local relaxation 

with the Constrained Broyden Dimer (CBD) method37 to correct the walking direction. 

The process is schematically represented in Figure 3.05.  The DESW method is 

particularly beneficial for identifying new minima as well as identifying new products of 

reactions from this chemical state. For a detailed overview of the algorithms used please 

refer to the following publications: 38, 39 and 40.  

 

 

 

 

 

 

 

 

 

 

 
Figure 3.05. Schematic representation of the overall DESW algorithm. Adapted from 
Reference (40). 
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The overall scheme for DESW can be summarized using the following steps and is 

illustrated in Figure 3.06 for a 1D-PES: 

 

(i) The IS and FS structures, ‚·i  and ·̆
i, are provided as the input, where i = 1 

and A = R/P.  

(ii) The initial random mode is then generated fl‡
‡È‡˙‡,˚	at ˚·‡  using Equation 3.31 

(when A = R) or Equation 3.32 (when A = P). 

fl‡
‡È‡˙‡,‚ =

( ·̆
‡ − ‚·

‡ )	

|| ·̆
‡ − ‚·

‡ ||
																																						(3.31) 

fl‡
‡È‡˙‡,˘ =

(‚·
‡Ai − ·̆

‡ )	

||‚·
‡Ai − ·̆

‡ ||
																																			(3.32) 

(iii) A biased rotation module is used to identify the normal mode, fl‡˚.  

(iv) Next, a biased translation module is implemented to drag ˚·‡  to ˚·‡Ai on the 

basis of conditional logic to determine if the local relaxation has passed over 

the TS region: ( ·̧,Ï˝ÌÁ
‡ ∙ `c < ·;	ˇ&!Ò" ∙ `c > ·)	. Where, ·̧,Ï˝ÌÁ

‡  is the real 

force at the local minimum and ˇ&!Ò" is the real force of the bias constrained 

structure during local relaxation after the addition of the ith Gaussian. If this 

is deemed to be true, then constrained optimization is performed. 

(v) If the distance is below ~0.2 Å, the highest energy structure (˚·„) is selected 

and the CBD method, which is a softest mode following algorithm, is utilised 

to locate the TS. 
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Figure 3.06. An illustration of whole DESW method for a 1D-PES, highlighting the two 
structure images starting at the IS and FS walking towards each other (arrow direction). 
The local minima for the product and reactant pairs are indicated by black diamonds and 
labelled #$D /÷$D respectively. The colored curves represent the real PES (red), Gaussian 
functions at the IS/FS sides (orange/blue), modifies PES (purple) and the DESW 
trajectory (green/black). Adapted from Reference (40). 
 

For example, in Chapter 7 the geometry optimization convergence criterion in the 

SSW simulations is set to 0.01 eV/Å for the maximal component of force, and this is 

reduced to 0.05 eV/Å in calculating the reaction pathways (including TS location). All 

hydrogen atoms on the surface are initially labelled and then a random number generator 

was used to identify which species to select for the initial reactant/product (R/P) pair 

generation. These randomly selected species are then given a cut-off radius of 4 Å in 

which a number of microstates are generated for the initial and final states (or R/P pairs) 

before the DESW method is employed to extract the TS energies. 

 

 

 

 

 



Chapter 3: Theoretical Background 

 63 

3.10.3 High Dimensional Neural Network (HDNN) Potential. 

The NN potential implemented in LASP follows the high-dimensional NN architecture 

proposed by Behler and Parinello41, but makes use of different structural descriptors, also 

known as symmetry functions. The combination of SSW and NN  has demonstrated great 

potential for material and pathway prediction42,43. Technically, the training of NN 

potential is performed in a separate package maintained in Professor Zhi-Pan Liu’s group 

(Fudan University, China), and not included in the standard LASP issue. The initial input 

data is obtained from a free AIMD simulation whereby the Forces, Energy and Stress 

tensors are extracted for every microstate geometry along the simulation trajectory. 

These are then sent to the Liu group whereby the NN potential is trained. 

The concept of the computational neural network (NN) can best be explained 

on comparison to the functioning of the mammalian brain. The interconnecting cells or 

neurons, which are responsible for learned behaviour, are based on a range of connections 

with variable signal strength (neurotransmitter concentration) between elements. These 

elements or nodes have several layers of connections, wherein a signal can be sent from 

one layer to the next. The signal strength depends on the “weight” (or neuroreceptor 

density) of each of the connections. For the purpose of this thesis, the weight is modulated 

within a learning algorithm (NN subnet). An initial dataset is connected to the output via 

the network of neurons. Once the output and input are known, the weights are adjusted 

during the “training process” to assess the appropriateness of the output from the input 

data. When the dataset is properly trained, it becomes possible to apply the method to 

cases where the input properties are known but not the output i.e. the method is a form 

of pattern recognition for the prediction of previously unknown properties. The general 

neural network workflow utilized by LASP is summarised in Figure 3.07. 
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(a) 

 

 

 

 

 

 
 
(b) 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
Figure 3.07. Schematic representation of (a) the NN training process. The 
super/subscripts represent: i, r, s: atom indices; N: total number of atoms in a structure; 
p: element type index. The NN contains separated element-based subnets, NNsub, where 
the inputs are a set of atom-centered symmetry functions (G) constructed from Cartesian 
coordinates (R) of a structure, and the outputs are the atomic properties (E, F, S), i.e. 
energy, forces and stresses. The overall properties, Etot, Ftot and Stot, can be calculated 
from the individual atomic contributions. (b) The computation hierarchy in the 
generation of the neural network potential in LASP. The output atomic energy involves 
descriptor computation (yellow) involving contributions from each n-body function, 
group unit computation (red) and a NN evaluation (white). Reproduced  from Reference 
(32) (Copyright: 2018, John Wiley and Sons). 
 

To measure the deviation of the neural network compared with the initial 

training set a performance function (JTot) is minimised using a second order quasi 

Newtonian algorithm, shown in Equation (3.33): 
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= &ß + ì&y + .&+ 																																																	(3.33) 

Here, JTot is minimised using the limited-memory Broyden-Fletcher-Goldfarb-Shanno 

(L-BFGS)44,45 method. Whereby, the parameters ì and . are adjusted until the accuracy 

meets a set of criteria based on the pre-set data. While the initial data set is generated 

using SSW global optimisation method from an initial MD trajectory.  

The Power Type Structural Descriptors (PTSDs)46 used in the construction of the 

NN potential are shown in Equations 3.34-3.39. The PTSDs are functions of internuclear 

distances Rij and angles (qijk = acos(Rij×Rik/Rij×Rik)) (i, j, k are atom indices). They are 

translational and rotational invariant and are able to depict the surrounding chemical 

environment of the atoms with a few adjustable parameters Rc, Rs, h, k, z and l. For 

more details see Reference (47). 
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ø¡"ℎµ 01 −

ùFL
ù©
1 , â2d	dDM ≤ dS

											0,																							â2d	dDM > dS
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Chapter 4. 

Structure And Reactivity At The 

H2O/Pt(111) Interface  

 
Abstract 
 
Hydrogen transfer is the fundamental step involved in electrochemistry, being involved 

in water splitting and the hydrogen evolution reaction (HER). However, the nature of this 

process at the solid-liquid interface has been little studied at the atomic level. In this 

work, ab initio molecular dynamics (AIMD) and umbrella sampling (US) is used, giving 

us an accurate description of the dynamic processes associated with the solid-liquid 

environment. Based on this method, the free energy barriers were calculated at the 

H2O/Pt(111) interface, and a multistep mechanism has been proposed. It is found that 

proton transfer is dictated by the strength of the solid-liquid interaction and the 

configuration of water molecules above the reaction site. In particular, the presence of 

surface adsorbed cations, which are confined to the interface above the top site position, 

act as vessels for enhanced hydrogen transfer to and from the surface. The results could 

lead to mechanistic consequences for HER, water splitting and solid-liquid reactions in 

general. 
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4.1. Introduction 

In recent years, a concerted global emphasis has been placed on developing renewable 

energy sources as alternatives to fossil fuels1,2. Significant developments within the field 

of electrochemistry have resulted in numerous technological advancements in fuel cells3 

and batteries4, to name just a few. Great progress has also been made in surface science, 

regarding the structural characterization at solid-liquid interfaces, thanks to the 

development of several in-situ techniques5. In particular, improvements in atomic force 

microscopy techniques (AFM)6,7 and the emergence of high-pressure X-ray 

photoelectron spectroscopy8 (HPXPS) have permitted an in-situ characterization which 

goes beyond the restrictions of the ultra-high vacuum (UHV) conditions. However, due 

to proton transfer processes being extremely fast, features including the reaction kinetics, 

free energy barriers and the atomistic structures of intermediates along the reaction 

pathway remain challenging, even for current spectroscopic techniques to 

detect9,10,11,12,13.  

Working closely with experimental findings, several theoretical methods, based 

mainly on periodic density functional theory (DFT) modelled on noble metal surfaces, 

have been developed 14. However, the complications and computational expenditure 

involved in explicitly modelling the electrode-electrolyte interface are by no way trivial. 

In spite of this, an array of modelling approaches have been developed over the past 

decade. Many of which have gained significant attention, differing in how they treat the 

water layer. For the majority of studies, systems are either modelled with an explicit 

water layer15,16,17,18,19,20 , or the utilization of more computationally affordable (implicit 

solvation) methods such as continuum solvation models based on the modified Poisson-

Boltzmann equations21,22,23 .   
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Despite their computational affordability, many models lack important 

thermodynamic constraints, while static DFT calculations are often sensitive to the 

configurations of water molecules. For instance, Schnur and Groß24 highlighted that the 

interfacial potential can vary by 2.0 V depending on the water layer orientation. It is clear 

that many methods have proven to be unrealistic representations, as they often neglect 

the effects of thermal fluctuations and molecular motion exhibited by water under 

standard conditions25,26,27,28.  

 Furthermore, it remains difficult to fully explore reaction mechanisms at solid-

liquid interfaces leaving many questions unanswered; for example, how the free energy 

profiles of surface reactions are calculated or to what extent these reactions are influenced 

by the water structure. The transfer of hydrogen in the form of hydrated protons has been 

identified as the key step in many chemical and biological systems, making it of cross-

disciplinary importance. In electrochemistry, hydrogen transfer is the most fundamental 

elementary step that gives rise to the electro-current, as well as being involved in water 

splitting and the hydrogen evolution reaction (HER). Here, the solvated protons exist in 

equilibrium with adsorbed hydrogen on the metal surface29,30,31,32,33: 

H3O+ + e- ⇌ Hads +H2O 

To the best of my knowledge, a method for calculating the free energy barriers of 

hydrogen transfer has yet been reported that encompasses the description of dynamic 

processes associated with solid-liquid interfaces.  

In this work, the fundamental processes associated with the solid-liquid interface 

have been addressed at the atomic level, using first principles calculations. Here the 

HnOx/Pt(111) (n= 2 or 3; x= 0 or +1) interface (Figure 4.01) is investigated to gain a 

greater insight into how the water layer diverges from the neutral case on addition of H.  

Platinum (Pt) was chosen as it exhibits a superior catalytic activity compared to other 
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noble metals, making it an ideal model system. This is achieved by utilizing an ab initio 

molecular dynamics (AIMD) approach including explicit solvent molecules on the solid 

surface. AIMD ensures that we do not rely on empirical assumptions of the solvation 

process while giving an accurate depiction of chemical bonds formed on the surface.34 

To this end, a mechanism is proposed which indicates the importance of surface 

adsorbed hydrated proton species and highlights several key dynamic features of the 

solid-liquid interface, including proton confinement at the heterogeneous interface. 

Several methods were used for structural characterization before any calculations of the 

free energy are considered. These include radial pair distribution functions (g(r)), oxygen 

coordination shell numbers (CN), atomic density profiles and angular distribution 

functions, all of which are key descriptors for heterogeneous interfaces35.  For clarity, 

Pt(111) with H2O molecules will be referred to as system A (defined as H2O/Pt(111)), 

and Pt(111) with a proton in the presence of the H2O molecules as system B (defined as 

H3O+/Pt(111)). These results could impact how we treat surface reactions at solid-liquid 

interfaces and more importantly they could possess several implications in 

electrochemistry and other related fields. 
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4.2. Computational Methods 

All simulations were carried out using the Vienna Ab Initio Simulation Package 

(VASP)36,37. The Perdew−Burke−Ernzerhof (PBE) functional38 was employed to 

describe exchange-correlation effects, the dispersion force correction was described 

using the Grimme D3 method39 with Becke-Johnson damping40 and a plane wave cut-off 

energy of 400 eV. The projected augmented wave method (PAW)41,42 has been used. 

Atomic coordinates were relaxed under the conjugate gradient algorithm until the 

Hellmann-Feynman forces on all relaxed atoms fell below 0.05 eV/Å. The crystal 

structure of Pt(111) was optimised at the PBE-D3 level, yielding a lattice constant of 

3.94 Å, which is in excellent agreement with previous theoretical43,44 and experimental 

studies45.  

The canonical ensemble conditions were imposed by a Nosé-Hoover thermostat46 

(NVT) for all the free energy calculations at 300 K. A 1.0 fs time step was used for 

molecular dynamics (MD) simulations, as it equates to approximately 1/10th the 

timescale of the shortest mode commonly found in water molecules. The velocities were 

rescaled every 8 steps to readjust to the target temperature. The calculations used a 4 

layer Pt(111) metal slab whereby for umbrella sampling calculations a 2 × 2 (16 Pt atoms) 

periodically repeated cell was used and a 2 x 4 (32 Pt atoms) supercell for all statistical 

analysis i.e. RDF (radial pair distribution function), coordination number and dipole 

orientation angle. The bottom two layers were fixed to their corresponding bulk value.  

The radial pair distribution functions ("($))47 between the atom coordinates in two 

selections over a 50 ps trajectory were calculated using:  

"($) = lim
*+→-

.($)

40 12345+67 8 $9
:$																																																							 
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Where, r is distance between an atom pair, .($) is the average number of atom pairs 

found at distance r and 2345+6 is the number of unique atom pairs, where one atom is 

from each of the two atom selections.  

Taking the integral of the radial pair distribution function (g(r)), allows us to 

determine the number of nearest neighbours from a central atom. If we take the integral 

over the first minimum, we can obtain details about the first hydration sphere / 

coordination number: 

<2 = = >"($)
+?

-
40$9:$																																																												 

Where, > is theperiodicity constant to account for periodic boundary conditions and 40$9 

is the area of spherical bin. 

For visualization of bonding we chose to use the charge density difference 

method. The electron density difference calculated along the z direction was calculated 

using the following: 

∆A(B) = CA*5DD :E:F																																																															 

Here, A*5DD is calculated to be the difference between the systems total electron density 

and the superposition of the isolated species electron densities: 

A*5DD 1
G
Å8 = AIJK − (AI + AJ + AK)																																																	 

The water slab consisted of either 11 or 22 water molecules placed on the Pt(111) 

surface to explicitly simulate the HnOx/Pt(111) interface with a fixed density of 1.0 Kg.m-

3 and allowed to thermally equilibrated for a period of 5 ps before being subjected to a 

period of 50 ps for further analysis. The thickness of the water slab is 1.2 nm 

corresponding to ~3 layers of water, which is just within the experimental limit for 

detecting density fluctuations (~1.0 nm)48. All MD simulations used a 2x2x1 k-point 

integration of the Brillouin zone while static DFT calculations used a 6x6x1 k-point 
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integration of the Brillouin zone. 

The distribution of angles in each water layer has been determined using the 

orientation angle θ defined in Figure 4.01. With the help of Python and Numpy numerical 

packages, all structures are extracted from the OUT.ANI file after the MD simulation. 

For each structure, the coordination’s of all H and O atoms is obtained. Then, each H2O 

molecule is identified by pairing O with the closest two H, with the restriction that the 

H-O bond length is between 0.85 and 1.25 Å and H-O-H angle between 96o and 116o. 

With the H2O molecules identified (about 90% of molecules will be identified in the 

proceeding stage), the orientation angle θ can be calculated by the law of cosines. 

 

 

 

 

 

 

Figure 4.01. Definition of the dipole orientation angle (θ), where the z-axis is the vector 

normal to the Pt(111) surface. 

