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SYNOPSIS

Introduction: The relentless pace of industrialization, population growth, and global
development have led to rising energy demand, predominantly met by fossil fuels like oil, coal,
and natural gas, which account for over 80% of global energy consumption. In 2022, coal demand
increased by 0.6%, reaching its highest consumption since 2014, and coal production rose by over
7% compared to 2021. The high and practically unchanged share of fossil fuel in the rapidly
increasing energy consumption has the consequence of the rapid depletion of fossil fuel resources
and emission of CO> pollutant gas, surging to an unprecedented 39.3 gigatons CO; emission in
2022[1]. The systematic representation of the trend of global carbon emissions by year and global
energy consumption from different energy resources in 2022 has been shown in Figures la and
1b, respectively.
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Figure 1. The representation of (a) global carbon emissions by year and (b) global energy consumption from different energy

resources.

In this view, academic and industrial researchers have made numerous efforts to increase the share
of renewable energies, energy efficiency, and fuel switching. These scenarios have stimulated the
development of novel energy storage and conversion devices (fuel cells, batteries, and
supercapacitors), of which fuel cells have received tremendous attention due to their wide range
of applications. They span power devices that include stationery, transport, and small-scale
portable electronics. In the fuel cells, the H dissociation occurs at the anode, while at the cathode,
O2 reduction occurs, transforming chemical energy into electricity. Oxygen reduction reaction
(ORR) is an important process involved in energy conversion and storage devices, significantly
determining the performance, service level, and operating life of these devices[2]. However, the
ORR at the cathode produces many negative effects on the fuel cell system performance and
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commercialization owing to its sluggish kinetics and diversity of the reaction pathways. Thus, the
ORR celectrocatalysts dominate overall performance and become the main descriptor of the
efficiency of renewable energy conversion and storage devices. To date, conventional platinum
(Pt) is still regarded as the best ORR electrocatalyst in both acid and alkaline electrocatalyst.
However, Pt has a high price, and it is prone to poisoning by CO (an intermediate product of
electro-oxidizing alcohol fuels), and limited availability of Pt constraints the possibility of using
and commercializing devices whose operation is based on ORR|[2]. Therefore, one of the main
challenges in fuel cell research and development is obtaining more economical, appropriate,
alternate electrocatalysts without compromising the activity and durability. Electrocatalysts should
have high electronic conductivity, large specific surface area, good stability, tunable morphology
and functionality, electroactive properties, and be cost-effective. The two-dimensional transition
metal dichalcogenides (TMDs) and carbon-based material (graphene, carbon nanotube (CNT),
amorphous carbon) can fulfill these requirements and have become two representative types of
non-noble materials electrocatalysts for ORR. For example, recently, Pumera et al. experimentally
presented a systematic study dealing with the effects of four different dopants represented by V,
Ti, Mn, and Fe on the catalytic activity of layered MoS, and WS toward ORR and hydrogen
evolution reaction (HER). They demonstrated that the doping of Fe and Mn on MoS; can boost its
catalytic performance towards the ORR[3]. Recently, Tian et al. performed systematic density
functional theory (DFT) calculations to probe the ORR performance of a series of sulfur-based
TMDs (TM= Ti, Zr, Hf, V, Nb, Ta, W, Re, and Pt) in different phase structures (2H, 1T, and 3R).
They evaluated that the Ni or Co-doped sulfur-based TMDs act as a feasible ORR electrocatalyst
with overpotentials (0.32-0.55V) compared to the state-of-the-art Pt-based electrocatalyst[4].
Other emerging electrocatalysts are carbon-based materials, particularly carbon nanotubes
(CNTs), which have markedly influenced the development of fuel cells. For example, Zhu et al.
fabricated the cobalt and nitrogen co-doped carbon nanotubes (Co@N-CNTs) and studied their
electrocatalytic activity towards ORR. They showed that Co@N-CNTs exhibit excellent ORR
electrocatalytic activity due to the synergetic effect of Co species and N-doping[5]. Recently, Niu
et al. studied the electrocatalytic activity of CoNi nanoparticles (NPs) encapsulated within the
apical domain of NCNT (CoNi@NCNT/NF) and reported that the CoNi@NCNT/NF exhibits an
excellent catalytic performance toward both ORR and OER[6].

Motivation and objectives of the thesis: Our primary motivation is to tackle the challenge of
activating the electrocatalytically inert basal planes of transition metal dichalcogenides (TMDs)
and the outer surfaces of carbon nanotubes (CNTs), which is essential for enhancing the catalytic
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performance of TMDs and CNTs materials towards ORR. Our primary motivation lies in the
potential to manipulate the electronic structure and electronic properties of these materials to
significantly improve their electrocatalytic activity in electrochemical reactions. We aim to
provide insights into the rational designing of well-defined electrocatalytic structures to understand
the structure-activity relationship. Additionally, our goal is to explore, identify, and address the
critical active sites that drive the ORR process and determine the most favorable paths for the O»
reduction reaction. We are particularly motivated to conduct an extensive investigation into diverse
pathways of the ORR, which is essential for optimizing catalytic efficiency and selectivity. This
detailed understanding will enable us to establish fundamental principles that can guide the

development of more effective electrocatalysts in the field of sustainable energy technologies.
The main objectives of the thesis are:

(a) Synergistic Niobium (Nb) Doped Two-Dimensional Zirconium Diselenide: An Efficient

Electrocatalyst for O2 Reduction Reaction

(b) Unraveling the Electrocatalytic Activity of Platinum-Doped Zirconium Disulfide Towards

Oxygen Reduction Reaction

(c¢) Revealing the Mechanism and Activity of O» Reduction Reaction of Co Nanocluster

Encapsulated by Carbon Nanotube

(d) Exploring the Active Site and Catalytic Activity of N-Coordinated Ni» Dual-Atom Catalysts

for Oxygen Reduction Reaction

The comprehensive details of rising energy demands, environmental challenges associated with
fossil fuel consumption, and the critical role of ORR electrocatalysts in advancing fuel cell
technology are thoroughly discussed in Chapter 1 of this thesis. Chapter 1 also provides an in-
depth analysis of the ORR pathways, a detailed explanation of catalysts and electrocatalysts, as

well as discussions on the advancements of non-noble catalysts.

Computational details: The electronic structure, ground state energy calculations, structural and
electronic properties, and the ORR activity descriptor parameters have been achieved by
employing the CRYSTALI17 suite code. We have employed a hybrid B3LYP-D3 density
functional theory (DFT) based method implemented in the CRYSTAL17 code for our calculations.
The full geometry optimization (internal coordinates and lattice parameters were optimized) has

been adopted to obtain the ground state electronic structure using the Broyden—Fletcher—Goldfarb—
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Shanno (BFGS) algorithm implemented in the CRYSTALI17 suite code. The structures are
considered to be relaxed when 3x107 a.u. in the root-mean-square values (RMS) of force and
1.2x10"* a.u. in the RMS values of atomic displacement are simultaneously achieved for the atomic
position and lattice constant optimization, respectively. The self-consistent field (SCF)
calculations were achieved when the total energy difference between successive SCF cycles was
less than 10 a.u. These convergence thresholds were maintained consistently throughout all the
calculations in the present calculation. In the CRYSTAL17 code, Kohn-Sham (KS) orbitals are
expressed in terms of localized atomic-like functions, which are, in turn, expended in a linear
combination of Gaussian-type orbitals (GTOs) with fixed coefficients. The expansion coefficients
and exponents of GTOs define a basis set for a given atom[7]. The adsorption energy and Gibbs
free energy are used as descriptors of the ORR activity of TMDs and CNTs and have been
calculated using the computational hydrogen electrode (CHE) model. In this technique, the
chemical potential (i) of the proton-electron pair in an electrocatalytic step was referenced to that
of the dihydrogen molecule using the standard hydrogen electrode (SHE). Accordingly, at a
potential of OV vs. SHE, the sum of p(H") and p(e) is set equal to half of the chemical potential
of molecular hydrogen, 1/2 u(H»2)[8]. The electronic band structure and density of states (DOS)
were plotted in this thesis by using GNUPLOT and Python codes developed by our group. The I'-
centered Monkhorst-pack grid has been used for sampling the reciprocal space in the first Brillouin
zone[9]. The VESTA software is employed for modeling, manipulating, and visualizing the

structures used in the present thesis[10].

Chapter 2 of this thesis provides an in-depth exposition of our computational methodologies. This
includes a detailed discussion of the CRYSTALI17 suite code, including the input scripts and a
comprehensive description of the Gaussian-type basis sets. Furthermore, Chapter 2 provides a
thorough exposition of the procedures for geometry optimization and achieving self-consistent
field (SCF) convergence. This detailed presentation is designed to provide a rigorous
understanding of the computational framework and its application to our study of electrocatalytic

materials.

Summary of objective (a): The main goal of this objective, “Synergistic Niobium Doped Two-
Dimensional Zirconium Diselenide: An Efficient Electrocatalyst for O2 Reduction Reaction”
is the determination of the electrocatalytic O» reduction activity of monolayer Nb-doped
Zirconium Diselenide (Nb-ZrSez) TMDs towards electrochemical ORR. Specifically, we aim to

answer the following questions: (1) How does the doping of Nb alter the structural and electronic
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properties of the 2D monolayer ZrSe>? (2) Does the 2D monolayer Nb-ZrSe> material act as an

efficient ORR electrocatalyst? (3) If yes, which ORR path will it follow to reduce the O>?

To address these research questions, we first computationally designed the doped system, i.e., Nb-
ZrSe», by substituting one Zr atom with the transition metal Nb per 2x2 supercell of the 2D
monolayer pristine ZrSe; TMD. The 2D monolayer Nb-ZrSe; system has been fully relaxed
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Figure 2. (a) Schematic representation of the oxygen reduction reaction (ORR) pathways on Nb-ZrSez, illustrating the associative
(green arrow) and dissociative (red arrow) routes. The associative pathway (green arrow) is indicated as the favorable path for

the ORR. (b) the potential energy surface for the associative ORR pathway highlights the free energy changes at each reaction

step.

with respect to both atomic coordinates and cell parameters by using the DFT-D3 method. The
analysis of the electronic properties of pristine 2D monolayer ZrSe, demonstrated that a single
layer of ZrSe; in two-dimensional form exhibits semiconducting behavior characterized by a band
gap of 1.48 eV. On the other hand, the 2D monolayer Nb-ZrSe> material has zero band gap,
indicating the metallic nature of the 2D monolayer Nb-ZrSe.. The good conductivity of 2D
monolayer Nb-ZrSe, material can play a crucial role in facilitating the movement of electrons in
the mechanism of ORR, and 2D monolayer Nb-ZrSe> could act as an excellent catalyst towards
ORR. The analysis of the electrocatalytic activity of Nb-ZrSe: and the selectivity of the favorable
ORR path have been examined by computing the adsorption energy of the ORR intermediate
species involved in both associative and dissociative pathways. The adsorption energy of the key
intermediates suggests that the dissociative ORR path would be the less favorable path to reduce

the O2 molecule to water as compared to that of the associative path. In addition, the study of Gibbs
X



free energy of intermediate ORR species suggests that the associative path would be energetically
favorable path. The equilibrium structure of the 2D monolayer Nb-ZrSe; electrocatalyst and
potential energy surface (PES) with the reaction coordinates of the associative path based on the
change of Gibbs free energy have been represented in Figures 2a and 2b, respectively. A detailed
exploration and analysis of the electrocatalytic properties of Nb-ZrSe> have been provided in

Chapter 3 of the thesis. The results presented in this section correspond to the following article:

A. Singh, S. Pakhira, Synergistic Niobium Doped Two-Dimensional Zirconium Diselenide: An
Efficient Electrocatalyst for Oz Reduction Reaction, ACS Phys. Chem Au 4 (2024), 40-56. DOI:
https://pubs.acs.org/doi/10.1021/acsphyschemau.3c00035.

Summary of objective (b): The primary motivation of the objective “Unraveling the
Electrocatalytic Activity of Platinum-Doped Zirconium Disulfide Towards Oxygen
Reduction Reaction” is to understand the ORR electrocatalytic activity of the two-dimensional

sulfur-based TMDs. A detailed ORR reaction mechanism has been studied with the aim of in-

Figure 3. Schematic representation of the oxygen reduction reaction (ORR) pathways on Pt-ZrS>, illustrating the dissociative

(green arrow) and associative (red arrow) routes. The dissociative pathway (green arrow) is indicated as the favorable path for

the ORR.

depth understating the process and being able to design a novel TMD-based electrocatalyst toward
ORR. In addition to proposing different ORR reaction mechanisms, special efforts are made to
clearly identify the effect of metal doping on the structural and electronic properties with the

catalytic activity of the 2D sulfur-based TMDs. In this section, we propose an intriguing 2D
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monolayer Pt-doped Zirconium disulfide (Pt-ZrS») as an effective electrocatalyst for ORR by using
the first principle-based dispersion corrected density functional (DFT-D3) method. We have
started the study by computationally designing the 2D monolayer ZrS; and 2D monolayer Pt-ZrS,.
The designing process is followed by relaxing the designed systems to get the minimum energy
electronic structure of the 2D monolayer ZrS; and 2D monolayer Pt-ZrS>. We have explored the
electronic properties, i.e., band structure, electronic band gap, density of states, and position of the
Fermi energy level of the presented systems by employing the same DFT-D3 method. The present
computations found that the position of the Fermi level of the 2D monolayer ZrS> is at -7.14 eV,
and it has an indirect band gap of 2.13 eV (in the I'-M direction). The electronic band gap of 2D
monolayer Pt-ZrS, material was found to be 1.95 eV with the position of the Fermi level at -6.73
eV, indicating the semiconducting nature of the 2D monolayer Pt-ZrS,. The present study reveals
that the electronic band gap has been significantly reduced by an amount of 0.18 eV due to the Pt
doping in the pristine 2D monolayer ZrS,. The analysis of the potential of the 2D monolayer Pt-
ZrS; as an ORR electrocatalyst and the study of the ORR path selectivity have been done based
on the adsorption energy of the ORR intermediates species on the catalytic active site of 2D
monolayer Pt-ZrS;. This study indicates that the 2D monolayer ZrS; is a promising ORR
electrocatalyst with outstanding catalytic activity and a high 4e” reduction pathway selectivity. The
2D monolayer Pt-ZrS; electrocatalyst structure has been shown in Figure 3. A detailed and
systematic analysis of this study has been provided in Chapter 4 of this thesis. The results presented

in this section correspond to the following article:

A. Singh, S. Pakhira, Unraveling the Electrocatalytic Activity of Platinum Doped Zirconium
Disulfide Towards Oxygen Reduction Reaction, Energy Fuels, 37(2023), 567-579. DOI:
https://doi.org/10.1021/acs.energyfuels.2c02831.

Summary of objective (c¢): The main goals of the objective of the titled work, “Revealing the
Mechanism and Activity of O2 Reduction Reaction of Co Nanocluster Encapsulated by
Carbon Nanotube”, are as follows: (i) exploring the exact role of the Co nanoparticle cluster,
which is encapsulated inside the single-wall carbon nanotube (SWCNT), (ii) study the different
ORR mechanisms on the surface of the Co nanoparticle encapsulated single-wall carbon nanotube
(Co@SWCNT), (iii)) proposing the thermodynamically and energetically feasible ORR
mechanism for the reduction of O> on the surface of the Co@SWCNT. To address the above
research objectives, we adopted a periodically repeated unit cell of SWCNT. We utilized an

armchair Co@SWCNT with (6,6) chiral symmetry in our current investigation. A Co nanoparticle
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cluster (Co4) has been encapsulated in the channel of the SWCNT, i.e., the system of interest in
this work 1s Co@SWCNT. In the present study, we have defined the catalytic active site as the
carbon atom situated on the surface of the SWCNT, forming a Co-C bond with the encapsulated
Co nanoparticle. The electronic band structure of the SWCNT reveals that certain energy bands
intersect the Fermi energy level, but the electron density near the Fermi level is excessively low.
This observation indicates the semi-metallic nature of the SWCNT. When a Co nanoparticle is
encapsulated inside the SWCNT, it results in a substantial electron density in proximity to the
Fermi level. The electronic characteristics of the Co@SWCNT reveal the metallic nature of the
Co@SWCNT and indicate the potential application of the Co@SWCNT as an electrocatalyst
toward ORR. In order to access the catalytic activity and effectiveness of the Co@SWCNT in
facilitating the ORR, we conducted theoretical and computational calculations to determine the

adsorption energy of the intermediate species of the surface of the Co@SWCNT. The value of
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Figure 4. (a) Schematic representation of the oxygen reduction reaction (ORR) pathways on Co@SWCNT, illustrating the four-
electron (green arrow) and two-electron (red arrow) routes. The four-electron pathway (green arrow) is indicated as the favorable

path for the ORR. (b) Potential energy surface for the four-electron dissociative ORR pathway, highlighting the relative adsorption

energy changes at each reaction step.

adsorption energy of 20 species was determined to be -0.35 eV, and for the OOH species was
determined to be -3.59 eV. By comparing the values of the above key intermediate species, it was
found that the 4e” dissociative pathway would be the more favorable path for the reduction of the
O2 on the surface of the Co@SWCNT. The equilibrium structure of the Co@SWCNT
electrocatalyst and the ORR reaction PES has been represented in Figure 4a and 4b, respectively.

XIII



This theoretical analysis based on the CHE model reveals that the Co@SWCNT is a promising
ORR electrocatalyst with exceptional catalytic activity and high 4e” reduction pathway selectivity.
A detailed study of the ORR catalytic activity of the Co@SWCNT has been provided in Chapter

5 of this thesis. The results presented in this section correspond to the following article:

A. Singh, S. Pakhira Revealing the Mechanism and Activity of O> Reduction Reaction of Co
Nanocluster Encapsulated by Carbon Nanotube, Energy Fuels, 38 (2024), 11837-11851. DOI:
https://doi.org/10.1021/acs.energyfuels.4c01355.

Summary of objective (d): The primary objectives of the work “Exploring the Active Site and
Catalytic Activity of N-Coordinated Niz Dual-Atom Catalysts for Oxygen Reduction
Reaction” are as follows: (1) to explore the catalytic performance and active site characteristics
of nitrogen-coordinated nickel dual-atom (Ni2) catalysts anchored on carbon nanotubes (CNT)
towards ORR, (2) what is the effect of dual-metal doping on the structural and electronic properties
of CNT and (3) could Niz dual-atom catalyst exhibit superior catalytic activity toward the ORR?
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Figure 5. (a) Schematic representation of the oxygen reduction reaction (ORR) pathways on Niz_N3;_CNT, illustrating the four-
electron associative (green arrow) and four-electron dissociative (red arrow) routes. The four-electron associative pathway (green

arrow) is indicated as the favorable path for the ORR. (b) O: adsorption energy on the Ni and N site for each single and duel metal

configuration.

To tackle the above interesting questions, we computationally designed all the experimentally
synthesized Ni2 dual and Ni; single atoms anchored on NCNT catalysts and investigated their ORR
catalytic activity by employing the first principles-based DFT method. We have considered four
catalyst configurations comprising two single-atom systems, namely Ni; N3 CNT and
Nii_Ns CNT, and two dual-atom systems, referred to as Nio. N3 CNT and Ni>_ N4 CNT. For each

configuration, we have investigated favorable active sites for ORR (nickel and nitrogen sites),
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structural stability, electronic properties, adsorption behavior of key ORR intermediate species on
two possible active sites (Ni and N). Among all models, the Nio N3 CNT system emerged as the
most promising catalyst, with the Ni site identified as the dominant active site for ORR as
represented in Figure 5a. Electronic band structure and density of states analysis confirmed the
metallic character of Ni N3 CNT, enabling efficient electron transport necessary for catalytic
activity. The adsorption energy calculations of key ORR intermediates (O2*, O*, OH*, H>O)
revealed moderate binding energies at the Ni site, which supports optimal activation and
desorption behavior required for catalytic turnover as represented in Figure 5b. Thermodynamic
analysis based on the computational hydrogen electrode (CHE) model indicated that the four-
electron associative pathway is the most favorable mechanism for O reduction on the
Niz_N3; CNT surface as shown in Figure 5a. All ORR steps are exergonic, and the final desorption
of H>O is facile, suggesting that Ni N3 CNT can sustain continuous catalytic cycling with high
efficiency. Overall, this study reveals that Ni> dual-atom catalysts, particularly the Niz N3 CNT
configuration, demonstrate excellent catalytic activity, strong ORR selectivity, and potential to
serve as viable substitutes for Pt-based catalysts in fuel cell systems. These findings are discussed

in detail in Chapter 6 of this thesis and correspond to the following published article:

A. Singh, S. Pakhira Exploring the Active Site and Catalytic Activity of N-Coordinated Ni» Dual-
Atom Catalysts for Oxygen Reduction Reaction, ACS Appl. Energy Mater., 8 (2025), 1544—1560.
DOI: https://doi.org/10.1021/acsaem.4c02649.

Conclusions: In conclusion, this thesis has explored the innovative design of electrocatalysts using
advanced computational methods to enhance the oxygen reduction reaction (ORR), a key process
in energy conversion and storage technologies. By focusing on materials such as niobium-doped
zirconium diselenide, platinum-doped zirconium disulfide, and cobalt-encapsulated carbon
nanotubes, the research has provided new insights into mechanisms and pathways of ORR, the
structure-activity relationships and identified promising ORR pathways for improving
electrocatalytic efficiency. The findings underscore the potential of these materials to serve as cost-
effective alternatives to traditional noble metal catalysts, contributing significantly to the
advancement of sustainable energy solutions. This work sets the stage for future research to further
enhance the efficiency and commercial viability of electrocatalysts in fuel cells and other energy

applications.
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CHAPTER

Foundations of Electrocatalysis: Mechanisms,

Materials, and Strategies

his chapter discusses about the escalating global energy demands driven by

industrialization and population growth, highlighting the dependence on fossil fuels

and the resulting environmental impacts such as CO: emissions and climate change.
The chapter argues for the exploration of efficient, scalable alternative renewable energy
resources, particularly electrochemical energy conversion devices. The chapter provides a
comprehensive overview of fuel cells, detailing the hydrogen oxidation and oxygen reduction
reactions (ORR), and elucidates the complex multielectron processes involved in ORR.
Additionally, the chapter traces the historical evolution of catalysis, from early empirical
observations to modern theoretical frameworks, and classifies various types of catalysis while
highlighting the role of electrocatalysts in enhancing reaction rates through surface interactions
and electron transfer processes. The chapter emphasizes the importance of heterogeneous
catalysts in electrocatalysis, where reactions occur on the surface of the catalyst, involving
adsorption and desorption of intermediates. This chapter reviews advancements in
electrocatalysts toward ORR, highlighting challenges with Pt-based and expensive metal
electrocatalysts. This chapter also explores innovative approaches like alloying and non-precious
metal catalysts to enhance ORR efficiency and reduce Pt dependence, highlighting the significant
progress in the field to enhance fuel cell performance and sustainability. This chapter explores the
theoretical and computational design of cost-effective two-dimensional transition metal

dichalcogenides (TMDs) as highly efficient electrocatalysts toward ORR in fuel cells. The chapter
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examines the structural and electronic properties of these catalysts, exploring ORR mechanisms

and pathways, particularly through metal atom doping.

1.1 Introduction: The monotonic growth of industrialization, human population, and global
civilization is directly proportional to the ever-increasing energy demand. The most convenient
energy sources are fossil fuels (e.g., oil, coal, natural gas), which cover more than 80% of global
energy consumption, as shown in the bar chart in Figure 1.1b. The coal demand has been expanded
by 0.6% in 2022, surging to its highest consumption rate since 2014. Additionally, global coal
production was surged by more than 7% in comparison to 2021. In the year 2022, coal retrained
its prominent status as the primary fuel source for global power generation, maintaining a
consistent presence at approximately 35.4%, exhibiting a marginal decrease from 35.8% in 2021,
as shown in the bar chart in Figure 1.2. Concurrently, natural gas-fired power generation remained
steady throughout 2022, holding a proportionate share of roughly 23%[1,2]. Our energy
consumption is expected to double in the year of 2100 compared to the recent year. The high and
practically unchanged share of fossil fuels in the rapidly increasing energy consumption has the
consequence of the rapid depletion of fossil fuel resources and environmental damage due to the
emission of pollutant gases (mainly CO> and CO). Notably, the emissions resulting from energy
consumption contributed significantly, composing a substantial 87% proportion of the total global
emissions.
(@) (b)

Carbon emissions by Year Global Energy Consumption 2022 (%)

5
4
)

Carbon Emissions (Gt)
s
1

=3

ol o

\\ v gy

D
h
!

7
\

>

- 23.5%

10 0 Ol [ Natural Gas M Coal [ Nuclear Hydroelectric [l Renewable

T T T T T T T T T T
1968 1974 1980 1986 1992 1998 2004 2010 2016 2022
Year

Figure 1.1. The representation of (a) global carbon emissions by year and (b) global energy consumption by different energy

resources.
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The COz stems from energy utilization, industrialization process, flaring, and methane persistently
ascended, surging to an unprecedented 39.3 gigatons of CO; emission in 2022, as shown in Figure
1.1a[2—4]. These excessive emissions of pollutant gases lead to climate change and global
warming, which are significant threats to all life forms. The central goal in this scenario is to
develop strong growth and access to renewable energy resources with novel technology.
Renewable energy is intensely penetrating global energy, achieving a 7.5% contribution to primary
energy consumption in 2022, as shown in the pie chart in Figure 1.1b. The expansion of renewable
energy in terms of power generation was 14% of the total generation in 2022, just below the 16%
growth rate observed in the previous year, as shown in the pie chart in Figure 1.2[1,2]. This small
percentage of renewable energy growth comes from only wind and solar energy. The growth of
solar and wind power is not the answer because the expansion of wind and solar energy has a very
small impact on fossil fuel demand. The failure in the process of expansion and commercialization
of such sustainable energy resources (wind, solar, and hydro) is associated with some severe
limitations[5-9]: (1) Intermittency:- solar and wind energy depends on the weather conditions.
They are intermittent, and making them a consistent power supply is difficult. (2) Storage

capabilities:- storing  excess energy  generated  during  peak  limit  for

Wind 7.2%

Solar 4.5%

Geo
+ Biomass +
Other renewables 2.7%

35.4%

0.9%
I coil M Gas B Oil [ Nuclear [0 Renewable [ Hydroelectric [l Others

Figure 1.2. The contribution of the different energy sources in terms of power generation.

use when the sun is not shining and the wind is not blowing is a significant challenge. (3) Land

use: land usage presents another specific challenge, with both solar farms and wind turbines
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requiring substantial acreage for effective deployment. This necessarily provides land use conflicts
and environmental concerns, especially in densely populated areas. (4) Initial cost: the initial set-
up cost for solar panels and wind turbines can be high, although the cost has decreased over time.
Additionally, integrating these sustainable sources into the existing energy grid may require
substantial infrastructure upgrades. These limitations hinder their seamless, widespread
commercialization and highlight the need for alternative renewable energy resources. Thus,
exploring dependable, efficient, and scalable alternatives is very much required for sustainable
power generation. One promising strategy is electrochemical energy conversion, which uses
electrochemical methods and electrochemical reactions to convert small molecules in the
atmosphere into valuable added products. These electrochemical methods mainly include water
cycle reactions, nitrogen cycle reactions, and carbon cycle reactions. Among all core reactions,
water cycle reactions have received widespread attention for clean energy production and
conversion. The electrolyzer and fuel cells are the two essential electrochemical devices in the
water cycle process. For electrolyzer cells, the hydrogen evolution reaction (HER) and oxygen
evolution reaction (OER) occur at the cathode and the anode, producing gases hydrogen and
oxygen, respectively, by spilling water into its components. The hydrogen and oxygen produced
in the electrolyzer are used to produce energy in the case of the fuel cells through the oxygen
reduction reaction (ORR) and hydrogen oxidation reaction (HOR) at the cathode and anode of the
fuel cell, respectively. The optimal technological loop for the water cycle involves water splitting
via HER and OER to produce fuel, followed by power generation through ORR and HOR in fuel
cells[10-12].

1.2 Objective: This thesis mainly concentrates on the theoretical and computational discovery and
development of efficient and cost-effective two-dimensional materials-based and carbon
nanotube-based (CNT) electrocatalysts through high-throughput computing methods for ORR

occurring at the cathode side of fuel cells. The main objectives of the thesis are listed below.

(1) The first objective of this thesis is to design and explore cost-effective, layered two-
dimensional (2D) transition metal dichalcogenides (TMDs) as electrocatalysts, focusing on
understanding their fundamental structural and electronic properties to optimize their performance

for energy conversion processes.
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(2) The second objective is to study the structural properties, electronic properties, and catalytic
active sites with the electrocatalytic performances toward ORR after engineering the basal plane
of the 2D TMDs, mainly by introducing the substitutional metal atom doping on the 2D TMDs

materials.

(3) The third objective is to study the electrochemical properties of carbon-based materials,
particularly carbon nanotubes (CNTs) as electrocatalysts, particularly focusing on how
encapsulating metal clusters within the CNTs alters their structural, electronic, and catalytic

properties to boost their efficiency toward ORR.

(4) The fourth objective is to conduct a comprehensive study of ORR mechanisms on the surface
of the 2D TMDs materials and CNTs, exploring various reaction pathways and their implications

for enhancing catalytic efficiency with high selectivity in energy conversion systems.

1.3 Fundamentals of Fuel Cells: A fuel cell represents an electrochemical apparatus that
systematically and efficiently transforms the chemical energy of externally provided fuel and
oxidant into electrical energy. The core elements of the fuel cell are two electrodes, namely the
anode and cathode, and a proton exchange membrane which comprises a polymer electrolyte in
direct contact with an anode and cathode on opposite sides as represented in Figure 1.3b. The
capacity of the membrane is to facilitate the conduction of the proton and maintain isolation
between the fuel and oxidant, thereby preventing the mixing of the two gases. Hydrogen fuel
undergoes decomposition at the anode, yielding the protons and electrons. Proton traverses the
membrane to the cathode while electrons navigate the external circuit to the cathode, generating
an electrical current. At the cathode, electrons reunite with protons, harmonizing with O> to
produce water as a reaction byproduct, which is then expelled from the cell. The procedure of the
water-splitting cycle has been represented in Figure 1.3a-b. The cleavage of the hydrogen molecule
is relatively straightforward at the anode, but more robust oxygen molecules possess a greater
challenge for splitting at the cathode, resulting in notable activation loss. Thus, the effective
performance of the fuel cells relies on the membrane characteristics, design, and efficiency of
electrocatalytic materials as well as influential parameters like temperature. The fuel cells have the
capability to generate power ranging from a fraction of a watt to several hundred kilowatts, making

them suitable for different applications from stationary power systems to vehicles of varying
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sizes[13,14]. The fuel cell operations are governed by two electrochemical reactions: HOR at the

anode and ORR at the cathode. The specific reactions are articulated as follows:

(a) Water Splitting Energy System
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Figure 1.3. Schematic depiction of (a) the electrocatalytic water splitting process and (b) the fuel cell components.

Anode reaction:- The hydrogen molecule undergoes electron detachment separating proton and

electron.
Hy, ——— 2H " + 27 v e e e (1)

This corresponds to the anode potential E° of 0.00 V versus standard hydrogen electrode (SHE)

under standard conditions.
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Cathode reaction:- The cathode reaction involves the reduction of oxygen in the formation of

water.

1
2H* +2e™ + 502 —————— Hy0 et v e v e (2)

This corresponds to the cathodic potential E° of 1.23 V versus SHE under the standard conditions.

Consequently, the comprehensive reaction governing the fuel cell is expressed as:
Hy 4207 ——— Hz0 oo (3)

The HOR is straightforward, whereas ORR involves several sequences and parallel steps. In this
thesis, we have explored and studied ORR mechanisms and the different reduction pathways

involved in the subject reaction.

1.4 Oz Reduction Reaction: The ORR holds paramount significance in energy conversion devices
such as fuel cells. The mechanism of the electrochemical ORR is indeed complex and can be based
on several factors, including the electrode material, catalysts, and electrolytes. Therefore,
understanding the ORR mechanism is crucial for improving the efficiency of the electrochemical
devices. The ORR can be characterized as the multielectron process that involves several ORR
intermediate species. In fuel cell operation, the cathodic reduction of oxygen presents two
distinctive routes in acidic media. The first involves a 4e” reduction or transfer pathway, where O»
adsorbs to the catalytic surface and undergoes reduction to produce water. Conversely, the 2e
transfer pathway involves the formation of an intermediate hydrogen peroxide, which can either
undergo addition reduction to form water or chemically decompose, generating both water and

oxygen as end products[15-18].
Pathway (a): 4 pathway
0, + 4H* + 4¢e- —— 2H,0 (E° =1.229V)
Pathway (b): 2e” pathway
0, + 2H* + 2 —— H,0, (E° =0.67V)

Followed by either the reduction of hydrogen peroxide



Chapter 1: Foundations of Electrocatalysis: Mechanisms, Materials, and Strategies

ORR
Pathways

H,+1/20,~H,0

\
/
or—0

H te [
aas e 2e-

\
(:)* (l);] , (') (.)H I (?0H*H++e_ H,0,
b/ [QOH* . OF ] T A

s . .
I *=Active site

Q* OH* , O
] | H +g :
C anias

- % %
p ~ C ) [
o o

1 H'+e 2

Figure 1.4. Schematic illustration of the possible routes for electrocatalytic Oz reduction reaction (ORR).

[ OH* H,0

=/

\-




Chapter 1: Foundations of Electrocatalysis: Mechanisms, Materials, and Strategies

H,0, + 2H* + 2 —— 2H,0 (E°=1.77V)
Or by the decomposition of peroxide
2H202 — 2H20 + 02

Based on the cleavage of the O-O bond and establishment of the O-H bond, the 4e” reduction
pathway can be further divided into two different pathways.

Pathway (al): The initial reaction path is known as the associative pathway. The initial step
involves the adoption of the O2 molecule at the reaction active site in the associative reaction
pathway, which is denoted by O>*, a crucial step for subsequent steps. Once adsorbed, the further
oxygen atom on the surface engages in a reaction with an H" and e, yielding the OOH*
intermediate. In the subsequent steps, the release of the water molecule happens, leading to the
formation of O* by the reaction of OOH* with an H' and ¢". In the final two steps, the oxygen
molecule (O*) undergoes successive reduction through a pair of proton-coupled electron transfers,
ultimately resulting in the production of another water molecule. The whole reaction steps can be

expressed as follows:
0, — 05
05 +H*+e- —— OOH*
OOH*+ H*+e~ —— 0"+ H,0
O*+H*+e — OH*
OH*+H*+e~ —— H,0+ *

Pathway (a2): Dissociative pathway:- in contrast to the associative mechanism, the dissociative
ORR pathway takes a distinctive turn following the adsorption of O2 onto the reaction site. In the
route, the adsorbed O> undergoes a bond-breaking process after the adsorption on the reaction site,
leading to the formation of two distinct oxygen atoms adsorbed at two different reaction sites.
Subsequently, one of these adsorbed oxygen atoms goes to a series of two consecutive reduction
steps by reaction with the proton-coupled electron pair. These reduction steps convert the adsorbed

oxygen atom into the first water molecule. The final two reaction steps mirror those observed in
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the associative pathway. Through the pair of proton-coupled electron transfers, the remaining
oxygen species on the reaction site undergo a reduction process, ultimately resulting in the product

of another water molecule. The whole reaction steps can be expressed as follows:
0, ++ — 05
0; —— 207
20 +H* + e~ — 0* + OH*
0* + OH* + H*+e~ —— 0" + H,0
O*+H*+e — OH*
OH* + H* + e~ —— ++ H,0

where * represents the electrocatalytic active reaction site. The graphical representation of various
paths of the ORR has been shown in Figure 1.4. This thesis includes the exploration of better
electrocatalysts for ORR and understanding the above ORR processes on the surface of the

electrocatalysts to endeavor effective and efficient electrocatalysts.

1.5 The Evolution of Catalysis: A Historical Perspective: Although the concept of catalysis has
been recognized since ancient times, a unified theoretical framework only has emerged much later.
The earliest recorded use of an organic catalyst dates back to 1552, when Valenius Codus
demonstrated the conversion of alcohol into ether using sulfuric acid. For centuries, civilizations
attributed the transformation of substances took place for mysterious reasons related to mythology
and spirituality. At the dawn of the 19th century, following centuries of speculative ideas and
empirical observations about chemical transformations, Swedish chemist Jons J. Berzelius
formally introduced the concept of catalytic forces and catalysis. He is widely recognized for
coining the term “catalysis” and describing the decomposition of compounds driven by catalytic
forces[19-21]. After a period of empirical evidence, in 1884, J. H. Vantie Hoff described the
formal dependence of the reaction rate on temperature k=AeF¥RT while S. Arrhenius, in 1895,
understood the physical basis of this empirical relationship, and the equation is now attributed to
Arrhenius. The Arrhenius equation describes Ea as the activation energy of the reaction (kJ/mol),

R as the gas constant (8.34 J/K-mol), T as the absolute temperature, and A as the frequency factor,

10
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representing the collision frequency. As per Arrhenius, only collisions between molecules that are
properly oriented in space and possess energy greater than the activation energy can lead to the
formation of products[19]. In 1897-1898, Wilhelm Ostwald provided a detailed account of the
state of knowledge on catalysis, identifying it as a kinetic phenomenon. He defined a catalyst as
“A catalyst is a material that changes the rate of the chemical reaction without appearing in the
final product.” Ostwald also highlighted how certain foreign substances can accelerate reaction
rates without being consumed in the process. His groundbreaking work on catalysis, along with
his contributions to understanding chemical equilibria and reaction rates, earned him the Nobel
Prize in 1909[20,22]. Meanwhile, a pioneering chemist, Paul Sabatier, introduced a
groundbreaking molecular perspective on catalysis known as the “Sabatier principles”. This
concept links catalytic activity to the free energy involved in the interaction between the catalyst
and reactants. According to this model, the highest catalytic activity is achieved when the
adsorption strength is at an optimal level. Additionally, the Sabatier principle offers a kinetic
framework for understanding the catalytic cycle and its corresponding elementary reaction steps,
including adsorption, surface diffusion, surface reaction, and desorption. In 1912, Paul Sabatier
was awarded the Nobel Prize in Chemistry for his pioneering work on hydrogenation, particularly
his studies on the hydrogenation of ethylene and carbon monoxide using nickel and cobalt
catalysts[23-25]. A remarkable step in catalysis took place in 1918 when methane was produced
on an industrial scale using a metal (iron) catalyst by the Haber-Bosch process[26]. Afterward, H.
S. Tayor, in 1925, focused main attention on the concept of the active sites and proposed that total
catalytic solid surface would not be equally active in effective chemical reactions, but there would
be heterogeneity in the catalytic efficiency of the solid surface catalyst[27]. In a short time, due to
the development of new characterization techniques and computational methods, great progress
has been made in the field of catalysts, catalytic materials, and catalytic materials at the electronic
level. However, the rational designing of efficient catalysts is still a long-standing challenge in

terms of cost-effectiveness and mass production.

1.6 Exploring the Accelerated World of Catalysis: Types and Mechanisms: Catalysis is a
chemical process in which a substance called a catalyst is employed to lower the activation energy
barrier of a reaction, thereby accelerating the reaction rate without altering the equilibrium state.
A catalyst functions by increasing the speed at which the reaction approaches equilibrium without

being substantially consumed in the process, influencing only the reaction kinetics. It has no

11
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impact on the thermodynamics or the equilibrium composition of the reaction. In contrast,
reactions proceeding without a catalyst occur at a slower rate because of the high activation energy
of the path to achieve the product from reactants. But, in the presence of a catalyst, the efficiency

or rate of the particular reaction increases substantially because a catalyst provides an
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Figure 1.5. The representation of (a) the catalysts provides an alternative mechanism by providing a different transition state and

lowering the activation energy and (b) the sequence of elementary steps of a catalytic reaction.

alternative route with a lower activation energy, as shown in Figure 1.5a. It is essential to clarify
that a catalyst does not directly lower the activation energy of a reaction but instead offers an
alternative pathway with a lower energy requirement, making the process more efficient. The
catalysis is mainly categorized into three parts: (1) Homogeneous catalysis: in homogeneous
catalysis, both reactants and products are in the same phase (i.e., solid, liquid, or gas) as the catalyst
itself. Most of the homogeneous catalytic processes are carried out in the liquid phase. (2)
Heterogeneous catalysis: The catalysis process in which the catalyst is in a different phase from
the reactants and products phase. In heterogeneous catalysis, a solid catalyst catalyzes reactions of
molecules in gas or solution. In heterogeneous catalysts, only certain sites on the catalytic surface
actually participate in the chemical reaction, and these sites are called chemically active sites on
the catalytic surface. (3) Biocatalysis: Biocatalysis is a biological process that relies on enzymes,
which are complex protein macromolecules, to serve as catalysts. Enzymes are natural catalysts
and can be considered large proteins with structures of very shape-specific active sites[27,28]. To
comprehend the catalytic process, let us examine a reaction between two reactant molecules, X
and Y, forming the product XY, as illustrated in Figure 1.5b. Initially, molecules X and Y bind to

the catalyst. The two reactant molecules, X and Y, then react within the complex to give a product

12
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XY, which is also bonded to the catalyst. In the final stage, XY detaches from the catalyst, restoring
the catalyst to its original state and completing the reaction cycle. The role of the catalyst in
accelerating the reaction can be understood by analyzing the potential energy diagram in Figure
1.5b, which compares catalytic and non-catalytic pathways. Figure 1.5b is simply the familiar way
to visualize the Arrhenius equation that the reaction proceeds when X and Y collide with sufficient
energy to overcome the activation barrier (Ea or E.”). The change in the Gibbs free energy between
the reactant X and Y and the product XY is AG, as shown in Figure 1.5a. The comparison of
catalytic (black color) and non-catalytic (red color) reactions is represented in Figure 1.5b which
demonstrates that in the presence of the catalyst (indicated in black), the reaction begins with the
binding of reactants X and Y to the catalyst, a process that is exothermic and results in a decrease
in free energy. This complex formation occurs spontaneously during the subject reaction. Then,
the reaction between X and Y is followed while they are bonded to the catalyst. This step is
associated with the activation energy (E.’) of the reaction. This step shows that the activation
energy is significantly lowered as compared to the uncatalyzed reaction. Finally, the product XY
separated from the catalyst in the last step of the catalyzed reaction. Thus, the catalyst provides an
alternative reaction pathway that is much more energetically favorable, which is energetically
much more favorable, as represented in Figure 1.5b by the black color. The activation energy for
the catalyzed reaction is significantly lower than for the uncatalyzed one, resulting in a faster

reaction rate for the catalyzed process[27,28].

1.7 Electrocatalysis and Electrocatalyst: The electrochemical reactions are processes in which
charge is transferred across the interface between the electrode and the electrolyte. An
electrocatalyst is a material that accelerates the electrochemical reactions (or charge transfer during
electrochemical reactions), which consist of an electron transfer oxidation or reduction process,
and this phenomenon is called electrocatalysis. In other words, an electrocatalyst facilitates the
movement of electrons between the electrode and the reactants, driving a chemical process defined
by a half-reaction. During electrocatalytic reactions, the transport of both the electron (e”) and ion
at the electrode surface simultaneously leads to the breaking and forming of chemical bonds. The
electrocatalysts are usually heterogeneous catalysts (solid phase), which means that the reactions
take place on the surface of the catalyst and the adsorption/desorption of reaction intermediate
steps on the surface of the electrocatalyst. The electrocatalyst typically functions as the interface

between the electrode and electrolyte medium or as the electrode itself. Redox reactions such as
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OER, ORR, HER, and others occur at the electrodes of energy storage devices. HER, ORR, and
OER are integral to the development of clean and sustainable energy technologies, including
water-splitting devices, transition metal-air batteries (MABs), and fuel cells. However, these
electrochemical processes face several challenges[29]. Electrocatalysts play a key role in
enhancing reaction rates, such as improving oxygen reduction in fuel cells for energy conversion,
oxygen evolution in transition metal-air batteries for energy storage, and hydrogen evolution in
water splitting for hydrogen fuel production. Noble metals like Ir (iridium), Pd (palladium), Pt
(platinum), and metal oxides are often used as electrocatalysts in these processes[30,31]. However,
electrocatalysts based on noble metals present several issues, including susceptibility to gas
poisoning, poor stability, high cost, limited selectivity, and scarce availability, all of which hinder
the commercialization of these energy technologies[32,33]. To reduce the reliance on expensive
metals and their oxides, researchers have focused on developing metal-free and Pt-free catalysts
that are efficient for Oz reduction reactions, Oz evolution reactions, hydrogen evolution reactions
(HER), and other electrochemical processes. The key characteristics of ideal electrocatalysts
include (1) high catalytic activity, (2) large surface area, (3) excellent electrical conductivity, (4)

long-term stability, and (5) cost-effectiveness with durability.

In this thesis, the main focus will be on the design and development of efficient and
effective electrocatalysts for electrochemical ORR at the cathode of the fuel cell. Here, the
electrocatalytic reactions are studied based on the Langmuir-Hinshelwood mechanism (L-H) and
Eley—Rideal (ER) reaction mechanisms[34,35]. We basically focused on the transition metal

dichalcogenides (TMDs) and carbon-based electrocatalysts for the oxygen reduction reaction.

1.8 Advancements in Electrocatalysts for Oxygen Reduction Reaction: The continued reliance
on conventional fuels, particularly in transportation and power generation, is driving harmful
climate change due to greenhouse gas emissions. To address this, high-capacity energy sources
such as metal-air batteries and fuel cells have been developed to meet the growing demand for
clean energy in transportation applications as well as the usage of renewable energies. The future
of green energy calls for the development of efficient renewable energy conversion and storage
devices. The fuel cells can convert chemical energy into electricity and are regarded as one of the
most promising energy technologies. However, achieving optimal practical efficiency and

widespread commercial applications of the fuel cells is challenging due to the slow kinetics of the
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ORR at the cathode of the fuel cells. The difficulty of oxygen reduction is due to the particularly
high energy of the O=0 bond (498 KJ/mole) and the kinetically slow activation. At present,
precious platinum (Pt) is the most efficient electrocatalyst with prominent high activity. However,
the scaling up of the Pt electrocatalysts-based fuel cells faces some major challenges, including
scarcity, susceptibility to carbon monoxide poisoning, and exorbitant cost of the Pt noble metal
electrocatalyst[36—38]. To achieve optimal fuel cell performance, significant focus has been placed
on improving the slow kinetics of the ORR at the cathode, which necessitates nearly eight times
more Pt loading (~0.4 mg/cm™) compared to the anode of the fuel cell[39,40]. Since Pt is a scarce
and expensive metal, extensive research has been focused on reducing its usage in the cathode or
finding a cost-effective, abundant, and efficient alternative to replace it entirely to enable the large-
scale application of fuel cells. A facile and effective way is to form alloys and compounds of
precious metals with Pt group metals and other metals to reduce the loading of the precious Pt
metal without compromising the catalytic activity of the electrocatalysts[41,42]. Cui et al.
represented the Pt alloys, namely PtsM alloys (M= Ni, Co, Fe, V, Ti, Sc) supported on O-doped
graphene, showing high ORR activity with a significantly lower precious Pt metal loading[43].
Sun et al. studied the catalytic activity of the Pt-Cu alloys toward ORR through experimental and
theoretical methods. They reported that Pt-Cu alloys have shown an enhanced ORR activity than
the commercial benchmark Pt/C electrocatalyst[44]. Duan et al. proposed that hierarchical
nanoporous PtTi alloys exhibit excellent electrocatalytic performance for ORR[45]. Wang et al.
developed FePt alloys with experimental and DFT methods and they reported the excellent
catalytic activity of the FePt toward ORR[46]. In this series, numerous Pt alloys with Pt group and
other metals electrocatalysts have been investigated as ORR through the combination of theory
and experiment[47-49]. Furthermore, metal oxides, nitrides, carbides, and sulfides have been
extensively studied as electrocatalysts for ORR and demonstrated excellent electrocatalytic
activity towards ORR[50-54]. However, all the metal-based electrocatalysts are interlinked with
some serious challenges, including their high cost, insufficient stability, and scarcity in the earth’s
crust, which are critical barriers to large-scale practical applications. To realize the large-scale
applications of renewable energy, it is significant to explore and develop an earth-abundant, cheap,
highly stable, and highly active electrocatalyst for ORR. Since the discovery of graphene, various
2D materials have been synthesized experimentally and theoretically studied their properties with

the applications. Moreover, they are widely used in different fields, such as catalysts,
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electrochemical energy storage devices, photocatalysis, electronics, optoelectronics, spintronics,
and so on[55,56]. The 2D graphene-based materials have attracted significant interest as effective
ORR catalysts due to their excellent conductivity, affordability, and large surface area[57]. In
addition, other carbon-based heterostructures with high electronic conductivity and uniformly
distributed active sites have been extensively studied as potential ORR electrocatalysts[58].
Building on the success of graphene, there has been growing exploration of other 2D materials,
such as 2D metal-organic frameworks (MOFs), 2D covalent organic frameworks (COFs),
hexagonal boron nitrides, MXenes, and 2D transition metal dichalcogenides (TMDs) for their
potential usage as ORR electrocatalysts[56]. In the past few years, 2D TMDs have represented a
promising candidate for electrocatalysis due to their vast properties and their capabilities to accept
electrons and protons. Several applications, such as solar cells, electronics, biomass,
electrocatalysis, and batteries, have emerged due to the extensive range of properties of the
TMDs[59]. Various 2D TMDs have been synthesized experimentally and theoretically and studied
as an application of electrocatalysts for various electrochemical reactions, such as HER and ORR,
due to various superior properties such as high thermal stability, high oxidative resistance, earth
abundance, and unique electronic structure[59]. MoS: is one of the rising TMDs in the quest for
an alternative electrocatalyst for electrochemical reactions. Jaramillo et al. determined the active
site and catalytic activity of the MoSz towards ORR and proposed that the electrocatalytic activity
measurements for HER correlated linearly with the number of edge sites on the MoS;
electrocatalysts[60]. Tsai investigated various layered TMDs electrocatalysts using density
functional theory (DFT) and reported that the optimal hydrogen binding is not achievable for stable
basal planes, whereas it is possible for the edge sites of the TMDs[61]. Tiaet al. performed
systematic DFT calculations to examine the ORR performance of a series of sulfur-based TMDs
(TM =Ti, Zr, Hf, V, Nb, Ta, W, Re, and Pt) in different phase structures (2H, 1T and 1T°)[62]. It
is found that the surface S layers (basal plane) of pristine TMDs are catalytically inactive for the
ORR and are limited by weak O activation. Both experimental and theoretical studies have
demonstrated that only the edge side of the 2D TMDs possesses high electrocatalytic activity
toward electrochemical reactions, while the basal plane of defect-free TMDs is catalytically inert.
In other words, edges of TMDs have shown to be catalytic active unless flakes of small sizes are
used, and their concentrations are naturally relatively low[62,63]. Thus, the possible activation of

the basal plane of TMDs has been created to increase the electrocatalytic activity of the 2D TMDs
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by various strategies such as defect engineering, doping engineering, phase engineering,
heterostructure, strain engineering, and so on[64]. Doping stands out as one of the most effective
strategies for modifying the structure and enhancing the catalytic activity of TMD electrocatalysts.
The introduction of dopant atoms often induces spin density redistribution, leading to changes in
the adsorption behavior of O2 and reaction intermediates. This, in turn, enhances the efficiency of
the ORR near the dopant atoms on the material’s surface. For instance, Xio et al. theoretically
demonstrated that Co/Ni-doped 2H-MoS, functions as exceptional ORR electrocatalysts by
effectively activating O2[65]. Experimentally, Pumera et al. showed that Fe and Mn doping on
MoS; improved its catalytic performance for ORR[65]. Zhang et al. revealed that the ORR activity
of N and P-doped MoS: monolayer originated from spin density changes introduced by the dopant
atoms[65].

