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Synopsis

Catalysts enhance the rate of a chemical reaction by providing an alternate, low energy

barrier route connecting reactants to products, without undergoing any change them-

selves. At its core, the main purpose of a catalyst is to save energy. Production of clean

fuels like H2, conversion of waste and even harmful by-products (CO2) to usable moi-

eties (CH3OH), and synthesis of industrially important chemicals (NH3) are impacted

greatly by catalysts. Determination of mechanisms of catalytic activity and its prediction

are fundamentally challenging, because it involves physical and chemical interactions be-

tween different types of molecules and solids. Prediction and design of highly selective

catalysts with efficient activity thus have huge academic and socioeconomic significance.

Substantial advancement in computational modelling, algorithms and unprecedented growth

of raw computing power have enabled the design and prediction of catalysts with calcu-

lations within first-principles density functional theory (DFT). These DFT-based simula-

tions provide unbiased, non-empirical access to detailed atomistic and electronic structure

and properties of materials, complementing experiments. In this thesis, we demonstrate

how comprehensive analysis based on DFT calculations can be used to (a) understand and

explain the activity of experimentally synthesized catalysts and (b) design and predict

novel catalysts, for a number of reactions of relevance to tackling problems of energy and

environment. We illustrate how the activity of a catalyst can be tuned with structure, de-

fects (vacancies), and substitutional alloying, identifying relevant descriptors that would

facilitate further work.

In Chapter 1 we give a brief introduction to some fundamental and important aspects of

catalysis. This is followed by a brief description of methods and formalism used in our

calculations in Chapter 2. Further, the thesis is divided into three parts, based on the

types of catalytic reactions studied.



In the first part (Chapters 3-5) we focus on analysis of two half cell reactions associated

with water splitting, hydrogen evolution reaction (HER) and oxygen evolution reaction

(OER). The former is a reduction reaction used to generate H2, a clean and renewable

fuel, while the latter involves oxidation of H2O to O2. In Chapter 3, we present work

on tuning catalytic activity by engineering atomic structure of catalysts: (a) introducing

amorphicity in a Co-Mo-P catalyst (Chapter 3a) and (b) stabilizing the metastable 1T

structure of MoS2 by substitutional alloying (Chapter 3b). We evaluate the viability of

these catalysts towards alkaline HER and provide mechanistic insights into experiments.

In Chapter 4, we present analysis of enhancement of catalytic activity with substitutional

alloying of a metal phosphide, Ni2P, towards water splitting (Chapter 4a) and metal car-

bides, WC and MoC, towards HER (Chapter 4b). We show that the presence of surface

oxygen leads to further increase in catalytic activity of Mn-substituted Ni2P (Chapter 4a)

while Ni-dopants in WC and MoC tune the electronic structure of metal carbides leading

to superior HER activity (Chapter 4b). In Chapter 5, we predict a novel 2D catalyst for

HER based on graphene:MoS2 heterostructures, and show how the site-specific activity

is tuned with substitutional N. Graphitic N-atoms exhibit high affinity to evolve H2 with

optimum ∆GH
ads and work function (φ).

In the second part of thesis (Chapter 6 and 7), we present analysis of two intermetallic

catalysts for (i) conversion of CO2 into a useful fuel (CH3OH) and (ii) use of such fuels

(e.g. C2H5OH) in a fuel cell to generate electricity. In Chapter 6, we present detailed

analysis of a Ni-In based intermetallic catalyst to convert the greenhouse CO2 gas through

hydrogenation to a value-added product, CH3OH. We explore multiple pathways for CO2

hydrogenation and show Ni3In exhibits high selectivity towards CH3OH as the product.

Next, we study a catalytic reaction utilizing a related fuel (CH3CH2OH) to produce elec-

tricity. In Chapter 7, we explain the observed manyfold increase in activity of Pd2Ge

towards the electrooxidation reaction (EOR) of ethanol using substitutional Ni. Presence

of Ni-substituents optimizes the adhesion strength of the main intermediates occurring



along the EOR pathway thus enhancing activity.

In the third part of thesis, we present our work on design and prediction of novel cata-

lysts for synthesis of two commercially value-added products, H2O2 and NH3. In Chapter

8, we present our work on design of a catalyst based on 1H-MoS2 for the direct synthesis

of hydrogen peroxide (DSHP). We show that a combination of substitutional Au and

S-vacancies in MoS2 monolayer act synergistically to catalyze the entire reaction without

significant energy cost and renders high selectivity. Finally in Chapter 9, we report a

metal-free catalyst based on borophene sheets for electrochemical reduction of nitrogen.

C-decorated α polymorph of borophene is predicted to catalyze electrochemical nitrogen

reduction reaction (eNRR) at a low limiting potential (UL) and exhibit high selectivity.

In addition, we identify two novel descriptors which can be employed in high throughput

screening of catalysts for eNRR. We finally summarize the thesis and present an outlook.
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Chapter 1

Introduction

The term “catalysis” was coined by Swedish chemist J. J. Berzelius in 1836 [5]. In

those days, a report was published annually summarizing progress made in the entire

subject of chemistry. For many years, this task was undertaken by Berzelius for the

Stockholm Academy of Sciences [6]. In the 1836 report where he summarised his ideas

of the “catalytic force”, he wrote “It is, then, proved that several simple or compound

bodies, soluble and insoluble, have the property of exercising on other bodies an action

very different from chemical affinity. By means of this action they produce, in these bodies,

decompositions of their elements and different recombinations of these same elements to

which they remain indifferent.” Berzelius concluded that a novel “catalytic force” operates

and leads to decomposition of various chemicals via the process of “catalysis”. Around

that time, chemical affinity was recognised as the driving force, however there was no

understanding of reaction rates at a molecular level.

Catalysis had in fact been exploited by humans for thousands of years in processes like

fermentation of sugars to produce alcohol [7]. The first historical reference of catalysis as a

chemical phenomenon appeared in 1597 [8] in Andreas Libavius’s masterpiece “Alchemia”,

which is considered the first textbook of chemistry. However, unlike the description given
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by Berzelius, Libavius interpreted the term ‘catalysis’ as the conversion of non-precious

metals into gold and silver, the primary motivation behind alchemy. The earliest known

report showcasing use of inorganic catalysts dates back to mid 16th century when Varelius

Cordus produced ether from alcohol using sulfuric acid as a catalyst [9, 10].

Catalysts increase the rate of reaction by lowering the energy barrier to transform reac-

tants into products, without being consumed themselves. Based on their physical state,

catalysts can be categorised into homogeneous and heterogeneous catalysts. As the name

suggests, homogeneous catalysts exist in the same phase as reactants/products while het-

erogeneous catalysts are present in a different phase than that of the chemical species

involved in the reaction. Catalysts are some of the most used materials and are at the

heart of many industrial processes. It would not be a stretch to say that these materials,

often employed in minute quantities, form the backbone of the modern world. Production

of everyday items like beer, plastics, paper, petroleum, and industrially significant chem-

icals like ammonia (NH3), sulfuric acid (H2SO4), hydrogen peroxide (H2O2), all involve

catalysts. Perhaps one of the most vital role of catalysts is to carry out the chemical

processes within the human body. These ‘bio-catalysts’, more commonly referred to as

enzymes, are some of the most efficient catalysts in nature and are essential to life. Most

industrially applied catalysts fall into the heterogeneous category while enzymes are ex-

amples of homogeneous catalysts.

Catalysts also find essential roles in technologies enabling sustainable production of energy,

arguably the most important resource of all. In the 20th century, fossil fuels provided the

energy input for the industrial revolution. In the 21st century we face one of the greatest

challenges of replacing the non-renewable sources of energy with clean and sustainable

one. Another dire predicament faced globally today is that of increased CO2 emissions,

which contribute significantly to global warming. While CO2 occurs naturally in the

earth’s atmosphere originating from sources such as volcanoes, forest fires, hot springs
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and geysers, its concentration has increased from pre-industrial levels of 280 ppm to 412

ppm in 2020 [11,12]. Such rise in CO2 levels over the course of the industrial revolution is

primarily anthropogenic and can be attributed largely to the increased use of fossil fuels.

The energy demand will only continue to rise into the next century, and thus there is an

urgent need for replacing fossil fuels with greener energy sources. One of the most viable

options of these ”green fuels” is molecule hydrogen (H2). H2 also plays a critical role as

a reducing agent in hydrogenation of CO2, converting it into fuels like methanol (MeOH)

and ethanol (EtOH). H2, by itself, is a zero-emission fuel with a high combustion energy,

and can be used to power liquid-propellant rockets, automobiles, and fuel cells. H2 is

rarely found in its pure form in the atmosphere because of its molecular weight being

significantly lower than air.

Figure 1.1: Share of CO2 emissions due to various human activities for the year 2014,
with the percentages indicated inside the bars. The overall annual CO2 emissions amounts
to 33.9 gigatons [1]. Reprinted with permission from [2]. Copyright (2021) by Springer
Nature (Switzerland AG).

Developing efficient and inexpensive catalysts to produce fuels like H2 and MeOH has
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attracted immense research efforts in the past 50 yrs. Currently, MeOH is produced

industrially by passing syngas (a mixture of H2 and CO) over Cu/ZnO/Al2O3, at 50–100

bar and 473–573 K [13, 14]. Generating MeOH through CO2 hydrogenation does not

sufer from this disadvantage. As mentioned earlier, MeOH, generated from the addition

of H2 to CO2, also amounts to chemical storage of H2 and innovative portable use of H2

as a fuel. CO2 capture is the frst step towards converting it into a viable fuel. Of the

various sources of CO2 emissions [1] (Fig 1.1), not all qualify as emission streams which

can be used readily as inputs in a CO2 capture process. Sources which can be used as

emission streams include the fuel gas from thermal power stations, emissions from oil

refineries, blast furnace gas, and cement kiln of-gas [15]. In addition to being some of the

strongest sources of CO2 emissions, these sources also generate considerable amounts of

waste heat. Therefore, a thermocatalytic approach to the generating MeOH from CO2

is attractive because it would reduce CO2 emissions while making use of the already

generated waste heat. When the required intake of H2 is generated using electrocatalytic

and photoelectrocatalytic approaches, this further reduces the overall CO2 emission in

the process. Despite generating H2 using clean energy sources, and carrying out CO4

hydrogenation using waste heat, use of the produced MeOH as a fuel will add to CO2

emissions. In principle, CO2 generated from burning of MeOH as a fuel can be recycled

back to generate more MeOH, making the process carbon neutral (Fig 1.2). Catalysts

play a vital role at each step of the scheme. From capturing CO2, converting it into

MeOH via the 6 electron transfer reduction of CO2, and also providing H2 generated via

the electrochemical splitting of water, each step highly dependent on various catalysts.
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Figure 1.2: Schematic of a sustainable process where MeOH is generated. PC, PEC
and TC denote photocatalytic, photoelectrocatalytic, and thermocatalytic, respectively.
Reprinted with permission from [2]. Copyright (2021) by Springer Nature (Switzerland
AG).

This thesis focuses on first-principles density functional theoretical analysis a number of

reactions of relevance to tackling problems of energy and environment. In the studies

presented here the reactants and products present in gas phase, reacting on the surface

of a solid catalyst.

1.1 Energetics of catalytic reactions

Chemical reactions either require an energy input, or give out energy in the form of heat.

The former is called an endothermic reaction while the latter is known as an exothermic
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reaction. The energy change during a chemical reaction can be represented as a potential

energy diagram (Fig. 1.3), where change in enthalpy (∆H) is positive for endothermic

reactions while negative for exothermic reactions. An exothermic reaction is spontaneous

as the products are lower in energy while an endothermic reaction requires an external

force to proceed. A chemical change occurs with rearrangement of the molecular or ionic

structure of reactants, transforming them into products. This involves interaction be-

tween atoms/molecules accompanied with cleavage of chemical bonds and formation of

new ones. Catalysts facilitate this by temporarily binding with the reactants, facilitating

their conversion to intermediates and the final product. Consider an elementary chem-

ical reaction R → P, proceeding via a short-lived local energy maximum C†, called the

transition state. The energy required to cross this barrier is called activation energy (Ea)

and is inversely related to the rate of the reaction. Catalysts essentially lower the Ea

(Fig. 1.4) by providing an energetically favorable pathway connecting reactants (A+B) to

the product (P). Thus, ∆H determines the direction of spontaneity of a chemical reaction

while Ea controls the speed of the reaction.

1.1.1 Selectivity

Selectivity of a catalyst is its ability to produce specific products while suppressing alter-

native side reactions. A set of reactants may yield different products depending on the

catalysts employed (Fig. 1.4). Syngas (CO + H2), for example, converts to methane (CH4)

on a Ni [16, 17] catalyst, methanol (CH3OH) on a Cu-Zn [18] catalyst and formaldehyde

(HCHO) with Cu [19] as catalyst. In addition to being efficient, catalysts should also ex-

hibit high selectivity towards a particular product in order to maximize their widespread

application otherwise some of the reactants get converted to undesirable products, with

additional separation and purification costs. Many chemical reactions have competing

side reactions, and suppression of these undesired processes is vital. Production of H2O2

is an example where O2 molecule often gets fully hydrogenated to H2O [20] due to the
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Figure 1.3: Potential energy landscape of a reaction demonstrating (a) ∆H for an exother-
mic (red) and endothermic (orange) reaction; and (b) reduction in activation barrier by
a catalyst (green pathway).

unstable nature of product. Selectivity thus plays a crucial role in overall performance of

a catalyst.

Figure 1.4: Potential energy diagram of a reaction with more than one possible products
(P1 and P2) along green and and blue paths. Even though formation of P2 is thermody-
namically favoured, the activation barrier associated with P1 (Ea1) is smaller: selective
catalysis.



8 1. Introduction

1.2 Designing catalysts using computer simulations

within DFT

Remarkable progress has been achieved experimentally in engineering catalysts to perform

optimally. However, experimental identification and isolation of reaction intermediates

formed on the surface of a catalyst during a reaction can be challenging due to their

short lifetimes. Computer simulations within DFT are powerful tools in complement to

experiments in this task. Despite having short a lifetime, intermediates are typically local

minima in the energy landscape of a reaction and are accessible to first-principles DFT cal-

culations. Here, one determines the interatomic potential by simulating quantum motion

of electrons that mediate to interactions between various reacting species, the catalyst

surface and each other. Transition states have even shorter lifetimes and are typically

first-order saddle points in the reaction energy landscape (Fig. 1.5). This topological

difference between intermediates and transition states facilitates their identification and

analysis.

First-principles calculations allow accurate estimation of energies of intermediates, reac-

tants and products, using which thermodynamics of a reaction can be understood. The

relative energy of intermediate products in comparison to reactants, the enthalpy, is the

amount of heat generated or consumed in a given part of the reaction. Energies of the

transition states, on the other hand, provide activation energies which control the rate of

the reactions. They are a measure of energy to activate an intermediate through stretching

or breaking of bonds. The structures and energies of reactants, products, all intervening

intermediates and transition states constitute the complete pathway, or the mechanism,

of a reaction. Structures of the catalyst-reacting species complexes are useful in identifi-

cation of active sites on catalysts. This is especially important for multi-step reactions,

where different active sites on a catalyst may catalyze different steps of the reaction.

Identification of active sites also helps in rational design of more efficient, selective and
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Figure 1.5: Schematic of a reaction mechanism, where, R, P, I, TS, represent the reactant,
product, intermediates, transition states, respectively, and Ea, ∆H represent activation
energies, and enthalpy of the reaction, respectively. Reprinted with permission from [2].
Copyright (2021) by Springer Nature (Switzerland AG).

cheaper catalysts.

In this thesis, we demonstrate how comprehensive DFT calculations can be used to (a)

provide mechanistic insights into the activity of experimentally synthesized catalysts and

(b) design and predict novel catalysts, for a number of reactions, important to tackle

problems of energy and environment. The design parameters that tune the activity of

a catalyst here are structure, defects (vacancies), and substitutional alloying, and we

identify the relevant descriptors to facilitate further work.

1.3 Reactions for energy, environment and industry

In this thesis, we focus on theoretical analysis of catalytic materials and mechanisms of

a few reactions that are central to renewable energy conversion, reduction of greenhouse

gases and synthesis of industrial products like H2O2 and NH3.
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1.3.1 Water splitting

Fossil fuels have been crucial in powering the industrial revolution since early 18th century.

Being limited in quantity, these sources of energies need to be replaced with renewable

ones. Moreover, these fuels have been the main source of chemical pollutants like carbon

dioxide (CO2), directly associated with global warming. As of April 2017, CO2 concen-

tration reached 410 parts per million (ppm) as compared to 280 ppm in 1958 [11, 21].

Hydrogen (H2) is a viable and sustainable green fuel owing to its carbon (C)-free foot-

print and high gravimetric energy density [22]. The main challenge keeping H2 dormant

from practical application is the lack of sustainable production methods. As of now, al-

most all of the H2 is generated by steam-reforming of fossil fuels [23] which releases CO2

as a by-product making it non-viable. Clean and sustainable methods of H2 synthesis are

being explored extensively so as to establish a “Hydrogen Economy” [24]. A green and

viable method to generate H2 is by electrochemical splitting of water, first discovered in

1789. Water splitting consisting of two half-cell reactions [23]:

• Oxygen Evolution Reaction (OER)

2H2O (l)→ O2 (g) + 4H+ + 4e− (1.1)

• Hydrogen Evolution Reaction (HER)

4H+ + 4e− → 2H2 (g) (1.2)

• Overall water splitting reaction

2H2O + 474.4 kJmol−1 → 2H2 + O2 2005/06/28ver : 1.3subfigpackage(1.3)

Oxygen evolution reaction

The oxidation half of water splitting, OER, is a four electron transfer process to generate

molecular oxygen (O2). Due to low turnover frequencies and large overpotentials, OER
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is the kinetic bottleneck in overall water splitting and only a handful of precious metals

and their oxides (Ir, IrO2, Ru and RuO2) [25–27] catalyze the reaction with reasonable

efficiency. However, the dearth, high cost and low cyclability, limit their scalable use.

Development of cheap, precious-metal-free materials which catalyze OER at low overpo-

tentials is the key to advancing various sustainable processes of energy generation.

Three main intermediates, O∗, HO∗ and HOO∗ occur along the reaction pathway of OER

(* means adsorbed on catalytic surface). Evolution of O2 molecule occurs either directly

via two MO (M = metal) species or via decomposition of the hydroperoxyl (MOOH)

intermediate (Fig. 1.6). The mechanism of OER is different depending on the pH of the

reaction media [3]. Under alkaline conditions, readily available HO− ions bind to the

active sites of a catalyst forming MO/MOOH intermediate. In acidic media, the H2O

molecule splits to provide the HO− ions.

Figure 1.6: OER mechanism in acidic (blue line) and alkaline (red line) medium. The
black line follows the hydroperoxyl (MOOH) intermediates for oxygen evolution while
green line represents the direct route involving reaction of two adjacent oxo (MO) inter-
mediate to produce O2. Reprinted with permission from [3]. Copyright (2017) by Royal
Society of Chemistry (Great Britain).
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Hydrogen evolution reaction

HER is the cathodic half-cell reaction of water splitting and involves transfer of two

electrons, reducing H+ to evolve H2. The reaction proceeds via two reaction pathways,

Volmer-Tafel or Volmer-Heyrovsky, consisting of two elementary steps, each involving

transfer of one electron from the cathode to H+, evolving H2. The first step (Volmer) is

common and corresponds to adsorption of the first proton on an available active site of

the catalyst. An electron transfers from catalyst to the proton yielding an adsorbed H∗

intermediate. Following this, the formation and subsequent evolution of H2 can occur via

two dissimilar routes. Heyrovsky step, where, a proton from the solution reacts with the

adsorbed H∗ to form H2 with transfer of another electron from the electrode evolving H2.

This step is also referred to as the ion + atom reaction [23]. The second pathway involves

the Tafel step, where, another proton attaches to the electrode surface in the vicinity of

H∗ intermediate. The two adsorbed H∗ coalesce to give H2, and thus this is referred to as

the combination reaction.

HER is generally carried out in acidic media where hydronium ions (H3O+) serve as the

source of protons. Previously, it has been shown that some of the most effective materials

for acidic HER are sulfides, carbides and phosphides [28–35].

Mechanism of HER in an acidic medium is:

H+ + e− → H∗ (V olmer Step) (1.4)

H∗ + H∗ → H2 (Tafel Step) (1.5)

H∗ + H+ + e− → H2 (Heyrovsky Step) (1.6)

However, for industrial scaling of HER, the oxidation half of the reaction, OER, should

also be efficient in the same medium [28,36–39] . Since many inexpensive OER catalysts

fail in acidic medium, it is preferable to choose an alkaline medium to split water and
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generate hydrogen [40]. Additionally, alkaline medium is known to reduce corrosion of

non-noble metal catalysts keeping them functional for longer cycles. HER follows the same

mechanisms in both acidic and alkaline media but there is an additional step involved in

the latter. The catalyst also has to break the stronger covalent H–O–H bonds to produce

H+ for the reaction, instead of the dative covalent bond in H3O+ ion, which is weaker.

Computer simulations of the H2O adsorption and splitting give insights into the activity

of a catalyst in alkaline medium based on the activation of the H–O–H bond [41–45] .

HER mechanism in alkaline medium:

H2O + e− → H∗ + HO− (V olmer Step) (1.7)

H∗ + H∗ → H2 (Tafel Step) (1.8)

H∗ + H2O + e− → H2 + HO− (Heyrovsky Step) (1.9)

1.3.2 CO2 reduction reaction

There is an urgent need to control the increased CO2 emissions as high levels of this green-

house gas is a primary cause of global warming at an alarming rate. As mentioned earlier,

CO2 concentration increased by 50 % in 150 years from the pre-industrial levels [11, 21].

This rise is primarily anthropogenic and can be attributed largely to the increased use

of fossil fuels. To combat CO2 emissions, drastic scaling down of industrial activity is

impractical. Rather, a more effective strategy for sustainability is to capture the emitted

CO2 and convert it into potentially useful, value-added chemicals. In this regard, the CO2

reduction reaction (CO2RR) is especially relevant, converting CO2 to value-added com-

pounds like formaldehyde, methane, methanol (MeOH) and dimethyl ether, and various

two-carbon hydrocarbons.

CO2 is a significantly stable molecule and hence the activation of the C=O bond is chem-

ically challenging. Here, activation of a bond refers to cleavage or elongation of the bond.
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Also, CO2 is a Lewis acid, implying that a catalyst should have the ability to donate

electrons to (the anti-bonding orbitals of) CO2 for successful thermocatalytic conversion

of CO2. The overall reaction

CO2 + 3H2 → CH3OH + H2O (1.10)

is exothermic with an enthalpy of -49.3 kJ mol −1 at 298.15 K [46]. However, selectivity of

the catalyst employed is of paramount importance. Tuning the selectivity of the CO2RR

catalysts is an important aspect of its electrocatalysis, since the thermodynamic minimum

potentials for most of the carbon-containing products are close to 0 V versus RHE, making

the kinetically favourable H2 production pathway (HER), a competing reaction.

CO2RR is a multi electron transfer process and possibility of multiple products further

complicates the design and screening of catalysts of interest. One of the products of

CO2RR MeOH, used as a precursor in industrial synthesis of several commodity chemi-

cals, such as formaldehyde, acetic acid, methyl tertbutyl ether, among others. Methanol

can also be readily used as an alternative fuel in internal combustion engines, in addition

to its possible use as a cooking fuel [47, 48]. Use of MeOH in internal combustion en-

gines, in lieu of fossil fuel derived petroleum, offers several advantages. It is significantly

cheaper, and can also be derived from organic waste. Currently, MeOH is produced in-

dustrially by passing syngas (a mixture of H2 and CO) over Cu/ZnO/Al2O3, at 50-100

bar and 473-573 K [13, 14]. Mechanism of a catalytic reaction naturally depends on the

catalyst being used, and three established mechanisms of CO2RR to MeOH on Cu as the

catalyst are discussed below (since it is currently the most widely used catalyst) [49, 50].

These mechanisms are the standards with which reaction mechanisms on new catalytic

materials can be compared, to assess their catalytic performance. The three mechanisms

are formate (orange and purple pathways in Fig. 1.7), RWGS (CO hydrogenation) (red

pathway in Fig. 1.7), and carboxylic acid (green and blue pathways in Fig. 1.7) mecha-
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Figure 1.7: Reaction pathways of CO2 hydrogenation to MeOH on Cu as the catalyst.
Pathways coloured green, orange, purple, red, and blue indicate the cis-COOH, formate
(1 and 2), formate-3, RWGS and trans-COOH pathways. The various pathways are
differentiated based on the intermediate formed after the addition of the first H+ atom.
Reprinted with permission from [2]. Copyright (2021) by Springer Nature (Switzerland
AG).

nism, differentiated by the first intermediates, formate (HCOO∗), carbon monoxide (CO),

and trans–COOH, respectively. These intermediates effectively control the overall rate of

the reaction, as their formation is the rate-determining step in the respective mechanism.

1.3.3 Electrooxidation of ethanol

Ethanol (EtOH), a C2 fuel can be produced from biomass waste, urban residues and can

also be a product of CO2RR. EtOH is a better fuel than MeOH because of its low toxicity,

possesses a high energy density [51](6.3 kWh/L compared to 4.8 kWh/L for MeOH) and

provides 12 electrons upon complete oxidation. However, the low rate of ethanol oxidation
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reaction (EOR) is a major hindrance in large-scale application of direct ethanol fuel cell

(DEFCs) [51, 52] to generate electricity. C-C bond cleavage is the rate-limiting step of

the reaction; also most Pd based catalysts have poor poison tolerance.

In acidic media [53–58], EtOH can either be partially oxidised to acetic acid (CH3COOH)

via an acetaldehyde (CH3CHO) intermediate, giving out 4 electrons along the C2 pathway;

or follow the C1 route in which EtOH oxidises completely to CO2 via CO intermediate,

providing 12 electrons in the process. In alkaline medium, EOR occurs via

• reactive intermediate pathway: HO∗ and CH3CO∗ intermediates combine to produce

an acetate molecule (partial oxidation).

• poisoning intermediate pathway: CH3CO∗ intermediate dissociates to give ∗CO and

∗CH3 which poison the active sites of the catalyst [59] thus reducing its reusability.

1.3.4 Direct synthesis of H2O2

Hydrogen peroxide (H2O2), an industrially valuable green oxidising agent [60–62], has the

highest content of active nascent oxygen and gives out H2O as a by-product. Due to its

benign nature, H2O2 finds applications in a variety of processes such as pulp and textile

bleaching [63], wastewater treatment, and in low concentrations as an antiseptic [64].

Commercially, most of the H2O2 is generated via anthraquinone auto-oxidation (AO)

process [65]. The cyclic AO method is an organic route involving: a) hydrogenation of

anthraquinone over a Pd-Ni catalyst; b) oxidation of the hydrogenated anthraquinone;

c)extraction and purification of H2O2.

Though widely used, the energy-intensive AO process has various drawbacks [66,67] which

include, side reactions leading to poisoning of the catalyst, degradation of anthraquinone

molecules, and difficulties in separation and transportation of H2O2 due to organic impu-

rities. It also generates chemically polluted liquid and solid waste along with emission of
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harmful chemicals like mesitylene isomers.

Direct synthesis of H2O2 (DSHP) provides a straightforward pathway to generate H2O2

by a 2e− reduction of O2 molecule [68, 69]. Although hydrogenation of O2 to H2O2 is

an exothermic reaction (-120.5 kJ mol−1), selectivity of the catalyst is crucial because

of other competing reactions, like the Oxygen Reduction Reaction (ORR) being more

spontaneous (-237.2 kJ mol−1) [20]. Moreover, the unstable nature of the peroxide bond

causes H2O2 to decompose (-116.7 kJ mol−1) into H2O and O2, or undergo reduction (-

354.0 kJ mol−1) to yield H2O [20]. Pd based catalysts, [61,70,71] in particular Pd-Au and

Pd-Sn based catalysts, have been extensively explored for DSHP [61,70,72–76]. However,

the cost and scarcity of Pd limits the large scale use of these catalysts.

DSHP occurs in the following steps:

∗+ O2 + H2 → ∗O2 + H2 (1.11)

∗O2 + H2 → ∗O2 +∗ H +
1

2
H2 (1.12)

∗O2 +∗ H +
1

2
H2 → ∗OOH +

1

2
H2 (1.13)

∗OOH +
1

2
H2 → ∗OOH +∗ H (1.14)

∗OOH +∗ H→ ∗H2O2 (1.15)

∗H2O2 → ∗+ H2O2 (1.16)

1.3.5 Electrochemical nitrogen reduction reaction

An essential chemical in most fertilizers vital for sustained global food supply, ammonia

(NH3) is a vital ingredient in our agricultural dependent society [77–79]. Its role as a C-

free energy carrier is also being extensively explored [80]. Currently, industrial synthesis

of NH3 relies on the century old Haber-Bosch process [81], a thermochemical catalytic

reaction in which 1 mole of N2 reacts with 3 moles of H2 over an Fe-based catalyst [82].
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The reaction is carried out at 600-700 K under high pressure (100-200 atm), making it

one of the most energy-intensive processes [83]. The Haber-Bosch process uses 1-2 % of

the world’s total energy production and contributes to 1.5 % of global CO2 emissions,

more than any other chemical-synthesis process [83].

Electrochemical N2 reduction reaction (eNRR), an alternate route to generate NH3, has

captured attention of many scientists owing to its C-free footprint and ambient reac-

tion conditions [84, 85]. eNRR is a heterogeneous electrocatalytic reaction involving six

proton-coupled electron transfer (PCET) steps to hydrogenate N2 to NH3. Although hy-

drogenation of N2 to NH3 is exothermic (-46.1 kJ mol−1) [86], the inherent inertness of

the rigid N≡N triple bond (Edissociation = 945 kJ mol−1) [87]is the kinetic bottleneck for

most catalyst employed for eNRR. Furthermore, highly selective catalysts are critical for

eNRR to suppress kinetically brisk competing reactions like HER [88,89].

