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Abstract

Abstract

Recently, a new climate prediction was issued by World Meteorological Organization
(WMO), stating that, “There is a ~20% chance that one of the next 5 years will be at least
1.5°C warmer than pre-industrial levels, but the chance is increasing with time.” The heat
stress due to high surface temperature in the coming days would reach extreme affecting
human health, productivity, and mortality in many places on Earth Rising levels of CO,
in the ocean causing huge proliferation of toxic algae, which is a potential threat to
marine life, coastal communities, aquaculture and fisheries and of course human health.
The ocean absorbs CO, at a rate of 22 million tons per day as revealed by the National
Oceanic and Atmospheric Administration. Increased acidity of the ocean’s surface water
resulting in the dissolution of shells and skeletons causing the extinction of numerous
species. An effort to obtain sustainable and clean energy, using electrocatalytic hydrogen
generation reactions and oxygen evolution reactions could be potential solutions towards
environmental degradation. In this regard the present thesis is focused on the formation of
transition metal based heterostructures of metal phosphide, nitride, sulphide, oxide,
single-atom catalyst (SACs), Metal-organic organic framework (MOF) and MOF-derived
materials for hydrogen evolution reaction (HER), oxygen evolution reaction (OER) and
oxygen reduction reaction (ORR). The first heterostructure we worked on is
Co@NC@MoS; for oxygen evolution reaction (OER) in which the synergistic effect
between Co@NC nanoparticles and MoS; nanosheets enhances the catalytic activity. The
catalyst exhibit the overpotential of 297 mV at 10 mA cm™ of current density. Moving
forward we worked on transition metal oxide heterostructures and we developed CuO-
NiO, Co304-NiO heterostructure for OER with overpotential of 231 mV and 311 mV and
NiWO,4-NiO heterostructure for HER with overpotential of 71 mV. Further, taking the
advantage of high electronegativity of metal fluorides we fabricated the metal fluoride
and metal nitride heterostructure (Co-NisN/CeF3). This heterostructure exhibit the
overpotential of 180 mV at 10 mA cm™ of current density. This ultralow overpotential
was obtained due to the interfacial charge transfer from Co-NisN to CeFs results in the
augmentation of valence state of Ni and Co which enhances the adsorption of
intermediates on the catalyst surface. Further we move on to explore the pristine MOF for

oxygen evolution reaction. the bimetallic Co, Ni based ultrathin metal-organic framework
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nanoribbons (NiCo-NR) for oxygen evolution reaction. The slender NiCo-NR was
formed by using ultrathin metal hydroxide (NiCo(OH),) mediated strategy. The NiCo-
NR shows overpotential of 244 mV at a current density of 10 mA cm™ current density.
We suggest that in the ultrathin MOF nanoribbons surface atoms (Co,Ni) are
coordinatively unsaturated. Due to the ultrathin nanostructuring of MOF sheets the inter-
atomic electron transfer within the MOF makes more active adsorption sites on the
surface. Our findings show that coordinatively unsaturated metal atoms are the dominant
active centers, and the electrocatalytic activity is tuned by the coupling effect between Ni
and Co metals. Moving forward we formed the heterostructure of NizN-MnCo,0,4 and
Co-NizsN/MnCo,04 and we explained the effect of Jahn-Teller distortion in these
heterostructures. The suppression of Jahn-Teller distortion can enhance the oxygen
adsorption on the catalyst surface by optimizing the adsorption energy.
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Introduction

1. Introduction
1.1. The Current Energy Crisis and the Role of Renewable Energy

In nature, materials tend to circulate in closed cycles whereby supply may be maintained
via a number of chemical transformations. Then, at some point, it tapers off to the initial
product, ensuring a holistic view of the materials' energy reserves. The oxygen, carbon,
and nitrogen cycles, among others, provide many examples in nature that support this
theory.? In many instances, humanity violates this fundamental principle in the modern
day. Since the beginnings of industrialization and urbanisation, an unprecedented number
of resources have been extracted without remorse.*As a result, humanity must master a
variety of challenges. Energy and the environment are two of the most concerning ever-
increasing preoccupations of modern human society, owing to dramatically expanding
demand as well as the deteriorating environment caused by the consumption of fossil
fuels.*It's true that as this modern period has progressed, our reliance on and propensity
to use fossil fuels has grown, contributing considerably to an increase in the average
global temperature as well as atmospheric carbon dioxide levels.’Newly increased
production of fossil-based fuels such as coal, oil, or gas has been meeting the exponential
growth in energy demand with the expansion of the global economy and population, but
these resources are expected to be depleted within the next century at the latest.Since the
beginning of the industrial period, the world's primary energy source has been fossil fuels
like oil and coal. Seventy percent of the world's energy needs are met by these sources at
the present time. The intense form of free energy offered by fossil fuels is an endearing
quality. It took these complicated molecules millions of years to evolve into their current
state by biological methods. In addition, it has the benefit that energy extraction through
burning of these fuels is rather simple. The release of greenhouse gases from these
nonrenewable energy sources, however, causes serious difficulties for the
environment.®’Global energy consumption was 5.79 x 10%° J in 2012, and it is projected
to rise to 8.60 x 10%° J by 2040. The International Energy Agency also predicted that by
2040, global energy demand would have increased by 30%, while emissions of

greenhouse gases like carbon dioxide would have risen to about 35.7 Gt annually.®*This
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critical issue is now a global one, and the development of carbon-neutral energy sources
that can be produced sustainably is motivating scientists to develop innovative solutions.
Although many nations are working hard to meet energy needs and reduce carbon
emissions, they still won't be able to reach the specified objective by the deadline. These
worries have pushed scientists and the general public to seek for alternative conversion
technologies that are both environmentally benign and capable of meeting basic human
requirements.’®**The current state of technology has already made it possible for us to
make use of nonconventional forms of energy such as wind, turbines, solar cells, biomass
plants, and many more.**®The significant investment that has been made in the
exploration and production of energy from renewable sources has led to a rise in the
proportion of overall power generation that comes from these sources. There are a great
number of obstacles that need to be overcome in order to achieve the goal of increasing
the amount of renewable energy that is used in homes and corporations on a daily
basis.The generation of energy from unconventional sources like the sun and wind is
limited by the laws of nature rather than being endowed with an endless supply of energy.
The economics, the ecology, and human health must all be taken into account while using
renewable energy sources.®This growing importance is reflected in the formation of
many policy initiatives to promote technology, most recently the hydrogen strategy for a
climate-neutral Europe and the German hydrogen strategy. To utilise hydrogen
technology on a wide scale, however, new infrastructure and extensive adjustments to the
present system are required. Mostly all hydrogen gas has come from a non renewable
source, most notably steam reforming methane (SRM).?%?! Creating environmentally
acceptable energy regulations that can be replaced with renewable energy resources to
create hydrogen energy has gained a lot of focus recently. There is evidence that
electrochemical water splitting is a viable method for producing hydrogen energy.
Producing chemical energy, such as chemical fuel and hydrogen energy, from electrical
energy generated by solar, marine, and wind sources. We will further discuss in details
how hydrogen can be produced via electrochemical water splitting and about the

functioning of hydrogen economy.
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1.2.Hydrogen: Sustainable and Eco-Friendly Energy Option

1.2.1 Hydrogen

If we are successful in finding solutions to our energy problems, one of the most
significant achievements will be the creation of chemical fuels from renewable sources.
In the 21st century, one of the primary types of important scientific difficulties is the
creation of hydrogen by the splitting of water. Hydrogen, a freely accessible molecule
that exists in gas and liquid form in our surroundings. Hydrogen having the lowest energy
content by volume but greatest by weight and owing to its greater energy content is
utilised as a future energy carrier. Hydrogen delivers three times greater heating value
compared to petroleum with zero hazardous emission. Due to the fact that it is a
manufactured stimulant, it is subject to a rigorous production process that results in costs
that are higher than those associated with petroleum refining.”

1.2.2. Hydrogen Economy and Obstacles

The phrase "hydrogen economy" was coined by J. B. S. Haldane and Professor John
Bockris. The economy relied heavily on the idea of potential fuel, which may be found in
the form of hydrogen. Hydrogen is generally regarded as one of the most secure and
environmentally friendly energy carriers out of all the many types of energy sources.
Molecular hydrogen, however, is not abundantly accessible, and in order to produce it
one must mix other sources of hydrogen with it in a variety of ways. This is the case even
if these characteristics seem encouraging. The economy is still in the process of
developing; possibly it will be one of the significant infrastructure projects that will be
undertaken in the near future. In general, it relates to hydrogen reservoirs, as well as the
transportation of hydrogen and the many uses for hydrogen.?**®Hydrogen is an appealing
energy carrier due to the fact that it does not produce any carbon-based by-products,
which positions it as a candidate for inclusion among the sources of clean energy.?’
Consequently, the development of what is now commonly known as the hydrogen
economy is required in order to investigate the cleanest and most secure carbon-free
energy source.®There is no shadow of a doubt that in the not-too-distant future, the
transition of technology based on traditional forms of energy into technology based on

hydrogen will solve a significant number of the energy and climate-related challenges
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that face the whole world.?® The production, transportation, and use of hydrogen as an
alternative to the use of fossil fuels were the primary focuses of the hydrogen
economy.*®Hydrogen storage, on the other hand, is a whole new notionthat has not
received nearly as much attention as the storage of electrical energy. Hydrogen is heavily
reliant on the chemical industry because it has no natural supplies. One of the most
important events that led to the development of alternative energy sources was the oil
crisis of 1973.

Hydrogen economy
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Figure 1.1.Schematic showing the hydrogen economy in the society

The idea of hydrogen energy was initially introduced during this period. The first
conference focused on hydrogen generation, utilisation, and marketing was held in 1974,
and an organisation called the "International association from hydrogen energy" was
established. The organization's primary goal is to use and promote hydrogen as an energy
carrier in the energy industry and businesses that are related to energy.The application of
hydrogen as a unique material in several industries has enhanced the scalability of this
carbon-free energy source.**The optimization of the hydrogen-based industries has
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progressed as of late. It is extremely difficult to determine whether industrialisation is
even possible given the restrictions on the conversion of all energy sources into
hydrogen-based technologies.**** The hydrogen economy in the modern society works in
four different phases as shown in schemel. Production includes the large scale
electrolysis of water in which the electricity for this process should also come from
renewable energy source with zero CO, emission. The hydrogen produced via electrolysis
can be used further directly and transported or we can transform it into some synthetic
fuels and green NHs. After this we can transport it using pipelines, ships and trucks and it
will reach to end users. This green hydrogen can be utilized in industry (steel industry,
chemical industry and refineries) or in transportation ( car, bus, train, trucks and aviation

sector).

1.2.3. Infrastructure and contemporary conditions

In 2018, Rio de Janeiro serves as the gateway to the World Hydrogen Energy
Conference, which took place between June 17 and June 22. Professor T. Nejat
Veziroglud, the founding president of the International Association of Hydrogen Energy,
was one of the keynote speakers at the event (IAHE). In his talk, he makes the assertion
and expresses the expectation that the whole transition of the economy to hydrogen
energy would be completed by the end of this century.Approximately 44 years ago, he
was a part of a group called "Hydrogen Romantics.” Along with 10 other people, he
organised and presided over a conference called "Hydrogen Economy Miami Energy
(THEME) Conference.” In addition to that, the majority of people are concerned about
the environment and the future of energy, making it imperative that attention be paid to
these problems.®** In the present circumstance, the most important thing that needs to be
done is to identify the primary barrier to overcoming energy crises and the procedures
that need to be taken for the hydrogen operation.It is necessary that all of the non-
economic challenges be overcome, and the appropriate exploitation of hydrogen must be
integrated in general decarbonisation strategy in order to draw notice from research
engineering, reserves, and society. Hydrogen was formerly thought of as a potential
energy carrier two centuries ago; however, the energy crisis of the 1970s motivated

researchers to make technical advancements so that other energy sources might be
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examined. This was done in an effort to prevent future energy crises. It is predicted that
existing stocks of fossil fuel have a lifespan of up to forty years at most, particularly for
petroleum, which is primarily used as a source of the energy supplier for industry and
transportation. The economy based on hydrogen in the modern world is so intriguing that
several organisations and nations are moving in the direction of an approach based on
hydrogen energy and investing significantly to set up a common hydrogen energy
infrastructure that conforms to international standards. It is anticipated that hydrogen will
be able to fulfil around 18% of the demands for energy and will be able to cut
approximately 6 Gt of greenhouse emissions, particularly CO2, on a yearly basis. In
addition to that, the development of infrastructures for hydrogen might result in the
creation of around 3 million new employments by the year 2050. It is projected that
hydrogen could power around 400 million automobiles, which is a very big quantity and
has the potential to make a significant contribution toward reducing emissions of
greenhouse gases. An estimate of 15 to 20 million trucks that are now being utilised in
transportation and around 5 million buses from private to government organisations in
2050 might operate on hydrogen economy, which looks to be approximately 20% to 25%
of the transportation sector overall.***According to the current scenario, the production
of hydrogen on a worldwide scale reaches around 45-65 metric tonnes per year as
feedstock in a variety of sectors, which is comparable to 5.4-7.8 EJ. This quantity
represents less than one percent of the total energy consumption in the planet at this
moment in time. Internationally, exponential increase in hydrogen-based manufacturing
and rise in hydrogen stations functioning worldwide as of 2018 will be a favourable move
toward carbon-free energy sources. In many places, even hydrogen automobiles are
commercially accessible, and it was projected that till date 225000 fuel cell heating
systems for household usage have been utilised. This shift is a representation of a step
that was taken just five years ago, and it is a positive feedback towards the hydrogen
economy. The generation of hydrogen as well as its distribution are important causes for
concern, and in order to effectively build a huge hydrogen economy on a global scale, a
major increase is required. Therefore, in order to resolve the technological challenges and
make changes in industries while increasing the interdisciplinary market, a variety of

initiatives and organisations have been established all over the world.>***The European
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Commission High-Level group tasked with advancing and exploring hydrogen and fuel
cell technology has already set a goal of 35% for zero-carbon hydrogen-based vehicle by
2040 and a huge hydrogen economy by 2050. European H, Mobility initiatives have
already begun producing hydrogen and building filling stations in convenient areas. They
proposed establishing a network of 65 refuelling stations by 2020 as part of the United
Kingdom's hydrogen fuel cell initiative; this would kick off a market that is predicted to
expand to include 1,150 stations by 2030, enough to nearly cover the whole country.*?0On
the other hand, the U.S. Department of Energy set a goal for the year 2020 for how many
conventional energy-based offices should switch to hydrogen-powered fuel cell
technology. California could be considered the world leader in developing hydrogen
infrastructure. It has 39 open retail stations and about 6,000 fuel cell cars on the
road.”**Japan is a major example for the rest of the world, and it has cut off its supply
from a foreign country in a strong way. In 2014, compared to other countries, it was
about 6% self-sufficient. They have made a policy to cut greenhouse gas emissions by
25.4% by 2030, compared to 2005 levels. In this situation, "Japan Hydrogen Mobility"
has set a goal to build at least 80 stations by 2021, working with car companies and
dealers to make this happen. As of 2018, there are probably already about 330 hydrogen
filling stations around the world, with about half of them in Japan and the United
States.”*°In  Germany, the “National Organization of Hydrogen and Fuel Cell
Technology" (NOW) has been trying to set up a 50-station programme for hydrogen
energy. They have also started a lot of other strategic plans for the hydrogen economy.
The main goal of these plans is to make hydrogen a decent choice to conventional energy
sources.There were other nations, both established and developing, that have taken the
initiative to switch their industries to a hybrid fuel system based on the hydrogen
economy. It is predicted that in the not-too-distant future, hydrogen energy systems
would be very effective, offering not only financial but also environmental benefits. It is
not simple to tackle all challenges associated to the hydrogen economy since the
appropriate administration and transport infrastructure of hydrogen-based companies is
still in the process of development.To produce hydrogen, most rely on traditional
methods, with fossil fuels being the primary contributor. About 48% of the world's

hydrogen production comes from steam reforming of natural gases, while the other 30%
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comes from the partial oxidation of crude oil. Together, these two processes account for
the production of millions of metric tonnes of hydrogen annually. The coal
gasification/pyrolysis and water electrolysis have 18% and 4% respectively. All of these
methods have their own benefits but when comes to the clean and carbon-neutral process,

water splitting recognised as one of the greatest approach for hydrogen creation.

1.3.Water splitting and electrocatalysis

1.3.1. Historical background

Electric discharge has been used for a long time in the process of water splitting, which
has resulted in the formation of various gases. Jan Rudolph Deiman and Adriaan Paets
van Troostwijk were the first people to record an electric discharge that occurred between
two gold electrodes in an electrostatic machine in the year 1789 in Haarlem, The
Netherlands. The experiment was conducted by Jan Rudolph Deiman. They did this by
discharging the electric potential that was created between the two gold electrodes by
using the Leyden jar, which was filled with water. It was discovered that a distinct form
of gas was produced at each electrode, despite the fact that the gold electrode had the
opposite charge. In later years, it was determined that the gas that had developed included
hydrogen and oxygen, and a gradually future application was identified. Later, in the year
1800, Alessandro Volta invented the voltaic column, and William Nicholson and
Anthony Carlisle were the ones who utilised it to electrolyze water.*”**Nearly two
centuries have passed since the concept of water splitting being explored as a viable
solution to concerns with energy. Because of the consistent work and improvement that
was put into water electrolysis up until the year 1869, it has become an efficient and cost-
effective method for the creation of hydrogen in the scientific community. At the same
time, Zénobe Gramme in 1869 created the Gramme machine for hydrogen synthesis.
Later, Dmitry Lachinov in 1888 discovered a system for industrial-scale hydrogen and
oxygen generation. Large numbers of electrolyzed and power plants with around 100
megawatts of capacity were developed up to 1930. These plants not only generate
hydrogen, but they also become a source of energy that is completely free of carbon
emissions.****However, because hydrocarbons and other forms of energy, such as

hydroelectricity, are so readily available and cheap to get, this method is rendered
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obsolete, at least to some degree, by the ammonia fertiliser business. In the 1970s, when
the world was facing an energy crisis, water electrolysis regained its prominence and
established special attention as a potential solution to both the energy crisis and concerns
with sustainable supplies. It becomes the easiest hydrogen generating process which

seemsto give sustainable energy by decomposing water into hydrogen and oxygen.

1.3.2. Thermodynamics of water splitting

Molecule of hydrogen and oxygen combine to form the fundamental building blocks
ofwater molecules. In any scenario, the dissociation of water into its component parts
results in the production of hydrogen and oxygen. Due to their high gravimetric energy
density at ambient temperature, hydrogen and oxygen can be combined using the right
equipment to produce a tonne of usable energy and, as a bonus, some water. An
explosion is a distinct possibility whenever there is a significant amount of energy
involved, as in the scenario described above. But the reply is not artlessly realistic and
hence does not lead to such adversity. If we turn this idea on its head and consider how it
could be used to generate hydrogen and oxygen from water using an additional supply of
energy, we might be able to alleviate our current energy crisis to a significant degree. The
simulations of splitting water into hydrogen and oxygen at each of an electrolyser’s
multiple electrodes are primarily concerned with the water-splitting process.”**? In a
device known as an electrolyser, an electrical charge transfer reaction leads to
electrocatalytic water splitting. As a result, at the electrode-electrolyte contact, the
electric supply initiates the water decomposition, which then transforms into chemical
energy. Energy input for theelectrolysis of water may come from thermal, electrical, or
solar sources. These catalytic processes are referred to as photocatalytic water splitting,
electrocatalytic water splitting, or photoelectrochemical water splitting etc.>>*® Because
distilled water does not have a very high conductivity, a trace amount of electrolytes like
salt or acid has been added to the water. These electrolytes are responsible for the
increased conductivity of the water. The salt conducts electricity via electrically
dissociated charged particles, and when extra electrical energy is supplied via metal or

any other conductive material employed as electrodes, the charged particles begin to
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collect on the electrode that has the opposite polarity.>®>"The total reaction that occurs

during the process of water splitting can be summarised as follows:

Overall water splitting 2H,0 - 2H, + 0, (1.1)
At Cathode (HER) 2H,0 +2e~ —» 20H- + H, (12
At Anode (OER) 20H™ - H,0 + 1/2 0, + 2e” (1.3)

Open circuit voltage, also known as equilibrium potential, exists between two electrodes

since current can flow in any direction and there is no external supply between them.>®°

Overall electrode potential E'=E, — E.(1.4)

Where E_and E,represent the electrode potentials of the anode and cathode of a half cell.
Applying the following equation, we can determine how much energy is needed to

produce a certain voltage in a typical cell.

Gibbs free energy AG’ = nFE’ (1.5)

The Gibbs free energy for splitting water is AG® = 237 kJ mol™, while the total enthalpy
is AH° = 286 kJ mol™. In this equation, n represents the number of electrons, F the
Faraday constant and E° the voltage at the standard cell.According to equation (1.5),
which takes into account both the Gibbs free energy and the enthalpy, the reversible
voltage, which is the total voltage that is needed in this reaction for overall water
splitting, is 1.23 eV. Without taking into account the reaction enthalpy, it is not
realistically possible to estimate the entire amount of energy that is required for this
operation. The efficiency of the water splitting process is defined by this term, and it
cannot be determined without it. Including the enthalpy term AH® in the equation allows
for the calculation of the actual energy (1.5). The thermo neutral voltage, which has a

value of 1.48 eV, was used as the basis for the overall voltage that was implemented.
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When the process is evaluated between 1.22 and 1.48 eV, it is practically anticipated that
the maximum amount of water that may be divided with the least amount of energy has
occurred. The low and high scorching values for water splitting correspond to these
theoretical and practically applied energies or voltages.®*®The terms "hydrogen
evolution reaction™ and "oxygen evolution reaction™ are used to refer to the two reactions
that occur in a half cell and are shown in equations (1.2) and (1.3), respectively. In most
cases, these half-cell reactions involve oxidation and reduction, and they can be
streamlined into a single term of equilibrium potential, as shown in the following

example:

Eeq=E +RT/ nin%/, (1.6)

at a standard condition of 25 degrees Celsius and one atmosphere pressure, where Egq is
the equilibrium potential, E° is the standard electrode potential, and ao/aris the activity

ratio that corresponds to the species in the chemical reaction; R and T are the gas constant
and absolutetemperature; n and F have the meanings that are typically assigned to them.
When the Nernst equation is applied to the reduction half-reaction, the result is equation
1.7, and when it is applied in the same way to the oxidation half-reaction, the result is
equation 1.8. In light of this, the electrode potential for the half-cell reaction in relation to

the standard hydrogen electrode can be computed as follows:

HER Eoq = —0.591 % pH (1.7)

OER Epq = —0.591 % pH +1.23 (1.8)

If the calculation is done based on hydronium ions in a reversible hydrogen electrode,
then the same scale can be made independent of pH. This can be seen by looking at
equations (1.7) and (1.8), which show that the overall equilibrium potential for HER and
OER varies with the pH of the solution. Additionally, this can be seen by looking at
equation (1.7). Such supporting ions change the activity to some degree, but the
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thermodynamics of water splitting practically remains the same. The potential value for
HER and OER will be 0 and 1.23 V with respect to a reversible hydrogen electrode at any
pH scale. The previous discussion makes it abundantly clear that the total potential that is
necessary to split the water is 1.23 volts, also referred to as the reversible electrode
potential, and that the Gibbs free energy change and the enthalpy for the reaction require
the energy equivalent to 237 kilojoules per mole and 286 kilojoules per mole,
respectively.®*®Because it is not possible to obtain this value of free energy at ambient
temperature, the water-splitting reaction is thermodynamically impossible and can only
take place if an adequate amount of energy is supplied.Overpotential refers to the
additional energy used to break through the activation barrier and initiate the usually slow
electrochemical reaction. Higher potential is needed because of charge migration, bubble
formation, and potential drop caused by voltage supply. Although we can't disregard the
impact of such a barrier, we can reduce the overall Kinetic barriers by facilitating the
transition to a less energetically demanding intermediate state for the reaction. By
contributing necessary intermediates, these redox-active species boost the process's
overall effectiveness. This could only have occurred if the electrode material favours one
side of the process over the other, hence increasing reaction kinetics while reducing
energy costs. This reaction intermediate platform facilitates the rapid and low-voltage

exchange of electrical and chemical potential energy.

1.3.3. Electrocatalyst

Since the dawn of civilization, when early humans first began making alcohol through
fermentation, the value of catalysis has been widely recognised. This period of catalysis
consisted only of personal interpretations that were sporadically acknowledged without
any effort being made to shed light on the happenings that took place during this time. J.
J. Berzelius, a Swedish chemist working at the Stockholm Academy in 1835, was the first
person to detect an increase in reaction kinetics brought about by the involvement of a

specific material.
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Heterogeneous Homogeneous

Figure.1.2. types of electrocatalyst as homogeneous and heterogeneous catalyst

He explains and makes statements about the forces that are responsible for this
augmentation, naming those forces catalytic forces and coining the term "catalysis™ to
describe such materials. This is likely the earliest example of catalysis being recognised
as a naturally occurring process that is widespread. Wilhelm Ostwald would later write
that "it is probably not possible to conceive of a chemical reaction that cannot be altered
by a catalyst." He detailed the working principle and described how the presence of the
catalyst speeds up the reaction kinetics without disrupting the thermodynamic
equilibrium of the chemical process.®*®*At this point, it became evident that using a
catalyst in a chemical process can result in industrial or financial gains, in addition to
resolving time-consuming perspectives. As a result, the activation energy for the reaction
can be lowered, making the process simpler. Recent years have seen a rise in the strategic
importance and widespread application of studies involving this category of materials'
perception. Carbon-neutral processes for transporting and storing energy have gained
popularity due to rising concerns about climate change and environmental degradation.
To efficiently drive a reaction toward a desired product while suppressing undesired by-
products, a catalyst needs to be both active toward the reactant species and selective for
one of the products. The selectivity and stability of a catalyst are of primary importance
since its performance is sensitive to changes in pH, temperature, and an extremely

oxidising or reducing environment. Important in the realm of electrocatalysis, these
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catalysts are classified as either homogeneous or heterogeneous.®®®®The homogeneous
catalyst primarily exists as the same phase as the reactant in the chemical reaction, which
makes the process of separating each substance difficult. The heterogeneous catalyst, on
the other hand, despite being in a different phase than the reactant, is exceptional in its
suitability for the catalytic action.*’In electrochemical reactions, the catalytic activity of
the material at the electrode surface is the focus of the electrocatalyst as well as the
process known as electrocatalysis. In 1928, Bowden and Rideal were the first pioneers to
give the concept of electrolysis and study the electrode reaction. They did this work. But
if you ask scientists like Bockris and Khan, they will tell you that T. Grubb coined the
word electrocatalysis in 1936 while he was working on fuel cells. This information comes
from their research. The process that relies on the movement of electrons for oxidation or
reduction at the surface of the substance that makes up the electrode or at the electrode
itself. It alters the reaction kinetics and lowers the activation energy by providing an
intermediate state in the reaction process. The electrocatalysis procedure studies the
material properties of a solution and finds a relationship with reaction Kinetics. The
material utilised in the chemical process as an electrocatalyst must have a different
activation energy than the other components of the reaction, which in turn must have
different bonding between the reactant, product, and intermediates.”’Due to altered
thermodynamics caused by the electrode material, the surface catalytic reaction takes
place along multiple reaction paths. As a result, any alteration of the material or a
material property alters the Kinetic process. This describes a material's potential to
improve an electrochemical reaction while the conditions are the same.The kinetics varies
depending upon the resilience of chemical bonds among electrode and electrolyteAn
electrolyzer's efficiency could be multiplied by a good choice of electrode material. The
hunt for such materials to increase electrode stability and the effort to lower investment
and operating costs are ongoing.A compromise between various considerations of the
material was required to determine the catalyst's practical usefulness. The relative
strength of the catalyst in aspects of catalytic performance, better durability and the
primary issue of its production cost are always the determining factors. By streamlining
the synthesis process or creating a composite material with built-in synergy, the material's

activity may be increased. So, replacing the noble material with a non-noble one could
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also help you reach your goal. Non-noble materials are less likely to be used in
electrocatalytic processes. One of the processes solely dependent on the characteristics of

the electrodes is water splitting.

1.4.Hydrogen Evolution reaction (HER)

One of the best-known and extensively studied reactions in the domain of
electrochemistry is the hydrogen evolution reaction (HER) on various metals in acidic or
alkaline conditions. It is believed that hydrogen (H,), which has the largest gravimetric
energy density across all chemical fuels (142 MJ kg™) is the quintessential clean energy
carrier, which might substantially ameliorate the environmental issues due to the fact that
it would not emit any carbonaceous species.”"? The splitting of water into hydrogen and
oxygen by photoelectrocatalysis and electrocatalysis are both potential pathways to the
realisation of solar-to-hydrogen transformation. To produce the same quantity of gas per
unit of time as electrochemical water splitting systems, photo-electrochemical water
splitting devices require a significantly bigger electrode surface. This limits the selection

of feasible catalysts and viable construction locations.”®™

In  addition,
photoelectrochemical pathways logically preclude alternative renewable energy.
Therefore, electrochemical water splitting is more appealing due to its greater flexibility
and application despite having poorer solar-to-hydrogen efficiency than the direct
photoelectrochemical technique. Integrating grid-scale renewable energy collecting
networks with electrochemical water splitting technologies can effectively transform the
irregular power generated from renewable energies into more valued H, and so improve
the variety of renewable energy consumption. In addition, electrochemical water splitting
generates H, of such high purity that it may be utilised both as an industrial supply and as
a fuel gas in homes. Hydrogen is also a possible contender for electric car power systems
since it is the ideal fuel for proton-exchange membrane fuel cells, a highly efficient
energy conversion technology. In order to build a future energy infrastructure that is both
clean and sustainable, it is essential to improve water electrolysis devices that can

produce non-polluting H,.”"®
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1.4.1. Mechanism for the electrochemical hydrogen evolution reaction

Redox interactions between the electrode and electrolyte are at the core of the
electrochemical process that constitutes electrocatalytic HER. H, can be produced by the
reduction of either proton (H") or H,O, which together entail a sequence of simple steps
depending on the pH levels of the electrolyte.