Along the line of exploration of inexpensive electrocatalysts, carbon-based materials are
another active area of modern electrocatalytic science. In particular, graphene and carbon
nanotubes (CNTs) have garnered significant attention for ORR applications due to their
outstanding electronic conductivity, large specific surface area, and excellent thermal and
mechanical properties[66]. Remarkably, integrating heteroatoms and metal clusters into these
carbon-based materials can significantly boost their ORR performance by modulating O>
adsorption, refining catalytic sites, and optimizing the reaction mechanism of the catalyst[67]. Jiao
et al. predicted the electrocatalytic performance of a series of graphene doped with nonmetal
elements. They synthesized and predicted the ORR performance of graphene doped with N, B, O,
S, and P with the help of experimental and theoretical data. This combined experimental and
theoretical study revealed that the electrocatalytic performance of the non-metal-doped graphene
is comparable with or much better than that of the state-of-the-art Pt catalysts[68]. Recent studies
have demonstrated that nitrogen-coordinated transition metals, such as Mn, Fe, and Co,
incorporated into graphene exhibit significant ORR catalytic activity[69]. Liu et al. reported that
the Fe/N-doped graphene offers promising catalytic properties for ORR[70]. Yu et al. successfully
synthesized both undoped and nitrogen-doped single-wall carbon nanotubes (N-SWCNT) using
straightforward plasma techniques. Their findings revealed that N-SWCNT displayed excellent
electrocatalytic activity for ORR in acidic solutions, with a notable reduction in overpotential
compared to undoped CNTs, achieving a value of around 0.52[71]. Furthermore, recent research

has shown that heteroatom doping with elements such as N, O, B, S, and P into CNTs induces
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charge redistribution on their surface, thereby significantly enhancing their ORR performance
[72]. Recently, the use of non-precious metal clusters encapsulated within carbon nanotubes as
ORR electrocatalysts has gained intense attention because of the comparable catalytic activity to
the Pt-based catalysts but also because of its long-term durability in electrochemical reaction
environments. In this kind of electrocatalyst, the encapsulated metal cluster can activate O on the
outer carbon surface while the encapsulated metal clusters are protected by the carbon layer from
being leached in the electrochemical reaction environment[73]. Wang et al. synthesized nitrogen-
doped CNT encapsulated Co nanoparticle (Co@N-CNT) and studied the electrocatalytic activity
of the Co@N-CNT. They demonstrated that the Co@N-CNT exhibits good electrocatalytic
activity and high stability towards ORR in both alkaline and acidic solutions[74]. Liu et al.
described the synthesis of transition metal (Fe, Co, and Ni) nanoparticles encapsulated within
nitrogen-doped carbon nanotubes (M/N-CNT, where M = Fe, Co, Ni) through a solid-state thermal
reaction. They highlighted the application of these materials as electrocatalysts for both ORR and
OER. The optimized Co/N-CNT -catalyst demonstrated outstanding bifunctional catalytic
performance for ORR and OER, showcasing high efficiency, excellent selectivity, and remarkable
long-term durability[75]. Furthermore, Deng et al. designed Fe nanoparticle encapsulated CNT
and studied its catalytic activity towards ORR through experimental and theoretical calculations.
They demonstrated that the electron transfer from the Fe particle to the CNT activated the CNT

for ORR and possessed a good electrocatalytic activity towards ORR[76].

In this endeavor, a vast number of 2D TMDs and carbon-based materials have been
investigated for the ORR. Although tremendous progress has been made in the field of TMDs and
carbon-based materials electrocatalysts, in terms of knowledge, we are quite lagging in the
practical uses of the cost-effective electrocatalyst. A clear understanding of the fundamental
properties of materials can assist us in accelerating the functionality of the designed catalysts.
Given the continued interest in TMDs and carbon-based materials for electrocatalytic applications
such as ORR, it is important to make a depth profile analysis of the electrocatalytic behavior of
the 2D TMDs and carbon-based materials family and explore effective strategies to modulate the
catalytic activity of the 2D TMDs and carbon-based materials. In practice, the ORR
electrochemical reaction is performed at the surface of the materials. In the present thesis work,
we have mainly explored some interesting 2D TMD surfaces and carbon-based materials and their

properties and electrocatalytic activity by modulating their structure strategically. Furthermore, we
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explored the electrochemical ORR mechanism and gained the adsorption and desorption process
of the reactants, intermediate reaction species, and product during the ORR using the first principle

DFT-based methods.

1.9 Transition Metal Dichalcogenides (TMDs): The TMDs lie in the domain of the two-
dimensional van der Waals materials (vdW). TMDs represent a category of compounds
characterized by the chemical formula MX>, where the transition metal is denoted by M, hails from
group IV (such as Ti, Zr, Hf, and so on) or group V (Ta, V, so on ) or group VI (Mo, W, so on),
while X designated the chalcogenides atoms (Se, S, Te, so on). The TMDs are the layered material,
and in the composition of these crystals, a single layer is composed of transition metal (M) atoms
positioned between two layers of the chalcogen atoms (X), creating an X-M-X configuration. The
atoms within the layer are bonded by covalent bonds, whereas the connection between the adjacent
layers is facilitated by comparatively weaker van der Waals interactions to form bulk crystals. The
interlayer coupling through the weak vdW interactions demonstrates a notable ease of mechanical
exploitation into the monolayer. On the other hand, the covalent bond between the M and X atoms
within the same plane significantly contributes to the mechanical strength of the TMD crystals[ 77—
79].

To differentiate the polytype of layered TMDs materials, an adapted version of Ramsdell’s
convention, introduced in 1963, has gained prominence and earned endorsement for “International
Union of Crystallography (IUCr)”. The TMDs are classified into multiple phases by the stacking
sequence of the X-M-X layer and the metal coordination with the chalcogen atoms. The most
common stable polytype phases of the layered TMDs are the 2H-MX;, 1T-MX>, and 3R-MX»
phases, as represented in Figure 1.6a-c. In this nomenclature, the first number signifies the number
of X-M-X layers required to describe the primitive unit cell and latter defines the symmetry (e.g.,
trigonal (T), hexagonal (H), and rhombohedral (R)) of the TMD[79-81]. In each case, transition

metal atoms are coordinated six-fold by chalcogen atoms.

(a) 2H-MX; Phase: In this phase of TMDs, two layers of the X-M-X are used to constitute a unit
cell, and H represents the hexagonal symmetry, with the upper and lower chalcogen triangles
identical in orientation and does not have inversion symmetry as highlighted in Figure 1.6a. In the

2H phase, the transition metal is coordinated with six chalcogen atoms in a trigonal prismatic
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Figure 1.6. Schematic of metal coordination in different phases (a) 2H phase, (b) 1T phase, (c) 3R phase of transition metal
dichacogenides material and the top view of layer stacking sequence in (d) 2H phase, (e) 1T phase, (f) 3R phase and side view of
layer stacking sequence in (g) 2H phase, (h) 1T phase, and (i) 3R phase of transition metal dichacogenides materials.

arrangement. This phase can exist in two variations with distinct stacking sequences: 2Ha, which
follows an AbA CbC stacking pattern, and 2H., which exhibits a CaC and AcA stacking
configuration, where uppercase letters denote chalcogen atoms and lowercase letters represent
metal atoms. In the 2H. sequence, a metal atom is positioned directly above the atom in the
subsequent layer. In contrast, in the 2H. arrangement, each metal atom is aligned above two
chalcogen atoms from the layer below, as illustrated in Figure 1.6g. The top view of the 2H phase
TMDs has been illustrated in Figure 1.6d. The MoS,, MoSe,, WS>, WSe etc., are the key examples
of the 2H phase of the TMDs[79-81].

(b) 1'T-MX; Phase: This phase consists of one layer of X-M-X to form the unit cell of this phase

of TMDs and has a trigonal symmetry. In this phase, the lower triangle of the chalcogen atoms is
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inverted with respect to the upper triangle of the chalcogen atoms, which then has an inverted
symmetry, as highlighted by a line in Figure 1.6b. The transition metal (TM) atom is octahedrally
coordinated with six chalcogen atoms in the 1T phase of the TMDs, as shown in Figure 1.6b. This
phase follows the AbC stacking sequence in the X-M-X layer where uppercase represents the
chalcogen atoms and lowercase represents the transition metal atom. Within the layer, the
chalcogens in the two sheets occupy different positions (A and C), as shown in Figure 1.6h. The

ZrSy, Z1Ses, and TaS; are a few examples of the 1T phase of the TMDs[79-81].

(c) 3R-MX; Phase: This is the third popular polytype of TMDs and contains three X-M-X layers
per unit cell stack in the rhombohedral symmetry. In 3R phase TMDs, the transition metal atom
coordinated with six chalcogen atoms in a trigonal prismatic fashion, as highlighted in Figure 1.6c.
The 3R phase has the stacking sequence AbA CaC BaB, where the upper case represents the
chalcogen atom and the lower case represents the transition metal atom. In the 3R phase, all the
monolayers are oriented parallel to each other, unlike the 2H phase of the TMDs, as shown in
Figure 1.61[79-81].In TMDs, the Bravais lattice is hexagonal, as in the graphene, with a; and a;
being the in-plane primitive unit vectors, as shown in Figure 1.7a. Consequently, the first Brillouin
zone is also hexagonal, with b; and b, in-plane reciprocal primitive unit vectors. The first Brillouin
zone of the monolayer is shown by a dotted area in Figure 1.7b, showing the high symmetry points

T, M, K, I'[82,83].

1.10 Electronic Properties of TMDs: The electronic properties of TMDs (MX3) are influenced
by their elemental composition and the coordination of the transition metal (M) with the chalcogen
atoms (X). The transition metals in MX; typically exhibit either octahedral or trigonal prismatic
coordination. The energy levels of the atomic orbitals in these materials lead to the formation of
bonding and antibonding bands from the interactions between the chalcogen and metal atoms. In
contrast, the d states are not significantly impacted by the M-X interaction and reside between the
bonding and antibonding levels. In particular, the electronic properties of TMDs are defined by
the non-bonding d-orbitals of the transition metal atom lying between bonding and antibonding
orbitals of M-X. The octahedral coordination in the 1T phase of the TMDs leads to dz2, dx*-y? (e,)
(two-fold) and dxy, dyz, dzx (t2¢) (three-fold) crystal field splitting of the d-orbital of transition metal
as shown in Figure 1.7e-f. In contrast, for the 2H phase, crystal field splitting of the d-orbitals leads

to the formation of the d.?, dxy, dx*y* (two-fold), and dxz, dy, (two-fold) under the trigonal prismatic
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crystal field splitting as represented in Figure 1.7¢-d[79,80]. Based on the occupancy of the d
orbitals, TMDs can possess either semiconducting or metallic characteristics. The 1T phase
generally shows metallic characteristics, while the 2H phase of the TMDs shows semiconducting
behavior. Group 4 TMDs (defined as d0 transition metal) tend to favor the 1T phase, while both
octahedral and trigonal prismatic phases are observed in group 5 TMDs (d'). Group 6 TMDs (d?)
primarily adopt the 2H geometry, and group 7 TMDs (d?) typically exhibit a distorted octahedral
structure. Group 10 TMDs (d®) generally form an octahedral structure[79,80].

1.11 Key Advantages of TMDs for Oxygen Electrocatalytic Reactions: The 2D monolayer
TMDs have been synthesized using techniques like liquid exfoliation, micromechanical cleavage,
and sulfurization of suitable materials via chemical vapor depositions on various substrates. The
2D monolayer exhibits many distinctive properties than their bulk counterpart, which makes them
a potential candidate as an electrocatalyst for electrochemical reactions (ORR). The 2D TMDs

have the following properties:

(1) The Layered Structure and Excellent Stability: In layered TMDs bulk materials, the
structural arrangements involve numerous covalently bonded 2D planes interlinked by relatively
weak van der Waals forces. When subjected to a small external force, these van der Waals
interactions can be easily surpassed, leading to material fracture and perception of weakness. On
the other hand, the 2D monolayer TMDs have only strong in-plane bonding, contributing to the
overall strength of the 2D monolayer TMDs at the atomic scale. Thus, stable monolayer TMDs
electrocatalysts are more likely to have a longer lifespan and exhibit sustained electrocatalytic

activity.

(2) Higher Surface-to-Volume Ratio: The surface area-to-volume ratio of a material plays a
significant role in determining its exposure to the surrounding environment. This ratio holds
particular importance because the surface of the catalyst takes part in the electron transfer,
intermediate species adsorptions, and catalytic activation. This enhancement exposes a greater
number of surface atoms to reaction species, elevating the likelihood of active sites engaging with
the reaction intermediate species. Thus, increased contact between material surface and reactants
accelerates reaction rates, rendering 2D materials inherently more reactive as compared to their

bulk counterpart. This ratio in TMDs increases as the atomic layer number decreases; thus, this
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Figure 1.7. The representation of (a) the hexagonal lattice vectors in ordinal coordinates, (b) the first Brillouin zone of the
hexagonal lattice, (c) metal coordination in the 2H phase, (d) the crystal field splitting of d orbitals in the 2H phase, (e) metal
coordination in 1T phase, and (f) the crystal field splitting of d orbitals in 2H phase.

ratio attains a maximum at the monolayer configuration of TMDs. Thus, the high surface-to-
volume ratio of 2D monolayer TMDs makes them potential candidates for maximizing catalytic

efficiency for electrochemical reactions.

(3) Excellent Charge Transport and Conductivity: The efficiency of the electrocatalyst is
equally influenced by the electron dynamics among the active site, electrode, and electrochemical
reaction species. The 2D monolayer TMDs mostly possess semiconducting and metallic
characteristics. This high conducting nature of the 2D monolayer TMDs increases the electron
transfer during the electrochemical reaction process. This property thus minimizes the energy

losses and maximizes the overall efficiency of the electrocatalytic 2D monolayer TMDs material.

23



Chapter 1: Foundations of Electrocatalysis: Mechanisms, Materials, and Strategies

Layered structure
and
excellent stability

Higher surface
to

Properties 5
volume ratio

of
2D materials

Good charge
transport
and conductivity

Figure 1.8. Illustration of the suitable properties of the 2D materials, which makes them a promising candidate for ORR

electrocatalysts.

(4) Tunable Structural, Electronic, and Catalytic Properties: The 2D monolayer TMDs offer
excellent opportunities to adjust material properties for achieving the desired activity, selectivity,
and electronic structure for particular electrochemical reactions. It is important to highlight here
that the basal plane of most 2D monolayer TMDs catalysts exhibits catalytic inertness in most
electrochemical reactions, and the edges are catalytic active. However, this characteristic does not
undermine the merit of 2D TMDs because the electrocatalytic activity of these materials can be

tuned through different methodologies, including doping, strain engineering, intercalation, defect
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engineering, alloying, and so forth. The important properties of the TMDs, which make them

suitable candidates as electrocatalysts for ORR, have been summarized in Figure 1.8.

1.12 Carbon Nanotubes (CNTs): The discovery of carbon nanotubes has been a topic of ongoing
debate regarding its true origins. In 1952, two distinguished researchers, Redushkevich and
Lukyanovich, published a clear image showing 50 carbon nanotubes in the Journal of Chemistry
in the Soviet Union. Later, in 1979, John Abrahamson provided further evidence for the existence
of carbon nanotubes in the 14" biennial carbon conference held at Pennsylvania State University,
USA[84]. Although there was a large number of evidence of the existence of carbon nanotubes,
the excitement associated with the carbon nanotube was created by Sumio Lijima in 1991 through
his literature attributed to the discovery of hollow, nanometer-sized tubes composed of graphite
carbon. Lijima reported multi-walled carbon nanotubes in the insoluble arc-burning graphite rods,
followed by their single-wall counterparts. Iijima is recognized for the discovery of carbon
nanotubes, as his findings in 1991 brought global attention to their existence, inspiring the
scientific community[85]. His work sparked significant interest in carbon nanotubes, which have
since been explored for various applications owing to their outstanding mechanical and
electrochemical properties. Today, carbon nanotubes continue to present a broad range of potential

applications.

A carbon nanotube can be conceptualized as a graphene sheet or multiple graphene sheets rolled
into a cylindrical shape, as illustrated in Figure 1.9a-d. These nanotubes consist of a highly
organized network of sp? hybridized carbon atoms arranged in hexagonal patterns, with each
carbon atom forming covalent bonds with three neighboring carbon atoms as depicted in Figure
1.9b. The carbon nanotube can be classified based on two criteria: (1) based on the number of

cylindrical wall layers and (2) based on the chirality[86].

(1) Based on the Number of Layers: CNTs can be classified based on the number of graphene

layers they contain. Here are the primary classifications:

(a) Single-Wall Carbon Nanotube: The structure of a single-wall carbon nanotube can be
visualized as a rolled tubular sheet of graphite layer (called graphene layer), or we can say carbon
nanotube made up by rolling a graphene layer into a seamless cylinder as shown in Figure 1.9c.

The diameter of the single-wall carbon nanotube typically ranges from 0.4 nm to 3 nm.
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(b) Multiwall Carbon Nanotubes: The multiwall carbon nanotube consists of multiple layers of
graphene sheet rolled up into concentric cylinders, as represented in Figure 1.9d. The multiwall

Hexagon
()_.

Carbon atom /

Carbon atom

Single-wall carbon nanotube Multi-wall carbon nanotube

Figure 1.9. Schematic representation of (a) graphite sheet, (b) carbon nanotube made up by rolling the graphite sheet, (c) single

wall carbon nanotube, (d) multi-wall carbon nanotube.

carbon nanotube can have a diameter ranging from a few nanometers to several tens of nanometers.

(2) Based on the Chirality: In this criterion of the classification, the type of carbon nanotubes
depends on how the graphene sheet is oriented on rolling. This can be specified by a vector called
a chiral vector, which defines how the is rolled up. Figure 1.10a shows a graphene layer, where
the basis vectors of the graphene sheet a; and a, are represented with the inter angle of 60°. The
chiral vector is determined by the two integers (n,m). For a carbon nanotube of given chiral indices

(n,m), its chiral vector is:

¢ = (n,m) = na; + ma,
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1
Which has a magnitude ¢ = ag(n? + m? + nm)z and defines the circumference of the carbon

nanotube. The diameter d of the carbon nanotube is

a
d= =?O\/n2+m2+nm

The direction of the carbon nanotube axis is perpendicular to the chiral vector, as shown in Figure

1.10a, represented by T. The chiral vector has to be a lattice vector of the graphene. Three types
of nanotube structures are considered by rolling a graphene sheet with different orientations about

the axis as follows:

(a) The Armchair Structure: Armchair nanotubes have (n,n), meaning that the integers n and m
are equal. The name armchair comes from the appearance of the edge of the nanotubes, which
resembles the shape of the armchair, as shown in Figure 1.10b. These nanotubes possess metallic

character and have the chiral vector ¢ = n(a; + a).

(b) Zig-Zag Structure: The Zig-zag nanotube has the form (n,0) or (0,m), indicating that one of
the integers is zero. The name zig-zag comes from the edge pattern of nanotubes, which looks like
a zig-zag, as shown in Figure 1.10c. The zig-zag nanotubes can either be metallic or
semiconducting, depending on the structure. The chiral vector of the zig-zag nanotube is ¢ = na;

for (n,0) or ¢ = ma, for (0,m).

(c¢) Chiral Structure: Chiral carbon nanotubes have the form (n,m), where (n#m) and m#0. The
chiral nanotube exhibits a helical structure that does not fall into the categories of armchair or zig-
zag. Chiral nanotubes can also be either metallic or semiconducting, depending on the values of

the n and m. The chiral vector for the carbon nanotube is
¢ =na; + ma,

The representation of a chiral carbon nanotube has been shown in Figure 1.10d. Understanding the
chirality of carbon nanotubes is essential for tailoring their properties for specific appreciations.
We have employed the (6,6) carbon nanotube in this thesis to understand the electrocatalytic

activity of the carbon nanotubes toward ORR.
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1.13 Key Advantages of CNTs for Oxygen Electrocatalytic Reactions: Carbon nanotubes have

several properties that make them sightly suitable for use as electrocatalysts, especially in

applications such as ORR.

X Armchair
» carbon nanotube

Zig-zag
& carbon nanotube

Armchair

e Chiral
Carbon atom Graphene sheet

\ P~ & carbon nanotube

Figure 1.10. Representation of (a) chiral vector and the depiction of (b) armchair, (c) zig-zag, and (d) chiral single wall carbon

nanotube.

(1) High Electronic Conductivity: The CNTs have excellent electronic conductivity due to their
unique electronic structure. The continuous sp>-hybridized carbon structure brings CNTs excellent
electrical conductivity of over 1 x 103 Sm™!. The sp? hybridization of carbon atoms in CNTs results
in delocalized & electrons, which facilitate efficient electron transfer. CNTs with particular
combinations of the n and m can be semiconducting or metallic. Armchair nanotubes are metallic,
while others can be metallic and semiconducting. This property is crucial for electrocatalysts, as it

ensures that electrons can move quickly to the active sites where the catalytic reaction occurs[87].

(2) Large Surface Area: The unique tubular structure of CNTs endows them with an
exceptionally high surface area, with single-wall CNTs theoretically achieving 1315 m?*/g. This

large surface area provides abundant active sites for catalytic reaction, allowing for greater
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interaction between the catalyst and reactants. Additionally, it enhances the loading capacity for

catalytic materials like metal or metal oxides, improving overall catalytic performance[88].

(3) Exceptional Mechanical, Thermal, and Chemical Stability: The sp?> C-C covalent bond
found in the hexagonal lattice of graphite is regarded as one of the strongest chemical bonds in
nature. Consequently, CNTs, made entirely of carbon atoms by wrapping graphene sheets into
cylindrical structures, are expected to exhibit extraordinary mechanical properties. Both theoretical
and experimental studies have demonstrated that CNTs possess an exceptionally high elastic
modulus exceeding 1 TPa (compared to diamond’s 1.2 TPa) and are reported to be 10 to 100 times
stronger than the strongest steel while being much lighter. CNTs also exhibit outstanding thermal
stability, with the ability to withstand temperatures as high as 7500°C under normal conditions and
2800°C in a vacuum. Additionally, they serve as excellent thermal conductors due to the strength
of their atomic bonds. CNTs, with a graphitized closed structure, have minimal dangling bonds
and defects, granting them excellent stability and corrosion resistance in various electrolytes.
These exceptional properties of CNTs maintain their structure integrity under harsh
electrochemical conditions and physical stresses, contributing to long-term stability and

durability[89].

(4) Facile Functionalization: Despite CNTs’s exceptional properties, the defect-free CNTs with
homogenous II electron cloud are inert for ORR. The surface of the CNTs does not have much
electrochemical activity toward electrochemical reactions. The modification of CNTs with other
materials makes them the ultimate candidate as an efficient electrocatalyst for electrochemical
reactions such as ORR. The properties of CNTs can be adjusted through both covalent and
noncovalent modifications, including doping with heteroatoms like nitrogen and sulfur, attaching
functional groups, encapsulating metal clusters, and adsorbing molecules. These modifications do
not significantly alter the structural integrity of the CNTs, allow for the fine-tuning of their

electronic properties, and further enhance the overall catalytic performance and selectivity[90].
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CHAPTER

Theoretical Methods and Computational

Frameworks

his chapter provides a comprehensive exploration of the advanced computational

methodologies and theoretical frameworks employed in the multiscale modeling of

electrocatalytic materials. The chapter elaborates on the methods used to simulate
and predict the properties and performance of electrocatalytic materials, emphasizing the
integration of first principle electronic structural methods. The Hartree potential and Hartree-
Fock approximations are explored, highlighting iterative self-consistent field (SCF) methods and
the role of spin-orbitals (SO) in considering exchange interactions and electron spin. Additionally,
the chapter discusses about the Density Functional Theory (DFT) methods, emphasizing the
Hohenberg-Kohn theorems, the significance of electron density as a function, and the Kohn-Sham
equations that revolutionized computational chemistry. The chapter includes a comprehensive
discussion on theoretical descriptors and theoretical models for catalytic surfaces, such as cluster
and periodic slab models, to provide insights into catalytic activity and material properties. This
chapter provides an overview of the CRYSTAL17 suite code, a sophisticated tool designed for ab
initio electronic structure calculations of crystalline solids and periodic systems. The chapter
meticulously details the input script of CRYSTALI17, which contains different blocks, specific
keywords, and numerical parameters to control the type of calculations. Additionally, we
incorporate the importance of basis sets, highlighting their critical role in defining electronic
wavefunctions and ensuring precise simulations, with particular emphasis on optimized sets for
periodic systems. Furthermore, we discuss the geometry optimization process, which is crucial for

determining the most stable structure of materials. Finally we describe the instruments used in our
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computational studies and theoretical findings.

2.1 Multiscale Modeling: Computational science is a branch of science whose major goal is to
describe a certain system by creating equations with the help of mathematical approximations and
investigate the desired properties of the system from the computer programs from the more or less
exact model of the particular system. In short, the computer tries to imitate the real system, and
computer simulations are driven by mathematical models. Computer simulations based on certain
theoretical and mathematical descriptions can be compared with the measurements of real systems
to evaluate theory and experiments. One can test the accuracy of the theory and support the
findings of experiments by performing simulations on the same system. Moreover, computational
techniques complement the experimental techniques in different ways. For example, extreme
conditions that are hard or even impossible to prepare in a laboratory, such as very high
temperatures and pressure, can be tested in computer simulations. Computational methods offer a
viable alternative for studying unstable compounds that are difficult or risky to examine
experimentally. While simulations may have certain limitations, they are typically more cost-
effective and time-efficient than experimental approaches. They can provide valuable predictions
regarding the properties, performance, and behavior of a system under various conditions.
Currently, these techniques are extensively used in diverse fields, including physics, chemistry,
materials science, biology, medicine, and mathematics, as well as economics, psychology, social

sciences, and engineering.

Physical phenomena that dictate material properties and processes inherently occur across various
length and time scales, each characterized by different levels of complexity. The time scale refers
to the duration required for a phenomenon to respond to specific external conditions, while the
length scale pertains to the size of the objects involved in the process. Multiscale modeling
involves developing a mathematical framework that breaks a complex problem into a series of
interconnected subproblems across different scales. These scales can be organized based on the
characteristics of systems and the intended application of the model. Essentially, multiscale
modeling seeks to predict material properties and system behavior at one level by integrating
information or models from different lengths and time scales. Figure 2.1 illustrates the connection
between macroscale, mesoscale, and microscale computational approaches across various length

and time scales. In material simulations, four key characteristics of length scales can be identified
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Figure 2.1. Illustration of multiscale modeling, which provides a fundamental insight into different categories of methods to design

the materials and study material information available from distinct lengths and time scales.

and distinguished as follows[1,2]:

(1) The quantum scale (~ 10® m to a few nanometers): At this scale, electrons dominate as the key
players, with interactions between electrons and protons being central. To treat the electrons
explicitly, many-body structural theories, Density Functional Theory (DFT), and quantum

chemistry methods are used.

(2) The atomic scale (~ 10° m to a few micrometers): This scale focuses on atoms and clusters of
atoms, where their interactions are described by classical interatomic potentials. For the atomic
scale, molecular dynamics (MD) and Monte Carlo (MC) simulations are usually performed

employing classical interatomic potential.

(3) The mesoscopic scale (~ 10 m to hundreds of micrometers): In this scale, lattice defects such

as dislocations, grain boundaries, and other microstructural elements are the players. On the
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mesoscopic scale, lattice kinetic Monte Carlo (KMC) and mean field microkinetic modeling

methods are used to find the average dynamic properties.

(4) The macroscopic scale (~ 10 m to centimeters and beyond): This scale addresses phenomena
like flow, mass transfer, and heat transfer. It involves continuum fields such as density, velocity,
temperature, displacement, and stress. The finite element (FE) method is widely employed to study
the large-scale elastic properties of materials, while continuum Navier-Stokes and phase-field

equations are used for fluid dynamics analysis.

Before initiating the simulation, it is crucial to identify the specific phenomena and
properties of interest. This ensures that the chosen model is appropriately tailored to address the
problem at hand. In this present thesis, the first principle electronic structural methods are used for

calculations and design of electrocatalytic material for the ORR.

2.2 Methods: Materials are made up of electrons and nuclei, with their properties at the nanoscale
governed by the principles of quantum mechanics. In this framework, the behavior of quantum
particles is described by the non-relativistic Schrodinger equation. The state of a quantum system
is represented by the wavefunction Y (ry, 75, o oo oot 75, .. R, Ry e e . Ry ), where r; and
R, are the position of the i electron and I nucleus. While the wavefunction v itself has no direct
physical interpretation, its square, |Y(ry, 7y, v ceee 75,0 Ry, Ry v e e Ry ... ... )|? defines the
probability of simultaneously finding electron number 1 at point r;, electron number 2 at point 7,
and so on. For the system having only one electron |1 (r)|?dr determines the probability of finding

the electron in the volume dr at the point r.

Here, we are interested in the time-independent Schrodinger’s equation and the solution of the
time-independent Schrodinger’s equation. For a many-body system the solution of the
Schrédinger’s equation gives the information about the physical and chemical properties at the
nanoscale range. The time-independent Schrédinger’s equation of a system having N electrons and

M nucleus can be expressed as,
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M
_Z h? V2 — Z Z e’ ZIZ]
2m, 2M, "2 L, |r —] T2 Liame, |R, — R/|

Z e? Z _ .
i

where 1 represents the many body wavefunctions, h, m,, and M;, are the Plank constants, masses

of the electrons, and masses of the nucleus, respectively.

. h? o
First term: — Y,V JVL-Z represents the kinetic energy of the n electrons.
e
h? o .
Second term: — Y/ Y7 V# represents the kinetic energy of the M nuclei.
1

Third term: Z

] areq fror] represents the Coulomb repulsion between electrons. The factor half
(UNER

is included in order to count only one contribution per pair.

€2

Fourth term: 21#4”6 2
0

|R1=Ry|

represents the Coulomb repulsion between nuclei. The factor half
is included in order to count only one contribution per pair.

e2

Fifth term: — YNM represents the Colomb attraction between the electron and nuclei.

4meq |1 R1|

The Equation (1) in the atomic unit can be expressed as,

) NM
ZV V, z Z YAVA Z Z = Eypoporth @
2 |r —r| |R1—R]| — |1, — R, = Ltotal

i#j I+]

This form of Schrodinger’s equation is commonly applied in first-principles material modeling. In
practice, obtaining an exact solution for many-body systems is not feasible, as analytical solutions
are only possible for simpler systems, such as a hydrogen atom (H) or a single-electron system.
However, by incorporating certain approximations and assumptions, a fairly accurate description
of the total energy of the many-body system can be achieved, which enables the investigation of

the properties of the many-body system[3-5].
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2.3 Born—Oppenheimer Approximation: The Born—Oppenheimer approximation is based on
separating the dynamics of the nuclei and electrons to describe electron motion. This
approximation is grounded in the fact that the mass of the nuclei (M) is significantly larger than
that of the electrons (me) (the mass of a proton is about 1836 times higher than m. as compared to
an electron). In this approximation, electrons are treated as if they move within a fixed external
potential created by the nuclei. The nuclei are considered stationary relative to the electrons,
meaning their kinetic energy is assumed to be zero, and the interactions between them are
considered constant regardless of their configuration. Adding a constant to an operator has no
effect on the eigenstate but only shifts the eigenvalue. Using this approximation, the total
wavefunction can be expressed as a simple product of the nuclear and electronic wavefunctions.

In mathematical expressions:

Y,y e e v Ty . Ry, Ry e Ry........ )
= ?l)elec(rl,rz, v 1, R) * wnuclei(erRZ ......... RI ......... )
The electronic wavefunction Ve (11,72, e we ... T3 R) depends explicitly on the electronic

coordinates and parametrically on the nuclei coordinates. The concept of parametric dependence
means that, for different arrangements of the nuclei, ... is a different function of electronic
coordinates. The electronic Hamiltonian describes the motion of the N electrons in the field of the

M point charges can be expressed as,

N 2

N NM
X )

2 Ziijlri_rjl 7 I = Rl
From this point forward, we will focus on the electronic Hamiltonian and electronic wavefunction

as our primary concern will be the electronic problem, i.e., electronic structure theory[3—5].

2.4 The Hartree Approximations: Despite the Born-Oppenheimer approximation, obtaining an
exact solution to the Schrodinger equation is only possible for the simplest systems, such as the
hydrogen atom. The challenge arises from the need to account for 3N variables due to electron-
electron interactions. As a result, solving the N-electron system remains impractical and

necessitates additional approximations.

44



Chapter 2: Theoretical Methods and Computational Frameworks

The Hartree approximation is the simplest technique used to approximate the ground state
wavefunction of many electrons system. The Hartree approximation is an independent electron
approximation that assumes that electrons are not correlated with each other individually, and each
electron experiences an interaction with an average field representing the electrons, including
itself. This approximation of neglecting the dynamic electron correlation is called mean field
approximation. Utilizing this approximation, the wave function of many electrons system can be
described by the product of the one electron wavefunction (known as orbital ¢;(7;)). The product

of the one electron wavefunctions ¢; (r;) is called Hartree product and can be represented as:

Yt e y) = @1 (1) G2 (1) 3 (13) oo oo Dy (1) %)

The independent particle Hamiltonian can be expressed as,
1 2
Ho(r) = —5V"+ (1) ()

The density associated with each independent electron can be expressed as,

pi(r) = ()|

The total density of many-electron systems is:

N N
proca () = ) pi1) = Y 1P
i=1 i=1

However, if we want to write the density to which the k™ electron will interact, we must exclude

its own density from the total density:

Nk () = protat (") — pr(r) = [(Z Pi(ﬂ) - |¢k(7")|2] = z |¢i(7”)|2 (6)
i=1 i=1,izk

The electron density can be used to determine the electrostatic field generated by the electrons.
Suppose we need to evaluate the interaction of an electron located at point r with the electron

density of the rest of the electrons. The electrostatic potential can be written as:
N (r')
Vy(r) = | ——=dr’
W) = [
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This is called Hartree potential.

The independent particle Hamiltonian and Hartree potential term contract the one electronic

Hamiltonian and can be expressed as,

Hote = ) (Holr) + Vi ()

The Schrodinger equation for any electron system can now be written into N-independent one-

electron equations:

1
=SV 4 ) + V(0] i) = exi() ™

Where ¢; is the energy of the i'" electron, and the total energy of the many electrons system can be

expressed as,

l 1
E=Y &= (ilj)
i=1 #J

To solve the equation (7), the iterative method is used, which is called self-consistent field

approximations. The chart of the iterative method is shown in Figure 2.2.

In the beginning, we start from an approximate orbital ¢;(r). Then, the Hartree potential will be
found using the electrostatic Gauss’s or Poison’s equations. Then, we improve the orbital ¢;(r)
by solving the N Schrodinger one electron system. In the following iteration, these updated orbitals
serve as the starting point. When no further changes are observed in the orbitals between successive

iterations, we can conclude that the self-consistent field orbitals have converged[3-5].

2.5 Spin-Orbitals: We define the spatial distribution of electrons by using the spatial orbitals
¢, (r), which is the function of position vector r. However, the electrons have a spin degree of
freedom in addition to their spatial coordinates. Hence, to describe an electron, it is necessary to
specify its spin in addition to the spatial orbitals. A complete set for describing the spin of an
electron consists of two orthonormal functions noted as @(w) and S (w) i.e., spin up (1) and spin

down (). A spin-orbital (y(r)) is a wave function for an electron that describes both its spatial
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distribution and its spin. For each spatial orbital y(r), one can form two different spin orbitals by

multiplying the

-5V )| $10) = i)

1) = ) 1)1

—%W+%ﬁ0+%ﬁﬂﬁﬁﬁ=é@0)

Figure 2.2. Representation of the flow chart of Hartree iterative procedure to find the solution of the many electrons Hartree

equation.

spatial orbital by a(x) and B (x) spin function
x(r) = {¢p(r)a(w) or ¢(r)p(w)}

The spin-orbital follows the orthonormal condition [ dr)(;r (r)xi(r) = 6;j. The many electron

wavefunction in terms of the spin orbitals ( )((r)) can be written as

Y= () x2)x3(s) e xi ) x (1) oo xn ()
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This is called the Hartree product. The Hartree wave function distinguishes electron one is
occupying the spin-orbital y; and electron two is occupying y, etc. Thus, this wavefunction
violates the fact that electrons are indistinguishable. Another drawback of Hartree approximation
is that the form of the wavefunction does not hold the antisymmetric nature of the fermions. The
antisymmetric nature requires that the electronic wavefunction should change the sign with respect

to the interchange of the space and spin coordinates of any two electrons.

2.6 Hartree-Fock Approximation: In the Hartree-Fock (HF) approximation, the improvement
in energy calculations has been done by incorporating the exchange effect. In this approximation,
the product of one-electron wavefunction (spin-orbital) is replaced by the linear combination of
the spin-orbital. The many electron wavefunctions are constructed as a single Slater with a single

electron state as an element of the determinant.

xi(r)  x2(r) e an (1)
i )(1(:7‘2) Xz(:rz) XNng)
Y, Ty e Ty) = \/ﬁ
)(1(‘7'1v) Xz(.TN) XN(.rN)
Where \/% is the normalization factor. The slater determinants meet all the requirements:

(1) Satisfy the antisymmetric principle: The rows are labeled by electrons, and the columns are
labeled by spin orbitals. Interchanging the coordination of two electrons changes the sign of the

determinant.

(2) Satisfy the Pauli exclusion principle: No more than one electron can occupy the same spin-
orbital. If two electrons occupy the same spin-orbital, it results in two identical columns in the

determinant, causing the determinant to become zero.

As aresult of this approximation, an extra term known as the exchange energy, commonly known
as Fock exchange, must be added to the equation (7), which comes from the exchange of electronic

coordinated in the expanded determinant wavefunction. The exchange energy can be expressed as,
__Jj Xi (rl))(} (rl) I | X] (rz))(l (Tz)drldrz
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This operator in the one-electron Schrédinger’s equation for electron i in the field of the other

electrons can be expressed as,

oA
_fdr,)cj (r )X](r)xi*(r’)

lr — 7’|

Thus, incorporating the exchange energy, the mean-field equation can now be written as:

PHGOYACD

1
S +Vn(r)+VH(T)]Xi(T) _Jdr’ lr — 1’|

5 Xj(r)

= €xi(r) (8)

The Hartree-Fock approximations give qualitatively reasonable results for atoms. However, it fails
for solids because it neglects correlation and screening, which is crucial for solids. The difference
between Hartree energy and exact ground state energy is called the exchange-correlation

energy[3-5].

2. 7 Functional and Functional Derivatives: A function accepts a number as input and produces
a number as output, mapping one number to another. On the other hand, a functional takes a

function as input and produces a number as output, mapping a function to a number.
. yields
Function = y(x) =x? — y(x =2) =4

1 yields 1
Functional = Fly(x)] = j y(x)dx — F[y = x?] = 3
0

The ordinary differential dy measures how y changes as a result of a variation x — x+dx of the

: o . . . . .d
variable x. The derivative formed in terms of the ordinary differential, ﬁ measure the first order

change of y upon change of x, i.e., the slope of the function y(x) at x.

df
y(x +dx) = y(x) + de + 0(dx?)

d
y(x +dx) —y(x) = édx (upto first order)
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Similarly, for a fixed-point x, the functional variation §F measure how the value of F at this point
changes as a result of variation in the functional form y(x). The functional derivative measures the

order change in a functional upon a functional variation of its arguments.
JoF
Fly(x) + 6y(x)] = Fly(x)] + f[@ 6x] dx + 0(6x?)

[y ()]

iy +8y00) - Flyeol = [ |52

)6y(x)l dx (upto first order)

Therefore, the functional derivative helps us understand how a functional varies in response to

variations in the form of the function it depends on.

DENSITY FUNCTIONAL THEORY

DENSITY

Electron One to one correspondence
deaits Bt o Quantum mechanical
ensity -
i ground state density and energy modeling framework

Figure 2.3. Scheme highlighting the significance of each word in the density functional theory.

2. 8 Density Functional Theory: Density Functional Theory (DFT) is a framework that describes
the energy of electrons as a functional of their density, meaning the total energy depends on the
electron density. The significance of the DFT has been summarized in Figure 2.3. The functional
of electron density implies a one-to-one correspondence between energy and electron density. DFT
has proven to be a highly effective method for determining the structure of atoms, molecules, and
solids. The foundation of DFT is the electron density, designated by the n(r) which is the number

of electrons per unit volume in a given state.
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n(r) = Nf ........fll/}(r,rz e Ty 2drdry dry

By integrating this function, it is possible to get the total number of electrons. The wavefunction
methods utilize a complicated wavefunction to describe a system that, in principle, contains a 3N
degree of freedom, and in DFT, the density is a function of only three space coordinates, which
greatly simplifies the many-body problem. Thus, in DFT, the solution of the Schrodinger equation
becomes computationally feasible even for large systems. The foundation of DFT is the Hohenberg
and Kohn theorem (HK) and Sham equations. Walter Kohn was awarded a Nobel Prize in
chemistry in 1998 for his contribution to the foundation of the DFT. The two fundamental theorems

based on the electron density in external potential Vex(r) are as follows[3—7]:

I’ theorem: According to the HK theorem, for any system of interacting particles, with a
nondegenerate ground state, the external potential Vex(r) is, to within a constant, a unique
functional of the electron density 1(r). This theorem provides a direct mapping of the n(r) to the
energy of the system. If the 7(r) uniquely defines the Vex(r), it thus determines the Hamiltonian,
and hence the wavefunction. Let us consider the ground state of the system of electrons with the
wavefunction 1!, Hamiltonian H', and the external potential VZex(r). Let us consider the ground
state of another system of electrons with Hamiltonian H?, external potential V2ex(r), and gives rise

to the wavefunction ¥?. Let us consider that both wavefunctions give the same electron density

n(r).

The wavefunction 1! minimizes the ground state energy of Hamiltonian H':
E' = @' H'[Y!) = T[]+ Ueeln(r)] + J Vexe (r)n(r)dr
The wavefunction 1 minimized the ground state energy of Hamiltonian H?:

E? = W?|H?|p?) = TIn(r)] + Uee[n()] + JVe%ct(r)n(r)dr
According to variational principle:

E' <@HYY = @PHZ[Y?) + YPIHY — H?[)?)
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B < B = [ nVAG) = Velar ©)
The same procedure can be applied to the E?, we will arrive at the result:
B2 < B = [ n0)VE) - Ve ldr (10)

Adding equations (9) and (10), we get
E'+E?<E*+ E*!

This creates a contradiction, as it suggests that two distinct external potentials could produce the
same ground-state electron density. Thus, the external potential acting on the electrons can be

expressed as a unique functional of the electron density, apart from an additive constant.

Eo[ng(0)] = T[no(M] + Uee[no(r)] + Vexe[no(r)]
Where Vx¢[1o(r)] :f Vext Mno(r)dr

The first term T[no(r)] + Uge[no(r)] are universal and are more difficult to calculate, and some
approximations have to be made. The V,,;[1o(7)] depends on the system and is easy to calculate

for a given external potential.

11" theorem: This principle states that the electron density, which minimizes the energy of the
entire functional, corresponds to the true ground-state electron density, and the resulting minimum
energy represents the ground-state energy. In other words, for a trial density n(r) that meets the
required boundary conditions, such as n(r) = 0, [ n(r)dr = N, which is associated with some
external potentials V,,,, the energy functional is the upper bound to the true ground state energy.
The exact ground-state energy can only be obtained when the precise ground-state electron density

is used. This theorem arises as a direct consequence of the variational principle.

2.9 Formulation of the Kohn Sham DFT: In 1965, Kohn and Sham (KS) proposed the theoretical
foundation to calculate the ground state density and energy of the system of interacting electrons
with the help of the single particle scheme. The core concept of the KS method is to design a
single-particle potential V(r) such that the density of an auxiliary, non-interacting system matches

the density of the actual interacting system. This approach simplifies the problem by replacing the
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real system of N-interacting electrons with a hypothetical system of N-non-interacting electrons.
In this auxiliary system, electrons move within an effective potential, ensuring that the ground-
state density mirrors that of the real system. Since ground-state density encapsulates all the
necessary information, it is theoretically possible to compute all properties of the actual system
using the auxiliary one, as both share the same ground-state density. A systematic representation
of the KS and real system is shown in Figure 2.4. In the interacting system, the N interacting
electrons move in the field of the nuclei, and in the non-interacting system, the electrons move in

the modified potential such that the real and fictitious systems have the same ground state density.

Formally equivalent

@ = Interacting electrons @® = Non-interacting electrons

-

O= Nucleus of the real molecule i, 3= Nucleus of the fictitious molecule

Interacting real system Non-interacting fictitious

system

Figure 2.4. The model representation of the (a) real interacting many-electron system and (b) the Kohn-Sham fictitious non-

interacting system, which has the same ground state density as that of the interacting system.

In the KS approximation, an expression for the density is then written in terms of the set of the N-

non-interacting orbitals ¢; ().

10 = D I
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The kinetic energy is decomposed into two parts, one represents the kinetic energy of the non-
interacting particles of density 1 (r) and represented as T;[n(r)] called correlation kinetic energy

part.

TIn(] = Tsln(M)] + Teln(r)]

The T, [n(r)]is expressed in terms of the single-particle orbitals ¢; () called KS orbitals of a non-

interacting system with the density n(r) as:
LUCEED) [ 9100 % g0

Now, the electron-electron interaction can be split into a coulomb component and an exchange and

correlation component and represented as

Epxc[n(r)] = Ex[n(r)] + Exc[n(r)].