The umbrella sampling (US) calculations were carried out through biased 

molecular dynamics modules using the VASP code49,50. A Gaussian peak module of 

height -393.94 kJ mol-1 and width 48.24 kJ mol-1 were chosen to control the harmonic 

constraints. A set of multidimensional primitive coordinates were carefully selected 

which took the form of two collective variables (CV). The first was the conservation of 

the Pt-H distance along the reaction coordinate (CV1). The second was an angular 

constraint of 180º perpendicular to the Pt surface. This was controlled so that the angular 

variation was less than 10º. The simulations were carried out over a combined time scale 

of ~1200 ps. Free energy profiles were recovered with the weighted histogram analysis 
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method (WHAM)51,52. On using US, the predicted free energy differences and free 

energy barriers explicitly include both solvent and entropy effects. Furthermore, the 

effect of electric fields on the adsorption of covalently bonded species, such as H, on the 

surface relative to H2O has been found to be negligible.53  
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4.3. Results and Discussion 
 

4.3.1 Structure of HnOx/Pt(111) Interface 

 

 
 
 
 
 
 
 
 
 
 
 
 
 
 
Figure 4.02. Snapshot of the simulation after 50 ps at the H3O+/Pt(111) interface from 
side view (a) and top view (2x3 periodically repeated supercell) (b). Approximately three 

layers of water can be distinguished based on the atomic density profile shown in panel 
(a). Here, the black line indicates the average atomic density, grey dashed lines indicate 

the min/max density flux throughout the duration of the simulation and the red line 
indicates the density of bulk water (1.0 kg.m-3). 

 

The density profile shown in Figure 4.02(a) illustrates that the simulation contains 

~3 water layers, with a thickness of 1.2 nm. Since the vast majority of reactions occur 

within the first two water layers, the model should give a reasonable description for 

understanding surface reactions. To adequately relax the hydrogen bond (HB) network 

at 300 K, a thermal equilibration period of 50 ps was performed, which is deemed 

necessary for structural analysis. 

From the starting structure, calculations using a number of characterization 

techniques have been used which should give a solid foundation in the understanding of 

the interfacial structure and dynamics.  The oxygen pair correlation function, gO-O(r), was 

computed, which provides quantitative information regarding the structure of the 

solvation shells of each water molecule and helps to characterise the differences in the 

water phases. For the purpose of clarity, in this study we only consider the first 
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coordination shell of the water layer located at ~2.8 Å. Any variation in peak size or 

position would suggest that the H-bonding network has been distorted by the interface 

and/or the additional H. Previous studies have suggested that the inclusion of nuclear 

quantum effects (NQEs) can significantly alter the dynamic properties associated with 

liquid water, such as the self-diffusion coefficients (Do), gO-H(r) and gH-H(r)54. NQEs have 

not been investigated in this work and will be the focus of future study. 

 

 

 

 

 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
Figure 4.03. (a) Calculated oxygen-oxygen RDF gO-O(r) after 50 ps for both protonated 
(blue) and neutral (black) systems and experimentally55  obtained data for liquid (water: 

298K and 0.1 MPa, black line) and solid phase (ice: 122K, dashed grey line) water. (b) 
The radial pair distribution function (g(r)) for gPt-O and gPt-H, calculated for both 

protonated (blue and grey) and neutral (red and grey) water systems. Dipole orientation 
angle distribution for neutral (grey) and protonated (blue) systems are calculated for (c) 
interfacial water layer and (d) second water layer (see SI for details). 
 

A comparison between experimental and theoretically calculated gO-O(r) is shown 

in Figure 4.03(a), from which I can confirm that I am indeed simulating a liquid-solid 



Chapter 4: Structure And Reactivity At H2O/Pt(111) Interface 

 

  
 

79 

interface, as the corresponding g(r) shows very few of the characteristics of ice and agrees 

quite well with that of liquid water. 

 It is clear that system A (H2O/Pt(111)) has a similar first coordination shell to 

that reported by neutron diffraction studies for liquid water55 ; despite having a slightly 

decreased intensity, the separation distance r is the same. This suggests that the water 

coordination environment has changed due to interactions with the Pt(111) surface, while 

the distance at which O species are separated remains the same. Interestingly for system 

B (H3O+/Pt(111)), the first peak shows a considerable broadening, a feature that is 

consistent with the existence of structures of varying coordination number being formed.  

More specifically, the peak broadening is a direct result of oxygen atoms 

restructuring into a range of cationic species, like those depicted in Figure 4.04(a), as the 

excess proton is transferred between water structures. This analysis agrees well with 

work by Bellarosa et al.56 on the H2O/Ru(0001) interface, whereby a similar broadening 

of the first go-o(r) peak was observed as a result of water configurations formed to 

accommodate for the additional OH and H species formed after water dissociation. 

On integrating over the first g(r) peak, the coordination number of the first 

coordination shell of oxygen can be extracted, shown in Figure 4.04(b). Here, the excess 

H causes fluctuations between co-ordinately saturated (CN > 4) and unsaturated (CN < 

4) structures in an effort to maintain a CN similar to that of bulk water, which is 

energetically more favourable. For system B (H3O+/Pt(111)), a number of conjugated 

proton species are observed which correspond to the cations found in other studies57.  

These findings are in good agreement with work by Kim et al.58 who reported 

that H3O+ (hydronium) is absent from the platinum surface, with the proton preferentially 

existing in a dynamic equilibrium of various multiple hydrated species of general 

formula: H2n+1On
+. More specifically, the H5O2

+ (Zundel), H7O3
+ (planar Eigen) and 
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H9O4
+ (Eigen) cations were observed most frequently at the interface. It is suggested that 

the high concentration of Zundel-like species at the interface, with its innate ability to 

interconvert between several two-dimensional analogues, make it ideally suited for 

proton transport at interfaces. From the g(r) and CN analysis, I have shed light on 

processes such as proton transfer and water restructuring that take place to accommodate 

for the additional H. It should be noted that DFT calculations that explicitly include 

NQEs, for example via path integral MD (PIMD), could influence the findings in this 

section. NQEs have been shown to modify the structures of hydrated protons and proton 

transfer barriers via tunneling mechanisms59,60. For instance, it has been found that the 

distinction between Eigen and Zundel ions could become blurred when one considers 

NQEs explicitly61.  

(a) 

 

 
 

 
 

 
 

 
 

(b) 
 

 
 

 
 

 
 

 
 

 
Figure 4.04. (a) The static oxygen coordination shell number taken at 1ps intervals for 

both neutral (system A) and protonated (system B) systems. For clarity, the red dashed 
lines depicts the integer coordination number of 3, 4 and 5 coordinated species. (b) 

Snapshots of several of the most commonly encountered protonated species observed 
during the AIMD simulation at the H3O+/Pt(111) interface. 

Pt(111)/H3O+
Pt(111)/H2O
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To further investigate the differences between the two systems, I calculated the 

dipole orientation distribution of the interfacial (0.0 Å−4.5 Å from surface) and second 

(4.5 Å−9.0 Å from surface) water layers; this analysis can be viewed as complimentary 

to g(r), as it permits for the determination of the preferred configuration of water within 

specific predefined regions. Here, it is found that the water molecules are arranged rather 

differently when comparing system A (H2O/Pt(111)) with system B (H3O+/Pt(111)), with 

significant differences in the net dipole moment existing between the two systems. As 

can be seen from the distribution functions and dipole orientation analysis in Figure 

4.03(c)-(d), the interfacial water layer of the neutral system sits <2.5 Å from the surface 

and displays a range of H-down and O-down configurations, which is consistent with 

previous studies62. For system B (H3O+/Pt(111)), the water layer is located <3.5 Å and 

adopts an almost exclusive H-down configuration at the interface attributed to the slight 

negative charge of the system when H is solvated. The configuration of the charged 

interfacial water layer is in accordance with that observed for the Ag(111)/H2O 

electrified interface in previous work by M. Toney et al. 63, 64, giving further validation 

to the model. 

The second water layer of system A (H2O/Pt(111)) exhibits a normal distribution 

of its dipole angles centred at 90º. The result indicates a well-mixed second water layer 

that has little interaction with the interfacial water layer. Previous studies65,66 have 

suggested that this feature is caused by a hydrophobic water layer existing directly above 

the Pt surface, through which the interfacial water monolayer is ordered in such a way as 

to have few uncoordinated sites available for hydrogen bonding with the subsequent 

water layers. System B (H3O+/Pt(111)), on the other hand, shows a perturbation from a 

normal distribution, meaning that a weak interaction with the interfacial water layer and 

Pt(111) surface exists.  
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With the combination of these various structural characterization techniques, it 

becomes apparent that the two systems are structurally and chemically very different, 

which is surprising considering that the only difference is the additional H species. 

Despite seeming trivial, the additional H causes profound differences in the ordering and 

therefore dynamics of the water layers.  It becomes evident that structural changes of the 

water layer have significant influence on the dynamics and interaction of the water layer 

with the surface. 

4.2.2. Surface Dynamics 

(a) 

 

 

 

 

 

 

(b) 

 

 
 
 
 
 
 
 
 
 
Figure 4.05. (a) Position of adsorbed hydrogen atom from the center of mass of Pt(111) 

surface over the course of an 8 ps free AIMD run. (b) Calculated RDF for the distance 
between the adsorbed hydrogen on Pt surface and oxygen atoms of the aqueous layer 

(note: gO-Hads is averaged over all adsorbed sites on the Pt(111) surface). The sphere of 
repulsion exhibited by Hads is represented in yellow.  
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Once adsorbed on the surface, hydrogen exhibits translational motion between 

the various sites of Pt(111) with relative ease. This process is highlighted by measuring 

the separation distance between H and the centre of mass of the top most Pt layer, over 

the course of a free MD simulation, shown in figure 4.05(a). In particular, H moves in a 

stepwise fashion between the various surface sites before desorbing from the top site into 

the solution after ~3 ps. Once in solution the protonated structures remain confined to the 

interface, and sit just above the surface with their preferential H-down geometry.  

A pre-requisite for surface desorption is that H must be in close proximity to the 

water layer as to minimise the Pauli repulsion exhibited by the water molecules lone pair 

(2a1, 3a1 and 1b1 orbitals) with the Pt d-band electrons. To facilitate this, charge transfer 

stabilization in the form of oxygen lone pair depopulation must occur, as well as a 

favourable dipole alignment of the water molecules and metal surface67,68,69. Desorption 

is, therefore, most likely to occur from the top site position where the repulsive 

interaction can be sterically minimised. In contrast, from the fcc hollow site, the H 

species lies closer to the centre of mass of the Pt(111) surface atoms; therefore, the Pauli 

repulsion is at its most prominent. The structuring of the water molecules facilitates 

adsorption/desorption at the top position, as the intermediate species align favourably, 

with water molecules preferentially existing above the Pt top site position.  

On calculating the charge density difference (CDD) of Hads (Figure 4.06) on the 

surface sees electrons accumulate (green) just above the Pt surface. A clear change in the 

surface dipole moment is exhibited on adsorption of H from solution onto the surface. 

Here, H behaves akin to a negatively charged hydride with a small amount of negative 

charge density being accumulated in the vicinity of Hads which exhibits a sphere of 

repulsion between itself and the nearest neighbouring closed shell water molecules. The 

radius of the sphere is calculated to be ~2.95 Å (Figure 4.05(b)), a distance which is 
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surprisingly non-site specific. That is to say, the sphere of repulsion is maintained 

regardless of the adsorbed site, which can be attributed to a number of phenomena: the 

interaction of Hads with the lone pair of water70 and the change in the dipole moment of 

Pt(111) surface relative to the water molecules. This means that the system must be given 

sufficient simulation time so that the water molecules can rearrange to allow for a 

favourable dipole interaction.  

It should be noted that the general phenomena of water layer repulsion by 

adsorbed species has been reported previously71. Of particular interest is the work by 

Roman and Groß72 for the case of a fully saturated Pt(111) surface by H, which similar 

to the present study, they showed how the water layer is repelled by an additional 1 Å 

above the Pt(111) surface, when compared to the clean surface. However, here it is found 

that even a single adsorbed species can causes weakening of the interaction of the water 

layer with the Pt(111) surface. I suggest that it is the accumulation of additional adsorbed 

hydrogen species which allows for stable areas of hydrogen adsorbed on the surface 

under electrochemical conditions. 

The interaction between the solvent and substrate coupled with proton 

confinement at the interface give an insight into the efficiency of hydrogen transfer on 

Pt(111), whereby global structure changes of the water layer at each stage of the reaction 

is observed, even proceeding adsorption. The effects of H confinement at the interface 

as solvated cation species, on the other hand, make for ideal hydrogen transfer vessels to 

and from the surface top site. 
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(a) 

 

 

 

(b) 

 

 
 
 
 
 
 
 
 
 
(c) 

 
 
 
 
 
 
 
 
 
 
 
 
 
Figure 4.06. (left) Planar charge density difference (CDD) calculated normal to the 

Pt(111) surface for the interaction of the water layer and Pt for (a) A hollow site adsorbed 
cation and (b) A top site adsorbed cation. Obtained from AIMD-US calculations. (c) 
Hollow site adsorbed hydrogen (Red dashed lines indicate the position of the top most 
Pt layer, Purple shading represents electron depletion while green shading is electron 

accumulation). The iso-surface level is set to 0.0015 e/Å3. 
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4.2.3. Free Energy Profile  

 
(a)                                                                       (b) 
 

 
 

 
 

 
 

 
 

 
(c)         (d) 

 
 

 
 

 
 

 
 

 
 

 
Figure 4.07. The average free energy profile for adsorption/desorption from each site is 

shown in panel (a) 2D free energy profile for proton adsorption/desorption as a function 
of two collective variables – distance from the Pt surface (CV1)  and the angle 

orthonormal to the surface layer (CV2) from; (b) the fcc-Hollow site (green arrows 
highlight my proposed MEP); and (c) Top site. To achieve adequate sampling and 

thermodynamic equilibration, each sample was taken at intervals of 0.05 Å and each 
constrained simulation was carried out for between 8 and 30 ps. (For clarity, black 

contour lines are set to intervals of 0.03 eV). (d) The relative free energy for steps 
involved in pathway 1 (blue) and 2 (black), derived from AIMD umbrella sampling 
calculations. The reaction steps correspond to those shown in Figure 4.08. 

  

To determine the lowest energy pathway for hydrogen adsorption/desorption, 

finally and perhaps more importantly we calculated the free energy landscape from the 

fcc-hollow and top sites, respectively. The free energy profiles for hydrogen 

adsorption/desorption are summarised in Figure 4.07(a)-(d).  

Starting from Hads at the hollow and top sites, I have applied gaussian constraints 

to acquire the population along the Pt-H collective variable, driving H to solvate into the 

bulk solution. As can be seen from Figures 4.07(b) and 4.07(c), the free energy along the 
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hollow site trajectory is highly angular dependant; a decrease in the desorption barrier 

with decreasing angle is observed. In other words, H favours moving to the neighbouring 

bridge site rather than direct solvation, which suggests that diffusion to various sites on 

the surface occurs with ease and with small free energy barriers calculated to be less than 

0.12 eV.  

Surprisingly, from Figure 4.07(a) and 4.07(c), it is found that H adsorbed on the 

top site is spontaneously solvated by two surface water molecules, whereby H on the top 

site proves to be only quasi-stable, a fact which is reflected in its short lifetime (~2-8 ps), 

before being quickly solvated. From this I infer that the most stable state for hydrogen is 

in the form of a surface adsorbed hydrated proton, which bridges two top site positions 

and is located ~2.1 Å from the Pt surface, as shown in Figure 4.08(d). The stability of 

these structures is further explored on taking CDD profiles for the interaction of the 

hydrated protons and the Pt(111) surface. The significant charge overlap at the interfacial 

region coupled with the local minimum in the free energy profile indicates that these 

species are indeed stable and exist as chemisorbed cations rather than as free protons. 

This finding is consistent with recent work by Kim et al.73 who reported, using mass 

spectrometry and refection adsorption infrared spectroscopy, that adsorbed hydrogen 

species ionize into stable multiple hydrated protons on the surface.  

Snapshots from the sampled trajectories are shown in Figure 4.08, which have 

been selected under the guidance of calculated free energy values (Figure 4.07). Figure 

4.06(d) represents the lowest energy pathway for H desorption from the Pt(111) surface 

to the aqueous solution. My calculations show that pathway 2 (desorption from the 

hollow-bridge-top site and then on to the water layers) is more favourable when 

compared to pathway 1 (direct hollow site desorption) in the realm of free energy.  
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Figure 4.08. Several snapshots of my proposed pathway for hydrogen transfer from the 
surface to the solution obtained from constrained AIMD simulations. Path 1 shows 

process of direct desorption via the Hollow site while Path 2 shows my proposed 
desorption pathway via diffusion from hollow-bridge-top sites. 