Mechanistically, eNRR can occur via three different pathways [89] depending on the ori-

entation of intermediates adsorbed on the surface of a catalyst: End-on adsorbed N2

can proceed via distal or alternating pathway, while a side-on adsorbed N2 follows the

enzymatic route. Along distal pathway, the dangling N-atom gets fully hydrogenated to

NH3 (Fig. 1.8), following which the ∗N undergoes 3 PCET steps releasing a second NH3

molecule. In the alternating route, both N-atoms are targeted alternatingly by incoming

protons and the first NH3 is released after the 5th PCET step. Similar alternate hydro-

genation of ∗N2 occurs along the enzymatic mechanism, the only difference being side-on

orientation of various NxHy intermediates (Fig. 1.8).

1.4 Overview of the thesis

This thesis focuses on first-principles theoretical analysis of several heterogeneous catalytic

reactions having direct implications to global problems associated with climate change.
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Figure 1.8: Intermediates along the enzymatic, distal, and alternating pathways for elec-
trochemical reduction of nitrogen (eNRR). * signifies the catalytic surface and * above
an intermediate denotes its adsorbed state.

We showcase the effectiveness and versatility of DFT calculations in identifying and pre-

dicting various mechanisms at play, responsible for enhancing the activity of catalysts

and connect our findings with experiments wherever possible. The catalytic materials

studied here are inexpensive and constitute earth-abundant elements. We have looked at

materials with high catalytically active surface area: 2D materials like MoS2, graphene,

borophene and various facets of 3D bulk materails like Ni2P (111), Pd2Ge (111), MC

(100) and (111). The central theme of the work presented in this thesis is to develop, un-

derstand and optimize cost-effective catalysts for reactions significant to renewable energy

conversion and storage. We start with introducing a few fundamental concepts governing

catalysis, followed by description of various chemical reactions studied in our work. In

Chapter 2, we give a brief description of the formalism and first-principles methods used

in this thesis. The rest of the thesis is divided into three sections, based on the catalytic

reactions studied.

Part I: Splitting the H2O molecule

Electrolysis of water, known for over 240 years, is a sustainable and environment friendly

method to generate H2, the fuel of tomorrow. It is comprises of two half-cell reactions,

the anodic HER and cathodic OER. A catalyst comprising of earth-abundant elements
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to efficiently catalyze HER has captured the imagination of scientists for decades but

designing an efficient candidate for widespread application still remains a challenge. Also,

the oxidation half reaction, OER is generally responsible for the low reaction rates of

water splitting due to high kinetic barriers associated with its 4e− transfer process. In

Chapters 3-5, we focus on elucidating the mechanisms behind enhancement of catalytic

activity in metal phosphides, sulfides and carbides towards the cathodic part of water

splitting (HER) and/or the anodic half-cell reaction (OER).

In Chapter 3, we exploit chemical ordering and substitutional doping as means to tai-

lor the activity of two catalysts towards alkaline HER. In Chapter 3(a), we introduce

amorphicity in a Co-Mo-P based catalyst and identify active sites for evolution of H2.

We pinpoint the role played by each element in catalyzing the reaction and highlight

the significance of amorphicity for the activity of the catalyst. In Chapter 3(b) we use

substitutional Ni/Co to stabilize the metastable 1T polymorph of molybdenum disulfide

(MoS2). Ni/Co substituents cause a local structural distortion of the 1T lattice trans-

forming it to a lower energy 1T” polytype. We further obtain a close to optimal Gibbs

free energy of H-adsorption (∆GH
ads) for Ni/Co substituted MoS2, a widely accepted de-

scriptor for HER, showing their viability to evolve H2. In Chapter 4, we demonstrate

increase in catalytic activity of a metal phosphide, Ni2P, towards water splitting and

metal carbides, WC and MoC, towards HER, with substitutional alloying. Surface oxy-

gen further ameliorates the catalytic activity of Mn-substituted Ni2P (Chapter 4a) while

Ni-dopants alter the electronic structure of tungsten and molybdenum carbide (Chapter

4b), leading to superior HER activity. In Chapter 5, we use DFT calculations to design

and predict a novel catalyst comprising of graphene and 1H-MoS2 forming an out-of-plane

heterostructure and illustrate how the site-specific activity towards HER is tuned with

substitutional N. Chemically inequivalent N, substituted in graphene monolayer, alter the

electronic and catalytic properties of the heterostructures and graphitic N-substituents

exhibit high affinity to evolve H2 with optimum ∆GH
ads and work function (φ).
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Part II: Conversion of CO2 into fuels and their utilization

In Chapters 6 and 7, we explore two intermetallic catalysts to convert the greenhouse gas

CO2 into a value added fuel, CH3OH and utilizing such fuels (CH3CH2OH) to generate

power using a fuel cell. We present a thorough analysis of the catalytic activity of an

intermetallic catalyst based on Ni-In, towards hydrogenation of CO2 to CH3OH. We

investigate eight distinct pathways for CO2 reduction and show the catalyst, Ni3In, to

be highly selective towards one particular product, CH3OH. We also calculate activation

barriers along the two thermodynamically most feasible pathways and identify the formate

pathway to be kinetically favoured. In Chapter 7, we provide mechanistic insights into

a manyfold increase in the activity of Pd2Ge towards ethanol electrooxidation reaction

(EOR) observed upon Ni-substitution. We show an optimization of adhesion strength for

the main intermediates occurring along the EOR pathway to be the cause of enhancement

of the activity.

Part III: Designing catalysts for industrial processes

The third part of thesis comprises of Chapters 8 and 9, in which we design and predict

novel two catalysts based on 2D materials for synthesis of commercially value-added

products, H2O2 and NH3. We use 1H-MoS2 as the base material and tune its catalytic

activity by introducing two surface modifications, for direct synthesis of hydrogen peroxide

(DSHP). We show the synergy between substitutional Au and S-vacancies work in tandem

to facilitate the partial reduction of O2, to H2O2 without significant energy input. The

catalyst also exhibits high selectivity towards DSHP and suppresses the competing oxygen

reduction reaction (ORR). Finally in Chapter 9, we report a highly efficient metal-free

catalyst for electrochemical reduction of nitrogen, based on 2D boron sheets. C-decorated

α borophene is show to execute the electrochemical nitrogen reduction reaction (eNRR)

at a vanishingly low onset potential making it an attractive candidate for experimental
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exploration. Along with high efficiency, our borophene based catalyst also showcases high

selectivity towards eNRR over a competing reaction, HER. We trace the origin of the

high catalytic performance of our catalysts to two novel descriptors which can facilitate

high throughput screening of catalysts for eNRR.





Chapter 2

Methods and Formalism

Most properties of a material can be explained by the interaction between electrons, ions

and the interaction among themselves. Quantum theory very accurately describes the

behavior of these atomic and subatomic particles. The success of quantum theory has

made it possible for scientists to explain and predict various properties of a material in

solid state physics. Nearly all physical properties of a material can be determined from the

derivatives of (difference between) the energy as a function of an external perturbation.

In order to obtain the total energy of a system containing electrons and ions, one needs

to solve the Schrödinger equation (SE). The Hamiltonian of a system which takes into

account electron-electron, electron-nuclear and nuclear-nuclear interactions is defined as

[90]:

Ĥ = − ~2

2me

∑
i

∇2
i +

1

2

∑
i 6=j

e2

|ri − rj|
−
∑
i,I

ZIe
2

|ri −RI |

−
∑
I

~2

2MI

∇2
I +

1

2

∑
I 6=J

ZIZJe
2

|RI −RJ |
, (2.1)

where me and e are the mass and charge of an electron respectively, and ~ is the re-

duced Planck constant. ri is the position vector of ith electron. RI , MI and ZI are
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the position vector, mass and atomic number of the I th nucleus, respectively. The first

and fourth terms in Eq. (2.1) are the kinetic energy of electrons and nuclei respectively.

Second, third and fifth terms represent electron-electron, electron-nuclei and nuclei-nuclei

Coulomb interactions, respectively.

Though the many-body Hamiltonian (Eq. 2.1) looks simple, its solution is almost impos-

sible for a material that consists of the large number of electrons and nuclei. Therefore,

we solve Eq. (2.1) within the Born-Oppenheimer approximation (adiabatic approxima-

tion) [91]. This approximation has been made considering the fact that MI ∼ 1836 ∗me,

the kinetic energy of nuclei is much lower than that of electrons, and can be ignored.

Thus, electrons and nuclei can be treated as quantum and classical particles, respectively.

Consequently, the total energy of a given set of atoms in a material is the sum of the

nuclei-nuclei Coulomb interaction and electronic ground state energy. To estimate the

electronic ground state energy, the form of many-body electronic Hamiltonian can be

written as:

Ĥe = T̂e + V̂int + V̂ext, (2.2)

where T̂e, V̂int and V̂ext denote kinetic energy, electron-electron interactions and potential

acting on the electrons due to nuclei, respectively. Given this total Hamiltonian of any

system, one can write the time-independent SE as,

Ĥψ(R, r) = εψ(R, r), (2.3)

where ε and ψ(R, r) are the ground state energy eigenvalue and wavefunction of the

electrons, respectively. R and r are the position vectors of nuclei and electrons in the

materials respectively. Since, the electrons are fermions, ψ(R, r) must be antisymmetric
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under exchange of two electronic coordinates ri. Though Born-Oppenheimer approxima-

tion reduces the difficulty to determine the ground state for a given set of atoms and

their positions, quantum mechanical solution of Eq. (2.3) for the large number of atoms is

still a challenge. Therefore, determination of the ground state is quite hard and requires

additional approximations.

Various other approximations have also been developed to solve it. Independent electron

approximation is the oldest approximation which considers that interaction between the

electrons can be ignored. Hartree approximation modified it further by treating the elec-

trons as independent, but interacting only via the mean-field Coulomb potential. Hartree

did not consider the asymmetric nature of electronic wave functions. Antisymmetric

nature of electrons was considered in the Hartree-Fock Approximation.

2.1 Density Functional Theory

According to quantum mechanics wave function of a given system ψ, contains all the

possible information about that system. The solution to this wave function is calculated

by using the SE which for a single electron moving in a potential υ(r) is given by:

[
−~2∇2

2me

+ υ(r)

]
ψ(r) = εψ(r) (2.4)

For many electrons system, the SE becomes:

[
N∑
i

(−~2∇2
i

2me

+ υ(ri)) +
∑
i

U(ri, rj)

]
ψ(r1, r2 · · · , rN) = εψ(r1, r2 · · · , rN) (2.5)

where N is the number of electrons and is the electron-electron interaction. In quantum

mechanics, the usual approach to SE is:
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υ(r)
SE
==⇒ ψ(r1, r2 · · · , rN)

〈ψ|···|ψ〉
=====⇒ observables (2.6)

the system is specified by choosing υ(r) for which the SE is solved for wave function

ψ(r1, r2 · · · , rN). Expectation values of operators with this wave function is calculated to

obtain various observables. One such observable is the particle density given by:

n(r) = N

∫
dr3

2

∫
dr3

3 · · ·
∫
dr3

Nψ
∗(r1, r2 · · · , rN)ψ(r1, r2 · · · , rN) (2.7)

Density functional theory (DFT) uses this particle density as the key variable to calculate

all other observables. It has excluded the problem of 3N-variables (N is the number of

electrons and their associated 3 spatial variables) associated with many electron-wave

function with a functional of electron density which reduces the number of variables to

3, and hence has reduces the complexity of many electron problem to a great extent. In

other words, it allows one to map exactly the problem of strongly interacting electron gas

onto that of a single particle moving in an effective potential arising from the rest. This

approach can be summarized as follows:

n(r)⇒ ψ(r1, r2 · · · , rN)⇒ υ(r) (2.8)

2.1.1 Hohenberg-Kohn Theorems

DFT was developed by Hohenberg and Kohn in 1964 [92], Kohn and Sham in 1965

[93] replacing an interacting many-body problem into a set of single-particle problems

treating charge density of electron gas as fundamental, including many-body effects in

the exchange-correlation energy functional of density. The two theorems that constituted

their ground breaking work can be stated as follows:

Theorem I: The external potential Vext(r) of any system of interacting particles can
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be determined uniquely by the ground state particle density n0(r) within an additive

constant.

Theorem II: For any given external potential Vext(r), the universal functional for energy

E[n] of the system can be defined in terms of particle density n(r). The exact ground

state energy of the system is the global minimum value of this functional, and the density

n(r) that minimizes this functional is the exact ground state particle density n0(r).

Based on these two theorems, the 3Ne (Ne is number of electrons) variables in the problem

are reduced to a problem involving function of only three variables of n(r), and the total

energy functional can be written:

EHK [n] = FHK [n] +

∫
d3rVext(r)n(r) + EII , (2.9)

FHK [n] = T [n] + Eint[n], (2.10)

where EII is the nuclei-nuclei Coulomb interactions. Functional FHK [n] includes kinetic

T [n] and potential Eint[n] energies of interacting particles system. Though these two

theorems prove existence of an universal functional FHK [n] (only a functional of density

n(r)), they do not provide a practical scheme for determining the ground state density

n0(r), In 1965, Kohn and Sham proposed an anstaz for the ground state density n0(r) to

simplify this.

2.1.2 Kohn-Sham ansatz

Kohn-Sham ansatz [93] is a mathematical assumption that replaces the ground state den-

sity of an original interacting many-body system by a system of auxiliary non-interacting

particles. Thus, calculations of an original system can be performed on an auxiliary
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non-interacting particles system with the total energy functional given by,

EKS = Ts[n] +

∫
drVext(r)n(r) + EXC [n] + EH [n] + EII . (2.11)

Terms in Eq. (2.11) are described below:

n(r) is charge density of auxiliary system determined by the sum of square of Ne non-

interacting electrons′ wavefuctions (ψi(r)):

n(r) =
Ne∑
i=1

|ψi(r)|2, and Ne =

∫
dr n(r). (2.12)

Ts[n] is the kinetic energy of Ne non-interacting electrons, and given by,

Ts[n] = − ~2

2me

Ne∑
i=1

〈ψi(r)|∇2|ψi(r)〉. (2.13)

EH [n] is the Hartree energy, classical interaction energy of the electron density interacting

with itself, and define as,

EH [n] =
e2

2

∫
n(r)n(r′)

|r− r′|
drdr′. (2.14)

EXC [n] is the exchange-correlation energy of electrons that takes into account of (i) dif-

ference in kinetic energy of the many-body interacting system and set of non-interacting

system, and (ii) residual energy contributions due to the exchange asymmetry and corre-

lations. EXC is given by,
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EXC [n] = (T [n]− Ts[n]) + (Eint[n]− EH [n]), (2.15)

where [n] denotes a functional of the electron density n(r). The exact form of EXC [n] is

unknown, and will be discussed shortly. In this approch, the Hamiltonian of an auxiliary

non-interacting particles is called Kohn-Sham Hamiltonian (HKS), and written as,

HKS = − ~2

2me

∇2 + VKS(r), (2.16)

where VKS(r) is Kohn-Sham potential expressed as,

VKS(r) = Vext(r) + VH(r) + VXC(r), (2.17)

where Vext(r), VH(r) and VXC(r) = ∂EXC [n]
∂n(r)

are external, Hartree and exchange-correlation

potentials, respectively. Now, one can write single-particle Kohn-Sham equations as,

HKSψi(r) = εiψi(r), (2.18)

the solution of Eq. (2.18) is a self-consistent iterative method, and illustrated in Fig. 2.1.

2.1.3 Exchange-Correlation Energy Functional

Electrons are Fermions, hence the wavefunction of many electron system should be asym-

metric under exchange of any two electrons. This produces a spatial separation between

the electrons that have the same spin causing a reduction in the Coulomb energy of the

electronic system. This reduction in energy due to antisymmetric nature of wavefunction

is known as the exchange energy, and this is referred to as the Hartree-Fock approxima-

tion. Coulomb energy of the system is also reduced at the cost of an increase in kinetic
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Figure 2.1: Flow chart for the iterative solution of Kohn-Sham equations.
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energy when the electrons of the same spin are spatially separated. The difference between

the many body energy of an electronic system and that calculated in the Hartree-Fock ap-

proximation is called the correlation energy. Formulation of a correct exchange-correlation

functional is one of the bottlenecks in DFT due to electron-electron interactions involved.

Kohn Sham replaces many electron problem by single electron equation. The exchange-

correlation energy functional Kohn Sham approach can be defined as:

EXC [n(r)] = T [n(r)]− T◦[n(r)] + Eee[n(r)]− EH [n(r)] (2.19)

where, T◦[n(r)] and Eee[n(r)] are exact kinetic and electron-electron interaction energies

respectively. Since, exact value of Exc is not known; so various approximations based on

electron density have been introduced to describe it.

Local density approximation (LDA): In LDA, the exchange-correlation energy of an

electronic system is constructed by assuming that the exchange-correlation energy per

electron (εXC(r)) at a point r in the electron gas is equal to the exchange-correlation

energy per electron of a homogeneous electron gas that has the same density as the

electron density at a point r. Thus,

ELDA
XC [n(r)] =

∫
εXC(n(r))n(r)d3r (2.20)

and

δEXC [n(r)]

δn(r)
=
∂[n(r)εXC ]

∂n(r)
(2.21)

where

εLDAXC (r) = εhomXC [n(r)] (2.22)

The LDA approximation proves to be very successful for many systems especially for

those whose electron density is quite uniform such as bulk metals, ionic crystals etc. But
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it fails to produce some properties (e.g. band gap) in semiconductors, strongly correlated

systems due to fact that the excitation spectrum of homogeneous electron gas is gap-

less and exchange-correlation energy is regular [94]. LDA also fails to capture weak

intermolecular bonds, hydrogen bonds etc. The Perdew-Zunger (PZ) [95], Perdew-Wang

(PW) [96], and Vosko-Wilk-Nusair (VWN) [97] functionals are the LDA functionals used

commonly in calculations, which interpolate between exact results available at high and

low densities n.

Generalized gradient approximation (GAA): GGA is an improved version of the

LDA in which several aspects which were not present in LDA like inhomogeneity of

electrons, non-local exchange correlation effect, complete cancellation of self-energies of

electrons are taken into account. The exchange correlation energy in GGA [90] can be

written as:

EGGA
XC [n(r)] =

∫
d3rn(r)εXC [n(r), |∇n|, |∇2n|, · · · ] (2.23)

GGA method turns out to be better than LDA in the sense that it improves binding

energies, bond lengths and also improves the band gap of semiconductors over LDA.

Perdew and Wang (PW91) [98] and Perdew, Burke and Ernzerhof (PBE) [99] are some

of the functional within GGA.

2.1.4 Pseudopotential approximation

The core electrons in solids or molecules are tightly bound to the nucleus and are thus

not involved in bonding. So, as an approximation core electrons are removed from the

calculation, and the interaction of the valence electrons with the nucleus plus the core

states is replaced by an effective screened potential. The solution of the atomic SE for

the pseudopotential is a pseudo-wave function different from the true wave function. The

pseudopotential is constructed in such a way that its scattering properties are similar to

those of the all-electron potential. It requires less number of basis functions and hence is
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Figure 2.2: Schematic representation of an all electron potential (dotted line) and pseu-
dopotential (solid line) along with corresponding wavefunction. Images by Sassospicco is
licensed under CC BY-SA 1.0.

computationally efficient, without compromising much on the properties of system.

The behavior of pseudopotential in different regions of radius r (see Fig. 2.2) is defined by

a cut-off radius (rc). For r ≥ rc, all-electron and pseudo wavefunctions of valence electrons

are identical. For r < rc, energy eigenvalues and scattering properties are conserved by the

pseudo-wavefunctions. If the charge density of each pseudo wavefunction is equal to the

charge density of the actual wavefunction inside the region r < rc, the pseudopotential

is known as a norm-conserving pseudopotential [100]. This is generalized in ultrasoft

pseudopotentials [101], where the total charge in r < rc region is conserved along with

augmented charge density.

2.2 Nudged Elastic Band Method

One crucial aspect while studying chemical moieties is to find out lowest energy path in

which a group of atoms rearrange themselves, moving from one configuration to another

configuration. Such path is called as minimum energy path (MEP) and the potential

energy maximum along MEP corresponds to saddle-point energy. Finding out saddle-
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points and reaction paths are the key questions in Transition state theory [102] and

many methods have been employed to achieve this. Some of these methods adopts local

minimum on the potential energy surface as initial state and search of a path of slowest

ascent [103, 104]. However, such ascent paths do not necessarily lead to saddle points.

Another common strategy [105, 106] is to compute normal modes within the harmonic

approximation of potential energy surface and follow each of these modes until saddle point

is reached. Within this scheme, each step involves with evaluation and diagonalization

of second derivative matrix and is thus computationally expensive. As an alternative,

other methods such as the drag method or reaction coordinate method are proposed that

need only computation of first derivative. Within these methods, linear interpolation

between the initial and final configuration is done by assigning a subset of coordinates as

the progress variable parameter. This degree of freedom is varied in equal interval going

from initial to final state and minimization is done over remaining degrees of freedom.

For example, at each step, minimization is performed over (3N-1) degrees of freedom if

we are interested in a system consisting of N number of atoms in 3 dimension. These

approaches are successful in many simple cases however, fail for complicated systems’.

Along the Nudged Elastic Band method (NEB) [107], optimization of an elastic band is

performed by projecting the parallel component of the true force and the perpendicular

component of the spring force. Using this force projection, dynamics of the path is

decoupled from the particular distribution of images, given in discrete representation of

the path. This decoupling scheme and discrete representation are two key ingredients and

make sure the convergence to MEP. NEB has been used for a wide-range of applications,

like to understand diffusion process at metal surface [108], dissociation of a molecule on

a surface [109], contact formation between surface and metal tip [110].
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Water Splitting

35





Chapter 3

Tuning the Catalytic Activity by

Engineering Atomic Structure of

Catalysts for Alkaline HER

3.1 Introduction

Hydrogen (H2) is presently the best potential replacement available for the conventional

energy sources due to its minimal ecological footprint. Currently, the main source of

energy, fossil fuels have led to global climate change and are progressing towards their

inevitable exhaustion. In this regards, mass production of H2 molecule in a cost-effective

manner is highly desirable. The most explored method of H2 production is by electro-

chemical and photoelectrochemical splitting of water. Metals belonging to the platinum

group are know to be the most efficient at executing the hydrogen evolution reaction

(HER) [111], which is one of the half-cell reactions involved in water splitting. At present,

the best available electrocatalyst, platinum, is often used as the standard to compare the

performance of other catalysts. However, the expense associated with platinum group

37
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metals and their low abundance minimize their widespread application as electrocatalysts

for HER. Hence there is a global need to discover new cost-effective materials and optimize

their ability to drive HER.

Water splitting consists of two half-cell reactions [23], HER which corresponds to reduction

of two protons to evolve H2, and oxygen evolution reaction (OER) in which a water

molecule gets oxidized to give out oxygen (O2). In order to achieve HER at an industrial

scale, one medium should be able to carry out both HER and OER. Since many non-

expensive OER catalysts operate in an alkaline medium, it is preferred to find catalysts

which execute HER in the same medium efficiently [112,113].

Doping different metals into materials which are catalytically active is a widely used

strategy to tune the binding and transformation kinetics of key reaction intermediates.

examples of such doping induced catalytic activity modulation include the doping of

NiOx/Ni(OH)2 with Fe [114], NiFe layered double hydroxide with Co [115] and CoFeOx

with W [116] for OER, and the doping of CoP/NiP systems with Fe and Mn for HER. [117]

Substituting molybdenum (Mo), a metal with excellent hydrogen binding [118, 119] with

cobalt (Co), an active water dissociation center [120], in amorphous CoP should lead

to improved alkaline HER performance. Motivated by this hypothesis, Prof. Daniel

Strongin’s ∗ group doped highly HER active CoP alloy with molybdenum using MoCl5 as

the Mo precursor.

3.2 Co-Mo-P based Amorphous Electrocatalyst†

Here we discuss a nonprecious metal-based catalyst for alkaline constituting cobalt (Co),

molybdenum (Mo) and phosphorus (P) within the framework of density functional theory.

∗Department of Chemistry, Temple University
†This work has been published as A. C. Thenuwara, L. Dheer, N. H. Attanayake, Q. Yan, U. V.

Waghmare, and D. Strongin, Co-Mo-P Based Electrocatalyst for Superior Reactivity in the Alkaline
Hydrogen Evolution Reaction, ChemCatChem 10, 4832-4837 (2018) [40]. Reproduced with permission
from the John Wiley and Sons.
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We show that synergy between Mo and P effectively tunes the energetics of the HER

reaction intermediates giving rise to the excellent catalytic activity of Co-Mo-P alloy in

alkaline medium.

3.2.1 Computational details

Our first-principles calculations are based on density functional theory (DFT) as imple-

mented in the Quantum ESPRESSO [121] code, employing plane-wave basis and ultrasoft

pseudopotential [101] to represent the interaction between ionic cores and valence elec-

trons. We adopt the exchange-correlation energy functional of Perdew-Burke-Ernzerhof

(PBE) [99] obtained within a generalised gradient approximation (GGA). We smear the

occupation numbers of electronic states with Fermi–Dirac distribution and a smearing

width (kBT ) of of 0.04 eV. An energy cutoff of 40 Ry is used to truncate the plane-

wave basis used in representation of Kohn-Sham wave functions, and 320 Ry to represent

the charge density. Structures are determined through minimization of energy until the

Hellmann-Feynman forces on each atom are smaller than 0.03 eV/Åin magnitude. In the

supercell to model a monolayer, a parallel vacuum layer of 14 Åis introduced separating

adjacent periodic images. Two supercells for Co-Mo-P alloy with different compositions

are constructed (i) Co28Mo4P4 and (ii) Co12Mo2P2 (Fig 3.2). We sampled Brillouin-zone

integrations on uniform grids of 5×5×1 k-points for Co28Mo4P4 and 3×3×3 k-points for

Co12Mo2P2. Calculated lattice constants of Co (aCo = 2.47 Å, cCo = 3.93 Å) are in good

agreement with the experimental values [122] (a◦Co= 2.5 Å, c◦Co = 4.07 Å).

3.2.2 Generating the Co-Mo-P alloy

Cobalt exists in a hexagonal closed packed (hcp) structure having P63/mmc space group

at room temperature. The bulk unit cell consists of two basis atoms. To generate the

Co-Mo-P alloy we take a cobalt supercell (3×3×1) and dope molybdenum and phospho-
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rus in molar ratio Co:Mo:P ∼ 78:11:11. We substitute molybdenum and phosphorus in

3×3×1 bulk cobalt matrix in varied configurations (Mo-P domain(s), isolated Mo and P

atom(s)) and compute the energetically most stable structure (see Fig 3.1). We consider

the following doping configurations:

1. Co14Mo2P2 (Bulk 1): Two Mo-P domains.

2. Co14Mo2P2 (Bulk 2): One Mo-P domain and one isolated Mo and P atom.

3. Co14Mo2P2 (Bulk 3): One Mo-Mo domain and two isolated P atoms.

4. Co14Mo2P2 (Bulk 4): Two isolated Mo and P atoms.

We use the following expression to calculate the formation energy (Eform) of the supercell:

Eform = ECo−Mo−P − [nCoECo + nMoEMo + nPEP ] (3.1)

where, ECo−Mo−P , ECo, EMo and EP are the total energies of Co-Mo-P alloy, isolated Co,

Mo and P atoms, respectively. Here, nCo, nMo and nP are the number of Co, Mo and P

atoms, respectively, in the supercell. As is evident from Fig. 3.1 Co14Mo2P2 (Bulk 3) is

most stable out of the configurations considered here. Hence, Co matrix with one Mo-

Mo domain and two isolated P atoms is taken as the default configuration in all further

calculations.

3.2.3 Constructing amorphous structures

We simulate two model amorphous structures of Co-Mo-P with varied stoichiometries as

follows:

1. Co28Mo4P4: A 3×3×2 supercell with Co:Mo:P ∼ 78:11:11, and

2. Co12Mo2P2: A 2×2×2 supercell with Co:Mo:P ∼ 75:12.5:12.5.

We employ the expanding lattice method [123] to generate amorphous structures. We
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Figure 3.1: Generated Co12Mo2P2 structures: (a) Bulk 1; (b) Bulk 2; (c) Bulk 3; (d) Bulk
4. Brown, orange and blue spheres represent Co, P and Mo atoms, respectively.

expand the volume of the constructed crystalline supercell by 50%, optimise the inter-

nal coordinates which results in formation of a nanoporous and a disordered system for

different Co:Mo:P ratios. Each lattice parameter was increased by 3
√

1.5 thus increasing

the volume of supercells by 50%. On optimising these expanded supercells, we obtain a

nanoporous (Co28Mo4P4) and disordered (Co12Mo2P2) system (Fig. 3.2).

3.2.4 Alkaline HER: reaction mechanism

H2O molecule serves as the proton source in alkaline HER. Electron-coupled water dissoci-

ation (Volmer step) is the first step, followed by the reaction between adsorbed hydrogen

atoms (Tafel step) or between adsorbed hydrogen and water (Heyrovsky step) to form

H2.

(3.2)

H2O + M + e− → M.Hads + OH− (Volmer step)2M.Hads → H2 + 2M (Tafel step) (3.3)
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Figure 3.2: (2×2×1) Model amorphous structures of (a) Co28Mo4P4 and (b) Co12Mo2P2

obtained using the technique of expanded supercell and relaxation. Brown, orange and
blue spheres represent Co, P and Mo atoms, respectively.

M.Hads + H2O→ H2 + M + OH− (Heyrovsky step) (3.4)

3.2.5 Simulations of adsorption

To shed light on the enhancement in catalytic activity upon introduction of Mo in Co-P

system, we examined the interaction of the reactant and intermediate species along the

pathway of alkaline HER with the before-mentioned models of Co-Mo-P alloy. To quantify

the strength of adsorption of H-atom, H2O molecule and OH intermediate at various

inequivalent surface sites on the model structures. To calculate energies of adsorption of

various adsorbates, we use the following expression:

∆Eads = Esystem+adsorbate − (Esystem + µadsorbate) (3.5)

where, ∆Eads is the adsorption energy and Esystem+adsorbate, Esystem and µadsorbate are the

total energies of adsorbate stabilized on Co-Mo-P system, Co-Mo-P system and chemical

potentials of isolated adsorbate species (H-atom, OH and H2O molecule), respectively.

