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Abstract

The ever increasing fossil fuel consumption has been linked to anthropogenic global
warming, which might result in a 4°C increase in the global mean temperature during
the 21st century under certain “business as usual’ fossil-rich scenarios. Apart from car-
bon dioxide emission, fossil fuel combustion is also responsible for the emission of many
other toxic air pollutants. The synergistic effect between climatic change and air pollution
can magnify health hazards. Thus, technologies for more environmentally friendly energy
conversion are therefore actively being pursued. One such technology is the polymer
electrolyte membrane fuel cell (PEMFC).

In PEMFCs, a fuel such as methanol or hydrogen is oxidized at the anode and oxygen is
reduced to water at the cathode. Possible applications of PEMFC ranges from stationary
to mobile and portable applications, in e.g. auxiliary power units (APU) and fuel cell elec-
tric vehicles (FCEV). However, the widespread use of hydrogen fuel cells continue to face
several challenges, the most significant of which is the high cost of the platinum-based
catalyst used in the electrodes, which contributes to almost 55% of the total cost. Ideally,
to decrease the overall cost of PEMFCs, development of new and cost-efficient catalyst
candidates for both cathode and anode is highly desirable but the slow oxygen reduction
reaction (ORR) at the cathode requires much more platinum than the much faster hydro-
gen oxidation reaction at the anode. The sluggish kinetics of the ORR at the PEMFC
cathode can lead to nearly 30% efficiency decrease of the PEMFCs. Thus, in particular,
the development of cost-efficient, non-precious metal catalysts for the ORR with a high
catalytic efficiency has received much attention.

Some of the possible alternatives can be catalysts based on transition metals in nitrogen
doped graphitic cathodes, oxides and oxynitrides of transition metals e.g. tantalum, zir-
conium oxide based catalysts with multiwalled carbon nanotubes (MWCNTs) support and
niobium-titanium complex oxides among others.

In this thesis, zirconium based catalysts were systematically studied to understand the
possibility of achieving enhanced ORR activity using a non platinum group metal (non-
PGM) transition metal catalyst using Density Functional Theory (DFT).

In the first study, DFT was used to explore the viability of zirconium oxynitride as an ORR
catalyst. The catalyst surface was studied systematically to explore the presence of active
catalytic sites along with computation of adsorption energies of various intermediates. For
ORR the adsorption energies of different intermediates, irrespective of the catalyst mate-
rial, are related by the so-called standard scaling relations. We explored the possibility of
deviation from the standard scaling relations for ORR taking place over zirconium oxyni-
tride catalyst which can give rise to enhanced electrocatlysis.

In the second study, we explored electronic descriptors in order to predict adsorption en-
ergy of the ORR intermediates and consequently the ORR activity over zirconium based
catalysts. During the course of our first study, we studied several electronic descrip-
tors, however none of them could fully capture the complexity of the zirconium oxynitride
catalyst surface. Integrated crystal orbital Hamiltonian population (ICOHP) had been pre-
viously successfully used as an electronic descriptor to understand trends in O* and OH
adsorption on transition metal oxides. Hence, we investigated ICOHP as an electronic
descriptor for a simplified model catalyst system, i.e anion substituted zirconia.
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Resumé

Det stadigt stigende forbrug af fossile braendstoffer har fart til ggede niveauer af atmos-
feerisk kuldioxid. Forbraendingen af fossile braendstoffer er blevet forbundet med men-
neskeskabt global opvarmning, hvilket kan resultere i en stigning pa 4°C' i den globale
middeltemperatur i lgbet af det 21. arhundrede under visse "business as usual’ fossil-
rige scenarier. Bortset fra emission af kuldioxid er forbraending af fossilt braendstof ogsa
ansvarlig for emissionen af mange andre giftige og luftforurenende stoffer. Den syner-
gistiske effekt imellem klimaaendringer og luftforurening kan @ge sundhedsrisici. Der ar-
bejdes derfor aktivt med udvikling af teknologier til mere miljgvenlig energiomdannelse.
Polymerelektrolytmembranbraendselscellen (PEMFC) er sadan en teknologi.

| PEMFC’er oxideres et braendstof som methanol eller brint ved anoden, og oxygen re-
duceres til vand ved katoden. Mulige anvendelser af PEMFC spander fra stationzere il
mobile og baerbare anvendelser, i f.eks. auxiliary power units (APU) og braendselscelle-
drevne elektriske karetajer (FCEV). Dog star den udbredte brug af brintbraendselsceller
fortsat over for adskillige udfordringer, hvoraf den vigtigste er de hgje omkostninger ved
den platinbaserede katalysator, der anvendes i elektroderne, som bidrager til naesten 55%
af de samlede omkostninger.

For at reducere de samlede omkostninger ved PEMFC’er bgr katalysatorerne til begge
elektroder ideelt udskiftes, men den langsomme oxygenreduktionsreaktion (ORR) ved
katoden kreever meget mere platin end den meget hurtigere hydrogenoxidationsreak-
tion ved anoden. Den langsomme kinetik af ORR ved PEMFC-katoden kan fgre til en
naesten 30% effektivitetsreduktion af PEMFC’erne. Udviklingen af en billig og effek-
tiv ikke-zedelmetalkatalysator til oxygenreduktionsreaktionen har saledes faet stor op-
maerksomhed. Nogle af de mulige alternativer kan vaere katalysatorer baseret pa over-
gangsmetaller i nitrogen-doterede grafitiske katoder, oxider og oxynitrider af overgangsmet-
aller f.eks. tantal, zirconiumoxid baserede katalysatorer med flervaeggede kulstofnanorar
stotte (MWCNT er) og niobium-titanium komplekse oxider blandt andet. | denne afhan-
dling bliver zirkoniumbaserede katalysatorer systematisk undersagt for at forsta mulighe-
den for at opna gget ORR-aktivitet ved hjaelp af en overgangsmetalkatalysator uden plat-
inmetaller ved brug af taethedsfunktionalteori (DFT).

| det farste studie bruger vi DFT til at udforske levedygtigheden af zirconiumoxynitrid som
en ORR-katalysator. Katalysatoroverfladen blev undersggt systematisk for at udforske
tilstedeveerelsen af aktive katalytiske steder sammen med beregning af adsorptionsen-
ergier for forskellige mellemprodukter. For ORR er adsorptionsenergierne for forskellige
mellemprodukter, uanset katalysatormaterialet, relateret til hinanden ved relationer kendt
som standardskaleringsrelationer. Vi undersggte muligheden for at afvige fra standard-
skaleringsrelationerne for ORR, der finder sted over zirconiumoxynitrid-katalysator, som
kan give anledning til forbedret elektrokatalyse.

| det andet studie udforsker vi elektroniske deskriptorer for at forudsige adsorptionsenergi
af ORR-mellemprodukterne og falgelig ORR-aktiviteten over zirconiumbaserede katalysa-
torer. | Igbet af vores farste studie studerede vi adskillige deskriptorer, men ingen af
dem kunne fange kompleksiteten af zirconiumoxynitrid-katalysatoroverfladen. ICOHP var
tidligere med succes blevet brugt som en elektronisk deskriptor til at forsta tendenser i
O*- og OH-adsorption pa overgangsmetaloxider. Derfor undersagte vi integreret krys-
talorbital Hamiltonian-population (ICOHP) som en elektronisk deskriptor for et forenklet
modelkatalysatorsystem, dvs. anionsubstitueret zirconia.
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1 Introduction

A key global challenge at present is the green transition from fossil fuels to more environ-
mentally friendly energy conversion technologies. Currently, the leading contenders for
alternatives to fossil fuel available commercially are hydroelectric power, nuclear energy
along with wind and solar power [1]. While hydroelectric power is renewable and reli-
able, to harness the said power source, building dams is required for its implementation.
This causes major environmental impact like deforestation, loss of habitat for different
species, which can ultimately lead to their extinction. Inspite of its potential to generate
large amount of electricity, nuclear power comes with its concern for safety and radioac-
tive waste disposal [2]. When it comes to clean energy sources, the renewable energy
sources are excellent contenders as they have a smaller impact on the environment [3].
However, the intermittent nature of the renewable sources have been a detrimental factor
in their wide spread usage.

Total power consumption
B Wind energy production

MW Overproduction

8000

7000

5000 .
4000
3000
2000

1000

1 Year 2 Year 3 Year 4 Year

Figure 1.1: Plot of electricity consumption in light green and the wind power production in
dark green. The x-axis is in weeks, covering a total of about a month. The orange areas
represent overproduction, meaning that wind power alone produced more electricity than
that was consumed at that time. Reproduced from reference [4].

One of the strategies of overcoming this bottleneck depends on reliable energy storage
technologies, for example through the use of batteries. However such batteries might
be massive as well as expensive and has a wide range of environmental impact, rang-
ing from resource depletion of metallic and non-metallic raw material like lead, cadmium,
graphite among others, generation of hazardous waste and emissions during manufac-
turing process transportation, disposal and recycling to human and animal health hazard
from potential exposure to heavy metals used in batteries [5]. An alternative is to use ex-
cess electricity produced by renewable energy source to produce a fuel which can then be
used in the transport sector which accounts for a sizeable segment of energy consumption

[6].
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1.1 Application in Transport Sector

A major challenge in green transition from fossil fuels to renewable energy sources lies in
the transport sector. In terms of applications in the transport sector, liquid fossil fuels are
particularly convenient with high gravimetric and volumetric energy density. It is difficult
to achieve this using renewable sources of energy. We can observe from the figure 1.2
that liquid fuels, produced primarily from petroleum, have extremely high energy density
both in terms of weight and volume. While it is possible to produce hydrocarbons from
renewable energy sources using electrochemistry [7], the technology is not yet mature
and would require a great deal of research efforts into the same [8, 9, 10, 11, 12].

Diesel @
9r Petrol @
8r ®
1, -1 Lighthar:jd-gomplex Coal
o raes
é 6 Interstitial Y
= °|' hydrides M I L
= sitio NH,EH, Propane
@ St Mg(BH,); @ 2 (liquid)
(7] Wood e CaBH,), LigH,
O 4t ' @ L ] L -
L MgH, LNHBH, @
T 3l ? NH, Liquid hydrogen
E 33.3kWh kg’
g 2
Liquid hydrogen tank
I <> Compressed hydrogen (700 bar)
U L L L L L 1 -
0 2 4 g B 10 12

Gravimetric density /kWh kg™’

Figure 1.2: Plot of gravimetric vs volumetric energy density for various energy storage
materials. The most desirable ones are in the top right corner. Reproduced from reference
[13].

Another material with high gravimetric energy density is hydrogen which can be produced
from water, through electrolysis, and then converted back to water producing electricity in
a hydrogen fuel cell [14].

1.2 Fuel Cell Technology

Fuel cells are devices that can utilize fuels like hydrogen or methane, through electro-
chemical reaction, to produce electrical energy. Conventional power generation methods
produce heat and mechanical work during intermediate steps, which is avoided in fuel
cells. Since the fuel cells are not constrained by thermodynamic limitations like Carnot
efficiency, theoretically they can be more efficient than heat engines. If hydrogen is used
as a fuel in an internal combustion engine (ICE), the efficiency is in the range of 10 to
20% [15]. On the other hand, for hydrogen fuel cell, the ideal thermodynamic efficiency is
about 83% at 25°C [16]. There are several different types of fuel cell technologies avail-
able, however in the present thesis the focus is on Polymer Electrolyte Membrane Fuel
Cells (PEMFCs), illustrated in fig 1.3. PEMFCs allow environmentally friendly conversion
of energy using hydrogen as a fuel to produce electricity. The quick start time and low
operating temperatures, less than 100°C, low weight, compactness, and suitability for
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discontinuous operation makes them particularly attractive option in terms of applications
in transport sector [17, 18, 19, 20, 21, 22]. Storage of hydrogen in vehicles, in either
compressed, liquefied or solid-solution state, is an obstacle. However this discussion is
beyond the scope of this thesis.

Electric current
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Figure 1.3: Schematic of a polymer electrolyte membrane fuel cell. Reproduced from
reference [14].

There are various challenges that continue to limit the widespread use of hydrogen fuel
cells, the most significant one being the high cost of the platinum-based catalyst used at
the electrodes which contributes to almost 55% of the total cost [23]. Ideally to reduce the
cost, catalyst at both the electrodes should be replaced. However the sluggish kinetics
of Oxygen Reaction Reaction (ORR) at the cathode requires more catalyst than the fast
Hydrogen Oxidation Reaction (HOR) at the anode. The sluggish kinetics of ORR can
lead to nearly 30% decrease in the overall efficiency of PEMFCs [24]. The quest for
cost-effective and efficient non-precious metal catalysts for the oxygen reduction reaction
(ORR) has garnered significant interest [25, 26, 27, 28]. Potential alternatives include
catalysts utilizing transition metals within nitrogen-doped graphitic cathodes [25], as well
as oxides and oxynitrides of transition metals like tantalum [29, 30]. Additionally, catalysts
based on zirconium oxide supported by multiwalled carbon nanotubes (MWCNTs) [31] and
complex oxides of niobium and titanium have also been explored [32], among various
other options.

Computational Design of Electrocatalysts for Oxygen Reduction Reaction 3



1.3 The Oxygen Reduction Reaction (ORR)

Depending upon the solvent and catalyst used, ORR can proceed through either two elec-
tron or four electron pathway. The significance of reduction pathways varies depending
on their specific applications. In the context of fuel cell processes, the four electron direct
pathway is the particularly preferred since it maximizes the efficiency of the conversion of
fuel (typically hydrogen) and oxygen into electricity and water. This pathway allows for a
complete reduction of oxygen to water and minimizes the production of harmful byproducts
or intermediates. Conversely, in industrial settings, the two electron reduction pathway
finds utilization in the production of hydrogen peroxide [33].

The four electron pathway can involve either the associative or dissociative mechanism.
The associative mechanism involves three distinct intermediates: *OOH, *O, and *OH. In
contrast, the dissociative pathway only involves *O and *OH intermediates [34].

One is the ’associative mechanism’ which can be described as follows:

*+0y+H" +e7 — *OOH (1.1)
*OOH +H" +e~ — *O + H,0 (1.2)
*O+H" +e~ — *OH (1.3)
*OH+H"™ +e” — *+ Hy0 (1.4)

The other mechanism is called the ’dissociative mechanism’ where the initial step is oxy-
gen dissociation.

*+ 0y —3 *0 (1.5)
*O+H" +e” *OH (1.6)
*OH+HT +e~ — *+ H,0 (1.7)

where * denotes the active sites on the catalyst surface [35].

1.4 Non-PGM catalysts for ORR

The significant overpotential observed in ORR, coupled with other challenges such as
the cost of catalyst materials and their instability during operation, has a profound con-
sequence: at present, proton exchange membrane fuel cell (PEMFC) technology is pro-
hibitively expensive to rival internal combustion engines in the automotive market. The
most effective ORR electrocatalysts presently rely on rare and costly platinum. Conse-
quently, the catalyst alone accounts for approximately 55% of the total cost associated
with the PEMFCs [23].

A commonly discussed strategy involves enhancing the efficiency of platinum-based cat-
alysts while simultaneously reducing the amount of platinum metal used. This dual ob-
jective can be realized, for instance, through the process of alloying platinum with other
transition metals that are more affordable. Numerous comprehensive review articles de-
scribe this topic in detail [23, 36, 37, 38].

