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Abstract 
 
Currently, global fossil fuel consumption is increasing, environmental problems are be-

coming serious, new clean energy technologies are being actively explored. High-perfor-

mance catalytic materials play a crucial role in the field of energy storage and conversion, 

here, two-dimensional (2D) catalytic materials have emerged as ideal choices for a wide 

range of catalytic processes due to their low cost, superior physical/chemical properties, 

and unique geometric and electronic characteristics. In this Thesis, two related 2D mate-

rials are explored: (i) MXenes, for hydrogenation reactions in heterogeneous catalysis, as 

well as the effect of surface terminations in electrocatalysis; (ii) the symmetric and asym-

metric structures of N-doped graphene supported single metal atom catalysts (NG-SAC) 

electrocatalytic applications. 

In the first part, density functional theory (DFT) is employed to construct Pourbaix 

diagrams for around 450 surface terminations of Ti3C2Tx (0001) MXene, focusing on 

identifying stable surface structures under working conditions and examining the impact 

of different surface terminations on the electrocatalytic performance of hydrogen evolu-

tion reaction (HER), carbon dioxide reduction reaction (CO2RR), and nitrogen reduction 

reaction (NRR). Our findings reveal that surface functional groups significantly reduce 

the limiting potential and cost. For HER, higher proportions of –O groups enhance catal-

ysis by modulating hydrogen bonding. For CO2RR and NRR, –OH groups act as proton 

donors, improving catalytic activity, and –F groups also contribute to CO2RR catalysis. 

Moreover, the hydrogenation of olefins on Mo2C (0001) MXene was also investigated in 

collaboration with Prof. Alexey Fedorov (ETH Zurich, Switzerland) and Prof. Dr. Igor V. 

Koptyug (International Chromatography Center, SB RAS, Russia) to better understand 

the mechanisms behind paired and unpaired H2 additions. 

In the second part, the key role of NG-SAC catalysts with broken geometrically 

symmetric structures in improving the electrocatalytic efficiency of CER was explored. 

Through an extensive and detailed comparative study, low-coordination NG-SAC is 

found to be the key active sites, which contrasts with the traditionally considered high-

coordination geometries. In addition, NG-SAC catalysts for oxygen reduction reaction 

(ORR) in alkaline media also were screened, and by analyzing the different transition 

metals anchored, catalysts with high activity and stability were identified, demonstrating 

their potential as alternatives for expensive platinum-based catalysts.  
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Chapter 1 
 

Introduction 
 
 
1.1. Motivation and Catalysis 

In recent decades, increasing global dependence on fossil fuels has led to growing severe 

environmental pollution and energy crises.1 Reports from the Intergovernmental Panel on 

Climate Change (IPCC)2 emphasize the detrimental consequences of rising global green-

house gas emissions and the urgency of getting rid of our dependence on fossil fuels. 

Thus, the concept of clean energy has emerged,3 aiming to suppress emissions, improve 

energy efficiency and promote sustainable development through the utilization of renew-

able energy sources such as solar,4 wind,5 and water,6 which is a foreseeable trend in fu-

ture global energy development. Despite the inevitable transition towards renewable en-

ergy sources, the production and utilization remain insufficient.7 Therefore, the main 

challenge is to better develop and utilize sustainable and clean energy sources. 

The term “catalysis” was first introduced by the Swedish chemist Berzelius in 1835 

and first defined by Ostwald in 1894 as “Catalysis is the acceleration of a slow chemical 

process by the presence of a foreign material”.8,9 In 1996, the International Union of Pure 

and Applied Chemistry (IUPAC) stated that “A substance that increases the rate of a 

reaction without modifying the overall standard Gibbs energy change in the reaction; the 

process is called catalysis”.10 It is estimated that around 90% of the chemical industry 

involves catalysis at some stage of production.11 Obviously, catalysis cannot be achieved 

without a substance called catalyst, a chemical compound or material that allows the re-

action to take place by an alternative mechanism that is much faster than the non-cata-

lyzed mechanism,12 usually reacting with one or more reactants to form an intermediate, 

which subsequently produces the final reaction product. However, ideally, the catalyst is 

not consumed by the reaction and remains unchanged after the reaction.13 It is important 

to note that catalysts do not alter the thermodynamics or equilibrium position of the reac-

tion, as they serve only to facilitate forward and reverse reactions,14 increasing the reac-

tion rate constants, but lowering the activation energy required for the reaction to take 

place, as shown in Figure 1.1. 
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Figure 1.1. Schematic representation of a generic energy profile for a complex reaction. The blue line 

represents the energy barrier needed without the catalyst and the black line represents the different energy 

barriers to surmount the possible elementary steps when the reaction is catalyzed. 

Catalysis has significantly impacted the chemical industry and academic field over 

the past century, playing a crucial role in addressing environmental pollution and energy 

crises.15,16 It is primarily manifested in four aspects: i) Enhancing reaction efficiency and 

reducing industrial energy consumption;17 ii) accelerating the decomposition of vehicle 

exhaust and industrial waste to mitigate pollution;18 iii) converting harmful chemicals 

into high-value products such as ethanol through catalytic reduction of CO2;19 iv) playing 

a critical role in clean energy production by efficiently utilizing resources, such as hydro-

gen production via water electrolysis.20 

Catalysis can be divided into homogeneous and heterogeneous. In homogeneous 

catalysis, the catalyst and reactants are in the same phase, whereas in heterogeneous, in 

different phases, with the reaction occurring at or near the interface between the phases.21 

Here one should add enzymatic catalysis, although this is not at all considered in the 

present work. On the other hand, even if homogeneous catalysts can play a crucial role in 

the industrial production of chemicals (such as converting cellulose into high-value jet 

fuel)22 and offer advantages like high activity and selectivity, their separation process is 

expensive, time-consuming, and often requires significant energy.23 In contrast, in heter-

ogeneous catalysis,24 products easily detach from the catalyst surface and are easy to sep-

arate, resulting in higher efficiency and lower costs, not only that, heterogeneous catalysts 

also can continuously generate active sites with reactants under reaction conditions, thus 

are heavily relied upon by the chemical and energy industries, such as the Haber-Bosch 

process for ammonia synthesis.25 Generally, heterogeneous catalytic reactions begin with 
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the adsorption of gas- or liquid-phase reactants on the catalyst surface, specifically on 

active sites of surface to activate for the subsequent chemical transformation reaction, 

finally, the product desorbs and is released into the surrounding medium with catalyst 

regeneration.26 Ideally, a catalyst can be used thousands of times, which leads to the con-

cept of catalytic cycle.27 Note also that, according to the Sabatier principle,28 the initial 

adsorption step mentioned above should strike a balance —not too weak to limit catalytic 

activity, nor too strong to prevent desorption, avoiding catalyst poisoning by surface 

blockage, and the same for product desorption. 

Electrocatalysis29 and thermocatalysis30 are two primary categories of heterogene-

ous catalysis, the former involves a catalytic process that utilize electrical currents to drive 

electrochemical reactions on electrodes surface, wherein electrocatalyst facilitates the 

electron transfer between the reactants and the electrode to promote the desired electro-

chemical reactions; the latter refers to the use of heat to accelerate a chemical reaction, 

wherein thermocatalyst facilitates the reaction by providing an alternative reaction path-

way with reduced activation energy, thus enabling faster reaction at a specific temperature. 

Therefore, the development of highly efficient and cost-effective electro/thermocatalysts 

is essential to translate cutting-edge technology from fundamental research to practical 

applications, despite having made some advancements previously,31,32 challenges such as 

insufficient catalytic efficiency, low selectivity or high cost still remain.33 Presently, sci-

entists are delving into the mechanisms of catalytic reactions and the features influencing 

catalytic performance, so that composition, size, and morphology of the catalyst can be 

precisely controlled to further improve performance.34,35 

1.2. Two-Dimensional (2D) Materials 

Since the successful exfoliation of graphene,36 two-dimensional (2D) materials, such as 

Transition Metal Dichalcogenides (TMDs),37 black phosphorus,38 and MXenes,39 have 

been rapidly developed, with unique geometric and electronic properties,40 such as high 

surface area, good electrical conductivity, and tunable band gaps, etc. The thickness of 

2D materials is of a few atoms only,41 allowing precise control of this thickness to fine-

tune their electronic properties,42 which is not achievable with 0D (e.g. nanoparticles), 

1D (e.g. nanowires)43 and 3D materials (e.g. bulk or extended surfaces).44 2D materials 

also are highly sensitive to external stimuli, such as chemical modifications, chemical 

doping, and molecular adsorption,45 as well can be used as catalyst supports or electron 

donors,46 these advantages indicate the outstanding performance of 2D materials in the 
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fields of catalysis,47 electrochemical reactions,48 energy storage and conversion,49 and 

thus serving as frontier in heterogeneous catalysis research. 

MXenes are a new family of 2D materials composed of transition metal carbides, 

nitrides, and carbonitrides, with the general formula Mn+1XnTx (n = 1, 2, 3), where M 

represents early transition metals (TMs) from the d block, including Sc, Ti, Zr, Hf, V, Nb, 

Ta, Cr, Mo, W, Mn, etc., X generally represents C and/or N, while Tx refers to surface 

functional groups.50,51 Higher n values in MXenes generally correspond to greater stabil-

ity and determine the thickness of the MXene layers.52 Their unique 2D structure and 

open d orbitals have attracted significant attention in catalytic community.53 MXenes are 

typically obtained by selective etching from precursor MAX phases, where A is usually a 

p-block element like Al or Si, usually removed using a hydrofluoric acid (HF) solution,54 

although in situ HF, i.e., admixing lithium fluoride (LiF) and hydrochloric acid (HCl), 

can also be used.55 By these methods, mixtures of –O, –H, –OH, and –F functional groups 

Tx can be obtained.56,57 However, the type and quantity of these terminations are very 

sensitive to the synthesis conditions (e.g. etching time, temperature or HF concentra-

tion).58,59 For example, high concentrations of HF lead to more –F terminations, whereas 

more –O species are found when lower concentrations of HF are used.57,60 In addition, 

successful F-free synthesis protocols61 have been reported, and even cleaning protocols62 

or new synthetic routes63 for obtaining Tx-free MXenes, or even tuning of the Tx with 

various other terminations. In recent years, computational and experimental evidence 

have shown outstanding performance in various catalytic processes such as hydrogen 

evolution,64 hydrogenation reactions,65 CO oxidation,66 CO2 activation and conversion,67 

and N2 fixation.68 In summary, it is feasible to design MXenes tailored for specific appli-

cations by adjusting their composition, size, and surface terminations. 

Graphene, composed of monolayer of carbon atoms arranged in a hexagonal pat-

tern, is the most widely studied 2D material,69 and possesses strong chemical resistance, 

high thermal stability, easy recyclability, and good dispersibility, which makes it highly 

suitable for catalytic applications.70 Moreover, due to its large surface area, excellent ad-

sorption properties, and high compatibility with various functional groups, offer new pos-

sibilities and flexibility in designing and synthesizing graphene-based catalysts tailored 

for specific applications.71 Extensive research has been conducted on graphene to en-

hance their applications in heterogeneous catalysis,72 for instance, utilizing edges, defects, 

or dopants of graphene can enable metal-free catalysis, enhancing catalytic performance 
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by fine-tuning its electronic structure, while the size-tunable monoatomic layer structure 

enhances the density of active sites.73,74 Furthermore, the unique electron structure of gra-

phene can anchor metals and modulate the catalytic behavior on its surface.75,76 Doped 

graphene, especially nitrogen (N)-doped graphene,77 has received widespread attention 

due to its simple, efficient, stable and readily available chemical doping method, and has 

been playing an important role in catalysis, moreover, N-doped graphene anchoring sin-

gle-atom structures can achieves 100% dispersion on it, maximizing the exposure of cat-

alytic active sites,78 and exhibits excellent activity and high selectivity as homogeneous 

catalysts, along with the stability and ease of separation typical of heterogeneous catalysts, 

serving as a bridge between homogeneous and heterogeneous catalysis,79 overall, until 

now, researchers are still exploring constantly around how to improve the activity of gra-

phene. 

1.3. Overview 

This PhD thesis conducts fundamental research on heterogeneous catalysis of two differ-

ent 2D materials by means of theoretical and computational methods. The manuscript is 

divided into four sections. Chapter 1 provides a brief introduction to the necessity of clean 

energy development and the evolution of catalysis. Chapter 2 describes the theoretical 

methods used for analyzing studied systems. Chapters 3 and 4 present the main research 

results in the form of peer-reviewed journal articles. First, Chapter 3 discusses the appli-

cation of 2D MXene materials in heterogeneous catalysis, divided into three sections. The 

first section deals with the investigation at Ti3C2 (0001) MXene material, focusing on 

addressing the issues that overlooked in previous theoretical calculations on surface func-

tional groups, selecting potential surface terminations under electrochemical working 

conditions, and their effects on the Hydrogen Evolution Reaction (HER) and CO2 Reduc-

tion Reaction (CO2RR) mechanisms. The second section focuses on boron-based Ti3C2 

(0001) MXene materials, analyzing the effects of different configurations of boron and 

various mixed surface terminations on the electrocatalytic performance of the Nitrogen 

Reduction Reaction (NRR). The third section explores the detailed mechanism of olefin 

hydrogenation thermochemical reaction on Mo2C (0001) MXene, and compares with 

Rh(111) to explain the observed paired H2 additions in experiments. Chapter 4 mainly 

treats the application of N-doped graphene supported single metal atom (NG-SAC) 2D 

materials in electrocatalysis, divided into two sections. The first section explores the ef-
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fect of geometry symmetry on the catalytic activity of NG-Pt in the electrochemical Chlo-

rine Evolution Reaction (CER) and water splitting reactions. The second part studies the 

catalytic performance of non-precious metal NG-SAC in the electrochemical Oxygen Re-

duction Reaction (ORR) in alkaline media. 
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Chapter 2 
 

Theoretical Methods 
 
2.1. The Schrödinger Equation 

The time-dependent Schrödinger equation is key in quantum mechanics as it describes 

the time evolution of the wavefunction of any system of elementary particles. In many 

practical applications, especially in chemistry and material science, it is often sufficient 

to consider the non-relativistic, time-independent form of the Schrödinger equation, that 

is, the atomic units are adopted with no charge of the electron, as well the mass of 1, 

which describes the static electronic structure of a system, as Eq. 2.1: 

 𝐻𝐻�ψ �𝑅𝑅�⃗ , 𝑟𝑟�  = 𝐸𝐸ψ �𝑅𝑅�⃗ , 𝑟𝑟� (2.1), 

 𝐻𝐻� =  𝑇𝑇�𝑒𝑒 +  𝑇𝑇�𝑁𝑁 + 𝑉𝑉�𝑒𝑒𝑁𝑁 + 𝑉𝑉�𝑒𝑒𝑒𝑒 + 𝑉𝑉�𝑁𝑁𝑁𝑁 (2.2), 
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 (2.3), 

where the wavefunction ψ �𝑅𝑅�⃗ , 𝑟𝑟� depends on the positions of the nuclei 𝑅𝑅�⃗  and the elec-

trons 𝑟𝑟, 𝐻𝐻� is the Hamiltonian operator, and 𝐸𝐸 represents the total energy of the system. 

The 𝐻𝐻� includes all energy related operators of the system and is composed of kinetic en-

ergy of the electrons (𝑇𝑇�𝑒𝑒) and the nuclei (𝑇𝑇�𝑁𝑁), and potential energy terms of electron-

nuclei interaction potential (𝑉𝑉�𝑒𝑒𝑁𝑁), electron-electron repulsion (𝑉𝑉�𝑒𝑒𝑒𝑒) and nuclei-nuclei re-

pulsion (𝑉𝑉�𝑁𝑁𝑁𝑁), as shown in Eq. 2.2. For a system with 𝑀𝑀 nuclei and 𝑁𝑁 electrons, the kinetic 

energy and potential energy terms are as in Eq. 2.3, where 𝑚𝑚𝐴𝐴 and 𝑍𝑍𝐴𝐴 represent the mass 

and charge of nucleus 𝐴𝐴 respectively, while ∇𝑖𝑖
2 and ∇𝐴𝐴

2 are the Laplacian operators corre-

sponding to the coordinates of the ith electron and the 𝐴𝐴th nucleus, respectively.  

To simplify solving the Schrödinger equation, the Born-Oppenheimer (BO) approx-

imation is often used.1 This approximation relies on the fact that nuclei are much more 

massive than electrons and thus move much more slowly and allows one to solve the 

equation in two steps. In the first step, the moving electrons can be assumed to instanta-

neously adapt to the field created by fixed nuclei at certain positions. Under this approx-

imation, the nuclear kinetic energy term 𝑇𝑇�𝑁𝑁 can be neglected, and the nucleus-nucleus 
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repulsion term 𝑉𝑉�𝑁𝑁𝑁𝑁 can be treated as a constant by fixing the nuclei positions. However, 

the remaining terms, 𝑇𝑇�𝑒𝑒, 𝑉𝑉�𝑒𝑒𝑁𝑁, and 𝑉𝑉�𝑒𝑒𝑒𝑒, comprise the electronic Hamiltonian, denoted as 

𝐻𝐻�𝑒𝑒𝑒𝑒, which is utilized to determine the electronic energy 𝐸𝐸𝑒𝑒𝑒𝑒 of the system, as Eq. 2.4-5, 

 
𝐻𝐻�𝑒𝑒𝑒𝑒 =  − �

1
2

𝑁𝑁

𝑖𝑖=1

∇𝑖𝑖
2 − � �

𝑍𝑍𝐴𝐴

𝑟𝑟𝑖𝑖𝐴𝐴

𝑀𝑀

𝐴𝐴=1

𝑁𝑁

𝑖𝑖=1

+ � �
1

𝑟𝑟𝑖𝑖𝑖𝑖

𝑁𝑁

𝑖𝑖>𝑖𝑖

𝑁𝑁

𝑖𝑖=1

 (2.4), 

 𝐻𝐻�𝑒𝑒𝑒𝑒ψ𝑒𝑒𝑒𝑒  = 𝐸𝐸𝑒𝑒𝑒𝑒ψ𝑒𝑒𝑒𝑒 (2.5), 

where the electronic wavefunction ψ𝑒𝑒𝑒𝑒 depends on the coordinates of the electrons, with 

the coordinates of the nuclei as parameters.  

However, once the term  𝑉𝑉�𝑁𝑁𝑁𝑁 is added, the quantity obtained corresponds to the 

potential felt by the nucleus, leading to the concept of the potential energy surface (PES), 

which is the key to the microscopic mechanisms that govern all of the chemistry in the 

ground state or in any excited state. In the second step, the motion of the nuclei on the 

potential energy surface is considered. This, however, becomes too complicated except 

for systems containing a few atoms only. The resulting field is usually referred to as quan-

tum dynamic. Fortunately, a considerable amount of useful information can be extracted 

from the analysis of the PES and this is where most applications, including those in the 

present thesis, rely on. 

Even with the BO approximation, the high-dimensionality of ψ𝑒𝑒𝑒𝑒 makes numerical 

solution of the electronic Scrödinger equation extremely challenging. Therefore, various 

approximation methods have been developed over the years to address this issue, primar-

ily categorized into wavefunction methods and Density Functional Theory (DFT). 

Generally, wavefunction methods involve directly constructing and manipulating 

the electronic wavefunction of the system, often yielding highly accurate results but at a 

high computational cost. Hartree-Fock (HF),2 Møller-Plesset perturbation theory,3 or var-

ious multiconfigurational self-consistent field and configuration interaction approaches4-

6 are available. In particular, those based on the coupled cluster expansion are able to 

provide results within chemical accuracy defines as 1 kcal/mol.7 These methods, while 

highly accurate, cannot be applied to large systems, as those of interest in the present 

thesis. On the other hand, DFT based methods, provide a good balance between compu-

tational cost and accuracy for most systems and is currently the most widely used elec-

tronic structure method in computational chemistry and computational materials science. 
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In summary, the Schrödinger equation and its approximate solutions provide pow-

erful tools for understanding and predicting the behaviour of microscopic systems. These 

methods are extensively applied in chemistry, physics, and materials science to explore 

molecular structures, reaction pathways, and material properties.8 

2.2. Density Functional Theory 

DFT9 is a quantum mechanical method that uses electron density 𝜌𝜌(𝑟𝑟) instead of the 

wavefunction as the fundamental quantity to describe and determine the properties of a 

system. In a system containing N electrons, the electronic wavefunction ψ𝑒𝑒𝑒𝑒,𝑅𝑅(𝑟𝑟) involves 

4N variables (i.e., three spatial and one spin coordinates per electron), while the electron 

density, 𝜌𝜌(𝑟𝑟), depends on three spatial coordinates only, simplifying this complex wave-

function problem into a more straightforward and intuitive three-dimensional particle 

density problem, and corresponding to the probability of finding any of the N electrons 

within the volume element 𝑑𝑑𝑟𝑟. The electron density is defined as the integral over the 

spin coordinates of all electrons and over all but one of the spatial variables: 

 
𝜌𝜌(𝑟𝑟) = 𝑁𝑁 � ⋯ � |ψ(s2r2���⃗ , … , s𝑁𝑁r𝑁𝑁����⃗ )|2 𝑑𝑑𝑠𝑠2𝑑𝑑𝑟𝑟2 ⋯ 𝑑𝑑𝑠𝑠𝑁𝑁𝑑𝑑𝑟𝑟𝑁𝑁����⃗ =  � |

𝑁𝑁

𝑖𝑖=1

𝜙𝜙𝑖𝑖(𝑟𝑟)|2 (2.6), 

where s𝑖𝑖, 𝑟𝑟𝑖𝑖 and 𝛷𝛷𝑖𝑖(𝑟𝑟) represent the projection of the spin, the spatial coordinates, and the 

orbital of ith electron, respectively. From Eq 2.6 it is clear that 𝜌𝜌(𝑟𝑟) can be directly ob-

tained from the wavefunction which in turn determines the electronic energy. DFT started 

from the Thomas-Fermi (TF) model described below and provides a shortcut, so that the 

electronic energy can be obtained from 𝜌𝜌(𝑟𝑟) only.  

DFT is used to study the properties of molecules and condensed matter, making it 

suitable for calculating larger molecular systems. It shows sufficient accuracy, especially 

for systems containing transition metal atoms or ions, and is widely used in condensed 

matter physics and computational chemistry. 

2.2.1. Thomas-Fermi Model 

Shortly after the Schrödinger equation was proposed, Thomas10 and Fermi11 introduced 

a model, which is based on the concept of a uniform electron gas, where electrons are not 

affected by any external forces, thus there are no interactions between the electrons. The 

model uses electron density to represent the kinetic energy of the system, simplifying the 

Schrödinger equation into a wave equation. According to the Thomas-Fermi model, the 
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expression for the kinetic energy (𝑇𝑇𝑇𝑇𝐹𝐹) of the uniform electron gas, as a functional of the 

electron density 𝜌𝜌(𝑟𝑟), can be written as: 

 𝑇𝑇𝑇𝑇𝐹𝐹[𝜌𝜌] = 𝐶𝐶𝐹𝐹 � 𝜌𝜌5
3� (𝑟𝑟)𝑑𝑑𝑟𝑟 (2.7), 

where 𝐶𝐶𝐹𝐹 =  3
10

(3𝜋𝜋2)2
3� = 2.817 is known as the Fermi constant in atomic units. 

Then, the total energy of the electron gas (𝐸𝐸𝑇𝑇𝐹𝐹) as a density functional is expressed 

as:  

 
𝐸𝐸𝑇𝑇𝐹𝐹[𝜌𝜌](𝑟𝑟) = 𝐶𝐶𝐹𝐹 � 𝜌𝜌5

3� (𝑟𝑟)𝑑𝑑𝑟𝑟 − 𝑍𝑍 �
𝜌𝜌(𝑟𝑟)

𝑟𝑟
𝑑𝑑𝑟𝑟 +

1
2

�
𝜌𝜌(𝑟𝑟1���⃗ )𝜌𝜌(𝑟𝑟2���⃗ )

|𝑟𝑟1���⃗ − 𝑟𝑟2���⃗ |
𝑑𝑑𝑟𝑟1���⃗ 𝑑𝑑𝑟𝑟2���⃗  (2.8), 

where the first term represents the kinetic energy, the second term indicates the external 

potential energy, and the third term is the average classical electrostatic interaction po-

tential energy between electron densities, and Z denotes the nuclear charge number. 

The key feature of TF model is using the electron density as the variable for the 

total energy functional, which subsequently led to the development of DFT. However, 

the TF model only expresses the kinetic energy based on the density of a uniform electron 

gas, without considering the exchange-correlation effects between electrons, therefore, it 

is limited use. Subsequent improvements to this model were proposed by Hohenberg and 

Kohn, which eventually broke the constraints imposed by the energy functional form 

based on the TF model, establishing the foundation of modern density functional theory.  

2.2.2. The Hohenberg and Kohn Theorems 

In 1964, building upon the Thomas-Fermi model, Hohenberg and Kohn proved12 two 

fundamental theorems:  

1st theorem: “The external potential 𝑉𝑉𝑒𝑒𝑥𝑥𝑥𝑥(𝑟𝑟) of a non-degenerate electronic state, 

and hence the total energy, is a unique functional of 𝜌𝜌(𝑟𝑟)” 

2nd theorem: “The ground state energy can be obtained variationally and the density 

that minimizes the energy is the exact ground state energy” 

Regarding the 1st theorem, the electron density from a unique external potential is 

uniquely identified, thereby uniquely determining the energy (𝐸𝐸[𝜌𝜌(𝑟𝑟)]) of system, ex-

pressed as: 

 𝐸𝐸[𝜌𝜌(𝑟𝑟)] = 𝐹𝐹[𝜌𝜌(𝑟𝑟)] + 𝐸𝐸𝑒𝑒𝑥𝑥𝑥𝑥(𝜌𝜌) (2.9), 
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where 𝐹𝐹[𝜌𝜌(𝑟𝑟)] represents the functional independent of the external field, including the 

electronic kinetic energy, Coulomb interaction between electrons, and exchange-correla-

tion energy. 𝐸𝐸𝑒𝑒𝑥𝑥𝑥𝑥(𝜌𝜌) denotes the effect of the external field and, since it is a one-electron 

operator, it can be expressed as: 

 𝐸𝐸𝑒𝑒𝑥𝑥𝑥𝑥(𝜌𝜌) = � 𝑑𝑑𝑟𝑟 𝑉𝑉𝑒𝑒𝑥𝑥𝑥𝑥(𝑟𝑟)𝜌𝜌(𝑟𝑟) (2.10). 

Regarding the 2nd theorem, showing that it is sufficient to determine the accurate 

ground-state energy by minimizing the energy alone. Assuming 𝐹𝐹[𝜌𝜌(𝑟𝑟)]  is known, 

through variation of the density function, one can obtain the minimum total energy of the 

system, thereby determining the accurate ground-state density and energy. However, 

𝐹𝐹[𝜌𝜌(𝑟𝑟)] only determines the properties of the ground state and does not provide any in-

formation about excited states. Although the significance of the Hohenberg-Kohn theo-

rem is profound, it cannot resolve the following issues: how to determine electron density 

functional and the kinetic energy functional.  

2.2.3. The Kohn-Sham Equations  

In 1965, Kohn and Sham developed the well-known Kohn-Sham equations,13 suggesting 

that there is an ideal system of non-interacting electron, with density equal to that of the 

real system. For non-interacting system, the wavefunction can be written as a Slater de-

terminant with orbitals 𝜙𝜙𝑖𝑖(𝑟𝑟). The electron density and the kinetic energy can be easily 

obtained and the same for the classical Coulomb repulsion. This leave out exchange-cor-

relation effects that need to be accounted by a proper functional termed 𝐸𝐸𝑥𝑥𝑥𝑥[𝜌𝜌(𝑟𝑟)],which 

plays a pivotal role in practical DFT. Therefore, the Kohn-Sham approach gives a form 

to 𝐹𝐹[𝜌𝜌(𝑟𝑟)] and the total energy can be expressed:  

𝐸𝐸[𝜌𝜌(𝑟𝑟)] = 𝐹𝐹[𝜌𝜌(𝑟𝑟)] + 𝐸𝐸𝑒𝑒𝑥𝑥𝑥𝑥[𝜌𝜌(𝑟𝑟)] = 𝑇𝑇𝑠𝑠[𝜌𝜌(𝑟𝑟)] + 𝐽𝐽[𝜌𝜌(𝑟𝑟)] + 𝐸𝐸𝑥𝑥𝑥𝑥[𝜌𝜌(𝑟𝑟)] + 𝐸𝐸𝑒𝑒𝑥𝑥𝑥𝑥[𝜌𝜌(𝑟𝑟)] (2.11), 

here, 𝑇𝑇𝑠𝑠[𝜌𝜌(𝑟𝑟)] represents the kinetic energy of the system in the absence of electron-elec-

tron interactions, 𝐽𝐽[𝜌𝜌(𝑟𝑟)] denotes the classical Coulomb energy, and 𝐸𝐸𝑥𝑥𝑥𝑥[𝜌𝜌(𝑟𝑟)] repre-

sents the exchange-correlation energy. The terms in Eq. 2.11 can be respectively defined 

as: 

 𝑇𝑇𝑠𝑠[𝜌𝜌(𝑟𝑟)] = � � 𝑑𝑑𝑟𝑟𝜙𝜙𝑟𝑟
∗(𝑟𝑟)(−

ħ2

2𝑚𝑚

𝑁𝑁

𝑖𝑖=1

∇2) + 𝜙𝜙𝑖𝑖(𝑟𝑟) (2.12), 

 𝐸𝐸𝑒𝑒𝑥𝑥𝑥𝑥[𝜌𝜌(𝑟𝑟)] = � 𝑑𝑑𝑟𝑟 𝑉𝑉𝑒𝑒𝑥𝑥𝑥𝑥 𝜌𝜌(𝑟𝑟)(𝑟𝑟) (2.13), 
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 𝐽𝐽[𝜌𝜌(𝑟𝑟)] = −
1
2

� 𝑑𝑑𝑟𝑟 � 𝑑𝑑𝑟𝑟′ 𝜌𝜌(𝑟𝑟)𝜌𝜌(𝑟𝑟′)
|𝑟𝑟 − 𝑟𝑟′|

 (2.14), 

 𝐸𝐸𝑥𝑥𝑥𝑥[𝜌𝜌(𝑟𝑟)] = 𝑇𝑇[𝜌𝜌(𝑟𝑟)] − 𝑇𝑇𝑠𝑠[𝜌𝜌(𝑟𝑟)] + 𝑉𝑉𝑒𝑒𝑒𝑒[𝜌𝜌(𝑟𝑟)] − 𝐽𝐽[𝜌𝜌(𝑟𝑟)] (2.15). 

Note that, Eq. 2.10 and 2.13 are actually the same and added here just for conven-

ience. Now, by varying the functional form of the energy with respect to the density func-

tion 𝜌𝜌(𝑟𝑟), which in turn implies varying the 𝜙𝜙𝑖𝑖(𝑟𝑟) orbitals, usually expanded in a con-

venitent basis set, the Kohn-Sham equations are derived: 

 (𝑇𝑇�𝑠𝑠 + 𝑉𝑉�𝑒𝑒𝑒𝑒𝑒𝑒)𝜙𝜙𝑖𝑖(𝑟𝑟) = 𝜀𝜀𝑖𝑖𝜙𝜙𝑖𝑖(𝑟𝑟) (2.16), 

in which, 

 𝑉𝑉𝑒𝑒𝑒𝑒𝑒𝑒(𝑟𝑟) = 𝑉𝑉𝑒𝑒𝑥𝑥𝑥𝑥(𝑟𝑟) + 𝑒𝑒2 �
𝜌𝜌(𝑟𝑟′)

|𝑟𝑟 − 𝑟𝑟′|
𝑑𝑑𝑟𝑟′ +

𝛿𝛿𝐸𝐸𝑋𝑋𝑋𝑋

𝛿𝛿𝜌𝜌(𝑟𝑟) (2.17), 

where 𝑉𝑉𝑒𝑒𝑒𝑒𝑒𝑒(𝑟𝑟) is the local effective potential, 𝑉𝑉𝑒𝑒𝑥𝑥𝑥𝑥(𝑟𝑟) is the potential energy of attraction 

of the nucleus to the electron, and the last two terms represent the electron-electron Cou-

lomb interaction and the exchange-correlation energy. 

The Kohn-Sham equations are solved iteratively using a self-consistent field 

method, where initial guessed 𝜙𝜙𝑖𝑖(𝑟𝑟) are refined until the energy difference between iter-

ations meets a specified accuracy threshold, demonstrating calculation convergence. In 

principle, the Kohn-Sham method is accurate, with the primary challenge being the accu-

rate determination of the exchange-correlation energy. 

2.2.4. Exchange-Correlation Functionals 

In the Kohn-Sham equations, only the exchange-correlation energy 𝐸𝐸𝑥𝑥𝑥𝑥 is approximated, 

while the other terms are determined exactly. Therefore, accurately determining 𝐸𝐸𝑥𝑥𝑥𝑥 is 

crucial for improving the precision of DFT. The main approximations for 𝐸𝐸𝑥𝑥𝑥𝑥 include the 

Local Density Approximation (LDA)14 and the Generalized Gradient Approximation 

(GGA).15 The family of density functional is growing with meta-GGA, hybrid, double 

hybrid and range separated approaches reported in the literature.16 These, however, as 

they are not best suited for the system under studies in this PhD thesis, yet they are suit-

able for other materials, e.g. in spin cross-over materials17 and semiconductors,18 will not 

be further commented here. 

The LDA was proposed by Kohn and Sham based on the homogeneous electron 

gas model.19 When the number of electrons N and the volume V of the electron gas ap-

proach infinity, the electron density 𝜌𝜌 becomes a finite value, and remains constant at all 
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points in space, which is known as the LDA model. In LDA, the exchange-correlation 

energy can be expressed as:  

 𝐸𝐸𝑥𝑥𝑥𝑥
𝐿𝐿𝐿𝐿𝐴𝐴[𝜌𝜌(𝑟𝑟)] = � 𝜌𝜌(𝑟𝑟)𝜀𝜀𝑥𝑥𝑥𝑥[𝜌𝜌(𝑟𝑟)]𝑑𝑑𝑟𝑟 (2.18), 

where, 𝜀𝜀𝑥𝑥𝑥𝑥[𝜌𝜌(𝑟𝑟)]𝑑𝑑𝑟𝑟 describes the exchange-correlation potential of a uniform non-inter-

acting electron gas with density 𝜌𝜌.  

The LDA can provide fairly accurate results, particularly when spatial variation of 

electron density in the system is small, as in metals, and this approximation is quite suit-

able. However, when the electrons in the system are highly localized, as in molecules, 

and the charge density distribution is uneven, the local density approximation becomes 

inappropriate. 

In dealing with real systems, the exchange-correlation energy can be expanded in 

terms of gradients, and the non-uniformity of the electron density in real systems can be 

accounted for. In this scenario, the introduction of a new variable, the density gradient 

∇𝜌𝜌(𝑟𝑟), giving rise to GGA, where the exchange-correlation energy becomes a functional 

of both the electron density and the gradient of the electron density. The specific expres-

sion is given by: 

 𝐸𝐸𝑥𝑥𝑥𝑥
𝐺𝐺𝐺𝐺𝐴𝐴 = � 𝜌𝜌(𝑟𝑟)𝜀𝜀𝑥𝑥𝑥𝑥[𝜌𝜌(𝑟𝑟), |∇𝜌𝜌(𝑟𝑟)]𝑑𝑑𝑟𝑟 (2.19). 

 

Comparing to LDA, GGA has significantly improved accuracy and provides more 

precise computational results, leading to widespread applications of GGA functionals 

across various fields. With ongoing developments in theoretical computational methods, 

GGA functionals have evolved into multiple forms, among which Perdew-Wang 

(PW91),20 Perdew-Burke-Ernzerhof (PBE),21 and others22-24 are widely used functionals. 

