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SYNOPSIS

ABSTRACT

The rising energy demands and the overuse of fossil fuels have deteriorated the environment to
such an extent that a huge dependency is created on renewable sources of energy. One of the
major destruction of using these fossil fuels is elevated CO, levels and ocean acidification which
has created an unsafe environment for human beings and other living organisms *. The ultimate
solution to this problem is to bring renewable sources of energy like solar energy, wind energy,
etc. into usage. Although these forms of energies have somewhat succeeded in solving the
existing issues related to energy but still they fail to deliver satisfactory performance due to
problems associated with their inefficient technologies, availability of sources, and geographical
errors. Hydrogen is an excellent fuel that can replace fossil fuels. It is a clean fuel and
contributes least to the emission of greenhouse gasses *. Currently, steam reforming and coal
gasification are two developed industrial techniques used majorly production of hydrogen. The
main loopholes of these techniques are firstly they produce low-quality hydrogen and
secondarily they are dependent on deteriorating fossil fuels > ®. Therefore a new strategy should
be looked upon for the production of hydrogen using a simple, eco-friendly, and efficient
approach. Electrochemical Water splitting is one such method that produces a pure quality of
hydrogen using water as a raw material. Hydrogen evolution reaction and oxygen evolution
reaction are two important half-cell reactions of electrochemical water splitting. Nobel metal-
based catalysts based on Pt and Pd are considered as state of art catalysts for hydrogen evolution
reaction due to optimum binding energy and highest exchange current density in acidic as well as
alkaline medium. But high cost and scarcity of these metals limit their applications on large
scale. Therefore new materials based on non-noble metals which are abundant in nature should
be designed and synthesized to replace the high-cost noble metals catalysts for hydrogen
evolution reaction. Oxygen evolution reaction on the other hand is a more complex process as
compared to hydrogen evolution reaction. The kinetic barrier associated with each step raises the
overall potential required for driving the reaction. The oxides, hydroxides of Ir, Ru, and Rh are
the most popular and efficient catalysts for oxygen evolution reaction yet their applicability is
restricted due to their high cost.. Thus it is highly desirable to synthesize new catalytic materials

based on non-noble metals and their composites for both oxygen evolution reaction and

xviii



hydrogen evolution reaction that show superior activity comparable to benchmark catalyst as
well as good stability when used for longer durations. Carbon supports based on graphene and its
derivatives are considered integral parts of these catalytic systems. They play an important role
in holding the nanoparticles together as well as serve the purpose of activity enhancers either by

boosting the interaction or participating in the reaction mechanism.

Based on the above concerns the present thesis is dedicated to the synthesis and fabrication of
new catalytic nanomaterial for oxygen evolution reaction and hydrogen evolution reaction both
based on metal oxides, hydroxides, metal nitrides, and phosphides of earth-abundant non-noble
metals. It also focuses on devising a new methodology for the synthesis of reduced graphene
oxide using a unique approach as compared to traditionally available chemical reduction and

mechanical exfoliation methods.
The detailed outcome of each project is briefly summarized chapter-wise subsequently.
Chapter 1: Introduction

This chapter covers the background behind the origin of the problem, mechanistic aspects of the
designed issue, a detailed literature analysis, and evaluating criteria for designing the new

catalytic materials.
Chapter 2: Materials and Method

This chapter contains a brief description of various chemicals, methodologies, and processes
involved in the synthesis and fabrication of catalytic materials. The elaborative details of
materials and protocols involved in the synthesis of individual catalysts are discussed in
respective chapters. The techniques used for the characterization of materials are also discussed

subsequently.

Chapter 3: Environmentally Benign Metal-Free Reduction of GO Using Molecular

Hydrogen: A Mechanistic Insight.

In this chapter, we report a simple methodology to synthesize RGO under hydrogen in THF,
which can be scaled up effortlessly without compromising the quality of the product ‘. The
extent of reduction reaches a maximum at a pressure of 40 bars at 180 °C. The reaction was
carried out in a stainless steel pressure vessel, resulting in excellent quality RGO. The method of

Xix



extraction is very facile and imparts zero impurity, and hence, no purification is needed after
reduction. The hydrogen reduced RGO (HRGO) achieves a C/O ratio higher than 11.3 and the
ID/IG ratio obtained higher than 1.6. A detailed theoretical calculation reveals the possibility of
the formation of solvated electrons in such a reaction, which is shown for the first time. A two-
way approach was attempted to understand and detect the reactive intermediate responsible for
such GO to RGO reduction. The first approach involved the use of a probe substrate in the same
reaction condition. The second approach was to monitor the reaction mixture during the progress
of the reaction using a UV—visible spectrophotometer connected to the reactor. DFT calculation
directly correlating with the experimental results was performed to evaluate the electronic
structure and properties of solvated electrons for the anionic, solvated, and neutral forms of THF.
We hypothesized that the transient species is the solvated electron in THF. In the presence of
suspended GO in THF at high pressure, H, generates H" and ~. The generated e— undergoes a
different non-equilibrium relaxation process. It could reduce neutral THF to [THF] . The other
possibility is that the generated electron could be solvated by THF solvent molecules. Here, we
would like to emphasize that the electron is a fundamental quantum particle, and thus any
classical picture of solvation (e.g., ions solvated in water) will certainly not hold. Rather, it is an
additional electron that loosely bounds with multiple THF molecules and none of these solvents
(THF) molecules that form the solvation shell can have exclusive access to that additional
electron. Such special sharing of an electron between the THF molecules provides additional
stability to be detected as the transient species.

Chapter 4: Ultrathin Co304 Nanosheets wrapped Mesoporous TiO, for oxygen evolution

reaction.

In this chapter, a hybrid nanostructure with Mesoporous TiO, embedded on Co3O, Nanosheet
was developed for Oxygen evolution reaction. The integration of Mesoporous TiO, with Co304
interfaces indeed accelerates OER activity even in absence of any carbonaceous components.
The heterostructure shows an OER activity with an overpotential of 340 mV at 10 mA/cm? with
the long-term stability of 40000 Seconds. The electrochemical active surface area (ECSA) also
indicates a higher activity for TiO,@Co30,4. The low Tafel slope obtained in the case of catalyst
i.e. 70 mV/dec indicates faster reaction kinetics. The catalyst also displays high turnover

frequency and high faradaic efficiency justifying the superiority of the catalyst.

XX



Chapter 5: Self-Supported COVW, 5 LDH as a Catalyst for Hydrogen Evolution Reaction
in Alkaline Medium.

In this chapter, self-supported COVW 25 LDH Nanosheets on Ni foam were synthesized using a
simple one-pot precipitation method and used as a catalyst for alkaline hydrogen evolution
reaction. On incorporation of tungsten into the CoVLDH, there is a significant improvement in
the activity as over potential decreases to 127 mv from 200 mV. Moreover, the catalyst has a low
value of Tafel slope indicating faster kinetics which is also reflected by a low value of charge
transfer resistance. The catalyst was also found to be stable for 20 hours at a current density of

10 mA/cm? and 15 hours at a current density of 50 mA/cm?,

XXi



Chapter 1

Introduction






1. Introduction

1.1 Energy crisis and the importance of Renewable energy

During the past few decades energy has been a hardcore backbone of economic growth,
globalization, and development. It is one such key component on which the progress of
various technological innovations is largely dependent. There is an annual increase of 2.3 %
in energy consumption around the global world. The fossil fuels based on coal and petroleum
amount to 86.4 % of the energy requirement of the world as per the information by EIA
(2010) * 2. Various conventional energy sources mainly fossil fuels have dominated the
market and enjoyed popularity during this period. It has been further estimated that by 2020
the consumption of fossil fuels will be around 3.3 terawatts and is expected to increase
further with the same projection for oil, natural gas, and coal ® in coming years. The
continuous use of these sources for meeting the energy requirements causes adverse effects
on ecology making the environment unsuitable for both humans and organisms. The most
severe and negative impact of these fossil fuels is that they are the major participant in
releasing greenhouse gasses and causing global warming. On average 21.3 billion tons of
carbon dioxide emissions are reported per year by the combustion of fossil fuels and the
natural processes such as photosynthesis can absorb only half of the liberated amount thereby
projecting an increase of 10.65 billion tons of carbon dioxide * °. Such uncontrolled rise in
COs;, levels over the years has huge impact on the earth’s atmosphere as well as on human life
and endangering many species. One such big consequence of rising CO, levels is the
acidification of oceans which has come into the picture recently in a Royal society meeting
and report ®. Carbon dioxide and resulting ocean acidification are estimated to rise due to no
curb on unchecked carbon emissions and climate mutations. Due to the continuous and
unstoppable use of fossil fuels, the reservoirs of fossil fuels are diminishing rapidly making
researchers and scientists all over the global world think of some other alternative sources of
energy that can take up this challenge of replacing the major producers of energy. Renewable
sources of energy are the emerging candidates which can provide solutions to multiple
problems such as carbon emission, environmental degradation, and deteriorating fossil fuel
reservoirs. Infinite and long-lasting supplies are the two main features of renewable sources
of energy making them the most admirable candidates for solving the energy crisis. They are
the cleaner sources of energy that cause minimum harm to the environment as compared to
conventional fossil fuels. The major investments in the case of renewable energy sources are

done on materials, manpower, and maintenance excluding the expenditure done on importing




energy. The success of renewable energy is largely dependent on the availability of the
source but it can be beneficial and cost-effective after the development of the technology and
the associated infrastructure . Wind energy is one form of renewable energy which shows
zero dependence on fossil fuels. It is an emission-free technology that does not carry the risk
of causing any harmful effects on the environment. According to the report submitted by the
world energy commission, 600 tons of CO, emissions can be clogged by using 1 million kWh
of wind energy. The input of energy spent on installation of a wind plant is compensated by
the amount of energy gained in the plant making it highly sustainable ®. Solar energy is one of
the biggest and everlasting source of energy which bears an enormous potential to fulfil the
energy demands as compared to geothermal and biomass because of the availability of
geothermal sources at fewer locations and lesser stock of biomass in nature * *°. The earth's
surface almost receives 4 million exajoules (1EJ= 10 *® J) of energy out of which 5 X 10 * EJ
is easily harvestable ™. Despite this, the contribution of solar energy to the global energy
supply is very little. Moreover, the intensity of solar radiation reaching the earth's surface is
greatly mutated by the climate and geographical variation thereby decreasing its efficiency.
Although there are numerous ideas and methods to utilize the available renewable energy
sources Yet they fail to accomplish the goals assigned to them due to inefficient technologies
and geographical errors. Therefore there is an urgent need to discover new ways and

technologies which can dig out maximum energy from the available energy resources.
1.2 Hydrogen as a fuel

Hydrogen as a fuel is a blooming candidate which can take up this challenge and solve the
problems associated with the energy crisis and environmental degradation. It is one of the
lightest elements and is present in ample amounts on earth. After the amendment of the
energy policy act 1992, hydrogen flourished as a clean fuel. It has come into the picture due
to its properties such as eco-friendly behavior, low volumetric density, higher efficiency, and
easy production *2. It is considered a green fuel because of its least contribution to global
warming. It finds numerous applications in the industry sector as well as transport systems.
As an energy source, the benefit of hydrogen can be taken with the help of fuel cell
technologies. Easy Accessibility of Hydrogen due to vast production pathways using various
renewable as well as non-renewable sources as shown in Fig below and a wide area of its
applications has made it as popular as electricity. This creates a fight and comparison

between different energy sources to deliver on commercial-scale platforms.
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Fig 1.1: Production of Hydrogen using various renewable and non-renewable sources. Image

reproduced from ref 3

The peculiar feature which promotes and recommends the use of hydrogen as a fuel is

summarized by the editor of the international journal of hydrogen energy who carries the

specialization in hydrogen technology and energy summarized that ** *°

o Hydrogen is the ultimate source that can be made easily available to consumers in the
easiest way.

o It can be converted into other forms of energy through various conversion approaches.

o It is an endless source because it can be easily obtained by electrolysis of water.

o The burning of hydrogen does not produce any pollutant emissions.

o It has the highest gravimetric density when compared with other fuels.

o It can be conveniently stored in the form of gas at high and low pressure, liquid
hydrogen and trapped in the form of hydrides

o It can be easily transported either in native form or any of the forms discussed above.

o It is one of the main reactants in hydrogen-based fuel cells which carry efficiency of

almost 60 % *°.

As compared to fossil fuels hydrogen is renewable and does not cause any harm to the
environment. It has a great potential as fuel to solve energy-related issues in the coming era.
The various properties of hydrogen and other fuels are discussed below in the table which
proves the reliability of hydrogen as an energy carrier 1" *2. It could be easily confirmed from




the below table that hydrogen has the highest energy/per unit mass among all the available
conventional fuels. On combustion, it produces water vapours making the carbon emission
zero. Moreover, it has a high energy conversion factor. All these factors make hydrogen to be
considered as most superior fuel. In the present times although the hydrogen fuel technology
seems to be less effective due to improvisations in the technologies related to it still it carries
the fact that it could be a real and effective solution in fulfilling the demand for cleaner
energy sources. It can also be believed that hydrogen can replace fossil fuels completely and
become the most renowned and utmost source of cleaner and eco-friendly energy source in

the future *°.

Table 1.1: Properties of various fuels along with hydrogen.

Fuel Energy/Mass(unit Energy/VVolume Carbon
JIKg) (IIm®) emission
Liquid 141.90 10.10 0.00
hydrogen
Hydrogen 141.90 0.013 0.00
gas
Gasoline 47.40 34.85 0.86
Coal 30.00 0.50
Natural Gas 50.00 0.04 0.46
Bio diesel 37.00 33 0.50
Fuel Qil 45.50 45.50 0.84

On practical terms, the success and progress of hydrogen fuel technology are still affected by
some particular issues related to production and storage such as:

> Hydrogen burns in the presence of air which raises operational safety concerns.

> The storage of hydrogen in liquid is a big challenge because a very low temperature is

required for converting it into liquid form.
> High cost of technologies and processes involved.

> Heavy investments are required in transportation and distribution facilities to ensure

the availability of hydrogen to the consumer.




Presently major percentage of hydrogen (around 96%) is produced by well-established
technology. i.e. steam reforming which uses natural gas as a source. It is a well-renowned
method for commercial hydrogen production. But the main loophole of this methodology is
that it produces low purity hydrogen as well as it is highly dependent on the rapidly declining
fossil fuels beds '°. Coal gasification is another important industrial method deployed for the
production of hydrogen. The presence of CO, along with hydrogen after the completion of
processes reflects a serious threat to the environment questioning its sustainable behaviour .
Some other methods used for the production of hydrogen are electrolysis, wind, solar, and
biomass which are still developing and struggling at the initial stages. Thus a new, highly
efficient and cost-effective policy should be implemented for H, production. Electrochemical
Water splitting has recently emerged as the finest method to produce hydrogen in high purity
due to some salient features such as readily available water as a starting material, no emission
of harmful greenhouse gases and most importantly high efficiency #. Alternatively, the water
splitting can also be aided by some renewable sources of energy such as wind, solar energy,
etc. Thus it can be conquered here that the hydrogen economy can be boosted by clubbing

renewable energy sources and electrochemical water splitting as represented below.
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Fig 1.2: Representation of pathway for the transmission of the hydrogen by clubbing

renewable sources and water splitting. Image reproduced from ref %

1.3 Electrochemical Water splitting

The first report of water splitting was made by Adriaan Paets van Troostwijk and Jan

Rudolph Deiman in Haarlem, The Netherlands, in the year 1789 2. In their experiment, they




used the electrostatic machine invented by Martinus van Marum and applied the potential
difference between two gold electrodes in a leyden jar. They observed the evolution of gasses
on both the electrodes which were identified as hydrogen and oxygen respectively. After
many years it became an integral part of strategies for tackling the world energy crisis.
Having an edge over other known ways and means Electrocatalytic water splitting appears to
be fruitful till the issues related to cost and energy efficiency gathered huge attention.
Primarily the efficiency can be enhanced by discovering new catalytic materials which can
split water with minimum energy input and maximum efficiency. In the early stages of water
electrolysis precious metals and their oxides such as Pt, RuO, and IrO, were used to catalyse
the reactions taking place at the electrodes which exaggerated the cost. This particular
challenge can be addressed by using non-precious and earth-abundant metals as active
materials. Over the few years, the hiked prices of electricity have somewhat delayed the
production of hydrogen using electrolysis. This issue can be solved by making the use of big

energy reservoirs present in the environment naturally for driving the electrolysis process.
1.3.1 Mechanism of Water Splitting

Electrochemical water splitting is a redox reaction that proceeds with the help of two half-cell
reactions named as the Hydrogen evolution reaction taking place at the cathode and the
oxygen evolution reaction taking place at the anode. Usually, the water-splitting reaction is
either carried in an acidic medium or alkaline medium. The corresponding reactions in both

the mediums are shown below #*.

Overall reaction

2H,0 —> 2H,+ 0,

In acidic electrolyte

Atcathode: 2H"+2¢ — H, E =0V

Atanode: 2H,0 —> 0O,+4H" +4e E =1.23V

In alkaline electrolyte

Cathode: 4H,0 +2¢ —> 2H,+40H E=-0.83V




Atanode: 40OH — 0O, + H,0 + 4¢” E =-040V

Irrespective of the medium of the electrolyte used the thermodynamic potential of water
splitting is 1.23 V at 25 °C and 1 atm.

However, practically a potential higher than the thermodynamic potential is applied to drive
this reaction. The excess potential (also called over potential 1) is applied to get rid of
inherent barriers appearing on both the electrodes and in the form of contact and solution

resistances. Therefore the exact and real operational potential is represented as
Eop: 123 V+T]a+nc+nother

From the above equation, it can be inferred that declining the overpotential would be an

important step in making the water-splitting reaction energy efficient.
1.3.2 Hydrogen Evolution Reaction

Hydrogen evolution reaction is a two-electron process taking place at the surface of the

cathode using two different mechanisms as shown in the scheme below ** %.

It proceeds
with three well-defined steps in the acidic medium whereas the path is still uncertain in the
alkaline medium. Experimentally fate of the mechanism which will be followed is disclosed

by the value of Tafel slope 2”8

The first step which is the Volmer step is common in both the mechanisms. In this step, a

proton is reduced and adsorbed on the catalyst by the transfer of one electron.
H"+e — Has Volmerstep (1)

The Tafel slope for this step is given by the equation

2.303 RT

b= 57

~ 120 mV/dec

Where R stands is the universal gas constant, T is the temperature and F is faraday’s constant.

