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Abstract

To achieve a carbon-neutral future, it is essential to develop sustainable methods for hydrogen
production by water electrolysis. Efficient and eco-friendly hydrogen production through
electrolysis demands significant energy input. This high energy requirement necessitates the
use of catalysts to reduce energy consumption making electrolysis process to be economically
viable. In this pursuit, we synthesized a bifunctional electrocatalyst (Fe304/NiO-C) with
improved catalytic performance using Ni-Fe-MOF as the precursor material. The Fe304/NiO-
C catalyst demonstrated a substantial enhancement in electrochemical performance, faster
reaction Kinetics, and long-term durability compared to pristine Ni-Fe-MOF. It achieved an
exceptionally high current density of 500 mA cm at an overpotential of 280 mV for the oxygen
evolution reaction (OER) and 50 mA cm™ at 182.5 mV for the hydrogen evolution reaction
(HER), with Tafel slopes of 59.0 mV/dec and 53 mV/dec, respectively. Additionally, it showed
extended electrochemical stability, maintaining 86% performance for OER and 93% for HER
after 24 hours of chronoamperometry test. The outstanding performance of FesO4/NiO-C is due
to its unique composition, interfacial interactions, and its high surface area and porosity. This
research emphasizes the significance of MOF-derived transition metal oxides as highly

efficient, active, and stable bifunctional electrocatalysts for water-splitting.

Keywords: MOF-derived Oxides, FesOs, NiO, HER, OER, Electrocatalyst
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Chapter 1

Introduction

1. Introduction

As the reserved fossil fuels are declining rapidly, the energy supplied rate of fossil fuel is also
diminishing, but the demands of the fundamental energy are continuously increasing more and
more with the day by day rise in world's population, whichwill be leaping up by a factor of
26% that is approximately 9.7 billion by 2050.%2 There is also a serious concern that fossil
fuels are not environment-friendly and may be highly damaging to humans, plants and other
creations as they can expedite greenhouse effect, cause air pollution, water pollution, as well
as leading to severe climate change. One of the root causes of the global warming is greenhouse
gases, according to an estimate if global warming pursues to increase at the ongoing rate, then
between 2030-2052, global temperature is probably increased by 1.5 °C ensue almost 3.8 m
rise in the sea level.  To address these concerns, significant steps must be taken to explore
clean, renewable substitutions as a reliable source of energy so, the conversion of economical
fossil fuel systems to economical renewable energy systems requires the establishment of
highly efficient, cost-effective and environmentally friendly catalysts as a renewable energy

source.*®

1.1. Energy Crisis

Energy resources play a vital role in economic security of any developing country. The
countries with progressive economies are now considering a new concept of “natural security”.
This concept defines the availability of natural resources. The availability is affordable. These
natural resources must be environmentally friendly, reliable, and available in sufficient
amounts. They are important for the economy of a 2 country as the economy of a country is
measured directly by the energy production of that country.” The progress and prosperity of a
country is directly indicated by the energy requirements. Energy consumption is the main
source to run any country. It is also the biggest need of human being now a days. It is being
used for industrial as well as domestic purposes. It is being used for cooking purposes. It is also
used for pumping water. Recent studies show that there is a rise of 1.56% in economic growth
for 10% increase in energy consumption’. The sources of energy can be divided into two

categories. These are renewable and non-renewable energy resources. The non-renewable
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energy resources are those energy resources that can be reproduced. They include natural gas,
coal and crude oil ®. While the renewable energy sources are those that can be reproduced. They
include wind power, solar power, hydrogen, and biomass. There is a huge rise in the demand
for energy due to the industrial evolution and for domestic purposes. It is because of the high
population growth throughout the world. There is a lot of increase in human standard. Economic
security of a country depends upon its energy resources especially in case of developing
countries. It is the reason that we are using more energy as fuel for vehicles. A survey was done
in 2013 8, This survey shows that 82.5% of the energy is being obtained from fossil fuels.
Therefore, fossil fuels are being depleted. Geologists suggest that if fossil fuels will be
continued to be extracted at the same rate, there will be shortage of fuel and energy sources in
near future and the results will be worst. There will be a crisis. The total energy supply to
Pakistan was 64.5 million in 2013. The fraction shared by the gas is 48.2%, oil’s share is 32.5%,
coal 6%, and LPG 0.5% °.

Pakistan imports crude oil. It costs us a lot as our economy is low. While the use of fossil fuels
also effects environment. CO, CO2, SOx, and NOx are polluting our environment. Similarly,
these conventional sources of energy are being depleted day by day. But our industrial demand
is high. So, it is creating a supply-demand gap. That is why we need alternative sources of

energy.