2.2.5. Including Dispersive Forces 

Dispersive Forces are essential weak intermolecular interactions that describe the attrac-

tion between neutral molecules or groups, play a critical role in various processes such as 

polymer formation, the structure of biomolecules, and the adsorption of molecules on 

solid surfaces, arising from the formation of instantaneous dipoles that, which cannot be 

accurately described by conventional DFT. Therefore, to ensure computational accuracy, 
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dispersion terms (𝐸𝐸𝑑𝑑𝑖𝑖𝑠𝑠𝑑𝑑) are added to the energies obtained from standard density func-

tional calculations 𝐸𝐸𝐿𝐿𝐹𝐹𝑇𝑇. There are many methods aimed to account for these interac-

tions.25 In the simplest one, the energy is expressed as: 

 𝐸𝐸𝑥𝑥𝑡𝑡𝑥𝑥 = 𝐸𝐸𝐿𝐿𝐹𝐹𝑇𝑇 + 𝐸𝐸𝑑𝑑𝑖𝑖𝑠𝑠𝑑𝑑 (2.20), 

 𝐸𝐸𝑑𝑑𝑖𝑖𝑠𝑠𝑑𝑑 = − � 𝑓𝑓(𝑟𝑟𝐴𝐴𝐵𝐵, 𝐴𝐴, 𝐵𝐵)
𝐴𝐴,𝐵𝐵

𝐶𝐶6
𝐴𝐴𝐵𝐵

𝑟𝑟𝐴𝐴𝐵𝐵
6  (2.21). 

Here, 𝐶𝐶6
𝐴𝐴𝐵𝐵 is dispersion coefficient of element pairs A and B, 𝑟𝑟𝐴𝐴𝐵𝐵

6  is the intermolec-

ular distance between element pairs A and B, and 𝑓𝑓(𝑟𝑟𝐴𝐴𝐵𝐵, 𝐴𝐴, 𝐵𝐵) is a damping function that 

is equal to one for large 𝑟𝑟 and decreases 𝐸𝐸𝑑𝑑𝑖𝑖𝑠𝑠𝑑𝑑 to zero, or to a constant for small 𝑟𝑟. Grimme 

and coworkers,26-28 in accordance with the described framework, pioneered the develop-

ment of the semi-empirical correction DFT-D approach, which, once parameterized, 

yields highly reliable results with negligible computational cost. DFT-D encompasses 

both DFT-D2 and DFT-D3, two widely employed known for their broad applicability and 

high accuracy. This PhD thesis employs the GGA-PBE functional, supplemented by the 

DFT-D3 correction.  

2.3. Handling Periodic Systems 

This PhD thesis focuses primarily on crystalline solids, defined by their periodically or-

dered atomic structure. This periodicity allows to focus on a portion of the system, known 

as the unit cell, which, when translated in three-dimensional space, reproduces the entire 

solid. The unit cell contains a certain number of atoms, known as the atomic basis. The 

Schrödinger equation only needs to be solved for the atoms within the unit cell, provided 

that the wave function or electron density remains invariant when a translation operator 

is applied. The lattice is defined by the three vectors of the unit cell (𝑎𝑎𝑖𝑖), from which the 

translation operator (𝑇𝑇�) is constructed: 

 𝑇𝑇� = 𝑛𝑛1𝑎𝑎�1 + 𝑛𝑛2𝑎𝑎�2 + 𝑛𝑛3𝑎𝑎�3 (2.22), 

where 𝑛𝑛1, 𝑛𝑛2, and 𝑛𝑛3 are integers. The infinite array of discrete points obtained from Eq. 

2.22 is called the Bravais lattice. While there are infinite ways to construct a unit cell that 

describes a periodic solid, the smallest and irreducible unit cell is unique and is called the 

primitive cell. Common types of unit cells include cubic, body-centered cubic (bcc), face-

centered cubic (fcc), and hexagonal close packed (hcp), as shown in Figure 2.1.  
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Figure 2.1. From left to right, a schematic representation of cubic, face-centered cubic (fcc), body-centered 

cubic (bcc), and hexagonal closed packed (hcp) unit cells. The red atoms form the primary framework, 

positioned at the edges and corners of the unit cells, while the blue atoms represent the internal positions 

of the corresponding atoms within the unit cells. 

The use of reciprocal space (k-space) is very convenient for analyzing periodic sys-

tems. The reciprocal lattice, a subset of points in the reciprocal space, is a mathematical 

construction used to study the properties of periodic crystalline lattices. Each lattice 𝐴𝐴 =

{𝑎𝑎1, 𝑎𝑎2, 𝑎𝑎3} has a corresponding reciprocal lattice 𝐵𝐵 = {𝑏𝑏1, 𝑏𝑏2, 𝑏𝑏3}, which satisfies the fol-

lowing relations: 

 𝑏𝑏𝑖𝑖 = 2𝜋𝜋
𝑎𝑎𝑖𝑖 × 𝑎𝑎𝑘𝑘

𝑎𝑎𝑖𝑖 ∙ (𝑎𝑎𝑖𝑖 × 𝑎𝑎𝑘𝑘)
∀𝑖𝑖,𝑖𝑖,𝑘𝑘∈ {1,2,3} (2.23), 

 𝑎𝑎𝑖𝑖 ∙ 𝑏𝑏𝑖𝑖 = (2𝜋𝜋)𝛿𝛿𝑖𝑖,𝑖𝑖 (2.24). 

Note the volume of the unit cell of the reciprocal lattice (2𝜋𝜋)3/𝑉𝑉𝑋𝑋 is inversely pro-

portional to the volume of the real space unit cell 𝑉𝑉𝑋𝑋. In addition, Bloch's theorem29 pro-

vides the theoretical framework to analyze the expansion of the wavefunction in recipro-

cal space, where the values of all observables at a certain position within the unit cell are 

the same for equivalent positions throughout the entire Bravais lattice. In a perfectly pe-

riodic crystal, the potential 𝑉𝑉(𝑟𝑟) satisfies the condition: 

 𝑇𝑇�𝑉𝑉(𝑟𝑟) = 𝑉𝑉(𝑟𝑟 + 𝑅𝑅�⃗ ) = 𝑉𝑉(𝑟𝑟) (2.25). 

This equation indicates that the potential at a point (𝑟𝑟) is identical to the potential 

at a point (𝑟𝑟 + 𝑅𝑅�⃗ ), where 𝑅𝑅�⃗  is a vector that translates 𝑟𝑟 to an equivalent point in a repli-

cated unit cell using the translation operator 𝑇𝑇� . 

Planes inside a Bravais lattice are defined by the positions of three non-collinear 

points. These planes are commonly denoted using Miller indices, which indices (hkl) are 

determined by taking the inverses of the intercepts (or using 0 if there is no intercept) of 

the planes with the reference axes in the coordinate system, and then multiplying by the 

least common multiple to obtain integers h, k, and l. This notation is used to identify 
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different crystallographic planes inside a cubic unit cell, as shown for the (100), (110), 

and (111) planes, as shown in Figure 2.2. The (100) plane indicates movement along the 

x-axis only, the (110) plane along the x-y diagonal, and the (111) plane along the x-y-z 

diagonal.  

 
Figure 2.2. From left to right, the (100), (110), and (111) crystallographic planes inside a cubic unit cell in 

the Miller indices notation. 

To describe electron density in periodic systems, an appropriate basis set is essential, 

a common choice is to use basis set of Plane Waves (PW): 

 𝜂𝜂𝑃𝑃𝑃𝑃 = 𝑒𝑒𝑖𝑖𝑘𝑘�⃗ 𝑇𝑇�⃗  (2.26), 

where the vector 𝑘𝑘�⃗  is related to the momentum �⃗�𝑝  of the plane wave by  

�⃗�𝑝 = ℏ𝑘𝑘�⃗ , and 𝑇𝑇�⃗  is any translational vector that keeps the Hamiltonian unchanged. The PW 

extend throughout space, inherently including periodic boundary conditions. However, 

many PWs are needed to describe the atomic core region, where large oscillations of the 

electron density occur which makes the methods of little use. Fortunately, since valence 

electrons primarily determine chemical and physical properties,30 while core are electrons 

almost fixed at their atomic shape, a good approximation is to treat the core electrons as 

frozen. Therefore, the all-electron potential experienced by a valence electron is replaced 

by a pseudopotential, which mimics the effect of core electrons on the valence electron 

density, and the valence electrons are then described by pseudo wavefunctions with fewer 

nodes, reducing the PW basis set size and making the overall approach useful for practical 

applications. Besides, using pseudopotentials allows for the inclusion of relativistic ef-

fects, especially for heavy atoms, without raising computational expenses, as these essen-

tially involve the core electrons. 

Finally, most studies involving solid surfaces, including the studies in this thesis, 

are typically conducted using the periodic slab model by constructing the extending unit 
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cell along the lattice vector perpendicular to the desired surface plane. Introducing a vac-

uum between the cell prevents interactions between them. The slab includes multiple 

atomic layers to accurately capture both the bulk and surface electronic properties. 

2.4. Computational Hydrogen Electrode Model 

The Computational Hydrogen Electrode (CHE) model, proposed by Nørskov et al.,31 is 

one of the basis of this PhD thesis in the study of all fundamental electrocatalytic reactions. 

This model simplifies the coupling protons and electrons, at 1 atm, 0 V, and all pH values, 

to gas-phase molecular hydrogen at equilibrium states. 

 H(aq)
+  + e– ↔ ½·H2(g)   (2.27). 

Therefore, under these conditions, the electrochemical potential of an aqueous pro-

ton-electron pair is that of ½·H2(g), instead of referencing to that of the H+ + e– pair which 

otherwise is difficult to compute. The effect of the electrode potential can also be incor-

porated into the equation with the term eU, where e is the charge of an electron and U is 

the electrode potential in V relative to the reversible hydrogen electrode (RHE), as meas-

ured potentials do not change with pH. 

 
1
2

𝜇𝜇(𝐻𝐻2) − 𝑒𝑒𝑒𝑒 = 𝜇𝜇(𝐻𝐻+ + 𝑒𝑒−)  (2.28). 

The CHE model facilitates the calculation of the Gibbs free energies for reactions 

involving proton-electron transfers, simplifying the study of electrocatalytic processes, 

thus built energy profiles for reactions involving several proton-electron transfer steps. 

2.5. Thermodynamic Approach 

To outline the reaction mechanisms, the thermodynamic approach, as extendedly em-

ployed in previous studies, has been used.32,33 The first step in outlining the reaction free 

energy profiles is to estimate the total adsorption energies of the intermediate species, 

denoted as ∆Eads
i ,  

 ∆Eads
i  = Ei/sub − (Esub + Ei) (2.29). 

where, Esub represents the substrate energy, specifically for the studied Ti3C2 MXene with 

the surface termination in thesis. Ei is the energy of the adsorbed species 𝑖𝑖 in vacuum at 

the optimized geometry. In practice, this is calculated at the Γ-point within a 9×10×11 Å3 

broken-symmetry box for appropriate orbital occupation. Ei/sub indicates the energy of the 

𝑖𝑖 moiety adsorbed on the specific substrate model also at minimum energy structure. The 

more negative ∆Eads
i  implies stronger adsorption. 
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Next, the estimate of ΔG values is based on the aforementioned CHE reference, 

where the Gibbs free energies of  H(aq)
+  + e–, and the final state ½·H2(g) are identical. Fur-

thermore, for any elementary reaction step, ΔG can be obtained as: 

 ∆G = ∆E + ∆EZPE – T·∆S (2.30), 

where ΔE accounts for the energy difference of the reaction step, ∆EZPE accounts for the 

change in Zero-Point Energy (ZPE), and ΔS is the entropy change. The ΔE term can be 

directly obtained from the optimization calculations: 

 ∆E = EAH* – EA* – ½·EH2 (2.31). 

Similarly, ∆EZPE term can be obtained as follows: 

 ∆EZPE = EAH*
ZPE – EA*

ZPE – ½·EH2
ZPE (2.32), 

where the ZPE term is derived from the computed vibrational frequencies: 

 EZPE = 1
2

∑ hνi
NMV
i=1  (2.33), 

where νi represents the vibrational frequencies of Normal Modes of Vibration (NMV), 

and h is Planck's constant. For linear molecules in vacuum, the number of NMV is 3N-5 

for a system with N atoms, whereas for other types of molecules, NMV is 3N-6. Upon 

adsorption, any molecule or atom has 3N NMV because free translations and rotations 

become restricted vibrational modes upon adsorption. Similarly, the entropy change ΔS 

can be calculated as: 

 ∆S = S AH*
  – SA*

  – ½·SH2 (2.34). 

The entropy of gas-phase molecules is obtained from the National Institute of 

Standards and Technology (NIST) webbook,34 while for adsorbed species, only vibra-

tional entropy (Svib) is considered due to the ground state character and the restriction of 

translations and rotations upon adsorption.35 Therefore, for adsorbed species: 

  S = Svib = 𝑘𝑘𝐵𝐵 � ln(1– e– ℎνi
𝑘𝑘𝐵𝐵T) 

NMV

i = 1

– � ℎνi

NMV

i = 1

(
1

e
ℎνi

𝑘𝑘𝐵𝐵T–1
) (2.35), 

where 𝑘𝑘𝐵𝐵 is Boltzmann's constant, T is the temperature. Note, however, that the estimate 

of the adsorption free energy (∆Gad) in applications in thermocatalysis such as the ethene 

hydrogenation reaction discussed in Section 3.4, ∆Gad is approximately given as in Eq. 

2.36 which is a function of the operating temperature, T, and species partial pressure, p, 
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∆𝐺𝐺𝑎𝑎𝑑𝑑(𝑇𝑇,  𝑝𝑝) ≈  [𝐸𝐸𝑥𝑥𝑡𝑡𝑥𝑥𝑎𝑎𝑒𝑒(𝑁𝑁𝑖𝑖 , 𝑁𝑁𝑀𝑀) +  𝐸𝐸(𝑁𝑁𝑖𝑖,𝑁𝑁𝑀𝑀)
𝑍𝑍𝑃𝑃𝑍𝑍 ] − 𝐸𝐸𝑥𝑥𝑡𝑡𝑥𝑥𝑎𝑎𝑒𝑒(0, 𝑁𝑁𝑀𝑀) − 𝑁𝑁𝑖𝑖[𝐸𝐸𝑖𝑖

𝑥𝑥𝑡𝑡𝑥𝑥𝑎𝑎𝑒𝑒  +  𝐸𝐸𝑖𝑖
𝑍𝑍𝑃𝑃𝑍𝑍]  − 𝑁𝑁𝑖𝑖∆𝜇𝜇𝑖𝑖(𝑇𝑇, 𝑝𝑝)   

         (2.36), 

where 𝑁𝑁𝑖𝑖 denotes the count of the adsorbed species, typically 1 in the studied system of 

Section 3.4, while 𝐸𝐸𝑖𝑖
𝑥𝑥𝑡𝑡𝑥𝑥𝑎𝑎𝑒𝑒, 𝐸𝐸(𝑁𝑁𝑖𝑖,𝑁𝑁𝑀𝑀)

𝑍𝑍𝑃𝑃𝑍𝑍  and 𝐸𝐸𝑖𝑖
𝑍𝑍𝑃𝑃𝑍𝑍respectively represent the total energy, ZPE 

contributions of the adsorbed species, and the species in vacuum. In the context of the 

study in Section 3.4, 𝐸𝐸𝑥𝑥𝑡𝑡𝑥𝑥𝑎𝑎𝑒𝑒(𝑁𝑁𝑖𝑖 , 𝑁𝑁𝑀𝑀) and 𝐸𝐸𝑥𝑥𝑡𝑡𝑥𝑥𝑎𝑎𝑒𝑒(0, 𝑁𝑁𝑀𝑀) correspond to 𝐸𝐸𝑖𝑖/𝑠𝑠𝑠𝑠𝑠𝑠  and 𝐸𝐸𝑠𝑠𝑠𝑠𝑠𝑠 , 

the total energies of the surface model with and without the adsorbed species i, respec-

tively. Furthermore, ∆𝜇𝜇𝑖𝑖(𝑇𝑇, 𝑝𝑝) represents the change in chemical potential of the ad-

sorbed species relative to the gas phase, which can be expressed using Ab Initio Thermo-

dynamics (AIT), incorporating contributions from kinetics, rotation, vibration, and elec-

tronic states: 

∆𝜇𝜇𝑖𝑖(𝑇𝑇, 𝑝𝑝) = 𝑘𝑘𝐵𝐵𝑇𝑇 �𝑙𝑙𝑛𝑛 ��2𝜋𝜋𝑚𝑚𝑖𝑖
ℎ2 �

3/2 (𝑘𝑘𝐵𝐵𝑇𝑇)5/2

𝑑𝑑𝑖𝑖
�  +  𝑙𝑙𝑛𝑛 � 𝑘𝑘𝐵𝐵𝑇𝑇

𝜎𝜎𝑖𝑖
𝑠𝑠𝑠𝑠𝑠𝑠𝐵𝐵0,𝑖𝑖

�  −  ∑ 𝑙𝑙𝑛𝑛 �1 − 𝑒𝑒𝑒𝑒𝑝𝑝 �−ℎ𝜈𝜈𝑛𝑛,𝑖𝑖
𝑘𝑘𝐵𝐵𝑇𝑇

��𝑁𝑁𝑀𝑀𝑁𝑁
𝑛𝑛=1  + 𝑙𝑙𝑛𝑛�𝐼𝐼𝑖𝑖

𝑠𝑠𝑑𝑑𝑖𝑖𝑛𝑛�� 

(2.37). 

where 𝑘𝑘𝐵𝐵 is the Boltzmann constant, 𝑚𝑚𝑖𝑖 is the mass of the ith molecule, 𝑝𝑝𝑖𝑖 is the partial 

pressure of the ith species, 𝜎𝜎𝑖𝑖
𝑠𝑠𝑠𝑠𝑚𝑚 is the symmetry number of ith molecule —2 for H2, 4 for 

C2H4, 6 for C2H6. 𝐵𝐵0,𝑖𝑖 is the rotational constant given by 𝐵𝐵0,𝑖𝑖 = ℏ2

2𝐼𝐼𝑖𝑖
 , where 𝐼𝐼𝑖𝑖 is the mo-

ment of inertia of the molecule defined as 𝐼𝐼𝑖𝑖 = ∑ 𝑚𝑚𝑎𝑎𝑎𝑎 𝑟𝑟𝑎𝑎
2, with 𝑚𝑚𝑎𝑎 being the mass of a 

atoms comprising the ith molecule and 𝑟𝑟𝑎𝑎 refers to the distance to the center of mass to the 

a atom. Each vibrational normal mode of the ith molecule is assigned by 𝜈𝜈𝑛𝑛,𝑖𝑖, while 𝐼𝐼𝑖𝑖
𝑠𝑠𝑑𝑑𝑖𝑖𝑛𝑛 

denotes the electronic spin degeneracy of the ground state. 

For molecules C2H4, C2H6, and H2 involved in catalysis as discussed in Section 3.4, 

the gas-phase references are well-defined. For radical species like C2H5 and single H at-

oms, it is convenient to express their chemical potentials as a combination of gas-phase 

species, i.e., 𝜇𝜇𝐻𝐻(𝑇𝑇, 𝑝𝑝)  = 1
2

𝜇𝜇𝐻𝐻2(𝑇𝑇, 𝑝𝑝),  so that 𝜇𝜇𝑋𝑋2𝐻𝐻5(𝑇𝑇, 𝑝𝑝)  = 𝜇𝜇𝑋𝑋2𝐻𝐻4(𝑇𝑇, 𝑝𝑝) +  1/

2 𝜇𝜇𝐻𝐻2(𝑇𝑇, 𝑝𝑝). 

Finally, in order to evaluate the experimental feasibility of synthesizing B-based 

MXene models in Section 3.3, their thermodynamic stability was investigated. Here, a 

key parameter to assess the structural stability of these conceptual electrocatalysts is the 

mean adsorption, Eads, defined as: 

 
𝐸𝐸𝑎𝑎𝑑𝑑𝑠𝑠 =

𝐸𝐸𝑛𝑛B/MXene – 𝐸𝐸MXene –  𝑛𝑛 ∗ 𝐸𝐸B

𝑛𝑛
 

(2.38). 
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Here, 𝐸𝐸𝑛𝑛B/MXene, 𝐸𝐸MXene, and 𝐸𝐸B represent the total energies of MXene with and 

without n B atoms, and the energy of isolated B atoms, respectively. To assess the ther-

modynamic stability, 𝐸𝐸𝑎𝑎𝑑𝑑𝑠𝑠 should be compared to the computed bulk cohesive energy of 

boron, Ecoh.36,37 Defining Ediff = Eads – Ecoh, it is clear that an adsorption energy stronger 

than the cohesive energy would energetically favor the presence of isolated B atoms. The 

B bulk cohesive energy was computed by optimizing the atomic structure of bulk boron 

using a 5×5×1 k-point mesh, yielding a value of -6.45 eV/atom, slightly higher than the 

experimental value of -5.81 eV/atom.38 Additionally, the stability of the catalysts was 

assessed by calculating the formation energy, Ef, considering bulk Ti, graphite, O2, and 

H2 as reactants in their standard states, the calculations for Ti and graphite followed sim-

ilar methodologies as those used for bulk boron. 

2.6. Surface Pourbaix Diagram 

The Pourbaix diagrams are crucial to determine the state of a surface under external po-

tential (U) and pH conditions.39 In MXenes, the diversity of surface terminations and 

compositions leads to combinatorial and structural complexity. Therefore, constructing 

Pourbaix diagrams aims to identify the thermodynamically most stable surface termina-

tion of studied Ti3C2 MXenes in Chapter 3.2 under the realistic working conditions of 

HER and CO2RR. 

In this thesis, H2(g) and F2(g) are used as reference substances for calculating –H and 

–F terminations at 1 bar and 298.15 K, which are based on CHE as Eq. 2.27, and Com-

putational Fluorine Electrode (CFE) as Eq. 2.39 under equilibrium conditions:  

 ½·F2(g) + e– ↔ F(aq)
–  (2.39). 

The reduction potentials used are 0 and -2.87 eV for hydrogen, U, and fluorine, UF, 

respectively.40 For –OH and –O terminations, water vapor is used as a reference at 0.035 

bar and 298.15 K, where in equilibrium with liquid water.31 Using the CHE and CFE, the 

computational Pourbaix diagram can be constructed based on the aforementioned equi-

librium conditions: 

 μ�H(aq)
+ � + μ(e–)  = G�H(aq)

+ � + G(e–) = 
1
2

G(H2
(g)) (2.40), 

 μ�F(aq)
– � – μ(e–) = G�F(aq)

– � – G(e–) = 
1
2

G(F2
(g)) (2.41), 
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where μ and G are the chemical potentials and Gibbs free energies of the specified species. 

Using these references, the formation Gibbs free energy of a given surface termination at 

zero pH and U, denoted as ΔG(0,0), is calculated as:  

 ∆G(0,0) = ∆G = ∆E + ∆EZPE – T·∆S (2.42). 

Once ΔG(0,0) is obtained, the pH and U dependent ΔG, ΔG(pH,U) can be calcu-

lated using:41,42   

 ∆G(pH,U) = ∆G(0,0)–υ�H+�kBT·ln10·pH – υ(e–)eU – υ(F–)eUF (2.43), 

where υ�H+�, υ(F–), and υ(e–) are the stoichiometric coefficients of the formation chem-

ical equation. For example, for a p(3×3) slab with 9 free surface sites, the formation of a 

surface with 3 O* and 6 F* can be represented as:  

 3·H2O + 3·F2 + 9·* → 3·O* + 6·F* + 3·H2 (2.44). 

When considering pH and U, and the presence of H+ and F– species in solution, the equa-

tion should be rewritten as:  

 3·H2O + 6·F– + 9·* → 3·O* + 6·F* + 6·H+ + 12·e– (2.45), 

where υ�H+�, υ(F–), and υ(e–) would be 6, –6, and 12, respectively. Using the above 

method, ΔG as a function of pH and U for any surface termination can be obtained. Thus, 

the relative stability of different terminations of MXenes under realistic conditions can 

be determined, with the most stable termination being the one with the lowest ΔG at given 

pH and U conditions. 

2.7. Transition State Theory 

Chemical kinetics deals with the rates of chemical reactions and how these rates are af-

fected by several factors, such as concentration and temperature among others. 

Knowledge of these rates is crucial for providing evidence on how reactions evolve and 

the mechanisms of chemical processes under different conditions. Initially, the empirical 

Arrhenius rate law43 was widely used to determine the energy barriers of reactions, but 

due to its empirical derivation, did not consider the molecular mechanisms involved. 

Later, in 1935, Eyring et al.44 formulated the Transition State Theory (TST) to explain 

the reaction rates involving elementary chemical reactions. TST assumes a special chem-

ical equilibrium between the reactants and the activated Transition State (TS) complex, 

which then decomposes to form the reaction products. This TS represents a stationary 

(null gradient) saddle point (one and only one negative eigenvalue of the Hessian matrix) 
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on the potential energy surface connecting the reactants and products.45 The energy dif-

ference between the TS and the reactants is named the activation energy, Ea, which is the 

main factor affecting the reaction rate and provides a rigorous derivation of the Arrhenius 

interpretation. 

Many algorithms have been proposed to locate TS.46,47 Here, we used the Climbing 

Image Nudged Elastic Band (CI-NEB) method.48 The NEB method is a methodology for 

finding the saddle point and minimum energy path between known reactants and products. 

This CI-NEB method works by optimizing several connected intermediate images along 

the reaction path. Each image finds the lowest possible energy while connected to the 

neighboring images by a harmonic potential. Briefly, this constrained optimization is 

achieved by adding spring forces along the band connecting the images, so the structures 

of the images do not evolve toward a minimum, as the optimization is constrained by the 

chain of springs connecting them. At the same time, the highest-energy image moves 

upward along the reaction path until the assumed transition state is found. Nevertheless, 

the structure needs to be properly characterized by explicit calculation of the vibrational 

frequencies. 

In this thesis, we calculated the transition state barriers for the thermocatalysis of 

hydrogenation reactions in Chapter 3.4. We did not calculate Proton-Coupled Electron 

Transfer (PCET) barriers in other electrochemical studies due to the lack of a dependable 

method for obtaining electrochemical barriers.49 However, when the studied systems fol-

low the Brønsted-Evans-Polanyi (BEP) relationship,50,51 one can write E = Ea + αΔH, 

where the difference in activation energy, Ea, between two reactions is proportional to the 

difference in their reaction enthalpies, E, implying that any PCET step features a latest 

transition state when endergonic, and an earliest transition state when exergonic.  

2.8. Rates Estimation 

In general, according to the Sabatier principle,52 the best catalyst should bind atoms and 

molecules with an optimum bonding strength: not too weak to activate the reactants, and 

not too strong to desorb the products. Adsorption and desorption of reactants and products 

are critical factors in catalytic processes, directly impacting reaction efficiency and selec-

tivity. Thus, apart from examining the energy changes thermodynamically, the rates of 

adsorption and desorption were also explored under various temperature and pressure 

conditions from a kinetic viewpoint through collision theory53 and TST.54  
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The non-activated adsorption rate of a species (rads) can be calculated using colli-

sion theory53 as follows: 

 𝑟𝑟𝑎𝑎𝑑𝑑𝑠𝑠 =
𝑆𝑆0 ∙ 𝑝𝑝𝑖𝑖 ∙ 𝐴𝐴

�2𝜋𝜋 ∙ 𝑚𝑚𝑖𝑖 ∙ 𝑘𝑘𝐵𝐵 ∙ 𝑇𝑇
 (2.46), 

where S0 represents the initial sticking coefficient, pi denotes the partial pressure of reac-

tants in the gas phase, and A signifies the surface area of an adsorption site, estimated by 

dividing the surface supercell area.  

The desorption rate rdes is estimated using TST,54 assuming the desorbed transition 

state is a late two-dimensional transition state, where the desorption energy ∆Edes
i  is the 

negative of the adsorption energy ∆Eads
i : 

 𝑟𝑟𝑑𝑑𝑒𝑒𝑠𝑠 = 𝑣𝑣𝑑𝑑𝑒𝑒𝑠𝑠 ∙ 𝑒𝑒𝑒𝑒 𝑝𝑝 �
∆Eads

i

𝑘𝑘𝐵𝐵 ∙ 𝑇𝑇
� ;  𝑣𝑣𝑑𝑑𝑒𝑒𝑠𝑠 =

𝑘𝑘𝐵𝐵 ∙ 𝑇𝑇
ℎ

𝑞𝑞𝑥𝑥𝑟𝑟𝑎𝑎𝑛𝑛𝑠𝑠,2𝐿𝐿
𝑔𝑔𝑎𝑎𝑠𝑠 ∙ 𝑞𝑞𝑟𝑟𝑡𝑡𝑥𝑥

𝑔𝑔𝑎𝑎𝑠𝑠 ∙ 𝑞𝑞𝑣𝑣𝑖𝑖𝑠𝑠
𝑔𝑔𝑎𝑎𝑠𝑠

𝑞𝑞𝑣𝑣𝑖𝑖𝑠𝑠
𝑎𝑎𝑑𝑑𝑠𝑠  (2.47), 

where, ∆Eads
i  is the non-ZPE corrected adsorption energy. In these rate definitions, 

ZPE is accounted for in the vibrational partition function. The pre-factor 𝑣𝑣𝑑𝑑𝑒𝑒𝑠𝑠 is given by 

various partition functions, 𝑞𝑞, which include: 

 𝑞𝑞𝑥𝑥𝑟𝑟𝑎𝑎𝑛𝑛𝑠𝑠,2𝐿𝐿
𝑔𝑔𝑎𝑎𝑠𝑠 = 𝐴𝐴 ∙ 2𝜋𝜋∙𝑚𝑚∙𝑘𝑘𝐵𝐵∙𝑇𝑇

ℎ2    (2.48), 

 

𝑞𝑞𝑣𝑣𝑖𝑖𝑠𝑠
𝑎𝑎𝑑𝑑𝑠𝑠/𝑔𝑔𝑎𝑎𝑠𝑠 = �

𝑒𝑒𝑒𝑒𝑝𝑝 �− ℎ ∙ 𝑣𝑣𝑛𝑛
2 ∙ 𝑘𝑘𝐵𝐵 ∙ 𝑇𝑇�

1 − 𝑒𝑒𝑒𝑒𝑝𝑝 �− ℎ ∙ 𝑣𝑣𝑛𝑛
𝑘𝑘𝐵𝐵 ∙ 𝑇𝑇�𝑛𝑛

 

(2.49), 

 𝑞𝑞𝑟𝑟𝑡𝑡𝑥𝑥
𝑔𝑔𝑎𝑎𝑠𝑠 =

𝑇𝑇
𝜎𝜎𝑠𝑠𝑠𝑠𝑚𝑚 ∙ 𝑇𝑇𝑟𝑟𝑡𝑡𝑥𝑥

 (2.50). 

The partition functions,  𝑞𝑞𝑥𝑥𝑟𝑟𝑎𝑎𝑛𝑛𝑠𝑠,2𝐿𝐿
𝑔𝑔𝑎𝑎𝑠𝑠 , 𝑞𝑞𝑟𝑟𝑡𝑡𝑥𝑥

𝑔𝑔𝑎𝑎𝑠𝑠, and 𝑞𝑞𝑣𝑣𝑖𝑖𝑠𝑠
𝑔𝑔𝑎𝑎𝑠𝑠 refer to the gas phase transla-

tional partition function including only 2D degrees of freedom (as the third dimension is 

the reaction coordinate for desorption), the rotational partition function, and the vibra-

tional partition function, respectively, computed in a large box. The 𝑞𝑞𝑣𝑣𝑖𝑖𝑠𝑠
𝑎𝑎𝑑𝑑𝑠𝑠 is the vibra-

tional partition function of the adsorbed molecule, where six degrees of freedom corre-

spond to frustrated rotations and translations. Finally, in the rotational partition functions 

(Eq. 2.50), Trot  is the rotational temperature of the adsorbed species.  

Furthermore, for the reaction and diffusion steps with transition state calculation, 

particularly as discussed in Section 3.4 regarding the calculation of reaction rates, 𝑟𝑟𝑖𝑖, the 

methodology follows a similar approach as outlined for the desorption rate using TST,55 

defined as: 
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𝑟𝑟𝑖𝑖 = 𝑣𝑣 ∙ 𝑒𝑒𝑒𝑒 𝑝𝑝 �−

∆𝐸𝐸𝑇𝑇𝑇𝑇

𝑘𝑘𝐵𝐵 ∙ 𝑇𝑇� ;  𝑣𝑣 =
𝑘𝑘𝐵𝐵 ∙ 𝑇𝑇

ℎ
𝑞𝑞𝑣𝑣𝑖𝑖𝑠𝑠

𝑇𝑇𝑇𝑇

𝑞𝑞𝑣𝑣𝑖𝑖𝑠𝑠
𝐼𝐼𝑇𝑇  

(2.51), 

where ∆𝐸𝐸𝑇𝑇𝑇𝑇 represents the energy barrier without zero-point energy corrections, the 

prefactor 𝑣𝑣 is determined by the partition function, which involves the vibrational parti-

tion functions of the Initial State (IS) and TS on the surface. The 𝑞𝑞𝑣𝑣𝑖𝑖𝑠𝑠
𝑇𝑇𝑇𝑇/𝐼𝐼𝑇𝑇 denotes the vi-

brational partition given by: 

 

𝑞𝑞𝑣𝑣𝑖𝑖𝑠𝑠
𝑇𝑇𝑇𝑇/𝐼𝐼𝑇𝑇 = �

𝑒𝑒𝑒𝑒𝑝𝑝 �− ℎ ∙ 𝑣𝑣𝑛𝑛
2 ∙ 𝑘𝑘𝐵𝐵 ∙ 𝑇𝑇�

1 − 𝑒𝑒𝑒𝑒𝑝𝑝 �− ℎ ∙ 𝑣𝑣𝑛𝑛
𝑘𝑘𝐵𝐵 ∙ 𝑇𝑇�𝑛𝑛

 

(2.52). 

Finally, for the studies in this thesis, these equations and definitions provide a com-

prehensive framework for obtaining adsorption, desorption, and reaction rates in terms of 

transition state theory and collision theory. 

2.9. Reaction Activity Descriptors 

In catalysis, descriptors of reaction activity are crucial concepts that help quantify and 

understand the performance and energy requirements of reactions under specific condi-

tions, such as ΔGmax, overpotential (η), and limiting potential (UL), providing essential 

perspectives for a thorough analysis of reaction activity. By utilizing these descriptors, 

we can effectively assess and compare the efficiency and feasibility of various catalytic 

reactions. 

The descriptor ΔGmax refers to the maximum free energy difference between inter-

mediate states of elementary steps, i.e., the minimum energy required for the reaction to 

reach spontaneity, which can be obtained from the Gibbs free energy profile of the reac-

tion, and serves as a primary metric for quantitatively assessing reaction activity. Typi-

cally, elementary steps with ΔGmax are Potential Determining Steps (PDS).56 

Next, the reaction limiting potential UL can be further evaluated, which is defined 

as the minimum potential required under specific reaction conditions for a particular elec-

trochemical reaction to occur spontaneously. For instance, in the context of the CO2 re-

duction reaction (CO2RR) discussed in Section 3.2, UL represents the potential at which 

each elementary electrochemical hydrogenation step becomes exergonic, indicating the 

minimum energy input necessary for the reaction to proceed. The expression is given as 

follows: 

 UL = − Δ𝐺𝐺max
𝑒𝑒

 (2.53). 
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where, generally, the smaller the limiting potential, the higher the reaction activity.  

In electrochemical processes, certain resistances, such as the internal resistance of 

the electrocatalyst and the resistance of the solvent, are unavoidable. These resistances, 

especially kinetic barriers, require the application of a greater potential. In this context, 

the concept of overpotential is introduced,57 which is the difference between the standard 

equilibrium electrode potential (UE) of a reaction (such as 0 V for hydrogen evolution 

reaction (HER); -0.24 V58 for the reduction of CO2 to CH4) and the actual potential re-

quired to drive the reaction, and can be expressed as: 

 η = UE – UL  (2.54), 

generally, the closer η is to zero, the better the catalytic performance. 

