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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: (/) MXenes, for hydrogenation reactions in heterogeneous catalysis, as
well as the effect of surface terminations in electrocatalysis; (if) 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 M02C (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 H> 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.! Reports from the Intergovernmental Panel on
Climate Change (IPCC)? 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,® aiming to suppress emissions, improve
energy efficiency and promote sustainable development through the utilization of renew-
able energy sources such as solar,* wind,’ and water,® 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.” 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 ”.*° In 1996, the International Union of Pure
and Applied Chemistry (IUPAC) stated that “4 substance that increases the rate of a
reaction without modifying the overall standard Gibbs energy change in the reaction; the
process is called catalysis”.'* It is estimated that around 90% of the chemical industry
involves catalysis at some stage of production.'! 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,'? 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.'? 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,'* 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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without catalyst

Potential Energy

Reactants

rm:lucts

Reaction Coordinate
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.'>1¢ It is primarily manifested in four aspects: /) Enhancing reaction efficiency and
reducing industrial energy consumption;'’ ii) accelerating the decomposition of vehicle
exhaust and industrial waste to mitigate pollution;'® iii) converting harmful chemicals
into high-value products such as ethanol through catalytic reduction of CO2;'" iv) playing
a critical role in clean energy production by efficiently utilizing resources, such as hydro-
gen production via water electrolysis.?

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.?!
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)?? and offer advantages like high activity and selectivity, their separation process is
expensive, time-consuming, and often requires significant energy.?* In contrast, in heter-
ogeneous catalysis,>* 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.>> Generally, heterogeneous catalytic reactions begin with



Introduction

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.?¢ Ideally, a catalyst can be used thousands of times, which leads to the con-
cept of catalytic cycle.?” Note also that, according to the Sabatier principle,?® 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.

Electrocatalysis®® and thermocatalysis*® 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,®!+*?

challenges such as
insufficient catalytic efficiency, low selectivity or high cost still remain.*® 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.**

1.2. Two-Dimensional (2D) Materials

Since the successful exfoliation of graphene,*® two-dimensional (2D) materials, such as
Transition Metal Dichalcogenides (TMDs),?” black phosphorus,*® and MXenes,*” have
been rapidly developed, with unique geometric and electronic properties,*’ such as high
surface area, good electrical conductivity, and tunable band gaps, etc. The thickness of
2D materials is of a few atoms only,*! allowing precise control of this thickness to fine-
tune their electronic properties,** which is not achievable with 0D (e.g. nanoparticles),
1D (e.g. nanowires)* and 3D materials (e.g. bulk or extended surfaces).* 2D materials
also are highly sensitive to external stimuli, such as chemical modifications, chemical
doping, and molecular adsorption,*> as well can be used as catalyst supports or electron

donors,*® these advantages indicate the outstanding performance of 2D materials in the

3
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fields of catalysis,*’ electrochemical reactions,* energy storage and conversion,* 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 M+ X,Tx (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.’®>! Higher n values in MXenes generally correspond to greater stabil-
ity and determine the thickness of the MXene layers.>? Their unique 2D structure and
open d orbitals have attracted significant attention in catalytic community.>®> MXenes are
typically obtained by selective etching from precursor MAX phases, where A4 is usually a
p-block element like Al or Si, usually removed using a hydrofluoric acid (HF) solution,>*
although in situ HF, i.e., admixing lithium fluoride (LiF) and hydrochloric acid (HCI),
can also be used.>® By these methods, mixtures of -0, —H, -OH, and —F functional groups
Tx can be obtained.’®>” However, the type and quantity of these terminations are very
sensitive to the synthesis conditions (e.g. etching time, temperature or HF concentra-
tion).>®>° For example, high concentrations of HF lead to more —F terminations, whereas
more —O species are found when lower concentrations of HF are used.””-*° In addition,
successful F-free synthesis protocols®! have been reported, and even cleaning protocols®?
or new synthetic routes® 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,* hydrogenation reactions,% CO oxidation,% COz activation and conversion,®’
and N fixation.%® 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,*

and possesses strong chemical resistance,
high thermal stability, easy recyclability, and good dispersibility, which makes it highly
suitable for catalytic applications.”® 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.”! Extensive research has been conducted on graphene to en-
hance their applications in heterogeneous catalysis,? 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.”®*’* Furthermore, the unique electron structure of gra-
phene can anchor metals and modulate the catalytic behavior on its surface.”>’® Doped
graphene, especially nitrogen (N)-doped graphene,’’ 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,’”® 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,’® 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 H> 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 Schrodinger Equation

The time-dependent Schrodinger 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 Schrodinger 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:

Ay (R.7) = B (R 7) @1,
O RLEON U EW IO WIEDIPN ]
i=1 a=1 2my ol STV ifsh tas

where the wavefunction s (ﬁ, 77) depends on the positions of the nuclei R and the elec-
trons 7, H is the Hamiltonian operator, and E represents the total energy of the system.
The H includes all energy related operators of the system and is composed of kinetic en-
ergy of the electrons (T,) and the nuclei (Ty), and potential energy terms of electron-
nuclei interaction potential (V,y), electron-electron repulsion (¥,,) and nuclei-nuclei re-
pulsion (Vyy), as shown in Eq. 2.2. For a system with M nuclei and N electrons, the kinetic
energy and potential energy terms are as in Eq. 2.3, where m, and Z, represent the mass
and charge of nucleus A respectively, while VZ and V3 are the Laplacian operators corre-
sponding to the coordinates of the i electron and the A” nucleus, respectively.

To simplify solving the Schrédinger equation, the Born-Oppenheimer (BO) approx-
imation is often used.! 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 Ty can be neglected, and the nucleus-nucleus
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repulsion term Py can be treated as a constant by fixing the nuclei positions. However,
the remaining terms, T,, V,y, and 1/,,, comprise the electronic Hamiltonian, denoted as

H,,, which is utilized to determine the electronic energy E,; of the system, as Eq. 2.4-5,

N N M N N

1 Zy 1
= =D R ) e,
i=1 i1a=1 4 =TS Tij

H\elq"el = Eq e (2.5),

where the electronic wavefunction {,; depends on the coordinates of the electrons, with
the coordinates of the nuclei as parameters.

However, once the term Vyy 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 {1,; makes numerical
solution of the electronic Scrodinger 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),”> Meller-Plesset perturbation theory,? or var-
ious multiconfigurational self-consistent field and configuration interaction approaches*
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.” 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 Schrodinger 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.®

2.2. Density Functional Theory

DFT? is a quantum mechanical method that uses electron density p(#) 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 Y, r (7) involves
4N variables (i.e., three spatial and one spin coordinates per electron), while the electron
density, p(7), 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 d7. The electron density is defined as the integral over the

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

N
p@ =N [ [ 5275 sy dsydiy - dsndiy = Y 1P 26)
i=1

where s;, 7; and ®;(7) represent the projection of the spin, the spatial coordinates, and the
orbital of i electron, respectively. From Eq 2.6 it is clear that p(7) 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 p(7) 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 Schrodinger equation was proposed, Thomas'® and Fermi!! 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

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

electron density p(7), can be written as:

Trrlp] = Cr f (@) d7 @.7),

2 . . . L
where Cp = % (3m?) /3 = 2.817 is known as the Fermi constant in atomic units.

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

as:

Erelp](®) = Cr j a(R)d — 2 j P jj PG (rZ) drdE (2.9

I —
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 proved'? two

fundamental theorems:

1% theorem: “The external potential V,,.(7') of a non-degenerate electronic state,

and hence the total energy, is a unique functional of p(7")”

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

that minimizes the energy is the exact ground state energy”

Regarding the 1% theorem, the electron density from a unique external potential is
uniquely identified, thereby uniquely determining the energy (E[p(#)]) of system, ex-

pressed as:
E[p(F)] = F[p(f))] + Eext(P) (2.9),
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where F[p(7)] represents the functional independent of the external field, including the
electronic kinetic energy, Coulomb interaction between electrons, and exchange-correla-
tion energy. E,,;(p) denotes the effect of the external field and, since it is a one-electron

operator, it can be expressed as:

oxe () = | dF Ve (D) (2.10).

Regarding the 2" theorem, showing that it is sufficient to determine the accurate
ground-state energy by minimizing the energy alone. Assuming F[p(#)] 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,
F[p(#)] 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,'* 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 ¢; (7). 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 E,..[p(7)],which
plays a pivotal role in practical DFT. Therefore, the Kohn-Sham approach gives a form
to F[p(7)] and the total energy can be expressed:
Elp(®)] = Flp(P)] + Eextlp()] = Tslp(P)] + J[p(P)] + Exclp(P)] + Eexe[p(P)]  (2.11),

here, T;[p(7)] represents the kinetic energy of the system in the absence of electron-elec-
tron interactions, /[p(#)] denotes the classical Coulomb energy, and E,.[p(7)] repre-

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

as:
N hz
Tlo@)] = Y. [ digi ()= 572+ () o
Eext[p(?)] = f dr Vext p(F)(F) (2.13),
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Jlp@®)] = ——f f dr’ p|(:)_p(r ) (2.14),
xelp(®] =Tlp(A)] = Tslp(P)] + Vee[p ()] = J[p(P)] (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 p(7), which in turn implies varying the ¢;(#) orbitals, usually expanded in a con-

venitent basis set, the Kohn-Sham equations are derived:
(T, + I7'eef)({bi(F) = & (7) (2.16),

in which,

p(") 8Exc
—>, r + —>
|7 — 7] 5p(7)

where Ve (7) is the local effective potential, V. (7) is the potential energy of attraction

eef(r) - ext( )+ e f (2.17),

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 ¢; () 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 E,. is approximated,
while the other terms are determined exactly. Therefore, accurately determining E, . is
crucial for improving the precision of DFT. The main approximations for E,. include the
Local Density Approximation (LDA)!* and the Generalized Gradient Approximation
(GGA)."® The family of density functional is growing with meta-GGA, hybrid, double
hybrid and range separated approaches reported in the literature.'® 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 materials!” and semiconductors, '® will not
be further commented here.

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

119

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

proach infinity, the electron density p 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:

ExP4[p(¥)] = j p(Pexc[p(P)]d7 (2.18),

where, &,.[p(7)]d7 describes the exchange-correlation potential of a uniform non-inter-
acting electron gas with density p.

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
Vp(7), 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:

E64 = f PP exc[p@, Vp(P]d7 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),%° Perdew-Burke-Ernzerhof (PBE),?! and others**-** 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 (Eg;5,) are added to the energies obtained from standard density func-

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

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

c4®
Eqisp = _ZA Bf(TAB'A; B)E (2.21).

Here, CZ'® is dispersion coefficient of element pairs A4 and B, 795 is the intermolec-
ular distance between element pairs A and B, and f (145, A, B) is a damping function that
is equal to one for large  and decreases E g, to zero, or to a constant for small 7. Grimme

and coworkers, 2?8

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
Schrédinger 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 (a;), from which the

translation operator (T') is constructed:
T == nlal + nzaz + Tl3d3 (2.22),

where nq, n,, and nj 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 (4cp), as shown in Figure 2.1.
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i'

cubic Jfee bce

Figure 2.1. From left to right, a schematic representation of cubic, face-centered cubic (fcc), body-centered
cubic (bcc), and hexagonal closed packed (Acp) 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 A =
{a,, a,, a3} has a corresponding reciprocal lattice B = {b4, b,, b3}, which satisfies the fol-

lowing relations:

b= 2m— I 2% ye 1,23}
i T[ai R (aj % ak) iL,j,k & (2.23),
a; " by = (2m)6; 5 (2.24).

Note the volume of the unit cell of the reciprocal lattice (2m)3/V is inversely pro-
portional to the volume of the real space unit cell V.. In addition, Bloch's theorem? 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 V (#*) satisfies the condition:

TV =VE+R) =V (2.25).

This equation indicates that the potential at a point (7) is identical to the potential
at a point (7 + ﬁ), where R is a vector that translates 7 to an equivalent point in a repli-
cated unit cell using the translation operator 7.

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 (4k/) 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 4, k, and /. 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.

(100) (110)

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):

neo=e (2.26),
where the vector k is related to the momentum p of the plane wave by

p= hﬁ, and T 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,*® 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 Nerskov et al.,*! 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.
Hag ¢ = Vot (2.27).

Therefore, under these conditions, the electrochemical potential of an aqueous pro-
ton-electron pair is that of ¥4-Ha(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 _
~u(Hy) —eU = p(H" +e7) (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.**** The first step in outlining the reaction free
energy profiles is to estimate the total adsorption energies of the intermediate species,

denoted as AEy,
AEhs = Eisub — (Esub+ Ei) (2.29).

where, Esub represents the substrate energy, specifically for the studied TisC2 MXene with
the surface termination in thesis. E; is the energy of the adsorbed species i in vacuum at
the optimized geometry. In practice, this is calculated at the '-point within a 9x10x11 A3
broken-symmetry box for appropriate orbital occupation. Eisub indicates the energy of the

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

more negative AE, 4 implies stronger adsorption.
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Next, the estimate of AG values is based on the aforementioned CHE reference,
where the Gibbs free energies of Hzraq) + ¢7, and the final state '2-Ha(g) are identical. Fur-

thermore, for any elementary reaction step, AG can be obtained as:
AG = AE + AEzpe — T-AS (230)

where AE accounts for the energy difference of the reaction step, AEzpe accounts for the
change in Zero-Point Energy (ZPE), and AS is the entropy change. The AE term can be

directly obtained from the optimization calculations:

AE = Eanx— Eax — 2" Ey,

(2.31).
Similarly, AEzpE term can be obtained as follows:
AEzes = EE - EZP° — v, E® o),
where the ZPE term is derived from the computed vibrational frequencies:
EZPE — ZNMV (2.33)

where v; represents the vibrational frequencies of Normal Modes of Vibration (NMV),
and 7 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 AS

can be calculated as:

AS = Sy — Sy — V2 S, (2.34).

The entropy of gas-phase molecules is obtained from the National Institute of
Standards and Technology (NIST) webbook,** 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.*® Therefore, for adsorbed species:
NMV NMV

S=Sub=kg z In(1_ e FaTy Z s (e (2.35),

i=1 i=1 ekpT_ 1

where kg is Boltzmann's constant, 7 is the temperature. Note, however, that the estimate
of the adsorption free energy (AG*) in applications in thermocatalysis such as the ethene
hydrogenation reaction discussed in Section 3.4, AG* is approximately given as in Eq.

2.36 which is a function of the operating temperature, 7, and species partial pressure, p,
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AGad(T, p) ~ [EtOtal(Ni,NM) + E(ZI\IIiﬁVM)] _ Etotal(o’ NM) _ Ni[Eiwtal + El-ZPE] _ NiA‘Lli(T, p)
(2.36),
where N; denotes the count of the adsorbed species, typically 1 in the studied system of

Section 3.4, while Ef°*, E&75,  and Ef"Frespectively 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, EL'%(N;, Nyy) and E*°*®(0, Ny) correspond to E;/syp and Egyp,
the total energies of the surface model with and without the adsorbed species i, respec-
tively. Furthermore, Ay; (T, p) 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:

2nm\3/2 (kgT)5/2 kgT —hvp; i
Au;(T,p) = kBT{ln [(%) Bp—i] + In (%) — YNMV In [1 —exp (H)] + In(IF n)}

(2.37).
where kp is the Boltzmann constant, m; is the mass of the i molecule, p; is the partial

y

pressure of the i species, ais ™ is the symmetry number of i molecule —2 for Ha, 4 for

. : : h2 :
C2Ha4, 6 for C2He. By ; is the rotational constant given by By ; = Y where [; is the mo-
l

ment of inertia of the molecule defined as I; = Y, m, 1,2, with m, being the mass of a

atoms comprising the i molecule and 7, refers to the distance to the center of mass to the

a atom. Each vibrational normal mode of the i molecule is assigned by v, ;, while Iis pin
denotes the electronic spin degeneracy of the ground state.

For molecules C2H4, C2Hs, and Hz involved in catalysis as discussed in Section 3.4,
the gas-phase references are well-defined. For radical species like C2Hs and single H at-

oms, it is convenient to express their chemical potentials as a combination of gas-phase
species, ie, puy(T,p) = %MHZ (T,p), so that uc,u (T,p) = pe,n, (T,p)+ 1/
2 uy, (T, p).

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, Fads, defined as:

EnB/MXene - EMXene - nx* EB (2.38).
n

Eqas =
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Here, E;g/mxene> Emxene> and Eg represent the total energies of MXene with and

without » B atoms, and the energy of isolated B atoms, respectively. To assess the ther-
modynamic stability, E, 4 should be compared to the computed bulk cohesive energy of
boron, Econ.>®*” Defining Editt = 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 5x5x1 Kk-point mesh, yielding a value of -6.45 eV/atom, slightly higher than the
experimental value of -5.81 eV/atom.*® Additionally, the stability of the catalysts was
assessed by calculating the formation energy, Et, considering bulk Ti, graphite, Oz, and
H: 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.* 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, Ha(g) and Fa(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:

The reduction potentials used are 0 and -2.87 eV for hydrogen, U, and fluorine, Ur,
respectively.*’ 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.*! Using the CHE and CFE, the
computational Pourbaix diagram can be constructed based on the aforementioned equi-

librium conditions:

1

W(Hiug) + @) =G(Hig) + Gle) = 5 GHZ) (2.40),
1

H(Fag) ~ 1€ = G(Fg) - Gl = 5 G(FS) (2.41),
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where p 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 AG(0,0), is calculated as:
AG(0,0) =AG = AE + AEzpg — T-AS (242)

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

lated using:*!+4?

AG(pH,U) = AG(0,0)~v(H )kp T'In10-pH —v(e )eU-v(F )elUp (3 43).

where D(H+), v(F), and v(e") are the stoichiometric coefficients of the formation chem-

ical equation. For example, for a p(3x3) slab with 9 free surface sites, the formation of a

surface with 3 O* and 6 F* can be represented as:
3-H2 O+ 3-F2+9-* -5 3-0*% + 6:F* + 3-H» (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'F7+9'* —>3'O*+6'F*+6'H++ 12'87 (245)

where U(H+), v(F ), and v(e") would be 6, —6, and 12, respectively. Using the above
method, AG 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 AG 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 law*® 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.* 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.* 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.*%4” Here, we used the Climbing
Image Nudged Elastic Band (CI-NEB) method.*® 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.*’ However, when the studied systems fol-

3051 one can write E = Ea + 0AH,

low the Brensted-Evans-Polanyi (BEP) relationship,
where the difference in activation energy, Ea, between two reactions is proportional to the
difference in their reaction enthalpies, £, 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,> 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 theory>? and TST.>*
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The non-activated adsorption rate of a species (7ads) can be calculated using colli-
sion theory>? as follows:
So pitA
J2mom kT

Tads = (2.46),

where So represents the initial sticking coefficient, pi denotes the partial pressure of reac-
tants in the gas phase, and A4 signifies the surface area of an adsorption site, estimated by
dividing the surface supercell area.

The desorption rate rqes is estimated using TST,** assuming the desorbed transition
state is a late two-dimensional transition state, where the desorption energy AE} is the

negative of the adsorption energy AE'

i gas gas _gas
— . AEygs ) _ ke * T Qiranszp * droc * Dvib 247
Tdes = Vges " €XDP kB—T » Vdes — h qa%s ( . )’
vi

where, AE.y is the non-ZPE corrected adsorption energy. In these rate definitions,
ZPE is accounted for in the vibrational partition function. The pre-factor v, is given by

various partition functions, q, which include:

2mm-kgT
Qiranszn = A =7 (2.48),
_ hv (2:49),

ads/gas __ exp ( 2 kB : T)

vib - h-v
1—exp(— o

n p ( kB " T)

gas ___ T (2.50).
qTOt gsym - Tr‘ot
gas gas

The partition functions, g and qfl%s refer to the gas phase transla-

trans,2D> 9rot »
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 q2% 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), Tro: 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, 7;, the

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

defined as:
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T'=v-exp<—AET5>. _ksTagp 2.51),
: ke 7T TR Gl

where AEgrepresents the energy barrier without zero-point energy corrections, the

prefactor v is determined by the partition function, which involves the vibrational parti-
tion functions of the Initial State (IS) and TS on the surface. The q;i/ 'S denotes the vi-
brational partition given by:

rops _TT.5%P (- th—”"T) (2.52).
vib n1-exp (- ;(LB )

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 AGmax, overpotential (1)), 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 AGmax 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 AGmax are Potential Determining Steps (PDS).°

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:

Up = — AGmax (2.53).

e
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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,”’ which is the difference between the standard
equilibrium electrode potential (Uk) of a reaction (such as 0 V for hydrogen evolution
reaction (HER); -0.24 V38 for the reduction of CO2 to CHa4) and the actual potential re-
quired to drive the reaction, and can be expressed as:

n=Ue-UL (2.54),

generally, the closer 1 is to zero, the better the catalytic performance.

2.10. The Span Model

The Energy Span Model (ESM)* 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.*

In the span model, the AGmax corresponds to the potential determining step that is
defined as the maximum free energy difference between intermediate states i with the

highest energy, PD1;, and j with the lowest energy, PD1;, expanding beyond the elemen-

tary reaction framework:

AGspan _ EPDIi _ EPDIJ' (255),

max — Lhighest — “lowest
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:

span __ RDTS RDI
Eb — Lhighest — Elowest (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.%'-%3
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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,® while providing sufficient precision in describing the electronic structure and re-
lated properties of two-dimensional materials.®>:% Additionally, the aforementioned D3
approach proposed by Grimme et al.?® 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™! —ca. 0.04 eV.%

During structural optimizations, the convergence of the electronic self-consistent
field steps was controlled using a criterion of 107> eV, and atomic positions were relaxed
until the forces on the atoms were below 0.01 eV-A™!. 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 A as done in previous works. ¢
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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.!*> Among various potential solutions, hydrogen (H.) has gained
significant attention due to its high energy density and environmentally friendly charac-
teristics.>* Particularly, the production of green hydrogen through the electrocatalytic
HER using renewable sources like wind and solar energy,® paves the way for sustainable
energy future. Similarly, carbon dioxide (CO2) emissions are a major contribution to
global greenhouse gas,® but carbon reduction technologies such as electrocatalytic
CO2RR” offer the possibility to convert CO: 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.® However, existing research has predominantly focused on
pristine MXenes or surfaces with full O or ~OH terminations,’!' overlooking the fact
that synthesized MXenes typically are likely to exhibit mixed surface terminations.
Therefore, we propose a comprehensive DFT study using TizC2 MXene, first synthesised
in 2011,'2 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,'? as the high temperature and pressure conditions result in signif-
icant energy consumption and CO: emissions in traditional Haber-Bosch process. '*
Hence, alternative NH3 synthesis technologies under milder conditions, such as electro-

catalytic NRR, have emerged.'> Notably, the unique electronic structure and chemical
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properties of boron (B) atom,'®!”

which contain both occupied and vacant orbitals sim-
ultaneously, show promising potential for strong N> 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.'® 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-

CCSSES.
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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 HER!'%-2! and CO2RR.%2:23
As synthesised MXenes exhibit a variety of surface functional groups Tx on the substrate
surface, typically including pristine (no termination),?*2> a mixture of surface termina-
tions such as O, —OH, —H and —F, or without —F,2628 in addition, theoretical assessments
also point out that the mixture of Tx are more energetically stable.>?° However, compu-
tational studies almost always assumed T to be composed fully of —O or —OH only. For
instance, Pandey et al.’° investigated HER performance on fully O-terminated M2X,
M:X2, and M4X3 using the free Gibbs energy of hydrogen adsorption at equilibrium cov-
erage as an activity descriptor. Handoko et al.'” and Chen et al.'! 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”,>' and “Surface Termination Dependent Car-
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bon Dioxide Reduction Reaction on Ti;C> MXene”,** and two review articles, titled “The-
oretical Modelling of the Hydrogen Evolution Reaction on MXenes: A Critical Review”
in Current Opinion in Electrochemistry,*® and “MXenes as Electrocatalysts for the CO:
Reduction Reaction: Recent Advances and Future Challenges”, published in ChemElec-
troChem.>* 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 expressed? as Eq. 3.1,
ZH?aq) +2¢ > Hxy (3.1,

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

evaluate the HER activity,
Hig +e © YaHa (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),*”*® as shown

in Figure 3.1. Both involve a first electrochemical Volmer step as Eq. 3.3,
Volmer step: H + ¢ + * — 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 Egs. 3.4 and 3.5,

Heyrovsky step: H" + ¢+ H* — * + Ha (3.4),

Tafel step: 2H* — * + H» (3.5),

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

of two previously reduced protons.
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“ Yolmer — Heyrovsky

9 o

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 H, 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 Egs.

3.6-8,

H'+e¢ +-OH* — -O* + Ho* (3.6),
Hx* —> Ha + * (3.7),
H'+e¢ +-0* > —-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 Egs. 3.9-11,

2 - —OH* — 2 - —O* + Hy* (3.9),

Ho* - Ha + * (3.10),
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(2x) H" + ¢ + -0* — —OH* (3.11).

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

3.2.2.1. CO; Reduction Reaction (CO:RR)

Several CO2RRs involving varying electrons are present in Egs. 3.12-15 along with their
respective standard equilibrium potentials® (£°), with comparison to the Reversible Hy-

drogen Electrode (RHE).

CO2+2H" +2¢” — CO + H20 E'=—0.11V (3.12),
COz + 2H" + 2¢- - HCOOH E'=-022V (3.13),
CO2+6H" + 6¢” — CH;0H + 2H.0  E°=0.02V (3.14),
CO2 + 8H' + 8¢~ — CH4 + 2H>0 E'=0.17V (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 CH20 and CH30OH,* as depicted in Figure 3.2.

H,COH Clean

Figure 3.2. Proposed CO,RR possible mechanism pathways to CHs 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 ¢~ 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* +-0O (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.*!' 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 (Hri) on the
Ti3C2 p(3%3) supercell, as shown in Figure 3.3. The results indicated that the Hri 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,****
and the other regarding fluorine, for MXenes synthesized using HF or in situ HF 22743
The Pourbaix diagrams in Figure 3.4 agree with previous assessments,!**® that the Ti3Ca
(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 Ti3C, (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 (Hy) sites.!

L 1.5

“o 2 4 8 a 10 12 14
pH

Figure 3.4. Pourbaix diagrams for Ti;C, 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.?!
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 —O230H1/3 model appears first, followed by the
—03/40H1/4, 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.*’

15
-

05

Figure 3.5. Pourbaix diagrams forpHTi3C2 MXene (0001) surface regarding ;ﬁ 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.’!

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,
—0130H23, —0120H172, —“02/30H1/3, the F-containing—F1,30130H1/3 and —F390490H2/9
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 CHs in the pH <4 and -0.75 V < U< 0 V potential range,'%!!-?% 2348 the most suitable
and realistic Ti3C2Tx models are F-free of —OH2/301/3, “OH12012, “OH1/302/3, and fully

OH-terminated, as well the F-containing —F130H1301/3 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: /) H" reduction occurring
at —O sites followed by Heyrovsky step directly generating Ha(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.
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Figure 3.6. Gibbs free energy, AG, diagram of HER on pristine or fully —O, —OH, —F, or —H terminated
Ti3C, (0001) surface under standard working conditions. Solid lines represent the chemical step of the as-
generated H» 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 He site.

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

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 —7'=298.15 K, Py,~ 1 bar, pH =

0, U = 0 V—, where the pristine Ti3C2 exhibits excessively high reactivity, with AG 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 AG of 2.62 ¢V 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.*’

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, Ti3Cz 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 i7) 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 —O120H1.2
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 ~01/30H2/3, 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.
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Figure 3.7. Gibbs free energy, AG, diagram of HER on selected binary and ternary terminations of Ti3C,
(0001) surface combining —O, —OH, and —F moieties, at standard working conditions. Solid lines represent
the chemical step of the as-generated H, desorption, while dashed lines represent the electrochemical CPET
steps. Color coding as in Figure 3.6.%!

For the F-containing models, starting from the model —F1301/30H/3, which corre-
sponds to the most stable situation at low pH and low U, can be compared with the refer-
ence models of —O230H1/3 and —O130H2/3, 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 —0230H13 decreases, and the same occurs for OH-TER of the OH-rich model
—0130H23. However, for the TER-TER, the situation is not so unfavourable, with a
chemical H recombination step involving a AG of 0.08 eV only, and second recovered
Volmer step is PDS with overpotential only -0.01 V. Similarly, in the —F390400H2/9
model, the AG 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 —0130H23, —0120H1/2 and —F1/30130H1/3 all require high overpoten-
tials, the only viable model is —O2/30Hi/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, —O230H13, —F130130H1/3, as well as —
F3904/90H2/9 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.
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Figure 3.8. Gibbs free energy, AG, diagram of HER on selected binary and ternary terminations of Ti;C,
(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 H, de-

sorption, while dashed lines represent the electrochemical PCET steps. Color coding as in Figure 3.6.3"!
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3.2.3.3. Electrocatalysis Mechanism of CO;RR

Based on the above Pourbaix diagram analysis, the CO2RR were explored on five surface-
terminated Ti3C2Tx models, including F-free —OH2/301/3, “OH12012, “OH1/302s3, fully
OH-terminated, and F-containing —F130H1/30153 (cf. Figure 3.9). The initial challenge is
to determine whether COz is adsorbed and activated on these terminated surfaces. Ac-
cording to Le Sabatier principle,>® CO: should be moderately adsorbed—weak enough to
avoid catalyst poisoning but strong enough to facilitate bond breaking.’' 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 COz are shown in Figures 3.10 and 3.11, indi-
cating that the presence of a high number of —O groups is detrimental to COz activation,
maintaining its linear geometry, however in fully -OH terminated surface, aligning with
the activation of CO2.%>3 This behaviour contrasts with the adsorption energies of CHa,
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 —OH1/302/3 and —F1,30H1/301/3 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 CO: reactant ad-
sorption and CH4 product release based on the working conditions of temperature (7) and
gas pressure (p), meeting the prerequisite for reaction. Among all models, the fully -OH
terminated model exhibits the strongest CO2 adsorption and CHa 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 —F1,30H1,301/3 model, similar
kinetic phase diagrams are obtained compared to the -OH2/301,3 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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(a) Clean (b) -oH (c) -OH,,0y5  (d) OH ;045 (e) “OH,;30,;  (f) —F;;0H,50,;

»mw.

Figure 3.9. Top (upper images) and side (lower images) views of p(3x3) Ti3C, MXene (0001) surface with
(a) clean surface, (b) full -OH, (¢) -OH23013, (d) —OH 1201, —here of p(4x4) supercell—, (€) —OH302s,

(f) =F1,30H,30,/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.?

(a) Clean (b) —-OH (¢) —OH,,0,4 (d) -OH,,0,, (e} -OH,;,0,; (f) -F;;0H,;0,,

Figure 3.10. Top views of optimal CO, adsorption sites on TizC, MXene model (0001) surface with (a)
clean surface, (b) full -OH, (c) ~OH230153, (d) “OH;20152, (€) —OH,3025, (f) —F130H,30/3 terminations.

Colour coding as in Fig. 1, with CO, C and O atoms shown as orange and pink spheres, respectively.*?
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Figure 3.11. Adsorption energies of CO, and CH4, E.gs, on the studied Ti;CoTx MXene (0001) surface
models with (a) clean surface, (b) full —OH, (c) -OH23013, (d) ~OH 2012, (€) —OH1302s3, (f) =F130H,301/3

terminations. All values are given in eV.>
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Figure 3.12. Calculated adsorption/desorption kinetic phase diagrams for CO, and CH4 on (a) clean surface,
(b) full —-OH, (¢) “OH230,3, (d) —OH;201 2, () —OH;302s, (f) —=F130H,,301/3 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.>

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 Ey__ ,
is utilized to discuss the ease of H transfer from surface —OH groups.

Ey,p. = Er—ny + V2 Ey,— Er, (3.19),
where E7,__y describes the energy of Tx-terminated MXene with H atoms but lacking one
H atom, 4 Ey, represents the formation energy of a single H atom released as half of an
H2 molecule, and E7,_is the energy of Tx-terminated MXene with H atoms. A more neg-
ative Ey; _ 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
COz 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 AG at 0.73 eV, which can
participate again in the third PCET to form rather favourable methanol CH;OH* with AG
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 AG val-
ues 0f 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 E _ value of the ~OH group, -0.56 €V, 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 (Ur) of -0.85 eV,
falling within the stability region of -OH-terminated Ti3C:z electrocatalyst according to
Pourbaix diagrams (cf. Figure 3.5).

When the —OH groups are partially replaced by —O, as in the -OH2/301/3 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 Ey value of 0.12 eV. As a result, CO2 adsorption weakens, and the initial for-

mation of HCO2* occurs via first PCET with a AG 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 AG of 0.71 eV, and followed by the regeneration of consumed —OH groups with
AG 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 AG of 0.61 eV, fol-
lowed by CH30OH* formation with AG 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.
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Figure 3.13. Gibbs free energy, AG, diagram of CO,RR on fully —OH terminated Ti;C, MXene, under
standard working conditions. Blue lines represent chemical steps of as-generated HO or CH4 desorption,
or CO, adsorption, while black and grey lines represent the electrochemical PCET steps under zero and
applied U = Uy 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 3.9.3

Further increasing the —O/—OH ratio, for instance as in the -OH12012 model, main-
tains some similarities with the -OH2301/3 model, as seen in Figures 3.14 and 3.15, with
the Ey  value 0f 0.26 eV. The first CPET, coupled with H transfer from one ~OH group,
leads to the formation of formic acid HCOOH*, with AG of -0.3 eV, the second CPET
lead to formate with AG =-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

57



2D-MXenes in Advancing Electrochemical and Thermal Catalysis

—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 —OH2/301/3 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.
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Figure 3.15. Gibbs free energy, AG, diagram of CO,RR on —-OH;201/, Ti3C, MXene model, under standard
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Colour code is as in Figure 3.9.32

Increasing —O content further, as in the —OH1302/3 model in Figure 3.16, the first
CPET involves proton reduction coupled with —OH H transfer, forming HCOOH* with
AG = 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 Ey  _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 AG 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 AG = 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 CHa(g) selectivity.
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Figure 3.16. Gibbs free energy, AG, diagram of CO,RR on —OH;30,3 Ti3C, MXene model, under standard
working conditions and at a U = Uy 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 3.9.3

Generally, UL decreases with decreasing —OH ratio, but it does not reach its mini-
mum with full —O termination. Studies by Handoko et al.'’ on Ti2CO2 found a higher U
of 0.52 V vs. RHE, similar to Morales et al.>* 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.>

Regarding the influence of —F surface groups on CO2RR performance, analysis in
the —F130H1/301/3 model (c¢f. Figure 3.17) shows similar performance to the -OHi12012
model, as well Ey _value of 0.31 eV. The first PCET and nearby ~OH H transfer form
HCOOH* with AG of -0.13 eV, aligning with —OH12012 model. The second PCET re-
generates —OH and is the PDS with UL at -0.51 V vs. SHE. Subsequently, in contrast to
the —OH12012 model, it favours forming formaldehyde CH2O*and water rather than
H2C(OH)2*, with AG of 0.22 eV. The fourth PCET forms CH30H* with a combined
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PCET and —OH H transfer with AG of -0.78 eV, followed by —OH regeneration and con-
sumption to form methane forming CH4*. The —F1,30H1,301/3 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 —F1,30H1301/3 model, lowering the PDS cost relative to the —
OH12012 case, and maintaining the PDS at HCOOH* formation, essentially unaffected
by the presence of the —F groups. However, as with the —OH2301/3 model, HER remains
a major competitor with U of -0.01 V3!

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 CHa.
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Figure 3.17. Gibbs free energy, AG, diagram of CO,RR on —F;30H;301;3 TizC, MXene model, under
standard working conditions and at a U = Uy 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 3.9.3
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3.2.3.4 Catalytic Performance of HER/CO;RR
The standard for a good HER activity is typically defined by |AGu| < 0.2 eV.'3¢ The

theoretical overpotential n 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 —0230H1/3 and the F-terminated
—F130130H1/3. 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,*’
like in the case of —0230H.s, as fully O-terminated surfaces exhibit excessive reactivity
towards H*. Additionally, compared to other materials reported in literatures, TizC2
MXene with appropriate surface terminations shows promising HER catalytic perfor-
mance, potentially outperforming materials like Pt,%” MoS2,%® WS2,%” N-doped graphitic
carbon nitride (C3Ns@NG),*® and C3N.°' The optimal scenarios observed, such as mod-
els of —0230H13, —F130130H1/3, and —F390490H29, 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 AGy as a descriptor, on the
explored Ti3C, models, either pristine, or covered according to the specified terminations. The required
overpotential, 1, 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 Ti3C», note that the strong H-affinity prevents

any H, formation, regardless of n.3?

Model PCET PDS Hye UL
—OH 8"  _H*—>* 056 -085
—OH>3013 7th CH3;OH* + * — CH30H* + H* 0.12 -0.84
—OH 12012 oh CH3;OH* + -H* — CH30H* + * 0.26 -0.70
—OH130213 1 CO2* —- HCOOH* + -H* 0.73 -0.37

—F130H1301s3 2 HCOOH* + -H* — HCOOH* +* 031 -0.51
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Figure 3.18. Volcano plot of -n vs. AGy on the different terminated Ti3C, surface models, including fully
O- and OH-terminated cases, as well as binary situations represented by the O130H,3, O1,0Hi/, and
0,30H,3 models, and ternary ones as in the F130130H13 and F390490H> models. In addition, references
values for Pt, MoS,, WS,, C:Ns@NG, and C3N are included for comparison.

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 Ey  _and the

—OH/-O0 ratio, with similar values for the -OH12012 and —F1,30H1301/3 models. As the
presence of surface —O groups increase, Ey _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.®*% 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 #ii) 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 Ti3C, models, under CO,RR working conditions. The required Uy, —in V— and surface

Ey  —in eV— values are specified.’?
vac

Model PCET PDS oy, UU

-OH gth —H* — * -0.56 -0.85
—OH2;30113 7t CH;OH* + * — CH3;OH* + H*  0.12 -0.84
—OH12012 6t CH3;OH* + -H* — CH3OH* +* 026 -0.70
—OH 13023 I CO2* — HCOOH* + —H* 0.73 -0.37
—-F150H13015 2™ HCOOH* +-H* - HCOOH* + * 031  -0.51
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Figure 3.19. Plots of H-vacancy energies, Ey ., given in €V, and minus the limiting potential, -Uy, given

in V, as a function of ~OH group partition coefficients (yon) with respect —O groups.?

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 —-OH1302/3 or -0.51 V for —F130H13013, 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 —F1,30H1/301/3 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.%*

Another key point implies comparing the CO2RR activity reported with other

10,11,22,36,65-68

MXenes reported in the literatures, 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,!-% 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.” 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,”!"’* using non-aqueous proton donors,’">

restricting electron transfer rates,’®’” or modulating the magnetic moments of active sites

can suppress HER for the -OH1/3023 and —F130H1301/3 models.”®
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Figure 3.20. Comparison of the methane UL from the presently studied terminated models on Ti3C,Tx

(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.3
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Figure 3.21. Comparison of -Uy, for CO;RR vs. -Uyp for HER on the explored terminated Ti;C, T, models.
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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,”*-%° however, assessing and designing MXenes have been sim-
plified through experimental or theoretical descriptors.®'-#* 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.’'*? Additionally, advanced methods such as
explicitly incorporating solvation effects®® and using grand canonical DFT3 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.!®-30:46-85-87 Fj.
nally, it was indicated that machine learning®® 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 COz 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 —0230H13, —=F130130H1/3, and —F3904/90OH2/9, 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 Ti3Cz 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 Ey_and —OH/-O ratio is observed, with Ey; in-
vac vac
creasing as the presence of surface —O group increases, leading to a decrease in

UL value.

In the —F130H1/301/3 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 Ti;C, 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).3*° 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.’!-> Therefore, in order to pursue long-term sustainability,
there is active exploration of alternative ammonia synthesis technologies that operate un-
der milder conditions.’*%*

Inspired by natural biological nitrogen fixation,” there is a strong interest in am-
monia synthesis methods that operate under moderate conditions, that is room tempera-

ture and atmospheric pressure,’®?’

particularly, electrocatalytic Nitrogen Reduction Re-
action (NRR).”®% 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, ' 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.!°!

However, these predictions are based on models involving clean, bare surfaces,!*!%?

34,103,104, and there is ex-

realistic scenarios require consideration of mixed terminations,
perimental evidence!% 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, research!%® has shown that an increase
in —OH groups on the Ti3C2 MXene surface enhances NH3 production, and Ti3CaTx
MXene functionalized with medium- concentration —F terminations can enhance N> ad-
sorption and activation.'?’

The focus of this study remains on the earliest synthesized Ti3C2.2® The case of

boron atom is particularly attractive,!'*%1%°

which is significant potential in N2 fixation,
including catalysts based on g-C3Na, graphene, and two-dimensional boron sheets, and
can also occupy the oxygen vacancies on the MXene surface to form B-doped MXene

materials.!'%!"! However, previous studies!'!>!'* 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

> 115 Wwith the supporting

Ti3C> MXenes Electrocatalysts for Nitrogen Reduction Reaction
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.
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Figure 3.22. Top (upper images) and side (lower images) views of the ten models derived from the em-

(k) a2B-O (I) a2B-OH

ployed p(3%3) MXene supercells, including; (a) pristine Ti3C, (0001) with the top (T), bridge (B), hollow
carbon (Hc¢), and hollow metal (Hy) four high-symmetry sites tagged; (b) Ti3C,O (0001) with T, H¢, and
O-bridge (Bo) three high-symmetry sites tagged; (c¢) sSB@Ti3C20g9 (sB-O); (d) sB@Tiz:C,OHsyo (sB-OH);
(e) aB@TisC,O with B on H¢ (aB-O); (f) aB@Ti3C20490Hs9 with B on He (aB-Hc-Os); (g)
aB@Ti3C,0490Hs with B on Bo (aB-Bp-04); (h) aB@Ti3C,0130H3 with B on He (aB-Hc-03); (i)
aB@Ti;C,0,,30H;3 with B on Bo (aB-Bo-03); (j) aB@Ti3C20250H7,9 (aB-0,); (k) a2B@Ti;C,0 (a2B-
0), and (1) a2B@Ti3C,0490Hs/ (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.!®

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.''®!'” 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)® attacking the farthest N atom
from the catalyst surface, proceeding through subsequent CPET steps to synthesize and
release the first NHs(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
NNHz*, instead of obtaining NH3(g) and N* atoms through the distal pathway, or in en-
zymatic pathway, NHNH2* is hydrogenated to NH* and NHs) instead of forming

NH:NHz*. Therefore, the following will also discuss these mixed pathways that connect

the distal, alternating, or alternating pathways.

(a)
J N
I L N - \ - B
End-on Side-on
chemisorption chemisorption Physisorption
®) o
End-on Side-on Bridge-end-on Bridge-side-on
chemisorption chemisorption chemisorption chemisorption Physisorption
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Figure 3.23. Various adsorption configurations for N, adsorption, including chemisorption and physisorp-

tion for (a) single boron and (b) B, dimer models shown in Figure 3.22.115
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Figure 3.24. Schematic diagram of possible reaction pathways for NRR on B-based Ti;C, MXene. The

black, grey, and blue solid arrows represent the distal, alternating, and enzymatic pathways, respectively.

The black dashed arrows represent the mixed pathway. 13

3.3.3. Results
3.3.3.1. Stability of B-based MXenes

In the case of Ti3C20, sampling was conducted on four potential high symmetry adsorp-
tion sites!!®!!? (see Figure 3.22), with the Hc site being the most favourable on aB-Oz,
aB-0Os, and aB-O4 models, followed by the Bo site. In the presence of B2 dimers (see
Figures 3.22k and 3.221), a semi-bridge configuration, resembling ethene, was discovered.
The stability of each model, estimated from adsorption energy (Fads), difference between
adsorption energy and cohesive energy (Edifr), and formation energies per atom values (E¥)
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 Er 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 Edifr values observed, particularly for aB-O, aB-Hc-O4, and a2B-O, while
the Eqitr value for aB-Hc-Os 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,'?® as well bridge configurations,'?! 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 Eags 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 A (aB-O-p) to 3.51 A (a2B-OH-p), while the d(NN) distance
remains essentially constant at 1.12 A, consistent with gas-phase molecular values calcu-
lated in vacuum. For chemisorbed states, interactions between N> and active B centres
may involve c-donation from N2 or B back-donation to the empty 2n* molecular orbital
of N2.122123 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 N> affinity of pristine MXenes.!** However, aB cases show
weaker chemisorption, with adsorption energy values ranging from -0.37 eV (aB-Bo-Os-
s)to -1.19 eV (aB-0O2-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 sp* hybridized orbitals and three electrons are
utilized for —O coordination, leaving an empty sp® 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 sp’ 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,'?>!2° denoted as rad¢s and 7des,
respectively, as Figure 3.25. It can be observed that under reaction conditions at T=300
K and 1 bar Nz partial pressure, many models and sites exhibit higher rads than rges,
especially a2B-0-bs, aB-Bo-04-¢, aB-Bo-03-¢, aB-02-¢, aB-0:z-s, sB-O-s, sB-OH-s, sB-
O-e, and sB-OH-¢; 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 Nz(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.
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Figure 3.25. Calculated adsorption, r.qs, and desorption, rq4es, N2 rates on studied models shown in Fig. S5
of the SI, as a function of temperature, 7, and the gas partial pressure, p, here shown for 1 bar. Black dashes

line represents ra4s 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 raqs for physisorption.1 15

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, AGmax 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 AGmax of 1.47 eV, following the distal mechanism
except for the hydrogenation of the NHNH2* species, which proceeds directly to NH*
and NHs* 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 NoH*, with a AG 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, AG, diagrams of NRR on (a) sB-O (top), and (b) sB-OH (bottom), under
standard working conditions of 7= 300 K, partial gases pressures of 1 bar, pH =0, and U= 0 V. Solid lines
represent chemical steps such as Ny, adsorption or as-generated NH3) 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. 13
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Figure 3.27. Gibbs free energy, AG, diagrams of NRR on aB-O under standard working conditions of 7=
300 K, partial gases pressures of 1 bar, pH =0, and U= 0 V. Solid lines represent chemical steps such as
Na(e) adsorption or as-generated NHs() 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 326113

The next model aB-Oa, with 4/, 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 AG 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 AG of 1.19 eV.
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Figure 3.28. Gibbs free energy, AG, diagrams of NRR on aB-O4 under standard working conditions of 7=
300 K, partial gases pressures of 1 bar, pH =0, and U =0 V. Solid lines represent chemical steps such as
N adsorption or as-generated NHj(,) 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.!1°

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-Oa, starting from Hc site until the formation of NoH*,
with a AG 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 AG 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 AG 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
AG of 0.83 eV, followed by the formation of a second NH3 molecule.

77



2D-MXenes in Advancing Electrochemical and Thermal Catalysis

aB-0,
" 7
Slab Myads  1*CPET 29 CPET 3YCPET 4"CPET SUCPET 6UCPET  NH¥
134
.
= N 049,
5 NL e Ly
By a5 | o | e
(=] —— ———
= . ()42 :
g 094 7 Npe wn
=-11 2 ! —_— 1
= == N,* : T
= * = X J |
g T
g 3] 208 -~ -LTLY i
2z | NHNHS NHP S e 2
s —— Distal H* H* ‘\‘ H* /—’ NH:* 47 __“- "By
——— Alternating 331 . W —H,
Reaction Coordinate
Slab N, ads 1# CPET 2% CPET

31 CPET 4% CPET 5% CPET 6 CPET
Figure 3.29. Gibbs free energy, AG, diagrams of NRR on aB-O; under standard working conditions of 7=
300 K, partial gases pressures of 1 bar, pH =0, and U =0 V. Solid lines represent chemical steps such as

N adsorption or as-generated NHj(,) 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 32611

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 NHNH:2* resulting in a stable transition to NH2*. This initiates the distal pathway
involving a H transfer from a neighbouring surface -OH group, with a AG of -2.11 eV.
Subsequently, the as-generated —O group is compensated, and next the second NH3 mol-
ecule is formed with a AG of 1.14 eV. After NH3 desorption, the final CPET recovers the
second surface —OH, which constitutes the PDS with a AG of 2.01 eV. Thus, for high —
OH coverage like aB-O2 and aB-Os, 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 AGmax of 0.83 eV, currently the lowest.
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Comparatively, at the dual adsorption B site (¢f. 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
T 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
AG 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 AG 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 AG 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, AG, diagrams of NRR on (a) a2B-O (top), and (b) a2B-OH (bottom), under
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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 3.26.113

80



2D-MXenes in Advancing Electrochemical and Thermal Catalysis

3.3.3.4. Performance and NRR vs. HER

The assessment of overall performance currently relies on the calculated AGmax 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 AG of -1.08 V,”! yet gained
using the RPBE functional with no dispersion correction interactions, so one should avoid
making clear differences for AG 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, HER!!® 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-O:z 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

72,73

include limiting proton concentration or transfer rates, using nonaqueous proton do-

nors to inhibit hydrogen adsorption on catalysts, and providing protective layers to pre-
vent proton transfer to the surface.’”*”

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.'?” However, previous studies'?*!''° 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-Os. Nevertheless,
previous research®**’ 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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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-0, and a2B-0O, as well cases with high and relatively low —OH coverage like
aB-0O: and aB-Oa.

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 (Rh") and Carbidic (2D-Mo,C 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.!?® 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*).!? The catalytic hydrogenation
of olefins, such as the widely studied example of ethene hydrogenation (C2Ha(g) + Ha(g)
— C2He(g), is well represented. *%13! 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.'** 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.!*

Para-hydrogen (p-Hz) is the nuclear spin isomer of Hz, with the opposite spin ori-
entation of its two H atoms. When p-H: 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 Ha, as the detected NMR
signal enhancement is directly proportional to the pairwise selectivity.'**13° Various
metal-based catalysts have been demonstrated to achieve the pairwise selectivity of sev-
eral percent by PHIP.!3® These experiments involving p-H» are generally inconsistent with
the widely accepted Horiuti-Polanyi mechanism hypothesis implying rapid H* species
diffusion;'3® however, an alternative reaction pathway proposed by Farkas involves slow
diffusion of H*, allowing for a pairwise addition pathway (see Figure 3.33),'3” where
both pairwise and non-pairwise hydrogen additions can theoretically follow concerted
and stepwise mechanisms. '*®

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 (C2He) on two systems where experiments show a different pairwise
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contribution. The first system involves a well-defined Mo2C(0001)* MXene whereas the
second one is the Rh(111) surface,!*” 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 Mo2Cix and
Rh/TiO: catalysts.!'*’ The reason of selecting simpler ethene model over propene was that
the observed Hz activation primarily originating from the electrostatic potential and metal
charges of catalytic surface, with tiny impact on the substrate.'*! Nonetheless, both ethene
and propene are homologous olefins with a single double bond and similar reactive site,'*°
and the hydrogenation rate of ethene is one order of magnitude higher than that of pro-

142,143 indicating a minimal difference in activation energy barriers of only 0.06-0.1

pene,
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 (Rh’) and Carbidic (2D-Mo>C MXene) Surfaces in Olefin Hydro-
genation Provides Insights on the Origin of the Pairwise Hydrogen Addition”'** 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.
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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:

(7) Hz dissociation, AEdiss: Ho* + * < 2-H* (3.20),
(if) First hydrogen transfer, AEn's: CoHa* + H* = CoHs* + * (3.21),
(iii) Second hydrogen transfer, AEx*": CoHs* + H* = CoHe* + * (3.22).

including also adsorption and desorption steps of Hz, C2Ha, and C2He.

3.4.3. Results

3.4.3.1. Adsorption Energy and Rate

Adsorption of reactants (C2H4* and H2*), products (C2He*) and intermediates (H* and
C2Hs*) on high-symmetry sites of the ABC- or ABA-stacked 2D Mo02C(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,''® while the
adsorption free energies of reactants and products, AGads, displayed in Figure 3.34,
demonstrating that, regardless of stacking mode, except for C2Hg, the AGads of the 2D-
Mo2C model is larger than on Rh (111). In the 2D-Mo02C 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.'®

771 ABA-Mo C
Z4 aBc-mo C
2 rn

0.0 ——Z

_

3 2

H, CH e

4

Figure 3.34. Adsorption free energies of H, (assuming spontaneous dissociation into 2H*), C,Ha4, and C;Hg

on the ABA-Mo,C, ABC-Mo,C and Rh (111) surfaces under 1 bar of gas pressure and 250 °C or 60 °C for
the 2D-Mo,C and Rh (111) models, maspectively.144

The calculated adsorption energies are utilized to estimate adsorption and desorp-

tion rates, further used to derive a Kinetic Phase Diagram (KPD), !4 as shown in Figure
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3.35. Considering the ease of Ho* dissociation, where H2* forms 2 H* and subsequently
desorbs, used in the KPD, the surface exhibits slightly higher affinity for C2Ha relative to
Ha. Clearly, under working conditions, reactants C2H4 and H2 (undergoing dissociation
into 2 H*) can adsorb on all three surfaces, while C2Hs 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
Hg and Hw sites of ABA-Mo02C and ABC-Mo2C models, while on Rh(111), although Hyec
is the most stable adsorption site for H*, the adsorption energy on Hxcp is only 0.03 eV
lower than on Hy. (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 Hy.c and
Hiep sites, and 0.08 eV towards two neighbouring Hyc sites on Rh (111). Therefore, Ha>*
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 H>* dissociation can also occur in the presence of C2Ha*, with dissociation bar-
riers 0f 0.19, 0.09, and 0.01 eV for ABA-, ABC-Mo2C, and Rh models, respectively. See
Appendix D for more details.

{a) ABA-Mo,C (b) ABC-Mo,C (c) Rh
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Figure 3.35. Calculated kinetic phase diagrams for H,, C,H4, and C,H, on the (a) ABA-Mo,C, (b) ABC-
Mo,C, and (c) Rh(111) models as a function of temperature 7, 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 Hz,'*” followed by H* adatom
diffusion'*® 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 C2Ha*, with Ebv values
on the ABA- and ABC-Mo02C 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 Ev for H2 dissociation is
lower than that for H* diffusion, regardless of the presence of CoHa*.