 

From the results above, it can be seen that the reaction occurs as follows; firstly, 

due to the low barrier associated with hydrogen migration (∆G‡ = 0.12 eV), if hydrogen 

is adsorbed on the hollow site, it can move via the bridge site to the top site (Figures 

4.08(a)-(b)). It should be noted that as the coverage increases to the experimental value 

of ~0.66 ML28 the barrier for H migration will increase. The free energy for the formation 

of cations above the top site is energetically favourable (∆G‡ = -0.23 eV) and will 

therefore form spontaneously, here the proton preferentially exists 2.1 Å above the top 

site position, as shown in Figure 4.08(d). At low H coverages, it becomes unfavourable 

for the proton at the interface to transfer to subsequent water layers (confinement), as 
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shown in Figure 4.08(h), with a barrier of 0.26 eV required for further solvation into the 

bulk solution. This leads to a stable protonated water structures that are confined to the 

interface with predominantly H-down geometry. The presence of surface adsorbed 

cations could enhance hydrogen transfer to and from the surface, leading to significant 

mechanistic consequences for HER, water splitting and other catalytic reactions 

involving hydrogen transfer.  

From previous studies, the H atom potential energy surface (PES) for transition 

metals along the (111) crystallographic axis is quite flat74,75. Therefore, I believe that my 

findings for Pt(111) are of general importance. However, I also acknowledge that a 

specific study exploring the physical origin of different catalytic behaviors, of the same 

chemical composition, but on different crystal phases and/or surfaces with the inclusion 

of NQEs would be highly desirable.  
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4.4. Conclusion  

In this work, I have performed enhanced AIMD sampling methodologies and DFT 

calculations to study the structure and reactivity of HnOx/Pt(111) interface without NQEs. 

I have attempted to obtain an atomistic picture of how the aqueous medium effects the 

structure and reactivity of the solid-liquid interface. Based on my calculations and 

analyses, the following conclusions can be drawn: 

 

1. The addition of H to H2O/Pt(111) results in a profound difference in the structure 

of the interfacial water layer. I find that the strength of the solid-liquid interaction 

and the configuration of water molecules above the reaction site are of key 

importance. 

 

2. I exemplify the specific reaction conditions required for H transfer to occur. The 

lifetime of adsorbed hydrogen on Pt(111) is short lived at low coverage and 

preferentially exist as a confined cation structure at the interfacial region. It 

should be noted that this picture could change when considering Pt(111) surfaces 

with varying hydrogen coverages and with water solutions of different pH. 

 

3. The free energy landscape for hydrogen transfer at the H2O/Pt(111) interface is 

obtained and a reaction pathway for the Volmer reaction is proposed, which 

includes surface adsorbed hydrated protons as key intermediates. The importance 

of top site adsorbed cations as key reaction intermediates for hydrogen transfer 

on Pt(111) is emphasized. 
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Chapter 5. 

Electrostatic Correction Scheme 

 
Abstract 
 
Electrocatalysis is essential in the energy and chemical conversion industries. Rather than 

laboratory analysis, first-principle calculations give us an atomic-level understanding of 

the structure and reactivity of electrocatalysts, greatly reducing the efforts of screening 

and design. However, unlike catalysis on low index single crystalline surfaces, 

electrocatalysis tends to occur at the solid-liquid interface, with the involvement of 

electron transfer processes and at constant potential. However, due to several limiting 

factors, it remains a challenge for the proper description of the electrocatalytic systems 

in many aspects. In this chapter, I begin by examining current state-of-the-art quantum-

chemical research for the modelling of reactions under electrochemical conditions, 

providing a “mini-review” of our current understanding for the treatment of charged 

electrochemical systems. Finally, I will discuss the electrostatic correction method 

adopted herein, for reaction free energies at constant chemical potential, based on a 

simple capacitor model, for hydrogen transfer to and from the Pt(111) surface. 
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5.1 Introduction 

 
With ever increasing global energy demands and a declining fossil fuel supply, 

electrocatalytic reactions have been predicted to play a central role in future energy 

technology; such as in batteries, water splitting, fuel cells, and electrolysers.1,2,3,4,5,6,7,8 In 

addition to experiments, the popularization of state-of-the-art theoretical calculations, 

e.g. Density Functional Theory (DFT), has greatly aided us in understanding surface 

phenomena. However, considerable complexity is added to first-principle calculations 

when simulating electrocatalytic reactions due to several limiting factors9,10,11, namely;  

 
(i) Electrochemical reactions usually occur over solid-liquid interfaces, which 

makes the calculation of free energy difficult. In solution, a proper averaging 

over many configurations is required to reach an accurate description of the 

free energy, which demands large computational resources;  

(ii) In electrocatalysis, reactions are performed at constant potential which 

corresponds to a system of infinite size, while DFT calculations are normally 

carried out using the supercell approach and periodic boundary conditions, 

with a fixed charge density. 

 
The mechanisms, kinetics, and selectivity of these processes depend on the 

microscopic structure of the electrode−electrolyte interface. However, the problem arises 

due to our lack of knowledge linking microscopic and macroscopic properties. Typically, 

ab initio molecular dynamics (AIMD) simulations model atomic scale systems within 

the canonical ensemble (NVT) wherein the number of particles, volume, and the 

temperature are kept constant. In reality, the electrochemical interface is an open system, 

which exchanges ions, electrons and heat with the surrounding environment. Therefore, 

ideally such systems should be modelled using the so called grand canonical ensemble 
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(μVT), whereby the system is held at constant chemical potential  

(μ) by varying the number of ions or electrons. However, the application of such an 

approach is currently limited to systems of only a few atoms, due to the significant 

computational cost associated with varying the electron density during the progress of 

the simulation.  

Here, I begin by introducing the current state-of-the-art methods for modelling 

reactions at constant chemical potential, circumventing the use of the grand canonical 

ensemble, before outlining my own work in the form of an adapted electrostatic 

correction scheme to tackle the issues associated with predicating electrochemical free 

energies using a dynamic capacitor model and Umbrella Sampling simulations. 

5.1.1. Dealing with Charged Systems 

Initial efforts tried to simulate electrocatalytic reactions at the atomic level by DFT 

calculations, the first problem emerged due to periodic DFT calculations requiring the 

unit cell to be neutral, while varying the electrode potential leads to changes in surface 

charge. One intuitive solution is to add an artificial counter charge equal to the excess 

charge in the slab. Neurock and co-workers12,13 proposed that a uniformly distributed 

background charge can be applied to the system. In their work, two reference potentials 

are established relative to the metallic potential; one related to the vacuum potential, 

while the other to the potential of water (H2O) far from the surface. The second reference 

is applicable due to the charge screening of liquid water over short distances, allows for 

calculation of the electrostatic potential using the homogeneous background charge 

correction scheme. The method was coined the “double-reference method”, wherein the 

surface potential can be adjusted by introducing excess/deficit surface charges in the 

simulation cell. 
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Using the double-reference method requires the construction of a sandwich-like 

slab-vacuum-slab unit cell, Figure 5.01(a) (top), whereby the vacuum potential is used 

as the first reference. It is then assumed that the electrode potential does not change when 

the vacuum is omitted (Figure 5.01(a) (bottom). For the excess charge (q) of the slab, the 

potential Φ0(w) (Figure 5.01(a) bottom) is scaled to the second reference point, with the 

vacuum region removed and filled with water. The water layer with known potential is 

then fixed, and the system is relaxed along with an applied charge q and the potential at 

all other positions is shifted with respect to this point. Finally, the absolute electrode 

potential is obtained by subtracting the workfunction from the potential of the standard 

hydrogen electrode (SHE): (!"#$ = &'&()*
+ ). The charged slab, along with the 

compensating background charge polarizes the water region and thus simulates the 

electric double layer. However, the background charge is smeared throughout the whole 

unit cell which is not a realistic representation of the electric double layer (EDL). The 

EDL has been shown to have a localised charge distribution at the surface. 

Rather than adding a homogeneous background charge, Sugino, Taylor and co-

workers14,15 proposed that, one may include counter ions (e.g. sodium or potassium) in 

the vacuum layer to make the system potential neutral. From Figure 5.01(b) (top), the 

homogeneous background charge method (solid line) and explicitly added sodium ion 

(dotted line) will generally lead to different potentials. However, the difference is 

reduced when taking the water environment into consideration (Figure 5.01(b), bottom), 

especially in the inner layer close to the surface. The reason can be attributed to the 

screening effects of the polarizable water layer and makes these methods a relatively 

reasonable choice for simulating the behaviour of the interface. Later, Anderson and co-

workers16 proposed that instead of directly including the water molecules it is possible to 

distribute the counter charge in a continuum dielectric medium using a modified variant 
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of the Poisson–Boltzmann method. However, continuum models come with their own 

drawbacks, such as the lack of important thermodynamic constraints and dynamics 

associated with water under standard conditions. 

 

(a) (b) 

 

 

 

 

 

 

 

 

 

 

 

Figure 5.01. (a) A schematic diagram showing the planar electrostatic potential as a 
function of position along the unit cell for the Cu(111)/H2O system. Φ(v), Φ(m), and Φ(f) 
denote the position of the vacuum, bulk metal, and Fermi potentials for use in the double 
reference model. The neutral slab/water system with vacuum reference electrode Φ(v) 
are shown on the top panel. While the solvent phase reference electrode Φ’(w), the bulk 
metal potential Φ’(m), and the Fermi potential Φ’(f) are at the bottom panel. (b) Plots 
comparing the electrostatic potential for the Cu(111) slab, on addition of sodium ion or 
the use of the vacuum electrostatic potential. Adapted from Reference (13), © 2006 The 
American Physical Society.  
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5.1.2. Proton Insertion Method 

In the previous section, methods which utilise an excess charge at the surface 

with compensating counter charges, either homogeneous or by added metal ions. Instead, 

Nørskov, Rossmeisal and co-workers17,18,19 proposed that the potential variation at the 

interface can be simulated on adjusting the concentration of solvated hydrogen ions (H+ 

(aq)) in the system. As shown in Figure 5.02(a), the electrostatic potential near the surface 

can be varied by changing the number of protons solvated in the water bilayer. The 

potential variation can also be achieved by the addition of protonated water ad-layers, 

Figure 5.02(b). The corresponding electrode potential (U) relative to the normal 

hydrogen electrode (NHE) can be estimated from the work function ΦWF:20  

! = , − ,.#$                                                  (5.01) 

Where, the value of ΦNHE is usually taken to be between 4.44 eV and 4.85 eV21,22.  

Here the charge distribution of the EDL is represented in a more realistic manner, 

when compared with the counter charge method mentioned in the previous section. On 

addition of protons, the system always stays neutral and the varied potential is localized 

near the surface, which is closer to observed behaviour of the EDL. However, the charge 

cannot be modulated continuously. Instead, an integer number of protons can only be 

added, which limits the potential tunability.  

This requires the modelling of large cell sizes, otherwise, finite-size effects can 

severely influence the results and generate unrealistic potentials. Nørskov et al.17 

suggested that finite size error can be corrected providing a series of calculations are 

carried out with varying unit cell size and a fixed proton coverage. Here, it is assumed 

that the interface functions as a simple capacitor, meaning the reaction energies tend to 

have a linear dependency on potential change. Thus, it becomes possible for an 

extrapolation to infinite cell size i.e. An infinite system size equates to the limit where 
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charge density and potential remain constant. A slight issue with this method is the 

significant computational cost associated with modelling large system sizes, since DFT 

calculations scale with N3, where N is the number of electrons. Thus, the implementation 

of varied unit cell size would be a major hurdle for umbrella sampling simulations. 

(a) (b) 

 

 

 

 

 

 

 
 
Figure 5.02. (a) The variation of the planar electrostatic potential profile as a function of 
the z-axis of the super cell on addition of 1H+ (dash line) and 4H+ (solid line). (b) A 
charged Pt(111) slab with 3 water layers outside and one solvated hydronium ion 
(yellow) per unit cell. The electrode potential, due to the charged interface, averaged 
parallel to the surface is shown for systems with 1, 2 and 3 relaxed water layers along 
with results from an ab initio molecular dynamics simulation of a proton solvated in 3 
water layers. Adapted from References (18) and (19), © 2006 The Royal Society of 
Chemistry and © 2009 Elsevier. 
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5.1.3. Constant Electrode Potential  

So far, simulations methods mentioned were mostly carried out with fixed 

number of electrons and thus with a fixed charge; however, as previously mentioned, 

electrochemical experiments are performed at constant potential, equating to an open 

system with a source or a sink of electrons for cathode and anode reactions, 

respectively.10,23 For a more representative model of the real electrochemical system, it 

would be ideal for a variant of DFT within the confines of the grand-canonical ensemble, 

in which the chemical potential µ can be adjusted throughout the simulation duration24,25.  

One of the first attempts were made by Lozovoi et al.26, who proposed a way to 

treat electrons using the grand canonical ensemble, thus keeping the potential constant. 

However, this approach is only suitable for the simplest of systems due to the oscillations 

in the number of electrons and temperamental convergence issues associated with the 

grand canonical Kohn-Sham equation27,28.29.  

More recently, Chan and Nørskov30,31 have proposed a rather straightforward 

solution to the constant potential problem. Whereby, the energy change due to 

electrostatics (∆012314
565789:;8<8=7) is determined on modification of the Bader charges 

(ΔA = AB − AC) and the changes in the work functions (Δϕ = (EB − EC) along a 

reaction coordinate: 

∆012314
565789:;8<8=7 = (F23F4)(12314)

B
= 	 (HF)(HI)

B
																																		(5.02) 

A slight drawback when implementing this method with plane-wave DFT codes is that 

the description of the atomic Bader charges can, at best, be described as ambiguous and 

phenomena such as solvent reorientation effects32 are not explicitly accounted for in the 

current model. Despite this formality, this method sees a marked reduction in 

computational cost, thereby making it possible for comprehensive studies of larger 

electrocatalytic systems33. The method adopted herein makes an attempt to overcome the 
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drawbacks associated with static DFT calculations for the water structure and the use of 

Bader charge analysis for the electrostatic correction, for correction of the free energy 

barriers using AIMD umbrella sampling. 
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5.2. Computational Methods 
 
In this work electronic structure calculations were carried out using the Vienna Ab Initio 

Simulation Package (VASP)34,35. The Perdew−Burke−Ernzerhof (PBE) functional36 was 

employed to describe exchange-correlation effects, the dispersion force correction was 

described using the Grimme D3 method37 with Becke-Jonson damping38 and a plane 

wave cut-off energy of 400 eV. The projected augmented wave method (PAW)39,40 has 

been used. Atomic coordinates were relaxed under the conjugate gradient algorithm until 

the Hellmann-Feynman forces on all relaxed atoms fell below 0.05 eV/Å. The crystal 

structure of Pt(111) was optimised at the PBE-D3 level, yielding a lattice constant of 

3.94 Å, which is in excellent agreement with previous theoretical41,42 and experimental 

studies43.  

The simulation cells used throughout this chapter are the same as those from 

Chapter 4. The canonical ensemble conditions were imposed by a Nose-Hoover 

thermostat44 (NVT) for all the free energy calculations at 300 K. A 1.0 fs time step was 

used for molecular dynamics (MD) simulations. The velocities were rescaled every 10 

steps to readjust to the target temperature. The calculations used a 4 layer Pt(111) metal 

slab whereby for umbrella sampling calculations a 2 × 2 (16 Pt atoms) periodically 

repeated cell was used The bottom two layers were fixed to their corresponding bulk 

value.  

When applicable, the water slab consisted of 11 water molecules placed on the 

Pt(111) surface to explicitly simulate the HnOx/Pt(111) interface with a fixed density of 

1.0 Kg.m-3 and allowed to thermally equilibrated for a period of 5 ps before being 

subjected to a period of 50 ps for further analysis. All MD simulations used a 2x2x1 k-

point integration of the Brillouin zone.  

The umbrella sampling (US) calculations were carried out through biased 
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molecular dynamics modules using the VASP code45,46. A Gaussian peak module of 

height -393.94 kJ mol-1 and width 48.24 kJ mol-1 were chosen to control the gaussian 

constraints. A set of multidimensional primitive coordinates were carefully selected 

which took the form of two collective variables (CV). The first was the conservation of 

the Pt-H distance along the reaction coordinate (CV1). The second was an angular 

constraint of 180º perpendicular to the Pt surface. This was controlled so that the angular 

variation was less than 10º. The simulations were carried out over a combined time scale 

of ~1200 ps. Free energy profiles were recovered with the weighted histogram analysis 

method (WHAM)47,48. On using US, the predicted free energy differences and free 

energy barriers explicitly include both solvent and entropy effects.  