2.10. The Span Model 

The Energy Span Model (ESM)59 offers a method to quantify catalytic performance that 

surpasses traditional approaches by focusing on the free energy of reaction intermediates 

and transition states in the catalytic cycle. Compared to traditional methods, it provides a 

more intuitive and comprehensive way to understand and predict catalyst activity.60 

In the span model, the ΔGmax corresponds to the potential determining step that is 

defined as the maximum free energy difference between intermediate states i with the 

highest energy, 𝑃𝑃𝐷𝐷𝐼𝐼𝑖𝑖, and j with the lowest energy, 𝑃𝑃𝐷𝐷𝐼𝐼𝑖𝑖, expanding beyond the elemen-

tary reaction framework: 

 𝛥𝛥𝐺𝐺𝑚𝑚𝑎𝑎𝑥𝑥
𝑠𝑠𝑑𝑑𝑎𝑎𝑛𝑛 =  𝐸𝐸ℎ𝑖𝑖𝑔𝑔ℎ𝑒𝑒𝑠𝑠𝑥𝑥

𝑃𝑃𝐿𝐿𝐼𝐼𝑖𝑖 − 𝐸𝐸𝑒𝑒𝑡𝑡𝑙𝑙𝑒𝑒𝑠𝑠𝑥𝑥
𝑃𝑃𝐿𝐿𝐼𝐼𝑗𝑗  (2.55), 

when considering the Rate-Determining Transition State (RDTS), referring to the transi-

tion state with the highest energy, it significantly influences the reaction rate. Correspond-

ingly, the Rate-Determining Intermediate (RDI) is the intermediate with the lowest en-

ergy, used to determine the energy span, defined as: 

 𝐸𝐸𝑠𝑠
𝑠𝑠𝑑𝑑𝑎𝑎𝑛𝑛 =  𝐸𝐸ℎ𝑖𝑖𝑔𝑔ℎ𝑒𝑒𝑠𝑠𝑥𝑥

𝑅𝑅𝐿𝐿𝑇𝑇𝑇𝑇 − 𝐸𝐸𝑒𝑒𝑡𝑡𝑙𝑙𝑒𝑒𝑠𝑠𝑥𝑥
𝑅𝑅𝐿𝐿𝐼𝐼  (2.56). 

These metric captures the crucial energy difference that influences the overall reac-

tion thermodynamics and kinetics. For more comprehensive insights into the application 

and validity of the energy span model, additional details can be found in the existing 

literature.61-63 
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2.11. Computational Details 

In this thesis, the widely tested and popular GGA-PBE exchange-correlation functional 

was employed, as it offers an excellent balance between computational cost and accu-

racy,64 while providing sufficient precision in describing the electronic structure and re-

lated properties of two-dimensional materials.65,66 Additionally, the aforementioned D3 

approach proposed by Grimme et al.28 was used to account for interactions involving 

dispersion. The valence electron density was expanded using a plane wave basis set with 

a cutoff kinetic energy of 415 eV to ensure that the total energies converged within 

chemical accuracy below 1 kcal·mol-1 —ca. 0.04 eV.67  

During structural optimizations, the convergence of the electronic self-consistent 

field steps was controlled using a criterion of 10−5 eV, and atomic positions were relaxed 

until the forces on the atoms were below 0.01 eV·Å−1. It is important to note that, unless 

specified otherwise, all calculations were conducted taking spin polarization into account. 

The vibrational frequencies were determined by constructing and diagonalizing the 

corresponding block of the Hessian matrix, using finite differences of analytical gradients 

with step sizes of 0.03 Å as done in previous works.68,69 
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Chapter 3 
 

2D-MXenes in Advancing Electrochemical and Ther-

mal Catalysis  
 
3.1. Introduction 

The escalating challenges of climate change and resource depletion driven by the growing 

energy demand have underscored the urgent need to transition towards renewable and 

cleaner energy sources.1,2 Among various potential solutions, hydrogen (H₂) has gained 

significant attention due to its high energy density and environmentally friendly charac-

teristics.3,4 Particularly, the production of green hydrogen through the electrocatalytic 

HER using renewable sources like wind and solar energy,5 paves the way for sustainable 

energy future. Similarly, carbon dioxide (CO2) emissions are a major contribution to 

global greenhouse gas, 6   but carbon reduction technologies such as electrocatalytic 

CO2RR7 offer the possibility to convert CO₂ into useful chemicals and fuels, achieving 

carbon cycle. 

Two-dimensional MXene materials have been identified as efficient electrocata-

lysts due to their high surface area, active sites, conductivity, stability, corrosion re-

sistance, and hydrophilicity.8 However, existing research has predominantly focused on 

pristine MXenes or surfaces with full –O or –OH terminations,9- 11 overlooking the fact 

that synthesized MXenes typically are likely to exhibit mixed surface terminations. 

Therefore, we propose a comprehensive DFT study using Ti3C2 MXene, first synthesised 

in 2011,12 as MXene prototype, which is currently the most well-studied and mature 

MXene material, to investigate the influence of different surface terminations on the sta-

bility and catalytic activity of HER and CO2RR, determining the most effective surface 

composition for these crucial catalytic processes. 

The pursuit of sustainability goals also drives improvements in ammonia (NH3) 

synthesis technologies,13 as the high temperature and pressure conditions result in signif-

icant energy consumption and CO2 emissions in traditional Haber-Bosch process. 14 

Hence, alternative NH3 synthesis technologies under milder conditions, such as electro-

catalytic NRR, have emerged.15 Notably, the unique electronic structure and chemical 
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properties of boron (B) atom,16,17 which contain both occupied and vacant orbitals sim-

ultaneously, show promising potential for strong N2 fixation. Thus, introducing different 

B-doped configurations in the Ti3C2 MXene, and exploring previously unconsidered sur-

face terminations provide new insights into NRR catalytic performance. 

Lastly, hydrogenation reactions also play a vital role in numerous technological 

applications spanning from environmental treatment to petrochemical and fine chemical 

industries.18 The fundamental understanding at the atomic level of these reactions, is cru-

cial for further improvements, here taking ethene hydrogenation as an example, revealing 

the reaction mechanisms of olefin hydrogenation on Rh (111) and 2D-Mo2C pristine 

MXene (0001) surface by DFT, discussing the paired/non-paired hydrogenation mecha-

nisms behind them. 

Overall, this chapter primarily discuss MXene-based electrocatalytic reduction re-

actions (HER, CO2RR, NRR) and thermal catalytic olefin hydrogenation, providing a 

crucial scientific foundation for future energy transition and chemical engineering pro-

cesses.   
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3.2. Effect of Terminations of Hydrogen Evolution Reaction and Carbon Dioxide 

Reduction Reaction on MXenes 

3.2.1. Introduction  

Previous both theoretical and experimental studies have shown that some members of the 

MXene family have the potential to serve as catalysts for the HER19- 21 and CO2RR.22,23 

As synthesised MXenes exhibit a variety of surface functional groups Tx on the substrate 

surface, typically including pristine (no termination),24,25 a mixture of surface termina-

tions such as –O, –OH, –H and –F, or without –F,26-28 in addition, theoretical assessments 

also point out that the mixture of Tx are more energetically stable.9,29 However, compu-

tational studies almost always assumed Tx to be composed fully of –O or –OH only. For 

instance, Pandey et al. 30 investigated HER performance on fully O-terminated M2X, 

M3X2, and M4X3 using the free Gibbs energy of hydrogen adsorption at equilibrium cov-

erage as an activity descriptor. Handoko et al.10 and Chen et al.11 explored the surface 

termination of full –O and –OH moiety, respectively, and found that O-terminated 

MXenes improve the stability of reaction intermediates with coordinating hydrogen at-

oms, whereas OH-terminated MXenes show high reactivity due to the already presence 

of hydrogen atoms of –OH. These works demonstrate that to some extent, catalytic per-

formance can be affected by Tx group. Therefore, it is critical to realistically simulate the 

MXene surface terminations under HER/CO2RR working conditions of pH and applied 

potential U, and explore the roles and influence of different functional group types in the 

potential-determining steps (PDS) and reaction mechanisms. We delve into exploring the 

surface stability of the Ti3C2 MXene and the corresponding HER and CO2RR mechanism 

under working conditions in acidic solutions, where the kinetic reaction rate is higher and 

provides an abundant source of protons (H+), while also evaluating various key thermo-

dynamic and kinetic electronic property descriptors related to the intrinsic activity of elec-

trochemical HER reaction by summarizing other relevant works, as well a comprehensive 

review of the most significant advances of MXenes in CO2RR electrocatalysis, critically 

discussing the evolution and implications of the MXene models, with attention to unre-

solved research issues and future perspectives. 

This part of the thesis lead to two research articles publishing in  

Journal of Materials Chemistry A, titled “Effect of Terminations on the Hydrogen Evolu-

tion Reaction Mechanism on Ti3C2 MXene”,31 and “Surface Termination Dependent Car-
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bon Dioxide Reduction Reaction on Ti3C2 MXene”,32 and two review articles, titled  “The-

oretical Modelling of the Hydrogen Evolution Reaction on MXenes: A Critical Review” 

in Current Opinion in Electrochemistry,33 and “MXenes as Electrocatalysts for the CO2 

Reduction Reaction: Recent Advances and Future Challenges”, published in ChemElec-

troChem.34 The supporting information of research articles can be found in Appendies A 

and B, respectively, which are provided at the end of this thesis. Subsequent pages contain 

a summary of these articles. My contributions to the research articles comprise: (a) car-

rying out the DFT calculations and data treatment, (b) analysis of the calculations results, 

(c) surveying and summarizing the relevant publications, and (d) writing the initial man-

uscripts of papers and making the corresponding figures.  

3.2.2. Reaction System  

3.2.2.1. Hydrogen Evolution Reaction (HER)  

The HER at a specific electrode can be expressed35 as Eq. 3.1,  

 2H(aq)
+  + 2e– ↔ H2(g) (3.1), 

according to the CHE,36 the equilibrium can be assumed as Eq. 3.2, which is also used to 

evaluate the HER activity,  

 H(aq)
+  + e– ↔ ½·H2(g) (3.2). 

In the context of Eq. 3.2, two well-recognized general mechanisms for HER have 

been identified, namely Volmer-Heyrovsky (VH) and Volmer-Tafel (VT),37,38 as shown 

in Figure 3.1. Both involve a first electrochemical Volmer step as Eq. 3.3,  

 Volmer step: H+ + e– + * → H* (3.3); 

here, * represents an active site, H* represents adsorbed hydrogen atom on surface, and 

proton is available from aqueous medium, i.e. not from the catalyst itself. The differences 

between the two mechanisms lie in the second step, illustrated in Eqs. 3.4 and 3.5, 

 Heyrovsky step: H+ + e– + H* → * + H2 (3.4), 

 Tafel step: 2H* → * + H2 (3.5), 

where the Heyrovsky step is electrochemical, while the Tafel step is the recombination 

of two previously reduced protons.  

https://www.sciencedirect.com/journal/current-opinion-in-electrochemistry
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Figure 3.1. Schematic view of the two main HER mechanisms. The cycle with green arrows corresponds 

to the VT mechanism whereas orange arrows refer to the description of VH. Note that the first step, starting 

on the top of each cycle is the same for both VT and VH, but the formation of H2 in the VT mechanism is 

of chemical nature whereas it is an electrochemical step in the VH pathway. Picture adapted from the orig-

inal picture in Ref. 38. 

However, it should be noted that the above VH and VT mechanisms are easily ap-

plicable to common O-terminated or rare studied F-terminated MXenes, but they may not 

be suitable for OH-terminated and H-terminated MXenes, in which the adsorbed H moi-

eties is present before any above electrochemical step, and the reduction reaction may 

begin by utilizing one or two H atoms from –OH and/or –H terminations instead of start-

ing with the reduction of H+ from the aqueous medium in the VH or VT mechanisms. For 

instance, on a –OH terminated Ti3C2, the VH reaction sequence would be altered as Eqs. 

3.6-8, 

 H+ + e– + –OH* → –O* + H2* (3.6), 

 H2* → H2 + * (3.7), 

 H+ + e– + –O* → –OH* (3.8), 

where –OH* and –O* indicate the termination of –OH and –O on MXene surface, respec-

tively. Similarly, in the VT mechanism, the H2 generation can occur through the partici-

pation of two H atoms from –OH surface groups, subsequently leading to the restoration 

of –OH moieties as Eqs. 3.9-11, 

 2 · –OH* → 2 · –O* + H2* (3.9), 

 H2* → H2 + * (3.10), 
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 (2×) H+ + e– + –O* → –OH* (3.11). 

where the (2×) symbol denoted that the step happens twice. 

3.2.2.1. CO2 Reduction Reaction (CO2RR) 

Several CO2RRs involving varying electrons are present in Eqs. 3.12-15 along with their 

respective standard equilibrium potentials39 (E0), with comparison to the Reversible Hy-

drogen Electrode (RHE).  

   CO2 + 2H+ + 2e– → CO + H2O                  E0 = –0.11 V (3.12), 

              CO2 + 2H+ + 2e– → HCOOH                     E0 = –0.22 V (3.13), 

              CO2 + 6H+ + 6e– → CH3OH + 2H2O         E0 = 0.02 V (3.14), 

              CO2 + 8H+ + 8e– → CH4 + 2H2O               E0 = 0.17 V (3.15). 

In this Chapter, we focus on methane production through eight-electron reduction 

process in CO2RR. The reaction network is extensive, involving various intermediate spe-

cies and C1 products like CH2O and CH3OH,40 as depicted in Figure 3.2.  

 
Figure 3.2. Proposed CO2RR possible mechanism pathways to CH4 involving different products on 

MXenes. Picture adapted from the original picture in Ref. 40. 

Early studies often assumed that the reduction of any precursor adsorbate species 

A* occurs in a single elementary step, where an H+ and an electron e– combine to form 

AH*, as Eq. 3.16, 

 A* + H+ + e‒ → AH* (3.16). 
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However, similar to HER, the presence of –OH groups as hydrogen sources can 

alter the scenario. For instance, A* can be hydrogenated by the H atom of –OH group, 

 A* + ‒OH → AH* + ‒O (3.17), 

leaving a –O moiety in this chemical process. Subsequently, an electrochemical step can 

reduce a proton on the formed –O group, regenerating the –OH group as Eq. 3.18, 

 ‒O + H+ + e‒ → ‒OH (3.18). 

It is also worth noting that not only precursor adsorbate species A*, but also –O 

groups can serve as reduction sites for proton storage, as in Eq. 3.18, and subsequently, 

the as-formed ‒OH could participate in later hydrogenation reaction. Considering these 

various pathways provides a more comprehensive understanding of the involvement of 

surface terminations and subsequent mechanisms in the CO2RR process. 

3.2.3. Results 

3.2.3.1. Surface Terminations Stability Analysis 

The Pourbaix diagram is essential for determining surface composition information to 

identify the most thermodynamically stable surface terminations of Ti3C2(0001) MXene 

under practical working conditions of pH and U.41 Here, four different surface termina-

tion groups, –O, –OH, –H, and –F, were firstly considered in the highly symmetric top 

metal (T), bridge (B), three-fold hollow C (HC), and three-fold hollow Ti (HTi) on the 

Ti3C2 p(3×3) supercell, as shown in Figure 3.3. The results indicated that the HTi site is 

preferred for surface termination samplings. In this way, two versions of the Pourbaix 

diagram were obtained considering only full coverage of –O, –OH, –H, or –F, as shown 

in Figure 3.4. One version is for F-free synthesis, i.e., in absence of fluorine anions,42-44 

and the other regarding fluorine, for MXenes synthesized using HF or in situ HF.26,27,45 

The Pourbaix diagrams in Figure 3.4 agree with previous assessments,19,46 that the Ti3C2 

(0001) surface is generally O-terminated at positive U (with respect to the RHE reference), 

i.e. above the equilibrium line, conversely, below this line, the –OH termination is pre-

ferred, which aligns with favourable H+ reduction, in addition, –H termination becomes 

preferable only at very negative potentials. Furthermore, the –O and –OH terminations 

are very close to the equilibrium line, suggesting the possibility of existence of binary 

systems between them. Finally, it is noted that –F has a small but critical influence region 

near the equilibrium line, especially in the low pH range (up to pH = 2). Therefore, in 
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principle, binary or even ternary surface terminations should be considered to properly 

simulate the Ti3C2 (0001) surface for reduction reactions of HER and CO2RR. 

 
Figure 3.3. Top view of the Ti3C2 (0001) surface model, where brown spheres denote C atoms, and three 

different Ti layers are shown with different shades of blue, being the topmost one the darkest. High-sym-

metry sites are tagged, including top (T) and bridge (B) sites, and three-fold hollow carbon (HC) and hollow 

metal (HM) sites.31 

                     
Figure 3.4. Pourbaix diagrams for Ti3C2 MXene (0001) surface regarding fully –O, –OH, and –H termi-

nated surfaces (left), or including as well fully –F terminated surfaces (right). Regions of preferred stability 

are coloured and tagged. The blue, dashed line indicates the HER equilibrium potential using the RHE.31   

To explicitly address this issue, mixed terminations were considered, resulting in 

Pourbaix diagrams for both F-free and F-containing situations, as shown in Figure 3.5, 

confirming that in order to represent a realistic situation near the equilibrium line, mixed 

terminations have to be considered. Moreover, the –O termination above the equilibrium 

line in Figure 3.4 is actually an O-rich situation but still includes other surface groups, for 

instance, above the equilibrium line, the –O2/3OH1/3 model appears first, followed by the 

–O3/4OH1/4, and fully –O termination is found approximately 0.4 V above the equilibrium 

line. Overall, single, binary, and ternary combinations were considered, as well as differ-

ent surface compositions, for each composition, different topological structures also were 
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studied, around 450 different surface terminations, as shown in Figures S2-S7 in Appen-

dix A, making this study the most comprehensive assessment of the Ti3C2 (0001) MXene 

surface Pourbaix diagram to date.47 

      
Figure 3.5. Pourbaix diagrams for Ti3C2 MXene (0001) surface regarding all single, binary, and ternary 

surface compositions including –O, –OH, –H, and –F terminations, as well as free sites. Left image corre-

sponds to situations without any –F termination, while right image corresponds to situations when regard-

ing–F termination. The black, dashed line indicates the HER equilibrium potential with respect RHE ref-

erence.31  

Ideally, for HER, one would seek a situation close to the standard HER equilibrium 

potential of 0 V and a low pH to facilitate the reaction kinetics, and thus, the F-free models, 

–O1/3OH2/3, –O1/2OH1/2, –O2/3OH1/3, the F-containing–F1/3O1/3OH1/3 and –F3/9O4/9OH2/9 

models, are considered the most suitable and realistic. Besides these models, pristine and 

fully terminated Ti3C2 with –O, –OH, –F, and –H terminations are also included for com-

parison. Whereas for CO2RR, one would aim for the negative potential and low pH values, 

considering the typical applications of MXene-based electrocatalysts for CO2RR gener-

ating CH4 in the pH < 4 and -0.75 V < U < 0 V potential range,10,11,22, 23,48 the most suitable 

and realistic Ti3C2Tx models are F-free of –OH2/3O1/3, –OH1/2O1/2, –OH1/3O2/3, and fully 

OH-terminated, as well the F-containing –F1/3OH1/3O1/3 model. 

3.2.3.2. Electrocatalytic Mechanism of HER 

Now we focus on HER performance for the selected, representative cases (Figures 3.6-

3.7). As mentioned above, both VH and VT mechanisms take into account the possible 

involvement of hydrogen atom on H- and OH-terminated Ti3C2(0001) MXenes. There-

fore, here three possible reaction mechanisms were considered: i) H+ reduction occurring 

at –O sites followed by Heyrovsky step directly generating H2(g), named O-TER; ii) H+ 

reduction at –OH sites followed by Heyrovsky step at the as-generated –O site, named 
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OH-TER; iii) Tafel step occurring between two surface –OH groups followed by two 

consecutive Volmer steps regenerating –OH sites, denoted TER-TER.  

 
Figure 3.6. Gibbs free energy, ΔG, diagram of HER on pristine or fully –O, –OH, –F, or –H terminated 

Ti3C2 (0001) surface under standard working conditions. Solid lines represent the chemical step of the as-

generated H2 desorption, while dashed lines represent the electrochemical steps of Proton Coupled Electron 

Transfer (PCET). Inset images are side or eagle-eye views of the reaction intermediates, except of H* state 

on –H termination, which depicts a top view to better observe the H* allocation on a surface empty HC site. 

Color coding as in Fig. 1, plus H, O, and F atoms are shown as white, red, and violet spheres.31   

Firstly, pristine Ti3C2 and fully terminated samples, i.e., –O, –OH, –F and –H ter-

minated samples were studied. Figure 3.6 shows the Gibbs free energy reaction profiles 

for these five cases under standard working conditions T = 298.15 K, pH2
= 1 bar, pH = 

0, U = 0 V, where the pristine Ti3C2 exhibits excessively high reactivity, with ΔG for 

two protons under the VT mechanism being -1.09 and -1.32 eV, hence unsuitable for 

practical HER applications. On the other hand, the fully F-terminated surface signifi-

cantly diminishes the HER activity, with ΔG of 2.62 eV in the VH mechanism, highlight-

ing the detrimental effect of –F termination on electrocatalytic performance, coinciding 

with the earlier statement that the large number of –F groups imply poor electrocatalytic 

activity and selectivity.49 

However, when considering –O and –OH surface terminations, HER activity be-

comes more favourable.  The overpotential for –O termination is -0.40 V in the VH mech-

anism, but at such overpotential, Ti3C2 surface is predominantly terminated by –OH 

groups, as shown in Figure 3.4. In fact, the presence of –OH termination introduces com-

plexity to the reaction mechanism, i.e., the aforementioned ii) OH-TER and iii) TER-TER 

mechanisms. The PDS and overpotential vary accordingly, but still in line with the over-

potential of the OH-terminated phase as seen in the Pourbaix diagrams of Figure 3.4. 

Similarly, in the case of H-terminated Ti3C2 model, the first proton reduction occupies 
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the HC site, with the overpotential of -0.63 V, also close to the region of H terminations 

in the Pourbaix diagram (cf. Figure 3.4). 

In addition, it was found that the influence of mixed terminations further modulates 

HER activity, with certain combinations leading to more favourable reaction pathways 

(cf. Figure 3.7). Firstly, the F-free models were considered, especially on the –O1/2OH1/2 

model with an equal amount of –OH and –O groups, favours the OH-TER mechanism, 

making the entire process exothermic with the application of -0.23 V potential. Obviously, 

increasing the amount of –O groups favour the O-TER mechanism, while it is detrimental 

to other mechanisms involving –OH groups (i.e., OH-TER and TER-TER). In addition, 

when the –O/–OH ratio is out of balance, i.e., more –OH groups than –O groups, as the 

model of –O1/3OH2/3, the OH-TER pathway is preferred with a PDS of -0.08 V only. The 

overpotentials of these models are also well within the stability region of Pourbaix dia-

gram, see Figure 3.5. 

 
Figure 3.7. Gibbs free energy, ΔG, diagram of HER on selected binary and ternary terminations of Ti3C2 

(0001) surface combining –O, –OH, and –F moieties, at standard working conditions. Solid lines represent 

the chemical step of the as-generated H2 desorption, while dashed lines represent the electrochemical CPET 

steps. Color coding as in Figure 3.6.31   

For the F-containing models, starting from the model –F1/3O1/3OH1/3, which corre-

sponds to the most stable situation at low pH and low U, can be compared with the refer-

ence models of –O2/3OH1/3 and –O1/3OH2/3, where half of the –O groups and –OH groups 

are replaced by –F groups.  It can be observed that the stability of the O-TER observed in 

the O-rich –O2/3OH1/3 decreases, and the same occurs for OH-TER of the OH-rich model 

–O1/3OH2/3. However, for the TER-TER, the situation is not so unfavourable, with a 

chemical H recombination step involving a ∆G of 0.08 eV only, and second recovered 

Volmer step is PDS with overpotential only -0.01 V. Similarly, in the –F3/9O4/9OH2/9 

model, the ΔG of the Volmer step of the O-TER mechanism is 0.01 eV. Both of these F-
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containing models essentially consistent with the equilibrium potential of the HER as 

shown in the Pourbaix diagram (cf. Figure 3.5). 

After analysing the effect of mixed termination on several HER mechanisms, the 

competitiveness of the VT mechanism on these models were conducted, as shown in Fig-

ure 3.8. In the case of full –O termination, the two reduction steps are exothermic, but 

this termination is only stable at high U (cf. Figure 3.4). As for the binary and ternary 

cases, the VT for –O1/3OH2/3, –O1/2OH1/2 and –F1/3O1/3OH1/3 all require high overpoten-

tials, the only viable model is –O2/3OH1/3, with the U of only -0.09 V, but still not superior 

to the above VH mechanism. Thus, the VT mechanism is not preferred in any of the 

models that have been explored. Overall, –O2/3OH1/3, –F1/3O1/3OH1/3, as well as –

F3/9O4/9OH2/9 models require an almost negligible overpotential of 0.01 V, that is close to 

HER equilibrium line, highlighting the intricate relationship between surface chemistry 

and hydrogen reactivity in Ti3C2 MXene, providing valuable insights into the rational 

design of efficient electrocatalysts for HER. 

 

Figure 3.8. Gibbs free energy, ΔG, diagram of HER on selected binary and ternary terminations of Ti3C2 

(0001) surface combining –O, –OH, and –F moieties, at standard working conditions, following the stand-

ard Volmer-Tafel mechanism sequence. Solid lines represent the chemical step of the as-generated H2 de-

sorption, while dashed lines represent the electrochemical PCET steps. Color coding as in Figure 3.6.31  
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3.2.3.3. Electrocatalysis Mechanism of CO2RR 

Based on the above Pourbaix diagram analysis, the CO2RR were explored on five surface-

terminated Ti3C2Tx models, including F-free –OH2/3O1/3, –OH1/2O1/2, –OH1/3O2/3, fully 

OH-terminated, and F-containing –F1/3OH1/3O1/3 (cf. Figure 3.9). The initial challenge is 

to determine whether CO2 is adsorbed and activated on these terminated surfaces. Ac-

cording to Le Sabatier principle,50 CO2 should be moderately adsorbed—weak enough to 

avoid catalyst poisoning but strong enough to facilitate bond breaking.51 Conversely, 

products like CH4 should also be moderately adsorbed to facilitate their release and, more 

importantly, to avoid self-poisoning of the electrocatalyst by the methane product. The 

adsorption configurations and energies of CO2 are shown in Figures 3.10 and 3.11, indi-

cating that the presence of a high number of ‒O groups is detrimental to CO2 activation, 

maintaining its linear geometry, however in fully ‒OH terminated surface, aligning with 

the activation of CO2.52,53 This behaviour contrasts with the adsorption energies of CH4, 

which is physisorbed on any surface model, with Eads ranging from -0.21 to -0.27 eV. 

Notably, CO2 and CH4 adsorption energies for the ‒OH1/3O2/3 and ‒F1/3OH1/3O1/3 models 

are almost identical, as they involve very similar local environment for stabilising mole-

cules. Similarly, the adsorption/desorption rates and generated kinetic phase diagrams 

was estimated and shown in Figure 3.12, all surface models favour the CO2 reactant ad-

sorption and CH4 product release based on the working conditions of temperature (T) and 

gas pressure (p), meeting the prerequisite for reaction. Among all models, the fully ‒OH 

terminated model exhibits the strongest CO2 adsorption and CH4 desorption capabilities, 

as the surface concentration of the ‒OH moiety decreases, these differences gradually 

diminish. Additionally, in the presence of ‒F, such as in the ‒F1/3OH1/3O1/3 model, similar 

kinetic phase diagrams are obtained compared to the ‒OH2/3O1/3 model. This implies that, 

to some extent, the ‒OH and ‒F groups play similar roles, with charges of approximately 

-1 e and comparable electric fields. 
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Figure 3.9. Top (upper images) and side (lower images) views of p(3×3) Ti3C2 MXene (0001) surface with 

(a) clean surface, (b) full ‒OH, (c) ‒OH2/3O1/3, (d) ‒OH1/2O1/2 —here of p(4×4) supercell—, (e) ‒OH1/3O2/3, 

(f) ‒F1/3OH1/3O1/3 terminations. Termination H, O, and F atoms are represented by white, red, and light lilac 

spheres, respectively, while Ti and C atoms are shown as blue and brown spheres, with different levels of 

shading depending on their stacking position, with darker versions being closer to the shown surface.32  

 

 

Figure 3.10. Top views of optimal CO2 adsorption sites on Ti3C2 MXene model (0001) surface with (a) 

clean surface, (b) full ‒OH, (c) ‒OH2/3O1/3, (d) ‒OH1/2O1/2, (e) ‒OH1/3O2/3, (f) ‒F1/3OH1/3O1/3 terminations. 

Colour coding as in Fig. 1, with CO2 C and O atoms shown as orange and pink spheres, respectively.32  

 

 
Figure 3.11. Adsorption energies of CO2 and CH4, Eads, on the studied Ti3C2Tx MXene (0001) surface 

models with (a) clean surface, (b) full ‒OH, (c) ‒OH2/3O1/3, (d) ‒OH1/2O1/2, (e) ‒OH1/3O2/3, (f) ‒F1/3OH1/3O1/3 

terminations. All values are given in eV.32   
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Figure 3.12. Calculated adsorption/desorption kinetic phase diagrams for CO2 and CH4 on (a) clean surface, 

(b) full ‒OH, (c) ‒OH2/3O1/3, (d) ‒OH1/2O1/2, (e) ‒OH1/3O2/3, (f) ‒F1/3OH1/3O1/3 terminations as a function of 

the logarithm of gases pressures, p, in Pa. Coloured regions imply preference towards adsorption, while 

colourless areas represent regions where one would expect surfaces to be free of such molecules.32 

The exploration of the CO2RR electrocatalytic performance continues by extracting 

the limiting potential (UL), as it is usually considered the main indicator of electrocatalytic 

performance. This is easily determined from the Gibbs free energy reaction profiles. Ad-

ditionally, the energy cost of capturing H atom by surface –OH groups, defined as 𝐸𝐸𝐻𝐻𝑣𝑣𝑣𝑣𝑣𝑣, 

is utilized to discuss the ease of H transfer from surface –OH groups. 

 𝐸𝐸𝐻𝐻𝑣𝑣𝑣𝑣𝑣𝑣 = 𝐸𝐸𝑇𝑇𝑥𝑥−𝐻𝐻 + ½·𝐸𝐸𝐻𝐻2‒ 𝐸𝐸𝑇𝑇𝑥𝑥 (3.19), 

where 𝐸𝐸𝑇𝑇𝑥𝑥−𝐻𝐻 describes the energy of Tx-terminated MXene with H atoms but lacking one 

H atom, ½·𝐸𝐸𝐻𝐻2 represents the formation energy of a single H atom released as half of an 

H2 molecule, and 𝐸𝐸𝑇𝑇𝑥𝑥 is the energy of Tx-terminated MXene with H atoms. A more neg-

ative 𝐸𝐸𝐻𝐻𝑣𝑣𝑣𝑣𝑣𝑣 indicates weaker binding of H to the MXene surface, hence easier transfer. 

Starting with highly active –OH terminations, which, due to its high affinity for 

CO2 adsorption, leads to stable adsorbed formate (HCO2*) formation involving the trans-

fer of a H atom from a ‒OH group with an energy of 2.22 eV, as shown in Figure 3.13. It 

is important to note here that the hydrogen transfer from ‒OH groups is spontaneous and 

not designed on all models. The subsequent steps involve Proton Coupled Electron Trans-

fer (PCET) steps— often also described as Concerted Proton Electron Transfer (CPET)—, 
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where the hydrogenation of the C atom is favoured, attracting additional surface H atoms 

from vicinal –OH groups to form methylene glycol H2C(OH)2*. After H2C(OH)2* for-

mation, the second PCET regenerates the ‒OH group, with ΔG at 0.73 eV, which can 

participate again in the third PCET to form rather favourable methanol CH3OH* with ΔG 

of -1.07 eV, thermodynamically superior to CH3OH* desorption. Finally, in the fourth 

PCET, a similar scenario occurs, where the reduced proton combines with a H transfer 

from a ‒OH group to form methane CH4* and water. These four PCET steps consume 

four surface –OH groups, with subsequent steps involving the regeneration, with ΔG val-

ues of 0.45, 0.51, 0.63, and 0.85 eV, respectively. 

The synergy between solution protons and surface –OH groups significantly influ-

ence energy, reducing the formation steps of methylene glycol, methanol, and methane. 

This mechanism benefits from the low 𝐸𝐸𝐻𝐻𝑣𝑣𝑣𝑣𝑣𝑣 value of the ‒OH group, -0.56 eV, indicating 

the relative ease of capturing these surface H atoms, emphasizing the high involvement 

of H atoms of –OH groups, and suggesting that specific intermediate/molecular synthesis 

is not the PDS but rather surface regeneration, with limiting potential (UL) of -0.85 eV, 

falling within the stability region of ‒OH-terminated Ti3C2 electrocatalyst according to 

Pourbaix diagrams (cf. Figure 3.5). 

When the ‒OH groups are partially replaced by ‒O, as in the ‒OH2/3O1/3 model, the 

involvement of surface H atoms decreases, hindering the capture of surface H atoms be-

fore PCET start and the upcoming steps, as shown in Figure 3.14, consistent with the 

positive 𝐸𝐸𝐻𝐻𝑣𝑣𝑣𝑣𝑣𝑣 value of 0.12 eV. As a result, CO2 adsorption weakens, and the initial for-

mation of HCO2* occurs via first PCET with a ΔG of -0.35 eV. Then H2C(OH)2* for-

mation is promoted through subsequent PCET steps, with two H transfers from –OH and 

a PDS ΔG of 0.71 eV, and followed by the regeneration of consumed –OH groups with 

ΔG at 0.3 eV and 0.24 eV, respectively. However, proton reduction tends to occur at –O 

groups rather than at the corresponding intermediates, resulting in a ΔG of 0.61 eV, fol-

lowed by CH3OH* formation with ΔG of -1.18 eV. Then CH3OH* + H* adduct formation 

becomes the PDS with a UL of -0.84 V vs. standard hydrogen electrode (SHE), and so, 

similar to fully ‒OH termination. However, UL falls within the stability region only at 

neutral pH (Figure 3.5), although the activity is generally lower compared to acidic con-

ditions. Moreover, even if here the UL is similar to that of the full ‒OH model, the PDS 

also corresponds to a late electrochemical stage —the CH3OH* + H* adduct formation, 

instead of ‒OH regeneration—, and the mechanisms present similarities, including 
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H2C(OH)2* formation and decomposition, and CH3OH* decomposition. The main differ-

ence between both models is the involvement of both ‒OH and ‒O groups, as H donors 

and acceptors, respectively. The ‒OH may be regarded as a H reservoir, and also as a 

donor, thus having a dual functionality. 

 
Figure 3.13. Gibbs free energy, ∆G, diagram of CO2RR on fully ‒OH terminated Ti3C2 MXene, under 

standard working conditions. Blue lines represent chemical steps of as-generated H2O or CH4 desorption, 

or CO2 adsorption, while black and grey lines represent the electrochemical PCET steps under zero and 

applied U = UL calculated potential of -0.85 V vs. SHE, respectively. The ‒nH* symbols refer to how many 

H atoms have been transferred from surface ‒OH groups at the reaction stage. Bottom panels show side 

views of atomic structures of different reaction stages. Colour code is as in Figure 3.9.32 

Further increasing the ‒O/‒OH ratio, for instance as in the ‒OH1/2O1/2 model, main-

tains some similarities with the ‒OH2/3O1/3 model, as seen in Figures 3.14 and 3.15, with 

the 𝐸𝐸𝐻𝐻𝑣𝑣𝑣𝑣𝑣𝑣 value of 0.26 eV. The first CPET, coupled with H transfer from one ‒OH group, 

leads to the formation of formic acid HCOOH*, with ΔG of -0.3 eV, the second CPET 

lead to formate with ΔG = -0.11 eV, returning an H to ‒O group and reducing nearby ‒O 

groups, thus the formate stability is closely related to the presence of vicinal ‒O groups. 

After formate synthesis, the third CPET once again involves H transfer from two adjacent 
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‒OH groups and a proton reduction, resulting in H2C(OH)2*, with an energy cost of 0.41 

eV, followed again by another reduction of ‒O group with a cost of only 0.15 eV. The 

remaining reaction steps follow a similar way to the ‒OH2/3O1/3 model, where the PDS is 

the electrochemical recovery of ‒OH with a UL of -0.7 V vs. SHE. Here, ‒OH groups act 

as H-donors and ‒O groups as reservoir in proton reduction.  