Amongst various investigated solutions for clean energy resources, H as a clean fuel is the most
proficient and viable green source of energy as its gravimetric density is much higher than the
gravimetric energy density of petroleum. Next to that hydrogen as a fuel is excellent because it
has a high efficiency, gives nontoxic, exhaust product, renewable and we can use it for energy
storage. %! Despite the fact that hydrogen (H2) is expected to be the most sustainable energy
solution, hydrogen production processes are still in the development phase for commercial use.
Today, fossil fuels constitute the main source of hydrogen produced on an industrial and
commercialscale. Most of the commercial production of hydrogen now occurs in petroleum
refineriesor in the chemical industry. Hydrogen is primarily used as a raw material in petroleum
refineries and other applications, including plastics and resins.*? About 96 percent of the global
hydrogen supply comes from the vapor reforming of oil and natural gas, as well as coal
gasification.**'* In order to abolish dependence on fossil fuels, hydrogen production would have

to come from bountiful and clean sources, with environmentally friendly processes.

Water splitting is an important approach to renewable substitute for hydrogen production.®®
About70 percent of the earth surface is covered with water so it can be the amplest source of
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Hydrogen production as it is of no harm to our environment and can be recycled back to H-O.
The other product of water splitting is O2 that has only positive influence on the Atmosphere
and its very useful for other applications which enhances the profit gain by electrolysis of
H20.Currently only 4 percent of Hz is produced by the electrolysis of H2O. The reason for the
low production rate of Hydrogen is that catalysis of water requires high energy to break the
hydrogen bonding present between the H.O molecules. Water splitting involves 2 types of
reaction inside the cell in the presence of electrolyte on the bases of reduction and oxidation of
H20 on cathode and anode respectively. The reduction reaction is known as HER as hydrogen
evolved in this half of the cell and the oxidation occurs on anode is known as OER as it evolves

Oxygen.

The kinetics of OER and HER are very slow, so they always require a catalyst to break the
strong bonds between H-O in H20. Usually, the catalyst is Nobel metals like Ruthenium,
Platinum etc. But Nobel metals are highly expensive, hard to reserve, and poor sustainability,
which restrains us from using them for electrolysis at commercial scale.*®” Transition metals
like Fe, Ni and Co which are plentiful, stable and have special catalytic activity can be a
preferable choice in comparison with highly expensive Nobel metals.31° In addition to catalyst
composition, chemical structure and morphology, both are substantial in determining the
catalytic activities for efficient hydrogen production by water-splitting. Because of the ease of
access to the pores, the short charge transfer distance, the exposed active sites, and the smooth
diffusion of reactants and products from the catalytic sites, porous micro-nanostructures exhibit
excellent photocatalytic performance.?%-?

Metal-organic frameworks (MOFs), which combine metal centers with organic linkers to form
a structure, are being heralded as an emerging class of materials. Due to their higher porosity
(90% free volume), flexible structure, compositional tunability, exceptionally high surface area,
and crystallinity, they have remarkable optoelectronic, electrical, and catalytic capabilities.
Their value has lately been used in a wide range of applications, including water splitting,

Carbon dioxide absorption, as sensors, and adsorption.?-33

Additionally, a thorough examination has been done on MOFs as a powerful catalyst for the
electrochemical and photoelectrochemical evolution of hydrogen by water - splitting.
Intrinsically MOF's ability to retain their functional groups and structures after modifications
made to their structural elements using synthetic synthesis strategies transforms them into
powerful catalysts for water-splitting.>* MOFs can be designed for efficient and improved

catalytic sites in hydrogen production, introducing light sensitizing functional groups, band gap
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adjustment, and maintaining a photoelectric charge.

As frameworks for the synthesis of functionalized materials (such as porous carbon, M-
sulphides, M-oxides, and C metal/M-oxide hybrids), MOFs have certain various benefits over
typical semiconductor catalysts. Most of the time, the structure morphologies of the original
MOFs are maintained in the derivatives, and increased catalytic performance is frequently seen.
(341 Additionally, MOFs and their derivatives can be used as support in the creation of well-

planned nano-catalysts.>3¢

Numerous studies have been conducted in the last few years on the use of MOFs as
photoelectrochemical and electrochemical photocatalyst for electrolysis of H>O. This field of
study will continue to draw more attention. This makes it highly important to examine the
progress and difficulties faced by MOF-based composites as catalyst for water-splitting. The
goal of this paper is to provide a thorough review of the investigation and development of MOF-
derived catalysts for PEC and EC water splitting and their future advancements.