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 AE for forming C2Hs* from C2Ha4* and H* is between 0.28 eV and 0.57 eV,
comparable to the AE on Rh (111) of 0.39 eV. Similarly, the Ev 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 C2Hs* is more

favourable on 2D-Mo2C compared to Rh (111), as shown in Figure 3.37.
ABA-Mo,C-1b ABC-Mo,C-l1c

Figure 3.36. The potential routes of the first step of the C,H4 hydrogenation reaction on (a) ABA-Mo,C-
1b, (b) ABC-Mo,C-1c, and (c) Rh-2b. See Figure S7 in Appendix D for definition of notations.! 44

The second hydrogenation step converts C2Hs* and H* to C2He*, 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 C2Hs* 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. '’ Due to the stronger adsorption of C2Ha* 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 % monolayer (ML) coverage of C2H4* or H*.
The results indicate that a % 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 % ML H* coverage. Similar effects are seen on the 2D-Mo2C model, but
with more pronounced variations, under % ML H coverage, the Ev decreases by 0.49 eV
for ABA-Mo2C and 0.35 eV for ABC-Mo2C. However, under %2 ML C2Ha4* coverage, the
Ev 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 ¥4 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 ¥ 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 (rdifr) to the reaction rate obtained using the span model
(7span), 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 C2Ha™* 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 Hz, 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-Mo,C and
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Reaction coordinate

90




2D-MXenes in Advancing Electrochemical and Thermal Catalysis

(2 (b) s . (o
AR AWM
Pristine ABC-Mn,C . ¥ ML C;H,

10" 4 19% ' 10" 4

Faiit ¥ Fapan

1 anasac e - 10 T ABAMoC
ABRC-Mo.C *MLH ARC-Mao,C

| Rh Bh
e T T T T T T d T T
1] 200 Ay L4 B0 (R4 o 2on A (% 1] Ran [+ 0 200 400 L) L0 1000

TIK TE Fik

Figure 3.38. Calculated ratio between the rates of H* diffusion, 74, and the reaction rate obtained using
the span model energy barrier, #span, on ABA- and ABC 2D-Mo,C (0001) surfaces, and Rh (111) surface,

using (a) pristine surfaces, (b) a surface with coverage of % ML of H* or (c¢) ¥ ML of C,H4. 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/Ti02 than on M02CTx—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 CoHa*, 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. !> However, in this scenario, DFT calcu-
lations suggest that due to the presence of high surface coverage of co-adsorbates (% 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 rdift/rspan ratio, the observed several orders of magnitude difference in the rdift/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 Hz 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.'*"!1>2 Our DFT results suggest that for a similar C2Hs* + 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.!*>* 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 Hz, 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 Hz, olefin insertion, and reductive elimination steps. For Rh/TiOz2, the pres-
ence of these Hz 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 C2Ha4*.'>* Another mechanism based on the concerted addition of Hz 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 H> 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-Mo2Ci—x and Rh/TiOz 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 C2Hs* proceeds with similar
barriers on both systems. However, the hydrogenation of the C2Hs* to C2He™ is
more endothermic on the 2D-Mo02C(0001), and features significantly higher en-
ergy barriers than on Rh (111), regardless of the surface coverage of H* and C2Ha*,
leading to a lower rate of ethene hydrogenation on 2D-Mo02C(0001), consistent

with experimental results.

® Experimental evidence clearly indicates a significant contribution of the pairwise
H> 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.

93



2D-MXenes in Advancing Electrochemical and Thermal Catalysis

94



2D-MXenes in Advancing Electrochemical and Thermal Catalysis

3.5. Publications

™ LOYAL SOCIETY

Journal of
g OF CHEMISTRY

Materials Chemistry A

View Article Online

View Journal | View izsue

Effect of terminations on the hydrogen evolution
reaction mechanism on TizC, MXeneT

Cite this: J Mater, Chem. 4, 2023, 11
G896
Ling Meng, 2" Li-Kai Yan, [2*® Francesc Vifies ) ** and Francesc lllas{?

Twa-dimensional (2D} MXene materials are proposad as high-efficiency hydrogen evolution reaction (HER)
electrocataiysts: Most cormputational studies addressed the HER assuming a fully O=termination, even if as-
synthesized MXenes feature a mixture of -0, ~OH, ~F, or even ~H surface groups. To better understand the
electrocatalytic surface compasition and mechanism under HER equilibrium conditions in the TizCa MXene
model material. we composed Pourbaix diagrams considering ca. 450 topologically different surface
terminations, including pristine TisC,, full -0, —OH, —F, and —H terminations, and binary and ternary
situations with different group ratios Realistic models built from Pourbaix diagrams near HER equiliorium
conditions of low pH and U were used to investigate the Volmer-Heyrovsky and Volmer-Tafel
mechanisms, with the particularity of considering, or not, the participation of H atoms from —CH or —H
termination groups at different reaction stages, Results pointed out that the models close to the HER
equilibrium line. OuOHys FiysOua0Fye, and FiQuanOHays, require an almast negligible overpotential
of 0.01 V, while surface charges explain the impact of higher ratios of ~O groups on maodulating the H
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1. Introduction

The long-term problem of reaching a sustainable future by
using elean and renewable energy sources has remained
unsolved. A prospective candidate, hydrogen {H,), has attracted
great attraction as a possible clean and renewable energy source
thanks to its high energy density and non-polluting properties
when used as fuel,'* especially when it is obtained from
a renewable source such as wind and solar energy. The
hydrogen thus obtained is usually referred to as green hydrogen
to differentiate from that obtained from methane steam
reforming, so far the most used source, When electricity can be
obtained from these renewable sources, the electrocatalytic
water reduction becomes a highly appealing way of producing
Hy* and here high-performing electrocatalysts are key to
maximize the efficiency of the hydrogen evolution reaction
(HER) process. Hitherto, Pt has been the most efficient elec-
trocatalyst for the HER,* although its intrinsic HER activity is
limited by mass-transport.” Moreover, the searcity and high cost
of Pt hinder its applications for large-scale electrocatalytic
hydrogen production, and, therefore, the development of non-
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bond, and the positive Influence of having surface —F groups.

precious, Earth-abundant HER electrocatalysts, with high
activities is essential to make the field move forward.
Recently, great research endeavors have been placed at
meeting this zoal by exploring non-precious metal substitutes
such as Ni or Ni-based alloys.*" However, while Ni is widely
commercially used as a HER electrocatalyst, it is naturally
unstable in acidic solutions, similar to other electrocatalysts
used for the HER. Beyond Ni, various promising noble metal
free two-dimensional (2D} materials with high activity towards
the HER were proposed, including maolybdenum dichalcoge-
nides  [MoS;),"** metal phosphides,™ gCN,,"* and
graphene-based compounds.¥ However, one crucial weakness
of these 2D catalysts is that they often exhibit a semiconducting
nature, and have poor charge transfer properties.” Even if 1T-
MoS, overcomes this handicap by being a relatively good
conductor, it has been found to be unstable under ambient
conditions."” Another drawback is that the catalytically active
sites are normally restricted to edge or defective atoms, whilst
most in-plane atoms are catalytically inert,'® reducing the
overall atomic efficiency and performance of the electrocatalyst.
Therefore, a constant search for new stable 2D HER electro-
catalysts with good charge transfer kinetics while displaying
multiple, regular catalytic active sites is of utmost importance.
It is just in this aspect that MXenes have attracted great
attention as electrocatalysts for the HER. MXenes are 2D tran-
sition meral carbide, nitride, or carbonitride materials with the
general chemical formula of M, X, T,, where normally n = 1-
3, M is an early transition metal, and X = C and/or N."* The
most-extended MXene synthesis involves the selective etching

This journal is & The Royal Society of Chemistry 2023
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of the A element from a MAX phase precursor material, using F-
containing etchants such as hydrofluoric acid (HF), or with HF
produced in site by mixing lithium fluoride (LiF) with hydro-
chloric acid [HCL). As a result, the as-synthesized MXenes
display diverse surface funetional groups on their basal planes,
usually denoted as T,, normally being -0, ~OH, -H, or ~F. ™
Aside from the above methods, F-free synthesis procedures have
been reported,® with recent advances in controlling the surface
termination with a variety of functionalities,” and even proce-
dures and treatments to obtain MXenes with no surface
termination.®**

Note that these procedures may lead to the appearance of
internal or external defects,*® which, actually, can also be
inherited from the precursor MAX phase. The presence of such
defects can be affected by the synthesis methodologies and
other factors, e.g. acid concentration, etching time, ete.,* and
their existence may be influenced by the surface termination;
e.g., metal vacaney formation has been found to be more diffi-
cult on ~0 terminations than on -OH ones.* Still, given, nor-
mally, a low concentration of defects, the surface chemical
activity of MXenes is mostly determined by regular, defect-free
sites, and the surface terminations they display, Such MXenes
have attracted considerable attention in heterogeneous catal-
ysis given their high surface area, high electronic conductivity,
and high chemical and catalytic activities, with abundant active
sites, while their composition, width, and surface terminations
are the sandbox based on which tailor-made MXenes can be set
up for specific applications.*

In the particular contextof the HER, previous theoretical and
experimental studies have shown that some members of the
MXene family are promising candidates for the HER.'™**
However, these earlier computational studies assumed that the
MXene basal plane functional group T, consisted exclusively of
either only -0 or only <OH moieties, even though experimen-
tally a diversity of -0, <OH, and -F moieties is detected.™ Also,
theoretical assessments point to mixtures of maoieties as being
energetically more stable.™ In addition, MXenes have affinity
towards H adatoms,” and water is an easy supplier of -H
terminations,™ even if it is difficult to uneguivocally experi-
mentally detect them. Actually, it is critical to realistically
represent the MXene surface termination under HER working
conditions of pH and applied potential, U. This aspect is crucial
to understand the influence of the different types of function-
alization in the HER potential determining step and the reac-
tion mechanism, Here we focus on acidic environments, where
proton (H') activity is larger, avoiding alkaline conditions where
HER performance is found to be more sluggish.™*

This is indeed tackled here on the prototypical Ti;C, MXene,
extensively  experimentally  synthesized with  various
functionalizations,™** considering first the computed stability
of hundreds of topologically different surface models wich
different ratios of -0, —OH, -H, and -F groups, used to build
Pourbaix diagrams of surface termination stability dependent
on pH and the applied potential, . The obtained surface
models suitable for HER conditions, considering both P
containing and F-free situations, allowed for a proper and
detailed description of the reaction mechanism, highlighting (i)

Thig jaurmal s © Tre Royal Society of Chemistry 2023

View Artiele Online

Journal of Materials Chemistry A

the presence of fluorine on the Ti;C, surface unless obtained in
F-absent situations, (ii} that, at variance with previous
studies,"™*** not only -0 termination is regarded as a possible
HER active site, but it may involve surface -OH groups, implying
two different hydrogen sources, either protons (H') present in
the medium, or surface H atoms, which make the reaction
mechanism more complex, (iii} that -F groups ean be beneficial
at modulating the H bond strength, and not per se detrimental,
and, finally, (iv) that the HER performance of the realistic
maodels reveal that O-rich/OH-poor models, and stable ternary
mixtures containing ~F, ~0, and ~OH groups may lead to almost
negligible estimated overpotentials, making such Ti,C, rermi-
nared models excellent marterials for the HER electrocatalysis.

2. Theoretical aspects
2.1. Computational details

The results reported in the present work wete obtained from
periodic density functional theory (DFT) caleulations carried out
using the Vienna ab initio simulation package (VASP).” The core
electrons and their effect on the valence electron density were
described by the projector augmented wave (PAW) method,* The
exchange—correlation interaction was approximated by the Per-
dew-Burke-Ernzerhof (PBE] generalized gradient approximation
functional.™ A basis set of plane waves was used, employing
a kinetic energy cutoff of 415 eV. An energetic electronic opti-
mization convergence eriterion of 107 eV was used, while atomic
optimizations were finalized once all forces acting on atoms were
below 0.01 eV A", The necessary numerical integrations in the
reciprocal space were carried out using k-points -centred Mon-
khorst-Pack meshes of 5 = 5 % 1 dimensions,™ The effect of
dispersion was accounted for using Grimme's D3 approach (PBE-
D3).* Note that present and past test caleulations varying the
optimization thresholds, k-point density, and the size of the basis
set led to variations in the total energy well below chemical
accuracy, fe, below ~0.04 eV —1 keal mol ".* Vibrational
frequencies of H, molecule in vacuum (see below) and the cor-
responding ones in the terminated Ti;C, models were obtained
by eonstruction and diagonalization of the Hessian matrix, whose
elements were computed by finite differences of analytical
gradients with finite displacements of 0.03 A in Tength. Note that
such frequencies were obtained only for the terminations and
adsorbed species, while atoms in the Ti,C, MXene substrate were
kept fixed in the optimized geometry. In this way, vibrational
degrees of freedom on the surface terminations and adsorbed
moieties are decoupled from Ti,C, phonons, an approximation
with negligible impact in the computed frequencles ¥
Pristine and fully -0, -OH, —-H, and -F covered Ti;C, were
firstly evaluated using a p(2 = 2) supercell. The cases mixing
different moieties were evaluated using either a p(2<2) or a p(3
% 3) supercell. A maximum monolayer (ML) coverage is defined
when having one surface moiety per each surface metal atom,
four or nine for the p(2 =« 2) or a p(3 = 3) supercell, respectively.
In the case of the p(2 x 2) supercell, ML vs. § ML binary
coverages were evaluated, as well as 2 vs. £ of a ML, Ternary
situations were explored as well, considering 4, L, and 2 of a ML.
For the p(3 = 3) supercell § vs. £ binary situations were
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examined, as well as ternary situations with 1 of each compo-
nent. The slab models contained 20 A of vacuum to properly
isolate the models explored.

2.2, HER reaction mechanisms

In general, there are two possible well-agreed mechanisms for
the HER reaction, namely the Volmer-Tafel and Volmer-Heyr-
ovsky mechanisms ™ In both cases, the first step is the same,
the Volmer step, where a proton, H', is reduced on the elec-
trocatalytic surface by an electron, e7;

H' +¢ +* = H*, (1)

where * represents a surface electrocatalytic active site,
However, the two mechanisms differ in the second step: in the
Volmer-Tafel mechanism, the Tafel step implies that two
previous Volmer steps have occurred, and, so, two reduced H*
entities exist, These can then combine in a chemical step —with
no further electron transfer—to create a H, molecule which is
directly desorbed from the electrocaralyst surface;

ZH* — Hy +2% (2)

Notice that this mechanism is somehow similar to the
Langnuir-Hinshelwood one in  gas-phase heterogeneous
caralysis, i.e., all reactants must first adsorb, prior to the reac-
tion among them. Furthermore, one should be aware that
generally the Volmer—Tafel mechanism does not consider the
H:* moiety, ie, it assumes that whenever H; is formed, it
automatically desorbs, Still, in case the H, molecule is moder-
ately adsorbed, one could rephrase the full Volmer-Tafel
mechanism as

(2x)H' +e + * = H*, (3)
2H® — Hy* + %, (4)
Ho* — Ha+ % (5)

In the Volmer-Heyrovsky mechanism, the second proton is
reduced directly over the previously reduced proton of the
previous Volmer step, directly generating, again, the H, mole-
cule. Thus

H* + H' 4+ — Hy+ %, (6)

Indeed, this mechanism is reminiscent of the Eley-Rideal
mechanism in gas-phase heterogeneous catalysis; ie, only one
reactant is adsorbed, and the other one directly attacks the
adsorbed one from the gas phase. Still, the H,* moiety is
generally ignored, but the Volmer-Heyrovsky mechanism could
be rewritten as

H' +e +% = HY, {7
H' +e + H* — Hy*, (8)
Ha* — Hy + = (9)
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In the present study we regarded all the possible reaction
mechanisms and elementary reaction steps, although in most
examples in the literature,"** the Volmer-Heyrovsky was the
only mechanism considered, and, moreover, regarding only the
H reduction on fully O-terminated MXenes, like Ti,C,0,, even
when high H coverage situations were involved. Thus, in addi-
tion to O-termination, we regarded -H, -OH, and -F full
terminations, and binary and ternary combinations of them, as
explained above. Motice that the inclusion of -OH and -H
terminations implies that the reaction sequence can involve
hydrogen atoms from surface terminations, Thus, instead of
starting through the reduction of one or two H' from the
aqueous mediam, for either Volmer-Heyrovsky or Volmer-Tafel
mechanisms, the reaction may start through one or two H
atoms of -OH and/or —H terminations. For example, on a -OH
terminated Ti;C,, the Volmer-Heyrovsky reaction sequence
could well be

H'+¢ + OH — O+ H:*, (10}
Ho* - Ha + %, {11}
H'+e +-0— OH (12}

Notice that the direet formation of water upon a Volmer step
on a surface -OH moiety has been disregarded as competitive
since water removal requires the energetic cost of a surface O
removal, plus free MXene surface sites are known to very easily
adsorb H,0 and dissociate it.**% While for the Volmer-Tafel
mechanism, the formation of H, from two H atoms from -OH
surface groups could occur first, and then followed by the
regeneration of the -OH moieties. Thus

2.0H = 2-0 + Hy*, {13)
Ha* — Ha + ¥, {14)
@x)H" +e +-0 — —OH. {15)

In the present work, all these alternative reaction step
sequences have been thoroughly investigated in all the surface
maodels, to have a clear, holistic picture of the reaction
mechanism.

2.3.  Thermodynamic approach

For any of the above-mentioned mechanisms, we first consider
the reaction thermodynamic profile by caleulating the Gibbs
free energy of hydrogen adsorption, obviously considering only
minima in the potential energy surface. Note that the deliberate
use of this approach neglects further kinetic aspects, succinetly
assuming that energy barriers are simply differences in Gibbs
free energies between minima. This approach has to be taken
with a grain of salt, since, on one hand, one neglects that
electrochemical steps involve a transition state, and the
involved energy barriers will be larger than Gibbs free energy
differences. The thermodynamic approach can be justified from
the Bronsted-Fvans-Polanyi (BEP) relationship that usually
holds true,** and so energy barriers would be linearly
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proportional to the Gibbs free energy difference, although
bearing in mind the kinetics on the coupled proton-electron
transfer steps may imply breaking these relationships. In any
case, the kinetic aspects could be important, as shown, eg., in
the chlorine evolution reaction (CER}, oxygen evolution reaction
[OER), and oxygen reduction reaction {ORR).*** Further than
that, other aspects could be critical in the proper HER perfor-
mance, such as mass transport limitations.” In any case, such
detailed analyses are out of the scope of the present study,
which aims at determining how surface terminations affect the
HER reaction landscape, and for that we rely on the thermo-
dynamic approach as a first educated guess, as extendedly used
in the past.""""' 1518,24-29

Following the seminal work of Narskov et al. introducing the
computational hydrogen electrode (CHE)™ one can consider
standard equilibrium conditions of pH = 0, U = 0 V, tempera-
ture, T, of 298.15 K, and a partial pressure of Hy, py, of 1 bar.
Under these standard working conditions, the complete HER
pathway can be described as

Hug' +e — HHE AG =0eV, (16)

where the chemical potentials or Gibbs free energies of the
initial state, that is H{,, + e, and that of the product, %H{f], are
identical. Also, for any reaction intermediate, one can get the
AG, e.g., for adsorbed H¥, one obtains AGy as

Alhy = AEy; + AEzps — TASY, (17)

where AEy is the reaction step energy difference, AFspy the
change in zero point energy (ZPE), and ASg the change in
entropy upon adsorption. The AFy term can be easily obtained
from the total energies obtained during the computational
optimizations, so that

AEy = Emvancene — B vmimixese — $Pm, {18)

where Enpminene 18 the total energy of n H adatoms adsorbed on
the MXene model, B yjpmnene the corresponding energy on
a model having # — 1 H adatoms, and £y, the energy of a Hy
molecule in vacuum. Likewise, the AF, ., term is obtained as

Afgpp = ﬁ.fl'{:'EM.\'mg - B JH/MXeme if‘-’b'gl;{ ; (19)

where Efiene, Bl qmmxene, and EZT are the ZPE energies of
the MXene having n adsorbed H adatoms, n — 1 adsorbed H
adatoms, or the H; molecule in vacuum, respectively. The ZPE
energy term, £, is obtained from the computed vibrational
frequencies, so that

1 NI

MY
Eypp = 5 Z e, {20]
==l

where A is the Planck's constant, and »; the vibrational
frequency of each of the normal modes of vibration [NMVs),
taken, for a system having N atoms, as 3N — 5 for the linear Hz
molecule in vacuum, and 3N for adsorbed atoms/molecules,
since free translations and rotations become frustrated
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vibrational modes upon adsorption. Similar to AFy, the ASy
term is calculated as

Ay = Sutinrxens — Sip DHMXene — 291, (21}

whete S mene; S sxens, and Sy are the entropies of the
MXene model having n H adatoms, the MXene model having n
- 1 H adatoms, and the H; molecule in vacuum, respectively.
The gas phase entropy of H;, 130,68 ] mol ' K ! has been taken
as tabulated in the National Institute of Standards and Tech-
nology (NIST) webbook,™ while for the adsorbed moieties only
the vibrational entropy, S, 5 accounted for, given the ground
state character and the aforementioned frustration of trans-
lations and rotations upon adsorption.® Thus

MMV by MMV 1
S=Saw=kpy | 1—enT | =5 | ——|. (22)
=1 = Fal

efsl — |

where kg is the Boltzmann's constant.

2.4. Surface Pourbaix diagrams

The Pourbaix diagram analysis is a key aspect to be regarded
since the diagrams provide information about the surface
composition under electrocatalytic conditions. In the case of
the studied MXenes they allow determining which is the
thermodynamically most stable surface termination under
working conditions of pH and U."* Details of the computa-
tional estimate of these diagrams can be found elsewhere,™
but Tet us here briefly explain the procedure. For any surface
composition, the AG of formation is obtained, using certain
molecular references. In the present case, one uses H¥' and
F# references at 1 bar and 298.15 K for -H and -F termina-
tions, using the standard hydrogen electrode (SHE) and
standard fluorine electrode (SFE) under equilibrium condi-
tions, so that

Hiug + ¢ = {HE, {23)
IEF e« Fog (24)

Here, values of 0 and —2.87 eV are used for the reduction
potentials of hydrogen, U, and of fluorine, U, respectively.® In
the case of ~OH and -0 terminations, water vapor is used as
a reference, taken at 0.035 bar and 298.15 K, conditions under
which water vapor is in equilibrium with lHguid water, that is,
their chemieal potentials or Gibbs free energies are equal.™ The
computational Pourbaix diagram construction makes use of the
CHE™ and the computational fluorine electrode (CFE), so that,
under the aforementioned equilibrium conditions

4 ) fres - Lo
,u.(HI-"q.rJ bufe) :(:(I—I:;m) L Gle) = ;o(n;). (25)
#(Fia) —nle) = 6(Foy) —G(e) =126(FF),  (26)
where u and G are simply the chemical potentials or Gibbs free

energies of the specified species.
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Making use of these references and of the gas phase ones,
one can calculate the formation energy of a given surface
termination at gero pH and U, AG(0,0), as

AGID = AG = AE + AEpg — TAS, (27)

with the different contributions obtained in a similar
fashion as detailed above for AGy, and gas phase molecule
entropy taken from thermodynamic tables.* Once AcG(0,0) is
obtained, the pH and U dependent AG, AG(pH,U), can be ob-
tained, as derived,”*" from the following equation:

AGIPHL Uy = AGO0) — uo(H WepT'In 10 pH — e jel/
—u(F Jely, (28)
where «{H'), v{F~), and v(e”) are the stoichiometric coefficients
of the formation chemical equation. As an example, let us take
ap{3 = 3) slabwith 9 free surface sites, *. Thus, the formation of
a surface having 3 O* and 6 F* would read as

3H,0 + 3F> + 9% —30" + 6F* + 3Hj, (29)

for the AG{0,0) term considering gas phase species, but when
considering pH and U, and the presence of H" and ¥~ species in
solution, the equation can be rewtitten as

3HL0 + 6F + 9% — 30% + 6F* + 6H' + 12¢7, (30)

where v[H'), o[F ), and v{e” ) would be 6, -6, and 12, respectively.

Following the above recipe, one can get the AG for any
surface termination as a function of pH and U, Thus, the relative
stability of different terminations under realistic conditions can
be determined, the most stable at a given pH and U being the
one with the lowest AG. Such info can be used to draw the
Pourbaix diagrams by either making a fine grid of points and
evaluating A values of all the explored situations while taking
the minima, or finding equilibrium lines in between competing
surface terminations, for conditions in between phases A and B
where AG(A) = AG(B). Note that, computationally, one can
directly relate the computed AG, when using the same super-
cell; however, it is worth pointing out that, when using different
supercells, AG, must be normalized and compared as given per
surface area.

3. Results and discussion
3.1. Surface termination analysis

Prior to finding suitable models for evaluating the HER on Ti,C,
MXene, the four different surface termination moieties, namely
=0, =OH, =H, and -F were considered on the Ti;C, p(3 = 3)
supercell at high-symmetry top metal (T}, bridge (B), three-fold
hollow C (Hg), and three-fold hollow Ti (Hy) positions, see
Fig. 1, thus sampling at low-coverage regimes. Along with
previous records with the same computational setup,**** the
Hay site is regularly preferred, To further confirm the preference
of surface termination moieties towards H-y sites, the full -OH
terminated and a mixture of 2 of -0 and { of -OH were examined
here, both occupying He, or Hy, finding a clear preference for
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Fig- 1 Top view of the TisCa Mxena model (0001 surface, whare
orown spheres dencte C atoms, and light and dark blue spheres
surface and subsurface Ti atoms, respectively. High-symmetry sites
are tagged.

the latter by —0.23 to —0.64 eV per moiety unit, respectively, see
Fig. S1 in the ESLt Accordingly, the posterior surface termina-
tion samplings were examined only on Hyy sites.

In this way, 95 different surface terminations were explored
considering mono, binary, and ternary situations combining -
OH, -0, -H, -F, and free sites. For binary and ternary cases,
different surface compositions were also considered, and for
each one, different topologically distinet arrangements were
studied, see Fig, $2-57 in the ESLT leading to a final number of
385 distinet surface terminations, making the present study the
most complete so far regarding Pourbaix diagram evaluation of
the Ti;C; MXene model (0001) surface.**

Let us start the discussion with the simplest Pourbaix
diagrams, regarding only full coverage situations of -0, <OH, -
H, or -F. Fig. 2 shows two versions either considering F-free
synthesis, thus in the absence of fluorine anions,™* or
regarding fluorine explicitly useful, e.g., for MXenes synthesized
using HF or {1 sity HF.""*' The Pourbaix diagrams in Fig. 2 agree
with previous assessments,™™ particalarly in the sense that
generally the TizC, (0001} surface is O-terminated at positive U
with respect to the reversible hydrogen electrode (RHE) refer-
ence, or, in other words, above the HER equilibrium potential
line, noting that, just below it, the -OH termination is preferred,
in accordance with a favorable H' reduction. Only at very
negative potentials the H-termination becomes preferable,
while free surface metal sites without termination are never
found to be preferred. The equilibrium line in between -0 and -
OH terminations is actually very close to the HER equilibrium
line, which suggests the existence of binary systems in between.
Finally, note that -F has a small, yet key region of influence
around the HER equilibrium line, particularly for very low pH
values, up to pH = 2, exactly the region where HER conditions
are sought, f.e., Uvalues close to the HER equilibrium line, and
a strong acidic medium, with a high concentration of H' reac-
tant. Thus, binary and even ternary surface terminations are in
principle to be considered in duly modeling the HER on the
TizC, [0001) surface, and at this stage only free sites and -H
terminations could be, in principle, ruled out, unless working at
very low U,

In order to explicitly address this issue, the aforementioned
mixed terminations were considered, and the resulting
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Fig.2 Pourbaix diagrams for the TiyCa MXene (0001 surface regarding fully -0, ~OH, and ~H terminated surfaces (left), or mcluding as well fully
—F terminated surfaces (naht). Regions of preferred stability are colored and tagged. The blue, dashed line indicates the HER equilibrium potential

using the RHE.

Pourbaix diagrams, either for F-containing or F-free situations,
are shown in Fig. 3. From these diagrams, several aspects need
to be pointed out, On one hand, the large regions of fully -0, -
OH, or -H terminations as observed in the simplified Pourbaix
diagrams of Fig. 2 are not realistic, and mixed situations
constitute actually the preferred situation in the vicinity of the
HER equilibrium line. Thus, the O-termination just above the

HER equilibrium line, commented when discussing Fig. 2, is
indeed an O-rich case, but containing a fraction of OH moieties,
as observed by the sequential preference of the 0,,0H;
maodel, followed by the 0,,0H,, model, and only fully -0
terminations are found ca. 0.4 ¥ above the HER equilibrium
line. Likewise, the -OH region under the HER equilibrium line
in Fig. 2 is, in fact, an OH-rich mixture as denoted firstly by the

Fig.3 Pourbaix diagrams for the TisCa MXene [0001) surface regarding all single, binary, and ternary surface compaositions including -0, -OH, —
H, and =F terminations, as well as free sites, The left image corresponds to situations without any =F termination, while the right image
corresponds to situations when considering =F termination. The black, dashed line indicates the HER equilibrium potential with respect to the

RHE reference.
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OH, 2042 model, followed by the OH.»0y,; model, and only the
fully ~OH model is found ca. —0.3 V below the HER equilibrium
line. Only by going to more negative potentials, more than
—0.8 V below the HER equilibrium line, would one reach the
fully —H terminated model.

Moreover, the present F-free Pourbaix diagram, see Fig. 3,
reinforces previous assessments'™™ in which in the vicinity of
HER equilibrium conditions the Ti;C; (0001) surface involves
a mixture of -0 and -OH terminations, -OH rich at U values
more negative than HER equilibrium line and -O rich at U
values more positive than HER equilibrium line, but essentially
ruling out having fully -0 terminated Ti,C, as a viable model for
the HER.™" Furthermore, the ~OH termination is just preferred
over a certain potential margin, and not stable at very low
potendals as sometimes claimed in the literature," neither
essentially non-existing as pointed out in others,” plus the fully
-H termination is viable at very low potentials, rather than the
ideal, non-terminated surface.™

Still, the obtained Pourbaix diagram underscores the -
affinity of the Ti,C, {0001) surface, plus the H-affinity of
Ti:C0;, given the appearance of a certain ratio of <-OH moieties
above the HER equilibrium line, As forecasted from fully single-
terminated situations in Fig. 2, the Pourbaix diagram becomes
disrupted when regarding -F moieties, see Fig, 3. There, one has
to first highlight the stability of the ¥,,:0,:0H,;; model up to
a pH of 2.87 and particularly close but below the HER equilib-
rium line, shown as a black dashed line in Fig. 3, with the region
of prevalence of ¥, 50,,,0H,;, being exactly the ideal conditions
to carty out the HER. Actually, a previous study™ elaimed that
the HER catalytic activity of Ti-based MXenes is experimentally
and computationally correlated with the ratio of -F and -0
funetional groups, where large amounts of -F show poor cata-
Iytic activity and selectivity compared to low amounts of -F, plus
the observation that a monotonous increase of -0 termination
increases the eleetrochemical potential,

In any case, the above commented Pourbaix diagram already
underscores the need to account for such -F moieties, at least
on TiyG, Ty, when obtained through Frontaining synthetic
procedures, To further inspect this, additional ternary models
containing -F, -0, and -OH moieties were calculated by
increasing or decreasing the —~0/-OH ratio, that is, through Fy
aO500H gy Fan0yuOHy, Fiug0ps0Hyg, and  FiyeygOHse
maodels. These four models involved the systematic exploration
of the topologically different arrangements, see Fig. S8 and 89 in
the ESL} accounting for 64 extra surface terminations. The
impact of these terminations is only observed at very low pH
and just above the HER equilibrium line, where small regions
are observed for the Fie0460H.0 and F,5040H, o models, in
which the presence of -F is maintained, while the surface
becomes -0 richer at the expense of the ~-OH groups. In any
case, Fig. 3 reveals a number of surface terminations that could
be relevant in the HER, either for F-containing or F-free T1,C, 1,

One still has to keep in mind that the present Pourbaix
diagrams are the result of a series of terminations and topo-
logical arrangements that are anyway constrained by the
employed supercells, and so, other arrangements could and
would be possible. Besides, situations shown in Fig. 3
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correspond to the most stable cases, but there are other
arrangements which are close in energy that could well be
appearing on the surface, especially when having in mind the
inherent energy accutacy limitation of DFT-based caleulations.
Thus, a number of close possibilities should be regarded when
inspecting the HER on Ti;C,T,, as shown in detail below.

Last but not least, when considering the terminations in
Fig. 2 and 3 for electrocatalytic HER applications, one should
first regard whether the material remains conductive, or
becomes a semiconductor, since the latter would handicap the
electronic transference. To tackle this issue, the density of states
(D08S) and projected DOS (PDOS) were obtained and are shown
in Fig. 510 of the ESLT revealing, briefly, that pristine Ti;C;, any
fully terminated Ti (. T,, and any binary or ternary combina-
tions of surface terminations lead to a metallic system, with the
charaeteristic bonding, non-bonding, and anti-bonding regions
of parent three-dimensional transition metal carbide [TMC)
bulk struetures,™ with the participation of Ti d orbitals, C and
T, =0, OH, F p orbitals, and H s orbitals. Notice that by mixing
Ti d states with O, OH, ¥ p or H s orbitals, new states appear
close to the Fermi level, Ey, arising from terminations, which
may have a key impact in the H' adsorption, and, consequently,
on the HER electrocatalysis.

Aside from the above, charge density difference (CDD) plots;
shown in Fig. $11 of the ESLT reveal that, while Ti atoms
become positively charged at the expense of giving their elec-
tron density to € atoms,™ any -0, ~OH, ~H and -F groups also
become negatively charged, again at the expense of the electron
density of surface Ti atoms, This leads to charge accumulations
which are more prominent for -0 terminations, compared to-F
and -OH groups, in line with a formal —2e charge of O adatoms,
while -F and -OH would have a charge close to —1e. In the case
of —H, there is some electron accumulation, but more attenu-
ated. Finally, on the binary and ternary systems, one clearly
observes charge distributions, which can be easily interpreted
as compatible with local rearrangements similar to the just
mentioned full-terminated cases.

3.2. HER el lysi i

Having established the surface stabilities through the compu-
tationally derived Pourbaix diagrams, and the overall electronic
picture, it is now the turn of inspeeting the HER performance on
selected, representative cases. Let us begin with pristine Ti,C,
and fully terminated cases, that is, with -0, <OH, =F, and -H
terminations. As aforementioned, both Volmer-Heyrovsky and
Volmer—Tafel mechanisms are studied, and also considering
the possible involvement of H atoms from -H and -OH termi-
nations, Fig. 4 shows the Gibbs free energy reaction profiles for
these five cases under standard working conditions —T =
298.15 K, py, = 1 bar, pH = 0, U = 0 V— regarding different
reaction mechanisms and sequences, depending on whether
surface termination coming from —H or -OH groups is involved
or not,

Let us first inspect the most extreme surface termination,
which would be pristine TizC;. Pristine Ti;C; is excessively
chemically active, binding too strongly to the H adatom, with
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Fig. 4 Gibbs free energy, AG, diagram of the HER on pristine er fully =0, —OH, —F, or —H terminated TisC; 10001) surface under standard
waorking conditions. Solid ines represent the chemical step of the as-generated Hs desarption, while dashed lines represent the electrochemical
steps of proton coupled electron transfer (PCET). Insat images are side or eagle-eye views of the reaction intermediates, except for the H* state

on —H termination. which dapicts a top view 1o better observe the H®

aliocation on a surface empty Me site, Color coding as in Fig. 1, pius H, O,

and F atoms are shown as white, red, and viclet spheres. Preferred reaction mechanism and associated images are shown with bright coloring,
while shadowed colors and images refer to other, non-preferred mechanisms

sequential computed AG, of —1.09 and —1.32 eV for the
reduction of two protons following a Volmer-Tafel mechanism.
Even though the two proton coupled electron transfers (PCETs)
are energetically downhill, the formation of HE through the H*
recombination in a chemical step is uphill by 2.41 eV, which
implies a prohibitive annealing while trying to maintain the
electrochemical conditions. Here basically the pristine T1,C;
(0001) surface would be too reactive, and would successively
reduce protons or hydroxyl groups coming from water so as to
achieve a suitable surface termination according to the Pour-
baix diagram (c¢f Fig. 3). On the othet extreme, one would have
the -F terminated Ti,C, surface with a severely decimated H-
affinity, and a greatly unfavored first H' reduction, with a AG
= 2.62 eV, which could only work by applying a negative U of
~2.62 V to lower the first electron transfer, The second PCET
would rather follow here the Volmer-Heyrovsky mechanism.
This result goes along with the aforementioned statenmient that
large amounts of -F surface moieties imply poorer electro-
catalytic activities and selectivities.™

Focusing on more suited surface terminations, the -0
termination chemical activity gets attenuated in a large
proportion, featuring a AG of —0.40 eV for first H" reduction
following the Volmer-Heyrovsky mechanism, thus requiring a &/
of —0.40 V to reduce the energetic costs of the second PCET,
although at such overpotentials, the Ti;C; surface would be
mostly terminated by -OH groups, see Fig. 2 and 3. Actually,
when inspecting —OH termination, the reaction energetics and
mechanism already become more complicated. On one hand,
one could consider a situation where two neighboring -OH
termination moieties react to create two -0 moieties plus
a H® molecule. This chemical step has a AG of —1.11 eV, and
would be followed by two consecutive H' reductions on the as-
generated -0 termination sites to regenerate the electrocatalyst
surface. In the literature, the corresponding overpotential is
caleulated, whenever considered, assuming that both H'
reduction steps are equally costly, and so the applied
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overpotential would be ca. —0.56 V, while the direct H' reduc-
tion on an —OH surface moiety, following a Volmer-Heyrovsky
mechanism, to directly generate H'¥ has a AG of —0.48 eV, to be
followed by the reduction of a H' on the as-generated -0 moiety
to regenerate the electrocatalyst surface.

By this simpler view, one would consider that both mecha-
nisms, considering one or two —OH terminations, could be
somewhat competitive, differing by only 0.08 eV in the potential
determining step, with a preference though on the Volmer-
Heyrovsky mechanism. However, a closer inspection of the
mechanism involving two surface —OH terminations leads to an
easier first H' reduction, with a AG of 1,36 &V, while the second
H' reduction is more costly, with a AG of 0,75 eV, acting as a rate
and petential determining step. Thus, a Volmer-Heyrovsky
reaction sequence as depicted in eqn (10)-(12) seems to be the
most preferred one in ~OH terminated Ti,C,, witha Uof 048V,
in line with the overpotential of the OH-terminated phase as
seen in the Pourbaix diagrams of Fig. 3.

Finally, in the H-terminated model, the Volmer-Tafel
mechanism involving first the -H molety recombination is
found to be energetically quite costly, by 2.30 eV, making it
prohibitive, even though the posterior electrocatalyst regener-
ation is guite downhill, with first and second H' reduction steps
involving A, of —1.14 and —1.16 eV, respectively. Actually, on
a fully H-terminated Ti;C; (0001) model, the first H' reduction
is a Volmer step, occupying a H site, with no direet formation
of H¥, and with a AG of 0.63 eV, while the second H' reduction
would follow a Heyrovsky step. Note here as well thac the
potential determining step implies a U of —0.63 V, which is
close to the region of prevalence of -H termination on the
Pourbaix diagrams, see Fig. 3.

However, as seen in Fig, 3, at low pH and seeking low U
working values, one should not use the fully terminated models,
and consider maodels with binary and/or ternary situations,
depending on whether one would have fluorine or not. This is
evaluated in Fig. 5 for a list of suitable terminations derived
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from the realistic Pourbaix diagrams including F-free 0,:0H,,
0y 0Hy, and 0, ;0H 1y, but also the Fecontaining Fy 50y, 0H,,
s and Fy50,4,0H . models. Foeusing on F-free models, one has
different proportions of =0 and -OH moieties, but their mutual
existence opens three possible reaction mechanisms; (i) the H'
reduction occurs on an -0 site, followed by a Heyrovsky step on
top to directly generate HE, hereafter denoted as O-TER, (ii) the
H' reduction oeeurs on a ~OH site, following a Heyrovsky step,
and a subsequent H' reduction on the as-generated free -0 site,
hereafter denoted as OH-TER, and {iii) a Tafel step between two
surface -OH moieties, followed by two subsequent Volmer steps
to regenerate the ~OH sites, by reducing the as-freed -0 sites,
named TER-TER.

Keeping this in mind, the 0y ,:0H,;; model shows a TER-TER
profile where HE' formation is moderately costly, by AG =
0.44 eV, followed by two consecutive H™ reductions with AG
values of —0.39 and —0.05 eV, respectively. Actually, the first
chemical step in this mechanism is unavoidably endergonic,
and cannot be reduced by a potential application, which could
otherwise lower the electrochemical steps just by applying a U of
—0.05 V. This does not happen in either the OH- or the O-TER
mechanism. In the latter, the first Volmer step has a positive
AG of 0.36 eV, higher than that of the Heyrovsky step of OH-TER
of AG 0.23 eV. Thus, the OH-TER path could make the full
process exergonic by applying a U of —0.23 V, close to the Oy
#0H,;; stability region on the F-free Pourbaix diagram in Fig. 3.

The results discussed just above invalve a model with equal
number of -OH and -0 groups; by unbalancing this ratio by
having more -0 groups, like in the 0,,0H, ; model, see Fig. 5,
the TER-TER mechanism gets more endergonic in the first
Tafel step, with a AG of .82 eV, and even the first replenish-
ment H' reduction Volmer step, with AG of —0.42 eV, is located
0.40 £V above the equilibrium AG = 0 eV line, and so a U of
—0.42 ¥V would be needed to make the full process exergonic.
The same situation is found in the OH-TER mechanism, where
the first Heyrovsky step involves a AG up to 0.66 eV, Thus,
compared to the 0,,0H,,; model, the Tafel step increases in

6894 | U Marer, Cherm A, 2023, 11, BEEE-G500

free energy by 0.38 eV and the OH-TER Heyrovsky step by
a similar 0.43 ev. On the other hand, compared to the U of
—(.23 V in the 0,,0H,; model, the O-TER step has a first
Volmer step of solely —0.01 eV, implying the need of a U only
slightly more negative than —0.01 V to make the full process
exergonie. Clearly, the imbalance towards increasing the
number of -0 moieties favours the O-TER mechanism, while it
is a handicap to the other mechanisms involving -OH muoieties,
namely, the OH-TER and TER-TER, plus the resulting over-
potential falls well within the stability region of the 0,;0H, ;5
maodel, quite in the HER equilibrium line, see Fig. 3.

Compared to the 0,,0H,;; model, when the -0/~0H ratio
imbalance is applied in the other direction, that is, when having
more ~OH moieties than -the O ones, as in the 0,,:0H,,; model,
the O-TER is destabilized, with a first Volmer step rising up
0.26 eV up to a value of 0.62 eV. On the other hand, the OH-TER
path gets its Heyrovsky step stabilized by 0.15 eV to a final value
of AG = 0,08 eV, Finally, the TER-TER path changes from being
quite endergonic in the recombination chemieal step of 0.44 eV
in the 0;,0H,;; model, to sensibly exergonic by —0.27 eV in the
OH-rich O ;0H;;; model. In the last situation, the OH-TER path
is preferred, with a potential determining step of U = —0.08 V,
while on the TER-TER path, a U of —0.19 V for the second PCET
is required to make the full process exergonic, Particularly, the
overpotential of the last mechanism falls within the O, 30H;;
stability line as shown in the Pourbaix diagram of Fig. 3.

Up to this point, we tackled F-free models only, but the
question regarding the effeet of —-F moieties on the HER
performance remains open. Let us first address the Fy,0,,,0H,,
» model which is the most stable one at low pH and low U with
respect to the RHE (¢f Fig, 3). Here one ean compare with the
0,,50H,;; reference, where half of the -0 moieties are replaced
by =F groups. Consequently, the observed stabilization of the O-
TER path under the O-rich conditions in the O,;0H, 3 model is
decimated and, consequently, the H® intermediate after
a Volmer step involves a AG increase of 0.47 eV up to a final
value of 0.46 €V. A similar effect is observed on the OH-TER and
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TER-TER paths when compared to the OH-rich O;;0H,:
reference. The stabilization of such paths involving ~OH groups
is now hampered, making it rise the Heyrovsky step of OH-TER
by 0.58 eV up to a final value of 0.66 ¢V. However, this is not so
adverse for the TER-TER path, which was slightly exergonic. In
the Fy 504 ,0Hy; model, the chemical HY recombination step is
barely endergonic by 0.08 eV, and the potential determining
step is the second recovering Volmer step requiring only a I7 of
-0.01 V, ideally fitting in the model stability region shown by
the Pourbaix diagram (¢f Fig. 3), and essentially matching the
HER equilibrium potential vs. RHE. Here the -F surface moiety
has no longer been considered as the active site given the very
high overpotential found in the fully -F terminated model of
2.62 Veompared to the values of 0.40 and 0.48 ¥ for fully -0 and
-0H models. Besides, charge density difference (CDD) plots in
Fig. $11 of the ESIF reveal a lower electron accumulation on -F
maieties compared to -0-and -OH groups, implying that the
former is less attractive towards H' reactants,

Further support to the -0 termination role favouring the -
TER path is provided by the F;.0,4,40H; . model, where a -OH
moiety is substituted by an -0 one. From the previous
reasoning, it should stabilize O-TER, and that is indeed what
happens. In going from the Fy;30,50H,; to the Fye0.0H
model, O-TER gets stabilized by 0.45 eV to a final AG value of the
Volmer step of solely 0.01 eV, On the other hand, the TER-TER
path is no longer the preferred patch, since the Tafel step is
maore endergonic, by (.21 eV up to a value of 0,29 eV, and the
subsequent frst Valmer step is 0,10 eV above the HER equi-
librium, requiring a ¢ of —0.10 V to make the full electro-
chemical steps exergonic. With respect to the OH-TER path, it
still gets disfavoured, with an initial Heyrovsky step of 0.32 eV,
In any case, the F-containing models are those thar adjust best
their U with the HER working conditions.

Having analysed the influence of mixed terminations on
several HER mechanisms, one may wonder whether the stan-
dard Volmer-Tafel path could be competitive on such miodels.
Fig. 6 shows that, for the fully O-terminated case, the binaty and
ternary models would reguire working at excessively low U7
overpotentials. The standard Volmer-Tafel path has not been
considered for pristine Ti,C, since it is excessively active, vide
supra, whereas the fully F-terminated case has also been dis-
regarded since it is excessively inactive (¢f Fig. 4). Also, the fully
OH-terminated case has not been investigated because there is
simply no room for Volmer steps and this is also the situation
for the fully H-terminated case. Inspecting the profiles in Fig. 6,
one realizes that PCET steps are exergonic in the fully O
terminated case, because of the strong affinity towards H.
Note that this termination would be only stable at high Uvalues,
see Fig. 3. As per the binary and ternary cases, the Volmer steps
are guite endergonic for Oy;0Hyz, 05:0H 2, and F 0,50H,,
5 with potential determining steps with U values of —0.74,

0.74, and —0.58 V, respectively. The F,,40,,0H,, model is not
so endergonie, but with a sensible U value of —0.46 V. Indeed,
the only viable Volmer-Tafel mechanism is found in the case of
0330H, 4, with very low AGy values for the two consecutive
Volmer steps, and a Uvalue of solely —0.09 V, competitive to the
value of —0.01 V for the same model following the O-TER

Thig jaurmal s © Tre Royal Society of Chemistry 2023
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Volmer-Heyrovsky mechanism, but not preferred to this last
one, though. Thus, except perhaps for the last commented
possible competitive pathway, the standard Volmer-Tafel
mechanism is not preferred in any of the explored models, but
other sequencing of the mechanisms, like the TER-TER, are
actually favourable in some models as already commented.

3.3. HER electrocatalysis performance

All in all, an optimal HER catalyst should have a very small Ay,
ideally going to 0, implying no overpotential. This is because an
excessively low AGy makes it difficult for H* adatoms to
combine and form Hg, while excessively positive Ay leads to
slow HER kinetics.™ In general, it is well accepted that a good
HER activity would follow the classical rule of [AGy| < 0.2 eV
adopted as well in discussing the present caleulations. On the
other hand, F-free models can also display very low I/ values,
ranging from —0.01 to —0.23 V, while these overpotentials are
either within or close to those where the stability regions of the
considered models lie, meaning that these can be regarded as
valid, in particular when accounting for the DFT inherent
aceuracy, vide supra.

Thus, having -F groups on the surface is not necessarily
detrimental; and indeed helps understanding previous experi-
mental observations,”™ in the sense that large -F coverages,
approaching the full -F situation, make HER unpracticable.
However, according to the present study, low coverages of -F
moieties, like Fy;, can further improve the HER process by
reducing the |AG | constraint beyond that encountered in the ¥-
free situations. This is probably due to subtle lateral interac-
tions, and also helping to avoid having patches of only -O
termination, which became excessively active towards H leading
to a passivated surface. Aside from this, the observed increase of
concentration of <0 moletles is beneficial for the HER,™ but up
to a certain degree, e.2. O, since a fully O-terminated situation
is too active towards hydrogen, plus actually not stable under
working conditions according to the Pourbaix diagrams in
Fig. 3.

With the previous reaction profiles, one can get estimates of
the theoretical overpotential, § = Ugue — U, at which the HER
could be carried out. These are encompassed in Tables 1 and 51
of the ESIT for the most likely reaction mechanism, and the
values represented in Fig. 7 on a typical voleano plot,™ where
the abscissa represents the AGy deseriptor while the ordinate
represents the overpotential. Notice that values on the left and
right branches of the volcano plot represent strong and weak H*
adsorptions, respectively. In any case, one can readily observe
that any Ti,C, MXene with mixed termination groups feature
better HER activity than those fully terminated, and that, in
particular, F-free O-rich situations such as the one in the O
sOH,;; model, and F-containing situations as in the F,50y,
SOH, 5 and Fig0,50H,,, models appear to be optimal for the
HER, the latter being stable under the working conditions of
applied potential, see Pourbaix diagrams in Fig. 3.

According to the previous discussion, some of the Ti;C.
terminated MXenes could be competitive or even better elec-
trocatalysts for the HER when compared to other materials

A Mater Cheme 4 2023, 1, 6886-6900 | 6895

104



2D-MXenes in Advancing Electrochemical and Thermal Catalysis

Published on 27 Febuary 2023, Downloaded by Universital de Barcelona on 1/8/2024 T:KL24 PM,

View Article Online
Journal of Materials Chemistry A Paper
15 1.36
—0 0, 0H,, = g . —— 0,,0H,,
2”‘_ po 140
10 ' ‘ 2He|
0.62 A
H* / !
< 0.5 S5 Py
4 )
0.0{ — || = Pt m W2
-D.40 '/f
=% 044/
25 w”‘ W‘!ﬂ
1.0
Reaction Coordinate
1.5
= 03,0H,, = Fy30,0H,,, = Fuy0uyOHyy

AG (eV)

- -_,_' ZH, ——
T

-0.5

1.0

s P
: : N m

0.5 0.46
R

T L e . \ « 001 .
0.0 — — T b

07
2ZH*

53

Reaction Coordinate

Fig. & Gibbs free energy, AG, diagram of the HER on selected binary and ternary terminations of the TizCs (0001 surface combining —O, —OH,
and —F moieties, under standard working conditions, foliowing the standard Volmer—Tafe! mechanism sequence Solid lines represent the
chemical step of the as-generated H, desorption, while dashed lines represent the electrochernical PCET steps. Color coding as in Fig. 4.

reported in the literature, estimated, e.g., with similar DFT
exchange-correlations and coverages, including Pt,™ MoS;"
WS,," graphitic carbonitride with N-doped graphene, ie,
CaNL@NG,™ and C;N material,® to include just some of the
most prominent ones. In particular, as stated above, situations
corresponding to the Oy 30H 5, Fis0y0Hy 5, and Fi50,4,,0H,,
o models appear to be the optimal cases, even if accounting for
DFT inherent aceuracy. Thus, proper surface terminated Ti,C,
MXenes emerge as a promising material for the HER, especially
when accounting for their high surface area, abundance and
lightness of the constituent elements, which fosters high
performances per unit area or materials grams. 5till, one should
not consider these as definitive situations, but rather as indic-
ative, since other stoichiometries and arrangements surely exist
which are not regarded in the present study when constructing
the Pourbaix diagrams, and also regarding the inherent accu-
raey of DFT. But, clearly, O-rich binary terminations admixing —
0O and —OH groups can be claimed as responsible for a good
HER activity at low pH and F-free conditions, while ternary

6896 | [ Mater Chem A, 2023 N, 6886-5900

systems mixing -F, =0, and -OH groups are responsible for the
same performance in F-containing situations.

Last but not least, one could attempt at understanding the
main trends favoring the predicted HER mechanism. This is
tackled here by calculating the Bader charges of the termination
groups, as shown in Fig. 8. Let us consider first binary situations
with different ratios of -0 and -OH surface groups. As observed
in Fig. 8, the negative net charge of -0 groups increases with the
-0 ratio, and would reach a limit of —1.09¢ for a fully O-
terminated model. Inversely, the negative net charge of -OH
groups decreases when the O concentration inereases (or the
OH one decreases), from an ideal value of —0.73e for the fully
OH-terminated case. Thus, the larger the net negative charge on
-0 moieties, the stronger the H" attraction and, consequently,
the more stable the H* becomes. However, a suitable value of
—0.01 eV is found for Oy;0H, 4, since fully O-terminated Ti;C;
attaches the H adatoms too strongly, with a A%y of —0.40 eV,
which is detrimental for the HER process.
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Table 1 Summary of the potential determining steps, based on the
calculated AG,; as a descriptor, on the explored TizC,; models, either
pristine, or covered according to the specified terminations. The
required overpotential, 1, is specified, as well as the preferred Volmer—
Heyrovsky (VH) or Volmer—Tafel (VT) mechanism, specifying the
subtype of path, either O-TER, CH-TER, or TER-TER. In the case of
pristine TisCz. note that the strong H-affinity prevents any Hz forma-
tion, regardiess of n

Model Mechanism Subtype AG/eV nv
Pristine TiyC; — — —1.32 —
o] VH = —0.40 han
H VH - 0.63 .63
OH VH =2 ~0.48 0.48
F VH — 2.62 2.62
0,0, VH OH-TER 0.08 .08
04,0, VH OH-TER .23 023
0,30H, VH OTER ~0.01 0.01
F120520Hy VT TER-TER -0 0.0l
Fau0unOHag VH O-TER 0.01 001
J-=0
Ly = o
——0,,0H,,
_an | % 9.0H,
80 L CIL,OH:: 'S
- F 0 ,,0H,, * ™
160 4 _;—:‘uenoun
3 S J .
e o W,
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Fig. 7 Volcano plot of —x vs. AG, on the different terminated TizC,
surface maodels, including fully ©- and OH-terminated cases, aswellas
kinary situations represented by the ©30Hz5 ©20Hy5, and O
3OHy s models, and ternary ones as in the Fya0ys0Hy s and Fys0y
4OH5 models In addition, reference values for Pt MoS,, WS,
C:zMa@NG, and C3M are included for comparison.

The observed trends in net charges of —-OH and -0 groups are
maintained when having -F groups at the surface. Por instance,
the Bader charges of -0 and ~OH groups in the F;;0,50H;;
maodel are —0.38 and —(.22¢, respectively, similar to those
found for the same ratios of —0.39 and —0.22¢ on 0, s0H,; and
O 0H; 5 models, respectively. Moreover, the net charge at -0
of —0.57¢ in O ,OH,; is similar and follows the observed trend
when compared to the F;q0,50H, of —0.50e, and actually the
-0OH charge of —0.14e follows the trend when decreasing the OH
ratio. Finally, the -F net charge is maintained constant at

~0.26¢ for both Fi:0,:0H;; and F;:0450H0, thus irre-
spective of the -0/-0H ratio. Thus, charges on a moiety are
largely independent of the presence of ather moieties, in line
with the information obtained from CDD plots in Fig. $11 of the
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ESLT and solely affected by their surface concentration. Keeping
this in mind, but also regarding the trend of AGy, with respect to
the -0 charge, one may wonder which is the origin of the small
overpotentials on the F-eontaining models, when the charge on
-0 deereases. The answer seems to be related, on one hand, to
the negative charge on —F groups, and, on the other hand, to the
larger electronic affinity of —F. The resulting net generates
a stronger attractive electric field towards the H reactant, which
may favor the adsorption, but in a more moderate fashion. This
agrees with previous experimental resules,** stating that the
higher the featured -F coverage, the lower the HER activity on
TizC:Ty, whereas compared to -0 terminations, lower -F
coverage promotes the H' adsorption and decreases the Gibbs
free energy change of the HER.