 

 

 
Figure 3.14. Gibbs free energy, ∆G, diagram of CO2RR on ‒OH2/3O1/3 Ti3C2 MXene model, under standard 

working conditions and at a U = UL calculated potential of -0.84 V vs. SHE. The nH* symbols refer to how 

many H atoms have been reduced over surface ‒O groups at the given reaction stage. Bottom panels show 

side views of atomic structures of different reaction stages. Colour code is as in Figure 3.9.32 
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Figure 3.15. Gibbs free energy, ∆G, diagram of CO2RR on ‒OH1/2O1/2 Ti3C2 MXene model, under standard 

working conditions and at a U = UL calculated potential of -0.70 V vs. SHE. Colour code and notation as 

in Figure 3.13 and 3.14. Bottom panels show side views of atomic structures of different reaction stages. 

Colour code is as in Figure 3.9.32 

Increasing ‒O content further, as in the ‒OH1/3O2/3 model in Figure 3.16, the first 

CPET involves proton reduction coupled with ‒OH H transfer, forming HCOOH* with 

ΔG = 0.37 eV as PDS. The second and third PCETs involve almost isoenergetic proton 

reductions on surface ‒O groups, and no more involvement of ‒OH groups, which may 

be related to the increase of 𝐸𝐸𝐻𝐻𝑣𝑣𝑣𝑣𝑣𝑣 up to 0.73 eV. The fourth PCET, forming H2C(OH)2* 

with only 0.03 eV. Following this, the reaction becomes exothermic, with proton reduc-

tion on an ‒O group and the decomposition of H2C(OH)2* to CH3OH* with ΔG of -0.5 

eV, and then the –O group and proton reduction proceed successively to form the final 

product CH4*. Overall, the reaction profile is closer to ΔG = 0 eV, with smaller energy 

fluctuations and a UL of -0.37 V vs. SHE for the first PCET forming HCOOH*. This 

model is more effective under less acidic conditions (cf. Figure 3.5), in addition, despite 

the low UL of -0.37 V, the HER UL is just -0.01 V, reducing CH4(g) selectivity. 
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Figure 3.16. Gibbs free energy, ∆G, diagram of CO2RR on ‒OH1/3O2/3 Ti3C2 MXene model, under standard 

working conditions and at a U = UL calculated potential of -037 V vs. SHE. Colour code and notation as in 

Figure 3.13 and 3.14. Bottom panels show side views of atomic structures of different reaction stages. 

Colour code is as in Figure 3.9.32 

Generally, UL decreases with decreasing ‒OH ratio, but it does not reach its mini-

mum with full ‒O termination. Studies by Handoko et al.10 on Ti2CO2 found a higher UL 

of 0.52 V vs. RHE, similar to Morales et al.54 for Ti3C2 and Ti2C MXenes, and according 

to the Pourbaix diagram (cf. Figure 3.5), full ‒O termination at zero potential requires 

pH > 7, but alkaline conditions are not ideal for CO2RR activity.55 

Regarding the influence of –F surface groups on CO2RR performance, analysis in 

the –F1/3OH1/3O1/3 model (cf. Figure 3.17) shows similar performance to the –OH1/2O1/2 

model, as well 𝐸𝐸𝐻𝐻𝑣𝑣𝑣𝑣𝑣𝑣 value of 0.31 eV. The first PCET and nearby ‒OH H transfer form 

HCOOH* with ΔG of -0.13 eV, aligning with –OH1/2O1/2 model. The second PCET re-

generates ‒OH and is the PDS with UL at -0.51 V vs. SHE. Subsequently, in contrast to 

the –OH1/2O1/2 model, it favours forming formaldehyde CH2O*and water rather than 

H2C(OH)2*, with ΔG of 0.22 eV. The fourth PCET forms CH3OH* with a combined 
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PCET and ‒OH H transfer with ΔG of -0.78 eV, followed by ‒OH regeneration and con-

sumption to form methane forming CH4*. The –F1/3OH1/3O1/3 model is close to its stabil-

ity region (cf. Figure 3.5). The ease of reducing ‒O groups near CH3OH* alters the free 

energy reaction profile of –F1/3OH1/3O1/3 model, lowering the PDS cost relative to the ‒

OH1/2O1/2 case, and maintaining the PDS at HCOOH* formation, essentially unaffected 

by the presence of the –F groups. However, as with the ‒OH2/3O1/3 model, HER remains 

a major competitor with UL of -0.01 V.31 

Overall, a high concentration of surface ‒OH groups and surface H atoms enhances 

adsorption, stabilizes intermediates, and promotes reduction steps, thereby improving the 

activity and selectivity for electrocatalytic CO2 reduction to methane. On the other hand, 

surfaces with partial ‒OH and ‒O termination, while still active, show different reaction 

pathways and limiting potentials due to the decreased involvement of surface H atoms. 

Therefore, surface termination and the concentration of surface H atoms play a crucial 

role in the MXene electrocatalytic CO2 reduction to CH4. 

 
Figure 3.17. Gibbs free energy, ΔG, diagram of CO2RR on ‒F1/3OH1/3O1/3 Ti3C2 MXene model, under 

standard working conditions and at a U = UL calculated potential of -0.51 V vs. SHE. Notation is as in 

Figures 3.13 and 3.14. Bottom panels show side views of atomic structures of different reaction stages. 

Colour code is as in Figure 3.9.32 
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3.2.3.4 Catalytic Performance of HER/CO2RR 

The standard for a good HER activity is typically defined by |ΔGH| < 0.2 eV.19,56 The 

theoretical overpotential η can be estimated based on previous reaction profiles, which 

are included in Table 3.1 and the typical volcano plot in Figure 3.18. It is evident that 

Ti3C2 MXene with mixed termination groups exhibits better HER activity compared to 

fully terminated ones, especially in cases like O-enriched –O2/3OH1/3 and the F-terminated 

–F1/3O1/3OH1/3. The –F groups on the surface do not hinder the process, in fact, low –F 

coverage like –F1/3 can further enhance the HER process due to subtle lateral interactions 

that help preventing surface passivation caused by excessive reactivity towards H*. In-

creasing the concentration of –O groups is beneficial for HER up to a certain extent,49 

like in the case of –O2/3OH1/3, as fully O-terminated surfaces exhibit excessive reactivity 

towards H*. Additionally, compared to other materials reported in literatures, Ti3C2 

MXene with appropriate surface terminations shows promising HER catalytic perfor-

mance, potentially outperforming materials like Pt,57 MoS2,58 WS2,59 N-doped graphitic 

carbon nitride (C3N4@NG),60 and C3N.61 The optimal scenarios observed, such as mod-

els of –O2/3OH1/3, –F1/3O1/3OH1/3, and –F3/9O4/9OH2/9, indicate the potential of Ti3C2 

MXene as a prospective HER material, however, considering the presence of other stoi-

chiometries and arrangements not accounted for in this study, these findings should be 

viewed as indicative, not definitive.  

 
Table 3.1. Summary of the potential determining steps, based on the calculated ΔGH as a descriptor, on the 

explored Ti3C2 models, either pristine, or covered according to the specified terminations. The required 

overpotential, η, is specified, as well as the preferred VH or VT mechanism, specifying the subtype of path, 

either O-TER, OH-TER, or TER-TER. In the case of pristine Ti3C2, note that the strong H-affinity prevents 

any H2 formation, regardless of η.32  

Model PCET PDS Ε 𝑯𝑯𝒗𝒗𝒗𝒗𝒗𝒗 UL 

–OH 8th  ‒H* → * -0.56 -0.85 

–OH2/3O1/3 7th  CH3OH* + * → CH3OH* + H* 0.12 -0.84 

–OH1/2O1/2 6th  CH3OH* + ‒H* → CH3OH* + * 0.26 -0.70 

–OH1/3O2/3 1st CO2* → HCOOH* + ‒H* 0.73 -0.37 

–F1/3OH1/3O1/3 2nd HCOOH* + ‒H* → HCOOH* + * 0.31 -0.51 
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Figure 3.18. Volcano plot of -η vs. ΔGH on the different terminated Ti3C2 surface models, including fully 

O- and OH-terminated cases, as well as binary situations represented by the O1/3OH2/3, O1/2OH1/2, and 

O2/3OH1/3 models, and ternary ones as in the F1/3O1/3OH1/3 and F3/9O4/9OH2/9 models. In addition, references 

values for Pt, MoS2, WS2, C3N4@NG, and C3N are included for comparison.32   

Now, shifting to the performance of the studied models for CO2RR, Table 3.2 sum-

marizes the results for five studied models, where the ideal catalyst should have as small 

UL as possible for higher activity and faster CO2RR kinetics. Additionally, it is visible in 

the captured trends in Figure 3.19 that a linear relationship exists between 𝐸𝐸𝐻𝐻𝑣𝑣𝑣𝑣𝑣𝑣  and the 

‒OH/‒O ratio, with similar values for the ‒OH1/2O1/2 and ‒F1/3OH1/3O1/3 models. As the 

presence of surface ‒O groups increase, 𝐸𝐸𝐻𝐻𝑣𝑣𝑣𝑣𝑣𝑣  increases while UL values decrease. This 

can be distinguished into two regions: i) one with ‒OH as the primary surface termination 

having a quiet low UL value, and another ii) where protons are reduced on ‒O groups, and 

later transferring these H atoms, resulting in smaller UL values. The higher involvement 

of ‒O surface groups typically promote the latest PCET steps and moves the PDS to ear-

lier stages of the reaction, and the presence of ‒F groups is not inherently harmful and 

can lead to deviations in trends, lowering UL costs.62,63 Moreover, the reaction profile 

contests the traditional mechanism of solely H+ reduction upon reaction molecules, re-

vealing i) a Volmer step sequence on near ‒O groups, followed by H transfer from these 

formed ‒OH to the moiety, ii) H transfer from already existing ‒OH groups, followed by 

proton reduction on the generated ‒O groups, and iii) simultaneous hydrogenation of a 

moiety, coupling the electrochemical step of H+ reduction with H chemical transfers from 

surface ‒OH groups. In fact, the simultaneous presence of ‒OH and ‒O groups offer flex-

ibility in multiple reaction pathways, ultimately reducing reaction costs, a feature missing 

in previous work with only ‒O groups.  
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Table 3.2. Summary of the CPET PDS as well as specific electrochemical reaction step, on the explored 

surface-terminated Ti3C2 models, under CO2RR working conditions. The required UL —in V— and surface 

Ε 𝐻𝐻𝑣𝑣𝑣𝑣𝑣𝑣 —in eV— values are specified.32  

Model PCET PDS Ε 𝑯𝑯𝒗𝒗𝒗𝒗𝒗𝒗 UL 

–OH 8th  ‒H* → * -0.56 -0.85 

–OH2/3O1/3 7th  CH3OH* + * → CH3OH* + H* 0.12 -0.84 

–OH1/2O1/2 6th  CH3OH* + ‒H* → CH3OH* + * 0.26 -0.70 

–OH1/3O2/3 1st CO2* → HCOOH* + ‒H* 0.73 -0.37 

–F1/3OH1/3O1/3 2nd HCOOH* + ‒H* → HCOOH* + * 0.31 -0.51 

 

 
Figure 3.19. Plots of H-vacancy energies, 𝐸𝐸𝐻𝐻𝑣𝑣𝑣𝑣𝑣𝑣, given in eV, and minus the limiting potential, -UL, given 

in V, as a function of ‒OH group partition coefficients (χOH) with respect ‒O groups.32 

However, considering the surface stability of electrocatalysts predicted by the Pour-

baix diagram in Figure 3.5, despite some models exhibit low UL values, such as -0.37 V 

for ‒OH1/3O2/3 or -0.51 V for ‒F1/3OH1/3O1/3, their stability ranges imply that the surface 

will eventually transition to a fully ‒OH model at low pH values or react slowly under 

high pH conditions. Additionally, low –F concentration like ‒F1/3OH1/3O1/3 are not inher-

ently detrimental, as these groups can help move the PDS to earlier stages, thus reducing 

UL and reaction costs. These open the door to modulate the electrocatalyst performance 

by controlling surface ‒F content, an aspect overlooked by F-free synthesis methods.64  

Another key point implies comparing the CO2RR activity reported with other 

MXenes reported in the literatures,10,11,22,36,65-68 as shown in Figure 3.20, clearly showing 

that despite deviations from different calculation methods, UL values of MXene-based 
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electrocatalysts are generally lower than those of Cu based electrodes, typically around -

0.93 V,11,69 highlighting the potential of these materials in CO2 conversion. Lastly, it is 

noteworthy that the competition between CO2RR and HER, as shown in Figure 3.21, in-

dicates a general trend, that the smaller the UL, the lower the selectivity for CO2RR.70 In 

fact, an increase in the ‒OH/‒O ratio appears to enhance the selectivity of CO2RR, reach-

ing a maximum with the fully ‒OH model. While these models are selective for HER, 

strategies such as limiting H+ transfer rates,71-73 using non-aqueous proton donors,74,75 

restricting electron transfer rates,76,77 or modulating the magnetic moments of active sites 

can suppress HER for the ‒OH1/3O2/3 and ‒F1/3OH1/3O1/3 models.78 

 
Figure 3.20. Comparison of the methane UL from the presently studied terminated models on Ti3C2Tx 

(black dots) alongside with other values reported in the literature for MXene-based systems, and Cu as a 

reference (blue dots). All values are given in V.32 

 
Figure 3.21. Comparison of -UL for CO2RR vs. -UL for HER on the explored terminated Ti3C2Tx models. 

Values for HER are taken from literature.32 



2D-MXenes in Advancing Electrochemical and Thermal Catalysis 

 
66 

  

3.2.3.5. Future Developments  

In addition, a review of the progress of MXene as electrocatalysts for HER and CO2RR 

was conducted. MXenes have gained attention for their potential to substitute traditional 

Pt-based catalysts in HER,79,80 however, assessing and designing MXenes have been sim-

plified through experimental or theoretical descriptors.81,82 Therefore, we analysed the 

latest methods for establishing theoretical models of HER in MXenes, aiming to evaluate 

the intrinsic activity of this electrocatalytic reaction. Firstly, we propose further research 

to explore the role of mixed surface terminations under realistic conditions, as most stud-

ies have focused on specific terminations.31,32 Additionally, advanced methods such as 

explicitly incorporating solvation effects83 and using grand canonical DFT84 can reshape 

the understanding of electron transfer reactions and catalytic activity of MXene materials. 

Furthermore, the summaries of various thermodynamic, kinetic, and electronic property-

related descriptors, as well as linear scaling relationships, were discussed.19,30,46,85-87 Fi-

nally, it was indicated that machine learning88 is widely used to accelerate the discovery 

and design of catalytic materials, but its development is still ongoing. 

MXenes have attracted attention due to their higher chemical activity and selectiv-

ity, overcoming limitations of traditional metal electrocatalysts, such as copper, and po-

tentially breaking the scaling relationship between traditional reaction intermediates and 

expected products. We reviewed three generations of progress in computational descrip-

tions of CO2RR on MXenes, indicating the importance of improvements from the initial 

model of CO2 activation to different surface termination models for small UL and tunable 

selectivity. In recent years, possible methods for modulating catalytic activity and selec-

tivity were discussed, including doping, defects, supported single metal atoms, solvent 

effects, and electric field effects. However, challenges such as the realism of the model, 

accuracy of the analysis, and feasibility of synthesis still exist. A full description of the 

work done can be found in Refs. 31–34. 

3.2.4. Conclusions 

These findings, coupled with additional data and analyses presented in the research arti-

cles below, lead to the following conclusions: 

• Pourbaix diagrams were constructed to identify the stability of approximately 450 

surface terminations of MXene with variations in composition and species ratios, 

and further considering more realistic termination models under specified reduc-

tion conditions. 
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• Fully ‒O, ‒OH, ‒H, and ‒F terminations are only optimal at extreme potentials vs. 

SHE. Binary and ternary models mixing –O, –OH, and –F moieties are remarkable 

under several conditions. 

• Studies showed that the Volmer-Heyrovsky mechanism is most effective under 

various termination conditions, whereas MXene models with mixed terminations, 

as –O2/3OH1/3, –F1/3O1/3OH1/3, and –F3/9O4/9OH2/9, near the HER equilibrium line, 

exhibit minimal overpotential of 0.01 V, making them superior to fully terminated 

MXenes in HER performance.  

• Higher concentrations of –O moieties on the Ti3C2 surface result in stronger ability 

for H+ reduction in HER, with moderate bond strengths observed when –O cov-

erage is at 2/3. 

• The presence of –F groups is not detrimental, and actually contributed to favour-

ing H+ reduction, particularly when combined with higher concentrations of –O 

moieties. 

• In the CO2RR, the involvement of –OH groups on the surface of MXene as hy-

drogen donors, along with simultaneous proton reduction and –OH H transfer, can 

reduce limiting potential, UL, and energy costs, maximizing the activity for 

CO2RR.  

• A linear relationship between 𝐸𝐸𝐻𝐻𝑣𝑣𝑣𝑣𝑣𝑣and ‒OH/‒O ratio is observed, with 𝐸𝐸𝐻𝐻𝑣𝑣𝑣𝑣𝑣𝑣 in-

creasing as the presence of surface ‒O group increases, leading to a decrease in 

UL value.  

• In the –F1/3OH1/3O1/3 model, the presence of –F is harmless and can advance the 

limiting step while reducing UL. Overall, the results indicate that MXenes are 

competitive in the CO2RR compared to copper electrocatalysts. 
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3.3. Unveiling the Synergy between Surface Terminations and Boron Configuration 

in Boron-Based Ti3C2 MXenes Electrocatalysts for Nitrogen Reduction Reaction 

3.3.1. Introduction  

Gaseous nitrogen (N2) possesses strong triple bonds and is one of the most abundant ni-

trogen-containing compounds on Earth. It is extensively utilized in the chemical industry 

for the traditional Haber-Bosch process to synthesize ammonia (NH3).89,90 However, this 

process requires not only the presence of a catalyst but also high temperature (above 

350°C) and high pressure (above 150 bar), leading to significant energy consumption and 

substantial CO2 emissions.91,92 Therefore, in order to pursue long-term sustainability, 

there is active exploration of alternative ammonia synthesis technologies that operate un-

der milder conditions.93,94 

Inspired by natural biological nitrogen fixation,95 there is a strong interest in am-

monia synthesis methods that operate under moderate conditions, that is room tempera-

ture and atmospheric pressure,96,97 particularly, electrocatalytic Nitrogen Reduction Re-

action (NRR).98,99 Developing efficient and highly selective NRR electrocatalysts is of 

significant economic importance and urgency, such as utilizing MXenes as NRR catalysts, 

specifically M2C(0001) surfaces,100 can easily adsorb and dissociate N2, moreover, M3C2 

MXenes can capture, activate, and electrochemically convert N2 to NH3 with the overpo-

tentials lower 0.90 V.101 

However, these predictions are based on models involving clean, bare surfaces,31,102 

realistic scenarios require consideration of mixed terminations,34,103,104, and there is ex-

perimental evidence105 indicating that surface engineering of MXenes, especially the type 

and concentration of surface terminations, is crucial for facilitating electron transfer, sur-

face adsorption, and N2 activation. For instance, research106 has shown that an increase 

in –OH groups on the Ti3C2 MXene surface enhances NH3 production, and Ti3C2Tx 

MXene functionalized with medium- concentration –F terminations can enhance N2 ad-

sorption and activation.107 

The focus of this study remains on the earliest synthesized Ti3C2.26 The case of 

boron atom is particularly attractive,108,109 which is significant potential in N2 fixation, 

including catalysts based on g-C3N4, graphene, and two-dimensional boron sheets, and 

can also occupy the oxygen vacancies on the MXene surface to form B-doped MXene 

materials.110,111 However, previous studies112-114 have used oversimplified models, con-
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sidering B only substituting –O surface groups, without thoroughly investigating, there-

fore more detailed research proximity to terminations, configuration and quantity is nec-

essary to explore. Following earlier research on single boron MXene NRR catalysts, this 

study employs ten unique models based on Ti3C2Tx, as shown in Figure 3.22, to gain 

detailed insights into the NRR process under realistic working conditions.  

This work produced one article under review in ACS Catalysis entitled “Unveiling 

the Synergy between Surface Terminations and Boron Configuration in Boron-Based 

Ti3C2 MXenes Electrocatalysts for Nitrogen Reduction Reaction”,115 with the supporting 

information, included in Appendix C, provided at the end of this thesis. Subsequent pages 

contain a summary of this article. My contributions to this research article comprise: (a) 

Carrying out the DFT calculations and data treatment, (b) analysis of the calculations 

results, (c) surveying and summarizing the relevant publications, and (d) writing the ini-

tial manuscript of paper and making the corresponding figures. A full description of the 

work done can be found in Ref. 115. 

 
Figure 3.22. Top (upper images) and side (lower images) views of the ten models derived from the em-

ployed p(3×3) MXene supercells, including; (a) pristine Ti3C2 (0001) with the top (T), bridge (B), hollow 

carbon (HC), and hollow metal (HM) four high-symmetry sites tagged; (b) Ti3C2O (0001) with T, HC, and 

O-bridge (BO) three high-symmetry sites tagged; (c) sB@Ti3C2O8/9 (sB-O); (d) sB@Ti3C2OH8/9 (sB-OH); 

(e) aB@Ti3C2O with B on HC (aB-O); (f) aB@Ti3C2O4/9OH5/9 with B on HC (aB-HC-O4); (g) 

aB@Ti3C2O4/9OH5/9 with B on BO (aB-BO-O4); (h) aB@Ti3C2O1/3OH2/3 with B on HC (aB-HC-O3); (i) 

aB@Ti3C2O1/3OH2/3 with B on BO (aB-BO-O3); (j) aB@Ti3C2O2/9OH7/9 (aB-O2); (k) a2B@Ti3C2O (a2B-

O), and (l) a2B@Ti3C2O4/9OH5/9 (a2B-OH). H and O atoms in the termination groups are represented by 

light pink and red spheres, respectively, while the B atoms are represented by white spheres. Ti and C atoms 
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are shown as blue and brown spheres, with different levels of shading depending on their stacking position, 

with darker versions being closer to the shown surface.115 

3.3.2. The NRR Mechanisms 

In this study, a reaction network for NRR on MXene was investigated, beyond distal and 

alternating mechanisms, thus including in end-on adsorption modes, or enzymatic mech-

anism, in side-on adsorption modes.116,117 Moreover, physical adsorption is also consid-

ered as a potential step in this study, as shown in Figure 3.23. The distal mechanism 

involves Concerted Proton-Electron Transfer (CPET)36 attacking the farthest N atom 

from the catalyst surface, proceeding through subsequent CPET steps to synthesize and 

release the first NH3(g), leaving a N* adatom on the catalyst surface, which is then fully 

reduced to obtain the second NH3(g). In contrast, in the alternating mechanism, CPET 

alternates in between the two N atoms of the end-on situation. Lastly, the enzymatic mech-

anism mimics the biological mechanism of fixing N2, starting from an activated side-on 

adsorption mode, favouring an alternating pattern of CPET between two N atoms. Before 

delving into the reaction free energy, it is worth noting that in the a2B model (see Figure 

3.24) with dual active sites, NH2NH2* does not appear in the enzymatic mechanism due 

to the N–N bond cleavage during the hydrogenation of NH2NH2* to two NH2*. Addition-

ally, a hybrid scenario may occur where NHNH2* is formed during the reduction of 

NNH2*, instead of obtaining NH3(g) and N* atoms through the distal pathway, or in en-

zymatic pathway, NHNH2* is hydrogenated to NH* and NH3(g) instead of forming 

NH2NH2*. Therefore, the following will also discuss these mixed pathways that connect 

the distal, alternating, or alternating pathways. 
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Figure 3.23. Various adsorption configurations for N2 adsorption, including chemisorption and physisorp-

tion for (a) single boron and (b) B2 dimer models shown in Figure 3.22.115 

 

 
Figure 3.24. Schematic diagram of possible reaction pathways for NRR on B-based Ti3C2 MXene. The 

black, grey, and blue solid arrows represent the distal, alternating, and enzymatic pathways, respectively. 

The black dashed arrows represent the mixed pathway.115 

3.3.3. Results 

3.3.3.1. Stability of B-based MXenes 

In the case of Ti3C2O, sampling was conducted on four potential high symmetry adsorp-

tion sites118,119 (see Figure 3.22), with the HC site being the most favourable on aB-O2, 

aB-O3, and aB-O4 models, followed by the BO site. In the presence of B2 dimers (see 

Figures 3.22k and 3.22l), a semi-bridge configuration, resembling ethene, was discovered. 

The stability of each model, estimated from adsorption energy (Eads), difference between 

adsorption energy and cohesive energy (Ediff), and formation energies per atom values (Ef) 

of B, is listed in Table S1 of Appendix C, showing negative formation energies for all 

models, ranging from -0.37 eV/atom for sB-OH to -0.54 eV/atom for aB-O, indicating 

stability relative to their elemental composition. Furthermore, the Eads of B can vary sig-

nificantly, from -2.53 eV for sB-O to -7.66 eV for aB-O, where more negative Ef values 

correspond to more negative Eads values. The structural stability appears to be related to 

the arrangement of boron and variations in termination groups. For the B substitution (sB) 

model, stability increases gradually with a decrease in the number of –O groups and an 

increase in –OH groups, while for the B adsorption (aB) situation, stability decreases 

gradually. Additionally, the B adsorption site and atomic coordination have some influ-

ence on stability, with B being generally more stable in the HC site than in the BO site. 

Increasing the amount of boron (B), as in the dimer cases discussed, reduces the system 

stability. Importantly, a few cases show Eads values larger than B-bulk cohesive energy, 
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with negative Ediff values observed, particularly for aB-O, aB-HC-O4, and a2B-O, while 

the Ediff value for aB-HC-O3 is close to zero. It is evident that B adsorption favours com-

plete or large coverage by –O atoms. Additionally, the Density of States (DOS) and Pro-

jected DOS (PDOS) from Figure S2 in Appendix C indicate metallic behaviour in all 

systems, where Ti d orbitals, C, B, Tx = O, OH p orbitals, and H s orbitals are active near 

the Fermi level. However, sB and aB exhibit significant differences, with the former hav-

ing limited interaction with atomic orbitals of other elements, while the latter shows 

strong covalent mixing with –O group p orbitals in the -6 to -10 eV region. 

3.3.3.2. N2 Adsorption 

N2 adsorption is a necessary condition for NRR and can be categorized into physisorbed 

and chemisorbed scenarios. In the first case, interactions between doped B and N2 are 

negligible with little charge transfer, while chemisorption can involve end-on and side-

on structures,120 as well bridge configurations,121 as shown in Figure 3.23, along with 

adsorption energy, Bader charge, and molecular bond lengths of N2, provided in Table S2 

of Appendix C. The physisorbed (-p states) are easily identified by small Eads values rang-

ing from -0.09 eV (aB-O-p) to -0.30 eV (a2B-OH-p) with concomitant large d(BN) dis-

tances ranging from 3.26 Å (aB-O-p) to 3.51 Å (a2B-OH-p), while the d(NN) distance 

remains essentially constant at 1.12 Å, consistent with gas-phase molecular values calcu-

lated in vacuum. For chemisorbed states, interactions between N2 and active B centres 

may involve σ-donation from N2 or B back-donation to the empty 2π* molecular orbital 

of N2.122,123 Compared to aB, sB exhibits significantly stronger N2 adsorption capabilities, 

with adsorption energies ranging from -1.43 eV (sB-O-s) to -2.79 eV (sB-OH-e), con-

sistent with reported inherent N2 affinity of pristine MXenes.124 However, aB cases show 

weaker chemisorption, with adsorption energy values ranging from -0.37 eV (aB-BO-O4-

s) to -1.19 eV (aB-O2-s).  

Additionally, the structural and bonding analysis indicates that –OH environments 

and side-on adsorption modes enhance N2 interactions on the sB model, while for aB, 

when B is adsorbed at the HC site, its three sp3 hybridized orbitals and three electrons are 

utilized for –O coordination, leaving an empty sp3 orbital as a potential acceptor, making 

electron feedback less likely, thus explaining why these sites lead to physisorption. For 

a2B dimers, bridge-side-on adsorption maximizes interaction with N2, where each B has 

a free electron bonding with each N atom in the N2 molecule, ultimately weakening the 

molecular bond. Therefore, the donation and back-donation mechanism, B electron 
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charges, and coordination modes freeing sp3 electrons play a crucial role in N2 adsorption 

and activation.  

Lastly, we compared the adsorption and desorption rates of all models and adsorp-

tion modes by kinetic phase diagrams acquired in the past,125,126 denoted as rads and rdes, 

respectively, as Figure 3.25. It can be observed that under reaction conditions at T=300 

K and 1 bar N2(g) partial pressure, many models and sites exhibit higher rads than rdes, 

especially a2B-O-bs, aB-BO-O4-e, aB-BO-O3-e, aB-O2-e, aB-O2-s, sB-O-s, sB-OH-s, sB-

O-e, and sB-OH-e; thus, in all cases, chemically bonded N2 is activated with Eads stronger 

than -0.67 eV, consistent with values in Table S2 of Appendix C, emphasizing the feasi-

bility of the sB mode over the aB mode. By correlating N2 adsorption capabilities with 

doping model stability, a2B-O is the only model with a prior kinetic stability and the 

ability to adsorb and activate N2(g). However, other related models will also be investi-

gated in the NRR Gibbs energy profiles, as these systems may be kinetically metastable 

and can capture trends and mechanism changes in the model composition.  

 
Figure 3.25. Calculated adsorption, rads, and desorption, rdes, N2 rates on studied models shown in Fig. S5 

of the SI, as a function of temperature, T, and the gas partial pressure, p, here shown for 1 bar. Black dashes 

line represents rads for end-on (e) and side-on (s), as well as bridge-end-on (b-e) and bridge-side-on (b-s) 

chemisorption, and red dashed line represents rads for physisorption.115 

3.3.3.3. NRR Reaction Free Energy Profiles 

The above possible mechanisms for NRR were analyzed to determine the most favourable 

pathway, while investigating the influence of B-doped sites (aB vs. sB), individual B at-

oms or dimers (aB vs. a2B), and the impact of nearby functional groups. The analysis 
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begins with the substitution of B scenario (sB), with –O or –OH surface groups, as de-

picted in Figure 3.26. Notably, these models exhibit an unusually strong N2 adsorption 

capability in Figure 3.25. In the sB-O model, except for the NHNH2* and final NH3* 

generation steps, all other CPET steps are exothermic, ΔGmax corresponding to the final 

last one, valued at 1.40 eV and defining the PDS, indicating the thermodynamically most 

favourable path that follows a mixed route, mainly following distal mechanism, except 

for the NHNH2* formation which correspond to alternating one. In the sB-OH model, 

NH2*→NH3* is also the PDS, with ΔGmax of 1.47 eV, following the distal mechanism 

except for the hydrogenation of the NHNH2* species, which proceeds directly to NH* 

and NH3* via a mixed pathway. Unlike the sB-O model, all steps in the sB-OH model, 

except for the NHNH2* hydrogenation step, are either endothermic or balanced. It is im-

portant to note that, as discussed for the CO2RR on the Ti3C2Tx model in above Chapter 

3.2, surface –OH groups can transfer H atoms, a feature also found in the alternating 

pathway during N2H* reduction, where an adjacent –OH group transfers its H, as shown 

in Figure 3.26, establishing a more stable intermediate NHNH2*.  

Under adsorbed B (aB) scenarios, B can be located at bridge (BO) or hollow centre 

(HC) sites, leading to potential variations in reaction pathways. In aB-O, the B atom is 

located at the HC site, as shown in Figure 3.27, the reaction sequence following N2 phy-

sisorption leads to N2H*, with a ΔG of 1.37 eV for the PDS, where B positioned at HC or 

BO almost equally. The reaction primarily proceeds via an alternating mechanism involv-

ing NHNH*, alternating between HC and BO. This is due to the addition of H leads to the 

cleavage of the N-N bond, which results in the formation of lone pairs of electrons, that 

can be used to form new covalent bonds with B, while also breaking a B-O bond and 

adopting a BO configuration. By adding new H bonds, the additional B-N bond formed is 

broken, with lone pairs of electrons of N used for new N-H bonds, followed by B return-

ing to the HC configuration to maximize bonding with surface O atoms.  
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Figure 3.26. Gibbs free energy, ΔG, diagrams of NRR on (a) sB-O (top), and (b) sB-OH (bottom), under 

standard working conditions of T = 300 K, partial gases pressures of 1 bar, pH = 0, and U = 0 V. Solid lines 

represent chemical steps such as N2(g) adsorption or as-generated NH3(g) desorption, while dashed lines 

represent CPET steps. The –H* notation implies the H transfer from surface ‒OH group. Below the reaction 

paths, side views of the atomic models for the different reaction steps are shown. N and B atoms are shown 

in light blue and white colour respectively, the H atoms of ‒OH group and the proton of CPET are repre-

sented by light pink and dark pink respectively, while the rest of the colour coding is as in Figure 3.22. 

Black numbers and symbols indicate the optimal path, while gray ones indicate non-optimal.115 
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Figure 3.27. Gibbs free energy, ∆G, diagrams of NRR on aB-O under standard working conditions of T = 

300 K, partial gases pressures of 1 bar, pH = 0, and U = 0 V. Solid lines represent chemical steps such as 

N2(g) adsorption or as-generated NH3(g) desorption, while dashed lines represent CPET steps. Below the 

reaction paths, side views of the atomic models for the different reaction steps are shown, colour-coded as 

in Figure 3.26.115 

 

 

The next model aB-O4, with 4 9�  of the surface consisting of –O groups, the rest be-

ing –OH groups. The NRR free energy reaction profile is depicted in Figure 3.28, starting 

from B at the more stable HC site. Here, the first costly step is the initial CPET forming 

N2H* in the BO mode, with a ΔG of 0.93 eV. However, by maintaining B in the BO posi-

tion and following a mixed pathway, the PDS is the final NH3* formation, similar to the 

sB model, with a ΔG of 1.19 eV.  
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Figure 3.28. Gibbs free energy, ∆G, diagrams of NRR on aB-O4 under standard working conditions of T = 

300 K, partial gases pressures of 1 bar, pH = 0, and U = 0 V. Solid lines represent chemical steps such as 

N2(g) adsorption or as-generated NH3(g) desorption, while dashed lines represent CPET steps. Below the 

reaction paths, side views of the atomic models for the different reaction steps are shown, color-coded is as 

in Figure 3.26.115 

 

As the number of nearby participating –OH groups increase as in the aB-O3 model, 

a change in the scenario is clearly seen, as depicted in Figure 3.29. Here, the initial free 

energy profile is analogous to aB-O4, starting from HC site until the formation of N2H*, 

with a ΔG of 0.52 eV. From this point on, further hydrogenation via a distal-alternating 

mixed pathway implies an adjacent –OH group simultaneously transferring a H to form 

NHNH2*, which is quite exothermic at -1.66 eV. Then the next CPET involves forming 

the first NH3(g) after NH* is left, with a ΔG of 0.37 eV, followed by formation of NH2*, 

once again highly exothermic at -1.6 eV. Then, the as-generated –O can be hydrogenated 

to recover the former –OH group, with a ΔG of 0.60 eV, and the formation of –OH groups 

from pre-existing –O groups is the costliest CPET, thereby constituting the PDS, with a 

ΔG of 0.83 eV, followed by the formation of a second NH3 molecule.  



2D-MXenes in Advancing Electrochemical and Thermal Catalysis 

 
78 

  

 
Figure 3.29. Gibbs free energy, ∆G, diagrams of NRR on aB-O3 under standard working conditions of T = 

300 K, partial gases pressures of 1 bar, pH = 0, and U = 0 V. Solid lines represent chemical steps such as 

N2(g) adsorption or as-generated NH3(g) desorption, while dashed lines represent CPET steps. Below the 

reaction paths, side views of the atomic models for the different reaction steps are shown, colour-coded and 

notation as in Figure 3.26.115  

 

Finally in the aB-O2 model, the reaction primarily occurs at the BO site, as shown 

in Figure 3.30. Initially, N2 follows an enzymatic mechanism, with further hydrogenation 

from NHNH2* resulting in a stable transition to NH2*. This initiates the distal pathway 

involving a H transfer from a neighbouring surface –OH group, with a ΔG of -2.11 eV. 