48% 4%

30% 18%

Figure 1: Hydrogen generation sources throughout the globe (natural gas 48%, oil 30%, coal 18% and Electrolysis 4%).%”

1.2. Electrolysis of Water

Electrolysis is the non-spontaneous chemical decomposition of water into its constituent
components hydrogen and oxygen driven by the application of an external electric current. This
process takes place in an electrolytic cell where water act as an electrolyte and electrode

performs the redox reaction.

Overall reaction: 2H,0—-2H, + O,

1.3. Key components of water splitting

Key components of water splitting are electrolytic cells, electrolyte with different pH values,
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electrodes with different material type and catalyst for speed up the reaction process.

. Electrolysis cell

Electrolysis cells play an important role in the production of hydrogen and oxygen for the
development of clean and sustainable energy technologies. Ongoing research focuses on
improving efficiency, reducing costs, and integrating electrolysis cells with renewable energy
sources to enhance the environmental sustainability of hydrogen production. Electrolysis cells
play a key role in various industrial processes, including metal extraction, electroplating, and
the production of gases. There are different types of electrolytic cells based on their applications

and configurations. Some common types are:

a) Aqueous Electrolysis Cells:

An aqueous electrolytic cell is a type of electrolytic cell in which the electrolyte is an aqueous
(water-based) solution. Water serves as the medium in these cells, through which ions move,

and the electrolyte many times contains dissolved salts or acids to enhance conductivity.

/ Electrodes \

Salt bridge

[“ Aqueous solution ’

Figure 2: Daniel cell, an electrolytic cell consisting of two half reactions, two electrodes, a salt bridge and a voltage source

Aqueous electrolytic cells are commonly used for the electrolysis of water to produce hydrogen

and oxygen and the deposition of metals through electroplating.
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Electrodes reactions
Overall reaction: 2H20 (I)-»2H2(g) + O2(g)
Anode reaction: 2H>0 (I)- O2(g) + 4H"(Aqua) + 4e”

Cathode reaction: 2H20 (l) + 4e"— 2H2 (g) + OH- (Aqua)

b) Industrial Electrolysis Cells:

Industrial electrolysis cells are used for large-scale industrial processes. For example,
electrolysis of molten sodium chloride (Downs cell) to produce sodium and chlorine.

c) Electroplating Cells:

Electroplating is an adaptable widely used industrial process, inside electroplating cells, a metal
object is coated with a thin layer of another expensive metal using electrolysis. The specific
parameters can be adjusted based on the desired properties of the plated object. Electroplating
helps to improve the aesthetics, durability, and functionality with a wide range of other
applications e.g. enhancing appearance (decorative plating of jewelry, silverware, and
ornaments), corrosion Protection (Plating metals like zinc onto iron or steel to provide a
protective layer), electrical conductivity (coating connectors and electrical components with
metals like gold or silver for improved conductivity) preventing tarnishing (Plating silver
objects to prevent tarnishing), hardening surfaces (depositing hard metals like chromium onto
objects to improve durability) and creating reflective surface (plating metals like aluminum

onto glass to create mirrors).

d) Chlor-Alkali Electrolysis Cells:

Chlor-alkali electrolysis cells is used to produce chlorine, sodium hydroxide, and hydrogen. For

example: electrolysis of sodium chloride (NaCl) solution in a mercury cell or membrane cell.

e) Fuel Cells:

Fuel cells are used for generating electrical energy from the reaction between a fuel and an
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oxidant. Fuel cells, which only produce water as a byproduct and are an electrochemical device
used to transform chemical energy into electricity, have drawn a lot of interest since they are
ecologically benign. Direct Methanol Fuel Cells (DMFC) are noteworthy for being an outlier,
since they produce CO; in addition to water as byproducts. Hydrogen fuel cells, where hydrogen
reacts with oxygen to produce electricity, water, and heat. Fuel cells serve as chambers for
continuing electrochemical processes, in contrast to traditional batteries, which are disposed of

after chemical usage and become outdated.