After the completion of the Volmer step, the next step is decided based on Hags coverage. If
their high coverage of adsorbed hydrogen on the catalyst surface then two of the adsorbed
hydrogen atoms combine chemically to liberate the hydrogen gas molecule. This reaction is

known as the Tafel reaction and the Tafel slope, in this case, is given as




2.303RT
2F

b= ~ 30 mV/dec

In the reverse case if the catalyst surface is not able to hold a large number of adsorbed
hydrogen on the surface leading to low coverage and exposure of vacant active sites then the
adsorbed H atom will combine with a proton and electron simultaneously to evolve H, gas
molecule. This reaction is named as Heyrovsky reaction and the corresponding Tafel slope is

2.303 RT

= ) ~ 40 mV/dec

In the alkaline medium, the mechanism of hydrogen evolution reaction is not well defined. It
is slightly slower due to its dependence on the deprotonation of hydroxide ions taking place
on the anodic side which directly affects the supply of protons on the cathodic side. More
protons formed after deprotonation combines with free hydroxide ions in the alkaline medium

making it more difficult for the Hydrogen evolution reaction to proceed.
H,O+e  — Has+ OH  Volmer step
H,0 + e + Hys— Ho+OH Heyrovsky step
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Fig 1.3: Mechanism of Hydrogen evolution reaction in acidic and alkaline medium. Image

reproduced from ref #°

Since in both the mechanisms the adsorption of hydrogen intermediate is the primary step
thus the hydrogen-absorbing tendency is the core thing that needs to be carefully assessed




while studying the hydrogen evolving capability of any material. It is usually parameterized
using the Gibbs free energy (AGy ags) Of hydrogen adsorption. An ideal catalyst should have a
value close to zero because if the value is too low then there will be poor interactions
between protons and the electrode surface while a very high value will inhibit the desorption
of hydrogen molecules from the surface due to strong interactions. Based on the experimental
data obtained from DFT calculations for various metals volcano plot (AGuags VS l0g Jo) is

plotted which gives more elaborative and deeper information about the HER activities of a

wide range of metals both in the acidic and alkaline medium shown in Fig below ** 3",
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Fig 1.4: Volcano plots for HER in (a) acidic medium and (b) alkaline medium. Image

reproduced from ref %32

From the volcano plot, it can be observed that Pt is positioned at the top of the plot and it can
be placed in the category of eminent catalyst for HER in both the medium because of its
optimum binding energy and highest exchange current density. On contrary, the activity of
HER in alkaline media is not convincing as in acidic medium *. This originates from the fact
that the progress of the reaction is slowed down by the water dissociation step which declines
the reaction rate. While rationalizing the design of the electrocatalyst it should be kept in
mind that the catalyst should have the binding affinities for both hydrogen and dissociating
water intermediates. The high cost and scarcity of noble metals limit their practicability on a
larger scale. This has ignited the search for a new non-noble metal-based catalyst that can
take up the challenge of replacing platinum-based catalyst. In the category of non-noble metal
catalysts, various catalytic materials have been explored which include metal sulfides, metal

carbides, metal nitrides, metal phosphides, and double layer hydroxides.

1.3.3 Oxygen Evolution Reaction




It is the counter-reaction four-electron process taking place at the anode. It has a more
complex story as compared to the Hydrogen Evolution reaction. The kinetics in both the
medium of electrolytes vary significantly. In the year 1969, a review article was published by
Matsumoto and Sato13 Matsumoto 3 where all the OER mechanisms reported for both the
electrolyte mediums are discussed. Out of them, the most widely and highly accepted

pathways are oxide and electrochemical oxide pathways as represented in Fig below.

Oxide pathway Oxide pathway

A+ OH (ag) - A-OH +e-

A +H,0 - A-OH + H*(aq) + e- A-OH + OH" (aq) & A-O + H,0r
A-OH >A-0 + H*(aq) + e-
2A-0- 2A+ 0, (g)

2A-0>2A+0
2(€) Where S stands for catalytic

Where S stands for catalytic site site
Electrochemical oxide pathway Electrochemical oxide pathway
A +H,0 - A-OH + H*(aq) + e- A +OH (aq) - A-OH +e-
2A-OH 5>A-0+S +H,0 2A-OH > A-0+H,0+S
2A-0-> 2A + 0, (g) 2A-0-> 2A + 0, (g)
Where S stands for catalytic site Where S stands for catalytic site

Fig 1.5: Mechanism of oxygen evolution reaction in acidic and alkaline medium

The primary step in all of them is the coordination of a hydroxide ion with the active site on
the catalyst surface. Here it is important to visualize that in the acidic medium the water
molecule is oxidized to oxygen gas molecule and hydrogen ion and in a basic and neutral
electrolyte medium, the hydroxide ion present in the electrolyte is converted to oxygen
molecule and water. The kinetic hurdle associated with each step raises the potential required
to execute the reaction which indirectly increases the energy required to execute the reaction.
The catalytic materials for OER mainly include oxides, and hydroxides, therefore, volcano

plots for the broad range of oxides are obtained using the difference between the free energy
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of O* and OH* intermediate for predicting the OER activity using AGo — AGoy as an ideal
descriptor for most of the oxides and hydroxides. This can be experimentally shown by

Sabatier-based volcano relationship as shown in Fig below.

AGy, .-AGy , JeV—

Fig 1.6: Volcano plot for OER

The catalyst surfaces to which oxygen binds too weakly, intermediates fail to react and the
potential is hurdled by the oxidation of hydroxide intermediate whereas in the reverse case
where intermediates adhere strongly the driving potential is lifted by the formation of OOH*,
RuO;, IrO,, RhO, etc. are some of the metal oxides which are able to appear at the top of the
volcano plot due to optimal binding strength thus proving their superior activity for OER *.

They are also considered benchmark catalysts for Oxygen evolution reaction.

Besides this, another perilous factor of consideration is the selective adsorption of ions from
the electrolyte can block the catalytic active sites which will further the performance of the
catalyst material *. One of the recently highlighted issues in water electrolysis is the
wettability of the electrode surface. Formation of hydrogen and oxygen results in the
formation of gas bubbles that adhere to the electrode surface and block the active sites unless
they are detached from the surface themselves. This can be avoided by detaching the bubbles
mechanically by stirring the electrolyte solution and increasing the hydrophobicity of the
catalytic material *®. Optimizing the pore size and surface area can also be an effective

method of minimizing the bubble growth and accelerating the detachment of bubbles *
1.4 Characteristics of a Good Electrocatalyst

Certain parameters are considered vital for analyzing the activities of the catalyst which are

discussed in detail below.
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1)

Overpotential (n): An electrochemical reaction is always driven by a certain driving
force in the form of applied potential. But whenever the reaction is carried out in the
real experimental conditions then some additional driving force called overpotential
needs to be applied to drive that reaction * *. Both HER and OER experience three
types of Kinetic barriers which give rise to three types of overpotential which are
listed concentration overpotential, activation potential and the potential due to
uncompensated resistance at the interface. The activation potential is directly linked to
the efficiency of the catalyst. It can be removed by choosing a highly active material
as a catalyst. Concentration potential arises due to the concentration difference of
reactants and products in the bulk electrolyte and the interface due to delayed mass
transport as the cell reaction proceeds. This can be rectified by stirring the solution.
There is always some resistance at the surfaces and the interfaces of the measurement
systems which causes an unavoidable voltage drop that adds to the measured value
making it higher than the actual value. It can be corrected by doing an IR correction
that is available in many workstations. Before reporting the values of overpotential for
any catalyst it should always be iR corrected. In the hydrogen evolution reaction
which has much simpler and faster kinetics the activation potential known as onset
overpotential is an important tool %2, This can be easily calculated with the help of the
polarization curve which is obtained by plotting overpotential versus current density.
Oxygen evolution reaction on other hand requires a couple of more factors for
calculating the overpotential due to its complex and sluggish Kkinetics. As already
discussed in the mechanism adopted by oxygen evolution reaction after the
elementary step in which a water molecule coordinates in acidic medium and
hydroxide ion coordinates in an alkaline medium a series of steps are followed. Each
of these steps has definite kinetic hindrances that contribute in the overall activation
over potential of the catalyst. Moreover with the variation in the catalyst their will
huge variation in the kinetics of these materials due to differences in the adsorption
tendencies of the intermediates involved with the different catalyst surfaces.
Nowadays overpotential at fixed current density of 10ma/cm? is used as a chief factor
for accessing the performance of the catalyst rather than onset potential for both of
reactions > . In some special cases, the overpotential obtained at higher current
density values such as 50 mA/cm? and 100 mA/cm? are reported “> . This happens
when the redox peak falls in the potential window of gas evolution or the catalyst
shows a very high current density reaching greater than 500 mA/cm? Lower is the
value of overpotential at a particular current density more superior will be the catalyst.
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2) Tafel slope and Exchange Current Density: Another set of important information
about the catalyst is attained from Tafel plot analysis in the form of two physical
considerations i.e. Tafel slope and exchange current density ** “?. Tafel plot is plotted
between logarithmic value current density (log j) and the overpotential (). The linear

portion of the above plot gives the Tafel slope according to the equation
n=a+blogj
Here 1 is overpotential, b is Tafel slope and j is the current density

The kinetic rate and type of mechanism followed are elucidated with the help of the Tafel
slope. A lower value always reflects the superiority of the catalyst due to its faster kinetics.

After extrapolating the Tafel plot on a logarithmic scale at equilibrium potential that is at zero
overpotential exchange current density is obtained. Usually, for the Tafel plot, the
polarization curve is recorded at a slow scan rate. A lower scan rate sometimes leads to
inaccurate values of exchange current density as in the case of capacitive materials. Secondly
even after recoding the polarization curves at the lowest scan rate inaccuracy in the
measurement of the Tafel slope still exists due to ohmic drop. To resolve this issue a new

method was brought into the picture by Hu and co-workers

using electrochemical
impedance spectroscopy. Nyquist plot at different potentials is obtained. After simulation and
fitting of the obtained impedance curves with a circuit the values of charge transfer resistance
are obtained and the slope of the plot of log Rct vs 1) is estimated which gives a more accurate
and reliable value of the Tafel slope. Depending on the conditions and catalyst any of the
methods can be used for determining the Tafel slope. Since hydrogen evolution displays
similar kinetics for almost every type of catalyst thus a direct correlation between exchange
current density and onset potential exists. Overall in the nutshell, it can be formulated that
Tafel slope, exchange current density/onset overpotential are the main steps for HER where
the catalyst should always be on top, and for OER since the kinetics is strongly affected by
the type of catalyst and pH of the electrolyte medium Tafel slope and overpotential at fixed

current density are the main deciding factors.

3) Stability: Anything that is not able to maintain its originality after a certain time is of
no use. This thing is also applicable in the case of catalysts. Though a catalyst can be
highly active by providing an efficient pathway for the reaction it can lose its quality

if it is not able to sustain itself in the long durations. Thus it should be emphasized
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4)

that a good catalyst should always have high stability no matter what may be the
experimental conditions. Different techniques are used for doing the stability studies
of the catalyst such as cyclic voltammetry or linear sweep voltammetry and
chronoamperometry or chronopotentiometry. For HER usually, CV or LSV curves are
recorded for several thousands of cycles and after the completion difference in the
onset cathodic potential and overpotential at 10 mA/cm? is noted. The durability of
the catalyst is reflected if there is a minute difference between the two. The number
of cycles for OER is limited to a few thousand. In recent reports, it has been observed
that stability under a fixed potential or fixed current density for the time of several
hours is a new tool for ensuring the stability of the catalyst. If the catalyst resists any
large change in the current density and overpotential at 10 mA/cm? for an extended
duration then it easily justifies its catalytic efficiency in all aspects

Faradaic Efficiency: Faradaic efficiency is defined as the competence of the
electrocatalyst to push the electrons provided by the external potential across the
interface barrier to the redox species involved in a particular electrochemical reaction.
There are two sets of methods used for determining the faradaic efficiency #*. The
first method is the electrochemical method based on the RRDE technique and is
typically applicable for oxygen evolution reactions. It is considered one of the
accurate methods when the OER catalyst has two or more redox species in the
working potential window or the catalyst can promote some other unwanted side
electrochemical reactions. The electrocatalyst is coated on a Rotating ring disc
electrode having a glassy carbon disc and Platinum ring. The potential window is set
within OER limits at the disc side and constant potential for ORR is applied at the Pt

ring. The faradaic efficiency is calculated as per the equations ** *.

FE=Irnp/Ipnr NcL

Ir : current at the ring

np: no of electrons transferred at disc

ng: no electrons transferred at the ring

Ip: current at disc

Ncy : collection efficiency of RRDE used
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Collection efficiency is either known for the particular electrode or it can be estimated
experimentally by collecting the data for standard Ferro/ferric redox couple at varying
rotations. The second method is a widely used method both for HER and OER. Quantitatively
the amount of gasses involved is calculated by integration either from chronoamperometric or
chronopotentiometry analysis. The quantification, of the gasses involved practically using

three different ways that are:

1) Water displacement method
2) Gas chromatography

3) Spectroscopic technique

The spectroscopic method is used in only those cases where the oxygen is excited to singlet
state from triplet state and shows fluorescence. The amount of oxygen evolved can be
directly correlated with the fluorescence intensity. The remaining two methods can be used
depending on the resources available and catalyst material. Finally, the ratio of the amount of
oxygen involved theoretically as well as experimentally gives what we call faradaic

efficiency.

5) Turn Over Frequency: TOF is defined as no of molecules reacted at every catalytic
active spot per unit time. It tells the inherent activity of the active site. It is calculated

as per equation “®#’

TOoF = 214
aFN

J is current density at defined overpotential from the LSV curve, A is the geometric area of
the working electrode, « is the electron number of the catalyst, F is the Faraday constant of
96485.3 C /mol,n is the moles (mol) of covered metal atoms on the electrode. For
heterogeneous catalysis, it is ambiguous to know the exact value of TOF for reaction
particularly taking place at the surface of the electrode. The rational approach for this is to
consider the involvement of only surface atoms or easily available active regions. Sometimes
the value of TOF is calculated by assuming the participation of all active sites irrespective of
the fact that they all are either equally /partially accessible or inaccessible. Besides the
inaccuracy in the experimental or estimated value, TOF is calculated to have an awareness of

catalytically active hotspots in the catalytic system.
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6) Mass activity and specific activity: Mass activity and specific activity are two last
things that are also important while evaluating catalyst performance. When the current
is normalized with the loading of the catalyst on the electrode it is termed mass
activity (A/g) and when it is normalized with electrochemical surface area (ESCA) or
BET surface area it is called specific activity (A/cm?). They are also defined in
particular over potential. Both of these normalization methods have their own merits
and demerits which are as follows. Depending on the nature of the catalyst any of the

methods can be applied for normalization.

Table 1.2: Different methods of normalization

Method of

normalization

Merits

Demerits

Geometric

surface area

Widely and commonly
used approach.
Easy comparison with

reported literature

Does not give accurate results.
The geometric area of the electrode is not
exactly equal to the area of the catalyst

involved

ECSA

Reflects the actual and
intrinsic activity of the
catalyst.

It is highly sensitive to
the loading of material

It is difficult to determine ECSA
accurately.

Existence of inaccuracies between
different methods used for estimating

ESCA such as CV and Impedance

BET
surface

area

Easiest method because
of the easy
determination of the
BET surface area of
the catalyst.

Highly accurate in case

of porous materials

Does not reflect the real activity of the
catalyst

Not all pores available in the catalyst are
electrochemically  participating in the

electrochemical reaction

Thus it can be concluded here that of all the parameters discussed above three of them which
are Tafel slope, overpotential and stability are highly essential for judging the catalyst
performance. It is also very interesting to note here that there is an in-built relation between

all of these constraints which will be helpful in analyzing the overall performance of the
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catalyst e.g. a polarization curve can give information both about current density and
overpotential, information about Tafel slope and exchange current density can be
simultaneously extracted with the help of Tafel equation, and turn over frequency can be
correlated to overpotential and current density. Apart from this Electrochemical surface area
is another important tool for a catalyst to show its efficacy. Till now the researchers have
studied the activity of various catalysts at a particular pH but now it has been crucial to make
such catalysts that can successfully catalyze the reaction with great efficiencies at the almost
entire range of pH.

1.5 Understanding the importance of Heterostructures in Electrocatalysis

The active materials deployed to catalyze the assigned reactions often face difficulty due to
agglomeration. They are usually decorated on 3D conductive commercial substrates such as
Carbon cloth, Nickel foam, Titanium mesh, etc. They expose a large number of active sites
due to three-dimensional architecture and also behave as good current collectors. Difficulties
are faced while calculating the actual activity of the catalyst because neither the mass loading
nor the surface area is precisely known. Now the focus has been shifted to nanostructured
template decorated heterostructure materials like graphene, CNTs, C3N,4, RGO etc. This kind
of template material firstly provides the confinement zones which help in the formation of
well-defined nanostructures and secondarily the presence of dopants can tune the electronic
structure of carbonaceous supports which overall makes the catalyst more active. This belief
has been successful in creating many efficient catalysts for hydrogen evolution reactions such
as FeP/graphene *®, MoSe@ RGO *°, WS,/RGO *°, and P doped WN@RGO °'and CoP@NS
doped RGO “2tc.

Owing to their moderate binding energies all types of transition metal sulfides deliver good
performances in hydrogen evolution reaction but when they are employed to form
heterostructures they outshine as highly active catalysts for HER. Due to the synergistic
effect and fast electron transfer among the different components of metal sulfides huge
improvement in the activity is observed. Geo et al prepared CoSe,/ MoS, > heterostructure
which delivers very good performance with an overpotential of just 75mV and Tafel slope 36
mV/dec much close to the commercial Pt/C. Another composite based on CoSe/MoSe **

shows fine performance for alkaline hydrogen evolution reaction with the overpotential of
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218 mV. The progress in this class of materials is still going on to produce more efficient

catalysts.