Here, 1
2
µH2 and µH2O - 1

2
µH2 , are taken as the chemical potentials of an isolated H-atom

(µH) and OH (µOH), respectively. Gibbs free energy of adsorption (∆Gads) is computed
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using the following expression:

∆Gads = ∆Eads − T∆Sadsorbate + EZPE
adsorbate (3.6)

where, ∆Eads is the adsorption energy, ∆Sadsorbate is the standard molar entropy of ad-

sorbate and Eadsorbate
ZPE is the zero-point energy of the isolated adsorbate specie calculated

from phonon frequencies. We take T as room temperature. i.e., 298 K. Here, ∆SH =

1
2
S◦H2

and EZPE
H = 1

2
EZPE
H2

and ∆SOH = S◦H2O
- 1

2
S◦H2

and EZPE
OH = EZPE

H2O
- 1

2
EZPE
H2

.

Upon adsorption of H2O molecule at Mo-Co bridging site, we find that the water molecule

splits into H∗ and ∗OH, where * denotes an adsorbed entity (Fig. 3.3a). The H∗ attached

to Co, which is what we find to be the preferred site of adsorption for H, which OH binds

to a neighbouring Mo-Co bridging site. Thus, we identify the Mo-Co bridging site as the

active site for splitting H2O to yield H∗ (Volmer step). Our simulations of adsorption also

show that the O-atom of both OH and H2O binds strongly to either a Mo or Co atomic

site.

To understand the role of phosphorus in OH adsorption, we compare interaction of OH

with (a) Co14Mo2 and (b) Co14P2 (Fig. 3.3c, d). We find that the ∆GOH
ads and ∆GH2O

ads

on Co14P2 are larger in magnitude than the respective adsorption energies on Co14Mo2.

Being electronegative, P polarizes the metal atom in its vicinity inducing a positive charge.

This electron deficient metal site is attractive for the adsorption of a nucleophilic specie

like OH and H2O (Fig. 3.3b inset). As a result |∆GOH
ads | and |∆GH2O

ads | are much higher for

Co14P2 than Co14Mo2, while intermediate strength of adhesion of OH and H2O is observed

for Co12Mo2P2 (Fig. 3.3b). Thus, phosphorus site serves a key role in facilitating the

Heyrovsky step. Analysis of projected density of states (PDOS) of OH and H2O adsorbed

on Co12Mo2P2 shows the highest occupied molecule orbitals (HOMO) of adsorbates (OH

and H2O) are close to the bottom of the d-band of the catalyst (Fig. 3.4). As the HOMO

of OH is degenerate and partly occupied, charge transfers from the catalyst metal to OH.
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Figure 3.3: (a) Splitting of H2O molecule upon adsorption at the Mo-Co bridging site of
Co28Mo4P4; (b) Energies of adsorption (∆Gads) of H, OH and H2O. Inset: A schematic
showing the mechanism of how electronegative P-atom ionizes metal (M) and enhances
−OH binding; Model amorphous structures of (c) Co14P2 and (d) Co14Mo2 obtained using
the technique of expanded supercell and relaxation. Brown, orange and blue spheres
represent Co, P and Mo atoms, respectively.
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Figure 3.4: PDOS of (a) OH and (b) H2O adsorbed on Co12Mo2P2, Co14Mo2, Co14P2,
top, middle and bottom panels, respectively; Iso-surfaces of wave functions depicting the
interacting orbitals (HOMO) for (c) OH∗Co12Mo2P2 and H2O∗Co12Mo2P2. Red and silver
colors represent positive and negative iso-surfaces respectively. Co, Mo, P, O and H atoms
are represented with brown, blue, orange, red and green spheres, respectively.
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Also, the peak associated with the HOMO of OH splits and broadens due to covalent

interaction with Mo and P states. The latter interaction is weak when there is no P in

the system (e.g. Co14Mo2). As the HOMO of H2O is fully occupied and lower in energy

relative to the frontier bands of the catalyst, the interaction is weaker and associated

HOMO peaks are sharper. In comparison with H-adsorption on Co12Mo2P2, H binds

more strongly to Co14Mo2 and even more strongly to Co14P2. Thus, Mo in the Co-Mo-P

alloy weaken H-binding, facilitating the evolution of the product H2 molecule (Tafel step).

The chemical synergy between Mo and P gives rise to the excellent catalytic activity of

Co-Mo-P alloy towards alkaline HER. As pointed out here, the alloy effectuates the steps

of HER with each element playing an important role.

3.2.6 Effect of amorphicity on catalytic activity

To better understand why the amorphous (nanoporous and disordered) Co-Mo-P catalyst

is superior to the compositionally similar crystalline catalyst towards alkaline HER, we

computed and compared the energetics of reaction intermediates on a model crystalline

structure (Fig. 3.5a) An analysis of energetics of adsorption (∆Gads) of H, OH and H2O

on amorphous-Co12Mo2P2 and crystalline-Co12Mo2P2 suggests the former exhibits higher

activity towards catalyzing the evolution of H2. Amorphous-Co12Mo2P2 shows a stronger

affinity towards all adorbates considered here (higher |∆Gads|). For H2O and OH, we

identify Co-atom as the main adhesion site in amorphous-Co12Mo2P2, while Mo-atom

serves as the main adsorption site in crystalline-Co12Mo2P2. H-atom binds strongly to Co

irrespective of the type of structure. Perhaps one of the more significant results is that

we find and optimal ∆GH
ads of ∼ -0.1 eV on amorphous-Co12Mo2P2, compared to ∆GH

ads

of ∼ 0.63 eV on the crystalline surface (Fig. 3.5b). This comparison suggests that the

Tafel step is favored on the amorphous surface, consistent with superior HER activity of

the amorphous surface.
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Figure 3.5: (a)(2×2×1) Model crystalline Co12Mo2P2 structure; (b) ∆GH
ads for amorphous

and crystalline Co12Mo2P2. Co, Mo, and P atoms are represented with brown, blue and
orange spheres, respectively.

3.2.7 Conclusions

We simulate two model amorphous structures of Co-Mo-P alloy and examine their cat-

alytic activity towards alkaline HER within the framework of density functional theory.

We employ expanding lattice method to generate a nanoporous (Co28Mo4P4) and a dis-

ordered (Co12Mo2P2) system. To quantify the catalytic performance of Co-Mo-P alloy,

we determine the strength of adsorption of reactants (H-atom and H2O molecule) and in-

termediate (OH) occurring along the alkaline HER pathway at various surface sites. We

identify Co as the preferred site of adsorption of H-atom in the alloy. Upon adsorption of

an H2O molecule at Mo-Co bridging site, we find the water molecule splits into H* and

OH* which adhere to a neighbouring Co and Mo-Co bridging sites respectively. Thus, we

propose the bridging Mo-Co as the active site for the Volmer step. We further compare

the adhesion of OH and H2O on Co12Mo2P2 to that on Co12Mo2 and Co12P2 and find

∆Gads(OH) and ∆Gads(H2O) to be higher on the latter. This effect is attributed to the high

electronegativity of P atom which ionizes a nearby metal atom, making it an attractive

site for electron-rich species (like OH and H2O). Mo in the Co-Mo-P alloy is identified

to be responsible to weaken the H-binding which is evident by a decrease in ∆GH
ads for

Co12Mo2 over Co12P2. Hence, phosphorus serves as the key site in facilitating the Hey-

rovsky step while molybdenum is responsible for the Tafel step. We further carried out
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simulations of adsorption of H, OH and H2O on crystalline-Co12Mo2P2 which showed a

weaker catalytic activity towards evolution of H2 than its amorphous counterpart. The

superior HER activity of the amorphous surface comes from a favourable Tafel step with

an optimal ∆GH
ads of ∼ -0.1 eV, compared to ∆GH

ads of ∼ 0.63 eV on the crystalline surface.

3.3 Stabilizing the Metastable 1T-MoS2 by Substitu-

tional Ni and Co†

Molybdenum disulfide (MoS2) has been shown to be a promising candidate as a catalysts

for HER. Density functional theory (DFT) calculations reveal that undercoordinated edge

S atoms and S-vacancies in 1H-MoS2 exhibit an optimal ∆GH
ads ∼ 0 eV. [124] Based on

this, there have been several reports looking at MoS2 morphologies which exhibit exposed

edges site. [125–129] MoS2 exists in various known polytypes (Fig. 3.6), of which the

semiconducting 2H-MoS2 phase (space group P6/mmc) is the ground state in which S

atoms form a trigonal prismatic coordination around Mo and two S-Mo-S units per unit

cell. Other metastable polytypes include 1T which exhibits an octahedrally coordinated

S atoms around Mo (one S-Mo-S unit per unit cell) [130] and 3R which also shows a

trigonal prismatic coordination but with three S-Mo-S units in the c-direction [131].

Although MoS2 has shown promise in the catalytic proton reduction step, it has not been

successful in reducing water under alkaline conditions owing to the high energy barrier

associated with H2O dissociation. [118] Prior reports has also shown that the basal plane

of MoS2 is inactive for the HER. It has been shown, however, that the metastable 1T

polymorph of MoS2 is active on both the undercoordinated edges and the basal plane.

[132–134] In this study Prof. Daniel Strongin’s∗ group realised that introduction of 3d

†This work has been published as N. H. Attanayake, L. Dheer, A. C. Thenuwara, S. C. Abeywaara,
C. Collins, U. V. Waghmare, and D. Strongin, Ni- and Co-Substituted Metallic MoS2 for the Alkaline
hydrogen evolution Reaction, ChemElectroChem 7, 3606-3615 (2020) [28]. Reproduced with permission
from the John Wiley and Sons.

∗Department of Chemistry, Temple University
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Figure 3.6: Polytypes of MoS2: (a) 1T-MoS2, (b) 2H-MoS2, and (c) 3R-MoS2. Mo and S
atoms are represented with blue and gold spheres respectively.

transition metals such as Ni or Co into the basal plane of metallic MoS2 would help in the

water dissociation step since presence of Ni and Co is known to facilitate the dissociation

of water during HER. We present a detailed density functional theoretical analysis of the

effect of substitutional Ni and Co in 1T MoS2 on the structural, electronic and catalytic

properties of the TMDC.

3.3.1 Computational details

Our first-principles calculations are based on density functional theory (DFT) as im-

plemented in the Quantum ESPRESSO code [121] employing plane-wave basis sets and

ultra-soft pseudopotentials [101] to represent the interaction between ionic cores and va-

lence electrons. We adopt the exchange-correlation energy functional of Perdew-Burke-

Ernzerhof (PBE) [99] within a generalized gradient approximation (GGA), and smear oc-

cupation numbers of electronic states with Fermi–Dirac distribution and a smearing width

(kBT ) of 0.04 eV. An energy cutoff of 30 Ry is used to truncate the plane-wave basis used

in representation of Kohn-Sham wave functions, and of 240 Ry to represent the charge
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density. We included van der Waals (vdW) interactions using Grimme scheme. [135]

Structures were determined through minimization of energy until the Hellmann Feynman

force on each atom is smaller than 0.03 eV/Å in magnitude. In the supercell to model

a monolayer, a parallel vacuum layer of 14 Åis introduced separating adjacent periodic

images. We sampled Brillouin-zone integrations on uniform grids of 9×9×1 k-points. The

projected density of states of all the structures was obtained from a much denser 21×21×1

k-point mesh. Calculated lattice constant of 1T-MoS2 (a = 3.22 Å) within typical GGA

errors of the experimental value (a◦ = 3.19 Å). [118]

3.3.2 Stability of 1T-MoS2 on Ni/Co substitution

To understand effects of Ni/Co substituents on structural, electronic and catalytic activity

of 1T-MoS2, we modelled a 5×4×1 supercell of 1T-MoS2 (Mo20S40) with Ni and Co

atom(s) substituting Mo atom(s). In these simulations, two substitutional concentrations

were employed:

1. Mo19M1S40: 5% substitutional doping

2. Mo18M2S40: 10% substitutional doping

where M=Ni/Co. We estimated the formation energy of the substituted samples using:

Eform =
EMo20−mMmS40 − [EM20S40 −mEMo +mEM ]

m
(3.7)

where, EMo20−mMmS40 , EM20S40 , EMo and EM are the energies of Ni/Co substituted 1T-

MoS2, pristine 1T-MoS2, isolated Mo and Ni/Co atoms respectively. Here, m is an integer

giving the number of Mo atoms substituted with Ni/Co atoms.

Results of DFT calculations presented in Table 3.1 show that either Ni or Co substitution

stabilizes the 1T-MoS2 lattice, and formation energies per Ni/Co atom are higher (in

magnitude) at a Ni or Co concentration of 10 at.% than at 5 at.%. Substitution of Ni or
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Catalyst Eform(eV)/atom
Ni Co

Mo19M1S40 -0.8 -0.84
Mo18M2S40 -1.1 -1.3

Table 3.1: Formation energy of M=Ni/Co substitution in 1T-MoS2 basal plane.

Figure 3.7: Optimized structures of (a) 10% Ni-substituted 1T-MoS2, and (b) 10% Co-
substituted 1T-MoS2. Mo, S, Ni and Co atoms are represented by blue, gold, magenta
and violet spheres, respectively.

Co at Mo sites in metallic phase of MoS2 results in a local structural distortion around

the 3d-transition metal substituents (Fig. 3.7), and consequent trimerization of Mo-atoms

which resembles a distorted polytype of 1T-MoS2 known as 1T” as presented in earlier

works [19]. The pristine 1T” structure of MoS2 is higher in energy than the 1H phase,

but is about 0.2 eV/Mo-atom lower in energy than 1T. Upon structural distortion, the

Mo-Mo bond lengths change locally from 3.25 Åin pristine 1T-MoS2 and ranges from 2.7

to 3.7 Åin the Ni and Co substituted samples.

3.3.3 Electronic properties

Pristine MoS2 in the high symmetry 1T phase is metallic in nature [136], evident from

the calculated electronic structure (Fig. 3.8a). A 10 at.% substitution of Ni or Co for Mo

in MoS2 significantly changes the density of states (DOS) near the Fermi level (φ). In

Co substituted 1T-MoS2, we find states arising from Co just below φ (Fig. 3.8b), while

the Ni states lie deeper in energy in the Ni substituted 1T-MoS2. Secondly we calculate

a drop in DOS for both Ni and Co substituted catalysts at φ, creating a pseudo gap that
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Figure 3.8: (a) Band structure of 1T-MoS2, and (b) PDOS of pristine, 10% Ni and 10%
Co-substituted 1T-MoS2, top, middle and bottom panels, respectively.

is responsible for stabilization of the MoS2 lattice.

3.3.4 Catalysis of alkaline HER

To assess the catalytic activity of pristine and Ni/Co substituted 1T-MoS2 towards al-

kaline HER, we simulated the adsorption of reactant and intermediate species of the

reaction at inequivalent surface sites. The strength of interaction between the monolayer

and adsorbates (H, OH and H2O) is determined using:

∆Eads =
En×adsorbate+Mo20−mMmS40 − (EMo20−mMmS40 + nµadsorbate)

n
(3.8)

where, En×adsorbate+Mo20−mMmS40 , EMo20−mMmS40 and µadsorbate are the energies of adsorbate

and pristine or Ni/Co substituted 1T-MoS2 monolayer complex, pristine or Ni/Co sub-

stituted 1T-MoS2 monolayer and chemical potentials of isolated adsorbate, respectively.

1
2
µH2 and µH2O - 1

2
µH2 , are taken as the chemical potentials of an isolated H-atom (µH)

and OH (µOH), respectively. Here, n is an integer denoting the number of adsorbates in-

teracting with the catalyst. We estimated the Gibbs free energy of H adsorption (∆GH
ads)

using Eq. ??. 1T-MoS2 in its pristine state interacts strongly with the H-atom while
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Figure 3.9: (a)∆GH
ads values relevant to the HER over pristine and Ni and Co substituted

1T-MoS2; (b) Energies of adsorption of OH and H2O; (c) Structural transformation of
1T phase to 1T” at lower H-coverage and further transformation to 1T’ polytype at H-
coverage ≥ 40%; (d) Optimised structures of pristine 1T-MoS2 (top), 1T”-MoS2 (left)
and 1T’-MoS2 (right). Mo, S, Ni and Co atoms are represented by blue, gold, magenta
and violet spheres, respectively.

the Ni/Co substituted 1T-MoS2 exhibit an optimal interaction strength (Fig. 3.9a). The

high (in magnitude) adsorption energy for H-atom on pristine 1T-MoS2 is comparable to

the estimate reported by Tang et al. [137]. Nearly optimum ∆GH
ads is obtained for 10%

Ni-substituted 1T-MoS2 (∆GH
ads ∼ 0.2 eV) and 10% Co-substituted 1T-MoS2 (∆GH

ads ∼

-0.17 eV). Interestingly we observe a structural transition of the (pristine) 1T lattice on

H-adsorption consistent with previous reports [137, 138]. We find that the 1T” lattice

of Ni/Co-MoS2 remains unchanged at low H-coverages (<40%), but transforms into 1T’

phase at higher H-coverage (≥40%) (Fig. 3.9c, d) . Both H2O and OH exhibit a high bind-

ing affinity towards pristine 1T-MoS2 (Fig. 3.9b) which is understandable in light of its

high energy and metastable nature. From our simulations of adsorption of H2O molecule

on Ni and Co substituted 1T”-MoS2, we find a weaker (in magnitude) interaction strength
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at both 5% and 10% concentrations (Fig. 3.9b). Both Ni and Co substituted 1T”-MoS2

interact repulsively with OH and exhibit a weak positive adsorption energy (Fig. 3.9b).

It is likely that such a repulsive interaction leads to an enhanced catalytic activity of

1T”-MoS2 upon Ni or Co substitution by limiting the poisoning of active sites by OH and

thus enhancing water dissociation in alkaline HER [118].

3.3.5 Conclusions

We show that substitution of Ni or Co into 1T-MoS2 locally distorts the lattice structure

near the dopant site, giving the 1T”-like polytype, a lower energy than the 1T phase.

Pristine 1T-MoS2 exhibits high interaction strength with H-atom (∆GH
ads ∼ -3 eV) which

shifts to a close to optimum interaction for both Ni and Co substituted catalysts (∆GH
ads ∼

0.2 and -0.17 eV, respectively). Also on interaction with H-atom, the 1T-MoS2 monolayer

transforms into 1T” at lower coverages (<40%) which further transforms into 1T’ phase at

higher coverage (≥40%). The proton source in alkaline HER, H2O shows weak adhesion

to Ni/Co substituted 1T-MoS2 monolayers and attaches strongly to the pristine 1T-MoS2

(∆GH
ads ∼ -3.6 eV). OH molecule, responsible for poisoning active sites of the catalyst,

binds strongly to the pristine 1T-MoS2 (∆GH
ads ∼ -2.7 eV) but shows no affinity towards

the Ni/Co substituted 1T-MoS2 (∆GH
ads > 0 eV) further confirming their high catalytic

activity.



Chapter 4

Tailoring Catalytic the Activity of

Metal Phosphide and Carbides by

Substitutional

4.1 Introduction

Hydrogen, owing to its high gravimetric energy density (143 kJ kg−1) [22] and environmen-

tally benign nature, can be an ideal potential alternative to fossil fuels. Electrocatalytic

water splitting, empowered by renewable energy sources, is an efficient and sustainable

methods to generate H2 and can be easily coupled with fuel cell applications [139]. Ther-

modynamically uphill processes of hydrogen evolution (HER) at cathode and oxygen evo-

lution (OER) at anode involves overpotentials, which determine the overall cell voltage

(Ecell) governing an catalysts’s practical viability. [140] Despite extensive reports over the

last decade, both acidic and alkaline water electrolysis is still most efficiently catalyzed

by noble metal-based catalysts (Pt for HER and Ir/Ru oxides for OER) [141], which are

expensive and scarce [142] limiting their use.

55
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Recently, transition metal phosphides (TMPs) have emerged as a promising electrocata-

lysts due to their unique electrochemical properties. TMPs have shown to catalyze water

splitting efficiently with high activity, high stability, and close to 100% Faradaic efficiency

in a wide pH range (0-14). Single TMPs are the most common class of phosphides. CoP

was shown to exhibit high HER efficiency in acid media both experimentally and theo-

retically. [143] doping a second element is another common strategy to enhance catalytic

activity. Iron is a commonly used doping element, which can significantly improves the

catalytic performance of materials. [143] Mn is another transition metal used as a dopant.

Chen et al fabricated Mn-doped NiP2, that showcased higher HER activity due to low

thermoneutral hydrogen adsorption. [144] Doping Mn into Co2P greatly enhanced the

OER activity due to modulation of the high oxophilic nature of Mn by Co with improved

overpotential and turnover frequency. [145] FeMnP on nickel foam served as an efficient

water splitting catalyst having a cell potential of 1.55 V to achieve a current density of 10

mA cm−2. [146] Motivated by this Prof. Sebastian Peter’s∗ group hypothesized Mn sub-

stitution in Ni2P may effectively improve both the HER and OER activity and, hence, the

overall performance towards water splitting. They applied a simple solvothermal strategy

to improve the catalytic activity of Ni2−xMnxP nanostructures by varying Ni/Mn ratio.

4.2 Ni2P with Substitutional Mn as Catalyst for En-

hanced Water Splitting †

We present a comprehensive analysis using first-principles DFT calculations to show the

effect of Mn substituents on the electronic and catalytic properties of Ni2P (space group

P62m).

∗New Chemistry Unit, JNCASR
†This work has been published as S. Sarkar, L. Dheer, C. P. Vinod, R. Thapa, U. V. Waghmare, S.

C. Peter, Stress-Induced Electronic Structure Modulation of Manganese-Incorporated Ni2P Leading to
Enhanced Activity for Water Splitting, ACS. Appl. Energy Mater. 3, 1271-1278 (2020) [33]. Reproduced
with permission from the American Chemical Society
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4.2.1 Computational details

Our first-principles calculations are based on density functional theory (DFT) as imple-

mented in the Quantum ESPRESSO code [121] employing plane-wave basis sets and ul-

trasoft pseudopotentials [101] to represent the interaction between ionic cores and valence

electrons. We adopt the exchange-correlation energy functional of Perdew Zunger [95]

obtained within a local density approximation (LDA). We smear the discontinuity in oc-

cupation numbers of electronic states with Fermi–Dirac distribution having a smearing

width (kBT) of 0.04 eV. An energy cutoff of 40 Ry is used to truncate the plane-wave ba-

sis used in representation of Kohn-Sham wave functions, and of 320 Ry to represent the

charge density. Optimized structures were determined through minimization of energy

until the Hellmann-Feynman force on each atom is smaller than 0.03 eV/Å in magnitude.

We use a supercell to model surfaces introducing a vacuum layer of 14 Åthickness parallel

to the slab separating its adjacent periodic images. We sampled Brillouin-zone integra-

tions on uniform grid of 5×5×1 k-points in the Brillouin zones of (111) surfaces Ni2P and

Ni2−xMnxP. The projected density of states of each structure was obtained from calcula-

tions on a denser, 10×10×1, k-point mesh. Calculated lattice constant of bulk Ni2P (a

= 5.82 Å) is within the typical LDA errors with respect to its observed value (a = 5.825

Å). [143]

4.2.2 Mn-substitution in Ni2P: formation energies

Ni2P possesses a Fe2P-type crystal structure (space group P62m) with four crystallo-

graphic sites: two of these sites, Wyckoff positions 3f and 3g, are occupied by the Ni

atoms and the other two, Wyckoff positions 2d and 1a, are occupied by the P atoms.

Thus, substituted atoms can occupy any of these four crystallographic sites. To check the

site-specific stability of Mn substitution, we modelled a 2×1×1 of 2 layered (111) surface

of Ni2P with one Ni atom substituted at various sites in Ni32P16, and calculated formation
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energy using:

Eform =
ENi32−xMnx+yP16−y(111) − [ENi32P16(111) − xENi − yEP + (x+ y)EMn]

(x+ y)
(4.1)

where, ENi32−xMnx+yP16−y(111), ENi32P16(111), ENi, EP and EMn are the energies Mn sub-

stituted Ni2P (111) surface, pristine Ni2P (111) surface, isolated Ni, P and Mn atoms,

respectively. Here, x and y are integers giving number of Ni and P atoms substituted by

Mn atoms respectively. As is evident from Fig. 4.1 and expected, Mn atomic substitution

(111) surface Eform(eV)/Mn atom
2d 1a 3g 3f

Ni32M1P15 0.35 0.20 - -
Ni31M1P16 - - -0.60 -0.08

Table 4.1: Formation energy of Mn substitution at various Wyckoff sites of (111) surface
of Ni2P.

at the Ni site is more stable than at P sites. Of the two Wyckoff sites of Ni, Mn substitu-

tion is more favorable to occur at the 3g site. We further simulated the (111) surface of

Ni2−xMnxP with varied Mn substitution concentration and estimated the respective for-

mation energies using Eq. 4.1. We find that Ni1.5Mn0.5P (25% substitution) is the most

stable among the configurations studied here (Fig. 4.1).

4.2.3 Catalysis of HER

To understand the HER activity of pristine Ni2P and Mn-substituted Ni2−xMnxP (Fig. 4.2),

we simulated adsorption of H atom at various inequivalent surface sites. The strength of

its interaction with Ni2−xMnxP is determined using:

∆Eads = Eadsorbate+Ni32−xMnxP16 − (ENi32−xMnxP16 + nµadsorbate) (4.2)
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Figure 4.1: Formation energies of Mn substituted Ni2P with varied Mn concentration.

Figure 4.2: Optimised structures of (111) surfaces of (a) pristine Ni2P and (b) Ni1.5Mn0.5P.
Ni, Mn and P atoms are denoted by green, purple and orange spheres, respectively.

where, Eadsorbate+Ni32−xMnxP16 , ENi32−xMnxP16 and µadsorbate are the energies of adsorbate on

pristine/Mn-substituted Ni2P (111) surface, pristine/Mn-substituted Ni2P (111) surface

and isolated adsorbate, respectively. We take 1
2
µH2 as the chemical potential of an isolated

H-atom (µH). We further estimated the Gibbs free energy of H adsorption (∆GH
ads), which

is a descriptor of catalytic activity toward HER [124] using:

∆GH
ads = ∆EH

ads − T∆SH + EZPE
H (4.3)
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Figure 4.3: Free energy relevant to hydrogen evolution reaction over (a) Ni2P and (b)
Ni1.5Mn0.5P. Red, blue, and green lines correspond to adsorption at P, Ni, and Mn sites,
respectively. Projected density of states (PDOS) of (111) surfaces of (c) Ni2P and (d)
Ni1.5Mn0.5P. Dashed orange line represents the hydrogen reduction potential, and black
arrows indicate the Fermi energy or work function.

where, ∆EH
ads is the H-adsorption energy (calculated using Eq. 4.2) T is room temperature.

i.e., 298 K, ∆SH = 1
2
S◦H2

, S◦H2
being the entropy of H2 molecule and EZPE

H = 1
2
EZPE
H2

,

EZPE
H2

being the zero-point energy of an isolated H2 molecule. Its vanishingly small value

indicates optimal catalytic activity of the Mn substituted surface (∆GH
ads ∼ - 0.14 eV;

Fig. 4.3a). We further estimated the work function (φ), which was recently shown to be

a relevant descriptor of catalytic activity of metals toward CO2 reduction [147] using:

φ = Vvac − EF (4.4)
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where, Vvac and EF is the vacuum energy estimated from the planar average of the elec-

trostatic potential, and Fermi energy respectively. The work functions given by Fermi

energies of pristine and Mn-substituted Ni2P surfaces are just below the hydrogen re-

duction potential. Upon Mn substitution, there is a reduction in φ of the catalyst (see

Fig. 4.3c, d and Table 4.2), supporting its enhanced activity toward HER.

Catalyst φ
Ni2P 5.12

Ni1.5Mn0.5P 4.78

Table 4.2: Work function of pristine and Mn substituted (111) surfaces of Ni2P.

4.2.4 Catalysis of OER

OER in alkaline media involves four steps [148] along the reaction path:

2H2O (l)+∗ → HO∗ + H+ + e− + H2O (l) (4.5)

HO∗ + H+ + e− + H2O(l)→ O∗ + 2(H+ + e−) + H2O (l) (4.6)

O∗ + 2(H+ + e−) + H2O (l)→ HOO∗ + 3(H+ + e−) (4.7)

HOO∗ + 3(H+ + e−)→ ∗+ O2 (g) + 4(H+ + e−) (4.8)

To understand the mechanism of the catalytic activity of Mn-substituted and pristine

Ni2P catalysts toward OER, we simulated adsorption of OH, O, and OOH intermediates

occurring during the OER at various surface sites and estimated the Gibbs free energies

(∆G) of each step along the reaction pathway at T = 298 K using:

∆G = ∆E − T∆S + ∆EZPE − neU (4.9)
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where, ∆E, ∆S, ∆EZPE, n and U are the changes in enthalpy (obtained from DFT

total energy), entropy, zero-point energy, number of electrons transferred and the applied

potential respectively. Zero-point energies for the adsorbed and the free molecules are

computed using DFT calculations, while the entropic contributions for free molecules are

taken from the thermodynamic tables [149]. To identify the potential rate-determining

step, we estimate free energy change at each reaction step using the scheme developed by

Rossmeisl et al [148] .The theoretical overpotentials for pristine and Mn-substituted Ni2P

catalysts at standard conditions are obtained using [148]:

ηOER =

(
GOER

e

)
− 1.23V (4.10)

where GOER is the Gibbs free energy change of the potential-determining step, i.e., the

particular step in the OER reaction mechanism to have the largest ∆G. For pristine

Ni2P and Ni1.5Mn0.5P, the final reaction step, i.e., desorption of *OOH to evolve O2, is

the potential determining step. As is evident from the free energy diagrams (Fig. 4.4a),

Mn-substituted Ni2P catalyst has a notably lower theoretical overpotential (ηNi1.5Mn0.5P

= 1.78 V) than the pristine Ni2P catalyst (ηNi2P = 2.62 V) leading to its improved OER

catalytic activity. Analysis of the projected density of states (PDOS) of OOH∗Ni2P and

OOH∗Ni1.5Mn0.5P (see Fig. 4.4c-h) shows that the interaction of Ni1.5Mn0.5P with OOH

intermediate is weaker than that of pristine Ni2P catalyst, which facilitates the evolution

to O2 molecule more efficiently. The peak associated with the highest occupied molecular

orbital (HOMO) of OOH splits and broadens due to covalent interaction with Ni and

P orbitals of Ni2P. For OOH∗Ni1.5Mn0.5P, the HOMO peak of the OOH intermediate is

sharper, indicating weaker interaction with the surface.
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4.2.5 Effect of O-coverage on OER activity

Metal phosphides are prone to formation of metal oxide (M-O) during electrocatalytic

reactions. This leads to modification of their surfaces by oxygen incorporation, which

improves the catalytic activity by facilitating charge transfer and increasing the electro-

chemically active surface area of the catalyst [150]. Wu et al reported [151] that oxygen-

incorporated Ni2P outperformed both Ni(OH)2 and pure Ni2P in its catalytic activity

for OER. To see the effect of an oxygen rich environment on the surface of pristine/Mn-

Figure 4.4: Standard free energy of intermediates along the path of oxygen evolution at
U = 0 V and U = 1.23 V and the potential for which the potential-determining step
becomes downhill, when catalyzed on (a) Ni2P, (b) Ni1.5Mn0.5P. PDOS of OH adsorbed
on (c) Ni2P, (d) Ni1.5Mn0.5P; O adsorbed on (e) Ni2P, (f) Ni1.5Mn0.5P; OOH adsorbed
on (g) Ni2P and (h) Ni1.5Mn0.5P. The golden and brown boxes denote the HOMO and
LUMO of the adsorbates, respectively.
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substituted Ni2P catalysts, we simulated an O2 molecule in the vicinity of metal atoms

(Mn/Ni for Ni1.5Mn0.5P and Ni for pristine Ni2P). Both pristine and Mn-substituted Ni2P

surfaces exhibit high affinity toward oxygen, resulting in the formation of M-O (M =

Mn/Ni) complex (Fig 4.5a). We further obtained the interaction strength of M-O covered

(M = Mn/Ni) Mn-substituted Ni2P surfaces (Fig 4.5b-d and Fig 4.6c-e) and the OER

intermediates as a function of M-O species concentration. Using Eq. 4.9, we estimated

the ∆G for each step at 298 K and examined the free energy diagrams of reactions for

OER.