The classical Coulomb interaction can be written as:

()] = ﬂrl(r)n @

The Ey[n(r)] is called the Hatree energy functional, which is the classical coulomb interaction of
charge densities with itself. This is the largest contribution to the Eyx¢[n(r)], but it should be here
noted that the Hatree energy functional contains the unphysical contribution of an electron
repelling itself, referred to as self-interaction energy. The Ex[n(r)] is called exchange-correlation
energy functional that captures the exchange-correlation effect that is missing from the non-

interacting electronic systems, which is formally defined as:

Ex.[nM]=[T(n(®) = Ts(n(™)] + [Exxc () — Ex(n(M)] (11)

The role of the Ex.[n(r)] is to (1) fix the kinetic energy, (2) take into account the Pauli repulsion,
(3) cancel the interaction of an electron with itself, and (4) include the remainder of the electrostatic
interaction between electrons. The term Ey,.[n(r)] looks smaller but has a significant contribution

to the total energy functional, and this cannot be neglected, and a good approximation is important
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to calculate the Ex.[n(r)]term. Now, we have the expression for the energy functional, and can be

expressed as,

n(n'(r)
|r — 7’|

V2 1
E=Fl@)] = = ) dr¢i() = $:0) + [ dr@I0) +5 [[ drar

+ Exc[n(r)] (12)

Now, if you know the Ex[n(r)], then, we can calculate the total ground state energy of the system
by minimizing the energy functional F[n(r)] relative to the electron density. The density that
precisely minimizes the energy functional is the ground state electron density. This is known as

HK's second theorem and can be expressed as,

6F[n]

Wh’o =0 (13)

In order to use equation (12), the chain rule applies in the case of the functional derivative. If we
apply the chain rule to the functional derivative of F[n] with respect to any of the wavefunction

¢;, we find:

SF _6F SF _6F

5or  onog;  on "

Now, from the equation (13), we see that Kohn-sham orbitals must satisfy the following

conditions:

OF
6*

=0
Here, the electron density minimizes the total energy under the normalized condition

> | #imemar=n

Which is a constraint that should be satisfied. Lagrange’s method of undermining multipliers is a
viable way to conduct this constraint minimization. This constraint is added to the functional
multiplied by the undermined constant (i) called Lagrange’s multipliers. Thus, the Lagrange

functional can be expressed as,
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Ll = Flnl =) eyl| 6@ a7~ 5, (14)

The Lagrange derivative of equation (14) to search for the minimization is:

6L

50T (15)

Now, using equations (14) and (15), the functional derivative can be evaluated as follows:

n()n()

——¢<r>+— R

+ Excln(]| ¢:(r)

f drn(m)V,(r) + = f dr dr'
=), i) (16)
In practice, the Kohn—Sham orbitals are chosen such that the matrix €;; becomes diagonal, i.e.,
€ij = €i5ij
U

n (T) N 0Exc[n(r)]
-1 on(r)

T+ W)+ [ar 160 =Y ab) A7)

Thus, we obtain the Kohn-Sham equation, which can be represented as:

1
|57 + 10+ Va) + Ve )] 1) = €19

1
[-37 + V| =eid  a®)

Where Vis(r) =V, (r) + Vy(r) + Vg (r) called the Kohn-Sham (KS) effective potential. The
Vxc(r) is the exchange-correlation potential, which is constructed from the derivative of the

exchange-correlation energy with respect to the density

8Exc[n(r)]
én(r)
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The form of equations (17) and (18) is for the non-interacting electrons in the modified potential,

which ensures that the ground state density is the same as the exact ground state density of the

r 7,
Va (r) =

r—R
I_I 1]

. 4

[ Initial guess of electron
. densnl n(r)

3

Calculate effective potential

N

" Vks(r) =V (r) + Vy(r) + Vyc (r)
) )
Solve Kohn-Sham equation
1
[—EAZ + VKS(T)] i(r) = €;¢;(r)
Ao y

OK . 9 \

Calculate electron density

1) = ) 1P
. <

Self-consistent?
Old density = New density

Checking termination | ()
criterion, energy, and
SCF cycles

FAIL YES

SCF failed

Output quantities
Energy, forces, density of states. Etc.

Figure 2.5. Schematic representation of the flow chart of interactive procedure self-consistent field (SCF) calculation of the Kohn-

Sham equation.

physical system of interacting electrons. After solving the Kohn-Sham equations (17) and (18), we
obtain the orbital ¢;(r) called Kohn-Sham orbitals and the eigenvalue €; called the Kohn-Sham
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orbital energy. To find the solution of the Kohn-sham equations (17) and (18), we have to use the
iterative method as used in the Hatree method. This procedure is done by selecting the initial guess
of the electron density n(r), calculating the corresponding Vi (r), constructing the Hamiltonian
that depends on the n(r), obtaining the set of Kohn-Sham orbitals ¢; (1), and eigenvalue by solving
the Kohn-Sham equations (17) and (18). Then, a new electron density is constructed from the new
Kohn-Sham orbitals ¢;(r) and this procedure is repeated until the convergence of the electron
density n(r), is obtained. This interactive procedure is called a self-consistent field (SCF) method,
and the flow chart of the interactive procedure SCF calculation of the Kohn-Sham equation has
been represented in Figure 2.5. The electron density that minimizes the energy corresponds to the
ground-state density, and the resulting minimum energy represents the ground-state energy. If the
exact exchange-correlation functional is available, solving the Kohn- Sham equations (17) and (18)
allows for the determination of both the exact ground-state density and the true ground-state

energy[3—7].

In practice, the Exc[n(r)] is approximate, and so the reliability of the calculation is
dependent on the approximations used to obtain the Ey.-[n(r)]. Various approximations are
proposed to find the expression for Ex[n(r)] to accurately solve the KS single-particle equation.
The approximation can be categorized into two main parts: (1) local and semi-local
approximations, e.g., local density approximations, generalized gradient approximation (GGA),
and meta GGA approximations, (2) non-local approximations, e.g., hybrid functionals and random

phase approximations[3—8].

2.10 Local Density Approximation [LDA]: The LDA is the earliest and most widely used
approximation for the exchange-correlation interaction. It assumes that the exchange-correlation
energy of a system can be approximated by that of a homogeneous electron gas with the same local
electron density n(r). The exact exchange-correlation energy for such a homogeneous electron gas

is given by the following expression:

Excln] = f n(exe Nl@)dr

where €l9™ is the exchange-correlation energy per electron of the homogeneous electron gas of

density n(r). Despite local approximations, LDA is remarkably successful in describing the
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ground-state properties of many materials. However, it still has many limitations and net errors.
The approximation is, in principle, adequate for systems with low spatial varying densities.
However, an obvious problem with LDA is that it fails for non-uniform systems where the densities
vary very rapidly. It is unsuccessful in predicting the accurate energetics of chemical bonds,
binding energies, the heat of reaction, activation energy barrier, and description of the many

properties of the d and f compounds.

2.11 GGA Approximation: in the quest for improved functional, an important breakthrough was
achieved with the emergence of the GGA functionals. The GGA is the more elaborated
approximation of the exchange-correlation interactions, which consists of taking into account the
non-uniform characteristics of the electron density by replacing €22™ by the semi-local function
of the electron density and the magnitude of the gradient of the electron density. The general form

of the GGA functional is

€55 ] = j n()eSEA M), [T Ddr

The popular functional in the family of the GGA are Perdew-Wang (PW86, PW91), Backe88,
Perdew-Burke-Ernzerhof (PBE), Becke- Lee-Yang-Parr (BLYP) functionals. The functionals like
W96 and B8S are based on the scaling relation, and some rules, other like PBE, are parameterized
by the numerical fitting procedure in order to reproduce the experimental values of some molecular
properties. The BLYP is the combination of Becke’s 1988 exchange functional with the 1988
correlation functional of Lee, Yang, and Parr. Generally, current GGA functionals seem to give
reliable results for all main types of chemical bonds (covalent, ionic, metallic, and hydrogen
bonds). For Van der Walls interactions, the common GGA and LDA functionals fail. Furthermore,
both LDA and GGA approximations are known to underestimate the band gap of the
semiconductors by about 30 to 80 % and to inaccurately describe the band structure of strongly
correlated materials. Further extension of GGA’s model has been suggested, including meta
GGA'’s, which either contains a dependency on the orbital kinetic energy or a Laplacian (second

derivative of the electron density).

2.12 Hybrid Functionals: The final class of approximations to the exchange-correlation energy

are the hybrid functionals. These methods are empirically fitted and contain some percentage of
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the exact exchange, i.e., the Hartree exchange term. The best example of the hybrid functionals is

Backe 3 Lee Yang Parr (B3LYP) hybrid functional, which has the form:
EB3LYP — ELDA 4 0.2( EYF — EYPA) 4 0.7(EB% — ELPA) + 0.81(EEW! — FLP4)

Where EZ8€ is the B88 exchange functional and EZ"°? is the PW91 correlation functional. The
well-known B3 functional from Becke is a three-parameter functional fitted to experimental values
and contains 20% exact exchange. PBEO, Heyd-Scgseria-Enzerhof (HSE), and B3PW91 are well-
known functionals in the hybrid functional family. A higher family of functionals called Hybrid
meta GGA functionals, which includes parameters to relatively account in an approximate way for
dispersion, the Minnesota M05 and M06 family falls in this category. Hybrid functional are the
more accurate in atomization entropies, geometries, and vibrational frequencies as well as the
electronic structure of the materials. In this thesis, we have employed B3LYP hybrid functionals
as it is an established DFT method and has shown accurate and reliable results. The B3LYP
functional offers improved accuracy for energetics, bond distances, and intermolecular interactions
compared to GGA functionals. Moreover, its ability to provide a more precise description of band

gaps is a significant advantage when studying the electronic structure of a system[3—8].

2.13 van der Waals Corrections: The van der Waals (vdW) named after Johannes van der Waals
is distance-related interactions between atoms, molecules, surfaces, as well as intermolecular
forces. These forces arise from the motion of electrons, which leads to fluctuations in multipoles
and generates long-range interactions. In other words, the force is a result of electron density transit
shift, where the electron density shifts move one side temporarily, generating a transit charge
attraction and repelling the nearby atoms. Generally, the vdW names are given to the forces acting
between permanent dipole-dipole, permanent dipole-induced dipole, and two instantaneous
induced dipoles (known as London dispersion forces). Although vdW interactions are the weakest
interactions of weak chemical potential, it has a big influence in describing systems such as
biomolecules, physisorbed molecules on the surfaces, polymer science, and stacked layered
materials. The manuscript related to this is mainly based on the layered materials (TMDs) and
adsorption of the molecules (ORR species) on the slab surfaces. Thus, to perform DFT calculations

up to considerable accuracy, information of the dispersion correction is needed.
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It is widely recognized that widely used DFT functionals, such as LDA and GGA, fail to account
for the long-range electron interactions responsible for van der Waals (vdW) forces. These
dispersion interactions are considered non-local electron effects, which standard exchange-
correlation functionals cannot accurately capture. Achieving a precise and efficient estimation of
vdW interactions within the framework of DFT remains a complex and ongoing challenge.
Grimme introduced one approach to address this, known as the DFT-D method. In the DFT-D
approaches, the total energy Eiotal is calculated as the sum of the standard Kohn-Sham energy Exs-
prr and the semi-empirical dispersion correction Egisp, s0 that Etotal = Exs-prr + Edisp. The Exs-prris

the DFT electronic energy computed by a given exchange-correlation function. The empirical
. . . Ce . . . . .

dispersion potential has the form — 6 at the long distances, and a damping function is applied at

the short distances to scale down the contribution from the empirical term within typical bonding

distances at which the local DFT approaches perform correctly[9,10]. The general expression for

the dispersion term is:

atom

Edisp 2 Z z Sn Rn fdmp 6(RAB) (19)
AB

A#B n=6,8

Where CAB is the n™ order dispersion coefficients for the pair of atoms A and B, Rag their
internuclear distances, S is the global scaling factor depending on the exchange-correlation
functional used, and fgmp n (Rap) is the damping function serving to avoid singularities at the small

Rag and double counting of electrons correction at the intermediate distances.

In the DFT-D2 method, only n=6 terms are included and can be expressed as[9,11-13],

atom atom

BSZ, = -3 2 Z<R6 )famp(Ra) (20)

B<A
The damping function in this case is

Se
fdmp,6(RAB) = —d(Rﬁg—n
1+e Ro
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Where R{E is the sum of atomic VAW radii, and d determines the steepness of the damping

function (d=20). The geometric mean rule is applied to estimate c2Z coefficient for pairs of distinct
elements CA8 = /cAcE.

In the DFT-D3 approach, n=6 and n=8 terms and two-body and three-body contributions are

included and can be expressed as[9,11-13],

Edlsp =E*+E3
atom atom atom atom
Z S 1D fampoRas) + Z ). G L) ampo(Ras)]
AB

B<A B<A

1 atom CngC

—= ) 2 £ Rasc, Oas)) (1)
ABC ABC

The damping functions have the following forms:

Sn

R
+ 6( AB )
SrmRo,AB

(3cosB,co0s0pcos0.+1)

-
RaBC n
+6
SrmRo,4B

=z and f. 9d (Rapcbapc) =

fdmp,n(RAB) = )

Where 6,, 6,, 6.are the internal angle of the triangle formed by R,p, Rgc, Rca, Ragc 1S the

geometric mean of Ryp, Rpc, Rca, and c58¢ = /cg‘Bcg‘chC

In CRYSTAL17 suit code the BLYP, PBE, B97, B3LYP, PBEO, PW1PW, M06, HSE06, HSEsol,
and LC-wPBE, D3 dispersion corrected DFT methods are available. In the present thesis, we have

employed the B3LYP-D3 dispersion corrected DFT method for all the research work.

2.14 CRYSTAL17: The CRYSTALI17 package is a powerful computational tool for solid-state
chemistry and physics widely used for ab initio electronic structure calculations on crystalline
solid and periodic systems. CRYSTALI17 employs various quantum mechanical methods,
including Hartree Fock (HF), Kohn Sham Hamiltonian (or DFT), and hybrid approaches to
determine the ground state energy, energy gradient, electronic wavefunctions, and properties of
periodic systems[9,14,15]. The key characteristic of periodic systems is their symmetry, and
CRYSTAL offers a variety of symmetry operators that can be applied at each step of the

calculations, greatly decreasing computational costs. The program can handle systems ranging
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from zero-dimensional (molecules) to three-dimensional systems like crystals, solid solutions, and
even some disordered systems. Additionally, the program includes automatic tools that make it
easy to generate lower-dimensional structures, such as slabs, nanotubes, nanorods, and polymers.
To perform any task using CRYSTAL17 suit code, it involves the approximation of single particle
wavefunction as a linear combination of the Bloch functions. These Bloch functions are defined
by using local functions (atomic orbitals), which are constructed as a linear combination of
Gaussian-type functions. In CRYSTAL17, the conventional atomic number (NAT) is a key
parameter used to assign a specific basis set to an atom. The real atomic number (Z) associated
with an atom is determined by taking the remainder of the NAT divided by 100. For example, if
NAT is 237, the real atomic number Z would be 37. It is worth noting here that atoms with identical
atomic numbers but located at non-equivalent positions in the crystal structure may require
different basis sets to accurately represent their electronic structure. To accommodate this,
different NATs can be assigned to these atoms. For example, carbon atoms (Z=6) may be
associated with different basis sets using NAT like 6, 106, and 1006, each representing different
electronic configurations. Similarly, core pseudopotentials for carbon atoms can be designated
using NAT, like 206 or 306. This flexibility allows the precise modeling of atoms with similar
atomic numbers but distinct chemical environments or electronic states. Modeling adsorption on
surfaces or defects in solids typically requires large unit cells with low symmetry, where symmetry
operators offer limited computational benefits. However, CRYSTAL17 provides a massive
parallel version (MPPCRYSTAL) in addition to the serial and normal parallel options
(PCRYSTAL), enabling the use of hundreds or thousands of cores in parallel. This version
provides excellent time and memory scalability relative to system size and the required number of
CPUs. The main distinction between MPPCRYSTAL and PCRYSTAL is that, in the latter,
important matrices and determinants are copied entirely to each node, while in MPPCRYSTAL,
they are divided and distributed across the cores. For my PhD project, I utilized CRYSTAL17 to
study surface reactions, taking full advantage of the massively parallel version implemented on a
supercomputer cluster. The crystal structure is determined by the space group, by the size and
shape of the unit cell (i.e., lattice parameters (a, b, ¢), lattice angles (a, B, v), and by the relative
positions of the atoms in the asymmetric unit. To specify the lattice parameters in the input file of
the CRYSTAL17, the minimal set required for different crystal systems is tabulated in Table
2.1[9,14,15]:
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Table 2.1. The crystal system and minimal set of lattice parameters corresponding to the crystal system are required to define the

crystal system in the input script of the CRYSTALI7 suite code.

Crystal system A minimal set of lattice parameters required
Cubic a
Hexagonal a,c
Trigonal Rhombohedral cell a,y
Hexagonal cell a, c

Tetragonal a,c
Orthorhombic a,b,c

Monoclinic a, b, c, a (a unique)

a, b, c, B (b unique)

a, b, ¢, vy (c unique

Triclinic a, ba c, a, B9 Y,

Specifying the correct unit and representation of atom coordinates in the input file of the
CRYSTALI17 is essential for accurately describing the geometry and symmetry of the system
under investigation. In the CRYSTALI17 input file, different units (fractional or A) of atom
coordinates are employed to define a crystal structure depending on the dimensionality and
symmetry of the structure. The fractional unit representation of the atomic coordinates for the
periodicity of the structure along certain axes and for non-periodic direction atomic coordinates
are typically expressed in A[9,14,15]. The unit of measure of atom coordinates and keywords to

specify the system dimensionality has been summarized in Table 2.2.

Table 2.2. The unit and representation of atom coordinates in the input file of the CRYSTALI17 for accurately describing the

dimensionality, geometry, and symmetry of the system.

Translational Unit of measure of coordinates Keyword used

symmetry

X Y Z
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3D Fraction Fraction Fraction CRYSTAL
2D Fraction Fraction A SLAB

1D Fraction A A POLYMER
0D A A A MOLECULE

2.15 The Input File Script of CRYSTAL17: The input file structure of the CRYSTAL17 suite

code is composed of a title and three main sections (geometry block, basis set block, Hamiltonian,

SCF, and computational parameters). Each block has different and specific keywords and

numerical parameters to control the type of calculations. Each block is closed by the keyword

END[9,14,15].

Table 2.3. The input file structure of the CRYSTAL17 suite code to perform the DFT calculation.

Title

Block 1

Geometry input

Standard geometry input

Optional geometry optimization and editing keywords

END

Block 2

Basis set input

Standard basis set input

Optional basis set related keywords

END

Block 3

Single particle Hamiltonian and SCF control

SHRINK factor

Sampling in reciprocal space
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Optional geometry information and SCF-related keywords

END

The input file starts with the title line, which contains the relevant information about the system of
study. The title section is printed in the output file but not executed by the CRYSTALI17 suite

code.

Block 1: This block begins with the appropriate keywords to define the dimensionality of the
system of study, as mentioned in Table 2.3. The next line defines the symmetry of the structure
defined by using the corresponding symmetry group number. The next two lines define the
minimal set of lattice parameters necessary to define the Bravais lattice, as represented in Table
2.3, and the number of atoms in the asymmetric unit. The preceding lines then define the relative
position of each atom in the symmetric unit cell. Each line represents the conventional atomic
number followed by the coordinates of the atoms. After that, this section contains the optimization
keyword to locate the equilibrium structure of the system. This geometry input block must be then
closed with the END keyword. The complete block 1 looks as given in Table 2.4 (for 2D
slab)[9,14,15]:

Table 2.4. An example to explain the first block of the CRYSTALI17 input file by considering the geometry optimization of the
graphene slab.

Title: Graphene slab B3LYP-D3 C=C_pob_TZVP 2012, Ashok singh 18052024

Block 1 Example: Graphene slab
Dimensionality of the system SLAB

Crystallographic information (3D only) 000 (3D only)
Symmetry group number 80

Lattice parameters 2.4560 2.4560 120.0000
Number of atoms in the asymmetric unit 2

66



Chapter 2: Theoretical Methods and Computational Frameworks

Conventional atomic number and coordinates 6 0.00000 0.00000 0.25000

of the atoms
6 0.33333 0.66667 0.25000

Geometry optimization-based keywords OPTGEOM
FULLOPTG
MAXCYCLE
800

End of the geometry input sections ENDOPT

End of the geometry block END

Block 2: Block 2 of the input file of the CRYSTAL17 suite code is dedicated to introducing the
basis set for each atom with different conventional atomic numbers. In a crystal structure, each
atom is associated with the basis set through its conventional atomic number. Selecting the
appropriate basis set is a key aspect of conducting ab initio calculations for periodic systems. A
thorough explanation of the basis sets can be found in the basis set section. Additionally, an
optimized library of basis sets tailored for periodic systems 1is available at
https://www.crystal.unito.it/basis_sets.html. The basis set block should be closed with two line
sequences 99 0 followed by the END keyword[9,14,15]. An example of a basis set block has been
given in Table 2.5.

Table 2.5. An example to explain the second block of the CRYSTALI7 input file by considering the basis set of the graphene slab.

Basis set Example: Graphene slab

68

0062.01.0

13575.349682 0.00022245814352
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2035.2333680 0.00172327382520
463.22562359 0.00892557153140
131.20019598 0.03572798450200
42.853015891 0.11076259931000
15.584185766 0.24295627626000
0022.01.0
6.2067138508 0.41440263448000
2.5764896527 0.23744968655000
0010.01.0
0.4941102000 1.00000000000000
0010.01.0
0.1644071000 1.00000000000000

C=C_pob_TZVP_2012 0242.01.0
34.697232244 0.00533336578050
7.9582622826 0.03586410909200
2.3780826883 0.14215873329000
0.8143320818 0.34270471845000
0210.01.0
0.5662417100 1.00000000000000
0210.01.0
0.2673545000 1.00000000000000

0310.01.0
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0.8791584200 1.00000000000000

End of the basis set block 99 0

END

Block 3: This block of the input file includes the keywords that specify the Hamiltonian
description, parameters for SCF calculations, and the computational parameters. This block starts
with the determination of the single particle Hamiltonian (RHF, UHF, ROHF, DFT) followed by
the desired exchange-correlation functionals. A range of functionals has been included in the
CRYSTAL17 software package, ranging from simplistic local-density approximation to complex
dense hybrid functionals. The van der Waals correction can be considered by Grimme’s dispersion
correction methods. This block then contains the keywords for defining the integrals of tolerance
and shrinking factor (to generate a commensurate grid of k-points in reciprocal space). This section
is then followed by specifying the SCF control parameters (maximum number of SCF cycles, the
criterion on the total energy for the SCF convergence). The block 3 is then closed by the END
keyword. The sample of block 3 looks as shown in Table 2.6[9,14,15]:

Table 2.6. An example to explain the final block of the CRYSTAL17 input file, which includes the keywords for numerical accuracy

and computational parameter control.

Block 3 Example: Graphene slab
Choose single particle Hamiltonian DFT
Spin polarization calculations SPIN

Choice of the exchange-correlation functional B3LYP-D3

Numerical accuracy and computational XLGRID
parameter control
END
TOLINTEG

777714
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TOLDEE

SHRINK

08

441

SCFDIR

BIPOSIZE

110000000

EXCHSIZE

110000000

SCF convergence control MAXCYCLE
800
SMEAR
0.01
FMIXING

80

Population analysis ANDERSON

PPAN

End of the block 3 END

The keywords Block 1, and Block 3 can be added or removed according to the requirements of
the calculations and investigation. For example, harmonic vibrational frequency calculations can

be performed by including the keyword FREQCALC in the input Block 1.
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2.16 Basis Set: To solve the Schrodinger or KS equations of DFT, one of the approximations is
essential, which is the introduction of the basis sets. The unknown functions (one electron HF or
KS orbitals) are expressed in terms of the expansion in a set of known functions that are
represented by a mathematical function called the basis function. A basis function is a set of wave
functions that describes the shape of the atomic orbitals (AOs). A basis set is used to create the
molecular orbitals (®;), and each molecular orbital is expressed in terms of the linear combination
of the AOs (LCAOs). The mathematical representation of @; in terms of the LCAOs is represented

as:

M
®() = ) Carg® @D

Where @;(r), x,(r),and C,; represents the molecular orbital, basis function, and expansion

coefficient. If M—o0, then @;(r) reaches the complete basis set limit and represents the exact
expression of a molecular orbital, not the approximations. Unfortunately, complete basis sets tend
to have an infinite number of functions and, therefore, are not practical for calculations. In practice,
a finite basis set is used to represent a molecular orbital in electronic structure calculations. A
larger basis set generally improves the quality of orbital representation, but the quality of a basis
set ultimately depends on both its size and how well it spans the relevant space of the true

wavefunction [16,17].

2.17 Types of Basis Functions: There are two types of basis functions commonly used for the
representation of molecular orbital in electronic structure calculations. One is called Stater type
orbital (STO), and the other is Gaussian type orbital (GTO). The STOs have the mathematical

function form as:
Senim(1,0,¢) = N Y, 1, (6, p)r"e~¢" (22)

Where N is a normalization constant, Y; ,,,(6, ¢) represents the spherical harmonic functions, and
n represents the principle quantum number. STOs do not contain radial nodes, and these nodes are
introduced through linear combinations of STOs. These functions were originally used for atomic
and diatomic systems that demand high accuracy, as well as in semi-empirical methods that neglect

three- and four-center integrals. However, from a computational standpoint, STOs present
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challenges, as most of the necessary integrals for the SCF procedure need to be computed
numerically, which considerably reduces the speed of the calculations. The second most used basis
functions are the GTOs. The GTOs can be written in terms of the cartesian and polar coordinates.

The mathematical definition of GTOs can be written as:
Ge ey, = NX>YZl2e™0 (23)

Genm(T,0,0) = NY, (8, p)r2n=2-t g =67 (24)

In the cartesian coordinate, the angular dependence of the GTOs is computed from the Iy, 1y, 1,. For

example, s-orbital (1=0), p-orbital (I=1), and so on. A comparison between the STOs and GTOs
shows that there are some major differences in the behavior of these two functions. (1) the behavior
at r—0: the derivative of GTOs at the nucleus is equal to zero due to r* dependence in the exponent
of the function, hence has zero slope. In contrast to GTOs, STOs have a discontinuous derive and,
hence, have a cusp. Thus, GTOs represent an incorrect electronic behavior near the nucleus. (2)
the behavior at r—oo: far from the nucleus, the GTOs decay rapidly as compared to the STOs.
Thus, the tail of the Gaussian-type wave functions poorly represents the electronic behavior. In

principle, more GTOs are required in order to achieve certain accuracy.

2.18 Properties of the Basis Functions: A basis function should satisfy the following properties:
(1) must have physical significance

(2) the coefficients are obtained variationally

(3) the chosen basis function needs to be able to approximate the actual wavefunction sufficiently
well to give chemically meaningful results and should give maximum flexibility to the molecular

orbitals.

2.19 Classification of Basis Set: The chemically important region is the outer orbitals (i.e.,
valence electrons) of an atom in performing calculations since chemical bonding involves valence
orbitals. The core orbitals exhibit minimal variation depending on the chemical bonding
environment, and the expansion coefficients for these inner basis functions remain relatively
constant. Energy-optimized basis sets are especially sensitive to the wavefunction in the region of

inner-shell electrons. The 1s electrons contribute significantly to the total energy, so minimizing
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the energy typically results in an optimized basis set for the core electrons, but less so for the
valence electrons. Additionally, many properties are influenced by the tail of the wavefunction,
which, while technically present, plays little role in chemical behavior. A single Gaussian
wavefunction is not ideal for accurately representing the spatial extent and nodal features of atomic
orbitals, as it focuses more on describing the core electrons, which are energetically important but
chemically insignificant. To address this issue, basis functions are expressed as sums of multiple
Gaussian functions, each with different exponential parameters. This approach treats the
variational coefficient of the inner basis functions as fixed, eliminating the need for it to be
determined through variational methods. The 1s orbital is thus represented as a fixed combination
of basis functions. In quantum chemistry, a single Gaussian function is referred to as a primitive
Gaussian-type orbital (PGTO), and when these PGTOs are combined into a smaller set via fixed
linear combinations, the result is known as a contracted Gaussian-type orbital (CGTO)[9]. The

CGTOs can be mathematically represented as:

k
(CGTOs) = Z ,G;(PGTOs) (25)

L

There are various classifications of contracted GTOs, as listed below:

(1) Minimal basis set: After defining the types of functions (STOs/GTOs), the most important
factor is the number of AOs used. A minimum basis set consists of a single basis function assigned
to each orbital in the electronic configuration of a neutral atom. For instance, Hydrogen and
Helium (with their 1s orbitals) require only a single s function or a single atomic orbital (AO) to
define the 1s orbital. Similarly, elements in the first row of the periodic table need two s functions
(for the 1s and 2s orbitals) and a set of p functions (for the px, py, and p. orbitals). Therefore, the
first row of elements would have five basis functions, the second row would have nine, and so on.
A widely used minimal basis set is STO-nG, where the integer n indicates the number of Gaussian-
type orbitals (GTOs) employed to approximate the Slater-type orbitals (STOs) for both core and
valence orbitals. Examples of common minimal basis sets include STO-3G, STO-4G, and STO-
5G. However, minimal basis sets lack sufficient flexibility to accurately represent orbitals since
they assign only one contracted GTO to each atomic orbital. The solution to this is to use multiple

functions to represent each orbital of an atom[9].
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(2) Split-valence basis set: This type of basis set uses multiple basis functions to represent each
valence orbital. These are referred to as split-valence basis sets because the representation of
valence orbitals is divided into two or more separate basis functions. These basis sets, designed by
People and coworkers and denoted b n-ijG or n-ijkG, where n represents the number of PGTOs,
are used to define the core orbitals. The ijk indicates how many functions the valence orbitals are
split into and how many PGTOs are used for the representation of the valence orbitals. The
examples of the split-valence basis set are 3-21G, 6-031G, 6-311G, and so on. The 3-21G
represents that the non-valence electrons are described by a single basis function composed of a
contraction of three PGTOs. Each valence electron is described by two CGTOs. The first of these
basis functions is composed of two PGTOs, and the second consists of a single PGTOs. Let us
consider the example of the carbon atom (namely C-6-21G* docesi 1990) used in the

CRYSTAL17 software as given in Table 2.7[9].

The first block of Table 2.7, namely block 1, represents the basis function, which describes the
non-valence core orbitals and is constructed by using six PGTOs. We observed that there are two
blocks for the 2s and 2p orbitals (i.e., block 2 and block 3). The s and p orbitals share the same
exponents, as shown in the first column of block 2 and block 3. From block 2 and block 3, we can
observe that the first sp shell has a larger exponent than that of the second sp shell. Thus, the first
sp shell has tighter PGTOs, and the second sp shell has more diffused PTGOs. Thus, the first block
describes the electron density closer to the nucleus, and the second sp shell describes the electron

density away from the nucleus[9].

Table 2.7. The example and description of the split-valence basis set by considering the C-6-21G* docesi_1990 basis set of a

carbon atom.

Block C-6-21G*_docesi_1990 Description
64
Block 1 0062.01.0 This represents the s-core shell of the carbon

atom, which contains six PGTOs. The first
3048.0 0.001826
column represents the exponents, and the

456.4 0.01406 second column represents the s-coefficients.
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103.7 0.06876

29.23 0.2304

9.349 0.4685

3.189 0.3628

Block 2 0124.01.0 This represents the first sp shell, which
contains two PGTOs. The first column
3.665 -0.3959 0.2365
represents the exponents, and the second and
0.7705 1.216 0.8606 third column represents the s-coefficients and

p-coefficient respectively.

Block 3 0110.01.0 This represents the second sp shell, which

contains two PGTOs. The first column

0.19591.01.0
represents the exponents, and the second and
third column represents the s-coefficients and
p-coefficient respectively.

0310.01.0

0.81.0

(3) Double zeta (DZ) and triple zeta (TZ) basis set: These types of basis sets use double and triple
CGTOs to contract the orbitals (i.e., more than one CGTOs per atomic orbital). The terms DZ and
TZ do not imply whether more than one CGTOs are used for all orbitals or only for the valence
orbitals. The main difference between the triple zeta (TZ) basis set and the split-valence basis set
is that these basis functions do not share the same exponent for two orbitals. Therefore, these basis
functions are more flexible but computationally more expensive. The example of the TZ basis set

for the carbon atom used in the CRYSTAL17 suite code has been given in Table 2.8.

The first block of Table 2.8 represents the 1s core of the carbon, and block 2 describe the 2s valence
orbital of carbon, and block 3, describes the 2p valance orbital of the carbon. Each atomic orbital
is described by using the three CGTOs as highlighted by the blue color in Table 2.8. That is why
these are called TZ basis sets[9].
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Table 2.8. The example and description of the triple zeta (TZ) basis set by considering the C_pob_TZVP_rev2 basis set of a carbon

atom.

Block C _pob_TZVP_rev2 Description
68
Block 1 0062.01.0 This represents the s-core shell
of the carbon atom, which
13575.349682  0.00022245814352
contains six PGTOs. The first
2035.2333680  0.00172327382520 column represents the
exponents, and the second
463.22562359  0.00892557153140
column represents the s-
131.20019598  0.03572798450200 coefficients.
42.853015891  0.11076259931000
15.584185766  0.24295627626000
Block2 0022.01.0 This represents the s shell,
which contains three CGTOs.
6.2067138508  0.41440263448000
The first column represents the
2.5764896527  0.23744968655000 exponents, and the second
represents the s-coefficients.
0010.01.0
0.4941102000  1.00000000000000
0010.01.0
0.1644071000  1.00000000000000
Block 3 0242.01.0 This represents the p shell,

34.697232244

7.9582622826

2.3780826883

0.00533336578050

0.03586410909200

0.14215873329000

which contains three CGTOs.
The first column represents the
exponents, and the second

represents the p-coefficients.
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0.8143320818  0.34270471845000

0210.01.0

0.5662417100  1.00000000000000

0210.01.0

0.1973545000  1.00000000000000

0310.01.0

0.5791584200  1.00000000000000

(4) Polarized basis set: The basis sets, which we discussed till now, can be further modified to
obtain an approximation that describes better quality of the molecular structures. The polarization
function enhanced the flexibility of atoms to form a chemical bond in any direction. The
polarization functions allow for a more realistic representation of electron behavior in molecules,
particularly in non-uniform environments. Flexibility refers to the ability to polarize the atomic
electron density, leading to a more accurate representation of a molecule’s electron density. For
instance, in the case of hydrogen, which typically has a spherical s orbital, bonding with a carbon
atom causes the electron density to deviate from a spherical shape. By adding a p orbital, the
electron density aligns more effectively in the bond’s direction, indicating polarization. This
flexibility is improved by including basis functions with higher angular momentum to valence
split, double-zeta (DZ), and triple-zeta (TZ) basis sets. Thus, to consider the polarization, a p-type
basis function can be added to the basis set with the valence s orbital (e.g., Hydrogen), and a d-
type basis function can be added to the basis set with the valence p orbital (e.g., first and second-
row elements of the periodic table), and a f-type basis function can be added to the basis set with
the valence d orbital (e.g., transition metal). The addition of one or two asterisks to the basis set
specifies the addition of the polarization function. The specification of the addition of the
polarization function can also be done by naming such double zeta valence polarization (DZVP)
and triple zeta valence polarization (TZVP) basis sets. E.g., 3-21G*, 6-31G*, DZVP, and TZVP.
The example of the polarized basis set is given in Table 2.9, and the polarized block is highlighted
by the red color (block 4) for the carbon atom[9].
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Table 2.9. The example and description of the triple zeta valence polarization basis set by considering the C_pob_TZVP_rev2 basis

set of carbon atom.

Block C _pob_TZVP_rev2

Description

68

Block 1 0062.01.0

13575.349682

2035.2333680

463.22562359

131.20019598

42.853015891

0.00022245814352

0.00172327382520

0.00892557153140

0.03572798450200

0.11076259931000

This represents the s-core shell
of the carbon atom, which
contains six PGTOs. The first
column represents the
exponents, and the second
column represents the s-

coefficients.

15.584185766  0.24295627626000
Block 2 0022.01.0 This represents the s shell,
which contains three CGTOs.
6.2067138508  0.41440263448000
The first column represents the
2.5764896527  0.23744968655000 exponents, and the second

0010.01.0

0.4941102000

0010.01.0

0.1644071000

1.00000000000000

1.00000000000000

represents the s-coefficients.

Block 3 0242.01.0

34.697232244

7.9582622826

2.3780826883

0.00533336578050

0.03586410909200

0.14215873329000

This represents the p shell,
which contains three CGTOs.
The first column represents the
exponents, and the second

represents the p-coefficients.
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0.8143320818  0.34270471845000

0210.01.0

0.5662417100  1.00000000000000

0210.01.0

0.1973545000  1.00000000000000

Block 4 0310.01.0 This block represents the
polarization of the basis set.
0.5791584200  1.00000000000000 . )
Here, a d-type basis function has
been added to the basis set of
carbon atom, which gas the

valence p orbital.

(5) Diffuse basis set: Diffuse functions are essential for accurately describing anions and weak
interactions, such as hydrogen bonds, and for predicting properties like dipole moments and
polarizability. These functions are usually introduced as an additional set of uncontracted Gaussian
basis functions with the same angular momentum as the valence electrons. The inclusion of diffuse
functions is indicated by a + symbol. The examples of the diffuse basis set are n-1j+G, n-ijk+G, n-

j++G, and n-jk++G.

2.20 Basis Sets in CRYSTALI17 Suite Code: A CRYSTALI17 suite code either uses a general
basis set, including s, p, d functions, or standard Pople basis sets. In CRYSTAL17, the basis set
type is classified by using the code as tabulated in Table 2.10[9]:

Table 2.10. The basis set implemented in the CRYSTALI7 suite code and their code for the use of these basis set in applications.

Basis set code Basis set name

0 General basis set

1 Pople’s STO-nG basis set
2 Pople’s 3(6)-21G basis set
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The shell types are specified in the CRYSTAL17 code by using the shell code as listed in Table 2.11:

Table 2.11. The basis set shell code is used to define the atomic shell in the Gaussian basis set implemented in the CRYSTAL17

suite code.
Shell type code Shell type AQOs Maximum shell charge
0 s 1 2
1 sp 4 8
2 p 3 9
3 d 5 10
4 f 7 0-polarisation only

2.21 Basis Set Format of CRYSTAL17 Suite Code: The basis set in the CRYSTAL17 code has
the following format as shown in Table 2.12[9]:

Table 2.12.. The Gaussian basis set format in the CRYSTAL17 sit code.

For each atom

The conventional atomic number Number of shells n;s of the atomic basis set

For each shell

Type of basis set Type of shell ~ Number of PGTOs Shell electronic charge Scalar factor

For each PGTOs

Exponent Contraction coefficient Contraction coefficient

The CRYSTALI17 dataset has the following listed basis sets[9]:
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Table 2.13. The type of basis sets available in the CRYSTAL17 dataset.

Keyword Description

STO-3G Pople’s STO-3G minimal basis set

STO-6G Pople’s STO-6G minimal basis set

POB-DZVP POB-double zeta valence plus polarization set for

solid-state systems

POB-DZVPP POB-double zeta valence plus double set of

polarization set for solid-state systems

POB-TZVP POB-triple zeta valence plus polarization set for

solid-state systems

Where POB stands for Peintinger-Oliveira-Bredow.
The example of the format of the CRYSTAL17 basis set has been represented in Figure 2.6.

2.22 Theoretical Model: There is a strong correlation between the catalytic structure model and
the catalytic activity of the material because the catalytic active sites (face, edge, and corner side)
have different nearest neighbors for different structures and hence have different catalytic activity.
During the electrocatalytic reaction, the adsorption of the reactants and reaction intermediates
occurs on the surface of the catalytic material, which makes proper surface modeling an important
step to enhance the accuracy of the calculation. There are two main conceptual ways to design the

2D catalytic surface: (1) the cluster model and (2) the periodic slab model.

(1) The Cluster Model: In this method, a section of the crystal is extracted with a particular size
and geometry, making it possible to examine the exposed surface. The cluster model focuses on
representing small, isolated clusters of atoms and molecules that mimic the active site of the
catalyst. An example and the process of formation of the cluster model for the TMDs is shown in
Figure 2.7. In the cluster model, the results are strongly affected by the cluster size and geometry,
and the convergence of the results with respect to the increased cluster size is irregular. his issue
does not arise in the periodic slab model. The in-depth description of the cluster model is out of

the scope of this thesis.
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Block C_pob_TZVP_rev2 Description
|__6r| E »  Number of shell of the atomic basis set
Block 1 > Conventional atomic number
[o1[0]lc1kd
5 Scaling factor
5> Shell electronic charge
> Number of PGTOs
> Type of shell
> Type of the basis set

Block 2

13575.349682 | 10.00022245814352
2035.2333680| | 0.00172327382520
463.22562359| | 0.00892557153140_,

Coefficients
131.20019598 | | 0.03572798450200
42.853015891| | 0.11076259931000
15.584185766| | 0.24295627626000
I > Exponents

Figure 2.6. Representation of the format of the Gaussian basis set used in the CRYSTALI17 suite code.

(2) The Periodic Slab Model: In this model, a periodic slab is created by the cleavage along some
crystallographic plane in the bulk crystal material. The process of the creation of the slab model

starts with obtaining the crystallographic information file (CIF) from the experimental

Formation of
cluster model

Figure 2.7. Illustration of the procedure for the formation of the cluster model to create a catalytic surface from the bulk material.
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Side view ~ Side view

Side view

Q /8 /8 A 0
Cleavage of surface }y }?}o

and formation .
of supercell Addition of vacuum

=

Top view

Top view

Formation of slab supercell
Bulk unit cell @=M o=Xx 2D slab

Figure 2.8. lllustration of the procedure for the formation of the slab model to create a catalytic surface

from the bulk material.

measurements. The CIF file contains detailed information about crystal structure, including the
arrangements of atoms. In any crystal structure, the orientation of the planes is represented by the
indices formed by three numbers (hkl) called Miller indices. These Miller indices indicate the
direction of the crystallographic planes. The slab is created by cutting the crystal unit cell through
a specific crystallographic plane (hkl) and by imposing periodic boundary conditions, as shown in
Figure 2.8. The formation of the slab model can be summarized as follows: (1) construct the bulk
unit cell, (2) specify the Miller indices of the selected crystallographic face, (3) specify the surface
termination, and (4) specify the slab thickness. We have employed the periodic slab model to study
the catalytic activity of the materials in this thesis. We employed a supercell in our calculation,
which is created by repeating the slab unit cell in two directions. Then, a vacuum is added above
below the supercell to ensure the absence of the neighboring layers and create an isolated surface
environment. The size of the vacuum region may vary depending on the system under study, the
desired level of accuracy, and based on the software. In this thesis, the TMDs are created by a slab
model, and the adsorbates (reactant and reaction intermediates) are introduced on the surface of
the supercell to study the catalytic activity of the material. The process of formation of the slab is
represented in Figure 2.8. The initial geometries are subjected to relaxation and optimization and

processes to minimize the total energy of the system and achieve a stable slab structure.
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Choose the appropriate starting
geometry and initial guess for Hessian
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'[ Calculate energy and gradient

$
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point and previous point of lowest
energy

( Update approximate Hessian(Powell—-
symmetric-Broyden (PSB), Broyden—
— Fletcher—Goldfarb—Shanno (BFGS),

\ etc.) y
OK (" Use Hessian and gradient to take an
optimization step (Newton-Raphson,
rational function optimization (RFO),

\_ etc.) )

é Checking termination h !

criterion, energy, and All new coordinates within the

maximum NO convergence criterion
optimization cycles
\_P Sl

J

\
Update the geometry

FAIL YES

A 4

[ Geometry optimization ] Geometry Optimized

failed

Figure 2.9. Schematic illustration of iterative optimization cycle employed to obtain the equilibrium structure of the system.

2.23 Geometry Optimization: To make the theory more representative of experimental results,

the next logical step is to explore not just one, but all possible structural configurations for a given
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chemical formula. All possible structures of a system are characterized by the potential energy
surface (PES). The PES is (3N-6 coordinate dimension, where N is the number of atoms>3)
hyperspace defined by the energy of a collection of the atoms in a structure over all possible atomic
arrangements. A comprehensive PES provides insight into all possible molecular structures and
the isomerization pathways connecting them, offering a complete description of the atomic
arrangements for a given set of atoms[18]. The process of locating a stationary point on the PES
and calculating its geometry and energy is called optimization. The stationary point might be a
maximum, minimum, or high-order saddle point. The first-order saddle point is maxima in one
direction and minima in all other directions in PES. The second saddle point is maxima in two
directions and minima in all other remaining directions. The first-order saddle point in the PES
surface corresponds to the transition state (TS) structure connecting two equilibrium structures.
The difference between the energy of TS structure and reactant is the energy barrier for the
reaction. The process of locating TS in the PES is called transition state optimization. The process
of locating a minima in the PES is called the geometry optimization[18]. Geometry optimization
is employed to find the minimum energy structure (equilibrium structure) of a molecular system.
The minima in PES represents the equilibrium structure of the reactant, intermediate, and the
product of the reaction. The energy difference between the reactant minima and product minima
in the PES represents the energy of the reaction. A minimum can be a local minimum, which is
the lowest point in some limited region in the PES, or it can be a global minimum, the lowest
energy point anywhere on the PES. Generally, the successive search for minima finds the local
minima but not necessarily the lowest. The optimization will greatly depend on the initial
estimation of the coordinates of the atoms because the optimized structure obtained is closest in
geometry on the PES to the input structure. Thus, a good initial estimation for atomic coordinates
will greatly decrease the speed of DFT calculations and successfully define the energy minimum
structure in the PES. The widely used algorithm for geometry optimization is to use the first and
second derivatives of the energy with respect to the geometric parameters[18]. Let us construct a

local quadratic approximation to the PES with the help of the Taylor expansion: -

E(xy) = E(xg) + € E'(xo) + €2 E" (x) + - (26)
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. . d
Where x, is the reference point, and € = x; — xo, E'(xg) =d—xkE(xk)|xk=x0, E"(x,) =

dZ

d_xlzc E(xk) |xk=x0

At the stationary point, the derivative equation 26 should be zero with respect to all coordinates of

X

0=g E(xy) = E(xg) + € E'(x9) + €2 E" () (27)

=d_.x.k

Yo = x _E’(xo)
LT TR

(28)

Generalizing this to n-dimensional, the first derivative becomes the gradient (g, ), and the second

derivative becomes the Hessian matrix (Hy).

In the n-dimensional, the new iteration can be written as:

qk = 9o — goHy* (29)

This is known as the Newton or Newton-Raphson step. The equation (28) provides a description
of the location of the stationary point. In principle, starting from an arbitrary structure having
coordinates q,, one would compute the gradient and Hessian matrix H and then select the new
geometry coordinates q; according to equation 29. For these new geometry coordinates, the
gradient would be zero, i.e., a stationary point in the PES. However, our truncation of full Taylor
series expansion up to the second order, so equation 27 only approximates g and may not
necessarily be zero. However, g(x;) would be smaller than that of close paren. However, after a
sufficient number of iterations, the gradient g will become too small to be considered insignificant.
Thus, after that we declare our geometry to be converged. There are an infinite number of methods
to update the Hessian matric, but the Broyden-Fletcher-Goldfarb-Shanno (BFGS) scheme is the
most successful and widely used method. For the geometry optimization, the gradient must be
zero, and all the eigenvalues of the Hessian matrix corresponding to molecular vibration must be
positive, and vibrational frequencies must be real. For the TS optimization, the gradient must be

zero, and Hessian should have one and only one negative eigenvalue and have one and only one
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imaginary vibrational frequency. The Newton and Quasi-Newton methods are the most efficient

and widely used procedures for optimizing geometries and can also be used to find the TS.

In CRYSTALI17, the optimization is done under the Quasi-Newton optimization scheme,
and the gradient is evaluated each time the energy is computed, and the second derivative matrix
is updated by means of the BFGS algorithm. The convergence of the optimization process is
checked on the root mean square and the absolute value of the largest component of both the
gradient and the estimated displacements. In CRYSTALI17, the threshold criterion on the gradient

and displacement used for the optimization process are summarized in Table 2.14[9,19]:

Table 2.14. The optimization threshold criterion on the gradient and displacement in the CRYSTAL17 suite code.

Optimization Parameters Threshold criterion (a. u.)
RMS Gradient 0.000300
MAX Gradient 0.000450
RMS Displacement 0.001200
MAX Displacement 0.001800

After the geometry optimization, we will have the following information: (1) The equilibrium
atomic coordinates of the structure, (2) the equilibrium energy, (2) the equilibrium parameters such
as bond length and bond angles, (3) the Mulliken charges, (4) dipole moment and so on. The flow
chart of the important steps during the optimization process in CRYSTAL17 is shown in Figure
2.9.

2.24 Descriptors of ORR Activity: The theoretical descriptors of electrochemical ORR catalysts
provide fundamental insights into the fundamental properties that influence the performance of the
electrocatalyst. These descriptors help in designing and optimizing catalysts for various
applications, including fuel cells and metal-air batteries (MABs). Here is a detailed explanation of

theoretical descriptors for choosing a good electrocatalyst for ORR.

(1) Adsorption Energy of the Key Reaction Intermediates: The adsorption energy refers to the

energy change associated with the adsorption of reactants, intermediates, and products into the
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surface of the electrocatalyst. In the context of the ORR, it signifies the energy requirement for
oxygen molecules or reaction intermediates to bind to the active site on the electrocatalytic surface.
The adsorption energy plays a pivotal role in determining the kinetics and mechanism of ORR. It
influences the strength of the interactions between the reactants and the catalytic surface, thereby
affecting the activation barrier for the reaction steps. In this thesis, the adsorption energy during
the reaction has been calculated by employing the first principle-based DFT through the following

equation:
Eads = Eadsorbate+catalytic surface — Eadsorbate - Ecatalytic surface

Where Eadsorbate+catalytic surface> Eadsorbate> and Ecatalytic surface represent the energy of the
electrocatalytic surface with the adsorbates, the energy of the adsorbates, and the energy of the

clean electrocatalytic surface.