Subsequently, the as-generated –O group is compensated, and next the second NH3 mol-

ecule is formed with a ΔG of 1.14 eV. After NH3 desorption, the final CPET recovers the 

second surface –OH, which constitutes the PDS with a ΔG of 2.01 eV. Thus, for high –

OH coverage like aB-O2 and aB-O3, the involvement of surface –OH groups should be 

emphasized to modulate the reaction profile since both models involve –OH participation 

in the PDS formation. However, the results from aB-O2 suggest that an excessive amount 

of surface –OH groups is not necessary, as a moderate amount can enhance the reaction, 

as observed in aB-O3 with a ΔGmax of 0.83 eV, currently the lowest.  
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Figure 3.30. Gibbs free energy, ∆G, diagrams of NRR on aB-O2 under standard working conditions of T = 

300 K, partial gases pressures of 1 bar, pH = 0, and U = 0 V. Solid lines represent chemical steps such as 

N2(g) adsorption or as-generated NH3(g) desorption, while dashed lines represent CPET steps. Below the 

reaction paths, side views of the atomic models for the different reaction steps are shown, colour-code and 

notation are as in Figure 3.26.115 

Comparatively, at the dual adsorption B site (cf. a2B in Figure 3.31), two additional 

N2(g) adsorption modes, be and bs, are possible, as illustrated in Figure 3.23. Nonetheless, 

due to the faster N2 adsorption on a2B-O bs, as shown in Figure 3.25, the reaction free 

energy profiles were generated starting from this mode, as depicted in Figure 3.31, with 

TN representing top adsorption on a nitrogen atom and BN representing bridging adsorp-

tion between two nitrogen atoms. Here, the B2 surface dimer facilitates the enzymatic 

mechanism downhill up to NHNH2*, then the mixed shortcut reaches the distal to form 

NH* and NH2*, binding two B atoms, finalizing in the final NH3* formation with PDS at 

ΔG of 1.51 eV. Interestingly, in the a2B-OH model, the reaction pathway is more intricate. 

Despite the slight advantage of N2 bs, the high stability of the intermediate in the mixed 

path reaction along the enzymatic leads to the final NH3* formation as PDS, with ΔG of 

2.1 eV. However, it can be argued that by enabling the reaction path through alternating 

pathways on the dimer of bridge and top sites, as shown in Figure S8 of Appendix C, the 

PDS results in the NH2NH2* formation with a ΔG of 0.99 eV. Nevertheless, when all sites 

are occupied by the most favorable mechanism, thermodynamics will be larger. 
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Figure 3.31. Gibbs free energy, ∆G, diagrams of NRR on (a) a2B-O (top), and (b) a2B-OH (bottom), under 

standard working conditions of T = 300 K, partial gases pressures of 1 bar, pH = 0, and U = 0 V. Solid lines 

represent chemical steps such as N2(g) adsorption or as-generated NH3(g) desorption, while dashed lines 

represent CPET steps. TN represents adsorption on top of a nitrogen atom and TB represents adsorption on 

a bridge between two nitrogen atoms. Below the reaction paths, side views of the atomic models for the 

different reaction steps are shown. Colour code is as in Figure 3.26.115  
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3.3.3.4. Performance and NRR vs. HER 

The assessment of overall performance currently relies on the calculated ΔGmax value and 

its corresponding UL value. Figure 3.32a compares the B-doped Ti3C2Tx models as NRR 

electrocatalyst with the reference Ru (0001), which has a ΔG of -1.08 V,71 yet gained 

using the RPBE functional with no dispersion correction interactions, so one should avoid 

making clear differences for ΔG differences within the DFT standard accuracy of ca. 0.2 

eV. Nonetheless, Figure 3.32a demonstrates this clear benefit and may be extended to 

other MXene components. Additionally, HER116 is the primary competing side reaction 

for NRR, potentially reducing the Faradaic Efficiency (FE) in experiment. As shown in 

Figure 3.32b. the studied models exhibit notable differences and allow for a comparison 

between the UL of NRR, UL(NRR), and HER, UL(HER) in Figure 3.32c. The competition 

in NRR is evident, as in some cases, HER is easier to achieve than NRR on fully O-

terminated models like aB-O and a2B-O. However, for surface with mixtures of ‒O and 

‒OH groups, such as aB-O3 and aB-O4, NRR is more favourable than HER. Lastly, the 

competition between NRR and HER is more intense on substituted sB-O and sB-OH, as 

well on adsorbed aB-O2 covered by high ‒OH groups. In cases where lower UL in NRR 

relative to HER is required, and the aB-O3 scenario is optimal. Strategies to inhibit HER 

include limiting proton concentration or transfer rates,72,73 using nonaqueous proton do-

nors to inhibit hydrogen adsorption on catalysts, and providing protective layers to pre-

vent proton transfer to the surface.74,75  

Furthermore, it is worth discussing the experimental synthesis feasibility of the 

aforementioned NRR electrocatalyst candidates. The preparation of B-doped Ti3C2Tx in-

volves placing the solution in a Teflon-lined autoclave and conducting a 24-hour hydro-

thermal treatment at 180°C.127 However, previous studies122,110 have indicated that high-

temperature treatments can lead to the removal of surface ‒OH groups, posing a challenge 

when aiming for the high selective aB-O4 and best performance of aB-O3. Nevertheless, 

previous research33,47 on calculating Pourbaix diagrams has shown that the stability of 

surface terminations is a function of pH and U, where pure ‒O, ‒OH, and mixed ‒O/‒OH 

scenarios can be achieved at low pH and slightly positive, negative, and near-zero over-

potentials, thus addressing stability concerns under low pH and potential working condi-

tions. 
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Figure 3.32. (a) Comparison of UL(NRR) of the different models with respect to Ru (0001) reference, (b) 

free energy change for HER on the studied catalysts, and (c) UL(NRR) vs. UL(HER).115 

3.3.4. Conclusions 

These findings, coupled with additional data and analyses presented in the research arti-

cles below, lead to the following conclusions: 
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• The sB models have the strongest N2 adsorption capacity, followed by low-coor-

dinated aB, however, aB generally has smaller UL values compared to sB.  

• The free energy reaction profile is influenced by the simultaneous transfer of H 

atoms from adjacent surface ‒OH groups, which can stabilize reaction intermedi-

ates, thereby reducing the energy cost of the reaction. 

• A moderate amount of ‒OH groups on the catalyst surface, neither excessive nor 

too low, is beneficial for NRR performance, especially when B is in the HC site 

surrounding by ‒OH groups, i.e. aB-O3, which shows significantly higher NRR 

performance compared to cases with fully O-terminated surfaces, such as sB-O, 

aB-O, and a2B-O, as well cases with high and relatively low ‒OH coverage like 

aB-O2 and aB-O4. 

• Moreover, aB-O3 also shows competitive performance in the HER reaction. 

• According to computationally derived Pourbaix diagrams, these models are con-

sidered stable under working conditions. 
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3.4. Contrasting Metallic (Rh0) and Carbidic (2D-Mo2C MXene) Surfaces in Olefin 

Hydrogenation Provides Insights on the Origin of the Pairwise Hydrogen Addition 

3.4.1. Introduction  

Hydrogenation reactions are pivotal in heterogeneous catalysis, involving environmental 

treatment, petrochemicals, and fine chemical synthesis.128 The active sites provided by 

heterogeneous catalyst surfaces can weaken H2 bonds, leading to dissociative chemisorp-

tion and the generation of active surface H adatoms (H*).129 The catalytic hydrogenation 

of olefins, such as the widely studied example of ethene hydrogenation (C2H4(g) + H2(g) 

→ C2H6(g)), is well represented.130,131 The mechanism proposed by Horiuti and Polanyi is 

widely accepted as the main pathway for olefin hydrogenation, where H atoms added 

typically originate from different H2 molecule, hence being non-pairwise.132 However, 

various types of heterogeneous catalysts have been proven to facilitate pairwise hydrogen 

addition, where two H atoms in the hydrogenation product molecule come from the same 

H2 molecule.133  

Para-hydrogen (p-H2) is the nuclear spin isomer of H2, with the opposite spin ori-

entation of its two H atoms. When p-H2 is added in pairwise manner, to various alkenes 

or alkynes, a non-equilibrium distribution of nuclear spin states in the products leads to 

significantly enhanced NMR signals. Para-Hydrogen Induced Polarization (PHIP) is a 

method to evaluate catalyst selectivity for pairwise addition of H2, as the detected NMR 

signal enhancement is directly proportional to the pairwise selectivity. 134, 135 Various 

metal-based catalysts have been demonstrated to achieve the pairwise selectivity of sev-

eral percent by PHIP.133 These experiments involving p-H2 are generally inconsistent with 

the widely accepted Horiuti-Polanyi mechanism hypothesis implying rapid H* species 

diffusion;136 however, an alternative reaction pathway proposed by Farkas involves slow 

diffusion of H*, allowing for a pairwise addition pathway (see Figure 3.33),137 where 

both pairwise and non-pairwise hydrogen additions can theoretically follow concerted 

and stepwise mechanisms.138 

Despite these arguments, predicting (or even explaining) selectivity preference to 

the pairwise hydrogen addition pathway for a given catalytic surface remains challenging. 

To understand the relationship between the diffusion rate of H* species, energy barriers 

along the hydrogenation pathway, and the contribution of pairwise addition to the overall 

hydrogenation rate, DFT calculations were performed for the hydrogenation of ethene 

(C2H4) to ethane (C2H6) on two systems where experiments show a different pairwise 
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contribution. The first system involves a well-defined Mo2C(0001)45 MXene whereas the 

second one is the Rh(111) surface,139 both of them showing pairwise hydrogen addition, 

but in Rh (111) contributing up to 8%.  

In order to investigate the origin of the PHIP effect and ease the on-coming discus-

sion, only the stepwise mechanism was considered due to the energetics associated with 

these two mechanisms are almost identical, using a pool of diffusing H* adatoms on the 

2D-Mo2C (0001) and the Rh (111) surfaces. DFT predictions were evaluated through 

pairwise hydrogen addition experiment on propene using two-dimensional Mo2C1-x and 

Rh/TiO2 catalysts.140 The reason of selecting simpler ethene model over propene was that 

the observed H2 activation primarily originating from the electrostatic potential and metal 

charges of catalytic surface, with tiny impact on the substrate.141 Nonetheless, both ethene 

and propene are homologous olefins with a single double bond and similar reactive site,140 

and the hydrogenation rate of ethene is one order of magnitude higher than that of pro-

pene,142,143 indicating a minimal difference in activation energy barriers of only 0.06-0.1 

eV according to the Arrhenius equation. Therefore, using the simpler ethylene structure 

reduces computational complexity and time while providing results comparable to pro-

pene. Finally, the effect of surface coverage (including hydrides and alkene adsorbates) 

on the ethene hydrogenation rate was also studied.  

This work produced the publication of one research article in ACS Catalysis, titled 

“Contrasting Metallic (Rh0) and Carbidic (2D-Mo2C MXene) Surfaces in Olefin Hydro-

genation Provides Insights on the Origin of the Pairwise Hydrogen Addition”144 with the 

supporting information for can be found in Appendix D provided at the end of this thesis. 

Subsequent pages contain a summary of this article. My contributions to the research 

articles comprise: (a) Carrying out the DFT calculations and data treatment, (b) analysis 

of the calculations results, (c) surveying and summarizing the relevant publications, and 

(d) comparing computational results with experimental results. A full description of the 

work done can be found in Ref. 144.  

 
Figure 3.33. The Horiuti-Polanyi (non-pairwise) and Farkas (pairwise) hydrogen addition mechanisms.144 
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3.4.2. Hydrogenation Mechanism 

Once the reactants are adsorbed, as far as the ethylene hydrogenation mechanism is con-

cerned, we consider the reaction steps as follows:  

 (i) H2 dissociation, ΔEdiss:  H2* + * ⇌ 2·H* (3.20), 

 (ii) First hydrogen transfer, ΔEH1st:  C2H4* + H* ⇌ C2H5* + * (3.21), 

 (iii) Second hydrogen transfer, ΔEH2nd: C2H5* + H* ⇌ C2H6* + *             (3.22). 

including also adsorption and desorption steps of H2, C2H4, and C2H6. 

3.4.3. Results 

3.4.3.1. Adsorption Energy and Rate 

Adsorption of reactants (C2H4* and H2*), products (C2H6*) and intermediates (H* and 

C2H5*) on high-symmetry sites of the ABC- or ABA-stacked 2D Mo2C(0001) and 

Rh(111) surface were evaluated, as shown in Figure S1 in Appendix D, with the optimal 

adsorption sites illustrated in Figure S2 in Appendix D. The observed H2 lowest adsorp-

tion energy on the 2D Mo2C MXene model aligns with previous reports,119 while the 

adsorption free energies of reactants and products, ΔGads, displayed in Figure 3.34, 

demonstrating that, regardless of stacking mode, except for C2H6, the ΔGads of the 2D-

Mo2C model is larger than on Rh (111). In the 2D-Mo2C model, the adsorption free en-

ergy of ABC-Mo2C is larger than ABA-Mo2C, consistent with the lower stability of ABC 

stacking compared to ABA stacking.145  

 

Figure 3.34. Adsorption free energies of H2 (assuming spontaneous dissociation into 2H*), C2H4, and C2H6 

on the ABA-Mo2C, ABC-Mo2C and Rh (111) surfaces under 1 bar of gas pressure and 250 °C or 60 °C for 

the 2D-Mo2C and Rh (111) models, respectively.144 

The calculated adsorption energies are utilized to estimate adsorption and desorp-

tion rates, further used to derive a Kinetic Phase Diagram (KPD),146 as shown in Figure 
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3.35. Considering the ease of H2* dissociation, where H2* forms 2 H* and subsequently 

desorbs, used in the KPD, the surface exhibits slightly higher affinity for C2H4 relative to 

H2. Clearly, under working conditions, reactants C2H4 and H2 (undergoing dissociation 

into 2 H*) can adsorb on all three surfaces, while C2H6 will desorb easily, which is a 

favourable characteristic for catalyst performance. The process of H2* dissociating into 2 

H* was also evaluated on the studied surfaces, with H* preferentially adsorbing on the 

HB and HM sites of ABA-Mo2C and ABC-Mo2C models, while on Rh(111), although Hfcc 

is the most stable adsorption site for H*, the adsorption energy on Hhcp is only 0.03 eV 

lower than on Hfcc (see Figure S1 in Appendix D), indicating competition between these 

two sites for H* species, with estimated dissociation barriers of 0.28 eV and 0.11 eV for 

ABA- and ABC-Mo2C models, respectively, and 0.06 eV towards neighbouring Hfcc and 

Hhcp sites, and 0.08 eV towards two neighbouring Hfcc sites on Rh (111). Therefore, H2* 

dissociation is a low-barrier step on all three surfaces, with dissociation on 2D-Mo2C 

(0001) slightly more challenging than on Rh (111). Considering the significantly stronger 

interaction of C2H4 molecule compared to H2 molecule on all three surfaces, it is foresee-

able that H2* dissociation can also occur in the presence of C2H4*, with dissociation bar-

riers of 0.19, 0.09, and 0.01 eV for ABA-, ABC-Mo2C, and Rh models, respectively. See 

Appendix D for more details. 

 

Figure 3.35. Calculated kinetic phase diagrams for H2, C2H4, and C2H6 on the (a) ABA-Mo2C, (b) ABC-

Mo2C, and (c) Rh(111) models as a function of temperature T, in K, and standard logarithmic function of 

the gas pressures, p, in Pa. Colored regions imply a preference toward adsorption, while white areas rep-

resent regions where clean surfaces are preferred.144 

3.4.3.2. Hydrogenation Mechanism Analysis 

As previously mentioned, the mechanism for the hydrogenation of olefins on heteroge-

neous catalysts involves the dissociative chemisorption of H2,147 followed by H* adatom 

diffusion148 before transferring to the unsaturated hydrocarbon. Calculations explored H* 

adatom diffusion considering the absence of C2H4*, revealing diffusion barriers Eb on the 
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ABA and ABC-Mo2C models of 0.35 eV and 0.27 eV, respectively, and on Rh (111) 

surface as 0.16 eV. These values slightly vary in the presence of C2H4*, with Eb values 

on the ABA- and ABC-Mo2C models being 0.37 eV and 0.28 eV, respectively, and on 

Rh (111) as 0.10 eV. In summary, the results indicate that the Eb for H2 dissociation is 

lower than that for H* diffusion, regardless of the presence of C2H4*. 

The energetics of the ethene hydrogenation steps were then evaluated, with the first 

step of H* transfer reaction pathway shown in Figure 3.36. On the ABC-2D-Mo2C model, 

the range of ΔE for forming C2H5* from C2H4* and H* is between 0.28 eV and 0.57 eV, 

comparable to the ΔE on Rh (111) of 0.39 eV. Similarly, the Eb range on the ABA-2D-

Mo2C model is between 0.64 eV and 0.84 eV, slightly lower than the 0.91 eV on Rh (111). 

Thus, regardless of the stacking, the first step of H* transfer from C2H4* to C2H5* is more 

favourable on 2D-Mo2C compared to Rh (111), as shown in Figure 3.37. 

 

Figure 3.36. The potential routes of the first step of the C2H4 hydrogenation reaction on (a) ABA-Mo2C-

1b, (b) ABC-Mo2C-1c, and (c) Rh-2b. See Figure S7 in Appendix D for definition of notations.144 

The second hydrogenation step converts C2H5* and H* to C2H6*, where it is slightly 

exothermic on Rh(111) by -0.10 eV with a moderate Eb of 0.55 eV. However, on the 2D-

Mo2C model, this step is endothermic, ranging from 0.86 eV to 1.32 eV, leading to higher 

Eb values ranging from 1.77 eV to 2.11 eV. The binding of C2H4* and C2H5* species is 

stronger on 2D-Mo2C, resulting in a minor change in the barrier for the first step of hy-

drogenation but making the second step considerably more challenging, leading to higher 

barriers as per the BEP relation.149 Due to the stronger adsorption of C2H4* and the lower 

energy barrier for H2 dissociation, high coverage of C2H4* and H* adatoms under reaction 

conditions can be promoted, potentially altering the energy barriers. To investigate this 

effect, we considered surface models with ¾ monolayer (ML) coverage of C2H4* or H*. 

The results indicate that a ¾ ML coverage of either C2H4* or H* has only a slight impact 

on certain steps, thus the overall reaction profile remains qualitatively unchanged, as 

shown in Figure 3.37. On Rh(111), the impact is negligible, with a decrease of 0.14 eV 
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observed under ¾ ML H* coverage. Similar effects are seen on the 2D-Mo2C model, but 

with more pronounced variations, under ¾ ML H coverage, the Eb decreases by 0.49 eV 

for ABA-Mo2C and 0.35 eV for ABC-Mo2C. However, under ¾ ML C2H4* coverage, the 

Eb increases by 0.1 eV for ABA-Mo2C but decreases by 0.53 eV for ABC-Mo2C, at-

tributed to the differences in stacking arrangements of C2H4* as Figures S11 and S12 

shown in Appendix D. Overall, ethene hydrogenation on 2D-Mo2C is more endothermic 

and has a higher reaction barrier compared to Rh (111), regardless of stacking or coverage 

of H* and C2H4*. The H* adatom diffusion barrier in the ¾ ML C2H4* model is compa-

rable to that on the uncovered surface, with the Eb variations in the 0.01 eV range, how-

ever, under ¾ ML H* coverage, the diffusion barrier values on ABA- and ABC-Mo2C 

are 0.42 eV, compared to 0.35 eV and 0.27 eV on the uncovered surface, respectively, 

more details in Table S11 in Appendix D. 

Based on the present DFT results, the relative ratio of pairwise and non-pairwise 

hydrogenation pathways can be assessed, with the latter controlled by the H* diffusion 

barrier. The ratio of diffusion rate (rdiff) to the reaction rate obtained using the span model 

(rspan), as shown in Figure 3.38, indicating that a value greater than 1 suggests H* diffu-

sion is faster than hydrogenation. The results suggest that the non-pairwise mechanism is 

expected to dominate on any model catalyst surface studied, with the possibility of the 

pairwise mechanism being more significant on the Rh (111) surface compared to the 2D-

Mo2C(0001) surface, regardless of the H* and C2H4* coverage. The precision limitation 

of ±0.2 eV for DFT is also considered, but the aforementioned trends remain unchanged. 

Furthermore, Eley-Rideal mechanism based on the concerted addition of H2, ena-

bles the direct reaction of H2 molecules in gas phase with C2H4*, thus avoiding the for-

mation of H* adatoms, that could lead to highly selective pairwise H2 addition. However, 

all computational led to high DFT energy barriers of at least 4.84, 5.12, and 2.28 eV for 

ABA- and ABC-2D-Mo2C (0001) and Rh (111) surfaces, respectively. Therefore, a com-

petitive pairwise hydrogenation mechanism following Eley-Rideal dynamics can be ruled 

out. 
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Figure 3.37. Total reaction energy profiles on the pristine (black) (0001) surfaces of (a) ABA-Mo2C and 

(b) ABC-Mo2C, and (c) Rh (111). From C2H4* + 2H* state, there are superimposed the forward paths when 

having ¾ ML H* (blue), and ¾ ML C2H4* (red). The diffusive paths of H* adatoms are shown in lighter 

shades of the respective colored traces. Note that pristine diffusive path (grey) and that of the ¾ ML C2H4* 

model (pink) essentially superimpose.144 
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Figure 3.38. Calculated ratio between the rates of H* diffusion, rdiff, and the reaction rate obtained using 

the span model energy barrier, rspan, on ABA- and ABC 2D-Mo2C (0001) surfaces, and Rh (111) surface, 

using (a) pristine surfaces, (b) a surface with coverage of ¾ ML of H* or (c) ¾ ML of C2H4. Shaded re-

gions reflect the DFT uncertainty of ±0.2 eV on the estimated energy barriers.144 

3.4.3.3. Discussion 

The selectivity of pairwise hydrogen addition evaluated through experimental NMR sig-

nal enhancement is significantly higher on Rh/TiO2 than on Mo2CTx−500, consistent with 

DFT calculations. However, quantitatively, DFT calculations predict diffusion rates to be 

4-12 orders of magnitude faster than hydrogenation reactions under typical experimental 

conditions. The significant disparity makes it challenging for any reasonable computa-

tional model refinement or associated errors to have a significant impact. Further calcu-

lations indicate that even if H2 molecules dissociate at the presence of C2H4*, the diffu-

sion of H* adatoms is notably faster than their transfer to ethene, indicating no significant 

increase in the likelihood of pairwise hydrogen addition, with the observed PHIP effect 

on the metal surface attributed to adsorbates significantly decreasing H* adatom diffusion, 

thereby favouring pairwise hydrogen addition.150 However, in this scenario, DFT calcu-

lations suggest that due to the presence of high surface coverage of co-adsorbates (¾ ML 

of H* or C2H4*), diffusion and reaction rates remain unchanged, making the presence of 

adsorbates less likely to be the determining factor for the appearance of the PHIP effect. 

Although other adsorbates (such as CH3CH=CH2*) may have a more pronounced impact 

on the rdiff/rspan ratio, the observed several orders of magnitude difference in the rdiff/rspan 

ratio during the ethene hydrogenation process in this study strongly indicates that the 

adsorbates present on the catalyst surface cannot account for the contribution to the pair-

wise hydrogenation mechanism, at least within the surface coverage range considered in 

this study. 

Therefore, alternative explanations for pairwise H2 addition need to be considered. 

Specifically, the Eley-Rideal mechanism in high pairwise selectivity, however, it was 

ruled out due to high energy barrier. Some other hydrogenation mechanisms occasionally 
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proposed here also fail to explain, as mechanisms like the Horiuti-Polanyi, would involve 

random H* adatoms.151,152 Our DFT results suggest that for a similar C2H5* + H* config-

uration, the second H* adatom is more likely to diffuse away rather than complete the 

hydrogenation cycle, implying that the substrate-assisted hydrogenation mechanism is 

non-pairwise. 

Furthermore, other experimental studies on the PHIP effect indicate that pairwise 

hydrogen addition is essentially prevalent in hydrogenations catalyzed by various heter-

ogeneous catalysts.133 Therefore, a reasonable conclusion is that these results point to-

wards the existence of additional reaction pathways inherently favor pairwise pathway, 

operating concurrently with the dominant Horiuti-Polanyi mechanism and significantly 

contributing to the overall reaction yield. When this concurrent mechanism involves the 

dissociation of H2, the migration of the generated H* species should be strongly inhibited, 

for instance in the case of molecular transition metal catalysts operating through oxidative 

addition of H2, olefin insertion, and reductive elimination steps. For Rh/TiO2, the pres-

ence of these H2 pairwise sites may be a result of the SMSI effect. When the SMSI effect 

is not available, a plausible mechanism may rely on the blocked H* adatoms diffusion 

caused by occupied sites and the simultaneous competing diffusion of many H* adatoms, 

dynamically preventing diffusion until a neighbouring site is available, a factor not con-

sidered in diffusion rate calculations. In such a scenario, there are fewer opportunities for 

H* diffusion, making it more likely for the two generated H* adatoms to be added in pairs 

to C2H4*.153 Another mechanism based on the concerted addition of H2 with the substrate 

completely avoids the formation of H* adatoms and presents reaction barriers competing 

with the Horiuti-Polanyi pathway, leading to high selectivity for pairwise H2 addition. 

Future research should explore these possibilities. 

3.4.4. Conclusions 

These findings, coupled with additional data and analyses presented in the research arti-

cles below, lead to the following conclusions: 

• DFT calculations were carried to elucidate the reaction mechanisms of ethene hy-

drogenation on well-defined model Rh (111) surface and 2D-Mo2C (0001) sur-

faces with ABC and ABA stacking. These were combined to experimental PHIP 

measurements for propene hydrogenation on 2D-Mo2C1−x and Rh/TiO2 catalysts 

to evaluate pairwise vs. non-pairwise hydrogenation mechanisms.  
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• DFT calculations and experimental observations consistently show that 2D-

Mo2C(0001) and Rh(111) can effectively catalyse the hydrogenation of ethene, 

additionally, the first H* transfer from C2H4* to form C2H5* proceeds with similar 

barriers on both systems. However, the hydrogenation of the C2H5* to C2H6* is 

more endothermic on the 2D-Mo2C(0001), and features significantly higher en-

ergy barriers than on Rh (111), regardless of the surface coverage of H* and C2H4*, 

leading to a lower rate of ethene hydrogenation on 2D-Mo2C(0001), consistent 

with experimental results. 

• Experimental evidence clearly indicates a significant contribution of the pairwise 

H2 addition, however, the widely accepted Horiuti-Polanyi mechanism in DFT 

suggests that this is less likely to occur due to the rapid diffusion of H*, as well 

the Eley-Rideal mechanism, and therefore we propose that dynamic site blocking 

could occur at higher adsorbates coverage, or that another general mechanism 

would greatly limit the H* diffusion. 
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3.5. Publications 
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Chapter 4 
 

2D-Nitrogen-Doped Graphene Supported Single Metal 

Atom Catalysts in Electrochemistry 
 
4.1. Introduction 

Downsizing bulk metal catalysts to the atomic level, specifically as Single Atom Catalysts 

(SACs), represents a cutting-edge strategy for achieving high catalytic activity and reduc-

ing costs.1,2 SACs mark a significant advancement in the field of catalysis, their unique 

properties combine the advantages of both homogeneous and heterogeneous catalysis,3,4 

making them particularly attractive for various applications. This chapter will present two 

studies that investigate the characteristics and applications of non-precious metal SACs, 

as well the role of geometric symmetry in their catalytic performance. 

The first study focuses on identifying viable non-precious metal SACs for the Ox-

ygen Reduction Reaction (ORR) in alkaline environments5 to improve the performance 

of chlor-alkali electrolysis. This research employs computational screening methods to 

evaluate various potential catalysts, aiming to find cost-effective alternatives to precious 

metal catalysts. The study highlights key parameters affecting ORR catalytic performance, 

including the binding energies of intermediates and the electronic properties of catalyst 

sites. Through theoretical calculations and experimental validation, identifying several 

non-precious metal SACs that exhibit excellent catalytic performance in alkaline envi-

ronments, offering new possibilities for practical applications. 

The second study goes beyond the traditional symmetric platinum single atom6 sup-

ported by nitrogen-doped graphene model, to explore the impact of geometric symmetry 

on the catalytic performance of SACs in the Chlorine Evolution Reaction (CER).7 It re-

veals that geometric symmetry and coordination environment significantly influence cat-

alytic performance. Moreover, using advanced spectroscopic techniques, the coordination 

structures of platinum active sites was characterized and the competitive Oxygen Eevo-

lution Reaction (OER)8 was also analysed under the same operating conditions, demon-

strating the exceptional catalytic performance of SACs in CER and provides a profound 

understanding of their coordination characteristics. 
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These studies emphasize the importance of designing efficient SACs. By exploring 

non-precious metal alternatives and the geometric factors affecting precious metal cata-

lysts, a comprehensive understanding of the factors driving catalytic performance were 

provided, paving the way for the development of more efficient and cost-effective indus-

trial application catalysts. 
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4.2. Computationally Screening Non-Precious Single Atom Catalysts for Oxygen Re-

duction in Alkaline Media 

4.2.1. Introduction  

The chlor-alkali industry aims to produce chlorine gas, sodium hydroxide, and/or potas-

sium hydroxide through the electrolysis of saltwater solutions, ranking as the second-

largest electrochemical process after the Hall-Héroult process used in aluminum produc-

tion.9-11 Unfortunately, these processes are energy-intensive, using mercury electrodes or 

asbestos-containing membranes, leading to significant environmental issues.12-14 There-

fore, advanced chlor-alkali processes,15,16 such as Oxygen Depolarized Cathodes (ODCs) 

used at the cathode of membrane electrolysis cells, promote water formation through 

ORRs instead of HERs constitute a newly developed method to reduce energy consump-

tion, which has been implemented on an industrial scale. This process offers significant 

advantages from a thermodynamic perspective compared to traditional processes with a 

decreasing of approximately 1 V in the equilibrium potential difference between the an-

ode CERs and cathode ORRs,17,18 enabling an easy achievement of 30% energy sav-

ings.19,20 To enhance the performance of chlor-alkali electrolysis, a suitable electrocata-

lyst capable of catalysing ORR in alkaline solutions (as sodium hydroxide solution) is 

required, such as carbon-supported platinum21 and silver,22 metalloporphyrins,16 phthal-

ocyanines, and perovskites.23 

In recent decades, extensive research has been conducted to replace high-activity 

but scarce and expensive platinum-based catalysts.24,25 Non-precious metal catalysts have 

garnered attention due to their promising ORR activity and low cost in electrochemical 

technologies.26,27 Among the studied catalysts,28,29 SACs involving single metal atoms 

dispersed and anchored on specific substrates have gained widespread attention for their 

high efficient and low cost performance, exhibiting high catalytic activity even in slow 

reaction kinetics like ORR. Therefore, the search for active and stable ORR SACs is in-

evitable. 

Utilizing first-principles theoretical methods to screen potential material has be-

come a powerful tool for predicting the electrocatalytic activity of ORR catalysts.30-32 

While experimental studies33,24 have extensively examined the performance of a series of 

N-doped graphene supported single non-precious metal atom (NG-SAC) in chlor-alkali 
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electrolysis, the theoretical understanding of ORR in alkaline media remains to be ad-

dressed. Thus, NG-SACs (SAC = Sc, Ti, V, Mn, Fe, Ni, Cu) for ORR activity in alkaline 

media have been explored, as shown in Figure 4.1, with Pt as a reference case.  

This work produced the publication of one research article in Catalysis Today, titled 

“Computationally screening non-precious single atom catalysts for oxygen reduction in 

alkaline media”,34 the supporting information for can be found in Appendix E, which are 

provided at the end of this thesis. Subsequent pages contain a summary of this article. My 

contributions to this research article comprise: (a) Conceptualization of reaction and for-

mal analysis, (b) methodology and data curation, (c) surveying and summarizing the rel-

evant publications, and (d) joining the initial manuscript of paper and making the corre-

sponding figure. A full description of the work done can be found in Ref. 34. 

 
Figure 4.1. Schematic representation of the model used to represent the SAC electrocatalysts used in the 

present work. Grey, blue, and orange balls denote C, N, and the metal atom, respectively.34 

4.2.2. Oxygen Reduction Reaction (ORR) System in Alkaline Media 

The ORR in alkaline medium can be represented as Eq. 4.1: 

 O2(g) + 2H2O + 4e– → 4OH‒ (4.1). 

Liang et al.35 has proposed an ORR mechanism in alkaline medium, with the fol-

lowing steps of Eqs. 4.2-5: 

 O2 + * + H2O + e– → *OOH + OH‒ (4.2), 

 *OOH + e– → *O + OH‒ (4.3), 

 *O + H2O + e– → *OH + OH‒ (4.4), 

 *OH + e– → OH‒ + * (4.5). 

Moreover, the expression (OH‒ ‒ e‒) can be expressed as Eq. 4.6 when consider the 

reaction energy, 

 OH‒ ‒ e‒ = H2O – H+ – e‒ = H2O ‒ ½ H2 (4.6). 

It also should be noted that the ORR is accompanied by the corresponding half-

reaction of HER, 2H2 → 4H+ + 4e–, under standard conditions, with respect to the SHE, 
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the equilibrium potential is taken as zero. The overall reaction is the production of water, 

under these conditions, the standard equilibrium electrode potential (E°) is –0.40 eV at 

pH=14. 

4.2.3. Results  

4.2.3.1. Stability of the SAC Models 

Transition metal atoms deposited on carbon materials often interact by forming clusters 

and large nanoparticles, which can hinder catalysis and consequently catalytic perfor-

mance. Therefore, when studying SACs, evaluating their stability is essential. In this work, 

we considered the formation energy (Ef), binding energy (Eb), cohesive energy (Ecoh) and 

net Bader charge (Q) of the SAC models studied, as shown in Table 4.1. The Ef of SAC 

models, defined as the energy required to decompose the catalyst into its individual com-

ponents, is directly related to stability, a more negative Ef value indicates greater thermo-

dynamic stability of the catalyst. The Eb is defined as the binding energy of a single atom. 

The Ef values in Table 4.1 demonstrate that the SAC models used are thermodynamically 

stable, with Eb consistently greater than Ecoh, indicating metal sintering is thermodynam-

ically unfavourable. Additionally, the net Q of metal atoms in each SAC model in Table 

4.1 shows positive values, suggesting the oxidation of the metal components, and de-

creasing gradually from Sc to Cu, with Pt having the lowest value, confirming the suita-

bility of single metal atoms as active sites, leading to significant charge transfer between 

the substrate and oxygen molecules. 

 
Table 4.1. Calculated formation energy (Ef), binding energy (Eb), and cohesive energies (Ecoh) of the dif-

ferent SAC model in eV. The rightmost column corresponds to the calculated Bader net charges (Q) at the 

M center in the isolated SAC models.34 

 

 

 

 

 

 

 

 

 

 

SAC Ef Eb Ecoh Q 

Sc -3.85 -8.54 -4.64 1.82 

Ti -2.05 -8.52 -3.67 1.43 

V -1.51 -7.73 -2.42 1.32 

Mn -2.54 -6.77 -3.85 1.29 

Fe -1.75 -7.68 -2.81 1.08 

Ni -2.48 -7.99 -3.12 0.83 

Cu -0.40 -5.26 -1.78 0.90 

Pt -1.67 -7.81 -2.31 0.72 
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Moreover, the adsorption energy (Eads) of key reaction intermediates such as O2, 

OOH*, O*, and OH* largely determines the Gibbs free energy values that control the 

catalytic performance of ORR. Negative Eads values indicate that the adsorption process 

is energetically favourable. By considering different adsorption modes and optimizing 

the structure of each mode, the optimal Eads values were obtained as shown in Figure 4.2 

and Table 4.2. Finally, the DOSs and PDOSs in Figure S1 of Appendix E exhibit metallic 

or near-metallic characteristics in all systems, making them excellent candidates for elec-

trode applications. 