Figure 4.5: Optimized structures of (a) Ni2P and Ni1.5Mn0.5P surface with (b) one, (c) two
and (d) three M-O centers (M=Mn/Ni). Purple, green, orange and red spheres correspond
to Mn, Ni, P and O atoms, respectively.

As is evident in Fig 4.6b, the presence of M-O species on the surface further improves the

catalytic activity of Mn-substituted Ni2P catalyst, reducing the overpotential (η) to 1.52

V (see Fig 4.6d). We find a similar effect of catalytic activity of the pristine Ni2P surface

(Fig 4.6a) for which η reduces from 2.62 to 2.1 V upon formation of M-O centers at its

surface.
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Figure 4.6: Standard free energy of intermediates along the path of oxygen evolution at U
= 0 V and U = 1.23 V and the potential for which the potential-determining step becomes
downhill, when catalyzed on (a) 2O-Ni2P, (c) 1O-Ni1.5Mn0.5P, (d) 2O-Ni1.5Mn0.5P and (e)
3O-Ni1.5Mn0.5P; (b) Reduction in overpotential upon introduction of M–O species in Ni2P
and Ni1.5Mn0.5P.

4.2.6 Conclusions

In summary we show an increase in the catalytic activity of Ni2P on Mn substitution

towards the overall water splitting. We find Mn substitution is stable in the (111) surface

of Ni2P and the energy gain increases with Mn concentration. Ni1.5Mn0.5P exhibits close

to optimal ∆GH
ads of - 0.14 eV while pristine Ni2P adsorbs H-atoms strongly (∆GH

ads ∼ -

0.42 eV). Upon Mn substitution, the work function (φ) of Ni2 also reduces from 5.12 eV to

4.78 eV further supporting its enhanced activity towards evolution of H2. We also observe

a reduction in the theoretical overpotential (η) towards OER upon Mn substitution in

the (111) surface of Ni2P (ηNi1.5Mn0.5P = 1.78 V and ηNi2P = 2.62 V) leading to its

increased OER catalytic activity. Desorption of the ∗OOH to evolve O2 is identified as

the potential determining step for both pristine and Mn-substituted Ni2P. We also show

presence of M–O species on Ni2P surfaces which further improves the catalytic activity

of Mn-substituted Ni2P catalyst, reducing η to 1.52 V. A similar effect on the activity of
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pristine (111) surface of Ni2P is observed for which η reduces to 2.1 V upon introduction

of M–O centers.

4.3 Promotional Effect of Ni Substitution in Metal

Carbides for HER †

Earth-abundant transition metal (TM) based phosphides [153, 154], carbides [155, 156],

nitrides [157], borides [158], chalcogenides [159,160] have strongly emerged as a new class

of low-cost and efficient electrocatalysts for HER and OER [161, 162]. Mo and W car-

bides [163] stand out owing to their noble metal-like electronic structure around the Fermi

level [164], high electrochemical stability, and adaptability to various structural engineer-

ing techniques [139]. Some interesting approaches to improve the activities of pristine Mo

and W carbide include, shape size modulation [165], active site enhancement, interface

engineering [166], incorporating heteroatoms [167], alloying with secondary metals [168].

However, very few works exist for structurally engineered Mo and W carbides exhibit-

ing highly efficient HER. Prof. Sebastian Peter’s∗ group synthesized Ni substituted Mo

and W carbide nanoparticles as potential HER catalysts as Ni is known for its superior

HER activity in both acidic and alkaline media, valence electron-rich surface, and high

charge-transfer characteristics. [169] We present first-principles theoretical analysis of en-

hancement of the catalytic activity of molybdenum and tungsten carbides (MoC and WC)

towards HER on Ni substitution.

†This work has been published as S. Roy, D. Bagchi, L. Dheer, S. Ch. Sarma, V. Rajaji, C. Narayana,
U. V. Waghmare, S. C. Peter, Mechanistic insights into the promotional effect of Ni substitution in
non-noble metal carbides for highly enhanced water splitting, Appl. Catal. B: Environ. 298, 120560
(2021) [152]. Reproduced with permission from Elsevier B.V.

∗New Chemistry Unit, JNCASR
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4.3.1 Computational details

Our first-principles calculations are based on density functional theory (DFT) as imple-

mented in the Quantum ESPRESSO code [121] employing plane-wave basis and ultra-

soft pseudopotentials [101] to represent the interaction between ionic cores and valence

electrons. We adopt the exchange-correlation energy functional of Perdew-Zunger [95]

obtained within a local density approximation (LDA). We smear the discontinuity in oc-

cupation numbers of electronic states with Fer-mi–Dirac distribution having a smearing

width (kBT ) of 0.04 eV. An energy cutoff of 50 Ry is used to truncate the plane-wave basis

used in the representation of Kohn-Sham wave functions and of 400 Ry to represent the

charge density. Optimized structures were determined through minimization of energy

until the Hellmann-Feynman force on each atom is smaller than 0.03 eV/Åin magnitude.

We use a supercell to model surfaces, introducing a vacuum layer of 14.5 Åthickness par-

allel to the slab separating its adjacent periodic images. Each supercell contains a slab

of 6 atomic planes of which, the bottom three atomic planes were kept fixed, and the

top 3 were allowed to relax. We sampled Brillouin-zone integrations on a uniform grid

of 6×6×1 k-points in the Brillouin zones of (100) and (101) surfaces of pristine and Ni

substituted WC and MoC. The projected density of states of each structure was obtained

from calculations on a denser, 15×15×1, k-point mesh. Calculated lattice constants of

bulk WC (aWC = 2.89 Å)and MoC (aMoC = 2.88 Å) are within the typical LDA errors

with respect to their observed values [122] (aWC = 2.906 Åand aMoC = 2.9 Å).

4.3.2 Energetics of WC and MoC with Ni substitution

Both WC and MoC occur in a hexagonal crystal structure (space group P62m) with

two crystallographic sites: 1a and 1f Wyckoff sites occupied by W/Mo and C atoms,

respectively. To assess feasibility of Ni substitution, we modelled a 3x3 supercell of (100)

surfaces and a 3×2 supercell of (101) surfaces of WC and MoC, substituting Ni atoms at
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the surface and in bulk like layers (Fig. 4.7), at the 1a site in M54C54 and M32C32 (M =

W/Mo) respectively, and estimated formation energies using:

Eform =
EM1−xNixC(100)/(101) − [EMC(100)/(101) − xENi + xEM ]

x
(4.11)

where EM1−xNixC(100)/(101), EMC(100)/(101), ENi and EM are the energies of Ni substituted

(100)/(101) surface of MC, pristine MC (100)/(101) surface, and Ni and M atoms (M

= Mo/W), respectively. Here, x is giving the fraction of M atoms substituted with Ni

atoms.

Eform(eV)/Ni atom

Catalyst 100 101

10% Ni 20% Ni 10% Ni 20% Ni

WC -0.57 -0.66 -1.01 -1.80

MoC -0.69 -0.98 -1.01 -1.29

Table 4.3: Formation energy per Ni-atom substituted in (100) and (101) surfaces of MC
(M = W/Mo).

As is evident from Table 4.3, Ni substitution at M sites (1a Wyckoff site) of both (100)

and (101) surfaces of MC is energetically favorable, and its stability improves with con-

centration.
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Figure 4.7: Optimized structures on H adsorbed on pristine (left) and Ni(20%) substituted
(right) surfaces of (a) MoC (100), (b) WC (100) (c) MoC (101), (d) WC (101), surfaces.
Magenta, blue, grey, yellow and green spheres correspond to Ni, W, Mo, C and H atoms
respectively.

4.3.3 Catalysis of HER

To test the catalytic activity of surfaces of pristine and Ni substituted MC (M = W/

Mo), we have simulated adsorption of H-atom at various surface sites and determined the

strength of its interaction with M1−xNixC is determined using:

∆Eads = Eadsorbate+M1−xNixC − (EM1−xNixC + µadsorbate) (4.12)

where, Eadsorbate+M1−xNixC , EM1−xNixC , µadsorbate are the energies of adsorbate locally sta-

bilized on pristine/Ni-substituted MC (100) and (101) surfaces, pristine/Ni-substituted

MC (100) and (101) surfaces and the adsorbate atom taken as, 1
2
µH2 respectively. We

have estimated the Gibbs free energy of H adsorption (∆GH
ads), a descriptor of catalytic

activity of surface towards HER using Eq. 4.12. Interaction of H with the surface having
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vanishingly small ∆GH
ads points to the optimal catalytic activity of the surface. Our sim-

ulations show that the interaction of adsorbate (H-atom) with (100) and (101) surfaces of

pristine MC (Fig. 4.8) is relatively strong. For 10% Ni substituted MC, we find a slight

reduction in the activity of the catalyst towards HER. However, the 20% Ni substituted

MC surfaces exhibit a nearly optimum interaction with hydrogen. Out of the surfaces

considered here, 20% Ni substituted WC (100), and MoC (101) surfaces exhibit the most

optimal interaction of H-atom with, ∆GH
ads ∼ 0.3 eV and 0.4 eV respectively.

Figure 4.8: Free energy of hydrogen adsorption (∆GH) on pristine and Ni substituted
(100) and (101) surfaces of MC (M = W/Mo). Blue, red, and green lines correspond to H-
adsorption on pristine, 10% Ni-substituted, and 20% Ni-substituted surfaces, respectively.

4.3.4 Insights from electronic structure

The chemical nature of interaction between H and surfaces has been uncovered using the

projected density of states (PDOS) (Fig. 4.9). For pristine (100) surface of MoC, the

adsorbate orbital is degenerate (Fig. 4.9a), partially occupied, and has energy just below

the Fermi level (EF ). The broad and split peak associated with the highest occupied

atomic orbital (HOAO) of H shows a covalent interaction with the surface. PDOS of
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H-atom adsorbed on pristine MoC (101) surface exhibits a sharp HOAO peak at an

energy below EF (Fig. 4.9b), denoting a more ionic nature of its interaction with the

surface involving charge transfer. The HOAO of H-atom adsorbed on 20% Ni substituted

(100) and (101) surfaces is deeper in energy than that on pristine surfaces (Fig. 4.9a, b),

showing that H-atom interacts more weakly with the Ni-substituted surfaces. HOAO of H

adsorbed on pristine (100)/(101) surfaces of WC, occurs at an energy just below EF and

is partially occupied, being degenerate with the W-6s and C-2s orbitals of the catalyst

(Fig. 4.9c, d). As a result, it resonates and facilitates charge transfer from the catalysts’

surfaces. H-atom adsorbed on 20% Ni substituted (100) exhibits a much broader HOAO

peak, while the HOAO peak of H adsorbed on 20% Ni (101) lies much lower in energy, as

expected. We estimated work functions (φ), a descriptor relevant to the catalytic activity

of metals towards water reduction reaction [58], of the pristine, 20% Ni substituted (100)

and (101) surfaces using Eq. 4.4. φ reduces upon with Ni substitution (Table 4.4),

φ(eV)
Catalyst 100 101

Pristine 20% Ni Pristine 20% Ni
WC 5.85 5.63 5.71 5.40
MoC 5.41 4.54 4.81 4.62

Table 4.4: Work functions of pristine and Ni-substituted (100) and (101) surfaces of MC
(M=W/Mo).

shifting the EF close to HER potential (4.44 eV), thus increasing the catalytic activity of

the metal carbides (WC and MoC) towards evolution of H2.

4.3.5 Conclusions

We show that the catalytic activity of metal carbides (WC and MoC) increases with Ni

substitution. Alloying the (100) and (101) surfaces of MC (M=W/Mo) with Ni is ener-

getically favorable and its stability improves with Ni concentration. A close to optimal

∆GH
ads is observed for 20% Ni substituted (100) and (101) surfaces of MC (M = W/Mo)
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Figure 4.9: Projected density of states (PDOS) of structures with H-adsorbed on pristine
(top) and 20% Ni-substituted surfaces (bottom) of (a) MoC (100), (b) MoC (101), (c)
WC (100) and (d) WC (101) surfaces. Dashed black lines represent the Fermi level (EF ).

indicating an enhanced activity towards HER. The work function (φ) of the metal car-

bides (WC and MoC) reduces upon Ni substitution further supporting the increased HER

activity.





Chapter 5

Site-Specific Activity of vdW

Heterostructures of 1H-MoS2 and

Graphene with Substitutional N for

Catalysis of HER†

5.1 Introduction

Graphene [170], a 2-dimensional sheet of sp2 hybridized carbon atoms, initiated intense

research activity in the field of 2D materials. In addition to exhibiting exceptional in-plane

tensile strength [171] and a large specific surface area, graphene also exhibits properties

such as high electrical and thermal conductivities [172, 173], good transparency [174],

due to its unique electronic structure and high in-plane stiffness [175]. Being atomically

thick, graphene serves as a perfect candidate to form hetero-structure with other 2D

†This work has been published as L. Dheer, S. Bhattacharjee, S. C. Lee, U. V. Waghmare, Van
der Waals hetero-structures of 1H-MoS2 and N-substituted graphene for catalysis of hydrogen evolution
reaction, Mater. Res. Express 6, 124006 (2019) [30]. Reproduced with permission from the Institute of
Physics.

73



74 5.

materials. Another well studied 2D material is molybdenum disulfide (MoS2) [176], a

member of the family of Transition Metal Dichalcogenides (TMDCs). MoS2 is widely

used in solid-state lubrication, photovoltaic devices, and rechargeable batteries. [177] Bulk

2H-MoS2 comprises of S-Mo-S monolayers which are held together by van der Waals

interactions. [178]

Recently, exciting research has emerged in exploration of hetero-structures formed by

stacking or adjoining different 2D materials together. [179] These 2D crystals can be

coupled in a horizontal fashion creating an in-plane interface or by stacking them on top

of one another forming a vertical hetero-structure. An attractive feature of these hetero-

structures is that each layer acts as a bulk 2D materials and an interface simultaneously.

[180] These vertical hetero-structures are held together by van der Waals interactions and

are known to showcase novel interface-induced physical and chemical properties. [181]

A particularly well-studied hetero-structure is graphene:MoS2 hetero-structure [181–184]

which was fabricated by Cheng et al [185]. This stacked hetero-structure has recently

been exploited for its catalytic activity towards the hydrogen evolution reaction (HER).

HER is the reduction involved in the water splitting reaction and gives hydrogen (H2) as

the product [111]. H2, is an attractive fuel for storage of energy in the form of chemical

energy. One of the challenges in use of H2 is the scarcity of earth abundant materials to

catalyse the conversion of protons (H+) to H2.

Li et al [186] showed that graphene layer as a support couples electrically with MoS2

hence affecting the charge density distribution in MoS2. The stacking leads to an in-built

electric field in the hetero-structure resulting in excess negative charge on MoS2 monolayer

which improves its electrocatalytic activity towards HER. Similarly, a significant increase

in the activity of inert MoS2 surface was reported when graphene oxide (GO) was used as

a support. [187] The catalytic activity of MoS2 basal plane was influenced by the oxygen

concentration in the GO. N-doping in the GO substrates further enhanced the catalytic
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activity giving a ∆GH ∼ -0.014 eV. A recent report by Birjou et al [181] discussed the

p-type doping effect of MoS2 which promotes the H2 adsorption on the graphene side of

the graphene:MoS2 hetero-structures.

Substitutional N-doping in graphene [188] is known to tune the electronic spectrum and

enhance its properties for various applications [189]. While there have been many theo-

retical and experimental works on graphene:MoS2 hetero-structures, [181,190–192] effects

of N substitution in graphene on the catalytic and electronic properties of the hetero-

structure have not been investigated yet.

Here, a detailed theoretical analysis of nitrogen (N)-doped graphene:MoS2 bilayered hetero-

structures,considering three different chemical types of N substituent: (i) Graphitic (G),

(ii) Pyridinic (Pn), and (iii) Pyrrolic(Pr) is presented. Our focus is on the effects of chemi-

cal nature of N on the catalytic activity of graphene:MoS2 hetero-structure. It is observed

that the chemical type of substitutional N greatly influences the frontier electronic states

of a hetero-structure whereas the interlayer binding and distance are about the same.

Work function (φ) of the hetero-structure is thus dependent on the chemical type of N

substituent; G N-atoms lower the i (n-type doping) while Pn and Pr N-atoms increase the

φ (p-type doping) of the hetero-structure. Pr N-doped graphene:MoS2 hetero-structure is

a direct narrow gap semiconductor with a band gap (Eg) value of ∼ 266 meV. Catalytic

activity of graphene:MoS2 towards HER enhances with N-substitution as the Gibbs free

energy for hydrogen adsorption reduces from ∆GH ∼ 1.27 eV for pristine hetero-structure

to ∆GH ∼ -0.2 eV and 0.295 eV for pyrrolic and graphitic N-doped graphene:MoS2 hetero-

structures.

5.2 Computational details

Our first-principles calculations are based on density functional theory (DFT) as imple-

mented in the Quantum ESPRESSO [121] code, employing plane-wave basis and ultra-
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soft pseudopotential [101] to represent the interaction between ionic cores and valence

electrons. We use the exchange-correlation energy functional of Perdew-Burke-Ernzerhof

(PBE) [99] within a generalised gradient approximation (GGA). We smear the occupation

numbers of electronic states with Fermi–Dirac distribution and a smearing width (kBT )

of of 0.04 eV. We included van der Waals (vdW) interactions using Grimme scheme [135].

An energy cutoff of 40 Ry on the plane-wave basis is used in representation of Kohn-

Sham wave functions, and of 320 Ry to represent the charge density. Structures are

determined through minimization of energy until the Hellmann-Feynman forces on each

atom are smaller than 0.03 eV/Åin magnitude. Hetero-structures between MoS2 and N-

substituted Gr are obtained using Virtual NanoLab (VNL). Each supercell comprises of

5×5 unit cells graphene stacked over 4×4 unit cells of MoS2 amounting to a small lattice

mismatch of 2.7%. A vacuum layer of 15 Åthickness is introduced parallel to the interface

separating adjacent periodic images of the hetero-structure. We sampled Brillouin-Zone

integrations on uniform grid of 5×5×1 K-points. The projected density of states for the

hetero-structures was obtained from a much denser (11×11×1) k-point mesh. Calculated

lattice constants of both 1H-MoS2 (aMoS2 = 3.19 Å) and graphene monolayer (aGr = 2.46

Å) are in good agreement with the respective experimental values [122,193] (a◦MoS2
= 3.16

Åand a◦Gr = 2.46 Å).

5.3 Constructing the hetero-structures

Lattices of MoS2 and graphene monolayer have a nontrivial size mismatch. To construct

a model hetero-structure, we place a 5×5 supercell of graphene on a 4×4 supercell of

1H-MoS2 (Fig. 5.1a), with a C atom of graphene placed on top of one of the Mo atom

of the MoS2 sheet. It was previously shown that relative in-plane translation of graphene

over the MoS2 monolayer neither affects the energetics, nor the electronic properties of the

system. [190] This is because local chemical environment of atoms averages out due to use

of large supercell containing 5x5 units of graphene and 4x4 units of MoS2. To determine
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the properties of N-graphene:MoS2 hetero-structure we considered three configurations:

the ‘graphitic’ N corresponds to simply replacing a C atom by N atom in the graphene

layer (Fig. 5.1b). In G N-graphene:MoS2 we replace 6% C atoms of the graphene sheet

with N atoms and place them far from each other to keep the interaction between the

N atoms weak. The ‘pyridinic’ and ‘pyrrolic’ N, atoms which contribute one and two

electrons each respectively to the π conjugated system. Pn N-graphene:MoS2 comprises

of three pyridine rings with 6% N-substitution and 2% vacancies in the graphene sheet

creating a pyridine-like local chemical environment for N atoms (Fig. 5.1c). Similarly,

the Pr N-graphene:MoS2 structure is obtained with two N atoms inducing pyridine rings

and one N atom forming a 5-membered pyrrole ring (Fig. 5.1d). A hydrogen (H) atom

bonding with N atom is introduced to satisfy the valency of pyrrolic N substituent.

Figure 5.1: Top and side view of constructed hetero-structure, (a) Pristine graphene:MoS2,
(b) graphitic N-graphene:MoS2, (c) pyridinic N-graphene:MoS2, and (d) pyrrolic N-
graphene:MoS2. Grey, blue, cyan, yellow and green spheres represent C, N, Mo, S and H
atoms respectively.
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Figure 5.2: Binding energy (Eb) vs interlayer spacing between the two monolayers.

5.3.1 Interlayer spacing

The optimum interlayer spacing between the two monolayers is obtained by minimizing

binding energy (Eb) between the N-doped/pristine graphene and MoS2 monolayers:

Eb = EN−Graphene/pris:MoS2 − (EN−Graphene/pris + EMoS2) (5.1)

where, EN−Graphene/pris:MoS2 , EN−Graphene/pris, and EMoS2 are the energies of the hetero-

structure, isolated N-doped/pristine graphene monolayer (5×5) and isolated 1H-MoS2

(4×4), respectively. It is evident that the optimum separation is about 3.4 Å(Table 5.1)

which is in good agreement with earlier reports [190] (Fig. 5.2). The vdW forces are

almost solely responsible for the adhesion between the monolayers. Regardless of the

chemical nature of substituted N, Eb changes by only about 10% showing that N-doping

does not strongly affect the strength of adhesion of graphene sheet on MoS2.
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Hetero-structure Eb/NMoS2(meV)
With vdW Without vdW

Pristine graphene:MoS2 -127 -4.7
Graphitic graphene:MoS2 -131 -8.5
Pyridinic graphene:MoS2 -123 -8.6
Pyrrolic graphene:MoS2 -126 -8.6

Table 5.1: Interlayer binding energy (Eb) per MoS2 formula units (NMoS2) calculated with
vdW and without including vdW interactions.

5.4 Electronic properties

To understand the effect of chemical nature of N on the electronic properties of these

graphene:MoS2 hetero-structures, we determine the electronic structure and projected

density of states (PDOS). Electronic structure of pristine graphene:MoS2 hetero-structure

is a simple superposition of electronic structures of each component. Graphene retains

the linear dispersion of its bands and the Dirac point falls in the energy gap of 1H-

MoS2 (Fig. 5.3a). Interestingly, the Dirac point of graphene shows a tiny gap (∼ 2.8

meV), consistent with previous reports [190,194] The orbitals of the C atoms of graphene

contribute to states at energies between those of Mo-4d and S-3p orbitals as seen in the

PDOS of the hetero-structure. Electronic structure of the graphene:MoS2 hetero-structure

changes with the chemical nature of N-substituents remarkably. Replacing three C atoms

of 5×5 supercell of graphene with N atoms (graphitic N-substitution, Fig. 5.6b) results in

donation of electrons causing the Fermi level EF to shift up, imparting n-type character

to the hetero-structure. States arising from N-substituents can be seen just above the EF

in the PDOS (Fig. 5.3b). With a small gap (∼ 0.1 eV) opening up at the Dirac point,

dispersion of bands at the Dirac point is parabolic in nature. This is evident in all the

N-doped hetero-structures studied here irrespective of the chemical identity of N-atom.

Our configuration of graphitic N-substitution differs from that with pyridinic (Pn) N in

the sense that in the former, N atoms are intentionally kept away from each other so as

to lessen the N-N interaction. In Pn-N substitution, three N atoms are placed in close



80 5.

Figure 5.3: Electronic structure and projected density of states (PDOS) of (a) Pristine
graphene:MoS2, (b) graphitic N-graphene:MoS2, (c) pyridinic N-graphene:MoS2, and (d)
pyrrolic N-graphene:MoS2. An overlapping electronic structure of graphene and MoS2

is observed (a), n-type character in graphitic N-doped graphene:MoS2 (b), defect bands
of N and p-type character in the valence band of graphene (c), and a gap opened up in
graphene bands in (d). Doted cyan line denotes the Fermi level.

vicinity to each other and a vacancy defect is introduced at the centre of these dopants

breaking the π conjugation and creating a pyridine ring like environment (Fig. 5.6c).

Here, two of the five valence electrons of N participate in σ bonding with the neighboring

C atoms while one contributes to π state within the pyridine ring. The remaining two

electrons form a lone pair as the π conjugation is absent due to the vacancy adjacent to the

dopants, and this lone pair gives rise to two new bands just below EF . The Pn-N doping

shifts the EF down relative to the Dirac point, imparting effectively a p-type character to

the hetero-structure (Fig. 5.3c). A gap (∼ 0.48 eV) opens up at the Dirac point and the

dispersion of resulting bands is parabolic.

Pr N-graphene:MoS2 hetero-structure consists of two pyridine rings and one pyrrole ring

in the supercell of graphene lattice (Fig. 5.6d). Pyrrolic-N atom uses three of its five

valence electrons in σ bonding, two with C atoms and one with H atom, the remaining
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two electrons are delocalized, imparting the pyrrole ring its aromatic nature. Therefore,

the pyrrolic-N atom lends two electrons to the π conjugated system, imparting an n-type

character to the system. Whereas two Pn- N atoms present in the sheet promote p-doping

with downward shift in EF as explained earlier. The opposite effects of the two types of

N atoms cancel each other out resulting in a small band gap opening at the Dirac point,

and thus Pr N-graphene:MoS2 hetero-structure is a direct narrow band gap semiconductor

with a EF of ∼ 266 meV (Fig. 5.3d).

5.4.1 Work function

Further the work function (φ) which is defined as the minimum amount of energy required

to remove an electron from a material to vacuum, and was recently shown to be relevant

to the reactivity of the a catalyst is calculated. To estimate work functions of pristine,

graphitic, and pyridinic N-graphene:MoS2 hetero-structures the following expression is

used:

φ = Vvac − EF (5.2)

and for pyrrolic N-graphene:MoS2

φ = Vvac − EV BM (5.3)

where EV BM and Vvac is the energy of the valence band maximum and vacuum energy re-

spectively. φ (Table 5.2) is used to align the energies of band edges with respect to vacuum

and hydrogen evolution potential (HER) to assess the suitability of these graphene:MoS2

hetero-structures as catalysts for hydrogen evolution. Doping graphene with graphitic

N-atoms reduces the φ of the hetero-structure, while Pn and Pr N-substitutions in-

crease the φ. The hydrogen evolution potential (HER) is just below EF of graphitic

N-graphene:MoS2, suggesting it to be a viable electrocatalyst for HER (Fig. 5.5). Pris-

tine, Pn N-substituted and Pr N-substituted graphene:MoS2 hetero-structures, due to ap-
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propriate band edge energies, are predicted to be photocatalysts for HER (Fig. 5.5). To

check the viability of the pristine and the N-substituted graphene:MoS2 hetero-structures

as photocatalysts, we obtained their optical conductivities. All the four hetero-structures

show absorbance in the visible part of the spectrum, mainly blue-violet light, showing

their suitability to use solar energy (Fig. 5.4a).

Hetero-structure φ (eV)
Pristine graphene:MoS2 4.5

Graphitic graphene:MoS2 3.8
Pyridinic graphene:MoS2 4.97
Pyrrolic graphene:MoS2 4.7

Table 5.2: Work-functions of various graphene:MoS2 heterostructures.

To understand the role of MoS2 in the hetero-structures, we align the projected band edge

energies of pristine and N-doped graphene monolayers on the SHE potential scale. As is

evident here, MoS2 support shifts EF down and increases the work function of the pris-

tine as well as N-substituted graphene monolayers (Fig. 5.5). To understand electronic

properties at the graphene:MoS2 interface of the hetero-structures, we examine the pla-

nar average charge density difference. Charge transfer across the interface between two

monolayers (pristine/N-graphene and 1H-MoS2) is evident as an excess negative charge

accumulates on the 1H-MoS2 monolayer (Fig. 5.4b). This leads to built-in electric field

at the interface, consistent with the observation made by Li et al. Interestingly, the trend

in charge transfer characteristics correlates with the φ of four hetero-structures studied

here, i.e., higher the charge accumulation on the MoS2 monolayer, lower the φ. For

graphitic N-graphene:MoS2, a relatively larger charge transfers from N-graphene to the

MoS2 monolayer, reflected in charge accumulation on the MoS2 lattice, correlating with

its low φ (Fig. 5.4b).
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Figure 5.4: Imaginary part of dielectric constant of Pristine graphene:MoS2, graphitic
N-graphene:MoS2, pyridinic N-graphene:MoS2, and pyrrolic N-graphene:MoS2 (top to
bottom) as a function of frequency; (b) Calculated planar average charge density dif-
ference (∆ρ) as a function of distance along z-axis of the graphene:MoS2 and N-doped
graphene:MoS2 hetero-structures.