R Sabatier optimum
O so‘Q
N
N
<
'\‘&5\3&
P
Q
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Rate of the Reaction
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Adsorption Strength

Figure 2.10. Schematic representation of the qualitative Sabatier principle that predicts the activity of heterogeneous catalysts

based on the interactions between the catalyst and the reactant.
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The qualitative concept of evaluating the performance of the electrocatalyst based on the
adsorption energy is given by the Sabatier principle. This principle is named after its developer,
Paul Sabatier. This principle states that, in order for an electrocatalyst to be ideal for a particular
reaction, its interaction with the reactants/reaction intermediates should be neither too strong nor
too weak. If the adsorption strength is too weak, reaction intermediates may desorb before
undergoing the desired chemical transformations. Conversely, if adsorption is too high, reaction
intermediates may bind too strongly, hindering their mobility and the desorption of desirable
products. The geometrical representation of the qualitative Sabatier principle is shown in Figure
2.10. This can lead to sluggish reaction rates and potential catalyst poisoning due to irreversible
adsorption. Thus, the Sabatier principle suggests that the reactants/reaction intermediates
adsorption strength with the catalytic site should be in optimal range. This balance allows for
sufficient strong adsorption to stabilize reaction intermediates yet weak enough to facilitate their

mobility and reaction turnover[20,21].

(2) Gibbs Free Energy and Theoretical Overpotential: The change of Gibbs free energy (AG)
is a thermodynamic quantity that quantifies the energy change associated with the overall reaction
under specific conditions. In the case of the O2 reduction reaction (ORR), AG is a crucial descriptor
for understanding the thermodynamic feasibility and spontaneity of the ORR. In this thesis, we
have employed the following expression for the AG calculations[20,21]:

AG = AE 445 — TAS + AZPE + AGy + AGyy

Here AE ;45 1s the reaction energy obtained from the DFT calculations, AZPE is the zero-point
energy, and S is the entropy. AGy = -eU where is the potential at the electrode, e is the charge
transferred, and AG,y = KgTIniopH, where Kz is the Boltzmann constant and T=298K. We have
considered the Computational Hydrogen Electrode (CHE) model for the calculation of proton and
electron free energies in processes involving electron and proton transfers. In this model, the
standard hydrogen electrode (SHE) is used as a reference to determine the free energy of protons
and electrons. To ensure the applicability of the SHE, the following reaction must be in

equilibrium:

H*+e” —————-H,
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Under standard conditions, the chemical potentials of u(H%) + u(e™) is equal to u(%Hz).

Therefore, the free energy of H> can be used as a substitute for the free energy of electrons and
protons. It is important to note that while the equation above is valid under standard conditions (at
0 V potential and pH = 0), modifications are necessary to incorporate the effects of applied voltage

and pH. In this thesis, the calculations have been done assuming U =0V and pH = 0.

Let us consider the associative ORR path mentioned in Chapter 1, for the calculation of the
AG values during the reaction. The ORR starts with the adsorption of the O, molecule and ends
with the desorption of the water molecule. The associate route has three key ORR intermediates:
OOH*, O*, and OH*. The AG during the formation of the ORR intermediates has been calculated
by considering the O> + * as a reference state. The value of AG of the key intermediates has been

calculated as follows:
AGoon = Goow + 3(Gy+ + Ge-) — [G. + Go, + 4(Gy+ + G.-)]
AGo+ = Go + Guo + 2(Gy+ + Ge-) =[G+ Gp, + 4(Gy+ + G-)]
AGoy~ = Goy+ + G0 + (Gy+ + Ge-) =[G + Gy, + 4(Gy+ + Go-)]
AGy,o = G, + 2Gy,0 — [G. + Go, + 4(Gy+ + G,-)]
and the AG of the adsorption of the O>* can be calculated as
AGo, = Go; — [G. + Go,]

Where G, and Goop+, Go*, Goy+ are the Gibbs free energy of the clean catalytic surface and the
catalytic surface binding with OOH*, O*, and OH* intermediates, respectively. The relative free
energy of each elementary reaction step can be defined as the difference between two adjacent

steps and can be expressed as,
AGl = AGOOH* - AGOZ*
AGZ = AGo* - AGOOH*

AG3 == AGOH* - AGo*
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AG4 = AGHZO - AGOH*

The free energy diagram or potential energy surface (PES) of the ideal ORR electrocatalysts has
been shown in Figure 2.11. The reaction intermediates of the ideal electrocatalyst have the relative

free energy AGoop- =-1.23 €V, AGy+ = -2.46 €V, AGoy+ =-3.69 €V, and AGy,o = -4.92 V. For

the overall ORR process, O, + 2H, —— 2H,0, at the standard conditions, the total change in
Gibbs free energy should be -4.92 eV, as shown in Figure 2.11. From the free energy diagram of
the ideal electrocatalysts, we can see that all the reaction steps are downhill, hence
thermodynamically favorable. Thus, for an efficient ORR electrocatalyst, the reduction path in the

PES should be in a downhill trajectory.

The catalytic activity of different electrocatalysts towards ORR can be estimated by determining
the theoretical thermodynamical ORR limited potential (Ur) and theoretical overpotential (n).
Within the CHE model, the highest potential at which all the reaction steps are downhill in the
PES is called thermodynamic limited potential. In other words, the elementary step in PES with
the highest AG value is called the potential determining step and can be expressed as Ur = max

(AG1, AG2, AG3,AG4)/e. The 1 of the ORR under standard conditions can be defined as:

n — maX(AGl,Azz,AG3,AG4) + 1.23 V

For an ideal electrocatalyst, the value of the UL is -1.23 V at U=0 V, and the theoretical
overpotential is 0 V. However, in practical conditions, the value deviates from the ideal conditions.
In practical conditions, the activity and efficiency of the electrocatalysts towards ORR are
benchmarked by comparing it with the very efficient electrocatalyst Pt (111), which has n =0.43
V. Thus, the novel electrocatalyst is considered to be improved when it has 1 < 0.43 V (U, =
0.80 V).

(3) Surface-to-Volume Ratio and Electronic Properties: The study of the ORR in this thesis is
mainly considered as a solid surface reaction that occurs on the surface of the electrocatalyst. In
other words, the ORR mainly takes place at active sites that reside on the surface of the
electrocatalyst. A high surface-to-volume ratio of an electrocatalyst is considered advantageous
for good efficiency and performance during electrochemical reactions. A high surface-to-volume

ratio ensures that more of the electrocatalytic surface is exposed to the reaction. This exposure
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ensures that more active sites are available to participate in the reaction and potentially enhances

electrocatalytic performance with activities. A large surface-to-volume ratio allows better

diffusion of reactant molecules to the active sites and products away from them. This reduces the

mass transport limitations, ensuring that a higher number of the reactant molecules can reach the

catalytic surface and participate in the reaction. A higher surface-to-volume ratio also facilitates

the electron transfer between the catalyst and the electrodes, leading to improved charge transport

kinetics during the electrochemical reactions. Thus, the availability of more active sites, less mass

transfer, and charge transfer limitations exists between the two phases participating in the

electrochemical reaction, decreasing the activation energy required for the reaction to take place

and leading to an overall speeding up of the kinetics of the electrochemical reaction. In the present
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Figure 2.11. The free-energy landscape of an ideal ORR electrocatalyst at U = 0 V (black lines) and the relative energies of each

of the ORR intermediates have been indicated in red letters.
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thesis, we have considered 2D TMDs and carbon nanotubes as an electrocatalyst for ORR, which

possess a high surface-to-volume ratio[22].

Another important factor called electronic properties of the electrocatalytic materials plays a
crucial role in determining the efficiency of the electrocatalyst towards electrochemical reactions.
Electrocatalysis, which occurs at the active site in electrical contact with the electrodes in the
electrochemical cells, uses the flow of the electron as the driving force for many electrochemical
reactions. The high electronic conductivity (metallic, semimetal, and semiconductors) can
facilitate the electron transportation between the surface of electrocatalysts and the current
collector (electrodes) and decreases the Ohmic potential drop and energy loss. Thus,
electrocatalysts with favorable electronic properties (metallic, semimetal, and semiconductors) can
have faster reaction kinetics and enhance the overall catalytic activity[23]. In this thesis, the
electronic property analysis has been studied by computing the electronic band structure
calculations and corresponding density of the states (DOS) profile of the electrocatalytic material.
The electronic conductivities of materials are determined by the position of the valence band (VB)
and conduction band (CB) in the band structure calculations. The forbidden area between VB and
CB is referred to as the band gap, which is significantly influenced by the electronic states near
the Fermi energy level (Er). The density of states represents both occupied and unoccupied
available states arising from the overlap of the atomic orbitals. The location of the Er within the
density of the state profile determines the electronic behavior of the electrocatalytic materials. In
the insulator, the Er lies within a large band gap from any available states. In the metal or
semimetal, Er lies within the delocalized band, and there 1s no electronic band. In an intrinsic and
lightly doped semiconductor, the bands are sufficiently close to the Er so that they can be populated
by the thermal excitations of the electrons. In the present thesis, we have tuned the electronic
properties of the 2D TMDs by doping the suitable metal atoms, and the electronic properties of

the carbon nanotube have been tuned by the encapsulation of the metal nanocluster.

2.25 Instruments and Software Tools Used: In our research process, we have employed the

following instruments and software tools:
(1) High-Performance Computing (HPC) clusters

(2) Software Packages (particularly CRYSTAL17 suite code)
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(3) Computer workstation

(4) Visualization and analysis software (VESTA, Material Studio), high-quality graphics software

(Inkscape), scripting and data analysis software (Python), and Plotting and visualizing data trends

software (Gnuplot)

(5) Resources include Library databases and printing facilities
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CHAPTER

Synergistic Niobium Doped Two-Dimensional
Zirconium Diselenide: An Efficient

Electrocatalyst for O, Reduction

he development of high-activity and low-price cathodic catalysts to facilitate the

electrochemically sluggish O: reduction reaction (ORR) is very important to achieve

the commercial application of fuel cells. This chapter specifically examines the
electrocatalytic activity of the two-dimensional single-layer Nb-doped zirconium diselenide (2D
Nb-ZrSez) toward ORR by employing the first principles-based dispersion-corrected density
functional theory (DFT-D) method. The chapter begins by introducing the significance of the ORR
in sustainable and renewable energy systems and the role of electrocatalysts in enhancing reaction
efficiency. It then provides a detailed description of the methods and computational techniques
employed to model and analyze the properties and electrocatalytic activity of the 2D Nb-ZrSe:
system, including theoretical frameworks and simulation procedures. The final section presents
and deliberates the results of computational experiments, exploring structural properties,
electronic properties, and energetics of the 2D Nb-ZrSe> and ORR intermediates to analyze the
electrocatalytic performance of 2D Nb-ZrSe: towards ORR. In the result section, we begin by
examining the electronic properties of the 2D monolayer ZrSez which depict that the 2D
monolayer ZrSe: has a large band gap of 1.48 eV, which is not favorable for the ORR mechanism.
After the doping of Nb, the electronic band gap vanishes, and 2D Nb-ZrSe: acts as a conductor.
The section further addresses both the dissociative and associative reaction pathways through

which the ORR can proceed to reduce the oxygen molecule (O3). Our results show that the more
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favorable path for O reduction on the surface of the 2D Nb-ZrSe: is the 4e” associative path. The
detailed ORR mechanisms (both associated and dissociative) have been explored by computing
the changes in Gibbs free energy (AG). All the ORR reaction intermediate steps are
thermodynamically stable and energetically favorable. The free energy profile for the associative
path shows the downhill behavior of the free energy vs the reaction steps, suggesting that all ORR
intermediate structures are catalytically active for the 4e” associative path and a high 4e”
reduction pathway selectivity. Finally, we wrap up the chapter by addressing the key results and
findings, highlighting the potential of 2D Nb-ZrSe: as a cost-effective and efficient ORR catalyst
for fuel cell applications. Therefore, 2D Nb-ZrSe: is a promising catalyst for the ORR, which can

be used as an alternative ORR catalyst compared to expensive platinum (Pt).

3.1 Introduction: The escalating global population and the ongoing advancements in global
industrialization and society have led to a significant surge in global energy demand, primarily
met by depleting fossil fuels[1]. Consequently, the urgent need to address the energy crisis,
pollution, and climate change has driven scientists and researchers worldwide to develop
renewable, sustainable, eco-friendly, and highly efficient energy resources. Renewable energy
systems like fuel cells and metal-air batteries offer efficient solutions to environmental challenges
and growing energy demands[2]. Among alternatives to fossil fuels, fuel cells stand out due to
their high conversion efficiency, reliable performance, rapid startup, low-temperature operation,
and minimal emissions[3]. However, the widespread adoption of fuel cells is limited by the slow
kinetics of the oxygen reduction reaction (ORR). So, today’s demand is to develop active material

that can serve as an efficient catalyst and assist in accelerating the kinetics of the cathodic reaction.

To date, platinum (Pt) and Pt-based materials serve as a suitable catalyst for the reduction
of O at the cathode in the fuel cell[4]. Moreover, a sizable overpotential higher than 0.20 V is
observed, even with the state-of-art Pt-based catalyst[5]. The utilization of Pt catalysts accounts
for approximately 40-50% of the total cost associated with fuel cell stacks[6]. So, the cost of the
fuel cell imposes serious limitations on the commercialization of the fuel cell. Moreover, the
shortage of noble metals in the earth’s crust and their insufficient stability towards the byproducts
hinder their widespread applications in modern science and technology. In this pursuit, researchers
have explored various metals both in their pure state and through the process of alloying with other

metals. Pt, Pd, Au, Ag, and Ni clusters are to be effective in catalyzing oxygen reduction in their
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pure form[7]. Wang et al. have extensively documented the efficacy of synergistic Mn-Co catalysts
in facilitating high-rate ORR[8]. Numerous recent studies have provided substantial evidence to
support the exceptional catalytic properties of metal oxides and sulfides in the context of ORR,
which gives efficiency as good as the state-of-the-art Pt/C catalyst[9,10]. Although metal catalysts
have demonstrated excellent catalytic activity but considering the low availability of metal in the
earth’s crust and huge cost, the expansion of a cheap and efficient catalyst is a paramount need for

realizing the practical applications of fuel cells.

Two-dimensional transition metal dichalcogenides (2D TMDs) have gained significant
interest as a catalyst for electrochemical reactions due to their unique properties. The unique
properties include a high surface-to-volume ratio that provides numerous active sites, planar
covalent bonding that ensures excellent mechanical strength, resilience, and efficient heat
dispersion, and tunable electronic properties that can be adjusted through defects, doping, and
stress[11,12]. In the wide family of 2D TMDs, 2D MoS> has emerged as a highly investigated
material due to its remarkable catalytic capabilities[13]. MoS; has been considered a promising
non-noble HER catalyst, but only the edge site shows high HER activity[14]. In other words,
experimental and computational studies confirm that the electrocatalyst activity of the MX» (where
M is transition metal atoms and X is chalcogens) is closely correlated with the edge side while the
basal plane with a large area is generally inactive[15,16]. To the best of our knowledge, the
optimization of both active site and electronic properties of the 2D MX; electrocatalysis is highly
required. As we know, the basal planes of the 2D TMDs constitute a large surface area; therefore,
if the inert basal planes could be activated, high electrocatalytic activity would be expected. To
activate the inert basal plane and tailor the electronic properties, various strategies have been
developed, such as creating defects, metal doping, nonmetal substitution, strain engineering, phase

engineering, etc. [17-20].

Among all the strategies, substitutional doping is considered a suitable technique as it
provides long-term stability without degrading performance. The dopant atoms change the spin-
density distribution around them, which would change the strength of O, adsorption and other
reaction species. So, the ORR process can be performed on the surface of the 2D TMDs near the
appropriate doping atoms. For instance, Xiao et al. theoretically demonstrated the favorable

catalytic activity of the Co/Ni-doped 2D MoS» towards ORR[21]. Pumera et al. put forward the
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idea that introducing Fe and Mn dopants into the 2D MoS, can promote its catalytic activity in the
context of ORR[22]. Recently, Singh and Pakhira computationally analyzed that the 2D monolayer
Pt-doped ZrS> exhibits a superior catalytic activity towards ORR[23]. Moreover, the doping of
MoS; by heteroatoms such as P and N exhibits moderate adsorption strength of oxygen molecules
and enhances the ORR[24,25]. In a recent study by Tain and Tang, it was discovered that the
addition of Ni or Co to materials such as 1T-TiS, 2H-TiS», 1T-ZrS2, 1T-NbS,, and 2H-TaS; results
in a promising electrocatalytic activity for the ORR. The overpotential required for ORR on these
doped materials was found to be within the range of 0.32-0.55 V, which is comparable to that of
the most advanced electrocatalysts currently available (i.e., Pt)[26]. It has been shown that the 2D
monolayer ZrSe; is a new material of TMDs and has been successfully prepared experimentally
and it has 1T phase as a stable structure[27]. Moreover, earlier predictions show that at low
vacancy density, the ZrSe> and ZrTe, TMDs have a low value of hydrogen adsorption energy
(AER), and the value of AG is very close to that of Pt[28].

In a recent theoretical study, Som and Jha showed an important observation regarding the
catalytic activity of both the 2D single-layer ZrS> and ZrSe> materials. They found that the edge
sites of these materials, rather than the basal planes, play a crucial role in accelerating the HER.
To further enhance the HER kinetics, the researchers decided to introduce the Nb, Pt, and W
dopants in both the 2D ZrS; and ZrSe; materials. Interestingly, they discovered that the 2D Nb-
doped systems, namely Nb-ZrS; and Nb-ZrSe>, exhibited a robust metallic nature, which
significantly boosted their catalytic activity towards HER. Furthermore, they observed that, on the
basis of AG calculations, 2D monolayer Nb-ZrSe> has the best catalytic activity towards HER[29].
In addition, 2D ZrSe> possesses important characteristics that make it a favorable choice. It is non-
toxic, affordable, and exhibits strong resistance to corrosion. Furthermore, it has been successfully
synthesized on a large scale and experimented with in the form of thin atomic layers[30]. In the
context of sulfur/selenium-based ZrS> or ZrSe, TMDs, the presence of S or Se with a 2™ valence

(S* or Se*) enhances the reduction capacity, thereby promoting the activity of the ORR.

Motivated by the extensive research attention and extraordinary catalytic activity of the
Nb-doped ZrSe» toward HER, it is of fundamental interest to explore the more catalytic
applications of the 2D Nb-ZrSe; towards ORR. In this work, a DFT-D calculation has been
performed to explore the catalytic activity of the 2D monolayer Nb-ZrSe> towards ORR. In
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principle, we have aimed to answer these questions: how does the doping of Nb alter the structural
and electronic properties of the 2D monolayer ZrSe;? Does the 2D Nb-ZrSe» catalyst act as an
efficient ORR catalyst? If yes, which path will it follow to reduce the O2? To answer these
questions, we have analyzed the structural and electronic properties of the 2D Nb-ZrSe> and
examined the changes of Gibbs free energy (AG) for all ORR intermediates at their minimum-
energy condition. This study addresses some unique properties of the 2D monolayer Nb-ZrSe; and
suggests that it can act as an efficient and useful catalyst for the ORR mechanism. Thus, this 2D

Nb-ZrSe; can serve as an efficient cathodic material in fuel cells and metal-air batteries (MABs).
3.2 Theory, Methodology, and Computational Details:

The ORR has an essential role in the functioning of fuel cells. These electrochemical devices are
designed to convert the chemical energy of the fuel, typically H», directly into electrical energy.
The working principle of the fuel cell can be defined as follows: H> is produced by the
electrocatalytic cell as fuel is brought into the anode side of the fuel cell. At the anode side, H»
undergoes a reaction, resulting in the generation of electrons and protons[31]:
H, —— 2H* + 2e”

The protons (H") pass through the membrane while the accompanying electrons travel through the
electric circuit. They combine at the cathode side of the fuel cell with oxygen. At the cathode,

oxygen is reduced to water by reacting with H" and e~ through the electrochemical reaction[32]:
1
2H* + EOZ +2e- — H,0

All these processes rely on some electrochemical reactions. Among them, ORR is one of the
reactions at the cathode that reduces the oxygen molecule to water. The detailed mechanism and
possible reduction pathways have been elaborated in Chapter 1.

The catalytic potential of the 2D Nb-ZrSe> toward ORR has been investigated combinedly
by computing and analyzing the adsorption energy with the values of relative Gibbs free energy
(AG) of each intermediate species during the subject reaction. We used the computational
hydrogen electrode (CHE) method to determine the adsorption energy and the values of AG of
each intermediate. In this method, the energies are calculated under the standard conditions (pH =
0,p=1bar, T=298.15 K, and U = 0 V). We have implemented the approach introduced by
Norskov et al. in our study. Their research showcased a significant finding that the chemical

potential of H" + ¢~ can be correlated with 1/2 Hz in the gaseous state, which was determined using
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the standard hydrogen electrode. Consequently, under the standard conditions, we can calculate
the energy change of the reaction A + H — A + H" + ¢~ by employing the reaction A + H — A +
1/2 H»[5]. The adsorption (or binding) energies (AE) presented in this study have been calculated
as the energy difference between the energy of the model with adsorbed species [Esiab+adsorbate] and
the energy of the catalytic model [Esiab] and the energy of the adsorbate [Eadsorbate] according to the
following equation[33]:

AE = Egjap+adsorbate — Eslab — Eadsorbate

The value of negative adsorption energy indicates that the adsorbed oxygen intermediates
are attached to the catalytic surface stably. In other words, a negative adsorption energy signifies
that the adsorbate is likely to bind energetically to the catalyst surface, indicating a favorable
interaction between them. Therefore, negative adsorption energy is favorable for elementary
reactions over the catalytic surface. The value of AG in each reaction step was evaluated as[34]:

AG = AE + AEzpg + TAS

where AE denotes the adsorption energy obtained from the DFT-D calculations of the equilibrium
structures, and AEzpe and AS represent the change in zero-point energy and entropy correction,
respectively. T denotes room temperature 298.15 K in this calculation. The overpotential, which
is noted by 1, is an important parameter that reflects the energy barrier for a given electrochemical
reaction, such as ORR. The relationship N = AGmax/e” + 1.23 V is employed to calculate the
overpotential where AG is the maximum change in Gibbs free energy of elementary steps during
the Oz reduction reaction and 1.23 Vs SHE is the thermodynamic potential[35].

For all the systems studied here (i.e., ZrSez, Nb-ZrSe;, and ORR intermediates), the
equilibrium atomic configuration, structures, electronic properties, and energetics were obtained
by using the spin-unrestricted B3LYP DFT framework implemented in CRYSTAL17 suite
code[36]. The hybrid functional B3LYP provides reasonable accuracy in the band gap
calculations. It has a much lower computational cost and is easier to converge. Additionally, the
inclusion of Grimme’s “~D3” dispersion correction further improves the performance of the hybrid
functionals. To account the weak nonbonding van der Waals (vdW) interactions between the
reactants or intermediates and the interface, we incorporated the damped vdW dispersion
correction (-D3) within the framework of density functional theory (DFT), specifically known as
DFT-D3[37]. Ying et al. reported in their review article that the B3LYP hybrid functional

improves the energy gaps of a variety of materials from bulk to surface[38]. Muscat et al.
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established the reliability of the B3LYP hybrid functional to predict the band gap of a variety of
materials using the local Gaussian basis set in CRYSTAL suite code or software. They claimed
that the B3LYP hybrid functional reproduced observed band gap reliably in a wide range of
materials, which are in good agreement with the experimental values and obtained from more
sophisticated correlated calculations or perturbation theories[39]. By considering the advantages
and reasonable accuracy, and the track record of the B3LYP hybrid functional in computational
science, we employed the B3LYP hybrid functional. To utilize the hybrid functional, we used the
“FMIXING” keyword to mix the FOCK/KS matrix, and we employed 80% FOCK/KS matrix
mixing to maintain the accuracy of the calculations. A 2x2 supercell of the 2D monolayer structure
of the pristine ZrSe; was considered and one Zr atom was substituted by one Nb atom to form the
2D monolayer Nb-ZrSe; structure, and all the ORR reaction steps on the surface of the 2D Nb-
ZrSe, were investigated in the present study. We have utilized the Gaussian types of atomic basis
sets to define the atomic orbitals, which have been found to yield more precise outcomes compared
to plane wave basis sets[40]. In simpler terms, although the computational procedure differs from
the plane wave code (i.e., VASP, Quantum Espresso), both approaches yield identical results. In
the realm of hybrid density functionals, localized Gaussian basis set codes are inherently well-
suited for addressing the Hartree—Fock (HF) component of the outcome[41]. For the Zr, Se, O, H,
and Nb atoms, a triple-{ valence polarized (TZVP) Gaussian basis set was used in the present
calculations[42,43]. We employed a full optimization process, i.e., all atomic coordinates and
lattice parameters were allowed to relax during geometry optimization. The convergence criterion
for the self-consistent field (SCF) was established as a total energy difference of 1077 a.u. between
two consecutive iterations. The threshold controlling of the coulomb exchange integral calculation
was controlled by the five-threshold sets 7, 7, 7, 7 (ITOL1 to ITOL4), and 14 (ITOLS5) for both the
geometry optimization and electronic property calculations. The CRYSTAL17 code utilizes the
default threshold for geometry optimization on all atoms, employing specific values for maximum
and RMS force (0.000450 and 0.00300 a.u., respectively) and maximum and RMS displacement
(0.001800 and 0.001200 a.u., respectively). To ensure accurate 2D monolayer, i.e., SLAB
calculations using the CRYSTAL17 code, we have established a separation of 500 A in the normal
surface direction of the 2D monolayer Nb-ZrSe> along the Z direction where there is no symmetry.
This distance effectively prevents any spurious interactions between the periodic images of the

monolayer slab. Our current calculations indicate that this separation is sufficient to mitigate any
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undesired influences. While no computational tool is entirely exempt from limitations, we believe
that our use of the CRYSTAL17 code is justified based on its track record. Numerous studies have
been performed which provide a comprehensive overview of CRYSTAL’s capabilities,
algorithms, and validation of the outcomes against experimental data and other benchmark
data[44,45]. These studies provide insights into code reliability. Furthermore, various applications
of this code in the fields of solid-state chemistry and physics, quantum mechanics, and catalysis
have been done. In this work, to ensure that the code CRYSTAL accurately captured the properties
under investigation, we rigorously validated our results by comparing them with available
experimental data and complementary calculations from other well-established codes. To perform
the integration within the Brillouin zone, we have used 16x16x1 k-mesh in the Monkhorst pack
scheme for the pristine 2D ZrSe>, Nb-ZrSe, and all the reaction intermediates for both the
geometry optimization and electronic property calculations[46]. The electronic band structure was
constructed along the high-symmetrical k-path direction I'-M-K-I" of the corresponding irreducible
Brillouin zone. All the equilibrium structures with the images were plotted by using VESTA
software[47].

3.3 Results and Discussions: The equilibrium structure of the 2D monolayer ZrSe>, which is the
main object of this present work, belongs to the 1T phase (i.e., one atom of Zr is octahedrally
coordinated by six atoms of Se) as shown in Figures 3.1 and 3.2. By using VESTA software, a 2D
monolayer ZrSe, primitive cell was computationally designed, and a model system has been
developed for further studies, and the structure was optimized by using the first principle-based
periodic dispersion-correction hybrid DFT (DFT-D3, noted by B3LYP-D3) method as shown in
Figure 3.1. The structure is a trigonal 2D slab system with p3m1 layer group symmetry, and the
computed unit cell parameters, i.e., the lattice constants are about a=b = 3.75 A of the 2D pristine
monolayer ZrSe>, which is well consistent with the previously reported values[29]. Each unit cell
consists of one Zr and one Se atom, as shown in Figures 3.1 and 3.2. Then, the doped system is
constructed by substituting one Zr atom with one transition metal Nb per 2x2 supercell of the 2D
monolayer pristine ZrSe; as illustrated in Figure 3.1. The doping was defined by the following
equations:

number of doping atoms per 2 X 2 supercell

~ number of total metal atoms in 2 X 2 supercell
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So, the Nb dopant atom amounts to 25% (only metal atom doping) atomic substitution per 2x2
supercell of the 2D ZrSe,. The 2D monolayer 2x2 structure of the Nb-ZrSe; consists of one Nb,
three Zr, and eight Se atoms per one unit cell, as represented in Figure 3.2. The 2D Nb-ZrSe:
system is then fully relaxed with respect to both atomic coordinates and cell parameters by the
same level of the DFT-D method during optimization. The equilibrium lattice parameters of the
2D Nb-ZrSe; were found to be = b = 7.38 A, as represented in Figure 3.2. All the fully relaxed
geometrical data of the 2D monolayer ZrSe> and Nb-ZrSe; material have been reported in Table
3.1 and represented in Figure 3.2. The ORR mechanism involves the movements of the electrons,
1.e., the transfer or transportation of electrons is a key process during the electrochemical ORR
mechanism. Previous studies have shown that the electronic properties (i.e., electronic band gap,
band structure, and total density of states) of catalysts have a significant impact on their catalytic

efficiency. The
Top View Atomic Substitution Top View

Monolayer ZrSe, Per 2x2 Supercell Monolayer Nb-ZrSe,

O=Nb @=17zr 0=se

Figure 3.1. Representation of the 2D monolayer ZrSez and 2D monolayer Nb-ZrSe>.

electronic properties have been analyzed by computing and observing the electronic band structure
and total density of states (DOSs) of both the 2D monolayer ZrSe; and Nb-ZrSe> materials.
Analysis of the electronic properties can be useful to obtain information about electron distribution
on the catalytic surface, which is useful to understand fully the catalytic performance of the
catalyst. The electronic properties of the 2D monolayer ZrSe, and Nb-ZrSe> materials have been
obtained by employing the same DFT-D theory. The electronic band structure of the pristine ZrSe>
was plotted in the highly symmetric k-path direction I'-M-K-I" with respect to the vacuum. The
highly symmetric path is shown in Figure 3.3a, and the equilibrium electronic structure of the 2D

monolayer ZrSe, material is shown in Figure 3.3b (top and side view). The Fermi energy level
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1T Side View

Metal Coordination Stacking Sequence

Lattice Parameters of ZrSe, and Nb-ZrSe, After Optimisation

Monolayer Nb-ZrSe,

O=Nb O=17zr 0=sc

Figure 3.2. Metal coordination, stacking sequence, unit cell, and structural properties of the ZrSez and Nb-ZrSe:.
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(EF) of the pristine ZrSe> was found at the energy value of -5.34 eV, as shown by the dotted line
in Figure 3.3c and d. The 2D single-layer ZrSe, material shows semiconducting characteristics
with an indirect electronic band gap (Eg) of about 1.48 eV, as represented in Figure 3.3c. The DOSs
has been computed by the same level of DFT-D theory, and the profile of DOSs supports the
electronic band gap of the 2D pristine ZrSe,, which was obtained by the electronic band structure
calculations, as shown in Figure 3.3d. The calculated electronic band gap of the pristine 2D ZrSe»
is consistent with the previously reported values[29]. Doping Nb in the pristine 2D monolayer
ZrSex (Nb-ZrSe;) disrupts its symmetry and introduces additional unsaturated electrons. The
equilibrium structure with the electronic properties of the 2D Nb-ZrSe, has been calculated at its
equilibrium geometry by using the same level of the DFT-D theory as depicted in Figure 3.3e-g.
This alteration leads to an augmented charge density in the basal plane of the 2D monolayer Nb-
Z1Se», resulting in enhanced catalytic activity toward ORR. We have drawn the electronic band
structure of the 2D Nb-ZrSe; along the highly symmetric k-path direction I'-M-K-I" like the pristine
2D monolayer ZrSe, material with respect to the vacuum for comparison. The Er of the 2D Nb-
ZrSe> was found at -4.87 eV, as represented by the dotted line in Figure 3.3f-h. The results from
our present DFT-D analysis demonstrate that the introduction of Nb doping in the pristine 2D
monolayer ZrSe; causes the energy gap to disappear, stemming in a zero-band gap where the bands
are overlapped around the Er, making it a conductor. In other words, the 2D Nb-ZrSe; has metallic
characteristics, as shown in Figure 3.3f. The zero-band gap indicates easier electron transfer from
the valence band to the conduction band. To support this, we computed the DOSs calculations
using the same level of DFT-D theory. The DOSs profile shows that there is sufficient carrier
concentration about the Er, as shown in Figure 3.3g. An increased concentration of electrons near
the Er enhances electronic conductivity, thereby facilitating faster electron transfer to the reactants
during the process of ORR. The carrier density around the Er mostly comes from the dopant (Nb)
d-subshell electron density of states. Based on our analysis of partial density of states (PDOS)
calculations, we have successfully established the influence of the d-subshell electron density of
states of the Nb atom on the carrier concentration around the Ef, as depicted in Figure 3.3h. The
contributing component of the d-subshell electron density of the Nb atom in the total DOSs has
been computed to examine the conducting properties of the material where the d-subshells electron
density of states of the Nb atom follows the locus of the total DOSs of the 2D monolayer Nb-ZrSe:

material. In other words, this indicates that the d subshell electrons of the Nb atom regulate and
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tune the electronic properties of the 2D monolayer Nb-ZrSe, material, which may enhance the
electrocatalytic activities of the material. The distinctive electronic characteristics of the 2D
monolayer Nb-ZrSe> can be summarized as follows: (1) the rapid transfer of charges is facilitated
by the presence of continuous band states in close proximity to the Ef; (2) enhanced electron
mobility can be observed due to the significant density of states surrounding the Er; (3) the metallic
properties of the 2D monolayer Nb-ZrSe> contribute to accelerate charge transfer leading to
improve the ORR activity. Considering the previous studies of the ORR mechanism on TMDs, the
surface chalcogen atomic layer takes part in the reduction process of the molecular oxygen (O>).
Recently, Upadhyay and Pakhira investigated the ORR mechanism on the surface chalcogen (Se)
atomic layer of the 2D

Table 3.1. The equilibrium structural properties of the 2D monolayer ZrSes, 2D monolayer Nb-ZrSez, and comparison with

previously reported data.

System Lattice Interfacial angle  Layer group and Average bond References
parameters (A) in degree symmetry length
Zr-Se Nb-Se
A) A)

ZrSe> monolayer a=b=3.75 p3m1 2.68 - This work
a=0=90°
y=120°

ZrSez2 monolayer a=b=3.77 p3mil 2.70 - [29,30]
(previously a=p=90°
ted

reported) =120

Nb-ZrSe2 a=b=7.38 Pl 2.67 2.60 This work
monolayer a=p=90"
y=120°

monolayer Pt-MoSe> using DFT-D methods[48]. So, in the case of TMDs, it can be concluded that
the surface chalcogen atomic layer is the active center of the catalyst during the electrochemical
ORR mechanism. In this work, we have investigated the ORR mechanism in an acidic media,
where the protons (H") and electrons (¢") transfer take place simultaneously on the ORR adsorbates

to reduce the O2. We considered the Se site as an active site (near the Nb-doped region) for the
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ORR adsorbates including the O>*, 20*, OOH*, O*, and OH*. The ORR mechanism was started
by analyzing the interaction of O> with the active site Se of the 2D monolayer Nb-ZrSe>. The
adsorption of Oz with the active site is the crucial step to initiate the ORR process and significantly
affects the catalytic activity of the material. Here, we calculated the adsorption energy of the O
molecule by taking the difference between the electronic energy of the absorbed Nb-ZrSe» of the
0> denoted by the O»* Nb-ZrSe; with the electronic energy of isolated 2D Nb-ZrSe; and the
gaseous state of the O2 molecule. The adsorption energy of O2 should not be too positive or too
negative for a good electrocatalyst[23,48]. The higher positive adsorption energy value between
O and the active site (called the O»-active site interaction) depicts that it is not able to capture the
Oz molecule. In other words, the higher and positive value of O adsorption energy (around the
active center) leads to poor adsorption of O, molecules, so it is very difficult to start the ORR
process. A very negative adsorption energy value between O and catalyst is not ideal for the ORR
mechanism because a very strong Oz-active site interaction may lead to the occupation of the active
site by the O2 molecule and hinder the further reaction steps[23,48,49]. Thus, very large positive
and negative values of the O> adsorption energy around the active site of the catalyst diminish the
electrocatalytic activity of the material toward the ORR process. So, the adsorption energy of O
should be optimum to efficiently start the ORR on the catalytic surface. Based on the above
discussion, we computed the O activation energy, which could be a good descriptor of the
catalytic activity of the 2D monolayer Nb-ZrSe; toward ORR. In other words, the determination
of the optimal value of O, adsorption energy on the Nb-ZrSe, surface plays a crucial role in
initiating the ORR process. For an ideal condition, the adsorption energy of O; on the catalytic
surface should be close to zero, which is not the case in real life. Noble metals, such as Pt, are
considered the best catalyst to date for electrochemical reactions, especially for ORR. So, for
practical applications, the O»-active center interaction energy for a good catalytic candidate should
be close to or slightly weaker than that of the Pt. Chen et al. reported that the Pt-based catalyst
shows good ORR reactivity and, therefore, can be used as a reference to evolute the catalytic
activity of other materials. The O adsorption energies on the Pt (111) and Pt (100) surfaces were
found to be -0.69 eV and -1.10 eV, respectively[50,51]. It was found in the present calculations
that O2 adsorption energy on the surface of the 2D monolayer Nb-ZrSe> was about -0.15 eV which
is smaller than that of the Oz-active site interaction energy of Pt. Thus, this negative and small

adsorption energy of
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Figure 3.3. (a) Brillouin zone with high symmetry k-points, (b) top and side view of equilibrium structure of the monolayer ZrSe:,
(c) band structure, (d) total DOSs of the monolayer ZrSe:, (e) top and side view of the equilibrium structure of the monolayer Nb-
ZrSey, (f) band structure of the monolayer Nb-ZrSe», (g) total DOSs of the Nb-ZrSe:, and (h) contribution of d subshell of Nb in the
total DOSs.
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O, suggests that the 2D monolayer Nb-ZrSe; can be energetically favorable for electrochemical
ORR to proceed further, which indicates that the 2D monolayer Nb-ZrSe> material would show an
efficient catalytic activity toward ORR.

Now, the removal of the water (H2O) molecule is the last step of the ORR mechanism.
After the removal of the H,O molecule, the new ORR cycle of the ORR mechanism starts. So,
suitable H>O adsorption energy is essential during the ORR mechanism. The adsorption energy of
H>O on the catalytic site should not be too large. The adsorption energy of the H>O molecule was
found to be -1.54 eV on the Se-site, as depicted in Figure 3.4. This value might seem like moderate
adsorption energy (not too large) in one context, and it could be favorable for a particular reaction
mechanism, as in the case of the subject reaction. This value may not appear extremely small in
isolation; it is indeed a suitable moderate value for the ORR mechanism. This value supports the
efficient adsorption, reaction, and subsequent desorption of H-O molecules, enabling the catalytic
site to remain accessible and active throughout multiple cycles of the ORR. This means that the
Se site remains accessible for the subsequent cycles of the ORR. Moreover, the favorable
adsorption energies of Oz and H20 on the Se site of the 2D Nb-ZrSe: indicate that this material
has the potential to serve as an effective catalyst for converting O» into H>O during the reduction
process. Now, after the adsorption of the O> molecule, which is the initial step of the ORR
mechanism, ORR can proceed via two ways. The path of the ORR mechanism depends on how
the O-O bond cleaves. The first way is called the associative path, which involves both the proton
and electron transfer simultaneously to form OOH species, then followed by the successive
protonation steps to reduce O2. The second path is known as the dissociative path, which involves
the breaking of the O-O bond after the adsorption of the O2 molecule into two O atoms on the
active site of the catalytic surface. In this work, we have studied both possible pathways of the
ORR mechanism on the surface of the 2D monolayer Nb-ZrSe>. We computed the adsorption
energy of the reaction intermediates with the active site Se of 2D Nb-ZrSe: for both associative
and dissociative reaction pathways. The adsorption energy for the hydrogenation of O>* into the
OOH* species during the associative reaction was found to be -0.18 eV obtained by the DFT-D
calculation, as represented in Figure 3.4b. The adsorption energy of the dissociative pathway (i.e.,
dissociation of the adsorbed O>* into 20*) was found to be 1.94 eV, i.e., the dissociation energy
of O2*. According to computed adsorption energy, the associative pathway is more energetically

favorable than that of the dissociative pathway. The adsorption energy for the associative pathway
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Figure 3.4. Graphical representation of adsorption energy of the various ORR intermediates in (a) dissociative, and (b) associative

mechanism.

that the OOH* species is stably adsorbed on the Se site of the 2D Nb-ZrSe>. As the adsorption
energy of the associative path (-0.18 eV) is close to zero, i.e., very small and negative, we consider
the associative ORR path to be thermodynamically favorable and feasible. Thus, we believe that
the associative reaction path is energetically more favorable and efficient for catalyzing O:
molecules. The associative reaction path is represented as O>* + H" + ¢ — OOH*. The large
positive adsorption energy of dissociation of the O> molecule to the atomic O indicates that this
step is not stable and would be greatly suppressed by the associative 4e” mechanism. A positive
adsorption energy implies that the dissociation of O is not energetically favorable, which hinders
the progression of subsequent reaction steps. So, the whole ORR mechanism will proceed as O»*
— OOH* — O* + H,0O — OH* — H»0. The adsorption energy of all ORR intermediates has been
calculated by the same level of theory. The graphical representation of the adsorption energy of all
intermediate steps is shown in Figure 3.4a-b. For all the intermediate states involved in the
associative path, the adsorption energy is negative and optimum, revealing highly exothermic
characteristics and thermodynamically favorable. We also computed the adsorption energy for all
the ORR intermediates that occur in the dissociative ORR pathway, as represented in Figure 3.4a.
From the above discussion, we can conclude that the ORR mechanism on the surface of the 2D
monolayer Nb-ZrSe; material will follow the 4e associative mechanism. To further analyze the
catalytic activity of the 2D monolayer Nb-ZrSe, toward ORR, we have computed the values of

AG for each intermediate reaction step. In this work, we have calculated the values of AG by
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computing the harmonic vibrational frequency of each intermediate step of the ORR mechanism
using the CRYSTALI17 code. We will discuss the AG, structural properties, and electronic
properties of each reaction intermediate step involved in both associative and dissociative

mechanisms during the ORR.
3.4 Reaction Intermediate Steps Involved in Associative Mechanism:

First Step. The first step of the ORR mechanism, irrespective of the path, is the adsorption of O2
onto the reaction site of the 2D monolayer Nb-ZrSe; slab. To model this step, we placed an O»
molecule on the surface near the Nb atom in the 2D Nb-ZrSe: at a distancel.60 A, which is equal
to the equilibrium bond length of the Se-O. The same DFT-D method has been employed to
perform the geometry optimization of the 2D Nb-ZrSe> with an O2 molecule attached to the Se site
(represented as O2* Nb-ZrSe;). The equilibrium structure of the O2* Nb-ZrSe, has been
represented in Figure 3.5(1a) (top and side view). We analyzed and calculated the intrinsic
electronic characteristics of the equilibrium structure O2* Nb-ZrSe,. To gain insights into the
electronic properties, we calculated the electronic band structure and DOSs of the equilibrium
structure O2* Nb-ZrSe; as depicted in Figure 3.5(1b) and 3.5(1c¢), respectively. We have drawn a
total of eight bands around the Er, which are sufficient for collecting the electronic behavior of the
O2* Nb-ZrSe>. We calculated the band structure of the O2* Nb-ZrSe> along the I'-M-K-I" high
symmetry k-vector direction with respect to vacuum, which is consistent with the 2D Nb-ZrSe>
band structure with the band pathway along the same k-vector direction for comparison. The Er
was found at -4.94 eV, as represented by the dotted line in Figure 3.5(1b-1¢). From the band
structure calculations, we observed that some of the electronic bands overlap around the Ef. Thus,
the band structure of the O>* Nb-ZrSe> predicts the conducting nature of the O* Nb-ZrSe»
system. To confirm the conducting nature of the O>* Nb-ZrSe>, we computed and analyzed the
DOSs of the O2* Nb-ZrSez. According to the DOSs profile, there appears to be an ample amount
of electron density surrounding the Er, as shown in Figure 3.5(1c). Therefore, the intermediate
O2* Nb-ZrSe> has metallic characteristics. After optimization, the equilibrium Se-O and O-O

bond lengths were

Table 3.2. The equilibrium geometrical data of the ORR intermediates involved in associative and dissociative mechanisms.

Reaction steps Average bond length (A)
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Lattice Interfacial Layer group Electronic Zr-Se Nb-Se Se-O Se-OH
parameters (A) angle (°) and band gap
symmetry (eV)
Nb-ZrSe: Pl 0 2.67 2.60 - -
a=7.38, b=7.38 a=p=90
y=120
O2*_Nb-ZrSe: a=7.37,b=7.38 Pl 0 2.67 2.58 1.69 -
a=p=90
vy=120.01
20*_Nb-ZrSe:  a=7.39,b=7.35 Pl 0 2.66 2.60 1.67 1.67
a=p=90
vy=120.36
OOH*_Nb- a=7.39, b=7.40 Pl 0.66 2.66 2.66 2.00 -
ZrSe: a=p=90
vy=120.20
O*_OH*_Nb- a=7.39, b=7.43 Pl 1.39 2.68 2.61 1.72 1.77
ZrSe: a=p=90
vy=120.32
O*_Nb-ZrSe: a=7.37,b=7.41 Pl 0 2.67 2.60 1.67 -
a=p=90
vy=120.13
OH*_Nb-ZrSez  a=7.38,b=7.40 Pl 0.66 2.65 2.61 1.87 -
a=p=90
vy=120.10

found to be 1.67 A and 2.20 A, respectively. We observed an increased bond length of the O-O
bond as compared to the free O2 molecule bond length (1.21 A) by the amount of 0.99 A after the
adsorption onto the surface of the Nb-ZrSe», as represented in Figure 3.6. The type of oxygen
molecule is crucial for ORR. Usually, O> molecules have two bond states, singlet (02, metastable)
and triplet (02 ground state), where 'O; has a very short lifespan and has 0.98 eV higher energy
than 02[52,53]. Therefore, Oz is involved in the oxygen electrocatalysis in fuel cells and the

electrochemical water splitting is specifically considered to be completely in its triplet ground
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state[54]. The electron spin alignment facilitates the creation of spin, a selective channel to
promote spin conversion during the reaction, which provides an opportunity to lower the reaction
energy barrier by controlling the spin polarization of the catalyst[55]. The adsorption and
activation of the triplet O> molecule should involve charge transfer from the catalytic site to the
antibonding ©n~ orbital of O>. Such an orbital interaction on the present system arises from the
interaction of the ligands Se site orbital of the Nb-ZrSe, and " orbital of adsorbed O, on the
surface of the Nb-ZrSe;. We have employed the Mulliken charge transfer analysis by including
the “PPAN” and spin polarization calculation by including the keyword “SPIN” in the calculations.
The optimized geometry of the O>* Nb-ZrSe, suggests the charge transfer of 0.64 |e| from the Se
site to the adsorbed O, molecule. The charge transfer thus resulted in the elongation of the
equilibrium bond length of the O, molecule to 2.20 A as compared to the free optimized O2 bond
length (1.21 A). Thus, the charge transfer and bond elongation of the O, molecule are responsible
for the activation of the O2 molecule on the surface of 2D Nb-ZrSe. The increment in the bond
length and charge transfer indicates that the O molecule is activated and is available for the next
ORR steps. The value of AG during the reaction Oz + * — O>* was found to be -0.10 eV. The
negative value of AG indicates that the reaction is exothermic. Thus, the negative and small value
of AG suggests that the adsorption of O on the active site is thermodynamically stable and
kinetically feasible for the ORR mechanism.

Second Step. The next step (in the 4e” transfer associative reaction mechanism of the subject
reaction) is the hydrogenation of adsorbed activated oxygen molecule around the Se site near the
Nb atom. To model this ORR intermediate, we have placed one H atom near the one O atom, and
the present DFT-D study has found that the equilibrium O-H distance is about 0.97 A from the
outer O atom in the O2* Nb-ZrSe,. Here, we have assumed that an H™ coming from the anode
side through a proton exchange membrane and an e” coming through an external circuit reacts with
the adsorbed O, molecule to form an OOH (noted by OOH* Nb-ZrSe;). The full geometry
optimization (i.e., atomic coordinates and lattice parameters) of the so formed system of the
OOH* Nb-ZrSe> reaction intermediate was performed by employing the same DFT-D method,
and the equilibrium structure of the OOH* Nb-ZrSe; intermediate is shown in Figure 3.5(2a) (top
and side view). We computed and examined the electronic properties of the OOH* Nb-ZrSe»
using the same DFT-D method. The Er was found at -5.42 eV, as shown by the dotted line in
Figure 3.5(2b—2c). The band structures of the OOH* Nb-ZrSe» depict the semiconducting nature
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of the OOH* Nb-ZrSe, reaction intermediate with an indirect band gap of 0.66 eV. The
conduction band minima and the valence band maxima of the OOH* Nb-ZrSe; are located as I'-
and M- points, respectively. The DOSs corresponding to the band structures of the OOH* Nb-
ZrSe> were also calculated and plotted by using the same DFT-D method, as shown in Figure
3.5(2¢). The DOSs plot is very consistent with the band structures, and this computation supports
the band gap of the OOH* Nb-ZrSe; intermediate. The value of AG during the reaction O,* + H"
+ ¢ — OOH* was found to be 0.13 eV. This positive value of the AG indicates the endothermic
nature of the reaction. The value of AG is close to zero, which suggests a thermodynamically

favorable process and proceeds for the further reaction steps.