Static DFT calculations, such as those for obtaining the workfunction, use a 

3x3x1 k-point integration of the Brillouin zone. Convergence tests were carried out to 

assess the minimum number of K-Points, shown in Figure 5.03. Within plane-wave DFT, 

the electrostatic potential (E$J) is defined as: 

E$J = K
L(MN)
|M − MN| PM

N +RST:7
(=)(|M − M=|)

=

 

= S#<9(M) + ST:7(M) 

Where, S#<9(M) is the Hartree potential due to the electron density (n(r)) and ST:7(M) is 

the local part of the potential due to the nuclei and core electrons (accounted for by the 

pseudopotential under the PAW scheme). The workfunction is defined as; the energy 

required to remove and electron from the metal surface to the vacuum. Thus, the energy 

difference between the system specific Fermi Energy (0U59V=) and the vacuum potential 

(E$J,X<7) gives us the workfunction: ΦZU = E$J,X<7 − 0U59V=. 

To assess the influence of water on the workfunction (ΦZU), the workfunction 

shift (∆Φ = ΦZU − Φ[5\) was calculated relative to the vacuum and SHE (4.46 V) as a 
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reference. More details are given below regarding the method used to calculate the 

electrostatic correction energy, based on a modification on the method proposed by Chan 

and Nørskov30. 

 

(a) 

 

 

 

 

 

 

 

(b) 

 

 
 
 
 
 
 
 
 

 
 
 
Figure 5.03. (a) K-Point convergence for the work function. (b) Generated planar 
electrostatic potential profile for Q=0 as a function of the unit cell height. The red dotted 
line highlights the position of the Fermi energy. 
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5.2.1 Correction Method Details 

 

 

 

 

 

 
Figure 5.04: The free energy profile for adsorption/desorption from Top and Hollow site. 
 

From Chapter 4, the simulations are carried out at constant charge (i.e. the number of 

electrons is fixed), meaning that the electrostatic potential (E$J) will change as a function 

of the reaction coordinate. Therefore, the free energy profile shown in Figure 5.04, 

doesn’t not represent the true free energy profile under electrochemical conditions.  

For a reaction coordinate starting at EC and ending with EB, the contributing 

electrostatic effects (∆012314
$65789:;8<8=7) can be determined on modification of the Bader 

charges (∆A)	and the workfunctions (∆E) by adopting the correction method proposed 

by Chan and Nørskov30, shown in Equation (5.02). However, the problem arises when 

one does not account for the effect solvent configurations has on the work function, 

which has been known to cause potential fluctuations of up to 2.0 V49.  

Alternatively, a modified version of Equation (5.02) can be implemented, as to 

remove the ambiguity associated with calculating atomic charges on plane-wave DFT 

codes.50,51 Whereby, it is possible to relate the change in charge (∆A) to the capacitance 

of an N-electron system:52,53,54 

] ^_`a ≡
cA
cV =

∆A
∆E 

= eB ^f.+
f1
a
`

                                                  (5.03) 

 IS 

 TS  FS 
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Here, ] can be calculated from the change in the work function (∆E)	as we modulate the 

number of electrons (∆Ne). We can do this as the electronic density of the system can be 

expressed as a function of the electrochemical potential (û) at fixed volume (V). It is 

therefore possible to relate this to the work function via: 

egEg = −û + û"#$ = ΦZU − E"#$ 

Where, eo is the elementary charge of an electron. From this the workfunction can be 

related to the absolute electrode potential (U) relative to the standard hydrogen electrode 

(SHE = ~ 4.44-4.48 V) via: 

!"#$ = 〈jkl31()*
5

〉                                              (5.04) 

Where <…> represents an ensemble average. Thus, 

∆E = ∆! ∙ e																																																									(5.05) 

By inserting Equations (5.03) and (5.05) into Equation (5.02) we arrive at an expression 

for calculating the electrostatic correction energy for a reaction at constant 

electrochemical potential without using Bader charges: 

∆0o23o4
565789:;8<8=7 = _∙52∙∆o2

B
																																													(5.06) 

Furthermore, the work (W) required on going from the IS and TS (and vice versa) can be 

calculated as: 

p = K q

92

94

∙ PM	 

∴                                       ∆p = q ∙ ∆M = −o2∆_
B
																																															(5.07)  

Where, F is the force between the two states and ∆r is the separation distance. This force 

must be equal to the change in the electrostatic energy of the separated systems. The 

force results from the attraction of the charges on the states. It should be noted that in 

computing the work between two states along the reaction coordinate, we have assumed 
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that the charge is constant – i.e. it is not electrically connected to other objects, and so 

the total charge is not changed. The system is thus imagined to be held at constant 

potential difference as we make the displacement along the reaction coordinate on using 

Equation (5.06).  

Furthermore, to remove the ambiguity associated with the effect of the water 

configuration55 on the workfunction, ab initio molecular dynamics (AIMD) simulations 

are used to generate a number of static microstates. Sampled configurations where taken 

every 10 fs over the final 1ps of the AIMD simulation. From these microstates the work 

function is calculated and then averaged to obtain a more realistic representation of the 

electrolyte layer accounting for the influence of the water configuration, hence the 

angular brackets in Equation (5.04). Whereby, a statistically averaged distribution for 

!	and C can also be generated. This allows for the determination of the potential at 

specific points of interest along the reaction coordinate, whereby the system is deemed 

to behave akin to a dynamic capacitor. The process is schematically represented in Figure 

5.05: 

 

 

 

 

 

 

 

 
Figure 5.05. Schematic representation of an electron transport from the vacuum to the 
Pt(111)/H3O+ interface. The magnitude of the energy is dependent on the work function 
which is referenced to SHE to determine the electrode potential (U). For the standard 
hydrogen electrode the reference is set to 4.46 V relative to the vacuum energy 
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 While this method goes beyond what has been previously reported, in order to 

calculate properties as averages, a large number of states are required - at least several 

hundred in the ensemble that is of interest, requiring a significant computationally cost. 

Each sampled configuration (from the 100 or so sampled) must then be calculated 

multiple times with varying electron number, to obtain an accurate value for C. Meaning 

that we require ~1000 simulations for each point of interest along the reaction coordinate 

(IS, TS & FS).  

The AIMD produces states with a wide range of workfunctions, which is a 

consequence of the lack of a means to input electrode potential rather than the current a 

posteriori scheme. Furthermore, since this is a total energy correction to the free energy, 

the zero-point energy (ZPE) contributions have been neglected here due to the difficulty 

in calculating the vibrational frequency (phonon modes) of water without associated 

negative frequencies (soft modes of water). ZPE is typically required when the traditional 

thermodynamic correction scheme is used for converting DFT total energies to free 

energy, however, the contribution is normally a small one and has thus been omitted56. 

In liquids ZPE’s can be calculated using path integral MD (PIMD)57, however this 

procedure goes beyond the scope of the current investigation and will be considered in 

future work. 
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5.3. Results and Discussion 
 
5.3.1. Workfunction Variation 
 

The adsorption/desorption process from the Pt(111) hollow site to the aqueous 

solution is chosen as a case study, shown in Figure 5.04 (black line). This was selected 

as it has three well defined states along the reaction pathway. While the atop site 

adsorption/desorption process, which from my simulations spontaneously solvates into a 

hydrated proton resulting in a Leonard-Jones type58 molecular interaction with Pt(111), 

and is without a defined transition state and final state region.  

I begin by assessing the influence of the various water configurations on the work 

function at zero additive charge (Q = 0), illustrated in Figure 5.06(a). Here, the sampled 

microstates exhibit a clear oscillatory behaviour as a function of the AIMD time step for 

the initial, transition and final states. This is a direct consequence of the dynamic nature 

of the water molecules on the surface, which will change orientation throughout the MD 

trajectory, this geometric change in turn alters the workfunction of the Pt(111) surface.  

When the hydrogen atom is adsorbed on the hollow site position (IS), the water 

layer no longer has solvated protons present, so the aqueous layer can be viewed as pure 

water. Pure water has an associated mixed orientation phase of water molecules at the 

interface, with H-up and H-down configurations relative to the surface (See dipole 

orientation analysis in Chapter 4). This mixed phase results in the greatest propensity for 

water configurational changes throughout the duration of the AIMD trajectory, which in 

turn modulates the calculated workfunction. 

Furthermore, when the hydrogen atom becomes solvated in solution (FS) the 

aqueous layer exhibits a change in the dipole orientation, to a predominantly H-down 

(relative to the surface) configuration this in turn is associated with a polarised interfacial 

water layer and thus, a less oscillatory behaviour of the workfunction compared to the 
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IS.  It is thus unreasonable to select just a single water configuration for the purpose of 

electrostatic correction, as proposed in the original work by Chan and Nørskov30. 

(a) 

 

 

 

 

(b) 

 

 

 

 

 

  

 

 

 

 

 
 
Figure 5.06. (a) Snapshots of the work function for the initial (IS), transition (TS) and 
final states (FS). Sampled configurations where taken every 10 fs over the final 1ps of 
the AIMD simulation. (b) The electrostatic potential as a function of accumulated charge 
(Q) for (from top to bottom) the initial (IS), transition (TS) and final states (FS). 
 

From Figure 5.06(a), the addition of electrons sees a systematic reduction in the 

electrostatic potential of the vacuum, while the removal of electrons has the opposite 

effect. Here, an addition of electrons results in saturation (coulomb blockage) of the 

electrode, meaning that the removal of an electron from the surface of the metal to the 
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vacuum requires less energy i.e. a reduction in the work function. While the removal of 

electrons from the system results in an electron depleted electrode, meaning that it will 

require more energy to remove these more tightly bound electrons to the vacuum i.e. an 

increase in the workfunction. This process can be seen as charging and discharging the 

capacitor by the addition and removal of electrons. 

5.3.2. Electrostatic Capacitance (Celect) 
 
(a)            (b) 

 

 

 

 

 

 

 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 

 
Figure 5.07. Plots of (a)  the work function and (b) electrode potential (USHE) as a 
function of the accumulated charge (Q) (+/- electrons). For the Initial state (IS), 
Transition state (TS) and Final state (FS). Sampled configurations where taken every 10 
fs over the final 1 ps of the AIMD simulation as a function of accumulated charge (Q). 
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 Next, the electrostatic capacitance (Celect) is calculated according to Equation 

(5.03). The potential is measured as a function of the number of electrons over the 

sampled microstates. It should be noted that the variation in the electrostatic potential 

will vary depending on the system size. For instance, the larger the chemical system, the 

smaller the variation in the potential due to the dispersion of the additional electron 

density throughout the unit cell.59 Here, due to the relatively small unit cell utilized, the 

addition and removal of electrons sees significant variation on the workfunction with an 

observed potential variations which are typically non-physical. From Figure 5.07(a) and 

Table 1 again we can see that a clear oscillatory nature of the workfunction due to the 

various configurations of the microstates.  

 
Table 1: Additional charge (Q), the electrode potential vs SHE (~4.46 V) for the initial 
(UIS), transition (UTS) and final (UFS) states. The electrode potential difference on going 
from IS to FS (ΔUFS-IS), IS to TS (ΔUIS-TS) and TS to FS (ΔUTS-FS). 
 

 
 
Of interest is that the workfunction oscillatory behaviour becomes independent 

of the configuration when an excess of one electron is added. This is partly due to the 

ease to which this electron can be removed to the vacuum, suggesting the system has 

already become electronically saturated, making the water configuration effect negligible 

in this case. 

Q (F.V) UIS (V) UTS (V) UFS (V) ΔUFS-IS (V) ΔUTS-IS (V) ΔUFS-TS (V) 

1.60x10-19 5.07 4.86 4.99 -0.08 -0.21 0.13 

8.01x10-20 3.02 2.91 3.03 0.01 -0.11 0.12 

0.00x10-00 0.61 0.82 0.85 0.24 0.21 0.03 

-8.01x10-20 -1.64 -1.01 -0.91 0.73 0.63 0.10 

-1.60x10-19 -2.80 -2.16 -2.00 0.80 0.65 0.16 
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 Subsequently, by averaging the potential as a function of the generated 

microstates it becomes possible to calculate the capacitance. From Figure 5.07(b), the 

plot of the electrode potential as a function of the additional electrons is shown, from this 

the capacitance can be extracted. With the capacitance increasing only slightly along the 

reaction coordinate. From my calculations, the trend is the following: IS (Cxy =

0.25	eV/SB) < TS  (C}y = 0.27	eV/SB)	< FS  (C~y = 0.28	eV/SB). The discharge of an 

adsorbed hydrogen atom sees only a minor variation in the capacitance properties of the 

system, which is unsurprising considering the small size and non-polar nature of 

hydrogen. From my simulations, once the calculations are normalised to the slab surface 

area, the calculated capacitance of 69.4 µF/cm2, is in excellent agreement with recent 

voltammetry experiments by Sundararaman et al. 52 wherein they report a value of 70.2 

± 1.5 µF/cm2 for the Double Layer capacitances of Pt(111) in a 1.0 mmol/L aqueous 

HClO4, suggesting that the calculation scheme is reasonable for the system in question. 
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5.3.3. Electrostatic Correction (∆EÅ23Å4
ÇÉÇÑÖÜá) 

 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
Figure 5.08. The averaged electrode potential (U vs SHE) calculated for each state along 
the reaction coordinate.  
 

From Figure 5.08, the potential difference between the states sees a change along 

the reaction coordinate, justifying the need for the correction scheme to adequately 

describe the barrier under electrochemical conditions. Thus, having gathered the 

necessary components to satisfy Equation (5.07), the electrostatic correction has been 

calculated and is shown in Table 2.  

 
Table 2: Calculated electrostatic capacitance (Celectro), Relative Free Energy (∆G) from 
Umbrella sampling calculations, the electrostatic energy correction (∆EÅ23Å4

ÇÉÇÑÖÜá) and the 
corrected Relative Free Energy (∆G*), for the initial (IS), transition (TS) and final state 
(FS) configurations.  
 

 

 

 

 

Here, the resulting correction is found to be 0.02 eV going from the IS to FS and 

IS to TS. While, a negligible correction is observed going from TS to FS. This could be 

due to the electron transfer process already occurred at the TS resulting in a similar 

State Celectro (eV/V2) Trajectory ∆G (eV) ∆EÅ23Å4
ÇÉÇÑÖÜá	(eV) ∆G* (eV) 

IS 0.25 IS to FS 0.20 0.01 0.19 

TS 0.27 IS to TS 0.29 0.01 0.28 

FS 0.28 TS to FS 0.09 0.00 0.09 
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potential to the FS. The overall correction observed can be attributed to the small size of 

the hydrogen atom and the relatively long simulation required for each umbrella 

sampling bin. Within the original Umbrella Sampling simulations, the long-time scale 

employed means that structures can be viewed as being no longer electrically connected 

to other objects, and so the total charge is only changing minimally along the reaction 

co-ordinate. Thus, the proposed reaction mechanism and conclusions stated in Chapter 4 

remain unchanged even at constant electrode potential.  

5.4. Conclusion 
 

Here, I have presented a method for correcting free energy barriers obtained using 

ab initio molecular dynamics (AIMD) and umbrella sampling (US), to mimic 

electrochemical reactions at constant potential. The method provides a rigorous statistical 

sampling of the water configurations removing any ambiguity in the workfunction 

calculations. While the capacitance is calculated by the addition and removal of 

electrons, meaning that Bader charge analysis is no longer required, making this work 

more appropriate for simulating electrochemical systems compared with previous 

methods. Despite a small correction energy being calculated for the Volmer reaction at 

the fcc-Hollow site, the method can be applied to reactions involving more polar species, 

whereby the potential change along the reaction coordinate would have a more 

significant influence on the free energy barrier.  

There are still considerable challenges in some respects, such as calculations with 

a predefined potential for a more accurate description of the electrochemical system or 

getting accurate electronic structure of catalytic materials at a reasonable computational 

cost. Challenges such as; simulating electrocatalytic interface in aqueous solutions with 

different solute and pH, and the description of charge transport properties in the systems 

will be explored in future work. 
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Chapter 6. 