1.4.2. HER in acidic media

It is popularly referred that two separate stages take place in acidic media during the HER
at the surface of different catalysts. For HER to get started, an H" must first adsorb on the
catalyst surface, where it will become an adsorbed hydrogen atom (H*), with * standing
for an active site. A Volmer step, sometimes known as a discharge step, describes this
procedure (Equation 1.9). The next process, called the Heyrovsky step or the
electrochemical desorption step, involves a H* combining with an H" and an electron (¢)
to generate an H, molecule (Equation 2.0). The Tafel step, sometimes called the chemical
desorption step, involves the conjunction of two H* on the catalyst surface (Equation
2.1), resulting in the formation of H,. HER's total reaction may be described by (Equation

2.2), where E° is the standard electrode potential used to compare the potentials of

different electrochemical processes.’”®
H*+e” - H* (1.9)
H*+H" + e” > H, (2.0)
2H" - H, (2.1)
2H* +2e” - H, (2.2)

1.4.3. HER in alkaline media

Considering the HER in alkaline environments, the notation AGy° may still be used to
describe the adsorption behaviour of hydrogen on the surface of catalysts. It is
noteworthy to observe that the volcano plot in alkaline medium only shifts up and down,
rather than left and right, as it does in acidic solution. This is in contrast to how it shifts

left and right in acidic solution. To be more exact, the exchange current densities of HER
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on many metal catalysts in alkaline solutions are between two and three orders of
magnitude lower than they are in acidic electrolytes. The fact that the alkaline HER
follows a different route than the one that is used in acidic solutions is one of the primary
explanations for the lower level of catalytic activity observed in alkaline solutions. As a
result of the absence of H*, the HER in alkaline media begins with the dissociation of
H,0 molecules in order to provide protons. This process occurs in both the VVolmer step
(Equation (2.3)) and the Heyrovsky step (Equation (2.4)) of the alkaline HER, whereas
the Tafel step continues to be the same as it is in acid solutions. The complete mechanism
of the reaction is shown in Equation (2.5), and the E, of this reaction when measured in
relation to the standard hydrogen electrode (SHE) is -0.826

H,0+e~™ - H" +0H™ (2.3)
H*+ H,0 + e~ > OH™ + H, (2.4)
2H,0 + 2e~ > 20H™ + H, (2.5)

Because alkaline environments demand greater energy to produce protons, the HER
kinetics of most catalysts are slower when operating in alkaline electrolytes. This is
because alkaline environments are more basic. It has been observed that the activity of
alkaline HER is managed by maintaining a careful equilibrium between AGy° and the
amount of energy needed to dissociate H,O. However, the use of a number of HER
catalysts, such as MoS, and Co,P, is not recommended for the water dissociation process.
As a result, one effective tactic for the development of efficient catalysts for alkaline
HER is to encourage the process of water dissociation while maintaining a reasonable

hydrogen adsorption energy.®8

1.5. Oxygen evolution reaction (OER)
To improve the economic viability of various processes, such as biomass upgrading,

electrochemical water splitting, carbon dioxide reuse, ammonia synthesisand others,
significant amounts of effort have been devoted by both industry and academia to the
development of energy storage technologies. These technologies are related to improving

the efficiency of the processes in conundrum or producing value-added products.These
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devices often rely on the oxygen evolution reaction for their anodes (OER).2%In the
OER, molecular oxygen is generated by the utilisation of a number of proton—electron—
coupled processes. The reaction is very sensitive to changes in pH®'To generate the
potential difference of 1.23 V versus the normal hydrogen electrode (NHE) and hence
drive the oxygen evolution reaction (OER) when pH is equal to zero, an additional
current is needed.®According to the Nernst equation, this results in a change in the
reaction potential, which is denoted by a value of 59 mV for each unit of pH. However, in
order to prevent the pH from having an effect on the potential that is being applied and to
maintain a working voltage of around 1.23 volts for OER, reversible hydrogen electrodes,
also known as RHEs, are typically utilised as reference electrodes.The transfer of four
electrons is necessary for the creation of one oxygen molecule, and the kinetically
favourable OER process takes place as a series of multi-step reactions, with every step
including the exchange of a single electron. Therefore, the accumulation of energy at
each stage makes the kinetics of OER exceedingly slow, which results in a significant
overpotential. Because of this, it is extremely desired to have an electrocatalyst that has a
significant activity in order to go through the energy barrier. In an ideal world, the OER
catalyst would have a low overpotential and good stability, in addition to having a
significant earth-abundance and being readily available at a reasonable cost for its
adaptability at industrial level.**®*However, the pricing and unavailability of noble metal-
based materials are the key hurdles in practical uses. This is because noble metal-based
materials are put at the top of the list when it comes to their durability in all pH levels,
despite having fair activity toward OER. The quest for alternate sources that offer higher
OER activity has received a significant amount of research and development work.
Currently large amount of electrocatalyst have already been constructed, including noble-
metal based, carbon-based , alloys, oxides and oxyhydroxide of copious metals (e.g. Mn,

Co, Ni, and Fe, etc.)®%

1.5.1. Mechanism for oxygen evolution reaction
Oxygen evolution reaction is the half cell reaction of overall water splitting. It has been
observed that the reactions that take place at the cathode and anode sections of the water-

splitting reaction are distinct depending on whether the circumstances are acidic or
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alkaline. There have been several research groups that have suggested possible
mechanisms for the oxygen evolution reaction that takes place at the anode electrode
either for acidic or alkaline circumstances. These hypothesised mechanisms have both
some differences and some commonalities with one another. The majority of the
hypothesised pathways use the similar intermediates, such as MOH and MO, whereas the
primary distinction likely centres on the reaction that produces oxygen. It should be
emphasised that the formation of oxygen from a MO intermediate might occur via two
distinct processes. The first one is the environmentally friendly approach, which is shown
in through the direct combination of 2MO to produce O, while the second one is the one
that includes the production of the MOOH intermediate, which then decomposes to
produce O,."'®The proposed mechanism for acidic and alkaline condition is discussed
below

In acidic condition:

M+H,0+e~ - MOH+ H*+e~ (2.6)

MOH + OH™ - MO+ H,0 + e~ (2.7)
2MO - 2M + 0, (2.8)
MO + H,0 - MOOH + H* + e~ (2.9)
MOOH + H,0 > M+ O,+ H*Y + e~ (3.0)
In basic condition:
M+ OH™ - MOH (3.1)
MOH + OH™ - MO + H,0 (3.2)
2M0 - 2M + 0, (3.3)
MO +OH™ - MOOH + e~ (3.4)
MOOH + OH™ - M + 0, + H,0 (3.5)
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1.6. Factors impacting the dynamics of the HER & OER

In an electrochemical process, the materials that make up the electrodes are, by a
substantial margin, the most crucial components. The catalytic activity changes along
with the size, stoichiometry, and structural characteristics of the nanoparticles, all of
which can be customised via nanostructuring, doping, interfacial structuring, and
amplifying the synergy among both phases by in-situ grown nanoparticles. The catalytic
activity changes along with these features. Therefore, rational design and the delicate
manipulation of interfacial structure can improve the active sites by exposing the active
sites on supports and increasing inherent activity via regulation of electronic structure.
Because the electrocatalytic reaction takes place at the surface of the catalyst, the active
site is the most important feature that decides the catalytic activity of the material.}%>%,
The catalytic characteristics of the material can be significantly improved by adjusting
the geometry of the catalyst in order to improve it and reveal its active regions. In
addition to this, the catalyst support contributes to the material's increased stability in its
electrocatalytic state. The increment in the active site of the material, the provision of
synergistic effects to the material, the tailoring of the structural and electronic
arrangements, and the assistance of electron transport through a conducting material are
the factors that are generally agreed upon to be responsible for an increase in the catalytic
activity of the material. The many aspects that enhance and modify these factors can
result from construction of designed surface and junction generated interfaces while the
improvement in reaction-diffusion can be established by a porous network. The following
is a brief discretionary summary of the aspects that we investigate and analyse in the
work that we do for our thesis that are involved in the process of increasing the catalytic

activity.
0] Nanostructuring

In the past few decades, the electrocatalysis process has undergone amazing
advancements, in part due to improvements in catalyst construction at the nanoscale.
These developments have been significant in bringing prominence to alternative energy

technologies that are reliant on electrochemical reactions and updating such technologies.

Page 22



Introduction

The interatomic spacing, crystalline structure, and crystallite size all play a role in
determining the material's catalytic performance, and any change in any of these factors
can result in a different kind of activity. The catalyst design is manipulated and optimised
by the process of nanostructuring, and the coordination and binding connection at the
surface of the material is also modified as a result.It's believed that the size of the
nanoparticles is the most important factor in controlling the number of low-coordinated
sites on the surface of the catalyst, which in turn alters and influences the reactant binding
capacity. The active site and surface configuration have been modified in such a way that
a high surface-to-volume ratio may be achieved.’*"'® This has resulted in a higher
density of surface active sites. The interfacial atoms that are found on the surface of
nanostructured materials result in a large volume fraction of atoms, which provides an
amazing potential for plotting the exterior chemistry and the defects concentration. It is
possible to investigate the possibility of perfecting the ability to regulate and manufacture
such nanostructured material with a certain shape, size, and morphology in order to
account for the material's high activity. In terms of their selectivity, such catalysts are
able to satisfy the parameters set as special needs. Alterations to the crystallite size as
well as the crystallite phase can be used to manipulate the surface property. The
selectivity towards a certain plane and structure may also be a factor in boosting
electrocatalytic activity. The chemistry that exists between surface and the
nanostructuring has resulted in a number of fascinating new advances and has the
potential to completely transform the chemical manufacturing industry. Nevertheless, the
catalyst selectivity and the related performance of materials call for numerous upgrades, a
comprehension of structure attributes, and well-defined size, shape, and composition of

the materials.%®!

(i) Heteroatom doping

The catalytic activity of the host material can be further enhanced through the use of
heteroatom doping. The introduction of new elements changes the host material's optical,
catalytic and electrical characteristics due to the redistribution of charges. These

alterations to the material improve active sites and reduce the amount of energy expended
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during intermediate production. The synergetic connection of the host and doped metals
substantially promotes the catalytic characteristics of the material. Some examples of
heteroatom with a distinct electronegativity than the host materials in heterostructure are
B,C,N,P and S. Many people attempt to dope two or more heteroatoms during the
investigation process of doping heteroatoms. Non-metal doping, in addition to metal
doping, is used to increase the catalytic activity of nanomaterials.In comparison to pure
MoS,, Li et al. developed catalysts doped with N in MoS,, with just an overpotential as
minimal as 168 mV. The rise in HER activity is caused by the charge density of the S

atom reaching its maximum following N doping.***

(i) By forming heterostructure

Heterostructure is a term borrowed from the study of semiconductors. Heterostructures
are structures formed of semiconductors in which the composition varies depending on
how you are forming the structure. As per the definition, heterostructures are made up of
an abundance of heterojunctions, which are the interfaces in between various
components. The idea of heterostructure has expanded outside the realm of
semiconductor physics as a result of the crossing over and merging of different
knowledge networks. In a broader sense, heterostructures can be seen as composite
structures that are made up of interfaces produced by various solid-state materials, such
as conductors, insulators, and semiconductors, amongst others. This definition applies to
heterostructures in their whole.Therefore, a heterostructured catalyst is made up of two or
more distinct kinds of materials that are frequently bound together by either physical or
chemical means. It is possible for the components that make up a heterostructure to either
be active or nonactive, depending on how they contribute to the OER and HER catalytic
performance of the catalysts. In spite of this, the majority of heterostructured catalysts,
which include both active/active and active/nonactive types of heterostructures, show,
increased electrocatalytic performance than their single counterparts. This is because
heterostructured catalysts have a number of benefits that their single counterparts do
not.To begin, the production of heterostructured OER and HER catalysts is a productive

method that is capable of boosting the total number of active sites. The vast majority of
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these heterostructured electrocatalysts have precise nanostructures that have extensively
exposed edges. These edges provide adequate active sites for the adsorption
of intermediates responsible for OER & HER™ ™ Second, including substantial
substrates like carbon cloth (CC) and nickel foam (NF), into nanostructured materials
can permit fast mass diffusion, which is crucial to lowering overpotential and boosting
the number of active sites™*®™®. Third, the activity and stability of the catalysts can be
increased by developing certain uniform nanostructures in order to enhance the efficiency
of the catalysts. Using a core-shell structure as an illustration, the species that are
productivebut vulnerable can be preserved by a thin layer of species that are stable, which
permits HER activity to last over a long period of time. Fourth, the disparity in the
electronegativity of the various components that make up the heterostructured catalysts
may drive electron transfer across the various components. This is something that is
typically seen by a shift in the binding energy in the XPS spectra.'*****Some
heterostructures' enhanced HER activity is a direct result of the way their electrons are
redistributed, which controls the electronic structures or band structures of the
components. The so-called synergistic effect also makes a sizeable contribution to the
improved HER kinetics of the heterostructures.For alkaline OER &HER, transition metal
hydroxides and oxides have been the most thoroughly investigated as water

adsorption/dissociation promoters via heterostructured catalyst design.

1.7.Metal organic framework (MOF) and MOF derived materials for HER & OER

Metal-organic frameworks stand out as one of the most potentially useful precursors for
the electrocatalysis process (MOFs). These materials take on fascinating morphologies
such as core-cell and hollow architectures, all of which are advantageous for the carrier
transport and mass transfer towards or away from the electrode.’**? For a variety of
catalytic applications, including the hydrogen evolution reaction (HER), the
transformation of carbon dioxide (CO,), oxygen and nitrogen reduction reactions, MOFs
that have been synthesized from metal cations and chemical molecules have been chosen.
This is due to the fact that MOFs offer interesting properties, such as metal sites with
available valency, significant surface area, high porosity, simple manipulation, and

adjustable shape, all of which have the potential to have a positive impact on the catalytic
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process.?"** The pore size of MOFs is determined by the length of the organic linker
because MOFs are built from metal ions or clusters and organic linkers. Several
investigations have been conducted on the subject of how changing the linkers affect the
size of the pores. For example, Meng and his colleagues adjusted the pore size of Co-
based MOF in the region of 22-26A by introducing a benzene ring to the original
ligands."™*'This caused the pore diameters to become larger. Thus, MOFs have been
demonstrated as suitable materials for generating desirable architectures. MOFs can be
generated by numerous ways such as microwaves, microwave, solvothermal, and
electrochemical processes. The preparation method is dependent on the various
applications that can be made with MOFs. For instance, the microwave method is
favoured over other approaches because it can rapidly produce MOF crystals. Altering
the frequency of the microwave equipment is all that is required for this operation, which
allows for the morphological structure and size to be tailored to the user's specifications.
The production of MOFs has seen significant success with the application of the
solvothermal technique. However, because it takes a long time for the reaction to finish,
it is only suitable for use in low-volume production, whereas the electrochemical process
is well-suited for use in large-scale manufacturing. The utilisation of MOFs for the OER
has been documented in a significant number of researches, with a variety of techniques
being utilised for their synthesis. For OER applications, pristine MOFs may be utilised in
their natural state without undergoing any modifications. The low conductivity of
individual MOFs, on the other hand, makes it difficult to use these materials in
electrochemical processes that produce oxygen.™****As a result, numerous techniques
have been published in order to transform MOFs into various alternative electrode
materials for the OER. MOFs are capable of being pyrolyzed directly, which results in
the production of metal and metal oxide catalysts. In addition, MOFs have the potential to
be selenized or sulfurized, resulting in the formation of ultrastable catalysts for the OER
in the form of metal selenides or metal sulphides. Additionally, ternary or binary metallic
electrocatalysts that exhibit great performance for the OER can be produced by mixing

various metal ions in the synthesis method to form MOFs.**¢2%

1.8.Transition metal sulfide for electrocatalysis

Page 26



Introduction

The configurations of the TMS can be divided into two different classes: the layeredMS,
(M equals Mo and W) as well as the nonlayered M,Sy (M equals transition metals). A
typical layered MS, has the shape of a sandwich and is composed of three layers:
first layer of metal, second and third layer of sulphur. The relatively mild pressures
exerted by van der Waals allow each MS; unit cell to stack vertically, which makes it
possible to exfoliate MS, into single layers. Depending on the configurations and
bonding of MS,, they can be broken down into a few different sorts of phases, which
include 1T, 2H, and 3R phases. The H and T phases are the ones that appear the most
frequently in MS,, which has the transition metal atom centred in trigonal octahedral
and prismatic an configurations. In addition, the production of 2H and 3R phases occurs
as a consequence of the stacking of monolayer H phases in different orders.’***The
several phases of MS, each have their own unique electrical properties, as well as
applications for those features.***"** In addition, the surface orientation of MS, molecules
affects their electrochemical characteristics in a significant way. It has been observed that
a single SMS trilayer can have two different kinds of surface sites: the basal plane and the
edge. Both of these surface sites display anisotropic features. MS2's basal plane is inert
compared to its active edge states. In addition, the electrical conductivity of MS; in the
plane of the material is approximately 2200 times higher than the electrical conductivity
of the interlayers. In 2005, Hinnemann and colleagues discovered that the (1010) Mo-
edge structure of MoS; shares some similar properties with the nitrogenase, which is an
enzyme that produces hydrogen.** According to calculations based on density functional
theory (DFT), the edge of MoS, may serve as an active region for the hydrogen evolution
reaction (HER).

1.9.Transition metal oxides for HER & OER

The heterojunctions construction is the primary method by which interface engineering is
carried out. The production of heterostructures by merging different materials, such
as metal-oxide, has been the subject of a significant amount of research. Through such
technique, the intrinsic catalytic capabilities of individual parts can dramatically
modified, which brings electrocatalysts with distinct physicochemical features toward

HER & OER. As a result of a mismatch in the lattice at the interface within the various
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components, the heterostructures entail disorder, defects, and many phases. These
characteristics offer abundant sites that are catalytically highly active. More interfaces
contribute to the construction of more tunnels for the carrier transfer, and create good
connection between the catalyst and electrolyte. Additionally, the contact surfaces
between the various part offer improved electronic conductivity as well as increased
mechanical stability."*****The adsorption energies of intermediates may be further
adjusted by adjusting the electron density at the interface. This will allow for additional
improvements. Depending on the benefits, the transition metal based heterostructures
offer great potential for allowing superior electrocatalytic activity and importantscientific
advancs in energy conversion devices. Even though progress has been achieved in the
innovation of heterostructures, the interface engineering of transition metal-based
oxides for oxygen electrocatalysis has yet to be appropriately summarised. This is despite
the fact that there has been significant progress made in this area.***** When it comes to
defining the activity and durability of catalysts, the interfaces that exist between the
various active components are of critical relevance. This results in the production of
adequate accessible catalytic centres and improved contact in between electrocatalyst and
electrolyte. The primary purpose of interface engineering is to maximise a material's
activity by controlling the electronic structure of the material. This can be accomplished
by regulating the material's electronic structure. For instance, Co30y is a promising OER
electrocatalyst; however, it has weak conductivity and a narrow size distribution, which
severely restricts the applications for which it may be used.™®***? The enhancement of
OER performance is significantly impacted by the roles that rational morphological
regulation and electronic control play. Nanowire made of CozO04/Fe ¢33C0066 P Was used
in OER applications.” Such heterostructure with wire architecture shows better
OER performance with overpotential of 291 mV at 800 mA cm™, which is relatively
lesser than that of RuO, which is 446 mV. Calculations based on DFT were carried out so
that the subtleties of the mechanism could be understood. According to the findings of
the study, the active Co and O locations in the contact region not only reduce the overall
electrochemical catalytic constraint for every phase of the OER, but they also provide an
electron-hole-rich area that contributes to the high OER current density. This is because

the high ey filling of the Ni?* has a poor ability to bond with oxygen. A microwave-
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assisted hydrothermal approach was used by Chen et al. to develop the NiO/NiC0,0,4
heterostructure, which was then used to remedy the problem. Corresponding physical
characterizations reveal the formation of numerous Ni** ions on the NiO/NiC0,0,
interface, which can serve as the very active sites for OER. According to the results of
subsequent DFT simulations, the interfaces between NiO and NiCo,0,4 have favourable
conditions for the absorption of OH". As a consequence of this, NiO/NiCo,0, has
superior OER properties, as evidenced by overpotential of 264 mV at 10 mA cm hence;
it outperforms the RuO; catalyst (281 mV).”*The above reports demonstrates that by the
formation heterostructure between different metal oxides enhances the electrocatalytic
performance for HER and OER.

1.10Transition metal nitrides for HER & OER

Recent studies have shown that transition metal nitrides have the potential to be
extremely efficient OER catalysts. These catalysts also have a steady electrocatalytic
activity over a longer period of time.When nitrogen atoms are added to transition metals,
the result is an increase in the d-electron density. Additionally, the contraction of the d-
band causes the electronic structure of TMNSs to resemble, up to the Fermi level, that of
noble metals such as platinum and palladium. TMNs, in addition to having a metallic
conductivity, have a strong corrosion resistance, which bodes well for their use in
electrocatalytic water splitting in both acidic and alkaline mediums.Numerous TMNSs,
such as binary nitrides and single-phase nitrides, have been explored as catalysts in both
HER and OER, and they demonstrate good activity and durability in a broad pH range.™>
1%83ingle-phase transition metal nitrides (TMNs) such as molybdenum nitride (MoN),
vanadium nitride (VN), tungsten nitride (WN), titanium nitride (TiN) and nickel nitride
(NisN) have been investigated in electrochemical water splitting and show potential

catalytic performance.'>%%2,

1.10. Aim and objectives
The end objective of this thesis is to produce a number of transition metal-based

heterostructures that can be used in a variety of electrocatalytic applications.In this regard

the present thesis is focused on the formation of transition metal based heterostructures of
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metal phosphide, nitride, sulphide, oxide, single-atom catalyst (SACs), Metal-organic
organic framework (MOF) and MOF-derived materials for hydrogen evolution reaction
(HER), oxygen evolution reaction (OER) and oxygen reduction reaction (ORR). The first
heterostructure we worked on is CO@NC@MoS; for oxygen evolution reaction (OER) in
which the synergistic effect between Co@NC nanoparticles and MoS, nanosheets
enhances the catalytic activity. The catalyst exhibit the overpotential of 297 mV at 10 mA
cm? of current density. Moving forward we worked on transition metal oxide
heterostructures and we developed CuO-NiO, Co304-NiO heterostructure for OER with
overpotential of 231 mV and 311 mV and NiWO,4-NiO heterostructure for HER with
overpotential of 71 mV. Further, taking the advantage of high electronegativity of metal
fluorides we fabricated the metal fluoride and metal nitride heterostructure (Co-
NisN/CeFs). This heterostructure exhibit the overpotential of 180 mV at 10 mA cm™ of
current density. This ultralow overpotential was obtained due to the interfacial charge
transfer from Co-NisN to CeF3 results in the augmentation of valence state of Ni and Co
which enhances the adsorption of intermediates on the catalyst surface. Further we move
on to explore the pristine MOF for oxygen evolution reaction. the bimetallic Co, Ni based
ultrathin metal-organic framework nanoribbons (NiCo-NR) for oxygen evolution
reaction. The slender NiCo-NR was formed by using ultrathin metal hydroxide
(NiCo(OH);) mediated strategy. The NiCo-NR shows overpotential of 244 mV at a
current density of 10 mA cm™ current density. We suggest that in the ultrathin MOF
nanoribbons surface atoms (Co,Ni) are coordinatively unsaturated. Due to the ultrathin
nanostructuring of MOF sheets the inter-atomic electron transfer within the MOF makes
more active adsorption sites on the surface. Our findings show that coordinatively
unsaturated metal atoms are the dominant active centers, and the electrocatalytic activity
is tuned by the coupling effect between Ni and Co metals. Moving forward we formed
the heterostructure of NisN-MnCo,0, and Co-NisN/MnCo,0, and we explained the

effect of Jahn-Teller distortion in these heterostructures.
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Ultrathin MoS, wrapped N-doped carbon-
coated cobalt nanospheres for OER
applications
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Ultrathin MoS2 wrapped N-doped carbon-coated cobalt nanospheres for OER application

Brief Outcome:In this chapter, the catalyst named “CO@NC@MOo0S, " consist of three
phases cobalt nanoparticles, N-doped carbon and ultrathin MoS, layers has been
demonstrated for oxygen evolution reaction(OER.The possibilities to resolve the
exponential increasein the energy demand using water splitting has also triggered huge
worldwide attention towards oxygen evolution reaction using efficient, earth-abundant
and low-cost electrocatalyst. Transition metal sulfides have been established as an
excellent hydrogen evolution reaction catalyst but their oxygen evolution reaction
behaviour is still less explored and needs further investigations. Oxygen evolution
reaction has a huge potential for fuel cell and metal-air battery applications. Herein
MoS;nanolayers having interlayer spacing hierarchically grown over N-doped carbon
wrapped cobalt nanospheres derived from cobalt-based metal-organic framework. The
catalyst CO@NC@MOoS, have a low overpotential of 297 mV vs RHE at 10 mA cm™
current density. The catalysthas long term stability with a Tafel slope value of 70 mV dec
! A chronoamperometric study for more than 10 hours does not show any significant

change in the current density of the catalyst.
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2.1. Introduction

The seizure of human activities during the recent pandemic has possibly made mankind
realize that still there is a chance to revive the environment from the existing mess. A
complete lockdown in most of the countries had actually brought huge positive change in
the environment® but with a huge cost. Blue sky, clean beaches, clear water,fresh air to
breath, and in some region, a lowered temperature than usual was observed. Therefore, it
is a high time that we switch to greener technologies. In this context, Oxygen evolution
reaction has an immense potential to resolve the twin problem of exhaustive usage of
fossil fuel and massive carbon emission by supporting environment-friendly devices such
as fuel cell and metal-air batteries.> * These energy-conversion and energy storage
devices can trigger the industrial-scale production of energy materials.*® The essential
pre-requisites of OER catalyst are high abundance and low cost for a large-scale
application.Due to the involvement of multistep electron-transfer process from water to
oxygen via catalyst (4OH — 2H,O + O, + 4e ), oxygen evolution reaction (OER)
becomes a challenging affair.”® This proton-coupled electron transfer lowers the
efficiency of the electrocatalyst. Presently I1rO, and RuO, are the benchmark
electrocatalyst for OER, but their high cost and low abundance severely averted large-
scale production.®*! Recently tremendous efforts have been devoted towards a low-cost,
transition metal (Fe, Ni, Co, Mo) based substitutes for the precious metal
electrocatalyst.® The study of transition metal compounds including phosphides (FeP,
NiP,CoP),*'® oxides (Co30,, NiO)'" *® and sulphides ( CoSe,, NisS,, FeS,),**?! in
oxygen evolution reaction is well-explored area. However, catalysts for oxygen evolution
reaction using transition metal dichalcogenides are still less explored. MoS, is an
exemplary two-dimensional material which attracts the attention due to the edge rich
functionality.?? The number of active sites in MoS, is more on exposed edges while the
interlayer stacking leads by Van der Waals forces lacks the exposed active sites.”® The
performance of MoS, is quite low compared to the commercially available RuO, and
IrO,. To improve the catalytic activity of MoS,, researchers used different strategies such

as heteroatom doping,?* constructing three-dimensional MoS,,*

and by increasing
interlayer spacing to increase the number of active sites on the basal planes. Recently

Tang et al. reported the enhanced oxygen evolution behavior of MoS;nanosheets by Fe
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doping.?® At the same time, the Zhao et al. reported the doping of FeS, in MoS, basal
planes resulting in the effective electronic structure tuning.?’Herein, we synthesized N-
doped carbon-wrapped cobalt nanospheres (Co@NC) from the pyrolysis of cobalt and
H,BDC (1,4-Benzenedicarboxylic acid) based metal-organic framework. The
Co@NCnanospheresare electrochemically active towardsoxygen evolution reaction,
which shows an overpotential of 365 mV at 10 mA cm™ current density. Further growing
few nanolayers of MoS, sheets on Co@NCnanospheresenhances the OER activity. The
OER performance of the Co@NC nanoparticles with the mutual contribution of
MoS;nanolayers exhibits an overpotential of 297 mV at 10 mA cm™ current density.
These values are the lowest among all known MoS, based compounds for the oxygen
evolution reaction using glassy carbon electrode.To the best of our knowledge, such an
approach towards designing an OER catalyst which significantly reduces the

overpotential was not observed in the recent literature.
2.2. Experimental section
2.2.1. Materials

The chemicals involved in this work were purchased from different sources and used
without further modification. Cobalt (Il) nitrate hexahydtate (Co(NO,).. 6H,0, 99%),
triethylenediamine  (CgH12N2, 99%) and 1,4-benzenedicarboxylic acid (CgHs-
1,4(COOH), 98%) and Ammonium molybdatetetrahydrate ((NH4)s: M07024-4H,0),
99.0%)were purchased from Sigma Aldrich. N,N-dimethylformamide anhydrous,
Nafionperfluorinated resin solution were also purchased from Sigma Aldrich. L-Cysteine
(C3H;NO,S, 99%) was purchased from TCI.  Deionised water was used in all

preparation.
2.2.2. Methodology
2.2.2.1. Synthesis of Catalyst

The synthesis of catalyst involves two major steps and is described as follows.
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Step 1.Synthesis of Co-based MOF derived Co@NCnanospheres:

The synthesis of MOF was done by using 2 mmol of Co(NOs3),.6H,0, 0.8 mmol of
triethylenediamine and 2 mmol of 1,4-benzenedicarboxylic acid (H,BDC). All these
chemicals were dissolved in 50 mL of N,N-dimethylformamide (DMF). The resulting
solution was then heated at 120°C for 24 hrs then the mixture was cooled down and the
pinkcolour precipitates were collected using centrifugation and washed with DMF and
ethanol several times. After washing, the precipitate was dried in a vacuum oven at 50°C
overnight. For the synthesis of Co@NC, the Co-based MOF was used as a precursor for
annealing the sample in the furnace. After inserting the sample, and before starting the
reaction, the tube was purged with argon gas for 20 min for making an inert environment.
Then the temperature raised to 800°C at the rate of 5°/min and held at this temperature
for 3 hrs under argon flow at 110 sccm.

Step 2.Synthesis of CoO@NC@MoS; catalyst:

The Co@NC@MoS; catalyst was synthesized using a hydrothermal treatment of the
Co@NC nanoparticles. Herein, 200 mg of Co@NC nanoparticles was dispersed in 25 ml
of deionised water and sonicated for 1 hr. and, 0.20 mmol of (NH4)sM0;024 . 4H,0 and
2.14 mmol of L-cysteine were added to the Co@NC dispersion and again sonicated for 1
hr. The uniformly dispersed solution was then transferred into the 50 mL autoclave (with
a Teflon lining) and heated at 200°C for 20 hrs. After cooling down, the precipitates were
collected by centrifugation and washed with ethanol and water several times. After
washing the as obtained CoO@NC@MoS, catalyst was dried in a vacuum oven at 50°C

overnight.
2.2.2.2. Physical characterization

The phase and structural elucidation of the synthesized catalyst was analyzed by Bruker
Eco D8 ADVANCE X Powder X-ray diffractometer using the Ni filter applying Cu Ka
radiation (A = 1.54056 A, 40 kV and 25 mA) in the 20 range of 5°—80° with a rise of
0.00190/step. Autosorb 1Q Quantachrome instrument was used for surface area
calculation by nitrogen adsorption desorption isotherm at 77 K. The morphological
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analysis of the catalyst was done by using a scanning electron microscope (SEM) from
JEOL (JSM IT-300) provided with energy-dispersive X-ray diffractometer (Bruker). The
microstructure and size of the product were examined by transmission electron
microscopy (TEM), JEOL-2100 operated at 200 kV. XPS was done on ESCALab: 220-
IXL with Mg Ka nonmonochromated X-ray beam having photon energy 1253.6 eV.

2.2.2.3. Electrochemical measurements

All the electrochemical measurements were done using CHI 760E electrochemical
workstation at 25°C temperature. In the conventional three-electrode setup carbon-based
electrode is used as a counter electrode,Ag/AgClas a reference electrode and catalyst
coated glassy carbon electrode as a working electrode. The catalyst ink for coating the
glassy carbon electrode was prepared by dispersing 5 mg of the catalyst in 500 puL of
dimethylformamide containing 5 pL of 5 wt % Nafion and was sonicated for 120 min to
prepare a homogeneous suspension. Out of this dispersion, only 5 pL was coated on
glassy carbon electron and dried in vacuum. All the polarization data were collected at
the scan rate of 5 mV s in 1M KOH. The equation used for the conversion to reversible
hydrogen electrode is Erpe = Eagagel + 0.197 + 0.059*pH. The determination of Tafel
slope was done by fitting the linear region of the Tafel plot to the Tafel equation (n = b
log(j) + a) by again plotting the polarization curve. The iR correction was done by the
elimination of Ohmic drop as stated by the equation ncorrected = 1 —1Rs in Which R denotes
the solution resistance. Electrochemical impedance spectroscopy (EIS) was performed at
different overpotential, that is, 200, 250 and 300 mV and a frequency range of 100000-1
Hz. For the stability study, we have used chronoamperometry at an applied potential of
305 mV. The double-layer capacitance was calculated for the determination of
electrochemically active surface area ECSA analysis by the CV scans in a non-Faradaic
potential range of as-prepared catalysts electrodes in 1 M KOH at a scan rate of 10 to 100
mV/s. Half of the differences in current density variation (AJ = (Janodic-Jeathodic)/2) at
apotential of 1.16 V vs RHE plotted against scan rate fitted to a linear regression that
allows thedetermination of double-layer capacitance (Cqj).
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2.2.2.4. Theoretical methodology

The adsorption of oxygen atom and hydroxide molecule on Co@NC@MoS,
heterostructure for oxygen evolution reaction is investigated by density functional theory
(DFT) using the Vienna ab initio simulation package (VASP)?® based on the projector

augmented wave method (PAW)? %

with a plane-wave basis set and periodic boundary
conditions. The exchange correlation energy was calculated using the Perdew-Burke-
Ernzerhof(PBE) functional **The two-dimensional graphene/MoS;heterostructure is
constructed using 4*1*1 supercell of graphene and 3*1*1 supercellof MoS,, resulting in
lattice parameters a=9.82 A , b=4.91 A and c=30 A. The c-direction is kept long enough
to accommodate the heterostructure layers and the adsorbates with negligible interaction
between their periodic layers. The optimized interlayer distance between the graphene
and MoS, sheets is 3.63 A. The nanospheres of CO@NC@MoS; are simulated with the
layered heterostructure model in DFT. The cutoff energy for the plane wave basis is set to
550 eV with an energy convergence threshold of 10 *eV. All the atoms are relaxed until
the forces on them are less than 0.01 eV/A. The supercell is sampled with 7*7*1 gamma-
centered k-mesh. The van der Waals interactions in the bilayer have been accounted

using the vdW exchange-correlation functional DFT-D2 method of Grimme.*?

2.3. Result and DiscussionThe structural elucidation of the catalyst was done by using
Powder X-ray diffractometer in the 20 range of 5°—80°.The PXRD pattern of MoS;
(Figure 2.1a) shows hexagonal crystal structure with two different diffraction peaks at a
20value of 32.2°, and 57.1° which can be assigned to (100), and (110) crystal planes of
MoS, (JCPDS No. 37-1492).**The absence of (002) plane and the broadening of the
peaks indicate the presence of few layers of MoS, or the graphene-like MoS; in the
sample.As for the PXRD pattern of the Co@NC@MoS, (Figure 2.1a), the peaks at 43.9°,
51.2°, and 75.5° attributed to (111), (200), and (220) crystal planes of cubic Co (JCPDS
No. 15-0806).** The broad and less intense peak around 26° can be ascribed to the
presence of a minute amount of graphitic carbon.*> Apart from the above discussed
peaks, there is a less intense peak at 32.3° and 57.2° attributed to the crystalplanes of
MoS,. The (002) plane is absent in the catalyst as well, which is again indicating the

presence of few-layer MoS, over Co@NC nanoparticles.
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Figure2.1.PXRD spectrum (a) of MoS, and Co@NC@MoS,and (b) Co@NCnanospheres
obtained from pyrolysis of MOF.