4. Conclusions

In the present work we studied the potential HER performance
of Ti;C,; MXene and, in particular, the effect of terminations by
considering fully -0, <OH, -F, and -H terminations, as well as
a pristine surface, but also mixed terminations, either binary or
ternary, considering as well different ratios of surface moieties.
To assess the most likely terminations under HER conditions of
low pH and U, Pourbaix diagrams were built after examining the
stability of ca. 450 different surface terminations, with variances
in composition, species ratios, and topologically different
arrangements, The cases with -F terminations were treated
separately since there are synthetic procedures that do not use
this element as the etchant. On top of that, different Volmer-
Tafel and Volmer-Heyrovsky HER mechanisms were investi-
gated on the obtained surface models, considering the initial or
later involvement of surface H atoms from -H or -OH groups.

The reported results highlight that, ac variance with
a number of previous studies, fully -0, -OH, and -H
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terminations are possible, but only at very positive (-0} or
negative (-OH and -H] potentials with respect to the RHE
reference. Interestingly, close to the HER equilibrium condi-
tions, binary models admixing -0 and -OH moieties are pre-
dicted to be preferred for F-free situations, while ternary models
also containing -F are relevant in F-containing samples. In
particular, based on the O;;0H,;; and F;40,50Hy, models
using -0 moieties as the active center the Volmer-Heyrovsky
mechanism is found to be optimal with almost negligible
overpotential. For a lower -F content, as in the F,:0,,0H,
maodel, a Volmer-Tafel like mechanism, where a Tafel step is
initially carried out involving surface -OH groups, followed by
two Yolmer steps to regenerate the electrocatalysts as-generated
-0 centers, {s also found to be optimal featuring an almost
inexistent overpotential of 0.01 V. These two situations appeat
to be quite competitive when compared to other electroeatalysts
used for the HER in the literature, such as Pt, MoS,, or WS,.

The analysis of electronic structure and charge density
reveals that larger the concentration of -0 moieties on the Ti,C;
surface, the more negatively charged they become with
a concomitant stronger ability for H' reduction, reaching
moderate bond strengths when the —0 coverage is 3. The pres-
ence of -F groups is not detrimental per se, and actually, their
negative charge and the stronger electric field they generate
contribute to favoring the H' reduction with moderate adsorp-
tion strength even when having a lower -0 coverage of ra. 4, as
in the F;u04,00H,4 and F;;0,,:0H,; models, which explains
and reconciles previous experimental reports pointing out to
better performances when having a higher presence of -0
groups, and a lower presence of -F ones.™ Finally, the present
study underscores the tunability of these surface terminations
to maximize the HER performance, while addressing their
stability under working conditions of pH and U,
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£ Surface termination dependent carbon dioxide

- reduction reaction on TizC, MXenet
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The use of two-dimensional {20} MXene mater:als as hignly efficient electrocatalysts for the carbon dioxide
reduction reaction (CO-RR) has gained considerable attention in the last few years, However, current
computational studies on the COLRR are primarily focused on MXene materials with different types of
s metals or displaying fully ~C or =OH terminated surfaces, which fail to account for the fact that as-
synthesized MXenes possess -0, -0H. —-F, andfor —-H surface groups. Here,
a comprehensive density functional theory (DFT) study is carried out on the stability and impact of
different surface terminations and maiety distributions on CO.RR performance done on the prototype
TisC, MXene, analyzing the possible electrocatalytic synthesis of a series of COLRR products, from CO to
HCO, HCOOH, CH:OH, and CHy under favorable low pH and potental, U, reaction conditions, while
considening the competitive Hz svolution reaction (HER). From ca 450 distinct surface terminations,
four F-free models are selected as dominant in Pourbaix surface stability diagrams under low pH and
U conditions, namaly -OH, =OH.30s, ~OH, w0y, and =OHy 305, and one F-containing model,

M

mixtures . of

—F1;20H204,z. Results highlight the participation of surface —COH groups as H-donars, and the benefits
of simultaneous hydrogenation from proton reduction and —OH H transfer. In addition, the presence of
both —OH and —O groups is beneficial. reducing limiting potential, U costs, as experimentally observed.
On the —F;:s0Hy,20y 2 model, the presence of —F s per se non-detrimental, maving the limiting step to
an early stage and reducing the U, The overall results underscore the competitivenass of MXeneas in the
CO.RR with respect to a Cu electrocatalyst reference, and the tunability possibiities to maximize the
selectivity towards either the CO:RR or the HER
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imply hydrogenation reactions, and the full technology can be
thought as green when powered by renewable energy sources,
such as solar and wind power, and when the used hydrogen (H,)
is produced in the same way,™*

So far, despite receiving widespread attention from hoth

1. Introduction

Open Access Article. Published on 15 February 2024, Dovwnloaded on 9/13/2024 12:35:03 PM.

With the steadily growing use of fossil fuels, carbon dioxide
[0y} emissions have increased to a worrying exceedingly high
level. One of the major issues facing nowadays society is climate

change and the ultra-high energy prices, recently highlighted by
the impressive European energy crisis in the winter of 2022."
Thus, the exploitation of new energy sources {s crucial to avoid
such energy constrains, where one very appealing way is to use
carbon dioxide (CO;) emissions as a €, chemical source,
turning CO; economy into a waste-to-product model, and, by
that, contributing to a carbon-neutral cycle.* For this, carbon
reduction technologles are key, one of which is the use of
electrocatalytic CO; reduction reaction (CORR) to convert it
into other useful chemicals and fuels. Most of these processes
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7856 | . Mater Cham A, 2024, 12, 7856-T874

theoretical and experimental research communities,”™ the
CO,RR is yet not widely implemented on an industrial scale due
to multiple reasons, main ones being its cost and the low
reaction activity reached by present catalysts, implying that
novel and/or costly materials are needed, often accompanied by
slow reaction kineties, which altogether increases the process
price and efficiency."" In addition to the aforementioned
factors, achieving high levels of selectivity, stability, and dura-
biliey is still a critical challenge in the field of the CO,RR.™ Over
the last few years, extensive research endeavours have been
focused on countless catalysts, including both non-precious
metal™* and non-metal catalysts,"™" Among them, Cu-based
heterogeneous catalysts have attracted much attention due to
their ability to convert CQ; to abundant multi-carbon products,
such as hydrocarbons and aleohols, while being accessible in
cost.”™™ However, using these catalysts, the formation of
methane (CH,), the main component of biogas, still starts at
petentials ranging from —0.9 V to —1.1 V vs. the reversible
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hydrogen electrode (RHE).™™ In addition, their low reaction
kinetics has been found to be influenced by limitations arising
from linear scaling relations between reaction intermediate
binding energies, translated in a restrieted stability of adsorbed
carbon monoxide (COJ, Le. CO%, and similar reaction interme-
diates such as CHO?*, which eventually leads to a reduced
activity.*** Thus, the quest for new cost-effective CO,RR cata-
lysts with less negative potentials is still open.

In this context, MXenes, few-layered transition metal carbides
and/or nitrides, have arisen as an attractive family of materials for
the CO,RR, given their superior conductivity and hydrophilicicy,
making them very promising catalysts for this purpose.® MXenes
are two-dimensional (2D) materials with M, X, T, general
chemieal formula, where M denotes an early transition metal, X
generally represents C and/or N, T, denotes the surface functional
group, intrinsic to the MXene synthesis procedure, and n nor-
mally ranges from 1 to 3, although MXenes with # = 4 have
been already reported.* MXenes are normally gained by selective
etching from precursor MAX phases, where A, normally a p-
element like Al or Si, is removed using a hydrofluoric acid (HF)
solution,® although in site HF can be used admixing lithium
fluoride (LiF) with hydrochloric acid (HCI).® With these methaods,
a mixture of -0, -H, -OH, and -F of terminations is gained. ™
Still, the type and quantity of such terminations are highly
sensitive to synthesis conditions such as etching time, tempera-
ture, or HF concentration.™* For instance, high concentrations
of HF lead to a larger number of -F terminations, while when
lower HF coneentrations are used more -0 species are found. ™
On top of that, successful F-free synthesis protocols have been
reported,” even cleaning protocols™ or new synthetic routes” to
gequire T-free M¥enes and even tune the T, with many other
terminations, Tn short, all this casuistry can be used to design
MXenes to suit specific applications, playing with composition,
size, and surface termination,™

Foeusing back on the COLRR, recently Li et al.™ computa-
tionally sereened hare M;C; (groups IV, ¥, and VI) MXenes for
the CO,RR by density functional theory (DFT) means, predicting
CryG, and MoyC; as most promising candidates, with limiting
potentials of —1.05 and —1.31 V to form CH,. Handoko et al*
and Chen e al." accounted for surface termination exploring -
0 and -OH moicties, respectively, finding that O-terminated
MXenes can enhance the stability of reaction intermediates by
eoordinating hydrogen atoms, while OH-terminated MXenes
display & high reactivity owing to the already presence of
hydrogen atoms. As a result, the catalysts exhibited a lower
overpotential and challenged the traditional scaling relation-
ships, while simultaneously establishing new ones. Recently,
Handoko et al.* also experimentally reported that the COLRR
activity of Ti,CT, is related to the proportion of surface <F and -
O moieties, in the sense that a higher amount of -F leads to
a lower activity and selectivity. Note that C, coupling is also
a current research focus, although the use of pure MXene is still
a challenge, and most of the recent approaches dealt with defeet
engineering or heterostructures,™" a common strategy to boost
the CO;RR to C,," like using Cu or Fe transition metal single
atoms on Ti;C.T, or Mo,C, respectively,"*” or dioxygen vacan-
cies on Mo, TiC,0.." The focus here is on non-modified

This jourmzl s © The Royal Soclety of Chemistry 2024
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MXenes, and, therefore, on ©C; products. Despite the
numerous DFT investigations on bare or fully rerminated
MXenes, there is still a lack of analysis under realistic condi-
tions, hindering the correlation between theoretical simula-
tions and experimental results. Therefore, further
comprehensive studies are required to finally elucidate and
comprehend CO,RR performance on MXenes,

This is tackled here taking the paradigmatic Ti;C, MXene as
a case study, This material, first synthesized in 2011," is
considered a MXene prototype, being the target of extensive
research and development, and currently the most well-studied
and marure MXene material, ® Here we systematically analyze,
by first-principles based caleulations, the CO;RR performance
on Ti,C, MXene with four different but realistic terminations in
specific ranges of pH and potential, U, based on a surface
stability  assessment  using  computational  Pourbaix
diagrams™* created hy considering about 450 different surface
terminations with different combinations of surface species®
By using these suited models, we gain valuable and detailed
insights into the CO;RR process under realistic working
conditions, highlighting (i) the CO, activation capacity of the
selected models considering the working temperature, T, and
€O, partial pressure, peo , (if) that the presence of -F species is
unaveidable under acidic conditions when the MXene is
extracted using fluorinated solvents, (iii) that, econtrary to
previous studies,""4 the fully -OH or -0 terminated MXene
maodels are challenged at less negarive potentials, while MXene
with mixed terminations would be more realistic CO,RR elee-
trocatalytic models under such conditions, with (iv) a new
COL.RR mechanism involving these termination groups in the
hydrogenation steps, while [v) the presence of -F groups is
found to be inherently not only non-detrimental, but to posi-
tively contribure when the surface coverage is limited, so that
finally (vi) Ti,C; with a stable ternary mixture containing -0 and
-0OH groups with a small amount of -F exhibits one of the lowest
bias-demanding CO,RR, even if fully -OH terminated is, a pri-
ori, more selective, all in all showing that {vii) MXenes are, in
general, improved electrocatalysts with respect to the usual Cu-
electrocatalyst reference.

2. Theoretical aspects

2.1. Computational details

All the presented periodic DFT calculations were carried out
using the Vienna ab initic simulation package (VASP)™ The
generalized gradient approximation (GGA) Perdew-Burke-Ern-
zerhof (PBE) exchange-correlation functional®™ was used, aceu-
rately suited in the deseription of MXenes energeties™ ™
Additionally, Grimme's D3 approach was included to account
for dispersive foree interactions.® The core electron density and
its impact on the valence electron density were described using
the projector augmented wave [PAW) method developed by
Bléehl,*™ as implemented by Kresse and Joubert.** Besides, the
valence electron density was expanded on a plane wave basis set
with a cutoff kinetic energy of 415 eV, high enough to acquire
total energies converged below the chemical accuracy of 1 keal
mol *, ca. 0.04 eV, the same order of accuracy obrained when
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performing test calculations using an implicit solvent model™
and thus found to be not required in the oncoming discussion.

Different supercell models were used in the eonstruction of
Pourbaix diagrams, in particular, p(2x2) and p(3=3) supercells of
Ti;C,, where a full monolayer (ML) coverage is defined as having
one surface moiety per each surface metal atom. The p(2x2)
supercell was used to evaluate the pristine, fully -0, ~-OH, -H, and
-F covered TiyC,, as well as mixed cases with 2 ML vs. 4 ML, Lus, 2
of a ML binary coverage, and 1, 4, and } of a ML ternary situation,
while the p(3+3) supercell was employed to investigate binary
situations with £ vs. 3 coverage, as well as ternary situations with
an equal coverage of each component. For reaction mechanism
evaluation, p(3x3) or p{4::4) supercells were used. A 20 A vacuum
was added to the slab models to ensure their appropriate isola-
tion, while the Brillouin zone was sampled using an optimal
551 k-point M-centered Monkhorst-Pack grid,* achieving as
well the aforementioned chemical accuracy.

During the struetural optimization, a convergence criterion
of 1077 eV was used for the electronic self-consistent field steps,
while atomic positions were relaxed until forces acting on atoms
were below 0,01 eV A™", Unless stated otherwise, all calculations
were cartied out spin polarized. The vibrational frequencies of
the reaction surface species minima were determined by con-
structing and diagonalizing the Hessian matrix using finite
differences of 0.03 A in length to evaluate the analytical gradi-
ents," "™ yet only atomic displacements on the adsorbed species
and terminations were considered, while substrate atoms were
held fixed, i.e. a decoupling of surface species with the material
phonons was assumed.

2.2, Surface Pourbaix diagrams

The purpose of constructing a Pourbaix diagram in this study is
to identify the most thermodynamically stable surface termi-
nation of the Ti;C; MXene under the realistic working condi-
tions of pH and U during the CO,RR. Details can be found in
previous work,™ but still let us briefly explain the procedure
here. Initially, a systematic sampling approach was employed to
explore various high-symmetry adsorption sites for each studied
termination, as illustrated in Fig. 81 of the ESILT revealing that
the Hy; site was consistently the most favorable site for
adsorption of any of the T, surface terminations. This infor-
mation was used to optimize and gain the free-energy of
different surface terminations, either with single moieties, or
with ratios in mixed situations, all as a function of the applied
electrode potential, U, and pH, using to this end the computa-
tional hydrogen electrode (CHE} approach.® Note that diverse
distributions of functional groups were accounted for, encom-
passing both highly regular and irregular arrangements. To
account for the number of electrons (e ), protons (H') and
fluorine fons (F~ ) involved during the adsorption processes, the
stoichiometric coefficients »(e ), W[H'), and »(F ) were consid-
ered when constructing the reaction formation free energy
equations required for the Pourbaix diagrams,™ as;

AG(pH, 1) = AGD, 00 — (H ¥epT < In 10 = pH
—vle dell — {F el (1)
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where AG[0,0} is the formation energy of a given surface
termination at zero pH and U, where U refers to the applied
electrode porential vs. the standard hydrogen electrode (SHE), e
is the charge of an electron, and kg is Boltzmann's constant. To
account for the chemical potential of electron-proton pairs, we
rely on the CHE model whereas the computational fluorine
electrode (CFE) is used in the case of fluorine anions,* Uy being
the reduction potential of fluorine, and the results for the
different p(2x2) and p(3%3) supercells are comparable when
normalizing by the surface area. By this, a Pourbaix diagram can
be drawn shewing, under any pH and U conditions, which
surface rerminarion exhibits the lowest A@, and thar is shown
here in Fig. 52 of the ES1,T either for F-containing situations, as
expected from a MXene synthesized using HF,™™ or in the
absence of fluorine ions, in case Ti,C, T, was obtained using a b-
free synthesis method.™

Ideally, for the CO,RR, one would pursue situations with
a minimal negative potential, and with low pH, in order to prompt
the reaction kinetics. Thus, taking into account the potential
working conditions of ' = 298.15 K, pyy, — 1 bar, pH < 4, and an
improved applied potential U range of —0.75 V < U < 0V, as
commonly used in the CO,RR towards CH, using MXene-based
electrocatalysts, ™% the most suitable and realistic 'TiLC. 1,
models were Ffree OHy0y5, OHypOy i, OH 5055, and fully OH-
terminated, as well as the Feontaining F,50H; 5044, as illus-
trated in Fig. 52 of the ESLT Already at this stage, one should notice
Trow mixed situations are more the rule than the exception, and
that fully OH-terminated models would be realistic only at low
potentials, while O-terminated models would not be accurate
situations for the CO,RR. However, one must advert that most of
the previous literature on MXenes focused on bare or fully O-
terminated MXenes,™™® with only a limited number of studies
considering ~OH termination, and only Chen et al" regarded the
involvement of H atoms from the ~<OH termination in the CO,RR.

2.3. CO,RR mechanism
In general, the first step of CO, reduction is its adsorption from
the gas phase; CO,™, on a catalyst free surface site (*);

CO 4 = COL%, {2

After this sine qua non step, the rest of the reaction mecha-
nism would imply proton-coupled electron transfer [PCET)
steps, where protons, H', and electrons, e, are sequentially
added. The full reduction of adsorbed CO; to adsorbed CH,*
and water (H,0%) requires eight PCET electrochemical steps,”
as:

CO:* + §H" + 8¢~ + * — CH,* + 2H,0%, {3)

followed by the subsequent desorption of CH,* and H,0% to the
gas and liguid phases, respectively, as:

CH,* + 2H.0% — 2% + CH %' + 2H,0,,. (1)
For convenience, most of the earlier studies assumed that,

for any precursor adsorbed species, A%, its reduction is done in
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a single elementary reaction, where one H' and one electron e~
are directly involved in producing AH®, as:

A*+ H' +¢ = AH% (5)

However, we here contemplated as well the possible
invalvement of termination —OH groups as a hydrogen source.
Thus, for instance, in the presence of -OH surface moieties, the
A® could be hydrogenated from the -OH group, as:

A® + -0 — AI* + -0, (6)

leaving behind an -0 moiety in a chemical step. Later, an
electrochemical step can be set up, where a proton is reduced
on the as-formed -0 moiety, regenerating the -OH group, as;

0+ H' +¢ — -OH, (7)

Notice as well that, thus, -0 terminations could be reducing
sites for medium H', which would act as a reservoir. According
to this, one could elaborate an alternative path, where H' is
reduced on a -0 site, as in eqn (7), and in a later step, the as-
formed -OH could be involved in the chemical hydrogenation
of A* species, as in eqn [6). These different ordering pathways
have been contemplated here, to gain a more complete under-
standing and involvement of surface terminations in the course
of the CO;RR and the followed mechanism,™

2.4, Thermodynamic approach

To outline the reaction mechanisms, a thermodynamic
approach, as extendedly used in previous studies, has been
used. ™™ It implies that only the difference in Gibbs free ener-
gies between the different reaction intermediate states are
relevant, and so used in determining the necessary limiting
potential, U4, for the reaction to take place. This succinetly
implies that any PCET step features a latest transition state
when endergonic, and an earliest transition state when exer-
gonie, although a proportionality could be expected when the
system under study follows the Bransted-Evans-FPolanyi (BEP)
relationships.”™" Notice, still, that appreaches are available to
account for the transition states in the course of the reac-
tion,®* yet here, for comparative putposes with earlier
studies ™ * they have not been accounted for.

The first step in outlining the reaction free energy profiles is
to estimate the total adsorption energies of the intermediate
species, AELy., so that

Algs = Eyar — (Exn + B (8)
Here, Foyp represents the energy of the substrate, here Ti,C.
MXene with the explored surface termination. E; is the energy of
the ¢ adsorbed species as optimized in the vacuum, carried out
at the [-point in a broken-symmetry box of 9x10%11 A*
dimensions, to force the duly orbital oceupancy. Lastly, By is
the energy of the i moiety adsorbed on the specific studied
substrate model. Thus, the more negative AEL, is, the stronger
is the adsorption.
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When addressing the reaction AG caleulations, one has to
keep in mind that, by using the above-mentioned CHE refer-
ence," under the standard equilibrium conditions of pH = 0,
U'=0V,a temperature T of 298.15 K, and a partial pressure of
H,, Py, 0f 1 bar, the chemical potential of a pair of H" and e
can be related to that of Hy at 0 V s, the SHE, so that

Hig ' +e — L Hafgh AG =0eV, 9)

where the chemical potentials or Gibbs free energies of the initial
states, Hy, ' +e , and the final state, % HZ@‘, are identical. Note
that, at variance with thermocatalysis, where T and py, are nor-
mally used as variables of catalytic control, in electrocatalysis one
normally works under the above standard conditions, while using
pH and ) as reaction variables, instead. Having this in mind, for
any elementary reaction step, one can get the AG as

AG = AE + Alzpr — TAS, (10}
which takes into account the reaction step energy difference,
AE, the change in zero point energy {ZPE), AE;pe, and in
entropy, AS. The AE rerm can be readily obtained from the total
energies computed during the optimization, exemplified in eqn
[5), as follows:

AE = Eap- — Ear — § En,. {11)
Similarly, the AFzps term can be gained as:
ABpe = ELE — EZFE — {12)

where the ZPE term is gained from the computed vibrational

frequencies, so that

NMV
hwy,

=1

F:ZIT‘. =

12
3 13)
where ¥ represents the vibrational frequencies of the normal
modes of vibration (NMV), and h Planck's constant. For a linear
molecule in vacuum, the number of NMV is 3N-5 for a system
with N atoms, while for any other type of molecule, the NMV is
3N-6. When adsorbed, any molecule or atom has 3N NMV, since
free translations and rotations become restricted vibrational
modes upon adsorption. Similatly, 0 AFgpe, the entropy
change, AS, can be caleulated as follows:
AS = Say* — Sa* — 15u. (14)
The entropy of gas phase molecules has been obtained from
the National Institute of Standards and Technology [NIST)
wehbook,” while for the adsorbed moieties, only the vibrational
entropy (5,,,) is considered due to the ground seate character
and the hindrance of translations and rotations upon adsorp-
tion.* Thus, for adsorbed species, one has:

pLi dwy
S=S8u=ky 3 In| 1 e nT

=1

= Lkv.- - (15)
=1 FgT

el — |
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Given the reaction Gibbs free energy profiles, one can assess
the reaction limiting potential, Uy, defined as the minimum
potential required for a specific electrochemical reaction to
oecur spontaneously under given reaction conditions. In the
case of the CO,RR, U, would be the potential at which each
elementary electrochemical hydrozenation step becomes exer-
gonie, indicating the minimum energy input required for the
reaction to proceed. The descriptor AGy,,,, a free-energy model
extracting the largest free-energy difference between interme-
diate states of an elementary step at a given target electrode
potential, is used to quantify limiting potential for the CO.RR,
as
Al
e !

U= [16]
where, generally, the smaller the limiting potential, the higher
the reaction activity.

2.5. Adsorption/desorption rates

Apart from the previous thermodynamie approach, it is worth
keeping in mind that CO, adsorption must occur under the
reaction conditions, while ideally a product such as CH, should
desorb easily. This can be tackled here by profiling kinetic
phase diagrams as used in the past** In this approach, the
molecule adsorption rate is compared to its desorption rate at
different T and molecular partial pressures, finding turning
points where adsorption and desorption rates are equal, fe.
equilibrium points. For the adsorption rate, r,q;, one can use
non-activated collision theory,” such as:
o S""‘% (17)
A 2wk T

where the initial sticking coefficient is denoted by S;, pi repre-
sents the partial pressure of the gas-phase molecule, either CO,
or CH,, and A represents the surface area of an adsorption site,
established by dividing the supercell area of each surface by the
number of possible sites, while m; denotes the molecular mass.
For the sticking coefficients, values of 0.4 and 0.01 were used for
0y and CHy, respectively, as customary used in the past.***

To estimate the desorption rates, ry,.., transition state theory
[TST)™ is used assuming that the desorbed transition state [TS)
is a late two-dimensional (2D) TS. In this case, the energy barrier
is given by the desorption energy, AFq.,, which is simply the
negative of the adsorption energy, AFq.., here without ZPE, as
this term is already accounted for in the vibrational partition
funetion, see below. Thus, fy.. i1s defined as:

-’Mfm) kT Qs oty
R ot [

T I T

Tdey = Ves BKD( v (18)

The vg., prefactor is obtained from various partition fune-
tions, g, including qg&ams2n, Groc, and ghp, which refer to the 2D
translational, the rotational, and the vibrational partition
funetions, respectively, defined as

Qb I

Fa2D = £ g (19)
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where #¥™ is the molecular symmetry number, 2 and 12 for CO,
and CH,, respectively,™" and 1, the rotational temperature,
0.561 and 122 K for CO; and CH,, respectively.”*” Note that the
vibrational partition function of the adsorbed state, q\‘;-d,f, takes
into account the frustrated rotations and translations as dis-
cussed above.

3. Results and discussion

3.1. MXene models, CO; activation, and CH, physisorption

The COLRR species have been optimized on the five considered
surface-terminated Ti;C,1, models as depicted in Fig. 1, in turn
derived from Pourbaix diagrams shown in Fig. 52 of the ESLt
Notice that according to their density of states (DOS) and pro-
jected DOS (PDOS), all models exhibit a metallic character, and
generally with a large number of states at the Fermi energy, see
Fig. 83 of the ESLT which is a prerequisite for electrocatalysis,
¢f. ref. 47, One of the first aspects to tackle is whether €O, is
attached and activated on such terminations. According to Le
Sabatier principle,”™ CO; should moderately adsorb, enough to
remain not strongly bound to prevent catalyst poisoning, yet not
weakly enough to enable sufficient opportunities for its chem-
ical bond breaking.” On the other hand, a produet such as CH,
should also moderately adsorb, enough to permit its release,
and, maore importantly, not too strongly, to avoid the self-
poisoning of the electrocatalyst by the methane product.

In order to investigate the interaction between CO, and the
chosen surface-terminated Ti;C,T, models, various adsorption
sites were examined in a systematic fashion, taking into account
the interaction with respect to different surface moleties (cf
Fig. S4a of the ES1%) and CO, orientations (¢f Fig. S4b of the
ESI1), including vertical orientations, but also planar situations
with different molecular orientations. This systematic proce-
dure, here exemplified on €Oy, has been carried out for the rest
of the reaction species and intermediates, with energy minima
structures duly characterized by frequency analysis. The
adsorptive configurations are shown in Fig. 2, and comparative
adsorption energies in Fig. 3. As can be seen, generally CO,
keeps its linear geometry on any explored surface termination,
except for the full -OH termination, where the molecule has an
Eaqs 0f —0.71 eV, gets bent by 135.9°, negatively charged by 0.80
e, and with a mean bond elongation of G-0 bonds by 1.25 A, in
full accordance with C0O, being activated.™™'™ Clearly, the
presence of surface -0 groups is detrimental to activating CO,,
and only on fully ~OH terminated MXene, the negatively
charged CO;, with charge mostly present on its O atoms, is
stabilized with the slightly positively charged H atoms of surface
—OH groups, see Fig. 2, with Bader charges of —0.73¢, and it is
also observed with the -OH group H charge depletion shown in
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(d) -OH,0,»  (e) -OH;0.;, () —F,,0H;0,,

»m s

Fig.1 Toplupperimages) and side (lower imageas) views of the pl3:x 3) TizC: MXeane [0001) surface with (a} a clean surface, (b) full —OH, (¢} —OH,,

1Dz, (d} —OHpOye here of pld«4) supercell, (2) —~OHy 04,5, and (f)
sented by white, red, and light lilac spheres, respectively, while Ti and

—F130H303 terminations. Termination H, ©. and F atoms are repre-
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.

(a) Clean (b) —OH (c) ~OHy0,4

d)-OH,;0,, (&) —OH,;0,; () —F,50H,,0,,

RNEBRBRD

Fig.2 Topwviews of optimal CO; adsorption sites on the TizCa MXene model (0001) surface with {a) a clean surface, (b} full —OH, (€] —OH22044.

{d} —OH 122, (2}
spheres, respectively.

-3.00 - I Clea
=301
4 I B3 -om,,0,,
= E3-on0,, L
)l E-om,0,, ]
oy i B¢, ,om,,0,,
z 7
2 0.50 -
L}
-0.25 - 1 /
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co, CH,

Fig. 3 Adsorption energies of C0u and CHa, Af,4. on the studied
TizC: T, MXene (0001} surface models with & clean surface, full —CH,
=OH33015 =OHy2042, =OHysOys, and =Fy30H 30y,3. termina-
tions. All values are given in eV,

the charge density difference (CDD) plots, see Fig. S5 of the
ESLt,™

This behavior contrasts with, e.g. CH, adsorption energies,
see Fig. 3, where methane is physisorbed in any surface model,
with E,4 ranging —0.21 to —0.27 eV. Here, actually, the pres-
ence of =0 groups is slightly beneficial, allegedly forming H

This jourmzl s © The Royal Soclety of Chemistry 2024

1

—OHys02im and (f) —F120Hy:00s terminations. Colour ceding as in Fi. L with CO5 © and © atoms shown as orange and pink

bonds with those of CH,. Curiously, the stronger affinity
towards CO, compared to CH, is in line with previous reports
an pristine, surface termination free MXenes, as reported in the
literature,'* where such values were used to estimate CO, and
CH, adsorption and desorption rates in the context of biogas
upgrading. Note that the adsorption energies for both CO; and
(H, are coincidental on ~OH,,0.; and -F; 4 OH, 20, » models,
since they belong to very similar local environments. Analo-
gously, we estimated such adsorption/desorption rates as
explained above, see Fig. S6 of the ESLT in order to generate the
so-called kinetie phase diagrams, present in Fig. 4.

Briefly, there, depending on the working conditions of
temperature, T, and gases pressure, p, one can estimate the
preference of the surfaces in adsorbing (or desorbing) such
species. From them, it {s evident that, e.g., working at 300 K and
1 bar pressure, all surface models are favourable for attaching
the CO; reactant, a premise of the reaction that is met. More-
over, the release of the eventual CH, product would be favoured
in any explored model even in an atmosphere of 1 bar of CH,,
according to the kinetie phase diagrams of Fig. 4, a sought-after
feature of a working electrocatalyst which underlies that no CH,
self-poisoning is envisaged on such MXene models. From all the
surface-terminated studied models, the fully <OH terminated
maodel exhibits the strongest CO, adsorption and CH, desorp-
tion capabilities, while, as the surface concentration of -OH
moiety  decreases, these differences gradually diminish.
Furthermore, when -F is present, as in -F,:OH, 503, similar
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Fig. 4 Calculated adsorptive kinetic phase diagrams for CO; and CH. on (a) a clean surface, (b} full —OH, (€} —OHzz04s, d) —OHy 2042 (&) —
OHy 3055, and (f) —=Fy;30H;;30y 3 terminations as a function of tha logarithm of gas pressures, p, in Pa. Coloured regions imply preference
towards adsorption, while colouriess areas represent regions where one would expect surfaces to be free of such molecules.

kinetic phase diagrams are gained ecompared to —OH, 0,3,
implying, to some extent, a similar role of both -OH and -F
groups, with similar charges of ca. —1 e, and comparable elec-
tric fields.

3.2, CO.RR electrocatalysis mechanisms

After having established the suited surface-terminated MXene
maodels for CORR conditions, and the CO; and CH, adsorptive/
desorptive conditions, the electrocatalytic performance is put
under the inspection lght, depicting the Gibbs free energy
landscapes under standard working conditions, T' = 298.15 K,
pu, = 1 bar, pH = 0, and U = 0V, to extract from them the
limiting potential, Uy, as the main indicator of the electro-
catalytic performance, yet the H-vacancy energetic cost, £y, is
also used here to discuss the ease of T, trapping H adatoms
from surface -OH groups, defined as

En,, = By +%En, — Er. (22)
where Ey i describes the energy of MXene with a H-containing
T, termination, but with one missing H-atom, if‘“ aceounts for
the formation of a single H atom, released as half a H, mole-
cule, and By is the energy of the H-containing T,-terminared
MXene. Within this definition, the more negative Ey _ is, the

7862 | [ Mater Chern A, 2024, 12, 7856-7874

weaker H binds to the MXene surface, and so the easfer is its
transfer,

Let us begin the analysis with the highly active ~<OH surface
termination, as observed with the high affinity towards CO,, see
Fig. 4. This affinity prompts the formation of stable HCO,*
during the CO, adsorption involving a H atom from a surface -
OH group, being more stable by 2.22 eV, see Fig. 5, and ener-
getically preferred over the direct electrochemical hydrogena-
tion of CO, over an otherwise untouched -OH surface
termination. It is mandatory here to note that the H transfer
from the -OH group is spontaneous, and not artificial, neither
in the -OH surface termination nor in the other models, as
several attemipts were made to prevent it. Thus, it is apparent
that the resulting moiety is quite stable, and that drives the H
transfer from neighboring -OH due to their proximity. Onece
HCO:* is formed in a chemical step, the attention is driven
towards the first PCET electrochemical step, finding that
hydrogenation at the C atom is most favorable, H;CO hydro-
genation at the O atom implies at least a AG of 1.89 eV, yet
stabilizing the system by only 0.04 eV. This step spontaneously
draws two more surface H atoms from two vicinal ~OH groups,
forming a HyC{OH), compound, i.e. methanediol or methylene
glycol. In the second PCET, the involvement of one ~OH in the
methylene glycol synthesis is then reverted so that
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Fig. 5 Gibbs free energy, AG, diagram of the CO;RR on fully =OH terminated Ti.Cy MXene, under standard working conditions. Blue lines
represent chemical steps of as-generated H.O or CH, desorption, or CO, adsorption, while black and grey lines represent the electrochemical
proton-coupled electron transfer (PCET) steps under zero and applied U = U, calculated potential of —0.85 V vs. SHE, respectively, The nH*
symbols refer 1o how many H atams have been transferred from surface —OH groups at the reaction stage. Bottorn panels show side views of
atomic structures of different reaction stages. Colour coding as in Fig. 2

hydrogenation of the as-formed surface -0 group back to -OH
proceeds with a AG of 0.73 eV.

Still, the regenerated -OH is able to again participate in the
course of the reaction, along with the third PCET, forming
methanol and water, Le.

HAO(OHR* + H + ¢ + -OH — H.COH® + H.0% + -0, (23)

a quite favorable reaction step with a AG of —1.07 eV, and so
thermodynamically preferred over the methylene glycol
desorption.  After this, the asformed water can desorb,
requiting .37 eV. Finally, in the fourth PCET, a similar situa-
tion occurs, where the reduced proton combines with
a hydrogen from a surface =OH group, to form methane and
water, as

2l Society of Chemistry 2024

1

H;COH* + H' + ¢ +-OH — CHy* + H,O% + -0, (24)
with a noticeable AG of —1.25 eV, and preferred over the
methanol desorption, requiring 0.71 eV, see Fig. 57 of the ESLY
At this point of the reaction, four PCET electrochemical steps
have occurred, while four surface -OH groups have been
consumed, supplying the remaining four PCET for the full
methanation of CO,. After CH, and H,0 desorption, requiring
solely 0.15 eV, the remaining PCET steps are involved in
regenerating the consumed surface -OH groups, with the
subsequent AG values of 0.45, 0.51, 0.63, and 0.85 eV,
respectively.

Notiee here how energetically influential is the cooperative
and simultaneous hydrogenation from solution protons and
surface —OH groups, quite reducing the methylene glyeol,
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methanol, and methane formation steps. This mechanism
occurs thanks to the low £y of the -OH surface termination,
with a value of —0.56 eV, see Table 1, implying that such surface
H atoms are relatively easy to capture and thus to participate in
the reaction, and underscores the exceptionally high partici-
pation of the H atoms from the -OH groups, to the point that
molecular synthesis is not the potential determining step (FDS),
but the electrocatalyst surface regeneration, with a AG,,,, of
0.85 eV, The corresponding theoretical limiting potential U is
-0.85 V vs. RHE, as depicted in Fig. 5, in which each electro-
chemical step is exergonic, while the chemical steps demand, at
maost, 0.37 eV for water release, feasible under working condi-
tions. In addition, the U falls well within the stability region of
the ~OH model on the Pourbaix diagram in Fig. 2 of the ESIT at
low pH, consistently implying the stability and recovery of the —
OH terminated Ti,C; electrocatalyst,

Furthermore, the selectivity of the catalyst is also, a prior,
remarkable. As can be seen in alternative reaction paths shown
in Fig. 87 of the ESL} the two-electron synthesis of formic acid,
HCOOH;, is quite hindered by the formation of HCOOH* from
HCO,%, requiring 1.88 eV, while four-electron synthesis of
formaldehyde, CH,0%, from methylene glycol is disfavoured by
0.88 eV. Apart from these possible products, CO formation is
avoided given the high stability of HCO,* and the downhill
formation of methylene glyeol thanks to the participation of
surface ~OH groups transferring H atoms. Similarly, methanel
synthesis is also quite hindered by the quite downhill formation
of methane and water, see Fig, 5 and 57 of the ESLY Thus, apart
from the competitive hydrogen evolution reaction (HER), with
an estimated Uy, of —0.48 V using the very same computational
scheme,™ the synthesis of CH,; competes with that of CH,0 in
a similar fashion on fully ~-OH rerminated Ti;C, MXene, and
only formic acid would be obtained at a very low potential of
—1.88 V.

When -OH groups are partially replaced by -0, as in the -
OH;50y; model, a different scenario unfolds, as illustrated in
Fig. 6. In contrast to the full -OH coverage case, the reduced
availability of surface H atoms, in line with a positive value of
By, of0.12 eV, see Table 1, hampers the CO, molecule ability to
capture surface H atoms before the electrochemical steps start,
and so diminishes the involvement of surface H atoms in the
oncoming PCET steps. Thus, €O, adsorption is mild, of

0.16 eV, and the initial formation of HCO,* ocears by a PCET,

Tablel Summaryofthe PCET PDS as well as specific electrochemical
reaction step, on the explored surface-terminated TizC; models,
under CORR working conditions. The required Uy in V, and surface
Ey,_ in eV, values are specified

Madel PCET PDS Fu, W

-OH I —0.56 —0.85
=OH25013 7 CH:0H® +* — CH:OH* + H* 012 —0.84
—OH 040 60 CH;OH® + -H* - CH,OH* +* 026 —0.70
—OH; 104 ks €O — HCOOHY + -H* 0,73 —0.37
“FyaOH 50 2™ HOOOH* + -H* — HCOOH®* + 0,31 —0.51

&
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with a AG of —0.35 eV, whereas the possible step related to
surface H atom leading to adsorbed formiec acid, HCOOH?®, is
disadvantageous hy 0.21 eV, see Fig. S8 of the ESL} From
HCO,*, the formation of methylene glycol is fostered hy a PCET
step coupled with two surface H transfers, being an uphill
process of 0.71 eV, see Fig. 6, but still more favorable than
formiec aecid formation by a second PCET, with a AG of 0.92 eV,
see Fig. 58 of the ESL However, in the subsequent step, *HCO;
captures a total of two surface H atoms, which play a crucial role
in the second PCET to form methylene glyeol. Here, the third
PCET is similar to that occurring on the fully -OH covered
maodel, with regeneration of a surface -OH group after methy-
lene glycol formation, here downhill by 0.3 eV, while following
regeneration is uphill by 0.24 ev.

However, from the 5 PCET on, there is a notable shift of -0
termination activity, with a higher propensity for proton
reduction. Thus, this reduction has a AG of 0.61 eV, and
preferred by 012 eV pver the proton-reduction induced meth-
ylene glyeol decomposition into formaldehyde and water, see
Fig. 58 of the ESL T as:

H2C(OH):* — HyCO* + Ha0%, (25)
an uphill process maintained in the 6™ PCET with a AG of
0.76 eV. Actually, on this bifurcation, the system is much more
favourable for methanol formation, as in egn (23), a quite
exergonic electrochemical step with a AG of —1.18 eV. After the
as-formed H,0 is released, requiring 0.34 eV, the CH;OH® can
either desorb requiring 0.56 eV or get a vicinal reduced H,
slightly less energy demanding by 0.06 ¢V. However, when this
last electrochemical step occurs, eqn (24] is triggered, with a AG
of —1.52 eV, Thus, under this picture, the methane formation
PDS is this last CH;OH* + H* adduet formation, with a AG value
of 0.84 eV, and a resulting Uy of —0.84 Vs, SHE, and so, similar
to full -OH termination. Actually, the required Uy falls within
the full -OH model stability according to the F-free Pourbaix
diagram in Fig. 82 of the ESIT under acidie conditions, and
would be viable only at neutral pH, although it is widely
recognized that the electrocatalytic activity in more alkaline
media is generally lower compared to acidic conditions." Even
if here the Uy is similar to that for the model with full ~OH
coverage, the PDS also eorresponds to a late electrochemical
stage, the CH;OH* + H* adduct formation, instead of -OH
regeneration, and the mechanisms present similarities,
including methylene glycol formation and decomposition, and
methanol decomposition, The main difference between both
models is the involvement of both -OH and -0 groups, as H
donors and acceptors, respectively, The -OH may be regarded as
a H reservoir, through a Volmer step, and also as a donor, thus
having a dual functionality, As per the selectivity, the chemistry
involved in the -OH;;0;; model appears to be less selective
than that of the fully —OH terminated, since channels leading to
formie acid exist, with a Uy of solely —0.21 v, —0.71 v for
methylene glycol, and —0.73 V for CH,Og, and with a similar
production of methanol and methane according to the
competitive desorption of as-formed CH;OH and its reaction to
generate methane, see Fig. 6 and S8 of the ESLT with no route
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towards the CO formation. In addition, with such a model, the
reported HER Uy is only of —0.08 V,™ so, if any, such MXene
termination would be better advisable to synthesize formic acid
given the suited potential, matching the Pourbaix diagram
stability shown in Fig. 52 of the ESL¥ but with a competition to
H,'®! generation through the HER.

When further increasing the -O/~OH ratio as in the -OH,,
20u: model, again some similitudes with respect to the profile
on the -OH,,;04 3 model are kept, see Fig. 6 and 7, also in line
with a similar degree of H transfer, with an Ey of 0.26 eV, see
Table 1, similar to the value of 0.12 eV for the ~-OH;;0,,; model.
Again, the reaction starts with CO, physisorption with an E 4, of

0.06 eV only, but now, given the extra room to accommodate
formic acid, the 1st PCET is coupled with an -OH group H
transfer leading to HCOOH*, which is exergonic by —0.3 eV, see
Fig. 7. However, this formic acid is strongly adsorbed by 1.08 eV,

View Artiele Online
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Consequently, the reaction advances through a 2nd PCET
forming formate with a AG of —0.17 eV, i.e transferring one H
back to the substrate, thus reducing a nearby -0 group,
underscoring that formate stability is gquite related to the
presence of nearby -0 groups.

After formate is synthesized, a 3™ PCET involves again H
transfer from two nearby -OH groups and one proton reduction,
to again lead to the adsorbed methylene giyeol moifety, with an
energy cost of 0.41 eV, followed once more by on surface - group
reduction, costly only by 0.15 eV. Similarly to the model with -
OH, 0y, surface terminations, the rest of the reaction follows
a similar pathway; the methylene glycol decomposition, as
induced by a proton reduction eoupled to a surface -OH hydrogen
transfer results in CH;OH* and H,0* in a quite exergonic elec-
trochemical step with a AG of —0.77 eV, much more preferred
than, e.g decomposition towards formaldehyde, endergonic by

see Fig. 59 of the ESLY thus preventing its release. 0.46 eV. After water desorption, methanol competes in between
—OH,40,4
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TizCs MXene model, under standard working conditions andata U = U,

calculated potential of —0.84 V vs SHE, Colour code asin Fig. 6 The nH* symbols refer to how many H atoms have been reduced over surface -
C groups at the given reaction stage. Bottarn panels show side views of atomic structures of different reaction stages. Colour coding as in Fig. 2.
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different reaction stages. Colour coding as in Fig. 2.

desorbing, AG of 0.63 eV, or refreshing the nearby lost <OH group,
AG =035 eV, as shown in Fig. 89 of the ESL{ From this point on,
again, methanol decomposition into CH,* and H,O%, implying
the joint hydrogenation from a reduced proton and one H from
an -OH group, results in an exergonic step with AG = —1.37 eV,
see Fig. 7, followed by product release and surface regeneration
with a A of 0.31 eV. Altogether, the PDS is the electrochemical
step leading to adsorbed methanol, ready for its reaction towards
CH,, with a Uy of —0.7 V vs. SHE. This potential would lead also to
full ~<OH termination under strongly acidic conditions, see Fig., 52
of the ES1+

In any case, the CO,RR mechanism is essentially kept, with
a role of -0 surface groups as reducing sites for protons, and
later —OH groups as being H-donors, with the steps of formation
and decomposition of methylene glycol and methanol, vet here
with an initial formation and stabilization of formic acid trig-
gered by the increase of surface -0 groups. As per the selectivity,
no path to CO is found, while formic acid release is prevented hy
the high desorption energy of 1.04 eV. Here, the formaldehyde

7866 | [ Mater Chamt 4, 2024 12, FTERG-TET4

path implies going through methylene glyeol, whose conversion
towards methanaol is very exergonic by —0.77 eV, and the same
applies to methanol decomposition to CH, Thus, a high
selectivity towards CH, would be forecasted, although still the
maodel would compete with the HER, with a Uy of —0.23 v,*
H,/¥) being the main expected product.

When even increasing the surface -0 content, such as in the
~0OH,,;;0;,; model, the reaction path mimies to some extent that
of the ~OH,;:0, » model, as shown in Fig. £ and §10 of the ESLY
Starting from a mild physisorption of CO,, the first PCET
already combines proton reduction with H transfer from —OH,
forming HOCOOH®, with a AG value of 0.37 eV. From this point
on, the 2 and 3™ PCETs are essentially ispenergetic proton
reductions on surface -0 moieties, with the possibility of
desorbing HCOOH, requiring 0.4 eV energy, and no more
involvement of -OH groups, which may be related to the
increase of £y up to 0.73 eV, making the H transfer from
vieinal -OH groups more difficult. In the 4™ PCET, the methy-
lene glyeol formation path is essentially isoenergetic by 0.03 eV,
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while CO formation induced by nearby -0 proton reduction

upon is uphill hy (.36 eV. After this peint, the reaction is

downhill, first by a -O proton reduction, followed later by

methylene glycol decomposition into methanol, with a AG of
0.5 eV,

Also similar to the case of the -OH,;;0,,; model, the formed
H;0 in methanol synthesis can easily desorb, requiring 0.21 eV,
see Fig. 8 while methanol desorption is more costly as it
requires 0.51 eV, see Fig. S10 of the ESL# Actually, the minimum
energy path implies proton reduction nearby on an -0 site,
from which the proton reduction can again be coupled with -
OH H transfer, turning the electrochemical step being quite
exergonic by —0.87 eV, see Fig. §. In general terms, the reaction
profile is closer to the AG = 0 eV than the other inspected
maodels so far, and with Tess ups and downs in energy, which

This jourmzl s © The Royal Soclety of Chemistry 2024

translates into reduced limiting potential. In fact, the full
process can be made exergonic with a limiting potential of
~0.37 V vs. SHE, corresponding to the initial formic acid
formation in the first PCET, at variance with previous models,
where the PDS is found at a late stage. Still, the U is too large for
this surface stability, see the Pourbaix diagram in Fig. 52 of the
ESILT and the model would be valid for less acid conditions.
Still, as low as the Uy of —0.37 V may seem, as per the selectivity,
the ~OH, ;0.5 model has a very low Up for the HER, of solely
-0.01 V,* and so, the selectivity towards CH,™ would be low,
and other reaction products, such as HCOOH, CH;0H, and CO,
would be possible with a Uy, of —0.37 V, even if their detachment
from the surface would be energetically more costly than further
reacting towards CH,, implying a lower content of them.
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From the above analysis, one could draw a general trend:
namely, the U decreases as the -OH proportion decreases.
However, no minimum would be expected at a full -0 termi-
nation. Firstly, according to a previous study conducted by
Handoko et al.," a larger Uy of 0.52 V vs. RHE was found for
TizCO;, while Morales et al'™ pointed out a similar activity
between Ti;C; and Ti.C MXenes. Moreover, according to the
Pourbaix diagrams in Fig. 52 of the ES1, even at zero potential,
a full -0 termination would require a pH larger than 7, and, as
aforementioned, alkaline media is not the best case scenario for
the CO,RR electrocatalytic activity,

At this point, one may wonder what would be the effect of -F
surface groups on CO,RR performance, particularly relevant at
low pH and U, see Fig. 52 of the ESLY This is analysed on the -
FuaOH, 50y maodel shown in Fig, 9. Actually, if one would
assume —F surface groups being mere spectators, the -OH/~0

View Artiele Online
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ratio would be comparable to that of the <OH, 50, ;; model, and so
a similar performance would be expected, at least in U, even if
the production rates per electrocatalyst gram would decrease as
a third of the surface sites are blocked by -F groups. Mechanis-
tically, as the £y, value of (.31 eV is similar to the value of (.26 eV
for the =OH;.0;, model, see Table 1, one would envisage
a similar involvement of -OH/~O groups in the hydrogenation
sequence. By inspecting the actual Gibbs free energy profile in
Fig. 9, one observes a small physisorption of CO, with an Eu. of
0.04 eV, followed by the 1" PCET and nearby ~OH H transfer to
form HCOOH*, with a AG = —0.13 eV, actually reminiscent of
that found for the ~0H, ;0 ,, model. However, on —F, ;0H, ;0 4
the second PCET does not lead to formate, but rather to a regen-
eration of the consumed —-OH, here costly by 0.51 eV, again similar
to that eorresponding to the —OH, 50y model, with AG = 0.5 eV,

X F]'loHJ'JOl-]
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5
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Fig.9 Gibbsfree energy, AG, diagram of the COLRR on the =F:30H;,045 TisC: MXene model, under standard working conditionsand ata U =
U calculated potential of —0.51V vs, SHE. Colour code and notation as in Fig 6 and 7. Bottom panels show side views of atomic structuras of

different reaction stages. Colour coding as in Fig. 2.
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see Fig. 7, and competing with methylene glyeol formation,
0.08 eV more costly, see Fig. S11 of the ESLT

Actually, the absence of the formate intermediate has
consequences on the oncoming steps since, at variance with the
mechanism for the -OH, ,0,,, model, methylene glycol inter-
mediate formation is not preferred, but the hydrogenation of
formic acid coupled with a surface ~-OH H transfer leads to
formaldehyde and water formation, as:

HCOOH® + H + e + -OH — CH.0* + H.0* + -0, (26)

with a mere cost of (.22 eV, and preferred over <O reduction by
0.12 eV, and over HUOOH, formation, requiring 0.38 eV, see
Fig. 511 of the ESL{ Actually, after Hy0* removal, essentially
costless by 0.01 eV, the CH,O™ release, costly only by 0.07 eV,
competes though with a quite exergonic 4™ PCET leading to
methanol, again combining one PCTE with one ~OH H transfer,
with a AG of —0.78 eV, see Fig. 9 and $11 of the ESL{ After
CH;OH* is formed, a vicinal —OH can be easily regenerated by
requiring 0.15 eV, and after this Volmer step, methanol can
decompose into CH,* and H;0% coupling H™ reduction with
one H transfer from -OH, with a AG of —1.07 eV, a process quite
competing with the CH;OHy, release, requiring 0.44 eV, see
Fig. §11 of the ESLT Once methanol is formed, the 7 and 8™
PCETs are used in regenerating two surface -OH groups, with
AG below (.01 eV,

Thus, the PDS corresponds to an early step of -OH regener-
ation right after formic acid formation, with Uy = —0.51 V,
different from the -OH regeneration right after methanol
formation on the -OH, 50,5 model, with Uy = —0.70 V. Actually,
the easier reduction cost on =0 groups vicinal to CH;OH* is the
reason behind the change in the reaction profile, lowering the
cost of the equivalent PDS on the -OH, ;0,,; model, and leaving
the PDS to formic acid formation, essentially unaltered by the
presence of -F groups. Thus, on the —F,»0H, ,0,; model, the
Uy is —0.51 V, close to its stability region according to Pourbaix
diagrams, see Fig. S2 of the ESLYT As per the selectivity, formic
arid is likely formed under the same Uy, although CH,0" and
CH;OHy, desorption compete with quite exergonic further
reaction steps, moving towards more generation of methane.
No channel to CO formation is found, as well, However, as
happened with the —-0H, ;0 ; model, the main competition is
with the HER, with a Uy of solely —0.01 V.

Table 1 summarizes results for the five studied models
indicating which PCET is the PDS and to which electrochemical
step does it correspond to, including £y and Uy values as well.
As encompassed in Table 1, but also visible in the captured
trends in Fig. 10, the £y linearly varies with respect to the —
OH/-0 ratio, with similar values for the -OH,,0;, and -
Fy30H,;,;0y; models. As By increases with the presence of
maore surface —O groups, the Uy decreases, see Fig. 10, to the
point that two regions can be differentiated: one where —-0H is
the main surface termination site, with quite low U, values, and
the other with the participation of -0 groups in reducing
protons, and later transferring such H atoms, with even smaller
Uy, values. The higher involvement of -0 surface moieties
generally eases the latest PCET steps and moves PDS to an
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earlier stage of the reaction. Last but not least, the presence of -
F groups is not per se detrimental, and in fact leads to a devia-
tion of the trend, reducing U, costs. Besides, the reaction
profiles question the conventional mechanism of the sole H'
reduction upon the reacting molecule, and unfolds (i) the
sequences of Volmer steps on nearby -O surface groups, fol-
lowed by H transfer to the reacting molecule from such as-
formed —OH, (ii} the H transfer from already existing -OH
groups, followed by proton reduction on the as-generated -0
moieties, and (iii) the simultaneous hydrogenation of a moiety,
coupling H' reduction electrochemical step with H chemical
transfers from surface -OH groups. Indeed, it can be claimed
that the simultaneous existence of -OH and -0 groups offers
a wersatility of reactive paths that ultimately expresses in
a reduction of the reaction bias cost.