5.5 Simulations of adsorption

To quantify the catalytic performance of the hetero-structures, the strength of adsorption

of H-atom, H2O molecule and OH at various adsorption sites on the N:graphene side of

four hetero-structures is obtained. The interaction strength between the adsorbate and

the surface is evaluated using:

∆Eads = Ecomplex − (Ehetero−structure + µadsorbate) (5.4)

where, ∆Eads is the adsorption energy and Ecomplex Ehetero−structure and µadsorbate are the

total energies of adsorbate-heterostructure complex, hetero-structure, and chemical po-

tentials of isolated adsorbate species (H-atom, OH and H2O molecule), respectively. Here,

1
2
µH2 and µH2O - 1

2
µH2 , are taken as the chemical potentials of an isolated H-atom (µH) and

OH (µOH), respectively. Doping graphene with N strengthens the hydrogen adsorption

and the effect varies with the chemical nature of N dopant. Analysis of the PDOS of H-

atom adsorbed on pristine and N-doped graphene:MoS2 hetero-structure reveal the nature

of interaction between the highest occupied molecular orbital (HOMO) of the adsorbate
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Figure 5.5: Energies of electronic band edges of N-substituted graphene monolayers
(green) and of hetero-structures projected on to graphene (red) and MoS2 (blue) aligned to
vacuum and hydrogen evolution potential (HER) and oxygen reduction potential (OER).
Black circles denote the Fermi energy. Yellow and cyan panels represent the band gaps
at the K and Gamma points. Vacuum potential is set to 0 eV.

(H) with the bands of the catalyst (Fig. 5.8). The HOMO peak of adsorbate on pristine

graphene:MoS2 hetero-structure lies at EF showing its weak interaction with the C-2p or-

bital of the substrate. In graphitic N-graphene:MoS2, the HOMO of adsorbed H-atom is

fully occupied and lies below the EF . Also, the associated peak (HOMO) in PDOS splits

and becomes broad showing its covalent interaction with the graphitic N-substituents.

The HOMO peak of H-atom adsorbed on pyridinic N-graphene:MoS2 hetero-structure is

sharp and lies just above EF , resonant with the N states, resulting in weaker adsorption.

Relatively high ∆EH
ads at sites 2, 3 and 4 of pyridinic N graphene:MoS2 hetero-structure

are due to the vacancy defect present in the graphene ring. H-atom adsorbs strongly at

the N-atom vacancy site, and increases (in magnitude) the energy of adsorption (Fig. 5.7).

The HOMO peak of H-atom attached to the pyrrolic N (dashed dark green peak) and

the HOMO of adsorbed H, both lie much deeper in energy and resonate with the pyrrolic
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Figure 5.6: Schematic representation of (a) pristine graphene, (b) graphitic N-graphene,
(c) pyridinic N-graphene, and (d) pyrrolic N-graphene. Carbon, nitrogen and hydrogen
atoms are represented by grey, blue and green spheres respectively. Surface sites repre-
sented by blue-empty/filled circle, green diamond, red square and orange filled triangle,
denote C-atom/C-N bridging site (site 1), hollow site at the center of the benzene ring
(site 2), N-atom (site 3), and hollow site at the vacancy defect (site 4).

N-atom. The adsorbed H-atom, prefers to bind to the electron rich N site which leads

to the H-atom attached to the pyrrolic N being pushed out of plane. This is also shown

in the iso-surfaces of wave functions where the HOMO of the adsorbed H-atom is inter-

acting with the N-2p orbital which enhances the strength of adsorption (Fig. 5.8b). The

binding of H2O to the graphene:MoS2 hetero-structures remains relatively unaltered on

introduction of N-substituents. Poisoning of the catalytically active sites by OH (in alka-

line media) is unlikely for both pristine and N-substituted hetero-structures since ∆EOH
ads

is positive for all cases considered here (Table 5.3).

Adsorption of H2O molecule on N-graphene monolayer was also simulated to get deeper

understanding of role of MoS2 on catalytic nature of the hetero-structure. The adsorption

of H2O molecule at the considered adsorption sites 1, 2 and 3 of Pn N-graphene was

simulated. The interaction between the adsorbate and monolayer is weaker in magnitude

as compared to hetero-structure.
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Figure 5.7: Optimized structures of H-adsorbed (a) pristine N-graphene:MoS2,
(b) graphitic N-graphene:MoS2, (c) pyridinic N-graphene:MoS2 and (d) pyrrolic N-
graphene:MoS2 at adsorption site 1. Grey, blue, cyan, yellow and green spheres represent
C, N, Mo, S and H atoms respectively.

Figure 5.8: Projected density of states (PDOS) of H-atom adsorbed on (a) Pristine
graphene:MoS2, graphitic N-graphene:MoS2, pyridinic N-graphene:MoS2, and pyrrolic N-
graphene:MoS2 (top to bottom) at adsorption site 1. Inset shows optimized structures of
H-adsorbed on respective hetero-structures. Dotted black line denotes the Fermi level. (b)
Iso-surfaces of wave functions showing the highest occupied molecular orbital of H-atom
interacting with N-2p orbital of the pyrrolic N-doped graphene:MoS2 hetero-structure.
Red and blue colors represent positive and negative iso-surfaces respectively. Cyan boxes
show the HOMO of adsorbed H-atom. C, N and H atoms are represented by grey, blue
and green spheres respectively.



5.6. Conclusions 87

Figure 5.9: (a) Volcano plot of DFT-calculated Gibbs free energies of H adsorption and
experimentally measured exchange current, Log (io). Plot recreated using data from [4].
The blue circle and red square/green diamond correspond to ∆GH for graphitic and
pyrrolic N-graphene:MoS2 respectively; (b) ∆GH at various sites of graphene:MoS2 and
N-doped graphene:MoS2 hetero-structures.

Gibbs free energy of H adsorption (∆GH) has been widely used as a descriptor of catalytic

activity towards HER, and its value close to zero is optimal. [124] To calculate ∆GH , we

use:

∆GH = ∆EH
ads − T∆SH + EZPE

H (5.5)

where, ∆EH
ads is the H-adsorption energy, ∆SH = 1

2
S◦H2

, S◦H2
being the standard molar

entropy of H2 molecule and EH
ZPE = 1

2
EZPE
H2

, EZPE
H2

being the zero-point energy of an

isolated H2 molecule. At T as room temperature. i.e., 298 K, ∆GH at site 1 of graphitic

N-graphene:MoS2 hetero-structure is ∼ 0.295 eV, while at sites 2 and 4 of pyrrolic N-

graphene:MoS2 hetero-structure is ∼ -0.20 eV (Fig. 5.9a). For H-adsorption on pristine

graphene:MoS2 hetero-structure, ∆GH ∼ 1.27 eV (Fig. 5.9b), which is comparable to the

estimate reported recently by Birjou et al. [181] (∆GH = 1.45 eV).

5.6 Conclusions

It is concluded that the electronic properties of graphene:MoS2 hetero-structures can be

tuned with different chemical types of N-doping. The graphitic N-doped hetero-structure
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Hetero-structure Adsorption Site ∆Eads (eV)
H OH H2O

Pristine graphene:MoS2 1 1.33 2.26 -0.13
2 1.34 2.8 -0.42
1 0.36 0.9 -0.13

Graphitic graphene:MoS2 2 0.6 1.26 -0.14
3 1.6 2.04 -0.14
1 1.3 2.28 -0.17

Pyridinic graphene:MoS2 2 -2.5 1.62 -0.45
3 -2.5 1.62 -0.45
1 0.6 1.9 -0.17

Pyrrolic graphene:MoS2 2 -0.14 2.83 -0.08
3 -0.16 2.85 -0.21

Table 5.3: Energies of adsorption (∆Eads) of H, OH and H2O on pristine and N-doped
graphene:MoS2 hetero-structures at various adsorption sites.

exhibits optimal band edge positions for reduction of H+ to evolve H2. Calculated Gibbs

free energies of H adsorption (∆GH) show that N dopants strengthen the adsorption of

H-atom on the hetero-structure, and nearly optimum interaction energies are obtained for

graphitic and pyrrolic N-graphene:MoS2 hetero-structures, ∆GH ∼ 0.295 eV and ∆GH

∼ -0.20 eV, respectively. It is also show that using 1H-MoS2 as a support strengthens

the adhesion between the adsorbate (H2O) and hetero-structure, and also imparts a p-

type character to the hetero-structure. The graphene:MoS2 hetero-structures are shown

to be photocatalysts for HER due to suitable band edge energies and absorbance in the

visible part of solar spectrum. Another subtle result is that a tiny gap (∼ 2.8 meV) opens

up at the Dirac point of pristine graphene over 1H-MoS2, consistent with the reported

value.These results offer useful insights into deciphering and enhancing catalytic activity

of vdW hetero-structures by substitutional doping.
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Chapter 6

Selective Conversion of CO2 to

Methanol on Ni3In
†

6.1 Introduction

Anthropogenic carbon dioxide (CO2) emissions have increased the CO2 concentration in

the atmosphere from pre-industrial levels of 280 ppm to 412 ppm in 2020. [12] Efficiently

transforming CO2 into useful fuels can revolutionize large-scale renewable energy storage

while mitigating environmental damage due to carbon emissions. [196,197] One potential

strategy to curtail the alarming CO2 levels in the atmosphere is to use scalable thermocat-

alytic hydrogenation of captured CO2 to produce energy dense fuels of importance to the

material value chain. Methanol (MeOH), is one such fuel because of its high octane num-

ber. [198] It can be directly used as additive to gasoline in internal combustion engines or

its derivatives such as dimethyl ether (DME). [199,200] It is also an essential starting ma-

terial for the production of several multicarbon products, including alcohols, ethers, esters,

†This work has been published as A. Cherevotan, J. Raj, L. Dheer, S. Roy, S. Sarkar, R. Das, C.
P. Vinod, S. Xu, P. Wells, U. V. Waghmare, S. C. Peter ACS. Energy Letters 6, 509-516 (2021) [195].
Reproduced with permission from the American Chemical Society.
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olefins, and alkanes. [201,202] The catalytic conversion of CO2 to methanol (CTM) via a

thermochemical route of hydrogenation has been investigated since the early 1990s. [203]

Currently, CuO/ZnO/Al2O3(CZA) is the state-of-the-art catalyst used for CTM in high

pressuretemperature regimes. [204] Many advances in catalyst design have been made to

facilitate the hydrogenation of CTM. [205–209]

A relatively new area in CTM catalyst engineering has seen the advent of transition-metal-

based bimetallic or intermetallic catalysts (IMCs). [210, 211] Even in the state-of-the-art

CZA system, interfacial Cu-Zn alloy is speculated to be the active site for CTM under

the reaction conditions. [212–214] Given the role bimetallic alloys in various catalytic

processes, such as CuZn in CTM, recent studies have explored the possibilities of their

ordered IM variants. [215–217] In this work, Prof. Sebastian Peter’s∗ group discovered a

novel non-noble metal based IMC comprising Ni and In atoms, Ni3In, through in situ.

stabilization of kinetic NiIn phase that selectively yields MeOH as the product.

6.2 Computational details

Our first-principles calculations are based on density functional theory (DFT) as imple-

mented in the Quantum ESPRESSO code [121] employing plane-wave basis and ultra-soft

pseudopotentials [101] to represent the interaction between ionic cores and valence elec-

trons. We adopt the exchange-correlation energy functional of Perdew-Burke-Ernzerhof

(PBE) [99] obtained within a generalized gradient approximation (GGA). We smear the

discontinuity in occupation numbers of electronic states with Fermi–Dirac distribution

having a smearing width (kBT) of 0.04 eV. An energy cutoff of 50 Ry is used to trun-

cate the plane-wave basis used in representation of Kohn-Sham wave functions, and of

400 Ry to represent the charge density. Optimized structures were determined through

minimization of energy until the Hellmann-Feynman force on each atom is smaller than

∗New Chemistry Unit, JNCASR
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0.03 eV/Å in magnitude. We use a supercell (2×2) to model the (111) surface of Ni3In

(Ni48In16) introducing a vacuum layer of 15 Åthickness parallel to the slab separating its

adjacent periodic images. Each supercell contains a slab of 4 atomic planes of which, the

bottom 2 atomic planes were kept fixed and the top 2 were allowed to relax (FIg. 6.1).

We sampled Brillouin-zone integrations on uniform grid of 6×6×1 k-points in the Bril-

louin zone of (111) surface of Ni3In. The projected density of states of each structure

was obtained from calculations on a denser, 15×15×1, k-point mesh. Calculated lattice

constants of bulk Ni3In are within the typical GGA errors with (aNi3In = 3.74 Å) respect

to their observed values [122] (a◦Ni3In = 3.73 Å). Relative energies of the intermediate

steps were plotted taking pristine Ni3In (111) surface + CO2 + 3H2 as the reference.

We simulated adsorption of various intermediates occurring during the CO2 reduction

reaction (CO2RR) and calculated their adsorption energies using

∆Eads = Eadsorbate+Ni3In − (ENi3In + µadsorbate) (6.1)

where, Eadsorbate+Ni3In, ENi3In, µadsorbate are the energies of adsorbate locally stabilized

on Ni3In (111) surface, bare Ni3In (111) surface and the adsorbate molecule, respectively.

The transition states (TSs) were obtained using the nudged elastic band (NEB) [107]

method. Five images were used in all the NEB calculations in this paper. All transition

states were fully relaxed until the Hellmann–Feynman forces acting on the atoms were

within 0.05 eVÅ−1.

6.3 CO2 reduction to CH3OH on Ni3In

Ni3In possesses a cubic crystal structure (space group Pm3m) with In at the corners of

the cube (1a Wyckoff site), and Ni atoms lying on the face centres (3c Wyckoff site).

To probe the underlying mechanism of CTM on Ni3In, we modelled a 2×2 supercell

of the (111) surface of Ni3In (Ni48In16) (Fig. 6.1). Eight CO2 hydrogenation pathways
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Figure 6.1: Optimised structure of (111) surface of Ni3In. Ni and In atoms are represented
by blue and magenta spheres respectively.

(HCOO, CO hydrogenation,trans-COOH, and cis-COOH) (see Fig. 1.7) were analyzed

by determining their reaction energies to pinpoint the most feasible pathway for CTM

conversion on Ni3In. All intermediates occurring on various CO2 reduction pathways,

with the exceptions of CH3O and bi -HCOO, stabilize in configurations of adsorption at

the surface Ni sites (Fig. 6.2) indicating Ni atoms to be the active centers of (111) surface of

Ni3In. Energy landscape plots show that the initial and final steps, i.e., adsorption of CO2

and desorption of CH3OH, are both non spontaneous and exhibit an energy cost of ∼0.11

and ∼0.25 eV respectively. The thermodynamically most feasible CO2 reduction pathway

has the lowest energy barrier associated with the potential-determining step (PDS). In

the context of a thermocatalytic reaction, PDS gives a measure of thermodynamic energy

barrier. As is evident in Fig. 6.3, the CO hydrogenation pathway is energetically most

expensive, and formation of ∗CO molecule from adsorbed ∗CO2 species is the PDS (∆E =

0.9 eV). For the trans-COOH pathway, hydrogenation of ∗COH to form ∗trans-HCOH is

the PDS with an energy barrier of 0.82 eV. Both cis-COOH and formate pathways exhibit

similar energy barriers of 0.25 eV, wherein the final step, i.e., desorption of CH3OH, is

the potential-determining step. To conclusively determine the most feasible pathway, we

estimated the energy of second elementary step in cis-COOH and formate pathways, i.e.

CO2 + 3H2 → ∗bi− HCOO + H + 2H2 (6.2)
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CO2 + 3H2 → ∗trans− COOH + H + 2H2 (6.3)

Formation of bi -HCOO from CO2 adsorbed on the (111) surface of Ni3In is quite spon-

taneous (∆E = 0.53 eV) and more exothermic than that of its competing intermediate,

trans-COOH, occurring in the cis-COOH pathway (∆E = 0.32 eV). Also, both interme-

diates show a bidentate attachment to the (111) surface; however, the chemical bonds

formed by the adsorbates with Ni3In are distinct: Ni-O and In-O in the case of bi -HCOO

(Fig. 6.2); Ni-C and Ni-O bonds (Fig. 6.2) in the case of trans-COOH. The fact that In

does not bind with trans-COOH suggests that Ni3In will prefer bi -HCOO.
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Figure 6.2: Optimized structures and binding energies of various intermediates occurring
via various CO2 hydrogen pathways on Ni3In (111) surface. Magenta, blue, red, green
and yellow spheres correspond to In, Ni, O, H and C atoms respectively. Binding energies
are in eV.



6.4. Insights from electronic structure 97

Figure 6.3: Relative energy diagrams of CO2 to methanol conversion on Ni3In occurring
via (a) HCOO (2), (b) HCOO (3), (c) CO-hydrogenation (2), (d) CO-hydrogenation (3),
(e) trans-COOH, (f) cis-COOH, (g) Co-hydrogenation and (h) bi -HCOO pathway. Red
double headed arrows represent the energetically most expensive elementary step along
each pathway. All values are in eV.

6.4 Insights from electronic structure

To shed light on the nature of bonding between intermediates and the catalyst, we

examine the projected density of states (PDOS) of the first intermediates occurring

along the formate and cis-COOH pathways of CO2 reduction on the (111) surface of
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Figure 6.4: PDOS of (a) pristine Ni3In (111) surface and (b) CO2, (c) bi -HCOO and (d)
trans-COOH adsorbed on Ni3In (111) surface. Dashed black line represents the Fermi
energy.

Ni3In: bi -HCOO∗Ni3In and transCOOH∗Ni3In, respectively (Fig. 6.4). The PDOS of

bi -HCOO∗Ni3In and trans-COOH∗Ni3In reveal the highest occupied molecular orbitals

(HOMO) of the adsorbates lie close to the bottom of the 3d-bands of Ni. HOMO of ∗bi -

HCOO exhibits a sharp peak close to -3.5 eV, (similar to HOMO of ∗CO2) accompanied

by another smaller peak at a slightly higher energy. The degeneracy in the HOMO peaks

is because of charge transfer from the surface to the adsorbate (Fig. 6.4), which is also

evident from the Lowdin charges that show a reduction the occupancy of Ni-3d and In-5s

orbitals and an increased occupancy of O-2p orbitals of both the O-atoms of HCOO (Ta-

ble 6.1). Also, HOMO of bi -HCOO splits and broadens because of its covalent interaction

with the In-5p and Ni-4p orbitals of the catalyst, which are in resonance. HOMO of

∗trans-COOH lies deeper in energy and resonates with Ni-3d, Ni-4p and In-5p orbitals of

the surface. Lowdin charge analysis shows a charge transfer from the Ni3In surface to the

adsorbate. We find a decrease in the number of electrons in Ni-3d states due to transfer

to C-2s and C-2p orbitals (Table 6.1).
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Sample Atom Valence e−s Total valence e−s Valence e−s in PP
s p d

Ni 0.42 0.99 8.8 10.21 4s23d8 (10)
Ni3In In 0.8 1.46 9.94 12.2 5s24d105p1 (13)

Isolated C 0.74 2.46 0 3.2 2s22p2 (4)
CO2 O 1.66 4.61 0 6.17 2s22p4 (6)

NiC 0.42 1.09 8.76 10.27 4s23d8 (10)
Ni3In NiO 0.4 1.03 8.72 10.15 4s23d8 (10)
CO2 In 0.79 1.44 9.94 12.17 5s24d105p1 (13)

adsorbed C 0.88 2.61 0 3.49 2s22p2 (4)
O 1.63 4.64 0 6.27 2s22p4 (6)

Ni3In NiO1 0.4 1.06 8.72 10.15 4s23d8 (10)
bi -HCOO InO2 0.73 1.44 9.94 12.17 5s24d105p1 (13)
adsorbed O1 1.66 4.73 0 6.39 2s22p4 (6)

O2 1.61 4.71 0 6.32 2s22p4 (6)

NiC 0.4 1.19 8.72 10.34 4s23d8 (10)
Ni3In NiO 0.39 1.02 8.74 10.15 4s23d8 (10)

transCOOH In 0.79 1.44 9.95 12.17 5s24d105p1 (13)
adsorbed C 0.97 2.6 0 3.57 2s22p2 (4)

O 1.63 4.34 0 6.26 2s22p4 (6)

Table 6.1: Calculated Lowdin charges of Ni, In, C and O atoms for (a) pristine (111)
surface of Ni3In, (b) isolated CO2 molecule, and (c) CO2, (d) bi -HCOO and (e) trans-
COOH adsorbed on the (111) surface of Ni3In, respectively.

6.5 Kinetics of CTM

To comment on the kinetics of the CTM conversion on the present catalyst, we determined

the activation energy barriers for each elementary step along the cis-COOH and bi -HCOO

pathways using the nudged elastic band (NEB) method. These pathways are very similar

and differ only in the initial intermediates. From this analysis, we find the following step

to be the rate-determining step with activation energy barrier of 1.2 eV (Fig. 6.5):

∗HCO + ∗OH + 2H2 → ∗H2CO + ∗OH + H + H2 (6.4)
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However, the formation of the first intermediate, i.e., trans-COOH and bi -HCOO along

the carboxylic acid and formate pathways, respectively, have different activation energy

barriers associated with them. Formation of bi -HCOO from adsorbed CO2 has an acti-

vation energy of 0.57 eV, while the trans-COOH intermediate requires crossing of energy

barrier of 0.83 eV to form. Hence, the activation energy barrier and the thermodynamic

reaction energies of the second elementary step in carboxylic acid and formate pathways

conclusively show the latter to be more feasible. Therefore, CTM conversion on Ni3In is

most feasible via the formate pathway because of its low energy barrier and thermody-

namically spontaneous hydrogenation of CO2 to yield bi -HCOO.

Figure 6.5: Relative activation energy diagrams of CO2 to methanol conversion on Ni3In
occurring via (a) cis-COOH and (b) bi -HCOO pathway. Black and red bars denote
the intermediates and transition states along the CO2 hydrogenation pathways. TS3
(transition state 3) is the kinetic bottleneck along both pathways, while the desorption of
CH3OH is the thermodynamically most energy demanding step (denoted by blue double
headed arrows). All values are in eV.

6.6 Conclusions

In conclusion, we show Ni3In exhibits excellent catalytic activity towards hydrogenation

of CO2 and selectively generates MeOH as the product. We analyzed eight reaction

pathways for CO2 reduction to MeOH and showed cis-COOH and formate pathway to be

thermodynamically most feasible with an energy cost of 0.25 eV. Desorption of the product
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(MeOH) is identified as the potential determining step for both cis-COOH and formate

pathways. We further show that formation of the first hydrogenated intermediate along

the formate pathway (bi -HCOO) is more exothermic than the intermediate along the cis-

COOH pathway (trans-COOH) . We examined the projected density of states (PDOS) of

bi -HCOO∗Ni3In and trans-COOH∗Ni3In, which further show that trans-COOH interacts

only with Ni atoms on the surface while bi -HCOO exhibits charge transfer from both Ni

and In atoms. Finally, we calculated the activation energies along cis-COOH and formate

pathways and show the latter to be more feasible for CTM.
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Chapter 7

Efficient Electrooxidation of

CH3CH2OH on Ni-doped Pd2Ge†

7.1 Introduction

The demand for energy has been tremendously increased because of high population and

industrial growth. It is essential to find alternative resources to control global energy de-

mands and minimize global warming. Liquid fuels such as methanol, ethanol, and glycerol

are regarded as the promising alternatives because alcohol fuels are easily transportable

and easy to handle, have outstanding efficiency, and can be produced from abundant

biomass. [219–222] Ethanol is preferred over methanol for energy conversion because it is

less toxic, highly abundant, and cost-effective; it has high energy density (methanol 4.8

kWh/L, ethanol 6.3 kWh/L) at low potential; and it can offer 12 electrons in a single

oxidation reaction because of C-C bond cleavage of ethanol. The energy produced from

a direct ethanol fuel cell (DEFC) is theoretically higher than the novel direct methanol

†This work has been published as A. R. Rajamani, P. C. Ashly, L. Dheer, S. Ch. Sarma, S. Sarkar, D.
Bagchi, U. V. Waghmare, S. C. Peter, ACS. Appl. Energy Mater. 2, 7132-7141 (2019) [218]. Reproduced
with permission from the American Chemical Society.
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fuel cell (DMFC). [223–225] However, ethanol being a C2 molecule, its electrocatalysis

is constrained with sluggish oxidation kinetics because of difficulty in CC bond cleavage

and ultimately poor poison tolerance. [226]

Electrooxidation of ethanol can be done in either acidic or alkaline medium. Over the

past decade, extensive attention has been given to the electrooxidation in acidic media,

and significant progress has been made in their development. [227] Recently, enormous

attention has also been paid to ethanol oxidation in alkaline media. Pd-based catalysts

are less expensive and have comparable or even better electrocatalytic activities than

Pt-based catalysts. [228–231] In a previous work, Prof. Sebastian Peter’s group studied

the electrocatalytic activity of Pd2Ge intermetallic catalyst for ethanol oxidation reaction

(EOR), which showed better activity than Pd/C. [232] In this work, Prof. Sebastian

Peter’s∗ group synthesized Pd2−xNixGe (x = 0, 0.2, 0.4, and 0.5) with varied Pd/Ni com-

positions by a solvothermal method. Optimization of Pd/Ni composition and structural

arrangement of Ni substitution in Pd sites gives high ethanol electrooxidation activity and

tolerance against intermediate products. In this chapter, we aim to understand the role

of Ni-substituents in experimentally observed enhanced catalytic activity of Pd2−xNixGe.

7.2 Computational details

Our first-principles calculations are based on density functional theory (DFT) as imple-

mented in the Quantum ESPRESSO code [121] employing plane-wave basis sets and ul-

trasoft pseudopotentials [101] to represent the interaction between ionic cores and valence

electrons. We adopt the exchange correlation energy functional of Perdew-Zunger [95]

obtained within a local density approximation (LDA). We smear occupation numbers of

electronic states with Fermi-Dirac distribution and a smearing width (kBT ) of 0.04 eV.

An energy cutoff of 40 Ry is used to truncate the plane-wave basis used in representa-

∗New Chemistry Unit, JNCASR
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tion of Kohn-Sham wave functions, and 320 Ry is used to represent the charge density.

Structures were determined through minimization of energy until the Hellmann-Feynman

force on each atom is smaller than 0.03 eV/Åin magnitude. In the supercell to model

a surface, a vacuum layer of 14 Å is introduced parallel to the slab separating adjacent

periodic images. We sampled Brillouin zone integrations on uniform grids of 5×5×1 k-

points in calculation of the (111) surface Pd2Ge and Pd2−xNixGe. The projected density

of states for all the structures was obtained from a much denser 10×10×4 k-point mesh.

The calculated lattice constant of bulk Pd2Ge (a = 6.67 Å) is within the typical LDA

error of the observed value (a = 6.7 Å). [233] To assess catalytic activity, we determined

energies of adsorption of OH and CH3CO at various sites of Pd2−xNixGe surfaces.

7.3 Results and discussion

Pd2Ge has a hexagonal Fe2P type structure (space group P62c) with four crystallographic

sites: two Pd atoms occupy Wyckoff sites 3f and 3g, and two Ge atoms occupy the other

two Wyckoff sites 2a and 1b. Thus, substituted atoms can occupy any of these four

crystallographic sites. To check the site-specific stability of Ni substitution, we modeled

the (111) surface of Pd2Ge with one Ni atom substituted at various sites in Pd28Ge12

(Pd2Ge), and calculated the formation energy using:

Eform =
EPd28−xNix+yGe12−y − [EPd28Ge12 + (x+ y)ENi − xEPd − yEGe]

(x+ y)
(7.1)

where, EPd28−xNix+yGe12−y , EPd28Ge12 , EPd, EGe, ENi are the energies of the Ni-substituted

Pd2Ge (111) surface, pristine Pd2Ge (111) surface, isolated Pd, Ge, and Ni atoms, re-

spectively. Here, x and y are integers giving number of Pd and Ge atoms substituted by

Ni atoms, respectively.

As is evident from Table 7.1, Ni substitution at Pd site (Wyckoff sites 3f and 3g) is far
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Eform(eV)/Ni atom
(111) surface 2a 1b 3g 3f
Pd28Ni1Ge11 -0.36 -0.62 - -
Pd27Ni1Ge12 - - -2.97 -2.83

Table 7.1: Formation energy per Ni substitution at various Wyckoff sites of (111) surface
of Pd2Ge.

more stable than at Ge sites (Wyckoff sites 2a and 1b). Of the two Wyckoff sites of

Pd, Ni substitution is more favorable to occur at the 3g site. We further simulated the

(111) surface of Pd28−xNixGe12 with varied Ni substitution concentration (x = 1-7) and

estimated the respective formation energies using Eq. 7.1 and find that Pd1.6Ni0.4Ge is

the most stable configuration for Ni-substituted Pd2Ge (Table 7.2).

Eform(eV)/Ni atom
(111) surface % substitution Ni (site 3g)
Pd27Ni1Ge12 3.6 -2.97
Pd26Ni2Ge12 7.1 -2.86
Pd25Ni3Ge12 10.7 -3.04
Pd24Ni4Ge12 14.3 -3.02
Pd23Ni5Ge12 17.9 -3.30
Pd22Ni6Ge12 21.4 -3.23
Pd21Ni7Ge12 25 -2.97

Table 7.2: Formation energy per Ni substitution in (111) surface of Pd2Ge at various
concentrations.

7.3.1 Catalysis of EOR

The electrooxidation of ethanol in alkaline media can be represented in Eqs. 7.2 and 7.3.

Liang [226] proposed that formation of CH3COOH is the rate determining step (RDS).