D (b) @)@

g

I QOH*_Nb-ZrSe,

s ] 1T "
-1 1 ! = 1 1  edpegd  F Tl .
2 = i
Top View :'“ Ch — 1 -
4 =
= o —
OO AN
Side View * i ™ K roa
@=nb @=1r 0=sc o=0 Band
G)a) (b) (4){31 (b) (c)
-4 2 ""—-r.,_ﬁV_G_mr-’r\'wm“ 3 omy
- =
: 6 : / ,,,,,,,,,,,,,, 1 8
< & \
g z P [ . . g7 7
< § LA LA, - ~
= - Kl s
Side View ] Side View 1 M K ECE
@=Nb @=7 0=s. o=0 @=Nb @=uzr 0=s: 0=0 o=H Band DOSs
B ) (O] (6)a) (b) ()

Top View

r
OO
Side View

s
SRS
r oA

O=Nb @=# 0=s5 e=0 Band DOSs O=Nb @=x 0=sc a=0 o=1 Band " poss
Figure 3.5. (a) Top and side view of equilibrium structure, (b) band structure, and (c) total DOSs of (1) O* Nb-ZrSez, (2)
OOH* Nb-ZrSes, (3) O* Nb-ZrSes, (4) OH* Nb-ZrSey, (5) 20* Nb-ZrSe: and (6) O* OH* Nb-ZrSe:.

Energy (e V) w. r. t. vac.

&

IssERe
e

Third Step. The next step of 4e” associative mechanism is the reduction of OOH* into O* through

the process of hydrogenation of the reaction intermediate OOH* Nb-ZrSe;. We assume that a
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proton (H") coming from the anode side through proton exchange membrane and simultaneously,
electron (¢”) flow through an external circuit, reacts with OOH* to form O* intermediate species.
We have modeled this intermediate state by placing an oxygen atom at a distance of 1.62 A from
the Se site, which is close to the equilibrium bond length of Se-O. The full optimization (lattice
parameters and atomic coordinates) of the reaction intermediate O* Nb-ZrSe, was performed and
the equilibrium 2D layer structure (top and side view) of the O* Nb-ZrSe: is represented in Figure
3.5(3a). Figure 3.5(3b-3c) represents the electronic band structure and DOSs profile of the O* Nb-
ZrSe; computed by the DFT-D method. The Er of the O* Nb-ZrSe; system was found at -6.57 eV
as shown by the dotted line in Figure 3.5(3b-3¢). From the band structure calculations of the
O* Nb-ZrSe: intermediate, it has been found that some of the energy bands cross the Er, which
indicates the metallic nature of the O* Nb-ZrSe>. The DOSs calculations of the O* Nb-ZrSe»
show that there is electron density around the Er, as shown in Figure 3.5(3c). So, both the band
structure and the DOSs profile show the metallic nature of the O* Nb-ZrSe>, which supports the
transportation of electrons involved in this reaction step. The value of AG in this reaction step
(OOH* — O*) was found to be -1.82 eV. The negative value of AG reveals a highly exothermic
character of this reaction. This intermediate reaction step is thermodynamically stable and

energetically favorable for the ORR mechanism.

Fourth Step. The next step of the 4e” associative mechanism is the hydrogenation of the O* Nb-
ZrSe; intermediate by reacting with H™ and e coming from the anode side of the fuel cell. We
assume that O* at the Se site captures one H" and e to form OH* species. To model this
intermediate state, we put an H atom at a distance 0.90 A from the O atom, which is the equilibrium
bond distance of a free O-H molecule. The reaction intermediate OH* Nb-ZrSe, was then
optimized, and the equilibrium structure of the OH* Nb-ZrSe: intermediate is illustrated in Figure
3.5(4a). To examine the electronic behavior, we studied the electronic properties of the OH* Nb-
ZrSe; intermediate. The Er of the OH* Nb-ZrSe> was found at -5.30 eV, as depicted by the dotted
line in Figure 3.5(4b-4c¢). From the band structure calculations, we can see that the OH* Nb-ZrSe>
displays a semiconducting nature with an indirect band gap of 0.66 eV, as shown in Figure 3.5(4b).
The conduction band minima and the valence band maxima of the OH* Nb-ZrSe; are located at
I' and M, respectively, like the previous intermediate step. To confirm this band gap, we have
drawn the DOSs profile corresponding to the band structure calculations, and the DOSs profile

well supports the band gap of the OH* Nb-ZrSe; as shown in Figure 3.5(4c). The value of AG for
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this reaction step (O* — OH*) was found to be -1.23 eV computed by the same DFT-D method.
The negative value of AG indicates that this step is exothermic. Hence, this process is
thermodynamically and energetically favorable for the reduction of O,.

Table 3.3. The change in Gibbs free energy (eV) of the reaction steps during the associative mechanism at the surface of the 2D

monolayer Nb-ZrSe: material.

Various reaction steps are involved in the associative mechanism AG (eV)
[Nb-ZrSez+ O2 — O2%_Nb-ZrSe:] -0.28
[02%_Nb-ZrSez + H + e — OOH*_Nb-ZrSe:] 0.13
[OOH*_Nb-ZrSe: + H + e — O*_Nb-ZrSe: + H20] -1.82
[O*_Nb-ZrSe:+ H* + e — OH*_Nb-ZrSe:] -1.23
[OH*_Nb-ZrSe: + H* + e — Nb-ZrSe: + H20] -1.76

Fifth Step. This is the last step of the ORR mechanism. This step of the 4e” associative mechanism
is the hydrogenation of the OH* Nb-ZrSe; intermediate by reacting with H" and e coming from
the anode side of the fuel cell. We have assumed that the OH* at the Se site captures one H' and
e to form the second H>O molecule and it is removed from the catalytic site. The value of the AG
of this reaction step (OH* — H>O + *) was found to be -1.76 eV computed by the same DFT-D
method. The negative value of AG indicates that this ORR step is exothermic, and hence, this
process is thermodynamically and energetically favorable for the reduction of O». The value of AG
of each reaction’s intermediate during the associative mechanism has been reported in Table 3.3,
and similarly, the value of AG of each is summarized in Table 3.2 and represented in Figure 3.6
(for both associative and dissociative reaction mechanisms).To summarize the catalytic activity of
the 2D Nb-ZrSe> toward ORR, we drew and analyzed the AG curve (potential energy curve) for
both associative and dissociative mechanisms based on the DFT-D calculations, as shown in
Figures 3.7 and 3.8. We constructed these diagrams by considering the 2D Nb- ZrSe; as a reference
geometry, i.e., 2D Nb-ZrSe; considered corresponding to energy of 0 eV for both associative and

dissociative mechanisms of ORR. At a standard condition (i.e., at a temperature of 298.15 K with

118



Chapter 3: Synergistic Niobium Doped Two-Dimensional Zirconium Diselenide: An Efficient
Electrocatalyst for O, Reduction

pressure 1 atm), the total value of AG for full reaction O> +2H, — 2H>0 should be -4.92 eV. From
our Gibbs energy landscape, the total value of AG was found to be -4.94 eV and -4.96 eV for
dissociative and associative reaction mechanisms, respectively. So, from our DFT-D calculations,
we can see that the total value of AG for the ORR mechanism is very consistent with the

experimental value. In the dissociative path, the free energy landscape shows

Table 3.4. The change in Gibbs firee energy of reaction steps in dissociative mechanism at the surface of the 2D monolayer Nb-
ZrSez material.

Various reaction steps are involved in the dissociative mechanism AG (eV)
[Nb-ZrSez+ Oz — O2%_Nb-ZrSe:] -0.28
[O2*_Nb-ZrSez — 20*_Nb-ZrSez] 1.99
[20*_Nb-ZrSe:+ H*+ e — O*_OH*_Nb-ZrSe:] -2.26
[O*_OH*_Nb-ZrSe2+ H*+ e — O*_Nb-ZrSe: + H20] -1.40
[O*_Nb-ZrSe:+ H+e- — OH*_Nb-ZrSe:] -1.23
[OH*_Nb-ZrSe:+ H*+ e — Nb-ZrSe: + H20] -1.76

that all the reaction steps are downhill except O>* — 20%*, as shown in Figure 3.7. For the
associative path, all the reaction steps are also downhill in the free energy landscape except for the
reaction steps for O2* — OOH*, as shown in Figure 3.8. But by comparing both the free energy
landscapes, the O2* — 20* step of the dissociative mechanism has a higher uphill than that of the
associative mechanism. Thus, the 20* step is not stable and thermodynamically feasible for the
ORR mechanism, which makes the further ORR steps through the dissociative path difficult.
Whereas the uphill in the associative mechanism is very small, which is kinetically surmountable.
Furthermore, all values of AG are negative, indicating that the entire ORR process through
associative mechanism is exothermic and thermodynamically favorable. Therefore, the associative
4e” pathway for the ORR on the surface of 2D Nb-ZrSe; is the most favorable path. The potential

energy surface for both the associative and dissociative paths has been discussed for
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Figure 3.6. Structural properties of the various ORR intermediate structures.

the sake of a quick comparison of results in both mechanisms. The total values of AG for two
reaction pathways (4.94 eV for the dissociative ORR mechanism and 4.96 eV for the associative
mechanism) are marginally different (only 0.02 eV), which lies in the DFT-D error bar. This slight
difference in the total value of AG for two reaction pathways might come from the different
reaction energies (i.e., the different interaction strengths) of different intermediate species
occurring on both the associative and dissociative mechanisms. The specific bond-breaking and
bond-formation steps in a different pathway may possess distinct reaction energies due to
variations in the bond strength, atomic interactions, and stabilities of intermediates, ultimately
affecting the calculated total AG values. In our present calculations, the reaction energies of O2*
— 20* and O2* + H" + & — OOH* were found to be 1.94 ¢V and -0.18 eV, respectively. Another
factor is the change in the entropy during each process that contributes to the overall value of AG.

Different changes in entropy arise from different reaction mechanisms and different translational
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and variational degrees of freedom of intermediate species (20* and OOH*). In the context of
electrocatalytic reactions, the concept of entropy helps us to understand how the arrangement of
molecules and their energy distribution change as a reaction proceeds. When molecules transition
occurs from reactants to products, their spatial arrangement and energy distribution can change,
leading to differences in entropy. Besides these factors, the rate of electron transfer differs between
reaction pathways due to variations in the redox potential of intermediates and the effect on the
total AG values. Thus, the reaction energies, electron transfer rate, and entropy contribution of
different reaction intermediates may cause minor differences in the values of AG during both
associative and dissociative reaction mechanisms. The difference in AG is only about 0.02 eV,

which is negligible and lies in the DFT-D error bar.

In the case of the 2D monolayer Nb-ZrSe», the value of n has been determined to be 1.09
V for the associative reaction path of the ORR. The overpotential of the benchmark Pt (111) was
calculated to be 0.45 V at the same level of theory[5]. This discrepancy indicates that the 2D
monolayer Nb-ZrSe; requires a higher driving potential to achieve the desired ORR rate compared
to Pt. This observation suggests that the 2D monolayer Nb-ZrSe> might not be as efficient as Pt
(111) as a cathode material for ORR; however, this material can be used as a Pt-free electrocatalyst
where the performance is remarkable. To provide a comprehensive comparison, we considered
some of the 2D surfaces, such as 2D transition metal-based, organic framework-based materials,
and Pt-doped transition metal dichalcogenides. Recently, Upadhyay and Pakhira reported that the
Pt-doped MoSe: (Pt-MoSe>) 2D transition metal dichalcogenides is an efficient electrocatalyst for
ORR by employing the same level of theory. They computationally showed that the 2D transition
metal dichalcogenides possess the value of n about 1.53 V, which is higher than that of the
overpotential of 2D single-layer Nb-ZrSe; material[48]. Zhau et al. studied the efficiency of double
carbon vacancy C3;N monolayer with embedded a range of transition metals denoted by TM-V.
(TM = Mn, Fe, Co, Cu, Ru, Rh, Pd, and Pt) toward ORR[56]. The overpotential of the Nb-ZrSe,
is quite near most of the TM-V,. catalysts. Furthermore, Ji et al. counted the first principle
calculations to investigate the catalytic performance of the 2D M-COFs (M = Sc, Zn, Ru, Pd, Ag,
and Ir)[57]. According to their findings, most of the M-COFs represent an overpotential
comparable to that of the 2D monolayer Nb-ZrSe,. The overpotential of the 2D monolayer Nb-
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Figure 3.7. Free energy diagram of dissociative ORR mechanism at the surface of the 2D monolayer Nb-ZrSe:> material.

ZrSe; is comparable to various previously reported 2D materials overpotential studied using the

DFT method for ORR catalyst[58,59].

While the lower value of overpotential comparable to that of the Pt catalyst suggests
enhanced catalytic activity, it is important to consider other factors to evaluate catalytic efficacy.
As the 2D monolayer Nb-ZrSe; possesses a conducting nature, it facilitates the charge transfer,
and the ORR happens on the surface of the Nb-ZrSe>. Hence, it provides more exposure to the
active catalytic sites, providing more opportunities for the ORR to take place. The availability and

sustainability of the constituent elements, Nb, Zr, and Se, and the cost-effectiveness of the Nb
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ZrSe; in comparison to precious metals like Pt present ecological and economically viable
alternatives for large-scale applications. Our findings show that the 2D monolayer Nb-ZrSe»
exhibits good selectivity for the favorable reaction path and moderate adsorption energy of the
ORR intermediates on the catalytic surface. The unique structural and electronic properties,
stability, cost-effectiveness, and path selectivity of the 2D monolayer Nb-ZrSe> for ORR
collectively positioned it as a promising catalyst for ORR despite a slightly higher overpotential.

The study of the ORR is a solid surface reaction, and it happens on the outer surface of the
2D layer of the Nb-ZrSe> TMD. The examination of solvent impact holds significant relevance
within the realm of catalysis. Additionally, gaining insights into the reaction mechanisms
occurring in the solvent phase for various electrochemical reactions presents an equally interesting
and important area of research study. Achieving a precise representation of the solvent model
stands as a significant challenge within the realm of computational catalysis. Furthermore, the
computational expense associated with modeling the various reaction steps (in the solvent phase)
exacerbates this challenge[60,61]. When considering a solvent environment, it becomes apparent
that the solvent possesses the capability to interact with the adsorbates and the catalytic surface
through either chemical or physical processes. Notably, the solvent molecules can interact with
adsorbates by hydrogen bonding. The effects of the solvent phase are very challenging owing to
the difficulties in accurately defining complex systems that may involve simultaneous solvent-
solvent, adsorbate solvent, adsorbent-solvent, and adsorbate-catalytic surface interactions. The
primary focus revolves around precisely defining the interaction potential and the exchange-
correlation functionals involved in the solvent phase. Introducing the solvent phase introduces
complexity, often resulting in expansive systems characterized by numerous feasible
thermodynamic and geometrical arrangements. Consequently, the task of identifying a relevant
configuration becomes equally challenging. In addition to this, the solvent phase is the main
component of the reaction medium. Consequently, its physical attributes, such as polarity,
viscosity, and propensity to interact with adsorbates, play a transformative role in influencing
reaction kinetics through their impact on both mass and heat transfer phenomena. Thus, the task
of precisely understanding how the inherent properties of the solvent influence the reaction
dynamics is far from straightforward. Owing to these complications, the solvent phase is neglected

by the researchers in DFT calculations, instead approximating it using vacuum or gas-phase
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Figure 3.8. Free energy diagram of associative ORR mechanism at the surface of the 2D monolayer Nb-ZrSez material.

conditions. moreover, we took the relative energy changes during the reactions where the solvation
effects were negligible[62]. Because of computational limitations, we did not include calculations
for the solvent phase in this study as the relative values of AG have been considered in the present

investigation, and such big calculations should be left for future study.

3.5 Conclusions: In conclusion, we theoretically shed light on the geometrical structure, electronic
properties, and catalytic activity of the 2D monolayer Nb-ZrSe, material as well as the detailed
ORR mechanism on the surface of the 2D Nb-ZrSe» by using the DFT-D method. We investigated

and examined both the possible path, i.e., associative and dissociative path, of the ORR mechanism
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on the surface of the 2D Nb-ZrSe>. The analysis of the electronic properties of pure monolayer
ZrSe; demonstrated that a single layer of ZrSe; in a two-dimensional form exhibits semiconductor
behavior characterized by a band gap of 1.48 eV. To alter the electronic properties and catalytic
activity of the ZrSe;, the substitutional doping of Nb has been done per 2 x 2 supercell of the ZrSe:
monolayer. The 2D monolayer Nb-ZrSe> material has a zero-band gap, indicating the metallic
nature of the 2D Nb-ZrSe,. Conductivity of the 2D monolayer Nb-ZrSe, material plays a crucial
role in facilitating the movement of electrons in the mechanism of ORR and 2D Nb-ZrSe; could
act as an excellent catalyst toward ORR. To analyze the whole reaction process, ORR intermediate
structures involved in both the associative and dissociative path were constructed and optimized
by using the same DFT-D method. To examine the catalytic activity, we computed the adsorption
energy of ORR intermediates involved in both associative and dissociative mechanisms. The
dissociative mechanism involves the following intermediates O>* — 20* — O* OH* — O* +
H>O — OH* and associative mechanism has the following intermediates O2* — OOH* — O* +
H>O — OH*. For the dissociative mechanism, the value of AE of the 20* intermediate was found
to be 1.99 eV to the catalytic site on the surface of the 2D Nb-ZrSe», which indicates poor binding
of 20*. For the associative mechanism, the value of AE of the OOH* intermediate was found to
be -0.18 eV, which indicates the optimum binding of the OOH* to the catalytic site on the surface
of the 2D Nb-ZrSe». Thus, the dissociative path would be a less favorable path to reduce the O2
molecule to water as compared to that of the associative path. In addition, for the associative
mechanism, the value of AE for all intermediates is negative, which indicates that all the
intermediates have good binding with the Se site, thus creating an energetically favorable path.
The value of AG for all the reaction intermediates has also been computed. The values of AG also
suggest that the associative path would be preferred over the dissociative mechanism. Thus, 2D

Nb-ZrSe; can be used as an excellent catalyst for the ORR mechanism.
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CHAPTER

Unraveling the Electrocatalytic Activity of
Platinum-Doped Zirconium Disulfide toward the

Oxygen Reduction Reaction

xygen reduction reaction (ORR) is one of the important reactions and the heart of

renewable energy technology, ranging from fuel cells to metal-air batteries, and it is

a big challenging task to build a cost-effective and efficient cathodic material for the
electrocatalytic ORR. In this chapter, we present computationally designed Pt-doped 2D
monolayer zirconium disulfide (i.e., Pt-ZrS,) transition metal dichalcogenide (TMD) as an
electrocatalyst for ORR. We have explored the electronic and structural properties and the
electrocatalytic activity of Pt-ZrS> towards ORR by employing the hybrid periodic Density
Functional Theory (DFT-D) method with van der Waals (vdW) dispersion corrections. The
electronic properties calculations suggest the semiconducting character of Pt-ZrS> with the
electronic band gap of 1.95 eV which is an important aspect in studying the ORR mechanism. The
basal plane of 2D Pt-ZrS:> shows exceptional electrocatalytic activities toward the ORR with a
high four-electron (4e’) reduction reaction pathway selectivity. Here, the detailed ORR pathway
with the mechanism has been envisaged on the surfaces of 2D monolayer Pt-ZrS> TMD by
employing the same DFT-D method. Both the dissociative (O>* — 20%*) and associative (O2* —
O _OH*) ORR mechanisms have been investigated, and it has been found that only the dissociative
reaction path is energetically favorable. The adsorption energy has been calculated in each
intermediate state during the ORR which guides us to predict the potential of Pt-ZrS> as an
effective electrocatalyst for the ORR. This study reveals that substituting a Zr atom in the 2 x 2
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supercell of the monolayer ZrS> with a Pt atom activates the inert basal planes, advancing to its
superior electrochemical reactivity for boosting the molecular O> and successive ORR steps.

Therefore, Pt-ZrS> can be used to design 2D cathode material for fuel cell contents.

4.1 Introduction: The global energy demand has been increasing drastically and is expected to
increase by 30% to 50% by 2040, according to the International Energy Report. The promising
solution to mitigate and resolve the energy deficiency is the use of fuel cells, which have been
considered an effective energy resource that has high reliability, high efficiency, low operating
temperature, and low emissions[1,2]. To achieve a significant performance of the fuel cells in order
to enjoy their commercial use, it is a paramount need to accelerate the slack rate of the ORR
process. Currently, platinum (Pt) and Pt-containing materials serve as catalysts to hasten the rate
of the ORR mechanism in fuel cells. Unfortunately, commercialization of the pristine Pt and Pt-
based catalysts is limited by the unfavorable price, scarcity, and reliability as Pt is a too expensive
and rare material (only 5 pg/kg), and it has poison sensitivity i.e., low stability[3—6]. Various non-
noble metal-based catalysts that have improved activity in comparison to Pt have also been
discovered as a result of the search for improved ORR catalysts. Different metals have been
examined in this endeavor, either in their pure form or by alloying with other metals such as Ni,

Pd, Ag, Au, and Pt clusters are suitable to catalyze O> in their pure form[7].

Wang et al. have widely reported that synergistic Mn-Co catalysts act as good ORR
catalysts[8]. Many recent articles reveal that metal oxide and sulfide can also be utilized as
effective catalysts for the ORR, which gives efficiency close to Pt/C catalysts[9—11]. However,
this kind of catalyst also has some limitations, such as low stability in an acidic medium (or in the
Proton Exchange Membrane Fuel Cells (PEMFC) operation environment)[12]. Cutting the
quantity of Pt in Pt-based materials while maintaining good catalytic performance is essential for
sustainable fuel cell development; this necessitates a high usage of Pt atoms. To cut the amount of
Pt metal and to replace the expensive Pt electrocatalyst, various approaches are used, e.g.,
developing a Pt nanostructure, alloying Pt with some earth-abundant metals, metal composites,
and so on[13]. The commercial use of these catalysts is generally hindered due to their poor

stability, low conductivity, small surface area, and cost.

The finding of 2D materials was a breakthrough in the era of nanoscience and especially

in electrochemical energy applications, as they hold some exceptional mechanical, electronic,
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chemical, and optoelectronic properties. For the practical application of the 2D materials,
Mortazani et al. theoretically computed and examined the dynamical stability of 2D materials by
computing phonon dispersion relations. The results thus obtained depict that 2D materials possess
exceptional dynamical stability, and so are suitable for practical applications such as
electrocatalysts, biosensing, etc. [14]. Among the 2D materials, the application of TMDs as an
electrocatalyst for electrochemical reactions has been widely studied[15—17]. The 2D TMDs are
considered suitable catalysts to catalyze the electrochemical reactions for the following reasons:
(1) high surface area, (ii) abundant uncoordinated surface atoms, (iii) planar structure with atomic
thickness, (iv) high tunable properties, and (v) earth-abundant and cost-effective[18]. Among the
large number of TMDs, 2D MoS: has been widely researched, and the MoS: serves as an efficient
catalyst because of its catalytic capability close to the Pt catalysts[19]. Recently, Sofer et al.
disclosed the electrocatalytic behavior of the TaS, material and proposed that the 2T and 1H phases
of the TaS; exhibit the ORR activity quite near the Pt/C catalysts[20]. However, a limited number
of active edge sites is a major hindrance or concern in realizing the practical applications of these
TMDs as catalysts. This drawback of TMDs can be promoted by activating the inert basal plane,
which constitutes a large surface area. To activate the basal plane, different strategies have been
adopted both experimentally and theoretically such as external atom doping, creating defects and
vacancies, strain engineering, etc.[21,22]. Standard substitutional doping gives durable stability
and hence is considered the best technique. Recently, Martin Pumera reported that a constrained
and definite amount of dopants in transition metal dichalcogenides can alter their properties
significantly and can create a positive impact on their utilization as electrocatalysts[23]. It was
found that the Ge-doped MoS: offers a wonderful electrocatalytic activity toward the ORR as it
shows moderate binding energy with the ORR intermediates[24]. Veronika et al. demonstrated
experimentally and theoretically that the Rh doping on TMDs (e.g., MoSe2, WSe;) tailors the
electron transfer properties and can serve as a good photocatalyst for water-splitting
applications[25].44 Very recently, Upadhyay and Pakhira computationally found that the Pt doped
MoSe; TMD exhibits a good catalytic activity toward the ORR[26]. Besides being a catalyst,
TMDs can be used for many great applications, such as biosensing, memory storage, etc., by
changing their structural configuration. Chia et al. demonstrated in their review that controlled
doping and decorating legends material (e.g., TMDs) can enhance their sensing capabilities and

can act as an efficient biosensor with high sensitivity[27]. TMDs can also be used to engineer the
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electronic states of molecules by making hybrid organic/2D interfaces. Such a type of hybrid
organic interface can be used as a single molecule device for memory storage applications[28].

The above useful findings also support the importance of TMDs in the energy application field.

Recent research revealed that the monolayer ZrS» possesses a superior catalytic
performance toward water splitting and for the H> evolution reaction (HER)[29-31]. Moreover,
ZrS; is nontoxic, inexpensive, and resistant to corrosion and can be synthesized as a large-scale
and thin atomic layer experimentally[32]. Additionally, in the case of sulfur-based ZrS>» TMD,
with S having a 2~ valence (S%), it has a strong reduction performance that facilitates the ORR
electrocatalytic activities. Therefore, the development of novel, cheaper catalysts with optimum
performance and ideal stability is highly desired. To achieve the aim, two possible techniques can
be adopted: (1) the use of metals that are more cost-effective and plentiful in the Earth’s crust, and

(2) lowering the number of precious metals to the employment of their maximum efficiency.
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Figure 4.1. The equilibrium monolayer structure of (a) the 2D pristine ZrS:z and (b) platinum-doped 2D monolayer ZrS> (Pt-ZrS2)

material (2 x 2 supercell) are shown here.

In view of the vast applications of the 2D TMDs as important and efficient electrocatalysts,
it 1s crucial to study and investigate the electrocatalytic behavior of one of the TMDs, ZrS», in
more detail as it has been unfortunately ignored in the past. We performed theoretical calculations
on a 2 x 2 cell of the 2D monolayer ZrS> doped with one dopant atom (Pt) per unit cell, which

indicates that the amount of 25% Pt atoms has been substituted in the system. The atomic

Ndopant

substitution can be defined by a mathematical formula , where Ngopane 18 the

transition—-metal

number of dopant atoms and N¢,gnsition—metar 1S the total number of transition-metal atoms in the

TMD supercell considered in the system studied here[33]. In this manuscript, we present an
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exciting ORR catalyst, specifically the Pt-ZrS> monolayer, on the foundation of the comprehensive
first-principles-based DFT-D technique. We computationally designed a 2D monolayer pristine
ZrS; and Pt-ZrS; TMD materials, and the DFT-D calculations were used to explore the ORR
electrocatalytic efficiency of the Pt-ZrS; TMD by calculating and analyzing the adsorption
energies of reaction intermediates contained inside the ORR mechanism. At first, we explored the
intrinsic properties such as electronic band structures, electronic band gap (Eg), the total density of
states (DOS), the position of the Fermi energy level (Er), etc., of both the 2D monolayer pristine
ZrS; and Pt-ZrS> TMDs by employing the DFT-D method. The computed results showed that after
the Pt doping in the monolayer ZrS; material, the Eg decreased from 2.13 eV to 1.95 eV. Pt
increases the carrier concentration and electron density of states around the Er, which enhances
the overall electronic semi-conductivity of the material. Therefore, we expected that Pt-ZrS; would
exhibit promising ORR activity. Then, for the Pt-ZrS, catalyst, the ORR mechanism has been
studied by investigating various reaction steps contained inside the ORR mechanism. It is
remarkable that the 2D Pt-ZrS; monolayer has high four-electron (4¢°) selectivity and possesses
superior catalytic activity toward the electrochemical ORR mechanism, which makes them

promise fuel cell materials.

4.2 Theory, Methodology and Computational Details: Equilibrium 2D layer structures,
geometries, lattice parameters (i.e., cell parameters), and intrinsic electronic properties (such as
electronic band structures, electronic band gap (Ey), total density of states (DOS), the position of
the Fermi energy level (EF), etc.) of both the 2D monolayer pristine ZrS: and Pt-ZrS; TMDs were
obtained by the quantum mechanical based exchange-correlation hybrid functional B3LYP spin-
unrestricted DFT method implemented in the CRYSTAL17 suite Package[33]. To incorporate
weak nonbonding van der Waals (vdW) interactions along with the interface, we have incorporated
the damped vdW dispersion corrections “-D3” in the DFT method (noted by DFT-D, i.e., the
B3LYP-D3 functional method) developed by Grimme and co-workers[34]. The present DFTD
method was employed to describe the exchange-correlation effects, so we have used the DFT-D
method throughout the calculations to describe the adsorption energy during the ORR process
correctly. Gaussian-type basis sets were employed to define the atomic orbitals in the ab initio-
based CRYSTALI17 suite code/package. These Gaussian types of atomic basis sets provide more
precise outcomes/data during the hybrid DFT-D computations than the results based on plane wave

basis sets[35-37]. In other words, the computation procedure diverges from the plane-wave codes
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such as VASP, Quantum Espresso, etc. More interestingly, both computational methods contribute
to similar findings and outcomes. It is more easier to solve the Hartree—Fock (HF) part of the total
Hamiltonian by using the localized Gaussian basis set codes in the case of the hybrid density
functional methods. For the Zr, S, O, and H atoms, triple-C valence polarized (in short TZVP)
Gaussian types of atomic basis sets have been used here during all the calculations. The relativistic
effective core potentials (ECPs) with the Pt dool 2004 basis set for the Pt atoms are used in the
present computations. The 2D Pt-ZrS; is constructed by creating a 2 x 2 supercell of the pristine
2D monolayer ZrS: material, including eight (8) S atoms and four (4) transition metal (Zr) atoms.
Among the four transition metals (Zr) atoms, one Zr atom has been substituted by a Pt atom to
form the Pt- ZrS; 2D monolayer TMD material considered here. All the 2D monolayer periodic
slab structure images were plotted by using VESTA software[38]. To exclude the spurious
interactions between the repeated layers of the 2D monolayer slab, an inert space of 500 A (which
is quite sufficient according to our present calculations using the CRYSTAL17 suite code) was
employed along the normal surface direction (z-direction) of the 2D Pt-ZrS;. The optimization of
all the monolayer 2D structures was performed by using the convergence criterion of energies and
forces to 107 a.u., and the electronic self-consistent field (SCF) tolerance was set to 107 a.u. in all
the computations. For the pristine ZrS,, Pt-ZrS;, the Brillouin zone was sampled on an 8 x 8 x 1
Monkhorst-Pack k-mesh grid for geometry optimization and electronic structure calculations[39].
The top and side views of the optimized structure of the 2D monolayer ZrS> with an increased unit
cell 2 times (2 % 2) in the X and Y directions with no change in the Z direction are shown in Figure

4.1.

To develop an efficient catalyst, knowledge of the ORR mechanism is important, and this
ORR is a very significant and vital mechanism in renewable energy sources. The kinetics of the
well-known cathodic ORR determines the fuel cell’s efficiency. In this process, the electrons from
the anode are transported to the cathode (by an external circuit) in a fuel cell, where they combine
with a proton and oxygen to form water. In other words, we can say that the oxygen (O>) reduction
starts with the adsorption of the O2 molecule, and then the adsorbed O> molecule reacts with some
e and H" pair and ends up with the formation of the H,O/H,O, molecule. In the acidic solution,
the ORR process can follow two paths, either two electrons (2¢°) or four electrons (4¢°), depending

on how the O=0 bond cleaves[40,41].
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A direct and more efficient four-electron (4¢") transfer reaction pathway includes acid

solutions with the following steps:
0, + 4H* + 4~ ———— 2H,0 (1.229V vs SHE)
where SHE stands for the Standard Hydrogen Electrode.
The indirect two-electron (2¢°) transfer reaction pathway includes the following steps:
0, + 2H* + 2 ——— H,0, (0.65 V vs SHE)
H,0, + 2H* + 2e” ———— 2H,0 (1.76 V vs SHE)

For the four-electron (4¢") transfer reaction pathway, there are two universally accepted ORR

pathways: the dissociation pathway and the association pathway, as discussed in Chapter 1.

The estimation of the catalytic performance of the 2D monolayer Pt-ZrS, was obtained by
analyzing the adsorption energy of the adsorbate on the reaction site of the electrocatalyst. The
adsorption energy (Eags) of the adsorbate species appearing during the ORR process on the
adsorption system (Pt-ZrS») has been computed by the following equation below[41,42]:

Eads = Eadsorbate+adsorbent - Eadsorbate - Eadsorbent

where E;gsorbate+adsorbent> Eadsorbates aNd Eadsorbent are the total energy for the adsorbed
system, adsorbate species, and adsorption system (Pt-ZrS»), respectively. According to the
equation, a negative value of E, 4, tells the exothermic nature of the reaction, i.e., negative value
adsorption energy suggests that the reaction species are favorably adducted to the Pt-ZrS: surface,
which is thermodynamically stable. All the adsorption energies were evaluated with respect to a

common reference state, which is the slab of Pt-ZrS; in this study.

4.3 Results and Discussion: The equilibrium geometry of the 2D monolayer pristine ZrS; is
computed by employing the first principles-based dispersion-corrected B3LYP-D3 DFT method,
as displayed in Figure 4.2a. The unit cell of pristine ZrS; after the optimization was defined by the
equilibrium lattice parameters a =b = 3.65 A and a = B = 90° and y = 120° with the layer group
p3m1 symmetry, as reported in Table 4.1. The 2D monolayer ZrS, belongs to the 1T phase with

layer symmetry p3m1, which was found to be in the ground state and in which Zr atoms are
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octahedrally bonded by six chalcogen (here S) atoms, as shown in Figure 4.1 and Figure 4.2a. The
average equilibrium Zr-S bond length between the Zr and S atoms was found to be 2.55 A, which
is in full agreement with earlier reports[30]. To form the Pt-ZrS; 2D monolayer slab structure, a 2
x 2 supercell of the pristine 2D monolayer ZrS> has been employed, and one Pt atom has been
doped by substituting one Zr atom in the unit cell. The optimized geometries of Pt-ZrS, were
acquired by employing the same DFT-D technique. The equilibrium lattice constants of the
optimized unit cell of Pt-ZrS; were obtained to be a=b = 7.14 A and o = p = 90° and y = 120°
with the 2D layer group symmetry P1. After structural relaxation, the equilibrium lattice constants
(a=b=17.14 A of Pt-ZrS) have decreased by 0.14 A compared to the 2 x 2 supercell of the
monolayer ZrS,. The average Zr-S equilibrium bond length of Pt-ZrS, was found to be 2.54 A,
and the Pt-S bond length was 2.46 A obtained by the DFT-D method. The equilibrium Zr-S bond
length of Pt-ZrS, was 0.01 A shorter than that of the Zr-S bond length in the ZrS,. The equilibrium
structural parameters of the 2D monolayer ZrS; are well consistent with the earlier reported results
[30]. The equilibrium bond lengths and symmetry of both the pristine 2D monolayer ZrS; and Pt-
ZrS; TMDs were tabulated in Table 4.1. It should be mentioned here that the 2D monolayer ZrS,
possesses a diamagnetic ground state suggesting the lack of unpaired electrons or dangling bonds
in the pristine ZrS; monolayer, which implies that it would not be prone to oxidation and is stable

at ambient conditions.

The efficiency of a material to serve as a good electrocatalyst relies on its stability and
interaction between adsorbate intermediates and adsorbent (here Pt-ZrS»). The study of electronic
properties is a major factor in finding a suitable catalyst for the ORR. We have explored their
intrinsic properties, i.e., electronic band structure, Eg, and total DOS, by employing the same DFT-

D method at the equilibrium structures of both the pristine ZrS; and Pt-ZrS,. The stability of the

Table 4.1. Equilibrium lattice constants with optimized structural parameters and unit cell parameters of both the 2D monolayer

ZrS> and Pt-ZrS: are tabulated here.

A . .
Lattice constant verage bond distance in

Equilibrium Interfacial Layer group atoms (A)

or parameters Ref.
systems " angles in deg. and symmetry
(A) Zr-S Pt-S
2D monolayer a=p=90,y= _
a=b=3.65 p3ml 2.55 this work
ZrS: 120
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2D monolayer

. a=p=90,y= _
ZrSe (previously 346 p=90v p3mi1 2.59 [30]
120
reported
a=p=90,y= .
Pt-ZrS: (2 x 2) a=b=7.14 120 Pl 2.54 2.46 this work

subject materials have been confirmed by calculating the energy and thermodynamic parameters
before the electronic property computations. The electronic properties of both the 2D single layer
ZrS; and Pt-ZrS; have been computed and analyzed at equilibrium geometries by adopting the
same DFT-D method. To analyze and study the electronic properties of the ZrS,, we calculated
the electronic band structure, E,, Er, and DOS using the same calculation parameters. The
electronic band structures of the 2D monolayer ZrS; were calculated along the band pathway I'-
M-K-TI" with respect to vacuum considering the symmetry of the material, as shown in Figure 4.2b.

We have taken into account a number of four valence bands (VBs) and four conduction bands

(CBs) to calculate the
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Figure 4.2. (a) Illustration of the pristine 2D monolayer ZrS: material, (b) electronic band structure, and (c) total density of states
(DOS).

electronic band structures around the Er, as shown in Figure 4.2b. The present computations found
that the Er of the monolayer ZrS, was at -7.14 eV, and it has an indirect Eg of about 2.13 eV (in
the I'-M direction), which is consistent or quite identical with the earlier reported data. The DOS
of the monolayer ZrS; has been computed by employing the same theory, and the DOS has been

plotted in Figure 4.2c, which corresponds to the electronic band structures of the pristine ZrS,. The
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DOS calculation confirms that the electronic bandgap E; of the monolayer ZrS> TMD is about
2.13 eV. Thus, the electronic properties calculations reveal that the pristine 2D monolayer ZrS>
has a noticeable Eg, and it is a high bandgap semiconductor. The bandgap of monolayer ZrS, was
found to be quite large, which hinders its use as an electrocatalyst for the effective ORR. Now, we
substituted one Zr atom (2 X 2 supercell of the 2D monolayer ZrS>) with a Pt atom in place of the
Zr atom to form Pt ZrS; and studied its electronic properties. The structure relaxation of the 2D
monolayer Pt-ZrS; was carried out by adopting the B3LYP-D3 DFT method, and the relaxed
equilibrium structure is shown in Figure 4.3a. The intrinsic electronic and structural properties

were obtained at the equilibrium geometries by employing the same DFT-D method.

After obtaining the equilibrium structure (see Table 4.1), we computed the electronic
properties of the 2D slab structure of the monolayer Pt-ZrS; TMD by employing the B3LYP-D3
method. The band structure of Pt-ZrS; was computed w.r.to vacuum and along with the high
symmetric [-M-K-I" direction to compare the electronic properties with the pristine 2D monolayer
ZrS; TMD material. The Eg of Pt-ZrS: is about 1.95 eV, indicating that it is a semiconductor, and
this study reveals that the electronic band gap Eg has been significantly reduced by an amount of
0.18 eV due to the presence of the Pt atoms in the 2D slab structure of the ZrS> supercell. The

electronic band structures have been drawn around the Fermi energy level shown in Figure 4.3.
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Figure 4.3. (a) The equilibrium structure of the 2D monolayer Pt-ZrS>, (b) electronic band structure, (c) total density of states,
and (d) contribution of the d-subshells of the Pt atom in DOS.

141



Chapter 4: Unraveling the Electrocatalytic Activity of Platinum-Doped Zirconium Disulfide toward
the Oxygen Reduction Reaction

level (Er) of this material was found at -6.73 eV, which has been moved toward the conduction
bands around 0.41 eV compared to the pristine ZrS, and the Er level is represented by a dotted
line in Figure 4.3b-c. In the present study, the total number of eight electronic energy bands (four
conduction bands (CBs) and four valence bands (VBs)) has been plotted around the Fermi level as
shown in Figure 4.3b. The value of Eg (~1.95 eV) of Pt-ZrS; is smaller as compared to the pristine
2D monolayer ZrS; (2.13 eV), which indicates the contribution of 5d subshell electron density of
states of the Pt atom. To support this, we computed and analyzed the DOS of Pt-ZrS; and the
contributing components of the 5d orbital electron DOS of the Pt atom. From the DOS calculations,
we observed that there is an electron density of states around the Er, which makes the 2D
monolayer Pt-ZrS; somewhat semiconducting in nature and may help to increase the catalytic
efficiency, as the ORR involves the transportation of electrons. The 5d electron density was
calculated by employing the similar DFT-D method, and the observed density close to the Er
comes from the doped Pt atom, i.e., the DOS follows the trace of the 5d orbital electron DOS of
the Pt atom in Pt-ZrS,, as represented in Figure 4.3c-d. So, the reduced bandgap and the existence
of a small density near the Er may enhance the conductivity of the 2D monolayer Pt-ZrS; which
will help to quickly transfer electrons to the reaction during the ORR process. So, it is expected

that Pt-ZrS, can serve as a good catalyst toward the ORR.

4.3.1 ORR Pathway: After determining the electronic properties and geometrical parameters of
Pt-ZrS,, the catalytic activity of this Pt-ZrS; TMD material toward the ORR has been explored by
using the same level of theory. The Zr atom was replaced by the Pt atom to activate the inactive
basal plane of the 2D monolayer ZrS», and the basal plane can provide a significant number of
reaction sites, i.e., catalytic active sites for chemical reactions, especially the ORR. The active
basal planes can distinctly boost the ORR activity of Pt-ZrS; due to the presence of Pt in the basal
planes.

In this study, we have used a 2 x 2 supercell of the Pt-ZrS: slab to investigate the ORR
steps based on a Computational Hydrogen Electrode (CHE) model developed by Nerskov et
al[43]. The CHE approach allows the alignment of theoretical electrochemical potentials
calculated with ab initio methods to those measured in the experiment. It contributed greatly to
opening up the fields of electrochemistry and photo electrochemistry to theoretical treatment. The
CHE method enables the evaluation of the relative free energies of intermediates along an

electrochemical reaction network. The simple description of the ORR mechanism includes the
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transportation of electrons and protons, which come from the anode side of the fuel cell, and
adsorption preferences of reaction species involved in the ORR mechanism, such as O, OOH, and
OH, on the surface of Pt-ZrS;. The next step is to analyze the overall energetics for the ORR
process along with the various chemical reaction pathways. To understand the whole ORR process
in acidic media on the surfaces of Pt-ZrS,, we need to explore and study the adsorption energies
of the different intermediates or species/reaction steps and the possible molecular adsorption
configurations of the various species in the reaction mechanism, including O>, OOH, O, and H>O
at the CHE. The inactive site, where Pt is substitutionally doped in place of Zr, is the most
favorable reaction site, i.e., highly active for the reaction at standard conditions, i.e., SHE
conditions. There could be three active sites of the Pt-ZrS; system (namely the Pt site, Zr site, and
S site) for the reduction of O2. ORR can happen among any of the active sites. In search of an
appropriate reaction site or to find the most favorable active site for the O> molecule adsorption,
we computed the adsorption energy strength of the O2 molecule at each possible site. The
adsorption energy was calculated to be 1.24 eV, 0.80 eV, and 0.14 eV at the Pt site, Zr site, and S
site, respectively, as tabulated in Table 4.2. It was found that the adsorption of the O, molecule on
the Pt (1.24 eV) and Zr (0.80 eV) sites is endothermic with a high positive value of energy as
compared to the S site (0.14 eV). So, comparing the adsorption energy strength of O, molecules
at different possible sites suggests that the S site will be the most favorable site for the ORR
mechanism. So, the whole reaction will occur at the S site of Pt-ZrS,, and the S site will serve as
the most active site for ORR intermediates. The role of Pt doping is to influence the electronic

properties and activate the chalcogen atomic plane

Table 4.2. Adsorption energy strength of O: at the different possible sites.

Possible reaction sites Adsorption energy of the Oz molecule (eV)
Pt 1.24
Zr 0.80
S 0.14

of the ZrS,. Recently, Pakhira and Upadhyay reported that for the 2D monolayer Pt-MoSe, and
Janus MoSSe transition metal dichalcogenides, the chalcogen atomic layer (especially edges or
doping area) acts as an active site for the electrochemical reactions such as the ORR and

HER[44,45]. These articles quite support our findings. It was found that the various reaction
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intermediates prefer to attach at the top of the upper sulfur atom (S) site i.e., the top layer of Pt-
7S, is energetically more favorable for the adsorption during the ORR process than inner or lower
layer. To study the different reaction pathways for the ORR, we considered the change in
adsorption of possible reaction species or intermediates at U =0 V and pH = 0 i.e., on the principle
of the CHE model. The equilibrium geometries of the reaction intermediates formed during the
ORR process were obtained by using the same level of theory, and they (top and side view
structures of all the ORR intermediates) are shown in Figure 4.4. At the very beginning of the ORR
process, adsorption and activation of O are taken into consideration first. The adsorption of O>
plays an important role in the opening stage of ORR catalysis, and the adsorption of the O;
molecule on the catalytic surface further affects the whole catalytic performance. The adsorption
of O2 on the surface of Pt-ZrS; is done by adding the O> molecule on the S site (nearest to the Pt
atom) i.e., by forming a bond to the S atom, which is bonded with the Pt atom, as depicted in
Figure 4.4. The O molecule prefers to adsorb on the S site as the S layer is the topmost layer of
the 2D monolayer Pt-ZrS; and the active site for the ORR. We can say that this S site (nearest to
the Pt atom) works as an active site for the adsorption of the O2 molecule. The adsorption energy
of the O2 molecule should be moderate, i.e., neither too positive nor too negative. The high value
of negative adsorption energy suggests the strong adsorption force between the O2 molecule and
the adsorption site of the catalyst. This strong adsorption force between the Oz and catalytic surface
causes the catalytic surface to be covered by the O molecule, which would constrain further ORR
steps. A positive adsorption energy indicates a weak adsorption force between the O» and catalytic
surface. This weak interaction between the Oz and catalytic surface would cause difficulty in the

initiation of the ORR mechanism.

The adsorption energy of O»* Pt-ZrS; was calculated to be +0.14 eV, which can be
considered fair in this study. The positive adsorption energy indicates that Oz on the S site is not
stable and would readily proceed for the subsequent steps of the ORR. The equilibrium O-O bond
length in O2* Pt-ZrS; has been slightly elongated from 1.21 A (in the case of the pure O, molecule)
to 1.26 A, and now, this will dissociate into two oxygen atoms at the two different S sites near the
substituted Pt atom. In other words, compared with the original equilibrium O-O bond length in
02 (1.21 A), the adsorbed O-O bond length on the surfaces of Pt-ZrS; stretches by an amount of
0.05 A, reflecting that the O, molecule has been readily activated by Pt-ZrS; and is ready to

proceed further with the ORR mechanism. For an electrochemical reaction to occur spontaneously,
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the change in reaction energy should be zero ideally. But practically, the change in reaction energy
should be close to zero. The activation of the O, molecule on the Pt-ZrS, surface depends on two
factors: (1) adsorption energy of O, with an active catalytic site and (2) bond elongation (i.e.,
charge transfer mechanism) of the adsorbed O» molecule on the catalytic site. For the adsorption
of O, the change in adsorption energy was found at 0.14 eV, which is positive but, it is very close
to zero. The positive change in adsorption energy indicates the endothermic nature of the reaction,
suggesting the weak binding of the O> molecule on the S site of Pt-ZrS,. However, weak binding
is also beneficial for this case. As the Oz adsorption is the initial step of the ORR mechanism, due
to this very weak interaction, the O> will easily leave the active site, and the site will be readily
available for the next Oz activation cycle. This will help to increase the kinetics of the reaction.
The next important factor which is crucial to activate the O, molecule is the bond elongation of
the covalent bond O-O as compared to the original O-O equilibrium bond length (1.21 A), which
suggests that the bond dissociation begins during this stage. In our case, the O-O bond has been
elongated by an amount of 0.05 A from the equilibrium bond distance. The bond elongation
happens due to the partial charge transfer from the S site to the adsorbed oxygen molecule. With
the help of Mullikan charge transfer, we have observed that a charge transfer of 0.034|e| occurs
during the oxygen molecule adsorption on the S site. This charge transfer thus results in the
elongation process. So, considering all these factors, we have claimed that oxygen has been
activated on the catalytic site. It was computationally reported that there is a small increment

during the O, adsorption of PtTe monolayer material and Pt (111) surfaces[46].