In the PXRD pattern of as-synthesized Co@NC nanoparticles (Figure 2.1 b), the peaks
located at 44.1°, 51.4° and 75.8° correspond to the presence of (111), (200) and (220)
plane of cubic Co. The other very less intense peak around 25.6° show the presence of a
very small amount of graphitic carbon present in the catalyst.Raman spectra of Co@NC
precursor and Co@NC@MoS; catalyst were shown in Figure 2.2. For Co@NC, the
peaks centred at 1350 cm™ and 1585 cm™are ascribed to the well-known D and G bands
of the carbon sheets.*® The presence of both the peaks is consistent in CO@NC@MoS;
demonstrating the presence of graphitic carbon on the cobalt nanosphere present in the
catalystThe morphological analysis ofCO@NC and Co@NC@MoS, were shown in
Figure 2.3. The SEM images of Co@NC (Figure 2.3a) shows theagglomerated cobalt
nanoparticles formingsubmicrospheres. The morphology is retained even after the
formation of the Co@NC@MoS; catalyst (Figure2d&e) with a few layers of MoS,
grown on the surface of Co@NCspheres.The transmission electron micrographs of
Co@NC(Figure 2.3 b&c) also confirms the spherical shape of nanoparticles with the
presence of N-dopes carbon layer around the nanoparticles resulting in the formation of
core-shell type nanostructures. The HRTEM images (inset Figure 2.3b) confirmthe

presence of cobalt nanoparticles with the d-spacing of 0.205
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Figure 2.2 Raman spectra showing the presence of graphitic carbon in the both Co@NC and
Co@NC@MoS,

nm. The shell of the cobalt nanoparticles is having a lattice d-spacing 0.34 nm, which can
be correlated to the presence of graphitic carbon.®” The HRTEM images of the catalyst
(Figure 2.3f) show the presence of MoS; layers over Co@NC with the d-spacing value of
0.27 nm corresponding to the (100) plane of hexagonal MoS,.*

MoS, layers
MosS, layers ¥

100 nm

Figure.2.3 (a) FESEM and (b) TEM images of Co@NC. (c) HRTEM image of Co@NC (d) and
(e) FESEM images of CoO@NC@MoS, showing the growth of a few layers of MoS2. (f) HRTEM
images of CoO@NC@MoS2 and (g) elemental mapping of the Co@NC@MoS2 showing the
presence of Mo, S, Co, N and C in the catalyst.
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Figure2.4shows the X-ray photoelectron spectra (XPS) of the CoO@NC@MoS, catalyst. (a) wide
scan XPS spectra The high-resolution spectra of Mo 3d, S2p, C 1s, Co 2p and N1s were
expressed in b,c,d&f plots respectively. Experimental data were plotted using the dotted curve,
and the fitting results were shown with solid curves. The peaks are assigned by oxidation states of
different elements with theirsplitting term.

The elemental mapping of CoO@NC@MoS; displays the presence of Mo, S, Co, C and N
in the catalyst (Figure 2.3 g). The electronic interaction and chemical composition of the
catalyst can be understood from the X-ray photoelectron spectroscopy (XPS)
measurements. The XPS survey spectrum indicates the presence of Mo, S, Co, C, and N
elements in the CO@NC@MoS2 catalyst (Figure 2.4a). This is in-line with the results
obtained from EDAX and elemental mapping. The deconvoluted Mo 3d peaks (Fig. 2.4b)
appeared at 228.7 eV and 231.8 eV corresponding to Mo 3ds, and Mo 3ds; of Mo**
spectral lines. The other two peaks at 234.6 eV and 235.2 eV can be assigned to Mo
3d5/2 and Mo 3d3/2 of Mo®" spectral lines. The peak for Mo®* was observed due to
surface oxidation of MoS,. * The peak at 225.6 eV can be allocated to S 2s. The peaks
(Figure 2.4c) located at 161.4 eV and 162.6 eV can be attributed to S 2ps, and S 2pyy;
manifesting the binding energies of S2. The other peak at 163.7 eV can be assigned to the
binding energy of bridging S in the catalyst.*® The peak located at 284.4 eV shown in
Figure2.4d corresponds to C=C/C-C of C 1s spectra. The intensity of this peak is still
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higher for the catalyst showing the presence of the graphitized carbon shell after the

Element Peak BE (eV) FWHM Area (%)
Mo* 228.7and231.8 | 1.7and18 23.7and 51.9
Mo 3d Mo®* 234.6and235.2  2.0and 2.06 10.5and 10.6
S2s 225.6 17 3.2
s 5> 261.4and162.6 | 1.66and1.28 | 56.09and22.58
P s(bridging) 163.7 2.30 21.32
c=c/cC 284.4 2,674 59.7
C1s C-O/CN 286.2 2.638 24.6
c=0 288.5 2.312 15.6
Colo) 778.8 1.78 17.24
- CoN 779.6 1.77 25.50
P Co*2 7815 1.78 30.43
Co* 7833 1.76 20.07
Mo* 395.1 3.37 53.74
o
Mo 3p& Mo 397.5 224 17.82
.y N-Pyridinic 398.9 257 16.84
N-Pyrrolic 399.5 1.24 4.59
N- Graphitic 401.1 18 6.98

Table 2.1 Deconvoluted peak parameters of the XPS analysis

growth of a few MoS;nanolayers. The other two peaks at 286.2 eV and 288.5 eV
isshowing the presence of C-O/C-N and C=0 in the catalyst.*> The spectra for Co 2p
shown in Figure 2.4e reveals the intense metallic Co peaks located at 778.8 eV. The other
less intense peak at 779.6 eV shows the presence of Co-N linkage present in the
catalyst.*! There are two other less intense peaks present at 781.5 eV and 783.3 eV show
the existence of Co*® and Co*® appearing due to the presence of trace amount of cobalt
oxide (CoxOy).** The peaks at 395.1 eV and 397.5 eV are attributed to the Mo 3p of Mo™
and Mo*® species respectively, and the other three peaks at 398.9 eV, 399.5 eV and 401.1
eV can be attributed to the presence of pyridinic, pyrrolic and graphitic N respectively in
the N 1s spectra.*® ** The N 1s with Mo 3p overlapped spectra are given in the Figure 2.4
f . All the deconvoluted parameters are documented in Table 2.1The element percentage
from XPS analysis was also evaluated and provided in Table 2.2. The OER activity of the

Co@NC@MoS, was examined by using simple three-electrode
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e homex

Mo 16.21
S 33.94
C 20.24
N 7.23
Co 15.14
o) 7.04

Table 2.2Elemental percentage obtained from XPS analysis
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Figure 2.5 Shows the electrochemical measurements of specific electrocatalysts for oxygen
evolution in 1 M KOH alkaline medium. (a) Polarization curves (iR-corrected) of
Co@NC@MoS, compared with Co@NC, 1rO,, Co@NC and MoS, respectively. (b)comparison of
the overpotential values obtained from polarization curve at 10 mA cm™(c)the corresponding
Tafel plots of all the above mentioned catalysts are displayed (d) Nyquist plot (with
corresponding equivalent circuit) showing the Co@NC@MoS, @200, @250 mV, and @300 mV
applied potential

setup at 25°C in O, saturated 1M KOH. For a comparative study, the electrocatalytic
activities of Co@NC, MoS; and commercial IrO, were also examined under the same
condition. The performance of the Co@NC@MoS, was found to be superior to that of

Co@NC, MoS; and commercially available IrO,. The linear sweep voltammetry (LSV)
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curves have shown in Figure 25a displays the comparison of the
Co@NC@MoSzelectrocatalyst with MoS,;, Co@NC and commercially available
IrO,.The linear sweep voltammetry (LSV) curves have shown in Figure 2.5a displays the
comparison of the Co@NC@MoSzelectrocatalyst with MoS,, Co@NC and commercially
available IrO,.The Co@NC@MoS2 catalyst shows an onset potential of 200 mV and the
minimum overpotential achieved at the current density of 10 mA c¢cm-2is 297 mV. This
obtained value is far better than that of Co@NC and MoS; catalysts. The Co@NC and
MoS, show the overpotential of 365 mV and 433 mV, respectively (Figure 2.5b).From
the post literature survey of the previously reported Co@NC based catalysts, we realized
that, this is the best-known overpotential obtained at a current density 0f10 mA cm™For
further insight, a study of the OER kinetics of the catalyst was carried out by plottingtheir
Tafel slope as depicted in Figure 2.5c. The resulting Tafel slope values are 70, 90, 116
and 139 mV/dec for CO@NC@MoS,, IrO,, Co@NC and MoS, respectively.The lower
Tafel slope value of catalyst renders a favourable OER kinetics than that of noblemetal-

based catalyst (IrO,).

~ 40
o
254 3 . E b
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204 — * <
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Figure 2.6 (a) double layer capacitance calculation of CO@NC@MoS,, Co@NC and MoS; (b)

stability studies carried out using chronoamperometry
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Figure 2.7 Durability test of Co@NC using GCE in 1M KOH

To understand the charge-transfer kinetics operating through the electrode-electrolyte
interface, Electrochemical Impedance Spectroscopy (EIS) was performed.The
corresponding Nyquist plot at various applied potentials is given inFigure 2.5d. All the
spectra obtained in the measurement are fitted with the equivalent circuit depicted in
Figure 2.5d. The equivalent circuit reveals two time-constant components R.-CPEg_ and
R,-CPE_ along with the solution resistance Rs. The constant phase angle element (CPE)
explain the double-layer capacitance of the solid electrode. Rq-CPEq_ gives information
about the charge-transfer process, and the surface porosity can be correlated withR,-
CPE.. The relationship between the charge transfer resistance and the applied potential is
inversely proportional. The charge-transfer resistance (R¢) of 12 Q is obtained at an
applied potential of 200 mV. The smaller value of R demonstrates that the
electrochemically active sites on the electrode surface are high, and the value of charge
transfer between the electrode surface and electrolyte is also high. These observations
from the Nyquist plot favors the overall OER process. For the determination of
electrochemically active surface area (ECSA), the double-layer capacitance was
measured at different scan rate (Figure 2.6 a). The Cg values support the OER
performance of all catalyst. The Cy of CoO@NC@MoS,, Co@NC and MoS,obtained as
24,7 and 4.7 mF cm™ respectively. The long term durability of the
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Figure 2.8 volume of O, evolve at different time for the calculation of faradic efficiency the

calculated value is the quantitative faradic yield for O, evolution

catalyst was examined by the chronoamperometry (Figure 2.6 b)at an overpotential of
305 mV for 10 hr.. The longevity test of Co@NC catalyst is discussed in Figure 2.7. The
durability test for the precursor CO@NC was done by continuously running 500 linear
sweep voltammetry cycles. The significant change in the overpotential was found after
500 LSV cycles depicting the less stability of the precursor Co@NC.In order to calculate
the faradic efficiency (Figure 2.8) and the amount of gas evolved,a water-gas
displacement method is used in which the volume of the gas evolved noted with respect
to the time. The ratio of experimental gas evolved with the theoretical gas evolved, isthe
calculated faradic efficiency which is 97.9 % for Co@NC@MoS,. The cyclic
voltammetry curve for the calculation of double-layer capacitance (Cg) is given in Figure
2.9. As oxygen evolution reaction is a four electron transfer process, we have studied its
intermediate steps to observe the phenomenon at the surface of the heterostructure. This
involves the calculation of adsorption energy of O-atom and OH molecule adsorbed on
the surface of CoO@NC@MoSsheterostructure. In our theoretical model, we have tried to
cover all the possible atomic sites. The strength of the adsorbate interaction with the
absorbent and the amount of alteration of the properties of the system is described by the

adsorption energy, which is given as

Eads = E(surface—X)* E(surface) ‘E(X)

Page 61



o 1.5

E 1.0

<
E o5
2 0.0
Q

©
w-05
]

5-1.0

Ultrathin MoS2 wrapped N-doped carbon-coated cobalt nanospheres for OER application

P T Y

Current density (mA cm'z)
O N A o AN W
1

10mV/s

100 mV/s
—

L TR R
110 1.12 114 1.16 1.18 1.20 1.22

Potential V (Vs) RHE

1b

10 mV/s
¥

100 mV/s

£08{C

10mV/s

100 mV/s

Ll Ll ) Ll L
110 112 1.14 1.16 1.18 1.20 1.2

Potential V (Vs) RHE

R T T T T T
110 112 1.14 1.16 1.18 1.20 1.22

Potentia V (Vs) RHE

Figure 2.9 Cyclic voltammetry curve of (a) CoO@NC@MoS,, (b) Co@NC and (c) MoS, for the

calculation of Cy,

where Esurface-x) 1S the total energy of the adsorbate and the surface together, Esurface) IS
the energy ofthe surface and Ex is the energy of the O or OH molecules.Further, the

Gibbs free energies are calculated at standard conditions (pH =0, T =298.15 K) and U =

1.23 V, the equilibrium potential for OER process.

HoO(/)

OOH*
OH*
0,(g)
o*
U=1.23V|

MoS2
Co@NC
Co@NC@MoSg

Reaction Coordinates

Figure 2.10 (a) Co@NC@MoS; heterostructure is displayed, top layer Co, middle layer N-doped
carbon and bottom layer MoS2, (b) Calculated Gibbs free energy diagram of MoS, and Co@NC

and Co@NC@MoS,, all energies are calculated on the surface of MoS, side

S.No.

Surface

Total Energy

E ads (eV)

Bond length (&)
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(eV)

MoS,+0 -68.76584279 +1.26 d(Mo1-0) =1.99
d(Mo2-0) = 1.89
d(Mo3-0) =1.89

MoS,+0OH -71.93280111 +0.55 d(Mo1-0) = 2.16
d(Mo2-0) = 2.16
d(Mo3-0) = 2.05
d(O-H) = 0.99

Co@NC+0O (N-site) |-190.49062787  |+1.42 d(N-O) =1.83

Co@NC+O (C-site) |-190.69369699  |+1.21 d(C1-0) =1.90
d(C1-0)=1.71

Co@NC+OH (N-site) |-195.59675697  |-1.24 d(N-O) =1.83
d(O-H) =0.98

Co@NC+OH (C-site) -195.38499636  |-1.02 d(C1-0)=1.90
d(C1-0)=1.71
d(O-H) =0.98

Co@NC@MoS2 + O |-242.87172627  |-2.82 d(Mo -0)=1.75

(O on Mo0S2)

Co@NC@Mo0S2+0H -246.27386288  |-3.77 d(Mo -0)=1.91

(OH on MoS2) d(O-H)=1.01

Table 2.3.Total energy of adsorbtion of O atom and OH molecule.

The Gibbs energy diagram (Figure 7b) represents all the intermediate steps providing the
complete picture of the reaction path and the quality of the catalyst. For the comparison,
Gibbs energies for MoS; and Co@NC are plotted along with CoO@NC@MoS,. We have
adopted the intermediates particularly on MoS, surface of the heterostructure as a
correlative theoretical model.All the theoretical binding energies are provided in the
supplementary information. For Co@NC@MOoS; heterostructure, steps 1, 2 and 4 are
downhill whereas step 3 is uphill. So, step 3 that is O* transferring into OOH* is
considered as the potential determining step for heterostructure. (Figure 2.1t can be
understood from the energy diagram that by growing few layers of MoS; on the surfaces
of Co@NCnanospheres lowers the Gibbs energy values of the intermediates which means
it makes the adsorption of O and OH easier than those of Co@NC and MoS,. This can
also be interpreted from the adsorption energy values provided in Table T3. The

theoretical OER overpotential is calculated using the following expression®: n°R = (
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AG; + AG3z)l2e -1.23 V, where AG; and AGj; denote the Gibbs free energy of the
intermediate steps of OER. A detailed discussion of how the Gibbs energy is calculated
within the DFT framework is provided in the supplemental material. We obtain the over-
potential value of 370 mV calculated theoretically for CoO@NC@MoS, which is close to
the experimental value of 297 mV. The theoretical simulations give the important insight
of the electrocatalytic process that makes CoO@NC@MoS, composite as a very effective
catalyst for OER.

2.4 Conclsion

In summary, CoO@NC@MoS, catalyst was synthesized through a hydrothermally grown
few layers of MoS, over Co@NCnanospheres derived from metal-organic framework.
The catalyst shows excellent OER activity with onset potential of 200 mV and
overpotential of 297 mV at a current density of 10 mA cm™ and a Tafel slope value of 70
mV/dec in 1M KOH solution. A durability tests up to 10 hrs using chronoamperometry,
do not show any change in the current density of the catalyst. Few layer MoS, having
defects in its basal plane enhances the electron transfer towards Co@NC,possibly due to
the synergistic effect. The overall kinetics of the OER improved by the mutual interaction
between MoS; layers and Co@NC nanoparticles. Similar methodology can be applied for

the other metal nanoparticles for similar electrochemical applications.

Note:

%+ The permission has been granted by the authors and corresponding author of the
published paper prior to adopting in the present thesis. The associated relevant
publication is:

Gaur, Ashish, Parrydeep K. Sachdeva, Rajinder Kumar, Takahiro Maruyama,
ChandanBera, and VivekBagchi. "Ultrathin MoS, wrapped N-doped carbon-coated
cobalt nanospheres for OER applications.” Sustainable Energy & Fuels 5, no. 3 (2021):
801-807.
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Intense nano-interfacial interactivity
stimulates OER in MOF-derived
superhydrophilic CuO-NiO heterostructure
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Intense nano-interfacial interactivity stimulates OER in MOF-derived superhydrophilic CuO-NiO
heterostructure

Brief Outcome: Human survival might be at stake if the rate of carbon emission goes on
like this in the near future. A clean energy alternative is a must to resolve the twin
problem of CO2 emission and fossil fuel exhaustion. In this regard, hydrogen can be a
promising carbon-neutral candidate which can effectively attenuate the global energy
crises towards a sustainable solution. However, the large-scale hydrogen production
from electrochemical water splitting is still a challenge that proceeds through a
sophisticated four-electron transfer mechanism of oxygen evolution reaction (OER) at the
anode. The development of efficient, durable, earth-abundant and cheap electrocatalysts
for oxygen evolution reaction is a scorching area of research. Inspired by the synergistic
effect existing along with the interfaces of the heterostructures, we designed the
nanointerfaces between CuO and NiO phases in CuO-NiO hybrid nanostructures formed
over NF, showing strong interactions. The catalyst was synthesized by the hydrothermal
growth of metal-organic framework (Cu-BDC) on Nickel Foam (NF), followed by
temperature-controlled calcination. The contact angle measurement was performed and
found to be 0°, demonstrating the superhydrophilic nature of the catalyst. The catalyst
CuO-NiO/NF shows a low overpotential of 231 mV in driving a current density of 10 mA
cm-2 and exhibits a Tafel slope value of 100 mV/dec. The catalyst’s durability was
measured up to 20 hr using chronoamperometry technique. DFT calculations indicate the
existence of strong interfacial interactions which is further manifested in the XPS
analysis. The results obtained from DFT are also in line with the experimental data.
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3a.1. Introduction

Recently, a new climate prediction was issued by World Meteorological Organization
(WMO), stating that, “There is a ~20% chance that one of the next 5 years will be at least
1.5°C warmer than pre-industrial levels, but the chance is increasing with time.” The heat
stress due to high surface temperature in the coming days would reach extreme affecting
human health, productivity, and mortality in many places on Earth.' Rising levels of CO,
in the ocean causing huge proliferation of toxic algae, which is a potential threat to
marine life, coastal communities, aquaculture and fisheries and of course human health.?
The ocean absorbs CO; at a rate of 22 million tons per day as revealed by the National
Oceanic and Atmospheric Administration. Increased acidity of the ocean’s surface water
resulting in the dissolution of shells and skeletons causing the extinction of numerous
species. An effort to obtain sustainable and clean energy,” using electrocatalytic hydrogen
generation reactions™” and oxygen evolution reactions ** could be potential solutions
towards environmental degradation. Well known Ru and Ir based catalysts are still the
most efficient and productive electrocatalyst for oxygen evolution reaction.”'® However
the extensive use of these catalysts are not commercially feasible due to less abundance
and high cost. Organic-inorganic hybrid materials such as metal-organic framework
(MOFs) and zinc-imidazole frameworks (ZIFs) with tunable porosity and morphology
have shown immense potential in this regard. The MOF derived materials that contain
controllable surface functionalities witha high surface area are promising materials for
the electrocatalytic application.''® Tremendous efforts have been devoted towards the
investigation offirst-row transition metal-based substitutes of precious metal (Ir and Ru)

electrocatalyst.''’Among them, iron, cobalt, nickel and copper-based oxide,***

23,24 25,26

sulphide,** nitride,”? and phosphide *"** have attracted significant interest. Oxides due
to their structural tenability and variable valence state, have attracted considerable
attention for oxygen evolution reaction. The OER performance of binary-oxides prevails
over single oxide phases. Copper-based compounds have great potential for
electrocatalytic applications because of their low cost and high abundance.” ** The redox-
active properties of copperare also well known as it acts as a metal centre in many

biological enzymatic reactions.’" ** The oxidation of Cu (II) to Cu (III) and the reduction
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of Cu(Il) to Cu(I) and Cu(0) is a well-knownredox property of copper oxide. Due to the
high electron mobility within the electrocatalyst, copper oxide-based materials are highly
active for oxygen evolution reaction.” The higher valence states of oxide materials act as
an active site for the electrocatalytic process similarly in NiO the surface Ni*" are
considered as the most active adsorption site.’*** Several approaches have been devoted
to improving the -electrocatalyticperformance of the single-phase including the

3637 conducting carbon support.”®**” The formation of heterointerfaces

heteroatom doping,
in oxide can also enhance the electrocatalytic performance by electronic structure
modulation and synergistic effect. Xiong et al. have Shown Co-dopedCuOnanoarray on
copper foam (Co-CuO NA/CF) via a cation exchange reaction as a 3D OER catalyst®
while khan et al. has shown an increase in the OER activity of NiO phase by forming
heterostructure with NiS phase.*” Herein, we have created a nano-interface between CuO
and NiOto avail the synergistic effect existing in between these phases for a better OER
performance.The strong interaction between both the phases was confirmed by X-ray
photoelectron spectroscopy (XPS). The in-sifu synthesis of both the phases was done by
using Cu-BDC MOF as a precursor. The MOF coated Nickel foam electrode then
calcined in the tubular furnace in a temperature control solid-state reaction. The
heterointerfaces between both phases enhance the OER activity resulting in a low
overpotential of 231 mV at 10 mA cm™ current density in 1 M KOH solution. This strong
interaction between the two phases resulting in an excellent electrocatalytic activity was
also studied using density functional theory (DFT), which provides the mechanistic
insight of the reaction. Superhydrophilicbehaviour of the catalyst allows the transfer of

the ions quickly from the electrolyte to the electrode surface and accelerates the mass

transport process and thus enhances the electrocatalytic performance.
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3a.2. Experimental section
3a.2.1. Materials

All chemicals were obtained from several commercial sources and used without further
modification. Copper (II) nitrate hexahydrate (Cu(NOs),. 6H,O, 99%) and 1,4-
benzenedicarboxylic acid ( CegHs-1,4(COOH),, 98%) were purchased from Sigma
Aldrich. N, N-dimethylformamide (99.8%), Nafion perfluorinatedresin (5 wt% in a
mixture of the lower aliphatic alcohols and water, contains 45% water) were also
purchased from Sigma Aldrich. Sodium hydroxide pellets and commercial RuO, were

purchased from TCI. All the preparations were done using deionised water.

3a.2.2. Methodology

3a.2.2.1. Synthesis of Catalyst

Catalyst synthesis section is subdivided into two major steps as per following description

Step 1. Synthesis of Cu-BDC MOF: The metal-organic framework was synthesized
using 4 mmol of Cu(NO3),.6H,0, and 4 mmol of 1,4-benzenedicarboxylic acid (H,BDC),
under alkaline condition usingN,N-dimethylformamide (DMF) as a solvent. Firstly, in 10
ml of N,N-dimethylformamide (DMF) containing 4 mmol of 1,4-benzenedicarboxylic
acid (H,BDC) were taken in a beaker and 1 mL of 0.5 M NaOH solution was added with
vigorous stirring. In the second beaker, 4 mmol of Cu(NO3),.6H,0 were dissolved in 10
mL of N,N-dimethylformamide (DMF). Both the solutions were mixed in the 50 mL
Teflon-lined stainless steel autoclave with a piece of nickel foam (0.5 cm x 0.5 cm). After
the mixing of all the precursors, the autoclave was heated at 160°C for 24 hr.The as-
obtained electrode was washed with DMF and DI water several times and dried at 60
degrees in the oven for 6 hours.

Step 1. Synthesis of CuO-NiO hybrid nanostructures: Heterostructures of CuO and
NiO over NF were prepared by the controlled solid-state reaction of the Cu-BDC MOF
under an inert atmosphere. The obtained Cu-BDC MOF on NF substrate was then

calcined in the furnace at 600°C for 4 h. The ramp rate of heating was kept at 5°C per
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minute. After calcination, flower-likeheterostructures of CuO-NiOwere formed over
nickel foam (NF).

Synthesis of CuO nanoparticles : The synthesis of CuO nanoparticles are done by using
metal organic framework as a precursor (Cu,(OH),(BDC))The metal organic framework
was synthesized using 4mmolof Cu(NO3),.6H,0, anddmmolof 1,4-benzenedicarboxylic
acid (H,BDC), Sodium hydroxide and N,N-dimethylformamide (DMF). Firstly in 10 ml
of N,N-dimethylformamide (DMF) 4 mmol of 1,4-benzenedicarboxylic acid (H,BDC)
were mixed in the beaker then 1 mL of 0.01 M NaOH solution added with rigorous
stirring. In second beaker 4 mmol of Cu(NO3),.6H,0 were dissolve in 10 mL of N,N-
dimethylformamide (DMF).Both the solutions were mixed together in the 50 mL teflon-
lined stainless steel autoclave. The as obtained MOF was heated in furnace at 600°C for 3

hr at a ramp rate of 5°C/min. After annealing CuOwere obtained and used as it is.

Synthesis of NiO/NF: The NiO/NF electrode was obtained by heating the bare nickel
foam at 600°C for 3 hr at a ramp rate of 5°C /min. After annealing the NiO

nanostructures were formed over nickel foam.
3a.2.2.2. Physical characterization

The preliminary structural analysis of CuO-NiO/NF hybrid nanostructures were
performedby Bruker Eco D8 ADVANCE X Powder X-ray diffractometer. The
diffractometer consists of a Ni-filter that applies Cu K, radiation (A = 1.54056 A, 40 kV
and 25 mA) in the 20 range of 5°—80° with a rise of 0.00190/step. The JEOL (JSM IT-
300) scanning electron microscope SEM was used for the morphological analysis of the
hybrid structure equipped with an energy-dispersive X-ray diffractometer (Bruker). The
microstructure and the particle size analysis of the hybrid CuO-NiO/NF were examined
by transmission electron microscopy (TEM) JEOL-2100 operated at 200 kV. X-ray
Photoelectron Spectroscopy (XPS) was done onESCALab: 220-1XL with Mg K, non-
monochromated X-ray beam having photon energy 1253.6 eV.
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3a.2.2.3. Electrochemical measurements

The electrochemical study was performed by using CHI 760E electrochemical
workstation at room temperature. The three-electrode setup was used in which graphite
electrode, Ag/AgCI electrode, were used as a counter electrode and reference electrode
respectively. The as-synthesized catalyst over NF was used as a working electrode. A
comparative study was performed by preparing separate ink of CuO and RuO, catalysts
to fabricate respective working electrodes. Generally, catalyst inks (for the coating on the
nickel foam) were prepared by using 10 mg of the corresponding catalyst in 500 pL of
dimethylformamide containing 10 pL of 5 wt % Nafion solution. Before the fabrication
of the working electrodes, the ink was sonicated for 120 min, to obtain a homogeneous
suspension of the catalyst. Then 40 pL of ink was coated on the nickel foam and dried in
a vacuum. All the polarization data were collected at the scan rate of 5 mV s in 1M
KOH. Theoretical of the OER reaction has been calculated by Erne = Eagiagel + 0.197 +
0.059xpH equation with iR correction Meorrected = N —1RsiN Which Rs denotes the solution
resistance. Electrochemical stability at a potential of 0.6 V for 20 hrwas measured by
chronoamperometry. The Tafel slope was calculated by fitting the linear region of the
Tafel curve to the Tafel equation (n = b log(j) + a). Electrochemical impedance
spectroscopy (EIS) was carried out with an applied potential of 100mV under a
frequency range of 100000 Hz - 1Hz. The double-layer capacitance and
electrochemically active surface area (ECSA) analysis completed by the CV scans in a

non-Faradaic potential range in 1 M KOH at a scan rate of 20 to 200 mV/s.
3a.2.2.4. Theoretical methodology

The DFT calculations were carried out using VASP*" * (Vienna Ab-initio Simulation
Package) by calculating the Eaqs of the intermediate species interacting with the different
active sites on the heterostructure and individual phases. The calculation was carried out
with projected augmented waves (PBE) in the generalized gradient approximation (GGA)
with Perdew-Burke-Emzerhof (PBE) exchange-correlation function. For CuO, NiO and
CuO-NiOheterostructure, 1 x 1 x 1 supercell were constructed for DFT calculations and

15 A vacuum was allowed in the z-direction to restrict the periodic imaging interactions.

Page 75



Intense nano-interfacial interactivity stimulates OER in MOF-derived superhydrophilic CuO-NiO
heterostructure

A 7 x 7 x 1 gamma-centered K-mesh was employed along with 520 eV cut-off energy.
The energy conversion was set to be 10 eV and the forces were converged within 0.01

eV/A for structural optimization.

3a.3. Result and Discussion

The primary structural elucidation of the catalyst was carried out by using powder X-ray
diffraction spectroscopy and shown in figure (3a.1 (a)). The PXRD pattern of CuO-
NiO/NF shows sharp and distinct reflections indicating the presence of both CuO and

NiO phases revealing the existence of hybrid heterostructures over NF.

a = CuO-NiO/NF b = NiO/NF
CuO | NiO
NiO Ni
o Ni - [PoF:47-1089
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Figure 3a.1. PXRD spectrum (a) CuO-NiO/NF (b) NiO/NF nanospheres obtained from pyrolysis
of MOF.

The diffraction peaks at 35.2°, 38.4°, 48.6°, 58.07°, 61.4°, 65.8° and 67.8° can be
assigned to (002), (111), (-202), (202), (-133), (-311) and (220) crystal planes of CuO
(JCPDS No. 48-1548)."** The other peaks at 37.05°, 43.2° and 62.8° correspond to
(111), (200) and (220) crystal plane of nickel oxide (JCPDS No. 47-1049).%** The phase
elucidation of bare nickel foam and NF after pyrolysis was performed using PXRD.
Peaks of NiOwere observed in the PXRD pattern of pyrolyzed nickel foam showing the
formation of nickel oxide on the surface of NF. In figure 3a.1 b, the peaks at 37.5°, 43.5°
and 62.8° correspond to (111), (200) and (220) crystal planes of nickel oxide (JCPDS No.
47-1049). The results obtained from the PXRD spectra are also consistent with the

HRTEM analysis.
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Figure 3a.2. SEM images of bare nickel foam (a) and Cos0,-NiO/NF at different magnification
for (b) 10um (x500) (c) 10 um (x1000) and (d) 10 um (*1200) showing the presence of CuO-NiO
nanoflowers uniformly grown over nickel foam

The morphological analysis of the catalyst was done by scanning electron microscopy
(SEM) and the corresponding images are shown in Figure 3a.2 . The SEM image of bare
nickel foam is shown in Figure 3a.2 (a).The SEM images of the uniform growth of the
Cu-BDC over NF is shown in Figure 3a. 2(b-c). The nickel foam electrode was perfectly
coated with the Cu based metal-organic framework. The hybrid nanostructures of CuO-
NiO over nickel foam can be seen in the SEM images of catalyst CuO-NiO/NF (Figure
3a.2(d)). The fine distribution of the heterostructure is uniform over the nickel foam.. The
Transmission electron microscopy (TEM) analysis was also in line with the previous
analysis. TEM image of CuO-NiO/NF (Figure 3a.3a&b) shows the uniform formation of
CuO-NiO hybrid nanostructures of the range of 25 to 35 nm. The HRTEM images
(Figure 3a.3(c-d)) of CuO-NiO/NF shows the formation of the interface between two
phases. The interface is shown by the dotted line.
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Cu0(110)
/
d=0.254 nm

Figure 3a.3. TEM images of (a) CuO-NiO hybrid nanostructures (b) HRTEM images of the
catalyst (d) the interface formation between CuO and NiO in the catalyst with corresponding
lattice fringe width (c) & (e) STEM elemental mapping of CuO-NiO/NF showing the presence of
all Cu, Ni and O elements.