.0, ﬁ c +- e P M. 0,0
and H,0 | 14 <
206.6 g/ l

5 L9 i
Depleted brine

] 32.5 wt%

W w
] NaCl, H,0 « :;;:l;—:u:;a
v ‘ o) RN
CC Y
e 9
1
’ @ u9
o)
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Figure 3: Chlor-Alkali Membrane Electrolyzer Cell to a Wind Energy Source.*®

f) Proton Exchange Membrane (PEM) Electrolysis Cells:

Proton exchange membrane (PEM) electrolysis cells used for the electrolysis of water to
produce hydrogen and oxygen. It utilizes a solid polymer electrolyte membrane, operates at

lower temperatures compared to traditional electrolysis cells.

g) Hall-Héroult Cell:

Hall-Heéroult Cell is used for the industrial production of aluminum from aluminum oxide. It is

also known as high-temperature molten salt electrolysis.
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Figure 4:proton exchange membrane fuel cell schematic diagram®

h) Mercury Cell:

Electrolysis of sodium chloride for chlorine and sodium hydroxide production is carried out in

Mercury cell. It employs a mercury cathode to prevent the formation of sodium amalgam.

1) Downs Cell:

Sodium and chlorine are produced by the electrolysis of molten sodium chloride in downs cell.

It is a high-temperature electrolysis using a carbon anode and iron cathode.

j) Solid Oxide Electrolysis Cell (SOEC):

SOEC is used for high-temperature electrolysis. SOEC operates at elevated temperatures,

typically in the range of 600-1000°C, and is capable of producing hydrogen from steam.



Anode

0—2

CO; or H,0 ~AEY
BN Electrolyte

0))

COorH;

Figure 5: Diagram of SOEC cell
ii.  Electrolyte

The electrolyte is the medium through which ions move between the electrodes. In the context
of water electrolysis, the electrolyte is water itself, and sometimes additional ions are introduced
to enhance conductivity by adding acid or bases in water to make it acidic or basic. Most

common electrolyte solution is KOH in deionized water which is basic solution with pH 14.

iii. Electrodes

The cell contains two electrodes, one is anode and the other one is cathode, immersed in an
electrolyte. Anode is the electrode where oxidation (loss of electrons) occurs while cathode is

the electrode where reduction (gain of electrons) takes place.

iv. Electrical Power Source:

An external electrical power source, such as a battery or power supply, is connected to the
electrodes. This source provides the energy needed to drive the electrolysis reactions.

V. Role of catalyst in electrochemical water splitting

Electrolysis occurs at the electrodes of an electrolytic cell, and catalysts play a crucial role in

enhancing the efficiency of this process. In the context of water splitting, there are two half-
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reactions: the oxygen evolution reaction (OER) occurring at the anode and the hydrogen
evolution reaction (HER) occurring at the cathode. Catalysts are employed to facilitate these

reactions and reduce the energy input required for the overall water splitting process.

In electrochemical water splitting catalysts lower the activation energy barriers and increases the reaction
rate making OER easier to proceed and reducing the overpotential required to drive the reactions
which results in more energy efficient process. Catalysts can also facilitate the transfer of electrons
during electrochemical reactions. This is particularly important in the OER, where multiple
electron transfer steps are involved. It modifies the surface properties of the electrodes, creating
active sites for water adsorption and facilitating the dissociation of water molecules into

hydrogen and oxygen.

This modification enhances the overall efficiency of the electrochemical cell. Some parameters
are crucial in the selection of a catalyst. Catalysts need to be compatible with the electrode materials
and electrolyte used in the system. Compatibility ensures good adhesion, durability, and
performance of the catalyst in the electrolysis cell. Moreover, catalysts need to be stable under the
harsh electrochemical conditions of water splitting, which often involve corrosive
environments. A good catalyst should exhibit long-term stability to ensure sustained

performance over extended periods of operation.

Common catalysts used in water splitting include metal oxides, metal chalcogenides, and other
transition metal-based compounds. Additionally, research is ongoing to discover and develop
new and more efficient catalyst materials for advancing the field of electrochemical water

splitting.
1.4. Kinetics of Water splitting

Fujishima and Honda introduced the concept of PEC water-splitting in 1972.3 Turner and
Khaselev demonstrated solar to hydrogen transformation in PEC cells with an efficiency of
12.4% in 1998. This demonstrated clearly the power of PEC for hydrogen production using
solar energy for water electrolysis.®*® When we put in an electrolytic cell with electrolyte
solution, a PEC catalyst with the right characteristics can split water into its component

hydrogen and oxygen by conversion of light energy from sunlight into electrochemical energy.