Scaling relations are the correlations present between the adsorptions energies of ORR
intermediates over catalyst surfaces. Such correlations are, in several cases, unique to
an intermediate pair and independent of the catalyst material itself. Hence scaling rela-
tions for ORR are also called standard scaling relations. A future-oriented approach is
to discover a catalyst that does not adhere to the ORR scaling relations. Several strate-
gies have been suggested to accomplish this, typically involving the introduction of a third
dimension (like use of bi-functional catalysts or promoters, exposing interfacial sites or
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electrolyte engineering among other. Refer to figure 1.4). Nonetheless, we are still await-
ing experimental confirmation of this concept.
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Figure 1.4: Approaches suggested to bypass the unfavorable scaling relations. Repro-
duced from reference [39].

Another frequently discussed strategy involves enhancing the performance of platinum-
based catalysts while simultaneously reducing the platinum metal content. This can be
accomplished by alloying platinum with other transition metals that are more cost-effective
[23, 36, 37, 40].

At last, ORR catalysts have the potential to be composed entirely of non platinum group
metals or in simple words non-PGM metals like tantalum, titanium, zirconium, iron, cobalt
and others [29, 30, 31, 32]. Similar to platinum-based materials, the primary constraint on
the performance of non-precious ORR catalysts is the presence of scaling relations. It is
important to note that both groups of catalysts share the same highest theoretical activity
but the inherently lower cost of materials makes non-precious substances especially in-
triguing as ORR catalysts. In this thesis, is investigated as a cost-efficient and effective
alternative for the expensive platinum based ORR catalysts
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1.5 Atomic Scale Modelling for ORR

Understanding the atomic-scale material properties is utmost significant in the discovery
process of novel materials, also for catalytic processes, such as ORR. Computational
methods like density functional theory (DFT) serve as potent instruments for compre-
hending the atomic-level mechanisms within electrochemical systems allowing us to gain
insights and make predictions about material properties within areas that are challenging
to access through experiments.

The application of DFT in the area of ORR catalysis is diverse and quite extensive:

 Studying the reaction mechanism and associated energy barriers. DFT can be used
to investigate the adsorption and desorption of oxygen species on the catalyst sur-
face and the associated energy barriers and provide insights into the rate-limiting
steps [34, 35].

+ Calculation of the adsorption energies of key reaction intermediates i.e OH*, OOH*
and O* on catalyst surface can be done using DFT. These adsorption energies are
crucial for understanding the thermodynamics of the ORR process [41].

+ Studying the reaction mechanism and associated energy barriers of reactions taking
place on catalyst surface for high throughput screening of various catalyst materials
and their surfaces in order to determine the most promising ones [42].

» DFT can be used to determine the most active sites on a catalyst surface and gain
understanding into the atomic configurations responsible for efficient ORR catalysis.
This information can guide the design of improved catalysts [43].

» Understanding stability of catalyst materials under ORR conditions which in turn
helps predicting their long-term durability and performance in practical applications
can be assessed [44].

+ Studing the kinetics of ORR, including reaction rates and activation energies to pro-
vide a comprehensive understanding of ORR [35].

Overall DFT plays a pivotal role in advancing the understanding of ORR catalysis and
in the design and development of more efficient and sustainable catalyst materials for
applications, such as fuel cells. Hence, atomic scale modelling techniques have unpar-
alleled importance in development of the next generation of efficient, cost effective ORR
catalysts.
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1.5.1 Thesis Outline
This thesis consists of five chapters. The remaining four chapters are outlined below.

Chapter 2 introduces the computational techniques utilized in this thesis.

Chapter 3 is based on Paper 1 and presents a computational study of deviation of scaling
relations for ORR taking place on zirconium oxynitride catalyst surface from standard ORR
scaling relations.

Chapter 4 is based on Paper 2 and presents a computational study of ORR taking place
on anion-substituted zirconia catalyst surface with integrated crystal orbital Hamiltonian
population (ICOHP) as an electronic descriptor for prediction of O* and OH adsorption
energies.

Chapter 5 summarizes the key findings and discusses possible routes of further study.
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2 Theoretical Framework

This chapter gives a brief introduction on the basic theoretical framework used in the
thesis including electronic structure problem and density functional theory.

2.1 Schrodinger Equation

From fundamental understanding of the atom, it is known that the nuclei and the electrons
interact with each other via electrostatic forces of attraction. A fundamental property of
any system is its energy which is determined by the atomic positions. The atomic energy
and other ground state properties are determined through the solution of the Schrédinger
Equation which is the quantum mechanics counterpart of the law of conservation of en-
ergy. The time independent Schrédinger Equation is given below:

Hy(R,7) = By(R,7) (2.1)

where w(ﬁ, ') represents the wavefunction of the system and H represents the Hamilto-
nian operator containing the kinetic and the potential energy of the system. Determination
of the Hamiltonian is the initial step for solving a Schrédinger Equation. The electronic
Hamiltonian for a many-body system with N electrons and M nuclei written in atomic units
is:

N

H:—livz—liv% §@+§:§:1+§:§:ZAZB 2.2)
2 2Ma 4= . =1 A=D1 A T3 5> T A1 B4 Rap '

Equation 2.2 illustrates that Hamiltonian operator includes terms for kinetic and potential
energies of atomic particles (electrons and neutrons).

2.2 Born-Oppenheimer Approximation

The exact solution of Schrédinger equation can be obtained only for the hydrogen atom.
In fact, for practical materials solving the many-body Schrédinger equation is very com-
plicated and impractical which has lead to development of several approximations.

One of the first simplification towards the solution is separation of electrons and nucleus
into separate mathematical problems. The lightest existing nucleus, which is a proton, is
almost 2000 times heavier than an electron, the movement of electrons can be separated
from that of the nucleus. This is known as Born-Oppenheimer approximation [45].

Although the Born-Oppenheimer approximation simplifies the Schrédinger equation by
making the wave functions independent of nuclear co-ordinates, the solution of the many-
body Schrédinger equation requires enormous amount of computational resources. The
interaction between the electrons by electrostatic forces further complicates the elec-
tronic Schrédinger equation. In order to further simplify the calculations, DFT solves the
Schrddinger equation in terms of electronic density p(r) instead of electronic wavefunction

W(r, 2, ceee ,n).
2.3 Density Functional Theory
Over past years Density Functional Theory (DFT) has become a standard tool that is

widely used in material sciences for modelling materials at atomic scale and predicting
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their properties. One of the uses of DFT is the study of surface reactions at atomic level
through analyses on the surface structure and calculation of adsorption energies. Thus,
in this theses, DFT is used as a theoretical tool to investigate Oxygen Reduction Reaction
(ORR) on zirconium based electrocatalysts.

2.4 Hohenberg-Kohn Theorem

Hohenberg-Kohn theorems,in their approximate form, are very extensively employed in
quantum chemistry and condensed matter physics to determine electronic structure.

First Theorem: The external potential V.,.(r) is, within a constant, an unique functional of
electron density, p(r). Since external potential fixes Hamiltonian H, the full many particle
ground state is a unique functional of n(r). Mathematically it can be represented as follows:

Elr] = /n(r)vextdx + Fuk (2.3)

Second Theorem: The Hohenberg-Kohn functional F'y i (r) delivers the lowers energy if
and only if the input density is the true ground state density, p(ry). The above statement
is also called variational principle.

Eln(ro)] < Eln(7)] = / (0 VX + To[n(0)] + Vieln(r)] (2.4)

2.5 Kohn-Sham Equations

Following the Hohenberg-Kohn theorems, the electronic structure problem can be con-
structed with the electron density as the fundamental variable. In the Hatree-Frock ap-
proach, the molecular wavefunction was a Slater determinant ¢sp constructed out of N-
spin orbitals. The single Slater determinat actually is an exact N-electron wavefunction
of non-interacting electrons moving in an effective potential Vg . The kinetic energy of
such a system is recovered by

N

1 2
Tur = —3 Z;<Xi’v Ixi) (2.9)

In DFT, we set up a non-interacting reference system with a Hamiltonian in which we have
an effective potential V4(r)

N N

A A AT (26)

=1 i=1

It is important to note that the above Hamiltonian contains the contributions from kinetic
energy of electrons and effective potential. Hence, the operator does not contain electron-
electron interactions making it a non-interacting system.

The problem of determining the kinetic energy of the system in Kohn-Sham approach is
fragmented into determining the maijority of the kinetic energy as much exactly as possible
and the rest is then recovered in an approximate manner. The exact kinetic energy of a
non-interacting reference system with the same density as the real one is obtained from

Kohn-Sham orbitals as
N

Ts = —3 Sl V) 27)

=1
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This kinetic energy is not equal to the true kinetic energy of the interacting system even
if the densities are the same. In the Kohn-Sham approach, this is handled by separating
the universal functional as follows:

Flf(r)) =Tsf(r)] + Jf(r)] + Exclf(r)] (2.8)

where Ts[f(r)] is the kinetic energy term for non-interacting system, J[f(r)] is the columbic
potential term and Ex¢[f(r) is the exchange correlation energy term.

2.6 Exchange correlation functionals
The exchange correlation energy is defined as follows:

Exclf(r)] = (T[f(r)] = Ts[f(r)]) + (Eee(f) + J[£(r)]) (2.9)

OrExc[f(r)] = Tolf(r)] + Enalf(r)] (2.10)

E,.[f(r)] is the non-classical electrostatic contribution. Therefore, it can be seen that
the residual part of the kinetic energy is simply added to the non-classical part, altogether
defined as exchange correlation energy. In other words, everything which is unknown is
lumped in exchange correlation functional.

Now we focus on determining the Kohn-Sham orbitals of non-interacting reference sys-
tem. For this we need to determine Vg which would provide us with a Slater determinant
with exactly the same density as that of our real system. The energy of the interacting
real system is given as

E[f] = Ts[f1 + J[f1+ Exc[f] + Enl[/] (2.11)

The individual terms can be written as:

N

Tolf] = —5 Dol V) (2.12)

=1

N N
Jf] = ;ZZ//y¢ir1127;|¢jr2|2dr1dr2 (2.13)

i=1 j=1

EU%—%/%ZW-% 214
N 17“1| 1 (2.14)
=17 A= 1A

No explicit form of Ex(f) is known. Now, the variational principle can be applied. Fol-
lowing this procedure it would be possible to identify orbitals (¢;) which minimize energy
expression under constraint (x;|x;) = d;;. As a result a set of equations is obtained which
on comparison with one electron Kohn-Sham equation, we find that that V. = Vs.

the effective potential V., is a functional of density. Therefore, like Hatree-Frock equa-
tions, Kohn -Sham equations are also solved iteratively so as to attain self-consistency.

2.7 Crystal Orbital Hamiltonian Population

As compared to molecules, local bonding configurations in extended systems has re-
cieved limited attention. Hughbanks and Hoffmann introduced a highly valuable and
widely used tool within the framework of semi-empirical extended Hiickel theory,[46, 47]
specifically, a specialized tight-binding method with overlap. Once the electronic band
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structure is computed, the Mulliken overlap population technique is employed for the crys-
tal analysis. This involves investigating all energy levels within a specific energy range
to determine their bonding tendencies[48]. Through this method, overlap population-
weighted densities of states are established by assessing pairwise orbital interactions
between two atoms using the product of the overlap matrix and density-of-states (DOS)
matrix elements. As the energy levels progress through the bands, the bonding charac-
teristics become apparent as a function of energy. The approach, known as the Crystal
Orbital Overlap Population (COOP) method, functions as the solid-state counterpart to
molecular bond order. COOP has discovered numerous intriguing applications in the
analysis of bonding within extended materials and has become a standard tool for tight-
binding Extended Hickel (EH) calculations [49]. When the weighing of the density of
states is done by corresponding element of the Hamiltonian instead of the overlap popu-
lation, the method is known as crystal Hamiltonian orbital population (COHP) [50].
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3 Introduction Bending ORR Scaling
Relations

This chapter presents the work in paper 1 - Bending the ORR Scaling Relations on Zir-
conium Oxynitride for Enhanced Oxygen Electrocatalysis . The paper is included in this
thesis. The text is taken directly from the paper with minor changes for the purpose of the
thesis. The corresponding supporting information can be found in Appendix A.

3.1 Introduction

Ideal electrocatalysts for hydrogen fuel cells should allow reversible reaction. For ORR
to be reversible the adsorption Gibbs energy (AG,qs) profile plotted along the reduction
steps should be flat [34, 51]. None of the currently identified catalysts, however, satisfy
the ideal ORR condition. Even on a platinum surface, the ORR intermediates HOO* is
adsorbed too weakly and HO* too strongly.

Nevertheless, finding a material with larger (AGoo) and smaller (AGop) is restricted
by the linear scaling existing within the (AG.4s) of the reaction intermediates which is
observed almost universally for many materials [51, 52]. Scaling relations refer to the
correlation between binding energies of different reaction intermediates. One can ex-
plain universal scaling of ORR as strong adsorption of HOO* on a metal surface being
associated with similarly strong adsorption of HO* on the same when both adsorbates
have similar bonding configuration with the surface. However, this might not hold true
for complex oxides and oxynitrides of transition metals since they allow various bond-
ing configurations. These oxides and oxynitrides can provide different adsorption sites
like the lattice oxygen, metal sites, oxygen vacancy or impurity sites [53]. Computational
investigations of ORR on defective titanium oxide surfaces indicate possible deviations
from the standard scaling relations [53]. Experimental investigations also reveal that sev-
eral transition metal complex oxides and oxynitrides, like that of zirconium, titanium and
tantalum, show promising activity as ORR catalysts in terms of lower overpotential than
platinum ORR catalysts [31, 53, 54]. Hence, we would like to explore the possibility of
oxynitride of another transition metal, i.e. zirconium, exhibiting deviations from standard
scaling relations while showing lower overpotential than the standard platinum catalysts.

3.2 Computational Details

All density functional theory (DFT) calculations are done using the Vienna Ab Initio Simu-
lation Package (VASP) and the core electrons are described with the projector augmented
wave (PAW) method [55, 56]. The Perdew-Burke-Ernzerhof functional (PBE) is used to
describe the exchange and correlation energy [57]. The Atomic Simulation Environment
(ASE) is used to set up and analyse the structures, which are optimised with a plane wave
cutoff of 500 eV and Brillouin-zone integration is performed with a Monkhorst-Pack k-point
mesh of 2x2x1 [58, 59]. The self-consistent electron density loop is converged to 106 eV
and the structures are relaxed until all forces are below 0.02 eV A~

We have studied the (111) surface of zirconium oxynitride (ZroON-) which is modeled by
a periodic non-polar slab. The model includes 3 cationic layers with the bottom layer
fixed in its position and the upper two layers allowed to relax. The associative mecha-
nism for ORR, given below, is well established, where the reaction proceeds through four
electron-proton transfer steps [35].

*+0y+H" +e~ — *OOH (3.1)
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*OOH +H" +e~ — *O + H,0 (3.2)
*O+H" +e~ — *OH (3.3)
*OH+H"™ +e” — *+ Hy0 (3.4)
where * denotes the active sites on the catalyst surface.

3.2.1 Adsorption Free Energy

The standard computational hydrogen electrode (CHE) approach is used to calculate the
reaction free energies of electrochemical reaction steps.[34] Using the CHE, the reaction
free energy, AG;, of a reduction step can be written as

AG; = AGY + eU (3.5)

where AGY is the reaction free energy at 0 V versus the reversible hydrogen electrode
(RHE) and Uy, is the potential measured against the reversible hydrogen electrode. The
DFT reaction energy corresponding to the following reactions are defined here as the
adsorption energies.