The d spacing value of 0.274 nm corresponds to the (110) crystal plane of the CuO phase
while the d spacing value of 0.147 nm corresponds to the (220) crystal plane of the NiO
phase.”” ®® The STEM elemental mapping of the CuO-NiO/NF (Figure 3a.3c, 3a.3e)
confirms the presence of uniformly distributed Cu, Ni and O in the catalyst. For the
elucidation of chemical composition and electronic interaction the X-ray photoelectron
spectroscopy (XPS) measurement were conducted. The presence of Cu, Ni and O in the
catalyst was confirmed from the XPS survey spectrum of the CuO-NiO/NF catalyst
(Figure 3a.4). These results are very much aligned with the results obtained from the
EDAX elemental mapping. The high-resolution Cu 2p XPS spectrum (Figure
3a.5a)shows two peaks at 934.1 and 942.9 eV corresponds to Cu 2ps, and satellite peak
of Cu 2pz».” *° For Ni 2p in figure (3a.5b),the peaks located at 856.8 and 862.3 eV are
attributed to Ni 2ps, and satellite peak of Ni 2ps;,.°* ** The O 1s spectrum in figure
(3a.5c), exhibitthe peaks located at 532.6 and 534.5 eVcorrespond to oxygen ions in the
coordination states at the surface and the presence of lattice oxygen associated with CuO
and NiO.”* An investigation of the XPS spectra of the individual CuO phase revealed a
shift of 1.4 eV in the binding energy of Cu 2ps;, for CuO-NiO/NF>? indicating interaction

between the two phases (figure 3a.5d).
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Figure 3a.4 Wide scan XPS spectra of CuO-NiO/NF

This result shows the presence of strong interaction between the two nano-interfaces of
CuO and NiO in the CuO-NiO/NF catalyst.
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Figure 3a.5. XPS of the CuO-NiO/NF catalyst (a) Cu 2p, (b) Ni 2p and (c) O 1s (d) comparison
of the Cu 2p spectra of CuO-NiO/NF and individual CuO: experimental data (dotted curve) and
fitting results (solid curve). The peaks are determinedby oxidation states of elements with their
splitting term.

The catalytic performance of CuO-NiO/NF and other supporting catalysts towards OER
was evaluated in the basic medium using a graphitic rod as a counter electrode and
Ag/AgCI (saturated KCI filled) as a reference electrode. All the data were taken at 25°C

Page 79



Intense nano-interfacial interactivity stimulates OER in MOF-derived superhydrophilic CuO-NiO
heterostructure

in O, saturated 1M KOH. The table containing mass loading of all the catalyst on nickel

foam is given in the Table 3a.1.

CuO-NiO/NF 2.9
CuO/NF 2.9
NiO/NF 1.6

RuO,/NF 2.9

Table 3a.1 Mass loading of all the catalyst over NF

For comparative studies, the electrocatalytic activities of CuO/NF and NiO/NF and
commercial RuO, over NFwere also investigated under the same experimental condition.
Figure 3a.6a shows the iRcorectea pOlarization curves for all the catalysts. The
overpotential value of 231, 290, 343 and 350 mV obtained at 10 mA cm™ current density
respectively for CuO-NiO/NF, RuO,/NF, CuO/NF and NiO/NF. The performance of
CuO-NiO/NF was found to be superior to that of commercially available RuO, at 10 mA
cm™ and obtained at a higher current density. The comparison of the overpotential of all
the catalyst at 10 mA cm™ of current density is displayed in Figure 3a.6b. In order to
understand the kinetics of the reaction, we have calculated the Tafel slope value by
plotting the Tafel slope as depicted in figure 3a.6¢.The resulting Tafel slope values are
100, 110, 145 and 154 and 300 mV/dec for CuO-NiO/NF, RuO,/NF, CuO/NF, NiO/NF
and bare NF respectively. The lower Tafel slope value of catalyst indicatesafavourable
OER Kinetics than that of noble metal-based catalyst (RuO,). Electrochemical impedance
spectroscopy shows a fast chargetransfer through the interface and indicates that the
composite is performing far better than the individual phases in terms of charge transfer
resistances. The corresponding Nyquist plots at an applied potential of 100 mV are

displayed in figure 3a.6d. In all the spectra the two semi-circles are completely fitted with
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the equivalent circuit displayed in figure 3a.6d.The fitted data displays two time-constant
components Ry-CPEg. and Rp-CPE,,in addition to the solution resistance.
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Figure 3a.6. Electrochemical measurements of the corresponding electrocatalysts for oxygen
evolution in 1 M KOH alkaline medium. (a) Polarization curves (iR-corrected) of CuO-NiO/NF
compared with the other electrode (b) Bar-graph comparing the overpotential values obtained
from polarization curve at 10 mA cm™ current density (c) the respective Tafel plots derived from
the Tafel equation (d) EIS Nyquist plot (with the corresponding equivalent circuit) of the
electrode at 100mV of overpotential.(e) double-layer capacitance (Cy) calculation for all the
electrodes derived from the cyclic voltammetry curve taken in the non-faradic region. (f) For the

calculation of faradic efficiency, the plot shows the volume of O, evolve at different time intervals.

The constant phase angle element (CPE) explain the double-layer capacitance of the solid
electrode. Ry-C1 gives information about charge-transfer resistance and EDL
capacitance, and the surface porosity can be correlated withRp-CPEL. The (R1C2) circuit

signify the diffusion/adsorption of reaction intermediates due to very slow diffusion
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through reaction interface and surface porosity. The species, such as MOH, can undergo
oxidation to MO under the applied potential, resulting in the (R1C2) impedance at the
low-frequency region in the semi-circle. The charge transfer resistance and the applied
potential is inversely proportional. The charge-transfer resistance (R¢) of 1.5 Q was
obtained with an applied potential of 100 mV.The lower value of Rindicates that the
electrode surface has large number of electrochemically active sites and the charge
transfer between the electrode surface and the electrolyte is fast.These observations from
the Nyquist plot also rendering towards excellent OER activity. To calculate the
electrochemically active surface area we have first calculated the double-layer
capacitance (Cgy)) of all the electrodes (Figure 3a.6¢). The obtained Cq values are 19, 13
and 8 mF cm™ for CuO-NiO/NF, NiO/NF and CuO/NF respectively. The higher value of
Cq of the catalyst indicates higher OER activity. The catalyst’s long-term durability was
examined by the chronoamperometry at an overpotential of 0.6 V for 20 hr (Figre 3a.7).

The catalyst seems significantly stable in alkaline media during the course of reaction.
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Figure 3a.7 chronoamperometry curve of the catalyst showing the stability up to 20 hr with no

change in the current density
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Figure 3a.8. PXRD pattern of the catalyst after stability showing the retention of all the phases
present

The post-stability investigations of the catalyst were carried out using PXRD indicates
that all the phases present in the catalysts remained intact even after prolong stability
After stability PXRD is given in Figure 3a.8. The cyclic volatammetry curve for the

determination of double-layer capacitance is provided in Figure 3a.9.
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Figure 3a.9 Cyclic voltammetry curve of (2)CuO-NiO/NF, (b)NiO/NF and (c) CuO/NF for the

calculation of Cy,
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The faradic efficiency was calculated (figure 3a.6f) using water-gas displacement
method, in which the percentage of the ratio of the amount of O, evolved experimentally
to the amount of O, evolved theoretically. The faradic efficiency value for our catalyst
was found to be 98.07 %.

Drop 0=0°
Absorbed

Figure 3a.10. (a) Hydrophilicity analysis of CuO-NiO/NF (a) before and (b) after dropping the
liquid on the surface of the catalyst

Superhydrophilic surfaces have drawn significant interest in heterogeneous catalysis as it
supports the low adsorption energies on the surface of the catalyst. In heterogeneous
catalysis, the behaviour of the surface of the catalyst is also important. The surface of
CuO-NiO/NF was inspected by carrying out a contact angle measurement (Figure 6a,
b)and found to be superhydrophilicas the drop of water absorbs instantly after dropping
on the surface. The contact angle was also found to be zero illustrating the super
hydrophilic nature of the catalyst surface.Superhydrophilic catalyst allows the transfer of
the ions quickly from the electrolyte to the electrode surface and accelerates the mass
transport process and hence enhances the electrocatalytic performance.>* As revealed by
the electrochemical experimental results, the hybrid nanostructure exhibits significantly
higher OER activity with respect to the individual phases, which motivated us to further
investigate the reaction intermediates using density functional theory (DFT) as
implemented in Vienna ab initio simulation package (VASP). All the expressions for
calculating the free energies along with the calculated energy are given in supporting

information Table 3a.2.
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Surface Total Energy (eV) | Free Energy (eV) Bond Length (M-O)
A°

Cu Site in CuO -37.4328

CuO-OH* -36.4739 11.20989 1.77231

CuO-0* -30.2592 1.591058 1.67332

CuO-O0H* -41.0205 -0.51026 1.80632

Ni site in NiO -48.6984

NiO-OH* -58.6504 0.29908 1.79504

NiO-O* -52.0761 1.950604 1.72074

NiO-OOH* -63.9306 -1.6034 1.82121

Cu site in CuO-NiO/NF | -156.928

CuO-NiO/NF-OH* -166.919 0.260269 1.78218

CuO-NiO/NF- O* -160.054 2.240934 1.93789

CuO-NiO/NF- OOH* -169.562 0.742975 1.83249

Ni site in CuO-NiO/NF

CuO-NiO/NF- OH* -167.709 -0.53005 1.93755

CuO-NiO/NF- O* -164.132 -1.04614 1.83933

CuO-NiO/NF- OOH* -172.352 2.030719 1.94992

Table 3a.2 Energy values of adsorption of all the intermediate species on different active sites.
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For DFT calculation, the reference values were taken for H, and H,O. Further, the
Gibbs free energies (AG)were calculated at normal condition (pH = 14, T = 298.15K) at
equilibrium potential of 1.23 V. The Eags was calculated by the following formula:®
Eads = Esurf + x)— Esurf - Ex

The free energy diagram of CuO-NiO heterostructure is shown in figure 3a.11(a), and the
free energy calculations for different intermediates of the OER process were done by
adsorbing them on both Cu and Ni sites present in the heterostructures. It was found that
the Ni site in the heterostructure is more favourable and having a lower energy pathway
for the OER Kkinetics, whereas for the Cu site we observe higher values of energy, as well

as the potential limiting step (PLS) is more uphill than that of Ni site.
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Figure 3a.11. (a) free energy plot of CuO-NiO/NF at pH=14(b) individual CuO and NiO free
energy plot at pH = 14 ¢) PDOS of CuO-NiOnheterostructure (Cu d-orbital, Ni d-orbital & O p-
orbital) d) PDOS of individual NiO (Ni d-orbital and O p-orbital)

The PLS step for CuO-NiOheterostructure in case of Ni active site is *O to *OH (AGa-
AG3) and that for Cu site is *OOH to *O, (AG3-AG,) and the PLS is lower for Ni than

that of Cu (3.24 eV). For comparison we’ve also calculated the free energy of different
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intermediates on individual NiOand CuO sites (figure 3a.11(b)), and the PLS step for
NiO is *O to *OOH (AG2-AG3) and for Cu, it is *OOH to *O;, (AG3-AGy), individually
also NiO (PLS difference = 3.55 eV) is proved to be better for OER than that of CuO. It
was observed that the CuO-NiOheterostructure is more facile for OER than that of
individual NiO and CuO. Considering the whole scenario, the PLS values shows the
effectiveness of active sites towards the OER mechanism, which proves that Ni and Cu
active sites in heterostructure are more favourable than individual Ni and Cu sites in NiO
and CuO. Projected density of states is calculated for CuO-NiOheterostructure (figure
3a.11(c)) as well as for individual NiO (figure 3a.11(d)) and CuO (3a.12).

— Total DOS ) (D)
— Cu (d)

PDOS

1' —_—
—2 -1 0 1 2
Energy (eV)

Figure 3a.12 PDOS of individual CuO phase.

The DOS plot describes the overall concentration of the accessible carrier states in a
given energy range. As observed in DOS plot the area under the PDOS curve gives the
total density of states available for electron occupation. The CuO-NiO/NF heterostructure
has higher DOS as well as greater area as compared to individual NiO and CuO,
revealing fater electron transfer and rendering towards the higher electrocatalytic
performance. It is also observed that Ni d-orbital and oxygen p-orbitals have significant

contribution for NiO-CuO heterostructure. As observed in figure 3a.11 (c) and (d) in case
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of NiO oxygen p orbital have very low contribution in PDOS. In heterostructure the
contribution of p-orbital mainly coming from CuO compound. It is also found that the
peak distance between d-orbital and p-orbital reduces in case of heterostructure which is

further enhancing the OER catalytic efficiency.
3a.4 Conclusion

In summary, the fabrication of an excellent OER catalyst using metal-organic framework
as a precursor is depicted, where strongly interacted nano-interfaces of the hybrid
nanostructures enhances the catalytic activity. The strong interaction between both the
phases could be traced using X-ray photoelectron spectroscopy. Superhydrophilic catalyst
augments the ionic transfer from the electrolyte to the electrode surface and accelerates
the mass transport process and hence the overall electrocatalytic performance is
enhanced. The catalyst CuO-NiO/NF shows a very low overpotential of 231 mV at 10
mA cm current density and a Tafel slope value of 100 mV/dec. A chronoamperometry
studies were performed up to 20 hr to exhibit the durability of the catalyst. The
electrocatalytic activity of the catalyst can be explained by the formation of
heterointerfaces, highly exposed active sites and synergistic effect.The experimental
observations are also supported by the DFT calculations. The DFT results also show that
Ni and Cu active sites in heterostructure are more favourable than individual Ni and Cu
sites in NiO and CuO. This work has open up a new window, where similar methodology
can be applied for the other metal oxide nanoparticles for several electrochemical

applications.

Note:

% The permission has been granted by the authors and corresponding author of the
published paper prior to adopting in the present thesis. The associated relevant
publication is:

Gaur, Ashish, Vikas Pundir, Ashwinder Singh, Takahiro Maruyama, Chandan Bera, and
Vivek Bagchi. "Intense nano-interfacial interactivity stimulates the OER in a MOF-
derived superhydrophilic CuO—-NiO heterostructure.”" Sustainable Energy & Fuels 5, no.
21 (2021): 5505-5512.
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Interfacial interaction induced OER activity of MOF derived superhydrophilic Co304-
NiO hybrid nanostructures

Brief Outcome:Electrocatalytic water splitting is one of the key technology for the future
energy systems envisioned for the storage of energy obtained from variable renewables
and green fuels. The development of efficient, durable, earth-abundant and cheap
electrocatalysts for oxygen evolution reaction is a scorching area of research. Oxygen
evolution reaction has a huge potential for fuel cell and metal-air battery applications.
Herein we reported the interfacially interacted and uniformly decorated Co3O4-NiO
hybrid nanostructures formed by the metal-organic framework (Co,-BDC(OH),) using
BDC as a linker to the metal center. The fine nanosheets of the Co2-BDC(OH), was first
uniformly grown oven the honeycomb-like structure of nickel foam (NF). After controlled
calcination of these nanosheets/NF composite, a uniformly decorated, binder-free Co3O4-
NiO/NF electrocatalyst was synthesized. The transformation of Co,-BDC(OH)2/NF into
Co0304-NiO/NF is characterized by employing several techniques such as powder X-ray
diffraction (PXRD), X-ray photoelectron spectroscopy and Transmission electron
microscopy, etc. The catalyst exhibits a low overpotential of 311 mV vs. RHE at 10 mA
cm-2 current density. The catalyst also displays long term stability (24 h) with a Tafel
slope value of 90 mV dec™. The obtained experimental results are also in-line with the

theoretical data acquired from the model systems.
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3b.1. Introduction

Rising ocean waters will completely engulf many coastal land areas of several nations
within the next few decades, according to the report produced by Climate
Central.'Increasing carbon footprint, environmental contamination and depletion of fossil
energies are the major threats to such climate changes.’Electrocatalytic water splitting is
one such system which has obtained worldwide attention for being the most feasible
technology for electrochemical hydrogen production,” but the sluggish proton-coupled
electron transfer process at the anodic part for the oxygen evolution reaction affects the
overall efficiency of the production.”® RuO2 and IrO2are still known as one of the most
productive electrocatalysts for oxygen evolution reaction.”'” However, the less abundance
and high cost, limit the extensive use of these catalysts. Tremendous attempts have been
devoted in the recent past for exploring transition metal (Fe, Ni, Co, Mo) based cost-
effective substitutes to replace precious IrO, and RuO, electrocatalysts.'”'* The
development of transition metalbasedelectrocatalysts including phosphides, oxides and
sulphides '*'for oxygen evolution reaction is a well-studied area and currently under
exploration. Among these, oxides due to their structural tenability and high valence state,
have attracted considerable attention for oxygen evolution reaction. The activity-
enhancement of a new generation of catalyst focuses on the synergic approach among
specific solids which exploit the mutual coactions of these materials. These strategies
based on synergistic effects due to the combination of different phases further excavate
the potential of transitional oxide-based electrocatalysts. In Co3;O4 the Co’" site
considered as electrocatalitically active towards OER by enhancing the deprotonation of
OOH* species'' to O, similarly in the nickelxide surface Ni** considered as a highly
active site for OER.'’Several techniques have been applied to improve the

13,14:

electrocatalytic activities, such as utilizing conductive carbon supports,  “introducing

heterointerfaces'>'®

and doping elements.'” ' Among these approaches, fabricating
heterostructures could modulate the surface electronic structure, induce synergistic effect
among different components, and expose more active sites. The in-situ formation of these
oxides having intermingled interfaces between nanoparticles of different phases

accelerate the OER performance. The surface morphology of the catalyst also affects the
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overall OER performance by influencing the active sites and mass transport. Metal-
organic framework (MOFs) and zinc-imidazole frameworks (ZIFs) are the class of
organic-inorganic hybrid materials with tuneable porosity and morphology. The MOF
derived materials contain controllable surface functionalities and a very high surface area
and hence can be used as a promising material for several electrocatalytic application.'*?°
Herein, we have synthesized the two-dimensional Co,-BDC(OH), MOF over NF
hydrothermally followed by controlled calcination leading to the generation of a uniform
heterostructure of spinel cobalt oxide/nickel oxide over NF. The interface formation
between Co304 and NiO nanoparticles induces a synergistic effect leading to an excellent
OER performance with the overpotential value of 311 mV at 10 mA cm-2 current density
in 1M KOH. The OER activity of the Co304-NiO/NF nanocomposite is much superior to
the individual Co304 and NiO phases and reveals an interesting insight towards the OER

activity of a biphasic system.
3b.2. Experimental section
3b.2.1. Materials

All chemicals were purchased from different sources and used without further
modification. Cobalt (II) nitrate hexahydrate (Co(NO,),.6H,O, 99%), 14-
benzenedicarboxylic acid (CsHs-1,4(COOH),,98%), N,N-dimethylformamide(anhydrous,
99.8%), Nafionperfluorinated resin solution (5 wt% in a mixture of lower aliphatic
alcohols and water, contains 45% water) were purchased from Sigma Aldrich.Sodium
hydroxide pallets and commercial RuO, were purchased fromTCI Chemicals (India) Pvt.

Ltd. Deionised water was used in all preparation.

3b.2.2. Methodology

3b.2.2.1. Synthesis of Catalyst

Catalyst synthesis section is subdivided into two major stepsas per following description

Step 1.Synthesis of Co,(OH),(BDC) MOF:The synthesis of MOF was carried out by

using previously reported method method* with slight modification in which, 2 mmol of
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Co(NO3),.6H,0, and 2 mmol of 1,4-benzenedicarboxylic acid (H,BDC). At the outset, 2
mmol of 1,4-benzenedicarboxylic acid (H,BDC) were dissolved in 10 mL of N,N-
dimethylformamide (DMF),followed by the addition of 1 mL of 0.5 M NaOH solution
under continuous stirring. In another flask, 2 mmol of Co(NO3),.6H,0 were dissolved in
10 mL of N,N-dimethylformamide (DMF). Both the solutions were mixed together in the
50 mL Teflon-lined stainless steel autoclave with a piece of nickel foam (0.5 cmx0.5
cm). The autoclave was then heated for 20 h at 110°C temperature. The
asobtainedCo,(OH),(BDC) MOF over NF was washed three times with DMF and ethanol
respectively and dried at 60 °C.

Step 1.Synthesis of CO304-NiO hybrid nanostructures: The Co0304-NiO hybrid
nanostructures were formed over the NF when Co-BDC/NF substrate was calcined at
moderate temperature. The asobtained Co-BDC/NF substrate was heated in a furnace at
500°C for 3 h at a ramp rate of 5°C per minute. After annealing Co304-NiO hybrid

nanostructures were formed over NF.

Synthesis of CO3;0, nanoparticles :Co3O4 nanoparticles were synthesized by using
metal organic framework as a precursor (Co,(OH),(BDC))The synthesis of MOF is done
by using previously reported method with slight modification in which 2 mmol of
Co(NO3),.6H,0, and 2 mmol of 1,4-benzenedicarboxylic acid (H,BDC). Firstly the 2
mmol of 1,4-benzenedicarboxylic acid (H,BDC) were dissolve in 10 mL of N,N-
dimethylformamide (DMF) then 1 mL of 0.5 M NaOH solution was added under
continuous stirring. In other flask 2 mmol of Co(NO3),.6H,0 were dissolve in 10 mL of
N,N-dimethylformamide (DMF). Both the solutions were mixed together in the 50 mL
Teflon-lined stainless steel autoclave and the autoclave was heated was heated for 20 h at
110°C temperature. The as obtained Co,(OH),(BDC) MOF was washed three times with
DMF and ethanol and dried naturally. The as obtained MOF was heated in furnace at
500°C for 3 hr at a ramp rate of 5°C/min. After annealing Co3z0,4 were obtained and used

as itis.
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Synthesis of NiO/NF:The NiO/NF electrode was obtained by heating the bare nickel
foam at 600°C for 3 hr at a ramp rate of 5°C /min. After annealing the NiO

nanostructures were formed over nickel foam.
3b.2.2.2. Physical characterization

The phase and structural information of the catalyst was obtained by Bruker Eco D8
ADVANCE X Powder Xraydiffractometer with Ni filter applying Cu Ka radiation (A =
1.54056 A, 40 kV and 25 mA) in the 20 range of 5°—80° with a rise of 0.00190/step. The
surface morphological analysis of the catalyst was done by using a scanning electron
microscope (SEM) from JEOL (JSM IT-300) provided with an energy-dispersive X-ray
diffractometer (Bruker). The microstructure of the grain and size of the obtained product
were investigated by transmission electron microscopy (TEM) JEOL-2100 operated at
200 kV. X-ray Photoelectron Spectroscopy (XPS) was done on ESCA Lab: 220-1XL with
Mg Ko nonmonochromated X-ray beam with photon energy 1253.6 eV.

3b.2.2.3. Electrochemical measurements

All electrochemical tests were carried out at room-temperature (25°C)using a CHI 760E
electrochemical workstation. A graphite electrode was used as a counter electrode, a
saturated Ag/AgCl electrode as a reference electrode, and a synthesised catalyst over NF
as a working electrode in the standard three-electrode setup. Separate inks for Co3O,4 and
RuO, were prepared for comparative analysis. The ink (for the coating on the nickel
foam) was prepared by using 10 mg of the corresponding catalyst in 1000 pL of
dimethylformamide containing 10 pL of 5 wt % Nafion solution. This mixture was
sonicated for 120 min and a homogeneous suspension was prepared. Out of these
suspensions, only 335 puL was coated on the nickel foam and kept in a vacuum for drying.
All the electrochemical data were collected in 1 M KOH at the scan rate of 5 mVs™.
Conversion of all the polarization curves to RHE were done by using the equation, Egye
= Eagagert 0.197 + 0.059%xpH. Electrochemical stability was measured by running
chronoamperometry at a potential of 0.5 V for 24 hr. The calculation of the Tafel slope

was carried out by fitting the linear region of the Tafel curve to the Tafel equation (n=Db
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log(j) + a) by plotting all the comparative polarization curves. The iR compensation was
done by the exclusion of Ohmic drop as stated by the equation ncorrected = 1 —iRs,
where, Rs denotes the solution resistance. For the calculation of charge transfer resistance
electrochemical impedance spectroscopy (EIS) was performed at an overpotential of
100mV under a frequency range of 100000- 1 Hz. To know the number of active sites,
present on the surface of the catalyst electrochemically active surface area (ECSA) was
determined by calculating double-layer capacitance (Cgj). For the calculation of Cgj, we
took CV scans in the non-Faradic region of all the supporting catalysts electrodes by

varying the scan rate from 20 to 200 mV s,
3b.2.2.4. Theoretical methodology

For oxygen evolution reaction (OER) the adsorption of the oxygen atom on different sites
of heterostructure is investigated withdensity functional theory (DFT) by using the
Vienna ab initio simulation package (VASP) based on the projector augmented wave
method (PAW). The exchange-correlation energy was determined using the Perdew-
Burke-Ernzerh of (PBE) functional. The two-heterostructure is constructed using 120
atoms, resulting in lattice parameters a=18.43 A, b=8.43 A and ¢=19.40 A. The direction
along “a” is kept long enough to take in the heterostructure layers and the adsorbates with
negligible interaction between their periodic layers. The cutoff energy for the plane-wave
basis is set to 450 eV with an energy convergence threshold of 10 *eV. All the atoms are

relaxed until the forces on them are less than 0.01 eV/A.
3b.3. Result and Discussion

The structural elucidation of Co3zO4-NiO/NF catalyst was done by using powder X-ray
diffraction spectroscopy and shown in figure 3b.1(a). The PXRD pattern shows the
presence of both Co3O, and NiO phases which are grown over nickel foam under
hydrothermal reaction. The diffraction peaks at 31.3°, 36.9°, 59.4° and 65.3°can be
assigned to (220), (311), (511) and (440) crystal planes of Co304 (JCPDS No. 42- 1467).
%829 The other peaks at 37.4°, 43.4° and 62.9° corresponds to (111), (200) and (220)
crystal plane of nickel oxide (JCPDS No. 47- 1049). %%
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Figure3b.1.PXRD pattern (a) Cos04-NiO/NF (b) NiO/NFnanospheres obtained from pyrolysis of
MOF.

We have also checked the PXRD spectra of bare nickel foam and after the pyrolysis of
nickel foam. As for the PXRD spectra of pyrolyzed nickel foam peaks for NiO was
observed, showing the formation of nickel oxide on the surface. In figure 3b.1(b), the
peaks at 37.4°, 43.4° and 62.9° corresponds to (111), (200) and (220) crystalplane of
nickel oxide (JCPDS No. 47-1049). All the results obtained from PXRD are consistent
with the HRTEM analysis. The PXRD pattern of as-synthesized Coz04, bare Nickel foam
and the Co-BDC MOF is given in Figure3b.2(a&b) and Figure 3b.3.
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Figure 3b.2.PXRD psttern (a) Cos0,-NiO/NF (b) NiO/NFnanospheres obtained from pyrolysis of
MOF.
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Figure 3b.3 PXRD pattern of MOF over NF overlapped with the simulated MOF

The morphological analysis of the catalyst was done by scanning electron microscopy
(SEM) and the images were shown in Figure 3b.4. The SEM image of bare NF is shown
in Figure 3b.4(a). The flower-shaped hybrid nanostructures of Co304-NiO/NF catalyst
can be identified from the SEM images at different magnifications displayed in Figure
3b.4(b-e). The images show a uniform distribution of the nanostructures over the
honeycomb skeleton of the NF.

Figure 3b.4.SEM images of bare nickel foam (NF) (a) and Co030,-NiO/NF at different
magnification for (b) 100 um (c) 10 um and (d) 10 um (x1200) showing the presence of Co304-
NiO nanoflowers uniformly grown over NF (e) zoomed in image of showing the formation of
nanoflowers on the surface of NF
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The transmission electron microscopy (TEM) analysis also depict the formation of the
above-mentioned composite. The TEM image of Co304-NiO/NF (Figure 3b.5(a)) shows a
uniformly formedCo304-NiO hybrid nanostructures having a size range of 20 to 30 nm.
The HRTEM images (Figure 3b.5(b, d)) of Co304-NiO/NF shows the formation of an
interface between two phases and is shown by thedotted line. The d spacing value of 0.24
nm corresponds to the (311) crystal plane of the Coz0,4 phase while the d spacing value of

0.147 nm corresponds to (220) crystal plane of the NiO phase.**

C0,0,(311) | 2%um,

Figure 3b.5 (a) TEM image of Co0;0,-NiO/NF (b) & (d) HRTEM image with fringe width
corresponding to the respective plane (c,e,f,g&h) dark field STEM elemental mapping showing
the uniform distribution of all the elements.

The FESEM elemental mapping of the Co304-NiO/NF (Figure 3b.5 (c, e, f, g & h))
reveals the presence of uniformly distributed Co, Ni and O in the catalyst.For the
investigation of electronic interaction and chemical composition, the X-ray photoelectron
spectroscopy (XPS) measurement was conducted. The survey spectrum (Figure 3b.6(a))
confirms the presence of Co, Ni, and O in the Co304-NiO/NF catalyst. The results are in
line with the elemental mapping obtained from EDAX. The high-resolution Co 2p XPS
spectrum (Figure 3b.6(b)) shows three peaks at 779.6, 781.3 and 781.8 eV corresponds to
Co**, Co** and a satellite peak of Co 2psp,. 36, 37 For Ni 2p, shown in figure (3b.6(c)),the
peaks located at 853.7 and 871.7 eV attributed to Ni** of Ni 2ps, andNi 2py, .
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Figure 3b.6. XPS of the Co30,-NiO/NF catalyst (a) survey spectrum of catalyst . HR spectra of
(b) Co 2p, (c) Ni 2p and (d) O 1s electron: experimental data (dotted curve) and fitting results
(solid curve). The peaks are assigned by oxidation states of different elements with their splitting
term.

The other peaks at 855.5 and 874.3 eV can be assigned for the binding energy of Ni** of
Ni 2ps;z and Ni 2py, .Interfacial interaction between the two phases can be investigated
by using X-ray photoelectron spectroscopy. Any shift in the binding energy toward the
positive value shows the interfacial interaction between two phases.**In our case, we have
performed the XPS analysis of Co304-NiO and individual Co3O4 and NiO. When we
compared the peak positions of Co 2ps, in Cos04-NiO and individual Co30., we got the
positive shift of 1.3 eV. When we compared the peak position of Ni 2p in Co304-NiO and
individual NiO, we got a positive shift of 0.9 eV. The XPS results indicate that the
electronic interaction between Co030,4-NiO leads to the redistribution of charge on their
coupling interface. The graphs showing the shift in the XPS are given in Figure 3b.7. The
catalytic activity of the sample towards OER was evaluated in basic medium using
Ag/AgCI (saturated KCI filled) as a reference electrode and graphitic rod as a counter
electrode All the data were taken at 25°C in O, saturated 1M KOH. The table containing
mass loading of all the catalyst on NF is given in the Table 3b.1. For comparisons, the
electrocatalyticactivities of NiO/NF and Co304/NF and commercial RuO,/NFwas also

examined under the identical condition.
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Figure 3b.7(a)High resolution Co2ps, XPS spectra of Co30,4-NiO and Coz0, (b) high resolution
XPS Ni 2p spectra of Co;0,-NiO and NiO

Co,0,-NiO/NF 3.35
C0,0,/NF 3.35
NiO/NF 1.4
RuQ,/NF 3.35

Table 3b.1 Mass loading of all the catalyst over NF

Figure 3b.8(a) indicates the iR- corrected polarization curves for all the catalysts. The
overpotential value of 311, 290, 339 and 343 mV obtained at 10 mA cm-2 current density
respectively for Coz04- NiO/NF, RuO,/NF, Co304/NF and NiO/NF. The performance of
the commercially available RuO,was found to be superior to that of Co304-NiO/NF at 10
mA cm™ current density. However, at the higher current densities (50 mA cm™ and
beyond), our catalyst shows superior activity than that of all the other supporting

catalysts. The overpotential required to achieve the current densityof
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50 mA cm is 390, 415, 432 and 520 mV respectively for the Co304-NiO/NF,RuO,/NF,
Co304/NF and NiO/NF (Figure 3b.8(b)).
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Figure 3b.8.Electrochemical measurements of specific electrocatalysts for oxygen evolution in 1
M KOHalkaline medium. (a)Polarization curves (iR-corrected) of Co304-NiO/NF compared with
theother electrode (b) comparison of the overpotential values obtained from polarization curve at
50 mA cm™ current density (c) the corresponding Tafel plots derived from the (d) EIS Nyquist

plot (with corresponding equivalent circuit) of the electrode at 100mV of overpotential

Furthermore, to investigate the kinetics of the reaction, we have calculated the Tafel
slope value by plotting the Tafel plot as depicted in figure 3b.8(c). The resulting Tafel
slope values obtained are 90, 110, 133 and 145mV/dec for Co304- NiO/NF, RuO,/NF,
Co304/NF and NiO/NF respectively. The lower Tafel slope value of catalyst rendering a
favourable OER kinetics than that of noble metal-based catalyst (RuO;). To evaluate the
interfacialinteractions of the catalyst and the charge transfer through the interface, we
performed electrochemical impedance spectroscopy. The corresponding Nyquist plot at
an applied overpotential of 100 mV are given in figure 3b.8(d). All the semi circles were
fitted with the equivalent circuit depicted in figure 3b.8(d). along with the solution
resistance, the fitted data exhibits two time-constant components R-CPEq. and R,-CPE,.