*O2 *OOH *O *OH 

    

-0.24 -0.62 -1.92 -1.75 

Figure 4.2. Top (top) and side (bottom) atomic structures for *O2, *OOH, *O, and *OH at the Cu SAC 

catalyst with their corresponding adsorption energy (Eads, in eV). The information for the rest of systems 

can be found in Table S1. O and H atoms are shown as red and white spheres, respectively, while the rest 

of the color-coding is as in Figure 4.4.34  

 

Table 4.2. Calculated Gibbs free energies (∆Gi, in eV), the overpotentials (η), and the limiting potentials 

(UL) of different catalysts at U = 0 V, pH = 14.34  

 
 
 
 
 
 
 
 
 
 
 
 
 
 
 

SAC ΔGOOH* ΔGO* ΔGOH* ΔGOH– ηtheo (V) UL(V) 

Ideal -0.40 -0.40 -0.40 -0.40 0.00 0.00 
Sc -0.23 -1.35 2.90 -2.92 3.30 -2.90 
Ti -0.04 0.69 3.05 -5.30 3.45 -3.05 
V -0.17 1.23 2.39 -5.05 2.79 -2.39 
Mn -1.61 0.27 0.47 -0.73 0.87 -0.47 
Fe -1.15 0.07 0.41 -0.93 0.81 -0.41 
Ni 0.09 -1.07 -0.97 0.35 0.75 -0.35 
Cu 0.13 -1.24 -0.8 0.31 0.71 -0.31 
Pt 0.37 -1.37 -1.29 0.69 1.09 -0.69 
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4.2.3.2. ORR Electrocatalysis Performance 

Four-electron pathway for the ORR was analysed to determine the highest electrocatalytic 

activity of NG-SACs in alkaline medium. The free-energy profile for each model at U = 

0 V and pH = 14 was shown in Figure 4.3, with an ideal catalyst as comparison. The 

equilibrium potential (E°) of ORR at pH = 14 is 0.4 V, relative to the standard hydrogen 

electrode (SHE), thus the total energy change ΔG at U = 0 V should be E° × 4e–, i.e., -

1.60 eV. Here the potential-determining step (PDS) is defined by the maximum positive 

ΔGmax for all steps in the mechanism. The corresponding limiting potential (UL) is the 

specific value at which Gibbs free energy becomes thermoneutral or negative for each 

electrochemical step, as well the theoretical overpotential (ηtheo), which is the difference 

between the equilibrium potential (E° = 0.4 V vs. SHE) and the limiting potential (UL), 

all serving as major criterion for evaluating catalytic performance in ORR. 

 
Figure 4.3. Gibbs free energy diagrams for ORR at U = 0 V and pH = 14 for the Sc, Ti, V, Mn, Fe, Ni, Cu, 

and Pt SACs with the ideal catalysts included for comparison. The inset corresponds to the plots for the Cu 

SAC at pH = 14 and U = 0 V, at the equilibrium potential (0.4 V) and at UL V vs. SHE, which is system 

dependent. Inset images colour-coding as in Figure 4.2.34 

The calculated UL values for Sc, Ti, V, Mn, Fe, Ni, Cu, and Pt are -2.91, -3.05, -

2.39, -0.47, -0.35, -0.35, -0.31, and -0.69 V vs. SHE, respectively, and the ηtheo values are 

3.30, 3.45, 2.79, 0.87, 0.81, 0.75, 0.71, and 1.09 V vs. SHE, respectively. It was shown 

that transition metals with fewer d electrons exhibit larger UL, and this drastically de-

creases once the d shell is half-filled, identifying Cu as the best candidate among the 

studied NG-SACs models. 
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To gain deeper insights into the mechanism, we explored the Electrochemical-Step 

Symmetry Index (ESSI),36 which is often defined for OERs and allows us to determine 

how close a catalyst is to the ideal case.37,38 For convenience, ESSI for the OER can be 

defined as: 

 ESSI = 1
𝑛𝑛

∑ �∆𝐺𝐺𝑖𝑖
+

𝑒𝑒−  −  𝐸𝐸°�𝑛𝑛
1  (4.7), 

where ∆𝐺𝐺𝑖𝑖
+corresponds to reaction energies that are greater than or equal to the E° in each 

electrochemical step, which can be potential limiting step. Obviously, for the ideal cata-

lyst, n = 4, and ∆𝐺𝐺𝑖𝑖
+

𝑒𝑒−  = E° for all steps, thus ESSI = 0 V. The relationship between ESSI for 

the OER and ORR has been previously derived by Govindarajan et al.,36 so here it suffices 

to state that for n = 3, 2, 1 in the OER, one has n = 1, 2, 3 in the ORR, and ESSI(ORR) = 

-3ESSI(OER), ESSI(ORR) = -ESSI(OER), and ESSI(ORR) = -1/3ESSI(OER). Note that 

the case of n = 4 corresponds to the ideal catalysts, and ESSI(ORR) = ESSI(OER) = 0. 

Now, let us discuss the ESSI(ORR) values for the present systems, for the case of SAC 

of Cu, one has ΔGOOH* = 0.13 eV, ΔGO* = -1.24 eV, ΔGOH* = -0.80 eV, and ΔGOH– = 0.31 

eV. In this case, there are two steps with ΔGi smaller than -0.4 eV, so n = 2 in either OER 

or ORR, and ESSI(ORR) = (-1.24 - 0.80)/2 + 0.4 = -0.62 V. For the case of Ti, ΔGOOH* = 

-0.04 eV, ΔGO* = 0.69 eV, ΔGOH* = 3.05 eV, and ΔGOH– = -5.30 eV. Here, for the OER n 

= 1, therefore, ESSI(ORR) = 1/3 [(-5.30/1) + 0.4] = -1.63.  

 
Figure 4.4. Plot of predicted overpotentials (η) versus the electrochemical-step symmetry index (ESSI) for 

the ORR reaction at U = 0 V and pH = 14 (left panel) and vs. the Gmax(η) descriptor in eV (right panel). 

The ideal catalyst, for which ηtheo = ESSI = 0 is shown for comparison.34 

Next, in Figure 4.4, we plot ESSI against ηtheo of ORR and note that, from Table 4.2, 

n for ORR is equal to 2 for Sc, Mn, Fe, Ni, Cu, and Pt, while it appears to be 1 for Ti and 

V. Clearly, catalysts with n = 2 displayed low values of ηtheo and are close to the ideal 
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catalyst, thus supporting previous findings for other systems.38 Additionally, we evalu-

ated the so-called Gmax(η) descriptor,39,40 which indicates the maximum positive span for 

all reactions involving intermediate species from O2 molecule to OH– in the proposed 

mechanism, as shown in Figure 4.3. For Sc, at pH = 14, Gmax(η) is determined by ΔGOH*, 

while for Ti, V, Mn, and Fe, it is determined by ΔGO* + ΔGOH*, for Ni by ΔGOH–, and 

finally for Cu and Pt by ΔGOOH* + ΔGOH–. Therefore, Gmax(η) values can be directly ob-

tained from Table 4.2, but are reported in Table 4.3 for convenience. In principle, high 

activity is associated with small Gmax(η) values, but unlike ESSI, a precise value for the 

ideal catalyst cannot be defined. From the values in Table 4.2 and, especially from the 

plot in Figure 4.4, it can be readily seen that the two descriptors provide a similar descrip-

tion, even though ESSI is based on thermodynamics and Gmax(η) derived from the span 

model proposed by Kozuch and Shaik41 based on kinetic arguments. In fact, the span 

governing Gmax(η) provides an approximation of the rate-determining step if a suitable 

value for the Tafel slope (typically 40 mV/dec or 120 mV/dec) is adopted. 

Table 4.3. Electrochemical-step symmetry index (ESSI) and Gmax(η) descriptor for the explored systems at 

U = 0 V and pH = 14.34  

 

 

 

 

 

 

 

 

 

Therefore, by considering these the ESSI and Gmax(η) descriptors analyses, we gain 

a deeper understanding of the performance of these NG-SACs systems in the ORR and 

identify Cu as a particularly promising catalyst candidate. 

4.2.4. Conclusions 

These findings, coupled with additional data and analyses presented in the research arti-

cles below, lead to the following conclusions: 

SAC ESSI (V) Gmax(η) (eV) 

Ideal 0.00 --- 
Sc -1.73 2.90 
Ti -1.63 3.74 
V -1.55 3.62 

Mn -0.77 0.74 
Fe -0.64 0.48 
Ni -0.62 0.35 
Cu -0.62 0.44 
Pt -0.93 1.06 
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• The studied NG-SAC catalysts are thermodynamically stable against sintering 

with the metal atoms being partially oxidized by considering their formation en-

ergy (Ef), binding energy (Eb) and cohesive energy (Ecoh).  

• A plausible ORR mechanism that can proceed in an alkaline medium condition 

(pH = 14) was proposed. 

• The catalytic performance was analysed using the electrochemical-step symmetry 

index (ESSI) and Gmax(η) descriptors. 

• Among all the NG-SACs, Cu shows the best performance in alkaline conditions 

(pH = 14).  
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4.3. Importance of Broken Geometric Symmetry of Single-Atom Pt Sites for Effi-

cient Electrocatalysis 

4.3.1. Introduction  

Increasing literatures indicate significant heterogeneity in the active sites of single-atom 

catalysts (SACs),42-44 posing challenges in identifying the genuine active sites and quan-

tifying the intrinsic activity through Turnover Frequency (TOF) or similar metrics for the 

rational design of improved SACs. Typically, Pt SACs exhibit a wide range of applica-

tions in various electro-, photo-, and heterogeneous,45,46 tending to stabilize through ap-

proximately perfect square planar geometry (D4h) as expected by ligand field theory,6 

such as Pt-N4 and Pt-S4, where p-block elements doped as surface pockets to anchor a 

single atom.47,48 

However, theoretically, these model structures predict a significant weakening of 

axial coordination, resulting in lower catalytic activity.49,50 The reported experimental 

electrocatalytic performance of carbon-supported Pt SACs, differ from theoretical com-

putational models, suggesting possible asymmetric coordination geometries for the active 

site in the experiments like Pt-NxC4−x.51,52 Although there is theoretical evidence that cat-

alytic performance of Pt sites with symmetric D4h geometry is poor or moderate, the im-

pact of geometric symmetry breaking of Pt SACs and its crucial role in experiments in 

electrocatalysis remains unclear. In fact, not all possible configuration environment of 

active sites are equally active in the studied electrochemical reactions. Unfortunately, 

even with the assistance of Extended X-ray Absorption Fine Structure (EXAFS) analysis 

in experiment, it is also challenging to differentiate various Pt moieties that may coexist 

in SACs. Hence, the synthesis of SACs containing homogenous catalyst-like single active 

sites is essential for clearly identifying the genuine active sites in Pt SACs.  

To elucidate the critical role of structural symmetry and coordination geometry in 

SACs in electrocatalysis, this study utilizes N-doped graphene-supported single platinum 

metal atoms (NG-SACs), with different Pt configuration scenarios, i.e., different Pt–N 

coordination number (CN), such as high(four)-coordinated symmetric Pt-N4 with square 

planar, low-coordinated symmetric and asymmetric Pt-N3 and Pt-N3V configurations, 

with trigonal planar and T-shape, respectively, as shown in Figure 4.5. Therefore, three 

models, Pt-N4, Pt-N3 and Pt-N3V, are utilized to investigate the catalysis of CERs through 

a combination of experimental and theoretical methods, while also analysing the potential 
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simultaneous side reaction of OER, aim to disclose the influence of geometric symmetry. 

I was not involved in experiments. 

This work produced the publication of one research article in Nature Communica-

tion, titled “Importance of Broken Geometric Symmetry of Single-Atom Pt Sites for Effi-

cient Electrocatalysis”,53 the supporting information for can be found in Appendix F, 

provided at the end of this section. Subsequent pages contain a summary of this article. 

My contributions to this research article comprise (a) Carrying out the DFT calculations 

and data treatment, (b) analysis of the calculations results, (c) surveying and summarizing 

the relevant publications, and (d) writing the initial manuscript of paper. A full description 

of the work done can be found in Ref. 53.   

 
Figure 4.5. Three active site models, square planar Pt–N4, trigonal planar Pt–N3, and T-shaped Pt–N3V, 

used for the DFT calculations.53  

4.3.2. CERs and OERs  

Building on insights from previous research,48,54 it was assumed that the CER follows the 

Volmer–Heyrovsky mechanism.55,56 Two distinct pathways within the Volmer–Heyrov-

sky framework involving dissimilar intermediates (i.e., *Cl or *OCl) were explored,57 as 

(I) and (II) Pathway of Eqs. 4.8-11: 

(I) Pathway mediated by the *Cl intermediate: 

 * + Cl− (aq) ⇌ *Cl + e− (4.8), 

 *Cl + Cl− (aq) ⇌ Cl2 (g) + e−           (4.9), 

(II) Pathway mediated by the *OCl intermediate: 

 *O + Cl− (aq) ⇌ *OCl + e− (4.10), 

 *OCl + Cl− (aq) ⇌ *O + Cl2 (g) + e−      (4.11). 

The Cl−aq chemical potential is related to that of the Cl2 gas molecule as Eq. 4.12: 

 Cl− (aq) ⇌ 1/2 Cl2 (g) + e−, E° = 1.36 V vs. RHE (4.12). 
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For the OER side reaction, 2H2O (aq) → O2(g) + 4H+ (aq) + 4e−, E°OER = 1.23 vs. 

RHE, was modelled by assuming the mononuclear mechanism58 of Eqs. 4.13-16: 

 * + H2O (l) ⇌ *OH + H+ + e− (4.13), 

 *OH ⇌ *O + H+ + e−                    (4.14), 

      *O + H2O (l) ⇌ *OOH + H+ + e− (4.15), 

 *OOH ⇌ O2(g) + H+ + e−                 (4.16), 

The proton-electron pair, H+ + e−, chemical potential can be related to the Gibbs 

free energy of the H2 gas molecule using the CHE approach as Eq. 4.17: 

 H+ + e− ⇌ 1/2H2(g), E°= 0 V vs. RHE                 (4.17). 

4.3.3. Results  

4.3.3.1. Active Site Structure and CER Free Energy Profiles of the Pt SACs  

Building on experimental foundations, we further explore the detailed mechanisms of Pt-

N4, Pt-N3 and Pt-N3(V) in the CER pathway and their catalytic active Pt site structures, 

which were characterized under CER conditions (U > 1.36 VSHE) by constructing Pour-

baix diagrams.59 

For the Pt-N4 model, we find that the axially unoccupied Pt site (*) is more favour-

able, as shown in Figure 4.6, whereas Pt-N3 and Pt-N3(V) are capped by oxygen (*O), 

together with the underneath Pt atom serving as the active site. These results indicate that 

the CER reaction on Pt-N4 and Pt-N3(V) proceeds through *Cl or *OCl intermediates, 

respectively. Then both pathways for all three sites were simulated and results plotted in 

Figure 4.7. Next, the maximum free energy difference for each step was quantified, i.e., 

Gmax (U),39 as a function of applied electrode potential, where Gmax (U) = max[G#k(U), k 

= 1, …, n], which is also similar to the energy descriptors in Chapter 4.2, in addition, we 

also refer the reader to recent publications by the authors.60,61 

 

 
Figure 4.6. Pourbaix-like diagrams for a square planar Pt–N4, b trigonal planar Pt–N3, and c T-shaped Pt–

N3V models.53 
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Figure 4.7. Free-energy diagrams of the CER via the *Cl and *OCl pathways at 1.36 VSHE for Pt–N4, Pt–

N3, and Pt–N3V.53 

Consistent with our previous findings,48,54,62 the square planar Pt-N4 prefers the *Cl 

pathway (Gmax (U) = 0.32 eV) over the *OCl pathway (Gmax (U) = 1.07 eV) at U = 1.36 

VSHE. However, for Pt-N3 or Pt-N3V, the *OCl pathway is energetically favoured over 
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the *Cl mechanism. Notably, the Gmax(U) for Pt-N3 and Pt-N3V are 0.21 and 0.05 eV, 

respectively, confirming the experimental finding that Pt-N3(V) sites are more active in 

CER than Pt-N4. 

4.3.3.2. Selectivity of the Pt SACs 

Additionally, we described the competitive oxygen evolution reaction (OER)63 for Pt-N4, 

Pt-N3 and Pt-N3(V), through a widely accepted mononuclear mechanism involving *OH, 

*O, and *OOH adsorbates, and identified the activity descriptor Gmax(U), as shown in 

Table 4.4 and Figure 4.8. Furthermore, two selectivity models of competition between 

CER and OER were explored using the data from Table 4.4, one is Gsel(U),63 defined as 

Eq. 4.18, 

 Gsel(U) = Gmax(U)OER − Gmax(U)CER (4.18), 

the second model is a more quantitative one that precisely determines the percentage of 

CER selectivity,57,63 as Eq. 4.19, 

 
selectivity (U) = 

𝑒𝑒𝑥𝑥𝑑𝑑�
𝐺𝐺sel
𝑘𝑘B.𝑇𝑇�

𝑒𝑒𝑥𝑥𝑑𝑑�
𝐺𝐺sel
𝑘𝑘B.𝑇𝑇�+1

 
(4.19). 

The results show that CER selectivity can reach up to 100%, as illustrated in Figure 

4.9, and is unaffected by the applied electrode potential or the chemical nature of the 

active sites, which is consistent with experimental results. 

 

 

 

 

Table 4.4. Summary of Gmax(U) for the CER and OER over Pt–N4 and Pt–N3V at pH = 0.53 

Gmax(U) (eV) Pt–N4 Pt–N3 Pt–N3V 

CER 0.32a (0.28b) 0.21 (0.17) 0.05 (0.01) 

OER 1.56 (1.48) 2.25 (2.17) 0.35 (0.31) 

a U = 1.36 VSHE 
b U = 1.40 VSHE 
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Figure 4.8. Free-energy diagrams of the OER, assuming the mononuclear mechanism via the *OH, *O, 

and *OOH adsorbates, for Pt–N4 (a), Pt–N3 (b), and Pt–N3V (c).53 
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Figure 4.9. Selectivity analysis for the competing CER and OER processes over the a, Pt–N4 and b, Pt–

N3V sites.53 

4.3.3.3. Stability of the Pt SACs  

Finally, the stability of Pt-N4 and Pt-N3V systems under CER conditions was studied. To 

this end, the equilibrium potential (Udiss) for oxidation and demetallation of central Pt 

species to PtO2 was introduced as a descriptor of catalyst stability,64 defined as Eq. 4.20: 

 Udiss = ∆𝐺𝐺stab 
4

 (4.20). 

Here, ∆𝐺𝐺stab is related to the equation [Pt] + 2H2O → [ ] + PtO2 + 4H+ + 4e−, note that 

[  ] denotes the empty pocket of the Pt SACs, to analyse the tendency of the active Pt site 

to oxidize and demetallize to form PtO2, which is considered to be the energetically fa-

voured phase under CER conditions according to the Pourbaix diagram. The results 

showed that Udiss values for Pt-N4, Pt-N3V, and Pt-N3 are 2.98, 1.99, and 0.78 VSHE, re-

spectively, which are consistent with experimental results, indicating that Pt-N3V is less 

stable than Pt-N4 under CER conditions at U > 1.36 VSHE. Additionally, considering that 

the Udiss for Pt-N3 is 0.78 VSHE, which is significantly lower than the CER equilibrium 

potential, we conclude that the trigonal planar Pt-N3 site cannot stably exist under CER 

conditions. In contrast, the T-shaped Pt-N3V structure explains the excellent activity and 

selectivity of Pt SACs catalysts in CER. 

4.3.4. Conclusions 

• The heterogeneity of SACs may be related to their geometric symmetry. 
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• In CER, for Pt-N4, * is the genuine Pt active site structure, while for PtN3 it is *O, 

which results in the CER reaction pathway of * → Cl → * + Cl2, for Pt-N4, 

whereas O → *OCl → *O + Cl2 for Pt-N3 and Pt-N3V. 

• Under CER conditions, the Pt-N4 structure is more stable than Pt-N3V, and also 

exhibits higher selectivity for CER, however, the low-coordinated structure Pt-

N3V shows higher CER activity than the high-coordinated structure PtN4. 

• Modulating the geometric symmetry to find the optimal coordination field 

strength that stabilizes the Pt sites and corresponding intermediates, such as *Cl 

or *OCl, is crucial, involving a balance between stability and activity. 
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4.4. Publications 
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Conclusions 
In the present doctoral thesis, I utilized DFT based calculation to investigate the reactivity 

of widely studied 2D materials, particularly MXene and N-doped graphene with single 

atom, in the fields of electrocatalysis of hydrogenation evolution (HER), CO2 reduction 

(CO2RR), nitrogen reduction (NRR), chlorine evolution (CER), oxygen reduction (ORR), 

as well thermocatalysis of olefin hydrogenation to alkene, with a focus on issues related 

to energy and environmental sustainability.  

Utilizing the tool of the Pourbaix diagram to refine the models with functional 

groups towards realism, the synergistic interaction of MXene surface functional groups 

significantly enhances reaction activity while reducing energy costs. Furthermore, a com-

prehensive analysis on MXene doping structures, including doping strategies, coordina-

tion numbers, doping environments, and quantities, as well the origin of the PHIP effect, 

which often overlooked in previous studies, were conducted. For nitrogen-doped gra-

phene with single-atom, novel descriptors were introduced, in addition, a detailed exam-

ination was also conducted on the impact of different single-atom coordination numbers 

on reactions, revealing the structural symmetry factors influencing catalytic reactions.  

These works clarify the underlying reasons behind key experimental observations, 

leading to predictions and determinations of the characteristic parameters of catalytic ac-

tivities. In general, I have shown that: 

1. The utilization of Pourbaix Diagram is eeffective to investigate the stability of 

catalytic surfaces under specified reaction conditions. The stable surface configu-

ration of Ti3C2 MXene should be mixed termination rather than fully termination.  

2. The mixed presence of –O, –OH, and –F groups on MXene can improve and re-

duce the energy costs.  

3. On the Ti3C2 surface, a high-concentration of –O groups enhance its capability for 

H+ reduction in HER, with moderate bond strengths observed when –O coverage 

is at 2/3. The presence of –F groups can promote HER especially when combined 

with higher concentrations of –O groups. 

4. The –OH groups on Ti3C2 MXene can act as hydrogen donors involved in proton 

reduction in CO2RR, –O group can serve as a reservoir for proton reduction, while 

the presence of –F is not only non-detrimental. 
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5. Substituted B-doped Ti3C2 MXene exhibits the strongest N2 adsorption capability 

but typically lower NRR catalytic activity, whereas adsorbed B-doped Ti3C2 

MXene exhibits inversely. 

6. A moderate number of –OH groups on surface benefits the performance of nitro-

gen reduction reactions (NRR), especially when boron is surrounded by –OH 

groups in the HC site.  

7. 2D-Mo2C(0001) and Rh(111) effectively catalyze olefins (ethene) hydrogenation 

to alkanes (ethane), with surface coverage being a factor affecting the rate of hy-

drogeneration. The energy barrier for the first hydrogenation from C2H4* to C2H5* 

is similar, however, the hydrogenation of C2H5* to C2H6* is more thermodynam-

ically endothermic and features a significantly higher energy barrier on 2D-

Mo2C(0001). 

8. DFT calculations rule out the widely accepted Horiuti-Polanyi and Eley-Rideal 

pairwise hydrogenation mechanisms, proposing that dynamic site blocking due to 

high adsorbate coverage or other mechanisms may significantly restrict hydrogen 

diffusion and further enhance pairwise hydrogenation. 

9. A plausible ORR mechanism at alkaline pH (pH = 14) is proposed for NG-SAC 

material, with the descriptor of electrochemical step symmetry index (ESSI) in-

troduced to evaluate the catalytic performance.  

10. The heterogeneity in active site of Pt SACs may relate to their geometric sym-

metry. Under CER conditions, PtN4 with symmetry shows higher structural sta-

bility and selectivity than symmetry-broken PtN3V, although PtN3V exhibits 

higher catalytic activity.  

11. The actual active site of PtN4 is Pt, whereas PtN3 involves *O, resulting in differ-

ent CER reaction pathways.  

12. Adjusting geometric symmetry enhances the discovery of optimal coordination 

field strengths, thereby balancing stability and activity
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Table S1. Summary of the potential determining steps, based on the calculated ∆GH as a 

descriptor, on the explored Ti3C2 models, either pristine, or covered according to the spec-

ified terminations. The required overpotential, η, is specified, as well as the preferred 

Volker-Heyrovsky (VH) or Volmer-Tafel (VT) mechanism, specifying the subtype of 

path, either O-TER, OH-TER, or TER-TER. In the case of pristine Ti3C2, note that the 

strong H-affinity prevents any H2 formation, regardless of η.   

Model Mechanism Subtype ∆GH / eV η / V 

Pristine Ti3C2   -1.32  

O VH  -0.40 0.40 

 VTa  -0.44* 0.44* 

H VH  0.63 0.63 

 VT  2.30* 2.30* 

OH VH  -0.48 0.48 

 VT  0.75 0.75 

F VH  2.62 2.62 

O1/3OH2/3 VH OH-TER 0.08 0.08 

 VH O-TER 0.62 0.62 

 VT TER-TER 0.19 0.19 

 VT O-TER 0.74 0.74 

O1/2OH1/2 VH OH-TER 0.23 0.23 

 VH O-TER 0.36 0.36 

 VTa TER-TER 0.44* 0.44* 

 VT O-TER 0.74 0.74 

O2/3OH1/3 VH O-TER -0.01 0.01 

 VH OH-TER 0.66 0.66 

 VTa TER-TER 0.82* 0.82* 

 VT O-TER 0.09 0.09 

F1/3O1/3OH1/3 VT TER-TER -0.01 0.01 

 VH OH-TER 0.66 0.66 

 VH O-TER 0.46 0.46 

 VT TER-TER 0.58 0.58 

F3/9O4/9OH2/9 VH O-TER 0.01 0.01 
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 VH OH-TER 0.32 0.32 

 VTa TER-TER 0.29* 0.29* 

 VT O-TER 0.46 0.46 

a Not a real Volmer-Tafel mechanism, but similar to the Tafel step, i.e., the formation of 

H2 from two H atoms of the ‒OH surface group. 

* For those the main energy impediment comes from only chemical step, i.e., Tafel step, 

where two adjacent ‒OH termination groups react to form two ‒O groups and H2(g) mol-

ecule. 
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Figure. S1 Schematic of Ti3C2Tx modelled by (a) full –OH and (b) O2/3OH1/3 termination 

towards HC and HTi sites, respectively, with the total energy. 

 
 
 
 
 
 
 

Figure. S2 Schematic arrangement of the fully –O, –OH, –H, and –F terminated Ti3C2 

(0001) p(2×2) supercell, where moieties occupy HTi sites. The free (*) and occupied sites 

are colour-coded.   

 
 
 
 
 

 

Figure. S3 Schematic arrangement of the binary ½ ML vs. ½ ML situations admixing –

O, –OH, –H, and –F terminations, as well as * free sites, on the Ti3C2 (0001) p(2×2) 

supercell, exemplified on the OH1/2O1/2 case. Colour coding as in Fig. S1.   
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Figure. S4 Schematic arrangement of the binary 1/4 ML vs. 3/4 ML situation admixing –

O, –OH, –H, and –F terminations, as well as * free sites, on the Ti3C2 (0001) p(2×2) 

supercell, exemplified on the OH1/4O3/4 case. Colour coding as in Fig. S1.   

 

 
 
 

 
 
 
 
 
 
 
 
 

Figure. S5 Schematic arrangement of the binary 2/3 ML vs. 1/3 ML situations admixing –

O, –OH, –H, and –F terminations, as well as * free sites, on the Ti3C2 (0001) p(3×3) 

supercell, exemplified on the OH1/3O2/3 case. Colour coding as in Fig. S1.   
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Figure. S6 Schematic arrangement of the ternary ¼, ¼, ½ ML situations admixing –O, –

OH, –H, and –F terminations, as well as * free sites, on the Ti3C2 (0001) p(2×2) supercell, 

exemplified on the F1/4OH1/4O1/2 case. Colour coding as in Fig. S1.  

  

 
 
 

 
 
 
 
 
 
 
 
 

Figure. S7 Schematic arrangement of the ternary ⅓, ⅓, ⅓ ML situations admixing –O, –

OH, –H, and –F terminations, as well as * free sites, on the Ti3C2 (0001) p(3×3) supercell, 

exemplified on the F1/3OH1/3O1/3 case. Colour coding as in Fig. S1.   
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Figure. S8 Schematic arrangement of the ternary 3/9, 4/9, 2/9 ML situations admixing –O, 

–OH, –H, and –F terminations, as well as * free sites, on the Ti3C2 (0001) p(3×3) supercell, 

exemplified on the F3/9OH4/9O2/9 case. Colour coding as in Fig. S1.   

 
 
 

 
 
 
 
 
 
 

Figure. S9 Schematic arrangement of the ternary 3/9, 5/9, 1/9 ML situations admixing –O, 

–OH, –H, and –F terminations, as well as * free sites, on the Ti3C2 (0001) p(3×3) super-

cell, exemplified on the F3/9OH5/9O1/9 case. Colour coding as in Fig. S1.   
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Figure. S10 Total and PDOS of the pristine Ti3C2 (0001) model, as those fully –O, –OH, 

–H, and –F terminated, and having different mixtures according to HER conditions and 

Pourbaix diagrams found in Figs. 2 and 3 of the main text. Energy levels are referred to 

the Fermi energy, EF.   
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Figure. S11 Top view of the charge density difference (CDD) plots of the Ti3C2 (0001) 

fully –O, –OH, –H, and –F terminated, and having different mixtures according to HER 

conditions and Pourbaix diagrams found in Figs. 2 and 3 of the main text. Yellowish 

regions denote electron depletion, and the formation of positively charged regions, while 

blueish regions denote electron accumulation, and the formation of negatively charged 

regions. The contour intervals range up to 0.005 e·Å-3.   
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Figure. S1 Top view of the Ti3C2 (0001) surface model, where brown spheres denote C 

atoms, and three different Ti layers are shown with different shades of blue, being the 

topmost one the darkest. High-symmetry sites are tagged, including top (T) and bridge 

(B) sites, and three-fold hollow carbon (HC) and hollow metal (HM) sites. 

 
 

 
 
 

 

 

Figure. S2 Predicted Pourbaix diagrams for Ti3C2 MXene (0001) surface regarding all 

single, binary, and ternary surface compositions including –O, –OH, –H, and –F termina-

tions, as well as free sites. Left image corresponds to situations without any –F termina-

tion, while right image corresponds to situations when regarding–F termination. The 

black, dashed line indicates the HER equilibrium potential with respect RHE reference. 
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Figure. S3 Total and projected density of states (PDOS) of the pristine Ti3C2 (0001) 

surface model, as well as of the fully –OH terminated model, and of the rest of binary 

and ternary models explored in the present work, derived from Pourbaix diagrams 

shown in Fig. 1 of the main text. Energy levels are referred to the Fermi energy, EF, set 

to zero.   
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Figure. S4 Details regarding the bonding modes of CO2 adsorption on the Ti3C2(0001) 

surface with F1/3OH1/3O1/3 termination, encompassing (a) the exploration of various 

hexagonal centre configurations to elucidate distinct CO2 adsorption environments, and 

(b) the investigation of different orientations for CO2 adsorption. 

 
 

Figure. S5 Top view of the charge density difference (CDD) plots of the studied Ti3C2 

(0001) MXene models. Yellowish regions denote electron depletion, i.e. the formation 

of positively charged regions, while blueish regions denote electron accumulation, and 

the formation of negatively charged regions. The contour intervals range to 0.005 e·Å-3 

increments.   
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Figure. S6 Calculated rates of adsorption, rads, and desorption, rdes, of CO2 and CH4 on 

(a) clean surface, (b) full ‒OH, (c) ‒OH2/3O1/3, (d) ‒OH1/2O1/2, (d) ‒OH1/3O2/3, (e) ‒

F1/3OH1/3O1/3 terminations, as a function of temperature, T, and the gas partial pressure, 

p, here shown for 1 bar.  
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Figure. S7 Complete Gibbs free energy, ∆G, diagram of CO2RR on fully ‒OH terminated 

Ti3C2 MXene, under standard working conditions. Blue lines represent chemical steps of 

as-generated H2O or CH4 desorptions, or CO2 adsorption, while black and grey lines 

represent the electrochemical proton-coupled electron transfer (PCET) steps at zero 

potential vs. SHE. The ‒nH* symbols refer to how many H atoms have been transferred 

from surface ‒OH groups at the reaction stage.  
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Figure. S8 Complete Gibbs free energy, ∆G, diagram of CO2RR on ‒OH2/3O1/3 Ti3C2 

MXene model, under standard working conditions at zero potential vs. SHE. Colour code 

as in Figure S6. nH* symbols refer to how many H atoms have been reduced over surface 

‒O groups at the given reaction stage. 
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Figure. S9 Complete Gibbs free energy, ∆G, diagram of CO2RR on ‒OH1/2O1/2 Ti3C2 

MXene model, under standard working conditions at zero potential vs. SHE. Colour code 

and notation as in Figures S6 and S7. 
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Figure. S10 Complete Gibbs free energy, ∆G, diagram of CO2RR on ‒OH1/3O2/3 Ti3C2 

MXene model, under standard working conditions at zero potential vs. SHE. Colour code 

and notation as in Figures S6 and S7. 
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Figure. S11 Complete Gibbs free energy, ∆G, diagram of CO2RR on ‒F1/3OH1/3O1/3 

Ti3C2 MXene model, under standard working conditions at zero potential vs. SHE. Colour 

code and notation as in Figures S6 and S7. 
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Table S1. Calculated formation energy (Ef), adsorption energy (Eads), and the sum of 

Eads and cohesive energy of boron (Ecoh), as well as the bader charge of different models, 

eB, eTerm and 𝑒𝑒𝑇𝑇𝑖𝑖3𝑋𝑋2 represents the charge of B, termination, and substrate Ti3C2. Nega-

tive values indicate gain of electrons compared to isolated atoms. 3c and 2c represent 

three- and two-coordination of B, respectively. All values are given in eV. 

Models Symbols Ef Eads Eads +Ecoh 𝒆𝒆𝐓𝐓𝐓𝐓𝟑𝟑𝐂𝐂𝟐𝟐 eTerm eB 

sB@Ti3C2O8/9 sB-O 3.93 -2.53 3.28 1.03 -0.98 -0.06 

sB@Ti3C2OH8/9 sB-OH 2.16 -4.30 1.51 0.74 -0.62 -0.12 

aB@Ti3C2O aB-O -1.20 -7.66 -1.85 0.96 -1.20 0.24 

aB@Ti3C2O4/9OH5/9(3C) aB-3c-O4 0.37 -4.73 -0.28 0.75 -0.99 0.24 

aB@Ti3C2O4/9OH5/9(2C) aB-2c-O4 1.73 -6.09 1.08 0.78 -0.96 0.18 

aB@Ti3C2O1/3OH2/3(3C) aB-3c-O3 0.68 -5.77 0.04 0.70 -0.94 0.24 

aB@Ti3C2O1/3OH2/3(2C) aB-2c-O3 1.99 -4.47 1.34 0.75 -0.92 0.17 

aB@Ti3C2O2/9OH7/9 aB-O2 2.42 -4.04 1.77 0.71 -0.87 0.16 

a2B@Ti3C2O a2B-O 0.04 -6.42 -0.61 0.90 -1.23 0.16 

a2B@Ti3C2O4/9OH5/9 a2B-OH 1.07 -5.39 0.21 0.71 -1.00 0.15 
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Table S2. Calculated various N2 adsorption types, including physisorption (p) and chemisorption, in which encompasses end-on (e), side-on (s), 

bridge-end-on (b-e) and bridge-side-on (b-s). Analysed N2 adsorption energy (Eads) and charge differences of the moiety of Ti3C2 ( 

𝑒𝑒Ti3C2), termination (eTerm) and N2 molecule (eB), as well as the variation (Δ) between before and after N2 adsorption. The bond length between B 

and N, and adsorbed N2. Negative values indicate gain of electrons compared to isolated atoms. The 3c and 2c represent three- and two-coordina-

tion of B, respectively, with energy in eV and distances in Å, where N2(g) has a bond length of 1.12 Å. 