*+HyO — *O+ Hy,  Aggs E(O%) (3.6)
* 4+ HyO — *OH + 0.5Hs,  Augs E(OH) (3.7)
* 4+ 2H,0 — *OOH + 1.5Hy,  A,gs E(OOH) (3.8)

For the adsorbed species, the Gibb’s free energies are calculated using the ASE package
with the assumption that adsorbate degrees of freedom can be approximated by indepen-
dent quantum mechanical harmonic oscillators and the vibrational frequencies of only the
adsorbates are calculated. The free energy calculations for gas molecules are carried
out with the ideal gas approximation [60] and those for adsorbates are carried out with
harmonic approximation [61, 62, 63] where finite differences with 2 displacements of 0.01
A are used to calculate force constants. The Gibb's free energy includes the zero point
energy and entropy. For the gas phase molecules, Gibb’s free energies are calculated
assuming them to be ideal gas molecules.

A GU=0)=AEprr + AEzpr + A Uyip(T) - TA Syi(T) (3.9)

Here, the A G is calculated from DFT and it includes changes in electronic energy (A
Eprr) along with contributions from zero-point energy (A Ezpg), vibration energy (A
U.:»(T)) and entropy (A S,;(T)) at T=298.15K.

We use the equilibrium potential derived from DFT calculations in this study which is de-
termined to be 1.15V, slightly lower than the experimentally determined one of 1.23 V.
The experimentally determined equilibrium potential corresponds to the value of reaction
free energy of the overall reaction (O; + 2H, — 2H,0) that is 4.92 eV. However, the calcu-
lated value of equilibrium potential of 1.15 V is determined for our calculations of the H,O
formation free energy of 2.3 eV with the PBE functional. A simple one-to-one correspon-
dence between equilibrium potential and adsorption free energy helps us determine the
theoretical equilibrium potential of 1.15 V. Difference is due to DFT error on the reaction
energy.

3.3 Results and Discussion

3.3.1 Structure of Zirconium Oxynitride

Zirconium Oxynitride are compounds with structure similar to fluorite type crystal in which
part of oxygen of zirconia is replaced by nitrogen and anion vacancies. Zr,ON, crystal
belongs to space group la-3 (206) or according to the Pearson notation has the Pearson
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symbol of cl80 [64, 65]. The Pauling electronegativity difference between for oxygen
(3.50) and nitrogen (3.07) gives the oxynitride covalent characteristics, which different
from oxides with ionic characteristics [66], Bulk optimisation of the representative structure
of Zr,ON,, gives us a cubic lattice crystal structure with lattice constant of 1.01 nm which
agrees very well with the experimental value of 1.0135 nm [64]. In our study we are
exploring ORR on the (111) surface of ZroON, slab [67, 68, 69]. It has a hexagonal lattice
structure with lattice parameter a=1.42 nm and a total vacuum of 1.6 nm (with 0.8 nm on
both side of the slab).

Figure 3.1: Geometries of Zirconium OxyNitride. (The light cyan atom is Zr, red is O,
blue is N and white is H) a) Stoichiometric slab b) Hydrated slab: Stoichiometric slab with
dissociated water adsorbed on the surface. The letters on the zirconium atoms indicate
the nomenclature of the ontop-Zr sites.

Water, being one of the products of the ORR, is expected to be present in the fuel cell,
hence we investigate the possibility of water molecule(s) interacting with and dissociat-
ing on the catalyst surface. From Pourbaix stability analysis [70], we conclude that water
molecules interacts with the catalyst surface, dissociates over it and gets adsorbed on
the surface. Various dissociation and the subsequent adsorption mechanism is studied
as illustrated in Figure 3.1c. We presumed the water molecule could, potentially, split in
different ways, either into an O atom and an OH ion or an O atom and two H atoms. These
species, so formed, could further be adsorbed on the surface in many different ways. For
example, the OH ion could be adsorbed into an intrinsic vacancy site and H on a sur-
face N. Further, we have also tested low coverage (’1 site’) and high coverage ('4 sites’)
configuration. The entries in the legend of Fig3.1c represent the different configurations
tested. The subscript V denotes an interstitial vacancy site, and the subscript L denotes
a lattice site; for example, N;, and Oy, represents nitrogen and oxygen lattice adsorption
site. Oy in the label stands for an oxygen atom getting adsorbed in an intrinsic vacancy
site. In contrast, an Ny and O, associated with H is a hydrogen atom getting adsorbed
over an oxygen or nitrogen atom lattice. For example, the (O +N;H+N;Hs) would stand
for the configuration where, after the water split, the O atom has adsorbed into an intrinsic
vacancy site. In contrast, one H atom has adsorbed onto a surface N while two have
adsorbed onto another N. According to the stability plot for water splitting over Zr,ONs,
slab, the energetically most favorable configuration is water dissociating into an O atom
and two H atoms with the O getting adsorbed in the intrinsic anion vacancy sites and the
H on surface N, the configuration of the same is illustrated in 3.1b. The structural illustra-
tion for the rest of the configurations of water splitting has been provided in Appendix A.
The catalytic activity of the hydrated Zr,ON, towards ORR is evaluated systematically by
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studying all the Zr-ontop site for their ORR activity.

b -
?
2 4 4 sites (0,+O H+2N,H)
g 0 o 4 sites (O,+N_H+N, Ho)
= " A " | = 4sites (O +2N_H)
E » 1 site (N_H)
A .5- 1 site (O H+O_H)
> / 1 site (O H+N_H)
E e s 4| o 1site (O +2N_H)
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Figure 3.2: Stability plot for water splitting over ZroON,, slab

3.3.2 Free Energy Diagram

Itis assumed the ORR catalysed by Zr,ON, proceeds through an associative mechanism,
which involves hydrogenation of adsorbed molecular oxygen on the catalytic surface [71]
which is evidenced from the free energy diagrams (FED) in figure 3.3. The possibility of
ORR on stoichiometric ZroON5 surface taking place through dissociative mechanism was
also investigated. Since the dissociative mechanism involves direct dissociation of O,
without the formation of the OOH* intermediate, the energy barrier of O, dissociation is
relevant in this scenario. Our test calculations found a high O, dissociation barrier in the
range of 1.2 to 1.55 eV. A barrier of more than 0.8 eV is generally considered unfavor-
able for the dissociative mechanism at low temperature; therefore, we concluded that the
Zro,ON, surface favours the associative mechanism for ORR.

We calculated the Gibb’s free energy of adsorption for the three ORR intermediates i.e.
hydroxyl (OH*), hydroperoxyl (OOH*) and oxide (O*) using the computational hydrogen
electrode (CHE) approach and have investigated all the Zr-ontop sites as potential cat-
alytic sites and the free energy diagrams (FED) show that majority of them provide stable
binding sites for these ORR intermediates. We had also sampled various orientations of
the adsorbates over the Zr,ON; slab and the reported adsorption energies correspond
to the geometric configurations that give us the lowest adsorption energy. With respect
to adsorption of different intermediates on the catalytic sites of the hydrated Zr,ON2(111)
slab, we can make certain observations. During adsorption of OH and OOH intermedi-
ates; they adsorb directly on all of the ontop Zr sites. Although for most of the ontop-Zr
catalytic sites, direct adsorption of the O* intermediate also takes place, for certain sites
they form NHO* or O-O* peroxide-like intermediates upon adsorption. Even in the cases
where there is no complex formation, we can see some of the O* adsorbs on the Zr-ontop
sites while others move towards a bridge site.
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The FEDs for each adsorption sites are initially constructed at the equilibrium potential.
(All the FEDs are provided in Appendix A). The favourable ORR catalytic sites are the
ones for which the constructed FEDs have reaction steps have potential energy that are
downhill at the highest possible potential. Within the CHE model the highest potential at
which all the reaction steps are downhill in free energy is called the thermodynamic limiting
potential, (Ur). The theoretical overpotential (1) is defined as the difference between the
equilibrium potential and the values of U;,. The n as well as the U, gives us the measure
of the activity of a catalyst. Higher the U, and correspondingly lower the n implies higher
catalytic activity.

In figure 3.3, the FEDs have been drawn at an overpotential of 0.4V. A FED constructed
at equilibrium potential is provided in Appendix A for reference. In figure 3.3, we have
different subfigures corresponding to different adsorption configuration of the O* inter-
mediates. Since adsorption of OH* and OOH* intermediates are similar, directly on the
ontop-Zr sites, we have chosen adsorption of O* intermediate as the differentiating factor
to group different FEDs. Hence we have a subfigures which are FEDs corresponding to
situations where formation of NHO* complex, O-O peroxide like complex or no complex
forms upon adsorption of O*.

When we observe all the FEDs together, we can observe that there are different values
of Uy, corresponding to every Zr-ontop sites. The values for the Uy, and » corresponding
to every Zr-ontop sites is given in Table 1 of Appendix A. This brings us to the conclusion
that different catalytic sites possess different catalytic activity, where the sites with higher
Uy, are more active. We observe the presence of two catalytic sites where the Uy, is nega-
tive; this means those two sites are unfavorable for the ORR in an H, fuel cell. These two
sites, site A and C, along with another site, G, with very low limiting potential (U;=0.1), are
the ones where formation of a NHO* complex takes place upon O* adsorption. The FED
corresponding to site A is illustrated in figure 3.3a. Hence this leads us to believe that the
formation of this NHO* complex leads to deactivation or very low activity of the catalytic
sites. We also notice the formation of a peroxide-like complex upon O* adsorption on
certain sites. For sites B, F, and K the value of U, is high (<0.5V) while for other site E it
is low (>0.15V) Hence it can be concluded that the O-O peroxide-like complex formation
does not seem to have any effect on the catalytic activity of those sites. For most of the
sites, however, the adsorption of O* does not give rise to formation of any complex.

We have also, very briefly, explored the possibility of Zro,ONs surface as a catalyst for oxy-
gen evolution reaction (OER). The reader can refer to Appendix A regarding the same.
We had investigated the possibility of the ZroON surface undergoing a Mars van-Krevelen
mechanism [72] involving N or O vacancies and computed the O and N vacancy formation
energies for the same. However the O and N vacancy formation energies were quite high,
in the range of more than 2 eV for N-vacancy formation and around 3.5 eV for O-vacancy
formation. These values lead us to conclude that such a mechanism was unlikely to take
place on the Zr,ON, surface. A detailed table with all the vacancy formation energies is
given in Appendix A. Additionally, vacancy formation energy values indicate the stabil-
ity of the ZroON> surface. This conclusion is also corroborated by various experimental
studies.[73, 74]

3.3.3 Scaling Relations

Observing figure 3.4a and 3.4b, we can conclude that scaling relations exist between the
ORR intermediates on ZroON, catalyst. The OOH* or O* vs OH* scaling relations imply
that there exists a single independent variable that can be used to describe the binding en-
ergies of all the ORR intermediates on the catalyst surface. We have used OH adsorption
free energy as the descriptor for our scaling relations. (Note: The O* adsorption energies
corresponding sites where NHO* complex formation takes place are not included in the
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Figure 3.3: Free energy diagrams for the ORR taking place over selected catalytic sites
(The light cyan atom is Zr, red is O, blue is N and white is H) A) Site A where NHO*
complex formation takes place. B) Site F where O-O peroxide like complex formation
takes place. C) Site N with no complex formation. D) Site O with no complex formation.
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Go«-Gop scaling relation since they form outliers.) Since the theoretical overpotential is
a function of free energy and correspondingly that of binding energy, scaling relations are
also used to determine the limiting potential. From the scaling relation plots in Figure 3.4,
it can be seen that there exists a linear correlation between the the adsorption energies of
OOH* and O* vs OH*. The scaling relations that are determined for the Zr,ON- catalyst
from the adsorption energies of the intermediates are as follows:

A Goon = 0.78A Gop + 3.52 eV (3.10)

A Gp, =1.04A Goy +2.16 eV (3.11)

The determined scaling relation for Go -Goo g is comparable to that of the standard ORR
scaling relation
A Goog =A Goy +3.2eV (3.12)

however the one for Gp.-Gpoy deviates dramatically from the typical ORR scaling rela-
tion
A G, =2A Gogy (3.13)

The standard scaling relation is typically observed for a wide range of materials like por-
phyrins [75], boron nitride [76], MoS; [76], ultrathin metal oxide sheets,[76] MN4 motifs in
graphene[76], carbons and HAB-based coordination polymers [51, 77]. A previous study
[35] reports scaling relations for platinum slab with explicit solvation with no significant
deviation from the standard scaling relation. This leads makes us believe hydration is not
the reason for the dramatic deviation of the Gp.-Goy scaling that we observe here.

As we have discussed earlier, the OH and OOH intermediates adsorb directly on all of
the ontop Zr sites without exception. However this is not true for the O* intermediate. On
few sites it forms complexes like the NHO* complex or O-O* peroxide-like complex. Even
in absence of complex formation, adsorption on bridge sites is observed for some sites
while for others absorption on ontop sites is observed. We refer to this phenomena as
the atypical adsorption of O* intermediate on the Zr,ON, surface and believe this is the
cause for deviation in OOH vs O* scaling relation. This is evident from 3.4b where we can
see the outliers circled in blue corresponding to sites where NHO* formation takes place.
Hence we believe the atypical adsorption of O* intermediate also causes the deviation in
A Gp. = 2A Gop scaling relation.

a. b.
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Figure 3.4: Scaling relations for adsorption energies of ORR intermediates at ontop Zr
sites. A) Scaling relation between OH and OOH intermediates. B) Scaling relation be-
tween OH and O* intermediates.
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3.3.4 Volcano Plot

While discussing the binding energies of the ORR intermediates to the catalytic sites on
the Zr,ON5 surface it is worth mentioning that most sites bind the ORR intermediates too
weakly. Hence, contrary to many transition metal ORR catalysts where *OH — *H,O is
the potential limiting step [78, 70], in case of Zr,ON, catalyst O, activation, O, — *OOH,
is the potential limiting step for majority of the catalytic sites. To maximise the descriptive
power of the volcano plot, we therefore use *OOH adsorption free energy as the descriptor
instead of using *OH adsorption free energy. The volcano plot with the commonly used
*OH descriptor is shown in Appendix A. The volcano indicates that the minimum theo-
retical overpotential of the Zr,ON, catalyst is around 0.45 eV. This value of overpotential
is in agreement with the experimentally determined values for ZrO,N,-MWCNT catalyst
at a current density of 0.1 A cm~2 [31]. Similar values have been reported by other ex-
perimental studies as well [79, 80, 81]. The weak binding of ORR intermediates further
agrees with the experimentally observed O, reduction [82]. The weak binding of reaction
intermediates also indicates that several sites are also selective for the 2 electron path-
way of ORR [82].