3.3. CO,RR electrocatalysis performance

We now focus on the CO,RR performance of the scrutinized
maodels keeping in mind that an optimal catalyst would feature
the smallest possible Uy and that the closer the Uy to zero, the
higher the activity and faster the CO,RR kinetics. The present
results are alveady fully consistent with previous studies,™ in
that a higher proportion of <O termination leads to a quite
small U, resulting in a higher CO,RR activity, see Table 1.
However, keeping in mind the electrocatalyst surface stability
predicted in the Pourbaix diagram of Fig. 52 of the ESLt even if
certain models feature reduced Uy values, e.g. —0.37 V for -
OH, 504 or —0.51 V for =F; 30H 2043, their range of stability
implies that at low pH the surface would eventually transform
into the full -OH model, or when working at higher pH would
imply sluggish reaction conditions, yet to be partially compen-
sated by a larger potential applicability. In addition, the fact
that models with larger -F content do not appear in the Pour-
haix diagrams helps explaining previous experimental find-
ings,"™ particularly in that such models would make the
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reaction infeasible. However, low contents such as is -Fy,,0H,,
20y: are non-detrimental per se, as such moieties can help in
maoving the PDS to an earlier stage, with a concomitant U
reduction and, hence, operating costs. This opens the door to
a control of the electrocatalyst performance by the degree of -F
appearing at the surface, a point missed under F-free synthesis
methodologies.™

Another key point of interest {s the comparison of the here
reported CO,RR activity with that of other MXenes reported in
the literature, such as fully OH-terminated Mo,C.{OH),,* and
Se,C{0H),," O-terminated Mo, C,0,,* Zr,NO,,® TiC,0,,' and
W,C0,," pristine surface MXene Mo, TiC,," Mo,CO,-0, model
eontaining surface oxygen vacancies,"” and Cr@Nb,NO,,™
a case with a Cr single atom on a fully -0 terminated NhN
MXene. No pure -F termination is here compared to, as shown
to consistently deliver high Uy for the CO,RR and HER on
MXenes, "™ plus {5 not a reachable stable situation aceording to
Pourbaix diagtams in Fig. 52 of the ESLY For 1 more compre-
hensive comparison, Cu metal is also considered as it has been
reported to be a highly efficient CO,RR catalyst."'™ Fig. 11
clearly shows that, even if accounting from deviations from
different computational approaches between present models
and results in the literature, in general terms, MXene-based
electrocatalysts feature lower Uy compared to the Cu reference
of —0.93 V, underscoring the potential of such a family of
materials for CO, conversion purposes. Still, one has to be
critical with the display of values. For instance, some of the
systems with the lowest Uy are Mo,C0,-0, and W,C0,, with
values of —0.31 and —0.35 V, respectively, while to a lower
extent, other O-terminated MXenes have relatively low Up
values, like —0.45 V for Zr;NO;, —1.04 V for TizC;0;,"™ or the
value of —0.47 V for Cr@Nh,NO,. However, from the Pourbaix
diggram in Fig. $2 of the ESLT and others reported in the
literature, the full O-termination is only stable at positive U
values, and so, such surface termination gets unrealistic under
CO:RR conditions, Actually, under these conditions, more

03 Mo, U0,

" Ve aMuTE
X 0, 0,

 — 2
0.5 -‘E. -E, JOH, 0,
S, U0,
Moyh0;

6+ :

07— OH 0

-8 pe P
OH

o
104
100,
=11+
§+ MoyC,(0H:

L) (CORRRY (V vis. RHE)

=12

Fig. 11 Companison of methane U, from the presently studied
terminated models on TisCsT, {black dots) along with other values
reported in the literature for MXene-based systems, and Cu as
a reference (blue dots). All values are gvenin V.
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realistic values are —1.17 and —0.53 V reported for Mo, Co(OH),
and Se¢y(0OH)s, respectively, the latter representing a clear
improvement with respect to the Cu reference by around 0.4 V.
1t is with respect to these fully OH-terminated models where we
find that O-rich -OH,;0,; and F-containing -F,,OH, ;0,5
maodels have an Up improvement by at least 0.16 and 0.02 V
eompared with Se,{OH);, underscoring that the slight presence
of -F moieties and a balance herween -OH and -0 groups
represent tuning points towards decreasing Uy costs.

In order to understand the differences with prior caleula-
tions, one has to note that they are regularly focused on pure -0
termination. Thus, the main discrepancy is attributed to the
commented involvement of —F and -OH groups, and to the
strong hydrophilicity of -0 groups. Based on £y, the strength
of this H bond seems to be related to the distribution of -OH
groups, which, eventually, endows the MXene surface with
a new source of H atoms, making the reaction easier, a feature
absent in previous studies with only -0 groups. Besides, -F and
-OH terminations have the same charge close to —1g, but as in
the CDD plot in Fig. S5 of the SLT the electron density on -F
termination is more localized, leading to a stronger effective
charge, and so, a priori more repulsion, features that may affect
the MXene activity at different stages of the reaction.

Last but not least, it is worth addressing the competition
between the CO;RR, here examined with respect to methane
formation, and the HER, a crucial concurrent reaction in
aqueous solutions.™™" Even if a rigorous study of the selectivity
requires addressing the kinetic barriers," " the U, difference
among both types of reactions can be used as a sound ther-
modynamic metric.' This is graphically shown in Fig. 12 as
a parity plot, gaining HER values from an equivalent previous
study.™ Note that, different from previous studies focusing only
on -0 terminations,"™* " we considered here the involvement of

1.0

(L8 =
Z 064
E —on
=z ®
=5 044

—OH, 0.
L]
0.2 4
OHy, 0,
—F, 0, {0z, v
0.0 T T - T T
0.0 0.2 0.4 0.6 0.8 1.0
=L (CO,RR) (V)

Flg.12 Comparison of —U, for the CO,RR vs. —U, for the HER on the
explored terminated TizCaT, models. Values for the HER are taken
from the literature.™
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H atoms of the =OH groups, and, in the case of the HER,
different reaction mechanisms have been evaluated, beyond the
spreadly used, yet limitedly justified, assumprtion of the reaction
being controlled by the first PCET;"*"'* see more details in the
literature.™ Notice that, even if none of the proposed surface
terminations is more selective towards the CO,RR than towards
the HER, a general trend can be captured; the smaller the Uy
needed, the less the selectivity towards the CO;RR is. Actually,
the CO,RR selectivity seems to be improved when increasing
the ~OH/-0 ratio, with a maximum for the fully -OH terminated
maodel. Still, even if such models are per se selective towards the
HER, or very selective, in the cases of the -OH;,0,; and -Fy,
3OH,304; models, strategies are available to inhibit the HER,
such as limiting H* nansfer rates,"* " employing non-water
proton donors,"™ " limiting electron transfer rates,"*™'** or
regulating the magnetic moment of the active site.,'

4. Conclusions

Here we have profoundly analyzed the possible use of Ti;Ca
MXene based materials as electrocatalysts for the CO.RR,
examining the surface composition under working conditions
via Pourbaix diagrams and systematically studying the reaction
mechanisms considering the involvement of different surface
termination species, and aspects such as limiting potential
towards methane production, selectivity, and competition with
respect to H,® production. Based on the surface stability
dictated by the caleulated Pourbaix diagrams, several surface
models are investigated that may have potential interest
towards the CO.RR, namely full —<OH, as well as -OH;;0, 5, -
OH, 20y, and -OH,30;; models, and the F-containing -Fy,
30H,30y; model. Apart from their stabiliy under working
conditions, kinetic phase diagrams show that these models
meet the requirement of CC, capture and activation, and the
CH, product release.

The caleulated reaction Gibbs free energy profiles reveal that,
in general, for F-free models the reaction mechanism involves
formic acid and methylene glyeol formation, which decomposes
into methanol and water. In subsequent steps, methanol
decomposes into methane and water as well. However, on the F-
containing —F,;OH,,;;0,,; model, the reaction involves the initial
formation of formie acid, and its decomposition into formalde-
hyde, which later hydrogenates up to methanol. The present
profiles help in understanding the experimental observations, in
the sense that, the larger the -0 content, the smaller the Up,*
muostly arising from the dual role of -0 and -OH groups, acting as
H acceptors and donors, respectively, which make the hydroge-
nation steps more flexible, allowing for reduction of Uy costs, and
also add the possibility of reaction species to be simultaneously
hydrogenated from H™ reduction and surface -OH group H
transters, the latest fostered by a relatively low energetic eost of
deprotonation, Note that the role of the -OH groups is reminis-
cent of the Marswvan Krevelen mechanism on oxide surfaces
where the lattice O directly participates in the reaction with the
left O vacancy healed by O; from the gas phase at a subsequent
Step.

This jourmzl s © The Royal Soclety of Chemistry 2024

View Artiele Online

Journal of Materials Chemistry A

Generally speaking, the presently studied Ti;C,T, surface
MXene models, together with results from the literature,
underscore the effectiveness of such materials for the CO,RR
when compared to the reference Cu electrocatalyst, with
significantly improved U, values by up to ca. 0.6 V. However,
they still face aspects to be improved; on one hand, the required

7, in many of the models with binary and ternary terminations
underscores the eventual gradual conversion into a fully -OH
terminated model, which has a larger value of Uy, of —0.85 V, yet
lower by almost 0.1 V than the equivalent value for the Cu
reference. On the other hand, the selectivity of the CO,RR on
the studied models with respect to the HER is far from optimal,
yet the fully -OH terminated model is the most competitive one,
and so significant degrees of the CO,RR are to be expected when
using it for this purpose. In any case, on such surface termi-
nated Ti;C.T, MXenes, an optimal HER performance is to be
expected at low U values, while a significant improvement in
the COLRR is to be expected when reducing the Uy up to the
requirements of the fully -OH terminated model. Given the vast
family of possible MXene materials, and the surface tunability,
the present study sheds light on the effective selection and
tuning of MXenes for high performance and selective CO,RR
electrocatalysis.
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MXenes, two-dimensional (2D} transition-metal carbides and
nitrides with diverse composilions and structures, have
aftracted notable aftention due to their potential as promising
alternatives to the conventional Pt-group catalysts for the
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namic and electronic properties proposed as descriptors,
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Introduction

The nising energy demand and depletion of natural
resources require renewable energy sources [1—3].
Molecular hydrogen (H3z) shows promise as an alterna-
tive fuel [4—6]. Current industrial hydrogen production
has limitations |7,8], but electrochemical processes
offer a sustainable solution. Efficient and cost-effective
electrocatalvsts are vital for widespread use [9,10].
Two-dimensional (2D) materials, MXenes, have shown
promising potential as HER electrocatalysts [11—19].
These marterials exhibit a chemical
M XN, T, with w = 1—4. M is an early transition metal,
X stands for carbon andfor nitrogen, and T, are

formula of

terminating functional groups such as O, H, OH, or F
(gf. Figure la—b) [17]. MXenes are obrained from
chemical etching of A elements from a MAX phase
precursor using F-containing erchants like hyvdrofluoric
acid (HF), either directly [17] or i siw [20%]. Surface
termination can be controlled [21], and F-free synthesis
[22] methods are available. Some treatments vield
clean MXenes [23], allowing for adjustments in
composition, thickness, and surface termination. This
concise review explores MXene's HER using compu-
tational methods, discussing reaction mechanisms, ac-
tivity deseriptors, and furure research trends.

Hydrogen evolution reaction and MXene
electrocatalysts

The general mechanisms of the HER were established
for most materials including MXenes [24-33]. Two
possible well-agreed mechanisms for the HER reaction,
Volmer-Heyrovsky and Volmer—Tafel (¢ Figure le)
[25]. Both share a first electrochemical step asis Eq. (1),

Volmerstep: H" +e7 + * — H* [43]

where * represents an active site and H* represents an
adsorbed hydrogen atom, These two mechanisms differ on
the second step, represented in Eqs. (2) and (3),
+ H*

Heyrovsky step: H™ + &7 + * 4+ Hy (2)

Tafe!l step: ZH® —+ * + H. (3}

The Hevrovsky step is electrochemical nature, whereas
Tafel step involves the recombination of two previously
reduced protons.

Meng er al. [26*] found that the reaction could poren-
tially start from H atoms of —OH or —H terminations,
besides the reduction of aqueous H™ in VH or VT
mechanisms. They also explored the termination effect
on HER mechanism of TizC; MXene, pointing out that
maodels featuring mixed rerminations lead closer to the
HER equilibrium  line with thermodynamic over-
potential of 0.01. Al in all, MXenes showed ourstanding
performance as HER  electrocaralysts  [34,35] and
several descriptors have been proposed to evaluate their
HER electrocatalytic properties [36%,37%].
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(@) All elements involved in different MAX phases. Reprinted with parmission from Rel, [72], (b) Schematic illustration of the MXene structuras with

M, X, T, genaral formula (see texd), reprinted with parmission from ref. [20]. (e} Schematic Volmear-Heyrovsky and Vol

Tafel pathways for hych

Eh

avolution reaction (HER) under acidic and alkaline conditions. Reprinted with permission from ref. [24], (d} Free energy diagram of HER processing on
TiaCOz, V2005, NbaCOs, TizGz0;, and Nb4C30; under standard conditions. Reprinted with permission from ref. [65]. (8) Pourbaix diagrams for

TigCz Mxene (0001) surface regarding fully -0, —OH, and —H terminatad surfaces (laft), or including as wall fully =F terminated sufacas (right).
Raprintad with permission from ref. [26]. {f~q) Schamatic reprasentation of an arbitrarily chosen Gibbs free enargy profile and linear Tafal ragimes based
an the V:C—H modsl for the Volmer-Heyrovsky and Yolmer—Tafel mechanisms. Reprinted with permission from ref, [50].

Thermodynamic approach to the HER by
MXenes

The calculated Gibbs free energy (AG) of HER in-
termediates is crucial for assessing the acrivity of elec-
trocatalysts like MXenes as it is directly related 1o the
potential determining step (PDS). For the equilibrium in
Eq. (4) at 1 bar and 29815 K

Hf e o 1/2:Ha(g) (4

the computational hydrogen electrode (CHE) model, [38]
allows one to estimate the chemical potential of the left-
hand side and o relate it to che standard hydrogen

Current Opinion in Electrochemistry 2023, 40:101332
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electrode (SHE), which takes the potential for Eqg. (4) as contribution and entropy change, respectively. A variant of

zero. In the case of MXenes, one has this descripror has been preposed [39%407], rthat is
directly related tw the rate determining step (RDS)

AGy = Afy + AFgpe — A8y, (53 altheugh not widely used yet (o Figure 1d).
and In MXenes, the —O rermination [41] is the primary active
site for H adatom. However, analyzing other potential
AEy = Eog M¥ene — Ein1)H/ MYene — 1/ 20 B, (6} active sites requires further investigation. Here, AGYH

appear to be a key descriptor for HER catalvzed by
where Egpnmene and Fgpupmene are the total energy of  MXenes [42], consistent with the Sabaer principle.
the MXene model with # and #-7 H adatoms, tespectively,  Optimal H adsorption strength is vital for efficient reac-
Fyy. is the Hz molecule energy in vacuum, the AFgzpg and  tion rates at different steps. However, while the AGy
A8y terms account fot the difference in zero-point-energy MAXITIU corresponds o the HER PDS,
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(&) The volcano curve of exchange current (i) as & function of the AG-. Reprinted with permission from ref. [53] (b) Negative of the overpoteniial of
MXenes plotted versus AGy-, Reprinted with permission from ref, [28]. (¢) Projected density of states {(PDOS) of the © atom on HizCO; with different

y typas. R | with permizsion from ref. [47]. (d) DOS plot of CraMbaCyOg, TizNbaCaOz, and VoMb:Ca0s. The &, values danota the position of
O-2p band center with respuct 1o the Fermi leval. Reprinted with permission from ref. [32]. {8) Linear relationship betwean AGy. and axygan formation
energy (), the lowest unoccupied state {s,s), number of elecirans gained by cxygen atom (Ne) and oxygen binding energy (5. Reprinted with
permission from ref, (37].
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Brensted—Evans—Polanvi (BEP) relationships [43,44]
justify considering it as RDS, However, more researches
are required to investigate the kineties and determine the
true RDS in the HER process. Using AGH = 0 as a design
criterion is controversial because it assumes equilibrium
conditions without considering overpotential or non-
thermoneutral conditions [45,46]. Additionally, there
are several computationally based proposals o mmprove
the MXenes HER  through  structural  modifica-
tions [29,30,33,47 48].

Pourbaix diagrams are useful for determining the surface
composition of an electrode under specific pH and po-
tential conditions using the CHE methad [35].
Analyzing Pourbaix diagrams is an essential step in
computational studies. While previous works on
MXenes primanly focused on the stable —0 termination
{¢f Figure 1d) [41], this may not be the most stable
under electrochemical conditions. More recently, Meng
et al. [267] and Lopez et al. [27%] considered Pourbaix
diagrams for MXenes involving several terminations
(o Figore le). Ashron ec al. [49] used them to prediet
favorable MXene svnthesis conditions.

Kinetic aspects of HER by MXenes

Studying the transition states (T'Ss) for the VH and VT
mechanisms in HER is complex due to coupled proton-
electron transfers. Some studies treated them as non-
electrochemical steps. Only one study by Lopez et al.
[507] mvestgated the kinetics of HER on V>0 MXene
{¢ff Figure 1f—g) and simulated the Tafel slope, which
indicates the reaction rate based on current density and
overpotential [31,51,52]. The Tafel also is provided
about the rare from the current density (7) and as in Eq.
(7) [531,

togiog (N} = logio o + M0 (7)

where 1/# is the Tafel slop, 7 and ji are the current density
and exchange current density, respectively [54]. The
relationship between the free energy landscape and the
Tafel plot is complex. Accurate measurements require
quasi-equilibrium [55,56] or steady-state [57] conditions.
Tafel slopes are condition-specific and influenced by
several factors |55-61]. Furthermore, the role of the fre-
quency factor (A) in MXenes HER activity also should be
cxplored, as it is known that HER activity of noble metals
involves high A values [62].

Descriptors of the Hydrogen evolution
reaction by MXene electrocatalysts

Various deseriptors have been proposed to evaluate the
HER performance of MXenes, including the HER
overpotential (1) [28], the exchange current jy [63], as
in Eq. (7), and AG [64], being used rto represent
MXenes catalytic activity and identify important prop-
erties through voleano plots (of Fig. 2a and b). Among

Table 1

Overview of potential linear relations for HER on MXenes pro-
posed in recent years. These involve various properties such as
Bond Length (BL), the Bader charge variation (N,), Gibbs free
energy of hydrogs ion {AGu) ing and fi i
energy of modified MXenes (E, and Ej), Fermi level energy
{Epermi), the lowest unoccupied state (o ys). the highest peak
position (E,), p-band centre (ep) of density of state (DOS), over-
potential (1), exchange current (5}, the number of valence elec-
trons, atom radius, and electronegativity of doped atoms of
MXenes. The are also

Relevance BL N, AGy & B Eumi Rel.
BL P v [32,83,87]
Ne ) A S [33,38°.37]
AGy v o 4 (32,3837
E, Voo J [28,37°]

E U [29,87°]
Eeams W 277

£lug V 371

Eplep i [32,47]

n [28]

] [83]
H-coverage I [30,85,71]
Atom Radius ) J 21
Valence Electron Num, s 72
Electranegativity v 72"

them, especially the 4 band (g4) and p-band () cen-
ters, are often used as descriptors for HER activity
[65—67] (o Figure Ze and d). Anand et al. [67] sug-
gested that a closer gg to the Fermi level improves
charge transfer kineties. Jin er al. [32] found a correla-
tion between e, and AGy, indicating the impact of the
outer metal laver on HER activity and H adsorprion.
Further derails can be found in Fig. Ze and summarnized
in ‘lable 1. Exploring the linear relationship berween
deseriprars is crucial for evaluating HER activity. It can
reduce the cost of high throughput screening and
facilitate the synthesis of MXenes with enhanced HER
acrivity based on theoretical principles.

Summary and outlook

MXenes are promising candidates as efficient electro-
catalvsts for hvdrogen production. Sereening MXenes
through experiments or modeling using grounded de-
scriptors simplifies evaluation and design. However, a
comprehensive overview of recent developments and
expanded descriptors is missing. Further research is
needed to explore the role of mixed surface rermina-
tions under realistic conditions, as most studies have
focused on specific terminations. Also, advanced ap-
proaches, like explicit inclusion of solvation effects [65]
and making used grand-canonical DFT [69], reshape
the understanding of electron transfer reactions and
catalytic activity on MXene marterials. HER kineties and
appropriate modeling with deseriptors have received
limited attention. Further exploration is needed in this

Current Opinion in Electrochemistry 2023, 40:101332
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area. Additionally, machine learning [70%] is widely used
to accelerate the discovery and design of catalytic ma-
terials, but its development is ongoing.

Declaration of competing interest

The authors declare that they have no known competing
financial interests or personal relationships that could
have appeared to influence the work reported in
this paper.

Data availability

Data will be made available on request.

Acknowledgements

The present study has been supported by the Spanish MCINAEL
10.13039/501 100011033 PID2021-126076NE-100  and  TEDZ021-
1295068-C222 projecrs, funded partially by FEDER, wne momerse o faver
Europe, and Mari de Moz CZ021-001202-M granes, including funding
from European Union and, m part, by and GOSTAumn CAL8234, Th:
auchors also thank G de Caral for fick
rescarch groups {"U’iSGR?‘)] L.M. thanks the China Scholanh:p Council
for finzncing her PhD (CSCZ202108390052). EV. thanks che ICREA
Academiz Award 2023 Ref. Ac2216361.

References
Papers of particular interast, published within the period of reviaw,
have bean highlighted as:

* of special interest

PP

on MXenes Meng et al. 5

Xiong W, Yin H, Wu T, LiH: C ges and oppor of
transition metal oxides as electrocatalysts, Cham Eur J 2023,
29, a202202872.

Gao &, Jao ¥, Ma F, Jiao ¥, Waclawik E, Du A: Structures and
phase transition of a MoS; monolayer. J Phys Chem C 2015,
119:13124-13128.

Kibsgaard J, Tsai C, Chan K, Benck JD Warskov JK, Abild-
Pedersen F, Jaramilio TF: Desi
metal phosphide catalyst for hyﬁmgen evalution using

and th trends. Energy Enviren Sci 2015,

14,

83022 3028

Lukowshki MA Daniel AS, Men—g i3 Fnrtlcaux e i.l L Jm S

Hydrogen fram
flic MoS; heets. J Am Ghem Soc 2015,

15,

1351027410277,

16, Jaramillo TF, Jorgensen KP, Bonde J, Mielsen JH, Horeh 5,
Chorkendorff |. ldentification of active edge sites for electro-
chemical H; evolution from MoS; nanocatalysts Scionca
2007, 317:100-102.

Maguit M, Kurloghs M, Presser V, Lu Jd, MNio J, Heon N, Hullman L,
Gogelsi Y, Barsoum MW: Two-dimensianal nanocrystals pro-
duced by exfoliation of TizAIC;. Adv Maler 2011, 23
42484253,

Gogolsi ¥, Anasori B: The rise of MXenes. ACS Nano 2018, 13;
84591 -5484,

Morales-Gareia A, Calle-Valleje F, llas F: MXenes new horizons
in catalysis. ACS Calal 2020, 10:13487- 13503,

Mohammadi AV, Rosen J, Gogotsi ¥: The world of two-
dimensional carbides and nitrides (MXenes), Sclance 2021,
372, eabi1581.
A forwardJocking review of the field al M}(enes with infarmation
related fo structure and on of I the and
expermental demonstration of M}(ane properties, synthesis and

1. Drasselhaus MS, Thomas IL: Al energy g ing, energy storage, harvesting, and electrocatalysis, and dis-
Natitre 2001, 414:332-337. cusses pending challenges thal will deepen the fundamental under-

a T A . " = o004 standing of MXenes properties and enable their use in a variety of

: 3;;"‘;{":—.9 o Eragen - emerging technologies for hybridization with other 20 materials.
21, Sardar 5, Jana A Covalent surface alteration of MXenes and

3. Deng F, Qlvera-Vargas H, Zhou M, Qu.lS Sirés |, Brillas E: i Y nducti Her 2020 3138713
Critical review on the of Fi in the e Wiast.on ciletoandy PRy ale 2020, 3:192 i
electro-fenton nnd" ting strate- 22, Yu X, Gai X, Cul H, Lee SW, Yu XF, Liu B: Fluorine-free prep-
gies. Chem Hsv 2023, hitps:/doi.org/10.1021/ aration ofman]urn carblde MXene quantum dots with high
acs.chemrey 2c00684, near-inf for cancer th

4.  Chu S, Majumdar A: Opportunities and challenges for a sus- Nannssald 201 Sl ”w
tainable energy future. Nafure 2012, 488:284-303, 23, Kamysbaysv V, Filalov AS, Hu H, Bul X, Lagunas F, Wang O,

5. Hossaeinl 3E, Wahid MA: Hydrogen production from Ki W, Talapi va @ aurrface metal carbide :&:::s-
and sustainable energy resources: promising green energy ience g
carrier for clean development, Henew Susiain Energy Fay Sei e, 369.979-963.

2016, 57:850-866. 24 Wei J, Zhou M, Long A, Xue Y, Liao HB, Wai C, Xu ZJ. Hetero-

6. Crablree GW, Dresselhaus MS, Buchanan MV: The Hydrogen s“:c“'"d EIEG"MMY“S Jor "‘I?-"’gi';f:gﬂ'g'ﬂ'{‘, frachon
economy, Fhys Today 2004, 57.38—44, 5148—5180,

7. Nnabuifs 5, Ugheh-Joheson J, Okeks NE, Oghonniaya C: 25, Handoko AD, Steinmann 5N, Seh ZW: Theory-guided materials
Presant and in produc- design: two-dimensional MXenes in electro- and photo-
tion: a fechnological review. Carbon Capmn: Séi Technoi 2022, catalysis. Nanoscale Horlz 2013, 4:809-827.

3100042, ) ) )
28. Meang L, Yan LK, Vifes F, llas F; Effect of terminatiens on the

8. Xu.JG, Fromenl GF: Methane steam reforming, methanation * Hydrogen evolution reaction mechanism on TisC; MXene,
and water-gas shift. 1. Infrinsic kinetics. AICHE J 1983, 35; J Mator Chem 2023, 11.6886-6900.

88-96. A comprehensive analysis of the effects of MXene terminations on
: At lations, exploring the mechanism changes

8. Suryantc BHR, Wang Y, Hocking RK,; Adamson W, Zhao C: HER from DFT calcul
Overall electrochemical splitting of water at the heteroge- c:olmparsd Iomdd\lm:lﬂal‘s!ug:as Ml abso peegening M%"ﬂ
neous interface of nickel and iron oxide. Nat Commun 2019, volcans, pial. thal & imos 3
10.5598 27, Lopes M, Exner K8, Vines F, (llas F: Computational Pourbaix

* diagrams for MXenes: a key ingredient toward proper theo-

10. Raveandran A, Chandran M, Dhanusuraman R: - £, i :

A comprehensive review on the electrachemical parameters ;l;tga;]ﬁlectmcatﬁlyl‘lc studies. Adv Theory Simul 2022
and recent of water = :
I
i Whemelityts: FEL At 0%, TSGR, Paepi acrans T ars Tock e 2 For ey st ramocy.
11, Li G, Back JB. Recent advances in noble metal (Pt, Ru, and Ir)- namically stable, surface models rep the

based electrocatalysts for efficient Hydrogen evolution re-
action. ACS Omaga 2020, 5:31-40,

specific pH and potantial Saveral M)ienes
were studied, highlighting the importance of sslscﬂng appropriate

www.sciencadirect.com

135

Current Opinion in Electrochemistry 2023, 40:101332



2D-MXenes in Advancing Electrochemical and Thermal Catalysis

6 Fund | and Tt ical El hemistry (2024)
madels for 1h electy ysis investigations, especially in
catalysis,
28. Pandey M, Thygesen KS Tw0~d|lnen5|onal M)(enes as cata-
sts for electr I Hydrogen
tional screening study. J Phys Cham & 2017, 12!.
13583~ 13588

29. Cheng YW, Dai JH, Zhang YN, Song ¥ Twe-dimensional, or-
derad, double transltlon metal carbides (MXenes): a new
fsmuly of pi for the re-
action. J Phys Chem 6‘2018 1222811328122,

30, Cheng YW, Dai JH; Zhang YM, Song ¥: Transition metal
modification and carbon vacancy promoted CryCO;
{annes) a new nppnﬂul‘liﬂf for a highly active c.alalyst for

J Mater Chem 2018, &

EDB’YB 2096‘3

31. Sahoo SK Ye ¥, Lea S Park J, Lea H, Lee J, Han JW: Rational
design of TIC—suPponed single-atom electrocatalysts for
re-

Hy g and Oxygen
actions. ACS Enargy Lett 2019, 4126132,

a2, Jin D, Johnson LR, Baman AS, Ming X, Gao Y, Du F, Wei Y,
Chen 3, Vojvodic A, Gogotsi Y, Meng X Computational
screening of 20 ordered double Iransltlon metal carbides
(MXenas) as el for ion reac-
tion. J Phys Ghem € 2020, 124: 1058410582,

33. Su Y, Song M, Wang X, Jiang J, Si X, Zhao T, Qian P: System
theoretical study on the effect of variable nonmetallic doping
an imp!oving catal)rﬂ-c activity of 2D-TizC,0; for Hydrogen

Nar 2021, 11:2497,

34, Kan—gz Ca!.J YeD Zhao H, Luo J, Zhang J: Three-dimensional
I+l MXEns as to form hrgh parformance

i t
hydrn-gen J Chem Eﬂg 2022 446 13r443

35, Bai 5, Yang M, Jiang d, He X, Zou J, Xiong Z, Liao G, |_|u s
Recent advances of MXenes as electr for v g
evolution reaction. NE. 20 Mater Appl 2021, 578,

36. Wang C, Wang X, Zhang T, Qian P, Lookman T, Su Y
" A descriptor for the design of 2D MXene hydrogen evolution
reaction electrocatalyst. J Mater Cham 2022, 10:18195-18205.
An analysis of the HER p of the TizCOz MXene, with a focus
on condufivity, stability, and electronic structure theory, developing
simple descriplors, then using high-throughpul calculations and ma-
chine leaming processes to find highly aclive HER catalysts more
efficiantly.

37. Jiang W, Zou X, Du H, Gan L, Xu G, Kang F, Duan W, LiJ:

*  Universal descriptor for large-scale screening of high-
performance MXene-based for energy ge and
conversion Chem Maler 2018, 30, 2687-2683,

A proposal and testing of a series of descriptors related fo the MXene

HER process, and accurately related to the AGy trend. This include the

lowest occupation state (eLUS), the number of electrons gained by the

nx%gven atom (Ne), the axygen vacancy formation energy (Ef), 1o name
This faciliates efficient searches of eficient electrodes based on
Mxenes and as enargy storage devices,

38. Norskov JK, Rossmieis| J, Logadotiir A, Lindgvist L, Kitchin JR,
Bligaard T, Jénsscn H: Origin of the overpotential for Dxygen
reduction at a fuel-cell cathode. J Phys Chem 8 2004, 108
17886-17882.

39. Kozuch S, Shaik 5: How to conceptualize catalytic cycles?

The energetic span model. Acc Chem Res 2011, 44:101-110.
A key arlicle prssenlng the energy span model that esiahlshes a
direct and theoretical results, The
turnover Irequency {TOF) is ‘thumughly defined from a theorefical
perspective, and a change in the conceplualization of catalytic cycles is
in order: In catalysis, there are no rate-determining steps, but rather
rate-determining slates

40. Exner KS: A universal des:rimnr for the s:rsanlng of alec-

* trode for d the
ther i I ACS Cafa. 2020, 10
12607-12617.

A thoroughly analsysis of the linear scaling relationship leading to the

volcano plot constructed using the traditional thermodynamic over

potential activity descriptor 1. The role of kinetics is also presented

which leads to the proposal of the alternative activity Gy, 1) descriptor
for multi-electron processes. This approach incorporates both applied
overpotential and kinetic effects for 2 more comprehensive evaluation
of catalytic activity.

41, Liud, Peng W, Li Y, Zhang F, Fan X: 2D MXene-based materials
for electrocatalysis. Trans Tlanfin Univ 2020, 26:148-171.

42, Ocka H, Huang J, Exner KS; The Sabatier principle in elec-
basics, and ex . Front Enargy
Res 2021, 9:654480,

43, Koper MTM: Theury of muniple proton —electron transfer re-
actions and its . Chem Sei
2013, 427102723,

44. Yang @, Li G, Manna K, Fan F, Felser C, Sun Y: Topological
engineering of Pt-group-metal-based chiral crystals toward
high-efficiency Hydrog ysts. Ady AMater 2020,
32:1908518,

45, QOoka H, Nakemura R: Shift of the optimum binding energy at
higher rates of catalysis. . Fhvs Chem Laifr 2018 10:
B706—-6713.

46. Exner KS: Does a ther itral el d
to the apex of a volcano plot for a simple twa-alectron | pro-
cess? Angew Chem Int Ed 2020, 5%:10236-11024,

47 Gan J, LiF, Tang O Uscan:les-nngmeeraﬂ M.CO. ngns as
an efficient Hydrogen Iy
J Phys Chem Lalf 2021, 12:4805-4813,

48, F'E{Fy v, Abrahnm BM Jyn‘hln’nm MY, Singh JK: Mechanistic
of CO; into hydrocar-
bon I'uels aver O-terminated MXenes. Cafal Sci Technof 2022,
J2:2223-2231.

49, Ashlon M, Tromeler N, Mathew K, Sunh\m hJ, F-rr-lysnlﬂl G,
Sinnott SB Hennig nG F the h i syn-
thesis of 20 als from first princi J Phys Cham ©
2018, 123:3180-3187.

50. Lopez M, Exﬁr ﬁf Vifies F, lllas F: Theoretical study of t;&e
MXene: th fynamic and kinetic Jcawzma
hitps:idoi org/10. 1016 joat. 2023.03.027.

A comprehensive evaluation of the thermodynamics and kinatics of

HER on MxXene from DFT based calculation, in contrast to the tradi-

tional refiance on the well-known AGsy thermodynamic descriptor. In

additicn, a theoretical evaluation of Tafel plois bridges theory and
experimant, reporting a potential-depending switching of the preferrad
machanism from the Volmer-Heyrovsky o the Volmer=Tafel.

51, Yuan W, Huapg @, Yang X, Cul Z, Zhu S, LI Z, DU S, Qlu N,
Ll‘ing ¥ Twor Mo;C for
Hy into lhe origin of Hydrogen
e\mlutﬂ:n reaction actlvny in acidic and alkaline electrolytes
ACS Appl Mater interfaces 2018, 10:40500-40508

52, Yan ¥, Zhang R, Yu it Sun Z Che R, Wei B, L.aGmw AF‘
Wang Z, Zhou W: 1 oi' PtNi
drons@TisCy MXene with
lution scu\rlty and stability. App! Catal B Enw.rcm 2021 291
120100,

53. Parsons R: G I i for the kinetics of el iy
processas: Trans Faraday Soc 1951, 47:1332-1344.

54, Tafel J: Uber die Polarisation bei Kathodischer Wasser-
stoffentwicklung. 2 fur Phys Che 2017, 905:641-T12.

55. Alkins P, Paula JD: Physical chemislry for the life scisnces. New
York, NY: W. H. Freeman and Company, 2006:275-276.

56. Chang R: Physical chemistry for the biosciences. Sausalits, CA:
University Sciance Books, 2005:366—356%,

57, Reimers AM, Roimers AC: The steady-state assumption in
ascillating and growing systems. J Theor Biof 2016, 406
176=186.

58. Bai 8H, Zhang 5@, Yu Y, Li JF, Yang Y, Wei H, Chu HB:
Fabricating rwtrugen -rich Fe-N/C electrucalalysts through
CelDy far d gen tion re-
a::tlun Chemeiectrochem 207 9, B:4040—4048,

Current Opinion in Electrochemistry 2023, 40:101332

www.sciencediract. com

136



2D-MXenes in Advancing Electrochemical and Thermal Catalysis

55,

1.

&2,

63

G4,

67,

Exner KS: Why the deli
tatel plots requi of the
termediate's binding nnargy? Electrochem Sci Aav 2622, 2,
a2100037,

Shinagawa T, Esparza ATG, Takanabe K- Insight on Tafel
slopes from a of alectro-
catalysis for energy curlversiun Soi Rep 2015, 5:13801,

Geng.J Wu R, Bai H, Chan IN, Ng KW, |p WF, Pan H: Design of
nnahzed double-metal MXenes (MZM C3Ta: M = Cr, Mo,
M‘ = Ti, V) foi and ¥ Int Hydrog.
Energy 2022, 4? 18725— 1&?37

Zeradjanin AR, Narangeda P, Masa J, Schidgl R: What controls
activity trends of elect ytic hydrogen ion Reac-
tion? - Activation energy versus frequency factor. ACS Catal
2022, 12:11587-11605,

Gan J, Li F, Tang Y, Tang Q: Theoretical study of transition-
metal-modrﬂed Mozcoz MXene as a catalyst for the Hydrogen
Chem 2020, 13:6005.

cf cApcl

Ekspong iR Gmcla—Espino E, Wagberg T: Hydrogerl evalution
activity of a theoretical
model, J Phys Chem C 2020, 124:20911-20921

Gao G, O'Mullane AP, Du A: 2D MXenes: a new family of

PP

on MXenes Meng et al. 7

68, Abidi N, Skrzypczak AB, Siclnmann SN Flevlsitlng the active
sites at the MoSyH;O i via g FT: the
role of water dasmla!lorl ACS A,ap.l Marslr Inteifaces 2020, 12:
31401 -31410.

B9. Abidi N, Skrzypczak AB Siemrnann SN How stable are 2H-
Mo5, edges under h ?
J Phys Chem 02021 125: f?058 17067,

0.

Abraham BM, Sinha P, Halder P h JK: Fusing machine
*  learning strategy with density fw;é?unal theory to hamn the
discovery of 2D MXene based catalysts for hydrogen

ation; J Mater Chem 2023, hiips:/doi org/ 10, 1038/037T AQ dE'.
A robust and broadly applicable mullistep workilow using supervised
machine learning (ML} algorithms 1o construct well-trained data-driven
models 1o predict the HER activity from DFT based caleulations. The
physically meaningiul predictions and insights of the developed ML/
DFT-based multistep workflow will open new avenues for accelerated

screening, rational design and discovery of potential HER catalysts.

71: ¥YangH, Ma Y, Lv X, Huang B, Dau 4 Pmdlctlon of mtnnsu:
aleclruca!aly‘tli: activity for in

TigXs (X = C, N). / Catal 2020, 387:12~16.

Wang X, Su Y, Song M, Song K, Chan M, Gian P: Design single

* nonmetal atom doped 2D Ti;CO; electrucatalysl for hydrogen
evolution ion by electranic Appl
Surf 5¢f 2021, 556149778,

A descriplor based study of the coupling of valence electrons and charge

transfer o predict the catalylic activity trend of the 20 NM-TioCOs. The

lysis of the electronic struciure, not only explains the ra-

far the hyd ACS
Carar 3017, 7.494-500.
. Jimo Y, Zheng Y, naw_ay K, Qlao =;z nﬂgln and Iy
design pr P ati
dop :.' Nal !:m-'rgyzmﬁ 1,16130,

Anand R, Ram B, Umer M, Zafari M, Umer 5, Lee G, Kim K5:
Doped MXene combinations as highly efficient bifunctional
and multifunctional catalysts for water splitting and
metal-air batteries. J Mater Cherm 2022, 10:22500-23511.

hmaliy of this simple coupling dascripior, but also reveals the regulation
origin of HER catalylic aclivity. Furthermaore, this provides a theoretical
basis for the dasign and high-throughput screening of HER catalysis.

73, Gogols: ¥, Huang 00 MXenes: two-dimensional building
blocks for future materials and devices. ACS Nano 2021, 158!
5775-57ED,

www.sciencadirect.com

Current Opinion in Electrochemistry 2023, 40:101332

137



2D-MXenes in Advancing Electrochemical and Thermal Catalysis

138



2D-MXenes in Advancing Electrochemical and Thermal Catalysis

Chemistry
Concept i Europe
ChemElectroChem doi.org/10,1002/celc 202300598 Sothe Pt

www.chemelectrochem.org

MXenes as Electrocatalysts for the CO, Reduction Reaction:
Recent Advances and Future Challenges

Ling Meng,” Ebrahim Tayyebi,™ Kai S. Exner,*™ Francesc Vifies,*® and Francesc lllas®

MXenes for Electrochemical CO, Reduction

ChemElectrolhem 2024, e2023005%8 (1 of 9 2 2024 The Authors, ChemElectroChem published by Wiley-VCH GmbH

139



2D-MXenes in Advancing Electrochemical and Thermal Catalysis

ChemElectroChem

Concept

doi.org/10.1002/celc. 202300598

Chemisiry

Europe

Electrochemical carbon diexide reduction (CO.RR) s gaining
momentum as an effective process to capture and convert CO;
Inte wvaluable chemicals and fuels, as well as to contribute
reducing greenhouse gas emissions. Twe-dimensional transition
metal carbldes andfor nitrides (MXenzs) are Increasingly
attracting attention as CO.RR electrocatalysts due to their
enhanced chemical activity and selectivity, overcoming limita-
tions of traditional metal CORR electrocatalysts, and likely
Breaking the scaling relations of reaction intermediates toward

1. Introduction

The excessive use of fossil fuels has led to an increase in the
atmospheric carbon dioxide (C0.) concentration, causing global
warming and climate change. CO, capture and usage (CCU} is
an appealing strategy to counteract it, using CO; as a ¢
chemical feedstock, and turning the C0, economy into a waste-
to-product medel, closing the C-cycle when using sustainable
energy resources.”! Here, the use of electrocatalysts for €O,
reduction reactions {CO,RR} & gaining momentum, with
research endeavors aimed at finding or developing active and
selective  electrocatalysts working at a low reduction
averpotentials™

Currently, the primary focus is on transition metal [TH)
catalysts such a3 oxide-derived Cu electrocatalysts, having a
unique reactivity in converting €0, te hydrocarbons and
alcohols.* Still, on such TM catalysts, the bonding similarity of
C-based moieties makes it difficult to independently stabilize
certain intermediates such as CO* or CHO®, eventually seversly
limiting their chemical activity and overpotential®™” For
instance, on Cu, methane (CH,) production is observed at an
applied electrode potential, U, of — 09V vs the reversible
hydrogen electrode (RHE) with a slow reaction kinetics. While
kinetics is facilitated at U below —1.1V vs RHE, the increase in
activity |s accompanied with a concomitant lower selectivity
due to the competing hydrogen evolution reaction (HER} as a
detrimental side process™ Clearly, there s still reom for
improvement with the ultimate target of finding economic
electrocatalytic materials with Improved kinetice and selectivity
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the desired product. The present concept reviews the state-of-
the-art in the computational description of CO,AR on M¥Xenes,
going from CO, activation on pristine medels to different
surface terminations, and discuss possible ways to tune the
catalytic activity and selectivity, Including doping, defects,
supported single metal atoms, solvent effects, and electric field
effects, while putting in the spotlight prospects by Including
kinetic aspects.

while operating at lower cathodic overpotentials; that is, toward
mare pasitive electrode potentials.

Recently, a growing interest has evolved on using two-
dimensional (2D) transition metal carbldes and/or nitrides
[M¥enes)™ for CO.RR. MXenes, with general formula M, . X.T,
(h=1-3), are made of early TMs (M), carbon andfar nitrogen
(X}, and, as a result of their synthesis conditions, normally
display terminal functional groups T, typically -Q, —H, -OH, or
—F, as well including —Cl, -1, —Br, —5%, —Se, —Te, —NH, and
~NH,."""2! pXenes feature high surface areas, abundant active
sites, excellent conductivities, structural stability, corrosion
resistance, and hydrophiliciry."'" Interestingly, MXenes have the
potentizl to, to some extent, circumvent Cu-based electro-
catalysts conductivity, stability, and selectivity issues, and are
thus appealing for CORRM

Many advances in CO.RR by M¥Xenes have been spurred by
computational studies carried out in the framework of density
functional theory (DFT). Mewertheless, there is still a lack of
comprehensive understanding even if it has been gradually
increasing over the last years. Hers, we present a comprehen-
sive review of the most significant DFT advances in the CO.RR
elactrocatalysis by MXenes, critically discussing the model
evolution and impact, with the eye put an the still unresolved
research questions and future prospects.

2. First Generation of MXene Models for CO,RR
(2017-2018)

Some of the earllest DFT studies focused just on the CO,
capture by clean MXenes!™"™ These first studies revealed a
wery high chemical activity of MXenes, irespective of n in M, .
X, being able to capture CO, even at adverse working
conditions of temperature and COQ, partial pressure, and to
activate it by charge transfer, leading to a negatively charged,
bent, adsorbed CO.~ melecule with elongated C-0 bonds {cf.
Figure 1a). The model computations forecasted high, yet
conservative, CO, loading capacities up to 8.25 malkg ' These
predictions were experimentally confirmed, reaching values of
12 meol £O, kg™, paving the way toward the use of MXene in
CORR electrocatalysis!™ Indeed, Ui et al® focused on M.C,
MXene models and proposed Cr.C, and Mo,C, (cf Figura 1b) as
likely the most selective toward CH,, Their finding reveals that,
except for the initial two adsorbates (COO* and COOHY),
reaction intermediates primarily attach to MXenes wia an

£ 2024 The Authors. ChemEledraChen published by Wileyr-VCH GrbH
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oxygen (0%) atom. The diverse configurations in which inter-
mediates are adsorbed suggest the possibility of a different
scaling relation for MXenes.

In contrast to Cu-based electrocatalysts, where the poten-
tial-determining step (PDSE™ that is, the elementary reaction
step with highest free-energy change under equilibrium
conditions, is primarily influenced by the early stages of the
proton-coupled transfer processes in CO,RR. LI et al. observed a
PDS shift toward later stages of mechanistic description due to
the removal of O* by water formation identified as the PDS
This goes along with previous studies™ ¥ indicating that the
higher the degree of bending of chemisorbed CO., the higher
its chemical activity, eventually easing the difficult initial hydro-
genation steps. However, the electrocatalytic activity approxi-
mated by means of the limiting potential (U]} analysis,
indicating the electrode potential at which all elementary steps
are exergonic or downhill in free energy,™ was found to be still
small due to U <—1V. The PDS was related to water or
hydroxyl formation on Mo.C; and Cr,C, respectively, in line
with a rather high hydrophilicity of pristine MXenes'" This
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prompted the authors to evaluate the performance of termi-
nated MXenes, such as Mo,C,0, and Mo,C,{OHL,, revealing that
Mo,C,0, exhibited a reduced U, of —0.54V (cf Figure 1¢) while
the PDS shifted to the step CHO*—CH,0% On the other hand,
the CO, adsorption Gibbs free energy weakens from —0.86 to
+0.23 8V (cf. Figures 1b.c), implying a difficult transition from
chemisorption to  physisorption. Consequently, a balance
between small overpotential in conjunction with chemisorbed
CO, would be desirable for an enhanced CO,RR.

In summary, the first generation of MXene theoretical
models were oversimplified, often overlocking the presence of
surface terminations in terms of the limiting petential analyses.
Albeit cleaning protocols to gain pristine MXenes exist, and
synthetic procedures have been developed to obtain such
MXenes absent of surface terminations, ™ researchers moved
to a second generation of models, where surface terminations
were explicitly accounted for to emphasize their important role
in CO;RR.

in  electrochemistry, descriptor-based  ap-
preaches for materials screening, microkinetic
approaches for catalytic processes at electri-
fied interfaces, as well as the investigation of
blomalecules for drug delivery or blocatalytic
applicatians,
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Figure 1. i3} Side and top views of €O, adsorbed on Miene (0001] surfaces from ref, [15] Cof

ight (2018}, with | from Royal Society of Chermistry.

{b=c} Minimum energy pathway for the CO, conversion into CHy, and H,0 catalyzed by Mo,C; and MoC,0,, respactively, from ref. [20] Copyright (2017), with

permission from American Chemical Saciety.

3. Second Generation of MXene Models for
CO,RR (2018-2020)

The second generation of MXene models for CO,RR first
emerged in 2018 when Handoko et al”® screened 19 types of
O-terminated M X0, MXenes (cf. Figure 2a). There, at variance
with TMs = with a strong CO* bonding and the presence of only
—C coordination - the surface O moieties allow the stabilization
of reaction intermediates through —H coordination, energeti-
cally favering e.g. formic acid product; this is, along the
minimum energy pathway, the MXene catalyst relies less on —C
ceordinated intermediates such as COOHY, and alternates with
—H coordinated intermediates, such as HCOOH* (cf. Figure 2b).
This implies that U, can be independently tuned with respect to
the adsorption free energies of CODH* or HCOOH* to achieve
higher electrocatalytic activities. In addition, compared to Cu as
electrocatalyst®™ the most promising W;CO; and Ti,CO,
MXenes show significantly lower theoretical overpotential of
—0.52 and —0.69 V (cf. Figure 2a).

Subsequently, Chen et al”¥ investigated the thermodynam-
ic and kinetic catalytic properties of —OH terminated MXenes
{cf. Figure 2¢), revealing that S¢,C(OH), exhibited the lowest U,
of —0.53V. The high CO,RR activity was attributed to the key
role of —OH muoieties in stabilizing the adsorbed intermediates,
e.g. fadlitating H,CO* and HCOOH" intermediates by making
use of surface —H. There, U, for each elementary step is
astablished as a linear function of the H vacancy formation
energy, Fu as U =U,} a*H-Ey., where U, is the limiting
potential when E..=0, a*H is the slope that describes how
much £, is impacting U, (cf. Figure 2d), while E,,.. and the

ChemblectroChem 2024, 2202300598 (4 of 9)

Bader charges were primary descriptive indicators of the CO.RR
performance.

Furthermore, while theoretical studies often focus on
determining the most viable routes leading to more highly
reduced hydrocarbons like CH, experimental investigations
invelving MXenes commonly reveal less reduced products such
as formate or CO. For example, Handoko et al®¥ established the
influence of surface terminations on CO;RR, where the catalytic
activity correlates with the proportion of —F and —O termina-
tions on Ti,CT, and Mo,CT, (cf Figs. 3ab), so that a higher —F
propertion on Ti,CT, showed less catalytic activity and
selectivity. The lowest U, for selective HCOCH formation was
observed on Mo, CT, with a small —F fraction of 3.8% (cf
Figure 3c-f). This model change is backed up by the fact that
the synthesis of single/pure surface-terminated MXenes is quite
challenging, and, even though the successful synthesis of pure
Mo,TiC;0, has been reported,™ mixed terminations are still
prevalent. Without any further ado, future research should focus
on such mixed surface functional groups on MXenes, defining
more realistic models to get more accurate and in-depth
analysis of the CO,RR.

4, Third Generation of MXene Models for
CO,RR (2020-present)

The third generation of MXene models primarily focused on

structural madifications, including not only T, components, but
also, doping, single atoms, and defect engineering. As far as
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potentials (L) for CORR, HER, and the difference between the two; U (CO U (H), on Mo CT, at varying —F T, fraction, from ref. [33] Copyright (2020), with

permission from Elsevier.

surface defects are concerned, Chen et al™ investigated the
effects of M atom (V) er C/N atem (V,) vacancies on the U, of
M,X0, MXenes studying the distinct response on intermediates
such as COOH* or CHO* and adsorbed melecular products such
as HCOOH* or H,CO* (cf. Figure 4a). Their study revealed that
Vi and Vy significantly influence the reaction intermediates
bonding while this effect was less pronounced for CO,

ChemElectrolChem 2024, e202300598 (5 of 9)

adsorption (cf. Figure 4b). In addition, V, seemed to strengthen
the binding while the opposite effect was found on V,, thus
opening a path for the regulation of U,. Aside, binding energies
linearly correlated with Fermi level shift (AE....), which can be a
good indicator of the electrocatalytic activity (cf. Figure 4c). This
point was proven later on borides™ while a posterior study
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permission from Wiley-VCH. (d} Free energy profiles of CORR to CH, and comesponding intermedi

adsorption confi an Mo,C, Mo, C0 0., and

Moy CO-0y,, from ref. 371 Copyright (2022), with permission from Elsevier. (e} Schematic diagrams of CO; melecule and CO intermediate activation
mechanisms on TMaTi,C,0, and TM&Ti,C,0,,B, from ref. [42] Copyright (2023}, with permission from Royal Secisty of Chemistry.

pointed out further improvements by adjusting the surface
vacancies number and position (cf. Figure 4d).*"

Similarly, doping can be used to engineer the catalytic
activity as it influences the MXenes electronic structure, Li
etal™ found that metal doping resulted in an upward d-band
center shift on Mo,C,, unbalancing the scaling relationship
between the adserption energies of H,CO,* and H,COOH* as
well as intermediates associated with the PDS, while displaying
surface-located lone electrons that enhance the catalytic
activity. Later, Cheng et af* found that Nb,CO,, not catalyti-
cally active towards CO,RR, improved the U when substitution-
ally doping C by p block elements in that metal doping not
only reduced the U, but also improved the selectivity toward a
certain product.

Finally, surface single-atom engineering has become key in
regulating the MXenes electrocatalytic activity. By contrelling
atomic positions and compositions, MXene catalysts can be
customized and optimized, offering new prospects for CO.RR.
Apart from Zhou etal™ who studied single atoms catalysts
{SACs} on Ti;G0,, all other studies highlighted the synergy
between single atems and surface terminaticns. In this line, Li
etal™ found that TMs single atoms on O-terminated Ti,C,
TM@Ti,C0,, was more likely to activate CO, compared to the S5
terminated case of TM@Ti,CS;, however, the latter featured a
smaller U, This unfolds the advantages of combining mixed O
and -5 surface terminations.

Likewise, Peng etal™ and Cao etal®™ reported the
synergistic effect between SACs and dopants. In the former, a B

ChemlectroChem 2024, 202300598 (6 of 9)

dopant, TM&Ti,C,0,,B,, gains electrons from the substrate by
leaving a partially electron-deficient 2p orbital. Aside, the empty
2p orbitals facilitate electron donation from the TM to B,
resulting in a strongly polarized covalent TM-B bond with
enhanced structural stability compared to O atoms. The
occupled B orbitals foster electron density donation to the =
antibonding CO, orbital, assisting the TM in activating CO; (cf.
Figure de). All in all, the research field is moving toward
improving MXene CO,RR electrecatalysts activity and selectivity
by considering mixed terminations, doping, vacancies, single-
atoms, or a combination of such factors. The most prominent
studied cases, comprising U, and formation of the main
product, are listed in Table 1.