Moving on to other categories of heterostructures based on transition metal phosphides which
also have excelled as good hydrogen evolution catalysts. Transition metal phosphides are the
compounds of transition metal with the phosphorous atom. Almost all transition metals tend
to form phosphides. They are divided into two categories one are metal-rich and the others
are phosphorous-rich phosphides. The phosphorous atom being electronegative attracts the
protons and thus promotes the hydrogen evolution. In the year 2015 Liu’s group did DST
calculations and found that the energy profile of HER on Ni,P (001) surface resembles that of
platinum proving that Ni,P is a highly proficient catalyst for hydrogen evolution reaction *.
After this Zhang et al carried out a detailed experimental study and discovered that
nanoporous FeP is showing exceptionally good catalytic activity for HER. All these initial
findings have inaugurated a platform for the development of new catalysts based on TMPS.
Thus the thought of pairing TMP with other conductive and catalytic materials will be
beneficial due to improved conductivities and abundant availability of active sites. For e.g.
3D self-supported NisP4-Ni,P Nanosheet arrays on nickel foam were designed by Wang et al
*® This composite shows high activity because of the synergistic effect between two phases
of phosphides as well as the highly positively charged Ni atom and strong affinity of protons
due to the P atom. Similarly, another combination of Ni,P sheets on CoP wires assembled on
Carbon cloth shows impressive performance with an overpotential of 55 mV and Tafel slope
of 48 mV/dec >’

Transition metal oxides have not shown any worthy performances for hydrogen evolution
catalysis as transition metal phosphides and sulphides do due to the absence of active sites
having a high affinity for protons and many of them lack adequate stability in the acidic
environment due to corrosion. But few of the oxides-based heterostructures have shown good
performances by overcoming these difficulties. A material composite based on MoS, &
MoOs needs an overpotential of 250 mV for attaining a current density of 10 mA/cm? and
was found to be stable for almost 10000 cycles . In another case, M0S,/MoO, composite
synthesized by Yang et al group requires an overpotential of 240 mV with a Tafel slope of
76.1 mV/dec *°. Many more improvisation is still needed to level up the activities of oxides-
based heterostructures since many of the oxides does not bear good electrical conductivities
and their tendency of getting corroded makes them a bad candidate as per the stability criteria

of the catalyst is concerned.
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Lately, it has been perceived that heterostructures based on double-layer hydroxides have
also joined the race of developing an efficient catalyst for both acidic and alkaline hydrogen
evolution reactions. They aid the water dissociation step which is the main reason of concern
in the alkaline medium as per the latest reports. Almost in all kinds of reports, it has been
studied theoretically as well as experimentally that they boost the activity of almost every
type of catalytic material when used in the form of a composite material with them. They also
work as a base to decorate the active species on the surface. Ni and Co-based double-layer
hydroxides in combination with various transition metal ions such as V, Fe, Mn, Cu, Zn, etc.
have shown their superiority in the water oxidation reaction. It has been noticed that poor
conductivity and the limited number of active sites of these hydroxides have been huge
hurdles in diminishing the activities of these types of catalysts. Thus different types of

strategies are employed to enhance the activities.
1.6 Literature survey

Particularly for hydrogen evolution reaction Pt-based catalyst and for oxygen evolution
reaction Ru and Ir based catalyst are considered as the most reliable and favorite catalysts but
their popularity is often degraded by high cost and stability problems thus it has become
mandatory to think and divert the approach towards non-noble metal-based catalyst for both
the catalysis A lot of work has been published in recent tenure of few years that inspires us to
change the tactic applied in developing and fabricating the new materials for catalysis

applications. An overview of these findings has been discussed below in the table

Table 1.3 Showing recent literature studies

270 mV 65.8 1 M KOH HER 60
237 mV 73.8 0.5 H,SO,
105 mV 124 1M KOH HER o1
mV/dec
169 mvV 79 mV/dec 0.5 H,SO, HER 62
123 mV 62 mV/dec 1M KOH HER 63
157 mV 55 mV/dec 0.5 H,SO, HER o4
154 mV 68mV/dec 1M KOH
168 mV 69.5 mV 1M KOH OER 6
/dec
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40 mV/dec
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mV/dec
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1.7 Aim of the thesis

After going through the scenario of energy requirements, the importance of renewable
sources of energy, and the commercialization of sustainable technologies there is utmost need
to develop non-noble metal-based catalytic systems based on both oxygen evolution reaction
and hydrogen evolution reaction which can replace the benchmark catalysts. Thus we aim to
design and fabricate new nanomaterials which can superiorly catalyze the Electrocatalytic
reactions and can maintain their performance throughout all the working conditions. Though
we find a huge number of reports the foremost thing that needs to be understood here is that
the methodology adopted for the synthesis of materials should be simple, cost-effective, and
not time-consuming. Based upon all the considerations we have synthesized catalytic
materials both for HER and OER based on elements such as Co, W, Ti, and V. Also by
keeping in mind the importance of reduced graphene oxide as an integral support system for
decorating nanomaterials and boosting activity we have devised a new and innovative method
to synthesize reduced graphene oxide and did a systematic study both mechanistically as well

as theoretically to have a deep understanding.

Chapter 3: This chapter covers the synthesis of reduced graphene oxide using a new strategy.
Here the reduction of graphene oxide to reduced graphene oxide proceeds with the help of a

solvated electron whose existence was proved theoretically for the first time.

Chapter 4: It involves the construction of a heterostructure based on TiO, and Co3O,4 for
oxygen evolution reaction. This work has highlighted the activity of titanium oxide for OER
applications and opened new directions where the titanium oxide can be explored further by

forming heterostructures with other metal oxides or hydroxides.

Chapter 5: This chapter is about the application of W doped CoV LDH that shows a great
performance for alkaline hydrogen evolution reaction.
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Chapter 2

Materials and Methods






2.1. Chemicals and Reagents used in experimental work

Chemical /Reagent Company
Cobalt Nitrate Hexahydrate CDH
(Co(NOs),.6H,0)

Titanium Isopropoxide Sigma
Ti [OCH(CHz).]4

Ammonium Metavanadate Himedia
(NH,VO5)

Cobalt chloride Loba Chemie
Melamine Loba Chemie
(C3HeNe)

Urea Avra
(NH,CONH,)

Sodium hydroxide Loba Chemie
Ammonia Emparta
(NHy)

Sodium Borohydride Avra
(NaBH,)

Ethanol Honey Well
(CoHsOH)

N, N- Dimethylformamide CDH
(CsH,NO)

Tetrahydrofuran Himedia
(CH2),0

Hydrochloric acid Himedia
(HCI)

Graphite flakes Sigma
Potassium Permanganate Merck
KMnO4

Diethyl Ether Merck
(CZHS)ZO

Hydrogen Per Oxide Merck
(H207)

Nafion Perfluorinated resin in (5 % Sigma

lower aliphatic alcohols and 15-20 %

water)

28




2.2 Synthesis Methods

The methods used for synthesis in this thesis are:

1. Hydrothermal and Solvothermal process
2. Calcination process
3. Solvothermal process at high temperature and pressure using High-pressure reactor.

2.2.1 Hydrothermal and Solvothermal Process

Material science is a new field that requires constant development in the processes and the
methodologies used for the synthesis of new materials with the processes which require low
energy, simple protocols, and cause less pollution * 2. Inorganic materials were synthesized
by three types of methods which are solid phase, liquid phase, and gas-phase * . Each one of

them has its pros and cons as discussed below in Fig 2.1.

A

Solid phase method
(i) They give high yields and can be easily scaled up for industrial processes .

(ii) They require large equipments and it is difficult to have a control on the morphology and particle size at
some point of time.

Liquid phase methods
(i) They include hydrothermal/solvorthermal methods, sol gel and precipitation methods .

(ii) Easy to operate , simple equipments and good control on size and structure of materials.

Gas phase methods
(i) They involve methods based on evaporation/condensation , vapor phase reactions .

(ii)The product obtained is highly pure , bears good uniformity and even very small size particle grain can
easily be obtained .

(iii) It faces some difficulties on large scale such as big quipments and large quantity of solvents .

Fig 2.1: Comparison of solid phase, liquid phase, and gas-phase methods

Hydrothermal/solvothermal method is one such method that has been constantly attaining
attention in recent years. Initially, this method was limitedly used in the manufacturing
processes of ores from nature but slowly and steadily it has found a suitable place in many

important branches of science such as material, chemistry, physics, etc. For making this
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technique more economical and practical it has been hybridized with electric field,
microwave ® " which has improved the reaction kinetics to a large extent thereby reducing the
time duration. It has been now widely used in the synthesis of inorganic materials. The
beauty of this is that it provides control on crystal size, and morphology just by changing the
experimental conditions such as pH, solvent, temperature, time, and varying ratios of starting

ingredients, etc.
2.2.2 Details of Hydrothermal method

Hydrothermal method was used by the geologists previously for the formation of some rocks
and minerals but later on, it was also applied for the growth of single crystals and powdered
samples. In this method, the reactants are heated in a closed sealed vessel to create high
temperature and pressure conditions on heating. This vessel is called a hydrothermal bomb
which consists of a steel jacket and a Teflon container Fig 2.2 (a). When the reacting
materials are heated at high temperature and pressure the density of ionic products, the
viscosity of solvents used, and ionic products are subjected to huge variations thereby
increasing the solubility and reactivity of the participating reactant molecules which are
supposed to be unreactive or insoluble at room temperature conditions ® °. This facilitates the
formation of a variety of inorganic ceramic materials at low temperatures which are difficult
to synthesize in simpler conditions. The sequence of steps involved in a typical hydrothermal

synthesis are discussed in Fig 2.2(b)

Collecting the product after completion of the reaction followed
by centrifugation and drying of the product.

Fig 2.2: (a) Hydrothermal vessel (b) Details of steps involved in hydrothermal synthesis.

Both hydrothermal and solvothermal are commonly used methods in inorganic synthesis.
Both of them involve a similar strategy but the only difference between the two is that in
hydrothermal the reaction is carried out in water solvent whereas in solvothermal it is done in
a non-aqueous solvent. It has been witnessed during the hydrothermal reactions that some of

the compounds are not soluble in water even when the reactions are performed at high
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temperatures. To enhance the activity in those situations some additional substances called
mineralizers are added to the reaction mixture to raise the solubility and promote the crystal
growth. These substances are usually acids, bases, and salts >*%. The advantages of these

mineralizers are:
o They elevate the activity of solute and modify the solubility coefficient.

o They tend to form complexes with crystalline substances which can catalyse the

growth and nucleation rates.

o They can also direct the growth of nucleation sites in a particular direction or planes
giving rise to different morphologies of the same inorganic material.

The Hydrothermal reaction can be divided into various categories as discussed below

Fig 2.3
Purpose of the reaction
eLow temperature Ordinary hydrothermal method *Growth of single crystals.
eSupercritical eSpecial hydrothermal method *Growth of inorganic
which uses additional fields such funutional materials.
electric current, microwave with e Carrying out organic
the hydrothermal system reactions.

Fig 2.3: Categories of Hydrothermal reaction.
2.2.3 Calcination process

Calcination is a process of heating inorganic materials in the presence of air which causes
thermal decomposition, phase transition, or removal of a volatile component. This has
become a major step in the synthesis of a large number of oxide materials. The product
obtained after calcination usually consist of small crystallite particles. As it removes the
volatile component from the calcined product it can promote the development of cracks and
cause sintering also. Mostly the oxides materials with high purity and suitable characteristics
are obtained by the calcination of their crystalline/amorphous oxides, carbonates,
organometallic salts, etc. Low-temperature sintering results in the generation of small size
crystallites (2-10 nm) which are held by weak forces but the high-temperature sintering
results in the formation of big crystallites (>100 nm) held strongly. The materials obtained
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after hydrothermal reaction or liquid phase reaction are calcined in the presence of inert
gasses at certain temperatures using a controlled program. This is usually applied for the
synthesis of various compounds of transition metals such as nitrides, carbides, phosphides,
and sulfides. During these reactions oxide particles either react with the solid precursors or
gaseous source at specified temperatures or controlled rate of reaction to yield the required
products. The texture, crystallite size, and surface area are highly affected by the temperature

at which calcination is performed.
2.2.4 High-Pressure reactor

The High-pressure reactor is a specially designed vessel used to carry out chemical reactions
which require specific pressure such as hydrogenation and polymerization etc. The pressure
is generated internally or created by the use of an external source. This kind of vessel finds
application in modifying the sample with hydrogen®® or carbon dioxide. This system has
several advantages over the conventional round bottom flask method because firstly it
enables to carry out the reaction at high pressure and high temperature which are even greater
than the boiling point of solvents involved in the reaction secondly it causes minimum decay

of substrates as well as products thereby producing clean reaction profile.
2.3 Synthesis of Graphene oxide

Graphene oxide was synthesized by an improved method of synthesis of graphene oxide™. In
brief 500 mg of graphite was dissolved in 60 ml of sulphuric acid and 6.5 ml of phosphoric
acid. 3 g of potassium permanganate was added in the above solution slowly with vigorous
stirring. After that, the above solution was stirred at 50°C for 12 hours. The solution was
cooled to room temperature after some time 100 ml of crushed ice was added into the above
solution followed by slow addition of 1 ml of hydrogen peroxide. The solution becomes
yellowish. The obtained solution was filtered and washed with distilled water, conc HCI, and

diethyl ether. The solid obtained was vacuum dried overnight.
2.4 Characterization Techniques

2.4.1 Powder X-Ray Diffraction

X-ray diffraction is a basic analytical technique used to identify the phase and crystal
structure of crystalline material. It gives important information about the phase of the

synthesized material, crystallite size, and unit cell dimensions. It was discovered by Max von

32



Laue in the year 1912. In a typical X-ray diffractometer X-rays, a cathode ray tube is used to
generate the X-rays which are further filtered to get monochromatic radiation. These rays are
then directed towards the sample after collimation. These incident rays interact with the
different crystal planes and get diffracted, when the brags law condition Bragg's Law (nA=2d
sin 0) is satisfied, a constructive interface takes place and a peak is observed in the diffraction
pattern. The sample is scanned through a range of two angles to collect all possible
diffraction directions. Once all the diffraction peaks are collected, the d spacing value of each
peak is calculated which is matched with the standard pattern. This helps in the identification
of material since each material has characteristic d spacing values due to different crystal

structures.
Brag’s Law

The principle of X diffraction is based on Brag’s law which was explained by Sir W.H. Bragg
and his son Sir W.L. Bragg which stated that when the x-ray falls onset of parallel planes of
the crystal atom constructive interface will take place when the path difference between the
two is a whole number multiple n of the incident ray wavelength.

Incident

plane wave
1N

2dsin 0

y ‘ X Constructive interference
dsin6 when
e © o o o o nA=2dsin 6
Bragg's Law

Fig 2.4: Image showing x-ray diffraction in a crystal lattice

X-ray diffraction patterns can be obtained either from a single crystal or the power of the
material Powder X-ray diffraction is easier than single-crystal diffraction because the latter
requires the synthesis of single crystals of high purity. A diffraction pattern plots intensity

against the angle of the detector, 26.

Another set of important information that can be extracted from PXRD X-ray diffraction is

crystallite size. It can be calculated using Scherrer formula **> which is given as

_ K2
L_ﬁcose (1)
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L: Crystallite size

K: Shape Factor

A: Wavelength of X rays

B: Half-width at half maxima of the peak in radians

0: diffracted angle of peak

Sometimes broadening in the peaks is observed which is related to physical broadening and
instrumental broadening ***°. For minimizing the instrumental broadening instrument is

usually calibrated with silicon as standard reference material.

In this thesis, the Powder X-ray diffraction of materials was done using the Bruker D8 Eco

setup instrument
2.4.2 Scanning Electron Microscopy

Scanning Electron microscopy is a technique used to get topographical information about the
material. The focused beam of high-energy electrons is directed on the surface of the solid
sample. Data is collected by selecting a particular area of the sample and a two-dimensional
image is created. Normally the regions having a width from 1cm to 5 microns are selected in
the scanning mode of conventional SEM. From the SEM analysis of selected point locations
we can also get qualitative as well as quantitative information about the chemical

composition of the material using the EDX technique.
Working Principle of SEM

When the high-energy X-ray beam falls on the specimen sample variety of signals are
produced mainly in the form of backscattered, secondary electrons and photons
corresponding to the characteristics X rays from the surface of the sample. The secondary
electrons show the topography and morphology of the sample whereas backscattered
electrons are useful in creating contrast in a multiphase sample which helps in the phase
detection. The X rays are produced when electrons of the beam interact with electrons present
in the orbitals of atoms present in the sample causing their excitation when these excited
electrons return to the ground states they emit x rays of fixed wavelength which are
characteristic for each element present in the sample. The SEM technique is a non-destructive

technique i.e. the sample used in SEM analysis can be used further for repeated analysis.
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Fig 2.5: Representation of components of the Scanning Electron Microscope. Image

produced with permission from
2.4.3 Transmission Electron Microscopy

TEM is an important tool for structural characterization in the field of material science. In
this technique, a high-energy beam of electrons is allowed to fall on a very thin layer of the
sample and the interaction between the two gives detailed information about the crystal
structure and some peculiar features like the presence of grain boundaries and dislocations.
The basic principle of a transmission electron microscope and light microscope same but the
only difference is that the former uses an electron beam and later one uses light as a source.
The optical resolution of TEM is much higher than a light microscope which makes it

capable of revealing the finest details of the structure
Working of TEM

A typical electron microscope consists of an electron gun that produces a high-energy beam
of electrons using either V-shaped tungsten filament or lanthanum boride crystal as a source.
A condenser lens converts the electron beam into a small, thin coherent beam. This beam
then falls on the specimen sample. Some part of the beam is transmitted depending upon the

thickness of the sample. An objective lens converts it into an image on a phosphor screen or
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charge-coupled device (CCD) camera. The image is then magnified by the projector and
intermediate lenses. Light is generated when the image strikes with a phosphor screen to

make it visible to the user.

Electron source 4@

Anode

Condensor lenses

STEM scan coils

s— X-ray detector

; Objective aperture
Selected area aperture
e A
Projector lenses l_

< BF, ADF, HAADF
detectors

Viewing screen —:—f 1

CCD camera or
photographic plates

[ ————— ]
EELS detector
Magnetic y
PR CCD camera

Fig 2.6: Representation of components of Transmission Electron Microscope. Image

produced with permission from ref *°
2.4.4 XPS

X-ray photon electron spectroscopy is a spectroscopic technique that is based on the
fundamental phenomenon of the photoelectric effect. This technique is also called Electron
Spectroscopy for Chemical Analysis (ESCA). The types of elements, their chemical states,
and the overall structure of the material can easily be identified using XPS. Not only the
presence of different types of elements as well as the information about the other chemically
bonded elements can easily be conquered with the help of this technique. The sample is
irradiated by low-energy X-rays (Ka lines of Mg (1.2536 keV) and Al (1.4866 keV) followed
by the analysis of energies of emitted electrons. The XPS spectrum is obtained by plotting
intensity (no of ejected electrons) with respect to their binding energies. The resulting
spectrum shows a set of characteristic peaks that helps in the identification of elements and

their chemical states present in the sample under observation.
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The kinetic energy (K.E.) of the emitted electrons is expressed as:
K.E=hv—B.E—¢s 2

hv: Energy of the incident photon

B.E: Binding energy of the orbital from where the electron is ejected

®s: Work function of the spectrometer
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Fig 2.7: Basic components of XPS system (Image taken from Wikipedia)

The energy of the incident photon, work function are known and Kinetic energy is measured
by the detector which leaves only the binding energy as the unknown factor. Since the
electrons in an atom are present in different orbitals thus possess different binding energies.
The binding energy is also affected by the chemical environment of the atom. After
analyzing the energies of each ejected electron the composition of the material can be easily

analyzed.
245 BET

BET technique is used for the measurement of surface area as well as the pore size, pore
volume of the materials. It is based on Brunauer- Emmett- Teller theory that explains the
physical adsorption of gasses on the surface of solids. Three scientists Stephen Brunauer,
Paul Hugh Emmett, and Edward Teller were the first to give an idea about this theory through
an article. This theory is applicable to multilayer physical adsorption of chemically non-
reactive gasses such as CO,, Ny Ar, etc. Mostly nitrogen gas is preferred as an adsorbate for
the adsorption on the surface of solid materials. This theory is the extension of Langmuir

theory applied to multilayer adsorption with the following assumptions:
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(a) The Adsorption of gas molecules is not limited to the surface only. It can happen in layers

infinitely.