The constant phase angle element (CPE) explain the double layer capacitance of the solid
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electrode. R-C1 gives information about charge-transfer resistance and EDL
capacitance, and the surface porosity can be correlated with Ry,-CPE.. The (R1C2) circuit
signify the diffusion/adsorption of reaction intermediates due to very slow diffusion

through the reaction interface and surface porosity.
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Figure 3b.9. (a) double-layer capacitance (Cq) calculation for all the electrodes obtained from
the cyclic voltammetry curve taken in the non-faradic region (b) stability studies using
chronoamperometry for 24 hr

The species, such as MOH, can undergo oxidation to MO in apotential, resulting in the
(R1C2) impedance at the low-frequency region in the semi-circle.The relationship
between the charge transfer resistance and the applied potential is inversely proportional.
A charge transfer resistance (R¢) of 1.3Q is obtained when the potential 0f100 mV is
applied to the Co304-NiO/NF catalyst.The smaller value of Rct demonstrates that the
electrochemically active sites on the electrode exhibit low resistance during the charge
transfer between the electrode surface and the electrolyte. These observations from
Nyquist plot explains the rationale behind a higher rate of electron transfer in the overall
OER process. To calculate the electrochemically active surface area, we have first
calculated the double-layer capacitance (Cdl) of all the electrodes as shown in Figure
3b.9(a). The obtained Cdl value is 17.2, 13.6 and 13 mF cm™ for Co3Os- NiO/NF,
Co304/NF and NiO/NF respectively. The higher value of Cg for the catalyst indicates
higher OER activity per unit area of the electrode of the corresponding catalyst. The long
term durability of the catalyst was examined by the chronoamperometry at an
overpotential of 311 mV for 24hr (Figure 3b.9(b)).
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Figure 3b.10.PXRD pattern of the catalyst after stability showing the retention of all the phases
present

The post stability studies using PXRD shows that, all the phases remain intact in the
catalysts even after performing long duration stability experiment. The PXRD pattern
taken after stability is given in Figure 3b.10. The cyclic volatametry curve for the
calculation of double layer capacitance is given in Figure 3b.11
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Figure 3b.11 Cyclic voltammetry curve of (a)C0304-NiO/NF, (b) Co3;04/NF and (c) NiO/NF for

the calculation of Cy
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In order to calculate the faradic efficiency, a water-gas displacement method is used in
which, the percentage of the ratio of the amount of O, evolved experimentally to the
theoretically calculated amount of O, evolved. The faradic efficiency valueobtained for
our catalyst was found to be 98.6 % (Figure 3b.12(a)). As oxygen evolution reaction is a
4 electron transfer process with a sluggish mechanism, we have calculated all adsorption
values of different intermediates on the surface of the heterostructure. In our theoretical
model, we have constructed all the atomic sites as per crystallographic information file
and optimization thereafter, revealing the Co30,4-NiO heterostructure.
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Figure 3b.12. (a)Volume of O, evolve atdifferent time for the calculation offaradic efficiency the
calculated value is the quantitative faradicyield for O2 evolution (b) calculated Gibbs free

energies diagram for Co304-NiO/NF heterostructure

The strength of adsorption was determined by calculating the adsorption energies, which
iS given as Eads = Esurface-x) — Esurface) ~E(x) Where Esurface-x) depicts the overall energy of
the adsorbate and the surface, Eurface) 1S the surface energy and Ex) is the total energy of
the O or OH molecules. Furthermore, the free energies are obtained at standard
conditions (pH = 14, T = 298.15 K) and at equilibrium potential, ie.,U = 1.23V,*for OER
process. The Gibbs free energy diagram shown in Figure 3b.12(b), demonstrate the value
of adsorption energies for different intermediates. We did the calculation on both Ni as
well as on Co-site present in the Co304-NiO/NF heterostructure and found that the Ni is
the most active site for the OER process. For Ni and Co both, the OER step involving O*
to OOH* is an uphill process and a rate-determining step (R.D.S.). The theoretically
calculated overpotential for Co304-NiO/NF heterostructure is 364 mV which is closed to

the experimentally calculated one. We have also calculated the cohesive energy. The
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calculations indicate the stable formation of oxide heterostructure with the cohesive
energy of -5.3238 eV. The negative cohesive energy indicates a strong interaction
between two phases. We have also calculated the Bader charge analysis for the charge
transfer at the interface. The Bader charge analysis was carried out with the Co3z04-NiO
heterostructure and it appeared that NiO loses a charge of +0.035138 to Co304 and Co304
gain charge of - 0.035123 through the interface conveys a significant charge transfer
taking place across the phases in the heterostructure. A detail discussion of how the
different adsorption energies calculated with obtained values are provided in Table 3b.2.
Superhydrophilic surfaces have drawn significant attention in heterogeneous catalysis as
it favours the low adsorption energies on the catalyst surface. It is also important to know

the nature and behaviour of the surface of the catalyst in water bases heterogeneous

catalysis.”

S. No. Surface Total energy (eV)
1. C0304-NiO+0 (Ni-site) -725.68981

2. C0304-NiO+0 (Co-site) -725.7282

3. C0304-NiO+0OH (Ni-site) -730.49719

4. C0304-NiO+0OH (Co-site) -730.23927

5. C0304-NiO+OOH (Ni-site) -733.50533

6. C0304-NiO+OO0H (Co-site) -733.58578

Table 3b.2. Adsorption energies at different sites

The surface of Co304-NiO/NF was analyzed by performing hydrophilicity test (Figure
3b.13(a&b)) and found to be superhydrophilic as the drop of water absorb immediately
after falling on to the surface. The contact angle was also found to be closed to 0°
depicting the superhydrophilicity of the catalyst surface.
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Figure 3b.13.(a) Hydrophilicity analysis of Co304-NiO/NF (a) before and (b) after dropping the
liquid on the surface ofthe catalyst

3b.4 Conclusion

In summary, we could demonstrate the fabrication of nanointerfaces between Co304 and
NiO by using Co2(OH)2(BDC)as a precursor. The catalyst shows nanoflowers like
morphology with superhydrophilic nature. The resulting Co0304-NiO hybrid
nanostructures show excellent OER activity with onset overpotential of 290 mV and
overpotential of 311 mV at 10 mA c¢cm-2 current density and a Tafel slope of 90 mV/dec
in 1M KOH solution. The catalyst shows durability up to 24 hr in chronoamperometry.
The electrocatalytic activity of the catalyst can be explained by the formation of
heterointerfaces, highly exposed active sites and synergistic effect. The DFT results
supports the experimental findings which can be applied for the other metal oxide
nanoparticles for several electrochemical applications.

Note:
¢+ The permission has been granted by the authors and corresponding author of the
published paper prior to adopting in the present thesis. The associated relevant
publication is:
Gaur, Ashish, VikasPundir, RituRai, BaljeetKaur, Takahiro Maruyama, ChandanBera,
and VivekBagchi. "Interfacial interaction induced OER activity of MOF derived
superhydrophilic Co 3 O 4-NiO hybrid nanostructures.” Dalton Transactions 51, no. 5
(2022): 2019-2025.
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Enhancement in Hydrogen Evolution Reaction

Brief Outcome: The activity-enhancement of a new-generation catalyst focuses on the
collegial approach among specific solids which exploit the mutual coactions of these
materials for HER applications. Strategic manipulation of these solid interfaces typically
reveals unique electronic states different from their pure phases, thus, providing a
potential passage to create catalysts with excellent activity and stability. Herein, the
formation of the NiWO,-NiO interface has been designed and synthesized via a three-step
method. This strategy enhances the chance of the formation of abundant heterointerfaces
due to the fine distribution of NiwO,4 nanoparticles overNi(OH), sheets. NiWO,4-NiO has
superior HER activity in alkaline (1M KOH) electrolyte with modest overpotential of 71
mV at 10 mA cm™ current density. The catalyst is highly stable in an alkaline medium and
negligible change was observed in the overpotential after 10,000 cycles upto 100 hrs.
This study explores a unique method for high-performance hydrogen generation by
constructing transition metal-oxides heterojunction. The XPS studie sreveal an electronic
redistribution driven by charge transfer through the NiWO4-NiO interface. The density
functional theory (DFT) calculations show that the NiWO4-NiO exhibits a Pt-like activity
with the hydrogen Gibbs free energy (AGy*) value of 0.06 eV compared to the
Pt(AGy*=-0.02eV).
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3c.1. Introduction

Biodiversity is the heart of our existence, where millions of different species depend
someway on each other. Our planet operates like a living, breathing organism with
countless species working like its organs, each with a different role to play in keeping the
planet healthy. However, extreme human activity with an unending non-cyclic pattern of
usage of carbon-based fuel, and unsustainable exploitation of resources have affected the
climate adversely.' In the recent past, 23,000 spectacled flying foxes
(Pteropusconspicillatus), also known as the spectacled fruit bat killed in heat stress in
Australia.” Extreme heat events are just one of many symptoms of climate change.’
Therefore, it is high time that we make a move towards a sustainable energy source.
Green hydrogen is one of the most promising energy carriers, which can be generated
using environment friendly technologies.*® Water electrolysis is an excellent method for
generating hydrogen energy, which completes the hydrogen cycle loop.”” Owing to high
intrinsic activity and low acid corrosion resistance, Pt and Pt-based catalysts are
commonly used as cathode material for hydrogen evolution reaction (HER) in water
electrolysis.'”'* However, the restricted supply and high cost of noble metals prevent
them from being used commercially on a significant scale. As a result, various efforts

have been made to produce noble-metal-free HER catalysts, based on metal sulphides'"”,

18-21 19,22,23

carbides “*', oxides , and phosphides.*** The transition zones between two crystals
or phases are referred to as interfaces that manifest unique physicochemical properties
due to atomic misarrangement. Controlled manipulation of these interfaces can be used to
tune the mechanical, electrical, optical, and catalytic properties of materials.***® The
activity and stability of electrocatalysts are determined by the electronic structure and
strain.”” Atomic misalignment at the contact can cause strain within the solid, resulting in
a change in the electronic structures which are completely different from the original
electronic structures of the pure phases. For example, Wang et al. show the superior
electrocatalytic activity towards hydrogen evolution reaction by the formation of
interfaces between Ni,P-Ni;»Ps.”’ Furthermore, Jiao et al. show the enhanced overall
water splitting by interface engineering between Co, CoP and N, P doped carbon

nanotubes.® Appropriately engineered interfaces can promote fast electron transport and
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create isolated active sites which in turn enhances the catalytic activity. The
electrocatalytic activity of the individual NiO phase is poor due to the low electrical
conductivity and low specific surface area, however, the electrocatalytic activity of
single-phase NiO can be improved by the introduction of foreign active components.’'*
One such solid is nickel tungstate (NiWO,4) which exhibits superior electrochemical
activities and has recently been used for biosensors, hydrodesulphurization (HDS),
photoelectrocatalysis (PEC), photocatalysis, supercapacitor, and electrocatalytic
applications.””* Very limited work has been reported on NiWO,; nanomaterials for

cathodic reduction and anodic oxidation. Herein, we have integrated NiWO4 and NiO

into a unique heterointerface that excels HER in an alkaline medium.
3c.2. Experimental section
3c.2.1. Materials

The chemicals used in this work were procured from different suppliers and are used
without further purification. Nickel (II) nitrate hexahydrate (Ni(NO;3),. 6H,0, 99%),
Sodium tungstate dihydrate (Na,WO4:2H,O, 99.9%), Ammonium fluoride (NH4F,
99.9%), Nafion perfluorinated resin solution (5 wt% in a mixture of lower aliphatic
alcohol and water, contains 45% water) were purchased from Sigma Aldrich. Potassium
hydroxide pellets were purchased from TCI. Nickel foam (NF) was purchased from
Nanoshel. In all the preparation, Milli Q water having a conductivity of 0.056 uS/cm was

used.
3c.2.2. Methodology
3c.2.2.1. Synthesis of Catalyst

Catalyst synthesis section is subdivided into three major steps as per following
description.

Step 1. Synthesis of Ni(OH)2/NF: To remove surface oil and oxide coatings, the NF
was cleaned with 3M HCI solution under ultrasonication and thereafter washed with DI

water and acetone. The cleaned NF was cut into small pieces with a cross-section of 1 cm
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x 1.2 cm. Nanosheets of Ni(OH),were grown over NF using hydrothermal methods.
Nickel(Il) nitrate hexahydrate, (Ni(NO3),.6H,0, 1mmol) and carbamide (urea, 2 mmol)
were mixed in 15 mL of deionized water. The above solution was then transferred into
the 30 mL Teflon autoclave containing a piece of nickel foam and was kept at a
temperature of 100°C for 6 h. The obtained Ni(OH)./NF was washed with water and

ethanol several times and dried in the oven at 60°C.

Step 2. Synthesis of NiWO,4-Ni(OH),/NF: Synthesis of NiWO, nanoparticles over
Ni(OH), was carried out using 2 mmol of sodium tungstate dihydrate (Na;WQ, - 2H,0)
and 2 mmol of nickel nitrate hexahydrate (Ni(NO3),.6H,0.2). The mixture was dissolved
in 15 mL of water and the solution was transferred into the 30 mL Teflon autoclaves
containing Ni(OH),/NF. The autoclave was heated at 180°C for 18 h. After the reaction is
over, the obtained NiWO4-Ni(OH),/NF electrode was washed with water and ethanol and
dried in the oven at 60°C.

Step 3. Synthesis of NiWO,4-NiO/NF:

In order to prepare NiWO, — NiO hetero-nanostructures over NF, the above electrode was
calcinated in the oven at 500°C for 2 h in the air at a heating rate of 5°C per minute.
During this process, NiO was formed from Ni(OH), and NiWO,became more crystalline.
After cooling down, the electrode was removed from the furnace and washed with water
and ethanol. The as-obtained NiWO,-NiO was used as an electrocatalyst for hydrogen

evolution reaction.

Synthesis of NiWO, nanoparticles: Synthesis of NiWO, nanoparticles was done by
using sodium tungstate dihydrate (Na,WO,-2H,0) and Ni(NO3),.6H,O. 2 mmol of
sodium tungstate and 2 mmol of nickel nitrate hexahydrate was dissolve in 15 mL of
water . After that the solution was transferred into the 30 mL teflon autoclave containing
NF. The autoclave was heated at 180°C for 18 h. After that the obtained NiWO4/NF
electrode was washed with water and ethanol and dried in the oven at 60°C.

Synthesis of NiO/NF: To remove surface oil and oxide coatings, the NF was cleaned
ultrasonically in 3M HCI solution, acetone, and DI water for 20 minute. The cleaned NF

was cut into small pieces with a cross section of 1cm x 1.2cm. Ni(OH), nanosheets were
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grown over NF by using hydrothermal method. 1 mmol of Ni(NO3),.6H,0 and 2 mmol of
urea were mixed in 15 mL of deionized water. The above solution was transferred into
the 30 mL teflon autoclave containing a piece of nickel foam, then the autoclave was
heated at 100°C for 6 h. After that the obtained Ni(OH),/NF was washed with water and
ethanol several times and dried in oven at 60°C .After that the as obtained Ni(OH),/NF
electrode was calcinated in furnace at 550°C for 2 hr in the presence of air. The as

obtained NiO/NF was washed and used as a electrode as it is.
3c.2.2.2. Physical characterization

The NiWO,4-NiO/NF hybrid heterostructured catalyst was physically characterised
using several techniques. Preliminarily it was analysed using a Bruker Eco D8
ADVANCE X Powder X-ray diffractometer that consists of a Ni filter. The Cu K,
radiation (A = 1.54056 A, 40 kV and 25 mA) was used in the 20 range of 5°—80° with a
step size of 0.00190/step. The morphological characterisation of the hybrid nanostructure
was performed by JEOL (JSM IT-300) scanning electron microscope equipped with an
energy-dispersive X-ray diffractometer (Bruker). The nanostructured NiWO4-NiO/NF
material and the particle gross size were examined by transmission electron microscopy
(TEM) JEOL-2100 operated at 200 kV. The elemental analysis is performed by X-ray
Photoelectron Spectroscopy (XPS) on ESCA Lab: 220-IXL with Mg K, non-
monochromated X-ray beam having photon energy 1253.6 eV.

3c.2.2.3. Electrochemical measurements

The electrochemical experiment was carried out at room temperature using a CHI 760E
electrochemical workstation. A three-electrode arrangement was set up with graphite
electrodes as counter electrodes and saturated Ag/AgCl serving as the reference
electrode. The as-synthesized NiWO,4-NiO/NF catalyst formed over the NF was used as a
working electrode. An ink of commercially available Pt/C catalyst was separately
prepared for the comparative analysis. Following a general procedure, the ink for the
nickel foam coating was prepared by dissolving 10 mg of the catalyst in 500 uL of
dimethylformamide containing 10 uL of a 5% Nafion solution. After sonication for 120

minutes, a homogenous catalyst suspension was formed before it could be drop-casted
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onto the nickel foam. The nickel foam was then coated with 40 uL of ink and cured under
vacuum which makes it ready for further analysis. Scan rates for all of the polarisation
data were kept at 5 mV/s™ in 1M KOH. Equation Egpe = Eagagert 0.197 + 0.059 pH has
been used for conversion of all the electrochemical data into RHE. Electrochemical
stability was performed by running 10,000 LSV cycles on a continuous mode. The Tafel
slope was calculated by fitting the linear region of the Tafel curve following the Tafel
equation (n = b log(j) + a). Electrochemical impedance spectroscopy (EIS) was
performed at an overpotential of 100 mV under a frequency range of 100000 Hz - 1 Hz.
The double-layer capacitance and electrochemically active surface area ECSA analysis
were performed using the CV scans in a non-Faradaic potential range in 1 M KOH at a
scan rate of 20 to 200 mV/s.

3a.2.2.4. Theoretical methodology

The Gibbs free energy (AGy) of hydrogen adsorption to the catalyst surface is intimately
associated with hydrogen evolution activity.***” Free energy is a conventional parameter
employed to measure hydrogen-metal bond strength. When AGy is close to 0.0 eV, it
implies an optimised intermediate binding energy and leads to a high HER efficiency
because of equilibrium between the rate of proton reduction and ease of desorption of the

protons from the active surface.®

For HER catalysts, the AGy value was calculated by DFT, which provides a suitable
description of hydrogen evolution activity. The hydrogen atoms adsorption energy of the

heterostructure is computed as:
AEads= Esurface + H* ~Esurface — %2 E(H2)

Here, Esurface + 1+ refers to the energy of adsorbate and adsorbent, Egyrsace iS the energy of
pristine surface and E(H,) is the energy of hydrogen gas. AGy is calculated from

AEqgsusing the following equation:

The DFT calculations was done by assuming a supercell having lattice parameters: a =
6.71 A, b = 16.36 A, ¢ = 12.96 A, with o= p = y = 89.98° using Vienna Ab initio

Simulation Package (VASP) with projector-augmented wave method. The exchange-
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correlation functional is preserved with the PBE (Perdew, Burke, and Ernzerhof) version
of generalized gradient approximation. Approximately 10A vacuum was added along the
c-axis to prevent interaction between adjacent layers. For structure relaxation, the plane
wave energy cut-off was set to 520 eV, and the k-point mesh was taken as 7 X 7 X 1. For
geometry optimisation, the forces and energy conversion threshold were set at 0.01eV/A

and 10 eV respectively.
3c.3. Result and Discussion

Primarily the fabricated catalyst was investigated through; powder X-ray diffraction
(PXRD) as shown in Figure 3c.1(a). The NiWO4-NiO/NF PXRD pattern reveals crisp
and distinct reflections with both NiWO, and NiO phases present, indicating the
existence of hybrid heterostructures over NF. The diffraction peaks at 15.86°, 19.34°,
24.16°, 25.13°, 31.11°, 31.83°, 36.83°, 39.40°, 41.90°, 46.5°,49.2°,52.6°,54.81°, 65.83°,
and 72.90° can be assigned to (010), (100), (011), (110), (T00), (020), (002), (200), (T02),
(011), (T12), (Z11), (130), (202), (T32), and (302), crystal planes of NiWO,4 (JCPDS
No. 15-0755).%%% The other peaks at 37.47°, 43.53° and 62.90°, 76.45° and 79.53°
correspond to (111), (200), (220), (311) and (222) crystal plane of nickel oxide (JCPDS
No. 47-1049).%54

a _ NiWO,-NiO/NF b = Ni(OH),/NF
] NIWOd = Ni(OH),
NiO Ni
— Ni —_
3 5 (o]
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Figure 3c.1 PXRD spectrum of (a) Catalyst showing the presence of both NiwWO, and NiO phases
(b) pre-catalyst showing the formation of Ni(OH), over nickel foam.
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The PXRD pattern of the as-synthesized Ni(OH), (Figure 3c.1(b)) shows seven peaks
centered at 19.3°, 33.2°, 38.7°, 59.1°, 62.9°, 70.9°, and 72.9° corresponds to (001),
(100), (101), (110), (111), (103), and (201) crystal planes of Ni(OH), (JCPDS No. 22-
0444 ).***" The other three peaks at 44.61°, 52.07°, and 76.6° corresponds to the (111),
(200), and (220) crystal planes of Ni which is coming from the nickel foam (JCPDS No.
04-0850).” All the results obtained from PXRD are consistent with the HRTEM analysis,

discussed in the later section.

: o
NiO phase

<€— NiO phase

1o X 25008
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Figure 3c.2. FESEM images of (a) bare nickel foam and (b & c) NiWO,-NiO/NF at different
magnifications showing the presence of NiWO, nanoparticles over NiO sheet. (d) images of
individual NiO and NiWO, phases(e) The FESEM elemental mapping of NiWO,-NiO/NF showing
the uniform distribution of Ni, W and O over the catalyst surface

Scanning electron microscopy (SEM) was used to examine the morphology of the
catalyst and the resulting images are shown in Figure 3c.2.The SEM images of bare
nickel foam (NF) are depicted in Figure 3c.2(a)., while Figures 3c.2(b & c) are showing
the SEM images of NiWO,-NiO at different magnifications. These images show the
uniform distribution of NiWO, nanoparticles over NiO sheets. Figure 3c.2(d) depicts the
image of individual NiWO, and NiO phases. To further check the elemental distribution
of the corresponding elements over the catalyst (NiWO4-NiO/NF) surface, we have
shown the EDX mapping using FESEM (Figure 3c.2(e)). The images show that all the

elements (Ni, W, O) are uniformly distributed over the catalyst surface.
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Figure 3c.3. TEM images (a&b) of NiWO,-NiO heterostructure at different magnification
showing the presence of NiWO, nanoparticles over NiO, (¢ &d) HRTEM images of NiWQO,-NiO
heterostructure, (e &f) shows the respective fringe-width of NiWO, and NiO with corresponding

planes.

We have also used transmission electron microscopy (TEM) and high-resolution TEM
imaging (HRTEM) to confirm the crystal structures of these nanomaterials. Figure
3c.3(a&b) shows the TEM images of NiWO,4-NiO at two different resolutions. These
images also indicate the presence of NiWO, nanoparticles over NiO sheets.The HRTEM
analysis of NiWO4-NiO (Figure 3c.3(c, d) confirms the presence of two different lattice
fringes forming the interface between them. The d-spacing value of these phases was
found to be 0.267 nm (Figure 3c.3(e)) and 0.241 nm (Figure 3c.3(f)) corresponding to the
(111) planes of NiWO, and NiO.** These sharp lattice fringes are indicating the high
crystallinity of the sample. In heterogeneous catalysis, the surface behaviour of the
catalyst is extremely important. Heterogeneous catalysis is highly favoured by the
superhydrophilic surfaces, as they support the low adsorption energies on their surfaces™.
By measuring the contact angle between the surface of the electrode material and the
water droplet, the hydrophilicity may be measured. Superhydrophilicity of a material
facilitates the electrolytes to diffuse more efficiently toward the accessible active sites,
reducing the ohmic resistance at the electrode-electrolyte interface and promotes a faster
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charge transfer during the electrochemical reaction. It was found that the surface of bare
NF is hydrophobic in nature with contact angle of 126.1° (Figure 3c¢.3(g&h)). NiO was
also hydrophobic in nature with contact angle of 102.8° (Figure 3c.3(i)) whereas
individual NiWO, and NiWO,4-NiO/NF are superhydrophilic in nature (Figure 3¢.3(j&K))

with contact angle of 0°.
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Figure 3c.4. XPS wide scan spectrum of NiWO,-NiO confirms the presence of Ni, W and O in
NiWO,-NiO/NF heterostructure

The investigation of the chemical states of Ni, W and O in NiWO,4-NiO was done by
using X-ray photoelectron spectroscopy (XPS). The XPS survey spectrum of NiWO,-
NiO is given in Figure 3c.4. The high-resolution XPS spectra of Ni 2p (Figure 3c.5(a))
shows three peaks at 854.4eV, 855.3 eV and 860.8 eV attributed to Ni*?, Ni*® and one
satellite peak of Ni 2psj; %2 whereas the high-resolution XPS spectrum of W 4f (Figure
3c.5(b)) shows two peaks at 36.01 eV and 38.11 eV which correspond to W4f7, and
Wifs, 2% In Ols XPS spectra (Figure 3c.5(c)), the peak located at 530.2 eV
corresponds to the metal-oxygen bonding while the other peak present at 531.5 eV shows
the presence of metal hydroxide bonding and surface adsorbed species in the sample.*?
The binding energy of an elements in XPS depends on the surrounding electronic
environment, therefore any variations owing to the formation of interfaces between two

phases can also be detected. Hence, For the study of the interaction between different
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phases at the interface, we did the XPS analysis of individual NiWO,4 and NiO samples

and we found that there is a significant shift in the Ni 2p XPS spectra (Figure 3c.5(d)).
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Figure 3c.5. XPS of the NiWO,-NiO/NF catalyst (a) high resolution XPS spectrum of Ni2p in
NiWO,-NiO (b) high resolution XPS spectrum of W4f in NiWO,-NiO (c) high resolution XPS
spectrum of Ol1s in NiWO,-NiO (d) a comparison of the Ni2p spectra of NiWO,-NiO and
individual NiO and NiWQ, phases.

The positive shift of 0.5 eV was observed in the case of NiWO4-NiO when compared to
the individual NiO while there is negative shift of 0.35 eV observed in the case of WAf

spectra when compared to the individual NiWO,. These observations show that there is

an electronic redistribution driven by charge transfer from NiO to NiWO, through the

strong interfacial interactions in NiWQO,4-NiO heterointerface. This also increases the

availability of the electrons for the adsorption of H ion on the surface of NiWQ4.%*** The

XPS spectra showing shift in W 4f is given Figure 3c.6.

Page 126



Electronic Redistribution Over the Active Sites of NiWO4-NiO Induces Collegial
Enhancement in Hydrogen Evolution Reaction

' W4f

(0.35 eV)
NiWO4-NiO

Intensity (a.u.)

1 v T v 1 ]
32 34 36 38 40 42
Binding energy (eV)

Figure 3c.6: XPS spectra of W4f showing negative shift after the formation NiwO,-NiO

The catalytic performance of NiWO4-NiO/NF, NiWQO,, NiO and Ni(OH), towards
hydrogen evolution reaction (HER) was first evaluated in 1M KOH (pH=14) using a
graphitic rod as a counter electrode and Ag/AgCI (saturated KCI filled) as a reference
electrode. All the measurements in this section were done at room temperature (25°C)
and 1M KOH. The Table 3c.1 includes a table that shows the mass loading of each
catalyst on nickel foam. Under the same experimental conditions, the electrocatalytic
activities of Pt/C (drop casted over nickel foam) were studied for comparison. Figure
3c.7(a) shows the iRcorrected polarization curves for all the catalysts. The overpotential
value of 44, 71, 143, 248 and 328 mV were obtained at a current density of 10 mA cm™
respectively for Pt/C, NiWO4-NiO/NF, Ni(OH),NF, NiO/NF and NiWO4/NF. The HER
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NiWO,-NiO/NF 2.9
NiWO,/NF 2.6
NiO/NF 2.5
Pt/C/NF 2.9
Ni(OH), 2.1

Table 3c.1 Mass loading of all the catalyst on nickel foam

performance of NiWO4-NiO/NF was found to be very close to that of commercially
available Pt/C. The overpotential values of all the catalysts at 10 mA cm™ current density
are given in Figure 3c¢.7(b). To learn more about the reaction's kinetics, we measured the
Tafel slope value by plotting the Tafel’s equation as shown in Figure (3¢.7(c)). The HER
follows two pathways in alkaline media, these are Volmer-Tafel and Volmer-Heyrovsky

pathways and are shown below:
H,0+M+e~ - M—H,;s + OH™ (Volmer)
H,0 +M — H,4s + e~ - Hy, + M + OH~ (Heyrovsky)
2M — H,45 + e~ = H, + 2M (Tafel)

The first step is common for both processes which is the adsorption of the hydrogen on
the catalyst surface (M). "M-H,4"depicts hydrogen intermediates adsorbed on the
catalyst surface. The onset potential of HER can be evaluated by a Volmer step. On the
basis of the above observations, it would be rational to conclude that the water
dissociation is greatly enhanced at the Volmer step, especially in the case of NiWOj-

NiO/NF. The Tafel slope value gives crucial information regarding the rate-determining
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step in HER. From Butler—Volmer kinetics, it can be deduced that the theoretically Tafel
slope values are 120, 30 and 40 mV dec”' when the Volmer, Tafel or Heyrovsky, steps are
the rate-determining steps respectively.” In our case, we got the Tafel slope value of 68
mV/dec for NiWO4-NiO revealing that the reaction predominantly proceeds through the
Volmer-Heyrovsky pathway. The Tafel slope values for NiO, Ni(OH), and NiWO, were
evaluated to be 145, 185 and 229 mV/dec respectively.
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Figure 3c.7. Electrochemical measurements of electrocatalysts for hydrogen evolution reaction
in alkaline medium (LM KOH).The plots shows (a) polarization curves (iR-corrected) of NiWO,-
NiO/NF compared with NiWO,4, NiO, Ni(OH), and Pt/C. (b) comparative bar-graph presentation
of overpotential at 10 mA cm™ current density. (c) the corresponding Tafel plots (d) Nyquist plot
(with corresponding equivalent circuit) of the corresponding catalysts at an applied potential of
100mV. (e) Stability studies showing the overpotential at 1st cycle and after 10000 cycles. (f)
Double-layer capacitance (Cgy) of all the catalyst. (g) Comparison of overpotential of our catalyst
with recently reported catalyst.
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The lower Tafel slope value of catalyst renders a favourable HER kinetics with respect to
the individual phases. The charge transfer resistance was evaluated using electrochemical
impedance spectroscopy, which reveals a faster electron transfer through the interface
possibly because of the strong electrode-electrolyte interfacial contacts. Figure 3c.7(d)
shows the Nyquist plot at an applied overpotential of 100 mV. All of the spectra were
fitted with the equivalent circuit represented in the above figure. The fitted data has two
time-constant components, R-CPE1 and R,-CPE2, in addition to the solution resistance.
The electrode's double-layer capacitance is indicated by the constant phase angle element
(CPE). R-CPEL1 provides information on charge-transfer resistance, CPEy correlates the
capacitance, while R,-CPE2 can be used to correlate surface porosity. R,-CPE2 is also
associated with the slow solvent diffusion over the reaction interface and surface
porosity, hence the corresponding value indicates the diffusion/adsorption of reaction

intermediates.

Figure 3c.8 (a)HRTEM images of the NiWO,-NiO after stability test in alkaline medium with (b)
corresponding fringe width

The species, such as MOH, may oxidise to MO at a particular potential, resulting in the
(Rp-CPE2) impedance in the low-frequency region. The charge transfer resistance is
inversely proportional to the applied potential. The charge-transfer resistance (R¢) for
NiWQO,-NiO at an applied potential of 100 mV was found to be 1.88 ohms. The low R
value in the Nyquist plot indicates a high charge transfer through the electrode-electrolyte

interface, which also imply a possibility of finding a large number of electrochemically
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active sites on the catalyst surface, and exhibits an excellent HER activity. The long-term
stability of the NiWO4-NiO/NF towards HER was measured by continuously running
10,000 LSV cycles (up to 100 hrs) as shown in Figure 3c.7(e).
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Figure 3c.9 PXRD pattern of the NiWO,-NiO after stability test in alkaline medium
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Figure 3c.10 Cyclic voltammetry curve for the calculation of double layer capacitance of (a)
NiWO,-NiO (b) NiO (c) Ni(OH), and NiWO,
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No significant change was observed in the overpotential even after the stability
experiment, indicating the excellent stability of NiWO,-NiO/NF in an alkaline medium.
HRTEM and PXRD spectra of the catalysts after stability are provided in Figure 3c.8 and
3c.9. No change was observed in the PXRD and HRTEM of the catalyst after stability.
The double-layer capacitance (Cdl) extracted from cyclic voltammetry cycles in the non-
Faradaic region with a potential window of 0.86 to 0.96 V vs RHE (Figure 3c.10) was
used to calculate electrochemically active surface area (ECSA). The calculated value of
Cdl is 11, 6, 3.3 and 2 mF cm-2 respectively for NiWO4-NiO, Ni(OH),, NiO and NiWO,
(Figure 3c.7(f)). The higher value of double-layer capacitance (Cdl) for NiWO,4-NiO also
indicates the presence of a large number of HER active sites. Figure 3c.7(g) shows the
comparison of the overpotential of our catalyst with the recently reported materials
displayed in Table 3c.2. In addition, we have also calculated the apparent turnover
frequency (TOF) of all the catalysts and we found TOF values of 0.041 s-1 , 0.0001s-1
and 0.0005 s-1 for NiWO4-NiO, NiWO, and NiO respectively. The higher value of TOF
for NiWO,4-NiO renders the higher catalytic efficiency of the catalyst. The ‘TOF’ plot
3c.11.
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Figure 3c.11 TOF value with the corresponding overpotential of all the catalyst in alkaline
medium
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For investigating the effect of the interfaces on the HER performance of NiWQO,-NiO,
DFT calculations has been performed on NiWO4-NiO and pure NiWO, and NiO.The
Gibbs freeenergy of hydrogen on NiWO4-NiO and pure NiWO, and NiO were calculated
to assess the HER activity. The ideal value of AGy~ for hydrogen evolution reaction
should be close to zero indicating that the adsorption of the hydrogen on the catalyst
surface is neither too strong nor too weak.® Figure 3c.12(a) is depicting the free energy
plot of adsorb H™ on the surface of NiWO,-NiO, NiWO, and NiO. The AGy~ value for the
adsorption of hydrogen on the interface NiWQO,-NiO is 0.06 eV which is very close to
zero indicating the surface energy is conducive for adsorption as well as desorption. This
value is also way smaller than that of NiO (0.72 eV) and NiWO, (0.91 eV). This low
AGy= value accounts for the higher hydrogen evolution performance of NiWO,4-NiO in
comparison with the individual phases. A volcano plot shown in Figure 3c.12(b), relates

the overpotential with hydrogen adsorption energies, which reveals that

Catalyst Nw (MV vs RHE) Tafel Slope Reference
at J = 10 mA/cm?