5. Evolution of the MXene Generation in
Reaction Mechanisms

As far as DFT-predicted CO,RR mechanisms are concerned,
Figure 5 briefly illustrates the main differences depending on
the employed models, while we guide the reader to the
preceding sections and subsequent references for a meore
comprehensive understanding. In first generation meodels (cf.
Figure 5),"%##%1 ¢, undergoes activation through strong
chemical bonds vig C and/or O atoms, while solely through O
atoms in subsequent reduction stages, The latest O* electro-
chemical protonation steps towards water are endergonic in
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Table 1. Summary of recent results on CORR by Myene-based alectrocatalyst, where only the system that exhibits optimal perfformance in each study is
here listed. Second column encompasses the various methods used to medify the structure, including the intraduction of different metals (M), carbides/
nitrides (X}, surface termination (T,), as well as doping and vacancy and single atom catalyst (SAC) engineering, The activity is represented by the limiting
potential (L }. The main products as well as the corresponding literature reference are also shown.
Electrocatalyst Madulation mede Activity PDS Product Ref.
Mo,C.0, Fully -0 term U =054V CHO"—CH,O* TH, 1201
W.CO, Fully -0 term U= 035V €O COOHY CH, (30
Sc,CIOH), Fully —OH term =053V (HICOOHE - CO* TH, Ba
Mo,CT, Mixed -0 and 3.8% —F term U = —037V O —Co0H" HCOGH 231
Vi HEND,T M vacancy =078V HOOOH* —CHO® CH, 35
Ze,NO, Vatiaus M and X U= 045V CO = COOH" CH, [36]
Mo,C0,-0." O vacancy U=—031V CH,*—CH* CH, 37
Mo,Tic, M doping U =035V OCH;0" —HOCH,0" CH, [ES)
Vighb,Co, SAC Y=—0nv O COOH HCOOH 139
CoaTiC,0, SAC U=—02¥ OCHO*—0CH,0 CH, [
CraTiCT, SAC & Mixed 0 and 5 term U =044V H.EOOH®—CH,0 CH, @n
Fe@Ti,C,0; B, T, doping U =040V CH,0*—CH, 0" CH, 421
Ruah5-Ti.C,0, SAC & M doping U=0V O CO0H* co 431
Mo,TiC, M doping Um0y CO*—CHO® TH, r'4]
Mo, - L=—119Y¥ OH*—H 0" CH, I's]
Fe@W,cs, SAC & Fully 5 term U =-0.245V COOH*—LO* o (47
Rughlo,Cs, SAC & Fully -5 torm U=——007y OCHOH® - CHO® CH, 48]
VETi,oN, SAC & Fully N term U =006V CODH*—CO" o [4g]
“Vy stands for Hf vacancy, " O, stands for @ vacancy.
1** Generation 2n Generation 3™ Generation
PCET
COooH*"
o ‘oo

O 'I

-
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2 2PCETs prren C0:(9) ope ogh
. Hem I...' [ g .j-'. d":'!br:nin.n;.m
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Figura 5. Scheme (llustrating distinet reaction mechanisms for €O, reduction on various generations of MXene models. The binding free energies |AG) here
are arbitrary, and only the first proton-coupled electron transfer (PCET] is generally shown, except for latest twe PCETs for O conversion into H,0" on 17
generation MXenes, MXene substrate is shown as brown rectangle, while red, grey, and orange dircles denote reaction maoieties C, ©, and H atoms,

respactively. Surface termination species are shown as green circles.

free energy (AG), and thus, limit the activity in the thermody-
namic picture®¥ On second generation MXene models (cf
Figure 5), the termination groups such as -0, —OH, -S, or —F
alter the €0, and other intermediates binding energies 2030354
Thus, in a hypothetical CO,* weakened scenario (cf. Figure 5),
diverse intermediates may interact with surface groups through
H. C, or O atoms, contingent on the specific group present,
while interaction via H atoms of the —OH termination may
either facilitate proton-coupled electron transfers or stabilize
Intermediates by as-generated surface —O group upon H atom
removal  from —OH™#  Regarding third generation

models 573994748 tha prasence, e.g. of different vacancies can

ChemblectroChem 2024, 202300598 (7 of 9)

meodify the binding energy of intermediates, schematically
shown in Figure 5, benefitting or making more adverse some
H" reduction steps, while this effect has been demonstrated to
have a comparatively lesser impact on CO; binding energy in
comparison to other intermediates.

6. Future Prospects and Qutlook
The present concept shows that DFT calculations have been

crucial to establish MXenes for CO,RR. The continued improve-
ment of medels indicate that these materials have the potential
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for the formation of valuable carbon-based preducts by the
electrocatalytic reduction of €O, with a small U, and tuned
selectivity. Improved medeling has highlighted how, in addition
to the inherent Mxenea activity, the presence of certain surface
terminations or mixed situations can affect the free energies of
key CORR intermediates or open new reaction pathways,
ultimately resulting in @ reduction of the energetic costs of the
PDS.

Further cansideration of structural madification, including
defect and doping, and SAC anchoring, place MXene-hased
electrocatalyst under the spotlight of CORR Mevertheless,
several challenges remain, and careful experimental work is
urgently needed, especially since their performance is predicted
to be highly sensitive to surface terminations. Additional
theoretical investigations of CO,RR by MXenes at working
condition using realistic mixed surface terminations is also
neaded following ploneering work for the hydrogen evolution
reaction (HER)L** Another rock-in-the-shoe is that some theoret-
ical works?™ jgnore the high energy of recovery steps, e.g. on
Mo, C,(OH),, the PDS of the reaction would not be determined
by the AG of OOy activation {0.35 eVl but rather the release of
H,Q, "OH—"+ H,0, with AG of 1.17 eV Focusing on the first
elementary reaction steps of CO.RR vs HER only iz also a
limitation, and thus one should always inspect the entire free-
energy landscape rather than a selected step to render
predictions on the electrocatalytic activity. "% The recently
introduced free-energy span model™**™ offers the apportunity
to track the entire free-energy landscape at low computational
costs and to identify limiting reaction steps in a potential-
dependent fashion, Such advanced frameworks appear of
importance due to the opportunity of a change in the
mechanistic pathway and limiting step  with increasing
overpotential,”! indicating the need to go beyond the
potential-independent contermplation of the energetics by
means of the limiting potential analysis.

In the early early-stage of catalyst design one should also
consider the synthetic feasibility, with negative formation
energies, £ 0, and the electrochemical stability, with positive
dissolution potentials, Ua, =0V Pourbaix diagrams should
be also utilized to determine the catalyst surface compesition
and stability ¥ In the SAC context, the TM adsorption energy
Is far from being sufficient" and a comparison between the
TM adsorption and bulk TM cohesive energies is needed to
properly evaluate the TM SAC thermodynamic stability, and
better when accounting for dynamic stability when inspecting
the TM adatom diffusion energy. ™ Finally, the effect of the
external electric field can be regarded,™ as an additional way
af tuning CO.RR products efficiency.

Furthermore, recent research has highlighted the pivotal
rale of the elactrolyte compasition in shaping CO,RR selectivity
and activity, Large alkali cations have been identified to
improve the selectivity and activity of CO,RR, though the
precise mechanisms are still a subject of intense debate=" A
recent experimental work™ has shown that the performanca of
a TLET, madified glassy carbon slectrode improves as the
concentration of KHCO, in the electrolvte increases. When a
01 M KHCO, solution was present, they observed negligible

Cherm EectroChern 2024, e202300598 (3 of 9]

product formation. However, when using a 05M KHCO,
electrolyte, a variety of different CORR products, comprising
0, methanol, ethaneol, and acetone, were quaniified.

Clearly, the future use of MXenes for CORR is continuously
spurred by computational simulations that slowly but steadily
include more ingredients in the models, aimed at either tuning
the performance and/or selectivity, and to deliver more
accurate estimates. This requires modeling and modulating the
type and ratio of mixed surface groups, an explicit inclusion of
the electrolyte, and a potential-dependent assessment of the
reaction energetics to identify critical reaction steps, either from
the thermodynamic point of view, but alsc when possible
Incorporating a kinetic assessment, as recently done for the HER
over V,C Miene by the simulation of Tafel plets.* These
advanced predictions, when duly accounting for the surface
hydration and the presence of ions in the electrolyte medium,
will be the cornerstone for the design of efficient CO,RR
MXene-based electracatalysts,
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Abstract

The performance of B-containing TizC2 MXenes as catalysts for the nitrogen reduction
reaction (NRR) is scrutinized using density functional theory (DFT) methods on realistic
models and accounting for working-conditions. The present models include substituted
and adsorbed boron along with various mixed surface terminations, primarily comprising
—0 and —OH groups, while considering the competitive hydrogen evolution reaction
(HER) as well. The results highlight that substituted and low-coordinated adsorbed boron
atoms exhibit a very high Nz adsorption capability. For NRR, adsorbed B atoms yield
lower overpotentials, especially for surfaces with mixed —O/~OH surface groups, where
the latter participate in the reaction lowering the hydrogenation reaction energy costs. The
NRR does also benefit of having B adsorbed on the surface which on moderate -OH
terminated model display the lowest limiting potential of -0.83 V, competitive to reference
Ru, and to HER. The insights derived from this comprehensive study provide guidance

in formulating novel and effective MXene-based electrocatalysts for NRR,

*corresponding author: francesc.illasf@ub.edu
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1. Introduction

Gas phase nitrogen (N2), having a strong triple bond, is one of the most abundant nitrogen
containing compounds on Earth and it is heavily utilized in the chemical industry for the
conventional Haber-Bosch process to synthesize ammonia (NH3). Ammonia can then
become oxidized to nitric acid, which constitutes a key component in global fertilizer
production. ""* The Haber-Bosch industrial process requires the presence of a catalyst but
also high temperatures (above 350 “C) and high pressures (above 150 atm) conditions,
implying a huge amount of energy consumption with concomitant serious carbon dioxide
{(CO2) emissions.™* Therefore, in the pursuit of long-term sustainability, alternative NHz
synthesis technologies working at softer conditions are being actively explored.™*
Inspired by natural biological Nz fixation,” finding ammonia synthesis procedures
working at mild conditions (room temperature and atmospheric pressure) constitutes a
challenge and an exciting alternative. *+” Particularly, the electrocatalytic nitrogen
reduction reaction (NRR) has gamered significant attention as an appealing carbon-

neutral methods, !

especially when electricity can be obtained from renewable
sources.'” Ammonia electrosynthesis typically involves a coordinated transfer of protons
and electrons, with protons sourced from aqueous medium, and electrons from renewable
electrical resources,'? thus avoiding CO: emissions as well."* However, this technological
appealing process is hampered by the lack of efficient electrocatalysts fulfilling the strict
limitations of NRR.'" Therefore, the development of efficient and highly selective NRR
electrocatalysts holds significant economic importance and urgency.

In recent years, a new class of 2D materials known as MXenes'™ ' have emerged
as a frontier with ever-growing technological applications.'® MXenes are new types of
two-dimensional (2D) transition metal carbides, nitnides, and carbonitrides, with general

M1 XaTs (r = 1-3) formula, consisting of early transition metals (M), carbon and/or

nitrogen (X), and typically with terminal functional groups, Ty, usually -0, —H, —OH,-

F!G.I'.J.2(? 21.22

or a combination of them. Recently, there has been considerable interest in
using MXenes as catalyst for the NRR 2>* For instance, it has been reported that the
M2C(0001) surface of several MXenes readily adsorb and dissociate N2.*** Azofra er al. >
conducted a computational analysis of the NRR on MaC: MXenes aimed at evaluating
their capability in capturing, activating, and electrochemically transforming Nz into NHa.
These authors identified V3Cz and NbaCz as the most promising candidates, with

associated overpotentials of 0,64 and 0.90 V, respectively.
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However, one must advert that these predictions were obtained from models
involving the clean, bare, surface of these MXene materials, which do not appropriately
represent the systems in which the reactions are taking place which involve an
electrachemical environment.*"***" Explicitly accounting for a given termination in the
M:zXT: of Ty = -H, -0, ~N, Johnson e al.** reported a strong influence of the termination
on the predicted free energy profiles. However, mixed terminations need to be considered
in real-world scenarios.”'#*# In fact, the type and quantity of surface terminations of
MXene are highly sensitive to synthesis conditions such as etching time, temperature, or
etchant concentration ***! For instance, typically, hydrofluoric acid (HF) is used as the
etchant, however, higher concentrations of HF tend to result in more —F terminations,
while lower concentrations lead to the prevalence of —Q species. ** Furthermore,
successful synthesis protocols with F-free and gaining T.-free MXenes have also been
reported, >3
There is experimental evidence that surface engineering of MXenes, particularly
the types and concentrations of surface terminations, is crucial in facilitating electron
transfer, surface adsorption, and activation of Nz. For instance, Xia ef ¢/ have found
that NHz preduction is enhanced with the increase of —~OH groups at the TizC2 MXene

surface; furthermore, Ding ef al.*®

reported experimentally that TisC:T. MXene with
medium density F-functionalized terminations could enhance the adsorption and
activation of Nz, Clearly, the aforementioned theoretical studies not considering the role
of terminations are not realistic and more in-depth studies are needed to fill this
knowledge gap and better understanding the intricate details of MXene surface
engineering in the context of NRR,

The present work focus is on TisCz, the first MXene ever synthesized." Previous
research indicated that the uneven distribution of surface functional groups on MXenes
can result in the introduction of numerous oxygen vacancies on the MXene surface that
can be occupied by other elements.™* The case of boron atoms is particularly attractive
since there is evidence that it exhibits a great potential for Nz fixation.""* In fact, several
B-based NRR electrocatalysts, based on g-CaNa, graphene, and 2D boron sheets, have

#-43 and some studies have been conducted on B-based MXenes for

been reported,
NRR. *-* However, these previous studies used oversimplified models, considering
scenarios where B substitutes the —O surface termination only, but where its existence,
vicinity of terminations, and B quantity were not adequately represented, which calls for

more elaborated studies
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There is, regretfully, no current research specifically demonstrating the potential
adsorption of horon atoms on the terminal groups of MXenes. Therefore, following earlier
studies of single-boron MXene NRR catalysts, we address the present research using ten
unique models based on TiaCaTs, specifically encompassing different types of situations
for B atoms as shown in Figure 1, with additional details given below and also in Table
S| of the Supporting Information (SI). By using these models, one can obtain detailed
insights of the NRR process under realistic working conditions. In particular, the present
results highlight i) that the stability of the catalysts is influenced by the arrangement of B
(substituted/adsorbed). which may result in completely opposite stability behavior at the
same termination; /7)) the Nz activation capacity of the selected models considering the
working temperature, T, and Nz partial pressure, py,, as well as the influence of the
coordination number and surface groups on them; #/i) the effects of —O and —~OH groups
on NRR under acidic conditions, assuming that MXene is synthesized through a F-free
method. In addition, i) we propose a new NRR mechanism that involves different
terminations and B-scenarios, where, v) contrary to previous works where only
substituted B were considered, situations with adsorbed B are not only more stable but
also exhibit enhanced performance in NRR. Finally, v) the situations with moderate ~OH
coverage exhibit most excellent NRR activity and selectivity, with feasibility points in

their experimental synthesis and use.
2. Computational Details
2.1. Models and Methods

The Vienna ab initio simulation package (VASP)* was used to carry out all the needed
periodic density functional theory (DFT) calculations. The generalized gradient
approximation  (GGA) Perdew-Burke-Emzerhof (PBE) * exchange-correlation
functional was employed. found to describe the electronic structure and related properties
of MXenes with sufficient accuracy.”'"* Furthermore, the D3 approach proposed by
Grimme et a/. > 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 ¢V, to ensure that the total energies obtained were converged below the chemical
accuracy of 1 kcal mol! —ca. 0.04 eV, whereas the projector augmented wave (PAW)
method,”® as implemented by Kresse and Joubert,™ was employed to describe the efTect

of core electrons on the valence electron density.
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Utilizing a p{3=3) supercell, see Figure 1, a F-free experimental protocol is
assumed to initially fead to fully ~O or ~OH covered TiaCz. Subsequently, considering
the superior stability of —OH termination according to Pourbaix diagrams, and the above-
mentioned influence of the vicinity of B, the mixed ~O and ~OH cases with % vs. /o of
a monolayer (ML), '3 ws. 3 ML, and * vs. */s ML were also explored, respectively. Note
that here a full ML is defined as having one surface moiety per surface metal atom. In
addition, a 20 A vacuum was added to the periodically repeated slabs to ensure their
appropriate isolation. Numerical integration in the Bnillouin zone was carried out on an
optimized $x3<1 k-point I'-centered Monkhorst-Pack grid, * providing numerical
convergence within 0.05 eV, very close to the accepted chemical accuracy value of ca.
0.04 eV The energy of isolated atoms and of molecules at the equilibrium geometry in
vacuum was determined by carrying calculations in a broken symmetry large cell of
10210<10 A dimensions to ensure due orbital occupancy, carried out spin-polarized for
systems with unpaired electrons, and performed at I'-point only.

During the structural optimizations, the convergence of the electronic self-
consistent field steps was controlled using a criterion of 1077 eV, and the relaxation of
atomic positions was performed until the forces exerted on the atoms were below 0.01
eV-A' It should be noted that, unless specified otherwise, all calculations were
conducted taking spin polarization into account. The wvibrational frequencies of the
stationary points related to surface species were determined by constructing and
diagonalizing the corresponding block of the Hessian matrix using finite differences of
analytical gradients with steps of 0.03 A in length as done in previous works.”>* Thus,
only degrees of freedom involving the adsorbed species and terminations were accounted
for, while the substrate atoms were kept fixed. assuming a decoupling of the surface
species from the materials phonons.

On the above models, adsorbed (a) and substituted (s) B situations with single B
or B pairs were examined, also considering two ditferent B coordination types on He or
Bo sites, plus different surface situations for the terminating groups. The complete set of
models used and the corresponding notation are displayed in Figure 1. To better follow
the employed notation, let us take the sB@TiaC20z0 and a2B@TizC20490Hs0 cases as
examples, There one can readily see that single B substitutes one surface —O group on
Ti3C20s9, whereas twa B are adsorbed on the TisC20490Hs9s model For each model, the

symbols in parentheses in Figure | are used as shortcut for notation simplification.
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2.2. NRR Mechanism

The initial, sine gra non, step in the NRR is gas phase, N2'#', adsorption onto a catalyst
free surface site, *, as;
N8 4 Np* (1).
The subsequent reaction mechanism involves a series of concerted proton-

electron transfer (CPET) steps, where protons (H') and electrons (e”) are added together,

but in a sequential manner up to ammonia {NHz)} product.®® Thus,

Nz*+6H' + 6e +* — 2NH:* (2).
Next, it is highly likely that NHa* will dissolve in water, resulting in the formation of
NHsOH, 5> as;

NHz* + HaOgy — NHaOHpy (3),

and, because of this, NHs desorption is not considered a determining step.
For convenience, it is often assumed that the reduction of precursor adsorbed
species, A*, occurs in a single elementary reaction step,*"** in which H" and e are

directly involved in the production of AH* as
A*+H' +e — AH* (4)
In addition, we also considered the potential contribution of —OH termination as a source
of hydrogen. Thus, A* also could undergo hydrogenation through the —-OH group. as
A*¥+ OH — AH* +-0O (5),
leaving the —O moiety behind in the chemical step. Subsequently, a CPET electrochemical
step can regenerate the —OH group, as;
-0+H +e —-0H (6).
The present study explores various pathways to enhance the comprehension and

engagement of surface terminations during the WRR in the TiaC: MXene and its

subsequent mechanism.
2.3. Stability of B-Based Models

Tao gain information on the experimental synthetic feasibility, the thermodynamic stability

of the B-based MXene models was assessed. Typically, the structural stability of these
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concept-electrocatalysts can be evaluated using parameters such as the B mean adsorption

energy, Lads, estimated as;

Epgs = Enli,n’f'ﬂf![le_iMlteue‘I“En .
where E;pmxenes EMxene, and Eg are the total energies of MXene with and without n B
atoms, and the isolated B atom energy. As commonly done in the literature, one can
compare fu to the computed boron bulk cohesive energy, Ewon,™ % in order to assess the
thermodynamic stability —sometimes referred as Fuair = Fas - For— so that an
adsorption stronger than cohesive energy would energefically drive the presence of
1solated B atoms. The B bulk cohesive energy was computed here optimizing bulk boron
using a 5x5+1 k-point mesh, and the obtained value of -6.45 eV/atom was used in the
comparison for consistence, even if slightly overbinding compared to the experimental
value of -5.81 eViatom. ® Furthermore, the catalyst stability can be assessed by
calculating the formation energy. £, taking bulk Ti, graphite, Oz, and H: as constituent
reactants in their standard state, being Ti and graphite computed likewise as done for B
bulk,

2.4. Thermodynamic Approach te the Limiting Potential

To provide a comprehensive picture of the NRR mechanism, we rely on the well-known
thermodynamic approach as proposed by Norskov et al.,™ widely used in previous
studies related to electrocatalysis by MXenes,? "™ Within this approach, the focus is on
the Gibbs free energy differences between different reaction intermediate states, which
helps determining the required limiting potential, U7, of the reaction. Strictly speaking,
every CPET step involves a transition state which can be approximated as shown by
Exner,” and applied to the hydrogen evolution reaction (HER) on the V2C MXene.™
However, there overwhelming evidence that relevant information can be extracted by
relying on the thermodynamic picture only -

Within the thermodynamic approach, one relies on the free energy profiles which,
in turn, requires to first make an estimation of the total adsorption energies of the

n

intermediate species, /1,4, obtained as
%4 = Eovsab — (B + £3) (8).

Here, fiup and Fisw are the total energy of the corresponding MXene model, featuring a

variety of mixed surface terminations as shown in Figure 1, without and with the adsorbed
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i-species, respectively, and £ is the total energy of the 7 adsorbed species in vacuum. With
this definition, the more negative £, the stronger the adsorption is.

To estimate the reaction Gibbs free energy change, AG, at each electrochemical
step, we rely on the aforementioned computational hydrogen electrode (CHE) model,™
assuming that under standard equilibrium conditions of pff = 0, [/ =0V, temperature, T,
of 298 15 K. and a partial pressure of Hz, p,, , of 1 bar, the chemical potential of a pair of
H' and e can be correlated to that of Hz2 at 0 V ws. the reversible hydrogen electrode
(RHE), as;

Hig + € — % HS®; AGO=0eV (9)

Keeping in mind that the chemical potentials or Gibbs free energies of the initial states,
H('aq} + ¢, and the final state, '2-H2'®, are equal, it turns out that the Gibbs free energy of
the proton-electron pair is just half the free energy of the hydrogen molecule. Thus, one

can calculate A7 for any elementary reaction step as
AG = AE+ Abype — TFAS (10),

where Al is the total energy change of the electrochemical step, Afizee is the change in
zero point energy change between initial and final states of this step, estimated from the
calculated harmonic frequencies, and AS is the corresponding entropy change which for
adsorbed species involves the vibrational partition function only —explicit formulas for
ZPE and AS can be found in the literature > The entropy of gas phase Nz, Hz, and
NH; species has been sourced from the National Institute of Standards and Technology
(NIST) webbook, ™ Note also that the AG; values obtained from Eq. 10 correspond pH =
0 and [7= 0V, while A(7 values at finite pH and {7 can be easily derived as well, as detailed
in the literature. ™™

From the Gibbs free energy profiles of a given reaction, it becomes possible to
evaluate the reaction limiting potential, denoted as {1, defined as the minimum potential
required for a particular electrochemical reaction to proceed successfully under specified
reaction conditions.” In the context of NRR, the [/ signifies the electrochemical
potential at which each elementary electrochemical hydrogenation step step in the
reaction becomes exergonic, indicating the minimum energy input necessary for the
reaction to advance successfully. The descriptor Alumas defined as the largest free-energy
difference between initial and final state for each concerted proton-electron transfer

(CPET) step. computed at [/=0 , is emploved here to extract [/ for NRR, as;
8
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. AGmay
th= — (12),

where, generally, the lower [/ —the closer to zero overpotential—, the higher the

reaction activity
2.5, Adsorption Rates

As aforementioned, under reaction condition, Nao'® adsorption is a necessary occurrence,
while desorption of NH3® likely to be fostered by disselution as NH«OHy,. To include
the N2'®!' adsorption necessary step, we rely on kinetic phase diagrams (KPD), as

intreduced in previous studies, ™!

These require a thorough evaluation comparing the
molecular adsorption/desorption rates. rus. and rue, respectively. under different
temperatures and partial pressures. This allows one to determine the critical turning poinis
at which the adsorption and desorption rates reach equilibrium. The adsorption rates are
estimated from non-activated collision theory while desorption rates are gained using
transition state theory (TST), assuming latest transitions states. Details on the employed

formulas are well detailed in the literature.*
3. Results and Discussion
3.1. Models and Stability of B-based MXenes

Firstly, a systematic sampling search was carried out to investigate the four highly
symmetric adsorption sites, including top (T) and bridge (B), hollow carbon (He), and
hollow metal (Hw) of pristine TisCz, as shown in Figure 1a, where Hw was found to be
always the most favourable adsorption site, consistent with previous studies ¥ In the
case of TiaCz0, the three possible high-symmetry adsorption sites were also sampled (¢f!
Figure 1b), being Hc site the most favourable adsorption site, closely followed by Bo site,
being most stable on aB-02, aB-Bo-03, and aB-Bo-0s (¢f Figure 1). When having Bz
dimers, see Figures 1k and 11, a semi-bridge situation is found, with a molecular display
resembling that of ethene,

As far as the stability of each model is concerned, the calculated Eags, Fain, and £
values are listed in Table S1 of the Supporting Information (ST). Note that all the models
display a negative formation energy per atom, ranging from -0.37 eV/atom for sB-OH to
-0.54 eV/atom for aB-0, implying that all the studied casuistry is stable with respect their
elemental components. Aside, the B adsorption energies can be also substantial, ranging
from -2.53 eV for sB-0 to -7.66 eV for aB-0. As expected, the more negative the Li, the
more negative the Fa is. Interestingly, the structural stability is apparently related to

9
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changes in boron arrangement and termination. For the B-substituted (sB) models, the
stability gradually increases with decreasing number of —O groups and concomitant
increasing number of —OH groups, while for B-adsorbed (aB) cases the stability gradually
decreases. In addition, the adsorption site and atomic coordination has a certain impact
on the stability, since B on He sites is usually more stable than on Bo sites. Increasing the
amount of boron (B) as in the explored dimers leads to less stable systems. More
importantly, few cases display fads larger than the B-bulk cohesive energy, this is,
negative fdir values. In particular, aB-0, aB-He-04 and a2B-0, while aB-He-Oa L
value is close to zero. It is clear, that B adsorption is favoured by a full or large coverage
of O adatoms.

The Bader charge of the different compound parts 1s also listed in Table S1 of the
S1. Generally, the TisC2: MXene donates electrons to the T, groups. being either -0 or
OH, given their larger electronegativity, and in accordance with previous reports,™ and
charge density difference (CDD) plots in Figure 81 of the SI. As far as B is concerned, it
becomes slightly reduced on sB models yet slightly oxidized in aB ones, a trend that
becomes more significant as the ratio of —0 groups increases and accentuated on He
conversely to Bo sites. In the case of sB models, their substitution to a—0 or —OH implies
a certain electron density maintenance, to better embed in the T; layer. In the case of aB
situations, the B atoms gets slightly positively charged. In fact, for the most stable
aforementioned situations, aB-0 and aB-Hc-Os, even aB-He-0s, the B atom gets its
maximum charge of +0.24 ¢, while on the Bz dimer of a2B-0, the charge per B atom is
+0.16 e.

Aside, CDD plots shown in Figure S1 of the 81 wvisually confirm the
aforementioned results, in that Ti:Cz donates electron density to —O and —-OH terminating
groups and B and sB situations, while for aB even a2B situations, the B atoms become
positively charged. Before discussing NRR, the conductivity of these materials should be
considered, since a semiconductor like band gap would handicap electron transfer.™ To
address this issue, the density of states (DOS) and projected density of states (PDOS)
were gained and shown in Figure S2 of the SI. Briefly, these reveal that all systems exhibit
a metallic behaviour with the participation of Ti d orbitals, C, B, T: = O, OH p orbital,
and H s orbitals close to the Fermi level. Notice that sB and aB exhibit significant
differences, the former with limited interaction with atomic orbitals from other elements,
while the latter involves a strong, covalent mixing with the p orbitals of O groups, shown

in the -6 to -10 eV region.
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3.2. N; Adsorption

[t has been pointed out™ that surface doping with B can enhance the activation of COz
adsorption, since C atoms of adsorbed COz gain more electrons on B-doped MXene. This
trend should also be applicable to Nz, given the structural and property similarities
between CO: and N2 molecules. Furthermore, experimental results have also shown® that
the NHa generation rate of B-doped TiaCz is significantly higher than that in the non-
doped cases. Thus, here, B-doped MXene is expected to facilitate NRR, and surpass in
activity those non-doped scenanios.

The N2 adsorption is a sine gua non requirement for the NRR, and one can
envisage physisorbed and chemisorbed situations. In the first case, the interaction
between doping B and N2 is almost negligible, with essentially no charge-transfer,
whereas for chemisorption end-on and side-on structures can be found,®” as well bridee
configurations,” see Figure 2. The optimized geometries for each conformation are
shown in Figure 83 of the S1. Additionally, we also considered adsorption at a single B
active centre, either aB and sB, as well as on Bz dimers. The Nz adsorption energies, Faas,
Nz Bader charges, Qy,, and closest bond lengths between surface B and Nz, d{BN), and
of N2 molecule, d{NN), are reporied in Table S2 of the SI.

First of all, the physisorbed (-p states) are easily recognized by small Fags values
ranging from -0.09 (aB-0-p) to -0.30 eV (a2B-0OH-p), with essentially no charge transfer
between the catalyst and the physisorbed Nz molecule. The #A(BN) distances are large,
from 3.26 (aB-0-p) to 3.51 A (a2B-OH-p), and the d(NN) distance remains always 1.12
A; the value of the gas phase molecule calculated in vacuum. When it comes to the
chemisorbed identified states, the interaction between Nz and an active B centre may
involve o donation from Nz or B back-donation to the empty 2x* molecular orbital of Nz
as suggested in the literature. ™" Compared to aB, sB exhibits significantly stronger Nz
adsorption ability, with adsorption energy ranging from -143 (sB-O-5) to -2.79 eV (sB-
OH-¢), quite in the line of the reported inherent Nz affinity of pristine MXenes > However,
aB situations display a less strong chemisorption, with adsorption energy values ranging
from -0.37 (aB-Bo-04-5) to -1.19 eV (aB-02-5).

The difference towards Nz interaction between aB and sB may be attributed to the
negative Bader charge of sB as shown in Table S1 of the SI, easing the back-donation of
electron density to the N2 2n* orbital, also in line with the negative Bader charges on N
for sB, Q,, , from -0.08 (sB-O-¢) to -0.20 ¢ (sB-OH-s), see Table 2 of the SI, and

11
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mirrored by a positive charge change on B atoms, AQp, see Table 82 of the SI. This charge
change is also present on aB, but to a lesser extent, with Q, values ranging from -0.07

(aB-Bo-0Ou-¢) to -0 18 e (a2ZB-0OH-5s). For the chemisorbed states one finds, as expected,
relatively small ¢{BN) bond lengths, from 1.35 (sB-OH-¢) to 1.62 A (a2B-0-be¢), and
slightly elongated N2 bonds, from 1.16 (sB-O-¢) to 1.40 A (sB-OH-x). Clearly, the
exploration yielded a handful of chemisorbed minima, prone to N: activation and
posterior reduction.

Furthermore, the analysis also suggests that —~OH environment and the side-on
adsorption mode strengthen the Nz interaction on sB models, while for aB, when B is
adsorbed on He site, its three sp” hvbridized orbitals and three electrons are used for O
coordination, leaving one empty sp° orbital as possible acceptor, and not prone to back-
donation, which explains why these sites lead to physisorption. For a2B dimers, the
bridge-side-on maximizes the interaction with Nz, where each B has one free electron to
bond each of the N atoms in the Nz molecule, ultimately weakening the molecular bond.
Thus, the donation and back-donation mechanism, the B electron charge. and the
coordination mode freeing sp® electrons are found to be key in the Nz adsorption and
activation.

To further confirm the existence of a direct bond between B doping atoms and the
N: molecule, insights are withdrawn from the minima PDOS shown in Figure $4-6 of the
SI. The plots for the physisorbed state show no significant overlap between B and Nz sp?
arbitals, where aB-He-Ou-p is clear example. The opposite occurs for the chemisorbed
states with clear orbital overlap (see e.g. the cases of N2 on sB-0-5 or aB-Bo-04-5) with
localized discrete states with contributions both from B and N atoms, in line with
covalent-like bonds. The charge density differences (CDDY), shown in Figure 57 of the S1,
are in line with the mentioned donation-acceptation picture.

Last but not least, to go beyond the static adsorption picture, and to inspect
whether N2'® would get adsorbed on the catalyst, we compared the adsorption and
desorption rates, ras and rae, respectively, for all models and adsorption modes, much
following the emploved procedure used in the past to acquire the kinetic phase diagrams
(KPD). """ As seen in Figure 3. under reaction working condition of 7= 300 K and 1 bar
of N2'# partial pressure, a number of models and sites feature an adsorption rate superior
to the desorption rate, in particular, a2B-0-bs, aB-Bo-0u4-¢, aB-Bo-0s-¢, aB-0:-¢, aB-
z-s, sB-0-s, sB-OH-s5, sB-0-¢, and sB-OH-¢; thus, in all cases chemically bound,
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activated Nz, with an adsorption energy stronger than -0.67 eV, in concordance with
values listed in Table S§2 of the SI, and so, underscoring the viability of sB modes than
aB ones. Note also that since NRR typically takes place in aqueous solution where the
produced NHx reacts with Hz20q, to form NHsOHy, there is no need to consider the
adsorptive and desorptive landscape for NH3®.

By correlating the Nz adsorptive capacities, and doping model stabilities, the only
model with a priori kinetic stability capable of adsorbing and activating N2 would be
the B dimer on O-terminated MXene, the a2B-0, see Table S1 of the SI and plots in
Figure 3. Still, the NRR Gibbs energy profile will be studied for other close models, since
such systems could be kinetically metastable, and to capture trends and mechanism

variations with respect the model composition, see below.
3.3. NRR Mechanisms

Before delving into the NRR free energy profiles, it is mandatory to define the possible
mechanisms, and to keep in mind the possible competition with the hydrogen evolution
reactions (HER) would be * Previous research suggested that NRR predominantly occurs
through distal and alternaring mechanisms in end-on, or enzymatic mechanism in side-
on adsorption modes,™ as illustrated in Figure 4. However, in the present study, apart
from the three mechanisms, physisorption is also considered as a possible step. The dfstal
mechanism has its name since it assumes that the CPET first attacks the N atom farthest
from the catalyst surface, and continues in subsequent CPET steps until a first NHz%! is
synthesized and released, leaving a N* moiety on the catalyst surface, which gets later
fully reduced until the second NH3'®' is gained. At variance, in the aliernating mechanism,
the CPET alternate in between the two N atoms of the end-on situation. Finally, the
enzymatic mechanism mimics biological mechanisms of Nz fixation, where one departs
from an activated side-onr adsorption mode, favouring an alternating pattern of CPET for
the two N atoms.

Before focusing in the reaction free energy profiles, it is worth stating here that,
in the case of a2B exhibiting dual active sites, the NHz2NH:* does not appear in the
enzymeatic mechanism since optimizations consistently showed that the N-N bond breaks
during the hydrogenation of NHNH:*, directly forming two NH2* species, Furthermore,
mrixed situations can oceur, where NHNH:* is formed when reducing NNH:* instead of
gaining NH:"® and N* adatoms through the distal pathway, see Figure 4, or when, in the

enzymatic path, the NHNH2* hydrogenates to NH* and NH3'® instead of forming

-
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NH:zNHz*, Thus, these mixed paths connecting distal with alternating or enzymatic paths

are also regarded in the following.
3.4. NRR Reaction Free Energy Profiles

Let us finally analyse the three possible mechanisms for the electrochemical reduction of
Nz inte NHs, with the ultimate aim of determining the most favourable pathway, while
investigating the influence of B doping site, aB vs. sB, having B single atoms or dimers,
ie. aB vs, a2B, and the effect of nearby functional groups. To this end. we start with
substitutional B situations (sB), with surface O or —OH groups, shown in Figure 5. In
these models, and as mentioned above, a prominent feature is the exceptionally strong Nz
adsorption capability. On sB-0, except for the NHNH:* and final NH1* generation steps,
the other CPET are exergonic. Indeed, Alrmax corresponds to the final CPET with a value
of 1.40 eV as the potential-determining step (PDS}), and the most favourable pathway is
mixed, mainly following efistal mechanism, except for the NHNH:* formation which
correspond to alfernating one. On the sB-OH model, the NH2* — NH3* is also the PDS
with AGmay of 147 eV, and also follows the disted mechanism, except for the
hydrogenation of NHNHz* species, which follows the mixed roule to generate NH* and
NH:* directly. Here, at variance with sB-0, all steps are endergenic or in equilibrium
except for the NHNHz* hydrogenation step. Note that, as observed in, e.g. COzRR on
TisCaTx models,™ the surface —OH groups can transfer H atoms, and that is found in the
alternating path when reducing N2H*, where NHNH:z* is formed, at the same time one
vicinal ~OH group transfers its H to form this moiety, see Figure 5, being a much more
stable intermediate. Still, accounting for energetic preferences on path bifurcations, the
distal-aliernating mixed mechanism is, in principle, preferred.

In the situations with adsorbed B, aB, one may have B on bridge sites, Bo, or
hollow sites, He, and the reaction may imply changes in the adsorption mode. In the case
of aB-0, see Figure 6, the B atom is on a Hc site, see Figure | There, the reaction
sequence after Nz physisorption leads to NaH*, the PDS with a A(r of 137 eV, where
situations having B at He or Bo are nearly equivalent. From there on the reaction primarily
follows the NHNH?* via the alternaring mechanism, alternating also B being between He
and Bo. This is due to the fact that, when the H addition implies a N-N bond breaking,
and the freed lone pair is used to make a new covalent bond with B, at the expense as well

of breaking a B-O bond, and adopting a Bo conformation. By adding a new H bond, the
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generated extra B-N bond gets broken to use the N lone pair in the new N-H bond, and
then B goes back to a He conformation maximizing bonds with surface O atoms.

The next model with highest concentration of —O groups is the aB-0s, with 4s of
the surface being —0 groups, and the rest —OH groups, The NRR free energy reaction
profile is shown in Figure 7, which departs from B in He as this is the more stable situation,
see Table 51 of the SI. Here, a first step that is costly is the first CPET to form N2H* on
a Bo mode, with a AG of 0.95 eV. However, after keeping B in Bo and following the
mrived pathway, the PDS is on the last NH:¥ formation, similar to the sB models, with a
AGof 1.19 eV.

The situation changes, though, when increasing the number of —OH groups nearby
that can participate in the reaction. This is visible on the aB-0s: model in Figure 8. There,
the initial free energy profile is similar to that of aB-O4, departing from He site for B, up
to the formation of N:H* with a A(G: of 0.52 ¢V, From this point on, the further
hydrogenation through distal-alternating mixed path implies the simultaneous transfer of
one H from a vicinal ~OH group to form NHNHz*, being this step quite exergonic by -
1.66 ¢V. From this point on, the next CPET implies the formation of the first NHa* leaving
behind NH*, endergonic by 0.37 eV, and the subsequent CPET on NH* to form NHz¥,
again quite exergonic by -1.6 eV. At this point, the as-generated —O can be hydrogenated
ta recover the former —OH group with a A(r of 0.60 eV, and the formation of “OH group
from the pre-existing —0 group becomes the costliest CPET and thus constitutes the PDS
with a Als of 0.83 ¢V, From this point, the reaction ends up with the second NHs molecule
formation.

Finally, on the aB-02 model, the reaction proceeds mostly with B on Bo site, as
expected, see Figure 9. There N2* initially follow the enzymatic pathway, and further
hydrogenation from NHNH:* after the first three CPET has a very stable jump towards
NH:* placing into the distal path, involving one H atom transfer from a vicinal surface —
OH groups, with a AG of -2.11 eV, From this point on, the as generated —O group is
compensated, and next the second NH3 formation 1s achieved with a AG of 1.14 eV After
NH: desorption, the final CPET back-recovers the Bo site for B and also regenerates a
second surface —OH, becoming the PDS with AG: = 2.01 eV. Thus, in general, for large —
OH coverage, as in aB-0: and aB-0s, the participation of surface —OH groups is to be
highlighted, modulating the reaction profile, since on both the PDS involve the -OH
participation. However, the results of aB-0z indicate that an excessive amount of surface

—OH is not necessary, and a moderate amount of —OH can theretore improve the reaction
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as in aB-0s. Aside, even if sB models exhibit excellent N2 adsorption, their performance
1s generally poorer compared to aB models, which seems to benefit [tom a high surface
presence of —OH groups, as seen in AB-0s with AGwax of 0.83 eV, the smallest so far,

At this point one may wonder what the effect of having B dimers would be.
Compared to aB, on double adsorbed B sites (¢f a2B in Figure 10) two additional N2'2
adsorption modes are possible, be and bs, as shown in Figure 2. These are also viable for
hydrogenated species in the course of the NRR. However, since in a2B-O by Nz
adsorption is faster, as seen in Figure 3, we depart from this mode to generate the reaction
free energy profile which is presented in Figure 10, where Tx denotes adsorption on top
of a nitrogen atom and Tr denotes adsorption on a bridge between two nitrogen atoms,
There, the B2 surface dimer prompts following the enzymatic pathway downhill up to
NHNHz*, and then nixed shortcut to get on disial to form NH* and NHz*, which bounds
two B atoms, and finalizes the reaction being formation of last NHa* the PDS with a AG
of 1.51 eV. Interestingly. in the a2B-OH model, the reaction route is more complex.
Despite the slightly more favourable N2* bs, the high stability of reaction intermediates
along the mixed path from the enzymatic path leads the final NHs* formation as the PDS
with AG of 2.1 eV. However, it can be argued that a route in which the bridge and top
sites on Bz makes the reaction route go through afternating path could be possible, as
shown in Figure S8 with PDS being the last NHs formation, with A(r of 0.99 eV, but the
thermodynamic will be larger when all sites were occupied by the most favourable
mechanism.

In summary, from the studied reaction paths and as summarized in Figure 11a one
can clearly state that /) aB generally features slightly smaller {/1. compared to sB, ) that
having a combination of surface ~O and —~OH groups also generally reduces the 1, with
iii) the free energy reaction path sometimes affected by the involvement of vicinal surface
—OH transferring simultaneously their H atoms, /v) that actually, having aB is best when
B being on He surrounded by —OH, v) that distal, alfernating, enzymatic, and mixed paths
are often visited, and, finally, v/) that having adsorbed B with moderate —~OH groups is
best for reducing {/1.. At this point, still, one has to consider that upon reduction conditions,
the NRR will compete with hydrogen evolution reaction (HER), as happens as well with
CO:RR.™ The HER and the selectivity towards NRR, and a comparison with literature is

treated in the next section,
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3.5. Performance and NRR vs. HER

The present assessment of the overall performance relies on the calculated AGma: value
alongside its respective {/. Figure 11a compares the Boron doped TisC2T« models as
NRR electrocatalyst to the Ru (0001) reference of having AG = -1.08 V** yet gained
using revised PBE functional with no dispersion correction interactions, so one should
avoid making clear differences for AG differences within the DFT standard accuracy of
ca. 0.2 eV In any case, Figure 1la evidences a clear benefit possibly extendable to other
MXene compositions. Moreover, the HER is a major competing side reaction to the NRR,
which may decrease the faradaic efficiency (FE) in experiments. HER is usually evaluated
using a three-state diagram *' which includes the initial CPET to form H*, and a second
one which directly generates the Hz product. Within this scheme, the closer the absolute
value of AGma of HER is to zero, the closer is the material to the ideal HER catalyst, As
shown in Figure 11b, the studied models catalysts perform significantly different, with
a2B-0 demonstrating excellent HER performance, with [AGuzr| of 0.1 eV, while aB-0a
is worst with a |[ACGuer| of 1.75 eV, see values in Table 83 of the SI. At this point, one can
compare the L. of NRR, {/L.{NRR) to that of HER,, {/L,{HER), as illustrated in Figure 11¢.
Here, the competition between NRR is evident, as in some cases, the HER is more easily
achieved than NRR on fully -0 covered adsorbed aB-O and a2B-O. However, for
adsorbed situations with mixed quantities of surface —O and ~OH groups, aB-0a and aB-
Oy, the NRR is more favored than HER, see Figure 11b. Finally, on substituted sB-0 and
sB-OH, and B adsorbed on high -OH covered, aB-Oz, the competition between NRR and
HER is more evident. Looking for low [/, and relatively good performance of NRR vs.
HER. the aB-0; situation would be optimal. Note that strategies exist to inhibit HER,

including limiting proton concentration or transfer rate,™*™"

using non-aqueous proton
donors to inhibit hydrogen adsorption on catalysts, and providing protective layers to
prevent proton transfer to the surface *™#

Finally, it is worth addressing the experimental synthesis feasibility of the above
raised NRR electrocatalysts candidates, The preparation of B-doped TiaC:2T: invaolves
placing the solution into a Teflon-lined autoclave and a hydrothermal treatment at 180 °C
for 24 hours. ™ However, previous studies™ """ have shown that high-temperature
treatment may lead to the removal of surface —OH groups, which poses a challenge in
maintaining a high —OH state, if willing to get highly selective aB-04, and best

performing aB-0a. Still, previous studies on computational Pourbaix diagrams™ 1%
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indicate the stability of surface terminations as a factor of pH and {J/, where pure -0, —
OH, and mixed —O/-0OH situations are reachable at low pH and slightly positive, negative,
and close to zero overpotential, respectively, solving stability issues under low pH and

potential operating conditions.
4. Conclusions

In this study, we investigated the potential performance of B-based TisCz MXene for the
NRR. with a specific focus on different boron configurations, including
substituted/adsorbed boron (sB/aB), the distinct B coordination (He/Bo), and the number
of boron atoms, as well as the impact of different surface terminations ratios on catalytic
activity, including two sB and eight aB models. The Nz adsorption energy and activation
rate was considered to determine whether the catalytic reaction could proceed. Moreover,
we also analyzed the involvement of hydrogen atoms from the —OH terminating groups,
especially for mixed -0/~OH terminations in aB-O2 and aB-03 models.

The present DFT calculations revealed that. despite sB models have the strongest
N:z adsorption capacity, followed by low-coordinated aB, the NRR performance of sB is
significantly lower than that corresponding to aB situations. From the present models it
appears that a moderate number of ~OH groups at the catalyst surface, neither excessive
nor too low. is better for NRR performance, especially for aB-0s, which exhibited
significantly higher NRR performance than cases fully —O terminated, such as sB-0, aB-
0, and a2B-0, and the cases with high ~O-terminated presence aB-0:, and aB-Q. with
Tow —OH coverage. In addition, aB-0s is predicted to outperform Ru (0001) which is the
reference electrocatalyst, and to be selective to NRR as it shows very poor activity
towards the HER reaction. It 1s worth pointing out that the better performance of this
system normally is due to the participation of hydrogen atoms of —OH groups, stabilizing
reaction intermediates, and thereby helping at reducing the energetic costs of the reaction,
Note in addition that, according to computationally-derived Pourbaix diagrams, such

situations are predicted to be stable under working conditions.
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Figure 1. Top (upper images) and side (lower images) views of the ten models derived
from the employed p(3%3) MXene supercells, including; (a) pristine TizCz (0001) with
the top (T), bridge (B), hollow carbon (Hc), and hollow metal (Hu) four high-symmetry
sites tagged; (b) TiaC20 (0001) with T, He, and O-bridge (Bo) three high-symmetry sites
tagged; (c) sB@TiaC20s9 (sB-0). (d) sB@TizC20Hz9 (sB-OH), (e) aB@TiC20 with B
on Hc (aB-0), (f) aB@TisC20490Hso with B on Hec (aB-Hc-04); (g)
aB@Ti3C204920Hse with B on Bo (aB-Bo-04); (h) aB@TizC20130Hz23 with B on He
(aB-Hc-03); (i) aB@TizC20130H23 with B on Bo (aB-Bo-03); (j) aB@TisC20290Hz7s
(aB-02); (k) a2B@TisC20 (a2B-0), and (1) a2B@Ti3C20490Hs9 (a2B-04). 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 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.
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Figure 2. Various adsorption configurations for Nz adsorption, including chemisorption

and physisorption for (a) single boron and (b) Bz dimer models shown in Figure 1.
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Figure 3. Calculated adsorption, 7., and desorption, rae, N2 rates on studied models
shown in Fig. S5 of the SI, as a function of temperature, 7, and the gas partial pressure,
P, here shown for | bar. Black dashes line represents raq: for end-on (¢) and side-on (),
as well as bridge-end-on (b-¢) and bridge-side-on (b-s) chemisorption, and red dashed

line represents rads for physisorption.
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Figure 4. Schematic diagram of possible reaction pathways for NRR on B-based TisCz
MXene. The black, grey, and blue solid arrows represent the distal, alternating, and

enzymatic pathways, respectively. The black dashed arrows represent the mived pathway.
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Figure 5. Gibbs free energy, AG, diagrams of NRR on (a) sB-O (top), and (b) sB-OH
(bottom), under standard working conditions of 7'= 300 K, partial gases pressures of 1
bar, pH =0, and {/=0V. Solid lines represent chemical steps such as N2'*/ adsorption or
as-generated NH3®" 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 represented by light pink and dark pink respectively, while the rest of
the colour coding is as in Figure 1. Black numbers and symbols indicate the optimal path,

while gray ones indicate non-optimal.
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Figure 6. Gibbs free energy, A, diagrams of NRR on aB-0 under standard working

conditions of 7= 300 K, partial gases pressures of 1 bar, p/ = 0. and {/=0 V. Solid lines

represent chemical steps such as N2'® adsorption or as-generated NH3® 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 5.
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Figure 7. Gibbs free energy, AG, diagrams of NRR on aB-Os under standard working
conditions of 7= 300 K, partial gases pressures of 1 bar, p/ = 0. and {/=0 V. Solid lines
represent chemical steps such as N2'® adsorption or as-generated NH3® 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 5.
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Figure 8. Gibbs free energy, AG, diagrams of NRR on aB-Osz under standard working
conditions of 7= 300 K, partial gases pressures of 1 bar, p/ = 0. and {/=0 V. Solid lines
represent chemical steps such as N2'® adsorption or as-generated NH3® 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 5. Notation

as in Figure 5.
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Figure 9. Gibbs free energy, AG, diagrams of NRR on aB-02 under standard working
conditions of 7= 300 K, partial gases pressures of 1 bar, p/{ = 0. and {/=0 V. Solid lines
represent chemical steps such as N2'® adsorption or as-generated NH3®’ 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 5. Notation

as in Figure 5.
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Figure 10. Gibbs free energy, AG, diagrams of NRR on (a) a2B-0 (top), and (b) a2B-OH
(bottom), under standard working conditions of 7'= 300 K, partial gases pressures of 1
bar, pH =0, and {/=0V. Solid lines represent chemical steps such as N2'*/ adsorption or
as-generated NH3" desorption, while dashed lines represent CPET steps. T represents
adsorption on top of a nitrogen atom and Ts 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 coding is as in Figure 5.
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Figure 11. (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) {i(NRR) vs.
UL(HER).
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ABSTRACT: Kinetic studies are vital for gathering mechanistic insights into B i . w:
heterogeneously catalyzed hydrogenation of unsaturated organic compounds 1 R’—;("‘C/ Or? s _..(('-‘Y\‘
(olefins), where the Horinti—Polanyi mechanism is ubiquitous on metal . _.-fg‘ @ \ TR fo ~F h
catalysts. While this mechanism envisions nonpairwise H, addition due to the  #~c="~aq

rapid scrambling of surface hydride (H*) species; a pairwise H, addition is ?‘_f

exper lly encountered, ratic d here based on density functional ¥ %

theory (DFT) simulations for the ethene (C,H,) hydrogenation catalyzed by
two-dimensional (2D) MXene Mo,C(0001) sudace and compared to
Rh(111}) surface. Results show that ethyl (C,H:*) hydrogenation is the rate
determining step (RDS) on Mo,C(0001), yet C,H;* formation is the RDS (’
on Rh(111}, which features a higher reaction rate and contribution from
pairwise H, addition compared to 2D-Mo,C{0001). This qualitatively agrees | Tio,
with the experimental results for propene hydrogenation with parabydrogen

over 2D-Mo,C;_, MXene and Rh/TiO;. However, DFT results imply that pairwise selectivity should be negligible owing to the
facile H* diffusion on both surfaces, not affected by H* nor C,H,* coverages. DFT results also rule out the Eley—Rideal mechanism
appreciably contributing to pairwise addition. The measorable contribution of the pairwise hydrogenation pathway operating
concurrently with the dominant nonpairwise one is proposed to be due to the dynamic site blocking at higher adsorbate coverages or
another mechanism that would drastically limit the diffusion of H* adatoms.

KEYWORDS: 2D-Mo.C, Rii", MXenes, ethene, parahydrogen, pairwise hydrogenation

1. INTRODUCTION

Hydrogenation reactions are at the core of heterogeneous
catalysis, spanning from environmental treatments and the

rapid surface diffusion of the H* species plays a crucial role in

randomly adding hydrogen atoms to a substrate (ethene).”
That being said, it is now conclusively established that

various types of heterogeneous catalysts can achieve pairwise

See hittps: !/ pubs.acs. org/sharingguidelines for options on how 1o legitimately share published articles,

petrochemical industry to the synthesis of fne chemicals,'
Regardless of a particular application, the surface of a
heterogeneous catalyst provides active sites for weakening
the H, bond, leading ultimately to the dissociative
chemisorption that yields active surface H adatoms (H*).?
Subsequently, H* species are transferred to a substrate, eg, in
the hydrogenation of unsaturated hydrocarbons such as
allynes and alkenes.” The catalytic hydrogenation of alkenes
has neady a centenary-long research history, owing to a high
practical relevance.” A textbook example is the hydrogenation
of ethene, ie, CEH;-'“" * H_!ig" - C,H,"», perhaps, the miost
extensively studied alkene hydrogenation reaction. From the
mechanism proposed by Horiuti and Polanyi (¢f Scheme 1),
which is widely recognized as the prevalent route for alkene
hydrogenation,™ it follows that the addition of Hs to ethene is
nonpairwise, ie, the added H atoms generally come from
different H; molecules. In the Horiuti—Polanyi mechanism, the

© 2024 The Authars, Published by
Amercan Chermnical Sodety

< ACS Publications

hydrogen addition, whereby the two H atoms that end up in
the hydrogenation product molecule originate from the same
H, molecule.” The unambiguous evidence for this is provided
by experiments that use parahydrogen (p-H,), the nuclear spin
isomer of H, with the opposite spin orientation of its two H
atoms (more rigorously, it is a state with zero total nuclear
spin}. The addition of p-H, to various alkenes or alkynes leads,
when the addition proceeds in a pairwise manner, to a
nenequilibrium  population of nuclear spin states in the
product(s), resulting in a major {ie, orders of magnitude)
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Scheme 1. Horiuti-Polanyi (Nonpairwise) and Farkas (Pairwise) Hydrogen Addition Mechanisms
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signal enhancement in NMR spectra of the reaction products.
Parahydrogen-induced polarization (PHIP} is a method that
allows cne to evaluate the selectivity of a catalyst to the
pairwise addition of H, as the detected NMR signal
enhancement is directly proportional to the pairwise
selectivity, " aided by the high sensitivity of PHIP as a
mechanistic tool that identifies reliably the contribution of the
pairwise hydrogenation pathway of merely ca. 0.01%,"

Using the PHIP approach, various metal-based catalysts
have been demonstrated to provide pairwise selectivity in an
order of several percent. Pairwise addirion of H; has been
observed for caxalys(s based on Rh,'" P4, P, 10 W10
Cu,"" and Co,” among others. Furthermore, the hexagonal
close-packed ({hcp) phase of Mo,C also exhibited a significant
selectivity in the pairwise hydrogen addition, resulting in
approximately a 150-fold increase in signal intensity, compared
to the face-centered-cubic (fcc) MoC phase containing C-
vacancies.