The average equilibrium bond length of Zr-S was found to be 2.54 A in O,* Pt-ZrS,, which
has not been stretched much after the adsorption of the O2 molecule on the surfaces of Pt- ZrS», as
tabulated in Table 4.5. Upon being adsorbed on the S site of Pt-ZrS,, the equilibrium average S-O
bond length was calculated to be 3.11 A, as tabulated in Table 4.5. After the adsorption of O2 on
the 2D monolayer Pt-ZrS; surface, it may hydrogenate to form O_OH?*, or the adsorbed O>* may
dissociate into two activated oxygen atoms at the two different adsorption sites on the surface of
the 2D monolayer Pt-ZrS,. The formation of O OH* occurs in the associative path of the ORR
mechanism. The O_OH?* species formation happens by the hydrogenation of the adsorbed O>*
molecule with a proton-electron (H™ + ¢€) pair coming from the anode side of the fuel cell. We
attempted to identify the favorability of the formation of O _OH* by calculating the adsorption
energy of O_OH. The change in adsorption energy for the reaction (O2* + H + e — O_OH*) was
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found to be +5.44 eV, as reported in Table 4.3. This indicates that the reaction O> + H" + ¢ —
O OH* is highly endothermic in nature and hence thermodynamically unfavorable. Therefore, it
requires +5.41 eV extra energy to start the ORR during the associative reaction for the ORR. Thus,
the 2D monolayer Pt-ZrS; is not favorable for O OH* production. Thus, we have skipped the
associative 4¢” and 2e” pathways, and the results are excluded from the main manuscript; on the

other hand, the dissociative 4e” pathway is energetically favorable toward the ORR.

Table 4.3. Adsorption energy of the O_OH* intermediate.

Reaction intermediate Adsorption energy (eV)

O_OH* +5.44

The adsorption energy for the protonation of adsorbed O2 was found to be 5.44 eV, and for
the dissociation of adsorbed O into two oxygen atoms, it was found to be -0.34 eV, reported in
Tables 4.3 and 4.4. Comparing the adsorption energies of both reaction steps, it was found that the
hydrogenation of O has quite large positive adsorption energy (5.44 eV) as compared to the ideal
adsorption energy (-0.34 eV) for the dissociation of the O2 molecule into its constituents. So, from
the analysis of the values of adsorption energy, it is concluded that the four-electron transfer
associative reaction path and two-electron sluggish path are energetically unfavorable and would
be compressed by the four-electron dissociative pathway. Hence, the adsorbed O>* on the surface
of the 2D monolayer Pt-ZrS; prefers the four-electron (4¢”) dissociative pathway to complete the
ORR mechanism. The equilibrium Zr-S, Pt-S, and S-O bond lengths of the reaction intermediate
20* Pt-ZrS, formed during the ORR were found to be 2.55 A, 2.48 A, and 1.55 A, respectively,
as tabulated in Table 4.5.

Now, the next step of the ORR in the dissociative mechanism is hydrogenation of the 20*,
in which one of the adsorbed oxygen atoms reacts with the proton (H"). Toward the cathode side,
the proton exchange membrane transfers the proton, while the electron is transported by the
external circuit to the cathode side; then, this electron-proton pair reacts with the O atom. The
hydrogenation of 20* gives O* OH* with an adsorption energy of -1.22 eV, which is also
negative, so this is an exothermic reaction and energetically favorable, as reported in Table 4.4.

The equilibrium S-OH bond length between the S and OH was found to be 1.66 A, which is greater
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than that of the S-O bond length in the previous step. This result indicates that adsorbed OH species
could react with another H' species and an electron to proceed further with the ORR steps. The
equilibrium Zr-S, Pt-S, and S-O bond distances were calculated to be 2.55 A, 2.51 A, and 1.58 A,
respectively, as tabulated in Table 4.5.

Table 4.4. Change in adsorption energy (AE) of all the ORR intermediates.

Various ORR steps AE (eV)
[Pt-ZrS:z] — [O2*_Pt-ZrS:] 0.14
[02%_Pt-ZrS2] — [20*_Pt_ZrS2] -0.34
[20*_Pt-ZrS:] — [O*_OH*_Pt-ZrS:] -1.22
[0*_OH*_Pt-ZrS:] — [O*_Pt-ZrS;] -2.34
[O*_Pt-ZrS:] — [OH*_Pt-ZrS:] -0.83
[OH*_Pt-ZrS:] — [Pt-ZrS:] -2.42

Now, the hydrogenation of O* OH* can occur by two pathways: (i) in the first one, the
adsorbed O OH* reacts with an H" species, and an electron is generated at the anode to form
hydrogen peroxide (H203). (i1) The second path could be that the adsorbed O* OH* reacts with
H" and e to form O* and a water molecule (H,0). The product of the hydrogenation of O* OH*
will be H20>* based on the first possibility of the hydrogenation of the same O _OH*. The
adsorption energy of this reaction step was calculated as -7.65 eV, which is highly exothermic. So,
it will be very difficult to remove H>O» from the catalytic surface as it has a very high adsorption
energy of about -7.65 eV, calculated by the DFT-D method. Hence, the value of adsorption energy
for the hydrogenation reaction to form hydrogen peroxide (i.e., O* OH* to H>,O>* formation in
this ORR process) is another support, which suggests that the 2e” reduction of O; to form H>O> is
thermodynamically unfavorable. So, this path is greatly suppressed by the mechanism O* OH*
— O* + H0O. The adsorption energy for the reaction step O* OH* — O* + H,0O was calculated
to be -2.34 eV, which is exothermic and thermodynamically favorable. So, it can be said that this
reaction path is energetically favorable to process further ORR steps. During this step, the
equilibrium S-O bond length was calculated as 1.55 A, and the Zr-S and Pt-S bond lengths were
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found to be 2.54 A and 2.47 A, respectively, as reported in Table 4.5. Now, after releasing the first
H>0, the hydrogenation of one remaining active O* takes place by absorbing another H" + ¢ pair
generated at the anode. The initial state of this reaction step is adsorbed O* with a proton and
electron species, and the final state would be adsorbed OH* at the S site of Pt-ZrS, (O* + H" + ¢’
— OH¥*). The adsorption energy for this reaction step has been calculated to be -0.83 eV, which

is negative and close to zero, so it is thermodynamically favorable for the reaction to proceed
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Figure 4.4. Schematic illustrations of the equilibrium geometries and electronic properties of all the intermediate states appearing
during the ORR process are plotted here: (a) O2* Pt-ZrSz; (b) 20*_Pt-ZrSz; (c) O* OH* Pt-ZrSz; (d) O* _Pt-ZrS>; (e) OH* Pt-
ZrSa.

further. The equilibrium S-OH bond distance between S and OH was found to be 1.71 A, which is
larger than that of the previous step, as reported in Table 4.5. In the last step, the H' and e react
with OH* to produce another H>O molecule with the adsorption energy of -2.42 eV. The change
of adsorption energy in each intermediate of the ORR steps was tabulated in Table 4.4. So, the
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reaction pathway follows the 4e” dissociative reaction pathway, and the reaction steps for the path
are O, —» O2* - 20* — O* OH* — O* + Ho O — OH* — H;0. The equilibrium lattice constants,
space group symmetry, and average bond lengths of each reaction intermediates in various steps

during the ORR process are tabulated in Table 4.5 for a detailed comparison of these intermediates
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Figure 4.5. Relative adsorption energy (eV) diagram i.e., potential energy surfaces (PESs), for 4e” dissociative ORR pathways on

the surfaces of Pt-ZrS..

the subject reaction process. The electronic properties (i.e., band structure and DOS) of all reaction

intermediates were computed and analyzed to observe the change in electronic properties during
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the ORR steps. The electronic band structure and the DOS for each reaction intermediate step
during the subject reaction were shown in Figure 4.4a-e. We observed that in the band structure
calculations of the first hydrogenation step i.e., a step where the involvement of hydrogen takes
place, i.e., O* OH* Pt-ZrS,, the conduction band (CB) has been shifted toward the Fermi energy
(EF) level, and finally it crosses the Fermi level. The total DOS calculations show that there is a
large electron density emerged at the Fermi energy level, indicating that the reaction intermediate
O* OH* Pt-ZrS; (as shown in Figure 4.4a) has a metallic character in nature and will help in the
propagation of electrons, which in turn enhances the efficiency of the ORR mechanism. We
observed the same behavior in the next hydrogenation step, OH* Pt-ZrSo, i.e., in step four, where

hydrogen reacts with the oxygen atom,

which is adsorbed in the 2D monolayer Pt-ZrS; surface. We have observed that both the valence
bands and conduction bands from both sides shifted toward the Fermi energy level, and one of the
conduction bands has crossed the Fermi level. This shows that the OH* Pt-ZrS; material has
metallic characteristics, as depicted in Figure 4.4e. The presence of electron density around the

Fermi level

Table 4.5. Equilibrium structural parameters and lattice constant and electronic band gap for different ORR intermediates.

Average bond distance

Electronic between
Lattice Interfacial Layer group
Reaction steps band gap
parameters (A)  angles (°) symmetry atoms (A)
(V)
Zr-S Pt-S S-O S-OH
a=7.126,b= T
02*_Pt-ZrS:2 90.00, vy = Pl 1.44 2.551 2463 3.11
7.120
120.00
a=B=
a=7.145b= P
20%_Pt-ZrS: 11 90.00, y = Pl 1.65 2.550 2.484 1.551
' 119.85
a=p=
0O* OH* Pt- a=7.090,b=
90.00, y = Pl 0.0 2.559 2513 1.586 1.667
ZrS: 7.280
119.43
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a=B=
a=7.144,b= P
O* Pt-ZrS: 90.00, y = Pi 1.59 2.545 2475 1.555
7.144
119.48
a=B=
a=7219,b= P
OH*_Pt-ZrS: 130 90.00, y = PI 0.0 2551 2.504 1.717
' 120.17

was confirmed by drawing the electronic band structure for this intermediate OH* Pt-ZrS;. The
electronic band structure and total density of states for other ORR reaction intermediates/steps
were also calculated at the same level of theory. The electronic band structure for reaction steps,
including adsorption of Oz, Ox* Pt-ZrS,;, O* Pt-ZrS>, and 20* Pt ZrS,, showed that these
systems have some energy bandgaps obtained by the DFT-D method. But the conduction and
valence bands have shrunk toward the Fermi energy level as compared to the 2D monolayer Pt-
ZrS; material. The conduction band has somewhat touched the Fermi level in these systems, which
suggests that these systems favor electron conduction. The band gap for these systems belongs to

the semiconducting range, which can be considered ideal for the ORR mechanism.

To sum up the entire ORR mechanism, we constructed the chemical reaction pathway (i.e.,
potential energy surfaces (PESs) considering the relative adsorption energies of the reaction
intermediates, which is also known as free energy vs. reaction coordinate diagram) of various ORR
steps involved in the subject reaction with respect to relative changes in the adsorption energy of
various ORR intermediates, as displayed in Figure 4.5. Here, the relative energy landscape has
been plotted by taking into account the formation energy of the 2D monolayer Pt-ZrS,; TMD
material as a reference geometry with the change of relative energy about 0 eV. From the PES or
reaction free energy diagram, i.e., the relative adsorption energy diagram, we observed that all the
reaction intermediate steps are downhill in the diagram except O>* and O*. The adsorption of O,
on Pt-ZrS» is the starting point of the ORR, where the exterior S atomic layer (near the Pt atoms)
of Pt-ZrS; was found to be the active site for Oz activation rather than the inner Pt atoms, which is
different from what was previously reported for the Pt-containing ORR electrocatalysts. The
protonation of OH* to H>O is the potential-limiting step for the whole ORR process in this case.
The downhill steps in the energy curve suggest that all the reaction steps at the S site of Pt-ZrS»
occur spontaneously. The activation energy values obtained here for all the reaction intermediates

or species involved in the subject reaction are energetically favorable and kinetically
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surmountable. Thus, it can be predicted that the 4e” dissociative pathway of the ORR mechanism
at the S site of Pt-ZrS; is thermodynamically favorable and kinetically feasible. Thus, Pt-ZrS> can
be used as the cathode material of the fuel cell to reduce O2 into water efficiently. The ORR takes
place on the surface of the Pt-ZrS,; TMD, considering the periodic 2D slab model. This is a solid-
surface reaction. The reaction mechanism is explained by considering the adsorption energy of the
reaction intermediates. It is not possible to calculate/locate the transition states in the periodic
calculations on the surface of Pt-ZrS». So, in this study, the transition state calculations have not

been performed. Similar kinds of studies were found in the literature[46].

4.4 Solvent Effect: Here, we employed the hybrid periodic DFT-D method to calculate the
equilibrium structure and energies through the ORR process at the S site of the Pt-ZrS, TMD. This
is a solid surface reaction, and it happens on the outer surface of the 2D layer of the Pt-ZrS, TMD.
The study of the solvent effect is very relevant in the area of catalysis. Furthermore, understanding
the reaction mechanism in the solvent phase for different electrochemical reactions is equally
interesting and relevant. However, to accurately model the solvent model is a great task in
computational catalysis, and it is also computationally costly to model the reaction steps[47,48].
In the case of a solvent environment, the solvent can chemically or physically interact with the
adsorbates and catalytic surface. The solvent molecule can interact with adsorbates by hydrogen
bonding. The effect of the solvent phase is very challenging due to the difficulties in precisely
defining complex systems that can include simultaneous solvent-solvent, adsorbate solvent,
adsorbent-solvent, and adsorbate-catalytic surface interactions. The main concern is to define
accurately the interaction potential and exchange-correlation functional involved in the solvent
phase. Adding the solvent phase can lead to large systems that have a number of possible
thermodynamic and geometrical configurations. So, finding a relevant configuration is equally
challenging. In addition to this, the solvent phase is the main component of the reaction medium.
So, the physical properties (polarity, viscosity, ability to react with adsorbates) alter the reaction
kinetics by affecting mass and heat transfer. So, defining accurately the effect of the solvent due
to its own properties on the reaction is not trivial. Due to these complications, often the solvent
phase for DFT calculations is ignored and approximated by the vacuum or gas phase, and
moreover, we incorporated the relative energy changes during the reactions where the solvation

effects are negligible.
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However, the presence of a solvent environment can have some effect on the adsorption
strength of the reaction intermediates. A vast majority of studies have been done by employing
different models and methods to accurately define the solvent effect on electrochemical reactions.
One of the approaches to describe the solvent effect is to use the implicit solvent model. The system
is surrounded by a continuous solvent in the implicit model. This method is computationally
cheaper but ignores the adsorbate solvent interactions, such as hydrogen bonding, which is crucial
in stabilizing the reaction intermediates. Molecular dynamics (MD) simulation is considered one
of the elegant methods and models to accurately define the solvent effect. A4b initio molecular
dynamics (AIMD) and classical force field simulation are one of the suitable simulations for this
task[49]. However, these methods have high computational costs, and simulation requires a
reliable potential for adsorbate-metal surface interaction, which is difficult to find due to the lack
of experimental data in this field. To overcome these limitations, a combined quantum
mechanical/molecular mechanical (QM/MM) approach has been employed to predict the more
accurate effect of a solvent during an electrochemical reaction[50]. Due to the cost of

computations, we excluded the solvent phase calculations in the present study.

4.5 Conclusions: In summary, we have carried out a DFT-D based systematic theoretical and
computational study of structural and electronic properties with the electrocatalytic activity of the
2D monolayer Pt-ZrS; toward ORR. We computed the intrinsic electronic band structures and
DOS of the 2D monolayer pristine ZrS; and Pt-ZrS; TMDs to investigate their electronic
properties. We found that the electronic band gap E; of both the 2D monolayer ZrS> and Pt-ZrS»
are about 2.13 eV and 1.95 eV, respectively. The lower value of Ey i.e., the electronic bandgap of
the 2D monolayer Pt-ZrS,, suggests that it can be used as an electrocatalyst for the ORR. The
catalytic performance of the 2D monolayer Pt-ZrS; was studied based on the changes in the
adsorption energy of the intermediates/species involved in the subject reaction during the ORR
process on the surface of the 2D monolayer Pt-ZrS,. We observed that the 2D monolayer Pt-ZrS,
not only provides active reaction sites but also shows excellent performance for the ORR. It was
found that for all the considered adsorbates, the most preferred site is S, which is bonded with the
Pt atom. So, the whole ORR mechanism has been carried out by considering the S site as the active
site for the ORR intermediates. The ORR catalyzed by the 2D monolayer Pt-ZrS> is initiated by
the adsorption of Oz on the S site which is bonded with the Pt atom and completed by the removal
of the H2O molecule. We observed that the adsorption of O; is the weakest, having an adsorption
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energy of 0.14 eV. So, this suggests that the O> dissociates easily into its fragments, which is
essential to start the ORR mechanism. We noticed that the change in adsorption energy in each
intermediate reaction step is negative suggesting that all the reaction steps are energetically
favorable in the subject reaction. We found that the ORR steps prefer to take place through a more
efficient 4e” dissociative pathway. This study indicates that the 2D monolayer Pt-ZrS» acts as a
promising ORR catalyst and follows the 4e” path to reduce O». According to the relative adsorption
energy diagram of the ORR intermediates obtained by the B3LYP-D3 method, all the reaction
steps in acidic environments are downhill in the potential energy surface. The change in adsorption
energy of the reaction step O> — O>* was found to be 0.14 eV (which indicates a little hump).
Therefore, our theoretical results would be useful to design highly efficient 2D monolayer Pt-ZrS»
based catalysts for fuel cells. It is expected that these results would bring more experimental and
theoretical insights to explore the potential of 2D monolayer Pt-ZrS> based materials as an efficient

electrocatalyst for the ORR.
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CHAPTER

Revealing the Mechanism and Activity of O;
Reduction Reaction of Co Nanocluster

Encapsulated by Carbon Nanotube

xploration of inexpensive electrocatalysts with excellent catalytic activity and

chemical stability for the oxygen reduction reaction (ORR) is crucial for the

widespread adoption of sustainable and renewable energy conversion technologies
in practical applications. In this chapter, we introduce the potential of cobalt nanoparticle-
encapsulated single-wall carbon nanotubes (Co@SWCNT) as efficient electrocatalysts for
ORR. This study represents a significant step forward in the quest for high-performance, non-
precious metal catalysts for energy conversion technologies. We have begun this chapter by
discussing the extensive efforts in the field to develop carbon-based electrocatalysts for
electrochemical reactions, particularly the oxygen reduction reaction (ORR). We have also
highlighted the distinctive properties of carbon-based materials that have made them suitable
for ORR electrocatalysis. The chapter has then transitioned to a brief highlight of different
types of carbon nanotubes (CNTs), including armchair, zig-zag, and chiral nanotubes. It has
provided an overview of their structural variations and significance in electrocatalysis. Among
these, the chapter has specifically focused on the (6,6) armchair SWCNT, which has been used
in this study due to its advantageous stability and electronic properties. The chapter has then
highlighted the computational methods and theoretical framework that have been employed to
conduct the ORR mechanism on the surface of Co@SWCNT., exploring reaction pathways and
catalytic efficiency. Following this, we have presented a detailed analysis of the results
obtained from these simulations. The results section has initially examined the impact of Co
nanoparticles on the electronic properties of the SWCNT and has observed that Co@SWCNT

has exhibited metallic characteristics. The study has focused on determining the adsorption



Chapter 5: Revealing the Mechanism and Activity of O, Reduction Reaction of Co Nanocluster
Encapsulated by Carbon Nanotube

energy (AE) of ORR species on the Co@SWCNT surface to comprehend its electrocatalytic
efficiency and performance toward ORR. Within this, we have proposed two potential ORR
mechanisms: a direct four-electron (4¢’) transfer pathway and a series of two-electron (2¢’)
transfer pathways. The value of AE of the 20* ORR intermediate has been determined to be -
0.35 eV, and for the OOH* ORR intermediate, the value of AE is about -3.59 eV. This suggests
that the 4e dissociative pathway could be the thermodynamically favorable path for the O>
reduction reaction compared to the 4e associative and 2e” pathways of ORR. The chapter
concludes by discussing the broader implications of our research, emphasizing the promise of
Co@SWCNT as a cost-effective and highly durable nonmetal catalyst and its potential to

advance renewable energy and fuel cell technologies.

5.1 Introduction: To tackle the issues related to the utilization of carbon-containing fossil
fuels, there has been a growing global focus on transitioning toward cleaner and more
sustainable energy sources. Devices that generate electrical energy from chemical reactions,
such as batteries and fuel cells, are receiving considerable attention in applications ranging
from electronics to automotive industries[1,2]. Designing an effective and sustainable
electrocatalyst is a focal point to enhance the ability of the electrode toward O> reduction to
have widespread accessibility and commercialization of sustainable and renewable energy
conversion devices. A variety of catalytic materials have been proposed as suitable
electrocatalysts for the ORR. Pt-based substances or materials have served as dynamic and
efficient electrocatalysts for the ORR[3]. Nevertheless, these catalytic materials encounter
various challenges and issues, for instance, byproduct sensitivity and instability over prolonged
operation periods. Moreover, the exorbitant expenses and limited availability hinder their
widespread implementation in practical large-scale applications. Currently, there is a
significant focus on research aimed at creating nonprecious and nonmetal electrocatalysts for
applications in metal—air batteries, renewable energy technology, sustainable energy processes,
and fuel cells. Among various candidates, carbon-based electrocatalysts such as carbon
nanotubes (CNTs) and nitrogen-doped CNTs have demonstrated their effectiveness as metal-
free electrocatalysts toward the high-performance ORR[4]. They exhibit robust durability and
resistance to byproduct poisoning. These carbon-based electrocatalysts have been shown to
meet these practical requirements. Especially the CNTs have demonstrated a great capability
to serve as substitutes for conventional catalyst support owing to their considerable
advantages[5,6]: (a) large specific area, (b) high electric conductivity, (c) impressive

mechanical and thermal stabilities, (d) tolerance against poisoning effect, (e) facilitate easy
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chemical surface functionalization, (f) enable the deposition of catalytic phases on their
external surfaces or within their inner cavities, and (g) alter their chemical composition such

as nitrogen-doped and boron-doped CNTs.

Numerous carbon materials incorporating heteroatoms, such as B-doped CNTs,
sulphur-doped graphene, and phosphorus-doped graphite layer, were investigated for ORR[7—
9]. In recent studies, researchers discovered that nitrogen-doped CNTs embedded with Fe-Co-
Cr alloy-based nanoparticles show promising potential for enhancing the electrocatalytic
activity in the Zn-air batteries[10]. Niu et al. experimentally and theoretically reported that the
encapsulated CoNi nanoparticles within the N-doped carbon nanotube (NCNT), i.e.,
CoNi@NCNT, show remarkable catalytic activity in both ORR and oxygen evolution reaction
(OER)[11]. They concluded that the CONi@NCNT appears as an advanced electrocatalyst for
effective ORR and OER, and the activity primarily arises from the synergetic contributions of
NCNT, and the active sites located proximately to CoNi nanoparticles on NCNT. Liu et al.
conducted a study on the utilization of Fe, Co, and Ni nanoparticles encapsulated in nitrogen-
doped CNTs as electrocatalysts for ORR. They demonstrated that the Co@NCNT catalyst
displayed exceptional catalytic activity, demonstrating high efficiency, selectivity, and long-
term durability[ 12]. In addition, researchers recently synthesized CNTs doped with the Co and
N atoms through various experimental methods and investigated their effectiveness in
catalyzing the ORR. These synthesized Co- and N-doped CNTs displayed impressive catalytic
activity, stability, and resistance to fuel cell crossover effects in both acidic and alkaline
environments[13]. Additionally, Wang et al. created cobalt-embedded N-doped carbon
nanotubes and examined their catalytic performance toward both the ORR and OER. Their
findings demonstrated that these nanotubes exhibit comparable performance to Pt/C in alkaline
and neutral conditions for ORR[14]. Rao et al. experimentally synthesized the S, N-co-doped
CNT encased Co nanoparticles and studied their stability and electrocatalytic performance for
both the ORR and OER. They found that the S, N-Co@CNT demonstrates excellent durability
and stability in an alkaline medium and shows good catalytic activity toward both the ORR and
OER[15]. In a recent publication, the researchers reported the synthesis of the M/CeO2 (M =
Fe, Co, Ni) electrocatalyst via the coprecipitation method, followed by the creation of the
M@CNT/CeO2 composites through ethanol decomposition. Their finding showcased a notable
variation in the electrocatalytic activity toward H> evolution reaction (HER) among different
variants, with the Co@CNT/CeO, demonstrating significantly higher performance than both
the Fe@CNT/CeO> and Ni@CNT/CeO»[16]. Furthermore, the stability of the Co@CNT was
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assessed through cyclic voltammetry, revealing its remarkable durability even after 800 cycles,
indicating its potential as a nonprecious metal electrocatalyst. They also studied the catalytic
activity of Co encapsulated in CNT by density functional theory (DFT) calculations, indicating
a consistent relationship between experimental and theoretical results. Han et al. recently
studied the carbon nanotube (CNT) encapsulated by transition-metal (TM) clusters for efficient
HER by employing DFT method. They showed that the interaction of metal cluster atoms with
carbon nanotube boosts the HER catalytic activity of the carbon nanotube[17]. Inspired by
these intriguing findings, our aim is to investigate the electrocatalytic activity of Co
nanoparticle-encapsulated SWCNT electrocatalyst toward ORR. Despite extensive research
and considerable advancements made over several years, we still lack a complete

understanding of the slow reaction rates and underlying mechanisms that govern the ORR.

Here, we have conducted a thorough investigation into the ORR mechanism and
activity on the surface of the Co nanocluster encapsulated by a single-wall carbon nanotube
denoted by Co@SWCNT in short. We computationally designed the Co@SWCNT structure
and obtained its equilibrium configuration by employing the DFT-D3 method. The electronic
property calculations have been performed at the relaxed geometry of the Co@SWCNT to
reveal its conductive nature. Next, we focused on studying the ORR mechanism on the
Co@SWCNT surface, especially near the Co nanoparticles. To assess the ORR activity of
Co@SWCNT, we evaluated the AE of intermediates participating in both the 4e” associative
and dissociative reaction pathways. Our analysis demonstrates that the 4e” dissociative pathway
exhibits lower energy barriers compared to those of the associative pathway. Additionally, we
constructed a potential energy surface (PES) based on the AE of ORR intermediates. The PES
indicates that the Co@SWCNT exhibits a promising catalytic activity for ORR. Consequently,
our findings suggest that the equilibrium Co@SWCNT catalyst demonstrates notable
effectiveness and sustained stability in facilitating the ORR process. Our research highlights
the potential of Co@SWCNT as an effective catalyst for ORR, offering opportunities to
develop sustainable and durable ORR catalysts.

5.2 Methods and Computational Details:

5.2.1 Model. CNTs can be conceptualized as cylindrical structures formed by rolling up sheets
of two-dimensional (2D) graphene. The distinct types of CNTs arise from variations in the
rolling axis orientation during their fabrication process. This choice of axis alignment, relative

to the hexagonal lattice of the graphene sheet, along with the cylinder’s closing radius,
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determines the characteristics of the resulting CNTs. The wrapping pattern of the graphene
sheet is denoted by a pair of indices (m,n), where m and n are integers that represent the chiral
symmetry. An (m=n) tube is referred to as an “armchair” configuration, as the hexagons in the
tube align straight along its length, resembling the arms of an armchair. Conversely, a tube
with indices (m,0) is termed a “zigzag” tube, as the hexagons zigzag down the length of the
tube. Tubes with indices between these two extremes, such as (5,4), are called “chiral” tubes.
SWCNT holds significant importance among carbon nanotubes, as many of their properties,
such as band gap and electrical conductivity, exhibit notable variations based on the values of

(m,n)[18,19].

In this work, the calculation was performed on a periodically repeated unit cell of a
single-wall carbon nanotube (in short, SWCNT) as depicted in Figure 5.1a. We utilized an
armchair SWCNT with a (6,6) chiral symmetry in our research investigation. A Co metal

nanoparticle cluster (Co4) has been encapsulated inside the channel of the SWCNT, i.e., the
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Figure 5.1. Schematic representation of the (a) single wall carbon nanotube (SWCNT) (armchair (6,6)) and Co nanoparticle.
(b) Co-encapsulated single-wall carbon nanotube (Co@SWCNT).

164



Chapter 5: Revealing the Mechanism and Activity of O, Reduction Reaction of Co Nanocluster
Encapsulated by Carbon Nanotube

system of interest in this work is Co@SWCNT, as demonstrated in Figure 5.1b. The computed
results presented here illustrate that Co@SWCNT is a metallic material that is expected to be
obtained by some new experiments in the future. There is strong interest in determining
whether this unique Co-encapsulated nanotube structure of SWCNT holds promise for fuel cell
applications, especially when compared to Pt-based nanomaterials known for their exceptional
performance in catalyzing the sluggish ORR kinetics. Numerous previously reported research
studies demonstrated that a carbon nanotube with chirality (6,6) could be synthesized by
various methods, including laser vaporization, chemical vapor depositions, and bottom-up
processes[20-22]. This foundation was laid by the previous experimental synthesis,
demonstrating the viability and stability of the (6,6) carbon nanotubes. Moreover, Hedman et
al. computed the stability of the SWCNT of different chiralities through computational
modelling and DFT calculations. This theoretical research supports the experimental findings
and demonstrates that the (6,6) SWCNT exhibits enhanced stability compared to other chirality
combinations[23]. These empirical findings motivated us to choose the (6,6) SWCNT as a
stable and reliable material as an electrocatalyst for ORR applications. However, the metal
nanoparticle electrocatalyst seriously suffers from stability issues in both acidic and alkaline
environments during the reaction. The stability of the nonprecious metal nanoparticles could
be significantly enhanced by cooperating these nanoparticles with carbon materials and
exhibiting high electrocatalytic stability and activity. Cui et al. introduced a straightforward
and adaptable technique for the fabrication of a diverse array of NPs encapsulated within
SWCNT([24]. Xiao et al. experimentally fabricated the Ms@CNT (M = Co, Fe, Ni) material
and utilized it as an electrocatalyst for HER. Additionally, Lu et al. fabricated the Co
nanoparticle encapsulated NCNT, and they reported that the Co nanoparticle-encapsulated
NCNT possesses superior stability in harsh environments and exhibits high catalytic activities
toward ORR in alkaline solution with super methanol tolerance[25]. The enduring strength and
stability of carbon-nanotube-encapsulated Co nanoparticles have consistently been highlighted
in prior studies. This durability is credited to the distinctive carbon-coated core-shell
nanostructure. Within this framework, the carbon shell plays a crucial role by effectively
shielding the Co nanoparticles from leaching and aggregation during the reaction process,
especially under challenging reaction conditions. Thus, building upon these prior experimental
and theoretical studies, we have observed that cobalt-encapsulated carbon nanotubes exhibit
commendable stability under electrochemical reaction conditions, as evidenced by their
successful utilization as an electrocatalyst for various electrochemical reactions. Accordingly,

the remarkable stability demonstrated by the Co nanoparticle encapsulated carbon nanotube,
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which is coupled with its promising electrocatalytic activity toward various electrochemical
reactions, has inspired us to explore the electrocatalytic capabilities of this system for other
electrochemical reactions such as ORR. In this study, the possible reaction intermediates
involved in the subject reaction (i.e., ORR) were strategically positioned on the surface of
Co@SWCNT to investigate the electrocatalytic performance of the Co@SWCNT toward
ORR. Our study reveals that the Co@SWCNT catalyst demonstrates notable electrocatalytic

efficiency with superior performances and exhibits remarkable stability in facilitating the ORR.

5.2.2 Computational Details. In this work, all the periodic DFT calculations, such as geometry
optimization, equilibrium structure, lattice parameters, electronic properties, and the various
energies of the system involved in the subject reaction, were conducted by using the B3LYP
hybrid DFT method as incorporated in the CRYSTAL17 suite code[26]. The hybrid DFT
approach has gained significant popularity for addressing the self-interaction error in the
approximate exchange potentials. This is achieved by combining local or semi-local DFT
exchange functionals with the exact nonlocal Hartree-Fock (HF) exchange. However, the
computational cost of this method increases due to the complexity involved in managing the
integration of Hartree-Fock integrals. In this calculation, the Fock/KS matrix mixing parameter
was taken 90%. The long-range van der Waals (vdW) dispersion interaction has been taken
into account using Grimme’s D3 correction, which provides a better description of all types of
vdW interactions[27,28]. The DFT-D (B3LYP-D3) is an advantageous method that gives not
only an excellent geometry of the structure but also a consistent value of energy, band gap, and
density of states (DOS)[29,30]. A periodic supercell of carbon nanotube structure and the
structural parameters of the unit cell were created and designed using visualization for
electronic structural analysis (VESTA) code[31]. The Gaussian-type (GTO, i.e., Gaussian-type
orbital) basis set has been used as atomic orbital basis sets in the CRYSTAL17 program for all
DFT calculations, such as geometry optimization and single-point energy calculation[32,33].
The basis set used to represent the atomic orbitals of C, Co, O, and H is the triple-{ valence
with polarization quality (TZVP) Gaussian basis set. The self-consistent field (SCF) calculation
utilized a convergence criterion of 107 a.u. for the change in total energy for all the
calculations. In the CRYSTALI17 code, geometry optimization has been performed on all
atoms using predefined default thresholds. The maximum and RMS force thresholds are set at
0.000450 and 0.000300 a.u., respectively, while the maximum and RMS displacement
thresholds are set at 0.001800 and 0.001200 a.u., respectively. Brillouin zone integration was
conducted using a Monkhorst-Pack method using 4 x 4 x 8 k-points[34]. For plotting the
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electronic band structure, we employed a high-symmetry k-path, which includes the points T,
K, M, L, A, H, L, and I in the selected direction. The band structure and DOS were plotted in
this study by using the GNU plot and Python codes developed by our group. The geometrical
representation and atomic structure visualization for all the systems involved in this calculation

were performed by using the VESTA Code[31].

5.2.3 Reaction Pathways. The precise chemical reaction mechanism governing the ORR
remains the subject of ongoing scientific investigation. Extensive research, encompassing both
theoretical and experimental approaches, has proposed the existence of two distinct pathways
through which the ORR can occur. The ORR proceeds through the ideal high rate 4e” pathways
in one step without generating extra byproducts or a sluggish, less efficient two-electron
pathway. The two-electron reaction pathway facilitates the reduction of Oz to the metastable
intermediate H>O», which poses a potential risk of catalyst surface corrosion owing to its high

2e Mechanism

Associative Mechanism H:O;
pe i —
0, OOH’ H,O g
| e i - .
g — e i B O OH - H,O
o' i H +e i T
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Dissociative Mechanism

Scheme 1. The reaction scheme illustrates the ORR mechanism, highlighting both the 4e” and 2e” pathways.

oxidizing capability. Subsequently, H>O> can undergo a two-electron and proton coupling
process to produce water (H2O) or dissociate into a separate water molecule and an oxygen

atom[35].
0, + 4H* + 4e- —— 2H,0 (1.229 Vvs SHE)
0, + 2H* + 2e- —— H,0, (0.695 Vvs SHE)
H,0, + 2H* + 2e~ —— 2H,0 (1.77 Vvs SHE)

5.2.4 Computational Method for Energy Calculations. The determination of the adsorption
energy for ORR species plays a vital role in evaluating the reactivity and stability of
electrocatalysts. In this study, the adsorption energy of ORR species is computed by employing
the following methodology:

167



Chapter 5: Revealing the Mechanism and Activity of O, Reduction Reaction of Co Nanocluster
Encapsulated by Carbon Nanotube

AE = Eio[* + adsorbate] — E.y[*] — Eo:[adsorbate]

where E..[* + adsorbate], E;,:[*], and E;,;[adsorbate] are the electronic energy correspond

to the adsorption system, the individual adsorbent, and the adsorbate, respectively[36].

In this energy calculation, we employed the method introduced by Nerskov et al. to

study the electron-transfer reaction. They demonstrated a correlation between the chemical
. — 1 . . .
potential of H* + e~ and ;Hz in the gas phase using the computational hydrogen electrode

(CHE) technique[37]. By applying this approach under standard CHE conditions, we were able

to determine the energy difference for the reaction * +H —— H* + e~ through the reaction

* +H —>*%H2.

5.3 Results and Discussion.

5.3.1 Structural and Electronic Properties. The equilibrium structures of both the SWCNT
and Co@SWCNT materials have been determined using the full relaxation process (both
atomic positions and lattice parameters are allowed to change during the optimization
calculations), and they are represented in Figure 5.2a, b. The equilibrium SWCNT exhibits the
p6 space group symmetry with the equilibrium lattice parameters a = 22.06 A, b=22.06 A, ¢
=245 A, 0=90.00°, B =90.00°, and y = 120.00° obtained by the periodic B3LYP-D3 method.
On the other hand, the relaxed Co@SWCNT also possesses the p6 space group symmetry and
the system has been characterized by equilibrium lattice parameters of a =21.71 A, b=21.71
A, c=246 A, and o = 90.00°, B = 90.00°, and y = 120.00° computed by the same DFT-D
approach. A comprehensive summary of the structural parameters for both the SWCNT and

Co@SWCNT can be found in Table 5.1.

Table 5.1. The equilibrium structural properties of the SWCNT and Co@SWCNT.

Lattice Interfacial Space group Average bond distance References
parameters angles in degree  and symmetry between atoms (A)
System .
)
A) C-C Co-Co
SWCNT a=b=22.06, o=£= 90, P6 1.39 - This work
c=245 y=120.00
Co@SWCNT a=b=21.71, a=p= 90, P6 1.42 2.32 This work
c=2.46 y=120.00
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In the electrochemical ORR, the electron-transfer phenomenon holds particular significance
during the reaction. To achieve maximum efficiency from a catalyst, it is crucial for the catalyst
to exhibit exceptional electrical conductivity. Investigating the electronic band structure
characteristics and determining the extent of the electronic band gap of both the SWCNT and
Co@SWCNT materials are essential for a comprehensive analysis. We computationally
investigated and analyzed the electronic properties of both the SWCNT and Co@SWCNT. The
electronic band structure calculation has been performed along with the high-symmetry k-path
directions following the original space group symmetries p6 and p6, and the high-symmetry
pathway of the k-path is defined by the points I'-K-M-L-A-H-L-I" as schematized in Figure
5.2¢, d. Figure 5.2c represents the electronic band structures and the total DOS of the SWCNT.
The electronic band structure of the SWCNT reveals intriguing properties with certain energy
bands intersecting the Fermi level (Er). However, it is evident from Figure 5.2c that the electron
density of states near Er is exceedingly low. This observation indicates the semi-metallic nature
of the SWCNT. When a Co nanoparticle is encapsulated inside the ring (Co@SWCNT), it
results in a notable alteration in the electronic properties of the carbon nanotube, as depicted in
Figure 5.2d. The band structure diagram of the Co@SWCNT reveals that several energy bands
intersect around the Ef, as illustrated in Figure 5.2d. Furthermore, an analysis of the DOS
calculations of Co@SWCNT has been conducted to investigate the electronic behavior of the
Co@SWCNT system. The total DOS clearly demonstrates a substantial electron density in
proximity to the Er. Thus, both the electronic band structure and DOS calculations of
Co@SWCNT reveal that Co@SWCNT has a metallic character and can be useful for
applications in electrocatalysis. To investigate how the Co nanoparticles influence the electron
density near the Er of the Co@SWCNT material, we have conducted the calculations of the
partial density of states (PDOS) of the 3d orbital of the Co nanoparticles, i.e., the contributing
components of the “d-orbital” electron density of states of the Co nanoparticles, which are
encapsulated by the SWCNT in the total DOS. Our results reveal that the PDOS profile of the
3d-orbital of Co nanoparticles closely resembles the DOS of the Co@SWCNT system, as
illustrated in Figure 5.2e. This PDOS analysis highlights the substantial contribution of the 3d-
orbital of the Co nanoparticles influencing the overall electronic density of states near the Er
in the DOS of Co@SWCNT. Consequently, the increased carrier concentration around the Er
implies a facilitated transfer of electrons to reactants during the ORR. Thus, the Co@SWCNT

may provide an improved electrocatalytic performance for the overall ORR.
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5.3.2 Adsorption of ORR Species on the Co@SWCNT Material. In our exploration of the
ORR mechanism, we computationally investigated the values of AE for different reaction
intermediate species that were formed during the subject reaction on the Co@SWCNT surface.
The adsorption energy of reaction intermediates on a catalytic site significantly influences the
determination of the comprehensive performance and selectivity of a catalyst. Ideally, a
catalytic material should exhibit minimal adsorption energy to facilitate efficient reaction

kinetics but be large enough to hold the reaction species on the surface of the catalytic material
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Figure 5.2. Equilibrium structure (top and side view) of the (a) pristine SWCNT and (b) Co@SWCNT; and the corresponding
band structure and DOS of (c) SWCNT, (d) Co@SWCNT, and (e) “d” orbital partial density of states of Co nanoparticle.

surface. For adsorption and desorption reaction steps, both very high and very low adsorption
energies can have profound effects on selectivity, reaction kinetics, and stability of
intermediates. The active site resides on the surface of the Co@SWCNT, a key area activated
by encapsulation of the Co nanoparticles. In the present investigation, we have defined the
active site as the carbon atoms situated on SWCNT, forming a Co-C bond with the
encapsulated Co nanoparticles, as depicted in Figure 5.3a, b. Previous research has

demonstrated the effectiveness of such systems in activating and studying the catalytic activity
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of CNTs. The present investigation, followed by a previous research work by Niu et al., where
they investigated the ORR activity of the CoNi@NCNT, has similarly regarded the active sites
as existing on the surface of the CoNi@NCNT/[11]. In a recent study, scientists investigated
the utilization of metal-encapsulated CNTs as catalysts across multiple applications. Their
findings emphasized the crucial role of interactions between metal atoms and the inner surface
of CNTs in activating the CNT surface. The authors performed the electrochemical reaction

mechanisms by considering the active site on the surface of CNT[16,17].

5.3.2.1. Oz Adsorption and Dissociation Reactions. In the present study, the O> molecule
primarily adsorbs on the surface of the SWCNT rather than directly on the Co nanoparticles,
1.e., SWCNT acts as an active site of the Co@SWCNT material. The Co nanoparticles are
strategically encapsulated within the SWCNT to activate its surface for the electrocatalytic
ORR. The adsorption of the O, and ORR intermediate species has been considered on the
surfaces of the SWCNT attached to the carbon atom near the metal nanoparticle, forming a Co-
C bond between the metal nanoparticle and SWCNT as represented in Figure 5.3a, b. The
external surfaces of CNT remain stable due to the strong covalent bonds among the C atoms,
rendering them resistant to adsorption and inappropriate for electrocatalytic applications.
However, sp> CNT possesses abundant 7 electrons that could potentially serve as catalysts for
electron-demanding electrochemical reactions like the ORR[38]. Nonetheless, these =
electrons are typically too inert for direct use in the ORR. Recently, it has been discovered that
encapsulating the metal nanoparticle inside the CNT is a promising strategy to alter the sp”
hybridization of carbon atoms to create charge sites and activate carbon m electrons for effective
utilization in electrocatalytic reactions. For instance, Han et al. recently reported that the
transition metal encapsulated CNT for efficient HER[17]. They elucidated that an electron
charge distribution of CNT happens in the electronic interaction of the d-orbital of transition-
metal atoms and carbon atoms[17]. This charge transfer weakens the m conjugation between
carbon atoms and enhances the adsorption of the H atom on the surface of the TM@CNT.
Similarly, Deng et al. proposed that the iron encapsulation carbon nanotubes can possess good
catalytic activity toward ORR, which arises from the electron transfer from the Fe atoms to the
CNT[39]. To investigate the SWCNT activation by encapsulating the Co nanoparticle, we
conducted the Mulliken charge analysis of the Co@SWCNT material. The Mulliken charge
analysis demonstrates that there is an average of +0.10 |e| charge transfer from the Co
nanoparticles to the SWCNT. This charge transfer disrupts the © bond of the SWCNT, creating

charged sites that favor O adsorption and activate the carbon m electrons for effective
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Figure 5.3. (a) The equilibrium calculation model Co@SWCNT, which represents the interactions between Co nanoparticles
and SWCNT, (b) spin density isosurface of the unit cell of Co@SWCNT, arises from the interaction of Co nanoparticles with
the SWCNT.

utilization by O> molecules during reduction. Additionally, spin density isosurface calculations
were conducted to examine the interaction between the Co nanoparticles and the SWCNT
surface. The spin density isosurface of the Co@SWCNT has been represented in Figure 5.3b,
where the yellow contour represents the charge accumulations, and the blue contour denotes
charge depletion. From the spin density isosurface calculations, it is evident that the electrons

from d-orbital of the Co atoms interact (or hybridize) with the electrons from p-orbital of the
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carbon atoms of the SWCNT, which can significantly promote the efficiency of electron
transfer. These charge-transfer analyses and spin density isosurface computations indicate that
the Co nanoparticle encapsulation has activated the surface of the SWCNT, which provides
enhanced adsorption for the Oz on the surface of Co@SWCNT.

The initial stage of the ORR involves the adsorption of an O2 molecule on the surface
of the Co@SWCNT. In the present investigation, we strategically placed an O, molecule in
close proximity to the cobalt nanoparticles on the Co@SWCNT surface to assess the adsorption
energy of the O, molecule, which is a critical factor in influencing the kinetics of the ORR
mechanism. The precise adsorption strength of the Oz molecule at the catalytic site carries
substantial importance in shaping the development of efficient catalytic systems. If the
adsorption energy is excessively high, then the intermediates create a strong bond to the
catalytic site, effectively blocking the active sites and inhibiting the catalytic activity. This can
result in catalyst deactivation or a reduced catalytic efficiency of the material. If the interaction
of the ORR species with the catalytic site is very low, the intermediates weakly interact with
the catalyst surface. Weakly adsorbed intermediates tend to dissociate quickly from the catalyst
surface, reducing the residence time and limiting the opportunity for subsequent reactions. This
can lead to lower catalytic activity and decreased reaction rates. The charge transfer from the
Co atoms (in Co nanoparticles) to C atoms (in the SWCNT), as evidenced by the Mulliken
charge transfer and spin density analysis, signifies the establishment of interactions with the
chemical bonds between the Co nanoparticles and C atoms. The encapsulation of the Co
nanoparticles leads to unique host-guest interactions and activates the surrounding nanotube,
consequently enhancing the catalytic activity of the Co@SWCNT material toward ORR. The
equilibrium structure of the Co@SWCNT is represented in Figure 5.4a, which contains a Co-
C bond between the Co nanoparticles and carbon atoms of the SWCNT. Our study focuses on
the ORR conducted on the bonded C atoms on the surface of the Co@SWCNT. We have
examined the adsorption of all the ORR intermediate species on the surfaces of the subject
material attached to the C atoms (active sites), which form a bond with Co nanoparticles (Co

NPs).

In Figure 5.4b, we showed the equilibrium configuration of the O adsorption on the
surface of the Co@SWCNT material, specifically focusing on the adsorption of the O»
molecule on the bonded C atom with Co NPs. To provide a clear illustration for the readers,

we have omitted the depiction of the Co-C bond in the intermediate reaction structures,
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0=C @=Co ©-0
Figure 5.4. Representation of (a) the possible active sites (C atoms of the SWCNT) for the ORR intermediate species adsorption

(highlighted by the red circle) and (b) the equilibrium structure of the O2* _Co@SWCNT, where O: is adsorbed on the carbon

atom bonded with cobalt nanoparticles.

highlighting the effective encapsulation of the Co NPs by the carbon layer.

The O, adsorbed Co@SWCNT material has been represented by O2* SWCNT, and
the equilibrium structure of the O* SWCNT intermediate was obtained under the full
optimized scheme by employing the B3LYP-D3 DFT method. The equilibrium lattice
parameters of the intermediate of the O2* Co@SWCNT have been found to be a=22.52 A, b
=2252A,¢c=247A, a=P=90.00° and y = 120.00°. The equilibrium bond distance of C-O
and O-O was calculated to be 1.49 and 1.37 A, respectively. The electronic band structure
calculations of the O2* SWCNT have been studied through the high symmetric I'-K-M-L-A-
H-L-T" k-path using the equilibrium geometry of the O2* Co@SWCNT reaction intermediate.
The original k-paths of the pristine SWCNT and Co@SWCNT were followed during the
electronic band structure calculations of all the reaction intermediates. The band structure of
the O2* Co@SWCNT depicts the zero-band gap with the conducting nature of the O>* Co@
SWCNT, as displayed in Figure 5.5a. To confirm the conducting nature of the O>* SWCNT,
we have studied the DOS of it by using the equilibrium structure of the O* Co@SWCNT.
The DOS profile indicates that there is a large electron density of states available around the
EFr, supporting the conducting nature of the O2* Co@SWCNT. The contribution of the Co
nanoparticle in the total DOS has been studied here by calculating the PDOS for the 3d-orbital
of the Co nanoparticle, and it was observed that the total DOS follows the electron density of
state profile of the 3d-orbital of the Co nanoparticle near the Er. Hence, the PDOS analysis
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suggests that the 3d-orbital of Co nanoparticles significantly contributes to the electronic
density near the Er, as shown in Figure 5.5a. This study reveals that the value of AE for an O,*
molecule adsorption on the Co@SWCNT surface is about +0.15 eV, indicating proximity to
the optimal range. This small positive adsorption energy implies relatively weak bonding
between the O>* molecules and the Co@SWCNT surface, making them readily available for
subsequent steps in the ORR process. Ulbrient et al. experimentally investigated the adsorption
energy of the Oz on the CNT bundle and graphite. They reported that the O2 adsorption energy
obtained from the molecular mechanics (MM) simulations of the SWCNT bundles was 0.80
eV, and for graphite, it was 0.52 eV[40]. Deng et al. reported that the adsorption energy of the
Oz molecule on the surface of the pristine SWCNT (6,6) was found to be 1.43 eV obtained by
the DFT method[39]. In our current

Table 5.2. Comparison of AE (eV) of dissociative and associative mechanisms.