Models N2 ads Symbols Eads (N2) 𝒆𝒆𝐓𝐓𝐓𝐓𝟑𝟑𝐂𝐂𝟐𝟐 𝚫𝚫𝒆𝒆𝐓𝐓𝐓𝐓𝟑𝟑𝐂𝐂𝟐𝟐 eTerm ΔeTerm eB ΔeB eN2 BDB-N BDN-N 

sB-O end sB-O-e -1.87 1.04 0.01 -0.98 0.00 0.02 0.08 -0.08 1.38 1.16 

side sB-O-s -1.43 1.03 0.00 -0.98 0.00 0.06 0.12 -0.12 1.48 1.26 

sB-OH end sB-OH-e -2.79 0.75 0.01 -0.60 0.02 0.00 0.12 -0.15 1.35 1.21 

side sB-OH-s -1.52 0.74 0.00 -0.60 0.02 0.06 0.18 -0.20 1.47 1.40 

aB-O physis aB-O-p -0.09 0.96 0.00 -1.20 0.00 0.24 0.00 0.00 — 3.26 1.12 

aB-3c-O4 physis aB-3c-O4-p -0.12 0.74 -0.01 -0.98 0.01 0.24 0.00 0.00 — 3.30 1.12 

aB-2c-O4 end aB-2c-O4-e -0.68 0.79 0.01 -0.96 0.00 0.24 0.06 -0.07 1.46 1.16 

side aB-2c-O4-s -0.37 0.82 0.04 -0.94 0.02 0.23 0.05 -0.12 1.56 1.24 

aB-3c-O3 physis aB-3c-O3-p -0.12 0.70 0.00 -0.94 0.00 0.24 0.00 0.00 — 3.26 1.12 

aB-2c-O3 end aB-2c-O3-e -0.67 0.75 0.00 -0.91 0.01 0.24 0.07 -0.08 1.44 1.17 
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aB-O2 end aB-O2-e -0.78 0.73 0.02 -0.86 0.01 0.23 0.07 -0.10 1.42 1.18 

side aB-O2-s -1.19 0.76 0.05 -0.84 0.03 0.23 0.07 -0.15 1.52 1.27 

a2B-O end a2B-O-e -0.07 0.90 0.00 -1.23 0.00 0.17 0.01 -0.02 1.60 1.12 

bridge-end a2B-O-b-e 0.30 0.90 0.00 -1.22 0.01 0.22 0.06 -0.12 1.62 1.21 

bridge-side a2B-O-b-s -0.71 0.91 0.01 -1.25 -0.02 0.25 0.09 -0.14 1.52 1.25 

a2B-OH physis a2B-OH-p -0.30 0.71 0.00 -1.00 0.00 0.14 0.00 0.00 — 3.51 1.12 

bridge-side a2B-OH-b-s -0.55 0.71 0.00 -1.02 -0.02 0.24 0.09 -0.18 1.49 1.29 

 

  



 
 

S5 
 

Table S3. Calculated limiting potential (UL) of PDS in NRR, adsorption energy of *H 

(E(*H)) and NRR intermediate *N2H (E(*N2H)), as well as UL of HER. 

Symbols PDS UL E(*N2H) E(*H) UL(HER) 

sB-O *NH2 → *NH3 -1.40 -4.92 -1.41 -1.28 

sB-OH *NH2 → *NH3 -1.47 -5.70 -1.42 -1.19 

aB-O *N2 → *N2H -1.37 -1.57 0.07 -0.31 

aB-O4 *NH2 → *NH3 -1.19 -3.58 -1.97 -1.61 

aB-O3 (‒H*) → * -0.61 -2.64 -2.09 -1.75 

aB-O2 
(‒H*)NH(H) →  

    (‒H*)NH2(H) 
-0.83 -3.76 -2.00 -1.67 

a2B-O *NH2 → *NH3 -0.80 -3.40 -0.36 -0.10 

a2B-OH *NH2 → *NH3 -0.66 -3.09 -0.78 -0.46 

 

 

 

 

 

 

 

 

 

 

 

 

 



 

S6 
  

Figure S1. Calculated formation energy (Ef), adsorption energy (Eads), and the sum of 

Eads and cohesive energy (Eads + Ecoh), of sB@Ti3C2O8/9 (sB-O); sB@Ti3C2OH8/9 (sB-

OH); aB@Ti3C2O(3C) (aB-O); aB@Ti3C2O4/9OH5/9(3C) (aB-3c-O4); 

aB@Ti3C2O4/9OH5/9(2C) (aB-2c-O4); aB@Ti3C2O1/3OH2/3(3C) (aB-3c-O3); 

aB@Ti3C2O1/3OH2/3(2C) (aB-2c-O3); aB@Ti3C2O2/9OH7/9(2C) (aB-O2); a2B@Ti3C2O 

(a2B-O) and a2B@Ti3C2O4/9OH5/9 (a2B-OH). 
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Figure S2. Bader charge of sB@Ti3C2O8/9 (sB-O); sB@Ti3C2OH8/9 (sB-OH); 

aB@Ti3C2O(3C) (aB-O); aB@Ti3C2O4/9OH5/9(3C) (aB-3c-O4); aB@Ti3C2O1/3OH2/3(3C) 

(aB-3c-O3); aB@Ti3C2O2/9OH7/9(2C) (aB-O2); a2B@Ti3C2O (a2B-O) and 

a2B@Ti3C2O4/9OH5/9 (a2B-OH). 
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Figure S3. Top view of the charge density difference (CDD) plots of the studied models 

derived from Fig. 1 of the main text. Yellowish regions denote electron depletion, i.e. 

the formation of positively charged regions, while blueish regions denote electron accu-

mulation, and the formation of negatively charged regions. The contour intervals range 

up to 0.01 e·Å-3.   
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Figure S4. Total and projected density of states (PDOS) of the studied models derived 

from Fig. 1 of the main text. Energy levels are referred to the Fermi energy, EF, set to 

zero.   
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Figure S5. Optimized geometric structures of N2 adsorbed on studied models shown in 
Fig. 1 of the main text. N2 adsorption types in italics: e (end-on), s (side-on), b-e 
(bridge-end-on) and b-s (bridge-side-on) for chemisorption, and p for physisorption. 

 

 

 

 

Figure S6. Bader charge of studied models shown in Fig. S5 of SI. 
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Figure S7. Total and projected density of states (PDOS) of the studied models shown in 

Fig. S5 of SI. Energy levels are referred to the Fermi energy, EF, set to zero.   
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Figure S8. The charge density difference (CDD) plots of the studied models shown in 

Fig. S5 of SI. Yellowish regions denote electron depletion, i.e. the formation of posi-

tively charged regions, while blueish regions denote electron accumulation, and the for-

mation of negatively charged regions.  

 
 

 

 

 

Figure S9. Volcano diagram for NRR using the adsorption energy of N2 subtract by that 

on Ru(0001) as the benchmark (-4.0 eV) and the ΔGmax as descriptors.  
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Figure S10. Pourbaix diagrams for Ti3C2 MXene (0001) surface regarding single and 

binary surface compositions including –O, –OH, and –H terminations. The black, dashed 

line indicates the HER equilibrium potential with respect RHE reference. 
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Figure S1. Top (upper images) and side (lower images) views of p(4×4) MXene-derived 

2D-Mo2C (0001) surface with (a) ABA stacking and (b) ABC stacking, as well as (c) Rh 

(111) surface. High symmetry sites are specified, including top (T) and bridge (B) sites 

for all surface models, hollow carbon (HC), hollow blank (HB), and hollow metal (HM) 

for ABA- and ABC-stacked 2D-Mo2C (0001), and hexagonal close-packed hollow (Hhcp) 

and face-centred cubic hollow (Hfcc) on Rh (111). C and H atoms are represented by 

brown and white spheres, respectively, while Mo and Rh atoms are shown as pinkish and 

greenish spheres, with different levels of shading depending on their stacking position. 

The red, black and blue lines represent the three modes of H adatom diffusion explored 

departing from any competitive hollow site minimum. 
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Section S1: Gibbs Free Energies of Adsorption  

The reaction species Gibbs free energies of adsorption, ΔGad, as a function of the working 

temperature, T, and the species partial pressure, p, are approximated as: 

∆𝐺𝐺𝑎𝑎𝑑𝑑(𝑇𝑇,  𝑝𝑝) ≈  [𝐸𝐸𝑥𝑥𝑡𝑡𝑥𝑥𝑎𝑎𝑒𝑒(𝑁𝑁𝑖𝑖 , 𝑁𝑁𝑀𝑀) +  𝐸𝐸(𝑁𝑁𝑖𝑖,𝑁𝑁𝑀𝑀)
𝑍𝑍𝑃𝑃𝑍𝑍 ] − 𝐸𝐸𝑥𝑥𝑡𝑡𝑥𝑥𝑎𝑎𝑒𝑒(0, 𝑁𝑁𝑀𝑀) − 𝑁𝑁𝑖𝑖[𝐸𝐸𝑖𝑖

𝑥𝑥𝑡𝑡𝑥𝑥𝑎𝑎𝑒𝑒  +  𝐸𝐸𝑖𝑖
𝑍𝑍𝑃𝑃𝑍𝑍]  − 𝑁𝑁𝑖𝑖∆𝜇𝜇𝑖𝑖(𝑇𝑇, 𝑝𝑝)   

          (S1), 

where 𝑁𝑁𝑖𝑖 denotes the count of adsorbed species, normally one in the studied system, while 

𝐸𝐸𝑖𝑖
𝑥𝑥𝑡𝑡𝑥𝑥𝑎𝑎𝑒𝑒, 𝐸𝐸(𝑁𝑁𝑖𝑖,𝑁𝑁𝑀𝑀)

𝑍𝑍𝑃𝑃𝑍𝑍  and 𝐸𝐸𝑖𝑖
𝑍𝑍𝑃𝑃𝑍𝑍 represent the total energy, and the zero point energy (ZPE) con-

tributions of the adsorbed species, and that species in vacuum, respectively. 𝑁𝑁𝑀𝑀, for in-

stance, would be the number of metal atoms, e.g. in the Rh (111) slab model, while for 

the Mo2C models, this would be the number of each of substrate atom types. Since the 

number of substrate atoms is invariant in our study, 𝐸𝐸𝑥𝑥𝑡𝑡𝑥𝑥𝑎𝑎𝑒𝑒(𝑁𝑁𝑖𝑖 , 𝑁𝑁𝑀𝑀) =  𝐸𝐸𝑖𝑖/𝑠𝑠𝑠𝑠𝑠𝑠 , and 

𝐸𝐸𝑥𝑥𝑡𝑡𝑥𝑥𝑎𝑎𝑒𝑒(0, 𝑁𝑁𝑀𝑀) =  𝐸𝐸𝑠𝑠𝑠𝑠𝑠𝑠, where Esub and Ei/sub are the total energies of the pristine surface 

model and of the surface model with the ith species adsorbed upon, respectively. Aside, 

∆𝜇𝜇𝑖𝑖(𝑇𝑇, 𝑝𝑝) is the chemical potential change of the adsorbed species with respect to the gas 

phase, where details on how to estimate it are provided below. 𝐸𝐸𝑖𝑖
𝑍𝑍𝑃𝑃𝑍𝑍 can be obtained from 

vibrational frequencies, viz.: 

𝐸𝐸𝑖𝑖
𝑍𝑍𝑃𝑃𝑍𝑍 = 1

2
∑ hνn

NMV
n=1               (S2), 

where h is the Planck’s constant, and 𝜈𝜈𝑛𝑛 is the vibrational frequency for each normal 

mode n of vibration (NMV), i.e., 3N−5 for linear molecules in vacuum, 3N−6 for non-

linear molecules in vacuum, and 3N for adsorbed atoms/molecules, where N is the number 

of atoms (taking into account the loss of free translations and rotations that are effectively 

converted into vibrations upon adsorption). For C2H4, C2H6, and H2 molecules, the gas 

reference is well-defined. For radical species such as C2H5 and H adatoms it is convenient 

to express its chemical potential as a combination of gas phase species, i.e., 𝜇𝜇𝐻𝐻(𝑇𝑇, 𝑝𝑝)  =

 1/2 𝜇𝜇𝐻𝐻2(𝑇𝑇, 𝑝𝑝), and 𝜇𝜇𝑋𝑋2𝐻𝐻5(𝑇𝑇, 𝑝𝑝)  = 𝜇𝜇𝑋𝑋2𝐻𝐻4(𝑇𝑇, 𝑝𝑝) +  1/2 𝜇𝜇𝐻𝐻2(𝑇𝑇, 𝑝𝑝). Consequently, one can 

use ab initio thermodynamics (AIT) to express the chemical potential variations 

∆𝜇𝜇𝑖𝑖(𝑇𝑇, 𝑝𝑝) as a product containing kinetic, rotational, vibrational, and electronic contribu-

tions according to: 

∆𝜇𝜇𝑖𝑖(𝑇𝑇, 𝑝𝑝) =  − 𝑘𝑘𝐵𝐵𝑇𝑇 �𝑙𝑙𝑛𝑛 ��2𝜋𝜋𝑚𝑚𝑖𝑖

ℎ2 �
3/2 (𝑘𝑘𝐵𝐵𝑇𝑇)5/2

𝑑𝑑𝑖𝑖
�  +  𝑙𝑙𝑛𝑛 � 𝑘𝑘𝐵𝐵𝑇𝑇

𝜎𝜎𝑖𝑖
𝑠𝑠𝑠𝑠𝑠𝑠𝐵𝐵0,𝑖𝑖

�  −  ∑ 𝑙𝑙𝑛𝑛 �1 − 𝑒𝑒𝑒𝑒𝑝𝑝 �−ℏ𝜈𝜈𝑛𝑛,𝑖𝑖

𝑘𝑘𝐵𝐵𝑇𝑇
��𝑁𝑁𝑀𝑀𝑁𝑁

𝑛𝑛=1  + 𝑙𝑙𝑛𝑛�𝐼𝐼𝑖𝑖
𝑠𝑠𝑑𝑑𝑖𝑖𝑛𝑛��   (S3), 
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where 𝑘𝑘𝐵𝐵 is the Boltzmann’s constant, 𝑚𝑚𝑖𝑖 the mass of the ith molecule, 𝑝𝑝𝑖𝑖 denotes the par-

tial pressure of the ith species, 𝜎𝜎𝑖𝑖
𝑠𝑠𝑠𝑠𝑚𝑚 is the symmetry number of ith molecule —2 for H2, 4 

for C2H4, and 6 for C2H6,1 𝐵𝐵0,𝑖𝑖 is the rotational constant, computed as 𝐵𝐵0,𝑖𝑖 =  ℏ2

2𝐼𝐼𝑖𝑖
 , where 

𝐼𝐼𝑖𝑖 corresponds to the moment of inertia of the molecule, given by 𝐼𝐼𝑖𝑖 =  ∑ 𝑚𝑚𝑎𝑎𝑎𝑎 𝑟𝑟𝑎𝑎
2, where 

𝑚𝑚𝑎𝑎 is the mass of the atoms composing the ith molecule and 𝑟𝑟𝑎𝑎 refers to the distance of 

the a atom centre to the molecular centre of mass. Moreover, each of the vibrational nor-

mal modes of the ith molecule is assigned by 𝜈𝜈𝑛𝑛,𝑖𝑖, while 𝐼𝐼𝑖𝑖
𝑠𝑠𝑑𝑑𝑖𝑖𝑛𝑛 is the electronic spin degen-

eracy of the ground state. Since all the molecules considered here feature a singlet ground 

state, this term was neglected in the present study. 
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Section S2: Estimations of Rates 

The non-activated adsorption rate of a species (rads) can be gained using collision theory,2 

as; 

                                                             𝑟𝑟𝑎𝑎𝑑𝑑𝑠𝑠 = 𝑇𝑇0∙𝑑𝑑𝑖𝑖∙𝐴𝐴
�2𝜋𝜋∙𝑚𝑚𝑖𝑖∙𝑘𝑘𝐵𝐵∙𝑇𝑇

                                              (S4), 

where S0 is the initial sticking coefficient, pi the partial pressure of H2, C2H4, or C2H6 in 

the gas phase, and A represents the surface area of an adsorption site, estimated by divid-

ing the surface supercell area, see Figure S1, by the number of possible adsorption sites. 

The desorption rate, rdes, is estimated from the transition state theory (TST) and 

assuming that the desorbed TS is a late two-dimensional (2D) transition state,3 where the 

energy barrier is the desorption energy, ∆Edes
i , which is simply a negative of the adsorp-

tion energy, ∆Eads
i , see main text. Thus, viz.: 

                          𝑟𝑟𝑑𝑑𝑒𝑒𝑠𝑠 = 𝑣𝑣𝑑𝑑𝑒𝑒𝑠𝑠 ∙ 𝑒𝑒𝑒𝑒 𝑝𝑝 �∆Eads
i

𝑘𝑘𝐵𝐵∙𝑇𝑇
� ;  𝑣𝑣𝑑𝑑𝑒𝑒𝑠𝑠 = 𝑘𝑘𝐵𝐵∙𝑇𝑇

ℎ

𝑞𝑞𝑡𝑡𝑡𝑡𝑣𝑣𝑛𝑛𝑠𝑠,2𝐷𝐷
𝑔𝑔𝑣𝑣𝑠𝑠 ∙𝑞𝑞𝑡𝑡𝑟𝑟𝑡𝑡

𝑔𝑔𝑣𝑣𝑠𝑠∙𝑞𝑞𝑣𝑣𝑖𝑖𝑣𝑣
𝑔𝑔𝑣𝑣𝑠𝑠

𝑞𝑞𝑣𝑣𝑖𝑖𝑣𝑣
𝑣𝑣𝑎𝑎𝑠𝑠                      (S5), 

where ∆Eads
i  is, here, non-ZPE corrected. Note that in such rates definitions, ZPE is ac-

counted for in the vibrational partition function. Indeed, the pre-factor 𝑣𝑣𝑑𝑑𝑒𝑒𝑠𝑠 is given by 

various partition functions, 𝑞𝑞, including those in Equations (10-12).  

                                                            𝑞𝑞𝑥𝑥𝑟𝑟𝑎𝑎𝑛𝑛𝑠𝑠,2𝐿𝐿
𝑔𝑔𝑎𝑎𝑠𝑠 = 𝐴𝐴 ∙ 2𝜋𝜋∙𝑚𝑚∙𝑘𝑘𝐵𝐵∙𝑇𝑇

ℎ2                              (S6), 

𝑞𝑞𝑣𝑣𝑖𝑖𝑠𝑠
𝑎𝑎𝑑𝑑𝑠𝑠/𝑔𝑔𝑎𝑎𝑠𝑠 = ∏

𝑒𝑒𝑥𝑥𝑑𝑑�− ℎ∙𝑣𝑣𝑛𝑛
2∙𝑘𝑘𝐵𝐵∙𝑇𝑇�

1−𝑒𝑒𝑥𝑥𝑑𝑑�−ℎ∙𝑣𝑣𝑛𝑛
𝑘𝑘𝐵𝐵∙𝑇𝑇�

𝑛𝑛                         (S7), 

                                                               𝑞𝑞𝑟𝑟𝑡𝑡𝑥𝑥
𝑔𝑔𝑎𝑎𝑠𝑠 = 𝑇𝑇

𝜎𝜎𝑠𝑠𝑠𝑠𝑠𝑠∙𝑇𝑇𝑡𝑡𝑟𝑟𝑡𝑡
                  (S8). 

The  𝑞𝑞𝑥𝑥𝑟𝑟𝑎𝑎𝑛𝑛𝑠𝑠,2𝐿𝐿
𝑔𝑔𝑎𝑎𝑠𝑠 , 𝑞𝑞𝑟𝑟𝑡𝑡𝑥𝑥

𝑔𝑔𝑎𝑎𝑠𝑠 , and 𝑞𝑞𝑣𝑣𝑖𝑖𝑠𝑠
𝑔𝑔𝑎𝑎𝑠𝑠  refer to the gas phase translational partition 

function including just 2D degrees of freedom (as the third dimension is the reaction 

coordinate for desorption), the rotational partition function, and the vibrational partition 

function, respectively, computed in a large box. The 𝑞𝑞𝑣𝑣𝑖𝑖𝑠𝑠
𝑎𝑎𝑑𝑑𝑠𝑠  is the vibrational partition 

function of the adsorbed molecule where six degrees of freedom correspond to frustrated 

rotations and translations, vide supra. Finally, for the rotational partition functions, see 

Eq. (S8), Trot is the rotational temperature of the adsorbed species.   

For the reactive and diffusive steps, the corresponding rates, 𝑟𝑟𝑖𝑖, have been ob-

tained as well by TST,4 defined as: 
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                                          𝑟𝑟𝑖𝑖 = 𝑣𝑣 ∙ 𝑒𝑒𝑒𝑒 𝑝𝑝 �− ∆𝑍𝑍𝑇𝑇𝑇𝑇
𝑘𝑘𝐵𝐵∙𝑇𝑇

� ;  𝑣𝑣 = 𝑘𝑘𝐵𝐵∙𝑇𝑇
ℎ

𝑞𝑞𝑣𝑣𝑖𝑖𝑣𝑣
𝑇𝑇𝑇𝑇

𝑞𝑞𝑣𝑣𝑖𝑖𝑣𝑣
𝐼𝐼𝑇𝑇                                   (S9), 

where ∆𝐸𝐸𝑇𝑇𝑇𝑇 represents the non-ZPE corrected energy barrier, the pre-factor for 𝑣𝑣 can be 

determined by the partition function, which refers to the vibrational partition functions in 

the initial state (IS) or the transition state (TS) on the surface; 𝑞𝑞𝑣𝑣𝑖𝑖𝑠𝑠
𝑇𝑇𝑇𝑇/𝐼𝐼𝑇𝑇 denotes the vibra-

tional partition given by: 

                                          𝑞𝑞𝑣𝑣𝑖𝑖𝑠𝑠
𝑇𝑇𝑇𝑇/𝐼𝐼𝑇𝑇 = ∏

𝑒𝑒𝑥𝑥𝑑𝑑�− ℎ∙𝑣𝑣𝑛𝑛
2∙𝑘𝑘𝐵𝐵∙𝑇𝑇�

1−𝑒𝑒𝑥𝑥𝑑𝑑�−ℎ∙𝑣𝑣𝑛𝑛
𝑘𝑘𝐵𝐵∙𝑇𝑇�

𝑛𝑛                                   (S10). 
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Section S3: The Span Model 

The energy span model has been widely used to assess activity beyond traditional meth-

ods, which consider all individual transition states.5,6 Within the span model, the rate-

determining transition state (RDTS) is identified as the transition state with the highest 

energy, which influences the reaction rate significantly. The rate-determining intermedi-

ate (RDI), i.e., the one with the lowest energy, is used to seize the energy span.7 The span 

energy barrier, 𝐸𝐸𝑠𝑠
𝑠𝑠𝑑𝑑𝑎𝑎𝑛𝑛, captures the energetic requirement of the reaction, defined as:                                

 𝐸𝐸𝑠𝑠
𝑠𝑠𝑑𝑑𝑎𝑎𝑛𝑛 =  𝐸𝐸ℎ𝑖𝑖𝑔𝑔ℎ𝑒𝑒𝑠𝑠𝑥𝑥

𝑅𝑅𝐿𝐿𝑇𝑇𝑇𝑇 − 𝐸𝐸𝑒𝑒𝑡𝑡𝑙𝑙𝑒𝑒𝑠𝑠𝑥𝑥
𝑅𝑅𝐿𝐿𝐼𝐼  (S11). 

Further details on the applicability of the span model are found in the literature.41,8 
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Figure S2. Top views of the lowest-energy high-symmetry surface sites of C2H4*, C2H5*, 

C2H6*, and H2* species on (a) ABA-Mo2C (0001), (b) ABC-Mo2C (0001), and (c) Rh 

(111). Notations above the calculated structures denote the most stable adsorption site, 

being top (T), bridge (B), or hollow sites with a C underneath (HC) or a metal (HM), or 

being a mixed bridge sites (HB). 
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Table S1. Adsorption Gibbs free energies of H2, C2H4, and C2H6 on ABA and ABC-

Mo2C (0001) surfaces, and on Rh (111) surfaces, at the experimental reaction conditions 

of 1 bar gas partial pressure, p, and a temperature, T, of 250 °C for Mo2C MXenes, and 

60 °C for Rh. All values are given in eV. 

 

 

 

 

 

 

 

 

 

 

 

 

 

Table S2. Adsorption energies of two H adatoms on ABA- and ABC-Mo2C and Rh sur-

faces on different sites as specified in Figure S4. All values are given in eV, and do not 

include the ZPE term. The bold font represents the lowest energy case. 

 1 2 3 4 5 6 7 

ABA-Mo2C −1.73 −1.75 −1.72 ‒‒ ‒‒ ‒‒ ‒‒ 

ABC-Mo2C −1.93 −1.97 −1.95 ‒‒ ‒‒ ‒‒ ‒‒ 

Rh −1.19  −1.19 −1.18 −0.95 −1.16 −1.17 −1.16 

  

ΔGad (T, p) H2 C2H4 C2H6 

ABA-Mo2C −1.02 −1.07 0.32 

ABC-Mo2C −1.25 −1.47 0.31 

Rh −0.51 −0.68 0.28 
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Figure S3. Calculated rates of adsorption, rads, and desorption, rdes, of H2, C2H4, and C2H6 

on (a) ABA-Mo2C, (b) ABC-Mo2C, and (c) Rh (111) models as a function of temperature, 

T, at the total gas pressure of 1 bar. 

 

 

 

Figure S4. The lowest-energy high-symmetry surface sites of two vicinal H adatoms on 

(a) ABA-Mo2C and (b) ABC-Mo2C (0001) surfaces, and (c) Rh (111) surface. Numbered 

circles represent the potential high-symmetry positions for the second H adatom, while 

orange circles represent the final most stable positions. 
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Figure S5. Top view of the H2 dissociation on (a) ABA-Mo2C, (b) ABC-Mo2C, and (c) 

Rh (111) pristine surfaces, including initial states (ISs), transition states (TSs), and final 

states (FSs). 

 

 

 

 

 

 

Figure S6. The lowest-energy co-adsorption sites of H2 nearby of the adsorbed C2H4* on 

(a) ABA-Mo2C, (b) ABC-Mo2C, and (c) Rh (111) surfaces. Numbered circles represent 

potential high-symmetry positions for the co-adsorption of H2, while orange circles 

represent the final most stable positions. 
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Figure S7. The main high-symmetry surface sites for the H2 adsorption and two vicinal 

H* adatoms produced as a result of the H2 dissociation on (a) ABA-Mo2C-1 and ABA-

Mo2C-2, (b) ABC-Mo2C-1 and ABC-Mo2C-2, and (c) Rh-1, Rh-2, and Rh-3 surfaces in 

the presence of C2H4. For details on the notations used, see Figure S6. 
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Table S3. H2 adsorption energies on ABA-Mo2C, ABC-Mo2C, and Rh surface models 

with different relative sites with respect to a pre-adsorbed C2H4 as specified in Figure 

S6. All values are given in eV. The bold font represents the ones selected to study H2 

dissociation forward. 

 1 2 3 4 5 

Mo2CABA −0.42 −0.55 −0.51 −0.55 ‒‒ 

Mo2CABC −0.67  −0.77  −0.72  −0.76 ‒‒ 

Rh −0.52  −0.53 −0.53 ‒‒ ‒‒ 

 
 

 

Table S4. Total adsorption energies of two H adatoms on ABA-Mo2C (0001) surface on 

different sites with respect to pre-adsorbed C2H4 as specified in Figure S7a. All values 

are given in eV. The bold font represents the one selected on the study. 

 a b c 

ABA-Mo2C-1 −1.67 −1.66 −1.54  

ABA-Mo2C-2 −1.64  ‒‒ ‒‒ 

 
 

 

Table S5. Total adsorption energies of two H adatoms on ABC-Mo2C (0001) surface on 

different sites with respect to pre-adsorbed C2H4 as specified in Figure S7b. All values 

are given in eV. The bold font represents the one selected on the study. 

 a b c 

ABC-Mo2C-1 −1.84 −1.61 −1.77 

ABC-Mo2C-2 −1.91  −1.59 −1.61 
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Table S6. Total adsorption energies of two H adatoms on Rh (111) surface on different 

sites with respect to pre-adsorbed C2H4 as specified in Figure S7c. All values are given 

in eV. The bold font represents the one selected on the study. 

 a b c 

Rh-1 −1.11 −1.11 −1.09 

Rh-2 −1.13 −1.11 −1.08 

Rh-3 −1.13 −1.07 −1.08 

 
 
 

 

 

 

Table S7. The energy barriers, Eb, for H2 dissociation on ABA- and ABC-Mo2C (0001) 

surface models, and on Rh (111) surface, according to the ISs and FSs depicted in Fig-

ures S7 and S8. All values are given in eV. The bold font represents the H2 dissociating 

path with the lowest Eb. 

 a b c 

ABA-Mo2C-1 0.20 0.19 ‒‒ 

ABA-Mo2C-2 ‒‒ 0.25 ‒‒ 

ABC-Mo2C-1 ‒‒ ‒‒ 0.09 

ABC-Mo2C-2 0.10 ‒‒ ‒‒ 

Rh-1 0.01 0.01 ‒‒ 

Rh-2 0.01 0.01 ‒‒ 

Rh-3 0.01 ‒‒ ‒‒ 
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Figure S8. Top views of the different stages of H2 dissociation on (a) ABA-Mo2C, (b) 

ABC-Mo2C, and (c) Rh (111) surfaces in the presence of C2H4*, including initial states 

(ISs), transition states (TSs), and final states (FSs) with the lowest energy barriers (Eb, 

see Table S7). 

 

 

Figure S9. Top views of the different stages of H* diffusion on (a) ABA-Mo2C, (b) ABC-

Mo2C, and (c) Rh (111) pristine surfaces, including the initial states (ISs), transition states 

(TSs), middle states (MSs), and final states (FSs). 
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Figure S10. Top views of the different stages of H* diffusion on (a) ABA-Mo2C, (b) 

ABC-Mo2C, and (c) Rh (111) surfaces in the presence of C2H4*, including initial states 

(ISs), transition states (TSs), middle states (MSs), and final states (FSs). 
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Table S8. Energy barriers, Eb, for H diffusion and H2 dissociation on ABA-Mo2C, ABC-

Mo2C, and Rh surfaces, when pristine or in the presence C2H4, plus the H2 adsorption 

energies. All values are given in eV. 

 Pristine With C2H4 

 𝐸𝐸𝑠𝑠
𝐻𝐻 𝑑𝑑𝑖𝑖𝑒𝑒𝑒𝑒 𝐸𝐸𝑠𝑠

𝐻𝐻2 𝑑𝑑𝑖𝑖𝑠𝑠𝑠𝑠 𝐸𝐸𝑎𝑎𝑑𝑑𝑠𝑠
𝐻𝐻2  𝐸𝐸𝑠𝑠

𝐻𝐻 𝑑𝑑𝑖𝑖𝑒𝑒𝑒𝑒 𝐸𝐸𝑠𝑠
𝐻𝐻2 𝑑𝑑𝑖𝑖𝑠𝑠𝑠𝑠 𝐸𝐸𝑎𝑎𝑑𝑑𝑠𝑠

𝐻𝐻2  

ABA-Mo2C 0.35 0.28 −0.53 0.37 0.19 −0.55 

ABC-Mo2C 0.27 0.11 −0.72 0.28 0.09 −0.77 

Rh 0.16 0.06 −0.61 0.10 0.01 −0.53 

 
 

 

 

Table S9. Reaction energies, ΔE, and energy barriers, Eb, of the first and second hydro-

genation reaction steps on C2H4, as well as the full ∆E and the energy barrier according 

to the span model, 𝐸𝐸𝑠𝑠
𝑠𝑠𝑑𝑑𝑎𝑎𝑛𝑛, on the ABA- and ABC-Mo2C surface models depicted in Fig-

ure 3 of the main text, and on Rh (111). All values are given in eV.  

 𝛥𝛥𝐸𝐸𝐻𝐻
1𝑠𝑠𝑡𝑡 𝐸𝐸𝑠𝑠

𝐻𝐻−1𝑠𝑠𝑡𝑡 𝛥𝛥𝐸𝐸𝐻𝐻
2𝑛𝑛𝑎𝑎 𝐸𝐸𝑠𝑠

𝐻𝐻−2𝑛𝑛𝑎𝑎 ΔEfull 𝐸𝐸𝑠𝑠
𝑠𝑠𝑑𝑑𝑎𝑎𝑛𝑛 

ABA-Mo2C-1b@1 0.28 0.73 0.92 2.03 1.20 2.30 

ABA-Mo2C-1b@2 0.33 0.79 0.87 1.90 1.20 2.22 

ABA-Mo2C-1b@3 0.29 0.74 0.91 1.77 1.20 2.06 

ABA-Mo2C-1b@4 0.34 0.84 0.86 2.07 1.20 2.40 

ABC-Mo2C-1c@1 0.38 0.64 1.32 1.98 1.70 2.36 

ABC-Mo2C-1c@2 0.57 0.81 1.13 1.83 1.70 2.40 

ABC-Mo2C-1c@3 0.50 0.78 1.31 2.11 1.70 2.51 

Rh_2b 0.39 0.91 -0.11 0.55 0.27 0.94 
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Table S10. Reaction energies, ΔE, and energy barriers, Eb, of the first and second hydro-

genation reaction steps on C2H4, as well as the full ∆𝐸𝐸𝑠𝑠𝑑𝑑𝑎𝑎𝑛𝑛 and the energy barrier accord-

ing to the span model, 𝐸𝐸𝑠𝑠
𝑠𝑠𝑑𝑑𝑎𝑎𝑛𝑛, on the ABA- and ABC-Mo2C surface models, and on Rh 

(111) surface, either on their pristine models, or having ¾ ML of H or C2H4 depicted in 

Figures S11-S13.  

  𝛥𝛥𝐸𝐸𝐻𝐻
1𝑠𝑠𝑡𝑡 𝐸𝐸𝑠𝑠

𝐻𝐻−1𝑠𝑠𝑡𝑡 𝛥𝛥𝐸𝐸𝐻𝐻
2𝑛𝑛𝑎𝑎 𝐸𝐸𝑠𝑠

𝐻𝐻−2𝑛𝑛𝑎𝑎 ∆𝐸𝐸𝑠𝑠𝑑𝑑𝑎𝑎𝑛𝑛 𝐸𝐸𝑠𝑠
𝑠𝑠𝑑𝑑𝑎𝑎𝑛𝑛 

Clean 

ABA-Mo2C-

1b@3 
0.29 0.74 0.91 1.77 1.20 2.06 

ABC-Mo2C-

1c@2 
0.57 0.81 1.13 1.83 1.70 2.40 

Rh-2b 0.39 0.91 -0.11 0.55 0.27 0.94 

¾ ML H  

ABA-Mo2C-

1b@3 
0.44 0.78 0.32 1.13 0.76 1.57 

ABC-Mo2C-

1c@2 
0.48 0.83 0.62 

1.57 1.09 2.05 

Rh-2b 0.33 0.82 -0.13 0.48 0.20 0.80 

¾ ML 

C2H4 

ABA-Mo2C-

1b@3 
0.21 0.67 0.65 

1.95 0.85 2.16 

ABC-Mo2C-

1c@2 
0.52 0.84 0.78 

1.35 1.30 1.87 

Rh-2b 0.32 0.75 -0.04 0.59 0.28 0.91 
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Figure S11. Top views of the IS, MS, FS of C2H4 hydrogenation on ABA-Mo2C (0001) 

surface, including first (TS1) and second (TS2) hydrogenation transition states on (a) 

pristine surface, (b) ¾ ML H*, and (c) ¾ ML C2H4* models. 

 

 

 

Figure S12. Top views of the IS, MS, FS of C2H4 hydrogenation on ABC-Mo2C (0001) 

surface, including first (TS1) and second (TS2) hydrogenation transition states on (a) 

pristine surface, (b) ¾ ML H*, and (c) ¾ ML C2H4* models. 
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Figure S13. Top views of the IS, MS, FS of C2H4 hydrogenation on Rh (111) surface, 

including first (TS1) and second (TS2) hydrogenation transition states on (a) pristine 

surface, (b) ¾ ML H*, and (c) ¾ ML C2H4* models. 

 

 

 
Figure S14. Top views of the IS, TS, and MS of H diffusion on (a) ABA-Mo2C, (b) ABC-

Mo2C, and (c) Rh (111) surface models with ¾ ML of C2H4*. Notice that because of 

symmetry, the final diffusion from MS to FS is the same as from IS to MS. 
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Figure S15. Top views of the IS, TS, and MS of H diffusion on (a) ABA-Mo2C, (b) ABC-

Mo2C, and (c) Rh (111) surface models with ¾ ML of H*. Notice that because of 

symmetry, the final diffusion from MS to FS is the same as from IS to MS. 

 

 

Figure S16. Side views of the IS, TS, and FS of Eley-Rideal mechanism on (a) ABA-

Mo2C, (b) ABC-Mo2C, and (c) Rh (111) pristine surface mo 
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Table S11. Energy barriers, Eb, for H diffusion on ABA-Mo2C, ABC-Mo2C, and Rh sur-

faces, either on their pristine models, or having ¾ ML of H or C2H4 depicted in Figure 4. 