The scope of our study is limited to the thermodynamics of reaction intermediates, which
have been found to well describe trends in ORR activity on the terraces of metal surfaces
well. Incorporating surface kinetics is expected to provide similar trends as the thermo-
dynamic analysis while suppressing the activity around the apex of the volcano [83].
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> e O2 > OOH*
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0,0 . . :
3,5 4,0 45
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Figure 3.5: Volcano plot with OOH adsorption free energy as the descriptor.
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3.3.5 Density of States

The total and partial density of states (TDOS and pDOS) are plotted to clarify the bond
formation. As SCAN functional is better suited for computing band gaps, we use it for our
density of states calculations [84]. In our DOS plot the Fermi level (E;) is at 0 eV. Fig. 3.6
shows the total and partial density of states of stoichiometric ZroON5 slab.
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Figure 3.6: Calculated total and projected density of states for Zirconium Oxynitride for
Stoichiometric slab

Fig. 3.7 shows the total and partial density of states of hydrated ZroONs slab and a hy-
drated Zr,ON,, slab with an O* adsorbate. From the figure 3.6 and 3.7a, we can see that
the there is a reduction of band gap upon hydration of the Zr,ONs slab. The stoichiometric
slab has a band gap of 0.8 eV which reduces to 0.4 eV when the slab is hydrated. This
implies that the hydration of the slab makes it a better conductor. The fermi level is within
the band gap, and the top of the valence band is formed mainly by N 2p states and to a
lesser extend O 2p and Zr states. The conduction band has mainly Zr 3d character. As we
can see from 3.7a and 3.7b, there is a increase in DOS and N pDOS intensity around the
E s upon adsorption of O* on the hydrated Zr,ON, slab. Upon adsorption of O*, the fermi
level moves below the top of the valence band indicating that N, O, and Zr contributes
with charge to bind the O* adsorbate. The magnitude of DOS at E; can serve as indicator
for the ability to form bonds with adsorbed species [85]. Along with the DOS and pDOS
plots, we have also studied several electronic properties like band centre, band-width and
fractional band filling [86, 87, 88]. We have also tried to find out if relationships between
electronic properties and binding energies exist. However none of the analysis carried
out could capture the complexity of the Zr,ON, catalyst.
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Figure 3.7: Calculated total and projected density of states for Zirconium Oxynitride. A)
Hydrated slab: Stoichiometric slab with dissociated water adsorbed on the surface B)
Hydrated slab with O* adsorbate on ontop Zr site O.

In charge density difference maps (present in Appendix A) we can see two different kinds
of spatial distribution of electronic charge density denoted by different colours. The yellow
regions signify increase in electronic charge density and blue region signify decrease in
electronic charge density in those regions. This helps us to draw the conclusion that the
charge transfer occurs at the adsorption site. Most significant charge transfer is near the
surface with the charge being transferred from the zirconium atom to the O* adsorbate.

Some charge transfer is also observed for the neighbouring nitrogen and oxygen atoms
near the ontop-Zr sites.

3.4 Conclusion

Our DFT calculations show that ZroONs is a viable candidate as an ORR catalyst with
Zr-ontop sites acting as the active catalytic sites. However, the sites that shows NHO*
complex formation during O* adsorption are either inactive or very mildly active sites. Ideal
electrocatalysts for ORR must allow it to occur reversibly and complex oxides of transition
metals are viable candidates for the same [89]. Our calculations also revealed that the
universal scaling line between O* and OH* adsorption free energy can be broken by using
a complex oxide surface of a transition metal oxynitride. This does, however, not lead to
improved ORR activity. On the basis of scaling relations, we also plot the activity volcano
which helps us draw the conclusion that the maximum limiting potential for the ZroON,
catalyst is approximately 0.70V which agrees with the experimentally determined onset
potential [31, 79, 80]. From the ORR kinetics and FEDs of individual catalytic sites we
also understand that all sites are not equally active.
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4 Electronic and Structural Effects of
ORR catalyst on Intermediate Binding

This chapter presents the work in paper 2 - Understanding the electronic and structural
effects in ORR intermediate binding on anion-substituted zirconia surfaces. The paper
is included in this thesis. The text is taken directly from the paper with minor changes
for the purpose of the thesis. The corresponding supporting information can be found in
Appendix B.

4.1 Introduction

In the PEMFCs, oxygen reduction reaction can take place through two different pathways
at the fuel cell cathode, the two-electron pathway and the four-electron pathway [82].
However, for the PEMFC cathodic catalyst, the two-electron pathway is not desirable; it is
the four-electron pathway which is preferred for the long-term operation of PEMFC. The
four-electron pathway can involve two different mechanisms [34].

One is the 'associative mechanism’ which involving three intermediates hydroperoxyl ion
(OOH), hydroxyl ion (OH) and oxygen radical (O*). While the other mechanism is called
the 'dissociative mechanism’ where only two intermediates are involved OH and O* inter-
mediates [35].

Previous studies have demonstrated O* and OH intermediates are the key descriptors that
can help in predicting the ORR activity of catalysts [34, 51, 83]. While there are a number
of studies which has studied the relative binding energies of these two species in terms
of scaling relations [90, 91], their underlying descriptors are not very well-understood [51,
92]. Fung et al showed that the integrated crystal orbital Hamiltonian population (ICOHP)
[50] of the bond between lattice metal and oxygen is a good descriptor for the adsorp-
tion energy of hydrogen on lattice oxygen in perovskites [93]. More recently Winther et al
demonstrated that the O and OH adsorption energies on transition metal MO, surfaces
is well captured by the metal-oxygen ICOHP of the bulk oxide [94]. In this work, we are
studying the trends in the adsorption energy of O* and OH adsorbates on the surface of
anion-substituted zirconia. We find that in the absence of structural reorganization in the
zirconia slabs the adsorption energies are captured by the integrated COHP with a high
accuracy.

While a number of studies has previously reported zirconium oxynitride (Zr,ON,) as an
promising alternative to platinum based ORR catalysts [31, 80], the reason behind the
favourable ORR activity of the same is not well understood. A number of transition metal-
based ORR catalysts which show promising ORR activity [29, 30, 31] also exhibits de-
viations from standard scaling relations [53]. It is generally accepted that deviation from
these scaling relations is the key to enhanced ORR electrocatalysis [95]. In our previ-
ous work we have explored the possibility of enhanced ORR activity due to bending of
ORR scaling relations [43]. We concluded that the Gp.-Gop scaling relation for ORR
on Zr,ON, catalyst indeed shows deviation from the standard scaling relation, however,
there was no indication that it necessarily results in enhanced electrocatalysis. Several
electronic descriptors failed to capture the complexity of the ZroON, catalyst surface that
arises from presence of two different anions i.e. oxygen and nitrogen in the anionic layers.
Hence, in order to simplify the system, we have created model systems where we substi-
tute one or two lattice oxygen for a carbon or two nitrogen atoms for this study. Further,
we use ICOHP as an electronic descriptor for describing trends in the adsorption energies
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of the O* and OH adsorbates as well as to gain insights into bonding configurations of the
same.

4.2 Computational Details

All the DFT calculations have been performed using the Vienna Ab Initio Simulation Pack-
age (VASP) [55] and the core electrons are described with the projector augmented wave
(PAW) method [56]. To describe the correlation and exchange energy the Perdew-Burke-
Ernzerhof functional (PBE) [57] is used. The Atomic Simulation Environment (ASE) [58] is
used to set up and analyse the structures, which are optimised with a plane wave cutoff of
500 eV and Brillouin-zone integration is performed with a Monkhorst-Pack k-point mesh
[59] of 2x2x1. All the calculations were done with spin polarization. The self-consistent
electron density loop is converged to 10~% eV and the structures are relaxed until all forces
are below 0.02 eV A1,

We have studied nitrogen and carbon substituted zirconia slabs. The model includes
three cationic layers with the bottom layer fixed in its bulk position and the upper two lay-
ers are allowed to relax. A high throughput workflow was used to create the nitrogen and
carbon substituted zirconia slabs. Another similar high throughput workflow was used to
optimize the slabs and carry out the adsorption calculations for the different ORR inter-
mediates. The workflow was interfaced with the Atomic Simulation Environment (ASE)
and was managed with the workflow management software, MyQueue [58, 96].

The Lobster package [97] was used to perform COHP calculations. The calculations were
started from re-converging electronic structure with symmetry being disabled. ICOHP be-
tween all pairs of atoms were included in the Lobster calculation up to a radial cutoff of
3 A were investigated. More specifically we focus on the bond between the adsorbed
oxygen, and the surface Zr, C and N atomic species.

4.3 Results and discussion

4.3.1 Nitrogen and Carbon substituted Zirconia

Zirconia is a crystalline compound with polymorphic crystal structure and exhibits three
different crystalline forms: monoclinic, tetragonal and cubic form [98, 99]. Previous stud-
ies have demonstrated the tetragonal phase shows the highest ORR activity among all
three, hence that is the phase we have selected for our study [100]. Our selected ZrO,
crystal belongs to space group P4,/nmc (137) or according to the Fedorov notation has
the Fedorov symbol of 67a [101]. In our study we are exploring adsorption of ORR inter-
mediates on the (011) surface of a ZrO, slab. It has a hexagonal lattice structure with a
total vacuum of 1.6 nm (with 0.8 nm on both sides of the slab). The model structures that
has been studied in this work are two different types of anion-substituted zirconia; nitrogen
substituted zirconia and carbon substituted zirconia slabs. In order to prepare the model
structure for nitrogen substituted zirconia, two lattice oxygen atoms were substituted with
two nitrogen atoms. The nitrogen atom has a formal oxidation state of -3 while oxygen
has a oxidation state of -2. Therefore, to preserve the charge neutrality of the system an
oxygen vacancy is introduced. For preparing the model structure of carbon substituted
zirconia, a similar strategy is used, one lattice oxygen atom was substituted with a car-
bon atom. In order to maintain charge neutrality of the model system, since carbon has
a formal oxidation state of -4 while oxygen has an oxidation state of -2, we introduced
an oxygen vacancy. The anionic substitutions were carried out on the surface and/or the
sub-surface anion layers. However, the oxygen vacancy was introduced only in the sub-
surface anion layer. This was done since our test calculations show surface vacancies
are unstable. Hence, we have 8 lattice oxygen atoms in the surface and sub-surface an-
ion layer, where potential anionic substitutions could be carried out and 4 lattice oxygen
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atoms, in sub-surface anion layer, where potential oxygen vacancies can be introduced.
Different combinations of anionic substitutions and introduction of oxygen vacancy to the
zirconia slab leads to creation of 84 different nitrogen-substituted slabs and 28 different
carbon-substituted slabs. 4.1 illustrates two such anion-substituted zirconia structures,
a nitrogen substituted zirconia and a carbon substituted zirconia slab. High throughput
workflows were used to create and optimize the anion substituted zirconia slabs in addition
to carrying out the adsorption calculations for the adsorption of the ORR intermediates.
The structural and electronic trends for the adsorption of the O*, *OH and *OOH inter-
mediates on the anion substituted ZrO, slab is evaluated systematically by studying the
adsorption over all the Zr-ontop sites. The adsorption energies of the ORR adsorbates
are calculated relative to the gas phase water and hydrogen in molecular form.

Figure 4.1: Geometries of anion substituted zirconia slab. a) Nitrogen substituted zirconia
slab b) Carbon substituted zirconia slab

4.3.2 Adsorption Energy and Limiting Potential Distribution

The range of distribution of adsorption energies can help us understand the adsorption
configurations of ORR adsorbates (O*, OH or OOH) on nitrogen or carbon substituted
zirconia surface. From the histogram of O*, OH and OOH adsorption energies, shown in
Figure 4.2, one can observe the OOH adsorption energies for both nitrogen and carbon
substituted slabs are spread over a modest range of around 4 eV. The variation of OOH
adsorption energy is largely due to variation in the alignment of the OOH adsorbate with
the anion-substituted zirconia surface. The OH adsorption energy show a narrow range
of 2 eV which is due to OH adsorption taking place mainly on the ontop zirconia site.
However we noted the most surprising observation for O* adsorption energy. For both
nitrogen and carbon substituted slabs, they are spread over a large range of around 5
eV. We attribute the reason for this large range of adsorption energy to the wide variety
of configurations of O* adsorption. The O* adsorbate adsorbs on ontop zirconia sites,
bridge sites and in some cases forms a complex with the substituent anion, nitrogen or
carbon. There are different ranges of adsorption energy associated with each adsorption
configuration; the adsorption on ontop zirconia sites being the weakest followed by ad-
sorption on the bridge sites and the strongest adsorption configuration being the anionic
complex formation.
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Figure 4.2: Histogram of adsorption energies of ORR intermediates i.e. OOH, O* and
OH. The red bars represent adsorption energies for carbon substituted slabs while green
represents adsorption energies for nitrogen substituted slabs.

For most of the materials the adsorption of ORR intermediates are restricted by a linear
scaling [51, 52, 95]. Hence we wanted to explore whether such scaling relations exist
for the systems explored in this study. The OOH-OH and O*-OH scaling relations are
provided in the Supporting Information. From these plots of scaling relations, we can
understand the adsorption energies do not scale well with each other for nitrogen and
carbon substituted zirconia systems.

Within the CHE model the highest potential at which all the reaction steps are downhill
in free energy is called the thermodynamic limiting potential, (Uz). The U gives us a
measure of the activity of a catalyst. Higher Uy, implies higher catalytic activity. A negative
value of U, implies catalytic inactivity. From the histogram of limiting potentials in 4.3, we
can observe the Uy, for most of the carbon substituted slabs is negative. On the other
hand U, for most of the nitrogen substituted slabs are positive and the peak is obtained at
0.25V with some of the values reaching upto 0.65V. Hence we can conclude that anionic
substitution with nitrogen on zirconia is more favorable to ORR activity than that with
carbon.
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Figure 4.3: Histogram of limiting potentials for both carbon and nitrogen substituted zir-
conia slabs. The magenta bars represent limiting potentials for carbon substituted slabs
while green represents limiting potentials for nitrogen substituted slabs.

We have also explored potential correlation between Uy, and relative slab stability by plot-
ting them in form of a scatter plot. It has been provided in the Supporting Information.
From the plot, we can conclude that the Uy does not show any correlation with the rela-
tive slab stability of the anion substituted zirconia slabs.

4.3.3 ICOHP as a Electronic Descriptor for O* Adsorption

The bonding and anti-bonding interactions in a chemical system can be studied with a
method known as crystal orbital Hamiltonian population (COHP) [49, 102]. In our study,
we have found that the integrated crystal orbital Hamiltonian populations (ICOHP) [50]
can provide valuable insights to the origin of adsorption energy variations. The calcula-
tion of ICOHP involves projection of plane wave basis sets solution, which is obtained
from calculations carried out using ground state DFT method, into LCAO basis functions.
We can calculate the Hamiltonian between two projected orbitals from the basis functions,
which would indicate whether the net interaction is bonding or anti-bonding at a particular
band energy [50, 103]. Hence, the ICOHP can be considered as energy contribution from
overlap of two orbitals. Such an energy contribution can be negative (bonding) or positive
(anti-bonding).