Reaction mechanism AE (eV)
0,* 5 20* -0.35
0+ H"+ ¢ ———  OOH* -3.59

study, we have found the O2 adsorption energy on the surface of the Co@SWCNT to be +0.15
eV, which is optimal for the subject reaction. This comparison suggested that O» can readily
be adsorbed on the surface of the Co@SWCNT and is remarkably and less positive than the
adsorption energy on the pristine CNT surface (0.80 eV experimentally obtained in the past
and 1.43 eV theoretically obtained in earlier reports). Similar trends of the adsorption energy
of the O> molecule have been observed in previously reported articles based on the carbon
nanotube electrocatalyst. For instance, Deng et al. conducted a study on the Fe cluster-
encapsulated (6,6) SWCNT and examined its electrocatalytic efficiency toward ORR. They
obtained the O> adsorption energy to be 0.03 eV on the surface of the Fe@SWCNT[39].
Moreover, Xu et al. presented the experimental measurements and theoretical calculations of
the ORR activity of the N-doped carbon nanotubes. The reported O2 adsorption energy on the
surface of the N-doped carbon nanotubes is consistent with our computed results[41]. The
equilibrium bond distance between the C and O atoms was calculated to be 1.49 A. After
optimization, the O-O bond length at the equilibrium position was determined to be 1.37 A,
and it was observed that the equilibrium O-O bond distance has been elongated by an amount
of 0.14 A from the equilibrium position of a free O molecule (where the O-O bond length is
about 1.23 A computed by the DFT-D method here). This substantial elongation of the O-O
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Figure 5.5. The equilibrium structure and corresponding band structure with DOS of various intermediates; (a) 02", (b) 20",

(c) O"_OH", (d) O, and (e) OH" of electrochemical reduction of Oz to H20 on the surface of the Co@SWCNT.

bond, from 1.23 A to 1.37 A, indicates significant activation of the O» molecule, rendering it

highly reactive and prepared for subsequent chemical reactions. The Mulliken charge
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population analysis was performed, and it revealed a transfer of approximately 0.101 |e| charge
from the Co@SWCNT to the adsorbed O>* molecule. This charge transfer contributes to the
elongation of the O-O bond length. As a result, the O>* bond eventually breaks, facilitating its
reactivity in subsequent reaction steps. There are two possible ways to break the O-O bond
after the adsorption of O>* at the catalytic site. We have calculated and explored the possibility
of two possible reaction pathways, i.e., direct dissociation into 20* or hydrogenation into an
OOH* species, by considering the value of AE of the ORR species associated with the two
possible reaction pathways. The value of AE for both the reaction pathways is tabulated in

Table 5.2.

The value of the AE for the dissociation of O>* into 20* has been calculated to be -0.35 eV on
the surface of the Co@SWCNT, and the value of the AE for the hydrogenation of the O>* into
the OOH* has been computed to be -3.59 eV obtained by the DFT-D method during the subject
reaction. Therefore, the dissociation of Ox* exhibits significantly more favorable energy
characteristics compared to the hydrogenation reaction of O2* on the Co@SWCNT surface.
So, the rate of protonation of O>* has a lower value of AE, indicating that the protonation of
O2* into OOH* is energetically unfavorable compared to that of the dissociative pathway.
Hence, both the 4e™ associative and 2¢” indirect reaction pathways are suppressed by the 4e”
dissociative pathway of the ORR mechanism to reduce O2* into H2O on the surface of the
Co@SWCNT. Hence, the 4e” dissociative ORR pathway would be more thermodynamically
favorable on the surface of the Co@SWCNT, and it has been discussed in the subsequent

section.

5.3.2.2 H20 Removal from the Catalytic Surface. The ultimate step in the ORR mechanism
involves the removal of water molecules from the catalytic site, marking the completion of one
ORR cycle and the initiation of the next ORR cycle. To investigate the potential of the
Co@SWCNT for ORR, computation and analysis of the value of AE of the H>O molecule on
the surface of the Co@SWCNT are the key steps for the subject reaction. The present analysis
reveals that the value of AE during the formation of H>O is about -0.84 eV indicating a weaker
binding to the Co@SWCNT surface, as tabulated in Table 5.3. This implies that H>O exhibits
a weak interaction with the catalytic site, leading to an easy desorption from the catalytic
surface. The lower value of binding energy in terms of the value of AE observed for H>O is a
favorable characteristic for ORR, as it facilitates the removal of water molecules from the
catalytic surface. Consequently, the Co@SWCNT catalytic surface becomes readily available

to initiate the next cycle of the ORR mechanism, thereby enhancing the kinetics of the process.
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5.3.2.3 Adsorption of Key Intermediates. The key intermediates associated with the 4e
dissociative ORR pathway are 20*, O* OH*, O*, and OH*. Following the initiation of O
molecule activation on the Co@SWCNT surface, it undergoes dissociation, leading to the
formation of two distinct oxygen atoms at separate catalytic sites situated on the surface of the
Co@SWCNT material and denoted by the 20* Co@SWCNT. The equilibrium structure of
20* Co@SWCNT has been obtained by the full optimization process, and the equilibrium
structure of the 20* Co@SWCNT is represented in Figure 5.5b. The equilibrium lattice
parameters of the 20* Co@SWOCNT were found to be a=21.82 A, b=21.82 A, c =2.48 A,
a=pB=90.00° and y=120.00°, and the equilibrium C-O bond length in the 20* Co@SWCNT
was calculated to be 1.37 A as listed in Table 5.4. We computed the electronic properties of
the 20* Co@SWCNT reaction intermediate by employing the equilibrium geometry of the
20* Co@SWCNT. The electronic band structure of the 20* Co@SWCNT intermediate
depicts that the energy bands cross the Er indicating the zero band of the 20* Co@SWCNT
complex formed during the subject reaction, as represented in Figure 5.5b. The total DOS
profile of the 20* Co@SWCNT intermediate was drawn in the same energy range using the
B3LPY-D3 method. The DOS calculation shows significant electron density of states around
the Er as displayed in Figure 5.5b. The contribution of the Co nanoparticle is also studied by
calculating the PDOS for the 3d-orbital of the Co nanoparticle, and it has been observed that
the 3d-orbital of the Co nanoparticle follows the electron density profile near the Femi level.
Hence, the PDOS analysis suggests that the 3d-orbital of the Co nanoparticles significantly
contributes to the electronic density of states near the Er. Thus, the 20* Co@SWCNT reaction
intermediate has a metallic behavior in nature and would facilitate electron transfer during the
ORR. The value of AE in this reaction step was found to be -0.35 eV obtained by the DFT-D
method. This negative value indicates that the process is thermodynamically feasible and
favorable. The activated oxygen atoms are now located at distinct sites within the Co@SWCNT
structure. Among them, one of the oxygen atoms would be hydrogenated by reacting with H"
species and e to form the second reaction intermediate O* OH* ORR during the subject
reaction. This intermediate structure has been denoted by the letter O* OH* Co@SWCNT
and optimized under the full optimization process. The equilibrium structure of the reaction
intermediate O* OH* Co@SWCNT formed during the subject ORR is represented in Figure
5.5c. The equilibrium structure of the O* OH* Co@SWCNT is defined by the lattice

178



Chapter 5: Revealing the Mechanism and Activity of O, Reduction Reaction of Co Nanocluster
Encapsulated by Carbon Nanotube

Table 5.3. The calculated value of AE (eV) for the intermediate reaction steps in the dissociative mechanism on the surface of

the Co@SWCNT.

Relative adsorption

Various ORR steps AE (eV)

energy (eV)
[CO@SWCNT] — [0;_Co@SWCNT] 0.15 0.15
[05_Co@SWCNT] — [20*_ Co@SWCNT] -0.35 -0.20
[20"_Co@SWCNT]| — [0*_OH*_Co@SWCNT] -1.22 -1.42
[0*_OH"_Co@SWCNT] — [0"_ Co@SWCNT] -1.72 -3.14
[0"_ Co@SWCNT] — [OH"_Co@SWCNT] -0.83 -3.97
[OH*_Co@SWCNT] — [Co@SWCNT] -0.84 -4.81

parameters a =20.35 A, b=20.35A,c=2.49 A, a =B =90.00°, and y = 120.00° as tabulated
in Table 5.4. The equilibrium C-O and C-OH bond lengths were calculated to be 1.37 and 1.42
A, respectively, as reported in Table 5.4. To investigate the electronic properties of the
O* OH* Co@SWCNT, both the electronic band structure and DOS of the reaction
intermediate O* OH* Co@SWCNT have been computed and analyzed here. The electronic
band structure of the O* OH* Co@SWCNT reaction intermediate depicts the zero-band gap,
as depicted in Figure 5.5¢c. Upon examination of the DOS profile aligned with the band
structure of the intermediate O* OH* Co@SWCNT, it was noted that ample electron density
of states surrounds the EF within the total DOS profile of the O* OH* Co@SWCNT as
portrayed in Figure 5.5¢. This concentration of electron density of states around the Er serves
as a confirmation of the conductive nature exhibited by these intermediate structures. The
PDOS profile suggests that the 3d-orbital of the Co nanoparticle follows the profile of the
electron density of the states around EFr, as depicted in Figure 5.5c. Here, the value of AE was
found to be -1.22 eV. The negative value of AE indicates that this reaction step is
thermodynamically feasible and downhill. This step is followed by the hydrogenation of the
O* OH* species by reacting with an H" + ¢ to form the O* species and removal of the first
water molecule. This intermediate configuration has been denoted by the O* Co@SWCNT
and optimized under the full optimization process. The equilibrium structure of the reaction
intermediate O* Co@SWCNT formed during the ORR process is represented in Figure 5.5d
and has the equilibrium lattice parameters, a =25.14 A, b=2514A,c=248A,0= B=90.00°,
and y = 120.00° as tabulated in Table 5.4. Here, the equilibrium C-O bond distance was
calculated to be 1.36 A reported in Table 5.4. The electronic property calculations of the
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O* Co@SWCNT indicate a significant overlapping of the electronic energy bands around the
EF, indicating a zero-band gap of the O* Co@SWCNT, as illustrated in Figure 5.5d. The DOS
profile indicates the sufficient electron density of states around Er, suggesting the metallic
behaviour of the O* Co@SWCNT reaction intermediate constructed during the subject
reaction. The contribution of Co nanoparticles to the electronic properties of the
O* Co@SWCNT reaction intermediate has been studied by computing the PDOS of the Co
3d-orbital. The PDOS of the 3d-orbital follows the same electron density profile as the total
DOS profile and mainly contributes around the EFr, as depicted in Figure 5.5d. The value of the
AE in this reaction step was found to be -1.72 eV, indicating that the O atom is favorably
adducted to the catalytic site. The negative value of the AE suggests that this step is an
energetically favorable step. The remaining O* on the catalytic surface is hydrogenated to form
OH* species on the catalytic surface, denoted as OH* Co@SWCNT. The relaxed structure of
the reaction intermediate OH* Co@SWCNT is displayed in Figure 5.5e. The equilibrium
structure of the OH* Co@SWCNT complex is defined by the lattice parameters a = 23.62 A,
b=12362A, ¢c=247 A, o =B =90.00° and y = 120.00° as tabulated in Table 5.4. The
equilibrium C-OH bond length was calculated to be 1.44 A. The electronic band structure of
the OH* Co@SWCNT system formed during the ORR process depicts that a few energy bands
cross the EFf, indicating the zero band of the OH* Co@SWCNT, as represented in Figure 5.5¢.
The DOS plot shows a large number of electron density of states around EFr, as shown in Figure

5.5e. The contribution

Table 5.4. The equilibrium geometry parameters and electronic band gap of all the reaction intermediates of the dissociative

path.
Average bond distance between
. Space
Lattice Electronic atoms (A)
parameters Interfacial group
Reaction steps band gap
angles (°) and Co-
A) symmetry V) cc €O conm
a=2252
a=p=90.00
05_Co@SWCNT b=22.52 P6 0.0 1.44 242 1.49 -
y=120.00
c=2.47
a=21.82
a=p=90.00
20"_Co@SWCNT b=21.82 P6 0.0 1.44 2.38 1.37 -
y=120.00
c=2.48
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a=20235
a=B=90.00
0"_OH*_Co@SWCNT  h=20.35 P 0.0 147 242 137 142
y=120.00
c=2.49
a=25.14
a=B=90.00
0*_Co@SWCNT b=25.14 P 0.0 144 238 136 -
y=120.00
=248
a=23.62
a=B=90.00
OH*_Co@SWCNT b=23.62 Pé 0.0 147 239 - 1.44
y=120.00
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of the Co nanoparticle is also studied by calculating the PDOS for the 3d-orbital of the Co
nanoparticle, and PDOS suggests that the 3d-orbital of the Co nanoparticle follows the electron
density profile near the Er. Hence, the PDOS analysis indicates that the 3d-orbital of Co
nanoparticles significantly contributes to the electronic density near the Er. Thus, the
OH* Co@ SWCNT reaction intermediate has a metallic nature and would facilitate electron
transfer during the ORR. The value of the AE for this reaction step was found to be -0.83 eV.
The value of the AE is very small and negative for this reaction step which indicates that the
present reaction is energetically favorable. The last step of the 4e” dissociative pathway is the
hydrogenation process in which the initial state is OH* at a site with an H" and e", while the
final state is the removal of the second H>O molecule. After that, the catalytic surface
Co@SWCNT would be readily available for the next cycle of the ORR. The conducting nature
of these intermediate structures would help in the transportation of electrons and eventually
help to enhance the ORR activity of the Co@SWCNT. Moreover, the small value (close to
zero) of AE for each reaction step involved during the 4e” dissociative pathway suggests a better
catalytic activity of the Co@SWCNT toward ORR. Kuzmin et al. investigated the ORR activity
of CNT doped with MN4(M = Cu, Ag, Zn). Their study focused on (6,6) carbon nanotubes with
an examination of the adsorption energies of ORR intermediates such as OH* on both the MN4
site and the C; active site. They discovered that the adsorption energies for the O* and OH* on
the C active site of CuNsg CNT were -5.02 and -2.43 eV, respectively. Similarly, on
AgN4 CNT and ZnN4_ CNT, the adsorption energies for these species were -5.29, -2.48, and -
5.49,-2.70 eV, respectively[42]. Xu et al. recently studied the ORR activity of nitrogen-doped
CNTs. They adopted experimental measurement techniques and comprehensive theoretical

calculations to assess and contrast the ORR activity of graphitic and pyridinic nitrogen doping
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in the N-doped CNTs. The reported adsorption energies of O* on grp-eNCNT (a single
graphitic N dopant replacing a carbon atom next to the carbon on the edge of CNT), grp-
bNCNT (a single graphitic N dopant replacing a carbon atom inside CNT), grp-p2NCNT (two
graphitic N dopants replacing two adjacent C atoms in CNT), and pyd-eNCNT (a single
pyridinic N dopant replacing a carbon atom on the edge of CNT) were -3.89, -3.26, -3.68, and
-3.29 eV respectively. Additionally, the adsorption energies of OH* on the grp-eNCNT, grp-
bNCNT, grp-p2NCNT, and pyd-eNCNT were reported as -2.40, -2.48, -2.00, and -1.65 eV,
respectively[41]. Our results showed that the adsorption energy of the ORR species on the
Co@SWCNT is more optimal and ideal than that of the previously reported carbon nanotube-
based materials. The comprehensive analysis of the adsorption energy of the ORR intermediate
species on the surface of the Co@SWCNT suggests that the adsorption energy of the ORR
intermediate species is negative and optimal (not too negative or too positive). Thus, the ORR

on the surface of the Co@SWCNT is a thermodynamically favorable process.

5.3.2.4 The Whole ORR Pathway. Under the standard conditions, through an examination of
adsorption energies, we observed that the ORR mechanism on the surfaces of Co@SWCNT
would follow the 4¢” dissociative pathway. The values of AE for all the reaction steps involved
in the ORR on the surface of Co@SWCNT are calculated as follows. In the initial reaction
step, O2 — O»*, the value of AE has been obtained to be +0.15 eV. The subsequent reaction
step involves the dissociation of O2*, i.e., O2* — 20*, with a calculated AE value of -0.35 eV.
When one of the adsorbed oxygen atoms is hydrogenated, i.e., 20* — O* OH*, the computed
value of AE has been found to be -1.22 eV. During the reduction of O* OH* to O* + H>O, the
value of AE has been determined to be -1.72 eV. For the hydrogenation of the next O*, i.e., O*
— OH*, the value of AE has been determined to be -0.83 eV. Lastly, for the formation of the
second H2O molecule, i.e., OH* — H>O, the value of the AE has been computed to be -0.84
eV. We observed that the adsorption energy for each ORR step is negative except for the first
step, as shown in Table 5.3. The negative values of the AE show that all the reaction steps are
thermodynamically favorable and feasible. To summarize the whole ORR mechanism, we
constructed the potential energy surface (PES) or reaction energy diagram based on the values
of AE of different ORR species, i.¢e., reaction intermediates formed during the ORR, as depicted
in Figure 5.6. We constructed the reaction energy diagram or potential energy surface by
considering the Co@SWCNT as a reference geometry, i.e., CoO@SWCNT is considered to

correspond to an energy of 0 eV, as shown in Figure 5.6. The reaction energy landscape shows
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Figure 5.6. The reaction adsorption energy (eV) diagram for the 4e dissociative ORR mechanism on the surface of the

Co@SWCNT on the surface of the Co@SWCNT is a thermodynamically favorable process.

that all the reaction steps are downhill except O, adsorption on the surfaces of the catalysts
Co@SWCNT, 1i.e., the value of AE decreases along the whole reaction pathway, making
reduction of oxygen to water energetically favorable on the surface of the Co@SWCNT.

The novelty of the present work involves the unique and detailed analysis of the
properties and electrocatalytic application of the Co@SWCNT toward the O: reduction
reaction using a first principles-based DFT-D method. Previous studies reported the synthesis
of the Co@SWCNT and examined the different catalytic applications, such as HER and
lithium-sulphur batteries, based on experimental and theoretical studies[16,43]. Similar kinds
of systems, such as cobalt-encapsulated nitrogen-doped carbon nanotubes, have been
experimentally reported for their potential applications in ORR, OER, and zinc-air
batteries[44—46]. Existing studies have predominantly relied on experimental data with limited
theoretical explorations. Whatever theoretical investigations reported previously are not in

detail and are done mainly by taking the molecular modelling structure of the metal cluster,
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which does not precisely represent the practical nanostructure. In contrast, our work utilizes a
periodic system approach, specifically modelling cobalt cluster encapsulation within a single-
wall carbon nanotube, thus faithfully replicating the practical structure for a more
comprehensive understanding of its properties and electrocatalyst applications, particularly
toward ORR. One key novelty of our research lies in the comprehensive computational
approach, where we have employed the periodic hybrid DFT method with Grimme’s “-D3”
corrections providing a robust and accurate framework for understanding the electronic
properties and catalytic behaviour of the Co@SWCNT. While previous research has examined
the Co@SWCNT as a catalyst, our study especially highlighted the impact of the Co
nanoparticles on the electronic properties of the SWCNT revealing the metallic characteristics
of Co@SWCNT with the application in ORR. Additionally, we have investigated the electronic
properties of each ORR intermediate step, which is crucial for understanding the catalytic
behaviour of the Co@SWCNT. While previous studies have explored similar systems, our
work uniquely provides a more detailed and systematic investigation into the adsorption energy
of the ORR species and the underlying mechanism of ORR on the surface of the Co@SWCNT.
Here, we have also performed the Mulliken charge analysis, which confirms the charge
transfer, and we have also computed the electron spin densities to explain the ORR process.
We not only propose multiple ORR pathways but also quantify the adsorption energies of the
key reaction intermediates, such as 20* and OOH* shedding light on the most favorable
reaction pathways. We believe that our findings hold significant promise for advancing future
renewable energy and fuel cell applications, providing a novel perspective that adds significant

value to the existing area of this field.

5.4 Conclusions. In this study, we have conducted a systematic computational investigation
using the DFT method to analyze the catalytic properties of the Co@SWCNT toward ORR.
Our focus was on examining the structural and electronic characteristics of the system as well
as understanding the reaction mechanism involved in ORR. The study was conducted on a
periodic Co@SWCNT model with chirality (6,6). In our initial analysis, we delved into the
structural and electronic characteristics of both the SWCNT and Co@SWCNT materials. Our
observations unveiled that while SWCNT exhibited a zero-band gap, the electron density of
states in the vicinity of the Er was exceedingly low indicative of its behavior as a semimetal.
Subsequently, we explored both the electronic band structure and the DOS of the Co@SWCNT
system. Remarkably, our investigation revealed a noteworthy alteration in both the electronic

band structure and DOS of the Co@SWCNT marked by the emergence of electronic states in
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proximity to the Er. Notably, the presence of the Co nanoparticle had a discernible impact,
leading to an augmentation in the electron density surrounding the Er. Combining these results
of a zero-band gap and enhanced electron density, we can conclude here that the Co@SWCNT
has displayed a metallic nature making it act as a potentially efficient electrocatalyst for ORR.
The Co nanoparticles have been securely enclosed within the SWCNT structure, ensuring that
they are shielded from direct exposure to harsh conditions such as acidic environments and
oxygen. This protective arrangement allows the Co@SWCNT system to maintain long-term
stability when used in fuel cells. In order to assess the catalytic effectiveness and activity of
Co@SWCNT in facilitating the ORR, we have conducted theoretical calculations to determine
the value of AE of ORR species on the surface of Co@SWCNT. The Oz molecule undergoes
adsorption and subsequently follows one of two distinct routes: it either dissociates into two
oxygen atom species (denoted as 20%*, constituting the direct pathways) or gives rise to the
formation of the OOH* intermediate species (characterizing the series pathways). The value of
AE of the 20* ORR intermediate was determined to be -0.35 eV, and for the OOH* ORR
intermediate, it was determined to be -3.59 eV in this study. By comparing the value of AE of
both reaction intermediates formed during the ORR process on the surface of Co@SWCNT, it
was found that the 4e” dissociative reaction pathway is thermodynamically more favorable. The
adsorption energies of various reaction intermediate species involved in the 4e” dissociative
ORR pathway have been evaluated. All of the reaction intermediate step of the 4e” dissociative
ORR pathway is thermodynamically during the ORR process on the surface of the
Co@SWCNT. The theoretical analysis based on the CHE model, along with our computational
investigation, reveals that the Co@SWCNT is a promising ORR electrocatalyst with
exceptional catalytic activity, performance, and a high four-electron reduction pathway
selectivity. Consequently, the Co@SWCNT material possesses several desirable qualities,
including cost-effectiveness, high activity, and robust stability, making it a promising catalyst

for modern fuel cell applications.
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CHAPTER

Exploring the Active Site and Catalytic Activity
of N-Coordinated Ni; Dual-Atom Catalysts for
Oxygen Reduction

he O: reduction reaction (ORR) is a pivotal electrochemical process in fuel cells, yet

its sluggish kinetics continue to hinder the performance and commercialization of fuel

cell technologies. In this chapter, we present a Ni> dual atom anchored on a N-doped
carbon nanotube (Ni; N3 CNT and Ni> N4 CNT) and a Ni single-atom anchored on N-doped
carbon nanotube (Ni; N3 CNT and Ni; N4 CNT) catalysts with two possible active sites,
namely, Ni-site and N-site, as efficient catalysts toward the ORR. We have analyzed the
energetically favorable active site for O: reduction on the surface of the Ni; N3 CNT,
Ni;_ N4 CNT, Ni2 N3 CNT, and Ni> N4 CNT catalysts by employing the density functional
theory method with van der Waals (vdW) dispersion corrections (in short, the DFT-D3)
method. Among all possible configurations, Niz N3 CNT is a more favorable configuration
with the Ni catalytic active site toward the ORR. Then, we have studied the structural,
electronic, and catalytic activity of Ni2 N3 CNT by using the same DFT-D3 method. The
analysis of the ORR intermediate species reveals that the associative reaction pathway is a
more favorable path for reducing the O: into H>O at the Ni catalytic site of Ni> N3 CNT than
the dissociative reaction pathway. In the free energy profile, all the ORR reaction intermediate
steps are downhill, indicating the good catalytic activity of Niz N3 CNT toward the ORR.
Moreover, we have also studied the structural and electronic properties of all of the reaction
intermediate steps by employing the same DFT-D3 method. These findings point out that the
Ni> dual-atom catalysts provide an efficient electrocatalytic activity toward the ORR, and it
holds great promise as a replacement for Pt-based catalysts in future proton-exchange

membrane fuel cells. This work highlights the potential and importance of the subject material
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as a durable electrocatalyst for the ORR, offering insights into Ni> dual-atom electrochemistry
and the design of advanced catalysts, which may be promising candidate to substitute for Pt

electrodes, and it is an excellent material for fuel-cell components.

6.1. Introduction: The growing global energy demand, driven by population growth,
urbanization, and industrialization, has underscored the urgent need for sustainable and eco-
friendly energy alternatives to fossil fuels, which are both finite and environmentally
detrimental. While renewable energy sources like solar, wind, and hydro offer promise, their
practical deployment faces challenges related to intermittency, cost, and geographic
limitations[1-5]. In this context, electrochemical energy conversion technologies, particularly
fuel cells and metal—air batteries, have emerged as promising solutions. A key bottleneck in
these systems is the sluggish kinetics of the oxygen reduction reaction (ORR) at the cathode,
which hampers their overall efficiency[6-9]. Therefore, the development of efficient, cost-
effective electrocatalysts to accelerate the ORR is critical for advancing next-generation clean
energy technologies. Until now, Pt group metals (PGMs) and Pt-based materials have been
widely considered to be the most effective electrocatalysts for ORR[10—13]. The limited
availability, expensive nature, and less durable characteristics of Pt and Pt group
electrocatalysts pose significant obstacles to the widespread implementation of commercial
renewable energy applications of these devices[14—17]. Therefore, it remains a considerable
challenge to replace the PGM-based electrocatalysts in acidic media with earth-abundant
materials for efficient ORR, which is crucial for large-scale applications of proton-exchange
membrane fuel cells. Hence, finding an efficient, highly active, earth-abundant, low-cost
electrocatalyst that matches the efficiency of Pt-based materials is still a challenging task. In
the past few years, significant endeavors have been dedicated to the advancement of a catalyst
that meets the aforementioned requirements. Recently, a large family of transition-metal-based
electrocatalysts such as chalcogenides, phosphides, nitrides, and oxides have been synthesized
and studied as electrocatalysts toward the ORR[18—21]. However, the majority of transition-
metal-based electrocatalysts are still linked with severe limitations, including poor catalytic
activity, inferior stability, inferior conductivity, etc. Simultaneously, extensive research has
been dedicated to exploring non-noble-metal-based or metal-free kinds of electrocatalysts.
Among numerous choices, carbon materials, including graphene, carbon nanotubes (CNTs),
and covalent organic frameworks, are considered to be suitable candidates for the
electrocatalyst to replace the PGM-based electrocatalyst[22,23]. Among the carbon materials,

CNT materials have several unique properties and advantages that are best suited for effective
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electrocatalysts, for instance, (1) high surface-to-volume ratio[24] (CNTs can provide a large
density of catalytic active site because they have a high surface-to-volume ratio, which, in turn,
will enhance the catalytic activity of the material); (2) high stability[25,26] [CNTs show
exceptional stability (because they have covalent bonding and high mechanical strength)
toward corrosion and reaction byproducts]; (3) good conductivity[27] (most CNTs possess
excellent conductivity); (4) low cost (the cost of CNTs is less than that of noble-metal
catalysts). Thus, commercialization of such types of catalysts would be easy due to such
excellent properties, but the poor catalytic activity of carbon materials hinders their utilization
as catalysts. Very recently, a few carbon materials, such as CNT, glassy carbon, and graphite,
have been investigated and analyzed for the poor catalytic activity of these materials toward
the ORR[28—30]. To enhance the catalytic performance of CNTs, numerous strategies,
including doping, defects, and encapsulation engineering, have been proposed. Higher activity
of N doped CNTs (NCNTs) was observed compared to pristine CNTs[31]. Chen et al. have
successfully synthesized and analyzed the ORR activity of NCNTs[31]. Niu et al. discovered
that the NCNTs encapsulating CoNi nanoparticles possess excellent catalytic activity toward
the ORR, and the apical catalytic active site on CoNi@NCNT is near CoNi nanoparticles[32].
Wang et al. reported that the NCNT-supported Fe/Ce bimetallic catalysts have excellent
catalytic activity toward the ORR[33]. Wang et al. recently synthesized cobalt or nickel
nanoparticles-encapsulated NCNTs and claimed that they can serve as excellent catalysts for
the ORR[34]. Huang et al. reported that the copper—nitrogen-doped carbon-based nano
catalysts Cu-NCs), featuring atomically dispersed Cu— NxCa sites, effectively enhance the
Fenton-like reaction, particularly under acidic conditions, where they generate hydroxyl
radicals (OH), and under neutral conditions, where they generate both OH and superoxide
radicals (O2"). Density functional theory (DFT) calculations reveal that the catalytic activity is
linked to the adsorption strength of OH at the Cu sites, with Cu—N>C; sites identified as optimal
for this reaction[35]. Gao et al. investigated the structure transition and peroxidase mimic
activity of the copper sites in copper-doped carbonized polymer dots (CPDs). They found that
the doping of copper alters the coordination environment and enhances the catalytic properties
of CPDs and revealed that the mechanism for catalyzing H,O» followed a dual-site catalyzed
pathway[36]. Zhou et al. studied an asymmetric dinitrogen coordinated nickel single-atom
catalyst (Ni—-N—C) for efficient CO; electroreduction. The findings reveal that the asymmetric
and unsaturated Ni single sites could enable efficient CO; electroreduction[37]. These findings
provide crucial insights for optimizing the design and performance of nitrogen-coordinated

metal atoms in catalytic applications. In recent years, dual-atom catalysts have been given
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significant attention because introducing an additional metal to a single-metal catalyst
significantly improves the catalytic activity of a single-metal catalyst[38]. In dual-metal
catalysts, due to the introduction of the adjacent metal atom, there will be a unique orbital
interaction between two metal atoms that will perform a stronger synergistic effect. Thus, a
dual-metal catalyst provides more possibility to enhance the catalytic activity of the catalytic
site than a single-atom catalyst[39—41]. Tang et al. developed a novel dual-metal catalyst with
FeN3;—CoNj sites on N-doped graphene nanosheets, which exhibited higher ORR activity than
a single-atom catalyst[42]. Wang et al. reported that the Co and Fe dual-metal sites embedded
in N doped porous carbon (Fe/Co-N¢-C) electrocatalysts express superior catalytic efficiency
toward the ORR[43]. Ren et al. successfully created a catalyst known as Ni/Fe-N¢-C, which
consists of a diatomic Ni/Fe site anchored on N-doped carbon. This catalyst demonstrates
remarkable efficiency in the reduction of CO., resulting in the production of CO[44].
Moreover, Li et al. synthesized a dual-atom Agy/graphene catalyst and claimed that it exhibits
a superior reduction capacity of CO>[45]. Recently, Luo et al. designed heteronuclear and
homonuclear graphene-based dual-metal catalysts for efficient CO» reduction on the basis of
DFT computations and simulations[46]. Lian et al. recently synthesized a Ni anchored on a
NCNT catalyst (single-atom and dual-atom catalyst) for CO» reduction. They experimentally
obtained that the two adjacent Ni atoms act as an active catalytic center for the outstanding
CO2 reduction reaction (in short CO2RR), and it was verified by the DFT calculations[47].
Although the Ni> dual atom shows excellent catalytic activity toward CO2RR, there are still
many research scopes for queries regarding the catalytic application of Ni> dual-atom catalysts
toward electrochemical reactions, for instance, (1) what is the effect of dual-metal doping on
the structural and electronic properties of CNT? and (2) could a Ni> dual-atom catalyst exhibit
superior catalytic activity toward the ORR? In this work, we attempted to tackle the above
interesting questions based on DFT calculations. We computationally designed all the
experimentally synthesized Ni» dual and Ni single atoms anchored on NCNT catalysts and
investigated their ORR catalytic activity by employing the first-principles-based DFT method.
The Niz_ N3 CNT dual-atom catalyst exhibits superior catalytic activity among all other Ni

based single and dual-atom catalysts.

6.2 Theory and Computational Details: The calculations, including structural properties,
electronic properties, and energetics, in this work have been executed by employing the first-
principles-based hybrid functional B3LYP DFT method implemented in the CRYSTAL17

suite package[48—50]. To consider the long-range interactions between the atomic layers, the
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dispersion correction (-D3) scheme proposed by Grimme and co-workers has been
incorporated with the B3LYP functional; i.e., the B3LYP-D3 method has been employed in
the present computations[51]. In other words, all of the periodic DFT calculations have been
explored using the hybrid B3LYP-D3 functional implemented in the CRYSTAL17 code
package. The Gaussian-type basis sets for expansion of the crystalline orbital have been
utilized, as implemented in the CRYSTAL17 code[20]. In the current work, the Gaussian basis
set of triple-C valence with polarization quality (TZVP) for the C, N, Ni, O, and H atoms was
adopted[52—56]. Full structural (i.e., atomic coordinates and cell vectors) optimization was
carried out to obtain the equilibrium structure in the present work with the following
convergence criterion: (1) The maximum and root-mean-square (RMS) forces were set to
0.000450 and 0.00300 au and the maximum and RMS displacements to 0.001800 and 0.001200
au, respectively. (2) The threshold of the coulomb exchange integral calculation was controlled
by the five-threshold sets 7, 7, 7, 7 (ITOL1-ITOL4), and 14 (ITOL5) for geometry
optimization. During the self-consistent-field (SCF) process, completion of the SCF process
occurred when the energy discrepancy between two consecutive SCF cycles reaches a value of
less than 1077 au. The k-point sampling in the irreducible Brillouin zone was set based on the
Monkhorst—Pack scheme[57]. For supercell calculations, integration in the Brillouin zone was
performed by using an 8 x 8 x 1 k-point mesh under the Monkhorst—Pack scheme. The band
profile was plotted by using the highly symmetric '-M—K-T" direction k-point path in the first
Brillouin zone. The visualization software VESTA was used to generate graphical drawings

and analyze the structural properties for all systems in this work[58].

6.3: Theory and Methodology: The ORR is the cathodic reaction of fuel cells. ORR mainly
starts from the adsorption of O, molecules and reduces it into water. The overall ORR

mechanism can be represented as[59]:
0, + 4H" + 4e~ - 2H,0

ORR mainly proceeds via two pathways: 4e” pathway and 2e” pathway[60,61]. The detailed

process for both possible ORR pathways has been illustrated in our previous publication[20].

The formation energy of all the single-atom catalysts (SAC) and dual-atom catalysts

(DAC) configurations has been calculated by employing the following equation:

EFE = Esystem ar dlle — (Esheet + buN + U‘M) ................... (1)
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Where Esystem and Esneet indicate the total energy of the SAC or DAC configurations and carbon
sheet, respectively. The ., py, and gy denotes the chemical potential of the single carbon
atom, single nitrogen atom, and single metal atom, respectively. In this expression, the letter
“a” denotes the number of carbon atoms replaced by the nitrogen and metal atoms during the
formation of the SAC and DAC. The letter “b” represents the number of nitrogen atoms in the

SAC and DAC.

The efficiency of dual-metal catalysts in this work towards ORR and the favorable path
to reduce O» into the water on the surface of the dual-metal catalysts has been evaluated at the
standard conditions, i.e., at T = 298.3 K, P =1 bar, and U = 0 V. The adsorption strength of
adsorbate ORR species has been analyzed by calculating the difference between the energy of
the resulting system (i.e., catalyst and ORR intermediate species) and the sum of the energy of
isolated ORR intermediate species and isolated catalytic system. So, the adsorption energy can

be calculated as[62,63]:

AEads = Etotal - Eadsorbate - Esystem ..................... (2)

Where Eioal 15 the energy of the system after the adsorption of ORR intermediate species and
Eadsorbate 18 the energy of the isolated ORR intermediate species and Esystem is the energy of the

isolated catalytic system. The Gibbs free energy has been calculated using[20,62,64]:
AG=AE+AZPE-TAS 3)

Where AE is the adsorption energy calculated from the DFT calculations, ZPE represents the
zero-point energy correction, T is the temperature, and AS is the change in entropy. We have
considered the computational hydrogen electrode (CHE) model proposed by Nerskov and co-
workers during this calculation, which tells the free energy of H" + ¢ under standard conditions
without electrode potential equal to the 2 H2[65]. All the energy calculations have been done

at the equilibrium geometry of the system.

The zero-point vibrational energy and the entropy of the adsorbed species have been calculated
by adopting the rigid-rotor-harmonic oscillator (RRHO) approximation using the equilibrium
structure and computed vibrational frequencies. Rotational and translational entropy
contributions were neglected for adsorbed species as these degrees of freedom are constrained.

In this approach, the thermodynamic properties of solids can be determined using quantum-
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mechanical methods by analyzing the lattice dynamics of the material and employing the

principles of statistical thermodynamics, which rely on the formulation of a canonical partition

function. The vibrational entropy of a harmonic oscillator with vibrational frequency w has

been calculated as[48,50]:

hw

Sv=R|1— 7~
k(eﬁ—l)

— In(1 — e~hw/kT) R ()

Here, R is the universal gas constant, h is Planck’s constant, and k is Boltzmann’s constant.
The RRHO algorithm has been implemented in the CRYSTALI17 program. The harmonic
vibration frequencies and harmonic thermodynamic functions can be activated by using the
“FREQCALC” keyword in the input script for frequency calculation of the CRYSTALI17
program[48,50]. In the present calculation, we have adopted the RRHO approximation with
the keyword “FREQCALC” in the input script for frequency calculation of the CRYSTAL17
program to find the vibrational entropies and the zero point energy of the adsorbed molecules
and other systems used in this work. The rigid-rotor approximation is preferred due to its
computational efficiency and its applicability to provide a good approximation to the
thermodynamic properties of the systems involved in catalytic or adsorption studies[66].
Moreover, In the case of adsorbed species, the translational motion is restricted, and the
rotational motion is often treated as being nearly free but constrained due to the adsorptive
interaction with the surface. Thus, it is fairly straightforward to calculate the entropy of the
system in RRHO approximation; all that is required is an optimized structure and vibrational
frequency calculations. For example, the entropy and ZPE for H» using the CRYSTAL17 code
was calculated S= 130.2527 J/(mol*K and ZPE= 0.009863 (Hartree/particle) respectively
which is fairly close to the NIST database[67], that supports the accuracy of the calculations.

6.4 Results and Discussions: The catalytic activity of Ni anchored on NCNT materials toward
the ORR was investigated using the computational modeling of these Ni-based materials. The
potential of these materials as an electrocatalyst toward the ORR was investigated by detailed
examinations of the structural, electronic, and energetics of these materials by using the first-
principles DFT methods. We clarify that our calculations were conducted on a carbon sheet,
specifically graphene[68,69]. We utilized a 4x4 supercell of graphene sheet for all calculations.

The surface area of the 4x4 supercell of graphene sheet was calculated to be approximately
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17539 A% In our present paper, we referred to the substrate as CNT and
(a) Ni,_ N, CNT (¢) Ni;_N;_CNT

(b) Ni,_ N, CNT

Figure 6.1. The systematic representation of the possible configurations of (a) Niz N4 CNT, (b) Ni2 N3 CNT, (c)
Nii_N3_CNT, and (d) Nii_N4_CNT materials are considered here.

adopted the names of the configurations (i.e., Ni; N3 CNT, Ni;_ N4 CNT, Ni_ N3 CNT, and
Ni2_ N4 CNT) to maintain consistency with a previously reported paper by Liang et al. that
served as inspiration for our work. It is important to note that the theoretical study by Liang et
al. also utilized a carbon sheet for the calculations[47]. Inspired by their approach, we designed
and modeled the system accordingly and investigated the electrochemical ORR, as illustrated
in Figure 6.1. It should be noted here that when the diameter of the CNT is very large; then,
computationally, we can assume that a certain region is a plane/surface, and it would be easier
for the current purposes of the work to investigate the subject reaction. Graphene and CNTs,
although both composed of sp>-bonded carbon atoms, exhibit distinct differences primarily due
to their geometrical structures. Graphene is a planar sheet of carbon atoms, while CNTs are
cylindrical, with their properties varying based on the diameter and chirality. The flat nature of

graphene
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Figure 6.2. The representation of (a) the equilibrium unit cell of the carbon sheet, (b) the equilibrium supercell of Ni-
2 N3 CNT, (c) the equilibrium structure (top and side view) of the carbon sheet, (d) the band structure of the carbon sheet,
and (e) TDOS of carbon sheet

leads to uniform electronic properties across its surface. The absence of curvature results in
delocalized m electrons contributing to its high electrical conductivity and other electronic
characteristics. On the other hand, the curvature in CNTs causes rehybridization of the carbon
atoms from sp? to a mix of sp? and sp® hybridization, affecting their electronic properties. As
the diameter of the CNT decreases, the curvature increases, which can lead to variations in the
band gap and electronic behavior[70]. Earlier reported literature highlighted that the curvature
of the CNT introduces strain and affects the orbital overlap of the & electrons, which, in turn,

modifies the electronic band structure. Specifically, the curvature results in a redistribution of

Table 6.1. The summary of equilibrium structural properties of the carbon sheet, Ni;_N3_CNT, Ni;_ N4+ CNT, Ni> N3 CNT,
and Ni>_Ns+_CNT material studied here.

Structures Equilibrium Layer group Equilibrium average bond length (&) Band gap
lattice symmetry (eV)
C-C Ni-Ni Ni-N
parameters
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Carbon Sheet a=b=2.45 A, P6/mmm 1.41 £ - 0

and o=p=90°, y=
120.00°

Nii_Ns_CNT a=9.82 A, b= Pl 1.43 - 1.85 0
9.82 A, and o=
90.00°, = 90.00°

y=119.99°

Nii_Ns_CNT a=9.92 A b= Pl 1.42 - 1.88 0.55
9.68 A, and o=
90.00°, = 90.00°,
= 120.82°

Niz_N3;_CNT a=10.14 A, b= Pl 1.44 2.47 1.92 0
9.66 A, and 0=
90.00°, = 90.00°,
7= 121.64°

Niz_Ns_CNT a=10.07 A, b= Pl 1.44 2.64 1.84 0.73
9.60 A, and o=
90.00°, = 90.00°,
= 121.64°

n and o orbitals, leading to altered reactivity and changes in the electronic properties.
Meanwhile, for large-diameter CNTs, these curvature-induced effects become negligible,
allowing their electronic properties to closely resemble those of planar graphene. The curvature
effect remains non-negligible, especially in small-diameter CNTs, where the curvature is more
pronounced[71—73]. In our theoretical calculations, CNTs were approximated as graphene
under the assumption that the diameters were sufficiently large to minimize the curvature
effects. This approach simplifies the computational framework while effectively capturing the
dominant electronic characteristics relevant to the catalytic activity under investigation.
Nevertheless, we acknowledge that this approximation may not fully capture curvature-
induced modifications, particularly for smaller-diameter CNTs, where such effects are more
pronounced. Specifically, the graphene model is effective for analyzing general trends and
catalytic activity in largerdiameter CNTs, and curvature-induced effects should be carefully
considered in studies focusing on smaller-diameter CNTs or precise electronic property
analyses. By varying the number of Ni atoms, we modeled four configurations based on the
recent experiment[44], where the authors synthesized the systems experimentally[47]. The first

configurations have a single Ni atom anchored on N-doped carbon sheet material called a
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single-atom catalyst (SAC), namely, Ni; N3 CNT and Ni; N4 CNT, and the other
configurations have a double Ni atom anchored on N-doped carbon sheet material called a
dual-atom catalyst (DAC), namely, Ni; N3 CNT and Ni> N4 CNT, as represented in Figure
6.1a—d. All of the basic models were initially relaxed to guarantee that the model energy tends

to be steady and more identical with the real material and verify that the parameters used in the
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Figure 6.3. The representation of (a) equilibrium structure (top and side view) of Ni2 N3 CNT, (b) band structure of
Niz_N3;_CNT, (c¢) TDOS of Ni2_N3_CNT, (d) PDOS of d orbital of Ni atom, and (e) PDOS of p orbital of N atom.

calculations produce reliable outcomes. Initially, the unit cell of the carbon sheet has been
optimized by using the DFT-D3 method, and the equilibrium structure is displayed in Figure
6.2a. The carbon sheet has hexagonal symmetry with P6/mmm layer group symmetry. The
geometry optimization of the carbon sheet gives the equilibrium lattice parameters a = 2.45 A
and b = 2.45 A, as represented in Figure 6.2a, obtained by the DFT-D3 method. All of the C
atoms are uniformly arranged, having a C—C average bond length of 1.41 A computed by the
same method, and this value is in accordance with the previously reported results[74]. By
employing the optimized structure of the carbon sheet, we created a 4x 4 supercell along the X
and Y directions. Then, we modeled two SACs and two DACs from the 4x4 supercell of the
carbon sheet and optimized them under the full optimization process; i.e., both lattice
parameters and atomic coordinates were allowed to relax. The average equilibrium Ni—N bond
lengths for Ni; N3 CNT, Ni;_Ns CNT, Nip_ N3 CNT, and Nio_ N4 CNT were found to be
1.85 1.88, 1.92, and 1.84 A, respectively, obtained by the DFT-D3 method. The equilibrium
lattice parameters of the carbon sheet and both the SAC and DAC are presented in Table 6.1,
which are in close agreement with the previously reported structural properties of this kind of
material[75]. Keeping in mind that the electrochemical reaction is not possible without the
contribution of electrons, we can proceed to investigate the electronic properties of the carbon
sheet and all Ni-based catalytic systems, i.e., both SAC and DAC, which have been considered

in the present investigation. The electronic properties of these systems were examined based
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on the electronic band structure, total density of states (TDOS), and partial density of states
(PDOS) calculations of the materials considered here. First, we computed the electronic

properties of the carbon sheet without any doping. We plotted eight electronic energy bands

Ni;_N;_CNT Nii_N,_CNT
() =i Lo 0-Cc @-N ©@~Ni

-4.73

Formation Energy (eV)

§) §) $)
Bt N" "N A/CN N.“l/“ 3;CN N.“l/ﬂ A’CN

Figure 6.4. Representation of the electron spin density isosurface of the (a) Ni; N3 _CNT, (b) Ni;_N4_CNT, (c) Ni2_ N3 _CNT,
and (d) Ni2_N+_CNT, respectively, and (e) representation of formation energy of the possible SAC and DAC configurations.

around the Fermi energy level (Er), which are sufficient for collecting the electronic behavior

of the material(s). We plotted the electronic band structure of the pristine carbon sheet along

Table 6.2. The comparison adsorption strength of O2* O%, and H2O species.

Catalytic Adsorption energy of  Adsorption energy of Adsorption energy of
structures 02" (eV) O* (eV) H20 (eV)
Ni N Ni N Ni
Nii_N3_CNT -2.20 -1.98 -2.40 -2.19 2.55
Nii_N4_CNT 0.98 0.98 1.91 1.46 -1.58
Ni2_N3_CNT -1.48 -0.27 -1.19 1.21 0.80
Ni2_N4_CNT 1.24 0.04 1.98 1.92 -1.71

the '-M—K-T high-symmetry direction with respect to vacuum, followed by the original layer
group symmetry of the 2D monolayer graphene. Er is shown by the dotted line, and the
respective value of the Fermi energy is —3.41 eV. The band structure shows a Dirac cone at the

k-symmetric point in the band structure plot. The bands cross Er, indicating that it may act as
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Table 6.3. The comparison adsorption energy of key ORR intermediate reaction involved in the dissociative and associative
path.