(b) The layers of adsorption do not interact with each other.
(c) The Langmuir theory applies to each layer.

Based on these assumptions the BET equation is expressed as

R S
v/[(Po /P)—1] - CVim + CVim, P/Po (3)

Here P and Py are the equilibrium and the saturation pressure, v is the adsorbed gas quantity
in cm*/g, vy, is the monolayer adsorbed gas quantity and c is the BET constant, which is

expressed by (2):

This theory further suggests that when the adsorption isotherm is plotted at the relative
pressure in the range of 0.05 < P / Py < 0.35 a linear relationship is obtained between v /
([(P(0) )/P)-1] and P/Py. From the slope and intercept monolayer adsorbed volume vy, and ¢

can be estimated using the following equations

c=— (5)

After this surface area can be calculated as per equation

nmNs
Stotal:mT (6)

Apart from calculating surface area using BET analysis, it is also important to estimate the
pore size and pore volume. BJH method is used for estimating the pore size and pore volume
from adsorption and desorption isotherms using the kelvin model applicable for analysis of
only mesopores and small size micropores. The kelvin model assumes that pores have
cylindrical shapes and the pore radius is given by the sum of kelvin radius and thickness of
the film. The calculations of BJH involve the use of the desorption branch of isotherm when

the relative pressure is close to unity.
246 FTIR

FTIR is a widely used technique for both quantitative as well as qualitative analysis of

organic as well as inorganic samples. In this technique, IR radiation is passed through the
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sample. A part of infrared radiation is either transmitted or absorbed by the sample. A
spectrum is obtained either from transmission or absorption mode displaying the fingerprint
of the sample. No two molecules can have the same infrared spectrum. The older
spectrometers use the dispersive method which involves the separation of individual
frequencies of energy emitted from the spectrometer. Later on, FTIR spectroscopy was
developed to solve the issues encountered with dispersive instruments where instead of
monochromatic radiation a beam of light having multiple frequencies is shined upon the
sample once, and the amount of light absorbed is measured. This is repeated a few times in a
short time interval. The data is collected by the computer which works in the background to

reveal the absorption at all the wavelengths.

A typical FTIR spectrometer consists of

Source
Interferometer

Sample compartment

>

>

>

> Detector
> Amplifier

> A/D convertor
>

Computer

The source generates the IR radiation which passes through the sample through the
interferometer; the part of light either absorbed or transmitted reaches the detector. Amplifier
and A/D convertor amplify the received signal and convert it into a digital signal which is
sent to the computer further where Fourier transform analysis is carried out. The standard
protocol adopted for preparing the sample of FTIR is using KBr. The small quantity of solid
samples around 1 -2 mg and 100-150 mg of KBr are dried and grounded to a fine powder and
further pelletized into thin transparent pellets which are directly used for the measurement. In
the case of liquid samples, the liquid is poured between two NaCl pellets. The sample is
further locked in the cell with help of skews and measurement is carried out. A gas cell

equipped with KBr windows on both sides is used for the measurement of gaseous samples.
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247 TGA

TGA is a quantitative thermal analysis technique where the mass of the sample is monitored
as a function of time when it is heated under a steady flow of gas or under changing gas
atmosphere in a controlled temperature program which includes steps such as heating,
cooling, and isothermal stays *®. This technique is widely used nowadays by researchers to
understand the Kkinetics, conversions, and mechanisms which involve variation in mass by
thermodynamic processes. The changes in the mass are observed due to decomposition of

material or due to removal of volatile components.

The TGA analyzer consists of a microbalance attached with a sample plan located inside the
furnace equipped with a programmer and controller. Balance weighs the sample in a closed
furnace *°. The sample is loaded either from the top, bottom or side. An inert gas is circulated

over the sample at the flow rate of 20-200 ml per minute .

Data obtained after the TGA analysis is represented by the graph showing the variation of
mass with time. The derivative of the above plot is also shown along with the TGA curve to

identify the multiple regions having weight loss.
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Fig 2.9: Schematic showing components of TGA. Image reproduced from Ref %

2.4.8 Atomic Force Microscopy (AFM)

AFM is a specialized microscopy technique that is capable of imaging any kind of surface

such as biological samples, glass, and composites? %

. As compared to an electron
microscope that portrays a 2D image of a sample AFM is capable of giving a 3D image
profile of the same, also their no special requirement of metal or carbon coatings that can
modify the sample. The most important thing about AFM is that it does not require an ultra-
high vacuum for the operation as in the case of an electron microscope rather it can be

operated normally.

AFM contains a sharp tip of 10-20 nm held with the help of a cantilever. Both the tip and
cantilever are composed of Si or silicon nitride SisN4. Depending upon the interaction of tip
and surface the movement of the tip is observed. Two kinds of modes are used to operate
AFM. One is tapping mode in which the cantilever is vibrated over the sample so that there is
mere contact of the tip with the surface. Second is the contact mode where there is direct
contact between the surface and tip. For imagine purpose tapping mode is advisable while
contact mode is used in specialized applications. The atom located at the peak of the tip
interacts with the atoms present on the surface. These interactions modulate the frequency of

the tip and help in their detection and mapping 2.
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2.5. Electrode Fabrication

After the catalyst synthesis, the electrode of the material is fabricated for checking its
performance in the desired application. The steps involved in electrode fabrication are as

follows:

Dropcasting ink on
Electrode surface or Drying of Electrode
conducting sustrate

Preparation of

Catalyst ink

Fig 2.11: Steps involved in electrode fabrication

1) Preparation of catalyst ink:_The catalyst ink is prepared by dispersing a known amount
of catalyst in a particular solvent with the help of a bath Sonicator or probe Sonicator for
varying time durations. The solvents used are DMF, Ethanol, Isopropanol, etc. Nafion is also
added in ink in a very small amount which helps in adhering of the catalyst particles with the

electrode surface.

2) Drop casting on the electrode/substrate: Once the ink is prepared known volume of the
ink is drop cast on the specified area of conductive substrate or the electrode surface.
Commonly used conductive substrates are Nickel foam, Graphite strip, Carbon cloth,

titanium mesh, etc. A glassy carbon electrode is widely used in electrochemical studies. It is
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important to activate it before using it. Activation of GC surface with micro-sized abrasives
is a generally used method. It is very important to maintain clean conditions while polishing.
Sonication is often done after polishing the surface but this is usually avoided because
repeated sonication can destroy the seal between the carbon layer and outer material. A
worthy approach to elude this is vacuum heat treatment % and the use of organic solvent %
for polishing the surface. Both of these hinder the presence of oxygen functionalities on the
surface that can interfere with the electron transfer processes “°. In this thesis polishing kit
from CHI is used for polishing of glassy carbon electrode. The polishing kit consists of 1.0-
micron alumina powder, 0.3-micron alumina powder, 0.05-micron alumina powder, nylon,
and micro cloth polishing pads. The nylon pad is used for 1 micron and 0.3-micron alumina
powder and micro cloth is used for 0.05-micron alumina powder. For polishing small amount
of alumina powder is placed on the polishing pad, few drops of water are added to make a
slurry. Hold the electrode vertically and gently polish with soft hands following 8 patterns for
15-20 seconds. After that, the electrode is washed by holding the stream of water vertically.
To assure the extent of activation the peak potential of the Ferro ferry redox couple can be
noted using the cyclic voltammetry technique which should come close to 60 mV %. High-
quality water should be used for carrying out the activation processes. To drain out the excess

water from the surface of the electrode soft tissue paper-like Kim wipes should be used.

3) Drying of electrode: After drop-casting the ink on the catalyst surface resulting electrode
or the substrate is vacuum dried overnight. As a precautionary step, the drying should be
done slowly. The use of heating should be avoided because it can damage the electrode

surface and cracks may appear in the coating after drying.
2.5.1. Reference Electrode

The choice and selection of the reference electrode and the counter electrode are really
important while performing electrochemical measurements to avoid inaccuracy in the results.
The most reliable reference electrode is a reversible hydrogen electrode. All the potentials
measured with respect to other reference electrodes need to be converted w.r.t to R.H.E. most

commonly used reference electrodes are

1) Saturated calomel electrode (SCE): This electrode is based on the half-cell reaction
Hg,Cl, + 260 —> 2Hg + 2CI" in saturated KCI solution with E°value 0.241V.
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2) Silver / Silver electrode (Ag/AgCI): This electrode is based on half-cell reaction AgCI +
e —Ag + CI" in defined concentration of KCI.

While using the above reference electrodes some vital considerations need to be considered
very precisely such as concentration of electrolyte solution, CI" leaching®, and intervention
from the alkaline electrolyte. Potential of Ag/AgCI electrode in saturated KCl is 0.197 w.r.t to
S.H.E * and it is 0.288 V in 0.1 M KClI solution® w.r.t to S.H.E at 25 °C. Interference from
CI" ions and hydroxyl ion in alkaline medium® can be avoided either by modifying the cell

design or by replacing the glass frit with the Nafion film or alkaline stable frit.

It is very necessary to report the potentials w.r.t to R.H.E because the potential of all
reference electrodes varies with pH creating difficulties in comparison of results when
different electrolytes are used. Thus the potential measured with any of the above reference

electrodes should be transformed to the R.H.E scale by expression

ER.H.E —> ES.H.E + 2303 RT/F
Es 1 £ = Potential of reference electrode W.r.t to S.H.E

R = Universal Gas constant

F= Faradays constant
T= Temperature

From the above equation, it can be conveyed that the effect of pH is which eases the

comparison of activities in different electrolyte mediums.
2.5.2. Counter Electrode

There is a huge significance of counter electrode therefore it should be selected wisely. The
counter should be such that it should be able to transfer electrons to the working electrode
quickly for a particular reaction. It should be properly positioned placed to provide a
consistent electric field across the working and counter electrode. Lastly, it should not
hamper the activity measurements. Platinum full fill all these requirements as a counter
electrode as it provides sufficiently high current densities but the main loophole while using
this is that it dissolves in the electrolyte either due to oxidation or reduction of PtOx and gets

electrodeposited on the working electrode 3*. Even with slight amount of platinum deposited
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on the surface of the working electrode may induce positive change in the activity leading to
anomalous results *. Thus enhancement in the activity which is observed after the prolonged
testing originates by-products from the counter electrode. Such kind of considerations can be
avoided by separating the compartments of working and counter electrodes or replacing Pt
electrodes with carbon-based graphite electrodes *. Though graphite electrode can remove
ambiguity regarding platinum deposition it liberates CO and CO; in oxidizing conditions *®
and impurities might seep into the electrolyte thus the possibility of alteration in the activity

from graphite should also be kept in mind.
2.6 Electrode processes

The field of electrochemistry deals with the processes that involve charge transfer and charge
separation in the solutions or at the electrode-electrolyte interfaces. After the first
experimental application of electrochemistry, a huge variety of electrochemical techniques
are developed. In most of the techniques, we study the relationship between current and
potential for the reactions taking place at the electrode and analyze them whereas in some we
don’t study the current potential relation but it serves as the basis of techniques. To have a
deep and sound understanding of electrochemical techniques, it is necessary to study the
basics of electrode reactions and the properties of the electrode-electrolyte interface. On the
surface of the electrode, two kinds of processes are usually observed. The first type involves
the movement of the electrons across the interface. This causes the oxidation and reduction of
redox species present in the solution at certain potentials on the surface of electrodes. These
reactions are monitored using Faraday’s laws thus they are given the name of Faradaic
processes. Sometimes at a specific range of potentials, the charge transfer reactions are
banned because they involve thermodynamically or Kkinetically unfavorable reactions
however some other processes involving the adsorption or desorption of reaction
intermediates or ions can take place. Such processes are known as Non-faradaic processes.
The reactions taking place on the electrode are a mixture of both faradaic and non-faradaic
processes. Practically an electrochemical experiment is visualized in the way that a
perturbation is applied to the system and the response is recorded. The understanding and
analysis of electrode reactions are quite difficult because it’s a group of heterogeneous

reactions taking place only on the electrode-electrolyte interface. The rate of reaction is
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highly dependent on the mass transfer to or from the electrode in addition to kinetic variables.

It is usually expressed as:
Rate (mole / s/cm?) = nJ—F 7)

Here j is the current density in A/cm?

Normally as a usual approach potential to study the electrode reaction potential is applied and
the corresponding current is determined in the form of i-E curves (called polarization curves).
Reactions proceed at certain fixed thermodynamic electrode potentials in such cases potential
serves as an important reference point. The shift of electrode potentials from this actual value
on passage of faradaic current is called polarization is often depicted by the term

overpotential expressed as
n=E-Eeg (8)

Ideally, an electrochemical cell consists of two electrodes and an electrolyte solution. In the
actual cell, the reaction takes place only at one electrode of interest called a working
electrode and the other electrode a standard non-polarizable electrode having known potential
called a reference electrode. This arrangement is called a two-electrode setup. Experimentally
it has been observed that when the potential is measured against a standard non-polarizable
electrode voltage drop given by iR (called as the ohmic potential drop is always added up
where R is solution resistance across the electrodes. It should be kept in mind that this ohmic
drop should not be considered as a part of over potential because it is a characteristic of the
solution not a part of electrode reaction. Normally when this ohmic drop is a small two-
electrode system can be used to collect polarization curves but when this ohmic drop is very
high especially in the case of highly resistive non-aqueous solvents three electrodes are set up
is preferred where a counter electrode is used along with the reference and working electrode.
The counter electrode should be such that it does not produce species on passage of current
that can interfere with the reactions taking place at the working electrode. It is separated from
the working electrode either by placing it in a separate compartment or positioned in a
sintered glass. The potential of the working electrode is monitored with respect to the
reference electrode. Even with this arrangement, not all iRs are removed thus it should

always be considered while reporting the overpotential.
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Fig 2.12: Schematic representation of two and three-electrode system

From equation 7, it can interpret that rate of reaction taking place at the electrode is
controlled by the current. It also has been studied that current flows only at a certain range of
potentials for a particular electrode reaction. Thus it is highly controlled by the potential.

Therefore it is important to study the dependency of rate constants on the potential.
2.7 Electrode kinetics

Butler VVolmer equation is the most fundamental equation on electrochemical kinetics *". It
helps to understand how electric current obtained from an electrode is controlled by applied
potential by a simple redox reaction by assuming that both the cathodic and anodic reactions

are taking place at the same electrode. This equation is given as:

aqgzF)

3= jo. {exp [*222 (E-Eeq) - exp [- “= (E-Eeq)} (8)

J= Current density (A/cm?)

Jo= Exchange current density (A/cm2)
F= Faraday constant (C/mole)

R= Universal gas constant

T = Absolute temperature (K)

E= Electrode potential (V)

Eeq= Equilibrium Potential (V)

a, = Anodic charge transfer coefficient

a. = Cathodic charge coefficient
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2.8 Electrochemical techniques

A collection of electrochemical techniques are used for the systematic analysis of hydrogen
evolution and oxygen evolution catalysis. These techniques are displayed below and

discussed in detail in subsequent sections.

Eletrochemical Techniques

Chornoamperometry and
Chronopotentiometry

Cyclic Voltammetery and Linear Impedance Spectroscopy

Sweep Voltammetery

Fig 2:13 Types of Electrochemical techniques

2.8.1 Cyclic Voltammetry and Linear sweep voltammetry:

Both linear sweep voltammetry and cyclic voltammetry are two basic types of voltammetry
techniques®. In linear sweep voltammetry, the potential between the working and reference
electrode is changed linearly with the time the current is measured at the working electrode.
The rate at which the potential changes with time is called as scan rate. When the direction of
this potential scan is reversed back i.e. once the final set potential is attained the potential is
again reverted to the initial set potential then it is called cyclic voltammetry. In other words,
we can say that CV is the combination of two LSVs both in the forward and backward
direction. Both of these techniques give primary information about the quality of materials
designed for carrying out electrocatalysis in terms of current density and overpotential. By
comparing the data obtained from CV and LSV curves with that of benchmark catalysts it is
easy to get an idea about the efficiency of materials. CV and LSV studies performed for
multiple cycles can also disclose the stability®®. The electrochemical surface is often
estimated with the help of cyclic voltammetry measurements performed in nor faradaic
region at multiple scan rates *°. After performing the measurements Aj/2 is noted down and
plotted w.r.t to scan rate. After linear fitting of the above plot, Cg is calculated which is used
to evaluate ECSA using the equation i.e. ECSA= Cdl/Cs, where Cs is the specific capacitance

of the material *.

2.8.2. Impedance Spectroscopy:

EIS spectroscopy is a very important analytical tool for studying the materials employed for
energy-related applications “2. In this technique, AC potential is applied and modulated with
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time at a small amplitude at a particular range of frequency (1 MHz to 10 kHz ). The obtained
current response is also in the sinusoidal form but lags by a phase angle ¢. Once the data is
collected it is often graphed either in the form of a Nyquist plot or bode plot. The EIS data is
further fitted using equivalent circuit models which are the combinations of different kinds of
elements such as resistors, capacitors, inductors, and diffusion elements to extract evocative
information from the recorded data **. When it comes to HER and OER catalysis the
impedance technique is highly useful in estimating the charge transfer resistance as well the
capacitive behavior of the material **. The value of charge transfer resistance often reflects
the barrier at the electrode-electrolyte interface for electron charge transfer. The smaller is the

value of charge transfer resistance more superior will be the activity of the catalyst.
2.8.3 Chronopotentiometry and Chronoamperometry:

Chronopotentiometry is the technique in which constant current is applied and the change in
potential with the duration of time is observed on other hand in Chronoamperometry at a
fixed potential (the potential at which an electrochemical reaction occurs) the response of
change in current with time is noted. Chronopotentiometery finds its use in charge-discharge
experiments as well in electrodeposition. Chronoamperometry holds a special place in
characterization techniques for HER and OER catalysis since the long-term stability of the
materials under given experimental conditions is usually evaluated using this technique along
with LSV and CV.
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Chapter 3

Environmentally  Benign Metal-Free
Reduction of GO Using Molecular
Hydrogen: A Mechanistic Insight.
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ABSTRACT: A simple yet effective methodology to obtain high-quality reduced graphene
oxide (RGO) using a tetrahydrofuran suspension of GO under hydrogen at moderate
pressure has been demonstrated. The extent of reduction as a function of the pressure of
hydrogen gas, temperature, and time was studied, where the abstraction of oxygen is
achievable with the least mutilation of C-sp? bonds, hence upholding the integrity of the
graphene sheet. Herein, the formation of a short-lived species is proposed, which is possibly
responsible for such reduction. A detailed theoretical calculation along with in situ
UV—visible experiments reveals the existence of a transient solvated electron species in the
reaction medium. The hydrogen RGO (HRGO) achieved a C/Atomic ratio of 11.3. The
conductivity measurements show that HRGO reached as high as 934 S/m, which indicates a
high quality of RGO. The process is hassle-free, environmentally benign, and can be scaled

up effortlessly without compromising the quality of the material.