M− (CH3CO)ads + M− (OH)ads → M− CH3COOH + M (7.2)

M− CH3COOH + OH− → M + CH3COO− + H2O (7.3)
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Figure 7.1: Adsorption of OH on Pd1.8Ni0.2Ge (left), Pd1.7Ni0.3Ge (middle) and
Pd1.6Ni0.4Ge (right) surfaces. Magenta, silver, blue, red, yellow and green spheres corre-
spond to Ge, Pd, Ni, O, C and H atoms respectively.

where M is the catalyst. CH3CO and OH are thus the main intermediate species occurring

during the reaction, and OH facilitates the desorption of CH3CO releasing acetate as the

main product. [226] Hence, a good catalyst for ethanol oxidation should bind strongly to

OH and weakly to CH3CO. To test the catalytic activity of doped Pd2Ge nanocomposites,

OH intermediate was bonded through the O atom (Fig. 7.1) and CH3CO at various sites

in the initial configurations of the most active Pd2Ge-based catalysts, that is, Pd1.8Ni0.2Ge

(10% Ni substitution) and Pd1.6Ni0.4Ge (18% Ni substitution), and also for intermediate

concentration of 14% Ni substitution, Pd1.7Ni0.3Ge. For CH3CO, we kept the molecule in

two orientations: (i) bonding through CO, oriented parallel to the surface of the catalyst

(Fig. 7.2a); and (ii) bonding through O and H atoms (Fig. 7.2b). In energetically most

favorable configurations, OH preferentially binds to Ge atom with GeO bond lengths of

1.8 and 1.9 Å in Pd1.6Ni0.4Ge and Pd1.8Ni0.2Ge, respectively (Fig. 7.1). OH interacts more

weakly with Pd1.7Ni0.3Ge (14% Ni) than the other concentrations (10% and 18%) of Ni,

binding to both Ni and Ge sites with GeO and NiO bond lengths of 1.9 Å (Fig. 7.1). The

reason for this will be clear later in our discussion of electronic structure. In contrast,

CH3CO exhibits relatively weak binding in both orientations on Ni-substituted Pd2Ge

surfaces (Table. 7.3) than on pristine Pd2Ge nanoparticles, indicating a significant im-

provement in catalytic activity. Interaction of Pd1.7Ni0.3Ge (14% Ni) with CH3CO is

slightly stronger than for the other two surfaces. The stronger adhesion of CH3CO on

Pd1.7Ni0.3Ge leads to poisoning of active sites on its surface and hence its lower cat-

alytic activity. As evident from the calculated adsorption energies -OH binds much more
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strongly than CH3CO on both Ni substituted (Pd1.8Ni0.2Ge and Pd1.6Ni0.4Ge) surfaces.

Figure 7.2: Adsorption of CH3CO bonding through (a) C–O and (b) O–H on Pd1.8Ni0.2Ge
(left), Pd1.7Ni0.3Ge (middle) and Pd1.6Ni0.4Ge (right) surfaces. Magenta, silver, blue, red,
yellow and green spheres correspond to Ge, Pd, Ni, O, C and H atoms respectively.

Catalyst ∆Eads (kJmol−1)
OH CH3CO

Pd1.8Ni0.2Ge -481 -221
Pd1.7Ni0.3Ge -437 -285
Pd1.6Ni0.4Ge -462 -220

Table 7.3: Energies of adsorption (∆Eads) of OH radical and CH3CO on Ni-substituted
Pd2Ge surfaces.

7.3.2 Insights form electronic structure

The nature of these interactions can be understood from the projected density of elec-

tronic states (PDOS) (Fig. 7.3), where the highest occupied molecular orbital (HOMO)

of OH lies close to the bottom of Pd-4p, Pd4d, Ge-4p, and Ni-3d bands of the catalyst.

Covalent bonding interaction of OH with the catalyst surface is evident from its sharp

HOMO peak resonating with the Pd-4d, Pd-4p, and Ge-4p orbitals of Pd1.8Ni0.2Ge and

Pd1.6Ni0.4Ge surfaces and with Ni-3d, Pd-4p, and Ge-4p orbitals of Pd1.7Ni0.3Ge. The

relative position of these HOMO peaks determines the strength of interaction between

the adsorbate and catalyst surface. The HOMO for OH adsorbed on Pd1.7Ni0.3Ge (14%
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Ni) lies deeper in energy than the other two concentrations (10 and 18%) of Ni (Fig. 7.3a

and 7.2b); hence, OH interacts more weakly with Pd1.7Ni0.3Ge. Orbitals of OH interact-

ing with the frontier orbitals of the catalyst are degenerate and partially occupied and

readily receive an electron (charge transfer) from the catalyst (Fig. 7.3a). The interaction

of the lowest unoccupied molecular orbital (LUMO) of CH3CO with the surface states

dominates over the interaction of its HOMO, which is fully occupied and has a sharp

peak at deeper energy. The latter indicates weaker covalent interaction of CH3CO with

the catalyst surface (Fig. 7.3b). In contrast, the LUMO of CH3CO is close to the Fermi

level (EF ) and resonates with d-orbitals of Pd and Ni atoms of the catalyst. It leads

to broadening of the LUMO peak in PDOS. Interaction of LUMO with 3d orbitals of

Ni, evident in its contribution to states well below EF (Fig. 7.3b), is responsible for its

stronger adhesion to Ni sites of Pd1.7Ni0.3Ge (14% Ni).

Figure 7.3: PDOS of (a) OH and (b) CH3CO on Pd1.8Ni0.2Ge (top), Pd1.7Ni0.3Ge (middle)
and Pd1.6Ni0.4Ge (bottom) surfaces. Black and orange boxes denote the HOMO and
LUMO of the adsorbates (OH and CH3CO), respectively. Dashed black line represents
the ethanol redox potential.

Work function was recently shown to be a relevant descriptor of catalytic activity of metals

toward CO2 reduction.46 We estimated the work function (φ) for the pristine and (111)
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surface of Ni substituted Pd2Ge using the following expression:

φ = Vvac − EF (7.4)

where Vvac is the vacuum energy estimated from the planar average of the electrostatic

potential. The redox potential of ethanol oxidation is 4.5 eV. The work function of both

pristine and Ni-substituted Pd2Ge surfaces (Table. 7.4 and Fig. 7.3) are close and below

the redox potential of ethanol oxidation, further confirming their suitability for catalyzing

this reaction.

Catalyst φ
Pd2Ge 4.90

Pd1.8Ni0.2P 4.88
Pd1.7Ni0.3P 4.90
Pd1.6Ni0.4P 4.92

Table 7.4: Work function of (111) surfaces of pristine and Ni-substituted Pd2Ge.

7.4 Conclusions

We show that Ni-substitution in Pd2Ge optimizes the adhesion strength of CH3CO and

OH intermediates, thus enhancing its activity towards EOR. The OH intermediate prefers

to bind at the Ge site on Pd1.6Ni0.4Ge while CH3CO exhibits a weak binding on Ni-

substituted Pd2Ge as compared to OH. Also, the work function (φ) for both pristine

and Ni-substituted Pg2Ge surfaces lie close to the ethanol oxidation potential further

supporting their catalytic activity towards EOR.
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Chapter 8

Synergistic Role of Substitutional

Au and S-Vacancies in MoS2 for

Catalyzing DSHP

8.1 Introduction

The simplest member of the peroxide family, hydrogen peroxide (H2O2), is an unstable

molecule which decays exothermically (-116.7 kJmol−1) [20] to produce water and O2. It

has, for long been used as an oxidizing agent, [60–62] in pulp and textile bleaching [63]

and in low concentrations as an antiseptic. [64] Most commercial H2O2 is synthesized

via the anthraquinone auto-oxidation (AO) process. [65] The cyclic AO process includes

hydrogenation of anthraquinone on Pd-Ni catalyst, oxidation of the hydrogenated an-

thraquinone and extraction and purification of H2O2. [66] Though efficient, the AO pro-

cess has various disadvantages, [66,67] which include, side reactions leading to poisoning

of the catalyst, degradation of anthraquinone molecules, difficulties in separation and

transportation of H2O2 due to organic impurities. In contrast, the direct synthesis of

113
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hydrogen peroxide (DSHP) is a single reactor process, comprising of controlled, partial

hydrogenation of O2 using a catalyst. [68,69] Although hydrogenation of O2 to H2O2 is an

exothermic reaction (-120.5 kJmol−1), selectivity of the catalyst is crucial since other com-

peting reactions, for instance, formation of H2O, through the Oxygen Reduction Reaction,

is more spontaneous (-237.2 kJmol−1). [20] Moreover, since the peroxide bond is unstable,

H2O2 can decompose (-116.7 kJmol−1) into H2O and O2, or undergo reduction (-354.0

kJmol−1) to yield H2O. [20] Therefore, an ideal catalyst for DSHP should interact with

O2 optimally so as to activate the O=O bond moderately and not split the molecule. So

far, various materials have been explored as catalysts for DSHP including TiO2, [234–239]

transition metal complexes, [240–244] CdS, [234, 245] and g-C3N4. [246–252] Several re-

ports have focused on Pd based catalysts, [61,70,71] in particular Pd-Au and Pd-Sn based

catalysts. [61, 70, 72–76] Hutchings and co-workers showed that a homogeneous alloy of

AuPd on carbon support exhibited excellent selectivity and activity towards DSHP. [71]

However, the cost and scarcity of Pd hinders its use at large scale. Our aim is to develop

a catalyst comprising primarily of cheaper and earth abundant elements, with expensive

elements present in small concentrations.

In this direction, we consider the possibility of using molybdenum disulfide (MoS2), a tran-

sition metal dichalcogenide with tuneable chemistry which has been extensively studied in

catalysis (in conjunction with single atom catalysis), since both Mo and S are inexpensive,

abundantly found elements. While the basal plane of 2H-MoS2 is known to be relatively

inert, [124,253] incorporation of sulfur (S) vacancies and transition metal doping greatly

improves its catalytic activity towards Hydrogen Evolution Reaction (HER), [28,30,253]

Oxygen Evolution Reaction (OER) [254] and Oxygen Reduction Reaction (ORR). [255]

In the context of DSHP, HER and ORR are particularly relevant. Initial steps of HER

and ORR involving H adsorption and O2 activation, respectively, are also the first steps

in DSHP (Fig. 8.3). Hence catalysts which are used for HER and ORR could be tuned

to selectively catalyze DSHP. MoS2 is known to be an excellent catalyst for HER with its
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S-vacancies, [39] and edge sites being the active sites. [124] A recent study by Wang et

al. has reported effects of various transition metal substituents in MoS2 (1H-MoS2) on its

activity for ORR and find copper substituted MoS2 to exhibit the highest activity. [255]

While this indicates excellent activation of the O2 molecule, DSHP is facilitated by mod-

erate activation of O2. The same work also found that gold (Au) substituted 1H-MoS2

shows relatively weaker activation of the O2 molecule, i.e., slight elongation of the O=O

bond with weak adhesion to the monolayer. This property of Au-substituted MoS2, which

is sub-optimal for ORR, can be exploited for DSHP.

In this work, we show Au-substituted 1H-MoS2 with S-vacancies (AuxMoS2−x−v) to be an

efficient catalyst for DSHP. The selective reduction of O2 to yield H2O2 occurs without any

thermodynamically uphill reaction step on AuxMoS2−x−v. Calculation of transition states

(TS) show relatively low activation barriers. Further, analysis of electronic structures

provides mechanistic insights into the catalytic activity of AuxMoS2−x−v towards DSHP.

8.2 Computational details

Our first-principles calculations are based on density functional theory (DFT) as imple-

mented in the Quantum ESPRESSO [121] code employing a plane-wave basis set and PAW

pseudopotentials [256] to represent the interaction between ionic cores and valence elec-

trons. We adopt the exchange-correlation energy functional of Perdew-Burke-Ernzerhof

(PBE) [99] within a generalized gradient approximation (GGA), and occupation num-

bers of electronic states have been smeared with Fermi–Dirac distribution and a smearing

width (kBT) of 0.04 eV. Additionally, van der Waals (vdW) interactions using the Grimme

scheme [135] have been included to account for weak interactions. A kinetic energy cut-

off of 55 Ry on the plane-wave basis is used in representation of the Kohn-Sham wave

functions, and a cutoff of 440 Ry to represent the charge density. Structures of reac-

tants, products and intermediates are determined through minimization of energy until
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the Hellmann-Feynman forces on each atom are smaller than 0.03 eV/Å in magnitude.

The transition states (TS) were obtained using the nudged elastic band (NEB) method.

Seven images were used in all NEB calculations. All TSs were relaxed until the Hell-

mann–Feynman forces acting on the atoms were within 0.05 eV/Å. A supercell consisting

of 4×4 units of 1H-MoS2 is used to model the various catalysts and a vacuum layer of

15 Åthickness is introduced separating adjacent periodic images. The catalysts studied

in this work are shown in Fig. 8.1 and the stoichiometry of the supercells in given in

Table 8.1. Brillouin-zone integrations were sampled on a uniform grid of 6×6×1 k-points.

The projected density of states (PDOS) of each structure was obtained from calculations

on a denser, 18×18×1 mesh of k-points. Calculated lattice constants of bulk MoS2 (a =

3.19 Å, c = 12.45 Å) are within the typical GGA errors with respect to experimentally

observed values [122] (a◦ = 3.16 Å, c◦ = 12.29 Å).[51]

Label % Au Stoichiometric formula
1 1H-MoS2 - Mo16S32

2 2.08 AuMo16S31

3 AuxMoS2−x 4.17 Au2Mo16S30

4 2.08 AuMo15S32

5 AuxMo1−xS2 4.17 Au2Mo14S32

6 2.04 AuMo16S32

7 Ad-AuxMoS2 4 Au2Mo16S32

8 MoS2−v - Mo16S31

9 2.13 AuMo16S30

10 AuxMoS2−x−v 4.26 Au2Mo16S29

Table 8.1: Au:MoS2 catalysts considered here, with the stoichiometric formula in a su-
percell.

8.3 Configurations of Au:MoS2: stability

MoS2 is known to exist in three polytypes–2H-MoS2, 3R-MoS2 and 1T-MoS2 (H, R and

T indicate, hexagonal, rhombohedral and tetragonal structure, respectively, while the

numbers preceding the letters indicate the thickness of periodic cell in terms of number of
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MoS2 units). Of these, the semiconducting 2H-MoS2 is thermodynamically most stable,

and has two S-MoS layers with an interlayer separation of ∼3 Å. The catalysts considered

(Fig. 8.1) here are generated using a 4×4 supercell of monolayer of 2H-MoS2, with various

modifications including, Au-substitution at S and Mo sites, Au-adatom, and S vacancies

(see Table 8.1 for stoichiometry of the supercells). The formation energies of various

Au-doped MoS2 monolayers are calculated using:

Eform =
EMo16−xAux+y+zS32−y − [EMo16S32 + (x+ y + z)EAu + xEMo − yES]

(x+ y + z)
(8.1)

where, EMo16−xAux+y+zS32−y , EMo16S32 , EAu, EMo and ES are the energies of Au substi-

tuted/adatom surface of 1H-MoS2, pristine 1H-MoS2, isolated Au, Mo and S atoms, re-

spectively. Here x, y are integers, giving the number of Au substituents on Mo and S sites

respectively. Integer z represents number of Au-adatoms present in the surface.

Figure 8.1: Formation energies and structures of 4x4 supercells of MoS2 with Au (substi-
tution or adatom) and S-vacancies (a) pristine MoS2, AuxMoS2−x (2.08%) (c) AuxMoS2−x
(4.17%), (d) AuxMo1−xS2 (2.08%), (e) AuxMo1−xS2 (4.17%), (f) ad-AuxMoS2 (2.04%),
(g) ad-AuxMoS2 (4.00%), (h) MoS2−v, (i) AuxMoS2−x−v (2.13%) and (j) AuxMoS2−x−v
(4.26%). Values in eV/Au-atom. Negative values indicate favourable formation. Blue,
yellow, and gold spheres represent Mo, S and Au. Purple circles indicate S vacancies.
Concentrations given as Au atom percentage.

Their negative values (see Fig. 8.1) indicate that the formation of respective configuration
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is spontaneous. We find Au-substitution at S sites (AuxMoS2−x) and Au-adatom (ad-

AuxMoS2) to be spontaneous, while Au substitution at Mo sites (AuxMo1−xS2) is non-

spontaneous. On this basis, we can eliminate AuxMo1−xS2 as a suitable configuration.

Also, MoS2, which is typically grown on metal supports such as Au, Ag and Cu, is known

to form with S vacancies. [253, 257] Therefore, we have estimated the formation energies

of AuxMoS2−x−v taking 1H-MoS2−v as reference (values within parenthesis in Fig. 8.1):

Eform =
EMo16Aux+y+zS32−y−v − [EMo16S32−y−v + (x+ y + Z)EAu − xEMo]

(x+ y + Z)
(8.2)

where, EMo16Aux+y+zS32−y−v , and EMo16S32−y−v are the energies of Au substituted 1H-MoS2−v

and 1H-MoS2−v. . Integer v represents number of Au-adatoms present in the surface.

While the formation of AuxMoS2−x was already found to be favorable with respect of

MoS2 (-0.61 eV and -0.70 eV for 2% and 4% of Au, respectively),it is more favorable

when the reference is MoS2−v. The formation of AuxMoS2−x−v, when synthesized from

MoS2 is unfavorable (2.13 eV and 0.66 eV for 2% and 4%, respectively), however, when

synthesized from MoS2−v, its synthesis is favorable (-3.56 eV and -3.66 eV for 2% and 4%,

respectively). Another configuration of Au:MoS2 we have considered is the ad-AuxMoS2−v

(Fig. 8.1h). Like AuxMoS2−x−v, it shows an unfavorable formation energy taking MoS2

as reference (1.43 eV) but a favorable formation energy when synthesized from MoS2−v

(-1.40 eV). Overall, when pristine MoS2 is considered, the most favorable doped surfaces

are the ad-AuxMoS2 surfaces, however, MoS2−v favors the formation of AuxMoS2−x−v

over both ad-AuxMoS2 and ad-AuxMoS2−v.
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Figure 8.2: Projected density of states (PDOS) of (a) pristine MoS2, AuxMoS2−x (2.08%)
(c) AuxMoS2−x (4.17%), (d) AuxMo1−xS2 (2.08%), (e) AuxMo1−xS2 (4.17%), (f) ad-
AuxMoS2 (2.04%), (g) ad-AuxMoS2 (4.00%), (h) MoS2−v, (i) AuxMoS2−x−v (2.13%) and
(j) AuxMoS2−x−v (4.26%).

The projected density of states (PDOS) (Fig. 8.2), highlight changes in the electronic

structure of 1H-MoS2 on Au substitution or adatom and S-vacancy. S-vacancy reduces

the band gap from 1.62 eV in pristine 1H-MoS2 to 1.05 eV in 1H-MoS2−v. As is evident in

Fig. 8.2b, this reduction is due to appearance of mid-gap states arising from S-vacancy de-

fects. Au-doping in MoS2, irrespective of whether it is substitutional or adatom, makes the

monolayer semi-metallic. It is also clear (see Fig. 8.2c-j) that the semi-metallicity is due to

the Au-6s states appearing at the Fermi level (EF ). Effects of Au substitution or adatom

is site specific on electronic structure and energetics of 1H-MoS2. While AuxMoS2−x and

ad-AuxMoS2 are stabilized, AuxMo1−xS2 is not, suggesting distinct chemical environment

and activity of Au in the three configurations.
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8.4 Adsorption of key intermediates: screening cat-

alysts for DSHP

The first step along the reaction pathway of DSHP (Fig. 8.3) involves adsorption of O2

and H on the surface of the catalyst. Of these, O2 adsorption is crucial in determining

selectivity of catalyst towards H2O2 versus ORR. Weak to moderate adsorption of O2

on the catalyst ensures optimal activation of O=O bond needed for H2O2 production.

Conversely, strong adhesion may lead to complete reduction of O2 yielding H2O (ORR).

Further, strong adsorption energies also may also lead to poisoning of active sites by

O2 molecules and cause surface reconstruction, which would hinder repeated use of the

catalyst. As indicated by positive adsorption energies (Eq. 8.3), O2 does not adhere to

1H-MoS2, and there is insignificant change in the O2 bond length (Fig. 8.4). This is

expected since the basal plane of MoS2 is known to be catalytically inert.

∆Eads = Eadsorbate+EMo1−xAux+y+zS2−y
− (EMo1−xAux+y+zS2−y + µadsorbate) (8.3)

where, ∆Eads is the adsorption energy and Eadsorbate+Mo1−xAux+y+zS2−y , EMo1−xAux+y+zS2−y

and µadsorbate are the total energies of adsorbate stabilized on Au-substituted/adatom

MoS2, Au-substituted/adatom MoS2, and chemical potentials of isolated adsorbate species,

respectively. Here, 1
2
µH2 , (µH2O2 - 1

2
µH2) and (2µH2O2 - 2µH2 + 4.92) are taken as the

chemical potentials of an isolated H-atom (µH), OOH (µOOH) and O2 molecule respec-

tively.
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Figure 8.3: Intermediates along the reaction pathway of direct synthesis of hydrogen
peroxide (DSHP). * indicates the adsorbent and * above an intermediate indicates its
state after adsorption.

To achieve optimal O2 adsorption, we introduce Au doping in MoS2, since Au is known to

adsorb O2 moderately. [255] However, the type of Au doping (substitution or adatom) and

the site of doping having distinct effects on (S or Mo) O2 adsorption. Adsorption energies

and percentage of bond elongation of O2 (shown in Fig. 8.4) show that AuxMoS2−x and

(2% Au) ad-AuxMoS2 would be ideal to catalyze DSHP owing to moderate activation

of O=O bond. Ad-AuxMoS2 (4% Au) and AuxMo1−xS2, on the other hand, show high

adsorption energies, and accompanying bond elongation. In fact, the O2 molecule splits

when adsorbed on AuxMo1−xS2. Interestingly, O2 molecule does not split on 4% ad

AuxMoS2 despite its high energy of adsorption: -2.60 eV. A closer inspection of the

structure indicates major reconstruction leading to a bidentate adhesion of the adsorbent

with Au-adatoms (Fig. ??). It is likely that this reconstruction is the cause of a high O2

adsorption energy. Therefore, we eliminate this surface as a potential catalyst for DSHP.

Further, a combination of positive formation energy (Fig. 8.1), and high O2 adsorption

energy conclusively support the disqualification of AuxMo1−xS2 as a catalyst for DSHP.

It is worth noting, however, that ad-AuxMoS2 and AuxMo1−xS2 would be ideal catalysts

for ORR. While Zhang et al showed that AuxMoS2−x would not be suitable for ORR, our

study finds that a modification of the doping site, to AuxMo1−xS2, can make a dramatic
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difference in O2 activation.

Figure 8.4: Energies of adsorption of O2 on various catalysts, along with consequent
percentage deviation in bond length of O2, given in parenthesis. * indicates splitting of
the O2 molecule. Negative adsorption energies imply attractive interactions. O2 adsorbed
on S site in pristine, and Au site in Au:MoS2, respectively.

Figure 8.5: Initial (left) and final (right) structures of O2 adsorbed on ad-AuxMoS2 (4%
Au). Blue, yellow, and gold spheres represent Mo, S and Au.

We also simulated adsorption of O2 at S sites of Au:MoS2, and obtain positive adsorption

energies (Table 8.2), providing further validation that Au plays a crucial role in stabilizing

the O∗2 intermediate. Based on these results, we eliminate ad-AuxxMoS2, AuxMo1−xS2

and MoS2 as possible candidates as catalysts for DSHP. However, we continue to perform

calculations on pristine 1H-MoS2, using it as a reference for comparison and analysis.

H adsorption is the next step in DSHP. Since, H2O2 decomposes in alkaline medium[1,10],
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Catalyst % Au ∆Eads (eV)
1 AuxMoS2−x 2.08 0.96
2 4.17 0.85
3 AuxMo1−xS2 2.08 0.58
4 4.17 0.20

Table 8.2: Energies of adsorption (in eV) of O2 on S sites of Au-substituted MoS2. Positive
values indicate unfavorable interaction.

DSHP is usually carried out in acidic conditions. An additional advantage of this is

that the acidic medium provides protons for the reduction of O2 to H2O2. Therefore,

the catalyst for DSHP is not required to catalyze dissociation of H2. Extensive work

on Hydrogen Evolution Reaction (HER) on MoS2 has uncovered the importance of S-

vacancies in pristine MoS2 for the favorable adsorption of H, [148, 253, 257] which is

corroborated by our calculations (Fig. 8.6). To verify if S-vacancies facilitate H adsorption

in Au substituted MoS2, we introduced one S-vacancy per supercell in AuxMoS2−x and

simulated adsorption of H-atom. We find that S-vacancies indeed stabilize H adsorption

in AuxMoS2−x. Thus, these Au:MoS2 based catalysts screened for the first step of DSHP

are also favorable to the key step of adsorption of H-intermediate, provided, S-vacancies

are also present.
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Figure 8.6: Energies of adsorption of H, adsorbed on vacancy sites, on various catalysts.
Negative values imply attractive interactions.

8.5 DSHP reaction pathway: role of S-vacancies and

selectivity

Adsorption of O2 and H result in the formation of the –OOH intermediate. H2O2 is then

formed by the adsorption of an additional H atom (Fig. 8.3). We now determine energetics

of each intermediate step occurring along the pathway of DSHP reaction (Fig. 8.3) on these

catalysts. We compute the reaction energy of each step with respect to the reactants.

For Au-substituted MoS2 monolayers (AuxMoS2−x), the second step, i.e., adsorption of

H-atom is the potential-determining step (see left panel of Fig. 8.7). S-vacancies in Au-

substituted 1H-MoS2 (AuxMoS2−x−v), result in marked reduction in this barrier and hence

tremendous increase in the catalytic activity. The energy profile of the reaction (right

panel of Fig. 8.7) shows that all elementary reaction steps are barrierless for AuxMoS2−x−v.

Further, optimized structures of the intermediates (Fig. 8.8) adsorbed on AuxMoS2−x−v

reveal that the catalyst undergoes only weak reconstruction, implying that it should be

stable over a greater number of reuse cycles. Interestingly, inclusion of S-vacancy has
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Figure 8.7: Energies of intermediates along reaction pathway of direct synthesis of hy-
drogen peroxide on catalysts based on MoS2 without (left panel) and with (right panel)
S-vacancies. The double headed arrows indicate the reaction step with highest energy
barrier. All energies are in eV.

Figure 8.8: Optimized structures of intermediates occurring along direct synthesis of
hydrogen peroxide on AuxMoS2−x−v (2% Au) (a-e), and on 1H-MoS2 (f-j).

little impact on catalytic activity of MoS2 since the energetically uphill step involves

adsorption of O2 which remains unaffected. For AuxMoS2−x−v, the release of the product

(H2O2) is an endothermic step. However, one expects the energy gained by the catalyst

on adsorbing H and O2, to compensate for the energy barrier that needs to be crossed

for desorption of H2O2. Our analysis of kinetics of DSHP on AuxMoS2−x−v (2% Au)

is based on results of nudged elastic band (NEB) calculations (Fig. 8.11), and transition

states and kinetic energy barriers are determined. Reaction steps involving adsorption of

a free molecule or atom (O2 or H) on the surface occur without any barriers. Along the

DSHP reaction pathway, kinetic barriers are encountered for the two hydrogenation steps,
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formation of ∗OOH and ∗H2O2 intermediates: 0.56 eV and 0.80 eV, respectively. These

may be compared with the barrier of 0.87 eV reported as the activation energy barrier

for DSHP on 11 mol% Au doped Pd (111) by Li and Yoshizawa. [20] The catalyst here

has a dual advantage of having a moderately lower barrier, and being composed of earth

abundant elements with small amounts of Au doping.

A key requirement of DSHP is the activation of O2 bond without cleaving it. This is a

challenge in the first step, when O2 is adsorbed onto the surface, and also in subsequent

steps. Following the formation of the ∗OOH intermediate, its O=O bond can split to give

∗O+∗OH intermediates leading to undesired ORR, instead of forming ∗H2O2. We find

O=O bond cleavage in ∗OOH to have a kinetic barrier of 0.93 eV, higher than that for

the formation of ∗H2O2 (0.80 eV) implying favorable selectivity of AuxMoS2−x−v towards

DSHP over ORR. Thus, Au-substitution and S vacancies synergistically render selectivity

of AuxMoS2−x−v towards partial reduction of O2 (to H2O2) over its complete reduction

to give H2O.

We considered the viability of 2% Au ad-AuxMoS2 as a catalyst for DSHP owing to a

reasonable bond length of ∗O2 on the surface (see Fig. 8.4). As S-vacancies are critical

for adsorbing H-atoms (Fig. 8.6), we compute the energy of each elementary step along

DSHP relative to reactants (Fig. 8.9), and find that all the reaction steps are downhill on

2% Au ad-AuxMoS2−v, with the exception of final uphill step having barrier three times

the energy barrier seen on AuxMoS2−x−v (2% Au) to desorb H2O2. Further, we used NEB

calculations to determine the kinetics and find that the third reaction step, ∗O2 + ∗H →

∗OOH, is the rate-determining step with a barrier of 1.72 eV. Such a high kinetic barrier

shows that 2% Au ad-AuxMoS2−v is not an ideal catalyst for DSHP.
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Figure 8.10: Projected density of states (PDOS) of (a) 1H-MoS2, (b) 1H-MoS2 with
adsorbed O2, (c) AuxMoS2−x (2% Au), and (d) AuxMoS2−x (2% Au) with adsorbed O2.
Iso-surfaces of wave functions depicting (e) highest occupied molecular orbitals (HOMO)
of ∗O2 on pristine MoS2, (f) sharp HOMO like peak (in the range ∼ -12 to -11 eV) of ∗O2

on AuxMoS2−x (2% Au), and (g) covalent interaction (∼ -10 to -8 eV) of ∗O2 with surface
states of AuxMoS2−x (2% Au). Red and purple colors represent positive and negative
iso-surfaces, respectively.

Figure 8.9: Relative energy diagram for direct synthesis of hydrogen peroxide (DSHP)
on 2% ad-AuxMoS2−v. Cyan curves indicate kinetic barriers along the DSHP pathway.
Double headed magenta arrow indicates the reaction step with highest thermodynamic
energy barrier. All energies are in eV.
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Figure 8.11: Relative activation energy diagram for direct synthesis of hydrogen peroxide
(DSHP) on 2% AuxMoS2−x−v. Cyan curves indicate barriers along the DSHP pathway and
purple curves indicate barriers for cleavage of O—O bond from the ∗OOH intermediate.