All values are given in eV. 

 Clean ¾ ML H ¾ ML C2H4 

ABA-Mo2C 0.37 0.42 0.36 

ABC-Mo2C 0.28 0.42 0.27 

Rh 0.10 0.16 0.11 
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Table S12. Conversion of propene, 𝑋𝑋𝑋𝑋3𝐻𝐻6, and NMR signal enhancement, SE, for the 

CH3-groups of propane obtained in the hydrogenation of propene with p-H2 over 

Mo2CTx−500 and Rh/TiO2 catalysts at different temperatures (see the experimental section 

for details). 

Catalyst T, °C 
Flow rate, 

mLs 
min−1 

XC3H6, % SE 

Mo2CTx−500 

165 
26 100 – 
155 86 – 
240 75 – 

205 
26 100 – 
156 82 – 
240 73 1.1 

235 
26 100 – 
156 79 1.9 
240 62 2 

275 
26 100 – 
156 60 – 
240 49 4 

325 
26 97 – 
156 42 1.3 
240 32 5 

375 
26 74 – 
240 9 10 

Rh/TiO2 

43 
26 43 – 
156 11 161 
240 5 337 

53 
26 52 – 
156 12 169 
240 7 347 

60 
26 61 – 
156 20 154 
240 11 331 

70 
26 72 – 
156 23 154 
240 14 352 

85 
26 94 – 
156 32 143 
240 22 316 

100 26 100 – 
156 38 145 
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240 28 318 

125 
26 100 – 
156 47 131 
240 36 297 

150 
26 100 – 
156 53 127 
240 40 298 
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Table S1. Adsorption energy (Eads in eV) of *O2, *OOH, *O, and *OH on the SAC cat-

alysts. 

 
Catalysts *O2 *OOH *O *OH 

Sc -3.19 -4.00 -5.59 -5.48 

Ti -4.68 -6.35 -7.84 -5.62 

V -3.79 -6.20 -7.78 -4.98 

Mn -0.93 -1.75 -4.86 -3.09 

Fe -0.88 -1.89 -4.56 -3.03 

Ni -0.18 -0.52 -1.92 -1.59 

Cu -0.24 -0.62 -1.93 -1.75 

Pt -0.17 -0.28 -1.36 -1.21 

 

 

 

Table S2. Calculated total energy (E), vibrational zero-point energy (EZPE), TS, and Gibbs 

free energy for *OOH (G*OOH) in ORR on M@NC (M = Sc, Ti, V, Mn, Fe, Ni, Cu, and 

Pt) at U = 0 V. 

Structure E (eV) EZPE (eV) TS (eV) G*OOH (eV) 

Sc -464.84 1.07 0.28 -464.05 

Ti -467.35 1.07 0.31 -466.59 

V -467.79 1.09 0.27 -466.97 

Mn -463.93 1.04 0.29 -463.18 

Fe -462.94 1.07 0.36 -462.23 

Ni -459.32 1.06 0.42 -458.62 

Cu -456.38 1.04 0.41 -455.75 

Pt -458.93 1.06 0.33 -458.20 
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Table S3. Calculated total energy (E), vibrational zero-point energy (EZPE), TS, and Gibbs 

free energy for *O (G*O) in ORR on M@NC (M = Sc, Ti, V, Mn, Fe, Ni, Cu, and Pt) at 

U = 0 V. 

Structure E (eV) EZPE (eV) TS (eV) G*O (eV) 

Sc -454.79 0.69 0.24 -454.34 

Ti -457.19 0.72 0.21 -456.68 

V -457.71 0.72 0.20 -457.19 

Mn -455.38 0.72 0.19 -454.85 

Fe -453.95 0.71 0.19 -453.43 

Ni -449.06 0.63 0.21 -448.64 

Cu -446.03 0.65 0.3 -445.68 

Pt -448.35 0.71 0.24 -447.88 

 

 

Table S4. Calculated total energy (E), vibrational zero-point energy (EZPE), TS, and Gibbs 

free energy for *OH (G*OH) in ORR on M@NC (M = Sc, Ti, V, Mn, Fe, Ni, Cu, and Pt) 

at U = 0 V. 

Structure E (eV) EZPE (eV) TS (eV) G*OH (eV) 

Sc -460.66 0.96 0.28 -459.98 

Ti -460.95 0.93 0.26 -460.28 

V -460.90 0.95 0.26 -460.21 

Mn -459.60 0.95 0.21 -458.86 

Fe -458.41 1.00 0.23 -457.64 

Ni -454.71 0.97 0.26 -454.00 

Cu -451.84 0.94 0.31 -451.21 

Pt -454.19 0.97 0.32 -453.54 
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Figure S1. Total and PDOS diagrams of: a) Sc@NC, b) Ti@NC, c) V@NC, d) Mn@NC, 

e) Fe@NC, f) Ni@NC, g) Cu@NC, and h) Pt@NC SAC models. Energy levels are re-

ferred to the Fermi energy. 
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Figure S2. Gibbs free energy diagrams of ORR in alkaline media for: a) to h) Sc, Ti, V, 

Mn, Fe, Ni, Cu, and Pt SAC models considered at different electrode potentials and pH = 

14.  
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Experimental details 

Preparation of the Pt1/CNT catalysts 

Before synthesizing the catalysts, multiwalled carbon nanotubes (CNTs; MR99, Carbon 

Nano-material Technology Co., Ltd.) with an average diameter of 10 nm and an average 

length of 10 μm were heated and subsequently acid washed to remove metallic impuri-

ties1,2. In detail, CNTs (38.0 g) were calcined at 500 ℃ for 1 h in a box furnace at a 

heating rate of 7.9 ℃ min−1. The heat-treated CNT powder was then acid washed at 80 ℃ 

for 12 h in 810 g of 6 M HNO3 (diluted from 60% HNO3, Samchun Chemicals) under 

vigorous stirring. After filtration and washing with excess deionized (DI) water, the pow-

der was treated with 720 g of 6 M HCl (diluted from 36% HCl, Samchun Chemicals) as 

described above. The acid-treated CNTs were collected after drying overnight in an oven 

at 60 ℃. 

Pt1/CNT catalysts with various Pt contents (Pt1(X)/CNT, where X = nominal wt.% of 

Pt) were synthesized by solid-state mixing of CNT and Pt-macrocycle precursor follow-

ing by annealing3. The acid-treated CNT (500 mg) and PtII meso-tetraphenylporphine 

(PtTPP, 95%, Frontier Scientific) were ground in an agate mortar over 20 min until the 

color and texture became constant. The PtTPP contents in the precursor mixtures were 

71.0, 21.6, and 2.1 mg for Pt1(3)/CNT, Pt1(1)/CNT, and Pt1(0.15)/CNT, respectively. 

Subsequently, the powder mixture was pyrolyzed at 700 ℃ for 3 h under an N2 flow (5N, 

1 L min−1) at a heating rate of 2.1 ℃ min−1. N-doped CNT was synthesized by a similar 

method, but with 54.0 mg of TPP (1−3% Chlorin, Frontier Scientific), which is equivalent 

to 71.0 mg of PtTPP, was used as a precursor. 

Two model catalysts with abundant oxygen (O-Pt1(3)/CNT) or chlorine (Cl-

Pt1(3)/CNT) functionalities were prepared by post-treatment of Pt1(3)/CNT. O-

Pt1(3)/CNT (150 mg) was prepared by ozone treatment at 25 ℃ for 1 h using an ozone 

generator (LAB-I, Ozonetech Inc.). Cl-Pt1(3)/CNT was prepared by sequential H2O2 and 

SO2Cl2 treatments4. Pt1(3)/CNT (75 mg) was mixed with a 12.7 wt.% H2O2 solution (1.5 

L; diluted from 29–32% H2O2, Alfa Aesar) and the mixture was stirred at 70 ℃ for 2 h. 

The catalyst powder was collected by filtration and washed several times with DI water. 

Subsequently, H2O2-treated Pt1(3)/CNT (70 mg) was dispersed in 4.2 mL of acetonitrile 

(99.8%, Sigma-Aldrich) and 280 mg of SO2Cl2 (97%, Sigma-Aldrich) was added. The 

mixture was stirred for 2 h at 75 ℃ and subsequently, heated and refluxed for 5 h at 75 ℃. 

Cl-Pt1(3)/CNT was collected via filtration and washed several times with DI water. 

Physical characterizations 
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High-angle annular dark-field scanning transmission electron microscopy (HAADF-

STEM) images were obtained using a Titan3 G2 60-300 microscope (FEI Company) 

equipped with a double-sided spherical aberration (Cs) corrector operated at an acceler-

ating voltage of 200 kV. X-ray diffraction (XRD) patterns were obtained using a high-

power X-ray diffractometer (D/MAX2500V/PC, Rigaku) equipped with Cu Kα radiation 

operated at 40 kV and 200 mA. The XRD patterns were measured in the 2θ range from 

10° to 90° at a scan rate of 2° min−1. XRD samples were prepared by pelletizing 50 mg 

of the catalyst in a sample holder (13 mm in width) under 8 tons of hydraulic pressure. 

X-ray photoelectron spectroscopy (XPS) measurements were performed using a K-Alpha 

spectrometer (Thermo Fisher Scientific) equipped with a monochromatic Al Kα X-ray 

source (1486.6 eV). XPS Pt 4f and N 1s spectra were analyzed using the XPSPeak41 

software with a mixed Gaussian (70)–Lorentzian (30) function after applying Shirley-

type background correction. The spin-orbit components of the XPS Pt 4f spectra were 

fixed at 3.34 eV. To quantify the Pt content in the catalysts, a microwave digestion system 

(Mars 6, CEM) was used to completely dissolve Pt in aqua regia (36% HCl:60% HNO3 

= 3:1, v/v) at 220 ℃ for 40 min (600 W, heating rate of 6.7 ℃ min−1). Subsequently, the 

resulting solution was analyzed by inductively coupled plasma-optical emission spectros-

copy (ICP-OES; 700-ES, Varian).  

Pt L3-edge X-ray absorption spectroscopy (XAS) spectra were collected at the 6D 

beamline of the Pohang Accelerator Laboratory (PAL). The XAS spectra of the samples 

were obtained in the transmission mode after pelletizing the catalysts in a sample holder 

(1 cm in width). Background removal and normalization of the absorption coefficient for 

X-ray absorption near edge structure (XANES) spectra and fitting for the Fourier trans-

formed k3-weighted extended X-ray absorption fine structure (EXAFS) spectra were per-

formed using the Athena and Artemis software with 1.1 of Rbkg in a Hanning-type win-

dow5. Crystallographic data for the PtTPP molecule were used for multishell fitting with 

the first-shell of Pt–N and the second-shell of Pt···C6,7. The amplitude reduction factor 

(S02) of Pt was fixed at 0.84 after calibration using a standard Pt foil. For the XANES 

white line (WL) fitting, the interpolation plot of Pt references in our previous report was 

used to estimate the average oxidation number from the WL area8. 
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Electrochemical characterizations 

Electrochemical measurements were conducted in a conventional three-electrode H-type 

cell using a potentiostat (VMP3, Bio-Logic Science Inc.). A homemade rotating disk elec-

trode (RDE) with mirror-polished glassy carbon (5 mm diameter), Pt wire (CE-100, EC 

Frontier), and saturated Ag/AgCl (RE-T1A, EC Frontier) electrodes were used as the 

working, counter, and reference electrodes, respectively. The counter electrode was sep-

arated from the working and reference electrodes using a glass frit. To prevent unexpected 

contamination from the reference electrode9, it was doubly separated from the electrolyte 

using a glass tube equipped with a glass frit. Ar-saturated 0.1 M HClO4 solutions with 

and without 1 M NaCl (or 1 M NH4Cl), which were prepared using DI water (≥18.2 Ω, 

Arium Mini, Sartorius), concentrated HClO4 solution (70%, Sigma-Aldrich), NaCl (99%, 

Sigma-Aldrich), and NH4Cl (99.5%, Sigma-Aldrich), were used as electrolytes. All po-

tentials are given relative to the reversible hydrogen electrode (RHE) scale after calibra-

tion of the reference electrode with a Pt wire electrode in an H2-saturated electrolyte be-

fore each electrochemical measurement. 

A thin-film electrode was fabricated by drop-casting the catalyst ink (10 μL) onto an 

RDE. The catalyst loading was 100 μg cm−2. The catalyst ink was prepared by dispersing 

5 mg of the catalyst in a mixed solution of DI water (2122 μL), isopropyl alcohol (374 

μL), and 5 wt.% Nafion solution (50 μL). Before measuring the chlorine evolution reac-

tion (CER) activity, the working electrode was electrochemically activated by 50 cycles 

of cyclic voltammetry (CV) in the potential range of 0.05–1.2 VRHE at a scan rate of 500 

mV s−1 in an Ar-saturated 0.1 M HClO4 electrolyte. CER polarization curves were ob-

tained in the potential range of 1.0–1.6 VRHE at a scan rate of 10 mV s−1 in Ar-saturated 

0.1 M HClO4 with 1 M NaCl. During the measurements, the working electrode was ro-

tated at 1600 rpm using a rotor (RRDE-3A, ALS). Durability tests were performed using 

500 CV cycles in the potential range of 1.0–1.6 VRHE at a scan rate of 100 mV s−1. In this 

study, the onset potential of the CER was defined as the potential at 1 mA cm−2 during 

CER polarization. All electrochemical results were shown after 85% iR compensation 

correction, which was conducted by electrochemical impedance spectroscopy (EIS) at a 

fixed potential of 0.9 VRHE in the frequency range of 100 kHz–1 Hz with a potential am-

plitude of 10 mV. 

The electrochemical Cl2 formation was analyzed by chronoamperometry (CA) using 

a rotating ring-disk electrode (RRDE; 012613, ALS). The CER selectivity was measured 

for 120 s at an electrode rotation speed of 1600 rpm; this step was repeated five times 
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with an intermittent break of 1 min. The applied disk potential was adjusted to generate a 

current density of ≥10 mA cm−2, but the applied Pt ring potential was fixed at 0.95 VRHE10. 

Prior to the RRDE study, the background currents of the disk and ring electrodes were 

stabilized at 0.95 VRHE with an electrode rotation of 1600 rpm. The net CER current (iCER) 

at the disk electrode and CER selectivity were calculated using the following equations. 

iCER = �𝑖𝑖r
𝑁𝑁

�         (Eqn. S1), 

Cl2 selectivity (%) = 100 ∙ 2∙𝑖𝑖CER
𝑖𝑖d+𝑖𝑖CER

= 100 ∙
2∙�𝑖𝑖r

𝑁𝑁�

𝑖𝑖d+�𝑖𝑖r
𝑁𝑁�

    (Eqn. S2), 

where ir, N, and id denote the background-corrected ring current, collection efficiency 

(0.35–0.37, calibrated using K3[Fe(CN)6]), and background-corrected disk current, re-

spectively. 

Online EFC/ICP-MS measurements 

Online Pt dissolution was analyzed by inductively coupled plasma-mass spectrometry 

(ICP-MS; iCAP RQ, Thermo-Fisher Science) coupled with a homemade electrochemical 

flow cell (EFC). The EFC was composed of a U-shaped channel (1 mm diameter) and 

two openings (3 mm diameter). On one opening side, a mirror-polished 3 mm glassy 

carbon electrode (002012, ALS) made electrochemical contact with the electrolyte (Sup-

plementary Fig. 8). On the other opening side, a 3 mm Teflon tube, which was sealed 

with a polytetrafluoroethylene (PTFE) membrane (WP-020-80, Sumitomo Electric Ind., 

Ltd.) at one end, was approached to the working electrode to extract any evolved gas 

products by vacuum. The counter electrode was a graphite rod separated from the elec-

trolyte by a Nafion 115 membrane (DuPont). The reference electrode was a saturated 

Ag/AgCl electrode that was directly connected to the outlet of the EFC. The electrolyte 

was Ar-saturated 0.1 M HClO4 with 1 M NH4Cl, which continuously flowed to the EFC 

at a flow rate of 400 μL min−1 (Note: we avoided using 1 M NaCl due to significant 

damage on the sampler and skimmer corns of the ICP-MS instrument; Supplementary 

Fig. 9). Prior to introducing the electrolyte to the ICP-MS instrument, it was mixed with 

0.5 M HNO3 containing 5 ppb 187Re as an internal standard at a mixing ratio of 1:1 using 

a Y-connector. Online Pt dissolution was estimated using the ratio of 195Pt to 187Re signals 

during the electrochemical treatments. The catalyst loading on the working electrode was 

100 μg cm−2. After stabilizing the online ICP-MS signals for 30 min at an open-circuit 

potential (OCP), the working electrode was electrochemically activated by 50 CV cycles 

at a scan rate of 500 mV s−1 in the potential range of 0.05–1.2 VRHE. Subsequently, Pt 
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dissolution was monitored over 500 CV cycles at a scan rate of 100 mV s−1 in the potential 

range of 1.0–1.6 VRHE. 

DFT calculations 

1. Computational details 

Electronic structure calculations for periodically replicated appropriate models were per-

formed using the Vienna ab initio simulation package (VASP 5.4.1) based on the frame-

work of density functional theory (DFT)11. The exchange–correlation potential was 

treated as in the generalized gradient approximation (GGA) with form proposed by 

Perdew–Burke–Ernzerhof (PBE)12. The valence electron density was expanded on a 

plane wave basis set with an optimal kinetic energy cutoff of 415 eV, and the projected 

augmented wave (PAW) method13, as implemented in VASP by Kresse and Joubert14, 

was used to take into account the effect of core electrons on the valence electron density. 

To carry out the necessary numerical integrations in the reciprocal space, the Brillouin 

zone was sampled using a 4×4×1 k-point Γ-centered Monkhorst-Pack grid. A conver-

gence criterion of 10−5 eV was used for the total energy, while the relaxation of atomic 

positions was stopped when forces acting on all relaxed atoms were smaller than 0.01 eV 

Å−1. The calculation of vibrational frequencies for the optimized geometries were carried 

out by taking the elements of the Hessian matrix as finite differences of analytical gradi-

ents with intervals of 0.03 Å. A vacuum width of 25 Å was added to the x- and y-direction 

(along the plane direction defined by the employed models), whereas a vacuum width of 

20 Å was added in the z-direction in all cases to avert artificial interactions between the 

periodically repeated models. An effective description of the dispersion interactions was 

included using the Grimme's DFT-D3 method15. The adsorption energy was calculated as 

follows: 

Eads = Ei/sub − (Esub + Ei)                          (Eqn. S3), 

where Esub is the energy of relaxed Pt–N4 or Pt–N3(V), Ei is the energy of the reference 

molecule, and Ei/sub is the energy of the intermediate adsorbed on the active Pt sites of Pt–

N4 or Pt–N3(V). Based on this definition, it follows the more negative the Eads value, the 

more stable the adsorption structure. 

The CER/OER performance was evaluated by calculating the free-energy changes 

(∆G) for each elementary reaction step according to the following equation: 

                         ∆G = ∆E + ∆EZPE − T∆S   (Eqn. S4), 
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where ∆E corresponds to Eads (cf. Eqn. S3), ∆EZPE is the change in zero-point energy for 

the step of interest, T is the temperature in Kelvin, and ΔS is the change in entropy. ∆EZPE 

was obtained directly from the calculated vibrational frequencies in the harmonic approx-

imation whereas the T∆S term requires evaluating the vibrational partition functions 

which are also related to the vibrational frequencies16. 

2. Surface Pourbaix diagrams 

In this study, the free energies of the intermediate structures (*Cl, *OCl, *O, *OH, and 

*OOH) were considered for Pt–N4 and Pt–N3(V). To include the applied electrode poten-

tial, U, in the analysis of free-energy changes, the computational hydrogen electrode ap-

proach (CHE) was used17. This was achieved by considering the stoichiometric coeffi-

cients of the transferred electrons (e−) and protons (H+), denoted as ν(e−) and ν(H+), re-

spectively, when compiling reaction equations for each adsorption process18. We derive 

the following formula: 

ΔG (pH, U) = ΔEtot + ΔEZPE − TΔS − ν(H+) 0.059 pH − ν(e−) · eU  (Eqn. S5). 

The value of 0.059 eV was derived from the term kBT · ln10 evaluated at room tempera-

ture, where kB is Boltzmann’s constant and U is the applied electrode potential on the 

standard hydrogen electrode (SHE) scale19. 

The most thermodynamically favorable structure was determined by the minimization 

of the ΔG values for each adsorbate among the set of considered surface structures. The 

resulting surface phase (Pourbaix) diagram is shown as a function of overpotential η, de-

fined by η = U − 1.36 V. For the analysis, the pH was fixed at zero, because we aimed to 

comprehend trends for the anodic CER in an acidic medium20. Hence, we are not discuss-

ing pH effects for which the application of grand canonical schemes is called for21. 

3. Mechanistic studies: Assessment of electrocatalytic activity 

Free-energy diagrams for the CER over Pt–N4 and Pt–N3(V) were constructed to evaluate 

the CER activity of these active sites. Based on the knowledge gained in previous stud-

ies3,8,22, the CER was assumed to proceed via the Volmer–Heyrovsky mechanism23,24. 

Two different Volmer–Heyrovsky pathways with dissimilar intermediates (i.e., *Cl or 

*OCl) were considered in our theoretical study25. 

(I) Pathway mediated by the *Cl intermediate: 

ΔG1:    * + Cl− (aq) ⇌ *Cl + e−                       (Eqn. S6), 

ΔG2:    *Cl + Cl− (aq) ⇌ Cl2 (g) + e−                              (Eqn. S7). 

(II) Pathway mediated by the *OCl intermediate: 
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ΔG3:    *O + Cl− (aq) ⇌ *OCl + e−                               (Eqn. S8), 

ΔG4:    *OCl + Cl− (aq) ⇌ *O + Cl2 (g) + e−            (Eqn. S9). 

The free energy of chloride in solution, G (Cl−aq), is related to that of the Cl2 gas molecule 

as follows: 

Cl− (aq) ⇌ 1/2Cl2 (g) + e−, ΔG = 0 eV @ U = 1.36 VSHE          (Eqn. S10). 

Consequently, the ΔGj values for each elementary step are given by: 

ΔG1 = − ΔG2 = G (*Cl) − 1/2 · G (Cl2) − G (*)          (Eqn. S11), 

ΔG3 = − ΔG4 = G (*OCl) − 1/2 · G (Cl2) − G (*O)   (Eqn. S12), 

where G (*Cl), G (*O), and G (*OCl) are the total energies of the adsorbed intermediates 

and G (*) is the total energy of Pt–N4 and Pt–N3(V) without adsorbed intermediates. Note 

that the relations ΔG1 = − ΔG2 and ΔG3 = − ΔG4 are fulfilled at the CER equilibrium 

potential, that is, U = 1.36 VSHE. 

The oxygen evolution reaction (OER), 2H2O (aq) → O2 (g) + 4H+ (aq) + 4e−, U°OER 

= 1.23 VRHE, was modelled by assuming the mononuclear mechanism26: 

ΔG5:     * + H2O (l) ⇌ *OH + H+ + e−               (Eqn. S13), 

ΔG6:     *OH ⇌ *O + H+ + e−                                  (Eqn. S14), 

ΔG7:     *O + H2O (l) ⇌ *OOH + H+ + e−             (Eqn. S15) 

ΔG8:     *OOH ⇌ O2 (g) + H+ + e−                             (Eqn. S16). 

The free energy of a proton-electron pair, G (H+ + e−), can be related to the H2 gas mole-

cule using the CHE approach as follows: 

H+ + e− ⇌ 1/2H2 (g), ΔG = 0 eV @ U = 0 VSHE    (Eqn. S17).  

Therefore, the ΔG values for each elementary step are: 

ΔG5 = G (*OH) + 1/2 · G (H2) − G (H2O) − G (*)         (Eqn. S18), 

ΔG6 = G (*O) + 1/2 · G (H2) − G (*OH)           (Eqn. S19), 

ΔG7 = G (*OOH) + 1/2 · G (H2) − G (H2O) − G (*O)    (Eqn. S20), 

ΔG8 = 4 × 1.23 eV − (ΔG5 + ΔG6 + ΔG7)                    (Eqn. S21), 

where G (*OH), G (*O), and G (*OOH) are the total energies of the adsorbed intermedi-

ates and G (*) is the total energy of Pt–N4 and Pt–N3(V) without adsorbed intermediates. 

To quantify the electrocatalytic activity for the CER and OER, the recently introduced 

descriptor Gmax (U), which is an activity measure that goes beyond the conventional ap-

proach in terms of the thermodynamic overpotential only, was used27,28. This descriptor 

relies on a free-energy span model by extracting the largest free-energy difference be-

tween intermediate states at a given target electrode potential: 

Gmax (U) = max[Gspan #k (U), k = 1, …, n]   (Eqn. S22). 
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For further information on how to define the free-energy spans, Gspan #k (U), for a two-

electron (CER) or four-electron process (OER), we refer the reader to recent publications 

by the authors29,30. 

4. Selectivity assessment 

The descriptor Gmax (U) was extracted for both OER and CER at well-defined electrode 

potentials, U >1.36 VSHE. The free-energy difference, Gsel (U), defined as 

Gsel (U) = Gmax (U)OER − Gmax (U)CER             (Eqn. S23), 

is a measure of the CER selectivity31. This quantity was used to determine the CER se-

lectivity in percentage using the following relation25,31: 

CER selectivity (U) = 
𝑒𝑒𝑥𝑥𝑑𝑑�

𝐺𝐺sel
𝑘𝑘B.𝑇𝑇�

𝑒𝑒𝑥𝑥𝑑𝑑�
𝐺𝐺sel
𝑘𝑘B.𝑇𝑇�+1

                          (Eqn. S24). 

5. Stability assessment 

Considering that PtO2 is the preferred state of Pt under CER conditions32, the tendency of 

the active PtII sites toward oxidative demetallation to PtO2 was analyzed for Pt–N4 and 

Pt–N3(V). More precisely, the free-energy change, ΔGstab, for the equation [Pt] + 2H2O 

→ [  ] + PtO2 + 4H+ + 4e− was determined by DFT. Here, [  ] denotes the empty pocket 

of the Pt–N4 and Pt–N3(V) moieties. Based on the obtained ΔGstab value, the equilibrium 

dissolution potential, Udiss, was calculated as follows: 

Udiss = ∆𝐺𝐺stab 
4

                    (Eqn. S25). 

The Udiss value indicates the electrode potential at which the oxidative demetallation of 

central Pt species to PtO2 becomes thermodynamically favorable. Adequate stability of 

the Pt–N4 and Pt–N3(V) sites is provided if the Udiss value significantly exceeds the CER 

equilibrium potential (i.e., 1.36 VSHE). 
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Supplementary Note 1 

Physical characterization of Pt1(X)/CNTs 

HAADF-STEM analysis was performed to identify the atomic distribution of the Pt spe-

cies on Pt1(X)/CNT. The results showed a uniform distribution of atomically dispersed Pt 

species without appreciable amounts of Pt clusters or nanoparticles (Supplementary Fig. 

1). The Pt contents of Pt1(3)/CNT, Pt1(1)/CNT, and Pt1(0.15)/CNT were 3, 1, and 0.15 

wt.%, respectively, confirmed by ICP-OES. In the XRD spectrum, Pt1(3)/CNT (and 

Pt1(1)/CNT and Pt1(0.15)/CNT) exhibited an almost identical XRD pattern to that of a Pt-

free CNT-supporting substrate (Supplementary Fig. 2). More evidently, the k3-weighted 

Pt L3-edge EXAFS spectra revealed a strong scattering peak at approximately 2.0 Å (Sup-

plementary Fig. 3), which corresponds to Pt–N bonding. Their fitting parameters further 

confirmed the first-shell Pt–N bonding and second-shell Pt–C bonding without any Pt–Pt 

bonding. The coordination number of the Pt–N bonding for Pt1(3)/CNT was approxi-

mately four (Supplementary Table 1). Both the XANES and XPS spectra verified that 

the oxidation state of the Pt species on Pt1(3)/CNT was PtII (Supplementary Figs. 4 and 

5). Therefore, these physical characterization results revealed that Pt1(3)/CNT was com-

posed of abundant porphyrin-like PtII–N4 moieties covalently embedded on the CNT sup-

port. 
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Supplementary Figures 

 
Supplementary Fig. 1: a–c, HAADF-STEM images of Pt1(3)/CNT (a), Pt1(1)/CNT (b), 

and Pt1(0.15)/CNT (c). 

 

 
Supplementary Fig. 2: XRD patterns of the Pt1(X)/CNT catalysts and CNT supporting 

substrate. For better comparison, XRD patterns of graphite (JCPDS 23-0064) and Pt 

(JCPDS 87-0646) are also shown. 

 

 
Supplementary Fig. 3: a–c, The k3-weighted Pt L3-edge EXAFS spectra and fitted 

curves of Pt1(3)/CNT (a), Pt1(1)/CNT (b), and Pt1(0.15)/CNT (c). The detailed fitting 

parameters are provided in Supplementary Table 1. 
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Supplementary Fig. 4: a–c, Pt L3-edge XANES spectra of Pt1(3)/CNT (a), Pt1(1)/CNT 

(b), and Pt1(0.15)/CNT (c). The results show that average oxidation state of the catalysts 

is PtII. The XANES WL fitting was conducted using the interpolation equation of Pt ref-

erences in our previous report8. 

 

 

 

 

 

 

 
Supplementary Fig. 5: a, XPS Pt 4f and b, N 1s spectra of Pt1(3)/CNT, PtTPP, and N-

doped CNT. The XPS Pt 4f7/2 spectrum of Pt1(3)/CNT shows strong peaks at 73.2 and 

76.6 eV, almost identical to those of PtTPP with a PtII center. 
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Supplementary Fig. 6: CER selectivity of Pt1(3)/CNT, Pt1(1)/CNT, and Pt1(0.15)/CNT 

measured using an RRDE in Ar-saturated 0.1 M HClO4 with 1 M NaCl. The CER selec-

tivity of all the catalysts is almost 100%. 

 

 

 

 

 

 

 
Supplementary Fig. 7: CER polarization curves of Pt1(3)/CNT and Ru/Ir-based dimen-

sionally stable anode (DSA; Ru/Ir atomic ratio = 0.5; provided by Siontech Inc.). The 

Pt1(3)/CNT has a much higher CER activity than DSA. 
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Supplementary Fig. 8: Schematic image of a homemade EFC connected to the ICP-MS. 

A PTFE membrane-sealed Teflon tube was installed into the EFC to remove the gaseous 

chlorine product by vacuum. The Nafion membrane was used to separate the counter 

electrode from the main body of the EFC. 

 

 

 

 

  
Supplementary Fig. 9: a, CER activity and durability measurements in Ar-saturated 0.1 

M HClO4 with 1 M NH4Cl. b, CER selectivity of Pt1(3)/CNT measured using an RRDE 

in Ar-saturated 0.1 M HClO4 with 1 M NH4Cl. The CER activity and selectivity of 

Pt1(3)/CNT are comparable with those measured in Ar-saturated 0.1 M HClO4 with 1 M 

NaCl, indicating no significant effects of the Cl− precursors on the CER electrocatalysis 

on Pt1(3)/CNT. Therefore, to prevent the harmful accumulation of NaCl on the sampler 

and skimmer corns of the ICP-MS instrument, NH4Cl was used as a Cl− precursor for the 

online EFC/ICP-MS studies. 
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Supplementary Fig. 10: Real-time Pt dissolution of Pt1(3)/CNT. The online EFC/ICP-

MS signals measured during 500 CV cycles in the potential range of 1.0–1.6 VRHE in 

Ar-saturated 0.1 M HClO4 with 1 M NH4Cl. 

 

 

 

 

 

 
Supplementary Fig. 11: The k3-weighted Pt L3-edge EXAFS spectra and fitted curves 

of Pt1(3)/CNT after 500 CVs in the potential range of 1.0–1.6 VRHE in Ar-saturated 0.1 

M HClO4 with 1 M NaCl. The detailed fitting parameters are provided in Supplemen-

tary Table 1. 
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Supplementary Fig. 12: The XPS O 1s spectra of pristine Pt1(3)/CNT powder sample, 

pristine Pt1(3)/CNT film with Nafion binder, and aged Pt1(3)/CNT film with Nafion 

binder after 500 CVs in the potential range of 1.0–1.6 VRHE in Ar-saturated 0.1 M 

HClO4 with 1 M NaCl. Fabrication of powder Pt1(3)/CNT with the Nafion ionomer is a 

prerequisite for preparing the working electrode. Consequently, the XPS O 1s spectrum 

of the aged Pt1(3)/CNT film results from convoluted signals of the newly generated ox-

ygen functionalities and Nafion ionomer33,34. Thus, the XPS O 1s spectrum of the pris-

tine Pt1(3)/CNT film was subtracted from that of the aged Pt1(3)/CNT film to deconvo-

lute the XPS signals of the newly generated oxygen functionalities without the Nafion 

contribution (shown in Fig. 2a in the main article). 

 

 

 

 

 
Supplementary Fig. 13: Surface Pourbaix diagram of the square planar Pt–N4 model. 
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Supplementary Fig. 14: Pourbaix-like diagrams for the a, trigonal planar Pt–N3 and b, 

T-shaped Pt–N3V models. 
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Supplementary Fig. 15: a–c, Free-energy diagrams of the OER, assuming the mononu-

clear mechanism via the *OH, *O, and *OOH adsorbates, for Pt–N4 (a), Pt–N3 (b), and 

Pt–N3V (c). 
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Supplementary Fig. 16: Selectivity analysis for the competing CER and OER pro-

cesses over the a, Pt–N4 and b, Pt–N3V sites. 
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Supplementary Table 1: Summary of EXAFS fitting parameters of pristine Pt1(X)/CNT, 

aged Pt1(3)/CNT, and Pt foil. 

 

Sample k range R range Shell CN R (Å) σ2 

(10−3 

Å−2) 

ΔE0 

(eV) 

R fac-

tor 

(%) 

Pt1(0.15)/CN

T 

2.7−11.2 1.2−3.4 Pt−N 3.0 

(± 0.3) 

2.01 

(± 

0.01) 

3.56 

(± 0.97) 

16.43 

(± 0.33) 

1.2 

Pt…C 4.2 

(± 1.3) 

2.99 

(± 

0.02) 

8.44 

(± 4.01) 

Pt1(1)/CNT Pt−N 3.4 

(± 0.4) 

2.00 

(± 

0.01) 

4.26 

(± 1.00) 

15.59 

(± 0.91) 

1.2 

Pt…C 4.3 

(± 1.5) 

2.97 

(± 

0.02) 

9.38 

(± 4.71) 

Pt1(3)/CNT Pt−N 4.0 

(± 0.4) 

2.01 

(± 

0.01) 

3.58 

(± 0.99) 

15.89 

(± 1.00) 

1.3 

Pt…C 4.4 

(± 1.6) 

3.01 

(± 

0.00) 

6.42 

(± 4.11) 

Aged 

Pt1(3)/CNT 

  Pt−N 4.0* 2.02 

(± 

0.02) 

3.39 

(± 0.98) 

15.18 

(± 2.42) 

6.0 

Pt−C

l 

0.6 

(± 0.2) 

2.33 

(± 

0.03) 

1.00* 

Pt foil 2.1−13.5 1.7−3.8 Pt−Pt 12* 2.77 

(± 

0.02) 

4.59 

(± 0.27) 

9.26 

(± 0.50) 

0.3 
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Pt−N indicates a single scattering path of the first-shell. Pt…C indicates a single scattering 

path of the second-shell (Shell column). The CN is the coordination number obtained 

from the amplitude reduction factor (S02) of 0.84. R indicates bond distance. σ2 indicates 

the Debye-Waller factor. ΔE0 indicates the energy shift. R factor was obtained from the 

best fit for the respective catalysts. (*Defined parameters to reduce correlations between 

variables) 

 

 

 

 

 

 

 

Supplementary Table 2: Summary of Gmax (U) for the CER and OER over Pt–N4 and 

Pt–N3(V) at pH = 0. 

 

Gmax (U) (eV) Pt–N4 Pt–N3 Pt–N3V 

CER 0.32a (0.28b) 0.21 (0.17) 0.05 (0.01) 

OER 1.56 (1.48) 2.25 (2.17) 0.35 (0.31) 

a U = 1.36 VSHE 
b U = 1.40 VSHE 
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