These experiments involving p-H; demonstrate unambigu-
ously the feasibility of the pairwise addition on metal and metal
carbide surfaces, which generally disagrees with the commonly
accepted Har:u.tx&?olan}q mechanism that assumes a rapid
diffusion of H* species.”’” Yet, an alternative reaction route
proposed by Farkas entails a slow diffusion of H* and allows
for the pairwise addition pathway (¢f Scheme 1).%" Note that,
in principle, both concerted and stepwise hydrogen additions
can follow PZIJIW‘ISE and nonpairwise routes, as presented in
Scheme 1.7

The arguments above notwithstanding, it remains challeng-
ing to predict (and even rationalize) the selectivity preference
to the pairwise hydrogen addition pathway for a given catalytic
surface, To understand the interplay between the diffusion rate
of H* species, the energy bartiers on the hydrogenation
pathway, and the contribution from the pairwise addition to
the overall hydrogenation rate, we relied on the density
tunctional theory (DFT) computations of a model ethene
(C,H,) hydrogenation to ethane (C,H;}). Bh was chosen for
this study as it is one of the most active catalysts in the
hydrogenation of unsaturated substrates, with Rhf1101
demonstrating pairwise selectivities of up to 8%.'' Metal
carbides are also efhicient hydrogenation catalysts and, as
mentioned above, can produce pronounced PHIP effects. It
was anticipated that the presence of carbide phases or carbidic
species would affect the rate of hydrogenation and significantly
modify the diffusive mobility of surface H* species. As the
diffusive separation of H* species highly favors nonpairwise H,
addition, it was deemed instructive to consider such effects in

this study. Given the known instability of Rh,C under
hydrogenation conditions,”* 2D-Mo,C(D001) appears to be a
more suitable carbide owing to ils higher thermal stability
(relative to noble metal carbides such as Rh;C or PAdC,) and
well-defined nature (the presence of single surface termination
in MXenes). Consequently, we have explored a well-defined
2D-Mo, C M>Xene exhibiting predominantly the basal (0001)
surface, * and contrasted the results to those obtained for the

Rh(111) surface. Both 2D-Mo,C and C-deficient 2D-Mo.C,_,
can be obtained experimentally by a reductive defunctionaliza-
tion of Mo,CT, (T, are surface functional groups) of the
MXene family.” " Worthy of note, hydrogenation reactions of
unsarurated hydrocarbons on MXenes are largely under-
studied.”

To shed light on the origin of PHIP effects, we considered
thermodynamic and kinetic aspects of H; addition in both
concerted and stepwise pathways when departing from H* as
generated upon H, adsorption and dissociation on the catalyst
surface. Note that the energetics associated with the two
mechanisms are almost identical. Thus, to ease the upcoming
discussion, only the stepwise mechanism is presented in detail
here, using a pool of diffusing H* adatoms on the 2D-
Mo,C(0001) and the Rh(111) surfaces. The DFT predictions
were then assessed experimentally using patahydrogen addition
to propene on 2D-Mo,C,_, and Rhy/TiO, catalysts.” The use
of a simpler ethene model instead of propene in the DFT
calculations is supported by the observation that H, activation
mainly originates from the electrostatic potential and charge on
metal sites on the catalyst surtace, with only a limited influence
trom the substrate.”" Ethene and propene are homologous
oleﬁns with a single double bond and so a similar reactive
site.” The ethene hydrogenation rate was reported to be ca. an
order of magnitude higher than that of propene,” 29,30 implying a
difference of only 0.06—0.1 eV in the activation energy barrier
according to the Arthenius equation. Thus, using a simpler
ethene structure reduces computational complexity and time
without compromising the value of insights for propene
hydrogenation. The study reveals that, upon H, dissociation,
H* species undergo diffusion before transferring to alkenes and
emphasizes the effect of surface coverage (induding hydrides
and alkene adsorbates) on the rate of ethene hydrogenation
(with only a minor effect found when considering 3/4
monolayer of H* or C,H;" species), demonstrating the vastly
dominant nonpairwise mechanism for both Rh(111) and 2D-
Mo,C(0001), regardless of a stacking motif (ABA or ABC).
Owerall, our results demonstrate that, within the range of
surface coverages explored, the inherently nonpairwise nature
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of the Horiuti—Polanyi mechanism cannot be reconciled with
the pronounced contribution of the pairwise hydrogenation
pathway observed experimentally. Therefore, alternative
possibilities for the pairwise H, addition on the surface of
heterogeneous catalysts need to be considered.

2. EXPERIMENTAL AND THEORETICAL ASPECTS

2.1. Computational Details. Pericdic DFT calculations
were carried out using the Vienna ab initio simulation package
(VASP). The exchange-correlation interaction was approxi-
mated within the generalized gradient approximation (GGA)
using the formalism proposed by Perdew—Burke—Ermzerhof
(PBE),” including Grimme's D3 approach to account for
dispersive inter@ct]ons,“ The projector-augmented wave
(PAW) method,” as implemented in VASP by Kresse and
Joubert, ™ was chosen to describe the density of core electrons
and their effect on the valence electron density. The valence
electron density was expanded on a plane wave basis sef with a
cutofl kinetic energy of 415 ¢V, .

The Bh reference (111) surface, the most stable one of Bh,™
was modeled using a p(4 x 4) slab with four fully optimized
layers constructed from the optimized geometry of Rh bulk, as
described in ref 36. A vacuum region of at least 16 A was used
perpendicular to the surface direction to avert interactions
between the periodically repeated models. Likewise, the 2D-
Mo, C MXene{0001) basal surfaces, featuring either the regular
ABC stacking, or the energetically more stable ABA stacking,”’
were modeled using a p(4 X 4) supercell. For such models, an
optimal 4 % 4 ¥ 1k-point I'-centered Monkhorst—Pack grid
was used to sample the Brillouin zone for the necessary
numerical integration in the reciprocal space.”” During the
geometry optimization of the models, either pristine or with
adsorbates, a convergence criterion of 107 eV was used for the
electronic self consistent field steps, while the relaxation of
atomic positions finalized when forces acting on atoms were
below 0.01 ¢V-A"", Based on previcus caleulations, differences
in computational details, such as operation thresholds, k-points
densities, and basis set sizes, resulted in variations in total
energy below the chemically meaningful precision threshold of
ca. 0.04 V.

The obtained optimized structures of surface species on the
reaction coordinate were characterized as minima via vibra-
tional frequency analysis, gained Hessian matrix diagonaliza-
tion involving adsorbate degrees of freedom only, with
elements obtained from finite differences of analytical gradients
with steps of 0.03 A in length,"" thus assuming vibrational
decoupling from surface phonons, following reported ap-
proaches.” "' For each adsorbate, different high-symmetry
adsorption sites were sampled, see Figure 51 of the Supporting
Information {51), and for each adserbate, various orientations
and connectivities were considered systematically. For each
species, {, and for each found minimum, adsorption energies,
AE,,, were calculated as

AE = Ejjur = (Eq + E) ()

where E . is the energy of the surface with the adsorbate,
E, . stands for the energy of the dean surface, ie, ABC- or
ABA-stacked 2D-Mo,C MXene(0001} surface, or Rh(111)
surface models, and E, is the energy of the i species in the gas
phase as optimized in vacuum considering the I-point only
within a box of broken-symmetry dimensions of 9 % 10 X 11
A% Notice that, strictly speaking, such energies can be regarded

as adsorption energies for the species existing in the gas phase,
namely, H,, C,;H,, and C,;H,, while for H and C,H,, these
would be interaction energies, but in what follows, they are
discussed indistinctly as adsorption energies. Within this
definition, the more negative the AE.,, the stronger the
interaction is. In addition, the adsorption Gibbs free energies at
a given temperature, T, and gas partial pressure, p, were gained.
The details are provided in Section §1 of the SL

Once reactants are adsorbed, and as far as the stepwise
ethene hydrogenation mechanism is concerned, we regarded
the following reaction steps

(i} H, dissociation, AE;_:

H,* +*=2.H" 2
(it) First hydrogen transter, AE(f":

CHF+H =2 CH +* (3)
(iti} Second hydrogen transfer, AEjj':

CHS+H 2 CHS+ ™ (4)

including also adsorption and desorption steps of H;, C:H,,
and C,Hy, In addition, diffusion of surface species has been
investigated. For the reactive and diffusive paths, transition
states (TSs) have been located using the dimbing-image
nudged elastic band (CI-NEB) and the improved dimer
approaches, """ applied on the most stable structures of initial
states (I5s) and final states (FSs). As was described above for
the identified minima, the TSs are characterized as well as
saddle points, thus featuring zero gradients and a single
imaginary frequency, consistent with the reaction path.
Adsorption, desorption, diffusive, and reactive rates have
been obtained as detailed in Section 52 of the S The span
model used is described in Section §3 of the SL.

2.2, Experimental Details. Rbi/TiO, with 1 wt % of Rh
(determined with an X-ray fluorescence method) was prepared
by the incipient impregnation method. Before use, Ti0,
{Hombifine N, phase-pure anatase, Spry = 103 m* g7') was
calcined at 350 "C for 2 h and dried at 120 "C for 6 h prior to
impregnation. The support was impregnated with a solution of
thodium(11l) nitrate (Sigma-Aldrich), thoroughly mixed, and
left in air for 24 h, followed by drying in air for 3 h at 120 °C,
calcination in air for 2 h at 600 "C and a treatment with H, for
3 h at 330 "C. The size of Rh particles in the resulting Rh/
Ti(}; was assessed with transmission electron microscopy and
was found to be ca. 14 nm. The particle dispersion, calculated
trom CO chemisorption measurements, was 77%, consistent
with the previous report.”| Mo,CT, was obtained by etching
Mo, Ga,C with concentrated hydrofluoric acid (HF) as
described previously,” """ The same batch of Mo,CT, was
used for experiments in this work; as reported in ref 24, For the
hydrogenation experiments, 100 mg of Mo,CT, was loaded in
a 1:4" OD stainless steel reactor and held in place using two
pieces of a fiberglass tissue. Hydrogen gas was enriched with
parabydrogen up to ca, 5% using a p-H, generator based on a
closed-cycle helium cryostat (Cryotrade engineering CryoPri-
bor, model CFA-200-H2cell) and a eryo-compressor (Vacree
Technologies Co,, Lid, model C100A). Propene and p-H,
were supplied separately through Bronkhorst mass-flow
controllers and were mixed directly in the gas lines with a
volume ratio of 1:4. The resulting mixture was supplied
through a 1:16" OD PTFE capillary via a Y-connector from
PEEK polymer to the reactor, and then to the 10 mm NMR
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tube placed inside the NMR spectrometer (300 MHz). A valve
added between the line from the reactor and a bypass line
allowed for a facile acquisition of NMR spectra with the
complete nuclear spin relaxation without termination of the gas
flow through the catalyst layer. The reactor was heated with a
tubular furnace. The Mo,CT, precursor was pretreated in an
H, flow of 60 mL min~' at $00 °C for 2 h (heating ramp was
10 °C min™"), to give a material denoted as Mo,CT,_yy, and
then cooled down to 1530 "C without termination of the gas
flow. Subsequently, the catalyst was tested in the temperature
range from 165 to 375 "C and at a gas flow rate of 26, 156, and
240 mL min~ ", Alternatively, § mg of Rh/TiQ), was mived with
20 mg of SIiC (Syep ca. 6 m* g7') and pretreated before the
catalytic test in an H, flow of 30 mL min™ at 200 °C for 1 b,
then cooled down to 43 °C without termination of the gas
flow. In this case, the catalytic test was performed in the
temperature range from 43 to 150 "C using the same gas flow
rates of 26, 156, and 240 mL min™",

Conversion of propene (X ;) was calculated from the ratio
of the integral of propane (t.e, hydrogenation product) NMR
signal (S0 to the sum of the integrals of propane and
unreacted propene (i.e, substrate) signals {Sc ), determined

from the spectra acquired after relazation of nuclear spins to
the thermal equilibrium

Sam
— q00%
Sen, + S, (5

XCAHA =

Signal enhancement (SE) for CHi-groups of propane was
evaluated as

G Bprip = Suema €l
S (6)

where Spyp is the integral of the NMR signal of hyperpolarized
propane (acquired during gas flow), Sy is the integral of
the NMR signal of propane after relaxation to thermal
equilibrium, and 6 is the number of protons in the two CH,
groups of propane. C is the coefficient of NMR signal
suppression at high flow rates caused by a fast inflow of
reagents from the Barth's magnetic field to the NMR probe
due to an insufficient time for the nuclear magnetization to
achieve its high-field equilibrium value. 8., is evaluated after
complete thermalization and is thus not affected by flow,
whereas its contribution to the enhanced NMR signal is
reduced by flow, ie, C < L.

5

3. RESULTS AND DISCUSSION

3.1. Computational A t. The reactants (C,H*
and H,*), the product (C,H.*), and the intermediates (H*
and C;H:*) have been evaluated on high symmetry sites of the
ABC- or ABA-stacked 2D-Mo,C({0001) surface, as well as on
the Rh{111) suorface, and the optimal adsorption sites are
presented in Figure 52, The observed H,* minima on the 2D-
Mo,C MXene model are in line with the previous report,”
The adsorption Gibbs free energies, AG,,, for reactants and
product, plotted in Figure 1—values are provided in Table
51—reveal that, regardless of the stacking, the AG,,, energies
of MXene-derived 2D-Ma,C are comparable to that of Rh,
even though there are certain differences, ie, with the
exception of C,H,, the AG,,, energies are larger on the 2D-
Mo,C models relative to Rh(111). Among the 2D-Mo,C
models, the Gibbs free energies of adsorption are larger for

25
B ARA-Mo.C
204 T ABC-MeC
I R
E 1.5
3
Q)
2 101

0.0+

of H, (;

Figure 1. Adsorption free gl ing the spontanecus
dissociation into 2H*), C,H,, and C;H, on the ABA-Mo,C, ABC-
Mo, € and Bh{111) surfaces under 1 bar of gas pressure and 250 or
60 7 for the 2D-Mo,C and Rh{111} models, respectively,

ABC-Mo,C than for ABA-Mo,C, consistent with a lower
stability of the ABC-stacking relative to the ABA stacking,””

The computed adsorption energies were used to estimate
adsorption and desorption rates as a function of the gas
pressure, g, and temperature, T {of Figure 53). In turn; the
rates can be used to derive the so-called lanetic phase diagrams
(KPD)}," presented in Figure 2. Given the easiness of H,*
dissociation, see below, the formation of H,* from 2 H* and
its subsequent desorption have been used for the KPD. With
this in mind, a slightly higher affinity of the surfaces for C,H, is
found with respect to H.. It is clear that reactants, C,H, and
H; (undergping the dissociation to 2 H*), can be adsorbed on
all three surfaces at the working conditions, while C;H, would
be prone to facile desorption; a favorable feature for the
catalyst performance.

As briefly introduced, the dissociation of one H,* into 2 H*
on the studied surfaces was assessed also in the vicinity of a
single C,H,* species. H* adsorbs preferentially on the Hy and
Hy sites for the ABA-Mo,C and ABC-Mo,C models,
respectively {cf. Figure S1). However, on Rh{111), despite
H;., being the most stable site for the H* adsorption, the
adsorption of H* on H,,,, is energetically less exothermic by
merely 0.03 eV (¢f. Figure §1), implying both sites compete for
the H* species. The number of conceivable intermediates for
two vicinal H* is larger for the Rh{ 111} surface; see Figure 54
and Table S2 for the coadsorption energies. Competitive
minima are used as final states for the H,* dissociation (cf
Figure 53}, with the estimated dissociation energy barriers, E,
of only 0.28 and (.11 &V for the ABA- and ABC-Mo,C models,
respectively, and only 0.06 eV for Bh{111}—toward wvicinal
H, and H sites—, and 0.08 eV toward two vicinal H_ sites.
Thus, H; dissociation is a low-energy barrier elementary step
on all three pristine surfaces and slightly more difficult on 2D-
Mo,C(0001) than on Rh(111).

Considering the notably stronger interaction of C,H,
compared to H, molecule on all three surfaces, one can
anticipate the dissociation of H, to proceed also in the
presence of CH,*, To this end, the H,* adsorption sites and 2
H* coadsorption sites were probed, see Figures 56 and 57 for
the respective structures, and Tables S3—=56 for the adsorption
energies. The presence of C,H,* has only a moderate impact
on the H, dissociation energy barriers, E; {cf Table 57). In the
presence of C,H, ¥, the E, values decrease to 0,19 and 0.09 ¢V
for ABA- and ABC-Mo,C, respectively, and to only 0.01 eV for
the Rh{111) surface—ISs, TSs, and FSs corresponding to the
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Figure 2, Calculated kinetic phase diagrams for Hy, C,H,, and C,H, on the {a) ABA-Mo,C, () ABC-Mo,C, 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 Loward adsorption,

while white areas represent regions where pristine surfaces are preferred.

ABA-Ma,C-1h
() (b)

oH @®c

ABC-Mo,C-le

.Mu

Figure 3. Potential routes of the first step of the C,H, hydrogenation reaction on {a) ABA-Mo,C-1b, (b} ABC-Mo,C-1¢, and () Rh-2b. See Figure

57 for the definition of nolations.

paths with the lowest E, are presented in Figure 58 To
summarize, 2D-Mo,C and Rh(111) dissociate H, easily,
regardless of the presence or absence of the C,H,* species.

As aforementioned, the accepted mechanisms for the
hydrogenation of alk over heterog transition metal
catalysts involve the dissociative chemisorption of Hy." Upon
H, dissociation and prior to the H* transfer to an unsaturated
hydrocarbon such as an alkene, the diffusion of H* adatoms
may take place.”” The diffusion of H* adatoms was
computationally explored considering the presence or absence
of C,H,*, following the paths depicted in Figure 81, and, in
the Rh(111} case, involving beth Hi, and Hy,, competitive
sites. The preferred paths on the pristine surfaces, shown in
Figure 89, reveal diffusion energy barriers E, of 0.35 and 0.27
€V for the ABA- and ABC-Mo,C models and of 0.16 eV for the
Rh(111) surface; these values vary slightly in the presence of
C.H,* (cf Figure S10), with the E, values of 0.37 and 0.28 eV
for the ABA- and ABC-Mo,C models, and 0.10 eV for
Rh(111). Altogether, the results show that regardless of the
absence or presence of C,H,* the E, of H, dissaciation is
lower than that of H* diffusion (cf. Table S8).

Next, the energetics of the ethene hydrogenation steps were
evaluated. The reactive pathways for the first H* transfer are
shown in Figure 3, while reaction energy changes, AE, and
energy barriers, Ey, are presented in Table 59, The AE to form
C,H.* from C,H,* and H* on the 2D-Mo,C models range
from 028 to .57 eV, which is generally comparable to the AE
of 0.39 eV on Rh(111). Similary, the E; range from 0.64 to
0.84 ¢V on the 2D-Mo,C models, which are slightly lower than
0.91 eV found for Rh(111), Thus, the first H* transfer step to
C,H,* is more facile on 2D-Mo.C regardless of the stacking
when compared to Rh(111).

12504

The second hydrogenation step that converts C,H,* and H*
to C;H,* is slightly exothermic, by —0.11 &V, for Rh{111),
with a moderate E, of 0.55 eV. However, on the 2D-Mo,C
models, this step is endothermic, in the range of 0.86—1.32 &V,
leading to higher E, values varying from 1.77 to 2.11 eV (¢f.
Table 59). Thus, the significant endothermicity of the second
H* transfer step on both 2D-Mo,C models distinguishes them
from the Rh(111) model. The higher energy barrier for the
second hydrogenation step on both 2D-Ma,C{0001) surfaces
is due to the similady stronger bonding of C,H,* and C,H:*
species on 2D-Mo,C compared to the adsorption energy of
C,H:*, at variance with Rh, where bonding energies are more
similar. The similarly high adsorption energies for C,;H," and
C;H;* species on 2D-Mo,C lead to a relatively low barrier for
the fust hydrogenation step but make the second hydro-
genation barrier higher, in agreement with the Brensted—
Evans—Polanyi (BEP) relationships. Overall, the hydrogena-
tion of CH* to CH* is moderately endothermic on
Rh(111) by 0.27 ¢V and has an energy barier of 0.94 €V
according to the span model,”’ while on ABA- and ABC-Mo,C
the reaction is endothermic by 1.20 and 1.70 ¢V, with the span
model energy bariers of 2.06 and 2.40 eV, respectively (cf
Table 59). These results suggest a mare facile hydrogenation
of ethene to ethane on Rh{111} relative to both 2D-Mo,C
models, see Figure 4,

Substrate coverage effects may change the energy barriers,
for instance, by lateral interactions. In this context, the high
coverage of C;H,* and HY adatoms under the reaction
conditions can be prompted by a stronger ethene adsorption
and low bariers for the H, dissociation; see Figures 1, 2, and
Table S8 in addition to a higher partial pressure of H,
compared to C;H, To probe the substrate coverage effects,
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Figure 4. Total reaction energy profiles on the pristine (black) (0001 )
surfaces of {(a) ABA-Mo,C and (b) ABC-Mo,C, and (¢} Rh{111}.
From C.H# + 2H# state, the forward paths are superimposed for 3/4
ML H* (blue}, and 3/4 ML C,H,* (red). The diffusive paths of H*
adatoms are shown in lighter shades of the respective colored traces.
Note that the pristine diffusive path (gray) and that of the 3/4 ML
C,H.* model (pink) essentially superimpose. All energy values are
corrected by the zero energy term (ZPE).

we considered surface models with 3/4 of a monolayer (ML)
of either C,;H,* or H*. Here, coverage is defined based on H*
ML with full occupancy of active hollow sites; that is, a H* per
6.9 or 6.4 A* for 2D-Mo,C or Rh, respectively, while assuming
C,H,* occupies a projected area of ca. 27.7 A® on 2D-Mo,C,
see Figure 52, similar to four sites of H*, a situation copycatted
on Rh as well. On the 3/4 ML C,H,* model, the most stable
sampled situation minimized the lateral repulsion between
maoieties, while in the 3/4 ML H* situation, the simultaneous
placement of a C,H,* moiety left only two empty hollow sites,
located near the C,H,* to allow assessing H, adsorption,
dissociation, and C,H,* hydrogenation steps. Thus, in the 3/4
ML H* model 12 H* adatoms reside on the modeled surface,
including the two H* atoms obtained from the H, dissociation.
On the 3/4 ML C,H,* model, there are three C,H*

molecules, one of which engages in the hydrogenation
reacton.

Betore addressing ethene hydrogenation at these high
coverages, it is worth analyzing H, dissociation at a such
higher H* coverage, remembering that, eg, on Pt(111), the
dissociation enthalpy of H, declines at high coverages of H*
Ta this end, we removed two vicinal H* adatoms from the 3/4
ML H* model, achieving a */y ML H* coverage. On that
surface, H, adsorption energy slightly decreases to —0.46 and
—0.62 €V, and so does the dissociation energy, which decreases
to —0.88 and —0.94 ¢V, with E, declining to 0.10 and 0.01 eV,
for ABA- and ABC-Mo,C, respectively, compared to low-
coverage values, see Tables 53 and S8 of the S On Rh(111),
the Eq and dissociation energy reduces to —0.02 and —1.14
€V, as well, with a negligible energy barrier close to 0 V. Thus,
H* coverage seems to reduce the adserption strength and ease
the H, dissociation, yet the effect is much smaller compared to,
e.g. the reported data on Pe(111)."* With this in mind, the
reaction energies, energy barriers, full process energy change,
and E, values of the span model are listed in Table S10 for the
ABA- and ABC-Mo,C, and Rh(111) surfaces. The transition
states and reaction pathways are presented in Figures S11—
513, These results show that the 3/4 ML coverage of either
C,H,* or H* adatoms has only a minor impact on certain
steps (vide infra), and so, the full reaction profile is essentially
unchanged, see Figure 4, generally unaffected by whether the
high coverage situation is found with C,H,* or H* moieties,
also due to the similar surface occupancy of the 3/4 ML C,H,*
or H* models, see above, and expected similar lateral
interactions between these surface moieties. This non-
dependency of activation energies on coverage has been
observed, eg, in allyl alcohol hydrogenation on Rh{1l1),
although for some other hydrogenation reactions, eg,
cyclohexene hydrogenation, the H* coverage was reported to
reduce the hydrogenation energy barriers significantly.”™ On
Rh(111), the impact is negligible, making the reaction less
endothermic by merely 0.1 eV, and with an E, reduced by 0.14
eV in the case of the 3/4 ML H¥ coverage. The coverage effect
on the energy profile of the 2D-Mo,C models is similar yet
with more pronounced changes; at the 3/4 ML H* coverage,
the span E;, decreases by 0.49 and 0.35 eV for the ABA-Mo,C
and ABC-Mo,C, respectively. However, for the 3/4 ML C,H,*
coverage, the span B, increases by 0.1 ¢V in ABA-Mo,;C, yet it
decreases by 0.53 eV for ABC-Mo,C, a difference attributed to
distinct C,H,* arrangements for the different stackings
presented in Figures 511 and 512, Overall, full hydrogenation
of C;H,* is more endothermic, and the reaction barriers are
higher on 2D-Mo,C compared to Rh{111), regardless of the
effects of the stacking or coverages of H* and C,H,*. The H*
adatoms diffusion energy barriers on the 3/4 ML models of
C.H,*, shown in Figure 514, are generally similar to those of
the pristine surfaces, with the E; variations in the 0.01 ¢V range
tor any of the explored Mo,C models. Still, for the 3/4 ML
coverage of H¥, shown in Figure §15, larger diffusion E, values
of 042 eV on ABA- and ABC-Mo,C compared to respective
values of 0.37 and 0.28 &V on the pristine cases are found, see
Table 511.

At this point, one can assess, based on the presented DFT
results, the relative fractions of the expected pairwise s
nonpairwise hydrogenation pathways, the latter governed by
H* diffusion energy barriers. This assessment is based on the
estimation of the reaction rates as a function of the working
temperature, T, via the span model energy barriers and the
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Figure 5. Caleulated ratio between the rates of H# diffusion, rye, and t

he reaction rate oblained using the span model energy barrier, r,,, on ABA-

and ABC-2D-Mo,C {0001 surfaces, and Rh{111} surface, using {a) pristine surfaces, (b} a surface with coverage of 3/4 ML of H* or (c} 3/4 ML
of C,H.*, Shaded regions reflect the DFT uncertainty of 0.2 ¢V on the estimated energy barriers.

diffusion rates, obtained using transition state theory (TST)
and considering 1 bar of reactants, Note that, since the
competition of pairwise vs nonpairwise mechanisms relies on
reaction vs diffusion rates, microkinetic modeling could
provide estimates of reaction rate, although inclusion of
diflusion, even if possible, would not affect reaction vate, Thus,
as posed, microkinetic modeling would deliver no extra
information from estimated rates, Effect of diffusion could be
implemented by ab initioc molecular dynamics, although here
one should consider thousands of trajectories, which entails
excessive computational costs. A more affordable approach
would be kinetic Monte Carlo, although yet with difficulties in
tagging spin on H adatom and spin scrambling by diffusion.
With this information in hand, one can calculate the ratio
between the diffusion rate, ryg and the reaction rate obtained
using the span model, .y e rgp T A ratio larger than
unity indicates that H* diffusion is faster than the hydro-
genation reaction. The obtained ryq/r, ., ratios for the ABA-
and ABC-Mo,C(0001) surfaces and that for Rh(111) as a
function of temperature are shown in Figure 5.

DFT results show that the nonpairwise mechanism is
expected to dominate on any of the model catalytic surfaces
studied and that the pairwise mechanism is more likely on
Rh(111) than on the 2D-Mo,C (0001 surfaces, independent
of the H* and C,H,* coverage of the surfaces. Note, however,
that one should account for the DFT accuracy limits of £0.2
€V. Thus, accuracy limits were added to Figure 5 assuming that
the employed PBE-D3 level of calculation is underestimating
or overestimating certain £, wvalues, in particular, over
estimating diffusion barriers Ey on Rh(111) and the span
model E, barriers for the hydrogenation reaction on the 2D-
Mo, C(0001) surfaces; underestimating the diffusion E, on the
Mo,C{0001) surfaces, and hydrogenation span model E,
barriers on Rh(111}). Stil, the trends discussed above remain
unchanged also after accounting for the accuracy of our DFT
approach.

Alternatively, a mechanism based on a concerted addition of
H, to C,H,* that avoids the formation of H* adatoms, if
operative, would result in a high selectivity toward pairwise H,
addition. Therefore, we have considered also the contribution
of an Eley—Rideal mechanism, where the H; molecule reacts
with CH,* directly from the gas phase, contributing to a
pairwise addition via this single-step mechanism. However, all
the computational attempts exploring the Eley—Rideal
mechanism yielded high DFT energy barriers, ie, at least
4.84, 512, and 2.28 &V for ABA- and ABC-2D-Mo,C(0001)

and Rh{111) surfaces, respectively, thus larger than the most-
demanding energy barrier of the stepwise mechanism (see
Table 59 and Figure 516 of the SI). Therefore, 4 competitive
pairwise hydrogenation mechanism that follows the Eley—
Fadeal kinetics can be discarded.

In what follows, we will discuss experimental results lor the
estimates of the pairwise and nonpairwise addition pathways
obtained in the experiments with parahydrogen addition to
propene on Rh/Ti0, and Mo,CT,_ g, catalysts.

3.2, Experimental Results. As discussed above, the
observation of the NMR signal enhancement (SE) in PHIP
experiments requires that the two H atoms of the same p-H,
molecule add to an unsaturated bond of a reactant {propene in
this case} in a pairwise manner. The SE value is defined by eq
6, with higher SE wvalues corresponding to a higher
contribution of pairwise addition pathway to the overll
product formation rate. Because the SE is normalized by the
amount of product produced in the reaction (see eq 6, the SE
values can be directly compared for different conversion levels.

While ethene was used to simplify the DFT calculations
described above, PHIP expenments were performed with
propene as a substrate, We note that the hydrogenation of
ethene with p-H,, even if entirely pairwise, would not produce
observable NMR signal enhancement for the product ethane
and thus could not be used to reveal a possible contribution of
the pairwise H; addition. This is because the two hydrogen
atoms incorporated in ethane upon hydrogenation of ethene
are chemically and magnetically equivalent (as in p-H, ), while
observation of signal enhancement requires breaking this
equivalence in the reaction product. Since the latter condition
is satisfied in propane, our hydrogenation experiments use
propene, Worthy of note, it is unlikely that the underlying
hydrogenation pathways (including the respective adsorption
and diffusion properties, vide supra) predicted by our DFT
calculations for ethene would be significantly different for
propene, Therefore, the use of these two homologous olefins is
not expected to affect the conclusions of this study.

Mo,CT sy catalyst was prepared in situ by a 2 h
pretreatment of Mo, CT, (100 mg) in the undiluted H, flow
at 500 °C, Le,, in conditions that are known to fully reductively
defunctionalize the surface termination groups of Mo,CT,
{and concurrently generate some C vacancies by removing the
carbidic carbon as methane} and provide a 2D-Me,C,_,
material. > Mo,CT,_cyq was cooled down to 150 °C after the
pretreatment without termination of H; flow and then tested in
propene hydrogenation with p-H, using the volume ratio of
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propene to pH, of 1:4, Mo,CT, 5 showed complete
propene conversion at 165 'C when using a flow rate of 26
mL min™"; propene conversion decreased to 73% upon
increasing the flow rate to 240 mL min™' (Table $12).
MNoteworthy, propene conversion on Mo,CT, s declined
with increasing temperature, possibly due to the formation of
surface carbon deposits. Yet notably low signal enhancements
were observed for the reaction product (propane) with
Mo,CT, 5 across the entire temperature range tested
(165=375 "C). More specifically, at temperatures lower than
235 "C, the observed signal enhancements did not exceed 2-
fold, indicating an almost entirely nonpairwise H, addition on
Mo, CT, 0. A slight increase to a (still low yet unambiguously
detectable) 10-fold SE with an increase in temperature to 375
“C was observed.

As mentioned above, Rh/TiO,; is one of the most efficient
catalysts to enable relatively high levels of S8E in PHIP
experiments at high conversion, ie, selectivity to the pairwise
addition route of up to 8% and a 200-fold SE has been
reported previously.” To compare Mo,CT,_sy to Rh/TiO, at
similar conversions, we mixed 1 wt % Rh/TiO, with a SiC
diluent {to help dissipate the heat released of the exothermic
propene hydrogenation reaction) and used hydrogenation
temperatures in the range of ¢a. 43—150 "C. The obtained
propene conversion and SE for Rh/TiO, are presented in
Table S12. At low temperatures (ca. 43=75 °C), the observed
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signal enhancements were generally higher for Rh/TiO,, with
the SE wvalues at ca. 276- to 390-fold. Overall, Mo,CT,
shows at 150 "C a ca, twice higher conversion at the two higher
flow rates than Rh/TiD,, while SE values differ by ca. 2 orders
of magnitude {wz, 261-301 for Rh/TiO, vs 10 for
Mo,CT,_gq)-

‘We note that the observed SE values are systematically larger
at higher flow rates. This is due to the relazation of nuclear
spins that drives the nuclear spin system to thermal
equilibrium, thereby significantly attenuating the NMR signal
enhancemnent created initially by the pairwise addition of p-H,.
Lower gas flow rates result in longer gas travel time from the
reactor to the NMR probe, leading to larger losses of nuclear
polarization and lower apparent SE values, To obtain the true
SE values, an extrapolation of SE to an infinite flow rate (ie,
zero travel time) is required, yet in practice, this approach may
introduce significant uncertainties. Therefore, the SE values
obtained at the highest gas flow rate used in the experiments
(i.e, 240 mL min™') are taken here as the proxy for the extent
of the pairwise hydrogen addition in propene hydrogenation
on Mo,CT,_y and Rh/TiO;, as presented in Figure 6, At the
same time, higher flow rates result in reduced reactant
residence time in the reactor and, thus, in lower conversions.
For completeness, Table 512 reports both SE and conversion
values at all three flow rates used.
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3.3. Discussion. As shown above, the selectivity to the
pairwise hydrogen addition assessed via the experimentally
ohserved NMR signal enhancements is notably larger for the
Bh/TiQ), relative to Mo,CT,_yy. Assuming that the hydro-
genation proceeds via dissociative chemisorption of H, on a
catalyst surface, obtained pairwise selectivities are qualitatively
in line with the results of DFT calculations, Indeed, lower
ratios between the rates of H* surface diffusion and the
hydrogenation reaction (rgg/r,...} for the Rh(111) compared
to those for the 2D-Mo,C(0001) surface (representing
experimental Rh/TiO; and Mo,CT, 5y, respectively) imply
a higher likelihood for the pairwise addition on Rh{111).
However, in quantitative terms, the DFT calculations predict
the diffusion to be 4—12 orders of magnitude faster than the
hydrogenation reaction under typical experimental conditions.
The disparity between the two rates appears too significant to
be affected notably by any reasonable fine-tuning of the
employed calculational models and the associated computa-
tional errors. Furthermaore, the calculations additionally suggest
that even if an H, molecule would dissociate in the immediate
vicinity of an adsorbed ethene molecule, the diffusive
separation of H* adatoms is notably faster than their transfer
to ethene, and therefore the likelihood of the pairwise
hydrogen addition is not increased appreciably.

The observation of PHIP effects on metal surfaces is
sometimes ascribed to the presence of adsorbates that lower
significantly the diffusive mobility of H* adatoms, favoring
thereby the pairwise hydrogen addition.”" Indeed, a number of
surface sites can be blocked or become blocked if associated
with the simultaneous diffusion of H*, both factors slowing
down H* diffusion considerably and potentially prompting the
pairwise addition. In this context, the present DFT calculations
demonstrated no significant changes in the diffusive and
reactive rates due to high surface coverages of coadsorbates (3/
4 ML of H* or C,H,*). Within this static picture, the diffusive
and reactive channels are not blocked, making the presence of
adsorbates an unlikely decisive factor for the emergence of
PHIP effects. While the presence of other adsorbates (such as
CH;CH=CH,*) may feature a more pronounced influence
on the ryg/ry. ratio, the disparity of several orders of
magnitude in the rd,,ffr,g,,,, ratio observed for the hydrogenation
of ethene strongly suggests that adsorbates present at the
catalyst surface cannot explain the contribution of the pairwise
hydrogenation mechamsm, at least for the range of surface
coverages addressed in this work

Alternative explanations of pairwise H; addition thus need to
be considered. In particular, the reaction of an H, molecule
directly from the gas phase with an adsorbed C,H,* molecule
through an Eley—Rideal mechanism would be expected to
result in high pairwise selectivity. However, very high energy
barriers revealed by DFT calculations for this mechanism
exclude this as a possibility, see Figure S16 of the SI. A few
other hydrogenation mechanisms sometimes advanced in
catalytic literature generally cannot explain pairwise hydro-
genation  either becanse, similar to the Horiuti—Polanyi
mechanism, random H* atoms are involved even when the
reaction of an alkene or an alkyne with either H,® or Hy*
(instead of H*) is considered.”*" For instance, in the
associative mechanism of the partial alkyne hydrogenation, the
reaction between adsorbed propyne and H; adds one H atom
to propyne but places the second one on the metal surface as
H*" Our DFT results demonstrate that, for the similar
configuration C,H.* + H¥, the second H* adatom is much

more likely to diffuse away than to complete the hydrogenation
cycle, ie, the undedying substrate-assisted hydrogenation
mechanism is also nonpairwise.

Therefore, the quantitative results cannot be reconciled with
the theoretically predicted preference for the Horiuti—Polanyi
mechanism and other nonpairwise mechanisms of heteroge-
neous hydrogenations. At the same time, the experimental
observations clearly reveal the presence of the pairwise reaction
pathway for Rh/Ti0; and even for Mo,CT,_«q, catalysts, for
which the calculated ryg/r.p., ratios are particularly unfavor-
able. Moreover, this and other experimental studies of PHIP
effects demonstrate that pairwise hydrogen addition is
essentially omnipresent in hydrogenations catalyzed by various
heterogeneous catalysts.” It is thus reasonable to conclude that
the results point to the existence of additional reaction
route(s) that inherently favor pairwise reaction pathway,
operating concurrently with the dominant Horiuti—Polanyi
mechanism and contributing measurably to the overall reaction
vield. When such a concurrent mechanism involves the
dissociation of H,, the migration (and therefore, the
randomization) of the formed H* species should be strongly
suppressed, as is, for instance, the case for molecular transition
metal catalysts that operate via the oxidative addition of H,,
olefin insertion, and reductive elimination steps. In the case of
RE/Ti0,, the presence of such “pairwise-selective” sites could
result from an strong metal-support interaction (SMSL) effect.
‘When SMSI effects are not available, a plausible mechanism
could rely on a blocked ditfusion of H* adatoms arising from
occupied sites and the simultaneous competing diffusion of
many H* adatoms, dynamically preventing diffusion until a
neatby site is freed, an aspect not considered in the
computation of diffusion rates. This would imply that H*
adatoms formed after H; adsorption and dissociation nearby
C.H,* cannot diffuse away as fast as predicted due to the
dynamic site blocking, particularly for coverages higher than
the explored 0.75 ML coverage. In such a situation, H* would
have fewer chances to diffuse, and concomitantly, both
generated H* atoms from p-H, would be more likely added
in a pairwise manner to C;H,*" Alternatively, a mechanism
based on a concerted addition of H,* to a substrate that
completely avoids the formation of H* adatoms and features
competitive reaction barriers relative to the Horiuti—Polanyi
pathway would result in a high selectivity toward pairwise H,
addition in the hydrogenation of unsaturated hydrocarbons.
Future studies should explore the possibilities outlined above.

4. CONCLUSIONS

Here, first-principles DFT calculations were used to elucidate a
more detailed reaction mecl of the ethene hydro-
genation on the well-defined model Rh{111)} surface and 2D-
Mo,C(0001) with ABC- and ABA-stacking, Consistent results
from both DFT calcalations and experimental ohservations
indicate that these catalysts are capable of effectively catalyzing
the hydrogenation of ethene, which aligns with predictions
based on adsorption rates that decrease sequentially for C.H,,
H, and C,H; Furthermore, the DFT results show that
although 2D-Mo,C and Rh(111) surfaces adsorb H,,
dissociate H,, and diffuse H* adatoms with comparable
barriers, regardless of the surface coverage with H* and C,H,*
adsorbates in a model ethene hydrogenation reaction, the H*
transfer steps for the hydrogenation of C;H:* to CH* are
distinct. Specifically, while the first hydrogen transter, to form
C,H¢* from C;H,* and H¥, proceeds with similar barriers on
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Rh(111}) and 2D-Mo,C, the hydrogenation of ethyl species to
ethane is endothermic on 2D-Mo,C models and features
significantly higher energy barriers than on Rh{1ll). This
leads to a lower predicted rate of the ethene hydrogenation
reaction on 2D-Mo,C (in agreement with the experiment).

The DFT calculations were combined, for the first time, with
experimental studies of hydrogenation with parahydrogen to
address the origin of the nonpairwise vs pairwise H; addition.
The hydrogenation of propene on 2D-Mo,C,_, and Bh/TiQ,
catalysts at comparable conversions resulted in an appreciable
enhancement of the NMR signals of the reaction product
(propane), which indicates unambiguously that the pairwise
addition of H; to propene contributes measurably to the
reaction rate, in line also with the previous studies that relied
on parahydrogen to demonstrate the existence of the pairwise
hydrogenation pathway on varous surfaces. Importantly, our
DFT study highlighted that diffusive migration of H* adatoms
on a catalyst surface, which is an essential part of the Horiuti—
Polanyi hydrogenation mechanism, is notably faster relative to
the rate of H* addition te ethene, such that only randomized
H* adatoms are added to the alkene. This inference is not
altered measurably when considering significantly high catalyst
surface coverages and other reaction conditions, implying no
adsorbate lateral interaction hindrances.

While the experimentally established preference for the
pairwise mechanism on Rh relative to 2D-Mo,C is qualitatively
explained based on the inherent H* diffusion differences
between these catalysts, in more quantitative terms, the
pairwise H; addition, with both H atoms of the same H,
molecule ending up in the same product molecule, is predicted
to be markedly less probable on any studied catalyst.
Therefore, this combined theoretical and experimental study
clearly d ates the predo e of the widely accepted
Horiuti—Polanyi hydrogenation mechanism, which cannot
explain the measurable contribution of the pairwise hydro-
genation pathway as experimentally observed. Alternative
reaction pathways, such as the identified concerted transition
states for the H, addition tollowing the Eley—Rideal pathway,
were muled out based on their high reaction barmers. One
remaining plausible explanation is the diffusion hindrance of
H* adatoms due to a dynamic surface site blocking at
coverages higher than the currently explored 0.75 ML of H* or
C,H,*, potentially prompting the pairwise addition. However,
this remains to be confirmed in subsequent studies, Overall,
the underlying pairwise hydrogenation mechanism avoids the
randomization of hydrogen atoms either by preventing
diffusion and scrambling of H* adatoms or by excluding
entirely the involvement of H* adatoms in the reaction
pathway.
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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.> SACs mark a significant advancement in the field of catalysis, their unique
properties combine the advantages of both homogeneous and heterogeneous catalysis,>*
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 environments’ 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 atom® 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).” 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)® 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.”!! Unfortunately, these processes are energy-intensive, using mercury electrodes or
asbestos-containing membranes, leading to significant environmental issues.'?"'* There-
fore, advanced chlor-alkali processes, '>!'® 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,!”-!® enabling an easy achievement of 30% energy sav-
ings.!*2% 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 platinum?! and silver,?> metalloporphyrins,'® phthal-
ocyanines, and perovskites.?’

In recent decades, extensive research has been conducted to replace high-activity
but scarce and expensive platinum-based catalysts.?*?* Non-precious metal catalysts have
garnered attention due to their promising ORR activity and low cost in electrochemical
technologies.?®?” Among the studied catalysts,?®* 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.0-3?
While experimental studies®** 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” ** 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, (¢) 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.

T — 1~y

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.3 4

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) + 2H20 +4e” — 40H™ (4.1).
Liang et al.* has proposed an ORR mechanism in alkaline medium, with the fol-

lowing steps of Egs. 4.2-5:

02+ * + H0 + & — *OOH + OH" (4.2),
*QOH + & — *O + OH" (4.3),

*0 + H20 + e~ — *OH + OH (4.4),
*OH + ¢ — OH + * (4.5).

Moreover, the expression (OH™ —e") can be expressed as Eq. 4.6 when consider the
reaction energy,
OH -¢e =H20-H —-e =H0- % Ha (4.6).
It also should be noted that the ORR is accompanied by the corresponding half-
reaction of HER, 2H2 — 4H" + 4¢, 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 (Er), binding energy (Eb), cohesive energy (Econ) and
net Bader charge (Q) of the SAC models studied, as shown in Table 4.1. The Er 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 Er value indicates greater thermo-
dynamic stability of the catalyst. The Eb is defined as the binding energy of a single atom.
The Ervalues in Table 4.1 demonstrate that the SAC models used are thermodynamically
stable, with Eb consistently greater than Econ, 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 (Er), binding energy (Ey), and cohesive energies (Econ) 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.>*

SAC Ex Ep Econ Q
Ti 205  -852 367 143
\Y% 151 7730 2420 132
Mn  -254  -677 -3.85  1.29
Fe 175 -7.68 281 1.08
Ni 248 799 312 0.83
Cu 040  -526  -1.78  0.90
Pt -1.67  -781 231 0.72
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Moreover, the adsorption energy (Eads) of key reaction intermediates such as Oz,
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.

-0.24 -0.62 -1.92 -1.75

Figure 4.2. Top (top) and side (bottom) atomic structures for *O,, *OOH, *O, and *OH at the Cu SAC
catalyst with their corresponding adsorption energy (Eads, in €V). 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 4434

Table 4.2. Calculated Gibbs free energies (4G, in eV), the overpotentials (7), and the limiting potentials
(Uh) of different catalysts at U=0V, pH = 14.34

SAC AGooun* AGo+ AGon* AGou  Neo (V) UL(Y)
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
N1 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 (£") of ORR at pH = 14 is 0.4 V, relative to the standard hydrogen
electrode (SHE), thus the total energy change AG at U =0 V should be £ x 4¢, i.e., -
1.60 eV. Here the potential-determining step (PDS) is defined by the maximum positive
AGmax 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 (#theo), 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.

Idcal ’ ——
or ke 4 — U= 04V
16 4 ?_CEHI:J(E —  —  ——U=-031V
—Ti@ z
14 {—— V@NC g
- Mn@NC i T
121 Fe@NC s e S
- 10 4~ Ni@NC e =
5} | "
\(5/ CU@:NC Reaction coordinate
S s PL@NC €
64 ‘ B _ .
4 4 £ ' ‘ ; |-' '- ‘ u"h' l-‘,,‘
50 2 — - T
2 I s, W
) 4 = " ¥ 3 e
-2
0, “OOH 'O ‘OH OH

Reaction coordinate

Figure 4.3. Gibbs free energy diagrams for ORR at U= 0V 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 Up V vs. SHE, which is system

dependent. Inset images colour-coding as in Figure 4234

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 #meo 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),*® which is often defined for OERs and allows us to determine
how close a catalyst is to the ideal case.?”-3® For convenience, ESSI for the OER can be

defined as:
_lyn (A6 _ g (4.7),
ESSI nZl(e_ E)

where AG; 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 Aei_" = E’ for all steps, thus ESSI = 0 V. The relationship between ESS/ for

1.,>® so here it suffices

the OER and ORR has been previously derived by Govindarajan et a
to state that for n =3, 2, 1 in the OER, one has n = 1, 2, 3 in the ORR, and ESS/(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 AGoon*=0.13 eV, AGo*=-1.24 eV, AGoun* =-0.80 ¢V, and AGon = 0.31
eV. In this case, there are two steps with AG; 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, AGoon*=
-0.04 eV, AGo+*=0.69 eV, AGon== 3.05 eV, and AGou = -5.30 eV. Here, for the OER n

=1, therefore, ESSI(ORR) = 1/3 [(-5.30/1) + 0.4] =-1.63.

-4.0

niv)

T T T T T T T
175 150 -125 -100 -075 050 025 0.00 05 k¢ 13 20 25 30 35 40

ESSI (V) Gry() (V)

Figure 4.4. Plot of predicted overpotentials (7) versus the electrochemical-step symmetry index (ESS/) for

the ORR reaction at U = 0 V and pH = 14 (left panel) and vs. the Gmax(n) descriptor in eV (right panel).

The ideal catalyst, for which #theo = ESSI = 0 is shown for comparison.>*

Next, in Figure 4.4, we plot ESS/ against 77teo 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 #eo and are close to the ideal

228



2D-Nitrogen-Doped Graphene Supported Single Metal Atom Catalysts in Electrochemistry

catalyst, thus supporting previous findings for other systems.*® Additionally, we evalu-

ated the so-called Gmax(n) descriptor,*-4°

which indicates the maximum positive span for
all reactions involving intermediate species from Oz molecule to OH™ in the proposed
mechanism, as shown in Figure 4.3. For Sc, at pH = 14, Gmax(1) is determined by AGon+,
while for Ti, V, Mn, and Fe, it is determined by AGo* + AGon+, for Ni by AGon™, and
finally for Cu and Pt by AGooun* + AGon™. Therefore, Gmax(n) 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(1) values, but unlike E£SSI, 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 ESS/ is based on thermodynamics and Gmax(1) derived from the span
model proposed by Kozuch and Shaik*! based on kinetic arguments. In fact, the span

governing Gmax(1) 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 (ESS7) and Gmax(1) descriptor for the explored systems at
U=0YV and pH = 14.3*

SAC ESSI(V) Gmax(m) (eV)

Ideal 0.00 -
Sc -1.73 2.90
Ti -1.63 3.74
A\ -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

Therefore, by considering these the £SS7 and Gmax(n) 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:
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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 (Er), 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 (E£SSI) and Gmax(1) 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),**** 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,*+*¢ tending to stabilize through ap-
proximately perfect square planar geometry (Dan) as expected by ligand field theory,’
such as Pt-N4 and Pt-S4, where p-block elements doped as surface pockets to anchor a
single atom.*”-48

However, theoretically, these model structures predict a significant weakening of
axial coordination, resulting in lower catalytic activity.*>° 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-NxCa—x.>!*>> Although there is theoretical evidence that cat-
alytic performance of Pt sites with symmetric Dan 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
SAC:s 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”,> 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, (¢) 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.

Peries ’8:%}
» > N . ,
ool ”;?*’{

Figure 4.5. Three active site models, square planar Pt—Ny, trigonal planar Pt-N3, and T-shaped Pt-N;V,

used for the DFT calculations.”>

4.3.2. CERs and OERs

Building on insights from previous research,*®* it was assumed that the CER follows the
Volmer—Heyrovsky mechanism.>*® Two distinct pathways within the Volmer—Heyrov-
sky framework involving dissimilar intermediates (i.e., *Cl or *OCl) were explored,®’ as
(D and (IT) Pathway of Egs. 4.8-11:

(I) Pathway mediated by the *Cl intermediate:

*+CI (ag) = *Cl+e (4.8),
*Cl+Cl (aq) = Cla(g) + e (4.9),
(IT) Pathway mediated by the *OCI intermediate:
*O+Cl (ag) = *OCl +e” (4.10),
*OCl+Cl (ag) = *O+Cla(g) + e (4.11).

The Cl 44 chemical potential is related to that of the Cl2 gas molecule as Eq. 4.12:
Cl (ag) = 1/2Cla(g) + ¢, E°=1.36 Vvs. RHE (4.12).
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For the OER side reaction, 2H20 (ag) — Oz + 4H" (aq) + 4", E°0Er = 1.23 vs.

RHE, was modelled by assuming the mononuclear mechanism®® of Egs. 4.13-16:

*+ H0 () = *OH + H' + ¢ (4.13),
*OH = *0+ H' + e (4.14),

*0 + H20 (/) = *O0H + H' + ¢ (4.15),
*O0H = Oz + H' + & (4.16),

The proton-electron pair, H" + e, chemical potential can be related to the Gibbs
free energy of the Hz gas molecule using the CHE approach as Eq. 4.17:
H"+e = 1/2Ha), 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 VsuE) by constructing Pour-
baix diagrams.*’

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 *OCI 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),* as a function of applied electrode potential, where Gmax (U) = max[Gix(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.%%-¢!
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Figure 4.7. Free-energy diagrams of the CER via the *Cl and *OCl pathways at 1.36 Vsug for Pt—N,4, Pt—
Ns, and Pt-N3V. 3

Consistent with our previous findings,*3>*2 the square planar Pt-Na prefers the *ClI
pathway (Gmax (U) = 0.32 eV) over the *OCl pathway (Gmax (U) = 1.07 eV) at U= 1.36
Vsue. 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-Na.
4.3.3.2. Selectivity of the Pt SACs
Additionally, we described the competitive oxygen evolution reaction (OER)®® for Pt-N4,
Pt-N3 and Pt-N3(V), through a widely accepted mononuclear mechanism involving *OH,
*0, 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),% defined as
Eq. 4.18,

Gsel(U) = Gmax(U)°™ = Gmax(U)“R (4.18),
the second model is a more quantitative one that precisely determines the percentage of

CER selectivity,””% as Eq. 4.19,
exp(@) (4.19).

kg.T

selectivit =—5
y (U) exp(cse1)+1

kg.T

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—Ny4 and Pt—N3V at pH = 0.5

Guax(U) (eV) Pt—Ny4 Pt—N3 Pt-N3V
CER 0.322 (0.28) 0.21 (0.17) 0.05 (0.01)
OER 1.56 (1.48) 2.25(2.17) 0.35(0.31)
2U=1.36 Vsue
bPU=1.40 Vsue
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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,** defined as Eq. 4.20:

Uliss = _AGZtab (420)

Here, AGgyp, is related to the equation [Pt] + 2H20 — [ ] + PtO2 + 4H' + 4e7, 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 Uliss 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 Vsue. Additionally, considering that
the Udiss for Pt-N3 is 0.78 Vsug, 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 — * + Clz, for Pt-Na,
whereas O — *OCIl — *O + Cl> 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 PtNa.