One of the aims of our study is to gain an understanding of the structural and electronic ef-
fects on the adsorption of ORR intermediates on anion-substituted zirconia slabs. In order
to achieve this, we create two types of structural models, the unconstrained model and
the constrained model. In the unconstrained model, the top two layers of the slab and the
adsorbate is relaxed during the optimisation calculations (the bottom layer is constrained)
while in the constrained model, the entire slab is constrained during the optimization cal-
culation with only the adsorbates being free to move (where the two top layers of the
slab are relaxed for the slab without adsorbates). The adsorption of O* species is carried
out on the ontop-Zr sites on nitrogen and carbon-substituted slabs (both unconstrained
and constrained). Our adsorption calculations over the unconstrained slab reveal that
the incoming adsorbates introduce significant structural changes in the anion-substituted
slabs which implies that there are both structural and electronic effects that influences the
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adsorption energy. In terms of structural change, the displacement of lattice anions i.e.
oxygen , nitrogen and carbon is much more significant than that of the zirconium.
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Figure 4.4: ICOHP vs Adsorption energy plots a) Constrained Nitrogen substituted zirco-
nia slab b) Nitrogen substituted zirconia slab c) Constrained Carbon substituted zirconia
slab d) Carbon substituted zirconia slab

Previous studies report similar influence of structural and electronic effects on different
electrocatalysts [104, 105, 106]. Fig 4.4a and 4.4c shows the correlation between the total
ICOHP of the O* adsorbate (considering bonds to all nearest Zr, N and C neighbours) and
O* adsorption energy over constrained slabs. Since the constrained slab cannot move
during O* adsorption, the adsorption energy in this case is affected by electronic effects
only. Thus, in the constrained case the adsorption energy is expected to be proportional
to the O-surface bond energy, captured by the ICOHP. As such we can observe quite a
linear dependence of adsorption energy on ICOHP, except for in the weak binding limit
(AFE =~ 4.6)eV. However in the unconstrained case shown in fig 4.4b and 4.4d, we see a
strong deviation from the linear trend. We therefore conclude that, in addition to electronic
effects, structural reorganization effects in the zirconia slab play a major role in adsorption
of O* intermediate.

4.3.4 ICOHP as a Electronic Descriptor for OH Adsorption

Similar adsorption calculations are carried out with OH adsorbate on ontop-Zr sites on
the nitrogen and carbon substituted zirconia slabs (both unconstrained and constrained).
Since adsorption of OH over the constrained slab is influenced only by the electronic ef-
fects, in the Fig 4.5a and Fig 4.5c we can observe a linear dependence of adsorption en-
ergy on ICOHP. Since ICOHP magnitude is an indicator of bond strength, higher ICOHP
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magnitude indicates a stronger bond. As higher adsorption energy also indicates stronger
bond, ICOHP shows a strong correlation with adsorption energy in this case. However,
when the slab is unconstrained, the adsorption energy is influenced not only by the elec-
tronic effects but also the structural effects. The structural effects are caused, mainly,
by the reorganisation of the anion-substituted zirconia lattice caused by the incoming ad-
sorbate species. The synergistic effect of the structural and electronic changes cause a
deviation from the linear trend between the adsorption energy and ICOHP which can be
observed in Fig 4.5b and 4.5d. This is similar to the deviation from the linear dependence
of O* adsorption energy on ICOHP we observe in figure 4.4b and 4.4d.
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Figure 4.5: ICOHP vs Adsorption energy plots a) Constrained Nitrogen substituted zirco-
nia slab b) Nitrogen substituted zirconia slab c) Constrained Carbon substituted zirconia
slab d) Carbon substituted zirconia slab

We have quantified the the effect of structural changes only on the adsorption energies by
computing the differences in the adsorption energies of the constrained and unconstrained
slabs and have presenting them in form of a histogram which is provided in Appendix B.
From the histogram we can understand adsorption of O* intermediate induces structural
changes in the slab to a greater degree than the OH intermediate.

4.3.5 Insights into Bond Configurations

As ICOHP is an indication of bond strength, there exists a correlation between bond length
and ICOHP. Fig 6 gives us an overview of the relation between bond lengths between
different pairs of atoms for O* adsorption over nitrogen and carbon substituted zirconia
slabs (unconstrained and constrained). Similar plots have been made for OH adsorption
have been provided in Appendix B.
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The yellow overlay indicates the bonds that are formed between an atom (zirconia, ni-
trogen or carbon) and the adsorbate oxygen. The trend that we observe across the
unconstrained system versus the constrained system is that the adsorbate oxygen and
zirconium tend to bond more strongly in the unconstrained system as opposed to the con-
strained system. In order for the O* adsorbate to adsorb over the unconstrained system,
the lattice zirconium atoms have to rearrange themselves. This is so as to change the
bond order to accommodate the incoming O* species. If such a structural rearrangement
is not possible or it does not change the bond order enough, then it is more favorable for
the O* adsorbate to adsorb over the lattice nitrogen or carbon. The change in bond order is
also evident from the fact that for the unconstrained system, the ICHOP for the zirconium-
adsorbate oxygen bond is distributed over a larger range than in the constrained system.
From Fig 4.6 it is also clear that only ICOHP, as a descriptor, is not enough to capture the
trend in the adsorption energies.

4.4 Conclusion

ICOHP is a very useful electronic descriptor for prediction of O* and OH adsorption ener-
gies on zirconia-based catalytic systems. From our comparative study of constrained and
unconstrained anion-substituted zirconia slabs, we understand both the structural as well
electronic effects of the slabs play a role in the adsorption of the O* and OH intermediates.
The incoming adsorbates introduces structural changes in the slab, the lattice Zr atoms
gets displaced to change the bond order in order to accommodate the adsorbate species
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on the surface of the slab. The structural reorganisation of the nitrogen and carbon sub-
stituted zirconia slabs partially contributes to the bond strength between the active sites
and the adsorbates.

Additionally, we can also state that anionic substitution on zirconia catalyst with nitrogen
is a better choice than that by carbon in terms of ORR activity. We draw this conclusion
from the values of limiting potential calculated for the anion-substituted zirconia slabs il-
lustrated in figure 4.3. The predominantly positive values of U;, with the peak at 0.25V
and values reaching as high as 0.65V is indicative of the same. However, there was no
correlation found between the stability of the slabs and their ORR activity.
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5 Conclusion and Outlook

5.1 Conclusion

This thesis presents the outcome of the studies on non platinum group metal (non-PGM)
zirconium-based catalysts for Oxygen Reduction Reaction (ORR). This includes inves-
tigations into zirconium oxynitride and anion substituted zirconia, the substituent anions
being nitrogen and carbon, as cost effective and efficient catalysts for ORR.

In the first study, we investigated transition metal based catalyst namely zirconium oxyni-
tride (ZroONy) as a cost effective alternative to the expensive platinum based catalysts
for ORR. Our calculations reveal that Zr,ONj5 is indeed an effective ORR catalyst where
the ontop-Zr sites acts as the active sites. However, the site activity also depended on
the formation of complexes, for instance, the sites where NHO* complex formation occurs
during O* adsorption are generally either inactive or exhibit very low levels of activity. Our
calculations also indicate that the conventional scaling relationship between the adsorp-
tion free energies of O* and OH* can be broken when ORR takes place on the complex
surface of a transition metal oxynitride. Nevertheless, this does not result in enhanced
ORR activity. Utilizing scaling relations, we construct an activity volcano plot, leading us
to the conclusion that the ZroON, catalyst exhibits a maximum limiting potential of around
0.70V, a finding consistent with the experimentally determined onset potential.

In the second study, we explored integrated crystal orbital Hamiltonian population as an
effective descriptor for adsorption energies of ORR intermediates on anion substituted zir-
conia surface. our comparative study of constrained and unconstrained anion-substituted
zirconia slabs, has revealed that both the structural and electronic characteristics of these
slabs have a significant impact on the adsorption of O* and OH intermediates. When ad-
sorbates are introduced, they induce structural modifications within the slab. This leads
to the displacement of Zr atoms within the lattice, resulting in changes to bond orders
to accommodate the adsorbate species on the surface of the slab. The structural reor-
ganisation of the nitrogen and carbon substituted zirconia slabs also contributes, to some
extent, to the strength of the bonds between active sites and adsorbates. Furthermore,
it can be asserted that substituting anions with nitrogen in zirconia catalysts yields bet-
ter results in terms of ORR activity compared to carbon substitution. This conclusion is
drawn based on the calculated values of the limiting potential for the anion-substituted
zirconia slabs. The consistently positive limiting potential values, with a prominent peak
at 0.25V and some values reaching as high as 0.65V is also indicative of nitrogen being
a better substituent in zirconia than carbon in terms of enhanced ORR activity. However,
it is important to note that no correlation was observed between the stability of the slabs
and their ORR activity.

Overall, through the above studies, the insights gained into the zirconium based non-PGM
ORR catalysts, the deviations from the standard correlations between different ORR in-
termediates, the catalyst-adsorbate interactions among others can guide the design of
future ORR catalysts.
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5.2 Outlook

While zirconium based non-PGM catalysts exhibited favourable catalytic activity towards
ORR, there are aspects that can be explored further regarding this class of catalysts.
Particularly the effect of nitrogen content and cation substitution in zirconia on ORR activity
can be explored further.

34

» Effect of nitrogen content on ORR activity: In our second study on anion substi-

tuted zirconia explored ORR on zirconia surface we introduced two nitrogen anions
in the zirconia structure by replacing lattice oxygen. Most of the limiting potential
value for the nitrogen substituted zirconia catalysts are found in 0.1 to 0.4V range.
Ouir first study explores ORR taking place on zirconium oxynitride surface, which is
a material with higher nitrogen content than nitrogen-substituted zirconia. The lim-
iting potential in this case is found to be around 0.7V. Seemingly, the ORR activity
increases with increase in nitrogen content. In future, the effect of nitrogen content
in zirconia on ORR activity can be further explored.

Effect of cation substitution: There has been previous studies which has explored
doped transition metal ORR catalysts, for example phosphor and nitrogen co-doped
titanium dioxide [107] or cation substituted lanthanum cobaltite [108]. They report
enhanced electrocatalytic activity after introduction of cationic dopant. Similarly, the
effect of cation substitution in zirconia by transition metals is an aspect that can be
studied in future.
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Appendix A

Supplementary material for ‘Bending ORR Scaling Relations’

This appendix is the supplemantary material of Chapter 3, which is
based on the supporting information of Paper I.
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Supporting Information

Water Split Stability Plot

The adsorption configurations corresponding rest of the geometries sampled for Figure 1c
i.e. the water split stability plot. (In the renderings of the adsorbates on the ZryONy slabs,

the light cyan atom is Zr, red is O, blue is N and white is H).

Figure 2: Water split configuration: 1 site Oy +NyH
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Figure 4: Water split configuration: 1 site Oy H4+N H



Figure 6: Water split configuration: 4 sites Oy +N H+NH,



Free Energy Diagram

Free Energy Diagrams corresponding to rest of the sites (In the renderings of the adsorbates
on the Zr,ONj slabs, the light cyan atom is Zr, red is O, blue is N and white is H).
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Free Energy Diagram at equilibrium potential

Free Energy Diagram drawn at equilibrium potential corresponding to the site B.
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Table 1: Limiting potential and corresponding theoretical overpotential for each
ontop Zr adsorption site for Zr,ON, Oxygen Reduction Reaction (ORR) catalyst

Ontop Zr site Limiting Potential, Theoretical
U (eV) Overpotential, 7

(eV)
Site A N/A N/A
Site B 0.57 0.58
Site C N/A N/A
Site D 0.27 0.88
Site E 0.14 1.01
Site F 0.46 0.69
Site G 0.1 1.05
Site H 0.45 0.70
Site [ 0.54 0.61
Site J 0.17 0.98
Site K 0.56 0.59
Site L 0.53 0.62
Site M 0.56 0.59
Site N 0.42 0.73
Site O 0.69 0.42
Site P 0.28 0.68

Table 2: Limiting potential and corresponding theoretical overpotential for each
ontop Zr adsorption site for Zr,ON,; Oxygen Evolution Reaction (OER) catalyst

Since the reaction intermediates and reaction steps are identical for ORR (Oxygen Reduc-
tion Reaction) and OER (Oxygen Evolution Reaction), the scaling relations between the
adsorption energies of intermediates for ORR and OER tend to be same [?]. Hence, we can
presume that the break in Gp.-Goop scaling relation for ORR should similarly translate for
OER. Our preliminary calculations indicate that the OER overpotential for most of the sites
on the Zr,ON, surface is quite high. Hence it is unlikely that ZroONs would be a suitable
OER catalyst. It is important, though, to note that experimentally Zr,ON, is yet to be
explored as an OER catalyst.
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Ontop Zr site Limiting Potential, Theoretical
U, (eV) Overpotential, 7

(eV)
Site A 2.92 1.69
Site B 02.35 1.12
Site C 3.05 1.82
Site D 2.23 1.00
Site E 2.02 0.79
Site F 2.40 1.17
Site G 2.90 1.67
Site H 1.85 0.62
Site I 1.94 0.71
Site J 2.23 1.00
Site K 1.82 0.59
Site L 2.18 0.95
Site M 2.21 0.98
Site N 2.28 1.05
Site O 2.34 1.11
Site P 2.42 1.19

Vacancy Formation Energies

The figure below helps visualize the vacancy sites. Twelve different calculations were carried
out with different vacancies corresponding to a surface anion.
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Table 2: N and O vacancy formation energies for Zr,ON, surface

Vacancy site Vacancy formation energy

(eV)
Vacancy site N1 2.10
Vacancy site N2 2.17
Vacancy site N3 2.33
Vacancy site N4 2.43
Vacancy site N 2.09
Vacancy site N6 2.09
Vacancy site N7 2.40
Vacancy site N8 2.46
Vacancy site O1 3.40
Vacancy site O2 3.45
Vacancy site O3 3.73
Vacancy site O4 3.65

Charge Density Difference Plots

In charge density difference maps, we can see two different kinds of spatial distribution of
electronic charge density denoted by different colours. The yellow regions of the charge cloud
signify increase in electronic charge density and blue region signify decrease in electronic
charge density in those regions.

Figure 7: Charge Density Difference Diagrams corresponding to a) site D and b) site H (The
lime green atom is Zr, red is O, steel grey is N and pink is H)

13



Appendix B

Supplementary material for ’Electronic and Structural Effects
of ORR catalyst on Intermediate Binding’

This appendix is the supplemantary material of Chapter 4, which is
based on the supporting information of Paper Il.
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Supporting Information

Bond length and ICOHP

The following figure gives us an overview of the relation between bond lengths between
different pairs of atoms for OH adsorption over nitrogen and carbon substituted zirconia

slabs (unconstrained and constrained).