CO Oxidation At The  

H2O/Pt(111) Interface 

Abstract 

The CO oxidation reaction is often used as a model system for obtaining a fundamental 

understanding of catalytic activity. Despite this, there exists several contradictory 

proposals regarding the dominant reaction pathway in the presence of liquid water. Here, 

the influence of water on the reactivity of CO oxidation has been investigated using ab 

initio molecular dynamics (AIMD) and umbrella sampling (US). The free energy barriers 

for CO oxidation and CO2 desorption are calculated under a range of reaction conditions. 

From this I have proposed a mechanism, which highlights the absolute importance of 

forming hydroxyl species (OHads) for reducing the CO oxidation barrier. Furthermore, I 

show how the configuration of H2O changes the work function of Pt(111), whereby even 

slight changes to the solvent environment leads to significant changes in the rate of CO 

oxidation and give possible explanations for this. 
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6.1. Introduction  

Heterogeneous catalysts are widely used in industry and modern technology. For 

instance, finely divided Platinum (Pt), Rhodium (Rh), Gold (Au) and Palladium (Pd) 

catalysts have long been used in the automotive industry, as the active component in 

catalytic converters1,2,3,4. Wherein, they convert gaseous pollutants from internal 

combustion engines, such as the oxidation of carbon monoxide (CO) to carbon dioxide 

(CO2), Equation 6.01: 

2CO + O% → 2CO%                                              (6.01) 

Moreover, since early studies on Davy safety lamps5,6 in 1824 and the pioneering 

studies of Langmuir7 in 1921, CO oxidation has been widely investigated using a plethora 

of surface science methods, such as under ultrahigh vacuum (UHV) and near realistic 

conditions8,9,10,11. The majority of our understanding regarding the reaction mechanism 

is based on experimental work from the beginning of the 21st century12,13,14,15,16,17,18, 

which provided insights on the reaction pathway on various transition metal and metal 

oxide surfaces. Thus, due to its simplicity and the wealth of existing knowledge, CO 

oxidation is often used as a prototypical model system for obtaining a fundamental 

understanding of heterogeneous catalytic systems. For example, the reaction pathway on 

Pt(111) can be classified by two main reaction mechanisms, each with characteristic 

temperature-dependant CO2 desorption peaks19,20: 

 

(i) The low temperature reaction (<200 K), proceeds with the reaction of 

molecular oxygen (O2) and CO, corresponding to the a-CO2 desorption 

peak at 125 K; 

(ii) The high temperature reaction (>200 K), wherein, CO reacts with atomic 

oxygen (Oads), which forms spontaneously from the auto-dissociation of 
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O221, indicated by the b1-CO2 (320 K), b2-CO2 (260 K) and b3-CO2 (225 

K) desorption peaks. 

 

Furthermore, the influence of catalytic quantities of H2O on the reaction energetics have 

been studied comprehensively on several transition metal surfaces22,23,24,25. Both 

theoretical and experimental work on Au(111)26 and supported gold nanoparticles27, have 

reported significant mechanistic consequences and increases in the reaction rates on 

addition of catalytic quantities of H2O, while excess H2O results in a decline in the rate 

of reaction, Figure 6.01.  

 

 

 

 

 

 

 

 

 

Figure 6.01. CO oxidation rate on 50 mg of 1 wt% Au/TiO2 as a function of water 
concentration in the reactant gas, at 270 K. Analysed by thermal conductivity detector 
(TCD) gas chromatographs. Reprinted from Reference (27), copyright © Academic Press 
2001. 
 

Schryer et al.28,29 were the first to show that the formation of reactive hydroxyl 

species reduced the activation barrier of CO oxidation, in the presence of low moisture 

levels, over platinized tin oxides. While on Pt(111) the co-catalytic effects of H2O on CO 

oxidation has further experimental backing. Bergeld et al.30 identified that H2O plays a 



Chapter 6: CO Oxidation At The H2O/Pt(111) Interface 

 124 

major role in increasing the rate of CO oxidation on Pt(111). Subsequent UHV studies 

have concluded that H2O is found to dissociate to form two adsorbed hydroxyl species 

(OHads) on Pt(111)31. This analysis is supported by theoretical work by Gong et al.32 on 

Pt(111). Whereby, the proposed reaction mechanism calculated using DFT shows a 45% 

reduction in the reaction barrier (0.80 eV (without H2O) to 0.44 eV (with H2O)), due to 

a combination of hydrogen bond induced stabilisation and the formation of reactive 

hydroxyl species (OH), formed from the reaction of H2O and Oads (O'() + H%O →

2OH'()).  

However, despite the plethora of experimental methods for analysing the kinetics 

and mechanisms of gas phase reactions, such as temperature programmed desorption 

(TPD)33,34, scanning tunnelling microscopy (STM)35 and Auger-electron-yield Near 

Edge X-ray Absorption Fine Structure (dispersive-NEXAFS) spectra36,37, many 

challenges remain for the analysis of reactions at the solid-liquid interface. While the 

promotion effect of water has been studied thoroughly, the inhibiting effects still remains 

unclear. This is mainly attributed to pitfalls in the choice of experimental technique, 

which often provide statistically limited information, or lack the atomic scale resolution 

required to characterise the reaction intermediates38, meaning very little is known 

regarding the exact atomic nature of the reaction in aqueous solvent.  

In this work, the CO oxidation reaction is addressed under a range of conditions, 

including at the solid-liquid interface, using first principles calculations at the atomic 

level.  Platinum (Pt) was chosen as an ideal model surface, as when studying mechanisms 

for surface reactions, it is important to use well-defined surfaces (e.g. transition metals 

along the (111) crystallographic facet) to readily relate the mechanism and kinetic 

parameters to the surface structure. I do this by utilizing the Ab initio molecular dynamics 

(AIMD) approach including explicit solvent molecules on the solid surface. AIMD 
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ensures that we do not rely on empirical assumptions of the solvation process while 

giving an accurate depiction of chemical bonds formed on the surface.39 

To this end, I suggest a mechanism which indicates the importance of adsorbed 

hydroxyl species (OHads) for reducing the reaction barrier in aqueous solution. 

Furthermore, I show how even slight changes to the solvent environment leads to 

significant changes in the rate of CO oxidation due to the configuration of H2O, which 

has been known to change the electronic properties of Pt(111), such as the work function. 

Finally, the geometry of the adsorbed CO2 species is analysed showing significant 

variations depending on the reaction conditions. Therefore, by modifying the reaction 

environment, it becomes possible to adjust the propensity for electron donation from the 

metal to the adsorbed species. This analysis is consistent with Blyholder’s theory of 

electron donation and withdrawal from transition metal surfaces to CO. The findings 

reported herein could accelerate the development of advanced catalysts for CO oxidation 

and impact how we treat surface reactions at solid-liquid interfaces. 
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6.2. Computational Methods 

In this work, electronic structure calculations were carried out using the Vienna Ab Initio 

Simulation Package (VASP)40,41. The Perdew−Burke−Ernzerhof (PBE) functional42 was 

employed to describe exchange-correlation effects, the dispersion force correction was 

described using the Grimme D3 method43 with Becke-Johnson damping44 and a plane 

wave cut-off energy of 450 eV. The projected augmented wave method (PAW)45,46 has 

been used. Atomic coordinates were relaxed under the conjugate gradient algorithm until 

the Hellmann-Feynman forces on all relaxed atoms fell below 0.05 eV/Å. The crystal 

structure of Pt(111) was optimised at the PBE-D3 level, yielding a lattice constant of 

3.94 Å, which is in good agreement with previous theoretical47,48 and experimental 

studies49.  

The canonical ensemble conditions were imposed by a Nose-Hoover thermostat50 

(NVT) for all the free energy calculations at 300 K. A 1.0 fs time step was used for 

molecular dynamics (MD) simulations. The velocities were rescaled every 10 steps to 

readjust to the target temperature. The calculations used a 4 layer Pt(111) metal slab 

whereby for umbrella sampling calculations a 2 × 2 (16 Pt atoms) periodically repeated 

cell was used The bottom two layers were fixed to their corresponding bulk value. DFT 

calculations, such as those for obtaining the workfunction, used a 3x3x1 k-point 

integration of the Brillouin zone. The simulation cells used throughout this chapter are 

shown in Figure 6.02 (below) with at least a 15 Å vacuum space to prevent spurious 

interactions between the periodically repeated images. To assess the influence of water 

on the workfunction (Φ-. = 012 − 4.5678), the workfunction shift (∆Φ = Φ-. −

Φ;5<) was calculated relative to a reference. In this case the reference (Φ;5<) was taken 

as the gas phase reaction, excluding water. 
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When applicable, the water slab consisted of 15 water molecules placed on the 

Pt(111) surface to explicitly simulate the HnOx/Pt(111) interface with a fixed density of 

1.0 Kg.m-3 and allowed to thermally equilibrated for a period of 5 ps before being 

subjected to a period of 25 ps for further analysis. All MD simulations used a 2x2x1 k-

point integration of the Brillouin zone while static  

The free energy profile reported using AIMD umbrella sampling (US) 

calculations were carried out using gaussian bias modules on the VASP code51,52. A 

Gaussian peak module of height -192.97 (kJ mol-1) and width 48.24 (kJ mol-1) were 

chosen to control the gaussian constraints. A set of multidimensional primitive 

coordinates were carefully selected which took the form of two collective variables (CV). 

The first was the conservation of the C-O distance along the reaction coordinate (CV1). 

For the adsorption/desorption process, a second constraint was added (CV2), which was 

an angular constraint of 180º perpendicular to the Pt surface. This was controlled so that 

the angular variation was less than 10º.  

The simulations were carried out over a combined time scale of ~300 ps. Free 

energy profiles were recovered with the weighted histogram analysis method 

(WHAM)53,54. On using US, the predicted free energy differences and free energy 

barriers explicitly include thermodynamic averaging to allow for an accurate depiction 

of the entropic and solvation contributions to the reaction barriers.  
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Figure 6.02. Snapshot of the simulation cells taken from AIMD trajectories Snapshot of 
the simulation cell consisting of four p(2x2) Pt(111) layers and CO2 in the (a) Gas phase, 
(b) catalytic amount of H2O, (c) three layers of H2O, (d) three layers of H2O with addition 
proton in solution and (e) three layers of H2O with OH as the oxidant. 

(a) (b) (c)
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6.3. Results and Discussion 
 
6.3.1. Free Energy Profile for CO Oxidation 

I  begin by calculating the free energy barriers for CO oxidation on Pt(111) under a range 

of simulation conditions. Namely, I compare the surface reaction (CO2(g)) with reactions 

systems containing: (i) A catalytic amount of H2O (CO2/H2Ocat), (ii) three layers of H2O 

(CO2/H2O), (iii) three layers of H2O with OH as the oxidant and (CO2H/H2O) (iv) three 

layers of H2O with an additional proton in solution (CO2/H2O/H).  The simulation cells 

used for the calculations are shown in Figure 6.02. The free energy profiles for the initial 

CO oxidation process are shown in Figure 6.03(a), while the desorption barriers for CO2 

are shown in Figure 6.03(b). A summary of the important properties including, the 

workfunction shift (∆FWF), Pt-CO2 separation distances (dPt-C), Pt-H2O separation 

distances (dPt-H2O), angles of adsorbed CO2 (qO-C-O), the coordination numbers of 

adsorbed CO2 (CNPt-CO2 (site)) and the calculated relative free energies are given in Table 

1 and Table 2. 

Starting from CO adsorbed on the atop site and atomic oxygen adsorbed on the 

fcc-Hollow site, a series of gaussian bias constraints are applied to acquire the population 

along the COads-Oads collective variable, driving CO and O to couple along a series of 

simulations windows. Furthermore, for CO2 desorption, an additional angular constraint 

is considered to ensure that the desorption process occurs normal to the surface and thus 

maintained at 180o. Figure 6.05 represents the lowest energy pathways for the combined 

oxidation and desorption process from the Pt(111) surface. Snapshots from the sampled 

trajectories are shown in Figure 6.06, which have been selected under the guidance of 

calculated free energy values.  
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Figure 6.03. Calculated free energy profile for (a) CO Oxidation and (b) CO2 desorption 
on Pt(111). The lines and circles correspond to the following: Gas phase (black), catalytic 
amount of H2O (brown), three layers of H2O (blue), three layers of H2O with OH as the 
oxidant (red) and three layers of H2O with addition proton in solution (green). 
 
 

From the simulations, the reaction follows the typical Langmuir-Hinshelwood 

(LH) mechanism55: Whereby, the initial states are located at 3.4 Å, CO remains adsorbed 

on the atop position with the atomic oxygen located at the fcc-hollow site. The reactive 

oxygen species approaches the bridge site at the transition state. This is an example of an 

irreversible LH reaction, where the two adsorbate species react, leaving behind two free 

adsorbed sites for the further adsorption of O or CO. The free energy profiles for CO 

oxidation will be discussed individually for each case. 

 

Table 1. Relative free energy barriers for CO oxidation on Pt(111), calculated using 
Umbrella Sampling at 300K. 
 

 

System DGIS-TS(1) / eV DGTS(1)-IMS / eV DGIMS-TS(2) / eV DGTS(2)-FS / eV 
CO2(g) 0.84 -1.54 0.02 -0.84 

CO2/H2Ocat 0.53 -1.25 0.37 -1.02 
CO2/H2O 1.28 -1.10 0.82 -0.31 

CO2/H2O/H 0.60 -1.55 0.66 -0.21 
CO2H/H2O 0.56 -1.07 1.58 -0.37 



Chapter 6: CO Oxidation At The H2O/Pt(111) Interface 

 131 

CO2(g): From the initial state (IS) the reaction proceeds with a barrier of 0.84 eV 

to overcome the first transition state (TS(1)) located at 2.04 Å, through which Oads must 

come within close proximity via the bridge site to react with COads. This finding is in 

good agreement with previous theoretical work11,56 and kinetic experiments8, whereby 

CO oxidation is shown to proceed with a barrier between 0.80 eV and 1.00 eV. The 

formation of CO2ads is an endothermic reaction having an associated barrier of -1.54 eV 

(DGTS(1)-IMS). At 300 K the desorption of CO2(ads) requires an energy penalty of 0.02 eV 

forming CO2(g). From the calculated free energy, the surface reaction occurs 

spontaneously under the simulated conditions, suggesting that all CO will oxidise to form 

CO2, which is consistent with experimental observations. 

 

CO2/H2Ocat: The additional H2O molecule preferentially binds to the Pt(111) 

atop site position, lying flat to the surface and mainly interacting through the 1b1 

molecular orbital and the d-band of the Pt(111) surface, which is consistent with previous 

theoretical57,58,59 and experimental60 studies. The initial oxidation of CO proceeds with a 

lower barrier in the presence of the catalytic quantity of H2O. Going from the IS to TS(1), 

the barrier is located at 1.98 Å and is reduced to 0.53 eV compared with the system 

without H2Ocat (CO2(g)). Here, H2Oads reacts spontaneously with Oads forming 2OHads 

species61. Of interest, is that at 300K a barrier decrease of ~37% is observed, which is in 

excellent agreement with findings of Gong et al.32  who observed a 45% decrease in the 

oxidation barrier at a much lower reaction temperature (0K). This suggests that the 

activation of Oads forming the more reactive OH species and proceeds according to 

Equation 6.02:		

OH'() + CO'() ⇄ HOCO'() → H + CO%																																	(6.02) 
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 From TS(1) to the intermediate state (IMS) sees the spontaneous reformation of 

H2Oads and formation of CO2ads which proceeds with a negative free energy change of -

1.25 eV. Interestingly, the presence of H2Oads stabilises CO2ads, forming hydrogen bonds 

with the adsorbed O on CO2. This stabilisation of CO2 by H2O is highlighted by the 

calculated desorption barrier of 0.37 eV. However, H2O would subsequently react with 

a neighbouring Oads species re-forming OHads and thus the stabilisation effect on CO2 

would not be observed and is an artefact of the low Oads . 

 

CO2/H2O: The addition of several layers of water has a significant influence on 

the reaction energetics. Here, it is found that the oxidation of CO in the presence of a 

saturated water environment has a transition state energy of DGIS-TS(1) = 1.28 eV, located 

at 2.08 Å. Typically, reactions progresses with a reduced barrier in the aqueous solution 

due to several compounding stabilisation effects. However, water has long been known 

to have a quenching effect on CO oxidation (>200 ppm H2O)27, being described as having 

a double-edged sword effect62 in the presence of excess H2O. This finding appears 

counter intuitive, considering that on adding a catalytic quaintly of H2O the barrier 

decreases relative to the surface reaction. However, the additional water network 

prevents the spontaneous formation of reactive OHads species on the surface due to 

hydrogen bond stabilisation of H2Oads,which no longer lies flat on the top site position, 

shown in Figure 6.04:  
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Figure 6.04. Top and side view snapshot highlighting the first transition state for CO 
oxidation in the presence of water including the hydrogen bond network incorporating 
the bridge site adsorbed oxygen atom. 
 