® 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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ARTICLE INFO ABSTRACT

Keyworils: The performance of single-atom :e:!&iys!s (5ACs) containing 5¢, Ti, V, Mn, Fe, Ni, Cu, and Pt on N-doped earbon
Owygen reduction reaction {NC) as possible cathodes in d chlor-alkali ol lysis has been i i by means of density
Qe . functional theory (DFT) with Ihe aim of ﬁndmg candidates to improve the sluggish kinetics of the oxygen
:ii-'::;:-.“:lz:d:mm reduction reaction (ORR), A plausibl is proposed for the ORR that allows making use of the
BET . iomal hyd | de (CHE) ap b in this and suitable models have been used 1o

csllma!c the I’n:e—rncrgy changes corresponding to the clementary reaction steps. The performance of the
different catalysts has been analyzed in terms of the electrochemical-step symmetry index (ESS1) and Gaay de-
seriptors, From these deseriptors, the Co-containing SAC is mdic‘ted 1o exhilit the highest catalytic activity
which iz with a tl ical ial of .71 V, indi @ that this type of catalysis in oxygen
depolarized cathodes (O008) may uvermme the limitations of the high msl and low abundance of Prand other

precious metals,

1. Introduction

The chlor-alkali industrial process, the second largest electro-
chemical process after the Hall-Héroult process for Al production, aims
at producing gaseous chlorine, sodium, and/or potassium hydroxide by
the electrolysis of brine solutions [1-31. Unfortunately, these processes
are energy costly, use mercury electrodes or ashestos-cc mem-

hydrogen evolution reaction (HER). From a thermodynamic point of

view, it is a clear advantage to apply ODCs in membrane electrochemical

cells as the equilibrium potential difference between the anode (chlorine

evolution) and the cathode is reduced by about 1 V compared to the

conventional process with the HER at the eathode [11,17]. Therefore,

the use of ODCs in membrane cells easily leads to a 30% saving in energy
ption [13,14],

branes with evident concomitant environmental issues, harmful effects,
and economic problems [4 8], Consequently, the petrochemical in-
dustry is interested in finding alternative, more sustainable, processes to
produce caustic soda and gaseous chlorine. In this sense, the so-called
advanced chlor-alkali process [ 10] is one of the latest developed ap-
proaches aimed at reducing energy consumption, which is working at
the industiial scale. In this process, axygen depolarized cathodes (0DCs)
are used in the membrane electrochemical cell at the cathode to facili-
tate water formation via exygen reduction reaction (ORR) rather than
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Being a type of gas diffusion electrodes (GDEs), the ODCs consist of a
micro/nano-particule catalyst and a hydrophobic material {15,161, The
reaction site in the ODC involves a three-phase boundary with oxygen,
water, and electrons at the gas, liquid, and solid phases, respectively. In
the ODCs, the ORR suffers from a sluggish reaction kinetics due to the
transfer of four electrons for the reduction of a single oxygen molecule
[17]. To enhance the performance of chlor-alkali electrolysis, a suitable
electrocatalyst is needed, which is able to catalyze ORR in a sodium
hydroxide solution at 80-90 °C. Common catalysts for ODCs are
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carbon-supported platinum [19-20] and silver [21-23], metal porphy-
rins, phthalc ins, and perovsl [ A

In the last decades, significant research has been carried out to
substitute the highly active but scarce and expensive Pl-based catalysts
[26,27]. In particular, non-precious metal catalysts have attracted
attention because of their promising ORR activity in electrochemical
technologies [26-3c]. Among the investigated catalysts, it

T}
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mechanistic pathways for ORR feasible, including various chemical and
electrochemical steps which make the ORR mechanistic deseription
mote complex than originally anticipated, and different mechanistic
pathways can be operative for different catalysts.

For reacrions (2-5) the changes in Gibbs free energy (AG, [ = 2-5)
can be computed as detailed extensively in the literatures [48,62] and
briefly 1 d in the next section. The calculated AG; provides an

metal single-atom I (SACs) are pr ing in speeding up the
slow ORR kinetics with high efficieney and low cost. SACs involve single
metal atoms dispersed and anchored on a given substrare, have been
used in several electrocatalytic processes, in energy storage [ 272 | and
have shown high catalytic performance for ORR in acidic or alkaline
media [43 ;

The search for active and stable SACs for the ORR involves screening
a large number of potential material motifs. To render such screening in
an efficient fashion, first principles based theoretical approaches such as
density functional theory (DFT) in conjunction with the computational
hydrogen electrade (CHE) madel [45] have become a powerful tool to
predict the electrocatalytic activity of ORR catalysts [45-49]. Mever-
theless, most theoretical investigations of the ORR have focused on acid
solutions, and only a few studies have been reported on alkaline envi-
ronments, Yu et al. [L0] have studied the ORR catalyzed by N-doped
araphene on the cathode of fuel cells by DFT calculations and showed
that this system is promising to partially replace the conventionally used
Ptin the alkaline medium.

For the ORR in alkaline medium, the performance of ODC single-
atom electracatalyst in the chlor- alkali electrolysis has been studied
in detail from the experimental point of view [51-55]. However, to
properly interpret and understand experimental results, and, more
importantly, to predict the properties of new materials before synthesis,
a detailed analysis from theory is needed. In this work, the CRR activity
inalkaline medium of a selection of non-precious single atoms from the
3d transition series (Se, Ti, V, Mn, Fe, Ni, Cu) supported on N-doped
graphene is explored computationally by means of DFT caleulations and
the CHE model, including Pt as a reference case,

2. ORR mechanism

The ORR mechanism is complex and includes intermediates that
depend on the nature of the electrode, electrocatalyst, electrolyte, and
on the pH, with significant differences in the proposed mechanism in
acid or alkaline media.

2.1. The ORR mechanism in acid media

In acid media, the overall reaction is.
O fgr 4 HY 4+ 4 = 2 Ha (1)

with an equilibrium potential of U = 1,23 V vs. RHE (reversible
hydrogen electrode). It is common to postulate that there are three
adserbed intermedi in the pathway from O; to H;O [48,56-60],
namely *Q, *OH, and *QOH that are formed as in Bqgs. 25,

Oz (- H +& + * =~ *00H (2
HOOH + HT + & = *0 + Ha0 (1) 3
MO H ke — YOH (4)
OH + H + & — Hiofll + % (5

estimate of the equilibrium potential required for each step (E]) to take
place on a given substiate simply because EY = —% whete e, is the
electron charge [45], Mote in addition that, irrespective of the catalyst
usad, the sum of AG; values must be the — 4,92 eV, the equilibrium
Gibbs free energy for the reaction at U = 0V ve. RHE. Therefore, it is
believed that an ideal catalyst reveals AG; = —1.23 eV for any fat U
=0Vys RHE —or AGi =0 eV forany fat U = 1,23 V vs, RHE—, and the
maximum deviation from this value defines the theoretical overpotential
or limiting potential as explained in detail in the next section [63].

From the preceding discussion, it turns out that from the caleulated
equilibrium potential one can prediet the corresponding overpotential,
and thus be able to screen different materials in the search for the
improved caralyst. Regarding the estimate of the AG) values, here it
sulfices to state that for the adsorbed species, the vibrational contribu-
tion to entropy is estimated from harmonie frequencies, the free energy
of O is taken relative to the experi | HxO (1) formatien free energy
—AGH (H,0)— and H,0 and Hy gas phase molecules ealeulated free
energies with the entropy contribution taken from thermedynamic
tables,

GiO) = ZAG (Ha(l) = ({H20)) = 2 Gl ©)

and that, from the CHE it follows that at pH =0 and 1 bar and
29015 K.

G + &} = 172 G{H3) (7}

Finally, whenever needed, the free energy of liquid water can be
estimated by adding an appropriate entropy correction to the gas phase
value [45]. It is worth pointing cut that the “moncnuclear” mechanism
discussed above has been questioned by Barlocco etal. [41] who showed
that the oxygen evolution reaction (OER) on SACs can follow an alter-
native pathway. These authors studied a set of 30 SACs involving
different carbon-based materials and found that intermediates such as M
(OH)z, MIC)HOH), M( O)z, and M(O:), where M stands for the metal
atom in the SAC, exhibit larger adsorption free energy and, hence, may
play a role in the OER and ORR mechanisms.

2.2, The ORR mechanism in atkaline media
The ORR reaction in alkaline media can be written as in o (8],
Oaig) +2 Had + de — dUH (4]

and its mechanism has been less studied with some issues remaining

open. For i itis i p lated that the first step is as in
Eq. (9)
hte + ==l <)

and that, ar high pH values, *00H is never formed from a coupled
proton-electron transfer (CPET) step [64], In fact, Smickler er al. [65]
have argued that the electron transfer in Eq (%) occurs at the outer
sphere which agrees with the fact that the overall reaction takes place a
similar speed in different metallic electrodes such a silver and gold. The

where Oy and HxO are in the gas and liquid phase, respectively, One
must point out that Fgs. (2-5) are reconciled with the “mononuclear
ORR mechanism”, which is the reverse pathway for the mononuclear
OER mechanism. This mechanism is likely operative in the ORR when
the respective electrocatalyst binds *OH strongly (left leg of the volcano)
as discussed In Ref. [51]. Mote also that there are several other

t that, according to Smickler et al. [65] follows from Eq. {9)
involves adsorbed charged species which are difficult to accurately
model with periodic DFT approaches and makes the overall approach
difficult to apply for systematic screening potential electrocatalysts.

Recently, an alternative mechanism has been proposed by Liang eral
+| for the OFR in hasic media that, while not involving CPET, allows
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the use of the CHE model Since the OER and ORR are reverse processes,
the proposed steps for the ORR are as follows:

Or 4=+ Had e — *¥O0H + OH (10)
OH + & — *0 + OH” (11)
#) + Hat) + & — “OH + OH a2
SOH + & — OH + % (13)

which involves the *O, *OH, and *0CH intermediates as in the
mononteclear mechanism in acidic media. Now, following the procedure
by Liang eral. [06], as summarized in the next section, one can compute
the change in Gibbs free energy (AG, (= 10-13) and estimate the
equilibrium potential of each step, to ultimately predict the theoretical
overpotential or other activity descriptors for a given catalyst.

To end up this section, three remarks are necessary. First, note that
the ORR reaction as in Fq. (2] is acec ied by the cor cli
hydrogen oxidation half reaction 2Hy — 4 HY + e for which, at
standard conditions, the equilibrium petential vs. SHE is taken as zero.
Second, one must be aware that alternative mechanisms with different
intermediates may need to be considered as discussed in the recent re-
wview by Di Liberro and Pacchiond [57]; and third, one should not forget
that the models discussed involve some limitations as they neglect the
presence of the solvent which may also become an active reaction spe-
cies [G7].

3. El N tels, tl PP &, and S
details

As mentioned in the introduction, the focus of the present work is on
screening SAC models that can serve as ODC in chlor-alkali electro-
lyzers. To represent the active sites, we consider graphene-like patch
madels where a single metal atom is coordinated to four N atoms as
indicared in Fig. |. The models are similar to those used previously by
Calle-Vallejo er al [62] but with a considerably larger unit cell. The
present model can also be seen as a periodic version of the one used in
recent work investigating the chlorine evolution reaction [69]. Thus, a
sufficiently large 5 = 5 « 1 supercell of the one-layer pristine graphene
is chosen with starting C-C bond length of 1.42 Amsin pristine graphene
and lattice parameters of a — b = 12.3 A and ¢ = 20 &, the latter value
being chosen to prevent interaction between periodic replicas. Next, the
N-doped graphene madel was generated by replacing four C with four N
aroms and, finally, the SAC model is obtained by adding a metal atom
(8c, Ti, V, Mn, Pe, Ni, Cu, and Pf) to the cavity surrounding the atoms. In

Fig. 1. Schematic representation of the model used to represent the SAC
electrocatalysts used in the present work. Grey, blue, and orange balls denote ,
N, and the metal atom, respectively.

P 8
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this way, the metal atom forms two five- and two six-membered rings, as
seenin Fig. L. The final unit cell contains 44 Catoms, 4 N atoms, and one
single metal atom.

Herein, we discuss the ORR under alkaline conditions by adapting
the mechanism from Liang et al [56]. By using the RHE as a reference
elecrode  under standard conditions of hydrogen gas pressure
P, = | bar and T = 298.15 K, the necessary AG; (i = 10-13) values are
caleulated as follows:

QG = [GIFOOH] + G{OH |J-{G{05+ G{*}+ G{H:04 Gie™)]  (14)

AG; = [G*0) + GOH |- G{*OOH] 4 Gie |] (15}
Afip = [G{YOH) + GIOH ) =G0 + GiH0) -+ Gie )] (16)
Az = [G(*) + GIOH)-[GYOH) + Gle )] a7

Following the literature [48,62], G* is just estimated from the total
energy of the clean electrode model, in our case that of the model in
Fig. |, so that G(*) = E*, whereas for the adsorbed species (A = *OCH,
*OH, *0).

GlA) = E(A) + Egpel&) ~ TS(A) (18}

where E(A) represents the total energy of the electrode model of
Fig. 1 with the adsorbed species A, Ezpp(A) is the corresponding vibra-
tional zere-point energy (ZPE) considering only the adscrbare degrees of
freedom, and 5(A) stands for the entropy of the adsorbed species which
includes the vibrational connibution only. In addition, the chemical
potential of Oy can be obtained by assuming the equilibrium in Eq. (G,
The only remaining terms are G(OH ) and G(e ] and more precisely
their difference, namely G{OH } _ G(e ). To calculate this term, we also
follow Liang er al. [65] who used the equilibrium az in £q. (19,

HyO(l} = H + OH 19
for which it holds that.

G(OH ™} + G{H | = G{Ha4ih (20}
adding and subtracting Gie ) in the left-hand side one has.

GIOH | — Gie™} + G{HT| + Gfe™) = G(H:0{}} 21)
which finally leads to.

GIOH} — Gle™ | = G{HO — (GIHT) + Ge” l=GiH0} — 12 GiH22)
Substituting Eq. (22) inte Egs. (14)4(17), one gets.

AGy = GOOH) = [GIO1 Gi*H GiHaO |+ GiH01 = 12 GiH=b (23)

AGy; = G40 — G{*O0H) + GIH0) — 172 G{Hz) (24)
AfGgz = GOHOH) = [G(*0) + G{H:20H + G(H20 — 172 G{H:) (25)
Afigz = G *) = GIYOH) + GiH20) — 12 G{Hz) (26)

So far all AG values are referred Lo standard conditions or zero pH
and zero potential which is often indicated as AG(0,0). To obtain the
cortesponding expressions at finite pH and potential relative to the SHE,
it suffices to recall that for an elementary step involving a single CPET
one can write [70.71],

AG{pH, U} = AGI0.0} — WH e T{mI0)pH — — v{e~}ell @7)

where ¢ is the elementary charge of an electron and U is the applied
electrode potential with respect to the SHE with w(H" | and vie™ ) being
the number of transferred protons and electrons, respectively. Using Fo.
(27 one easily gets the equivalent of AG, (i = 10-13) for a given pHand
potential, [n acidic conditions, pH = 0, we can use SHE or RHE, because,

AGpH.L) = AG0.0 (28}

el/(RHE} = ¢l/(SHE) (29}
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Heswvever, under alkaline conditiens, Le. at pH = 14, then.
AGIpH, U) = AG(D,0) — kaT(Inl0pH — elf =

= AGID, 0 — 0,83 — oL7 (30)

Consequently, for U = 0 vs. SHE one has AG(14,1) = AG(0,0) —0.83,
which simply means that for each elementary reaction step, one just
need to subtract 0.83 eV from data in the acidic medium. In other words;

CU(RHE] = eU({SHE) — & T In10pH = eU[SHE} — 0.83 (31)

That is, for AG{pH,U) under acidic pH = 0and U = 0 V vs. SHE, AG
(0,0) =Ug *4=-123V (vs. SHE) =4 =-492eV, whereas for
alkaline pH =14, AG(14,0) = Uy = 4 =(1.23 — 0.83) V (vs. SHE)
4 =—1.6eV. Inthe context of the CHE model and for a real eatalyst,
the highesr potential at which all reaction steps are exergonic Is termed
the thermodynamic limiting potential (U)) [45] and is defined as

] (32)

The difference between the equilibrium potential Uy and the limiting
patential (Up) defines the theoretical overpotential (M), this is.

M= Ly — Uy (33)

For the ORR in acidic and alkaline conditions Uy is + 1.23 V and
+ 0.4V vs. SHE, respectively. Note also that, for the ideal catalyst, all

steps have the same AG, and Uy, marches Uy leading to g = 0. It is also
impoitant to note that 7 (as well as Up) serves as an indicator of the
effectiveness of a given catalyst activity and cannot be directly
compared to a measured overpotential, which is inherently influenced
by the current density.

The set of equations above, similar to those in the original work of
Nerskov etal. [45] for the reaction in acid media, allows cne to predict
the potential of each step just from DFT based caleulation. At this point,
itis worth pointing cul that, because of the approximate character of the
exchange-correlation functionals, the DFT calculated energy of gas
phase molecules suffers from rather large errors which, severely affect
the equilibrium potential predictions [63,72]. To a large extent, the DFT
intrinsic error can be minimized by means of a semiempirical correction.
In the case of the ORR, the error, measured as the Gibbs free energy
difference between the experimental (-4.92 eV) and the calculated
value for the ideal catalyst is almost entirely due to the energy of the gas
phase s molecule and depends on the chosen exchange-correlation
functional [©3].

The DFT calculations were carried out allowing for spin polarization
with the Perdew-Burke-Ernzerhof (PBE) exchange-correlation func-
tional [75], with dispersion effects included through the D3 approach of
Grimme [74]. This choice is justified by the good performance of PBE in
describing the transition metal series and it provides a good deseription
of closed-shell metallic systems [7° . Mote in passing that some
authors have suggested that the implicit more accurate hybrid func-
tionals or its cheaper PBE-U version provide a slightly different and,
hence, expectedly more accurate description of SAC systems of interest
in electroeatalysis [79,80]. Nevertheless, one must also be aware of the
intrinsic errors of the available functionals in describing the gas phase
thermock v [81] as and products are gas phase mole-
cules, The gas phase errors of PBE are known and can be corrected as
indicated below. Also, using the same methad for the different systems
permits to eatch the main trends which is the main goal of the present
work.

The valence electron density was expressed using a plane-wave basis
set with a kinetic energy cut-off of 415 eV and the projector augmented
wave (PAW) method of Bloch [22], as implemented by Kresse and
Joubert [£2], was used to account for the effect of the core electrons on
the valence electron density. The necessary ical integrations in
the reciprocal space were carried out usinga 4 = 4 » 1 mesh of special
k-points (54 ). The optimization of the structures was finalized until the
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maximum force on any atom in the supercell were all below
0.01 eV AL, The eriterion of convergenice of the total energy along the
optimization was set to 1077 &V, For the gas phase species, the rotal
eneigy was obtained by placing it in a large asymmetric box. Finally, G
(03) in Eq. (23), has been corrected by the estimated PBE error of
0.46 €V as reported by Sargeant et al. [G3], so that the PBE calculated
Gibbs free energy for the ORR, for which the PBE value is 4.46 eV,
matches the experi 1 value, All ealeul: have been carried out
using the Vienna ab initio simulation package (VASP) (85,861

4. Stability of the SAC models

It iz well-known that transition metal atoms deposited on carbon
materials rend to interact ultimately by forming clusters and large
nanoparticles, which is detrimental to catalysis and, consequently,
reduce their performance. Hence, when investigating possible SACs, itis
necessary to first assess their stability. In the present work, we consider
formation energy, binding energy, and cohesive energy of the consid-
ered models. The formation energy (Eg of the SAC model can be defined
as the energy required to dissociate the catalyst into its indivicual
components, which is directly related to stability, and can be estimated
ag:

Er = [Egje + 2 Ecl-[Ey + Ecn] (34}

where Ex s and Eqyave the total energies of the optimized SAC model
in Fig. | and the (5 =x5) pristine N-graphene supercell with four
appropriately located N atoms; E is the energy of the carbon atom
calculated from graphene and Ey is chemical potential of M atom
caleulated from its corresponding bulk structure, The factor 2 in Eqy. (34)
arises from the fact that two € atoms have to be removed to accom-
modate the M atom in the SAC, Obviously, the more negative the
calculated Eg the more thermodynamically stable the catalyst is. The By
values summarized in Table | indicate that the SAC models used are
thermodynamically stable. The binding energy (E) is defined as;.

Ey = Egue — Enygpor — Enp (35)

where Eqgppar and Epy are the total energies of the SAC model without
M atom and single M atom. Comparing the obtained Ej, values in Table |
with the corresponding cohesive energy (E. ;) values of the bulk metal
(3.90, 4.85, 5.31, 2.92, 4.87, 4.87, 3.48, and 5.50 eV for Sc, Ti, V, Mn,
Fe, Ni, Cu, and Pt, respectively), taken from Ref. , which were
caleulated using the same approach, it appears that, in all cases, E,
= Euuh, clearly indicating that metal sintering is not thermodynamically
favored.

To a large extent, the adsorption energy (Eue) of key reaction in-
termediates such as Oy, GOH, O, and OH determines the magnitude of
the Gibbs free energy values that govern the catalytic performance of the
ORR, as discussed above. Therefore, it is interesting to analyze the main
trends just for the adsorption energy of the different species X defined as:

Egge = Egac_y = EBsar — Ex (36}

Table 1

Caleulated formation energy (£, binding cnergy (E), and cohesive energies
{Ep) of the different SAC model in eV, The righ column ponds to the
calealated Bader net charges (Q) at the M center in the isolated SAC models.

SAC E Ex Euot Q
B -3.85 -B.51 -4 .64 1.82
Ti 205 BA2 3.67 143
v -151 Rl -4z 152
M -254 677 3.85 1.2
Fe 175 THR 2.81 1.08
Hi 248 7.99 31z (%3
(%} 040 520 178 N
P 1.67 781 241 072
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where Ez4 x and Ey are the total energy of X species adsorbed on the
SAC and on the gas phase, respectively, computed in the supercell.
Megative Eqy; values indicate that the adsorption process is energetically
favorable. The optimal .y, values were obtained by explicitly consid-
ering all different adsorption modes and, for each, carrying our its
structural optimization, Fig 2 and Tsble 51 summarizes the obtained
values including a schematic representation of the final optimized
structures. Finally, Talkle 1 also reports the net Bader charges of the
metal atoms in each SAC model, all values are positive indicating that
the metal gets partially oxidized with the net charge decreasing from Sc
to Cu as expected, the lowest value is for Pt which is includes as refer-
ence, This confirms that single metal atoms are suitable active sites that
lead to considerable differences in charge transfer between substrates
and oxvgen molecules. Finally, we briefly discuss the density of states
(DOS) and projected DOS (PDOS) of all systems with the corresponding
plots reparted in Flg, 51. The plots show that all systems exhibit a
metfallic or nearly metallic character that makes them good candidares
for electrode. The plots also show a clear overlap between the metal 3d
(5d for Pr) and the N 2p levels due to the strong bonding between the
metal atoms and the anchoring M atoms,

5. Gibbs free energy profiles and ORR electrocatalysis
performance

Here we analyze the four-electron pathway for the ORR in alkaline
conditicn to determine the SAC with the highest electrocatalytic activ-
ity. Fig. o shows the free-energy profile for each SAC model at zero
potential and pH = 14, obtained according to Eqs, (23) o (26), and
includes the wvalues for the ideal catalyst for comparison. For
completeness, the caleulated E, Eypp, TS, and G values for *00H, *OH,
*2 on each metal are reported in Tables 52 to 54, respectively. The steps
with a pesitive AG value are thermodynamically hindeted and deter-
mine the theoretical overpotential [57,501, Fig, 50 shows that in the case
of Se, there is only one step with positive AG that corresponds to *0 to
*DH conversion. For V, Ti, Fe, and Mn, there are two steps with positive
AG but again with the *O to *OH conversion is thermaodynamically most
uphill, and thus, defines the potential-determining step (PDS). Inter-
estingly, for Ni, Cu, and Pt, there is only one step with positive AG, but it
corresponds to *O0H formation as the PDS.

At pH = 14, the equilibrium AGaps at U=0V is — 1.60eV —Le
— 0,40 x 4— as opposite to AGagr =-4.92eV from — 1.23 = 4 at pH
= 0. Thus, at pH = 14, the equilibrium potential vs. SHE is U = 0.4V
and, under this condition, AGogy becomes obviously zero as from Eq
(27) it rurns out that Gibbs adsorption energies are shifted by + n.U,
depending on the number of electrons corresponding to each step.
Obviously, for all catalysts, AGopg = 0 €Vismeta U = 0.4 Vvs. SHE and
pH = 14. One must note that, for the ideal caralyst at [/ = 0.4 V vs. SHE

Catulysis Today 431 (2024) 114560

AG(eV)

0, "00H 0 OH OIf

Reaction coordinate

Fig. 3. Gibbs free energy diagrams for ORI at 17 = 0V and pH = 14 for the Sc,

Ti, ¥, Mn, Fe, Ni, Cu, and Pt SACs with the ideal catalysts included for com-

parison. The inset corresponds to the plots for the Cu SAC at pH = 14 and 17
= 0V, at the equilibrium potential (0.4 V) and at [ ¥ vs. SHE, which is system
dependent, Tnset images colour-coding asin Fig. =2

and pH = 14, the four steps have AG; = 0. However, for real catalysts
under these conditions, the respective AG; values of the elementary steps
are not zero and one needs to consider the limiting potential —U), as
defined in T (221 —, that is, the specific value for each syster at which
the Gibbs free energies in each electrochemical step become thermo-
neutral or negative. The calculated Uy, values of Se, Ti, V, Mn, Fe, Ni, Cu,
and Prare — 2.91, - 3.05, - 2.39, — 0.47, — 0.35, — 0.35, — 0.31, and
—0.69V, vs, SHE, respectively. According to Fg (32), the difference
between the equilibrium potential (U = 0.4 V v&. SHE) and the limiting
potential (Up) defines the theoretical overpotential s., —cf. B, (33—
with values of 3.30, 3.45, 2.79, 0.87, 0.81, 0.75, 0.71, and 1.09 V vs.
SHE, in the same order, respectively. From this set of results, it is clear
that transition metal with few d electrons exhibit large limiting potential
and this decreases drastically once the d shell is half filled with Cu being
identified as the best candidate among the considered SAC systems.

To reach a deeper insight into the mechanism, we explored the
electrochemical-step symmetry index (ESS) [89] which allows
concluding how close a catalyst is to the ideal case [90.911. For con-
venience, the ESSI is usually defined for the OER as

1= faGT 3
58] =~ Lo E ;
Essi ;;Z( — .5) (&v))

where AG] corresponds to the opposite of reaction energles in Fqs.
(23267 larger or equal than the equilibrium potential E'as only the
corresponding steps can be potential-limiting; recall that at the present

*0O0H

*0 *OH

-0.24 -0.62

-1.92 -1.75

Fig. 2. Top (top) and side (hattom) atomie stractures Tor *Oy, “O0H, “0, and *OH &t the Cu SAC catalyst with their corresponding adsorption energy (Fog, in eV)
‘The information for the rest of systems can be found in 'Tsble 51, 0 and H atoms are shown as red and white spheres, respectively, while the rest of the color-coding is

as in Fig 1.
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alkaline conditions, E° is + 0.4 V vs SHE. Obviously, for the ideal
catalyst, n =4, AG /e = E" for all steps i, and thus, ESST =0V, The
relationship between the ESSI for the OER and ORR, hereafter denated
as ESSI(OER} and ESSI{ORR) has been previous derived by Govindar-
ajan et al. [92], so here it suffices to state that for n = 2, 2, 1 in the CER
one has 1=1, 2, 3 in the ORR and ESSI{ORR) = -3 ESSI(OER), ESSI
(ORR) = - ESSI{OER) and ESSI{ORR) = —1/3 ESSI{OER); note that the
case of n = 4 corresponds Lo the ideal catalysts and one has ESSI{ORR)
= ESSI{0ER) = 0. How let us know, discuss the ESSI{ORR) values for the
present systems which are also collected in Table 3. For the case of Cu,
from Fqs (23) to (26) one has AGy; = 0.13 eV, AGy;= —1.24 eV, AG;s
= —0.80 eV, and AG;z = 0.31 eV, In this case there are two steps with
AG smaller than — 0.4 eV, o n = 2, either in OER or ORR, and ESSI
(ORR) =(—1.24 - 0.80)/2 + 0.4 = - 0,62 V. For the case of Ti, AG1
= 0.04 ¢V, AG);=0.69 8V, AG;; = 3.05 eV, and AG;5 = —5.30 &V,
here for the OER n = 1 therefore, ESSI(ORR) = 1/3 [(-5.30/1) + 0.4]
= —1.63. Mext, in Fig. 4, we plot ESSI{ORR) against — njopg and note
that, from Takble 2, n for ORR is equal to 2 for Sc, Mn, Fe, Ni, Gu, Pt while
it appears to be 1 for Ti and V. Clearly, catalysts with n = 2 displayed
low values of yogr and are close to the ideal catalyst thus supporting
previous findings for other systems [91],

Ta end up the discussion on the abtained results, we briefly comment
on the so-called G (1) descriptor [93.54] defined as the largest posi-
tive span for all possible reactions between the intenmediate species in
the mechanism corresponding to Eqs (10)-(13). This implies computing
the Gibbs free energy spans from all possible starting reactants or in-
termediates to the next ones in the reaction mechanism. Here, one starts
by computing the Gibbs free energy flom Ougy, to *CO0H, *0, “OH or
OH, and the next step involves computing the Gibbs free energy from
*OOH to *0, *OH or OH™. It continues by computing the Gibbs free
energy from *O to *OH or OH, and, finally, computing the Gibbs free
energy from *OH or OH . Gy just corresponds to the largest of all
these values, Le. the largest span. For a more detailed discussion, the
reader is referred to reference 1. For instance, for S¢ Gy,,(n) at U= 0
and pH = 14 is determined by AG;p while for Ti, V, Mn and Fe it is
determined by AGy; + AG) 3, by AG )5 for Ni and; finally by AG,, + AG)y
for Cu and Pt. Thus, the Gi..{n) values can be directly cbtained from the
values in Table 2 but are reported in Table 3 for convenience. In prin-
ciple, high activity is associated to small Gyayi(n) values but contrarily, to
ESS1, a precise value for the ideal catalyst cannot be defined. From the
walues in Table 2 and, especially from the plot in Fig. 4, one readily see
that the two descriptors lead to a similar description even in ESSI is
based on thermodynamics and Gy,,.(n) comes from the span model

0.5

0.0+

0.5+

nivy

-3.54

SO0 075 050 025 0.00
ESSI(V)

T T
-1.75 -1530  -125
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Table 2

Caleulated Gibbs free energies (AG, i = 10-13, in &V), the overpatentials (),

and the limiting tals (10, ) of diff; I atll =0V, pH = 14,
SAC 4G AGy, AGs Al Wanoa (W) ug (v
Ideal 040 040 0,40 0,40 0.00 0,00
Sc 0,23 -1.35 290 292 3.30 -2.90
Ti 0.04 062 205 5.0 3.45 105
v 0.17 1.23 239 505 279 259
Mn 161 027 nAaF 0.73 087 -0.47
Fe 115 o7 041 -0.93 081 -0.41
Hi 0.0 107 Rk .35 0.75 035
Cu 013 -1.24 0.8 0.31 071 031
L3 0,37 1.37 129 (R Lo 0.69

Table 3
Elecirochemical-step symmetry index (ESS1} and Gy,,.(n) descriptor for the
cxplored systems at I = 0V and pH = 14,

SNC ESSI (V) G () (2V)
Tebeal 0.00 =

S 173 2.90

Ti L&3 a.74

v 155 262

M 077 74

Fe 064 0.48

Hi -0.62 035

Cu 0.62 .44

Pt 0493 1.06

proposed by Kozuch and Shaik [96] on the basis of kinetics arguments.
In faer, the span governing Gy..(n) provides an approximation of the
rate-determining step if a suitable value for the Tafel slope (typically
40 mV/dee or 120 mV/dec) is adopted.

6. Conclusions

In the present work, we studied the ORR performance of a series of
single-atom catalysts (Sc, Ti, V, Mn, Fe, Ni, Cu, and Pt) in alkaline media
as possible candidates for cathodes in advanced chlor-alkali electiolysis,
in which the single atoms being anchored at the hollow sites of N-doped
graphene, Using periodic density functional theory calculations on a
suitable supercell, a four-electron mechanism is proposed thar allows
studying the Gibbs free-energy profiles and deriving the thermodynamic
overpotential invoking the computational hydrogen electron model. The

=40

-3.54

. .
05 1.0 1.5 2.0 2.5 3.0 35 4.0
Gl (V)

Fig, 4. Plot of predicted overpotentials (i) versus the electrochemical-step symmetry index (ESS) for the ORR reaction at U =0V and pH = 14 (left panel) and vs. the
Gusedn) descriptor in eV (right panel). The ideal catalyst, for which nopr = ESSI = 0 is shown for comparison.
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present results show that the N-doping and vacancy effect can create a
strong bond between the metal and the substrate. The studied catalysts
are stable against sintering with the metal aroms being partially
axidized. From all metals, Cu is predicted to exhibit the besl perfor-
mance with a relatively low theoretical overpotential of 0.71 V in

Catalysis Today 431 (2024) 114560
Appendix A. Supporting information

Supplementary data associated with this mncle can be found in the
online version at doi 101016,

cattod, 2024

alkaline condition (pH = 14). The electrc ical-step sy try index
(ESSI) has been obtained for the ORR in the different systems and
plotted against the overpotential. The plot evidences that catalysts with
move than one step above the equilibrium potential approach the con-
ditions of the ideal catalysts, in agreement with previous findings for a
wvarlery of systems and putting this index as an excellent descriptor of the
catalytic activity. This work not only enhances our understanding of
zraphene-based single-atom catalysts for ORR in alkaline media but also
provides an example of the raticnal design of high-performance ORR
catalysts using DFT calculations and theory derived descriptors.
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W Check for updates ?
' Platinum single-atom catalysts hold promise as a new frontier in hetero-
geneous electrocatalysis. However, the exact chemical nature of active Pt sites
is highly elusive, arousing many hypotheses to compensate for the significant
discrepancies between experiments and theories. Here, we identify the stabi-
lization of low-coordinated Pt" species on carbon-based Pt single-atom cata-
lysts, which have rarely been found as reaction intermediates of homogeneous
Pt" catalysts but have often been proposed as catalytic sites for Pt single-atom
catalysts from theory. Advanced online spectroscopic studies reveal multiple
identities of Pt" moieties on the single-atom catalysts beyond ideally four-
coordinated Pt"-N,. Notably, decreasing Pt content to 0.15 wt.% enables the
differentiation of low-coordinated Pt" species from the four-coordinated ones,
demonstrating their critical role in the chlorine evolution reaction. This study
may afford general guidelines for achieving a high electrocatalytic perfor-
mance of carbon-based single-atom catalysts based on other & metal ions.

Downsizing bulk metal catalysts to the atomic level, alias single-atom
catalysts (SACs), is a promising strategy for realizing superior catalytic
activity and reducing costs'”. SACs are often considered bridges
between heterogeneous and homogeneous catalysis, and ideally, they
bring hope to realize a uniform active site distribution, as encountered
in homogeneous catalysis, in the realm of heterogeneous catalysts'’,
However, increasing literature suggests that SACs exhibit a significant
degree of heterogeneity in their active sites"". Consequently, this

heterogeneity hinders the identification of the genuine active site and
the precise quantification of the intrinsic activity of the catalysts by
urnover frequency (TOF) or similar metrics, thus causing formidable
challenges for the rational design of better SACs.

In this work, we focus on archetypical Pt SACs, which have found
broad utility in a variety of electro-, photo-, and heterogeneous cata
Ivtic reactions”™". In general, Pt SACs are composed of Pt ions in an
oxidation state of +2''"', Because Pt" has a o electronic configuration,
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it strongly prefers to be stabilized by a near-perfect square planar
geometry ({yy,), as expected from the ligand field theory". Thus, based
on conventional extended X-ray absorption fine structure (EXAFS)
analyses, the coordination environments of Pt in carhon-supported Pt
SACs are typically accepted as a porphyrin-like geometry, such as
Pt-N, and Pt-5,, where p-block elements doped in carbon substrates
function as surface pockets for immobilizing Pt ions' ", However, in
theory, these model structures predict substantially weakened axial
coordination and, consequently, poor catalytic activity, while broken
or unsaturated ones are expected to offer more optimized axial
coordination leading to high catalytic activity™ . These phenomena
originate from a significant ligand field splitting (4), which effectively
upshifts the energy level of the empty d,._,. orbital, but lowers that of
the fully occupied other d orbitals. Thus, a considerable energy cost is
required for the charge redistribution of Pt" for its strong axial bond
formation. Therefore, discrepancies between the experimentally
observed electrocatalytic performance of carbon-supported Pt SACs
and theoretically computed models have been reported in the
literature™,

Extensive efforts have thus been made to identify the chemical
nature of the catalytic sites in Pt SACs. Possible asymmetric coordi-
nation geometries such as Pt-N,Cy_. have been proposed by density
functional theory (DFT) calculations™ ., Additionally, in situ mod-
ifications of the symmetric coordination geometries, formed by partial
ligand exchange of the four equivalent ligands with electrolyte com-
ponents (e.g., water) or by changes in the oxidation state of the central
Pt" ions under realistic electrochemical conditions, have also been
considered """, Despite previous achievements, which indicate the
poor or moderate catalytic performance of Pt sites with symmetric Dy,
geometry, the broken geometric symmetry of Pt SACs and their key
roles in electrocatalysis have not been clarified thus far. This uncer-
tainty primarily originates from the possible heterogeneity of isolated
Pt sites, considering that not all sites are necessarily equally active
toward the investigated electrochemical reaction. Unfortunately, even
EXAFS analysis, which is likely the most powerful and extensively used
technique for studving the structure of a single site, cannot con-
clusively distinguish between different Pt moieties that coexist in
SACs. Thus, the synthesis of SACs containing homogeneous catalyst-
like single active sites is crucial for the clear identification of the gen-
uine active sites in Pt SACs.

This study reveals the presence of low-coordinated Pt” species in
carbon-based Pt SACs and their vital roles in electrocatalysis. The
chlorine evolution reaction (CER} is taken as a model reaction, of which
the product, Cly, is practically important due to extensive applications
in the chemical industry, typically produced via the chlor-alkali process
with Ru/lr-based dimensionally stable anode (DSA) electrodes™ . We
quantify the extent of Pt demetallation from Pt SACs in operando using
advanced online inductively coupled plasma-mass spectrometry cou-
pled with an electrochemical flow cell (EFCACP-MS) and compare the
result with the simultaneous electrochemical activity loss during the
CER. No singular Pt identity is confirmed from the considerable dis
crepancy between these two parameters, i.e., Pt dissolution vs. CER
activity loss, without significant modification of the TOF. Inaddition to
the common symmetric Dy, geometry, low-coordinated Pt" species is
clearly observed in the EXAFS spectrum of a control Pt SAC with an
ultralow Pt loading of 0.15 wt.%. Structure-dependent studies of the
catalytic activity, selectivity, and stability by combining experimental
and theoretical approaches verify the central role of the low-
coordinated Pt" sites in Pt SACs for boosting the CER,

Results

A model catalyst was prepared by heat treatment of a powder mixture
of Pt" meso-tetraphenylporphine (PtTPP) and acid-treated carbon
nanotubes (CNTs) at 700 °C under N; flow. The prepared catalyst was
characterized as in our previous studies using high-angle annular dark-

field scanning transmission electron microscopy (HAADF-STEM), X-ray
diffraction (XRD), X-ray absorption spectroscopy (XAS), and X-ray
photoelectron spectroscopy (XPS)™", The catalyst is composed of
abundant porphyrinlike Pt"™-N, moieties, which are covalently
embedded on the CNT support (cf. Supplementary Note 1 for a
detailed discussion; Supplementary Figs. 1-5). The Pt content is
approximately 3 w¥, as determined by inductively coupled plasma-
optical emission spectroscopy (ICP-OES). This model catalyst is here-
after named ‘Pry(3)/CNT’, where the subseript ‘1 indicates the atomic
isolation of Pt, and the number in parenthesis indicates the Pt con

tent in wri.

The catalytic performance of Pt;{3)/CNT was evaluated for the
CER, the anodic reaction of chlor-alkali electrolysis to produce
gaseous chlorine by a two-electron process 201 +Ch+2e,

"exn =136V vs. standard hydrogen electrode (SHE)™ — that com-
petes with the oxygen evolution reaction (OER; 2H20 » O +4H' +4e,
Poer=1.23V vs. reversible hydrogen electrode (RHE)). Pt(3)/CNT
shows an excellent CER activity (Fig. Ta). While no significant Faradaic
current is observed in a NaCl-free 0.1M HCIO, electrolyte, with the
addition of 1M NaCl into the 0.1M HCIO, electrolyte, the catalyst
records an onset potential of 1.36 Vi and an oxidation current den-
sity () of 33mAcem ™ at 1.45 V. The online differential electro-
chemical mass spectrometry (DEMS) measurement reveals a
predominant ionic current for oz =35 (CI') in 0.1 M HCIO, + 1M NaCl
electrolyte (Fig. 1h), which corresponds to the fragmentation of Cl;
and its hydrolyzed derivatives from the following equation:
Cly + Ha0 -+ HCI+ HOCI™®, Concomitantly, distinct ionic currents for
m/z="36 and 51 (HCI" and OCI', respectively) are detected, indicating
the formation of HCl and HOCI during CER. An insignificant ionic
current for my/z=32 (0;') may attribute to the further decomposition
of HOCI forming O, via the following equation: 2HOC! » 2HCI + 05 (cf.
Supplementary Note 2 for a detailed discussion of non-Faradaic 05
formation)™ . In NaCl-free 0.1M HCIO, electrolyte, the O, is not
detected within the CER-relevant potential window, inferring that the
P (3)/CNT catalyzes CER selectively against competitive OER {Fig. Ic).
The DEMS results are further corroborated by the rotating ring disk
electrode (RRDE) measurement, which exhibits approximately 100%
CER selectivity (Supplementary Fig. 6). Notably, this CER activity out-
performs that of the commercial DSA (Supplementary Fig. 7) and most
of the previously reported CER catalysts (Supplementary Table 1)* ™.

The high catalytic activity of Pt(3)/CNT is primarily attributed to
the presence of Pt sites. CNT and N-doped CNT — the latter was syn-
thesized with a Pt-free TPP precursor — exhibit much smaller oxidation
currents than Pt (3)/CNT (Fig. 1a). In addition, the CER activity of P, (3}
CNT deteriorates considerably in a CO-saturated electrolyte (Fig. 1d), a
well-known poisoning agent with a high binding affinity for atomically
isolated Pt" ions™*", This result further confirms the catalytic role of Pt
sites in the efficient CER. The polarization curves measured in the Ar-
or CO-saturated electrolytes without NaCl are almost identical, indi-
cating that the decrease in CER activity is not an artifact induced by
the competitive CO oxidation reaction under anedic polarization
conditions.

After confirming the high CER activity of Pt(3)/CNT and the
chemical nature of its catalytic site, the durability of this catalyst was
evaluated by measuring 500 iterative cyclic voltammograms (CVs)
from 1.0 to 1.6 Vg (Fig. 1€). We adopted iterative CVs for accelerating
catalyst degradation, as this catalyst exhibits promising stability under
constant potential conditions relevant to real CER electrolysis condi-
tions (Supplementary Fig. 8). After 500 CVs, Pry(3)/CNT exhibits a
significant decrease in CER activity, and the j value measured at 1.45
Vi decreases by 61% from 53 to 21 mA em ? (Fig. 1f). The CER activity
decreases rapidly at the beginning of the durability test, but then it
becomes gradually alleviated.

To reveal the fundamental origin of the observed deactivation,
real-time Pt dissolution from PL(3)/CNT was analyzed using online
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of PL{3)/CNT during two consecutive slow CVs obtained in Arsaturated 0.1 M

PLEICNT in Ar/Clrsaturated 0.1 M HCIO; with and without 1M NaCl. e The
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activity decrement and Pt loss measured during the durability test,

EFC/ICP-MS in an Ar-saturated 0.1M HCIO, electrolyte containing
1M NH,CI (Supplementary Figs. 9 and 10). By applying the same CV
conditions as those used for the durability study, the Pt sites
remaining on the Pt;(3)/CNT were estimated by subtracting the
accumulated amount of dissolved Ptions from the initial Pt content
(Supplementary Fig. 1I). The total Pt loss after 500 CVs is only
22% (Fig. 1f), which hardly corresponds to the considerable CER
activity loss of 61%. Indeed, the Pt dissolution profile reveals rela-
tively no significant Pt demetallation at the beginning of these
experiments.

Consequently, we considered a possible TOF modification of the
aged Pt,(3)/CNT along with Pt dissolution. It is important to note that
the apparent catalytic activity is not only governed by the active site
density but also by the TOF of each catalytic site* . TOF modification
of SACs typically originates from structural changes in the local
coordination geometry or the introduction of new heteroatoms or
functional groups near their catalytic metal sites™ ", However, the &*-
weighted Pt L;-edge EXAFS spectrum measured after 500 CVs reveals
an almost identical Pt-N bond length and Pt-N coordination number
(CN) to those of the pristine PL(3)/CNT (Supplementary Fig. 12),
indicating no significant structural change in the active Pt sites after
the durability test.

On the other hand, the XPS spectrum pinpoints substantial
alternations in the chemical composition of Py (3)/CNT after 500 CVs.
The XPS O 15 spectrum shows a new peak at 532.3 eV, indicating the
formation of C=0 (531.5eV) and C-0 (332.6eV) functionalities on
Pr(3)/CNT after the durability test (Fig. 2a and Supplementary
Fig. 13)*". Also, the aged Pt(3)/CNT shows a redox couple at 0.56 Vi,
which is a fingerprint of oxygen functional groups (e.g., quinone) on
the carbon surface’™, and this peak intensifies as the number of CV
cycles increases {Fig. 2b). In addition to oxygen functionalities, chlor-
ine functional groups are also formed. The XPS €l 2p spectrum of the
aged Pt(3)/CNT reveals peaks at 200.4 eV with a spin-orbit splitting of

16eV (Fig. 2c). This peak corresponds to the core level spectra of
organochlorine compounds, not residual alkali chloride (199 eV)™,
indicating the cogeneration of chlorine functional groups on the car-
bon support after S00 CVs.

To identify whether the newly generated functional groups are
responsible for the decrease in the TOF of Pyu(3)/CNT, two model
catalysts with abundant oxygen (O-Pe;(3)/CNT) and chlorine (Cl-Po{3)/
CNT) functionalities were additionally prepared by post-treatment of
Py(3)/CNT with O3 and SO,Cl, respectively™. ICP-OES analysis
revealed no detectable Pt loss after these post-treatments. In contrast,
XPS 0 15/Cl 2p spectra {and electrochemical redox signals at 056 Vige
for O-Pty(3)/CNT} confirm the successful introduction of the oxygen
and chlorine functional groups onto the CNT support (Fig. 2a-c).
Despite the introduction of the functional groups, the CER polarization
curves for O-PL(3)/CNT and CHPL(3)/CNT are almost identical to that
of pristine Pt;(3)/CNT (Fig. 2d). These results indicate that the catalytic
degradation of aged PL{3)/CNT is likely not attributable to the TOF
meodification induced by the newly generated oxygen or chlorine
functional groups.

In addition to the functional group generation, the other con
siderable change in Pt (3)/CNT after 500 CVs was the decrease inthe Pt
content of the catalysts (Fig. 1f). Although Pt moieties are the catalytic
sites for the CER, their electronic structures can be affected by their
content. Since the Pt moieties are implanted on the CNT surface, their
conjugation can disturb the electronic structure of the carbon support
(e.g., electron withdrawing/donating properties) and consequently
tune the TOF of the Pt sites™. Besides the carbon support modifica-
tions, a recent study on Fe SACs also suggested direct electronic
interactions among adjacent Fe moieties, namely TOF modifications,
induced by the spatial proximity of the Fe sites as the Fe loading
increased™, Therefore, a decrease in the Ptactive site density may be
responsible for the TOF decay, possibly leading to a rapid decrease in
the CER activity.
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Based on this deduction, Pr,/CNTs were synthesized with different
Pt loadings of 1 and 0.15 wt.%, which were denoted as ‘Pt;(1)/CNT and
‘Pyy{0.15)/CNT', respectively. The structures of the two catalysts were
extensively characterized (Supplementary Figs. 1-5), showing the for-
mation of Pt SACs as Pt;(3)/CNT. Interestingly, despite the sub i

that the o configuration of Pt" prefers a four-coordinated square
planar structure (e.g., PC-NyJ", the CN value of 3.0 indicates an unu-
sual stabilization of isolated Pt" in the form of either trigonal-planar-
like Pt"-N; or T-shaped Pt"- N3V (where V denotes a vacancy). Notably,

decrease in Pt loading, Pt(1)/CNT and Pt(0.15)/CNT exhibit only a
slight decrease in CER activity compared with Pt;(3)/CNT (Fig. 3a). The
polarization curves show j values of 53, 49, and 39 mA cm ® at 145 Ve
as the Pt content decreases from 3 wt.% to 1and 0.15 we.%, respectively.
Independent of Pt loading, the CER selectivity is almost 100% (Sup-
plementary Figs. & and 14). Notably, the Pt-loading-dependent CER
activity can be translated into three and fifteen times higher TOF
values for PL{1)/CNT and Pt,(0.15)/CNT, respectively, compared with
Pt;(3)/CNT. The observed TOF trend contradicts our deduction, which
was that the TOF decreases with decreasing Pt content. Thus, the
control experiments suggest that the TOF decay, induced either by
newly generated oxygen-/chlorine-functional groups or the loss of Pt
moieties, is not the main cause of Pr/CNT deactivation.

Therefore, we searched for the origin of the unexpected TOF
trend, and the XAS spectra of Pt;(1)/CNT and Pt;(C.15)/CNT provided a
decisive clue (Fig. 3b). Similar to Pt;(3}/CNT, the X-ray absorption near
edge structure (XANES) spectra of Pt(I/CNT and Pt,(0.15)/CNT show
the +2 oxidation state of Pt (Supplementary Fig. 4). Their EXAFS
spectra also specify a strong Pt-N scattering at 2.0 A without Pt-Pt
scattering at 2.8 A (Supplementary Fig. 3 and Supplementary Table 2).
Interestingly, the Pt-N peak intensity decreases as the Pt loading
decreases, indicating the different coordination natures of the Pt sites
in the three control catalysts. Their fitting parameters show lowered
CN values from 4.0 for Pt(3)/CNT to 3.4 for Py (1)/CNT and further to
3.0 for P,{0.15)/CNT (Fig. 3c and Supplementary Table 2). Considering

these coordinatively ated P’ ¢ are very rarely found
so far but have often been proposed as key reaction intermediates in
homogeneous catalysis™, Hence, the coexistence of the coordinatively
unsaturated Pt-Na(V) sites (i.e, Pt-N; and/or Pt-NsV) with Pt-N; on
the heterogeneous CNT support emphasizes the failure of all earlier
discussions to understand the fundamental origin of Pr{3)/CNT
deactivation because the assumption of a singular catalytic site cor-
responding to Pt-N; is violated.

Notably, the considerable CER activity of Py(0.15)/CNT demon-
strates that Pt-Na(V) rather than the symmetric Pt-N, site is responsible
for the excellent CER activity. Thus, the apparent CER activity of Pt/CNT
catalysts depends neither on the total Pt content nor on the total
number of PL-Ny sites but is mainly governed by the number of Pt-N5(V)
sites. Therefore, we approximately predicted the Pt-Nx(V) contents of
Pt {1)/CNT and Pty(3)/CNT by linear extrapolation to the corresponding
values of an extended line defined from zero current with no Pt-Na(V)
content to f value and Pt-Ny(\) content of Pr{0.15)/CNT (Fig. 3d). By
subtracting the Pr-Ns(V) content from the total Pt content, the Pr-N,;
contents of Pty(1)/CNT and Pt;{3)/CNT can also be derived. The calcula-
tion determines the Pt-Na(V)/Pt- Ny contents to be 0.19/0.81 and 0.2/2.8
wth for Pr(I/CNT and Pt{3)/CNT, respectively. Based on these
approximations, which are only valid when the TOFs of the active
PL-N;(V) sites for all PL/CNT catalysts are identical, the average CN
values can be inversely estimated to be 3.8 and 3.9 for PL{I/CNT and
P;(3)/CNT, respectively. These values are within the error range of the
EXAFS fitting parameters (Fig. 3c).
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Fig. 3| Prloading effects on CER activity of Pt,/CNTs, a CER polarization curves of
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PLICLSHCNT. e Comparison between the CER activity decrement and Pt loss of
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In addition, the critical role of Pt-N3(V) in catalyzing CER is fur-
ther corroborated by in situ XAS measurements. In the Pt Ly-edge
XANES spectra, which were measured in an Ar-saturated 0.1M
HCIO; + 1M NaCl electrolyte, the white line (WL) intensity marginally
increases after immersing the catalyst into the electrolyte, and the
increment further intensifies at 1.45 Vi (Supplementary Fig. 15). This
result agrees well with our previous study and infers the adsorption of
CER intermediates on the Ptsites . Interestingly, the intensified WL at
L.45 Ve is slightly higher for Pt{0.IS)/CNT and decreases with
increasing Pt content in the catalysts, indicating higher coverage of
CER intermediates as a proportion of Pt-Ny(V} sites in the catalysts
increases. The same conclusion is also made with in situ EXAFS
spectra that show an increasing Pt-Cl scattering peak at 2.3 A as Pt
content in the catalysts decreases (Supplementary Fig. 15 and Sup-
plementary Table 3). We further note that CNg_y of PG{OIS)/CNT
increases from 3 for the powdery sample (Fig. 3¢) to 4 under the
electrochemical conditions and attribute this change to in situ for-
mation of an additional Pt-0 bond, which will be discussed again in
the DFT section. The ratio between CNgy s and CNpy_¢ of Pti0.15)/
CNT is approximately 4 : 1, and this supports the predominant pre-
sence of Pt-Ns(V) sites in Pt{0.15)/CNT and their high cartalytic
activity towards CER.

The identification of the main catalytic site leads to a much-
alleviated disparity between the extent of CER activity drop and
accumulated Pt loss, as observed in the example of Pg{0.15)/CNT
during its durability test (Fig. 3e). After 500 CVs, the initial CER activity
and Pt content of Pt,{0.15)/CNT decrease by 84 and 70%, respectively,
and their profiles over time are also comparable. Inaddition, the Ptloss
of PL(X)/CNTs (X = 0.15, 1, and 3) after 500 CVs becomes intensified as
the proportion of the Pt-Ny(V) increases (Supplementary Fig. 16).
These results further corroborate that the Pt-Ns(V) site is the genuine
catalytic site and further indicate that the decrease in CER activity after
the durability test primarily originates from the loss of PL-Na(V) sites.

Therefore, for Pr(3)/CNT, the significant discrepancy between the
activity drop (-61%) and Pt loss {(-22%) can now be accounted by the
coexistence of the Pt-N;(V) minority and Pt-N, majority moieties; the
former site is more active but also more labile than the latter.

To comprehend the detailed CER path on the Pt/CNT catalysts
and their catalytic structure, we apply electronic structure calculations
in the framework of DFT. Based on the EXAFS fitting parameters, we
consider three different models, namely square planar Pt-My, trigonal
planar Pt-Ns, and T-shaped Pt-NsV (Fig. 4a). For all these models, the
structures of the catalytically active Pt site were characterized under
CER conditions (/=136 Vgy) by the construction of Pourbaix
diagrams™. While an axially unoccupied Pt site (*) is favored for Pt-N,
(Supplementary Figs. 17 and 18), Pt-Ny and Pt-N;V are capped by
oxygen, *0, which, together with the Pt atom underneath, serves as the
active site (Supplementary Fig. 18). These results suggest that the CER
over Pt-Ny and Pt-Ny(V) proceeds via *Cl or “0Cl intermediates,
respectively. We have modeled both pathways for all three sites and
quantified the largest free-energy span between the intermediate
states in dependence on applied electrode potential by referring to the
descriptor Gy (L. The compilation of the free-energy diagrams at
/=136 Ve reveals that, in agreement with our previous works' ™,
square planar Pt-N; prefers the *Cl (G, (U) = 0.32 eV) rather than the
*OCI path (Gpa (L) =107 eV) (Fig. 4b). However, the *OCI path is
energetically favored over the “Cl mechanism for Pt-Ny or Pt-NV
(Fig. 4¢, d), inferring the different CER mechanisms for the Pt-Ny and
Pt-Na(V) moieties. Notably, the activity descriptor G, (L) amounts to
0.21 and 0.05 eV for Pt-N3 and Pt-NaV at L/ = 136 Vi, respectively,
confirming the experimental result that the Pt-Ny(V) sites are more
active than Pt-N, in the CER. In addition, the competing OER for the
three different sites was described by assuming the well-accepted
mononuclear mechanism via the "OH, "0, and *OOH adsorbates,
and G,y (L) as a measure for the electrocatalytic activity was deter
mined (Supplementary Fig. 19 and Supplementary Table 4)7.
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Fig. 4 | Identification of the catalytic sites by DFT calculations. a Three active
site models, square planar Pr-N, trigonal planar PNy, and T-shaped Pt-N,V, used
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for the DFT calculations. b-d Free-energy diagrams of the CER via the *Cl and *0C!
pathways at 1.36 Ve For PNy (b), Pt-Ns (0), and Pr-NaV (d).