-6

ICOHP (eV)

Figure 1: ICOHP vs bond length plots a) Constrained Nitrogen substituted zirconia slab
b) Nitrogen substituted zirconia slab c¢) Constrained Carbon substituted zirconia slab d)
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Scaling Relations

The Go.-Gog and Goou-Gopg scaling relations for nitrogen substituted zirconia slab is given
below.
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Figure 2: Scaling relations on nitrogen substituted surface corresponding to a) Go.-Gon

scaling and b) Gooy-Goy scaling

The Gp+-Gog and Gpou-Gog scaling relations for carbon substituted zirconia slab is given
below.
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Figure 3: Scaling relations on carbon substituted surface corresponding to a) Go.-Gog
scaling and b) Gpog-Gog scaling
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Limiting Potential and Relative Slab Stability

The scatter plot comparing the limiting potentials with the relative stability of the slabs,
in terms of DFT energy of the slab, is given below. The relative stability of the slab is
computed by subtracting the DFT energy of the most stable slab from the rest. The slab
with the lowest DFT energy is considered to be the most stable slab.
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Figure 4: Limiting potential vs relative slab stability plot

Contribution to Adsorption Energy by Structural Effects

The adsorption energies obtained from optimization of constrained slabs are affected by
electronic changes in the slab upon adsorption, while the ones obtained from unconstrained
slabs are affected by both electronic and structural changes in the slab upon adsorption. To
quantify only the structural changes in the slab we have computed the differences in the
adsorption energies of the constrained and unconstrained slabs and have presented them in
form of a histogram. From the histogram we can understand adsorption of O* intermediate
induces structural changes in the slab to a greater degree than the other two intermediates
i.e. OH and OOH intermediates.
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Bending the ORR Scaling Relations on Zirconium Oxynitride

for Enhanced Oxygen Electrocatalysis

Sukanya Sinha,” Tejs Vegge,® and Heine Anton Hansen*"

Technologies like polymer electrolyte membrane fuel cells play
an important role in environmentally friendly energy conver-
sion. Essential for their commercialization is the development of
cheap and efficient electrocatalyst for the oxygen reduction
reaction (ORR). Non-platinum group metal (PGM) based cata-
lysts has exhibited favourable activity in acidic electrolytes. In
this study, we computationally explore the catalytic sites on the
(111) surface of hydrated zirconium oxynitride using periodic
DFT calculations. The thermodynamically limiting step is

Introduction

The increasing fossil fuel consumption has led to increased
levels of atmospheric carbon dioxide. The combustion of fossil
fuels has been linked to anthropogenic global warming, which
might result in a 4°C increase in the global mean temperature
during the 21st century under certain “business as usual” fossil-
rich scenarios."? Apart from carbon dioxide emission, fossil fuel
combustion is also responsible for the emission of many other
toxic air pollutants. The synergistic effect between climate
change and air pollution can magnify health hazards.”! Thus
technologies for more environmentally friendly energy con-
version are actively being pursued. One such technology is the
polymer electrolyte membrane fuel cell (PEMFC).

In PEMFCs, a fuel such as methanol or hydrogen is oxidized
at the anode and oxygen is reduced to water at the cathode.”
Possible applications of PEMFC ranges from stationary to
mobile and portable applications, in e.g. auxiliary power units
(APU) and fuel cell electric vehicles (FCEV).” However the
widespread use of hydrogen fuel cells continue to face several
challenges the most significant of which is the high cost of the
platinum-based catalyst used in the electrodes, which contrib-
utes to almost 55% of the total cost.” Ideally to decrease the
overall cost of PEMFCs, catalysts for both the electrodes should
be replaced but the slow oxygen reduction reaction (ORR) at
the cathode requires much more platinum than the much faster
hydrogen oxidation reaction at anode. The sluggish kinetics of
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determined to be the O, activation step, (0,—~OOH?*) for the
majority of the sites, hence strengthening the OOH* intermedi-
ate binding will improve ORR activity. The calculations also
reveal that the determined scaling relation for Ggu-Goon
(AGpoy = 0.78AGp,+3.52 €V) is comparable to the standard
ORR scaling relation (AGgoy = AGeoy+3.2 €V) however Go-Goy
scaling (AGy* = 1.04AG,,+2.16 eV) deviates dramatically from
the typical ORR scaling relation (AGy* = 2AGgy).

the ORR at the PEMFC cathode can lead to nearly 30%
efficiency decrease of the PEMFCs."” Thus, the development of
non-precious metal catalyst for the oxygen reduction reaction,
that would be cheap and effective, has received much
attention.®""

Some of the possible alternatives can be catalysts based on
transition metal in nitrogen doped graphitic cathodes,"” oxides
and oxynitrides of transition metals e.g. tantalum,"*" zirco-
nium oxide based catalysts with multiwalled carbon nanotube
(MWCNTSs) support™ and niobium-titanium complex oxides,"™
among others. Exploring the ORR mechanisms on various
catalyst surface, and consequently the active sites, using
Density Functional Theory (DFT), helps us gain fundamental
understanding regarding the same. This knowledge can be
used in developing rational design strategies for improved ORR
catalysts.'*2

Ideal electrocatalysts for hydrogen fuel cells should allow
reversible reaction. For ORR to be reversible the adsorption
Gibbs energy (AG,4) profile plotted along the reduction steps
should be flat.”'* None of the currently identified catalysts,
however, satisfy the ideal ORR condition. Even on a platinum
surface, the ORR intermediates HOO* is adsorbed too weakly
and HO* too strongly.

Nevertheless, finding a material with larger (AGgyo) and
smaller (AGyy) is restricted by the linear scaling existing within
the (AG,y) of the reaction intermediates which is observed
almost universally for many materials.”**? Scaling relations refer
to the correlation between binding energies of different
reaction intermediates. One can explain universal scaling of
ORR as strong adsorption of HOO* on a metal surface being
associated with similarly strong adsorption of HO* on the same
when both adsorbates have similar bonding configuration with
the surface. However, this might not hold true for complex
oxides and oxynitrides of transition metals since they allow
various bonding configurations. These oxides and oxynitrides
can provide different adsorption sites like the lattice oxygen,
metal sites, oxygen vacancy or impurity sites.*” Computational

© 2023 The Authors. ChemCatChem published by Wiley-VCH GmbH
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investigations of ORR on defective titanium oxide surfaces
indicate possible deviations from the standard scaling
relations.*” Experimental investigations also reveal that several
transition metal complex oxides and oxynitrides, like that of
zirconium, titanium and tantalum, show promising activity as
ORR catalysts in terms of lower overpotential than platinum
ORR catalysts."***! Hence, we would like to explore the
possibility of oxynitride of another transition metal, i.e.
zirconium, exhibiting deviations from standard scaling relations
while showing lower overpotential than the standard platinum
catalysts.

Results and Discussion
Structure of Zirconium Oxynitride

Zirconium Oxynitride are compounds with structure similar to
fluorite type crystal in which part of oxygen of zirconia is
replaced by nitrogen and anion vacancies. Zr,ON, crystal
belongs to space group la-3 (206) or according to the Pearson
notation has the Pearson symbol of cI80.%%* The Pauling
electronegativity difference between for oxygen (3.50) and
nitrogen (3.07) gives the oxynitride covalent characteristics,
which different from oxides with ionic characteristics.”® Bulk
optimisation of the representative structure of Zr,ON, gives us a
cubic lattice crystal structure with lattice constant of 1.01 nm
which agrees very well with the experimental value of
1.0135 nm.”® In our study we are exploring ORR on the (111)
surface of Zr,ON, slab.?*7" It has a hexagonal lattice structure
with lattice parameter a=1.42nm and a total vacuum of
1.6 nm (with 0.8 nm on both side of the slab). Water, being one
of the products of the ORR, is expected to be present in the fuel
cell, hence we investigate the possibility of water molecule(s)
interacting with and dissociating on the catalyst surface. From
Pourbaix stability analysis,® we conclude that water molecules
interacts with the catalyst surface, dissociates over it and gets
adsorbed on the surface. Various dissociation and the subse-
quent adsorption mechanism is studied as illustrated in Fig-
ure 1c. We presumed the water molecule could, potentially,
split in different ways, either into an O atom and an OH ion or
an O atom and two H atoms. These species, so formed, could
further be adsorbed on the surface in many different ways. For
example, the OH ion could be adsorbed into an intrinsic
vacancy site and H on a surface N. Further, we have also tested
low coverage (1 site) and high coverage (4 sites) configuration.
The entries in the legend of Figure 1c represent the different
configurations tested. The subscript V denotes an interstitial
vacancy site, and the subscript L denotes a lattice site; for
example, N, and O, represents nitrogen and oxygen lattice
adsorption site. O, in the label stands for an oxygen atom
getting adsorbed in an intrinsic vacancy site. In contrast, an N,
and O, associated with H is a hydrogen atom getting adsorbed
over an oxygen or nitrogen atom lattice. For example, the
(Oy+N,H+N,H,) would stand for the configuration where, after
the water split, the O atom has adsorbed into an intrinsic
vacancy site. In contrast, one H atom has adsorbed onto a
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Figure 1. Geometries of Zirconium OxyNitride. (The light cyan atom is Zr, red
is O, blue is N and white is H.) a) Stoichiometric slab; b) Hydrated slab:
Stoichiometric slab with dissociated water adsorbed on the surface. The
letters on the zirconium atoms indicate the nomenclature of the ontop-Zr
sites. c) Stability plot for water splitting over Zr,ON, slab.

surface N while two have adsorbed onto another N. According
to the stability plot for water splitting over Zr,ON, slab, the
energetically most favorable configuration is water dissociating
into an O atom and two H atoms with the O getting adsorbed
in the intrinsic anion vacancy sites and the H on surface N, the
configuration of the same is illustrated in Figure 1b. The
structural illustration for the rest of the configurations of water
splitting has been provided in the Supporting Information. The
catalytic activity of the hydrated Zr,ON, towards ORR is
evaluated systematically by studying all the Zr-ontop site for
their ORR activity.

Free Energy Diagram

It is assumed the ORR catalysed by Zr,ON, proceeds through an
associative mechanism, which involves hydrogenation of ad-
sorbed molecular oxygen on the catalytic surface® which is
evidenced from the free energy diagrams (FED) in Figure 2. The
possibility of ORR on stoichiometric Zr,ON, surface taking place
through dissociative mechanism was also investigated. Since

© 2023 The Authors. ChemCatChem published by Wiley-VCH GmbH
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Figure 2. Free energy diagrams for the ORR taking place over selected catalytic sites. (The light cyan atom is Zr, red is O, blue is N and white is H.) A) Site A
where NHO* complex formation takes place. B) Site F where O—O peroxide like complex formation takes place. C) Site N with no complex formation. D) Site O

with no complex formation.

the dissociative mechanism involves direct dissociation of O,
without the formation of the OOH* intermediate, the energy
barrier of O, dissociation is relevant in this scenario. Our test
calculations found a high O, dissociation barrier in the range of
1.2 to 1.55eV. A barrier of more than 0.8 eV is generally
considered unfavorable for the dissociative mechanism at low
temperature; therefore, we concluded that the Zr,ON, surface
favours the associative mechanism for ORR.

We calculated the Gibb’s free energy of adsorption for the
three ORR intermediates i.e. hydroxyl (OH*), hydroperoxyl
(OOH*) and oxide (O*) using the computational hydrogen
electrode (CHE) approach and have investigated all the Zr-
ontop sites as potential catalytic sites and the free energy
diagrams (FED) show that majority of them provide stable
binding sites for these ORR intermediates. We had also sampled
various orientations of the adsorbates over the Zr,ON, slab and
the reported adsorption energies correspond to the geometric
configurations that give us the lowest adsorption energy. With
respect to adsorption of different intermediates on the catalytic
sites of the hydrated Zr,ON,(111) slab, we can make certain
observations. During adsorption of OH and OOH intermediates;
they adsorb directly on all of the ontop Zr sites. Although for
most of the ontop-Zr catalytic sites, direct adsorption of the O*
intermediate also takes place, for certain sites they form NHO*
or O—O* peroxide-like intermediates upon adsorption. Even in

ChemCatChem 2023, €202300349 (3 of 8)

the cases where there is no complex formation, we can see
some of the O* adsorbs on the Zr-ontop sites while others
move towards a bridge site.

The FEDs for each adsorption sites are initially constructed
at the equilibrium potential. (All the FEDs are provided in the
Supporting Information). The favourable ORR catalytic sites are
the ones for which the constructed FEDs have reaction steps
have potential energy that are downhill at the highest possible
potential. Within the CHE model the highest potential at which
all the reaction steps are downhill in free energy is called the
thermodynamic limiting potential, (U,). The theoretical over-
potential (1) is defined as the difference between the equili-
brium potential and the values of U,. The  as well as the U,
gives us the measure of the activity of a catalyst. Higher the U,
and correspondingly lower the # implies higher catalytic
activity.

In Figure 2, the FEDs have been drawn at an overpotential
of 0.4 V. A FED constructed at equilibrium potential is provided
in the Supporting Information for reference. In Figure 2, we
have different subfigures corresponding to different adsorption
configuration of the O* intermediates. Since adsorption of OH*
and OOH* intermediates are similar, directly on the ontop-Zr
sites, we have chosen adsorption of O* intermediate as the
differentiating factor to group different FEDs. Hence we have a
subfigures which are FEDs corresponding to situations where

© 2023 The Authors. ChemCatChem published by Wiley-VCH GmbH
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formation of NHO* complex, O—O peroxide like complex or no
complex forms upon adsorption of O*,

When we observe all the FEDs together, we can observe
that there are different values of U, corresponding to every Zr-
ontop sites. The values for the U, and # corresponding to every
Zr-ontop sites is given in Table ST of the Supporting Informa-
tion. This brings us to the conclusion that different catalytic
sites possess different catalytic activity, where the sites with
higher U, are more active. We observe the presence of two
catalytic sites where the U, is negative; this means those two
sites are unfavorable for the ORR in an H, fuel cell. These two
sites, site A and C, along with another site, G, with very low
limiting potential (U,=0.1), are the ones where formation of a
NHO* complex takes place upon O* adsorption. The FED
corresponding to site A is illustrated in Figure 2a. Hence this
leads us to believe that the formation of this NHO* complex
leads to deactivation or very low activity of the catalytic sites.
We also notice the formation of a peroxide-like complex upon
O* adsorption on certain sites. For sites B, F, and K the value of
U, is high (<0.5V) while for other site E it is low (>0.15V).
Hence it can be concluded that the O—O peroxide-like complex
formation does not seem to have any effect on the catalytic
activity of those sites. For most of the sites, however, the
adsorption of O* does not give rise to formation of any
complex.

We have also, very briefly, explored the possibility of Zr,ON,
surface as a catalyst for oxygen evolution reaction (OER). The
reader can refer to the Supporting Information regarding the
same.

We had, also, investigated the possibility of the Zr,ON,
surface undergoing a Mars van-Krevelen mechanism®" involv-
ing N or O vacancies and computed the O and N vacancy
formation energies for the same. However the O and N vacancy
formation energies were quite high, in the range of more than
2 eV for N-vacancy formation and around 3.5 eV for O-vacancy
formation. These values lead us to conclude that such a
mechanism was unlikely to take place on the Zr,0ON, surface. A
detailed table with all the vacancy formation energies is given
in the Supporting Information. Additionally, vacancy formation
energy values indicate the stability of the Zr,ON, surface. This
conclusion is also corroborated by various experimental
studies.®**¢

Scaling Relations and Volcano Plots

Observing Figure 3a and 3b, we can conclude that scaling
relations exist between the ORR intermediates on Zr,0ON,
catalyst. The OOH* or O* vs OH* scaling relations imply that
there exists a single independent variable that can be used to
describe the binding energies of all the ORR intermediates on
the catalyst surface. We have used OH adsorption free energy
as the descriptor for our scaling relations. (Note: The O*
adsorption energies corresponding sites where NHO* complex
formation takes place are not included in the G,-G,, scaling
relation since they form outliers.) Since the theoretical over-
potential is a function of free energy and correspondingly that
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Figure 3. Scaling relations for adsorption energies of ORR intermediates at
ontop Zr sites. A) Scaling relation between OH and OOH intermediates.