Furthermore, the relative free energy of desorption of CO2 IMS-TS(2) advances 

with a barrier of 0.82 eV, suggesting that once formed CO2 is confined to the interface 

region, which can be attributed to steric repulsion between CO2 and the aqueous 

environment63 resulting in the poisoning of the Pt(111) surface with adsorbed CO2 

molecules. The general energetic trend for this reaction is endothermic, requiring an input 

of energy at each stage of the reaction pathway to form CO2. The large initial oxidation 

barrier coupled with the solvent stabilisation of CO2ads suggests that excess H2O acts to 

retard the reaction on Pt(111) at 300 K, which is consistent with experimental findings.  

 

CO2/H2O/H: The addition of a hydrogen atom into the water solution results in 

a spontaneous electron transfer to the Pt(111) surface and the formation of hydrated 

protons. The system now has an associated relative potential of ~0.2 V vs the standard 

hydrogen electrode (SHE)64. The presence of solvated protons in solution has an effect 

on the interfacial water structure. For instance, the directionality of the interfacial H2O 

molecules changes from a mixed phase H-up and H-down configuration to a 

predominantly H-down one, due to the additional negative charge at the interfacial  
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region65. The subsequent structural reorganisation is predicted to have a significant 

influence on the reaction dynamics and energetics. 

From the simulations, the reaction barrier for the initial CO oxidation step 

decreases significantly, compared with the pure water system mentioned previously. The 

additional proton has the capacity to transfer to Oads forming reactive OHads via the 

Grotthuss mechanism for proton transfer66.  This process of forming OHads appears to be 

key for reducing the initial reaction barrier for CO oxidation, highlighted by the barrier 

reduction to DGIS-TS(1) = 0.60 eV at 1.98 Å,  which is comparable to the system containing 

H2Ocat and previous DFT calculations by Janik and Neurock (0.56 eV)67. However, 

despite the ease to which CO oxidation occurs, the subsequent desorption step of CO2 is 

hindered due to the saturated solvent environment. The solvent stabilisation of CO2ads 

results in a desorption barrier of DGIMS-TS(2) = 0.66 eV, despite being lower than in the 

pure water system, the barrier remains prohibitively large.  

These calculations are in good agreement with a recent in-situ Fast Fourier 

Transformed Infrared (FTIR) spectroscopy and cyclic voltammetry (CV) study by 

Figurido et al.64. Wherein, they show that CO (electro)oxidation occurs at higher 

electrode potentials (>0.6 V) in aqueous media, due to the need for enhanced 

backdonation from the Pt d-band to the 2p* electrons of COads. Furthermore, within a 

comparable electrode potential range to the current study (0.1 V- 0.6 V), CO vibrational 

bands remain present, corresponding to atop and bridge site adsorbed CO, meaning that 

CO oxidation is quenched under these conditions.   

Due to the electrode potential employed in this calculation (0.2 V), it is no 

surprise that CO oxidation is predicted to be suppressed. Additionally, the coordination 

number (CN) of CO2ads is changed from 2 to 1 (see Table 2), which can be attributed to 
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the negative potential which repels negatively charged O atoms (d-) resulting in the 

change in CN and a reduction in the desorption barrier. 

 

CO2H/H2O: To test the previously stated hypothesis regarding the influence of 

OHads on the reaction energetics, an additional constraint is added, whereby the O-H bond 

length of OHads is constrained at ~1.10 Å throughout the simulation. This ensures that  H 

is prevented from dissociating and forming a solvated proton. That is to say, this system 

considers OHads as the reactive species forming CO2H wherein the solvent environment 

is maintained as pure H2O throughout the reaction trajectory. 

The initial CO oxidation step at 1.97 Å, sees a reduction in the activation barrier 

(0.56 eV), which is in excellent agreement with my previous calculations and existing 

theoretical studies (0.58 eV)68 for reaction of CO with OHads. The promotion effect of 

water molecules can be explained by a steric effect, which can push the reactants closer, 

thereby reducing the reaction barrier for the initial CO oxidation step. However, 

interestingly the adopted pseudo-tetrahedral configuration (109.8o, Table 2) and mono-

coordination (CN = 1, Table 2) of the formed CO2H species, makes it ideally suited for 

incorporation into the water hydrogen bonding network via H (CO2H) and O (H2O) 

interaction. When H is no longer permitted to transfer to the solution or Oads species, the 

desorption step occurs with a barrier of 1.54 eV. This suggests that the additional H 

species must transfer to the solution and then to neighbouring Oads species before 

desorption occurs.  

The proposed mechanism is shown in Figure 6.06(e) whereby findings from 

CO2/H2O/H and CO2H/H2O are combined. These calculations suggests that it is indeed 

the proton transfer to and from Oads that equates to the reduction in the activation energy 
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barrier. The energetics of OH formation and CO2H deprotonation are discussed in 

Section 6.3.2.  

 
Table 2. Important structural parameters for the adsorbed CO2 species on Pt(111). Such 
as, time averaged workfunction shift (∆FWF), Pt-CO2 separation distances (dPt-C), Pt-H2O 
separation distances (dPt-H2O), Angles of adsorbed CO2 (qO-C-O) and the coordination 
numbers of adsorbed CO2 (CNPt-CO2 (site)). 
 

 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
Figure 6.05. The relative free energy for CO oxidation, derived from AIMD umbrella 
sampling calculations. Including the average free energy profile for CO oxidation and 
adsorption/desorption. To achieve adequate sampling and thermodynamic equilibration, 
each sample was taken at intervals of 0.1 Å and each constrained simulation was carried 
out for between 10 and 25 ps. The reaction steps correspond to those shown in Figure 
6.06. 
 
 
 

System ∆FWF / eV dPt-C / Å dPt-H2O / Å qO-C-O / ° CNPt-CO2 (Site) 
CO2(g) 0 2.10 - 121.9 2 (Bridge) 

CO2/H2Ocat -0.84 2.08 2.25 126.7 2 (Bridge) 
CO2/H2O -0.13 2.06 2.15 128.6 2 (Bridge) 

CO2/H2O/H -0.08 2.07 2.75 122.5 1 (Top) 
CO2H/H2O -0.32 2.03 3.55 109.8 1 (Top) 
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Figure 6.06. Several snapshots of my proposed pathways for the CO oxidation reaction 
including CO2 desorption from the surface to the solution obtained from constrained 
AIMD simulations (a) surface reaction (black), (b) catalytic amount of H2O (brown), (c) 
three layers of H2O (blue), (d) three layers of H2O with OH as the oxidant (red) and three 
layers of H2O with addition proton in solution (green). 
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  IS TS(1) IMS TS(2) FS 
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6.3.2. Proton Transfer: OH and COOH Deprotonation 
 
(a) 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
(b) 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
Figure 6.07. Free energy profiles for (a) Deprotonation of OHads and (b) Conversion of 
COOHads to CO2. Calculated using AIMD Umbrella Sampling. Each sample was taken 
at intervals of 0.1 Å and each constrained simulation was carried out for 10 ps. 
 
 

Having calculated the free energy barriers for CO oxidation, the formation of 

reactive hydroxy species and the deprotonation of the intermediate species COOH to CO2 

have been further investigated in terms of free energy. The free energy profiles are shown 

in Figure 6.07.  
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From Figure 6.07(a) the formation of OHads occurs with a relatively small barrier 

of 0.19 eV, while the reverse reaction of breaking the O-H bond is thermodynamically 

unfavourable (0.48 eV). When an excess proton is present in the system the transfer to 

Oads occurs with relative ease forming OHads. Furthermore, from Figure 6.07(b) the 

formation of CO2 from COOH via spontaneous proton transfer, requires a small barrier 

of 0.07 eV, this process occurs spontaneously at 300 K using standard AIMD. 

 The free energy profiles support the reaction mechanism proposed in Figure 

6.06(d). Wherein, OHads is the primary oxidising species, followed by a subsequent 

deprotonation of CO2H to form CO2. From the calculations, the possibility of Oads acting 

as the oxidant can be ruled out in aqueous solution due to the excessive free energy barrier 

and the relative ease to which Oads protonation can occur. For instance, the reaction 

proceeds following Equation (6.03) in aqueous acidic media: 

 
O'() + CO'() + BC + DE ⇄ OH'() + CO'() ⇄ HOCO'() → CO% + BC + DE					(6.03) 

 
 Such a trivial step has implications for the reaction mechanism leading to a 

significant modifications of the reaction barriers and therefore the reaction kinetics.  
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6.3.3. Influence of Water on Pt(111) Workfunction 
 
 
(a) 
 
 
 
 
 
 
 
 
 
 
 
(b) 
 
 
 
 
 
 
 
 
 
 
 
 
Figure 6.08. (a) The time averaged electrostatic potential for CO oxidation with three 
layers of H2O. (b) Plot of the workfunction shift as a function of the number of water 
molecules. 
 

Next, to further assess the influence of water on CO oxidation, the system is 

investigated based on Blyholder’s analysis of electron donation and withdrawal69. For 

this purpose the workfunction shift has been calculated as a function of the number of 

water molecules, shown in Figure 6.08. It should be noted that the fitted line in Figure 

6.08(b) is for discussion purposes only and does not represent the values for those points 

not calculated.  

For instance, the bonding ability of CO on Pt can be described in terms of electron 

donation in the form of the 5s orbital to the d-band of Pt and a subsequent backdonation 
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from the d-band electrons to the (LUMO) 2p* orbital of COads. While, Oads is an electron 

accepting adsorbate thus a stabilisation is observed when co-adsorbed with COads on late 

transition metal surfaces26. On the Pt(111) surface when COads on the atop site, Oads in 

the hollow site and H2Oads on the atop site. From Table 2, a clear reduction in the 

workfunction is observed, compared to the case when water is absent. While, the 

incorporation of H2Oads into the hydrogen bonding network results in a minimal deviation 

of the workfunction compared to when water is absent i.e. the additional water network 

acts to reduce the electron withdrawal capabilities of H2Oads and Oads. 

 
 (a) 
 
 
  
 
 
 
 
 

 
 
(b) 

 
 
 
 
 
 
 
 
 
 
Figure 6.09. Plots highlighting the correlation’s between: (a) the Pt(111)-CO2 separation 
distance (dPt-CO2) and the workfunction shift (∆G). (b) CO2 desorption free energy and 
workfunction shift (∆G). 
 

A simple empirical correlation can be drawn between the Pt(111) workfunction 

and the free energy of CO2 desorption and the Pt-CO2 separation distance. From Figure 

6.09, by changing the aqueous environment the workfunction decreases CO2H/H2O < 

CO2/H2O < CO2/H3O+ < CO2(g) resulting in a decreased Pt-CO2 separation distance and 
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an increase in the desorption free energy. The corresponding decrease in the 

workfunction can be rationalised in terms of an increased electron donation from Pt(111) 

to CO2, which in turn strengthens the Pt-C bond and therefore increases the desorption 

free energy barrier, which is a direct consequence of the aqueous environment. 

6.4. Conclusion 

 
In this work, enhanced AIMD sampling methodologies and DFT calculations have been 

used to study CO oxidation under a range of reaction conditions at the H2O/Pt(111) 

interface. I have attempted to obtain an atomistic picture of how the aqueous medium 

effects the structure and reactivity of the solid-liquid interface. Based on these 

calculations and analyses, the following conclusions can be drawn: 

 

(1) The formation of reactive hydroxyl species (OHads) play a key role in reducing 

the free energy barrier in the presence of a water environment. The presence of 

OHads forms under specific circumstances and gives an explanation for the 

experimental observation that a saturated water environment reduces the rate of 

CO oxidation, while a catalytic quantity increases the rate relative to the surface 

reaction. 

(2) It is found that the electron donation and withdrawal effects from the adsorbed 

surface species influences the Pt(111) workfunction. Whereby, an empirical 

relation can be drawn between the change in the workfunction and the free energy 

barriers. 

(3) The umbrella sampling (US) method adopted here, provides an effective way to 

calculate the free energy barriers for surface reactions in the presence of aqueous 

solvent, compared with traditional static DFT simulation.  
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Chapter 7. 

The Structure And Reactivity At The 

HCl(aq)/Pt(111)  Interface Using A High-

Dimensional Neural Network Potential 

Abstract 

To date, the understanding of reactions at solid-liquid interfaces has proven challenging, 

mainly due to the inaccessible nature of such systems to current experimental techniques 

with atomic resolution. This has meant that many important features including free 

energy barriers and the atomistic structure of key intermediates remain unknown. To 

tackle these issues, we construct and utilize a high-dimensional neural network (HDNN) 

potential for the simulations of the HCl(aq)/Pt(111) interface, based on ab initio 

electronic structure calculations. Using this approach, it is found that to adequately 

sample reaction energetics at the interface requires advanced molecular dynamics 

simulations, coupled with long simulation timescales which are out of reach of traditional 

ab initio simulation methods. These calculations highlight the influence of adsorbate-

adsorbate and adsorbate-solvent interactions and ion solvation explicitly. Hydrogen 

coupling is chosen as a case study, namely the Tafel and Heyrovsky mechanisms for the 

hydrogen evolution reaction (HER: 2H+ + 2e- ⇌ H2) on Pt(111), whereby possible 

reasons for the efficiency of HER on Pt is exemplified before a discussion which 

highlights the potential benefits for theoretical modeling of such reaction systems. 
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7.1 Introduction 

The hydrogen evolution reaction (HER), which constitutes the cathodic reduction 

in polymer electrolyte membrane (PEM) electrolysers, has seen a recent surge in research 

interest due to a global shift towards renewable energy sources1,2. In fuel cells, transition 

metals such as platinum (Pt) are used in reformers3,4 to produce hydrogen (H2) from 

carriers such as water, alcohols and hydrocarbons. Moreover, the outlook of HER on Pt 

group metals is very promising, due to their exceptional catalytic activity compared with 

other transition metals. In an effort to move away from Pt the development of several 

reactivity descriptors, like work function variations5 and hydrogen binding energy 

(HBE)6, have helped accelerate the design of HER catalysts based on Sabatier’s principle 

and volcano curves7. Despite these advancements, the outlook of HER on Pt remains the 

most promising, due to its exceptional catalytic activity compared with other transition 

metals and materials8,9.   

Nevertheless, while a considerable deal is known regarding HER on Pt, 

experimental investigations reveal an inherently enigmatic solid-liquid reaction 

environment10,11,12,13,14,15.  For instance, from Tafel slope measurements the (110) and 

(100) crystallographic axis of Pt are found to have a mechanistic preference for HER, 

favouring the Volmer-Tafel and Volmer-Heyrovsky mechanisms respectively, while the 

mechanism on the most thermally stable Pt(111) plane has yet to be resolved from 

analysis of kinetic data16,17,18,19,20,21.  

Additionally, more open challenges remain such as determining the structure-

function relationship of Pt(111), how the free energy profiles can be calculated at solid-

liquid interface and to what extent does the solvent environment and surface species in 

the vicinity of the active sites influence reactivity. Of particular importance is 

deciphering the effects of interactions at the interface such as solvent–surface, solvent–
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adsorbate and adsorbate–adsorbate, the outcome of which is currently unknown due to 

the low-resolutions obtained from spectroscopic analysis. 

For this reason, great progress has been made regarding theoretical modelling of 

solid-liquid interfaces, in particular showcasing the inherent value of ab initio molecular 

dynamics (AIMD) and related methods in understanding experimental 

findings22,23,24,25,26,27. Despite this, serious pitfalls emerge depending on the choice of 

method. For example, HER at solid-liquid interfaces, is particularly challenging using 

traditional ab initio methodologies. Namely, to accurately describe features such as the 

nature of the solvation structures, ion transport, interfacial dynamics and bond reactivity; 

one must ensure that they adhere to the following checks: 

 

(i) Select an exchange correlation functional that correctly describes both the 

metallic slab and the liquid layer, with the added complexity of any solvated ions 

that might be present in the aqueous phase - preferably with the inclusion of van 

der Waals (vdWs) interactions; 

(ii) Construct a sufficiently large supercell to reduce the impact of artificial 

symmetry and finite size effects imposed by periodic boundary conditions on the 

interfacial liquid structure; 

(iii) Provide ample simulation time scales in the sub-nanosecond time range, to allow 

for an adequate thermal equilibration of the solvent layer. 