1T-MoS,/CoS; 71 60 1
Ni,P—NizoPs/NF 76 68 2
Ni- MoS; 98 60 3
Ni,P-NiP, HNPs/NF 59.7 58.8 4
Ni-Mo-N 109 95 5
np-(Cog 52F€0.48)2P 79 40 6
Ni(OH)./MoS, 80 60 7
CoP/NPC/TF 80 54 8
C3sN; @MoN 110 57.8 9
MoP@NCHSs-900 92 62 10
Co@N-CNTs@rGO 108 64 11
FeP/Ni,P 14 24.2 12
O-CoyP 160 61.1 13
Ce-doped CoP 92 63.5 14
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NF-NiS; 67 63 15
NioP/Ni/NF 98 72 16
MoS,/graphdiyne 99 89 17
Ni,P@NPCNFs 104.2 79.7 18
Co/MoS; 158 58 19
CuzP-450 microsheets- 130 83 20
1T-2H MoS, 280 65 21
v-Ni12Ps 27.7 30.88 22
1T°-MoTe,/GC 230 44 23
NiP,/NiO Nanorod 131 93 24
Arrays
NiS,/MoS; 98 88 25
NiCoP/rGO 209 124.1 26
MOF/MoS; 248 86 27
FeP NAs/CC 218 146 28
1T-MoS,/CoS; 26 43 1
MO0Sz(1-xS€2x 273 100 29
EA-2H/1T/RGO 186 49 30
Mo0S;(1-xS€2 164 48 31
1T MoSe; 152 52 30
Double-gyroid MoS; 240 50 32
Ni-Co-MoS;nanobox 155 51 33
MoSe,/NiSe; 210 56 34
Cu;Ss@MoS;nanoframes 133 48 35
MoSe,/ CNT 178 58 36
MoS,/HG 124 41 37
MoSe,/graphene 159 61 38
1T’ MoS;Nanosheet 175 100 39
MoSe, 250 80 40
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P-MoS; 90 47 41
MoSe; 250 59.8 42
Ni2P/MoS; 39.5 39.5 43
MoSe,/Mo 166 34.7 44
O, P- MoS, 230 53 45
MS,/MO, (M =W, Mo) 147 63 46
Co-1T MoS, 50 32 47
MoSe,/MoO,/Mo 142 48.9 48
NiCoP@NiMn-LDH 293 43.7 49
Mo-doped CoP/NF 305 56 50
Co-Fe Oxyphosphide/NF 280 53 51
Fe-doped Co-Mo-S 268 79.3 52
Microtube
CoP(MoP)CoMoO;@CN 296 105 53
np-(Nio.s7Fe0.33)4P 245 32.9 54
Co-P@Porous Carbon 280 53 55
Mo-doped Ni,P/NF 270 68.5 56
CoFe-P/NF 250 35 57
Ni-Co/Ni-Fe phosphides 251 56 58
NiFeP@C 268 38.7 59
NiC0,S4/NF 260 40.1 60
NiWO,-NiO 71 68 This work

Table 3c.2. Comparison of HER activity of recently reported catalyst in alkaline medium

position of the catalyst is very close to that of the Pt/c. There is an overall concentration

of accessible carrier states in a particular energy range, as seen by the density of states

(DOS) plot as shown in Figure 3c.12(c). The area under the PDOS curve gives an overall
The NiWO,4-NiO hybrid

heterostructure system is shown to have a high density of states crossing the Fermi level,

density of electron states available for occupation.
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indicating that the NiWOQO4-NiO has better carrier transfer rate than that of NiO and

NiWOQ, individual phases. All the equations used and energy values obtained from the
theoretical calculation are given Table 3c.3.

a) 3 0.0
NiWO4-NiO NiWO NiO
3 iWO4-Ni iWog4 i b) Pt/c:-’.ANiWOA-NiO
o S
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Figure 3c.12 (a) HER free energy diagram of NiWO,-NiO and pure NiWO, and NiO calculated

at equilibrium potential (b) volcano plot showing the activity of NiWO,-NiO (c) PDOS plot of
NiWQO,4-NiO, NiWO, and pristine NiO.

Catalyst Adsorption Energy (eV) Gibbs Free Energy (eV)
H@NIiO 0.4847 0.7247
H@NiIWO, 0.91 1.1538
H@NiIWO,4-NiO -0.175 0.065

Table 3c.3: Gibbs free energy (AGu«) and Adsorption energy (4Ey+) of the catalyst and its

precursors.
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Conclusion
In summary, herein, we have developed a NiWO4-NiO heterostructure over NF, which
showed outstanding HER activity in an alkaline (IM KOH) medium with an
overpotential of 71 mV at a current density of 10 mA cm-2 . The catalyst is highly stable
in an alkaline medium and negligible change was observed in the overpotential even after
10000 cycles (100 hrs). We have also demonstrated that the abundant interfaces of
NiWO4-NiO over NF exhibit enhanced HER activity compared to the pure NiWO,4 and
NiO phases. Furthermore, the strong interaction between both phases in the
heterostructure was investigated by the shift in the XPS data. The superhydrophilicity of
the NiWO4-NiO/NF electrode enhances ionic transfer from the electrolyte to the
electrode surface and accelerates the mass transport process. DFT studies demonstrated
that the electronic states of the NiWO4-NiO interface have been significantly altered,
which indicates a favourable hydrogen adsorptivity on NiWO4-NiO catalyst. This, in
turn, lowers the Gibbs free energy significantly (as low as 0.06 eV) and speeds up
charge-transfer kinetics to 21 boost HER activity. This work indicates that appropriate
heterostructuring in abundance can improve the catalytic activity immensely as shown in
the case of NiWO4-NiO/NF. The catalyst is not only highly durable but also performs

extremely well in alkaline media.

Gaur, Ashish, Krishankant, Vikas Pundir, Takahiro Maruyama, Chandan Bera, and
Vivek Bagchi. "Electronic Redistribution Over the Active Sites of NiWO,4-NiO Induces
Collegial Enhancement in Hydrogen Evolution Reaction in Alkaline Medium™ Under

minor revision in Journal of Colloid and Interface Science

Page 137



Electronic Redistribution Over the Active Sites of NiWO4-NiO Induces Collegial
Enhancement in Hydrogen Evolution Reaction

References

@ Perera, F. Int J Environ Res Public Health 2017, 15, 16.
2 Bittel, J. Natural Resources Defense Council Report 2019.
3 Lutsko, N. J. Journal of Climate 2021, 34, 901.

(@)) Lewis, N. S.; Nocera, D. G. Proceedings of the National Academy of Sciences 2006, 103,
15729.

(5) Zhu, J.; Hu, L.; Zhao, P.; Lee, L. Y. S.; Wong, K.-Y. Chemical Reviews 2020, 120, 851.

(6) Abdelkader-Fernandez, V. K.; Fernandes, D. M.; Balula, S. S.; Cunha-Silva, L.; Pérez-
Mendoza, M. J.; Lopez-Garzdn, F. J.; Pereira, M. F.; Freire, C. ACS Applied Energy Materials
2019, 2, 1854.

@) Wu, D.; Kusada, K.; Yoshioka, S.; Yamamoto, T.; Toriyama, T.; Matsumura, S.; Chen,
Y.; Seo, O.; Kim, J.; Song, C.; Hiroi, S.; Sakata, O.; Ina, T.; Kawaguchi, S.; Kubota, Y.;
Kobayashi, H.; Kitagawa, H. Nature Communications 2021, 12, 1145.

(8) Liu, H.; Zhang, R.; Chen, L.; Wang, L.; Guo, Y.; Yang, Y. Advanced Sustainable
Systems 2021, 5, 2000184.

9 Shao, H.; Wu, Y.; Xu, X.; Xian, Y.; Shi, Y.; Wang, F.; Lv, K.; Tan, C.; Hao, L.; Dong,
B.; Agathopoulos, S. Advanced Sustainable Systems 2022, 6, 2200196.

(10)  Dubouis, N.; Grimaud, A. Chemical Science 2019, 10, 9165.

(11)  Tavakkoli, M.; Holmberg, N.; Kronberg, R.; Jiang, H.; Sainio, J.; Kauppinen, E. I.;
Kallio, T.; Laasonen, K. ACS Catalysis 2017, 7, 3121.

(12) Qu, K. Zheng, Y.; Zhang, X.; Davey, K.; Dai, S.; Qiao, S. Z. ACS Nano 2017, 11, 7293.
(13)  Zhu, R; Ding, J.; Xu, Y.; Yang, J.; Xu, Q.; Pang, H. Small 2018, 14, 1803576.
(14)  Zheng, S.; Li, Q.; Xue, H.; Pang, H.; Xu, Q. National Science Review 2020, 7, 305.

(15)  Anantharaj, S.; Kundu, S.; Noda, S. Journal of Materials Chemistry A 2020, 8, 4174.

Page 138



Electronic Redistribution Over the Active Sites of NiWO4-NiO Induces Collegial
Enhancement in Hydrogen Evolution Reaction

(16) Huang, C.; Yu, L.; Zhang, W.; Xiao, Q.; Zhou, J.; Zhang, Y.; An, P.; Zhang, J.; Yu, Y.
Applied Catalysis B: Environmental 2020, 276, 119137.

(17)  Sharma, L.; Botari, T.; Tiwary, C. S.; Halder, A. ACS Applied Energy Materials 2020, 3,
5333.

(18)  Yang, C.; Zhao, R.; Xiang, H.; Wu, J.; Zhong, W.; Li, W.; Zhang, Q.; Yang, N.; Li, X.
Advanced Energy Materials 2020, 10, 2002260.

(19) Xie, W.; Yu, T.; Ou, Z.; Zhang, J,; Li, R.; Song, S.; Wang, Y. ACS Sustainable Chemistry
& Engineering 2020, 8, 9070.

(20)  Kumar, R.; Gaur, A.; Maruyama, T.; Bera, C.; Bagchi, V. ACS Applied Materials &
Interfaces 2020, 12, 57898.

(21) He, C.; Tao, J. Advanced Sustainable Systems 2018, 2, 1700136.
(22) Jian, C.; Cai, Q.; Hong, W.; Li, J.; Liu, W. Small 2018, 14, 1703798.

(23) Zhang, T.; Wu, M.-Y.; Yan, D.-Y.; Mao, J.; Liu, H.; Hu, W.-B.; Du, X.-W.; Ling, T.;
Qiao, S.-Z. Nano Energy 2018, 43, 103.

(24)  Wang, X.; Li, W.; Xiong, D.; Petrovykh, D. Y.; Liu, L. Advanced Functional Materials
2016, 26, 4067.

(25  Yu, X.; Yu, Z.-Y.; Zhang, X.-L.; Zheng, Y.-R.; Duan, Y.; Gao, Q.; Wu, R.; Sun, B.; Gao,
M.-R.; Wang, G.; Yu, S.-H. Journal of the American Chemical Society 2019, 141, 7537.

(26)  Feng, Y.; Zhang, T.; Zhang, J.; Fan, H.; He, C.; Song, J. Small 2020, 16, 2002850.

(27)  Zhou, Y.; Pondick, J. V.; Silva, J. L.; Woods, J. M.; Hynek, D. J.; Matthews, G.; Shen,
X.; Feng, Q.; Liu, W.; Lu, Z.; Liang, Z.; Brena, B.; Cai, Z.; Wu, M.; Jiao, L.; Hu, S.; Wang, H.;
Araujo, C. M.; Cha, J. J. Small 2019, 15, 1900078.

(28)  Wang, H.; Fu, W.; Yang, X.; Huang, Z.; Li, J.; Zhang, H.; Wang, Y. Journal of Materials
Chemistry A 2020, 8, 6926.

(29) Wang, Z.; Wang, S.; Ma, L.; Guo, Y.; Sun, J.; Zhang, N.; Jiang, R. Small 2021, 17,
2006770.

Page 139



Electronic Redistribution Over the Active Sites of NiWO4-NiO Induces Collegial
Enhancement in Hydrogen Evolution Reaction

(30)  Jiao, J.; Yang, W.; Pan, Y.; Zhang, C.; Liu, S.; Chen, C.; Wang, D. Small 2020, 16,
2002124.

(31) Lovell, E. C,; Lu, X.; Zhang, Q.; Scott, J.; Amal, R. Chemical Communications 2020, 56,
1709.

(32) Kou, T.; Chen, M.; Wu, F.; Smart, T. J.; Wang, S.; Wu, Y.; Zhang, Y.; Li, S,; Lall, S,;
Zhang, Z.; Liu, Y.-S.; Guo, J.; Wang, G.; Ping, Y.; Li, Y. Nature Communications 2020, 11, 590.

(33) Ji, Y, Yang, L.; Ren, X.; Cui, G.; Xiong, X.; Sun, X. ACS Sustainable Chemistry &
Engineering 2018, 6, 9555.

(34) BI, Y.; Nie, H.; Li, D.; Zeng, S.; Yang, Q.; Li, M. Chemical Communications 2010, 46,
7430.

(35) Chen, S.; Yang, G.; Jia, Y.; Zheng, H. Journal of Materials Chemistry A 2017, 5, 1028.
(36)  Blochl, P. E. Physical Review B 1994, 50, 17953.
(37)  Vanderbilt, D. Physical Review B 1990, 41, 7892.

(38) Wang, Z.-L.; Hao, X.-F.; Jiang, Z.; Sun, X.-P.; Xu, D.; Wang, J.; Zhong, H.-X.; Meng,
F.-L.; Zhang, X.-B. Journal of the American Chemical Society 2015, 137, 15070.

(39) Huang, S.; Meng, Y.; Cao, Y.; Yao, F.; He, Z.; Wang, X.; Pan, H.; Wu, M. Applied
Catalysis B: Environmental 2020, 274, 119120.

(40)  Qian, Z,; Wang, K.; Shi, K.; Fu, Z.; Mai, Z.; Wang, X.; Tang, Z.; Tian, Y. Journal of
Materials Chemistry A 2020, 8, 3311.

(41)  Kim, S. Y, Yun, T. Y.; Yu, K. S;; Moon, H. C. ACS Applied Materials & Interfaces
2020, 12, 51978.

(42) Prajesh, R.; Goyal, V.; Nahid, M.; Saini, V.; Singh, A. K.; Sharma, A. K.; Bhargava, J.;
Agarwal, A. Sensors and Actuators B: Chemical 2020, 318, 128166.

(43) Zhao, G.; Li, P.; Cheng, N.; Dou, S. X.; Sun, W. Advanced Materials 2020, 32, 2000872.

(44)  Du, X.; Shao, Q.; Zhang, X. International Journal of Hydrogen Energy 2019, 44, 2883.

Page 140



Electronic Redistribution Over the Active Sites of NiWO4-NiO Induces Collegial
Enhancement in Hydrogen Evolution Reaction

(45)  Sun, B.; Zhao, W.; Wei, L.; Li, H.; Chen, P. Chemical Communications 2014, 50, 13142.

(46) Gao, W.; Xia, Z.; Cao, F.; Ho, J. C.; Jiang, Z.; Qu, Y. Advanced Functional Materials
2018, 28, 1706056.

(47)  Shan, X.; Liu, J.; Mu, H.; Xiao, Y.; Mei, B.; Liu, W.; Lin, G.; Jiang, Z.; Wen, L.; Jiang,
L. Angewandte Chemie International Edition 2020, 59, 1659.

(48) Gao, Z.-W.; Liu, J.-Y.; Chen, X.-M.; Zheng, X.-L.; Mao, J.; Liu, H.; Ma, T.; Li, L.;
Wang, W.-C.; Du, X.-W. Advanced Materials 2019, 31, 1804769.

(49)  Yan, H.; Xie, Y.; Jiao, Y.; Wu, A.; Tian, C.; Zhang, X.; Wang, L.; Fu, H. Advanced
Materials 2018, 30, 1704156.

(50) Gao, M.-R.; Xu, Y.-F.; Jiang, J.; Zheng, Y.-R.; Yu, S.-H. Journal of the American
Chemical Society 2012, 134, 2930.

(51) Conway, B. E.; Tilak, B. V. Electrochimica Acta 2002, 47, 3571.

(52) Mahmood, N.; Yao, Y.; Zhang, J.-W.; Pan, L.; Zhang, X.; Zou, J.-J. Advanced Science
2018, 5, 1700464.

Page 141



Electronic Redistribution Over the Active Sites of NiWO4-NiO Induces Collegial
Enhancement in Hydrogen Evolution Reaction

Page 142



Chapter 4

An Electronegativity Induced Valence
States Augmentation of Ni and Co through
Electronic Redistribution in Co-NizN/CeF

for Oxygen Evolution Reaction
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An Electronegativity Induced Valence States Augmentation of Ni and Co through Electronic
Redistribution in Co-Ni3N/CeF3 for Oxygen Evolution Reaction

Brief Outcome:The development of high-performance and inexpensive electrocatalysts
for the oxygen evolution reaction (OER) is one of the most desired objectives in energy
conversion reactions. Due to sluggish reaction kinetics, the commercialization of such
processes could not be achieved yetChoosing an appropriate coupling interface to boost
the catalyst performance is essential for the creation of high-efficiency electrocatalysts.
Herein, metal-nitride and metal-fluoride heterostructure is reported with an extremely
low overpotential of 180 mV at a current density of 10 mA cm™ for OER application. The
Co-Ni3N/CeF; catalyst shows strong interfacial interaction causing significant electronic
redistribution between Co-Ni3N and CeF3 phases. XPS studies reveal the charge transfer
from Co-NisN to the CeF; phase resulting in the augmentation in the valence states of Co
and Ni making them highly active sites for the adsorption of intermediates (O*, OH*,
HOO*). This phenomenon is possibly driven by the high polarity of CeF3 due to the
presence of highly electronegative F atoms. The stability study of the catalyst was
performed for 120 h at large current densities of 110 and 200 mA cm™. The detailed
analysis of the surface reconstruction of Co-NizN/CeF3 is also carried out after a long-
term stability test. This work offers a fresh look at the possibilities of the design and

fabrication of an efficient and low-cost catalyst.
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4.1. Introduction

We were never being so vulnerable towards the ill effects of climate change as we are
today. Extreme human activities such as warfare, extensive space exploration and
otherinnumerable processes expelling greenhouse gases, have led to an abrupt change in
the temperature and weather patterns causing huge threats to planetary life." Hence, it is
vital to develop viable and green energy sources to confront the ever-increasing usage of
fossil fuels and environmental pollution. Electrochemical water splitting has been
envisioned as a rapid, highly productive and environmentally benign process for
producing high-purity hydrogen.”* In addition, the lousy kinetics of the anodic oxygen
evolution reaction (OER) makes it difficult to make progress in the field of water-
splitting technology, which requires a significant overpotential in order to achieve the
necessary current density.”’ While pricey metal oxides such as IrO, and RuO,
demonstrate effective OER performance but their paucity, exorbitant prices, and poor
stability limit their broad utilization.*'* The fabrication of highly active electrocatalysts
based on earth-abundant elements would be a very promising answer to the aforesaid

problem. In this perspective, non-noble metals (Ni, Co, Fe) and their related sulfides,"* "

17-20 21-23

oxides, " and phosphides™ ™ are being intensively explored as electrocatalysts for the
OER. Recent research has demonstrated that transition metal nitrides (Co,N, Co4N,
Ni3N, etc) might function as promising OER electrocatalysts within an alkaline
medium.**** Nickel nitride (Ni3N) is a popular material among researchers due to its high
conductivity and stability.””** However, the OER performance for Ni3N is low, possibly
because of the low adsorption of the reaction intermediate (O*, OH*, HOO*) on its
surface. The impact of interface coupling plays a crucial role in enhancing
electrocatalytic performance by legislating the electronic structure proximal to the
interface, tweaking orbital overlap among different atoms, and eventually optimizing the
adsorption and desorption energies among the reaction intermediates and catalyst.
Therefore, it is crucial to select the right solid for Ni3N in order to produce a composition
where the interface can considerably improve electrocatalytic performance.””'Recently,
Wang et al. reported Co-doped NizN nanosheets with the overpotential of 270 mV for

OER. The Co-Ni3;N nanosheets promote electron redistribution and also optimized the
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adsorption energies of intermediates (O*, OH*, HOO*). The significance of Co doping in
the oxidation of Ni in Co-Ni3N is also discussed, along with how this affects the
adsorption energy and energetic barrier of separation of intermediates (O*, OH*, HOO%)
in the oxygen evolution process.”> Cerium trifluoride (CeF3), on the other hand, has poor
electrocatalytic performance despite having outstanding photocatalytic efficacy. CeF3 has
an active redox pair composed of Ce®" and Ce*" that can be alternatively changed by
sharing or gaining electrons, resulting in high mobility of electrons.” Based on the
aforementioned reports, Co-Ni3N/CeFsheterointerface are designed. To the best of our
knowledge, there are no such reports on the construction of heterostructure of metal
nitride  with metal fluorides in the recent literature. The resulting
CoNi3;N/CeFsheterostructure outperforms Co-NizN in oxygen evolution due to the
electronicredistribution and interface coupling effect generated by the addition of CeFs.
The high electronegativity of fluorine atom makes CeF3 of high polarity than that of Co-
Ni3N, this difference in electronegativity will enhance the electron redistribution from
Co-Ni3N to CeF; resulting in the augmentation in valence stated of Ni and Co. The
catalyst shows an ultralow overpotential of 180 mV at 10 mA cm-2 of current density.
This value is the lowest among the Ni;N-based compounds reported up to date. The
catalyst was studied for the long-term durability at higher current densities of 110 and
200 mA cm™, shows no significant change in the current density after 120 h. A detailed
study of the catalyst transformation after stability has been carried out using XPS and

HRTEM analysis.
4.2. Experimental section
4.2.1. Materials

Chemicals were bought from several commercial sources and used as it is. Ceritum (III)
nitrate  hexahydrate (Ce(NO3);.6H,O, 99%), Cobalt (II) nitrate hexahydrate
(Co(NO3),.6H,0O, 98%), Nickel (II) nitrate hexahydrate (Ni(NO;3),.6H,O, 98%),
Ammonium fluoride (NH4F, 99.9%), Urea (NH,CONH,, 99.5%), Nafionperfluorinated
resin solution (5 wt. % in a mixture of water and alcohol, possesses 45% water),

Potassium hydroxide pallet (KOH) and Ruthenium (IV) oxide (RuO,, 99.9% trace metal
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basis) were bought from Sigma Aldrich. Nickel foam (NF) was purchased from
Nanoshel. In all the preparation, Milli Q water having a conductivity of 0.056 uS/cm was

used.

4.2.2. Methodology

4.2.2.1. Synthesis of Catalyst

Catalyst synthesis section is subdivided into two major stepsas per following description.

Step 1.Synthesis of Co- Ni(OH),/CeFsnanosheets:Hydrochloric acid (3M HCI) was
used to remove the oxide layer and other surface impurities from the nickel foam
substrate. Deionized water and ethanol were then used to clean the material repeatedly.
Cobalt- doped nickel hydroxide nanosheets grown over nickel foam substrate were
fabricated by an improvised autoclave process. Typically, 0.95 mmolNi(NO;),-6H,0,
0.05 mmol Co(NOs3),:6H,0, 0.5 mmol of Ce(NO3);.6H,0, 5 mmol NH4F and 5 mmol of
CO(NH,), were dissolved in 20 mL deionized water and a homogenous solution was
obtained by mixing and stirring. The above solution was transferred into the 50 mL
Teflon-lined autoclave containing NF substrate and heated for 12h at 160 °C. The
obtained Co-Ni(OH),/CeF3nanosheets array is washed with DI and ethanol and dried in

an oven overnight at 60 °C.

Step 2.Synthesis of Co-NisN/CeF3: The as-obtained Co-Ni(OH),/CeF; was kept in a
furnace at 350 °C for 2h under the influence of continuous flow of high-purity ammonia
@26 sccm. After cooling down, the sample was removed and named as Co-NizN/CeFs.
For a comparative study, individual Co-Ni3N and CeF; were also made by using similar
method. In the case of Co-NizN, above method was used but without cerium salt, while
the individual CeF; was formed by mixing 0.5 mmol of Ce(NOs3)s.6H,0and 5 mmol
NHy4F in 20 mL deionized water. The solution was kept in a Teflon-lined autoclave at 160

°C for 12 h.

4.2.2.2. Physical characterization
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The physical characterization of the as-prepared Co-NizN/CeFswas done using various
techniques. First of all, byaBruker Eco D8 ADVANCED X powder X-ray
diffractometerconsisting of a Ni filter was used for its initial steps of examination. The
radiations of CuK (=1.5405, 40 KV and 25 mA) was used for the study. The examination
was done in the 20 range of 20°- 80° and step size of about 0.0020/step was given.
Scanning electron microscope from JEOL (JSM 17-300) was used for studying the
morphology of the catalyst. The energy-dispersive X-ray diffractometer (Bruker) study
was also done by the same scanning electron microscope. The complete information
about the structure of Co-Ni3N/CeF; and the average particle size was measured by
Transmission electron microscope (TEM) JEOL-2100 which was operated at 200 KV. X-
ray photoelectron spectroscopy (XPS) on ECSA: 220-IXL with MgKa is used for further
investigation of elements. The MgKa used is non-monochromated X-ray beam with
photon energy 1253.6 eV.

3c.2.2.3. Electrochemical measurements

All the electrochemical measurements were carried out in CHI 760E electrochemical
workstation. In the three-electrode system, saturated Ag/AgCl electrode is used as a
reference electrode and graphite rod used as a counter electrode. Firstly, the prepared
electrode was used for taking all the polarization data at a scan rate 5 mV s™ in 1 M
KOH. After all the polarization data was collected, it was converted to Reversible
hydrogen electrode (RHE) by the use of equation Erne = Eagiagel + 0.197 + 0.059*pH.
For the calculation of Tafel slope, polarisation curves were again plotted, and the linear
region of Tafel plot was fitted to the Tafel equation i.e., n = b log(j) + a. The
electrochemical surface area (ECSA) was determined by the calculation of double layer
capacitance, in which CV scans of the as prepared electrode were taken at a scan rate of
20 to 200 mV/s in 1M KOH in non-faradaic potential range. when AJ = (Janodic-
Jcathodic)/2 was plotted against the scan rate at a potential of 1.08 V vs RHE and was
fitted linearly, it gave the value of double layer capacitance (Cdl). The faradic efficiency
was calculated by taking the ratio of experimental and theoretical oxygen evolution in the

reaction
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4.3. Result and Discussion

The catalyst Co-NisN/CeF; was synthesized under the controlled nitridation of Co-

Ni(OH),/CeF; at a fixed temperature. The formation of Co-Ni3N/CeFzheterostructure was

primarily characterized using powder X-ray diffraction (PXRD). The PXRD pattern of
Co-NisN/CeF; is given in Figure 4.1(a). The peak positioned at 24.5°, 25.01°, 27.8°,
35.2°, 44.1°, 45.1°, 51.07°, 52.9°, 64.8°, 68.8°, 69.8°, 71.2° and 78.4° corresponds to
(002), (110), (111), (112), (300), (113), (221), (214), (304), (115) and (411) crystal planes
of hexagonal CeF3.*** The other peak centered at 38.9°, 42.0°, 44.4°, 58.5°, 70.6° and
78.4° corresponds to (110), (002),(200), (112), (300) and (113) crystal planes of

hexagonal NizN.%**’
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Figure 4.1. (a) PXRD spectra of Co-NizN/CeF; showing the formation of both NizN and CeF;
phase, high resolution XPS spectra of (b) Ni2p (c) Co2p (d) N1s (e) Ce3d and (f) F1s present in

Co-Ni3N/CeF;, Co-Ni3;N and CeF;
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X-ray photoelectron spectroscopy (XPS) was used to investigate the valence states and
electronic redistribution between Co-NisN and CeF; in Co-NigN/CeFs. The high-
resolution XPS spectraof Ni2p present in Co-NigN/CeF; and Co-NisN are provided in
Figure 4.1(b). In the Ni2p spectra of Co-Ni3N/CeF3, we observed three peaks centered at
852.9, 857.0 and 862.7eV corresponding to the presence of Ni-N, Ni-O and one satellite
peak of Ni2ps,. Similarly, the other three peaks at 870.0, 874.9 and 881.3eV correspond
to the presence of Ni-N, Ni-O and one satellite peak of Ni2py,.All these peaks are also
observed for the Ni2p spectra of Co-NisN but at slightly lower binding energy.** The
higher binding energy of Ni2p in Co-NizN/CeF; indicates the charge transfer from Ni to
some other element. The high-resolution XPS spectra of Co2p (Figure 4.1c) present in
Co-NizN/CeF; can be deconvoluted into three peaks. The peak centered at 781.4 and
792.0 eV attributed to the surface oxidized Co(ll) species.®® The peak at 775.1 eV
corresponds to the Co species present in aforementioned catalyst. These three peaks are
also present in the Co2p spectra of Co-Ni3N. The binding energy of the Co-N is higher in
Co-Ni3zN/CeF3 confirming the possibility of charge transfer from Co. XPS spectra of N1s
(Figure 4.1d) present in Co-Ni3N/CeF3; show one peak at 399.0 eV corresponding to the
M-N bond.* The N1s spectra of Co-NisN/CeFz were also observed at higher binding
energy than that of N1s present in Co-NizN. The XPS spectra of Ce3d (Figure 1e) present
in Co-Ni3N/CeF3; shows four peaks at 882.5, 885.7, 902.7 and 906.3 eV corresponds to
the Ce*and Ce** peak of Ce3ds;, and Ce3ds,. The similar peaks are also observed for
Ce3d spectra present in CeF3.* When we compared the binding energy of Ce 3d present
in both the species we notice the negative shift in the binding energy. This negative shift
confirms that the Ce is gaining electrons from the other species. Similarly, the F1s spectra
(Figure 4.1f) alsoshift towards the lower binding energy when compared to the individual
CeF3.* The positive shift in the binding energy of Ni, Co and N and the negative shift in
the binding energy of Ce and F indicate the charge transfer from Co-NisN to the
CeF3.This charge transfer results in the augmentation of the valence states of Ni and Co,
making them highly active catalytic sites for the adsorption of electron-rich intermediated
(O*, OH*, HOO¥*) responsible for oxygen evolution reaction. The PXRD pattern of Co-
Ni3sN and wide scan XPS spectra of Co-Ni3N/CeF; is given in Figure 4.2 & 4.3.
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Figure 4.3.XPS wide scan spectra of Co-NizN/CeF;

Scanning electron microscopy (SEM) images with different magnifications are provided
in Figure 4.4(a-d). The SEM images of Co-Ni3N/CeF3 show a sheet-like structure. The

uniform distribution of all the elements over the catalyst surface is confirmed using
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Figure 4.4. (a-d) FESEM images of Co-Ni;N/CeF; at different magnification showing sheet like
structure (e-j) FESEM elemental mapping of Co-Ni;N/CeF; showing the uniform distribution of
Co, Ni, N, Ce and F over the catalyst surface.