B) Scaling relation between OH and O* intermediates. (The outliers circled in
blue correspond to the O* adsorption where formation of NHO* complex
takes place.) C) Volcano plot with OOH adsorption free energy as the
descriptor.

of binding energy, scaling relations are also used to determine
the limiting potential. From the scaling relation plots in
Figure 3, it can be seen that there exists a linear correlation
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between the the adsorption energies of OOH* and O* vs OH*.
The scaling relations that are determined for the Zr,ON, catalyst
from the adsorption energies of the intermediates are as
follows:

AGgyoy = 0.78AGg,, + 3.52 eV )

AGox = 1.04AGyy + 2.16 €V %)

The determined scaling relation for G,-Gpoy is comparable
to that of the standard ORR scaling relation:

AGpoy = AGpy + 3.2eV (3)

however the one for Gy-Ggoy deviates dramatically from the
typical ORR scaling relation:

AGo* = 2AGey (4)

The standard scaling relation is typically observed for a wide
range of materials like porphyrins,®?” boron nitride,*® MoS,,®
ultrathin metal oxide sheets®® MN, motifs in graphene®
carbons and HAB-based coordination polymers.”?** A previous
study™ reports scaling relations for platinum slab with explicit
solvation with no significant deviation from the standard
scaling relation. This leads makes us believe hydration is not the
reason for the dramatic deviation of the G,.-G,y scaling that we
observe here.

As we have discussed earlier, the OH and OOH intermedi-
ates adsorb directly on all of the ontop Zr sites without
exception. However this is not true for the O* intermediate. On
few sites it forms complexes like the NHO* complex or O—O*
peroxide-like complex. Even in absence of complex formation,
adsorption on bridge sites is observed for some sites while for
others absorption on ontop sites is observed. We refer to this
phenomena as the atypical adsorption of O* intermediate on
the Zr,0ON, surface and believe this is the cause for deviation in
OOH vs O* scaling relation. This is evident from Figure 3b where
we can see the outliers circled in blue corresponding to sites
where NHO* formation takes place. Hence we believe the
atypical adsorption of O* intermediate also causes the deviation
in AGp-=2AG, scaling relation.

While discussing the binding energies of the ORR intermedi-
ates to the catalytic sites on the Zr,ON, surface it is worth
mentioning that most sites bind the ORR intermediates too
weakly. Hence, contrary to many transition metal ORR catalysts
where *OH—H,0 is the potential limiting step,®**" in case of
Zr,0N, catalyst O, activation, O,—*OOH, is the potential limit-
ing step for majority of the catalytic sites. To maximise the
descriptive power of the volcano plot, we therefore use *OOH
adsorption free energy as the descriptor instead of using *OH
adsorption free energy. The volcano plot with the commonly
used *OH descriptor is shown in Supporting Information. The
volcano indicates that the minimum theoretical overpotential of
the Zr,ON, catalyst is around 0.45eV. This value of over-
potential is in agreement with the experimentally determined
values for ZrO,N,-MWCNT catalyst at a current density of

ChemCatChem 2023, €202300349 (5 of 8)

0.1 Acm 2" Similar values have been reported by other
experimental studies as well.*** The weak binding of ORR
intermediates further agrees with the experimentally observed
0, reduction.'”” The weak binding of reaction intermediates
also indicates that several sites are also selective for the 2
electron pathway of ORR."”

The scope of our study is limited to the thermodynamics of
reaction intermediates, which have been found to well describe
trends in ORR activity on the terraces of metal surfaces well.
Incorporating surface kinetics is expected to provide similar
trends as the thermodynamic analysis while suppressing the
activity around the apex of the volcano."

Density of States

The total and partial density of states (TDOS and pDOS) are
plotted to clarify the bond formation. As SCAN functional is
better suited for computing band gaps, we use it for our
density of states calculations.”” In our DOS plot the Fermi level
(Ep is at 0 eV. Figure 4 shows the total and partial density of
states of stoichiometric Zr,ON, slab, hydrated Zr,ON, slab and a
hydrated Zr,0ON, slab with an O* adsorbate. From the Figures 4a
and 4b, we can see that the there is a reduction of band gap
upon hydration of the Zr,ON, slab. The stoichiometric slab has
a band gap of 0.8 eV which reduces to 0.4 eV when the slab is
hydrated. This implies that the hydration of the slab makes it a
better conductor. The fermi level is within the band gap, and
the top of the valence band is formed mainly by N 2p states
and to a lesser extend O 2p and Zr states. The conduction band
has mainly Zr 3d character. As we can see from Figures 4b and
4c, there is a increase in DOS and N pDOS intensity around the
E; upon adsorption of O* on the hydrated Zr,ON, slab. Upon
adsorption of O%, the fermi level moves below the top of the
valence band indicating that N, O, and Zr contributes with
charge to bind the O* adsorbate. The magnitude of DOS at E;
can serve as indicator for the ability to form bonds with
adsorbed species.*® Along with the DOS and pDOS plots, we
have also studied several electronic properties like band centre,
band-width and fractional band filling.*”~*"' We have also tried
to find out if relationships between electronic properties and
binding energies exist. However none of the analysis carried
out could capture the complexity of the Zr,ON, catalyst.

In charge density difference maps (present in the Support-
ing Information) we can see two different kinds of spatial
distribution of electronic charge density denoted by different
colours. The yellow regions signify increase in electronic charge
density and blue region signify decrease in electronic charge
density in those regions. This helps us to draw the conclusion
that the charge transfer occurs at the adsorption site. Most
significant charge transfer is near the surface with the charge
being transferred from the zirconium atom to the O* adsorbate.
Some charge transfer is also observed for the neighbouring
nitrogen and oxygen atoms near the ontop-Zr sites.

© 2023 The Authors. ChemCatChem published by Wiley-VCH GmbH
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Figure 4. Calculated total and projected density of states for Zirconium Oxynitride. A) Stoichiometric slab; B) Hydrated slab: Stoichiometric slab with
dissociated water adsorbed on the surface. C) Hydrated slab with O* adsorbate on ontop Zr site O.

Conclusions

Our DFT calculations show that Zr,ON, is a viable candidate as
an ORR catalyst with Zr-ontop sites acting as the active catalytic
sites. However, the sites that shows NHO* complex formation
during O* adsorption are either inactive or very mildly active
sites. ldeal electrocatalysts for ORR must allow it to occur
reversibly and complex oxides of transition metals are viable
candidates for the same.®® Our calculations also revealed that
the universal scaling line between O* and OH* adsorption free
energy can be broken by using a complex oxide surface of a
transition metal oxynitride. This does, however, not lead to
improved ORR activity. On the basis of scaling relations, we also
plot the activity volcano which helps us draw the conclusion
that the maximum limiting potential for the Zr,ON, catalyst is

ChemCatChem 2023, 202300349 (6 of 8)

approximately 0.70V which agrees with the experimentally
determined onset potential."***** From the ORR kinetics and
FEDs of individual catalytic sites we also understand that all
sites are not equally active.

Computational Details

All density functional theory (DFT) calculations are done using the
Vienna Ab Initio Simulation Package (VASP) and the core electrons
are described with the projector augmented wave (PAW)
method.®*? The Perdew-Burke-Ernzerhof functional (PBE) is used
to describe the exchange and correlation energy.”™ The Atomic
Simulation Environment (ASE) is used to set up and analyse the
structures, which are optimised with a plane wave cutoff of 500 eV
and Brillouin-zone integration is performed with a Monkhorst-Pack

© 2023 The Authors. ChemCatChem published by Wiley-VCH GmbH
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k-point mesh of 2x2x1.°** The self-consistent electron density
loop is converged to 107® eV and the structures are relaxed until all
forces are below 0.02 eVA™".

We have studied the (111) surface of zirconium oxynitride (Zr,0ON,)
which is modeled by a periodic non-polar slab. The model includes
3 cationic layers with the bottom layer fixed in its position and the
upper two layers allowed to relax. The associative mechanism for
ORR, given below, is well established, where the reaction proceeds
through four electron-proton transfer steps.””!

*+0,+H" +e —* O0H (5)
*OOH +H' +e~ =" 0+ H,0 (6)
*O+H"+e —*OH %)
*OH+ H" + e~ =" +H,0 8

where * denotes the active sites on the catalyst surface.

Adsorption Free Energy

The standard computational hydrogen electrode (CHE) approach is
used to calculate the reaction free energies of electrochemical
reaction steps.”” Using the CHE, the reaction free energy, AG, of a
reduction step can be written as:

AG, = AG + eU 9)

where AG? is the reaction free energy at 0V versus the reversible
hydrogen electrode (RHE) and U, is the potential measured against
the reversible hydrogen electrode. The DFT reaction energy
corresponding to the following reactions are defined here as the
adsorption energies.

¥+ H,0 =" 0+H,, AygE(0) (10)
* + H,0 —* OH +0.5H,, A,4E(OH) ()
¥ 4 2H,0 —* OOH + 1.5H,, A,4E(OOH) 12)

For the adsorbed species, the Gibb's free energies are calculated
using the ASE package with the assumption that adsorbate degrees
of freedom can be approximated by independent quantum
mechanical harmonic oscillators and the vibrational frequencies of
only the adsorbates are calculated. The free energy calculations for
gas molecules are carried out with the ideal gas approximation®®
and those for adsorbates are carried out with harmonic
approximation® " where finite differences with 2 displacements of
0.01 A are used to calculate force constants. The Gibb's free energy
includes the zero point energy and entropy. For the gas phase
molecules, Gibb's free energies are calculated assuming them to be
ideal gas molecules.

AG(U = 0) = AEDFT + AEZPE + AUvib(T) - TAS,,,-b(T) (13)

Here, the AG is calculated from DFT and it includes changes in
electronic energy (AEy) along with contributions from zero-point
energy (AEzy), vibration energy (AU,;,(T)) and entropy (AS,,(T))
at T=298.15 K.

We use the equilibrium potential derived from DFT calculations in
this study which is determined to be 1.15V, slightly lower than the

ChemCatChem 2023, €202300349 (7 of 8)

experimentally determined one of 1.23V. The experimentally
determined equilibrium potential corresponds to the value of
reaction free energy of the overall reaction (O, + 2H, — 2H,0) that
is 4.92 eV. However, the calculated value of equilibrium potential of
1.15V is determined for our calculations of the H,O formation free
energy of 2.3 eV with the PBE functional. A simple one-to-one
correspondence between equilibrium potential and adsorption free
energy helps us determine the theoretical equilibrium potential of
1.15 V. Difference is due to DFT error on the reaction energy.
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Non-PGM transition metal based
catalysts like zirconium oxynitride
(Zr,0N,) has been recognized as elec-
trocatalysts exhibiting encouraging
ORR activity in acidic electrolytes.
Apart from identifying the thermody-
namic limiting step for ORR for

Zr,0N,, in our study we also observe
the dramatic deviations in Go-Ggy
scaling relations for the system from
standard scaling. (In the rendering of
the Zr,ON, structure, the light cyan
atom is Zr, red is O, blue is N and
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Abstract

For oxygen reduction reaction (ORR), the surface adsorption energies of O* and OH*
intermediates are key descriptors for catalytic activity. In this work, we investigate
anion-substituted zirconia catalyst surfaces and come to understand that adsorption
energies of O* and OH* intermediates is influenced by both structural and electronic
effects. When the adsorption energies are not influenced by the structural effects of
the catalyst surface, they exhibit a linear correlation with integrated crystal orbital
Hamiltonian population (ICOHP) of the adsorbate-surface bond. The influence of
structural effects, due to re-optimisation slab geometry after adsorption of intermediate
species, leads to stronger adsorption of intermediates. Our calculations show that there
is a change in the bond order to accommodate the incoming adsorbate species which

leads to stronger adsorption when both structural and electronic effects influence the



adsorption phenomena. The insights into the catalyst-adsorbate interactions can guide

the design of future ORR catalysts.

1 Introduction

Among various alternatives for environmentally friendly energy conversion technologies, fuel
cells offer a great deal of promise as a highly efficient device for the same. Polymer electrolyte
membrane fuels cells (PEMFCs) are fuel cells where a fuel like hydrogen or methanol is
oxidized at the anode and oxygen is reduced at the cathode to produce energy.' The interest
in PEMFCs arise due to their varied applications, ranging from transportation in form of fuel
cell electric vehicles (FCEV)? to potable and stationary power systems in form of auxiliary
power units (APU).? There are several challenges associated with PEMFCs like lifetime,*
component durability® and most importantly the cost of the conventional platinum-based
catalyst which constitute almost 55% of the total cost.® The cathodic oxygen reduction
reaction (ORR) has sluggish kinetics and consequently high overpotential as compared to the
swift kinetics of anodic hydrogen oxidation reaction (HER), hence the cathode requires higher
catalyst loading than the anode. In order to accelerate PEMFC technology development, it is
crucial to explore non-platinum ORR catalysts that are highly efficient as well is affordable.
In the course of development of non-platinum based ORR catalysts, numerous candidates
have been studied like polymer based catalysts, transition metal oxides, nitrides, oxynitrides,
carbides, carbonitrides.” 3

In the PEMFCs, oxygen reduction reaction can take place through two different pathways
at the fuel cell cathode, the two-electron pathway and the four-electron pathway.* However,
for the PEMFC cathodic catalyst, the two-electron pathway is not desirable; it is the four-
electron pathway which is preferred for the long-term operation of PEMFC. Previous studies

have demonstrated that the four-electron pathway can involve two different mechanisms. '



One is the ’associative mechanism’ which can be described as follows:

*+ Oy + H" + ¢~ — xOOH (1)
*OOH + H" + e~ — xO + Hy,O (2)
*O+ H"+e” — «xOH (3)
*OH + HY + e~ — * + Hy,O (4)

The other mechanism is called the ’dissociative mechanism’ where the initial step is oxygen

dissociation.
* + Oy — 0 (5)
*O+ H"+e” — «xOH (6)
*OH + HY + e~ — * + Hy,O (7)

where * denotes the active sites on the catalyst surface.!6

Previous studies have demonstrated O* and OH intermediates are the key descriptors that
can help in predicting the ORR activity of catalysts.!%!71® While there are a number of
studies which has studied the relative binding energies of these two species in terms of scal-
ing relations, !*?° their underlying descriptors are not very well-understood.!®?! Fung et al
showed that the integrated crystal orbital Hamiltonian population (ICOHP)?? of the bond
between lattice metal and oxygen is a good descriptor for the adsorption energy of hydro-
gen on lattice oxygen in perovskites,?® and recently Winther et al demonstrated that the
O and OH adsorption energies on transition metal MO, surfaces is well captured by the
metal-oxygen ICOHP of the bulk oxide.?* In this work, we are studying the trends in the
adsorption energy of O* and OH adsorbates on the surface of anion-substituted zirconia.

We find that in the absence of structural reorganization in the zirconia slabs the adsorption



energies are captured by the integrated COHP with a high accuracy.

While a number of studies has previously reported zirconium oxynitride (ZroONj) as an
promising alternative to platinum based ORR catalysts,?%2¢ the reason behind the favourable
ORR activity of the same is not well understood. A number of transition metal-based ORR

25,27,28 glso exhibits deviations from standard

catalysts which show promising ORR activity
scaling relations.?” It is generally accepted that deviation from these scaling relations is the
key to enhanced ORR electrocatalysis.?’ In our previous work we have explored the possi-
bility of enhanced ORR activity due to bending of ORR scaling relations.3' We concluded
that the Gp.-Gog scaling relation for ORR on Zr,ON, catalyst indeed shows deviation from
the standard scaling relation, however, there was no indication that it necessarily results in
enhanced electrocatalysis. Several electronic descriptors failed to capture the complexity of
the ZroONy catalyst surface that arises from presence of two different anions i.e. oxygen and
nitrogen in the anionic layers. Hence, in order to simplify the system, we have created model
systems where we substitute one or two lattice oxygen for a carbon or two nitrogen atoms
for this study. Further, we use ICOHP as an electronic descriptor for describing trends in

the adsorption energies of the O* and OH adsorbates as well as to gain insights into bonding

configurations of the same.