8.6 Analysis of electronic structure: mechanistic in-

sights

We note that S-vacancies and Au-substitution, were introduced in MoS2 monolayer to

facilitate H adsorption and O2 activation, respectively. Analysis of the PDOS of catalysts,

and their interaction with key intermediates confirms this. Comparison of adsorption of

O2 on 1H-MoS2 and AuxMoS2−x (Fig. 8.10a-d), shows that the highest occupied molecular

orbital (HOMO) of O2 retains its localized nature on 1H-MoS2 and appears at the Fermi

level. Upon substitution of Au at S-sites of 1H-MoS2, HOMO of O2 gets delocalized due

to interaction with the surface states, primarily with Au-orbitals. This is also supported

by visualizing the iso-surfaces of HOMO of O2 adsorbed on 1H-MoS2 (Fig. 8.10c) and

AuxMoS2−x (2% Au) (Fig. 8.10f and g). Analysis of PDOS of H-atom adsorbed on
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Figure 8.12: Projected density of states (PDOS) of (a) 1H-MoS2, (b) 1H-MoS2with ad-
sorbed H, (c) 1H-MoS2−v, and (d) 1H-MoS2−v with adsorbed H. Iso-surfaces of wave
functions depicting (e) discrete highest occupied molecular orbitals (HOMO) of H∗ on
pristine 1H-MoS2, (f) somewhat extended HOMO-like peak (∼ -12 to -10 eV) of H∗ on
1H-MoS2−v. Red and purple colors represent positive and negative iso-surfaces, respec-
tively.

pristine 1H-MoS2 and 1H-MoS2−v (Fig. 8.12a-d), shows similar trends. HOMO of H-atom

remains sharp and discrete (see Fig. 8.12b) indicating weak interaction. However, for H-

atom adsorbed on MoS2−v, HOMO of H broadens over a wide energy range, overlapping

with the frontier states of the catalyst (see Fig. 8.12d) showing a covalent interaction.

This is also evident in iso-surfaces of HOMO of H-atom adsorbed on pristine 1H-MoS2

(Fig. 8.12e) and 1H-MoS2−v (Fig. 8.12f). Finally, we examine the PDOS of AuxMoS2−x−v

(2% Au) monolayer with O2 and H adsorbed to ensure that both modifications continue to

facilitate stabilization of respective adsorbates without affecting the other. As is evident

in Fig. 8.13b, we identify signatures of optimal interaction of the orbitals of O2 with Au
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states. s-orbital of H-atom exhibits a covalent type bonding with the catalyst’s surface

states arising from S-vacancy. The synergy between Au-substitution at S-sites and S-

vacancies in MoS2 thus gives rise to superior catalytic activity and selectivity towards

DSHP.

Figure 8.13: Projected density of states (PDOS) of 2%AuxMoS2−x−v, (a) without any
adsorbates, with adsorbed (b) O2, and (c) H. Black dashed lines denote the Fermi level.

8.7 Conclusions

AuxMoS2−x−v (MoS2 monolayer with substitutional Au at S sites and S-vacancies) is pro-

posed for the efficient catalysis of DSHP. Using first-principles density functional theory

calculations, AuxMoS2−x−v is found to catalyze the complete reaction pathway of DSHP

without any significant energy barriers. Mechanistically, Au substitution and S-vacancies

have two different and crucial roles to play: while the former facilitates optimal activation

of O2, the latter assists H adsorption. Electronic mechanism of optimal adhesion of O2
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and H to AuxMoS2−x−v uncovered from analysis of electronic structure of the intermedi-

ates involved in the reaction pathway. Weak adsorption of O2 and subsequent moderate

activation of the O=O bond, indicate the high selectivity of AuxMoS2−x−v towards DHSP

over ORR. Interestingly, Au substituted at Mo-sites (AuxMo1−xS2) and Au-adatom (Ad

AuxMoS2), exhibit strong O2 adsorption and are expected to be selective towards ORR

over DSHP. Optimized structures of intermediates along the reaction pathway show weak

reconstruction of the catalyst structure implying its stability through large number of

reuse cycles. AuxMoS2−x−v, with a reasonable formation energy, is expected to be feasible

in terms of synthesis. Calculations of TSs and energy barriers indicate that hydrogena-

tion of ∗OOH to H2O2 is favored over cleavage of the O=O bond making the catalyst

selective for DSHP. Finally, AuxMoS2−x−v, is composed of earth-abundant elements (Mo

and S) with small concentrations of Au. Our work shows how combining complementary

strategies of vacancies and substitutional doping, can be effective in design of catalysts

with good catalytic activity and selectivity. In the proposed catalyst, Au-substitution

and S-vacancies work synergistically for the efficient catalysis of DSHP.



132 8.



Chapter 9

Borophene based Metal-Free

Catalysts for Electrochemical

Reduction of Nitrogen

9.1 Introduction

Nitrogen trihydride (NH3), more commonly known as ammonia, is an essential ingredient

in most fertilizers. [77–79] Owing to its high hydrogen density and carbon-free footprint,

its role as an energy carrier is also being explored. [80] NH3 ranks second in tonnage

of annual production and is only preceded by sulfuric acid. [258] Synthesis of NH3 from

nitrogen (N2) relies on the thermocatalytic Haber-Bosch process, in which 1 mole of N2

reacts with 3 moles of hydrogen (H2) over an iron based catalyst. [81,82] The reaction is

carried out at high temperatures (600-700 K) and pressures ranging from 100-200 atm,

making the process heavily energy demanding. [83] Electrocatalytic N2 reduction reaction

(eNRR) serves as a sustainable and carbon-free alternative to the Haber Bosch process

to produce NH3 owing to its ambient reaction conditions. [84, 85] The stride to identify

133
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low-cost, highly efficient and selective catalysts which execute eNRR at a reasonable

energy cost has resulted in intense research activity in the past decade. eNRR is a

heterogeneous catalytic reaction involving six proton-coupled electron transfer (PCET)

steps to produce NH3 from N2. Although hydrogenation of N2 to NH3 is exothermic11

(-46.1 kJmol−1) [86], activation of the N2 molecule remains a hurdle due to the inherent

inertness of the strong triple bond [87] (dissociation energy = 945 kJmol−1). Following

this, the first hydrogenation step, (∗N2 + H → ∗NNH), is generally the highest energy-

demanding step. Furthermore, a catalyst with high selectivity towards eNRR is critical

to suppress the competing hydrogen evolution reaction (HER). [88, 89] Thus, an ideal

catalyst for eNRR should sufficiently activate N2, catalyze the reaction at a low limiting

potential (UL), while mitigating HER. eNRR can proceed via three distinct routes: distal,

alternating, and enzymatic. [89] These pathways differ from each other depending on the

orientation of adhesion of N2 (and other NxHy intermediates) on the surface of the catalyst.

Various materials have been explored as catalysts for NRR, including transition metals

(TMs) like Mo, Fe, Rh, Ru, [259, 260] Au nanoparticles, [261–263] Ag nanodots, [264]

Au/TiO2, [265] Co nanotubes, [266] and other TM and noble-metal-based catalysts. In

recent years, TMs embedded on substrates like BN, [267] MoS2, [268, 269] borophene,

[88,270] graphene, [271] graphitic carbon (g-C3N4) [272,273] have been extensively stud-

ied as catalysts for eNRR. These, metal-based catalysts are prone to poisoning, expensive,

and offer poor selectivity, limiting their widespread usage. Metal-free catalysts, on the

contrary, are cost-effective, environment-friendly, possess high durability, and are less

susceptible to poisoning. Exploration of metal-free catalysts for eNRR thus holds great

scientific and socioeconomic significance. Recently, several reports have focused on devel-

oping non-metallic catalysts for eNRR. Liu et al. synthesized a series of N-doped porous

carbon catalysts [274] at different temperatures, which, owing to their intrinsic defects,

exhibit high activity towards eNRR. Legare et al. showed the presence of B-to-N2 back-

donation of π electrons, similar to the π-backbonding in many TM-based catalysts for
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eNRR, which facilitates weakening of the N≡N bond leading to subsequent activation of

the *N2 adsorbate. This paved the way for extensive work exploring B atoms as active

centers [275] for eNRR. Yu et al studied Boron-doped graphene [276] (BG) and showed

an abundance of electron-deficient B centers, which serve as active sites for hydrogenation

of N2, a weak Lewis base. Sun and co-workers modelled 21 B-based NRR catalysts and

identified B-adsorbed graphene (G-A) and B-substituted MoS2 (h-S1) to be highly active

towards eNRR [277]. They demonstrated a charge transfer from B-atoms to N22 leads

to high selectivity towards NRR over HER and low NRR reaction barriers of 0.31 eV

and 0.46 eV for GA and h-S1, respectively. Using first-principles calculations Ling et al.

explored B embedded graphitic-carbon nitride (B/g-C3N4) for photocatalytic N2 fixation

and computed an onset potential of 0.20 V NRR, the lowest reported for a metal-free

catalyst [272]. The introduction of B-atoms was also linked to reduction of the band-gap

from 2.98 eV for pure g-C3N4 to 1.12 eV for B/g-C3N4, thus enhancing the IR and visible

light absorption.

Borophene, the 2D allotrope of boron, was theoretically predicted by Tang et al. [278] over

a decade ago and further explored by Wu et al [279] and Yakobson and co-workers [280].

Polymorphs of 2D boron sheets, can be generated by introducing hexagonal holes in

various patterns within a triangular grid of boron atoms. These holes are characterized

by the global density parameter (η) [279], which is defined as the ratio of hexagonal holes in

a unit cell of a boron sheet to the number of atomic sites. The intrinsic holes present in the

borophene sheets are essentially defects in a triangular lattice which may showcase some

novel chemical applications. [281] Experimentally, two planar (β12, χ3) and one buckled

polymorph of borophene were recently synthesized on Ag (111) substrate using molecular

beam epitaxy in ultrahigh vacuum. [282,283] Consequently, numerous studies highlighting

various applications of borophene sheets as gas sensors [284–286] H2 storage material [80],

electrodes for Li and Na-ion batteries [287, 288] have emerged. Catalytic performance

of pristine and metal-decorated borophenes for various reactions like hydrogen evolution
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reaction [289,290] (HER), CO2 capture, [291] CO2 reduction, [292] oxygen evolution and

oxygen reduction [293] has also been extensively studied. Theoretical studies focusing on

catalysis of eNRR on pristine and TM anchored borophenes have gained attention in recent

years. A single atom catalyst (SAC) comprising of Mo active centers was shown to exhibit

high selectivity and activity towards NRR at a low UL of -0.26 V on a β12 borophene

substrate. [270] Sun and co-workers also showed that Ru embedded α borophene catalyzes

NRR at a low energy barrier of 0.42 eV [294]. We aimed to test whether a similar catalytic

performance can be obtained by replacing the metal atoms in borophene-based catalysts

with a non-metal moiety.

We evaluated the catalytic performance of four borophene sheets, α (η = 1
9
), β12 (η =

1
6
), χ3 (η = 1

5
) and δ4 (η = 1

4
) with one B atom per supercell substituted by carbon. α

borophene is predicted to be the most stable polymorph of borophene, making it a prime

candidate for experimental isolation of a free-standing 2D boron sheet. β12, χ3 polymorphs

have been experimentally isolated over an Ag (111) substrate, [282,283] which motivated

us to explore them as catalysts for eNRR. borophene features a high hexagonal hole

density , and two inequivalent B-atoms, both four coordinated and only differing slightly

in terms of the local chemical environment. We performed a thorough screening of 8

metal-free borophene based catalysts (4 pristine and 4 C-substituted) for eNRR via all

three possible mechanisms, distal, alternating, and enzymatic. The 2D-boron catalysts

are labelled on the basis of coordination number (cn) of the active site considered, for

instance, C-atom substituted at a five coordinated site of χ3 borophene is denoted by

C@5cn χ3. Using comprehensive density functional theory (DFT) calculations, we show

C@6cn α exhibits a minimal UL of -0.25 V for eNRR along the alternating pathway,

suppresses HER, and efficiently activates N2, thus meeting all three essential conditions

for an ideal eNRR catalyst. Other catalysts like B-6cn α, B@5cn β12, and B@4’cn δ4

also exhibit low limiting potentials (|UL| < 0.6 V), surpassing some of the metal-based

catalysts in the literature. We show these borophene-based catalysts stabilize the first
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hydrogenated intermediate along the reaction pathway of eNRR, NNH, thus efficiently

catalyzing the reaction. Charge transfer from the 2D-boron sheets to N2 weakens the triple

bond and activates the molecule leading to ease in hydrogenation. Additionally, C@6cn α

exhibits exothermic adsorption of N2 and suppresses the competing HER making it an

ideal metal-free catalyst for ammonia synthesis.

Figure 9.1: Optimized structures (top and side views) of pristine and C-substituted
borophene sheets consisting of 3x3 supercell of α (a-c), 4x3 supercell of β12 (d-g), 4x3
supercell of χ3 (h-j), 4x3 supercell of δ4 (k-m) forms. Formation energies (in parenthesis)
of C-substituted monolayers (b) C@5cn α, (c) C@6cn α, (e) C@4cn β12, (f) C@5cn β12,
(g) C@6cn β12, (i) C@4cn χ3, (j) C@5cn 3, (l) C@4cn δ4, and (m) C@4’cn δ4 are given
in eV/C-atom. A negative formation energy corresponds to a stable substitution. Green
and grey spheres represent B and C atoms, respectively. Purple, orange and blue circles
in pristine borophene sheets mark B-atoms at 4cn, 5cn and 6cn sites, respectively.
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9.2 Computational details

Our first-principles calculations are based on density functional theory (DFT) as im-

plemented in the Quantum ESPRESSO [121] code employing a plane-wave basis set

and PAW [256] pseudopotentials to represent the interaction between ionic cores and

valence electrons. We adopt the exchange correlation energy functional of Perdew-Burke-

Ernzerhof (PBE) [99] within a generalized gradient approximation (GGA), and occupa-

tion numbers of electronic states have been smeared with Fermi–Dirac distribution and a

smearing width (kBT ) of 0.04 eV. Additionally, van der Waals (vdW) interactions using

the Grimme scheme [135] have been included to account for weak interactions. A kinetic

energy cutoff of 40 Ry on the plane-wave basis is used in the representation of the Kohn

Sham wave functions, and a cutoff of 320 Ry to represent the charge density. Structures

are determined through minimization of energy until the Hellmann-Feynman forces on

each atom are smaller than 0.03 eV/Å in magnitude. The transition states (TS) were

obtained using the nudged elastic band (NEB) method [107]. Five images were used in

all NEB calculations. All TSs were relaxed until the Hellmann–Feynman forces acting

on the atoms were within 0.05 eV/Å. Supercells consisting of 3×3, 4×3, 4×4 and 4×4

units of α, β12, χ3 and δ4 borophene, respectively, are used to model the various catalysts,

and a vacuum layer of 20 Åthickness is introduced separating adjacent periodic images.

The catalysts studied in this work are shown in Fig. 9.1, and the stoichiometry of the

supercells is given in Table 9.1. Brillouin-zone integrations were sampled on a uniform

grid of 6×6×1, 5×5×1, 5×3×1, and 5×5×1 k points for α, β12, χ3 and δ4 borophene

sheets, respectively. The projected density of states (PDOS) of each structure was cal-

culated using 18×18×1, 15×15×1, 15×9×1, and 15×15×1 k-mesh for α, β12, χ3 and δ4

borophene sheets, respectively. Calculated lattice constants of bulk α, β12, χ3 and δ4

borophene are listed in Table 9.2 and are well within the typical GGA errors with respect

to experimentally observed values [279]. The interaction strength between adsorbate
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Label % C Stoichiometric formula
1 α - B72

2 C@α 1.39 B71C
3 β12 - B60

4 Cβ12 1.67 B59C
5 χ3 - B64

6 C@χ3 1.56 B63C
7 δ4 - B48

8 C@δ4 2.08 B47C

Table 9.1: Borophene monolayers considered in this work, with the stoichiometric formula
of the supercell.

Borophene Calculated Experimental

a(Å) b(Å) a(Å) b(Å)
α 5.057 5.057 5.05 5.05
β12 2.927 5.07 2.91 5.04
χ3 2.91 4.445 2.9 4.437
δ4 2.95 3.32 2.93 3.28

Table 9.2: Calculated and experimental lattice parameters of various borophene mono-
layers considered in this work.

and the borophene monolayer is evaluated using:

∆Eads = Ecomplex − (Emonolayer + µadsorbate) (9.1)

where, Ecomplex, Emonolayer, µadsorbate are the energies of adsorbate-borophene monolayer

complex, pristine/C-substituted borophene monolayer and chemical potential of isolated

adsorbate. Following convention has been followed for energies of isolated adsorbates:

• µN2 = EN2

• µN = EN2H2 - 1
2
EH2

where, EN2H2 , EN2 and EH2 are the DFT calculated energies of isolated N2H2, N2 and H2

molecules respectively.

The Gibbs free energies (∆G) of each step along the reaction pathway at T = 298 K is
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determined using:

∆G = ∆E − T∆S + ∆EZPE − neU (9.2)

where, ∆E, T∆S, ∆EZPE, n and U are the changes in enthalpy (from DFT total energy),

zero-point energy, entropy, number of electrons transferred and the applied potential

respectively.

Limiting potential (UL), defined as the externally applied voltage at which all reaction

steps are spontaneous is calculated as:

• UNRR
L = −∆GMAX

e

• UHER
L =

−|∆GH
ads|

e

where, −∆GMAX and ∆GH
ads is the Gibbs free energy of the potential determining step

for NRR and Gibbs free adsorption energy of H-atom, respectively.

9.3 Structural and electronic properties of borophene

sheets

2D boron sheets are predicted to exist in multiple buckled and planar polytypes with

different η values. These monolayers are classified into five categories based on the local

coordination of B atoms. [279] Here, we present a detailed study of four borophene sheets,

α, β12, χ3 and δ4 (Fig. 9.1) as catalysts for eNRR and study the effect of C-substitution

on their catalytic activity. Formation energies (Eform) of C-substituted boron monolayers

are estimated using

Eform = EC@Borophene − [EBorophene − EB + EC ] (9.3)
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where, EC@Borophene, EBorophene, EB, EC are the energies of C-substituted borophene mono-

layer, pristine borophene monolayer, isolated B and C atoms, respectively.Eform < 0 cor-

responds to a stable substitution. The planar structure of all four borophenes remains

unaltered upon C-substitution (Fig. 9.1). Interestingly, C-substitution is more favorable

at a site with lower cn. We explore this further using electronic structures of pristine and

C-substituted borophenes.

Figure 9.2: Density of states (PDOS) projected onto the in-plane (sp2 hybridized states)
and out-of-plane orbitals (pz orbitals) of pristine and C-substituted (a) α, (b) β12, (c)
χ3 and (d) δ4 forms of borophenes (EF=0). Top part of each panel has the PDOS of
pristine borophene sheet while the others show PDOS of C-substituted borophenes with
increasing coordination of the substituted C (middle and top parts). Alternate y-axis
represents the PDOS of C-substituent.

Analysis of density of states (PDOS) projected onto the in-plane (sp2 hybridized states)

and out-of-plane orbitals (pz orbitals) highlights the effect of C-substituents on the elec-

tronic structure of α, β12, χ3 and δ4 borophene sheets. The metallic nature of borophene

sheets is retained upon the introduction of C-atom in the lattice (Fig. 9.2). Substituting
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one B-atom per supercell of borophene with C, brings an extra electron in the system,

leading the Fermi level (EF ) to shift up. This n-type doping due to C-substituents sta-

bilizes the otherwise electron-deficient borophene sheets. This is evident in PDOS of

C-substituted borophenes in which the B-sp2 states shift lower in energy indicative of a

stabilization effect (Fig. 9.2); however, the nature of interaction of C orbitals differ with

the local chemical environment in the borophene sheet. This effect is most prominent

in borophene, where the in-plane bonding states are partially unoccupied (Fig. 9.2b top

panel), leading to a less stable configuration as compared to the fully occupied sp2 bonding

states in α. It was recently shown that the 6-coordinated B-atoms in the β12 borophene

majorly show a π bonding character, while B-atoms with lower cn (4cn and 5cn) con-

tribute to the in-plane (σ) bonds. [295,296] A similar trend is followed by C-substituents

based on the local coordination of the substitution site. States arising from C-pz orbitals

become more notable as we go from C@4cn β12 to C@6cn β12 (Fig. 9.2b). Thus, a C with

a lower cn (4cn) interacts with the in-plane sp2 hybridized states of the lattice while a

C@6cn primarily exhibits a π (pz) type bonding. Since σ interaction provides more stabil-

ity than π, energy gained by β12 sheets upon C-substitution decreases as we go from 4cn

to 6cn (Fig. 9.1e-g, and Fig. 9.22b). This trend also emerges in the other borophene sheets

with multiple coordination environments (α and χ3) (Fig. 9.1b, c and i, j and Fig. 9.2a,

c). In the δ4 polymorph, all B-atoms are 4-coordinated but are not chemically equivalent,

labelled here as 4cn and 4’cn. Despite having the same cn, a B-atom at the 4cn site forms

three equivalent bonds (forming a triangle) however, the fourth bond is slightly smaller.

All bonds formed by 4’cn B-atom are equivalent and have the same bond length. Thus,

substituting a C-atom at the two inequivalent sites (4cn and 4’cn) leads to a comparable

gain in energy. The stabilizing effect of C-substitution in borophene sheets supports the

viability of their experimental synthesis.
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9.4 Reaction pathways of eNRR

To assess the catalytic performance of these borophene sheets towards eNRR, we simulated

the adsorption of various intermediates occurring along the three reaction pathways at

all possible inequivalent surface sites, starting with N2. The primary difference between

the distal, alternating, and enzymatic pathways is the orientation of N2 adsorbed on

the catalyst’s surface. End-on adsorbed N2 can proceed via the distal or alternating

pathway, while a side-on adsorbed N2 takes the enzymatic route (Fig. 1.8). Along the

distal pathway, the dangling N-atom gets fully hydrogenated to NH3, following which the

N-atom attached to the surface of the catalyst (∗N) undergoes three PCET steps releasing

the second ammonia molecule. Whereas, both N atoms are targeted alternatively by

incoming protons in the alternating pathway, and the first NH3 is released at the 5th

PCET step. Similar alternate hydrogenation of N occurs via the enzymatic pathway, the

only difference being that each intermediate is oriented in a side-on fashion. All three

pathways start with adsorption of N2 and activation of N≡N, vital for the subsequent

steps. N2 adsorption on most borophene sheets is non spontaneous in almost all cases

irrespective of the orientation (Table 9.3), exhibiting an energy cost ranging from 0.2 eV

to 1.0 eV. C@6cn α, however, stabilizes the ∗N2 adsorbate, and -0.75 eV of energy is

gained of upon adsorption. Other catalysts like C@5cn α, B@6cn α, and C@4cn δ4 have

a low N2 activation cost (∼0.2 eV) associated with them. N2 adsorption is followed by

6 PCET steps, generating various NxHy intermediates, eventually yielding NH3 as the

product.

9.5 Energetics of the reaction pathways

A total of 54 eNRR scenarios constituting of all inequivalent surface sites were compared

using free energy diagrams (Fig. 9.3, 9.4, 9.5, 9.6), among which C@6cn α, B@6cn α,

B@5cn χ3, and B@4’cn δ4 exhibit a low UL (|UL| < 0.6 V) (Fig. 9.7 ). N2 reduction
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Borophene Adsorption Site ∆GN2
ads (eV) N≡N bond length (Å)

End-on Side-on End-on Side-on
B@5cn 0.21 0.23 1.13 1.11

α B@6cn 0.24 0.22 1.14 1.11
C@5cn -0.07 -0.04 1.11 1.11
C@6cn -0.74 -0.63 1.13 1.11

B@4cn 0.46 0.33 1.13 1.11
B@5cn 0.58 0.33 1.13 1.11

β12 B@6cn 0.35 0.33 1.11 1.11
C@4cn 0.34 0.33 1.11 1.11
C@5cn 0.33 0.34 1.11 1.11
C@6cn 0.33 0.31 1.11 1.11

B@4cn 0.67 0.33 1.13 1.11
χ3 B@5cn 0.91 0.33 1.13 1.11

C@4cn 0.34 0.34 1.11 1.11
C@5cn 0.33 0.32 1.11 1.11

B@4cn 1.00 0.34 1.13 1.11
δ4 B@4’cn 1.00 0.35 1.13 1.11

C@4cn 0.20 0.22 1.11 1.11
C@4’cn 0.30 0.30 1.11 1.11

Table 9.3: Adsorption energies and bond length for N2 in end-on and side-on orientation
on B/C sites of pristine/C-substituted borophenes.

on C@6cn α and B@4’cn δ4 prefers the distal pathway while on B@6cn α and B@5cn χ3

the reaction follows alternating and enzymatic pathways, respectively. The addition of a

second H, i.e., formation of ∗NNH2 from ∗NNH, is the potential determining step (PDS) for

C@6cn α while hydrogenation of ∗N2 is PDS for the other three catalysts. B@6cn α and

B@5cn χ3 catalyze N2 reduction with UL of -0.33 V and -0.40 V, respectively; however,

the adsorption of N2 on these monolayers requires a small energy input (0.24 eV and

0.33 eV, respectively). B@4’cn δ4 also showcases a reasonable UL of -0.55 V for the

distal hydrogenation of N2, but significant energy (∼1.00 eV) is needed to facilitate N2

adsorption on the monolayer. C@6cn α adsorbs N2 exothermically (-0.75 eV) and exhibits

the lowest UL (-0.25 V) of all catalysts studied here to produce NH3 via the distal pathway.
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Introducing a C-atom in 3×3 supercell of α borophene not only reduces the UL for eNRR

but also facilitates adsorption of N2 molecule. Additionally, the desorption of the second

NH3 requires high energy input in most cases, making it the rate-determining step (RDS).

However, in an experimental setup, protons from acidic solutions combine with NH3 to

produce NH+
4 ions making the final step essentially spontaneous.

Figure 9.3: Free energy profiles for electrochemical nitrogen reduction via distal, alter-
nating and enzymatic pathways on (a) B@5cn α, (b) B@6cn α, (c) C@5cn α, and (d)
C@6cn α. All energies in eV.
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Figure 9.4: Free energy profiles for electrochemical nitrogen reduction via distal, alter-
nating and enzymatic pathways on (a) b@4cn β12, (b) B@5cn β12, (c) B@6cn β12, (d)
C@4cn β12, (e) C@5cn β12, and (f) C@6cn β12. All energies in eV.
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Figure 9.5: Free energy profiles for electrochemical nitrogen reduction via distal, alter-
nating and enzymatic pathways on (a) B@4cn χ3, (b) B@5cn χ3, (c) C@4cn χ3, and (d)
C@5cn χ3. All energies in eV.

We explore the energetics of each hydrogenation step along the three reaction pathways

of eNRR (Fig. 1.8), taking C@6cn α as an example (Fig. 9.8). N2 adsorbs exothermically

on C@6cn α in both side-on (-0.62 eV) and end-on (-0.75 eV) configurations, the latter

being more spontaneous. Here, ∗N2 (end-on) binds to a neighboring B-site with a bond

length of 1.48 Å, and the NN bond length elongates from 1.11 Å (isolated N2) to 1.14

Å. Along the distal pathway, the formation of various NxHy intermediates (∗NNH, ∗N,

∗NH, ∗NH2) is exothermic by -1.14 eV, -1.22 eV, -0.62 eV, and -0.05 eV, respectively. The

second hydrogenation step (∗NNH + H+ + e− → ∗NNH2) is uphill by 0.25 eV and thus

serves as the PDS. Along the alternating pathway, second H+ attacks the ∗N of ∗N-∗NH

forming ∗NH-∗NH.
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Figure 9.6: Free energy profiles for electrochemical nitrogen reduction via distal, alter-
nating and enzymatic pathways on (a) B@4cn δ4, (b) B@4’cn δ4, (c) C@4cn δ4, and (d)
C@4’cn δ4. All energies in eV.

The fourth PCET (∗NH-∗NH2 + H+ + e− → ∗NH2-∗NH2) along the alternating pathway

requires a high energy input of 2.06 eV, making the reaction unfeasible on C@6cn α via

this route. Finally, in the enzymatic pathway, N2 adsorbs in a side-on orientation on the

surface of the catalyst. Formation of *N-*NH and ∗NH2 is exothermic by -2.74 eV and

-2.70 eV, respectively, while ∗NH-∗NH, ∗NH-∗NH2, and ∗NH2-∗NH2 intermediates require

energy of 1.00 eV, 0.65 eV, and 0.92 eV. PDS along the enzymatic pathway is ∗N-∗NH +

H+ + e− → ∗NH-∗NH with a ∆G of 1.00 eV, comparable to the bulk Ru catalyst. [297]

Thus, reduction of N2 to NH3 is most feasible on C@6cn α via the distal pathway.
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Figure 9.7: Free energy profiles of electrochemical nitrogen reduction on (a) C@6cn α, (b)
B@6cn β12, (c) B@5cn χ3, and (d) B@4’cn δ4. Reactions in (a) and (d) proceed along the
distal pathway, while (b) and (c) follow alternating and enzymatic routes, respectively.
The green curves show eNRR at applied potential, different for each catalyst.

9.6 Selectivity

Along with the ability of a catalyst to execute eNRR at low UL, its selectivity towards

NRR over the competing hydrogen evolution reaction (HER), is also crucial. To comment

on the HER activity of the borophene sheets, we simulated adsorption of H-atom and

calculated its Gibbs free energy of adsorption (∆GH
ads), a well-known descriptor for HER.

[124] ∆GH
ads close to zero is considered optimal for an efficient catalyst for HER. Fig. 9.9

shows the difference between UL for eNRR and HER as a function of UL (eNRR) [298],

illustrating both the activity and selectivity of a catalyst towards eNRR. As discussed

earlier, C@6cn α, and B@6cn α, B@5cn χ3 , and B@4’cn δ4 execute eNRR at low UL

(|UL| < 0.6 V) (Fig. 9.7); however, only the former two also exhibit high selectivity

towards eNRR over HER (Fig. 9.9). C@6cn α demonstrates least affinity for HER and
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Figure 9.8: Optimized structures of intermediates occurring along the enzymatic (red),
distal (black), and alternating (blue) reduction of N2 on C@6cn α. Green, grey, blue and
cyan spheres represent B, C, N and H atoms, respectively.

exceptional activity towards eNRR making it an ideal catalyst for N2 reduction. Finally,

we explore the underlying mechanisms for the activity of these borophene based catalysts

towards eNRR.