 
To tackle these issues, machine learning (ML) methodologies have been 

recognised as an immediate front runner, providing the chemical accuracy of Density 

Functional Theory (DFT) coupled with time scales typically reserved for classical force 

field simulation28. The general applicability of ML methods to materials modelling was 

best showcased in 2003, wherein Curtaralo et al.29 illustrated that by data-mining existing 
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quantum calculations and combining with various heuristic methods, opened up avenues 

for material discovery at a fraction of the normal cost. Furthermore, for calculations 

intended for quantifying the chemical reactivity based on chemometrics, neural network 

(NN) fitting/training techniques have demonstrated great promise in describing non-

linear behaviour, by constructing high-dimensional potential energy surfaces (PESs) for 

advanced MD simulation30,31.   

The construction and utilization of NN potentials has several distinct advantages 

over traditional ab initio electronic structure calculations (ESCs)32. Firstly, fitting the 

PES data from high level ESCs has been successfully implemented for the prediction of 

reaction dynamics of small molecules33,34,35 and has shown promise for reaction pathway 

sampling of complex catalytic systems36,37. Secondly, NNs exhibit a distinct mark-up in 

computation speed due to the scaling no longer being dependant on the number of 

electrons, compared with DFT calculations38. 

To develop a well converged potential for the prediction of reaction energetics at 

the solid-liquid interface, it is necessary to obtain an initial training set that can cope with 

the numerous configurations associated with the complexities of the liquid ad-layers. In 

this work the initial data training set is obtained using the stochastic surface walking 

(SSW) global optimization method39 based on DFT calculations, which by design, fully 

explores the PESs. The DFT energies, forces and stress tensors are calculated using the 

Vienna ab Initio Simulation Package (VASP)40,41, with the Perdew-Burke-Ernzerhof 

(PBE)42 functional to describe the exchange-correlation effects, coupled with the 

projector augmented wave (PAW) method43,44. Here, the high-dimensional NN (HDNN) 

potential is generated using a modification of the pioneering Behler-Parrinello method45. 

Whereby, the total energy (ETotal) is expressed as the sum of the individual atomic 

contributions (Ei), Equation (7.01): 
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"#$%&' = ∑ "*,,*                                                    (7.01) 

 
The energy of each atom i of element type p is calculated, which can be output from the 

standard NN for this element.  

Finally, the applicability of the obtained HDNN potential is tested to ensure 

consistency with the PES generated from ESCs. Thus, allowing for the global 

optimization of much larger systems, with the additional benefit of predicating energies 

of previously unknown configurations. Once generated, it becomes possible to modify 

the atomic interactions to correct for environment dependent vdWs interactions, such as 

the Grimme’s D3 correction46. Recently, it has been shown that vdWs interactions are of 

fundamental importance in describing key properties, such as the anomalous density of 

liquid water compared to ice under ambient conditions47,48,49 and for an accurate 

description of the cohesive properties of species on metal surfaces50.   

The major difference between this work and previous work is the definition of a 

newly developed set of geometry-based symmetry functions (GBSFs), known as power 

type structural descriptors (PTSDs). The choice of GBSFs, such as translational and 

rotational invariant functions of internuclear distances and angles, are key for the stability 

and transferability of the NN potential. Furthermore, it becomes possible to depict the 

surrounding chemical environment with just a few adjustable parameters. For a detailed 

overview on the GBSFs used throughout this work please see Refs. (51) and (52). 

In this Chapter, a multilevel theoretical approach is presented, to model the 

HCl(aq)/Pt(111) interface giving a quantitative interpretation of the structure and 

associated reactivity based on long timescale MD simulations. This is achieved by 

adopting a carefully optimized HDNN potential along with first-principles ab initio 

calculations at different levels of accuracy. The findings reported herein render 
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traditional ab initio MD simulations ineffective for modelling such dynamic systems, as 

they do not permit for the time resolution necessary to describe the interfacial 

reorganisation of the water layer and the surface coverage.  

By combining with DFT calculations, we find that a balance between solvent-

adsorbate and adsorbate-adsorbate interactions dictates the adsorbed site and coverage. 

Finally, the energetic barriers for the Tafel and Heyrovsky elementary reactions for HER 

are examined using the stochastic surface walk reaction sampling (SSW-RS) method and 

Umbrella Sampling (US). Whereby, similarly to kinetics studies on polycrystalline Pt, 

we arrive at a coherent mechanistic explanation for the HER on Pt(111). Briefly, we find 

that the Volmer-Tafel mechanism is favoured at potentials which result in a high 

coverage of adsorbed hydrogen, while repulsive forces dictate that the Heyrovsky 

mechanism is sterically prohibited in this regime. Thus, our simulations and analysis 

could give an explanation for the preferential mechanism for HER on Pt(111). In the final 

section our results are summarized and the qualitative pictures which emerge for HER 

on Pt(111) are discussed. Overall, our analysis shows that artificial neural network 

potentials are expected to be highly desirable for future simulations on solid-liquid 

interfaces, allowing for simulations on the sub-nanosecond timescale and the extraction 

of key properties such as the free energy profiles and a realistic interfacial structure. 
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(a)                                                           (b) 

 

 

 

 

 

 
 
 
 
 
 
 
(c) 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
Figure 7.01. (a) Side view and (b) top view of the initial unit cell structure containing 
44 H2O molecules, 2 Cl- anions and 4 layers of Pt(111) consisting of 64 Pt atoms. (c) 
Side view of p(4x4) supercell. 
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7.2. Computational Methods 

In this work  high dimensional neural network molecular dynamics simulation (HDNN-

MD) is carried out using the Large scale Atomic Simulation with neural network 

Potential (LASP) code53. More details regarding the generation of the HDNN potential 

is provided in Chapter 3 along with details on the Stochastic Surface Walk reaction 

sampling (SSW-RS) method.  

All electronic structure calculations were carried out using the Vienna Ab Initio 

Simulation Package (VASP)40,41. The Perdew−Burke−Ernzerhof (PBE) functional42 was 

employed to describe exchange-correlation effects, the dispersion force correction was 

described using the Grimme D3 method54 with Becke-Johnson damping55 and a plane 

wave cut-off energy of 450 eV. The projected augmented wave method (PAW)43,44 has 

been used. Atomic coordinates were relaxed under the conjugate gradient algorithm until 

the Hellmann-Feynman forces on all relaxed atoms fell below 0.05 eV/Å. The crystal 

structure of Pt(111) was optimised at the PBE-D3 level, yielding a lattice constant of 

7.88/2 Å, which is in excellent agreement with previous theoretical56,57 and experimental 

studies58. The optB88-vdW exchange correlation functional59 was used to test the 

applicability of the HDNN potential for the structural characterisation of water in the 

form of gH-H(r) gO-H(r) and gO-O(r). The canonical ensemble conditions were imposed by 

a Nose-Hoover thermostat60 (NVT) for all the free energy calculations at 300 K. A 1.0 fs 

time step was used for molecular dynamics (MD) simulations. The velocities were 

rescaled every 10 steps to readjust to the target temperature. All DFT simulations used a 

1x1x1 (G-point) k-point integration of the Brillouin zone due to the system size. For the 

purposes of this investigation I model a 2.0 M concentration of Cl- ions which correspond 

to an approximate bulk concentration of 1.0 M. Such an approximation is consistent with 

experimental work by Piatkowski et al.61 who found, using ultrafast sum frequency 
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generation (SFG) vibrational spectroscopy, that the Cl- concentration at interfaces 

increased by ~1.8 times compared with that of the corresponding bulk value. 

The free energy profile reported using the HDNN were computed by Umbrella 

Sampling (US) using the LASP code. The reaction coordinate was the distance between 

the centre of mass of each adsorbed hydrogen atom. 28 US windows, defined by 

harmonic restraining potentials, uniformly sampling the reaction coordinate between 0.7 

Å and 3.0 Å. The applied force constants ranged from 964.85 (kJ mol-1 Å2) to 1447.28 

(kJ mol-1 Å2), with the largest values used to sample the regions of lowest probability 

such as the transition state region. Each US simulation was initiated from the initial state 

(IS) of one of the unbiased trajectories used for the calculation of the SSW-RI. After 

applying the restraining potential to two hydrogen atoms, the system was further 

equilibrated for 10 ps and the simulation was subsequently extended up to 50 ps. While 

the AIMD umbrella sampling (US) calculations were carried out using gaussian bias 

modules on the VASP code62,63. A Gaussian peak module of height -289.46 (kJ mol-1) 

and width (48.24 kJ mol-1) were chosen to control the gaussian constraints. The 

simulations were carried out over a combined time scale of ~300 ps. Free energy profiles 

were recovered with the weighted histogram analysis method (WHAM)64,65. On using 

US, the predicted free energy differences and free energy barriers explicitly include 

thermodynamic averaging to allow for an accurate depiction of the entropic contributions 

to the reaction barriers.  
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7.3. Results and Discussion 
 
7.3.1 Structure of HCl(aq)/Pt(111) 
 
Here, I begin by extensively testing the applicability of the NN potential for 

characterizing the structure of water on a p(4x4) layer Pt(111) slab, consisting of 44 H2O 

molecules with two solvated chlorine atoms, shown in Figure 7.01. Since, by definition, 

the NN potential does not assume any particular functional form, a 202-atom unit cell 

permits for validation with DFT simulations at several levels of theory. However, it 

should be noted that the transferability of the generated NN potential to system sizes 

several orders of magnitude larger exists. Furthermore, the potential does not incorporate 

atomic charges, meaning these simulations are equivalent to an interface near the 

equilibrium potential. 

For the analysis of the interfacial region, several key structural descriptors, such 

as radial pair distribution functions g(r) are calculated at several levels of theory, wherein 

the static organization of liquids is typically extracted. Chlorine (Cl) was chosen as an 

appropriate ion to replicate a more realistic electrolyte layer, considering that the standard 

hydrogen electrode (SHE) often uses hydrochloric acid (1.0 M) as a reference electrolyte, 

while high-surface area catalysts and nanoparticles are often synthesised using a range 

of chloride containing precursors, e.g. PtCl6
2-

 . It is therefore, not surprising that trace 

levels of Cl ions will contaminate the surrounding liquid phase environment, even if not 

explicitly added. In addition, the atomic nature of the HCl(aq) interfacial layer has only 

been sporadically studied from an experimental and theoretical perspective. Thus it 

would be advantageous to study the extent Cl influences the liquid structure and chemical 

reactivity before more advanced electrolytes are considered. 

From Figure 7.02(a) and Figure 7.02(b), it is found that a posteriori inclusion of 

D3 vdW interactions to the HDNN potential gives good agreement with higher level 
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ESCs, for describing the water configuration. Methods such as the optB88+vdW (non-

local vdWs) functional agree well with the adopted D3 correction, wherein the non-local 

vdW interactions are explicitly incorporated within the exchange correlation functional. 

The practicality of additional corrections to a generated NN potential gives great 

flexibility, as without the D3 corrections a clear over binding is observed, which is 

typically associated with the PBE functional that was used for the initial training set.  

Interestingly, only negligible changes in the peak position and width are observed 

in the presence of solvated chloride atoms, suggesting Cl does not directly influence the 

electronic structure of water or its mode of bonding to a large extent, which is evident by 

g(r) compared to that of pure water, Figure 7.02(a). However, on calculating the first 

solvation shell around Cl, as -./0
1' = ∫ 4456781'9./0(5)

<=
>

?5, where 7 is the periodicity 

constant and 81'9./0(5) is the radial distribution function for Cl-O/H with the first 

minimum at rN, Figure 7.02(c). The resulting values of -.
1' = 5.2 and -0

1' = 5.5 are 

indicative of an ion-induced perturbation of the tetrahedrality of neighbouring water 

molecules (-.
. ≈ 4.0 − 5.0 for pure water), which is the cause of the structural changes 

interpreted from g(r). This finding is consistent with recent photoelectron spectroscopy 

and theoretical study by Pohl et al.66 whereby, they find that solvated Sodium (Na+) 

Iodide (I-) have little effect on the electronic structure of water, while they observe ion-

induced perturbations of waters ideal tetrahedral configuration. 

To further investigate the extent to which hydrogen bond dynamics is influenced 

by Cl, the bond and structural relaxation lifetimes are extracted, Figure 7.02(d). To 

achieve this, the auto-correlation function (CHB(t))67  is fit using the method of least 

squares, Equation (7.02), using a series of two exponential decay functions before 

numerically integrating to obtain the lifetime H0I, Equation (7.03). 
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J0I(K) = 〈
∑ℎ*N(K>)ℎ*N(K> + K)

∑ ℎ*N(K>)6
〉 ≈ QRS

T9
%
UV
W
+ (1 − Q6)S

T9
%
UY
W
								(7.02)	 

 
Where, ℎ*N is the hydrogen bond population descriptor. ℎ*N = 1 when the geometric 

hydrogen bond criteria are met, or ℎ*N = 0	when it is not. The summation is taken over 

all pairings between donors (oxygen) and acceptors (hydrogen), before being averaged 

over multiple configurations.  

Here, I am interested in both the intermittent and continuous hydrogen bond 

lifetime68. The continuous lifetime is defined as the breaking of an Oxygen-Hydrogen 

pair neglecting any future reformation. While, the intermittent lifetime considers the 

reformation of the broken Oxygen-Hydrogen bond in subsequent simulation steps. 

 

H0I = [ (J0I(K) − 〈J0I(K\)〉)?K
\

>

																																		(7.03) 

 
 It is found that the overall dynamics of the hydrogen-bond structural relaxation 

is an order of magnitude slower than that of hydrogen-bond breaking, occurring in the 

sub-picosecond time scale (~0.1ps). This is mainly due to a reduction of the effective 

strength of hydrogen bonds in the presence of solvated chloride ions. The hydrogen-bond 

structural relaxation occurs at a longer time scale (10.2 ps) due to additional interaction 

of water molecules with chloride ions resulting in a longer re-orientational diffusion of 

water molecules. This observed strengthening of the hydrogen bond relaxation time, 

coupled with the pseudo-octahedral arrangement of water molecules surrounding Cl 

suggests that solvated ions act to distort the tetrahedrality of the water network resulting 

in weaker water-water interactions which could facilitate hydrogen transfer to the Pt(111) 

surface. 
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Figure 7.02. (a) Experimental g(r), obtained via neutron diffraction @298K69 (b) 
Theoretical g(r) for H2O, showing a comparison between the neural network potential 
with the PBE+D3 and optB88+VdW exchange correlation functionals (c) Theoretical 
g(r) showing the distribution of water molecules surrounding the chlorine atoms. (d) 
Hydrogen bond auto-correlation function, the red curve corresponds to the exponential 
fit. 
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7.3.2 Surface Coverage 

To understand the stability of hydrogen on the Pt(111) surface, all fcc-hollow site 

positions are covered with adsorbed hydrogen (Hads) and subjected to a 400 ps HDNN-

MD simulation with and without D3 vdW correction, shown in Figure 7.03(a)-(b). Here 

we find a steady state coverage after ~300 ps within the canonical ensemble, resulting in 

a surface coverage of 0.44 ML for the uncorrected HDNN potential and 0.56 ML with 

D3 vdW correction. This result is within the error of our theoretical model and in good 

agreement with experimental results by Marković et al.16 who reported a coverage of 

~0.66 ML. The exact nature of weakly bound adsorbates on (111) surfaces cannot be 

directly identified using current experimental methods such as Video-STM due to the 

high surface mobility and diffusion rates70. Of interest, is our observation that the 

inclusion of vdW interactions are found to be critical in describing the hydrogen coverage 

and the favourability of hydrogen adsorption on the fcc-hollow site compared with the 

atop Pt sites.  

The trajectory proceeds via an initial collective hydrogen transfer from the 

surface as-well-as water interacting with bare Pt(111) sites. We find that the adsorption 

of H2O is strictly localised on the Pt(111) top site via the 1b1 molecular orbital and the 

Pt d-band71. This observation is supported by classical MD simulations by Limmer et 

al.72 on the pure water-Pt(111) interface. However, we find that on a hydrogen covered 

surface, water adsorption occurs rarely throughout the simulation timeframe (~20-100 

ps) and proceeds with subsequent displacement of neighbouring hydrogen atoms to 

facilitate H2Oads. Considering that hydrogen and water are found to have a comparable 

binding energy73,74 on Pt(111), it could be the combination of both species that 

contributes to the observed experimental surface coverage. Furthermore, the 

displacement of Hads by H2Oads is expected to be a unique feature of the (111) 
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crystallographic interface, where the 6-fold coordination creates additional interfacial 

disorder and facilitates molecule exchange75. 