2 Methods

All the DFT calculations have been performed using the Vienna Ab Initio Simulation Package
(VASP)3? and the core electrons are described with the projector augmented wave (PAW)
method.?? To describe the correlation and exchange energy the Perdew-Burke-Ernzerhof
functional (PBE)3! is used. The Atomic Simulation Environment (ASE)?®® is used to set
up and analyse the structures, which are optimised with a plane wave cutoff of 500 eV and
Brillouin-zone integration is performed with a Monkhorst-Pack k-point mesh?® of 2x2x1. All

the calculations were done with spin polarization. The self-consistent electron density loop



is converged to 107% eV and the structures are relaxed until all forces are below 0.02 eV AL
We have studied nitrogen and carbon substituted zirconia slabs. The model includes three
cationic layers with the bottom layer fixed in its bulk position and the upper two layers are
allowed to relax. A high throughput workflow was used to create the nitrogen and carbon
substituted zirconia slabs. Another similar high throughput workflow was used to optimize
the slabs and carry out the adsorption calculations for the different ORR intermediates. The
workflow was interfaced with the Atomic Simulation Environment (ASE) and was managed
with the workflow management software, MyQueue. 37

The Lobster package®® was used to perform COHP calculations. The calculations were
started from re-converging electronic structure with symmetry being disabled. ICOHP be-
tween all pairs of atoms were included in the Lobster calculation up to a radial cutoff of 3

A were investigated. More specifically we focus on the bond between the adsorbed oxygen,

and the surface Zr, C and N atomic species.

3 Results and discussion

Nitrogen and Carbon substituted Zirconia

Zirconia is a crystalline compound with polymorphic crystal structure and exhibits three
different crystalline forms: monoclinic, tetragonal and cubic form.3*%° Previous studies have
demonstrated the tetragonal phase shows the highest ORR activity among all three, hence
that is the phase we have selected for our study.*! Our selected ZrO, crystal belongs to
space group P4, /nme (137) or according to the Fedorov notation has the Fedorov symbol of
67a.% In our study we are exploring adsorption of ORR intermediates on the (011) surface
of a ZrO, slab. It has a hexagonal lattice structure with a total vacuum of 1.6 nm (with
0.8 nm on both sides of the slab). The model structures that has been studied in this
work are two different types of anion-substituted zirconia; nitrogen substituted zirconia and

carbon substituted zirconia slabs. In order to prepare the model structure for nitrogen



substituted zirconia, two lattice oxygen atoms were substituted with two nitrogen atoms.
The nitrogen atom has a formal oxidation state of -3 while oxygen has a oxidation state
of -2. Therefore, to preserve the charge neutrality of the system an oxygen vacancy is
introduced. For preparing the model structure of carbon substituted zirconia, a similar
strategy is used, one lattice oxygen atom was substituted with a carbon atom. In order
to maintain charge neutrality of the model system, since carbon has a formal oxidation
state of -4 while oxygen has an oxidation state of -2, we introduced an oxygen vacancy.
The anionic substitutions were carried out on the surface and/or the sub-surface anion
layers. However, the oxygen vacancy was introduced only in the sub-surface anion layer.
This was done since our test calculations show surface vacancies are unstable. Hence, we
have 8 lattice oxygen atoms in the surface and sub-surface anion layer, where potential
anionic substitutions could be carried out and 4 lattice oxygen atoms, in sub-surface anion
layer, where potential oxygen vacancies can be introduced. Different combinations of anionic
substitutions and introduction of oxygen vacancy to the zirconia slab leads to creation of 84
different nitrogen-substituted slabs and 28 different carbon-substituted slabs. 1 illustrates
two such anion-substituted zirconia structures, a nitrogen substituted zirconia and a carbon
substituted zirconia slab. High throughput workflows were used to create and optimize
the anion substituted zirconia slabs in addition to carrying out the adsorption calculations
for the adsorption of the ORR intermediates. The structural and electronic trends for the
adsorption of the O*, *OH and *OOH intermediates on the anion substituted ZrO, slab
is evaluated systematically by studying the adsorption over all the Zr-ontop sites. The
adsorption energies of the ORR adsorbates are calculated relative to the gas phase water

and hydrogen in molecular form.



Figure 1: Geometries of anion substituted zirconia slab. a) Nitrogen substituted zirconia
slab b) Carbon substituted zirconia slab

Adsorption Energy and Limiting Potential Distribution

The range of distribution of adsorption energies can help us understand the adsorption
configurations of ORR adsorbates (O*, OH or OOH) on nitrogen or carbon substituted
zirconia surface. From the histogram of O*, OH and OOH adsorption energies, shown
in Figure 2, one can observe the OOH adsorption energies for both nitrogen and carbon
substituted slabs are spread over a modest range of around 4 eV. The variation of OOH
adsorption energy is largely due to variation in the alignment of the OOH adsorbate with
the anion-substituted zirconia surface. The OH adsorption energy show a narrow range of 2
eV which is due to OH adsorption taking place mainly on the ontop zirconia site. However
we noted the most surprising observation for O* adsorption energy. For both nitrogen and
carbon substituted slabs, they are spread over a large range of around 5 eV. We attribute
the reason for this large range of adsorption energy to the wide variety of configurations of
O* adsorption. The O* adsorbate adsorbs on ontop zirconia sites, bridge sites and in some
cases forms a complex with the substituent anion, nitrogen or carbon. There are different
ranges of adsorption energy associated with each adsorption configuration; the adsorption

on ontop zirconia sites being the weakest followed by adsorption on the bridge sites and the



strongest adsorption configuration being the anionic complex formation.
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Figure 2: Histogram of adsorption energies of ORR intermediates i.e. OOH, O* and OH. The
red bars represent adsorption energies for carbon substituted slabs while green represents
adsorption energies for nitrogen substituted slabs.

For most of the materials the adsorption of ORR intermediates are restricted by a linear
scaling. 1¥3%43 Hence we wanted to explore whether such scaling relations exist for the sys-
tems explored in this study. The OOH-OH and O*-OH scaling relations are provided in
the Supporting Information. From these plots of scaling relations, we can understand the
adsorption energies do not scale well with each other for nitrogen and carbon substituted
zirconia systems.

Within the CHE model the highest potential at which all the reaction steps are downhill in
free energy is called the thermodynamic limiting potential, (Uy). The Uy, gives us a measure
of the activity of a catalyst. Higher Uy implies higher catalytic activity. A negative value
of U, implies catalytic inactivity. From the histogram of limiting potentials in 3, we can
observe the Uy for most of the carbon substituted slabs is negative. On the other hand Uy

for most of the nitrogen substituted slabs are positive and the peak is obtained at 0.25V with
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some of the values reaching upto 0.65V. Hence we can conclude that anionic substitution

with nitrogen on zirconia is more favorable to ORR activity than that with carbon.
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Figure 3: Histogram of limiting potentials for both carbon and nitrogen substituted zirconia
slabs. The magenta bars represent limiting potentials for carbon substituted slabs while
green represents limiting potentials for nitrogen substituted slabs.

We have also explored potential correlation between Uy, and relative slab stability by plotting
them in form of a scatter plot. It has been provided in the Supporting Information. From
the plot, we can conclude that the Uy does not show any correlation with the relative slab

stability of the anion substituted zirconia slabs.

ICOHP as a Electronic Descriptor for O* Adsorption

The bonding and anti-bonding interactions in a chemical system can be studied with a
method known as crystal orbital Hamiltonian population (COHP).*4%5 In our study, we have
found that the integrated crystal orbital Hamiltonian populations (ICOHP)?? can provide
valuable insights to the origin of adsorption energy variations. The calculation of ICOHP

involves projection of plane wave basis sets solution, which is obtained from calculations
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carried out using ground state DF'T method, into LCAO basis functions. We can calculate
the Hamiltonian between two projected orbitals from the basis functions, which would indi-
cate whether the net interaction is bonding or anti-bonding at a particular band energy. 2246
Hence, the ICOHP can be considered as energy contribution from overlap of two orbitals.
Such an energy contribution can be negative (bonding) or positive (anti-bonding).

One of the aims of our study is to gain an understanding of the structural and electronic
effects on the adsorption of ORR intermediates on anion-substituted zirconia slabs. In order
to achieve this, we create two types of structural models, the unconstrained model and the
constrained model. In the unconstrained model, the top two layers of the slab and the adsor-
bate is relaxed during the optimisation calculations (the bottom layer is constrained) while
in the constrained model, the entire slab is constrained during the optimization calculation
with only the adsorbates being free to move (where the two top layers of the slab are relaxed
for the slab without adsorbates). The adsorption of O* species is carried out on the ontop-Zr
sites on nitrogen and carbon-substituted slabs (both unconstrained and constrained). Our
adsorption calculations over the unconstrained slab reveal that the incoming adsorbates in-
troduce significant structural changes in the anion-substituted slabs which implies that there
are both structural and electronic effects that influences the adsorption energy. In terms of
structural change, the displacement of lattice anions i.e. oxygen , nitrogen and carbon is
much more significant than that of the zirconium. Previous studies report similar influence
of structural and electronic effects on different electrocatalysts. 4”4 Fig 4a and 4c shows the
correlation between the total ICOHP of the O* adsorbate (considering bonds to all near-
est Zr, N and C neighbours) and O* adsorption energy over constrained slabs. Since the
constrained slab cannot move during O* adsorption, the adsorption energy in this case is
affected by electronic effects only. Thus, in the constrained case the adsorption energy is
expected to be proportional to the O-surface bond energy, captured by the ICOHP. As such
we can observe quite a linear dependence of adsorption energy on ICOHP, except for in the

weak binding limit (AE =~ 4.6)eV. However in the unconstrained case shown in fig 4b and
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4d, we see a strong deviation from the linear trend. We therefore conclude that, in addition
to electronic effects, structural reorganization effects in the zirconia slab play a major role

in adsorption of O* intermediate.

5 10 5 10
a . ‘. b o®
4 .'- 4 . °
:%. -'. 08 P .o 08
3 . . 3 * .
.

[ [N]
]
[~ N
a3
H
. LN )
[}
Ratio of N-O/Zr-O bonding

s e 7
L ]
3 o 0 :
>. 02 02
I.ICJ 2 0.0
=2 T T v 0o~ !
c ~-18 -16 -14 -12 -10 -8 -6 -4 5—18 -16 -14 -12 -10 -8 -6 -4 ,
(=] 1o
2 c. - d.
2, < a £
_§ . ® 0.8 . 08 g
3 3 o
<< o 5
2 o 2 " e NL
o
. L] Q
(&)
1 04 1 . 0.4 %5
. bl *e o
0 - 0 ..J . o g
- 02 1 'F . 0z &2
=1 -

00— 0.0

-18 -16 —-14 —-12 -10 -8 -6 _4|COHP(

2—L -16 -14 -12 -10 -8 -6 -4
eV

Figure 4: ICOHP vs Adsorption energy plots a) Constrained Nitrogen substituted zirconia
slab b) Nitrogen substituted zirconia slab c¢) Constrained Carbon substituted zirconia slab
d) Carbon substituted zirconia slab

ICOHP as a Electronic Descriptor for OH Adsorption

Similar adsorption calculations are carried out with OH adsorbate on ontop-Zr sites on the
nitrogen and carbon substituted zirconia slabs (both unconstrained and constrained). Since
adsorption of OH over the constrained slab is influenced only by the electronic effects, in
the Fig ba and Fig 5¢c we can observe a linear dependence of adsorption energy on ICOHP.
Since ICOHP magnitude is an indicator of bond strength, higher ICOHP magnitude indi-
cates a stronger bond. As higher adsorption energy also indicates stronger bond, ICOHP
shows a strong correlation with adsorption energy in this case. However, when the slab is

unconstrained, the adsorption energy is influenced not only by the electronic effects but also
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the structural effects. The structural effects are caused, mainly, by the reorganisation of the
anion-substituted zirconia lattice caused by the incoming adsorbate species. The synergistic
effect of the structural and electronic changes cause a deviation from the linear trend be-
tween the adsorption energy and ICOHP which can be observed in Fig 5b and 5d. This is
similar to the deviation from the linear dependence of O* adsorption energy on ICOHP we
observe in figure 4b and 4d.

We have quantified the the effect of structural changes only on the adsorption energies by
computing the differences in the adsorption energies of the constrained and unconstrained
slabs and have presenting them in form of a histogram which is provided in the Supporting
Information. From the histogram we can understand adsorption of O* intermediate induces

structural changes in the slab to a greater degree than the OH intermediate.
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Figure 5: ICOHP vs Adsorption energy plots a) Constrained Nitrogen substituted zirconia
slab b) Nitrogen substituted zirconia slab c¢) Constrained Carbon substituted zirconia slab
d) Carbon substituted zirconia slab
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Insights into Bond Configurations

As ICOHP is an indication of bond strength, there exists a correlation between bond length
and ICOHP. Fig 6 gives us an overview of the relation between bond lengths between dif-
ferent pairs of atoms for O* adsorption over nitrogen and carbon substituted zirconia slabs
(unconstrained and constrained). Similar plots have been made for OH adsorption have been
provided in the Supporting Information. The yellow overlay indicates the bonds that are
formed between an atom (zirconia, nitrogen or carbon) and the adsorbate oxygen. The trend
that we observe across the unconstrained system versus the constrained system is that the
adsorbate oxygen and zirconium tend to bond more strongly in the unconstrained system
as opposed to the constrained system. In order for the O* adsorbate to adsorb over the
unconstrained system, the lattice zirconium atoms have to rearrange themselves. This is so
as to change the bond order to accommodate the incoming O* species. If such a structural
rearrangement is not possible or it does not change the bond order enough, then it is more
favorable for the O* adsorbate to adsorb over the lattice nitrogen or carbon. The change
in bond order is also evident from the fact that for the unconstrained system, the ICHOP
for the zirconium-adsorbate oxygen bond is distributed over a larger range than in the con-
strained system. From Fig 6 it is also clear that only ICOHP, as a descriptor, is not enough

to capture the trend in the adsorption energies.
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4 Conclusion

ICOHP is a very useful electronic descriptor for prediction of O* and OH adsorption ener-
gies on zirconia-based catalytic systems. From our comparative study of constrained and
unconstrained anion-substituted zirconia slabs, we understand both the structural as well
electronic effects of the slabs play a role in the adsorption of the O* and OH intermediates.
The incoming adsorbates introduces structural changes in the slab, the lattice Zr atoms gets
displaced to change the bond order in order to accommodate the adsorbate species on the
surface of the slab. The structural reorganisation of the nitrogen and carbon substituted
zirconia slabs partially contributes to the bond strength between the active sites and the
adsorbates.

Additionally, we can also state that anionic substitution on zirconia catalyst with nitrogen is
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a better choice than that by carbon in terms of ORR activity. We draw this conclusion from
the values of limiting potential calculated for the anion-substituted zirconia slabs illustrated
in figure 3. The predominantly positive values of Uy with the peak at 0.25V and values
reaching as high as 0.65V is indicative of the same. However, there was no correlation found

between the stability of the slabs and their ORR activity.
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