3.1 Introduction

Reduced graphene oxide (RGO) is one of the most intensively studied derivatives of
graphene . Ever since the extraordinary properties of graphene (e.g., mechanical, electrical,
thermal, and optical properties as well as their high specific surface areas) were discovered,
graphene and its derivatives have been at the forefront of material research till today *°. RGO
is one of the most promising materials used instead of graphene. The most common route
used for the mass production of graphene is to reduce GO chemically into RGO. The process
is well suited to versatile chemical functionalization and involves low material cost.
Simplicity and suitability for large-scale production are among the few strong reasons for
extensive use of this method ®’. The challenges associated with the chemical route were
inadequate reduction, non-reproducibility, and formation of undesired defects. To date, the
chemical reduction of GO has been performed with several reducing agents such as NaBH, 2,
hydrazine, and its derivatives®,** hydroquinone ** hydriodic acids (HI) *2*3, sulfur-containing
compounds **, metal powders *°, and so forth. Among them, metal powders are the most
powerful reducing agents achieving a high C/O atomic ratio of RGO. Nascent hydrogen,
which is considered to be especially reactive and produced from the reaction of metals, such
as Mg, Al, Fe, and Zn, with an acid or amphoteric metals (Al and Zn) and their alloys with
the alkali solution, has been used by many groups for the reduction of GO **°. However,
achieving a high C/O ratio does not ensure a better quality RGO ?°. Herein, we have explored
a new synthetic methodology and its mechanistic insights, which can reroute the procedure
for the bulk production of RGO. Instances of mere diatomic hydrogen for the reduction of
GO in tetrahydrofuran (THF) without a metal catalyst would be a new addition to the
literature. Herein, we report a simple methodology to synthesize RGO under hydrogen in
THF, which can be scaled up effortlessly without compromising the quality of the product.
The procedure involves exposure of GO suspension in THF, to diatomic hydrogen at
moderate pressure and temperature. The extent of reduction reaches a maximum at a pressure
of 40 bars at 180 °C. The reaction is carried out in a stainless steel pressure vessel, resulting
in excellent quality RGO. The method of extraction is very facile and imparts zero Impurity,
and hence, no purification is needed after reduction. The hydrogen RGO (HRGO) using
hydrogen achieves a C/O atomic ratio higher than 11.3 and the ID/IG ratio obtained higher
than 1.6. It should be noted that a controlled experiment was carried out where THF
dispersions of graphene oxide were reduced in an argon atmosphere by keeping the reaction

conditions intact, i.e. (180 °C and 40 bar). The progress of the above reaction was determined
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by using FTIR spectroscopy of the sample obtained at regular intervals of time. FTIR spectra
were recorded on Carry 660 FTIR spectrometer from 400 cm - 4000 cm™. The HRGO
samples were pelletized into thin discs for recording the spectra. The FTIR spectra of the GO
under the same reaction condition in argon is compared with GO (Graphene oxide) and
HRGO (RGO reduced under hydrogen) as shown in Fig (3.1). From the figure, it can be seen
that the GO is not reduced in argon atmosphere thus confirming the role of hydrogen in
reduction under this reaction condition. A detailed theoretical calculation reveals the
possibility of formation of solvated electrons in such reaction, which is shown for the first

time.

Fig 3.1: FTIR spectra of (a) Graphene oxide (b) ARGO (GO reduced in argon) (c) HRGO
3.2 Experimental Section

3.2.1 Materials

Major chemicals such as THF, hydrogen peroxide (H.0,), potassium permanganate
(KMnQOy), sulphuric acid (H2SO,4), and hydrochloric acid were purchased from Merck
Chemicals unless mentioned otherwise and used as received without further purification.

Graphite powder (<20 pum) was purchased from Sigma Aldrich.
3.2.2 Synthesis of Reduced Graphene oxide

GO was synthesized using an improved method as reported in the previous literature .
Reduction of GO was carried out in a pressure reactor autoclave using hydrogen gas under

various pressures and temperatures to optimize the reaction condition. In brief, 50 mg of GO
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was dispersed in 35 mL of THF. The above dispersion was then transferred to a 50 mL
reactor vessel equipped with pressure and temperature sensors and heated to 180°C under H;
(40 bar) for 2 h. The obtained reaction mixture was then centrifuged at 7000 rpm and washed
with distilled water and acetone. The dispersion was then filtered using a 0.47 um poly
(tetrafluoroethylene) membrane, and the resulting solid was vacuum dried for 24 h and

characterized further.
3.2.3 Characterizations

Powder X-ray diffraction (PXRD) of the resulting GO and RGO was carried out with Bruker
Eco D8 advance with Cu Ka radiation (A = 1.54056 A). The data were collected from 10°<
20< 50° with an increment of 0.019° Brunauer—-Emmett—Teller (BET) surface area analysis
was done with Autosorb IQ Qunatchrome instrument. UV—vis absorption spectra were
recorded using a UV-2600 spectrophotometer (Shimadzu). TGA was carried out using STA-
8000 (Perkin Elmer) under a nitrogen atmosphere at a scan rate of 5 °C/min. Atomic Force
Microscopy was done with Bruker Multimode 8 AFM using taping mode. A very dilute
uniform dispersion of HRGO (1mg/ml) in ethanol was obtained using Labsonic LBS2-10
BATH Sonicator for 60 min. An aliquot of 5 ul was drop cast on a clean silicon substrate
(100) and air-dried. All the AFM images and the average height profile were analyzed by the
Nano scope Analysis Software (Bruker). X-ray photoelectron spectroscopy (XPS, Escalab:
220-1XL) measurements were performed with Mg-Ka nonmonochromated X-ray beam
having photon energy 1253.6 eV (chamber pressure 6 5. 10 10 torrs). FTIR spectra were
recorded on Carry 660 FTIR spectrometer from 400 cm - 4000 cm™. The HRGO samples
were pelletized into thin discs for recording the spectra. XRD measurements were done with
Bruker Eco D8 advance X-Ray Powder Diffractometer using Ni filtered with Cu Ko radiation
(A=1.54056 °A). The data were collected from 10°< 26< 50° with an increment of 0.019°.
WITEC Raman spectrometer with 532 nm laser was used to record the Raman spectra of GO,
HRGO_1, and HRGO 2. SEM was done using JEOL 7600F FESEM equipped with an
energy dispersive X-ray diffractometer. TEM was done using JEM -2100 TEM operated at
200 kV. For qualitative as well quantitative analysis GC-MS studies were done using GCMS-
QP2010 Ultra Gas Chromatograph Mass Spectrometer (Shimadzu Corp 75520). The product
profile was further quantified by the Response factor (R.F value) calculated using
Dodecanese as an Internal Standard (1.S). The response factor of each product was calculated

using the following formula.

54



Peak area of product X Conc of L.S

Response factor (R.F) =

Peak area of I.S X Conc of product
3.2.4 Electrochemical measurements

Electrochemical measurements were carried out with an Autolab multichannel PGSTAT
204M electrochemical workstation using a three-electrode configuration involving platinum
and Ag/AgCl as counter and reference electrodes, respectively. A glassy carbon electrode (3
mm diameter) coated with HRGO ink was used as a working electrode. A homogeneous ink
was prepared by dispersing HRGO in dimethylformamide (1 mg/mL) by ultra-sonication for
2 hours and 10 pL of the above ink was drop cast on the glassy carbon electrode. It was
vacuum dried and 5 pL of 5% Nafion solution was drop cast on the electrode surface,
followed by further drying for 12 h. CV measurements were done in the potential window of
(0 to 1 V) at various scan rates. GCD tests were also done in a similar potential window at
various current densities ranging from 0.5, 1, 2, 4, and 6 A/g. All the measurements were
done in an Argon purged system containing 1 M Na,SO, as an electrolyte. The specific

capacitance, C (F g—1), of the electrode material was calculated from the following equation:

_ 1At

=—5 )
Where | (A) is the discharge current, At is the discharge time, AV is the potential window,
and m (g) is the active mass. EIS was performed over a frequency range from 0.01 Hz to 100

kHz at an open-circuit potential with an ac perturbation of 5 mV
3.2.5 Computation Details

DFT-based AIMD simulations were performed at a finite pressure and temperature (1 atm &
400 K), and a 1 ps AIMD trajectory was generated to investigate the formation of the
transient species. The molecular geometries were optimized using hybrid B3LYP functional
and def2-TZVP basis sets. The TD-DFT calculations were performed to obtain electronic
spectra by applying a long-range correlation including a hybrid exchange—correlation
functional using the Coulomb-attenuating (CAMB3LYP) method #. An implicit solvation
model such as the conductor-like polarizable continuum model was also adopted to
incorporate the solvation effect in electronic spectra calculations (see Supporting Information

S4). All the calculations were performed using VASP and ORCA quantum chemical codes 3.
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3.3 Results and Discussion

The characterization and properties measurement of the obtained products were done using
several techniques as mentioned in the subsequent sections. X-Ray Powder Diffraction of the
resulting GO and RGO were carried out with Bruker Eco D8 advance, Cu Ko radiation
(A=1.54056 A). The characteristic peak of graphite appears at 26 = 26.58  for the (002)
plane. After the introduction of oxygen functionalities in the graphitic lattice, the
characteristic peak of graphite disappears and a new peak arises at 20 =10.3 corresponding to
(001) plane of graphene oxide and also the interlayer distance increased to 7.74 A". The
confirmation of the reduction of graphene oxide to reduced graphene oxide is further
approved by the appearance of a broad peak at 26 = 23.5° in HRGO. The interlayer distance
is 3.5A° which is due to remaining functional groups and structural defects Fig (3.2).
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Fig 3.2: PXRD of (a) Graphite (b) HRGO (c) GO

The progress of reduction of graphene oxide using diatomic hydrogen was monitored by
recording the UV-visible absorption spectra Fig (3.3) of RGO as a function of time. UV-vis
absorption spectra were recorded using a UV-2600 spectrophotometer (Shimadzu). GO
shows a maximum absorption peak at 232 nm which was attributed to the n—n* transitions of
the aromatic C=C bonds and a weak shoulder at 300 nm due to n—z* transitions of C=0
bonds. After complete reduction, a redshift of this characteristic peak was observed at 270.9
nm for C=C ?*. During the process of reduction, the optical absorption of RGO should have
had increased as the intensity of UV-visible spectra is directly proportional to the
concentration of the solute. But owing to the hydrophobic nature of the RGO, the intensity
decreases as it shows the minimum amount which can form a stable dispersion of RGO in

water.
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Fig. 3.3: UV-vis spectrum of GO, RGO at 30 min, RGO at 60 min, and RGO at 120 minutes
formed in the reaction respectively.

The progress of reduction was also monitored using FTIR and Raman. All the plots for
reduction reactions shown in Fig (3.4a) & (3.4b) were performed at 40 bar of H, pressure.
The peaks Fig (3.4a) showing oxygen functionality almost vanishes at a 2-hour reaction and
another peak generates at around 1578 cm™ for the formation of C=C bonds. The degree of
removal of oxygen functionalities of GO at different intervals of time can be observed in the
plots shown below Fig (3.4a). Peak intensities corresponding to the O—H stretching (3400 cm’
1) and the vibrations for O-H deformation (1410 cm-1) were decreased gradually. Peaks
intensities corresponding to the stretching of oxygen functionalities such as >C=0 (1720 cm”
1y, epoxy >C-O (1226 cm-1), carboxylic >C—O (1320-1210 cm™), and alkoxy C-O (1050
cm™) were also observed to decrease during the progress of the reaction, whereas C = C
stretching vibration peaks for the pristine GO were detected at ca.1600 cm ™, which is shifted
to 1578 cm™ for RGO’s as reported by Y. Fang et al. The Raman spectra showing the D band
and G band of GO were shifted to 1336 cm™ and 1571 cm™, respectively, after its chemical
reduction. The intensity ratio of the D and G bands, Ip/lg, increases with time as depicted in
Fig (3.4b). Such enhancement in the intensity ratio is attributed to the increased sp? domains
in the system 2°. The thermal stability of GO and RGO were examined by TGA Fig (3.4c).
GO and RGO showed no significant weight loss near 100 °C, as the samples were completely
dried before testing to eliminate the influence of absorbed moisture on the test results. GO
exhibits two steps of degradation; the first step commences at 175°C due to the loss of
hydroxyl, epoxy functional groups, and remaining water molecules. The second step

degradation (450-550 °C) involves the pyrolysis of the remaining oxygen-containing groups
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as well as the burning of ring carbon. RGO exhibits only a 7-9 wt% loss up to 250°C, which
was much lower than that of the GO, indicating a significantly decreased amount of

oxygenated functional groups %*.
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Fig 3.4: (a) Showing FTIR spectra of GO at different intervals of time shows the progress of
the reaction. (b) Raman spectra of GO, RGO at 60 min reduction and RGO at 120-minute
reduction respectively (c) TGA profile of GO, RGO@20 bar of H, (HRGO _1) and RGO @
40 bar of H, (HRGO_2)

Further, the morphology was studied using TEM and SEM. FESEM image shows that
HRGOs consisted of folded and wrinkled sheets randomly aggregated to form a
disordered solid Fig (3.5b). The visual observation suggests that partial crystallinity of
the HRGO sheets is achieved which depends on the extent of reduction (Shown SAED Fig
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3.5d Inset). The more reduced HRGO had more folded and wrinkled sheets. Furthermore, the

HRGOs so obtained were very clean, without residual metal or salt particles Fig (3.5c).

Fig 3.5 (a) shows SEM image of GO; (b), (c) & (d) are FESEM, TEM, and HRTEM images
of HRGO/THF in 120 min reaction at 180 °C and 40 bar H,. Inset in Fig.3.5d shows the
SAED pattern of HRGO.

Analysis of BET isotherm of HRGO Fig (3.6) shows the presence of hysteresis loops at the
middle. As evident from the BJH pore size distribution shown in the inset, there is a presence
of micropores of size falling between 0 -1.7 nm and mesopores ranging from 2-20 nm. The
specific surface as calculated from the isotherm is 709 m?/g which is indicative of the desired
parameter known for RGO. Availability of both micropores and mesopores pores proves the

worth of hydrogen-reduced graphene oxide.
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Fig 3.6: BET Plot of HRGO with inset showing BJH pore size distribution
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The quality of synthesized RGO was evaluated using AFM and conductivity measurements.
The height profile of RGO measured using atomic force microscopy (AFM) Fig (3.7a) shows
the thickness of the RGO sheet to be 1.05 nm, revealing that the sheet has a single layer of
RGO and is consistent with the previous literature reports. The conductivity for GO was
found to be 0.04 S/m and the same for RGO was 934 S/m, which validates the claim
regarding the quality of HRGO obtained using the aforementioned technique Fig (3.7b).

a b
8.0nm 80- ,'(3)
~»(a) HRGO P4
- ~—(b) GO I
< 40" ,"y )
1.3 um gy § 11 [ ;..i-v.,'.f: ...........
:
_ ::-: §-40- ""U
i o] 4
.;': 0:5.' m '80' ("
T 004
05 P ——————
LSRN B IR TR A B B B '0-4 '0-2 0-0 0-2 0-4
0.1 00 01 0.2 0.;is?;:;i:m;).6 0.7 08 09 1.0 Voltage (V)
Fig 3.7: (a) AFM images showing height profile of HRGO (b) IV plots of (----) GO and (----)

HRGO samples

X-ray photoelectron spectroscopy (XPS) analysis was carried out to provide direct evidence
of reduction through the removal of oxygen functionality in graphene oxide. The C/O ratio of
graphene oxide was calculated by taking the ratio of peak areas of C 1s to O 1s in XPS
spectra Fig (3.8a) which increased from 2.5 to 11.3 after the reduction. The raw data of
Carbon 1s XPS spectrum of graphene oxide was deconvoluted into four peaks which were
assigned to four types of carbon (as shown in Fig (3.8b), with different chemical valences,
including non-oxygenated ring carbon, C-C (284.8 eV), carbon in C-OH (286.5 eV), C-O-C
(287.4 eV) and O-C=0 (288.9 eV) respectively. After reduction, the decrease in the intensity
of all C 1s peaks corresponding to the oxygenated carbon and the corresponding increase in
the intensity of sp? carbon reconfirms the efficacy of this methodology in restoring the

conjugated graphene network and removal of functional groups Fig (3.8¢)
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Fig 3.8: (a) Survey spectra of XPS of Graphene oxide and HRGO, Deconvulated XPS spectra
of (b) Graphene Oxide (GO) (c) Hydrogen Reduced Graphene Oxide

The capacitive behavior of as-synthesized HRGO samples was evaluated using several
electrochemical measurements. Cyclic voltammetry (CV) measurements were done in the
potential window of 0—1 V, at various scan rates as shown in Fig (3.9a). Capacitive
performance was indicated by an increase in current response with an increasing scan rate.
The Galvanostatic charge—discharge (GCD) curve at various current densities is shown in Fig
(3.9b). Charge—discharge curves are almost symmetrical, indicating the contribution of both
double-layer capacitance and pseudocapacitance. At a current density of 0.5 A/g, HRGO
showed a capacitance of 179 F/g. As the current density increases to 6 A/g, the HRGO retains
only 48% of initial capacitance Fig (3.9b inset), which is due to the low penetration of ions in
the inner pore induced by the fast potential changes ?°. In general, the capacitance is primarily
proportional to the surface area of the electrode materials. Graphene has a very high electrical

conductivity and an exceptionally large specific surface area (theoretical value, ~2650 m?/g)
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27 It was reported that such a high theoretical surface area can provide a gravimetric

capacitance of a supercapacitor (SC) as high as 550 F/g %.