ORR intermediate reaction Adsorption energy AE (eV)
02* — 20* 1.94
0:* + H' + e > OOH* -0.23

a metal. To confirm this, we plotted the TDOS corresponding to the band structure energy
range. The TDOS depicts that there is no electron density around Er. The band structure and
TDOS combined clarify the semi metallic nature of the carbon sheet. The band structure and
TDOS of the carbon sheet are represented in Figure 6.2d,e. The electronic characteristics of the
carbon sheet observed in our research closely align with those reported in prior studies[32].
The electronic properties of Ni-based materials (both SAC and DAC) were computed using the
same DFT. We considered eight energy bands to study the band structure of these materials
around the Er. We followed the high-symmetric path [-M—K-T" to plot the band structure of
these systems. EF is presented by the dashed line, and its respective values for Ni;_ N3 CNT,
Nii_N4 CNT, Niz_ N3 CNT, and Niz_ N4 CNT were found to be —2.66, —2.87, —3.10, and
—3.41 eV, respectively. Upon examination of the band structures of the Nil SAC and Ni2 DAC,
it becomes evident that the Ni; N4y CNT and Ni Ny CNT configurations demonstrate
semiconducting behavior. Conversely, in the Ni;_ N3 CNT and Niz_ N3 CNT configurations,
some energy bands intersect Er, indicating metallic character within these systems. The TDOS
plots correspond to the band structure plots showing considerable electron density around Er
for Nii_ N3 CNT and Ni2 N3 CNT, supporting the metallic character of these systems. The
effect of Ni and N atoms in the electronic structure of the carbon sheet was analyzed by
computing the PDOS of Ni and N atoms in the system Nip_ N3 CNT. The PDOS of the d orbital
of Ni follows the profile of the TDOS near Er and contributes largely to the electron density,
whereas the p orbital of the N atom contributes negligibly to the electron density around Er for
Niz_N3_CNT. Thus, the d orbital of Ni mainly affects the electronic properties of the carbon
sheet after the doping. The presence of the bands across Er plays a crucial role in electron
transport during the electrochemical ORR mechanism. Thus, the better conducting ability of
the Ni-based materials (SAC and DAC) indicates that these materials can be efficient
electrocatalysts toward electrochemical ORR. The electronic band structure and TDOS plots
of Niz_ N3 CNT are represented in Figure 6.3b—e, and both the electronic band structure and
TDOS of Ni;_N3 CNT, Ni;_Ns_ CNT, and Ni»_ N4 CNT are represented in Figures S1-S3 (in

supporting information section), respectively. We conducted a detailed analysis of the electron
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spin density distributions of the Ni;_ N3 CNT, Ni;_N4 CNT, Ni_ N3 CNT, and Nip N4 CNT
configurations, as represented in Figure 6.4a—d, where the blue contour (negative spin density)

indicates an excess
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Figure 6.5. The representation of equilibrium structure of (a) Nii_Ns_CNT, (b) Nii_Ns+_CNT, (c) Niz_Ns_CNT, (d)
Ni>_Ns_CNT respectively, and adsorption energy of (e) O2*, (f) O* and (g) H:0 ORR intermediate species.

of B-electron density, and the yellow contour (positive spin density) represents an excess of a-
electron density. The spin-density distributions of the Nii N3 CNT, Ni; N4 CNT,
Niz_N; CNT, and Nio_N4_CNT configurations show significant differences in the spin-density
distributions around the Ni atoms and the neighboring N-doped sites. This configuration
provides a synergistic effect, where the electronic interactions between the Ni atoms and N
sites are maximized. The high electron spin density around Ni atoms indicates strong spin
polarization, facilitating the adsorption and activation of O2 molecules on the surface of

Ni;_ N3 CNT, Ni; Ns CNT, Nip N3 CNT, and Nip N4y CNT. The induced spin

-
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Figure 6.6. Spin density plot of the (a) H20 Ni> N3 CNT and (b) H20 Ni2 N4 CNT.

204



Chapter 6: Exploring the Active Site and Catalytic Activity of N-Coordinated Ni» Dual-Atom
Catalysts for Oxygen Reduction

density on adjacent carbon atoms enhances the electron-transfer processes, resulting in them
promoting the ORR on the surface of the subject material. The observed asymmetry in the spin
distribution highlights the complex electronic interactions within the Ni; N3 CNT,
Nii_N4 CNT, Niz_ N3 CNT, and Niz_ N4 CNT materials, optimizing the binding energies of
reaction intermediates and improving the overall efficiency and selectivity of the catalyst.
These insights underline the potential of Ni; N3 CNT, Ni; N4 CNT, Nio N3 CNT, and

Niz_Ns CNT to serve as highly effective electrocatalysts in energy conversion applications,

Table 6.4. The representation of adsorption energy of ORR intermediates in associative path.

ORR associative mechanism Adsorption energy AE (eV)
0: +* — O02* -1.48
0:* + H" + & —» OOH* -0.23
OOH* + H + e — O* + H20 -1.96
O*+H"+e — OH* -2.09
OH* + H" + ¢ — * + H20 0.80

such as fuel cells and metal—air batteries. The thermodynamic stability of the Ni; N3 CNT,
Ni;_Ns CNT, Niz N3 CNT, and Nip N4 CNT configurations were verified through
computation of their formation energies using eq 1. Remarkably, all configurations exhibited
negative formation energies, as illustrated in Figure 6.4e. The negative formation energy
indicates that the Ni;_ N3 CNT, Ni;_N4 CNT, Niz_ N3 CNT, and Ni_ N4 CNT configurations
are more thermodynamically stable than their constituent elements and their formation is
energetically favorable. Their thermodynamic stability positions them as promising candidates
for diverse applications, including their potential utilization as effective electrocatalysts toward
the ORR. Here, we considered four configurations, including the Ni; N3 CNT, Ni;_ N4 CNT,
Niz_ N3 CNT, and Ni»_ N4 CNT materials, as a catalytic material toward the ORR mechanism.
The equilibrium structures of both the SAC and DAC are displayed in Figure 6.5a—d. To study
the activity of all of the considered configurations Ni;_N3 CNT, Ni;_ N4 CNT, Nip_ N3 CNT,
and Nio_ N4 CNT toward the ORR, we have two main challenges: (1) to search out the most
efficient catalysts toward the ORR among Ni SAC and DAC; (2) to search out the most suitable
and effective catalytic site for the reduction of O>. There can be two catalytic sites, Ni and N,
for the ORR mechanism in every configuration. To unveil both challenges, a systematic
analysis of the adsorption energy calculation of O2*, O*, and H>O with the reaction

intermediates was performed on the surface of all configurations at possible active sites (i.e.,
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Ni and N sites) to investigate the ORR process. In other words, we investigated the adsorption

strength of the key ORR intermediates,
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Figure 6.7. Graphical representation of adsorption energy of ORR intermediates (a) in dissociative mechanism, (b) in

associative mechanism.
02*, O*, and H2O, to determine the most favorable configuration for the ORR among the

Table 6.5. The representation of adsorption energy of ORR intermediates in the dissociative path.

ORR dissociative mechanism Adsorption energy AE (eV)
02 +* — 02* -1.48
02 —20* 1.94
20* + H* + e — O*_OH* -1.87
O* OH* + H' + & — O* + H20 -2.26
O*+H"+e — OH* -2.09
OH* + H" + ¢ — * + H20 0.80

various configurations considered here (SAC and DAC). Adsorption of the O>* molecule is the
initial step of the ORR mechanism, and adsorption of O2* controls the overall activity of the
catalysts. The adsorption strength of O>* at the active site should not be too strong or too weak
to get the best performance of the electrocatalysts toward the ORR. A strong interaction of
reaction intermediates with the catalytic site results in difficulty in desorbing from the active
site, and a too weak interaction results in difficulty in activating the O2* molecule and initiating
the reaction. So, analyzing the adsorption strength of the O2* molecule on the possible active
sites (Ni and N) is an important parameter. The investigation into the adsorption energy of the

O2* molecule on both the Ni; single-atom and Ni» dual-atom catalytic surfaces was conducted
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by affixing an O> molecule to the Ni and N sites of each respective configuration. The resulting
systems (O2* Nii_N3; CNT, O2* Nii_ N4 CNT, O2* Niz N3 CNT, and

@ (b) (©)
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Figure 6.8. The representation of (a) equilibrium structure (top and side view) of O2* Niz N3 CNT, (b) band structure of
0:* Ni> N3_CNT, (c) TDOS of O2* Ni>_N3_CNT.

O2* Niz N4 CNT) were optimized to obtain the minimum energy configuration. The

Table 6.6. The equilibrium structural properties of the ORR intermediate steps involved in the ORR associative path.

Reaction Equilibrium Equilibrium average bond length (&) Symmetry Band
intermediates lattice gap
constants Ni-O Ni- N- N- 0-0 O-H (V)

OH (0] OH

02* a=10.01 A, 1.88 - - - 1.48 - Pl 0.41
b= 9.66 A,
a=p=90°,
y=121.45°

P

OOH* a=10.10 A, 1.95 I i I 152 096 Pl 0
b= 9.67 A,
a=p=90°,
y=121.75°

Oo* a=10.05 A, 1.82 - - - - - Pl 0.50
b= 9.66 A,
a=p=90°,
y=121.45°

OH* a=10.05 A, - 1.89 - - - 0.96 Pl 0
b= 9.62 A,
a=p=90°,
y=121.40°
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adsorption energy of the O>* molecule on the surface of the Ni; N3 CNT, Ni; N4 CNT,
Niz_ N3 CNT, and Ni>_ N4 CNT at the Ni site was found to be —2.20, 0.98, —1.48, and 1.24 eV,
respectively, and, on the other hand, the value of the adsorption energy of the O>* molecule at
the N site was found to be —1.98, 0.98, —0.27, and 0.04 eV, respectively, as represented in
Figure 6.5¢ and listed in Table 6.2. From the adsorption energy of O>*, we analyzed whether
Ni;_ N3 CNT has a very strong adsorption strength. On the other hand, Ni; N4 CNT and
Ni2_ N4 CNT have very weak adsorption strength. Thus, the adsorption of O>* on the surface
of Ni;_ N3 CNT, Ni;_N4 CNT, and Niz_ N4 CNT is not favorable for the ORR reaction. On
the other hand, the adsorption strength of the O»* molecule on the Ni» N3 CNT surface is
moderate and considered to be suitable for the ORR mechanism. This indicates that
Ni2_ N3 CNT has a more suitable adsorption strength for ORR catalytic purposes and, hence,
is considered to be a better catalyst among other configurations considered here. For the
Niz_Nj3 CNT structure, two active sites, namely, Ni and N, exist for the adsorption of O>*. The
adsorption energy of O2* at the Ni and N sites of Ni2. N3 CNT was observed to be —1.48 and
—0.27 eV, respectively, as represented in Figure 6.5¢ and listed in Table 6.2. Based on the

(b)
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Figure 6.9. The representation of (a) equilibrium structure (top and side view) of 20* Ni> N3 CNT, (b) band structure of
20* Ni> N3_CNT, (c) TDOS of 20* Ni> N3 _CNT.

adsorption strength, we observed that the O>* molecule would preferentially adsorb on the Ni
site compared to the N catalytic site on the surface of Nio_ N3 CNT. Thus, it is considered that
the Ni2_ N3 CNT DAC with Ni as a catalytic active site is the most effective catalyst for ORR,

Table 6.7. The equilibrium properties of the ORR intermediate steps involved in the ORR dissociative path.

Equilibrium Equilibrium average bond length (A) Band

Reaction
. . lattice Symmetry gap
intermediates iants Ni-O NiOH N-O NOH 0-0 O-H @)
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a=10.01 A, b=
9.66 A,
02* a5 1.88 - - g 1.48 g Pl 0.41
a=$=90°,

y=121.45°

a=10.07 A, b=
9.66 A,
20* - 1.82 I 1.49 I I I PI 0.75
a‘: = 9
y=121.57°

a=10.04 A, b=
9.62 A,
O*_OH* 1.77 - - 1.60 - 0.97 Pl 0
a=p=90°,

y=121.46°

a=10.05 A, b=
9.66 A,
o — 1.82 I | I I I Pl 0.50
O=p= s
y=121.45°

a=10.05 A, b=
9.62 A,
OH* 890" - 1.89 - - - 0.96 Pl 0
0=B=90°,

y=121.40°

among other configurations considered here. Ye et al. reported the Fe-based dual-atom

electrocatalyst and its applications toward the ORR[76]. They noted that the O, adsorption
(b)

Energy (eV) w. r. to Vacuum

Side View

O=H@=C @=N @-0 O =Ni

Figure 6.10. The representation of (a) equilibrium structure (top and side view) of O* OH* Ni2 N3 CNT, (b) band structure
of O* OH* Niz N3 _CNT, and (c) TDOS of O* OH* Ni> N3 CNT.

energy on the Fe;—N—C DAC was 3.10 eV[76]. In another study by Wang et al. on the
(Fe,Cu)/NC DAC toward the ORR, the adsorption energy of O, was calculated to be —1.72
eV[77]. Comparing the previously reported data, the adsorption energy of Oz (—1.48 eV) on
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Ni2_ N3 CNT in our present study is optimal and better than the previously reported adsorption
energy. This implies better electrocatalytic activation of the O> molecule on the surface of
Niz_ N3 CNT. As a benchmark and to better understand the catalytic active site and favorable
configuration (SAC and DAC) for the ORR, we also performed the adsorption energy
calculation of the O* atom at each possible active site, i.e., the Ni and N site of each possible
structure. The absorption of the O* atom has been studied by placing an O atom on the Ni and
N sites of each of the configurations (O* Ni; N3 CNT, O* Ni; N4 CNT, O* Nip N3 CNT,
and O* Nix N4 CNT) and relaxed under the full optimization scheme. The adsorption energy
of the O* atom at the surface of Ni; N3 CNT, Ni;_ N4 CNT, Ni» N3 CNT, and Ni>_ N4 CNT
with a Ni site was found to be —2.40, 1.91, —1.19, and 1.98 eV, and that with a N site was found
to be —2.19, 1.46, 1.21, and 1.92 eV, respectively, as shown in Figure 6.5f and tabulated in
Table 6.2. We observed that adsorption of the O* atom on the surface of the different
configurations with possible active sites is very consistent with the adsorption pattern of the
O2* molecule. Upon comparing the adsorption strength of the O* atom, we found that
Niz_ N3 CNT is a more favorable configuration among all of the other possible configurations
for adsorption of the O* atom. A comparison of the adsorption energy of the O* atom at the Ni

and N sites of Niz N3 CNT indicates that the Ni site is a more
(b)
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Figure 6.11. The representation of (a) equilibrium structure (top and side view) of O* Niz N3 CNT, (b) band structure of
O* Niz N3 CNT, and (c) TDOS of O* Ni>» N3 CNT.

favorable site for absorption. We concluded that Nio_ N3 CNT with Ni as an active site is the
most favorable configuration among the other configurations and can serve as an efficient
electrocatalyst for the ORR. A study of the desorption of water molecules from the catalytic
surface can be another good descriptor of an efficient catalyst. The detachment of water

molecules is the final step in the ORR process, and the new ORR cycle will then take place.

210



Chapter 6: Exploring the Active Site and Catalytic Activity of N-Coordinated Ni» Dual-Atom
Catalysts for Oxygen Reduction

Table 6.8. The change in Gibbs free energy during ORR dissociative path on the surface of the Ni2 N3 CNT.

ORR dissociative mechanism AG (eV) Relative Gibbs free energy (eV)
02+ * — 0% -1.36 -1.36
02* — 20* 1.91 0.55
20* + H* + e — O*_OH* -1.54 -0.99
O* OH* + H" + ¢ — O* + H20 -2.63 -3.62
O* + H' + ¢ — OH* -1.76 -5.38
OH* +H" + & — * + H20 0.43 -4.95

So, interaction of the water molecules with the catalytic site should be as small as possible. A
strong interaction will hinder the easy desorption of the water molecule from the catalytic
surface. Hence, the strong interaction of water molecules with the catalytic site will cover the
catalytic site and corrode the catalytic surface. Thus, the strong interaction of H>O molecules
with the catalytic center reduces the number of catalytic sites for the next cycle, and there is
concern about the stability of the catalytic material. The adsorption energy of the H>O molecule
for the Ni; N3 CNT, Ni;_N4 CNT, Ni2 N3 CNT, and Ni2_ N4 CNT systems were calculated
to be 2.55, —1.58, 0.80, and —1.71 eV, respectively, as represented in Figure 6.5g and tabulated
in Table 6.2. The adsorption strength of the HO molecule on the surface of Ni N3 CNT was

found to be very weak, suitable among other configurations, and feasible
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Figure 6.12. The representation of (a) equilibrium structure (top and side view) of OH* Ni2 N3_CNT, (b) band structure of
OH* Ni» N3 _CNT, and (c) TDOS of OH* Ni> N3 CNT.
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for the ORR process. In a recent study by Wang et al., the adsorption energy of H>O on the
(Fe,Co)/NC electrocatalyst for the ORR was found to be 0.32 eV[77]. Interestingly, when
considering the Ni» N3 CNT surface, the adsorption energy of H>O is even more positive
compared to previously reported values. This positive adsorption energy suggests that H20
molecules can easily desorb from the Ni» N3 CNT catalytic site, thereby enhancing the
kinetics of the ORR. We have conducted the spin-density analysis of the H>O-adsorbed
Ni2 N3 CNT (H20 Nix N3 CNT)and Ni2 N4 CNT (H20 Ni> N4 CNT) systems, as shown
in Figure 6a,b. The blue contour (negative spin density) indicates an excess of f-electron

density, and the yellow contour (positive spin density) represents an excess of o

Table 6.9. The change in Gibbs free energy during ORR associative path on the surface of the Ni2 N3 _CNT.

ORR associative mechanism AG (eV) Relative Gibbs free energy (eV)
02+ * — 0% -1.36 -1.36
02* + H'+e —> OOH* -0.01 -1.37
OOH* + H" + ¢ — O* + H20 -2.24 -3.61
O* + H' + ¢ — OH* -1.76 -5.37
OH* +H" + e — * + H20 0.43 -4.94

electron density. For the H>O Nip N3 CNT system (Figure 6.6a), the spin density is
predominantly localized on the Ni atoms and the surrounding carbon framework, with minimal
perturbation from the adsorbed H>O molecule. This observation aligns with the weak

interaction reflected by the calculated adsorption energy of 0.80 eV, indicating that H>O is not
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Figure 6.13. The representation of (a) equilibrium structure (top and side view) of OOH* Ni2 N3 CNT, (b) band structure of
OOH*_Ni> N3_CNT, and (c) TDOS of OOH* Ni> N3_CNT.
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strongly bound and can easily desorb on the surface. Such facile desorption of H>O is beneficial
for enhancing the ORR kinetics because it prevents site blockage. In contrast, the spin-density
distribution for the HoO Ni» N4 CNT system (Figure 6.6b) shows significant delocalization
involving the H,O molecule and the catalytic site. This stronger interaction is consistent with
the negative adsorption energy of —1.71 eV, indicating the stable adsorption of H>O on this
surface. This behavior could result in slower desorption kinetics, potentially inhibiting ORR
activity by hindering active site availability. Thus, putting all findings together, we concluded
that the Ni N3 CNT DAC with the Ni active site is the most active and favorable catalyst
among all other possible configurations considered in this study. Liang et al. developed the
Ni;_ N3 CNT, Ni1_Ns CNT, Ni2_ N3 CNT, and Niz N4 CNT SAC and DAC experimentally
and theoretically and studied the electrocatalytic activity of these systems toward CO2RR. The
researchers found that the DACs exhibited superior performance compared to the SACs in
COzRR. Specifically, the Ni2 N3 CNT configuration demonstrated the highest electrocatalytic
activity among all tested systems[47]. In our study, we found that Ni2 N3 CNT demonstrates
higher ORR activity than other configurations, which is consistent with the preliminary
reported experimental results. Sun et al. studied the electrocatalytic activity of the Fe- and Cu-
based SAC and DAC experimentally and theoretically toward the ORR and demonstrated that
the bimetallic electrocatalyst shows higher catalytic activity than the single-atom
electrocatalyst[78]. Additionally, Zhang et al. reported that both the FeN>» SAC and Fe:Ng DAC
are ORR electrocatalysts. They reported that the DAC exhibits improved electrocatalytic
activity compared to the SAC[79]. These consistent experimental and theoretical results further
support the effectiveness of DACs in enhancing electrocatalytic performance. The catalytic
performance of the electrocatalysts toward the ORR is significantly interlinked with the
selectivity of the ORR pathway. The 4e™ reduction pathway can further proceed via two
different pathways: (1) dissociative and (2) associative pathways, which depend on how the O-
O bond breaks. In the dissociative pathway, after adsorption of the O>* molecule on the
catalytic site, it dissociates into two O* atoms at different catalytic sites before reduction. In
the associative mechanism, the O>* molecule is initially adsorbed on the surface of the catalyst,
followed by reduction to form the OOH* species, and then O-O bond cleavage happens to form
the O* and OH* species at two different catalytic sites. After the reduction of OOH* into O*
and OH*, the associative pathway goes the same as the dissociative pathway. We calculated
the adsorption energy of both intermediate species 20* and OOH* to select the favorable
reduction path. Adsorption of the 20* and OOH* intermediate species was found to be +1.94
and —0.23 eV, respectively, as tabulated in Table 3 and represented in Figure 6.7a,b. We
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observed that 20* species have very weak adsorption strength on the catalytic surface and
OOH* species have moderate adsorption on the Ni catalytic active site. Thus, considering the
adsorption strength of 20* and OOH* species, the associative path will be a favorable path for
breakage of the O-O bond and for the ORR process on the surface of Ni; N3 CNT. Hence, we
have considered the associative pathway here to study the O> reduction mechanism on the
surface of Niz N3 CNT with the Ni active catalytic site. To further understand the ORR
activity of Niz N3 CNT, the adsorption energy of each of the intermediate species was
calculated, as represented in Figure 6.7a,b and tabulated in Tables 6.4 and 6.5. The whole ORR
has been studied on the surface of Ni N3 CNT at the Ni site by following the associative path
of the ORR process. The process started with the adsorption of the O>* molecule on the Ni site.
This step was modeled by placing an O>* molecule near the Ni site. The optimization of the
resulting system, O>* Nip N3 CNT, was done by employing the B3LYP-D3 method. The
equilibrium bond length of the O>* molecule after being adsorbed at the Ni site was found to
be elongated up to 1.48 A. The elongation in the OO bond from 1.23 to 1.48 A indicates
activation of the O>* molecule after adsorption. The Mulliken charge-transfer analysis depicts
that the charge transfer of 0.42 |e| from the Ni» N3 CNT surface to O>* has taken place, which
favors bond elongation and activation of the O>* molecule. The adsorption energy of the Ox*
molecule on the Niz N3 CNT surface was found to be —1.48 eV, which is negative and
moderate, indicating that O>* adsorption is favorable on the Ni N3 CNT surface at the Ni site.
The adsorption energies of other reaction intermediates involved in the associative path of the
reaction such as OOH*, O*, and OH* were calculated by following a similar pattern and
methods. The adsorption energies of the OOH*, O*, and OH* species on the surface of
Niz_ N3 CNT were calculated to be —0.23, —1.96, and —2.09 eV, respectively, as represented in
Figure 6.7a,b. The moderate and negative values of the adsorption of OOH*, O*, and OH*
indicate that all of the species are favorably adducted on the Ni» N3 CNT surface and
energetically favorable for the reaction. The adsorption energy of the H>O molecule was found
to be 0.80 eV. The equilibrium structural properties of the intermediate products in the
associative and dissociative paths are summarized in Tables 6.6 and 6.7, respectively. The
adsorption energies of the intermediate species involved in the dissociative path of the ORR
process were also calculated for comparison and the sake of completeness of the study and are
represented in Figure 6.7a and shown in Table 6.5. The equilibrium structure of
O2* Nip N3 CNT, 20* Nip N3 CNT, O* OH* Nip N3 CNT, O* Ni» N3 CNT,
OH* Niz N3 CNT, and OOH* Ni; N3 CNT are represented in Figures 6.8a, 6.9a, 6.10a,
6.11a, 6.12a, and 6.13a, respectively. Electron transfer has a significant role in the ORR
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process. Hence, the study and analysis of the electronic properties of each intermediate reaction
structure are important for a better understanding of the catalytic behavior of the material. The
band structure and corresponding TDOS for all of the reaction intermediate structures were
computed by employing the same DFT functionals. Here, we considered eight bands around
the Er level to analyze the electronic behavior of the intermediate structures. The band structure
plot was done along the I'-M—K-I' high symmetric path. The intermediate species
O2* Niz_ N3 CNT,20* Nip N3 CNT, and O* Ni> N3 CNT show the semiconducting nature
with band gaps of 0.41, 0.75, and 0.50 eV, respectively, shown in Figures 6.8b, 6.9b, and 6.11b,
respectively. On the other hand, O* OH* Nio N3 CNT, OH* Nio N3 CNT, and
OOH* Niz N3 CNT exhibit metallic nature, as represented in Figures 6.10b, 6.12b, and 6.13b,

respectively. EF values
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Figure 6.14. The Gibbs free energy diagram (i.e. free energy vs. reaction coordinates) for the associative ORR pathway on
the surface of the Niz N3 CNT.

for O2* Niz N3 CNT, 20* Ni; N3 CNT, O* OH* Nix N3 CNT, O* Nip N3 CNT,
OH* Nix N3 CNT,and OOH* Ni, N3 CNT are located at —4.67,—5.40, —4.25,—4.16, —2.83,
and —3.12 eV, respectively, as shown by the dotted lines in Figures 6.8b, 6.9b, 6.10b, 6.11b,
6.12b, and 6.13b, respectively. The TDOS profiles corresponding to each of the band structure
plots of the intermediate species were plotted within the same energy range. The TDOS profile
is consistent with the band structure plots and supports the band-gap values. The metallic and
semiconducting nature of the intermediate species structures supports electron transfer and
facilitates the ORR process. The TDOS plots of O>* Nip N3 CNT, 20* Nip N3 CNT,
O* OH* Nip N3 CNT, O* Nip N3 CNT, OH* Ni; N3 CNT, and OOH* Ni» N3 CNT are
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represented in Figures 6.8c, 6.9¢, 6.10c, 6.11c, 6.12c, and 6.13c, respectively. Thermodynamic
analysis of the whole electrochemical reaction was done by computing the change in free
energy (AG) for all of the possible intermediate reaction steps according to eq 3. Because the

associative path is the favorable path for the O>* reduction reaction on the
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Figure 6.15. The Gibbs energy diagram for the dissociative ORR pathways on the surface of the Niz N3 CNT.

surface of Nio_ N3 CNT, the reaction starts with adsorption of the O, molecule, i.e., O2 + * —
O2*. AG during this reaction step was observed to be —1.36 eV. The negative value of AG
indicates the exothermic nature of the reaction. Hence, this reaction step is a spontaneous and
thermodynamically favorable reaction step. This step is followed by hydrogenation of the
adsorbed O>* molecule on the Ni site by a pair of H" + ¢ reactions. This reaction step is
represented as Ox* + H" + ¢~ — OOH*. AG during this reaction step was observed to be —0.01
eV. The exothermic nature of the reaction ensures the favorability of this reaction step. The
associative path after hydrogenation of OOH* has three successive reduction steps to reduce
the O2* molecule into water. The subsequent reaction steps are represented as OOH* + H" +
e — O0*+H,0,0*+H"+e — OH*, and OH* + H" + ¢ — * + H,0O. AG for these reaction
steps was calculated to be —2.24, —1.76, and 0.43 eV, respectively. By analyzing the AG values
for these reaction steps, we observed that the reaction steps of OOH* + H' + ¢~ — O* + H,0
and O* + H" + e — OH* are exothermic in nature, hence energetically favorable reaction
steps. The last reaction step, OH* + H" + ¢~ — * + HxO, has a positive value of AG and is
hence endothermic in nature. The AG values of all of the intermediate reaction steps are

summarized in Table 6.9. We have also computed the AG values for the dissociative path,
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which are shown in Table 6.8. To compile the electrocatalytic reactivity of Nio N3 CNT
toward the ORR, we plotted a potential energy surface curve of the associative path of the ORR
process based on the AG values. The potential energy surface was plotted under the standard
conditions U =0V, T =298.3 K, P =1 bar, and pH = 0. At the standard conditions, the total
AG during the reaction O, + 4H" + 4¢~ — 2H,0 should be approximately close to the value of
—4.92 eV. We have drawn the potential energy surface curve by considering the Ni; N3 CNT
geometry as a reference geometry, which corresponds to 0 eV. The potential energy curve for
the associative path depicts that all of the reaction steps are downhill in the potential energy
surface except removal of the H,O molecule, as shown in Figure 6.14. The downhill nature of
the reaction steps in the potential energy surface indicates that these reaction steps are
energetically favorable on the surface of Ni N3 CNT. Moreover, we observed that the total
change in AG during all of the reaction intermediate steps was found to be —4.94 eV, which is
well consistent with the standard change in AG. The potential energy surface for the

dissociative path was also plotted and is represented in Figure 6.15.

6.5 Conclusions and Future Work: In summary, we have computationally designed Ni; DAC
and Ni; SAC and investigated their potential applications as ORR electrocatalysts. First, we
performed structural optimization calculations of the CNT sheet and Ni-based structures (SAC
and DAC) by using the DFT-D3 method. We explored the structural and electronic properties
of all of the configurations at their equilibrium geometry. The pristine CNT sheet has
semimetallic nature, and the Ni-based CNTs have either semiconducting (Ni; N4 CNT and
Niz N4y CNT) or metallic (Niiz N3 CNT and Niz N3 CNT) nature. Many previous
experimental findings indicate that metallic systems exhibit a promising catalytic activity.
Consequently, the Ni-based NCNTs are supposed to demonstrate significant efficacy in
catalyzing the ORR. To compare the catalytic activity of each possible configuration (SAC and
DAC), we computed the adsorption energy of key intermediate species of the ORR such as
0.2*, O*, and H>O at both possible active sites (here, Ni and N sites) of each of the SAC and
DAC configurations. We observed that the Ni N3 CNT DAC exhibits superior catalytic
activity among all other configurations, with the Ni site as a more electrocatalytically active
site, which agrees with the experimental observation. The ORR process follows the 4e”
associative reaction pathway on the surface of Nio. N3 CNT. The adsorption energies of the
reaction intermediates O>*, OOH*, O*, and OH* were calculated to be —1.48, —0.23, —1.96,
and —2.09 eV, respectively. The moderate negative adsorption energy of the reaction

intermediates depicts that all of the intermediate reaction species are favorably adducted to the
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catalytic active site and thermodynamically stable. Furthermore, the potential energy surface
for the associative path of the ORR reveals that all of the reaction steps are downhill in nature.
Consequently, the 4e” associative path of O: reduction is facilitated on the surface of
Niz_ N3 CNT with Ni as an active site. Thus, this theoretical and computational work on Ni-
based materials (SAC and DAC) as an ORR electrocatalyst can be useful in developing
efficient and highly active electrocatalysts for fuel cells. Electron spin-density calculations
were carried out to explain the performance of the subject materials toward the ORR. We
acknowledge that our current comparison of electrocatalysts is based solely on adsorption
calculations. We agree that incorporating kinetic calculations would provide a more
comprehensive evaluation of the performance of the electrocatalysts. In future work, we plan
to include kinetic calculations to complement our adsorption studies, which will offer a more
detailed understanding of the catalytic processes. Our results demonstrate the potential of
subect materials as promising substitutes for Pt-based electrodes and show that they are

excellent materials for fuel-cell components.
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CHAPTER

Summary and Perspectives

7.1 Summary: This thesis has systematically explored the theoretical and computational
design and analysis of novel materials as efficient electrocatalysts towards O» reduction
reaction (ORR), a fundamental electrochemical process central to energy conversion
technologies such as fuel cells. Through the comprehensive density functional theory (DFT)
calculations, we have investigated and explored the electrocatalytic potential of four distinct

classes of materials towards ORR:

1) The first study highlights the effect of niobium doping on the electronic and catalytic
properties of monolayer ZrSe;. The pristine material exhibited semiconducting behavior, while
Nb doping introduced metallic character, improving electronic conductivity. The DFT based
investigations with computational hydrogen electrode (CHE) model revealed that the
associative pathway for ORR was energetically favorable, suggesting the promise of Nb-ZrSe>

as a non-noble metal ORR catalyst.

2) We have further expanded our understanding by investigating Pt-doped ZrS,, where we have
observed that the Pt doping significantly modifies the electronic structure, reducing the band
gap while enhancing catalytic activity. In contrast to the Nb-ZrSez, our calculations indicates
that Pt-ZrS; favors the dissociative ORR pathway, highlighting how the nature of the dopant
can fundamentally alter reaction mechanisms. The exceptional performance of Pt-ZrS;
demonstrates the potential of noble metal-doped TMDs as cost-effective alternatives to pure

platinum catalysts.

3) Moving beyond TMDs, we have explored Co@SWCNT systems, where the Co
nanoparticles are encapsulated within single wall carbon nanotubes. Our calculations reveals
that the Co nanoparticles dramatically enhance the electronic conductivity of the system while

creating active sites on the external carbon surface for ORR. The Co@SWCNT system exhibits
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a strong preference for the 4e” dissociative pathway, with favorable adsorption energies for

oxygen intermediates, indicating its promise as a durable and efficient ORR electrocatalyst.

4) In a significant final contribution, we have introduced and studied N-coordinated Ni-based
single-atom and dual-atom catalysts on carbon frameworks, drawing from experimental
precedents. Using rigorous DFT-D3 calculations, we have found that the Nio N3 CNT
configuration not only exhibits superior electronic conductivity and stable adsorption energies
but also promotes an energetically downhill associative reaction pathway, making it an
exceptional Pt-alternative for ORR catalysis. The synergistic interplay between neighboring Ni
centers and the surrounding N-coordination environment provides an enhanced activity

through favorable orbital hybridization and electron redistribution.

In all cases, the CHE model and thermodynamic descriptors such as Gibbs free energy and
adsorption energies have been systematically utilized to determine the most promising active
sites and reaction pathways. The results underscore that strategic heteroatom doping, atomic
dispersion, and nanoconfinement are pivotal levers for optimizing catalytic performance of
novel materials for ORR. Collectively, these studies have established several key design

principles for high-performance ORR electrocatalysts:

a) The introduction of specific dopants into inactive materials (e.g., TMD basal planes) can
break surface symmetry, introduce localized states near the Fermi level, and create new
catalytic centers that facilitate ORR. Strategic substitutional doping of 2D electrocatalytic
materials modulates charge density and introduces favorable adsorption sites for

electrochemical reaction intermediates species.

b) The chemical nature and electronic configuration of the dopant not only influences the
structural and electronic properties of 2D electrocatalytic materials, but also significantly
influences the preferred ORR mechanism (associative vs. dissociative) and determines the

thermodynamic favorability of the ORR mechanism (associative vs. dissociative).

c) Encapsulating transition metals such as cobalt inside carbon nanotubes (Co@SWCNT)
creates a confined environment that stabilizes the active metal while ensuring high conductivity

and enhanced electron transfer, crucial for multistep ORR.

d) The presence of two adjacent metal atoms (as in Ni>-based systems) introduces cooperative

effects that modify adsorption energies and promote multi-electron transfer. Dual-site
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mechanisms often outperform single-atom analogs due to improved binding and activation of

intermediates.

e) Electronic conductivity and appropriate binding strengths for ORR intermediates are critical

factors for catalyst performance.

f) The stability of the catalyst under operational conditions, evidenced by favorable formation
energies and minimal structural distortion, is essential for practical applications in fuel cells

and other electrochemical systems.

These findings contribute significantly to the fundamental understanding of electrocatalytic
materials and provide practical guidance for the rational design of efficient ORR catalysts for

energy conversion and storage applications.

7.2 Perspective: While this thesis lays a robust foundation in understanding the catalytic
behavior of several novel ORR electrocatalysts, the journey is far from complete. The

following are envisioned as future frontiers of this research:

7.2.1 Janus Transition Metal Dichalcogenides (Janus TMDs): Two-dimensional Transition
metal dichalcogenides (TMDs), represented as MX, (M=Transition metal, X= Chalcogen
atom) generally have three atomic layers stacked on top of each other. TMDs consist of a
middle transition atomic (M) layer sandwiched by two atomic layers of chalcogen atoms (X).
Janus TMDs, represented by MXX’ (M=Transition metal, X= first chalcogen atom, X’ = Next
chalcogen atom) can be constructed from normal TMDs by replacing one atomic layer of
chalcogen atom (X) with another chalcogen atom (X’), as represented in Figure 7.1. Janus
TMDs have drawn greater attention of researchers because of their specific asymmetric
structure with various interesting properties namely tunable bandgap, carrier mobility,
magnetism, and dipole[1,2]. The Janus MoSSe was successfully synthesized from the original
MoS2 (MoSe2) monolayer by chemical vapor deposition and thermal selenization by
substituting one layer of S(Se) atoms with Se(S)[3,4]. This indicates that Janus TMDs can be
synthesized experimentally. In comparison to normal TMDs monolayers, Janus TMDs break
the out-of-plane structural symmetry. Janus TMDs show a widespread application in the field
of photocatalysis due to symmetry breaking. This structure asymmetry imposes intrinsic strain
and electric field inside the crystal which is absent in the non-Janus TMDs. This intrinsic strain
and electric field in Janus TMDs, have been found responsible for the higher HER activity of
Janus TMDs[3,5]. Yand et al. showed that Janus NbTeSe is an active HER catalyst to split the
water[6]. Er et al. proposed theoretically the HER activity of various Janus TMDs and reported

228



Chapter 7: Summary and Perspective

Monolayer ZrS,

One-sided chalcogen substitution

Figure 7.5. Illustration of the formation of Janus ZrSSe by replacement of one atomic layer of S atoms in monolayer ZrS:.

Janus WSSe can serve as a better catalyst for HER with the presence of S/Se vacancy[5]. Using
the first principle calculation Guo and co-workers showed that the Janus ZrSSe, an indirect
semiconductor, is mechanically and dynamically stable[7]. Janus ZrSSe may possess
photocatalytic activity due to its high asymmetric arrangements. Shom et al. demonstrated that
Janus ZrSSe with doping of Nb, Pt can serve as a good catalyst for HER[8]. Motivated by the
fine catalytic activity of doped Janus ZrSSe towards HER, an exciting question typically arises:
can ZrSSe monolayer be utilized as a catalyst for ORR by doping engineering? Hence, in this
work by means of density functional theory (DFT) computations, we propose to systematically

investigate the ORR activity of Janus ZrSSe and its doped variants in our future work. To begin,
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we constructed the Janus ZrSSe from the original TMDs ZrS, by replacing one atomic layer of

the sulfur (S) atom with an atomic layer of selenium atom (Se).

Top View Side View

Replacing One Zr Atom by One Pt Atom Per 2x2 Supercell

Top Yiew Side View

:\f‘_) (R o o

Pt-Doped Monolayer ZrSSe
O=Zr O=S @=Se O=Pt

Figure 7.6. Systemic process and formation of Pt-ZrSSe model supercell by replacement of Zr atom by Pt atom.

There is one Zirconium (Zr), one sulfur (S), and One Selenium (Se) atom present per unit cell

of ZrSSe. The equilibrium structures of Janus, ZrSSe were obtained by the Density Function
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Theory (DFT) method as shown in Figure (1). We then modeled platinum-doped ZrSSe (Pt-
ZrSSe) by substituting one Zirconium atom (Zr) with one platinum (Pt) atom per 2x2 supercell
of ZrSSe. There are 12 atoms present in the 2x2 supercell of the Pt-ZrSSe, which involves three
Zr atoms, one Pt atom, and four S and four Se atoms. The equilibrium structure of Pt-ZrSSe
was obtained by the same level of theory. The model of the Pt-ZrSSe is shown in Figure 7.2.

The key objectives of our upcoming research include:

1) To perform comprehensive DFT studies on pristine and doped Janus ZrSSe (e.g., dopants
like Pt) to examine changes in structural properties, electronic structure, charge density

distribution, and orbital contributions relevant to ORR.

2) To investigate and examine the favorable active site for ORR intermediate species on

pristine and doped Janus ZrSSe (e.g., dopants like Pt).

3) A detailed analysis of the complete oxygen reduction reaction (ORR) pathways, including
both the associative and the dissociative mechanisms, will be conducted at various potential
active sites of Janus ZrSSe and doped Janus ZrSSe using the computational hydrogen electrode

(CHE) model.

4) Benchmark the catalytic performance of Janus ZrSSe against conventional ZrS; and doped

71S; to evaluate the actual enhancement due to Janus architecture.

Through this future investigation, we aim to reveal whether Janus ZrSSe can serve not only as
a promising HER catalyst, but also as a highly efficient, non-noble-metal-based material for
ORR, thereby opening up a new direction in the design of asymmetric 2D electrocatalysts for

sustainable energy technologies.
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Optimized Structures (.cif format)

The optimized structure of the carbon sheet and Nio_ N3 CNT and all the reaction intermediates

involved in the oxygen reduction reaction (ORR) are provided below in the .cif format.
1.1 For Carbon Sheet

data Bg CNT.out

_cell length a 2.450000

_cell length b 2.450000

_cell length ¢ 20.000000
_cell angle alpha 90.000000
_cell angle beta 90.000000
_cell angle gamma 120.000000

_symmetry space group name H-M P1'

_symmetry Int Tables number 1

loop
_symmetry_equiv_pos_as Xyz

[ 1
X, Yy, 7

loop
_atom_site label
_atom_site type symbol
_atom_site fract x
_atom_site fract y

_atom_site fract z
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C001 C 0.333333 -0.333333 0.000000
C002 C -0.333333 0.333333 0.000000
1.2 ForNiy Ns CNT

data Bg Ni 2 N 3 CNT.out

_cell length a 10.146960
_cell length b 9.663300

_cell length ¢ 20.000000
_cell angle alpha 90.000000
_cell angle beta 90.000000
_cell angle gamma 121.645000

_symmetry space group name H-M P1'

_symmetry Int Tables number 1

loop
_symmetry equiv_pos_as_Xyz

[ ]
X,Y¥,Z

loop
_atom_site label
_atom_site type symbol
_atom_site fract x
_atom_site fract y

_atom_site fract z
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C001
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C007
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NO10

NIO11

NO12

CO013

C014

COo15

C016

Co017

Co18

NO019

N020

C021

C022

C023

C024

C

C

C

C

C

z Z O

(@)

C

C

C

0.083637

0.178538

0.346377

0.417726

-0.418772

-0.347422

-0.179598

-0.084716

0.068403

0.151413

0.370885

0.441951

-0.401561

-0.328841

-0.168118

-0.094529

0.080382

0.156086

0.314336

-0.315376

-0.157146

-0.081447

0.093457

0.167056

0.174161

0.100948

0.182876

0.087813

0.160537

0.065471

0.147407

0.074177

0.408824

0.335534

0.497345

0.349962

0.422551

0.330540

0.410153

0.320061

-0.332637

-0.417855

-0.339423

-0.412208

-0.333774

-0.418999

-0.071705

-0.161791

0.033575

0.033566

0.033540

0.033532

0.033541

0.033573

0.033587

0.033590

0.033539

0.033570

0.033490

0.033543

0.033582

0.033546

0.033558

0.033554

0.033504

0.033493

0.033474

0.033661

0.033585

0.033554

0.033534

0.033521
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C025 C 0.327793 -0.082187 0.033507

C026 C 0.400529 -0.174188 0.033517

N027 N -0.442977 -0.101607 0.033602

NI028 NI -0.372040 -0.249121 0.033784

N029 N -0.152510 -0.087193 0.033608

C030 C -0.069486 -0.160464 0.033574

2 Equilibrium structures(.cif format) for ORR intermediates
2.1 O2_ Niz_ N3 CNT

data Bg O2 Ni 2 N 3 CNT Ni.out

_cell length a 10.012250
_cell_length b 9.669280

_cell length ¢ 20.000000
_cell _angle alpha 90.000000
_cell angle beta 90.000000
_cell angle gamma 121.457490

_symmetry space group name H-M P

_symmetry Int Tables number 1

loop
_symmetry equiv_pos_as_Xyz

' '
X,Y¥,Z

loop_
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_atom_site label

_atom_site type symbol

_atom_site fract x

_atom_site fract y

_atom_site fract z

C001

€002

C003

C004

C005

C006

C007

C008

C009

NO10

NIO11

NO12

CO013

Co014

Co015

C016

Co017

C018

NO19

C 0.077163

C 0.170645

C 0.339052

C 0.412366

C -0.423066

C -0.350060

C -0.181810

C -0.091668

C 0.070352

N 0.148470

NI 0.349384

N 0.432126

C -0.410170

C -0.334107

C -0.171567

C -0.095060

C 0.077871

C 0.159383

N 0.316958

0.167259

0.092967

0.176226

0.083855

0.158403

0.064494

0.146819

0.069373

0.406930

0.329458

0.460933

0.342244

0.418098

0.327763

0.407443

0.319056

-0.336840

-0.418705

-0.337147

0.035745

0.035259

0.035692

0.031509

0.030897

0.031089

0.031256

0.031725

0.029401

0.040111

0.079480

0.040434

0.035077

0.030404

0.027908

0.028242

0.025585

0.022730

0.016904
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NO020 N -0.323541

C021 C -0.164292

C022 C -0.085471

C023 C 0.085593

C024 C 0.161850

C025 C 0.323826

C026 C 0.398173

NO027 N -0.443039

NIO28 NI -0.381668

N029 N -0.163203

C030 C -0.078644

0031 O -0.493988

0032 O 0.350366

-0.417427 0.035081

-0.339085 0.031066

-0.422443 0.027942

-0.078447 0.030610

-0.166790 0.027192

-0.085224 0.027863

-0.175928 0.024626

-0.100778 0.030692

-0.254280 0.049086

-0.093475 0.030938

-0.166789 0.030222

-0.373616 0.129728

-0.395156 0.143579

2.200H_Ni; N3 CNT

data Bg OOH Ni 2 N 3 CNT Ni-5002.out

_cell_length a
_cell length b
_cell length ¢
_cell_angle alpha
_cell angle beta

_cell_angle gamma

_symmetry space group name H-M

10.105950

9.679830

20.000000

90.000000

90.000000

121.753700

_symmetry Int Tables number 1

VP 1!
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loop

_symmetry equiv_pos_as Xyz

[ 1
X, Yy, Z

loop

_atom_site label

_atom_site type symbol

_atom_site fract x

_atom_site fract y

_atom_site fract z

C001

C002

C003

C004

C005

C006

C007

C008

C009

NO10

NIO11

NO12

C013

C 0.076857

C 0.170286

C 0.338381

C 0410225

C -0.425865

C -0.354376

C -0.185887

C -0.092422

C 0.063436

N 0.146163

NI 0.368888

N 0.433759

C -0.409266

0.167499

0.093287

0.175046

0.080747

0.153842

0.059139

0.141715

0.067358

0.403344

0.329689

0.497764

0.340800

0.414460

0.031779

0.031830

0.032139

0.030577

0.030783

0.031454

0.031753

0.032503

0.027938

0.030786

0.041366

0.033751

0.034039
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C014 C -0.335858
C015 C -0.174703
C016 C -0.100268
C017 C 0.072951
C018 C 0.150280
NOI9 N 0.307956
NO020 N -0.324159
C021 C -0.166332
C022 C -0.089139
C023 C 0.084522
C024 C 0.159087
C025 C 0.320515
C026 C 0.394685
NO027 N -0.449176
NIO28 NI -0.381514
NO029 N -0.162342
C030 C -0.079227
0031 O 0.462983
0032 O 0.371875

HO033 H 0.383654

230 Nip N3 CNT

0.323493

0.403701

0.314303

-0.339247

-0.423053

-0.343005

-0.421208

-0.341631

-0.425631

-0.079373

-0.168540

-0.088581

-0.179221

-0.106927

0.031409

0.030028

0.029547

0.026918

0.024566

0.020843

0.036537

0.032847

0.029502

0.030379

0.027731

0.027908

0.026541

0.031739

-0.257151 0.055170

-0.094852

-0.167886

-0.401197

-0.332349

-0.352917

0.034620

0.032374

0.127219

0.158817

0.204941

data Bg O Ni 2 N 3 CNT Ni.out
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_cell length a

_cell length b

_cell length ¢

_cell_angle alpha

_cell angle beta

_cell angle gamma

10.068300

9.663500

20.000000

90.000000

90.000000

121.454000

_symmetry space _group _name H-M

_symmetry Int Tables number

loop

_symmetry _equiv_pos_as Xyz

[ 1
X, Y, Z

loop

_atom_site label

_atom_site type symbol

_atom_site fract x
_atom_site fract y

_atom_site fract z

C001

C002

C003

C004

C005

C

C

C

C

C

0.077674

0.172388

0.340902

0.413127

-0.422821

0.167444

0.093991

0.176517

0.082576

0.157160

1

0.033226

0.032141

0.033452

0.031442

0.031157

VP 1!
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-0.085742
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C030 C -0.076228 -0.166252 0.026775

0031 O -0.498642 -0.360767 0.127378

2.4 OH_Ni, N3 CNT

data Bg OH Ni 2 N 3 CNT_Ni-5001.out

_cell length a 10.051940
_cell length b 9.623200

_cell length ¢ 20.000000
_cell angle alpha 90.000000
_cell angle beta 90.000000
_cell_angle gamma 121.404000

_symmetry space group name H-M P11

_symmetry Int Tables number 1

loop
_symmetry _equiv_pos_as Xyz

[ ]
X,Y¥,Z

loop
_atom_site label
_atom_site type symbol
_atom_site fract x

_atom_site fract y
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_atom_site fract z

Co01 C 0.077924
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C024 C 0.161544

C025 C 0.323400

C026 C 0.397516

NO027 N -0.444463

NIO28 NI -0.367395

NO029 N -0.162571

C030 C -0.077536

0031 O 0.489128

HO032 H -0.463680

Side View

-0.168694 0.028340
-0.089621 0.033404
-0.182168 0.037282
-0.105993 0.042640
-0.248055 0.053064
-0.094002 0.025796
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(b)

Energy w. r. to Vacuum (eV)

Figure S1. The representation of (a) equilibrium structure (top and side view) of Nii_N3_ CNT, (b) band structure of Nii_N3_CNT,

(c) TDOS of Ni;_N3 CNT.
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Figure S2. The representation of (a) equilibrium structure (top and side view) of Nii_N4 CNT, (b) band structure of Nii_N4 CNT,
(c) TDOS of Nii_ N4 CNT.
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Figure S3. The representation of (a) equilibrium structure (top and side view) of Nio Ns_CNT, (b) band structure of Ni2 N4 CNT,
(c) TDOS of Niz_Nas_CNT.
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