SEM elemental mapping. Figure 4.4(e-j) shows the elemental mapping for Co, Ni, N, Ce
and F.TEM images of Co-NisN/CeF; show the formation of Co-Ni3sN nanosheets with
anchored CeF3 nanoparticles (Figure 4.5(a)). The formation of a heterointerface between
Co-Ni3N and CeF; is confirmed using HR-TEM analysis. HR-TEM images (Figure 4.5b
& c) confirm the presence of CeFz and NigN phases in the catalyst. Figure 3d shows the
presence of NisN phase with the dspacing of 0.23 nm corresponds to the (110) crystal
plane of NigN.* The presence of CeF; was also confirmed with the d-spacing value of
0.319 and 0.205 nm corresponding to (111) and (300) crystal planes of CeFs* (Figure
4.5¢,f). From HR-TEM images we can observe the formation of an interface between Co-
NisN and CeFs. The behaviour of the catalyst's surface is crucial in heterogeneous
catalysis. The superhydrophilic surfaces strongly favour heterogeneous catalysis because
they can support low adsorption energies on their surfaces.””* It was found that the
surface of bare nickel foam is hydrophobic with a contact angle of 116.7° while the
surface of CoNizN/CeF; was found to be superhydrophilic with a contact angle of 0°
(Figure 4.5g-i).
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Figure4.5. (a) TEM image of Co-NisN/CeF; (b,c) HRTEM image of Co-NizN/CeF; showing the
presence of (d) NisN and (e,f) CeF; phase with corresponding fringe width. (g,h) drop shape
analysis of bare NF showing hydrophobic behaviour and (i) Co-NisN/CeF; with zero contact
angle showing superhydrophilic behaviour

The catalytic performance of Co-NisN/CeF; towards oxygen evolution reaction was
studied in three-electrode electrochemical setup and in general, 1M KOH solution was
used in the experiment, unless mentioned otherwise. The comparison of the catalytic
performance was done with Co-NisN, CeFs, commercially available RuO, and bare
nickel foam. Notably, the CoNi3N/CeF; catalyst demonstrated an excellent OER activity
that is far better than the commercially available RuO,, specifically, the overpotential of
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180 mV was achieved at a current density of 10 mA cm™ (Figure 4.6a). This performance
is the highest among the NizN-based catalyst up to date.
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Figure 4.6. (a) polarization curve of Co-NisN/CeF; and other supporting catalyst. (b)
overpotential value of all the catalyst at 10 mA cm™ of current density (c) tafel plot derived from
polarization curve (d) EIS nyquist plot of all the catalysts (e) faradic efficiency calculation using
water displacement method (f) double- layer capacitance value of all the catalyst (g) comparison
of Co-NizN/CeF; with recently reported NisN and Ce based highly active catalysts (h) durability
test using chronoamperometry

The catalytic performance of individual Co-Ni3N, RuO, and CeF; are 260, 267 and 390
mV at a current density of 10 mA cm™ Figure 4.6b shows the corresponding
overpotentials of all the catalysts at a current density 10 mA cm™. The Tafel plot derived
from the polarisation curves(figure 4.6c) shows the low Tafel slope value of 85 mV dec™
for Co-NisN/CeFs. This value is lower than that of Co-NisN (194 mV dec™), RuO, (101
mV dec™) and CeFs (208 mV dec™). The lower Tafel slope value of Co-NisN/CeFs;
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suggests the fast OER kinetics as compared to the commercially available RuO,. The
charge transfer resistance was studied using electrochemical impedance spectroscopy to
identify strong interfacial contacts for faster electron transit across the electrode-
electrolyte interface. Figure 4.6d shows the Nyquist plot with the equivalent circuit used
for fitting the plot and obtained the desired parameters which significantly define a good
catalyst. An Rct value of 1.16 Q was obtained for Co-Ni3N/CeF; catalyst which indicates
a rapid electron transfer and hence follows a superior OER kinetics. The R values of
1.57 and 2.74 Q were obtained for Co-NizN and CeF3. These higher values of R indicate
relatively slower charge transfer in both the catalyst than that of Co-Ni3sN/CeFs. The
faradic efficiency (Figure 4.6e) is estimated using the water-gas displacement technique,
in which the estimated faradic efficiency is the percentage of the ratio of the quantity of
O, evolved empirically to the amount of O, evolved theoretically. The faradic efficiency
value for our catalyst is 96.1%. The aforesaid apparent OER performance could be
inflated as a result of the large specific surface area of nanomaterials. To precisely assess
the inherent OER activity of the reported catalyst, we evaluated theelectrochemical Cg of
the Co-Ni3N/CeF; catalyst to compute their ECSA and normalized the resulting current in
comparison to Co-Ni3N and CeF3 catalysts. The double-layer capacitance (Cdl) value was
calculated using cyclic voltammetry (CV) measurements carried out at different scan
rates (20-200 mVs-1). The obtained Cq values are 36.4, 9.2 and 1.3 mF cm™ for Co-
NisN/CeFs3, Co-NizN and CeF; respectively (Figure 4.6f). The higher values of Cdl
indicate a higher number of active sites present in Co-NisN/CeFs. The OER activity of
Co-Ni3N/CeF; is obviously higher than the other catalysts after the ECSA normalization.
The ECSA normalized polarization curve is provided in Figure 4.7 and the cyclic
voltammetry curve used for the calculation of Cdl is provided inFigure 4.8. The activity
of the catalyst was compared with most of the NisN and Cerium-based catalysts (Figure
4.69) and we found the highest activity of our catalyst with the least overpotential among
all. The table containing different parameters of these catalysts is given in Table 4.1. The
long-term durability of Co-NisN/CeF; for OER was performed using the
chronoamperometry method. As seen in figure 4h, 120 h of continuous durability study

was performed using chronoamperometry at 110 and 200 mA c¢m ™2 current densities.
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Figure 4.7. ECSA normalised OER activity of Co-Ni;N/CelF’;, Co-Ni;N and CeF's

In the beginning, slight decrease in the current density was witnessed possibly due to
minute peeling of the catalyst, however it becomes stable later, even at higher current
density of 200 mAcm™. This experimentshows that the Co-NisN/CeFs catalyst is

enormously stable even under extreme condition.
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Figure 4.8.Cyclic voltammetry curves of Co-Ni;N/CeF’;, Co-Ni3N, CeFat different scan rates.
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Catalyst Name ?verpotential@lO mA cm’ Reference
CoP/Ce0O, 224 1
FeOOH/CeO; 250 2
Ce0O;-Co,N 219 3
Co0304/Ce0O; 270 4
Ce0,-CoO 296 5
Ni3;N/Ni foam 262 6
Niz;N/Ni@Niz;N 229 7
Co-Niz;N 270 8
FeOOH/Niz;N 244 9
NizN/NCs 190 10
Ptnanocluster@NizN 285 11
Ni;N/Ni,P/BP 247 12
Au-NizN 280 13

Co-NizN/CeF; 180 This work

Table 4.1 Table containing the OER activity Ce and NizN based reported catalyst

Poststability studies of catalyst were carried out using XPS and HRTEM analysis.For a
better understanding of the surface reconstruction of Co-NizN/CeF; after OER, Ar beam
XPS depth profiles are used to study the near-surface composition to provide further
insights (Figure 4.9 a). The surface of the catalyst was etched using continuous Ar
sputtering for 100 s. The XPS data were recorded before and after etching the surface of
Co-Ni3N/CeFs. In the highresolution XPS spectra of Ni2p (Figure 4.9b), we did not get
any peak for Ni-N bonding but after etching the surface Ni-N peak was observed in Ni2p

spectra.
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Figure 4.9. (a) Schematic showing the XPS depth profiling experiment. After stability analysis of
Co-NisN/CeF; XPS, high resolution XPS spectra of (b) Ni2p, (c) N1s, (d) Co2p, (e) Ce3d and (f)
F1s present in Co-NisN/CeF; before and after etching using Ar sputtering for 100s.

These results indicate that the surface of Ni3N was oxidized to form NiOOH during
OER. The surface reconstruction of NizN into NiOOH was previously studied in different
literature.**The intensity of the N1s peak was very weak on the surface, however after
etching, the intensity increases (Figure 4.9c). This also confirms the surface oxidation of
the Ni3sN. No significant change has been observed in the XPS spectra of Co, Ce and F
(Figure 4.9(d-f)). This study reveals that the CeF3 phase was retained in the catalyst and
nevertheless, the surface NisN was oxidized to NiOOH. The formation of NiOOH was
further confirmed using high resolution-TEM analysis. The HRTEM image of Co-
Ni3N/CeF3 (Figure 4.10) confirms the presence of NiOOH with the d-spacing of 0.24 nm
corresponding to the (100) plane of NiOOH and another fringe-width of 0.205 nm
corresponding to the (300) plane of CeF3.%
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Figure 4.10. HRTEM image of Co-Ni3N/CeF; after durability test showing the formation of
NiOOH over the catalyst surface

4.4 Conclusion

In conclusion, the Co-Ni3N/CeF; electrode was prepared by a two-step process. The high
electronegativity of fluorine atoms in CeF; facilitates the charge transfer from Ni and Co
to Ce and F. Furthermore, the strong interfacial interaction between Co-NisN and CeF3
increases the valence states of Ni and Co. The catalyst Co-NizN/CeF3; shows an ultralow
overpotential of 180 mV and is far superior to those of Co-Ni3N and CeFs. This value is
the lowest among the NisNbased compounds reported till date. The catalyst is highly
stable and studied for 120 h under the high current densities of 110 and 200 mA cm™
respectively. Post-stability studies using XPS depth profiling measurements reveal that
the surface Ni3N was further oxidizing to form NiOOH species and CeF3 remained stable
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after 120 h of stability. Achieving such nanostructures with appropriate engineering of
the interfaces would pave the future technology in energy conversion reactions.

Gaur, Ashish,Joel Mathew John, VikasPundir, RajdeepKaur, and VivekBagchi. "An
Electronegativity Induced Valence States Augmentation of Ni and Co through Electronic
Redistribution in Co-Ni3N/CeF3; for Oxygen Evolution Reaction™ Under minor revision

in ACS Applied Energy Materials.
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Augmenting the Ni-valence state in MnC0204-Ni3N and MnCo204@Co-Ni3N via interfacial
charge transfer for oxygen evolution reaction

Brief Outcome: Technologies for electrochemical conversion rely on the development of
novel electrocatalysts. In these processes, the oxygen evolution reaction (OER) plays a
critical role; it can be used in water splitting and metal-air batteries, for example. Herein
using interfacial interaction technique we formed the novel heterointerfaces of MnCo,0,-
NisN and MnCo,0,@Co-Ni3N over nickel foam. Electrodeposition technique was used
for the synthesis of Ni(OH), and Co-Ni(OH), nanosheets over the MnCo,0O, nanowire.
Further nitridation in the presence of ammonia produces the NisN and Co-NisN
nanosheets over the MnCo,0,4 nanowire scaffold. The MnCo,04-NisN heterostructure
shows excellent OER activity with the overpotential of 224 mV at 10 mA cm™ of current
density. The durability of the catalyst is also excellent with no change in current density
(100 mA cm™) even after 100 hr of stability. Whereas MnCo,04@Co-NisN is active for

overall water splitting with the cell volatage of 1.45V.
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5.1. Introduction

The most successful species on Earth, humans, have altered their surroundings, disrupting
billions of years of careful evolution. Humanity has created a vicious, unrelenting inertia
that will soon bring about a mass extinction, and the time left to respond is rapidly
diminishing. The enormous increase in the release of CO, has destabilised the fine
ecological equilibrium of the global eco-system. Since the petrochemical energy crisis
and environmental pollution concerns are only expected to grow worse, it is crucial to
create sustainable and green energy sources."? Because of its abundance and purity,
water is a great material for using in the electrolysis process that generates hydrogen
(H,).>* However, due to slow kinetics that involve several electron and proton exchanges,
the OER requires a rather large overpotential. The scarcity of certain pricey metals and
oxides, such as Pt, RuO,, and IrO,, makes them impractical to use as catalysts for the
hydrogen evolution process (HER) or the oxygen evolution reaction (OER).>®
Consequently, metal-free catalysts, Transition metal oxides, and other active, cheap, and
powerful electrocatalysts are needed.”*> Recent theoretical and experimental
investigations have already shown that NisN is a very intriguing material in this scenario,
since it has certain surface terminations and crystal facets that can provide optimal
energetics for water dissociation.”*** Different designs of metal nitride catalysts have
been developed in order to further increase the effectiveness of the water splitting activity
of metal nitrides such as NisN-NiMoN/CC, Ru/NisN—Ni and Co-NisN.***® In all these
materials Ni atom is having low oxidation state which makes it electron rich with the
completely filled eq orbital. However the activity of the Ni-based materials can be further
enhanced by the enhanced valence state of Ni atom. Higher valent metal atom can
tremendously enhance the OER by enhancing the rate of adsorption of intermediates
(OH",0" and OOH") on the active sites.® However, the activity of the Ni-containing
compounds would be greatly increased by combining Ni with other transition metals, as

they have lower eg-orbit filling.***
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Herein using interfacial interaction technique we formed the novel heterointerfaces of
MnCo0,04-NisN and MnCo,0,@Co-Ni3N over nickel foam. Electrodeposition technique
was used for the synthesis of Ni(OH), and Co-Ni(OH), nanosheets over the MnCo0,04
nanowire. Further nitridation in the presence of ammonia produces the NisN and Co-
NisN nanosheets over the MnCo,0, nanowire scaffold. The MnCo,04-NizN
heterostructure shows excellent OER activity with the overpotential of 224 mV at 10 mA
cm™ of current density. The durability of the catalyst is also excellent with no change in
current density (100 mA cm™) even after 100 hr of stability. Whereas MnC0,0,@Co-
NisN exhibit the overpotential of 52 and 170 mV at 10 and 20 mA cm™ of current
density. The cell potential was found to be 1.45 V which is lowest among the known
NisN based catalyst for water splitting reation. Charge transfer from Ni to Mn and Co
has been observed and characterized using X-ray photoelectron spectroscopy (XPS).
This charge transfer results in the augmentation of Ni-valence state and will leads to the
strong adsorption of OH™ ions which simultaneously increases the catalytic activity

towards oxygen evolution reaction (OER).

5.2. Experimental section
5.2.1. Materials

All chemicals are bought from various sources and used as it is. Manganese (II) chloride
tetrahydrate (MnCl,. 4H,O , 99.9%), Cobalt (II) nitrate hexahydrate (Co(NO3),.6H,0,
98%), Nickel (II) nitrate hexahydrate (Ni(NO;3), 6H,0, 98%), Ammonium fluoride
(NH4F, 99.9%), Urea (NH,CONH,, 99.5%), Nafion perfluorinated resin solution (5 wt. %
in mixture of lower aliphatic alcohols and water, contains 45% water ), Potassium
hydroxide pallet ( KOH ) and Ruthenium (IV) oxide (RuO;, 99.9% trace metal basis )
were purchased from sigma Aldrich. Nickel foam (NF) was purchased from Nanoshel. In

all the preparation, Milli Q water having conductivity of 0.056 uS/cm was used.
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5.2.2. Methodology
5.2.2.1. Synthesis of Catalyst
Catalyst synthesis section is subdivided into two major steps as per following description.

Synthesis of MnCo0,0, nanowire on NF: The NF was cleaned with 3M HCI solution
under ultrasonication and then washed with DI water and acetone to remove surface
grime and oxide coatings. The cleaned NF was divided into little pieces with a 1 cm X
1.5cm of cross section area. Hydrothermal method is used to grow nanowire of
MnCo,0,. Homogeneous solution of 0.280 g Co(NO3),-6H,0, 0.088 g MnCl,-4H,0,
0.068 g NH4F and 0.051 g urea were made using 5 ml of ethanol and 25 ml of DI water.
The aforesaid solution was placed to a Teflon-lined stainless steel autoclave, and one
piece of NF was placed in the autoclave. The autoclave was heated at 120°C for 12h. The
as synthesized MnCoLDH/NF was removed from autoclave and rinsed with ethanol and
DI water. After washing, the electrode was kept for drying at 60°C for overnight. Finally,
the as-prepared MnCoLDH/NF electrode was calcined in air for 2 hours at 400 °C to

form MnCo,0, over nickel foam.

Synthesis of MnCo,04-Ni3;N:

Nickel hydroxide nanosheets were electrodeposited over MnCo,0O4/NF. The fabrication
of Ni (OH), was done in three electrode setup where MnCo,04/NF, Ag/AgCl and Pt used
as a working, reference and counter electrode respectively. The electrolyte was made
using aqueous solution of 0.2 M Ni(NO3),.6H,0. The deposition potential was kept -2.0V
for 600 seconds. After this the deposition of Ni(OH), over MnCo0,04/NF was takes
place. This MnCo,04-Ni(OH), electrode was kept in furnace at 350°C for 2 h under
continuous ammonia flow. Ni(OH), transformed into the NisN sheets over MnCo,0,
nanowire. The as obtained MnCo0,04-NisN catalyst was washed with DI and ethanol

several times and used as a working electrode.
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Synthesis of MnCo0,04@Co-Ni3N:

Nickel hydroxide nanosheets were electrodeposited over MnCo,O4/NF. The fabrication
of Co-Ni (OH), was done in three electrode setup where MnCo,04/NF, Ag/AgCl and Pt
used as a working, reference and counter electrode respectively. The electrolyte was
made using aqueous solution of 0.2 M Ni(NOs),.6H,0 and 0.02M Co(NO3),.6H,0. The
deposition potential was kept -2.0V for 600 seconds. After this the deposition of Co-
Ni(OH), over MnCo0,04/NF was takes place. This MnCo0,0,@Co-Ni(OH), electrode was
kept in furnace at 350°C for 2 h under continuous ammonia flow. Co-Ni(OH),
transformed into the Co-NisN sheets over MnCo,0, nanowire. The as obtained
MnCo,0,@Co-Ni3N catalyst was washed with DI and ethanol several times and used as

a working electrode.
5.2.2.2. Physical characterization

The physical characterization of the as-prepared MnCo0,04-NisN and MnCo,0,@Co-
NisN was done using various techniques. First of all, bya Bruker Eco D8 ADVANCED X
powder X-ray diffractometer consisting of a Ni filter was used for its initial steps of
examination. The radiations of CuK (=1.5405, 40 KV and 25 mA) was used for the study.
The examination was done in the 26 range of 20°- 80° and step size of about 0.0020/step
was given. Scanning electron microscope from JEOL (JSM 17-300) was used for
studying the morphology of the catalyst. The energy-dispersive X-ray diffractometer
(Bruker) study was also done by the same scanning electron microscope. The complete
information about the structure of MnCo0,04-NisN and MnCo0,0,@Co-NisN and the
average particle size was measured by Transmission electron microscope (TEM) JEOL-
2100 which was operated at 200 KV. X-ray photoelectron spectroscopy (XPS) on ECSA:
220-IXL with MgKa is used for further investigation of elements. The MgKa used is

non-monochromated X-ray beam with photon energy 1253.6 eV.
5.2.2.3. Electrochemical measurements

All the electrochemical measurements were carried out in CHI 760E electrochemical

workstation. In the three-electrode system, saturated Ag/AgCI electrode is used as a
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reference electrode and graphite rod used as a counter electrode. Firstly, the prepared
electrode was used for taking all the polarization data at a scan rate 5 mV s™ in 1 M
KOH. After all the polarization data was collected, it was converted to Reversible
hydrogen electrode (RHE) by the use of equation Erne = Eagiagel + 0.197 + 0.059*pH.
For the calculation of Tafel slope, polarisation curves were again plotted, and the linear
region of Tafel plot was fitted to the Tafel equation i.e., 1 = b log(j) + a. The
electrochemical surface area (ECSA) was determined by the calculation of double layer
capacitance, in which CV scans of the as prepared electrode were taken at a scan rate of
20 to 200 mV/s in 1M KOH in non-faradaic potential range. when AJ = (Janodic-
Jcathodic)/2 was plotted against the scan rate at a potential of 1.08 V vs RHE and was
fitted linearly, it gave the value of double layer capacitance (Cq). The faradic efficiency
was calculated by taking the ratio of experimental and theoretical oxygen evolution in the

reaction.

6.3. Result and Discussion

MnCo.0_-Ni N MnCo,0 @Co-Ni,N
a MnCo,0, b T MnCo,0,
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Figure 5.1. (a) PXRD pattern of MnCo0,04-NisN and MnCo,0,@Co-NisN

The structural elucidation of MnCo,04-NisN and MnCo,0,@Co-NiszN was done by using
powder X-ray diffaraction analysis (PXRD). PXRD pattern of MnCo0,04-NisN and
MnCo,0,@Co-Ni3N is given in Figure 5.1(a) and 5.1(b). The peaks were matched with
the correpsong JCPDS data of MnCo0,0,-NizN.?#
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The morphological examination was done by scanning electron microscopy (SEM). The
nano-urchin like shape of MnCo,04 was observed these nano-urchins are having sharp
edges. Further the coating of NisN and Co-NigN was done over MnCo,0,4 and the very
fine coating of NigN and Co-NisN can be observed in SEM images. The SEM images of
MnCo,04-Ni3zN with elemental mapping is given in Figure 5.2 whereas the SEM images
of MnCo,0,@Co-NisN is provided in Figure 5.3.

Figure 5.2. (a), (b) and (c) MnCo,0, nanoflowers (d), () and (f) NisN coated MnCo0,0,
nanoflowers (g-i) SEM elemental mapping confirming the presence of all the elements

TEM image of rod shape MnCo,0, is shown in Figure 5.4(a). TEM images of MnCo0,0,-
NisN  show the formation of NisN nanosheets over MnCo,0, nanorods (Figure
5.4(b&c)). The formation of a heterointerface between NisN and MnCo,0, is confirmed
using HR-TEM analysis. HR-TEM images (Figure 5.4(d,e&f) confirm the presence of
MnCo,04 and NizN phases in the catalyst. Figure 5.4e shows the presence of MnCo0,0,
phase with the dspacing of 0.25 nm corresponds to the (311) crystal plane of MnCo,0,.
The presence of NizN was also confirmed with the d-spacing value of 0.21 corresponding
to (111) crystal planes of NisN (Figure 5.4f). From HR-TEM images we can observe the
formation of an interface between MnCo,0,4 and Ni3N.
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Figure 5.4. (a)MnCo,0, nanowires (b-c) NizN coated MnCo,0, nanowire (d-f) HRTEM image
showing the presence of MnCo,0, and NizN
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TEM image of rod shape MnCo,04 is shown in Figure 5.5(a). TEM images of
MnCo,0,@Co-NisN  show the formation of Co-NizN nanosheets over MnCo0,04
nanorods (Figure 5.5(b&c)). The formation of a heterointerface between Co-NizN and
MnCo,0, is confirmed using HR-TEM analysis. HR-TEM images (Figure 5.5(d,e&f)
confirm the presence of MnCo,04 and Ni3N phases in the catalyst. Figure 5.45e shows
the presence of MnCo,0,4 phase with the dspacing of 0.25 nm corresponds to the (311)
crystal plane of MnCo,0,4. The presence of NizN was also confirmed with the d-spacing
value of 0.21 corresponding to (111) crystal planes of NisN (Figure 5.5f). From HR-
TEM images we can observe the formation of an interface between MnCo,0, and Co-
Ni3N.

d

‘. d 021nm

NisN (111) /‘\'

MnCo 0, (311)

r S
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o
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Figure 5.5. (a) MnCo0,0, nanowires (b-c) NisN coated MnCo,0, nanowire (d-f) HRTEM image
showing the presence of MnCo,0, and NizN
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The catalytic performance of MnCo,04-NisN towards oxygen evolution reaction was
studied in three-electrode electrochemical setup and in general, 1M KOH solution was
used in the experiment, unless mentioned otherwise. The comparison of the catalytic
performance was done with MnCo,04, NisN, commercially available RuO, and bare
nickel foam. Notably, the MnCo,04-NisN catalyst demonstrated an excellent OER
activity that is far better than the commercially available RuO,. The overpotential of 224
mV (Figure 5.6a) was achieved for the catalyst which was far better than that of
individual MnCo,0,4 and NisN. The overpotential of 270 mV, 300 mV and 350 mV was
obtained for RuO;, MnCo,0,4 and NisN (Figure 5.6(b) The Tafel plot derived from the
polarisation curves (figure 5.6¢) shows the low Tafel slope value of 111 mV dec™ for
MnCo,04-NisN. This value is lower than that of NisN (142 mV dec™), RuO, (115 mV
dec and MnCo,04 (194 mV dec™). The lower Tafel slope value of MnCo,0,-NisN
suggests the fast OER kinetics as compared to the commercially available RuO,. The
charge transfer resistance was studied using electrochemical impedance spectroscopy to
identify strong interfacial contacts for faster electron transit across the electrode-
electrolyte interface. Figure 5.6d shows the Nyquist plot with the equivalent circuit used
for fitting the plot and obtained the desired parameters which significantly define a good
catalyst. Lower R value was obtained for MnCo,04-Ni3N catalyst which indicates a
rapid electron transfer and hence follows a superior OER kinetics. To precisely assess the
inherent OER activity of the reported catalyst, we evaluated the electrochemical Cgy of
the MnCo,0,4-Ni3N catalyst to compute their ECSA and normalized the resulting current
in comparison to MnCo,0,4 and NisN catalysts. The double-layer capacitance (Cdl) value
was calculated using cyclic voltammetry (CV) measurements carried out at different scan
rates (20-200 mVs™). The obtained Cq values are 30, 8.1 and 5.8 mF cm™ for MnC0,0.-
Ni3sN, NisN and MnCo,0, respectively (Figure 5.6e). The higher values of Cq indicate a
higher number of active sites present in MnCo,04-Ni3N. The faradic efficiency (Figure
5.6f) is estimated using the water-gas displacement technique, in which the estimated
faradic efficiency is the percentage of the ratio of the quantity of O, evolved empirically
to the amount of O, evolved theoretically. The faradic efficiency value for our catalyst is
97.3%.
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Figure 5.6. (a) polarization curve of MnCo,04-NisN and other supporting catalyst. (b)
overpotential value of all the catalyst at 10 mA cm™ of current density (c) tafel plot derived from
polarization curve (d) EIS nyquist plot of all the catalysts (e) double- layer capacitance value of
all the catalyst (f) faradic efficiency calculation using water displacement method (g) comparison
of MnCo0,04-NisN with recently reported NisN and MnCo,0, based highly active catalysts

The activity of the catalyst at 10 mA cm™ was also compared with the recently reported
NisN and MnCo,0, based catalysts. The overpotential of the catalyst was found to be
second highest among the recently repored NisN based catalyst. The stability of the
catalyst was checked by using chronoamperometry measurement and the electrode was
found to be stable for more than 100 h at higher current density of 100 mA cm™ also
(Figure 5.7) . No significant change in the current density was observed even after 100 h
of athility.
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Figure 5.7.Durability test of the catalyst using chronoamperometry

The catalytic performance of MnCo,0,@Co-NisN towards oxygen evolution reaction
was studied in three-electrode electrochemical setup and in general, 1M KOH solution
was used in the experiment, unless mentioned otherwise. The comparison of the catalytic
performance was done with MnCo,0,4, Co-Ni3N, commercially available RuO, and bare
nickel foam. Notably, the MnCo,04-NisN catalyst demonstrated an excellent OER
activity that is far better than the commercially available RuO,. The overpotential of 170
mV (Figure 5.8a) was achieved for the catalyst which was far better than that of
individual MnCo,0,4 and Co-Ni3N. The overpotential of 330 mV, 340 mV and 310 mV
was obtained for RuO,, MnCo,0, and Co-NizN (Figure 5.8(b) The charge transfer
resistance was studied using electrochemical impedance spectroscopy to identify strong
interfacial contacts for faster electron transit across the electrode-electrolyte interface.
Figure 5.8c shows the Nyquist plot with the equivalent circuit used for fitting the plot and
obtained the desired parameters which significantly define a good catalyst. Lower R
value was obtained for MnCo,04-Ni3N catalyst which indicates a rapid electron transfer
and hence follows a superior OER kinetics.
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Figure 5.8. (a) polarization curve of MnCo,0,@Co-NisN and other supporting catalyst. (b)
overpotential value of all the catalyst at 10 mA cm™ of current density (c) EIS nyquist plot of all
the catalysts

The stability of the catalyst was checked by chronoamperometry meanurement by

continuously running for 100 h (Figure 5.9) and no change has been observed in the

current density.
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Figure 5.9. Durability test of the catalyst using chronoamperometry

The catalytic performance of MnCo,0,@Co-NisN towards hydrogen evolution reaction
(HER) was studied in three-electrode electrochemical setup and in general, 1M KOH

solution was used in the experiment, unless mentioned otherwise.
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Figure 5.10. (a) polarization curve of MnCo,0,@Co-NisN and other supporting catalyst. (b)
overpotential value of all the catalyst at 10 mA cm™ of current density (c) EIS nyquist plot of all
the catalysts

The comparison of the catalytic performance was done with MnCo0,04, Co-Ni3N,
commercially available Pt/C and bare nickel foam. Notably, the MnCo,0,@Co-NizN
catalyst demonstrated an excellent HER activity that is far better than the commercially
available RuO,. The overpotential of 52 mV (Figure 5.10a) was achieved for the catalyst
which was far better than that of individual MnCo,0,4 and Co-Ni3N. The overpotential of
44 mV, 248 mV and 350 mV was obtained for Pt/C, MnCo,0,4 and Co-Ni3N (Figure
5.10(b) The charge transfer resistance was studied using electrochemical impedance
spectroscopy to identify strong interfacial contacts for faster electron transit across the
electrode-electrolyte interface.
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Figure 5.11. Durability test of the catalyst using chronoamperometry
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5.4. Conclusion

In conclusion we have formed two heterostructure MnCo,04-NisN and MnCo,0,@Co-
NisN over nickel foam. Electrodeposition technique was used for the synthesis of Ni(OH),
and Co-Ni(OH), nanosheets over the MnCo,04 nanowire. Further nitridation in the
presence of ammonia produces the NisN and Co-NisN nanosheets over the MnCo,0,
nanowire scaffold. The MnCo,04-NisN heterostructure shows excellent OER activity
with the overpotential of 224 mV at 10 mA cm™ of current density. The durability of the
catalyst is also excellent with no change in current density (100 mA cm™) even after 100
hr of stability. Whereas MnCo,0,@Co-Ni3N is active for overall water splitting with the
cell volatage of 1.45V.
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Ni-atom by enhanced inter-atomic charge
transfer within bimetallic 2-D MOF
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Curtailing the excess eg-orbital filling of Ni-atom by enhanced inter-atomic charge transfer
within bimetallic 2-D MOF nanoribbons for electrocatalytic oxygen evolution reaction

Brief Outcome: Electrochemical conversion technologies rely on the design and creation
of highly efficient electrocatalysts. The oxygen evolution reaction (OER), which has
applications in water splitting and metal-air batteries, is a crucial process in such
conversions. Herein,a bimetallic Co, Ni-based ultrathin metal-organic framework
nanoribbons (NiCo-NR) is reported for an efficient OER. It is proposed that in the
ultrathin MOF nanoribbons, the surface atoms (Co,Ni) are coordinatively unsaturated,
due to which, the inter-atomic electron transfer within the MOF makes more active
adsorption sites on the surface. Our findings showed that the coordinatively unsaturated
transition metal atoms are the dominant active sites and the electrocatalytic activity can
be tuned by the coupling interactions of Ni and Co metals. The excess eg-orbital filling of
Ni-atom which limits the electrocatalytic performance can be reduced by m-donation

from Ni to Co through the oxygen atom.
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6.1. Introduction

Humans, the most dominant species existing on the earth, have transformed the
environment, undermining billions of years of meticulous evolutionary processes.
Vicious unending inertia created by human activities is about to bring a Mass extinction,
with just a short window of time in which to act.' The astronomical increase in the
emission of CO; has destabilized the subtle ecological balance of the global eco-system.
Therefore, It is imperative to develop sustainable and green energy sources to deal with
the ever-increasing petrochemical energy crisis and environmental pollution challenges.”
Water is an excellent resource for producing high-quality hydrogen (H,) through water
electrolysis because it is clean and abundant on Earth.” However, the OER demands a
relatively high overpotential resulting fromsluggish kinetics that includes numerous
electron and proton exchanges.* * Ir/Ru-based oxides have been identified as the most
efficient OER catalysts. Nonetheless, the expensive price, paucity of reserves, and poor
stability of these precious metal-based electrocatalysts have prevented large-scale
commercial applications of the water electrolysis technique.® ’ Furthermore, substantial
overpotential to trigger the reaction reduces energy conversion efficiency and makes it
difficult to use in devices for practical applications. On the other hand, two-dimensional
(2D) nanomaterials like graphitic carbon nitride, transition-metal oxides, layered double
hydroxides and transition-metal dichalcogenidesexhibit distinct chemical and physical
properties.® *Their huge lateral size, atomic thickness, large specific surface area and high
surface-to-volume atom ratio make them suitable for a wide range of applications
including energy storage, electrocatalysis, electronics, sensors, and so on. These
intriguing features and broad uses have also fuelled researchers to fabricate 2D metal—
organic framework (MOF) nanosheets. Current findings on water splitting
electrocatalysts have also focused on increasing the activation and stability of MOF-
based electrocatalysts.'”'*Some of the unusual features of MOFsespecially, their
atomically distributed metal ions and coordinatively unsaturated metal sites can be used
as highly active electrocatalytic sites.'*'®Because of the high mass resistivity in their
micro-pores, it is difficult to entirely remove the solvent molecules from bulk MOFs to

displaybehavioural aspects of coordinatively unsaturated transition metal sites. MOFs
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prepared as 2D nanosheets have inherent advantages that are generally associated with
2D materials, such as highly exposed surface atoms and high specific surface area.'’
These facilitate the interaction between reactive intermediates and the catalyst surface.'™
1 Such distinctive features make the MOF perform better in oxygen evolution reactions
(OER), supercapacitors, hydrogen evolution reactions (HER), oxygen reduction reactions
(ORR), and eclectrochemical CO; reduction (ECR).Q’ 20-23 The production of 2D MOF
nanosheets, however, remains a substantialchallenge since MOF crystal growth should be
limited to a few nanometres in thickness without affecting lateral direction growth.® Ni-
based materials have gotten a lot of interest, as a result of their inexpensive cost and high
electrocatalytic performance including Nij;Se;nanoforest/NF, NiCo,04-Ni3S,/NF, NiP-
NiS and Ni-based MOFs.”**'Nevertheless, the OER activity of such Ni-based materials
is minimal, and their electrochemical performance deteriorated fast.”® The fundamental
cause for their inadequate activity is the excessive eg-orbital filling of nickel, which limits
OER performance. The problem can be circumvented by integrating nickel with other
metals which results in lowering of the Ni-e,-orbital filling, thereby significantly boosting
the activity of Ni-containing bimetal compounds. Herein we report a 2D bimetallic metal-
organic framework nanoribbons (NiCo-NR), which shows excellent oxygen evolution
reaction (OER) with an overpotential of 244 mV at a current density of 10 mA cm™and
exhibits aTafel slope value of 85 mV/dec. The low overpotential was considerably
lowered when Ni and Co atoms were coupled in the form of ultrathin nanoribbons. The
inter-atomic electron transfer from the e, orbital of Ni to the e, orbital of Co through an
oxygen atom, results in the attainment of a partially positive charge on the Ni atom,
making it more active for the adsorption of the intermediate involved in the OER. The
charge transfer process is explicitly explained using synchrotron radiation-based X-ray
absorption near-edge structure (XANES), extended X-ray absorption fine structure
(EXAFS), X-ray photoelectron spectroscopy (XPS) and is elucidated in the later section
of this article.
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6.2. Experimental section
6.2.1. Materials

All chemicals are bought from various sources and used as it is. Cobalt (II) chloride
hexahydrate (CoCl,.6H,O , 98%) , Nickel(Il) acetate tetrahydrate (Ni(OCOCHj3),4H,0,
98%) and nickel(Il) chloride hexahydrate (NiCl,-6H,O, 98%) were purchased from
sigma Aldrich. 1,4-benzenedicarboxylic acid ( CeHs-1,4(COOH), . 98%) ,N,N-
dimethylformamide anhydrous (HCON(CHs), , 99.5%) and Hexamethylenetetramine
(CeH12Ny4, 99.0%) were purchased from TCI chemicals. Nafion perfluorinated resin
solution (5 wt. % in mixture of lower aliphatic alcohols and water, contains 45% water ),
Potassium hydroxide pallet ( KOH ) and Ruthenium (IV) oxide (RuO,, 99.9% trace metal

basis ) were also purchased from sigma Aldrich.