Figure 9.9: Selectivity of borophene catalysts with respect to NRR and HER described
using limiting potential (UL). UL(NRR) – UL(HER) as a function of UL(NRR) give mea-
sures of activity (x-axis) and selectivity (y-axis) of various borophene catalysts towards
eNRR.
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9.7 Mechanistic insights

Across the 54 eNRR scenarios considered here, activation of ∗N2 and its hydrogenation to

∗NNH emerge as the two critical criteria for a highly efficient catalyst. Transition-metal

based catalysts, owing to a combination of filled and empty d-orbitals, are well known

to accept and back-donate electrons from and to N2, [259,275,298] respectively, resulting

in excellent eNRR catalytic activity. Back-donation of electrons to the unoccupied anti-

bonding orbital (1π∗) of N2 weakens its triple bond and promotes its adsorption leading

to NN bond activation on the surface of the catalyst. Boron possesses filled and empty p-

orbitals and exhibits a similar ‘acceptance-donation’ interaction with N2. To understand

the charge transfer between ∗N2 and our catalysts, we calculated Bader charges [299] of

∗N2 adsorbed on borophene sheets with respect to isolated N2 molecule. In most cases,

we observed a transfer of electrons from borophene sheets to the molecule accompanied

by an elongation of the NequivN bond. These excess electrons occupy the antibonding

π∗ orbitals of ∗N2, activating its triple bond. We note that UL decreases (in magnitude)

logarithmically with number of electrons gained by ∗N2 on our catalysts. For a small

amount of charge transfer (∆e < 0.05 e− ) from borophene sheets to ∗N2, there is sharp

decrease in |UL| (Fig. 9.10a), followed by a linear pattern (0.05 e− < ∆e). Our most effi-

cient catalyst, C@6cn α, showcases a high charge transfer (∼0.6 e−) to the ∗N2 molecule,

resulting in a highly activated triple bond. ∆GN2
ads further supports this observation with

C@6cn α showcasing spontaneous N2 adsorption (-0.75 eV). B@6cn α, B@5cn χ3, and

B@4’cn δ4 catalysts exhibit a significant charge transfer (∆e > 0.5 e− ) to ∗N2 but adsorb

N2 endothermically, albeit with a small energy input. This is expected as the loss of elec-

trons from electron-deficient pristine borophene sheets destabilizes them further, making

the process uphill. The partial density of states (PDOS) also substantiates the backdo-

nation of electrons from borophene sheets to the anti-bonding orbital (1π∗) of N2. The

lowest unoccupied molecular orbital (LUMO) of ∗N2 broadens and new states appear just
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below the EF , resonant with the 2pz states of B and C. Compared to the sharp LUMO

of an isolated N2 molecule, 1π orbital of ∗N2 gets partially occupied when adsorbed on

C@6cn α (Fig. 9.10b), and B@6cn α (Fig. 9.10c). Thus, ∆e can be used as a quantitative

descriptor for the degree of N2 activation and can be used for screening a broad range of

catalysts for eNRR.

Figure 9.10: Limiting potential (UL) of various configurations and sites of borophene
sheets for electrochemical N2 reduction as a function of (a) number of electrons transferred
to N2 upon adsorption. Density of states (PDOS) projected onto the out-of-plane orbitals
(pz orbitals) of (b) ∗N2 B@6cn α, and (c) C@6cn α. Top, middle and bottom panel show
the PDOS for borophene monolayer, ∗N2 adsorbed on the monolayer, and isolated N2

molecule, respectively (EF=0).

As mentioned earlier, activation of the triple bond in an N2 molecule is generally the

bottleneck for most NRR catalysts, and thus the first hydrogenation step (∗N2 + H+ +
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e− → ∗NNH) is widely accepted as the PDS. To facilitate this step, activation of ∗N2 and

stabilization of ∗NNH moiety are equally important. To comment on the latter, we calcu-

lated the Gibbs free adsorption energy of ∗NNH (∆GNNH
ads ). The limiting potential (UL)

for each catalyst along its most efficient eNRR pathway correlates linearly with ∆GNNH
ads

(see Fig. 9.11), further validating their viability to efficiently catalyze N2 reduction. Both

C@6cn α, and B@6cn α show a high stabilization of ∗NNH intermediate, thus facilitating

the first hydrogenation step. This directly connects with excess electrons on ∗N2 (dis-

cussed above) as a negatively charged ∗N2 would attract incoming protons and undergo

hydrogenation to form ∗NNH. ∆GNNH
ads can thus be employed, in tandem with ∆e as a

descriptor of the ability of various NRR catalysts to execute the first hydrogenation step,

which in most cases, is the PDS. A combination of spontaneous adsorption of ∗N2 (∆GN2
ads

= -0.75 eV), a consequence of ∆e from the catalyst to N2, stable adsorption of ∗NNH,

high selectivity over HER and a vanishingly small UL (-0.25 V) make C@6cn α a prime

candidate for catalyzing eNRR.
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Figure 9.11: Limiting potential (UL) of various borophene sheets for electrocatalytic N2

reduction as a function of ∆GNNH
ads .

9.8 Kinetics of eNRR

Kinetics of a catalytic reactions determines the practical viability of the catalyst. We use

NEB calculations to determine the activation barriers for each elementary step along the

distal pathway of N2 reduction on our most efficient catalyst, C@6cn α. Reaction steps

involving adsorption/desorption of a free molecule (N2/NH3) on the surface occur without

any barriers. Kinetic barriers are encountered for the 4 hydrogenation steps, formation of

NNH, NNH2, NH and NH2, 0.27 eV, 0.51 eV, 0.40 eV and 0.56 eV, respectively. The rate

determining step (RDS) is hydrogenation of NH to form NH2 with a barrier of 0.56 eV

Fig. 9.12. This is much lower than the activation barrier reported on B-doped graphene

and B-substituted MoS2 by Sun et. al. indicating excellent kinetics can be expected from

our borophene based catalyst.
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Figure 9.12: Relative energy diagram for electrocatalytic N2 reduction via the distal
pathway on C@6cn α. Cyan curves indicate kinetic barriers. All energies are in eV.

9.9 Conclusions

In summary, we report a set of α borophene based metal-free catalysts with superior

activity towards eNRR. We show carbon substitution in borophene sheets is energeti-

cally favorable, and its stability reduces with increase in the coordination number of the

substituted atomic site. Using comprehensive first-principles density functional theory

calculations, we present two candidates, C@6cn α, and B@6cn α, to be highly selective

towards eNRR against HER. High charge transfer to the anti-bonding 1π∗ orbital of N2

from these catalysts facilitates adhesion and activation of the NN bond. This excess

charge on ∗N2 further promotes the first hydrogenation step leading to stabilization of

the ∗NNH intermediate. Thus, a combination of charge transferred to ∗N2 (∆e) and sta-

bilization of *NNH (∆GNNH
ads ) on borophene sheets, directly govern the activity of the
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catalyst and function as descriptors which can be employed in high throughput screen-

ing of high-performance materials. C@6cn α and B@6cn α electrochemically catalyze N2

reduction at small limiting potentials of -0.25 V and -0.33 V, via the alternating and

distal pathways, respectively. Calculations of TSs and activation energy barriers show

hydrogenation of NH to NH2 is the RDS with a low barrier of 0.56 eV. to High N2 ac-

tivation, excellent HER suppression, and vanishingly small limiting potentials for eNRR

render C@6cn α and B@6cn α as a robust metal-free catalysts, ideal for electrochemical

production of NH3.



Chapter 10

Summary

The central theme of this thesis has been to explicate the underlying mechanisms leading

to enhancement in the catalytic performance of various materials. The chemical reactions

studied here are not only crucial to tackling problems of energy and environment, but

are also fundamentally interesting as they offer fundamental mechanistic insights into

catalysis of various processes. We study these heterogeneous catalytic reactions within the

framework of first-principles density functional theoretical calculations and demonstrate

how surface modifications can be used to alter the electronic structure of materials, leading

to enhanced catalytic activity.

Deviation from the bulk structure of a crystal can lead to important changes in its phys-

ical properties. We show chemical disorder and substitutional alloying can be effectively

used to tune the catalytic performance of two earth-abundant metal catalysts for HER

in alkaline environment. We study evolution of H2 on a Co-Mo-P catalyst by introducing

structural amorphicity and identify Mo-Co bridging site to be an active site for dissoci-

ation of the water molecule, facilitated by the electronegative P-atom. We further show

desorption of the product (H2) is accelerated by the Mo-atoms in the system. We pre-

sented analysis of another catalyst for alkaline HER comprising of the metastable 1T



158 10. Summary

polytype of MoS2 stabilized by substitutional Ni/Co. We show that a local structural dis-

tortion occurs in the 1T lattice upon substitution with Ni/Co atoms which transforms it

to a more stable 1T” polymorph. Ni/Co substituted catalysts exhibit optimal Gibbs free

energy of H-adsorption (∆GH
ads), supporting their superior HER performance. Pristine

1T-MoS2 interacts rather strongly with H (∆GH
ads ∼ -2.9 eV), and the 1T lattice decays

to a lower energy 1T” at low H-coverages (< 40%). With increasing the H-coverage (≥

40%), the 1T” polymorph further decays to the more stable 1T’ structure.

We presented analysis of the enhancement in catalytic activity of a metal phosphide,

Ni2P, towards the over water splitting reaction and two metal carbides, WC and MoC,

towards HER, with substitutional doping of a 3d TM. Mn-substituted Ni2P catalyzes

both HER and OER with higher efficiencies than the pristine Ni2P. An optimal ∆GH
ads ∼

-0.14 eV and work function of 4.78 eV showcases the high catalytic activity of Ni1.5Mn0.5P

towards HER. Presence of surface oxygen (M–O) species, reduces the OER overpotential of

Ni1.5Mn0.5P supporting its high catalytic activity towards evolution of O2. Ni substituents

in WC and MoC alter their electronic structure, pushing the Fermi level close to SHE

potential, making them viable HER electrocatalysts.

We showed how site-specific catalytic activity can be tuned by chemical character of

N-atoms substituted in the graphene monolayer of a graphene:MoS2 heterostructure.

Graphitic, pyridinic and pyrrolic N dopants lead to different electronic and catalytic

properties of the heterostructure. We predicted graphitic N-substituted graphene:MoS2

heterostructure to exhibit superior HER activity owing to an optimal ∆GH
ads and suitable

band edge energies relative to redox potential, making it a suitable for electrocatalytic

HER.

Our analyses of catalytic performance of these materials towards the two half-cell reactions

of water splitting lack the effects due to various solvents used experimentally. In future

work, it would be interesting to study the liquid phase interactions and how they influence
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the activity of catalysts studied here. Also, it would be desirable to comment on the kinetic

aspect of HER and OER on the catalytic materials explored here.

We presented studies of catalytic activity of two intermetallics to reduce the green-

house gas CO2 to CH3OH, a value added fuel, and also activity to oxidize such fuels

(CH3CH2OH) to generate electricity using a fuel cell. Using comprehensive density-

functional theoretical calculations, we presented analysis of the mechanisms of catalytic

activity of Ni3In towards the 6 electron reduction of CO2 to generate CH3OH. Through

detailed investigation of eight discrete pathways, we showed that CO2 reduction on Ni3In

proceeds preferentially via the formate pathway. We further calculated the activation bar-

riers along the formate pathway and conclusively determined the potential determining

and rate determining steps. In future, it would be interesting to calculate the thermody-

namic and activation energy barriers of CO2 reduction to other possible products like CH4

and even C2 products like EtOH. This would give a clearer picture into the underlying

mechanism governing the selectivity of Ni3In catalyst towards CH3OH.

We also studied the role of Ni-substituents in the amelioration of catalytic activity of

Pd2Ge for electrooxidation of ethanol. We find that optimization of adsorption energies

of CH3CO and OH intermediates on Ni-substituted Pd2Ge surface dictate its superior

electrocatalytic activity as compared to that of pristine Pd2Ge. For future work, it would

be really interesting to extend our investigations to include all steps involving the catalytic

electrooxidation of ethanol instead of focusing on the energies of adsorption of the key

intermediates.

We also predicted two novel catalysts with a goal to produce two chemicals of great indus-

trial value, H2O2 and NH3. For catalyzing the synthesis of the former, we demonstrate how

substitutional Au and S-vacancies tune the catalytic activity of 1H-MoS2 (AuxMoS2−x−v).

The 2 electron reduction of O2 to generate H2O2, occurs on AuxMoS2−x−v without any

significant energy input and the catalyst also offers high selectivity over the competing
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reaction, ORR. Both substitutional Au and S-vacancy operate synergistically to catalyze

the direct synthesis of H2O2 (DSHP) and play distinctly crucial roles: the former facil-

itates optimal activation of O2, while the latter facilitates H adsorption. AuxMoS2−x−v

catalyses DSHP at a reasonable activation energy barrier of 0.80 eV, significantly lower

than other reported catalysts. We also report a metal-free catalyst based on 2D boron

sheets and show it to be highly active in catalyzing electrochemical nitrogen reduction

reaction (eNRR) at a exceptionally low onset potential. These borophene based catalysts

also exhibit high selectivity towards eNRR over the competing and kinetically swift HER,

making them attractive candidates for producing NH3. The prime candidate material

to catalyze eNRR also possesses a minimal kinetic barrier of 0.56 eV, further confirming

the superior catalytic activity of our borophene based catalysts. Uncovering the mecha-

nisms, we identify two novel descriptors namely, amount of charge transferred to ∗N2 and

∆GNNH
ads , which can be employed in high-throughput screening of non-metallic catalysts

for eNRR.

The next step in these studies would be to validate these results experimentally. Here

we provide a detailed road-map towards synthesis of two industrially important chemical,

H2O2 and NH3. It would be fascinating to see these predicted catalysts take shape into

real materials and analyze their performance. Also, we would like to see the applicability

of the two novel descriptors described in Chapter 9 on other metal-free candidate materials

to catalyze eNRR and assess their scope.

We have summarized the ideas in this thesis in a schematic (see Fig. 10.1) showcasing

commonality and central theme across the topics covered. Specifically, we demonstrate

various tuning parameters in different materials that can be used to engineer their catalytic

activity, and uncover the mechanisms leading to enhancement in the catalytic activity

towards chemical reactions relevant to energy, environment and industry.
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Figure 10.1: Schematic summary of ideas presented in the thesis.
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Borges, Diego G Miralles, Brecht Martens, Joshua Fisher, Rodolfo LB Nobrega,

Alvaro Moreno, Osvaldo MR Cabral, et al. Are remote sensing evapotranspiration

models reliable across south american climates and ecosystems? Earth and Space

Science Open Archive ESSOAr, 2021.

[22] Min Zeng and Yanguang Li. Recent advances in heterogeneous electrocatalysts for

the hydrogen evolution reaction. Journal of Materials Chemistry A, 3(29):14942–

14962, 2015.

[23] Carlos G Morales-Guio, Lucas-Alexandre Stern, and Xile Hu. Nanostructured hy-

drotreating catalysts for electrochemical hydrogen evolution. Chemical Society Re-

views, 43(18):6555–6569, 2014.

[24] John Bockris. Energy: the solar-hydrogen alternative. New York, 1975.

[25] Rasmus Frydendal, Elisa A Paoli, Brian P Knudsen, Björn Wickman, Paolo

Malacrida, Ifan EL Stephens, and Ib Chorkendorff. Benchmarking the stability



166 References

of oxygen evolution reaction catalysts: the importance of monitoring mass losses.

ChemElectroChem, 1(12):2075–2081, 2014.

[26] Youngmin Lee, Jin Suntivich, Kevin J May, Erin E Perry, and Yang Shao-Horn.

Synthesis and activities of rutile iro2 and ruo2 nanoparticles for oxygen evolution in

acid and alkaline solutions. The journal of physical chemistry letters, 3(3):399–404,

2012.
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Mart́ınez, Nilay G Inoglu, John Kitchin, Thomas F Jaramillo, Jens K Nørskov, and

Jan Rossmeisl. Universality in oxygen evolution electrocatalysis on oxide surfaces.

ChemCatChem, 3(7):1159–1165, 2011.

[149] P Peter Atkins and J De Paula. Atkins’ physical chemistry. OUP Oxford, 2014.

[150] Anirban Dutta and Narayan Pradhan. Developments of metal phosphides as efficient

oer precatalysts. The journal of physical chemistry letters, 8(1):144–152, 2017.



182 References

[151] Zejun Li, Xinyu Dou, Yingcheng Zhao, and Changzheng Wu. Enhanced oxygen

evolution reaction of metallic nickel phosphide nanosheets by surface modification.

Inorganic Chemistry Frontiers, 3(8):1021–1027, 2016.

[152] Soumyabrata Roy, Debabrata Bagchi, Lakshay Dheer, Saurav Ch. Sarma, Vincent

Rajaji, Chandrabhas Narayana, Umesh V. Waghmare, and Sebastian C. Peter.

Mechanistic insights into the promotional effect of ni substitution in non-noble metal

carbides for highly enhanced water splitting. Applied Catalysis B: Environmental,

298:120560, 2021.

[153] Lucas-Alexandre Stern, Ligang Feng, Fang Song, and Xile Hu. Ni 2 p as a janus

catalyst for water splitting: the oxygen evolution activity of ni 2 p nanoparticles.

Energy & Environmental Science, 8(8):2347–2351, 2015.

[154] Deviprasath Chinnadurai, Rajmohan Rajendiran, Oi Lun Li, and Kandasamy

Prabakar. Mn-co bimetallic phosphate on electrodeposited pani nanowires with

composition modulated structural morphology for efficient electrocatalytic water

splitting. Applied Catalysis B: Environmental, 292:120202, 2021.

[155] W-F Chen, C-H Wang, Kotaro Sasaki, Nebojsa Marinkovic, Wenqian Xu, James T

Muckerman, Yimei Zhu, and RR Adzic. Highly active and durable nanostructured

molybdenum carbide electrocatalysts for hydrogen production. Energy & Environ-

mental Science, 6(3):943–951, 2013.

[156] Soumyabrata Roy, Debabrata Bagchi, Vamseedhara Vemuri, Saurav Ch Sarma,

Vinita Ahuja, Vincent Rajaji, Chandrabhas Narayana, and Sebastian C Peter. De-

convolution of phase–size–strain effects in metal carbide nanocrystals for enhanced

hydrogen evolution. Nanoscale, 12(28):15414–15425, 2020.

[157] Younes Abghoui and Egill Skulason. Hydrogen evolution reaction catalyzed by

transition-metal nitrides. The Journal of Physical Chemistry C, 121(43):24036–



References 183

24045, 2017.

[158] Lin Chen, Ling-Ran Zhang, Ling-Yan Yao, Ya-Hui Fang, Lin He, Guang-Feng Wei,

and Zhi-Pan Liu. Metal boride better than pt: Hcp pd 2 b as a superactive hydrogen

evolution reaction catalyst. Energy & Environmental Science, 12(10):3099–3105,

2019.

[159] Sangmin Jeong, Hien Duy Mai, Tri Khoa Nguyen, Jong-Sang Youn, Ki-Hun Nam,

Cheol-Min Park, and Ki-Joon Jeon. Atomic interactions of two-dimensional pts2

quantum dots/tic heterostructures for hydrogen evolution reaction. Applied Catal-

ysis B: Environmental, 293:120227, 2021.

[160] Panyong Kuang, Min He, Haiyuan Zou, Jiaguo Yu, and Ke Fan. 0d/3d mos2-

nis2/n-doped graphene foam composite for efficient overall water splitting. Applied

Catalysis B: Environmental, 254:15–25, 2019.

[161] Debabrata Bagchi, Nithi Phukan, Shreya Sarkar, Risov Das, Bitan Ray, Pavithra

Bellare, Narayanan Ravishankar, and Sebastian C Peter. Ultralow non-noble metal

loaded mof derived bi-functional electrocatalysts for the oxygen evolution and re-

duction reactions. Journal of Materials Chemistry A, 9(14):9319–9326, 2021.

[162] Abdul Majeed, Xin Li, Peng-Xiang Hou, Hassina Tabassum, Lili Zhang, Chang Liu,

and Hui-Ming Cheng. Monolayer carbon-encapsulated mo-doped ni nanoparticles

anchored on single-wall carbon nanotube film for total water splitting. Applied

Catalysis B: Environmental, 269:118823, 2020.

[163] Yi Shen, Ling Li, Jingyu Xi, and Xinping Qiu. A facile approach to fabricate

free-standing hydrogen evolution electrodes: riveting tungsten carbide nanocrystals

to graphite felt fabrics by carbon nanosheets. Journal of Materials Chemistry A,

4(16):5817–5822, 2016.



184 References

[164] Yagya N Regmi, Gregory R Waetzig, Kyle D Duffee, Samantha M Schmuecker,

James M Thode, and Brian M Leonard. Carbides of group iva, va and via transi-

tion metals as alternative her and orr catalysts and support materials. Journal of

Materials Chemistry A, 3(18):10085–10091, 2015.

[165] Qiufang Gong, Yu Wang, Qi Hu, Jigang Zhou, Renfei Feng, Paul N Duchesne,

Peng Zhang, Fengjiao Chen, Na Han, Yafei Li, et al. Ultrasmall and phase-pure

w 2 c nanoparticles for efficient electrocatalytic and photoelectrochemical hydrogen

evolution. Nature communications, 7(1):1–8, 2016.

[166] Yanna Guo, Jing Tang, Joel Henzie, Bo Jiang, Wei Xia, Tao Chen, Yoshio Bando,

Yong-Mook Kang, Md Shahriar A Hossain, Yoshiyuki Sugahara, et al. Mesoporous

iron-doped mos2/como2s4 heterostructures through organic–metal cooperative in-

teractions on spherical micelles for electrochemical water splitting. ACS nano,

14(4):4141–4152, 2020.

[167] Qi Wang, Zhi Liang Zhao, Sha Dong, Dongsheng He, Matthew J Lawrence, Shaobo

Han, Chao Cai, Shuhuai Xiang, Paramaconi Rodriguez, Bin Xiang, et al. Design

of active nickel single-atom decorated mos2 as a ph-universal catalyst for hydrogen

evolution reaction. Nano Energy, 53:458–467, 2018.

[168] Sean T Hunt, Tathiana Midori Kokumai, Daniela Zanchet, and Yuriy Roman-

Leshkov. Alloying tungsten carbide nanoparticles with tantalum: Impact on elec-

trochemical oxidation resistance and hydrogen evolution activity. The Journal of

Physical Chemistry C, 119(24):13691–13699, 2015.

[169] Ming Gong and Hongjie Dai. A mini review of nife-based materials as highly active

oxygen evolution reaction electrocatalysts. Nano Research, 8(1):23–39, 2015.

[170] Kostya S Novoselov, Andre K Geim, Sergei V Morozov, De-eng Jiang, Yanshui

Zhang, Sergey V Dubonos, Irina V Grigorieva, and Alexandr A Firsov. Electric



References 185

field effect in atomically thin carbon films. science, 306(5696):666–669, 2004.

[171] Changgu Lee, Xiaoding Wei, Jeffrey W Kysar, and James Hone. Measurement

of the elastic properties and intrinsic strength of monolayer graphene. science,

321(5887):385–388, 2008.

[172] Jian-Hao Chen, Chaun Jang, Shudong Xiao, Masa Ishigami, and Michael S Fuhrer.

Intrinsic and extrinsic performance limits of graphene devices on sio 2. Nature

nanotechnology, 3(4):206–209, 2008.

[173]

[174] Rahul Raveendran Nair, Peter Blake, Alexander N Grigorenko, Konstantin S

Novoselov, Tim J Booth, Tobias Stauber, Nuno MR Peres, and Andre K

Geim. Fine structure constant defines visual transparency of graphene. Science,

320(5881):1308–1308, 2008.

[175] Meryl D Stoller, Sungjin Park, Yanwu Zhu, Jinho An, and Rodney S Ruoff.

Graphene-based ultracapacitors. Nano letters, 8(10):3498–3502, 2008.

[176] Kostya S Novoselov, Andre K Geim, Sergei Vladimirovich Morozov, Dingde Jiang,

Michail I Katsnelson, IVa Grigorieva, SVb Dubonos, Firsov, and AA. Two-

dimensional gas of massless dirac fermions in graphene. nature, 438(7065):197–200,

2005.

[177] YP Venkata Subbaiah, KJ Saji, and A Tiwari. Atomically thin mos2: A versatile

nongraphene 2d material. Advanced Functional Materials, 26(13):2046–2069, 2016.

[178] Kin Fai Mak, Changgu Lee, James Hone, Jie Shan, and Tony F Heinz. Atomically

thin mos 2: a new direct-gap semiconductor. Physical review letters, 105(13):136805,

2010.



186 References

[179] Andre K Geim and Irina V Grigorieva. Van der waals heterostructures. Nature,

499(7459):419–425, 2013.

[180] KS Novoselov, o A Mishchenko, o A Carvalho, and AH Castro Neto. 2d materials

and van der waals heterostructures. Science, 353(6298), 2016.

[181] Ravi K Biroju, Deya Das, Rahul Sharma, Shubhadeep Pal, Larionette PL Mawlong,

Kapil Bhorkar, PK Giri, Abhishek K Singh, and Tharangattu N Narayanan. Hy-

drogen evolution reaction activity of graphene–mos2 van der waals heterostructures.

ACS Energy Letters, 2(6):1355–1361, 2017.

[182] Linfeng Wang, Xiang Zhou, Tianbao Ma, Dameng Liu, Lei Gao, Xin Li, Jun Zhang,

Yuanzhong Hu, Hui Wang, Yadong Dai, et al. Superlubricity of a graphene/mos 2

heterostructure: a combined experimental and dft study. Nanoscale, 9(30):10846–

10853, 2017.

[183] Sushant Kumar Behera, Pritam Deb, and Arghya Ghosh. Mechanistic study on elec-

trocatalytic hydrogen evolution by high efficiency graphene/mos2 heterostructure.

ChemistrySelect, 2(13):3657–3667, 2017.

[184] Horacio Coy Diaz, Jose Avila, Chaoyu Chen, Rafik Addou, Maria C Asensio, and

Matthias Batzill. Direct observation of interlayer hybridization and dirac relativistic

carriers in graphene/mos2 van der waals heterostructures. Nano letters, 15(2):1135–

1140, 2015.

[185] Kun Chang and Weixiang Chen. In situ synthesis of mos 2/graphene nanosheet

composites with extraordinarily high electrochemical performance for lithium ion

batteries. Chemical Communications, 47(14):4252–4254, 2011.

[186] Honglin Li, Ke Yu, Chao Li, Zheng Tang, Bangjun Guo, Xiang Lei, Hao Fu, and

Ziqiang Zhu. Charge-transfer induced high efficient hydrogen evolution of mos

2/graphene cocatalyst. Scientific reports, 5(1):1–11, 2015.



References 187

[187] Shaobin Tang, Weihua Wu, Shiyong Zhang, Dongnai Ye, Ping Zhong, Xiaokang

Li, Liangxian Liu, and Ya-Fei Li. Tuning the activity of the inert mos 2 surface

via graphene oxide support doping towards chemical functionalization and hydro-

gen evolution: a density functional study. Physical Chemistry Chemical Physics,

20(3):1861–1871, 2018.

[188] LS Panchakarla, KS Subrahmanyam, SK Saha, Achutharao Govindaraj, HR Krish-

namurthy, UV Waghmare, and CNR Rao. Synthesis, structure, and properties of

boron-and nitrogen-doped graphene. Advanced Materials, 21(46):4726–4730, 2009.

[189] Congcong Ma, Xiaohong Shao, and Dapeng Cao. Nitrogen-doped graphene

nanosheets as anode materials for lithium ion batteries: a first-principles study.

Journal of Materials Chemistry, 22(18):8911–8915, 2012.

[190] Yandong Ma, Ying Dai, Meng Guo, Chengwang Niu, and Baibiao Huang. Graphene

adhesion on mos 2 monolayer: an ab initio study. Nanoscale, 3(9):3883–3887, 2011.

[191] Xingen Liu and Zhongyao Li. Electric field and strain effect on graphene-mos2

hybrid structure: ab initio calculations. The Journal of Physical Chemistry Letters,

6(16):3269–3275, 2015.

[192] Ravi K Biroju, Shubhadeep Pal, Rahul Sharma, PK Giri, and Tharangattu N

Narayanan. Stacking sequence dependent photo-electrocatalytic performance of cvd

grown mos2/graphene van der waals solids. Nanotechnology, 28(8):085101, 2017.

[193] Klaas Derk Bronsema, JL De Boer, and F Jellinek. On the structure of molybdenum

diselenide and disulfide. Zeitschrift für anorganische und allgemeine Chemie, 540(9-

10):15–17, 1986.

[194] Sobhit Singh, Camilo Espejo, and Aldo H Romero. First-principles investigation

of graphene/mos2 bilayer heterostructures using tkatchenko-scheffler van der waals

method. arXiv preprint arXiv:1802.03919, 2018.



188 References

[195] Arjun Cherevotan, Jithu Raj, Lakshay Dheer, Soumyabrata Roy, Shreya Sarkar,

Risov Das, Chathakudath P Vinod, Shaojun Xu, Peter Wells, Umesh V Wagh-

mare, et al. Operando generated ordered heterogeneous catalyst for the selective

conversion of co2 to methanol. ACS Energy Letters, 6(2):509–516, 2021.

[196] Brian M Tackett, Elaine Gomez, and Jingguang G Chen. Net reduction of co 2 via

its thermocatalytic and electrocatalytic transformation reactions in standard and

hybrid processes. Nature Catalysis, 2(5):381–386, 2019.

[197] Geoffrey A Ozin. You can’t have an energy revolution without transforming ad-

vances in materials, chemistry and catalysis into policy change and action. Energy

& Environmental Science, 8(6):1682–1684, 2015.

[198] Alain Goeppert, Miklos Czaun, John-Paul Jones, GK Surya Prakash, and George A

Olah. Recycling of carbon dioxide to methanol and derived products–closing the

loop. Chemical Society Reviews, 43(23):7995–8048, 2014.

[199] Jens Artz, Thomas E Muller, Katharina Thenert, Johanna Kleinekorte, Raoul Meys,
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