By applying a selectivity model for the competing CER and OER™, we
demonstrate that CER selectivity amounts to 100% (Supplementary
Fig. 20), independent of the applied electrode potential or chemical
nature of the active sites, which coincides with the experimental
results (Fig. b and Supplementary Figs. 6 and 14).

Finally, we study the stability of the Pt-N, and Pt-N.(V) moieties
under the CER conditions. For this purpose, the eguilibrium potential
(Ui} for the oxidative demetallation of central Pt species to PtO, is
introduced as a catalyst stability descriptor (cf. DFT calculation section
in Methods and Supplementary Note 3). It is of note that PtO; is the
energetically favored phase under CER conditions, according to the
Pourbaix diagram™. The results show Uy, of 2,98, 1.99, and 0.78 Ve
for Pt-N,, Pt-N;V, and Pt-Ns, respectively. Consistent with the experi-
mental results, the descriptor Uy, indicates the poorer stability of
Pt-Na{V) compared with Pt-N, under CER conditions of /> 1.36 Vsue.
Considering the Uy, for Pt-N; amounts to 0.78 Ve, which is sig:
nificantly below the CER equilibrium potential, we conclude that the
trigonal planar Pt-Ns site cannot be stable under the CER conditions,
but instead, T-shaped Pt-NsV is responsible for the excellent CER
activity and selectivity of the Pr,/CNT catalysts.

In this work, we have unraveled the fundamental origin of the high
CER activity of Pt/CNT ¢ . The heter ity of central Pt jons
and the key role of three-coordinated Pt® with broken Dy; symmetry in
CER electrocatalysis were demonstrated. Thus, the development of new
synthetic strategies to maximize the site density of three-coordinated Pt
with a broken symmetric geometry will become an upcoming challenge.
This originates from the limited amount of PL-N;(V) on the catalyst
surface, which apparently converges to 0.2 we% only, regardless of the
increasing total Pt content on PL/CNT, Indeed, tailoring the coordina-
tion geometry will also be critical to find optimal ligand-field strength
for stabilizing the Pt sites and *OC| intermediate; owing to the trade-of T

relation between stability and activity. Otherwise, more practical
approaches, such as engineering the catalyst-electrolyte interface or
finding optimal operating conditions (e.g., wellregulated potential
excursions) Lo promote the longevity of labile Pt-Na(V) sites, will be the
subject of another future research direction. Before answering these
questions, however, understanding the underlying fundamental origins
of the (quasi-jstabilization of the rarely found Pt-Ns(V) species on the
supporting substrates should be prioritized. Considering the cases of
Ni" SACs for electrochemical CO reduction™, these guidelines might be
general tasks for other metal ions with a d® electronic configuration in
SACs, not limited to Pt" catalytic sites. Therefore, the present findings
will provide a foundation for the rational design of next-generation
SACs with excellent electrocatalytic performances.

Methods
Preparation of the Pt,/CNT catalysts
Belore synthesizing the catalysts, multiwalled CNTs (MR99, Carbon
Nano-material Technology Co., Ltd.) with an average diameter of
10 nm and an average length of 10 pm were heated and subsequently
acid washed to remove metallic impurities”. In detail, CNTs (38.0 g)
were calcined at 500 °C for Lh in a box furnace at a heating rate of
7.9°C min ', The heat-treated CNT powder was then acid washed at
80 2C for 12 h in 810 g of 6 M HNO, (diluted from 60% HNO4, Samchun
Chemicals) under vigorous stirring. After filtration and washing with
excess deionized (DI) water, the powder was treated with 720 gof 6 M
HCI {diluted from 36% HCI, Samchun Chemicals) under vigorous stir-
ring. The acid-treated CNTswere collected after drying overnightinan
oven at 60 °C.

PtL/CNT catalysts with various Pt contents (PL(X)/CNT, where
X = nominal we.% of Pt} were synthesized by solid-state mixing of CNT
and Pr-macrocycle precursor followed by annealing”. The acid-treated
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CNT (300 mg) and PETPP (95%, Frontier Scientific) were ground in an
agate mortar over 20 min until the color and texture became constant.
The PtTPF contents in the precursor mixtures were 71.0, 21.6, and
21mg for PGL{3)/CNT, Pt{1)/CNT, and Pt;{0.15)/CNT, respectively,
Subsequently, the powder mixture was pyrolyzed at 700°C for 3h
under an N, flow (3N, 1Lmin™ at a heating rate of 21°Cmin".
N-doped CNT was synthesized by a similar method, but 54.0 mg of TPP
{1~ 3% Chlorin, Frontier Scientific), which is equivalent to 7.0 mg of
PLTPP, was used as a precursor.

Two model catalysts with abundant oxygen (O-P4(3)/CNT) or
chlorine (CIPL{3)/CNT) functionaliles were prepared by post
treatment of PL{3)/CNT. O-PL(3)/CNT (150 mg) was prepared by
ozone treatment at 25°C for Lh using an ozone generator (LAB-,
Ozonetech Inc.). Cl-PH{3)/CNT was prepared by sequential H20 and
S04Cl, treatments™. PG(3)/CNT (75 mg) was mixed with a 12.7 w4
H,05 solution (15 L; diluted from 29-32% H,0,, Alfa Aesar), and the
mixture was stirred at 70 °C for 2 h. The catalyst powder was collected
by filtration and washed several times with DI water. Subsequently,
HyOs-treated PL{3)/CNT (70 mg) was dispersed in 4.2ml of acetoni-
trile (99.8%, Sigma-Aldrich), and 280 mg of SO,Cl; (97%, Sigma-
Aldrich) was added. The mixture was stirred for 2 h at 75 °C and sub-
sequently, heated and refluxed for 5 h at 75°C. CI-PH{3)/CNT was col-
lected via filtration and washed several times with DI water.

Physical characterizations

HAADF-STEM images were obtained using a Titan® G2 60-300 micro-
scope (FEI Company) equipped with a double-sided spherical aberra-
tion (Cs) corrector operated at an accelerating voltage of 200 kV. XRD
patterns were obtained using a high-power X-ray diffractometer (D/
MAX2500V/PC, Rigaku) equipped with Cu Ko radiation operated at
40kV and 200 mA. The XRD patterns were measured in the 26 range
from 10° to 90° at a scan rate of 2° min"\. 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. XPS measurements were per-
formed using a K-aAlpha spectrometer (Thermo Fisher Scientific)
equipped witha monochromatic Al Ka X-ray source (1486.6 eV). XPS Pt
4 fand N1sspectra were analyzed using the XPSPeak4! software witha
mixed Gaussian (70)-Lorentzian (30) function after applying Shirley-
type background correction. The spin-orbit components of the XPS Pt
4 f spectra were fixed at 3.34eV. 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% HCE60% HNO4y =31, v/v) at
220°C for 40 min (600 W, heating rate of 6.7 °C min ). Subsequently,
the resulting solution was analyzed by ICP-OES (700-ES, Varian).

Ex situ Pt Ly-edge 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 (1em in width). Background removal
and normalization of the absorption coefficient for XANES spectra and
fitting for the Fourier-transformed A'-weighted EXAFS spectra were
performed using the Athena and Artemis software with 1.1-1.2 of Rbkg
in a Hanning-type window™. A modified Victoreen equation was
applied to normalize the post-edge signal to the step of one". For the
quantitative XANES fitting, a combination of the Gaussian function and
arctangent function was used (Eq. (1)-(3))".

HEy=apby+g i Ey+g5(E) [0
@ (Fy =R 0.5+ m tan™ ((F — E)/w))] (21
gj-120E)=hyexpl-In2(E — E)%) ] (3

where I E, alE), glE), k. w, E;, and E; represent the normalized intensity,
X-ray energy (eV), arctangent function, Gaussian function, the height

of peak, the width of peak, inflection point (eV), and peak position (eV),
respectively. The a;(£} indicated a fundamental transition from 2p to
5d orbitals. The fy in @(£) should be fixed as 1, as all fittings were
conducted with normalized XANES spectra. Two Gaussian functions
(g (F) and g-(F)) were used to fit the p = d transitions, indicating the WL
peak and the post-edge peak, respectively (Supplementary Fig. 4). The
post-edge peaks generally exhibit the electron transfer from 2p to the
unoccupied d-orbitals hybridized with ligands™, The average oxidation
numbers were estimated using the equation (y = 0.5367 x + 0.6549, x is
the normalized WL area) by interpolating the plot of Pt references in
our previous report”. For EXAFS fitting, the amplitude reduction
factor (55%) of Pt was fixed at 0.84 after calibration using a standard Pt
foil, while the details of fitting were listed (Supplementary Table 2).
Crystallographic data for the PtTPP molecule were used for multishell
fitting with the first-shell of Pt- N and the second-shell of Pt-C*,

Electrochemical characterizations

Electrochemical measurements were conducted in a conventional
three-electrode H-type cell using a potentiostat (VMP3, Bio-Logic Sci-
ence Inc.). A homemade rotating disk electrode (RDE) with mirror-
polished glassy carbon (5 mm diameter), Pt wire (CE-100, EC Frontier),
and saturated Ag/AgCl (RE-TIA, EC Frontier) electrodes were used as
the working, counter, and reference electrodes, respectively. The
counter electrode was separated from the working and reference
electrodes using a glass fric. To prevent unexpected contamination
from the reference electrode™, it was doubly separated from the
electrolyte using a glass tube equipped with a glass frit. Ar-saturated
0.1 M HCIO, solutions with and without 1M NaCl {or 1M NH,CI), which
were prepared using DI water (=18.2 (1, Arium Mini, Sartorius), con-
centrated HCIO4 solution (70%, Sigma-Aldrich), NaCl (99%, Sigma-
Aldrich), and NH,CI (99.5%, Sigma-Aldrich), were used as electrolytes.
All potentials are given relative to the RHE scale after calibration of the
reference electrode with a Pt wire electrode in an Hay-saturated elec-
trolyte before each electrochemical measurement.

A thin-film electrode was fabricated by drop-casting the cat-
alyst ink (10pl) onto an RDE. The catalyst loading was
100 pg em ™. The catalyst ink was prepared by dispersing S5mg of
the catalyst in a mixed solution of DI water (2122 pL), isopropyl
alcohol (374 pL), and 5 wr% Nafion solution (50uL). Before
measuring the CER activity, the working electrode was electro-
chemically activated by 50 cycles of CV in the potential range of
0.05-1.2 Vypr at a scan rate of 500 mVs ' in an Ar-saturated 0.1 M
HCIOy electrolyte. CER polarization curves were obtained in the
potential range of 1.0-1.6 Vyue at a scan rate of 10mVs"' in Ar-
saturated 0.1M HCIOy with TM NaCl (or TM NH,CI). During the
measurements, the working electrode was rotated at 1600 rpm
using a rotor (RRDE-3A, ALS). Durability tests were performed
using 500 CV cycles in the potential range of LO-L6& Vg at a
scan rate of 100mVs™. In this study, the onset potential of the
CER was defined as the potential at 1mA em* during CER polar
ization. All electrochemical results were shown after 85% iR
compensation correction, which was conducted by electro
chemical impedance spectroscopy (EIS) at a fixed potential of (.9
Viue in the frequency range of 100 kHz-1Hz with a potential
amplitude of 10 mV.

The electrochemical Cl, formation was analyzed by chron-
oamperometry (CA) using a RRDE {012613, ALS). The catalyst loading
on the disk electrode was 100 pg om . The CER selectivity was mea-
sured for 120 5 at an electrode rotation speed of 1600 rpm; this step
was repeated five times with an intermittent break of Tmin. The
applied disk potential was adjusted to generate a current density of
=10 mA em %, but the applied Pt ring potential was fixed at 0.95 Vg, "
Prior to the RRDE study, the background currents of the disk and ring
electrodes were stabilized at 0.95 Vg with an electrode rotation of
1600 rpm. The net CER current (icgy) at the disk electrode and CER
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selectivity were calculated using the following equations.

. i,
fop = lN' 4}
€1, selectivity(%) =100 . 2-fxr _ 190 213 s
lgticen g +151

where i, N, and iy denote the background-corrected ring current,
collection efficiency (0.35-0.37, calibrated using Ks[Fe(CN)y]), and
background-corrected disk current, respectively.

Online EFC/ICP-MS measurements

Online Pt dissolution was analyzed by ICP-MS GCAP RQ, Thermo-Fisher
Science} coupled with a homemade LFC, The EFC was composed of a
U-shaped channel (Imm diameter) and two openings (3mm dia-
meter). On one opening side, a mirror-polished 3 mm glassy carbon
electrode (002012, ALS) made electrochemical contact with the elec-
trolyte (Supplementary Fig. 9). On the other opening side, a 3mm
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 pro-
ducts by vacuum. The counter electrode was a graphite rod separated
from the electrolyte by a Nafion 115 membrane (DuPont). The refer-
ence 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 HCIO; with 1M NH;CI, which continuously flowed to the EFC ata
flow rate of 400 pLmin"' (Note: we avoided using 1M NaCl due w
significant damage on the sampler and skimmer cones of the ICP-MS
instrument; Supplementary Fig. 10). Prior to introducing the electro-
lyte to the ICP-MS instrument, it was mixed with 0.5M HNO, con-
taining 5 ppb "'Re as an internal standard at a mixing ratio of 1:1 using a
Y-connector. Online Pt dissoluton was estimated using the ratio of
Pt to "Re signals during the electrochemical treatments. The cata-
lyst loading on the working electrode was 100 pg cm . After stabilizing
the online ICP-MS signals for 30 min at an epen-circuit potential (OCP),
the working electrode was electrochemically activated by 50 CV cycles
at a scan rate of 300 mV s in the potential range of 0.05 1.2 Ve
Subsequently, Pt dissolution was monitored over 500 CV cycles at a
scan rate of 100 mV s in the potential range of LO-16 Vi

Online EFC/DEMS measurements

The gaseous products were analyzed online by DEMS. The EFC con-
nected to a mass spectrometer (Max 300 LG, Extrel) was constructed for
DEMS analysis. The EFC equipped a U-shaped channel with a 10 mm
opening diameter at the bottom, which allowed for electrical contact
with the 3 mm glassy carbon working electrode (A-011169, Bio-Logic). To
collect volatile and gaseous products, a porous PTFE membrane (WP-
010-80, Sumitomo Electric Ind., Ltd.) was positioned approximately
100 pm above the working electrode. The graphite tube (inner dia-
meter =3mm) and saturated Ag/AgCl reference electrodes were elec:
trically connected to the outlet of the EFC, The catalyst loading on the
working electrode was 560 pg cm . Ar-saturated 0.1 M HCIO, and 0.1M
HCIOy+1M NaCl were used as electrolytes. The online EFC/DEMS
measurements were conducted using two consecutive CVs at a scan rate
of 5 mV s ' in the potential range of 1.0-1.6 Ve The electrolyte flow rate
was set to 0.07 mL min ' using a syringe pump (TYDO1-01, LEADFLUID).
The mass signals of 05" (mfz=32), CI' (m/z=35), HCI' (m/z=236), and
OCl' (mfz=51) were collected simultaneously during the electrode
polarizations.

In situ XAS measurements
The in situ Pt Ly-edge XAS measurements were conducted at the 8 C
beamline of the PAL, utilizing a flow-type in situ XAS cell equipped with

an electrolyte flow channel and a window for X-ray radiation. The
window was a carbon-coated Kapton film (200RS100, DuPont) with a
thickness of (.05 mm and an area of 0.503 cn?’, which was used as a
working electrode. A thin-film electrode was fabricated by drop-
casting of the concentrated catalyst ink with targeted loadings of
Smgem? for PL(3)/CNT and Py(1)/CNT and 7 mgem™? for PLi015)/
CNT. Pt wire counter and Ag/AgCl reference electrodes were directly
connected to the outlet of the electrolyte stream. The fluorescence
mode was used to collect the XAS spectra after calibration with a Pt foil
reference. Ar-saturated 0.1 M HCIO; + 1M NaCl electrolyte was used as
electrolyte, and the spectra were collected at the OCP and 145 Vi,
respectively, Background removal and normalization of the absorp-
tion coefficient for XAMES spectra and fitting for the Fourier
transformed &' -weighted EXAFS spectra were performed using the
Athena and Artemis software with 1.2 of Rbkg in a Hanning-type win-
dow. For EXAFS fitting, the 557 value of Pt was fixed at 0.84 after
calibration using a standard Pt foil, while the details of fitting were
listed (Supplementary Table 3).

DFT calculations

Electronic structure calculations for periodically replicated appro-
priate models were performed using the Vienna ab initio simulation
package (VASP 5.4.1) based on the framework of DFT™. Full compu
tational details can be found in Supplementary Note 3.

Data availability

The data generated in this study have been deposited in the Zenodo
repository database without accession code [htips)/zenodo.org/
record/7936631# ZGH503ZByUK]".

Code availability

The DFT codes generated in this study have been deposited in the
Zenodo repository database without accession code [https://zenodo.
org/record 79361744 ZGHA2XZByUK]™.
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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 T13Cz 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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Conclusions

10.

11.

12.

Substituted B-doped Ti3C2 MXene exhibits the strongest N2 adsorption capability
but typically lower NRR catalytic activity, whereas adsorbed B-doped Ti3C:
MXene exhibits inversely.

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.

2D-Mo02C(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 C2Hs*
is similar, however, the hydrogenation of C2Hs* to CoHe* is more thermodynam-
ically endothermic and features a significantly higher energy barrier on 2D-
Mo2C(0001).

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.

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.

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.

The actual active site of PtN4 is Pt, whereas PtN3 involves *O, resulting in differ-
ent CER reaction pathways.

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 AGh as a
descriptor, on the explored Ti3C2 models, either pristine, or covered according to the spec-
ified terminations. The required overpotential, 1, 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 H> formation, regardless of 1.

Model Mechanism Subtype AGu/ eV n/’v
Pristine TizC> — — -1.32 [

(0) VH — -0.40 0.40

VT — -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

0130H23 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

0120H12 VH OH-TER 0.23 0.23

VH O-TER 0.36 0.36

VT TER-TER 0.44%* 0.44%*

VT O-TER 0.74 0.74

0230H13 VH O-TER -0.01 0.01

VH OH-TER 0.66 0.66

VT TER-TER 0.82* 0.82*

VT O-TER 0.09 0.09

F130130H13 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

F3/90490H02/9 VH O-TER 0.01 0.01

S2



VH OH-TER 0.32 0.32
VT« TER-TER 0.29* 0.29*
VT O-TER 0.46 0.46

“Not a real Volmer-Tafel mechanism, but similar to the Tafel step, i.e., the formation of

H: 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 Hz(g) mol-

ecule.
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Figure. S1 Schematic of Ti3C2Tx modelled by (a) full -OH and (b) O230H1/3 termination

towards Hc and Hri sites, respectively, with the total energy.

(b)

-501.09 eV -506.82 eV -233.87 eV -232.94 eV

Figure. S2 Schematic arrangement of the fully —O, —OH, —H, and —F terminated Ti3C2
(0001) p(2%2) supercell, where moieties occupy Hri sites. The free (*) and occupied sites

are colour-coded.
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Figure. S3 Schematic arrangement of the binary /2 ML vs. 2 ML situations admixing —
O, —-OH, —H, and —F terminations, as well as * free sites, on the TizC2 (0001) p(2x2)

supercell, exemplified on the OH1201/2 case. Colour coding as in Fig. S1.
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Figure. S4 Schematic arrangement of the binary !/4 ML vs. 3/4 ML situation admixing —
O, —-OH, —H, and -F terminations, as well as * free sites, on the Ti3C2 (0001) p(2x2)

supercell, exemplified on the OH1/403/4 case. Colour coding as in Fig. S1.

OH44034

Figure. S5 Schematic arrangement of the binary %/3 ML vs. !/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 OH1/302/3 case. Colour coding as in Fig. S1.
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Figure. S6 Schematic arrangement of the ternary Y4, %, 2 ML situations admixing —O, —
OH, —H, and —F terminations, as well as * free sites, on the Ti3C2 (0001) p(2x2) supercell,

exemplified on the F140OH1401/2 case. Colour coding as in Fig. S1.
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Figure. S7 Schematic arrangement of the ternary '3, /3, /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 F130H1301/3 case. Colour coding as in Fig. S1.
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Figure. S8 Schematic arrangement of the ternary */9, %/, ?/o 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 F39OH4902/ case. Colour coding as in Fig. S1.
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Figure. S9 Schematic arrangement of the ternary */o, /9, !/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 F390OHs/901/9 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, Er.
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Figure. S11 Top view of the charge density difference (CDD) plots of the TizC2 (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-A™>,
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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 (Hwm) 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 TizC2(0001)
surface with F130H13013 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.

(a) Centre —F

9 A

Centre —-OH Centre —O

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-A"

increments.

OH].I'SOZB

‘e




Figure. S6 Calculated rates of adsorption, rads, and desorption, 7des, of CO2 and CH4 on
(a) clean surface, (b) full -OH, (c) —OH2301, (d) —OH12012, (d) —OH1302s, (€) —

F130H1301/3 terminations, as a function of temperature, 7, and the gas partial pressure,

p, here shown for 1 bar.
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Figure. S7 Complete Gibbs free energy, AG, diagram of CO2RR on fully —OH terminated
Ti3C2 MXene, under standard working conditions. Blue lines represent chemical steps of
as-generated H20O 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, AG, diagram of CO2RR on —OH2301/3 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, AG, diagram of CO2RR on —OH12012 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, AG, diagram of CO2RR on —OH1/302/3 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, AG, diagram of CO2RR on —Fi130H13013
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 (Er), adsorption energy (Eads), and the sum of

Eags and cohesive energy of boron (Econ), as well as the bader charge of different models,

eB, eTerm and er;, ¢, represents the charge of B, termination, and substrate Ti3C2. Nega-

tive values indicate gain of electrons compared to isolated atoms. 3¢ and 2¢ represent

three- and two-coordination of B, respectively. All values are given in eV.

Models Symbols E¢ Eaass  Eaas tEcon  €ric,  €Term ep

sB@Ti3C20s9 sB-O 393 -2.53 3.28 1.03  -098 -0.06
sB@TizC20Hsyo sB-OH 2.16  -4.30 1.51 074 -0.62 -0.12
aB@Ti3C20 aB-O -1.20  -7.66 -1.85 096 -120 0.24
aB@Ti3C20490Hs9(3C) aB-3¢-04  0.37 -4.73 -0.28 0.75 -099 0.24
aB@Ti3C20490Hs9(2C)  aB-2¢-04  1.73  -6.09 1.08 078 -096 0.18
aB@Ti;C20130H23(3C) aB-3¢-O3  0.68  -5.77 0.04 070 -094 0.24
aB@TizC20130H23(2C) aB-2¢-O3  1.99  -4.47 1.34 075 -092 0.17
aB@Ti3C202/90H7/9 aB-02 242 -4.04 1.77 071 -0.87 0.16
a2B@TizC20 a2B-O 0.04 -6.42 -0.61 090 -123 0.16
a2B@Ti3C20490Hs/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 TizCa (

eri,c,), termination (eterm) and N2 molecule (eB), as well as the variation (A) 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 3¢ and 2¢ represent three- and two-coordina-

tion of B, respectively, with energy in eV and distances in A, where N2 has a bond length of 1.12 A.

Models N; ads Symbols Eaas(N2)  erjyc, Aeriyc, €Term Aéterm  e€B Aes en2 BDg.~n  BDn
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-3¢c-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¢-04-s -0.37 0.82 0.04 -0.94 0.02 0.23 0.05 -0.12 1.56 1.24
aB-3¢c-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-2¢-03-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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Table S3. Calculated limiting potential (Ur) of PDS in NRR, adsorption energy of *H
(E(*H)) and NRR intermediate *N2H (E(*N2H)), as well as UL of HER.

Symbols PDS U. ECGN:H) E(*H) UL(HER)
sB-O *NHo— *NH;  -140 492  -141 -1.28
sB-OH *NH2— *NH;  -147  -570  -142  -1.19
aB-0 *N2 - *NoH 137 -1.57 0.07 -0.31
aB-04 *NHo— *NH;  -1.19  -358  -197  -l1.61
aB-03 (-H*) > * -0.61 264 209 -1.75

(-H*)NH(H) -

aB-02 083 376 200  -1.67
(—H*)NHa(H)

a2B-0 *NH.— *NH; ~ -0.80  -340 036  -0.10

a2B-OH *NH2 — *NH3 -0.66 -3.09 -0.78 -0.46
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Figure S1. Calculated formation energy (Et), adsorption energy (Fads), and the sum of
Eads and cohesive energy (Eads + Econ), of sSB@Ti3C20s9 (sB-0); sB@TisC20Hs/o (sB-
OH); aB@Ti3C20(3C) (aB-0); aB@Ti3C20490Hs/9(3C) (aB-3¢c-04);
aB@Ti3C20490Hs5/9(2C) (aB-2¢c-04); aB@Ti3C20130H23(3C) (aB-3¢c-03);
aB@Ti3C20130H23(2C) (aB-2¢-03); aB@Ti3C20200H7(2C) (aB-02); a2B@Ti3C20
(a2B-0) and a2B@Ti3C20490Hs/9 (a2B-OH).
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Figure S2. Bader charge of sB@TizC20s09 (sB-O); sB@TizC20Hswy (sB-OH);

aB@Ti3C20(3C) (aB-0); aB@Ti3C20490Hs/9(3C) (aB-3¢-04); aB@Ti3C20130H23(3C)
(aB-3¢c-03); aB@Ti3C20200H79(2C) (aB-02); a2B@Ti3C20 (a2B-O) and

a2B@Ti3C20490Hs9 (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-A-3,
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sH-0

+-0.0
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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

ZC10.
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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.
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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, Er, 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.
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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 AGmax as descriptors.
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Figure S10. Pourbaix diagrams for TizC2 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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() ABA-Mo,C  (b) ABC-Mo,C (¢ Rh

&

Figure S1. Top (upper images) and side (lower images) views of p(4x4) 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 (Hs), and hollow metal (Hwm)
for ABA- and ABC-stacked 2D-Mo2C (0001), and hexagonal close-packed hollow (Hxcp)
and face-centred cubic hollow (Hsc) 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, AG*, as a function of the working

temperature, 7, and the species partial pressure, p, are approximated as:
AGad(T, p) ~ [E“’ml(Ni,NM) + E(ZNPﬁVM)] _ Etotal(o’ NM) _ Ni[EitOtal + EiZPE] _ NiAHi(T' p)
(S1),

where N; denotes the count of adsorbed species, normally one in the studied system, while

Efotal | (Z,\ZEVM) and E#PE represent the total energy, and the zero point energy (ZPE) con-

tributions of the adsorbed species, and that species in vacuum, respectively. Ny, 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, E®©'*(N;, Ny,) = E; Jsub » and

Etotal(0, Ny,) = Egyp, where Esu and Eisub are the total energies of the pristine surface
model and of the surface model with the i species adsorbed upon, respectively. Aside,
Ap; (T, p) is the chemical potential change of the adsorbed species with respect to the gas

ZPE
E;

phase, where details on how to estimate it are provided below. can be obtained from

vibrational frequencies, viz.:
ZPE _ Iy NMy
EZPE =30 by, (S2),

where 4 is the Planck’s constant, and v,, is the vibrational frequency for each normal
mode 7n of vibration (NMV), i.e., 3N=5 for linear molecules in vacuum, 3N—6 for non-
linear molecules in vacuum, and 3 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, C2Hs, and H2 molecules, the gas
reference is well-defined. For radical species such as C2Hs and H adatoms it is convenient
to express its chemical potential as a combination of gas phase species, i.e., uy (T,p) =
1/2 py,(T,p), and pc,y (T, p) = uc,u,(T,p) + 1/2 uy,(T,p). Consequently, one can
use ab initio thermodynamics (AIT) to express the chemical potential variations
Au; (T, p) as a product containing kinetic, rotational, vibrational, and electronic contribu-

tions according to:

A (T,p) = — kBT{ln [(%)3/2 %} + In (U_s]y{ﬁzm) — YNMV In [1 —exp (%)] + ln(lispm)} (S3),
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where kg is the Boltzmann’s constant, m; the mass of the i molecule, p; denotes the par-

y

tial pressure of the i species, ais ™ is the symmetry number of i molecule —2 for Ha, 4

. . h2
for C2Has, and 6 for C2Hs,' B is the rotational constant, computed as By; = o where
l

I; corresponds to the moment of inertia of the molecule, givenby I; = Y., m, 1,2, where
m, is the mass of the atoms composing the i molecule and 7, 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 i molecule is assigned by v,, ;, while Iis PI s 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 (7ads) can be gained using collision theory,?
as;
S’ .p..A
Taas = \/ﬁ (S4),
where So is the initial sticking coefficient, pi the partial pressure of H2, C2Ha, or C2Hs in
the gas phase, and 4 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,® where the

energy barrier is the desorption energy, AE'., which is simply a negative of the adsorp-

tion energy, AE, 4, see main text. Thus, viz.:

AE. kpT Aorans. 20 drot " oiy

— . ads | . __ kB’ trans,2D 1rot "vib

Tdes = Vdes " €XD (k -T) » Vdes = h ads (SS),
B Ayip

where AE;dS 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 v ,¢ is given by

various partition functions, q, including those in Equations (10-12).

gas _ . 2n-m-kg'T
Qtrans2p = A h2 (86)9
hvn
ads/gas _ exp(—z_kB_T)
vib - Hn 1 hvp (87)9
—exn( i)
gas __ T
Qrot = GSYMT, (88)
The qfr‘;qu‘z D’ qfoats , and quf 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 2% 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), Tro is the rotational temperature of the adsorbed species.

For the reactive and diffusive steps, the corresponding rates, 7;, have been ob-
tained as well by TST,* defined as:
S5



_ AETs . _ kg T qE{%
r]-—v-exp(——),v——— (S9),

kgT hoql3

where AE ;s represents the non-ZPE corrected energy barrier, the pre-factor for v 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; q;.i)/ 'S denotes the vibra-

tional partition given by:

TS/IS _ exp(_;l’:’rllT)
vib — lln 1—exp(—§;_7;,) (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.>® 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.” The span

energy barrier, E,**", captures the energetic requirement of the reaction, defined as:

span __ RDTS RDI
Eb — Yhighest Efowest (S11).

Further details on the applicability of the span model are found in the literature.*-®

S7



Figure S2. Top views of the lowest-energy high-symmetry surface sites of C2Hs", C2Hs",
C2Hs", and H>" 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 (Hwm), or
being a mixed bridge sites (Hs).
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Table S1. Adsorption Gibbs free energies of H2, C2Ha, and C2Hs 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, 7, of 250 °C for Mo.C MXenes, and
60 °C for Rh. All values are given in eV.

AGY(T,p) H» CoHa CoHs

ABA-MoC -1.02 -1.07 0.32

ABC-Mo:C —-1.25 —-147 0.31

Rh -0.51 —0.68 0.28

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.

ABA-Mo.C  —1.73 —-1.75 -1.72 — — — —
ABC-Mo:C  -1.93 -1.97 -1.95 — — — —

Rh -1.19 -1.19 —1.18 —0.95 -1.16 -1.17 —-1.16
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Figure S3. Calculated rates of adsorption, rads, and desorption, rdes, of H2, C2H4, and C2Hs
on (a) ABA-Mo2C, (b) ABC-Mo02C, and (c) Rh (111) models as a function of temperature,
T, at the total gas pressure of 1 bar.

ABA-Mo,C ABC-Mo,C

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 H> 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).

ABA-Mo,C ABC-Mo,C Rh

Figure S6. The lowest-energy co-adsorption sites of H2 nearby of the adsorbed C2Ha* on
(a) ABA-Mo:C, (b) ABC-Mo2C, and (c) Rh (111) surfaces. Numbered circles represent
potential high-symmetry positions for the co-adsorption of Hz, while orange circles

represent the final most stable positions.
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ABA-Mo,C-1 ABA-Mo,C-1a ABA-Mo,C-1b ABA-Mo.C-le

ABA-Mo,C-2 ABA-Mo,C-2a

(b)

ABC-Mo,C-1 ABC-Mo,C-la ABC-Mo.C-lc

ABC-Mo,C-2a ABC-Mo,C-2b ABC-MosC-2¢

Figure S7. The main high-symmetry surface sites for the H2 adsorption and two vicinal
H* adatoms produced as a result of the Hz dissociation on (a) ABA-Mo02C-1 and ABA-
Mo2C-2, (b) ABC-Mo02C-1 and ABC-Mo02C-2, and (c) Rh-1, Rh-2, and Rh-3 surfaces in

the presence of C2Ha. For details on the notations used, see Figure S6.
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Table S3. Hz adsorption energies on ABA-Mo2C, ABC-Mo2C, and Rh surface models
with different relative sites with respect to a pre-adsorbed C2Ha as specified in Figure
S6. All values are given in eV. The bold font represents the ones selected to study Ho

dissociation forward.

Mo2CaBa —0.42 —-0.55 -051 —-0.55 —
Mo2Casc —-0.67 -0.77 -0.72 -0.76 —

Rh -0.52 -0.53 053 — —

Table S4. Total adsorption energies of two H adatoms on ABA-Mo2C (0001) surface on
different sites with respect to pre-adsorbed C2Ha4 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 SS. Total adsorption energies of two H adatoms on ABC-Mo2C (0001) surface on
different sites with respect to pre-adsorbed C2Ha4 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 -l.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 C2Hs 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 -113 -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 Hz dissociating

path with the lowest Eb.

ABA-Mo2C-1  0.20 0.19 —
ABA-Mo02C-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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ABA-Mo,C

ABC-Mo,C

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-Mo:C, (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 Hz dissociation on ABA-Mo2C, ABC-
Mo2C, and Rh surfaces, when pristine or in the presence C2Ha, plus the H2 adsorption

energies. All values are given in eV.

Pristine With C2H4
E;I dif f Elt;iz diss E(I:;s E;I dif f Elt;iz diss E(I:;s
ABA-MoxC 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, AE, and energy barriers, Eb, of the first and second hydro-
genation reaction steps on C2Ha, as well as the full AE and the energy barrier according
to the span model, E ;pan, on the ABA- and ABC-Mo:C surface models depicted in Fig-

ure 3 of the main text, and on Rh (111). All values are given in eV.

AEY®  EP-Y" ppE pH-" AEi E)PTT
ABA-Mo2C-1b@1 0.28 0.73 0.92 2.03 1.20 2.30
ABA-Mo02C-1b@?2 0.33 0.79 0.87 1.90 1.20 2.22
ABA-Mo,C-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-Mo:C-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, AE, and energy barriers, Eb, of the first and second hydro-
genation reaction steps on C2Ha, as well as the full AESP4" and the energy barrier accord-
ing to the span model, E,"*", on the ABA- and ABC-Mo:C surface models, and on Rh
(111) surface, either on their pristine models, or having % ML of H or C2Hs depicted in
Figures S11-S13.

1Sf H_lst an H_znd span spar
AEY" Ef AEZ E} AEPE Ep

ABA-Mo2C-
029 0.74 091 1.77 1.20 2.06
1b@3
Clean ABC-Mo2C-
0.57 0.81 1.13 1.83 1.70 2.40
lc@?2
Rh-2b 039 091 -0.11 0.55 027 0.94
ABA-Mo2C-
0.44 0.78 0.32 1.13 0.76 1.57
1b@3
% ML H ABC-Mo2C- 1.57 1.09 2.05
0.48 0.83 0.62
lc@?2
Rh-2b 033 082 -0.13 0.48 0.20 0.80
ABA-Mo2C- 1.95 0.85 2.16
021 0.67 0.65
1b@3
¥ ML
ABC-Mo2C- 1.35 1.30 1.87
C2Ha4 0.52 0.84 0.78
lc@?2
Rh-2b 032 075 -0.04 0.59 0.28 0.91
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ABA-Mo,C-1b@3

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) % ML H*, and (c) % ML C2H4* models.

ABC-Mo,C-lc@2

(a) s,

(®)

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) % ML H*, and (c) % 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) % ML H*, and (c) % ML C2H4* models.

ABA-Mo,C

ABC-Mo,C

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 ¥ 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 % 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-Mo02C, ABC-Mo2C, and Rh sur-
faces, either on their pristine models, or having % ML of H or C2H4 depicted in Figure 4.

All values are given in eV.

Clean ¥ MLH 3 ML C2H4

ABA-MoC  0.37 0.42 0.36
ABC-Mo:C  0.28 0.42 0.27
Rh 0.10 0.16 0.11
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Table S12. Conversion of propene, X¢,y,, and NMR signal enhancement, SE, for the

CHs-groups of propane obtained in the hydrogenation of propene with p-H2 over

Mo2CTx-s00 and Rh/TiOz catalysts at different temperatures (see the experimental section

for details).
Flow rate,
Catalyst T, °C mLs Xcsne, % SE
min”!
26 100 -
165 155 86 -
240 75 -
26 100 -
205 156 82 -
240 73 1.1
26 100 -
235 156 79 1.9
Mo2CTx-500 240 62 2
26 100 -
275 156 60 -
240 49 4
26 97 -
325 156 42 1.3
240 32 5
26 74 -
375
240 9 10
26 43 -
43 156 11 161
240 5 337
26 52 -
53 156 12 169
240 7 347
26 61 -
60 156 20 154
Rh/TiO2 240 11 331
26 72 -
70 156 23 154
240 14 352
26 94 -
85 156 32 143
240 22 316
26 100 -
100 156 38 145
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240 28 318
26 100 —
125 156 47 131
240 36 297
26 100 —
150 156 53 127
240 40 298

S24
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Table S1. Adsorption energy (Eads in eV) of *O2, *OOH, *O, and *OH on the SAC cat-

alysts.

Catalysts *Os *O0H *O *OH
Sc -3.19 -4.00 -5.59 -5.48

Ti -4.68 -6.35 -7.84 -5.62

\Y% -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 (Ezrg), 7', and Gibbs
free energy for *OOH (G*oon) in ORR on M@NC (M = Sc, Ti, V, Mn, Fe, Ni, Cu, and
Pt)yatU=0V.

Structure E (eV) Ezpr (eV) TS (eV) G+oomn (eV)
Sc -464.84 1.07 0.28 -464.05
Ti -467.35 1.07 0.31 -466.59
A% -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

S2



Table S3. Calculated total energy (E), vibrational zero-point energy (Ezpg), 7S, and Gibbs
free energy for *O (G+o0) in ORR on M@NC (M = Sc, Ti, V, Mn, Fe, Ni, Cu, and Pt) at
Uu=0V.

Structure E (eV) Ezpr (eV) TS (eV) G0 (eV)
Sc -454.79 0.69 0.24 -454.34

Ti -457.19 0.72 0.21 -456.68

\% -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 (Ezrg), 7', and Gibbs
free energy for *OH (G+on) in ORR on M@NC (M = Sc, Ti, V, Mn, Fe, Ni, Cu, and Pt)
atU=0V.

Structure E (eV) Ezpr (eV) TS (eV) G+on (eV)
Sc -460.66 0.96 0.28 -459.98
Ti -460.95 0.93 0.26 -460.28
\Y% -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, ¢) 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 Pt;/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 pm were heated and subsequently acid washed to remove metallic impuri-
ties'2. In detail, CNTs (38.0 g) were calcined at 500 °C for 1 h in a box furnace at a
heating rate of 7.9 °C min'. The heat-treated CNT powder was then acid washed at 80 °C
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 HCI (diluted from 36% HCI, Samchun Chemicals) as
described above. The acid-treated CNTs were collected after drying overnight in an oven
at 60 °C.

Pti/CNT catalysts with various Pt contents (Pti(X)/CNT, where X = nominal wt.% of
Pt) were synthesized by solid-state mixing of CNT and Pt-macrocycle precursor follow-
ing by annealing®. The acid-treated CNT (500 mg) and Pt"! 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 Pti(3)/CNT, Pti(1)/CNT, and Pti(0.15)/CNT, respectively.
Subsequently, the powder mixture was pyrolyzed at 700 °C for 3 h under an N2 flow (5N,
1 L min™") at a heating rate of 2.1 °C min~'. 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-Pti(3)/CNT) or chlorine (CI-
Pti1(3)/CNT) functionalities were prepared by post-treatment of Pti(3)/CNT. O-
Pt1(3)/CNT (150 mg) was prepared by ozone treatment at 25 °C for 1 h using an ozone
generator (LAB-I, Ozonetech Inc.). CI-Pt1(3)/CNT was prepared by sequential H20O2 and
SO:Cl; treatments®. Pt1(3)/CNT (75 mg) was mixed with a 12.7 wt.% H20Oz solution (1.5
L; diluted from 29-32% H20:2, Alfa Aesar) and the mixture was stirred at 70 °C for 2 h.
The catalyst powder was collected by filtration and washed several times with DI water.
Subsequently, H202-treated Pti(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 °C and subsequently, heated and refluxed for 5 h at 75 °C.
CI-Pt1(3)/CNT was collected via filtration and washed several times with DI water.

Physical characterizations

S2



High-angle annular dark-field scanning transmission electron microscopy (HAADF-
STEM) images were obtained using a Titan® 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 Ka radiation
operated at 40 kV and 200 mA. The XRD patterns were measured in the 26 range from
10° to 90° at a scan rate of 2° min~'. 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 Ko 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% HC1:60% HNO3
=3:1, v/v) at 220 °C for 40 min (600 W, heating rate of 6.7 °C min™!). Subsequently, the
resulting solution was analyzed by inductively coupled plasma-optical emission spectros-
copy (ICP-OES; 700-ES, Varian).

Pt Ls-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 k*-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-
dow?’. Crystallographic data for the PtTPP molecule were used for multishell fitting with
the first-shell of Pt-N and the second-shell of Pt---C®’. The amplitude reduction factor
(S0%) 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 area®.
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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 electrode’, it was doubly separated from the electrolyte
using a glass tube equipped with a glass frit. Ar-saturated 0.1 M HClOs4 solutions with
and without 1 M NacCl (or 1 M NH4Cl), which were prepared using DI water (>18.2 Q,
Arium Mini, Sartorius), concentrated HC1O4 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 Hz-saturated electrolyte be-
fore each electrochemical measurement.

A thin-film electrode was fabricated by drop-casting the catalyst ink (10 uL) onto an
RDE. The catalyst loading was 100 pug cm 2. The catalyst ink was prepared by dispersing
5 mg of the catalyst in a mixed solution of DI water (2122 pL), isopropyl alcohol (374
pL), and 5 wt.% Nafion solution (50 uL). 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 Vrue at a scan rate of 500
mV s ! in an Ar-saturated 0.1 M HCIO4 electrolyte. CER polarization curves were ob-

"in Ar-saturated

tained in the potential range of 1.0—1.6 Vruk at a scan rate of 10 mV s~
0.1 M HCIO4 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 VreE at a scan rate of 100 mV s !. 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 Vrue 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 Vrue'’.
Prior to the RRDE study, the background currents of the disk and ring electrodes were
stabilized at 0.95 VruE 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 = | (Eqn. S1),

2 |ir

=215

Cl selectivity (%) = 100 - =€ER_ = 10 -

ig+icER id+|lﬁr|

(Egqn.  S2),

where ir, N, and ia denote the background-corrected ring current, collection efficiency
(0.35-0.37, calibrated using Ks[Fe(CN)¢]), 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 HCIO4 with 1 M NH4Cl, which continuously flowed to the EFC
at a flow rate of 400 pL min~' (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 HNO:s containing 5 ppb '®’Re as an internal standard at a mixing ratio of 1:1 using
a Y-connector. Online Pt dissolution was estimated using the ratio of Pt to '8’Re signals
during the electrochemical treatments. The catalyst loading on the working electrode was
100 pg 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

1

at a scan rate of 500 mV s in the potential range of 0.05-1.2 Vrue. Subsequently, Pt
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dissolution was monitored over 500 CV cycles at a scan rate of 100 mV s ! in the potential
range of 1.0-1.6 Vrut.

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)!!. The exchange—correlation potential was
treated as in the generalized gradient approximation (GGA) with form proposed by
Perdew—Burke—Ernzerhof (PBE)!2. 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) method'®, as implemented in VASP by Kresse and Joubert'*,
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 4x4x1 k-point I'-centered Monkhorst-Pack grid. A conver-
gence criterion of 10~ 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
A~!. 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 A. A vacuum width of 25 A was added to the x- and y-direction
(along the plane direction defined by the employed models), whereas a vacuum width of
20 A 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 method'’. The adsorption energy was calculated as
follows:

Eads = Eisub — (Esub + Ej) (Egn. S3),
where Esu is the energy of relaxed Pt—N4 or Pt-N3(V), Ei is the energy of the reference
molecule, and Eisuw 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
(AG) for each elementary reaction step according to the following equation:

AG = AE + AEzps — TAS (Eqn. S4),
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where AE corresponds to Eads (cf. Eqn. S3), AEzpe is the change in zero-point energy for
the step of interest, 7 is the temperature in Kelvin, and AS is the change in entropy. AEzpe
was obtained directly from the calculated vibrational frequencies in the harmonic approx-
imation whereas the TAS term requires evaluating the vibrational partition functions
which are also related to the vibrational frequencies!'®.

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 used!’. This was achieved by considering the stoichiometric coeffi-
cients of the transferred electrons (e”) and protons (H"), denoted as v(e”) and v(H"), re-
spectively, when compiling reaction equations for each adsorption process'®. We derive
the following formula:

AG (pH, U) = AEwt + AEzpe — TAS — v(H") 0.059 pH — v(e") - eU (Eqn. S5).
The value of 0.059 eV was derived from the term k87 - In10 evaluated at room tempera-
ture, where ks is Boltzmann’s constant and U is the applied electrode potential on the
standard hydrogen electrode (SHE) scale'®.

The most thermodynamically favorable structure was determined by the minimization
of the AG values for each adsorbate among the set of considered surface structures. The
resulting surface phase (Pourbaix) diagram is shown as a function of overpotential #, de-
fined by # = 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 medium?. Hence, we are not discuss-
ing pH effects for which the application of grand canonical schemes is called for?!.

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-
ies>®?2, the CER was assumed to proceed via the Volmer—Heyrovsky mechanism?*24,
Two different Volmer—Heyrovsky pathways with dissimilar intermediates (i.e., *Cl or
*QCl) were considered in our theoretical study®.
(I) Pathway mediated by the *Cl intermediate:
AGi: *+Cl (ag) = *Cl+e (Eqn. S6),
AGy: *Cl+Cl (agq)=Clh(g)te (Eqn. S7).
(IT) Pathway mediated by the *OCI intermediate:
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AGs: *O+Cl (ag) = *OCl+ e (Eqn. S8),

AGs: *OCl+Cl (ag) = *O+Cla(g) te (Eqn. S9).
The free energy of chloride in solution, G (Cl 49), is related to that of the Clz gas molecule
as follows:

Cl (ag) =2 12Cla(g)+e,AG=0eV @ U=1.36 Vsue (Eqn. S10).
Consequently, the AG; values for each elementary step are given by:

AGi=—AG:=G(*C))— 12 - G(C) — G (*) (Eqn. S11),

AG3=—AGs=G (*OCl) — 1/2 - G (Cl) — 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 AG1 = — AG2 and AG3 = — AGa are fulfilled at the CER equilibrium
potential, that is, U= 1.36 Vsnuk.

The oxygen evolution reaction (OER), 2H20 (ag) — O2 (g) + 4H" (aq) + 4e”, U°oEr

= 1.23 Vrag, was modelled by assuming the mononuclear mechanism?¢:

AGs: *+HO()=*OH+H' +e¢ (Eqn. S13),
AGs: *OH=*0+H' +e (Eqn. S14),
AG7:  *O+H:0(l) = *O0H + H' + ¢ (Eqn. S15)
AGs: *OOH = O:(g)+H' +e (Eqn. S16).

The free energy of a proton-electron pair, G (H" + €7), can be related to the Ha gas mole-

cule using the CHE approach as follows:

H'+e = 1/2H2(g), AG=0¢eV @ U=0 VsHE (Eqn. S17).
Therefore, the AG values for each elementary step are:

AGs=G (*OH)+1/2 - G (H2) — G (H20) — G (*) (Eqn. S18),

AGe= G (*O)+ 1/2 - G (H2) — G (*OH) (Eqn. S19),

AG7=G (*OOH) + 1/2 - G (H2)— G (H20) — G (*O) (Eqn. S20),

AGs=4%x1.23 eV — (AGs + AGs+ AG7) (Eqgn. 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 used®’-?. 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 # (U), for a two-
electron (CER) or four-electron process (OER), we refer the reader to recent publications
by the authors?>*,
4. Selectivity assessment
The descriptor Gmax (U) was extracted for both OER and CER at well-defined electrode
potentials, U >1.36 Vsut. The free-energy difference, Gsel (U), defined as

Gsel (U) = Gmax (U)°"R — Gimax (U)ER (Eqn. S23),

is a measure of the CER selectivity’!. This quantity was used to determine the CER se-

lectivity in percentage using the following relation®>!:
Gsel
exp
CER selectivity (U) = # (Eqn. S24).
(i) +1

5. Stability assessment

Considering that PtOz is the preferred state of Pt under CER conditions®?, the tendency of
the active Pt! sites toward oxidative demetallation to PtO2 was analyzed for Pt-N4 and
Pt—N3(V). More precisely, the free-energy change, AGstab, for the equation [Pt] + 2H20
— [ ]+ PtO2 + 4H" + 4¢ was determined by DFT. Here, [ ] denotes the empty pocket
of the Pt-N4 and Pt—N3(V) moieties. Based on the obtained AGstb value, the equilibrium

dissolution potential, Uliss, was calculated as follows:

Uliss = =220 (Eqn. S25).

The Uliss 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 Uliss value significantly exceeds the CER
equilibrium potential (i.e., 1.36 VsHE).
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Supplementary Note 1

Physical characterization of Pt;(X)/CNTs

HAADF-STEM analysis was performed to identify the atomic distribution of the Pt spe-
cies on Pti(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, Pti(1)/CNT, and Pti(0.15)/CNT were 3, 1, and 0.15
wt.%, respectively, confirmed by ICP-OES. In the XRD spectrum, Pti(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 £*-weighted
Pt L3-edge EXAFS spectra revealed a strong scattering peak at approximately 2.0 A (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 Pti(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 Pti(3)/CNT was Pt"! (Supplementary Figs. 4 and
5). Therefore, these physical characterization results revealed that Pt1(3)/CNT was com-
posed of abundant porphyrin-like Pt"-N4 moieties covalently embedded on the CNT sup-
port.
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Supplementary Figures

Supplementary Fig. 1: a—c, HAADF-STEM images of Pti(3)/CNT (a), Pti(1)/CNT (b),
and Pt1(0.15)/CNT (c).
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Supplementary Fig. 2: XRD patterns of the Pti(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.
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Supplementary Fig. 3: a—c, The k’-weighted Pt L3-edge EXAFS spectra and fitted
curves of Pti(3)/CNT (a), Pti(1)/CNT (b), and Pti(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), Pti(1)/CNT
(b), and Pt1(0.15)/CNT (c). The results show that average oxidation state of the catalysts
is Pt!". The XANES WL fitting was conducted using the interpolation equation of Pt ref-

erences in our previous report®.
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Supplementary Fig. 5: a, XPS Pt 4f and b, N 1s spectra of Pt1(3)/CNT, PtTPP, and N-
doped CNT. The XPS Pt 4172 spectrum of Pti(3)/CNT shows strong peaks at 73.2 and
76.6 eV, almost identical to those of PtTPP with a Pt!! center.
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Supplementary Fig. 6: CER selectivity of Pti(3)/CNT, Pti(1)/CNT, and Pti(0.15)/CNT
measured using an RRDE in Ar-saturated 0.1 M HCIO4 with 1 M NaCl. The CER selec-
tivity of all the catalysts is almost 100%.
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Supplementary Fig. 7: CER polarization curves of Pti(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.
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Supplementary Fig. 9: a, CER activity and durability measurements in Ar-saturated 0.1
M HCI1Os4 with 1 M NH4Cl. b, CER selectivity of Pti(3)/CNT measured using an RRDE
in Ar-saturated 0.1 M HCIOs with 1 M NH4Cl. The CER activity and selectivity of
Pt1(3)/CNT are comparable with those measured in Ar-saturated 0.1 M HCIO4 with 1 M
NaCl, indicating no significant effects of the C1” 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 Pti(3)/CNT. The online EFC/ICP-
MS signals measured during 500 CV cycles in the potential range of 1.0-1.6 VruEe in
Ar-saturated 0.1 M HCIO4 with 1 M NH4Cl.
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Supplementary Fig. 11: The &’-weighted Pt L3-edge EXAFS spectra and fitted curves
of Pti(3)/CNT after 500 CVs in the potential range of 1.0-1.6 VruE in Ar-saturated 0.1
M HCIO4 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 VruE in Ar-saturated 0.1 M
HCI1O4 with 1 M NacCl. 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 ionomer®*-**. Thus, the XPS O 1s spectrum of the pris-
tine Pt1(3)/CNT film was subtracted from that of the aged Pti(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).
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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 (¢).
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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 krange R range Shell CN R (A) o* AE, R fac-
1o (eV) tor
A (%)
Pt;(0.15)/CN 2.7-11.21.2-34 Pt-N 3.0 2.01 3.56 16.43 1.2
T *0.3) & (0.97) (£0.33)
0.01)
Pt-C 4.2 2.99 8.44
*13) & (x4.01)
0.02)
Pt;(1)/CNT Pt-N 34 2.00 4.26 15.59 1.2
(=04) & (=1.00) (£0.91)
0.01)
Pt-C 423 2.97 9.38
15 & x4.71)
0.02)
Pt;(3)/CNT Pt-N 4.0 2.01 3.58 15.89 1.3
*04) (£0.99) (+1.00)
0.01)
Pt-C 44 3.01 6.42
x16) (= (x4.11)
0.00)
Aged Pt—N 4.0* 2.02 3.39 15.18 6.0
Pt;(3)/CNT (% (x£0.98) (£2.42)
0.02)
Pt-C 0.6 2.33 1.00*
| *02) &
0.03)
Pt foil 2.1-13.51.7-3.8 Pt—Pt 12* 2.77 4.59 9.26 0.3
(% (*0.27) (+£0.50)
0.02)

S20



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 (So?) of 0.84. R indicates bond distance. ¢? indicates
the Debye-Waller factor. AEy 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—Ny Pt-N; Pt-N;V
CER 0.322 (0.28) 0.21 (0.17) 0.05 (0.01)
OER 1.56 (1.48) 2.25(2.17) 0.35(0.31)
aU=1.36 Vsue
bPU=1.40 Vsue
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