Despite this promising
interpretation, when prepared in the form of RGO using established solution processes (via
Hummer’s method), typical graphene SCs exhibit only 100 to 120 F/g in organic electrolytes
2% and around 135 F/g with aqueous electrolytes *. These smaller specific capacitances are
attributed to irreversible restacking of the individual RGO sheets during the reduction and
drying processes *'. Graphene SCs are largely dependent on the detailed characteristics of
graphene such as its functional groups, size, pore structure, and surface accessibility *. Lack

of porosity in RGO makes substantial surfaces unavailable for charge storage.
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Fig 3.9:(a) CV curves at various scan rates (b) Galvanic charge-discharge curves at various
charge densities with inset showing the variation of specific capacitance with current
density 6 A/g

Nyquist plots at various amplitudes are shown in Fig (3.10a). The plot exhibited two distinct
regions, that is, a semicircle in the high-frequency region and a slope line in the low-
frequency region. Appropriate fitting of the obtained electrochemical impedance
spectroscopy (EIS) spectra with the equivalent circuit diagram is shown in the inset, and the
charge transfer resistance appears to be 7 Q, which reveals the superior quality of HRGO.
Furthermore, the cyclic rate performance of specific capacitance from charge—discharge
measurements was evaluated. At a current density of 6 A/g, HRGO retained 93% of
capacitance after 2000 cycles as shown in Fig (3.10b). The GCD curves are almost

symmetrical in shape even after prolonged cycling as depicted in the inset Fig (3.10b)
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Fig 3.10 (a) Nyquist plots with inset showing high-frequency part and equivalent circuit
diagram using for fitting EIS (b) Cyclic stability of HRGO at current density 6A/g with inset
showing corresponding GCD for last 9 cycles of the stability plot.

3.4. Mechanistic studies

A two-way approach was attempted to understand and detect the reactive intermediate
responsible for such GO to RGO reduction. The first approach involved the use of a probe
substrate in the same reaction condition. The second approach was to monitor the reaction
mixture during the progress of the reaction using a UV—visible spectrophotometer connected

to the reactor.

In the first study, styrene oxide was used as the probe substrate in the same reaction condition
to see the fate of the epoxide functionality that exists in the graphitic lattice of GO.
Interestingly, peaks of all the products are visible in the spectra obtained from gas
chromatography (GC) and GC—mass spectrometry Fig (3.11) with 81.9 % of conversion as
shown below in table 3.1, and these are very much aligned with the products formed using
traditional reducing agents reported in the previous literature * This evidence strongly
supports the possibility of the formation of a transient reducing species responsible for such a

reaction.
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Fig 3.11: (a) GC spectra of styrene oxide after the reduction (b-g) Mass spectra of products

obtained from the reaction of styrene oxide

3.4.1 Product profile

Total initial amount = 12.5 mM

Total unreacted amount = 0.23 mM

Actual amount of reactant = 12.5 mM-0.23 mM= 12.27 mM

Total amount product formed =10.05

% of conversion = 10.05/ 12.27=81.9 %
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Table 3.1: Product profile obtained after the reaction

Product Peak area  Peak area of Rfvalue Conc Percentage
of product IS of product
formed
Ethyl benzene 7978614 47444609 0.67 0.3 mM 6.8 %
Styrene 77808305 47444609 0.70 3mM 30.54 %
Benzaldehyde 8747485 47444609 0.63 0.32 mM 3.25%
Phenyl
acetaldehyde 204637049 47444609 11.0 4. 47 mM 47.86 %
Styrene oxide 8414701 47444609 0.81 0.23 mM Reactant
Phenyl ethano 53733520 47444609 0.81 1.5mM 15.2 %

A possible mechanism Fig (3.12) for such reduction is shown below. Kindly note that the
reactive intermediate proposed in the Reaction involving the probe substrate is purely based
on the products obtained, and no claim has been made on the proof of the formation of the

organic reactive intermediate.

Possible Mechanism
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Fig 3.12 Schematic representation of the mechanism of the reaction.

The second approach is the In-situ monitoring of the reaction was done using a portable UV-
Visible instrument from Ocean Optics, attached to the reactor through a connecting valve

revealed the formation of a transient species generating peaks at 241 nm, 267 nm, 315 nm,
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364 nm as shown in Fig (3.13). An aliquot of the reaction mixture was pumped out from the
reactor through a 4 mm SS tube which directly connects the spectrometer cuvette. The time-
dependent studies were carried out at room temperature (22°C) to see the decay of the species

formed in the reaction.

Aliquot Reaction mixture Aliquot of Solvent after
filtration
High pressure %
& Aliquot of solvent
Reactor 2
in the cuvette
2a1n0m [ ) Rxn Mix after 0 min
1.0 - . \": Rxn mix after 20 min
182 | 2:40kar Rxn mix after 40 min
(slelo]®)

Rxn mix after 60 min

Rxn mix after 80 min
] Rxn mix after 100 min ————— UV-Vis
O

CTEoED

Spectrometer

364nm

Absorbance

T T T
300 350 400 450

Wavelength(nm)

T
250

* In-situ UV-Vis spectra of solvent during the reaction

Fig 3.13: Showing UV-Visible spectra of the reaction mixture taken In-situ from the reactor.
The sample was then monitored after a regular interval of time, which shows the decay of the

shoulder peaks at 267 nm, 315 nm 364 nm.

Indeed, there was a detrimental change observed on the aforementioned peaks. This might be
due to the decay of transient species generated during the reaction. In the UV-vis experiment,
we observed a peak at 364 nm (Fig 3.13) that is nearly independent of time. From our
absorption spectra calculations, we also noticed that there is no absorption peak beyond 250
nm for neutral THF. The UV-Vis spectra for THF in the controlled experiments also
confirmed this observation, thus the peak at 364 nm cannot be originated from THF (solvent).
To investigate this further, we computed the absorption spectra of anionic THF i.e. [THF]-,
which clearly shows multiple peaks between 335 to 427 nm. Thus the peak at 364 nm could
be attributed to the anionic species of THF 3. Interestingly the peak at 267 diminishes in

intensity within the time, which indicates the existence of a transient species in the reaction

66



mixture when observed in-situ. Further investigation of the anionic THF spectra was carried
out but could not identify any absorption around 267 nm, except a very weak peak at 281 nm.
We also could not identify the peak in the controlled experiments thus we are sure that this
could not be only the anionic species, it has to be associated with a transient species. The
reduction of THF-suspended GO at high (H) pressure indicates the formation of H+ + e—
from H,, which might lead to the formation of the solvated electron in THF. The role of THF
in these reactions is extremely significant. An important structural aspect of THF is that it is a
polar molecule which, we believe, may induce polarity in hydrogen molecules at that
temperature and pressure. Apprehending the possibilities of the formation of such species, a
DFT calculation directly correlating with the experimental results was performed to evaluate
the electronic structure and properties of solvated electrons for anionic, solvated, and neutral

forms of THF.

3.5 Computational study

3.5.1Genesis of the solvated electron

From the experimental results, we understood that reduction of GO takes place in THF in
presence of “molecular hydrogen” only. Low hydrogen pressure reduces the extent of
reduction. The role of THF in these reactions is extremely significant. An important structural
aspect of THF is that it is a polar molecule which, we believe may induce polarity in
hydrogen molecules at that temperature and pressure *°. To further understand how it might
happen, the density functional theory (DFT) based ab initio molecular dynamics simulations
(AMID)simulations were performed at finite pressure and temperature (1 atm & 400 K) and 1
ps AIMD trajectory was generated. The initial analysis provides a very encouraging
understanding that the molecular H2 dynamically interacts with the THF solvent at finite
pressure and temperature. These THF (O)—H2 interactions might be the reason for knocking
out an electron from the entire complex (THF—H2) and the latter eventually results in a very

weekly bound electron in the system which we call here as ‘solvated electron’ Fig (3.14).

67



500

450

£ 400 |+

T(in K)

3
S

300
[i

1H " w.
|

il

|||

‘|\| ||f

||\' Hl ‘|‘
n |”‘| |
| [ l' l“'

| 1
‘||

', Il |\
|

(|

|4
|
I

‘ ||N|

‘U
U

400

600

1000

Time Step (1£5)

H--H bond distances (in A)

| | |
400 600 800
time steps (fs)

. |
0 200

Figure 3.14: (a) The temperature fluctuations as obtained in the MD simulations, the average
fluctuations at around 400 K indicate that the systems have reached the thermal equilibration
state. (b) It depicts the fluctuations of H—H bonds at finite pressure and temperature. The
large fluctuations indicate a high probability of temperature and pressure-assisted dissociation
of the H—H bonds and generation of the solvated electrons. (c) Indicates the charge density
distributions of the optimized structure at the gas phase when H2 is intercalated in the THF
and does not interact with any of the THF.

3.5.2 Theoretical explanations of experimental results:

All the DFT calculations were performed employing Orca 4.0 quantum chemical code *. The
molecular geometries were optimized using B3LYP functional and the electronic absorption
spectra were computed adopting time-dependent density functional theory (TD-DFT). The
long-range correction included hybrid exchange-correlation CAM-B3LYP along with the
def2-TZVP basis sets that were used for the TD-DFT calculations *. The UV-Vis absorption
spectra were calculated for the single-molecule in the gas phase and using the conductor-like
polarizable continuum model (CPCM). The conductor-like polarizable continuum model
(CPCM) was used with a dielectric constant value of 7.25 to address the solvent effect *". The
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origin of all the individual peaks was analyzed by looking into the corresponding orbital

transitions in the TD-DFT calculations *’. The significant peaks observed in the experiment

are at 364 and 267 nm that correspond to the transient species are lucidly explained from the

TD-DFT calculations Fig (3.15).

Intensity (a.u)

382 nm

o AN

427 nm

AN

512 nm|

300 400
Wavelength (nm)

500

0.2

S
=
b

S
o

S
x

Oscillator Strength (f)

Intensity (a.u)

— Calculated (TDDFT)
— Experimental

400

500

Wavelength (nm)

Figure 3.15: (a) UV-Vis absorption spectra for [e-. THF]. The orbital transitions that are

responsible for the marked peaks at 382, 427, 512 nm. (b) The comparison of the UV-Vis

spectra for [THF]  as obtained in experiments and also in TD-DFT calculations. The

experimental absorption spectrum was obtained using 1mM of the NaBH, sol in the THF
solvent, while the TDDFT spectrum was obtained using the CAM-B3LYP/def2-TZVP

method.
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Fig 3.16: The computed UV-Vis spectra obtained from the TD-DFT calculations for the
simplest model of the solvated electron with THF i.e. [e-].[THF]..

The transient species i.e. [e-]. [THF],, the simplest solvated electron model, was studied to
find out the origin of the peak of the excitation observed at 264 nm in the experiment. The
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absorption spectra observed between 200 to 300 nm are shown in Fig (3.16). While the

molecular orbital contributions for the electronic excitation is tabulated in Table 3.2.

Table 3.2: The details of the orbital contributions for the important and selected electronic

transitions for the anionic THF i.e. [THF]".

Absorption Orbital Contributions in the electronic Oscillator Strength
(nm) transitions ()
512 .00 HOMO > LUMO+3 (94%) 0.002
426.35 HOMO > LUMO+5 (56%6) 0.009
HOMO > LUMO+6 (42%)
381.90 HOMO > LUMO+6 (41%) 0.012

HOMO > LUMO+5 (56.9%)

334.98 HOMO > LUMO+7 (96%) 0.014
273.25 HOMO > LUMO+8 (96.2%) 0.007
254.73 HOMO > LUMO+9 (98.8%) 0.013

The observed peaks at 315, 364, 412 nm in the UV-Vis experiment were concluded to be
originated from the electronic transitions of THF anion. The molecular orbital contributions
to each excitation are tabulated in Table 3.3. The major contributions for the aforementioned
transitions arise from the HOMO-> LUMO+7, HOMO->LUMO+5 and HOMO->  LUMO+3
electronic transitions respectively. The observed experimental peak at 267 was correlated
with peaks observed for the simplest solvated electron model of [e-].[THF]..

Table 3.3: Molecular orbital contribution in the electronic transitions observed at 262 nm and

284 nm.
Absorption Orbital Contributions in the electronic Oscillator Strength
(nm) transitions ()
262 HOMO > LUMO+15 (29%) 0.024
HOMO->LUMO+16 (52%)
284 HOMO=LUMO+13 (35%) 0.041
HOMO= LUMO+14 (49.6%)

We hypothesized that the transient species is the solvated electron in THF. In presence of
suspended GO in THF at high-pressure, H, generates H" and e”. The generated e undergoes
different non-equilibrium relaxation processes. It could reduce a neutral THF to [THF]". The
other possibility is the generated electron could be solvated by the THF solvent molecules.
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Here we would like to emphasize that the electron is a fundamental quantum particle and thus
any classical picture of solvation (e.g. ions solvated in water) will certainly not hold. Rather,
it’s an additional electron that loosely bounds with multiple THF molecules and none of these
solvent (THF) molecules that form the solvation shell can have exclusive access to that
additional electron. Such special sharing of an electron between the THF molecules provides
additional stability to be detected as the transient species. We speculate that over the time
period such a solvation picture starts to diminish as one that THF molecules start to get the
exclusive access of the electron and turns into [THF]" (anion) from the solvated electron [e-
].[THF], picture. As a proof-of-concept, we have investigated the single anionic dimer i.e [e-
].[THF]. indicated that the additional electron gets trapped between the two [THF] species as
the HOMO is localized in between spatial regions Fig (3.17). The TD-DFT spectra also
confirm a prominent peak at 262 nm that is originated from HOMO to LUMO+16 (52%)
electronic transition. This is commensurate with the transient peak observed in the
experiments. We further observed that the neutral THF and anionic [THF] have dipole
moments opposite to each other (see Fig 17). Thus the solvent dynamics will play a crucial
role in stabilizing the ‘solvated electron’, however, the detailed studies of dynamics are

beyond the scope of the current work, they will be communicated elsewhere.

Dipole Moment HOMO HOMO
THF

1.24 Debye k [e-].[THF], /

Fig 3.17: Calculated dipole moments for THF and [THF]- that orients opposite to each other
are shown in the left panel along with the corresponding HOMOs. In the right panel the
HOMO for [e-].[THF]2 indicates that the additional electrons do not reside within the
molecules themselves. However, it localizes in a space enclosed by the two THF species.
This entrapment of the electron in the space could be visualized as the solvation of the

electron rather than the anionic form in cases of THF.
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3.6 Conclusion

Herein, we have developed a new environment-friendly synthetic methodology to effectively
reduce GO using molecular hydrogen at moderate pressure and temperature. Mechanistic
studies with a two-way approach, along with theoretical analysis, reveal the possibility of the
formation of a transient species, hypothesized as “solvated electron”. The RGO so formed
has achieved a C/O atomic ratio greater than 11.3 and a bulk electrical conductivity of as high
as 934 Sm—1. The combination of XPS and TGA analyses suggested that most of the labile
oxygen functional groups were removed during hydrogen reduction. Compared to other
methods using reducing agents, such as hydrazine, NaBH4, HI, and so forth, this process is
less time-consuming and hassle-free as post purification of the product is not required. There

is a huge possibility to explore and optimize the procedure for industrial applications.
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Chapter 4
Ultrathin Cos;0,4 Nanosheets wrapped
Mesoporous TiO, for Oxygen Evolution

Reaction

Ultrathin Co;0, Nanosheets wrapped
Mesoporous TiO, for Oxygen Evolution
Reaction
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Abstract: If carbon emissions continue at this rate in the foreseeable future, human life may be

jeopardised. To address the dual problems of CO, emissions and fossil fuel exhaustion, a clean
energy alternative is required. In this sense, hydrogen may be a viable carbon-neutral alternative for
alleviating global energy issues and paving the way for a long-term solution. Large-scale hydrogen
generation via electrochemical water splitting, on the other hand, remains a problem, since it
requires a complex four-electron transfer mechanism of the oxygen evolution process (OER) at the
anode. The synthesis of efficient, long-lasting, earth-abundant, and inexpensive electrocatalyst for the
oxygen evolution reaction is a contentious topic of research. Herein the Co;O, Nanosheets entrapping
the Mesoporous TiO, particles deliver a noticeable performance for OER in an alkaline medium. The
catalyst is synthesized using a simple, cost-effective approach, and the obtained catalyst showcases an
overpotential of 340 mV at a current density of 20 mA/cm? with the good long-term durability of 20
hr. The catalyst also shows a lower value Tafel slope of 70 mV/dec with turn over frequency of
0.025sec -1 at an overpotential of 400 mV. The superior activity of the heterostructure can be

witnessed due to the cooperative interaction between the two at the interface



4.1. Introduction

An enormous chunk of iceberg, which is roughly 105 miles long and 15 miles wide, larger
than Rhode Island, recently broke off from the western side of Antarctica’'s Ronne Ice Shelf,
according to the European Space Agency. The “Doomsday Glacier,” was noticed to be
melting much faster than expected as reported by Live Science. The warm-water current from
the east cut away at the vital “pinning points” that hold the shelf to the land. The collapse of
this glacier could potentially take the rest of the West Antarctic Ice-Shelf with it, causing a
rise of 10-feet in the global sea levels. The increased heat stress on the earth's surface as a
consequence of the exponential increase in CO, emission is one of the major reasons for such
environmental deterioration. Therefore, a sustainable solution to resolve these problems is
highly desirable in the present time.™ 2 The renewable energy sources namely solar, wind,
tidal, etc., can be coupled with electrochemical technologies for energy conversion and
storage applications.®® The oxygen evolution reaction (OER), is the anodic reaction of water
electrolyzers, which has an enormous potential towards air-battery/fuel cell applications
(Scheme 1).” ® However, the development of a highly active, stable, inexpensive OER
catalyst is still a challenge in the pathway of these techniques.® ° In general, OER is a four-
electron transfer process in which high overpotential is required to achieve a desired current
density.'® ** Precious metals such as Ir, Ru, and their oxides carry the tag of most efficient
electrocatalyst for OER by offering a low overpotential yet their applicability on commercial
platforms is restricted due to their higher cost and poor stability.*>*® Therefore, constant
efforts have been devoted to the development of new, low cost and efficient electrocatalysts

based on non-noble earth-abundant metals for OER. The transition metal-based materials for

19-21 22-24 25-27

instance oxides,'®*® hydroxides,'®#" phosphides,??* nitrides,®?’, and sulphides®®%* have
marked their presence in the race of Electrocatalytic activities efficient towards OER.
However, out of these transition metal-based catalysts, oxides have shown superior stability
under the OER conditions, highlighting their prominent behaviour. Although the transition
metal oxides have shown significant potential towards OER application, there are several
aspects associated with the stability and activity, where improvements are required to make
them suitable for commercial applications. Mostly Oxides and hydroxides of Ni, Co, and Fe

have appeared as a favourable class of catalysts.®* Out of the extensive range of transition
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metal oxides, cobalt oxide spinel has acquired firm attention because of the possession of d-
band electrons similar to noble metals as well as the occurrence of mixed-valence states.**>*
In recent literature reports, Co3O4 has been clubbed with other transition metal oxides® doped
with electron donors or supported on carbon or heteroatom doped high surface area and
conductive carbon substrates to refine and further enhance the catalytic activity.® On the
other hand, TiO, has never been highlighted for oxygen evolution catalysis though it is a
highly robust and efficient photocatalyst for water splitting. Having advantages of large
surface areas, and wide range of pore size distributions recently Mesoporous TiO, catalysts
have shown an extensive range of applications in the electro catalysis and other energy

37,38

storage applications . Several improvisations have been reported to enhance the activity

of this candidate that mainly includes the doping with other transition metals cations.>* *°
Nevertheless, these hybrid combinations still fail to deliver low over potentials as compared
to benchmark catalysts.® Combinations of TiO, with other transition metal oxides is a new a
method where the interface between the two phases play a vital role in accelerating the OER
activity without involving conductive carbon substrates as an integral support system. Herein,
we have fabricated a hybrid nanostructure with Mesoporous TiO, embedded on Co304
Nanosheets. The amalgamation of Mesoporous TiO, with Co30, interfaces indeed accelerates
OER activity even in absence of any carbonaceous components. The hetrostructure shows a
OER activity with an overpotential of 340 mV at 10 mA/cm? with a long-term stability of 20

hours at current density 20 mA/cm?. The electrochemical active surface area (ECSA) also

indicates a higher activity for TiO,@Co030;.