6.2.2. Methodology

6.2.2.1. Synthesis of Catalyst

Catalyst synthesis section is subdivided into two major steps as per following description.

Step 1. Synthesis of NiCo(OH), nanosheets: The synthesis of NiCo(OH), nanosheets
was adapted from previous report with minor modifications. In a standard procedure,
CoCl;-6H,0 (1.0 mmol) and NiCl,-6H,0 (1.0 mmol) were firstly dissolved in 300 mL of
deionized water. Then 25 mmol of hexamethylenetetramine (HMT) was added into the
above solution. The solution was refluxed at 105°C for 5 hr with continuous stirring.
After that the solid product was obtained by centrifugation of the above solution at 7000
RPM. The obtained NiCo(OH), was washed with deionized water and ethanol several
times. The pure NiCo(OH), nanosheets were obtained by drying the above product at
60°C in Oven.

Step 2. Synthesis of NiCo-NR: The NiCo(OH), nanosheets (0.04 mmol) and 1,4
benzenedicarboxylic acid (0.042 mmol) were mixed together in a 40 mL capped vial with
15 mL N,N-dimethylformamide and 2 mL deionized water and stirred. The vial was then

heated to 60°C and kept at this temperature for 12 hours with continuous stirring. The
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light green NiCo-NR were obtained and washed with DMF and ethanol several times.
The nanoribbons were redispursed into the ethanol and used for further characterization

and electrocatalysis.

Synthesis of Co-NR: The Co-NR was produced by two step synthesis method. In the
first step the Co(OH), hydroxide nanosheets were synthesized while in the second step
the MOF nanoribbons were synthesized by using Co(OH)2 hydroxide nanosheets and
1,4-benzenedicaboxylic acid (BDC). The synthesis of Co(OH), nanosheets was adapted
from previous report with minor modifications.In a standard procedure, CoCl,-6H,0 (2
mmol) was firstly dissolved in 300 mL of deionized water. Then 50 mmol of
hexamethylenetetramine (HMT) was added into the above solution. The solution was
refluxed at 100°C for 1 hr with continuous stirring. After that the solid product was
obtained by centrifugation of the above solution at 7000 RPM. The obtained Co(OH),
was washed with deionized water and ethanol several times. The pure Co(OH),
nanosheets were obtained by drying the above product at 60°C in Oven. After that the
Co(OH), nanosheets (0.04 mmol) and 1,4 benzenedicarboxylic acid (0.042 mmol) were
mixed together in a 40 mL capped vial with 15 mL N,N-dimethylformamide and 2 mL
deionized water and stirred. The vial was then heated to 60°C and kept at this temperature
for 12 hours with continuous stirring. The light green Co-NR were obtained and washed
with DMF and ethanol several times. The nanoribbons were redispersed into the ethanol

and used for further characterization and electrocatalysis.

Synthesis of Ni-NR: The Ni-NR was produced by two step synthesis method. In the first
step the Ni(OH), hydroxide nanosheets were synthesized while in the second step the
MOF nanoribbons were synthesized by using Ni(OH)2 hydroxide nanosheets and 1,4-
benzenedicaboxylic acid (BDC). The synthesis of Ni(OH), nanosheets was adapted from
previous report with minor modifications.In a standard procedure, Ni(CH3COQ),-4H,0
(2.0 mmol) was dissolved in a 30.0 mL deionized water, and then 1.0 mL of 6.0 M
NH3-H,O was poured in drop by drop during magnetic stirring. The solution was then
sealed in a 30 mL Teflon autoclave and heated for 5 hours at 200 °C. A green suspension
resulted from the hydrothermal reaction were obtained by centrifuging at 7000rpm and

washing with deionized water for 3 times.The pure Ni(OH), nanosheets were obtained by
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drying the above product at 60°C in Oven. After that the Ni(OH), nanosheets (0.04
mmol) and 1,4 benzenedicarboxylic acid (0.042 mmol) were mixed together in a 40 mL
capped vial with 15 mL N,N-dimethylformamide and 2 mL deionized water and stirred.
The vial was then heated to 60°C and kept at this temperature for 12 hours with
continuous stirring. The light green Ni-NR were obtained and washed with DMF and
ethanol several times. The nanoribbons were redispersed into the ethanol and used for

further characterization and electrocatalysis.
6.2.2.2. Physical characterization

The Bruker Eco D8 ADVANCE X Powder X-ray diffractometer was used to investigate
the structural properties of NiCo-NR, Ni-NR and Co-NR.The diffractometer consists of a
Ni filter that provides Cu K radiation (= 1.54056, 40 kV, and 25 mA) in the 26 range of
5°-80° with a rise of 0.00190/step. The morphological examination of the nanoribbons
is performed using a JEOL JSM-7600F (FESEM) scanning electron microscope SEM
equipped with an energy-dispersive X-ray diffractometer (Bruker). Transmission electron
microscopy (TEM) JEOL-2100 operating at 200 kV was used to analyse the length and
breadth of the NiCo-NR, Ni-NR and Co-NR nanoribbons. X-Ray photoelectron (XPS)
spectroscopy was executed on a K-Alpha plus XPS system of Thermo Fisher Scientific
instruments in an ultrahigh vacuum chamber (7x10°® torr) using Al-Ko radiation (1486.6
eV). AFM imaging was done by using a Bruker multimode and scanning probe

microscope with TAP 150-AL-G cantilevers (budget sensor).
6.2.2.3. Electrochemical measurements

At a temperature of 25°C, all electrochemical measurements were performed on a CHI
760E electrochemical workstation. A graphite electrode serves as a counter electrode, and
a saturated Ag/AgCl electrode serves as a reference electrode in the traditional three-
electrode arrangement. The ink for coating graphitic strip electrodes was made by
dissolving 2 mg of the catalyst in 300uL of ethanol containing 10uL of 5% Nafion. The
mixture was sonicated for 120 minutes to create a homogenous suspension. Only 50 pL

of the fluid were deposited on graphitic strip electrodes and dried in vacuum. All of the
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polarisation data was obtained in 1 M KOH at a scan rate of 5 mV s™. Erue = Eagiager +
0.197 + 0.059xpH is the equation used to convert to a reversible hydrogen electrode. The
Tafel slope was determined by plotting the polarisation curve again and fitting the linear
portion of the Tafel plot to the Tafel equation (n = b log(j) + a). The elimination of
Ohmic drop was used to correct the iR, as stated by the equation Ncorrected = 1 — IRs, Where
Rs signifies the solution resistance. Electrochemical impedance spectroscopy (EIS) was
carried out at a frequency range of 1 to 100000 Hz with an overpotential of 200 mV. We
employed chronoamperometry with a 244 mV applied voltage for the stability study. The
double layer capacitance was determined using CV scans in a non-Faradaic potential
range of as-prepared catalyst electrodes in 1 M KOH at a scan rate of 10 to 100 mV/s for
the calculation of electrochemically active surface area ECSA study. Half of the
variations in current density (J = (Janodic-Jeathodic)) ShOwn against scan rate at a potential of
1.16 V versus RHE fit to a linear regression that allows the measurement of double layer
capacitance (Cdl). The faradic efficiency was calculated by dividing the experimental

oxygen evolution by the theoretical oxygen evolution.
6.3. Result and Discussion

The core metal ions in the MOFs have a crucial role in the reaction mechanism; hence,
appropriate metal ions is critical for the synthesis of a highly active MOF-based
electrocatalyst. The structural elucidation of the as-synthesized metal-organic framework
nanoribbons is done by using PXRD. The XRD peaks of the NiCo-NR (Figure 6.1(a)) are
consistent with the reported MOF (CCDC No. 638866, Cambridge Crystallographic Data
Centre).?’ The Ni-NR is also isostructural with the NiCo-NR. The structure of Co-NR is
also consistent with the reported Co-BDC MOF.*® The PXRD data of both Ni-NR and
Co-NR are discussed Figure 6.2.
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Figure 6.1. (a) PXRD spectra NiCo-NR with the simulated one (b) wide scan XPS spectra of
NiCo-NR (c) high resolution XPS spectra of Ni2p (d) Co2p (e) C1s and (f) Ols

The chemical valence state and surface composition of NiCo-NR are examined by X-ray

photoelectron spectroscopy (XPS) and are displayed in Figure 6.1. The survey spectra

(Figure 6.1(b)) confirm the presence of Co, Ni, C and O in NiCo-NR. The narrow scan
spectra of Ni 2p (Figure 6.1(c)) show four peaks at 856.3, 861.7, , 873.9 and 879.3 eV

attributed to the Ni?* oxidation state and one satellite peak respectively for the Ni 2pa»

and Ni 2py.
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Figure 6.2 (a) PXRD spectraof Co-NR and (b) Ni-NR
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Similarly four peaks were observed for high-resolution XPS spectra of Co2p respectively
at 781.5, 785.7, 797.4 and 802.8 eV attributed to the Co** oxidation state and one satellite
peak respectively for the Co 2ps, and Co 2py,. For Cls (figure 1e) three peaks appeared
at 284.8, 285.7, and 288.4 eV corresponding to C=C, C-0 and O-C=0 bonds respectively
which are present in BDC.* The high-resolution O1s show two peaks at 531.2 and 532
eV for the metal oxide and metal hydroxide linkage respectively.®® The XPS data
confirms the exact valence states of each elements present in NiCo-NR. We have also
performed a detailed XPS analysis of individual Ni-NR, Co-NR and NiCo(OH), to
investigate the change in the electronic structure (Information is provided in Figure 6.2,
6.4 and 6.5. The elemental percentage of each element present in the NiCo-NR revealed
that the elemental ratio of Ni and Co are almost equal. The table containing the
percentage value of all the elements in NiCo-NR is provided in Table 6.1. All the
parameters obtained from the deconvolution of all the catalyst is provided in Table 6.2,
6.3,6.4 & 6.5.
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Figure 6.3 (a) Wide scan XPS spectra of Ni-NR and (b) high resolution XPS spectra of Ni2p (c)

Clsand (d) O1s
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Co 3.1
Ni 2.9
C 52
o 33

Table 6.1. elemental percentage obtained from XPS analysis of NiCo-NR

Element Peak BE (eV) FWHM Area (%)
2p5, (Ni*2) 856.3 2.57 37.43
Ni 2 2ps, (Sat.) 861.7 5.23 29.35
P 2py/, (Ni*2) 873.9 2.85 18.06
2p,,(Sat.) 879.3 5.19 15.13
2p,,, (Co*?) 781.4 2.82 32.83
Coa 2ps, (Sat.) 785.7 6.54 34.78
P 2p,,, (Co*?) 797.4 2.75 16.50
2p,,,(Sat.) 802.8 5.86 15.88
c=C 284.8 1.45 58.17
C1ls Cc-0 285.7 2.09 27.91
0-C=0 288.4 1.50 13.91
01s Metal oxide 531.2 1.62 67.65
Metal hydroxide 532.0 2.76 32.34

Table 6.2 Peak parameters obtained from the XPS analysis of NiCo-NR
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Element Peak BE (eV) FWHM Area (%)
2ps,, (Ni*?) 855.6 4.35 46.66
Ni 2 2ps, (Sat.) 861.4 4.73 25.92
P 2p,,, (Ni*?) 873.2 3.94 15.35
2py, (Sat.) 879.5 5.01 12.04
C=C 284.8 2.21 72.69
C1ls C-0 286.7 1.11 4.38
0-C=0 288.5 2.59 22.9
01s Metal oxide 531.2 1.53 83.68
Absorbed water 532.4 2.03 16.31

Table 6.3 Peak parameters obtained from the XPS analysis of Ni-NR

Element Peak BE (eV) FWHM Area (%)
2ps), (Co*?) 781.7 2.52 24.07
Co 2 2ps;, (Sat.) 785.8 7.40 43.01
P 2p,, (Co™) 797.7 2.73 14.67
2p,/, (Sat.) 803.1 5.92 18.23
C=C 284.8 1.22 58.64
C1ls C-0 285.2 2.15 23.93
0-C=0 288.5 1.28 17.42
0 1s Metal oxide 531.1 1.48 78.83
Absorbed water 532.1 2.36 21.16

Table 6.4 Peak parameters obtained from the XPS analysis of Co-NR
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Element Peak BE (eV) FWHM Area (%)
2p5; (Ni*2) 856.1 2.23 21.23
2p5, (Ni*3) 858.7 2.37 15.72
Ni 2 2p3/, (Sat.) 862.4 6.81 40.81
P 2p, , (Ni*?) 873.7 2.28 8.25
2p,), (Ni*3) 875.7 2.75 8.67
2p,; (Sat.) 879.7 3.57 5.29
2p;; (Co*?) 782.1 3.85 41.92
2p3; (Co™) 785.2 4.12 12.89
Co2p 2p3/2(Sa‘5.2) 787.7 4.53 12.14
2p,/; (Co*?) 797.4 2.75 11.64
2py/; (Co™) 799.4 2.91 6.70
2p,, (Sat.) 803.6 5.15 14.6
Metal oxide 531.1 1.25 5.75
01s Metal hydroxide 531.6 1.89 51.13
Absorbed water 533.5 2.19 43.11

Table 6.5 Peak parameters obtained from the XPS analysis of NiCo(OH),

The morphological study of the catalyst was performed by using scanning electron
microscopy (SEM). The SEM images of the NiCo-NR catalyst with different
magnifications are depicted in figure 6.6 (a, b & c), confirming the nanoribbons-like
morphology. The micrographs shared in Figure 6.6(d & e) display the transmission
electron microscopy (TEM) analysis of NiCo-NR at different resolutions. The images
ratify the formation of NiCo-NR and also show that nanoribbons are very thin and
uniform throughout the length. The TEM images of individual Co-NR and Ni-NR
catalysts are provided in Figure 6.7 & 6.8. The percentage of exposed active surfaces is
determined by the thickness of NiCo-NR. The atomic force microscopy (AFM) shows the
emergence of the 2D nanoribbons in NiCo-NR (Figure 6.6f). The thickness of the
nanoribbons is varying between 2.6 to 3.6 nm possibly because of the minute overlapping
of the nanostructures. The thickness of NiCo(OH)2 nanosheets, Ni-NR and Co-NR were
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studied and the corresponding images are provided in Figure 6.9,6.10 &6.11. The
elemental mapping shows the even allocation of all the elements over the surface of
NiCo-NR (Figure 2 g-j). The elemental mapping for carbon is provided in Figure 6.12.

Figure 6.6. FESEM images of NiCo-NR with different magnifications (a) lum (b) 100 nm (c)
100nm. TEM images of NiCo-NR with different magnification (d) 100 nm (e) 200 nm (f) AFM
images with the corresponding height profile of NiCo-NR (g) image used for the elemental
mapping with the corresponding elements (h) Co (i) Ni and (j) O with the uniform distribution
over the catalyst surface.

Figure 6.7. TEM images of Co-NR at different magnification
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Figure 6.10. AFM image of Ni-NR with the corresponding height profile
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Figure 6.11. AFM image of Co-NR with the corresponding height profile
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Figure 6.12. elemental mapping for C present in NiCo-NR

The OER performance of the as-prepared catalysts was subsequently studied in an
aqueous electrolyte using a three electrode arrangement. All measurements were made at
25°C in 1M KOH. The polarisation curves of NiCo-NR, Ni-NR, Co-NR, and commercial
RuO; catalysts towards the OER performances in alkaline conditions are shown in Figure
6.13(a). The overpotential of 244, 290, 308 and 284 mV was obtained respectively for
NiCo-NR, Ni-NR, Co-NR and RuO at a current density of 10 mA cm™ .The NiCo-NR
catalyst shows OER activity way better than the Co-NR, RuO, and bare graphitic sheet
(GS).
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Figure 6.13. (a) Polarization curve of all the supporting catalyst (b) overpotential of all the
catalyst (c) Tafel slope of the corresponding catalysts obtained from the linear fitting of Tafel
equation (d) The Nyquist plot for the calculation of charge transfer resistance (e) double-layer
capacitance of all catalyst obtained from the CV curve in non-faradic region (f) faradaic
efficiency of catalyst calculated by the water displacement method.

The NiCo-NR catalyst outperforms RuO, at 10 mA cm and at high current densities,
demonstrating a high performance at all current densities. A comparison of the
overpotential among all the catalysts at a current density of 10 mA cm™ is shown in
Figure 6.13(b). To investigate more about the reaction's kinetics, we derived the Tafel
slope value by calculating the Tafel equation®* as shown in figure 6.13(c). The obtained
Tafel slope values are 85, 90, 138 and 212 mV/dec for NiCo-NR, RuO,, Ni-NR and Co-
NR respectively. The least Tafel slope value of NiCo-NR catalyst suggests an enhanced
rate of reaction compared to the commercially available RuO,. Figure 6.13d shows
Nyquist plot acquired at an applied overpotential of 200 mV. In addition to the solution

resistance, the fitted circuit contains two time-constant components, ‘R¢-CPEg, * and ‘Rp-
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CPE_’. A constant phase element (CPE) is an equivalent circuit constituent that simulates
the behaviour of a double-layer non-ideal capacitor. The charge transfer resistance (Rct,
6.75Q at 200 mV) was measured using an equivalent circuit, revealing strong interfacial
contacts promoting fast electron passage through the electrode/electrolyte interface. ‘Rp’
can be correlated to the resistance due to the surface porosity of the catalyst. The Rct
value for Ni-NR and Co-NR are slightly higher, indicating a slower charge transfer and
poor OER activity than that of NiCo-NR. The value of Rs and Rct of all the catalysts is
tabulated in ESI S7.2 Table S7. To determine the electrochemically active surface area
(ECSA), double-layer capacitance (Cq) of all the catalyst are determined by taking a
cyclic voltammetry curve in a non-faradic region. The obtained Cdl value (Figure
6.13(e)) of NiCo-NR, Ni-NR and CoNR is 14.9, 12.1 and 5.7 mF cm™ respectively. The
higher value of Cg indicates the presence of a higher number of active sites on the
catalyst surface. The cyclic voltammetry curve used for the calculation of Cg is given in
Figure 6.14. A durability test was performed by means of chronoamperometry at an
overpotential of 240 mV for 10 hours (Figure 6.15). Post-stability investigations such as
TEM and XPS reveal that the metallic nodes present in the metal-organic frameworks are
converted into the metal oxyhydroxide after the long- term durability test. The XPS data
is provided in Figure 6.16 & 6.17. The post-stability TEM images of the catalyst (Figure
6.18)show that the morphology of the ribbons remains as it after the oxyhydroxide
formation. The faradic efficiency (FE) was estimated using the water-gas displacement
technique (figure 6.13(f)), in which the estimated faradic efficiency is the percentage of
the overall ratio of the quantity of O, released to the quantity of O,-release predicted
theoretically. The FE value for NiCo-NR is 96.5%. The geometrical area normalised
OER activity of NiCo-NR is also compared to the electrochemically active surface area

(ECSA) normalised OER activity, and the results are available in the Figure 6.19.
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Figure 6.14. Cyclic voltammetry curve of (a) NiCo-NR (b) Co-NR and (c) Ni-NR in non-faradic
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Figure 6.15.Chronoamperometric study of the NiCo-NR at an overpotential of 240 mV. The
catalyst is stable up to 10 hr.
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Figure 6.16. wide scan spectra of NiCo-NR after durability test
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Figure 6.17. XPS narrow scan spectra of (a) Ni2p (b) Co2p (c) C1s and (d) O1s present in
NiCo-NR after durability test
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Figure 6.18. TEM and HRTEM images of NiCo-NR after stability showing the formation of
CoOOH and NiOOH species on the metal nodes.
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To understand, the disparity in the OER activity of NiCo-NR with respect to Ni-NR and
Co-NR, we dug deeper and focussed our study on the uniformly distributed alternative Ni
and Co metal centres, which are coordinatively unsaturated. X-ray absorption
spectroscopy (XAS) and high-resolution XPS of NiCoNR, Ni-NR, and Co-NR were
carried out to investigate the impact of coupling between the metal sites in NiCo-NR. The
synchrotron radiation-based X-ray absorption near-edge structure (XANES) spectra of
NiCo-NR, Ni-NR, NiO and Ni-foil are given in Figure 6.20(a). The absorption edge line
position of NiCo-NR is located at higher energy (Figure 6.20(b)) when compared to Ni-
NR confirming the electron transfer from Ni to Co. The Fourier transform (FT) k-
weighted EXAFS spectrum for Ni-K edge of the NiCo-NR (Figure 6.20(c)) catalytic
shows that the most prominent peak is at 1.6 and 2.7 A corresponds to the Ni-O
coordination. Similarly for Co-K edge spectra (Figure 6.20(d)) the absorption edge
position of NiCo-NR is located at lower energy (Figure 6.20(e)) than that of Co-NR
confirming that Co is gaining electrons form Ni. The Fourier transform k* - weighted
extended EXAFS spectrum for Co-K edge of the NiCo-NR (Figure 6.20(f)) catalytic
shows that the most prominent peak is at 1.51 A corresponds to the Co-O coordination.
The parameters used for fitting along with the fitted figures of Ni-Kedge and Co-Kedge is
given in Figure 6.21 & Table 6.22. The same background line setting was used for all the
catalysts to rule out the probable influence of the background line setting in order to
achieve reliable XPS findings. When compared, the peak of Ni 2p in NiCo-NR emerged
at higher binding energy than in Ni-NR (Figure 6.20(g)). The peak of Co2p in NiCo-NR,
on the other hand, emerged at a lower binding energy (Figure 6.20(h)) than the
corresponding Co-NR MOF. This indicates that additional electrons are move from Ni
sites to Co sites via the Ni-O-Co bonding, resulting in a considerable increase in Ni's
valence state. Additionally, their electronic configurations might shed some light on this
charge transfer phenomenon. In the high spin state, the electronic configuration of Co*" is
3d", so the II-symmetry tog-orbital is unsymmetrically filled with the unpaired electron.
These unpaired electrons can interact with the bridging ligands (0% ) through n-donation
(Figure 6.20(i)). Similarly, the high spin state electronic configuration of Ni?* is 3d® |,
where the n-symmetry tyg-orbital is symmetrically filled with zero unpaired electrons. In

this case, the electron-electron repulsion will take place between the fully filled (tag)
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orbital and the orbital of bridging ligands (O% ). However, in the case of NiCo-NR, the
coupling effect arises due to the Ni-O-Co linkage. The n-donation between Co®* and O%
is higher due to the repulsion between Ni** and O®. This situation actually drives the
electron transfer from Ni?* to Co® . Integrating the XPS results, it is inferred that the
presence of Ni and Co in the 2D MOF stimulated the transfer of electrons from Ni to Co

metal centers, leading to an enhancement in the OER performance.
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Figure 6.20. Structural characterizations of NiCo-NR, Co-NR and Ni-NR using XAS spectrocopy.
The normalized XANES spectra and the Fourier transform of EXAFS spectra at the Ni K-edge (a-
c¢) and Co K-edge (d-f). shift in the binding energy obtained from the XPS analysis of NiCo-NR

and Ni-NR (g) Ni2p3/2 (h) Co2p3/2 and (i) the scheme showing the electron transfer from Ni to
Covia O.
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Figure 6.21. Fitting of Ni-Kedge and Co-K edge using artemis
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Figure 6.22. Fitting parameters of Ni-Kedge and Co-Kedge EXAFS using NiCo-NR

6.4 Conclusion

In summary, we have shown a 2D bimetallic metal-organic framework nanoribbons
(NiCo-NR), which performs OER excellently well with an overpotential of 244 mV at a
current density of 10 mA cm™ , and exhibits a Tafel slope value of 85 mV/dec. The
reason for significantly low overpotential is the process of electron transfer from the
metal centers via ligands occurring in the nanoribbon MOF. The inter-atomic electron
transfer from the eg orbital of Ni to the eg orbital of Co through an oxygen atom, results
in the attainment of a partially positive charge on the Ni atom, making it more active for
the adsorption of the intermediate involved in the OER. The charge transfer process is
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explicitly explained using X-ray absorption spectroscopy (XAS) including synchrotron
radiation-based X-ray absorption near-edge structure (XANES), extended Xray

absorption finestructure (EXAFS) and X-ray photoelectron spectroscopy.

Gaur, Ashish, , Vikas Pundir, Rajdeep Kaur, and Vivek Bagchi. " Curtailing the excess
eg-orbital filling of Ni-atom by enhanced inter-atomic charge transfer within bimetallic
2-D MOF nanoribbons for electrocatalytic oxygen evolution reaction™ Under revision in

Journal of Materils Chemistry A.
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Conclusion

The many types of material that were synthesised for the purpose of electrocatalytic
oxygen and hydrogen generation using electrocatalysts produced from earth-
abundant transition metal based heterostructures are the subject of the thesis. The first
section of the thesis explains how energy is one of the most essential requirements of the
globe as well as a fundamental social necessity that is necessary in order to drive
economic expansion and civilise the development of human beings. It is common
knowledge that the services related to energy have a direct influence on our social and
physical success in terms of health care, educational opportunities, access to clean water,
and effective communication. In the current day and age, the most significant energy-
using industries, such as electricity, agriculture, and the contemporary culinary
technology and transportation systems, etc., are all dependent on energy to function.
When it comes to the amount of energy that is consumed, there is a significant
discrepancy between wealthy countries and developing ones. This is an unfortunate
reality. In the first portion of the thesis, a brief discussion is had regarding how it
impacts, as well as how its impact could be reduced. In addition, the thesis investigates
additional elements, such as how the distribution of energy, generation of energy, and
supply of energy to the final users influence people's means of subsistence in the context
of local, regional, and worldwide human development prospects. It discusses the ways in
which each one of the primary causes can have an effect on the evolution of humankind
as a whole. Once more, if we speak about the present day, the entire world is eager to
look for an energy source that is more effective, favourable to the environment, and long-
lasting. There are many various energy sources accessible, but we are primarily reliant on
fossil fuels, which bring with them the concomitant problem of climate change brought
on by the release of greenhouse gases. Several various energy sources are available. The
chapter 2 of this thesis explain the formation of heterointerface between Metal organic
framework derived N-doped carbon wrapped cobalt nanospheres. The catalyst
Co@NC@MoS; have a low overpotential of 297 mV vs RHE at 10 mA cm™ current
density. The catalysthas long term stability with a Tafel slope value of 70 mV dec™. A
chronoamperometric study for more than 10 hours does not show any significant change
in the current density of the catalyst. Moving forward in chapter 3 we discussed the

synergistic effect arrises from the formation of heterointerfaces between transition metal-
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oxide based compounds. This chapter was devided into three parts with different
heterostructures namely CuO-NiO, C0304-NiO and NiWO4-NiO. The catalyst CuO-
NiO/NF shows a low overpotential of 231 mV in driving a current density of 10 mA cm-
2 and exhibits a Tafel slope value of 100 mV/dec. The catalyst’s durability was measured
up to 20 hr using chronoamperometry technique. DFT calculations indicate the existence
of strong interfacial interactions which is further manifested in the XPS analysis. The
results obtained from DFT are also in line with the experimental data. Similarly, the fine
nanosheets of the Co2-BDC(OH), was first uniformly grown oven the honeycomb-like
structure of nickel foam (NF). After controlled calcination of these nanosheets/NF
composite, a uniformly decorated, binder-free Co304-NiO/NF electrocatalyst was
synthesized. The transformation of Co0,-BDC(OH)/NF into Co0304-NiO/NF is
characterized by employing several techniques such as powder X-ray diffraction
(PXRD), X-ray photoelectron spectroscopy and Transmission electron microscopy, etc.
The catalyst exhibits a low overpotential of 311 mV vs. RHE at 10 mA c¢cm-2 current
density. The catalyst also displays long term stability (24 h) with a Tafel slope value of
90 mV dec™. The obtained experimental results are also in-line with the theoretical data
acquired from the model systems. NiWO4-NiO has superior HER activity in alkaline (1M
KOH) electrolyte with modest overpotential of 71 mV at 10 mA cm™ current density. The
catalyst is highly stable in an alkaline medium and negligible change was observed in the
overpotential after 10,000 cycles upto 100 hrs. This study explores a unique method for
high-performance hydrogen generation by constructing transition metal-oxides
heterojunction. The XPS studie sreveal an electronic redistribution driven by charge
transfer through the NiWO,-NiO interface. The density functional theory (DFT)
calculations show that the NiWO,-NiO exhibits a Pt-like activity with the hydrogen
Gibbs free energy (AGy*) value of 0.06 eV compared to the Pt(AGy*=-0.02eV). Moving
forward we formed the heterostructure between metal nitride and metal fluoride in
chapter 4 which shows an extremely low overpotential of 180 mV at a current density of
10 mA cm? for OER application. The Co-NisN/CeFs catalyst also shows strong
interfacial interaction causing significant electronic redistribution between Co-NisN and
CeF; phases. XPS studies reveal the charge transfer from Co-NisN to the CeF; phase

resulting in the augmentation in the valence states of Co and Ni making them highly
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active sites for the adsorption of intermediates (O*, OH*, HOO*). This phenomenon is
possibly driven by the high polarity of CeF3 due to the presence of highly electronegative
F atoms. The stability study of the catalyst was performed for 120 h at large current
densities of 110 and 200 mA cm™. The detailed analysis of the surface reconstruction of
Co-Ni3N/CeFs; is also carried out after a long-term stability test. This work offers a fresh
look at the possibilities of the design and fabrication of an efficient and low-cost catalyst.
In this thesis we also worked on the heterostructure of transition metal oxide with
transition metal nitride. The MnCo0,04-NisN heterostructure shows excellent OER
activity with the overpotential of 224 mV at 10 mA cm™ of current density. The
durability of the catalyst is also excellent with no change in current density (100 mA cm’
%) even after 100 hr of stability. Whereas MnC0,0,@Co-NisN is active for overall water
splitting with the cell volatage of 1.45V. In last we worked on pristine metal-organic
framework for oxygen evolution reaction. It is proposed that in the ultrathin MOF
nanoribbons, the surface atoms (Co,Ni) are coordinatively unsaturated, due to which, the
inter-atomic electron transfer within the MOF makes more active adsorption sites on the
surface. Our findings showed that the coordinatively unsaturated transition metal atoms
are the dominant active sites and the electrocatalytic activity can be tuned by the coupling
interactions of Ni and Co metals. The excess eg-orbital filling of Ni-atom which limits
the electrocatalytic performance can be reduced by n-donation from Ni to Co through the

oxygen atom.
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