Configurations from 300 ps of our HDNN-MD simulations were further 

equilibrated and validated using 5 ps AIMD simulations. For the analysis of the 

interfacial region, several key structural descriptors, such as radial pair distribution 

functions (g(r)) are calculated at several levels of theory. On calculating g(r) to 

characterize Hads-Hads and Hads-H2O separation, it is found that the adsorbed hydrogen 

species interacts repulsively with solvent-adsorbate and adsorbate-adsorbate interactions 

via the frontier molecular orbitals of water ((2a1)2 (1b2)2 (3a1)2 (1b1)2) with adsorbed 

hydrogen and the Pt(111) d-band electrons (Figure 7.03(c)). This observation is 

consistent with findings from our recent paper76 on the topic. Here it is found that a dipole 

repulsion effect of a single hydrogen species with the surrounding water molecules 

(maintained at ~2.95 Å) is found to be critical in describing the adsorption behaviour of 

hydrogen on Pt(111) via a systematic diffusion from the top site to hollow site. This is 

an important issue to consider since it is of fundamental importance for the mechanism 

of H2 formation on Pt. The effect itself is attributed to the repulsion exhibited by the 

accumulation of a small negative charged in the vicinity of the Hads species and the lone 

pair belonging to the water. However, here we find that this repulsion also exists between 

neighbouring Hads which, interestingly, is maintained at the same repulsive radius, 

indicating the electronic nature of the effect. At greater surface coverage, it is the balance 

of these repulsive forces at the Pt(111) interface that allows only the fcc-hollow sites to 

be occupied by Hads in the presence of liquid water. 

The aforementioned accumulation of Hads with the repulsive sphere ensures a 

stable area of hydrogen which is maintained by the accumulation of Hads. Only hydrogen 

species close to the edge of such domains can readily desorb into the solution where H2O 
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can come within a close enough proximity to displace such species. These findings are 

comparable to recent AIMD simulations by Sakong and Grob77, in which they modelled 

a 1 ML hydrogen coverage for 40 ps and observed that water is repelled by an additional 

1.0 Å from the Pt(111) surface. Interestingly, in contrast to this study they see very little 

by way of hydrogen exchange. 

 

(a) 

 

 

 

 

(b) 

 

 

 

 
 
(c) 
 
 
 
 
 
 
 
 
 
Figure 7.03. (a) Surface coverage of Hads and H2Oads from a 400ps high dimensional 
neural network potential molecular dynamics (HDNN-MD) simulations (b) Surface 
coverage with additional D3 correction to HDNN. Snapshots after 300ps are shown on 
the right along with the total coverage. (c) Radial pair distribution functions, g(r), 
highlighting the adsorbate-solvent (left) and adsorbate-adsorbate (right) interactions. 
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7.3.3 Tafel Mechanism: Free Energy Profile 

To determine the lowest energy pathway for hydrogen coupling (Hads + Hads ⇌ H2), both 

the total energy profile using SSW-RS method and the free energy profile with US have 

been calculated. The main objective of the SSW-RS method is to obtain a minimum 

energy reaction trajectory, highlighted in Figure 7.04(a) and Figure 7.04(b). The SSW 

method78,79 generates a number of reaction microstates in the form of reactant and 

product pairs (R/P), while the double ended surface walk (DESW) method80 is employed 

to locate the transition state for all generated R/P pairs. Thus ensuring, the situation and 

configuration for the lowest energy reaction barrier is located for further calculation.  

A small diffusion barrier (0.1 eV) is observed, whereby the hydrogen atoms must 

come within a close proximity before reacting i.e. overcoming adsorbate-adsorbate 

interactions before forming H2 which subsequently solvates into the static water solution. 

The minimum energy pathway proceeds with a barrier of is 0.53 eV, it should be noted 

however, that these results do not consider the solvent dynamics and their only purpose 

is as a preliminary pathway finding scheme. Nonetheless, they are consistent with the 

Nudged Elastic Band (NEB) calculations of Nørskov et al.81 using static-DFT 

simulations, suggesting that the generated NN potential is reliable for a range of 

simulation techniques. However, the sampling methods adopted previously do not 

exhaustively sample all hydrogen coupling in the same way permitted using the SSW 

methodology.  

The starting configuration is consistent with the analysis of the repulsive 

configuration of Hads on the surface. It should again be noted, that this set of calculations 

does not include the dynamic effects of solvation and the formation of hydrogen bonds 

between surface species and water molecules. Therefore, I have further analysed the 

trajectory using the generated HDNN potential coupled with the umbrella sampling 
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method. The free energy profiles for Tafel mechanism are summarised in Figure 7.04(c)- 

7.04(e). 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 
 
Figure 7.04. (a) Calculated total energy states for the Tafel reaction, highlighting the 
energy change between the initial (IS), transition (TS) and final states (FS) using the 
stochastic surface walk reaction sampling methodology (SSW-RS) within the 
HDNN+D3 level of theory. (b) The reaction profile taken from the lowest energy 
pathway in (a). (c) Free energy profile for surface coupling of adsorbed hydrogen species 
(Tafel mechanism) calculated using umbrella sampling with HDNN+D3. (d)  Reaction 
profile for H desorption from the Pt(111) surface to the aqueous solution, highlighting 
the difference between AIMD (<10 ps sampling) and HDNN (> 50 ps sampling) umbrella 
sampling free energies (e) Snapshots of our proposed pathway for hydrogen coupling on 
the surface, extracted from the HDNN simulation trajectories. 
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Starting from two Hads at neighbouring fcc-hollow site, harmonic constraints are 

applied to acquire the population along the Hads-Hads collective variable, driving H to 

couple along a series of simulations windows. Figure 7.04(d) represents the lowest 

energy pathway for H coupling on the Pt(111) surface to the aqueous solution. Snapshots 

from the sampled trajectories are shown in Figure 7.04(e), which have been selected 

under the guidance of calculated free energy values. 

From these simulations, the reaction proceeds as follows: The initial state (IS) is 

found at 2.85 Å, where the hydrogen species occupy neighbouring fcc-Hollow sites, a 

small diffusion barrier must be overcome from IS to an intermediate state (IMS) located 

at 1.70 Å, where one species experiences both adsorbate-adsorbate interaction and 

adsorbate-solvent interactions by relocating to the top site position, proceeding with a 

small energetic barrier of 0.25 eV, while the other Hads remains on the fcc-hollow site. 

Finally, the most energetical demanding process is when both Hads atoms coming into 

close proximity for H2 formation, where the fcc-Hollow site species diffuses to the same 

top site position. This process proceeds with a barrier of 0.67 eV to overcome the 

transition state (T.S) located at 1.05 Å from the IMS. The origin of this barrier is the 

Pauli repulsion between the two Hads species, which is critical for accurate depiction of 

the reaction energetics.    

 
Table 1.  Comparison between AIMD-US and HDNN-US calculated free energies 
change (DG), for the initial (IS), transition-1 (TS1), intermediate (IMS), transition-2 
(TS2) and final (FS) states. D|AIMD-HDNN| shows the energy difference between the two 
methods. All in electronvolts (eV). 
 

 

Method DGIS DGTS1 DGIMS DGTS2 DGFS 

AIMD-US 0.00 0.29 0.28 1.05 0.33 

HDNN-US 0.00 0.25 0.15 0.83 0.30 

D|AIMD-HDNN| 0.00 0.04 0.13 0.22 0.03 
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Previously, it has been shown that HDNN-MD typically underestimates energies 

when compared to the equivalent AIMD-MD simulations. Therefore, to validate the 

reliability of my calculated free energy, the HDNN is compared with AIMD simulations, 

shown in Table 1. A small energy discrepancy is found on comparing the two 

methodologies. However, since several states, such as IS, IMS. TS1 and FS, are in such 

good agreement (D|AIMD-HDNN| @ 0.1 eV) the discrepancy in the values can be attributed to 

sampling time rather than energetics. Each US simulation window for HDNN consisted 

of at least 50 ps simulation time, a timescale which cannot be directly matched for the 

corresponding AIMD (>10 ps) without unreasonable computational expenditure. Of 

particularly interest are the areas of low probability such as the T.S which differs by 0.22 

eV. These regions require additional simulation time for an adequate statistical sampling 

of configurations to extract an accurate free energy. 

 
7.3.4. Heyrovsky Mechanism: Free Energy Profile 

Next, to asses which is the rate determining mechanism for HER on Pt(111), the 

Heyrovsky mechanism (Hads + H3O+ + e- ⇌ H2 + H2O)  is analysed in terms of free energy. 

Due to the presence of solvated protons (H3O+), the SSW method is not used as a 

preliminary pathway finding tool, due to the necessity for explicit dynamics. The free 

energy profiles are summarised in Figure 7.05(a)-(c). The Umbrella Sampling procedure 

is similar to that reported in Section 7.3.4., differing in the starting configuration of the 

hydrogen atoms. Here, one Hads is located in the fcc-Hollow site while the other is 

solvated in solution, harmonic constraints are applied to acquire the population along the 

Hads-H3O+ collective variable. Snapshots from the sampled trajectories are shown in 

Figure 7.05(c). 
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Figure 7.05. (a) Free energy profile for the coupling of adsorbed hydrogen and a solvated 
hydrogen species (Heyrovsky mechanism) calculated using umbrella sampling with 
HDNN+D3. (b)  Reaction profile for H coupling from the Pt(111) surface to the aqueous 
solution, highlighting the difference between AIMD (< 10 ps sampling) and HDNN (> 
50 ps sampling) umbrella sampling free energies (c) Snapshots of the proposed pathway 
for hydrogen coupling on the surface, extracted from the HDNN simulation trajectories. 
 

From these simulations, the reaction proceeds without an initial diffusion barrier: 

The initial state (IS) is found at 2.95 Å, where the hydrogen species occupy the fcc-

Hollow sites and in the form of a solvated Zundel cation (H5O2
+). The starting 

configuration is consistent with the observed adsorbate-solvent separation distance 

calculated previously. The reaction process proceeds with a barrier of 0.89 eV to 

overcome the transition state (T.S) located at 1.12 Å. Whereby, the Hads species couples 

with the solvated proton above the atop site position. These calculations are in excellent 

agreement with a recent theoretical study by Feng et al. Error! Bookmark not defined., who 

(a) (b) 

(c) 
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reported a free energy barrier for the Heyrovsky mechanism of 0.92 eV, using static DFT 

calculations coupled with a continuum solvation model. 

 
Table 2.  Comparison between AIMD-US and HDNN-US calculated relative free 
energies change (DG), for the initial (IS), transition (TS) and final (FS) states. D|AIMD-

HDNN| shows the energy difference between the two methods. All in electronvolts (eV). 
 

 

 

 

 

 
 Similarly to the Tafel mechanism, the reliability of the calculated HDNN free 

energy is compared with AIMD simulations, shown in Table 2. Again, a small energy 

discrepancy is found on comparing the two methodologies. Most notably of 0.21 eV at 

the transition state region, which can be attributed to the requirement for additional 

statistical sampling of the AIMD US bins. 

7.3.5 Implications For HER 

From the calculated free energy barriers, it is found that the Volmer-Tafel 

mechanism is favoured over the Volmer-Heyrovsky mechanism on Pt(111) at high 

coverage. Here, the Tafel mechanism proceeds with an initial diffusion barrier of 0.25 

eV from the fcc-hollow site to the top site position, followed by a coupling barrier of 

0.67 eV. Furthermore, the repulsive nature towards water species inhibits a proton 

reacting with adsorbed species, resulting in the Heyrovsky mechanism proceeding with 

a larger barrier of 0.89 eV. We suggest that the influence of hydrogen coverage at varying 

potential is critical in describing the rate determining step for the HER on Pt(111). At the 

centre of the hydrogen rich area, where the adsorbate-adsorbate repulsive interaction is 

Method DGIS DGTS DGFS 

AIMD-US 0.00 1.10 0.35 

HDNN-US 0.00 0.89 0.26 

D|AIMD-HDNN| 0.00 0.21 0.09 
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at its greatest, hydrogen is seen to be stabilised, indicated by the narrow probability 

distribution of the Hads-Hads peaks shown in Figure 7.03(c).  

The Tafel mechanism dominates within this region, as a solvated proton in 

solution is sterically prohibited from reacting with such species, allowing for top site 

positions to be available for hydrogen coupling. These reaction centres at the top site 

positions are dictated by the he interaction between the solvent and adsorbates at the 

interface. On conducting a potential sweep, the surface coverage will inherently change, 

resulting in the rate determining mechanism changing due to decreased adsorbate-

adsorbate and adsorbate-solvent interactions. Our analysis could give insight into the 

mechanistic efficiency of H2 formation on Pt(111). Whereby both mechanisms can occur 

simultaneously depending on the surface coverage, with the ideally situated top site 

positions remaining free for hydrogen coupling to occur. Our analysis is schematically 

represented in Figure 7.06, which is consistent with the observed indistinguishability of 

the Tafel (Hads + Hads ⇌ H2) and Heyrovsky (Hads + H3O+ + e- ⇌ H2 + H2O) mechanism 

from experimental cyclic voltammetry studies20. 

Nuclear Quantum Effects (NQE) are not included in the present study; however, 

they could significantly influence the calculated reaction barriers. For instance, Marsalek 

and Markland82 showed that explicit consideration of the NQE of hydrogen atoms has 

little effect on the statistical properties of water, such as radial distribution functions 

(g(r)). However, NQE are expected to influence the properties related to O-H vibrations, 

whereby a significant reduction is seen when reaction barriers are calculated for 

electronically light atoms83, such as hydrogen and deuterium. Therefore, the theoretically 

measured reaction barriers for such species are often overestimate by approximately 

0.20-0.30 eV when compared with that of experiment. The inclusion of such effects is 

beyond the scope of the current investigation and will be pursed in future work. 
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Figure 7.06. Schematic representation of the preferential locations for hydrogen 
coupling on Pt(111). The green, red and blue arrows represent adsorbed hydrogen, 
solvated protons and molecular hydrogen respectively. The transparent bubble represents 
the blanket of repulsion exhibited by high coverage areas of adsorbed hydrogen. We 
propose that the Tafel mechanism dominates within the centre of the hydrogen rich area, 
while the Heyrovsky mechanism occurs at the periphery, with the overall efficiency 
being a result of the multiple reaction routes at various hydrogen coverage. 

 

7.4. Conclusion 

Having performed extensive HDNN-MD sampling methodologies and DFT calculations 

to study the reaction efficiency of hydrogen coupling at the HCl(aq)/Pt(111) interface. We 

have obtained an atomistic picture of how the aqueous medium effects the structure and 

reactivity. Based on our calculations and analyses, the following conclusions can be 

drawn: 

 

(1) The high dimensional neural network (HDNN), coupled with D3 vdWs 

corrections, provides an efficient way for calculating the free energy barriers for 

surface reactions, compared with traditional ab initio methods. Long timescale 
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molecular dynamics simulations are required before a steady state of adsorbed 

hydrogen is found on the surface and to obtain accurate thermodynamic 

observables at the interfacial region.  

 
(2) Water adsorption on the hydrogen covered surface occurs rarely throughout the 

simulation trajectory and with displacement of neighboring adsorbed hydrogen 

atoms, resulting in a more complex surface environment than initially expected. 

 
 

(3) The interaction of hydrogen atoms with their surroundings in the form of 

adsorbate-adsorbate and adsorbate-solvent interactions are found to be critical in 

describing the preference for Hads at the fcc-hollow site. Hence, the interactions 

of Hads with its surrounding environment dictates the preferential reaction 

mechanism for H2 formation. 

 
(4) The energetics obtained from our calculations point to two distinct mechanisms 

for H2 formation depending on the surface coverage: The Volmer-Tafel 

mechanism is preferred in areas of high coverage, while the repulsive forces 

dictate that the Heyrovsky mechanism is hindered and only being permitted at 

low coverage. Thus, the simulations could give an explanation for the efficiency 

of HER on Pt(111) via the availability of both reaction pathways depending on 

the surface coverage. 
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