4.2. Experimental Section

4.2.1. Materials

The chemicals used in this work were used without further purification. Cobalt nitrate
hexahydrate Co (NOg3),.6H,O with 99% purity and NaBHspurchsed from CDH, Urea
(CH4N20, 99% ) from SRL chemicals, Ammonia from Merck, Tetrabutyl isoporopoxide
TTIP and Nafion per fluorinated resin solution (manufactured by: Sigma Aldrich). In all

synthesis procedures, deionized water was used.
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4.2.2. Synthetic Procedures

4.2.2.1. Synthesis of Mesoporous TiO,

The Mesoporous TiO, was synthesized using the reported procedure with minor
modification. In brief 0.5 g of octadecylamine, 1 ml of ammonia solution, 1.0 ml of TTIP
were dissolved in 25 ml of ethyl alcohol and stirred for 30 mins followed by the addition of
30 ml of distilled water. The above solution was transferred into a 100 ml Teflon vessel and
heated at 200°C for 6 h. The obtained precipitates were dried at 50°C in a vacuum oven after
washing several times with water for further use. In the end, the white precipitates were

calcined at 550°C for 4 hours in the air to obtain the Mesoporous TiO,.
4.2.2.2. Synthesis of Catalyst

For the synthesis of catalyst firstly 20 mg of Mesoporous TiO, was dispersed in 10 ml of
distilled water. After this 0.3 mole of Co (NO) 3.6H,0 was added to the above dispersion and
stirred overnight. To this 1 M solution of NaBH,4 was added which results in the formation of
black precipitates. The above precipitates were washed with distilled water and further dried
at 50°C in a vacuum oven. The resulting precipitates were calcined at 600°C for 2hrs in the
air to obtain Mesoporous TiO, spheres wrapped in Co30,4 sheets. As a supporting catalyst
pure Coz0O, was also synthesized using the above protocol excluding the addition of

Mesoporous TiOs.

4.3 Characterization

4.3.1. Physical Characterization:

PXRD spectra of the TiO, @ Co304 catalyst, TiO, and CozO4was recorded on Bruker Eco D8
advance with Cu Ka radiation (A = 1.54056 A), from 20 10° to 80° and step size of 0.019°.
Scanning electron microscopy was done using JSM 7610 FPlus JEM -2100. TEM operated at
200 kV was used to capture the TEM images. BET analysis was done using Autosorb 1Q
Qunatchrome Instrument. XPS studies were done using ESCA Lab: 220-1XL equipped with
Mg Ka nonmonochromated X-ray beam having photon energy 1253.6 eV.
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4.3.2. Electrochemical Measurements:

OER catalytic properties of the TiO, @ Co30, catalyst along with Mesoporous TiO,, Co30,,
and the commercial RuO, catalyst were also examined on electrochemical workstation
CHIG660E using graphite electrode and the standard Ag/AgCl electrode as counter and
reference electrodes. The catalyst ink was prepared by dispersing 5 mg of TiO, @ Co0304
catalyst in 490 ul of 1:1 water-ethanol solution and 10 ul of Nafion using Labsonic LBS2-10
BATH Sonicator for 60 min. Graphite strip serves the purpose of working electrode here. 40
ul of ink was drop cast on a 0.25 cm? area of 1x1 graphite strip whereas the remaining area
was used for making the contact. Polarization curves were collected at a low scan rate of 2
mV/s in 1M KOH and the overpotential were reported w.r.t to R.H.E and also iR corrected.
Tafel plot is obtained by plotting overpotential against logarithmic current density. The linear
section of the Tafel plot was fitted to the Tafel equation (n =b log (j) + a) to obtain the Tafel
slope. The impedance spectra were obtained at different overpotentials, that is, 100, 150, and
200 mV, and a frequency range of 100000-0.1 Hz. At an applied potential of 340 mV
chronoamperometry measurement of the TiO, @ Co30,4 catalyst was done to evaluate the
stability under the prolonged duration. For the estimation of ESCA cyclic voltammetry was
done at different scan rates i.e. (20mV/s to 120mV/s) in the potential window of 1.02 V to
1.11 V. The values of TOF for OER was calculated using the given formula

TOF = j*xA4x Fxn

Where j denotes the current density (mA /cm?2), F is Faraday’s constant (96485.3 C mol_l), A

is the geometric surface area of the electrode and n is the moles of the catalyst.
4.4. Results and Discussion:

The catalyst was synthesized using a simple and cost-effective approach as shown in scheme
1. The reduction route using NaBH, results in the formation of Co30O4 Nanosheets around
Mesoporous TiO,. The structural analysis of the TiO, @ Co30, catalyst along with Co304
and TiO, was carried out firstly with the help of PXRD as presented in Fig (4.1a) where all
the peaks at 20 values 25°, 37.7°, 48°, 53.9°, 55.1°, 62.7°, 68.5°, 70.3°, 75.09° can be marked
to Anatase phase of TiO, whereas the peaks at 20 31.2°, 36.8°, 38.5°, 44.8°, 55.6°, 59.3 °,
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65.2 ° can be indexed to the cubic phase of Co30,4. The peaks obtained in the case of Co304
and TiO, spectra can be indexed to the cubic phase of Co304 and Anatase phase of TiO,

respectively Fig (4.1b) & (4.2).

a » Co,0, b
Tio,

(101)
(331)

(311)

Intensity (a.u)
(200)
(105)
,  (221)
(511) »
(204)
(440) >
(220)
Intensity (a.u)

(222) ,1004)
(116)
(215)

(220) »
{ooy) *

(422)

-

. . . . 4 . —
20 30 40 50 60 70 20 30 40 50 60 70
Angle (20)) Angle 26

Fig 4.1: PXRD spectra of (a) TiO, @ C0304 (b) Co304

(101)

Intensity (a.u)

1 v 11t trrvr
20 30 40 50 60 70
Angle (20) degree

Fig 4.2: PXRD spectra of TiO,

After PXRD chemical state of the catalyst was analysed using XPS. The survey scan spectra
were shown in (Fig 4.3a) where the appearance of characteristic peaks of Co 2p, O 1s, and
the 2p confirms the presence of Co, Ti, and O in the catalyst. The high-resolution spectra of
Co 2p confirm the presence of two key peaks at 781.1 eV (Co 2p %) and 797 eV (Co 2p 3/2)
separated by an energy difference of™ 15 eV along with a satellite peak at higher binding
energy which approves the existence of two valence state (Co*™? and Co*®) of Co30, in the
catalyst Fig (4.3b). After deconvolution, the peak at 781.1 eV and 796.7 eV correspond to Co
*3 whereas peaks at 782.7 eV and 799.6 eV correspond to Co*? ** On the quantification of
peak area, the ratio of Co™ /Co*? comes out to be 1.9. The higher percentage of Co* in the

catalyst facilitates the adsorption of OH" ions which in turn enhances the OER activity. The O

79



1s spectra can be Deconvulated into peaks at 529 eV, 530.4 eV, 531.5 eV, and 532.4 eV. The
first two peaks correspond to lattice oxygen i.e. Co-O bond and Ti-O bond respectively Fig
(4.3c). Further, the peak at 531.5 eV and a weak shoulder at 532.4 eV correspond to surface
adsorbed oxygen. As shown in Fig (4.3d) in Ti 2p spectra two peaks at 459 eV and 465.28

appeared which can be nominated to Ti 2p 12 and Ti 2p 3> spin states of Ti 2p in the catalyst
42

Co 2p
b co 2p 112

Co2p3p2

Ti2p

Intensity (a.u)
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Fig 4.3: (a) Wide scan spectra of TiO, @ Co30, catalyst (b) High resolution spectra of Co 2p
(c) O lsand (d) Ti2p

The morphology and detailed structural analysis of the catalyst was done using FESEM,
TEM, and HRTEM. Fig (4.5a) displays the FESEM image of the Mesoporous titanium
dioxide particles. The FESEM image shows the porous nature of titanium oxide particles with
a surface area of 67.04 m?/g and pore size 6.2 nm as analysed from BET isotherm Fig (4.4a).
Benifited from this the catalyst also posses high surface area of 77.03 m2/g and pore size of
nm Fig (4.4b). From the TEM image as shown in Fig (4.5b) it can be observed that
Mesoporous TiO, was wrapped in CozOssheets. The HRTEM images shown in Fig (4.5¢)
reveal the presence of lattice fringes with a d spacing of 0.24 nm and 0.35 nm which can be
endorsed to the (311) plane of Co3zO4and (101) plane of TiO, respectively. Furthermore, from
elemental mapping Fig (4.5(a-d)) and EDX spectra Fig (4.5e) the presence of both TiO, and
Co030; is confirmed which is in line with the aforesaid TEM and HR-TEM results.
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After the structural as well as morphological characterization The OER activity of TiO, the
TiO,@Co30, catalyst was examined in O, saturated 1 M KOH at room temperature. The
catalytic activity of TiO,, Co3O4 and commercially available RuO, was also studied under
similar conditions. From the polarization curves as presented in Fig (4.6a), it can be perceived
that the performance of the catalyst is more superior as compared to TiO,, Co30,4 and
commercially available RuO,. With an onset potential of 250 mV, the catalyst TiO,@Co0304
shows overpotential of 340 mV at current density 10 mA/cm? whereas for TiO, and CO30,
the minimum overpotential at current density 10 mA/cm?is 440 mV and 420 mV respectively
as shown in Fig (4.6Db).

To get a clear vision of OER Kkinetics and mechanistic parameters the Tafel slopes were
obtained using LSV curves. OER reaction in the alkaline medium typically follows a multi-
step reaction pathway which is defined as follows: The values of Tafel slope can provide

perceptive information about the rate-determining step of the OER process.

M+OH > M-OH + e (1)
2MOH - MO + H,0 (2)
MO + OH ->M-0OO0OH (3)

2M-O0H > MO +M +HO +0, (4)

It is believed that if the first step of the OER which involves the transfer of electron is rate-
determining then the appropriate value of Tafel slope is 120 mV/Dec on the other hand if the
value is around 60 mV/Dec then the rate of reaction is governed by the complex second step
rather than the first step which involves electron transfer. From Fig (4.7a) it can be observed
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that the value of Tafel slope in case of catalyst is 70 mV/Dec which is even lower than the
value for RuO, 110mV/dec indicating that in this case, the electron transfer step is no longer
a rate-determining step emphasizing the massive availability of electrons on the catalyst
surface. On contrary, the values of the Tafel slope for TiO, and Co3O,4 are 110 mV/dec and
120 mV /dec inferring that the rate of reaction is controlled by the first step in both the cases.
To get the insight of charge transfer at the interface EIS technique was performed and
impedance spectra at applied potentials 100 mV and 150 mV were acquired for the catalyst as
well as supporting catalysts. The simulated version of a plot measured at 150 mV and the
circuit used for simulation is shown in the inset. From the fitting data as shown in Fig (4.7b),
it can be noticed that the catalyst bears very low charge transfer resistance (7 ohms at 150

mV) as compared to the supporting catalysts highlighting the faster electron migration at the

interface.
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Fig 4.7 (a) Linear sweep voltammetry curves of TiO,@ Co30, catalyst along
withMesoporous TiO,, Co30,4 and the commercial RuO2 catalyst (b) Comparison of
overpotential of TiO,@ Co30, catalyst, Cos0, and TiO, at 10 mA/cm? (c) Tafel slopes
obtained from LSV curves of all aforementioned catalyst (d) Nyquist plot of TiO,@ Co30,

catalyst, Co304 and TiOz at 150 mV with equivalent circuit shown in inset.

Another important landmark that the catalyst has to achieve is long-term durability which
was checked by the chronoamperometry technique Fig (4.8a). The experiment was performed
at a current density of 20 mA/cm2 for over 20 hrs, where it can be inferred that there is no
significant change in the current density even after such a long duration with catalyst
retaining 85 % of the initial current density. By doing the HRTEM and after stability studies,
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the original crystal structure and morphology were obtained, which unfolds its integrity after

the catalyst shown in Fig (4.8b).
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Fig 4.8: (a) Chronoamperometry curve for catalyst at 20 mA/cm? for 15 hours (b) HRTEM
after the stability studies
The electrochemical active surface area (ECSA) helps to get an impression and idea about the
abundance and availability of the catalytic active sites on the catalyst surface. The double-
layer capacitance is obtained by performing the Cyclic voltammetry measurements preferably
in the non-periodic region, i.e. (1.02 V to 1.14 V vs R.H.E) for the catalyst as well as
supporting catalyst as shown in Fig (4.9 (a-c)). A plot of scan rate versus Aj was assembled
Fig (4.9d) and the slope of the curve obtained gave the value of double-layer capacitance per
unit area from which ECSA is estimated. The Cdl value of the catalyst, Co3O,4 and TiO; are 8
mF/cm?, 3.6 mF/cm?, and 2.4 mF/cm? respectively. The higher value of Cdl for the catalyst
suggests the abundant availability of active sites which results in higher activity as compared

to the other catalysts.
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The faradic efficiency of the catalyst was calculated using the water displacement method Fig
5a) where the amount of oxygen liberated was determined. The volume of oxygen gas
evolved is calculated theoretically as well as experimentally where the ratio of above two
accounts for 97.9 % of faradaic efficiency for TiO,@ Co30, catalyst. The specific activity of
the catalyst is further proven with the help of turnover frequency. By supposing the active
participation of each site the TiO,@Co030; catalyst has TOF of 0.025 sec™ at 400 mV which
is larger than the 0.007sec™ and 0.003 sec™ for Co30, and TiO, respectively Fig (5b).
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Fig 5.0: (a) Faradaic efficiency of TiO,@ Co304 catalyst (b) TOF plot of TiO,@ Co0304
catalyst, TiO,, and Co304
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4.5. Conclusion:

In summary, the TiO,@Co030, catalyst was synthesized using a simple two-step
methodology. A hybrid nanostructure with Mesoporous TiO, embedded on the Co304
Nanosheets was fabricated. Amalgamations of TiO, with other transition metal oxides
(TMOs) is a new methodology where the interface between the two phases plays a crucial
role in accelerating the OER activity without involving conductive carbon substrates as an
integral support system. This is the first time we have reported how Mesoporous TiO, can be
used for the enhancement of the OER activity for a sheet-like Co30.. Such synergistic effect
is not been reported for OER activity yet. The catalytic activity of Co3O, Nanosheets simply
gets enhanced in presence of Mesoporous titanium oxide. The hetrostructure displays an OER
activity with overpotential of 340 mV at 20 mA/cm? with the long-term stability of 20 hrs.
The double-layer capacitance (Cgy) also indicates a higher activity for TiO,@Co0304 to the

corresponding individual phased catalysts.

Catalyst 1 @10 mA/cm® Electrolyte Ref
C040,/ w MWCNTSs 390 mV 0.1M KOH s
C0404/N-CNTs 420 mV 1M KOH a
grafted carbon
polyhedron
C-NiOx/polypyrole 341 mVv 1M KOH ®
Cu@NiFe LDH 310 mV 1M KOH %
Fe(OH)5:Cu(OH), 310 mV 1M KOH a7
Ni-Co BPTC MOF 348 mV 1M KOH 8
Ni-BDC MOF/NF 320 mV 1M KOH s
Nig 75F€q 25-LDHs 350 mV 1M KOH 50
Nig 75V 25-LDHSs 310 mV 1 M KOH 51
Ni@BCN 470 mV 1 M KOH 52
NiCo-NS 334 mVv 1.0 M KOH 53
NiFe(CoTSPc)/G 330 mV 1.0 M KOH >
Exfoliated NiFe nano 290 mV 1.0 M KOH 5
sheets for 8h
Exfoliated NiCo LDH 367 mV 1.0 M KOH %
nanosheets
Ni,Co™Fe-LDH/N- 314 mV 1.0 M KOH 57
GO
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CMN-500 290 mVv 1 M KOH %
NixCo,_,OOH 350 mV 1 M KOH *
CoSeogs1 324 mV 1 M KOH *0
TiO,@Co;0, 340 mv 1.0 M KOH This work
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Chapter 5

Self-supported CoVW,; 9,sLDH as Hydrogen

Evolution Catalyst in Alkaline medium.

80 °C, 8 hours

CoVW LDH/NF
&, P L

ABSTRACT

Self-supported CoVW,02sLDH Nanosheets were grown on nickel foam which acts as a
superior catalyst for hydrogen evolution reaction in an alkaline medium. W on being
introduced as a dopant into the lattice of CoVLDH Nanosheets tunes the electronic structure
that enhances the activity thereby decreasing the overpotential from 200 mV to 127 mV.
Moreover, the catalyst has a low value of Tafel slope indicating faster kinetics which is also
reflected by a low value of charge transfer resistance. The catalyst was also found to be

stable for 20 hours at a current density of 10 mA/cm?.



5.1. Introduction

Rapidly increasing energy demands and severe environmental concerns have outstretched
the demand for developing renewable energy systems . In this context, hydrogen turns out
to be an appropriate cleaner substitute owing to its high energy density and environment-

friendly combustion products *°.

Electrochemical water splitting involving hydrogen
evolution reaction is one of the most convenient routes for the production of hydrogen where
hydrogen is produced from water either in an acidic medium ( 2H" + 20 —>H, ) or
alkaline/neutral medium ( H,O+ 2e-—>H;). The kinetics of HER reaction in an alkaline
medium is greatly confronted by the VVolmer step which carries the necessity of optimum
adsorption and desorption of water molecules. The dissociation of water molecules creates an
additional energy barrier which slows down the overall reaction ’. Surprisingly, platinum
which is considered the ideal catalyst for hydrogen evolution reaction in an acidic medium
fails to showcase its superior performance in an alkaline medium . Thus it is highly desirable
to develop a catalyst for alkaline hydrogen evolution water reaction which has the
competency to cross the barrier of water oxidation. Double layer hydroxides based on Co, Ni,
Fe, and Mn have recently emerged as an efficient catalyst for OER due to high conductivity
and novel structures. They are represented as [M?*1,M** ,(OH),]**(A™ )yn-mH-0 consisting
of positively charged host layers interlayered by exchangeable negative anions * '°. However,
the layered double hydroxides (LDHs) show enormously poor HER activity imparting high
voltage for overall water splitting in an alkaline medium *. It has been noticed from the
literature that LDH material show enhancement in HER activity when clubbed with carbon-
based materials with or without heteroatom 2. E.g. Jia et al showed that Ni Fe LDH shows
improvement in the HER activity in an alkaline medium on combining with defect-rich
graphene sheets *3. A similar kind of enhancement was also witnessed in Fe Co LDH on
combining with graphdyine by Hui et al where the current density reached 500 mA/cm? .
Incorporating third metal into the bimetallic LDH lattice was also found to be an interesting
approach by the researchers in elevating the alkaline HER activity which is sometimes
designated as trimetallic hydroxides LTH *°. Barber et al reported better activity of FeNiCo
LDH as compared to NiCo LDH *°. They further inferred that such an improvement in
activity was observed due to an increase in the abundance of metal sites. In the chain of
trimetallic LDH. Dinh et al introduced less explored vanadium into the NiFe LDH system
and claimed a similar kind of enhancement *’. Lately, Mo was introduced in the NiCo LDH

system by Hao et al which again displayed better performance than the bimetallic LDH
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system 8. Although Cobalt and vanadium, hydroxides have also shown interesting results for
oxygen evolution reaction as reported recently by Mingyang et al.® and Juzhe et al.”® But
they fail to show satisfactory performance for hydrogen evolution reaction thereby limiting
their applicability as a catalyst for overall water splitting. In a recent report made by Dang
and his co-workers, W doped NiFe LDH shows remarkable activity for alkaline water
splitting 2*. With the help of theoretical calculations, they have claimed that the synergistic
effect between W and Ni Fe decreases the kinetic barrier for HER. Enthused by the above
considerations and to understand how W can play a beneficiary role in modulating the HER
activity of Cobalt vanadium-based LDH, we have synthesized self-supported W doped CoV
LDH Nanosheets on Ni foam. By varying the ratio of W in the reaction mixture three
different samples of CoVW,LDH were obtained where x is 0.025mmol, 0.5mmol, and 0.125
mmol. The sample CoVW,5/LDH displays a low overpotential of 127 mV at a current
density of 10 mA/cm?®. This simple methodology can be further extended to other self-
supported CoVM (M is Ni, Fe, and Mn) LDH electrocatalysts which can catalyze the
electrochemical reactions efficiently.

5.2 Experimental Section

5.2.1 Materials and Chemicals

Cobalt chloride hexahydrate (CoCl,-6H,0), sodium tungsten dihydrate (Na,WO,.2H,0),
Potassium hydroxide (KOH), Nafion (5 %) per fluorinated resin, Pt/C all purchased from
Sigma Aldrich. Ammonium metavanadate (NH;VO3, HI media), sodium hydroxide (NaOH,
Loba Chemie), All the chemicals were used without purification. Distilled water was used to
make aqueous solutions. Nickel foam of (1X1 cm?) was cleaned by sonication in with 6 M

HCI followed by ethanol and distilled water for 10 minutes to remove the surface impurities.

5.2.2 Synthesis Procedures

5.2.2.1 Synthesis of CoVW, 45 LDH catalyst

The catalyst was synthesized on nickel foam. Before use, nickel foam was activated using a
standard protocol. Nickel foam was cut into the desired dimension and first dipped in 3 M
HCI solution and sonicated for 15 minutes followed by sonication in acetone and distilled
water and then oven-dried. The catalyst was synthesized in one pot using the precipitation
method. In detail, 3 mmol of CoCl,.6 H,O was dissolved in 20 ml of distilled water in one
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beaker, and in another beaker 1 mmol of ammonium metavanadate, 0.025 mmol of sodium
tungstate, 0.1mole of sodium hydroxide was dissolved in 20 ml distilled water. Cobalt
chloride solution was slowly added into another solution in an oil bath maintained at 80 deg.
The resulting solution was stirred for 30 minutes. Pre-washed nickel foam was added to the
above solution and kept overnight for growth of CoVWy .5 LDH. Other series of samples
were synthesized by adopting a similar procedure and varying the amount of sodium
tungstate in the reaction i.e. 0.0125 mmol and 0.05 mmol. The optimized concentration
showing the best activity is 0.025 mmol, other concentrations show poor CoVLDH was

synthesized by a similar protocol except for the addition of sodium tungstate.
5.2.2.2 Synthesis of CoVLDH

CoVLDH was synthesized by a similar procedure as above except for the

addition of sodium tungstate.
5.3 Characterization

5.3.1 Physical Characterization

PXRD spectra of the CoVW, g5sLDH catalyst and CoVLDH were recorded on Bruker Eco
D8 advance with Cu Ka radiation (A = 1.54056 A), from 20 10° to 80° and step size of 0.019°;
Scanning electron microscopy was done using JSM 7610 FPlus; JEM-2100 TEM was
operated at 200 kV to capture the TEM images. XPS studies were done using ESCA Lab:
220-1XL equipped with Mg Ko nonmonochromated X-ray beam having photon energy
1253.6 eV.

5.3.2 Electrochemical Studies

The electrochemical measurements were performed on Auto lab multichannel M 204
PGSTAT (Metrohm) in a three-electrode configuration. CoVW, 2sLDH (1 x 1 cm?) NF was
used as the working electrode, and Ag/AgCl (3 M) and graphite rod were used as the
reference and counter electrodes. 1 M KOH (pH =13.7) was used as an electrolyte and all the

potentials were reported to (RHE) as per the equation:

E rue) = E (AG/AQCI) + 0.197 + 0.0591 * pH
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Linear sweep voltammetry curves were recorded at a low scan rate of 5 mV/sec. Electron
impedance spectra were recorded from 0.01 Hz to 100000 Hz at -1.10 V vs Ag/AgCl.
Chronoamperometry curves were recorded at a current density of 10 mA/cm? for 20 hours
and 50 mA/cm? for 15 hours. The electrochemical surface area was analyzed from double-
layer capacitance. For the evaluation of Cdl cyclic voltammetry studies were performed at
different scan rates in the non- faradaic region. i.e. from 0.86 V to 0.98 V vs R.H.E. Cdl was
further calculated from the slope of the plot obtained by Aj (ja-jc) vs scan rate where ECSA is
given by ECSA = Cdl/Cs where Cs is surface capacitance which is 1.7 mF /cm? for Ni foam.

5.4 Results and Discussion

The CoVWgsLDH samples were obtained by the one-pot precipitation method. The
precipitates were collected after the reaction and used for PXRD analysis. The powder X-ray
diffraction (XRD) pattern of the CoVWy 0,5LDH, as well as CoVLDH, is shown in Fig (5.1a).
Peaks obtained at 11.8°, 22.7°, 34.4° 39.3% and 64.9° are indexed to (003), (006), (102),
(105), and (116) crystal planes of CoVLDH structure.
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Fig 5.1: PXRD spectra of (a) CoVW, 025L.DH (b) XPS wide scan spectra of CoVW, g5 LDH

After elucidating the structure the chemical state of the CoVW; s LDH was analyzed using
XPS. For better understanding and detailed analysis, XPS studies were also done for CoV
LDH. The wide scan spectra of CoVWy 2sLLDH are shown in Fig (5.1b) which contains the
peaks corresponding to Co, V, and W elements in an atomic ratio of approximately 3:1:1
confirming the assimilation of W in the CoVLDH. The high-resolution Co 2p spectra for
CoVW, 025 LDH are shown in Fig (5.2a) which show two major peaks one positioned at 781.5
eV and the other at 797.1 eV along with two satellite peaks (787 eV and 801.3 eV). The
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energy between the peaks Co 2pi, and Co 2ps; is equal to 16.1 eV which is a direct
characteristic of high spin Co*? state #. The high-resolution O 1s spectra are shown in Fig
(5.2b) where one distinct peak is observed at 531 eV both in the case of CoVLDH and
CoVW, 025 DH which is referred to as M-OH bond 2. For V 2p spectra of CoVW 5L DH,
two peaks appeared in the high-resolution spectra, one at 517 eV and the second one at 524
eV as displayed in Fig (5.2c). The energy separation between two peaks is 7 eV which
corresponds to V*> oxidation state *. The high-resolution W4f spectra are shown in Fig
(5.2d) where peaks allocated at 34.9 eV and 37.2 eV are assigned to W 4f 7, and W 4f 55, spin
states respectively giving a clear indication of the presence of W in +6 oxidation state %. In
comparing the Co 2p spectra obtained in the case of CoVLDH it is interesting to observe a
positive shift of 0.5 eV both in the case of Co 2ps, and Co 2p 1> whereas in spectra of V 2p a
positive shift of 0.9 eV for V 2p 31, is observed. This keen observation in XPS data suggest on
assimilation of W in CoV lattice has modulated the electronic environment which is

responsible for huge improvement in the activity.
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Fig 5.2 High resolution (a) Co 2p spectra (b) O1s spectra (¢) V 2p spectra (d) W 4f spectra of

CoVLDH and CoVW o5 LDH
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After elucidating the structure the morphology of the CoVWjosLDH catalyst was
investigated using scanning electron microscopy. Fig (5.3a-d) shows the SEM images of bare
Ni foam as well as the catalyst where we can see that the porous network of nickel foam
substrate was uniformly covered with CoVW;sLDH Nanosheets after the reaction. EDX
elemental mapping images along with EDX spectra further confirm the uniform distribution

of all the elements present in the catalyst as shown in Fig (5.3e-k).
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Fig 5.3: (a-d) SEM images of bare nickel foam and CoVW; 5L DH (e-k) EDX elemental
mapping with EDX spectra
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After structural characterization and morphology study, the catalytic performance of
CoVW) 025LDH is evaluated along with CoVLDH and Pt/C. The linear sweep voltammetry
curves are recorded at a scan rate of 2 mV/sec in 1 M KOH as shown in Fig (5.4a). To attain
a current density of 10 mA/cm?® CoVW, o25LDH requires an overpotential of 127 mV which is
less as compared to CoVLDH which requires 200 mv as shown in Fig (5.4b). Moreover, the
current density in the case of CoVW 5LDH is as high as Pt/C confirming the efficacy of the
former. Such superior performance in the case of CoVW,sLDH can be attributed to the
presence of W which possesses optimal binding for H atoms thereby lowering the barrier for

hydrogen evolution reaction.

NTE‘ 0
g {a _200 b 200 mV
£-100 - z
> i - -
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-400 T T T T T T | E— 0 H
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Potential (V vs R.H.E) CoVW, . .LDH

Fig 5.4: (a) Linear sweep voltammetry curves of CoOVW g25LDH catalyst along with CoV
LDH and Pt/C (b) Bar graph showing the overpotential of the catalyst along with supporting
catalyst.

To get an idea about the kinetics Tafel slope of CoVW, ¢25sLLDH, CoVLDH is calculated along
with Pt/C. Fig (5.5a) shows the Tafel plot of CoVW g2sLDH, CoVLDH, and Pt/C where the
Tafel slope in the case of CoOVW,g2sLDH is 144 mV /dec which is lower than that of CoV
LDH i.e. 177 mV/dec indicating faster kinetics of HER reaction. The tafel slope in case of
Pt/C is 88 mV/Dec. To get information about the conductive properties of the electrocatalyst
electrochemical impedance spectra were recorded for the main catalyst as well as the counter
catalyst Fig (5.5b). After fitting the impedance spectra with the equivalent circuit shown in
the inset charge transfer resistance of CoVW; 0sLDH is 3 ohm which is very less compared
to CoVLDH which has a charge transfer resistance of 15 ohms. The low value of Rct again

indicates a superior property of CoVWg 5LDH
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Fig 5.5 (a) Tafel slope of COVWj 25 LDH catalyst along with CoVLDH and Pt/ (b) C Nyquist
plot of CoVLDH and CoVW, p25sLDH at 150 mV with inset showing the fitted Nyquist plot

along with the equivalent circuit

Further to ensure the durability of CoVWy;sLDH under prolonged operations
Chroamperommetry studies were carried out at the current density of 10 mA/cm? for 20 hours
as well as at a high current density of 50 mA/cm? for 15 hours. From the chronoamperometry
curve as shown in Fig (5.6a) and Fig (5.6b) It can be inferred that catalyst shows very less
loss in current density even after prolonged cycling with 99 % retention in current density
after a time duration of 20 hours. Even at a higher current density of 50 mA/cm? catalyst was
able to retain 86 % of its initial current density. These observations prove the durability of the

catalyst.
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Fig 5.6 Chronoamperometry curve of CoVW, gsLDH at current density at 10 mA/cm? for 20
hours.

The availability of abundant active sites also proves the superior performance of the catalyst.

To have the clue about the same electrochemical surface area was calculated for both
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CoVWj.0sLDH and CoVLDH by performing cyclic voltammetry measurements in potential
window 0.86 V TO 0.98 V vs R.H.E. as shown in Fig (5.7a) and Fig (5.7b). Cdl was
estimated from the slope of linear plot between current density and scan rate Fig (5.7¢). The
value of Cdl for CoVWyosLDH and CoVLDH is 2.5 mF/em” and 1.5 mF/cm®. The high
value of Cdl for CoVW¢sLDH indicates adequate availability of active sites which is

responsible for the enhanced performance.
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Fig 5.7 (a) CV plot of CoVLDH (b) CV plot of CoVW 0sLDH (c) Cdl of CoVW 25 LDH
and CoVLDH

Thus based on the above examination of HER performance of the synthesized catalyst, it can
be said that W doped CoV LDH show remarkably improved activity as compared
toCoVLDH due to a couple of reasons such as firstly due to changes in the electronic
environment which are noticed in the XPS studies and secondly due to presence of W which

has optimum binding energy for the proton thus facilitating the conversion to H..
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Conclusion

In this work, the approach of using a third element was used to improve the activity of Cobalt
vanadium layered double hydroxides for hydrogen evolution reaction in an alkaline medium.
The presence of W in the high valence state of CoVLDH lattice boosts up the performance
which is reflected by the sound decrease in the over- potential of CoVLDH from 200 mV to
127 mV. This rise in the activity can be attributed to the alteration in the electronic structure.
Thus this strategy can be used further to explore the other LDH-based systems to enhance

their performance for HER.

Table 5.1: Comparison of overpotentials at 10 mA/cm? with other reported catalysts in

literature
Catalyst 1N (mV) Electrolyte Ref
NiFeCo LDH 108 1M KOH 1
NiFeV LDH 125 1 M KOH R
NiFe LDH with trace Fe 170 1 M KOH %
NiCo LDH 130 1 M KOH 2
CoFe LDH @g-C3N4 210 1M KOH =
Defected CoFe LDH 300 1 M KOH 2
NiCoFe LTH 185 1 M KOH 16
AuCoNi LDH 210 1 M KOH %0
CuCoFe LDH 190 1 M KOH 31
MnCo-(CO);-OH 190 1M KOH 32
C0y.55 Se NiFe LDH 260 1M KOH 3
MoS, Ni(OH), 197 1M KOH 34
MoS, Co(OH), 150 1M KOH s
CeO, NiFe LDH 154 1M KOH 35
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NiCo,0, NiFe LDH 190 1M KOH 36

CoVW, g5 LDH 127 mv 1M KOH This work
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CONCLUSION AND FUTURE PERSPECTIVE

Thesis Summary

This thesis comprises various nanomaterials synthesized to assist hydrogen evolution reaction
as well as oxygen evolution reaction. The focus of this work is not only limited to synthesis
but it also involves broad characterization of the synthesized materials using various physical
and electrochemical techniques that helped me to attain comprehensive and deep knowledge
about the role of heterostructures in enhancing the kinetics of electrochemical reactions.

> The first chapter deals with the understanding of the current scenario about the energy
crisis, the role of renewable sources of energy for addressing the issues related to
ocean acidification, global warming along with emerging hydrogen fuel technology.
The focus and motive of the thesis are also explained in this chapter based on the
intensive literature study.

> The second chapter is all about the information of materials and all the
characterization tools that are used in the thesis. Characterization studies include
structural characterization using PXRD, XPS, etc., morphological studies were done
using SEM, TEM, and electrochemical studies that cover LSV, CV, GCD, EIS, etc.

> The third chapter is about the synthesis of reduced graphene oxide using a new and
unique methodology that evolves minimum use of chemical reagents and does not
involve any requirement of purification techniques after the reaction. With elaborative
and peculiar theoretical studies clubbed by mechanistic studies, we have shown the
existence of a transient species i.e. solvated electron in the reaction system that is
responsible for carrying out the reduction of GO to RGO without compromising with
the quality of RGO.

> Co30,4 has gained huge attention for oxygen evolution catalysis and it has been
coordinated with other metal oxides, conductive carbon supports to cause additional
refinement in the activity. Another aspect is also that Mesoporous TiO2 has never
been in limelight for OER catalysis. Thus based on the above facts we have designed
a heterostructure based on Mesoporous TiO, and Co30O4 nanosheets which shows good
activity for oxygen evolution reaction. The detailed work is discussed in the fourth
chapter.

> Double layer hydroxides have shown case prominent results in oxygen evolution
reaction but their hydrogen evolution activity is not up to the mark. Thus with this
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motive behind the fifth chapter involves the study of W doped CoV LDH as a catalyst
for hydrogen evolution reaction in alkaline medium. The catalyst was found to show

good durability at both low and high current densities.

Future Perspective

Thus by getting sound and broad knowledge about the importance of interface engineering
from the work presented in this thesis the search of non-noble metal catalysts can be extended
to the heterostructure between other compounds of earth-abundant transition metals such as
nitrides, carbides, phosphides, oxides, hydroxides, sulfides. The use of conductive templates
such as CNTs, aerogels, carbon cloth, and heteroatom doped RGO play a positive role in
boosting the activity. Titanium oxide which is a good photo-catalyst can be alloyed with
other transition metal oxides/ hydroxides to explore its electrochemical activity. Double
layer hydroxides which have recently gained attention in water oxidation can be modified and
tuned to be effective for hydrogen evolution reaction irrespective of the electrolyte medium.

MOF-based compounds that have high conductivity and high surface area can be used as host

materials to hold the nanomaterials as well as they can be used to form heterostructures.

By designing and tuning the activity of heterostructures using various strategies the approach
of catalysis can be diverted towards overall water splitting. The material should be devised in
such a way that it has the capability of catalyzing both the half redox reactions i.e. HER and
OER effectively.

One of the important points regarding catalysis is the ability of the material to show good
activity irrespective of the pH of the electrolyte medium. Most of the time the catalyst is able
to show the best performance only at one pH value. Thus the approach of catalysis can be

diverted to create new materials that can work for both HER and OER at all pH.

Thus it can be concluded that this area has still a lot to be explored on the practical ground so
that material synthesis and their applicability can be extended to an industrial scale which

will provide a huge relief from the ongoing energy thirst and environmental degradation.
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