I. Basic Principle of PEC water splitting

An efficient photocatalyst is used in Hydrogen evolution, which operates on the idea of
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capturing sunlight to break H20 into O, and Hz. Semiconducting materials seem to be presently
the focus of in-depth research on photocatalyst. When a photon strikes at the surface of a
catalyst, electrons move from the VB to the CB band (reduction process), forming holes in the

VB (oxidation reaction).*

(2) (b)

2hv —_— Ze'

Reaction at
2h +H O
A ) —>1/202

Reaction at

Figure 6:Photoelectrochemical water splitting(a) Equation of PEC reaction (b)Mechanism of PEC water splitting

These electron/hole pairs then function as charge carriers. Aqueous electrolyte, cathode and
anode the two electrodes, and an external circuit make up the PEC cell's basic components.
Electronic charge carriers, such as electrons (e-) and holes (h+), are produced at the photoanode

as a result of intrinsic ionization caused by incoming photons (from sunshine).

Ii.  Basic Principle of EC water splitting

Electrolytic solution, electrodes are used in EC water splitting. When an electric potential is

placed between the two electrodes, O, is produced at the negative electrode i.e. anode and H,

is produced at the positive electrode i.e. cathode.?4*%2 Owing to the multiple steps and energy
accumulation in each step, OER in the water splitting is catalytically stagnant and has a
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significant overpotential when compared to the hydrogen evolution reaction. OER also has a
strong dependence on the electrolyte's pH level because the results are different in alkaline and
acidic media. The oxidation of two H.O molecules in an alkaline or neutral solution results in
the production of hydrogen and oxygen by depleting 0.404 V of potential. At a cost of 1.230 V,
the hydroxyl group converted into oxygen and water in an alkaline medium (V Vs. RHE). This

process runs more efficiently in an alkaline environment than an acidic one.*

HER

Figure 7:Mechanism of electrochemical water splitting

1.5. Research Objective:

The research objective is as follows:

» Preparation and analysis of Ni/Fe-MOF derived MOF/Fe304/NiO hybrid catalysts and
Fe304/NiO-C

« Analysis of overpotentials of Ni/Fe-MOF, MOF/Fez04/NiO and Fez04/NiO-C.

« Analysis of applications of Ni/Fe-MOF, MOF/Fe304/NiO and FesO4/NiO-C. catalysts
for HER, and OER and stability.
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1.6. Scope of Study:

Producing hydrogen has a lot to offer Pakistan, a developing country with limited energy
resources. Among many other uses, hydrogen is a resource that may be used as a fuel and
energy source. Provided that it depends on water, a plentiful and common natural resource,
the process' recurrent nature is a noteworthy benefit that will eventually guarantee a
sustainable supply of hydrogen. Moreover, it is beneficial to use transition metals as catalysts
in the process since it reduces reliance on rare and valuable metals, protecting against possible
depletion. Water splitting creates hydrogen, but it also makes it possible to use it as a fuel for
vehicles, a home fuel, and a crucial starting point for the synthesis of many other compounds,

including ammonia.
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Chapter 2

Literature Review

2.1. Literature Review:

The term "metal-organic frameworks," or MOFs, refers to porous crystalline solids with
infinite lattices. For these solids, the name metal-organic frameworks (MOFs) is frequently
employed.**" The development and use of MOFs were made possible in the 1990s by
groundbreaking work done by research teams under the direction of Robson et al., Moore et
al., Yaghi et al., Kitagawa et al., and Férey et al.*3. With more than 20,000 different MOF
structures known, many of these structures are now easily accessible for purchase through a
variety of distributors thanks to BASF's efforts in mass manufacture. Numerous industries,
including oleo-chemicals, textiles, transportation, electric vehicle prototypes, food packaging,

respiration systems, and chemical sensing, have discovered uses for these materials *°.

MOF materials can give high catalytic performance in the field of electrocatalysis and can
construct hollow structures with controllable size and tunable morphology through an
acceptable combination of organic ligands and metal centers. This allows for the formation
of MOFs materials. In general, the surface areas of MOF materials are large, and these
materials also have their own unique nanopore architectures. When it comes to boosting OER
and ORR reactions, both qualities might be seen as beneficial. In addition, the production of
significant quantities of N-doping as a byproduct of the pyrolysis of MOFs as precursors
makes ORR and OER processes more likely to occur. These reactions have the potential to
modify carbon material’s electronic structure and generate active centers of M-Nx, both of
which contribute to increase in number of bifunctional catalytic active sites in an efficient
manner. Zeolite-imidazole framework, often known as ZIF, is one of the many different forms
of MOFs that has been used widely in the development of bifunctional catalyst. This is due
to the versatility of the framework as well as the usage of transition metals as the framework

center. It is projected that ZIF-67 will be a potential candidate for the development of
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bifunctional catalysts. This is because transition metal cobalt has remarkable catalytic
capability for OER and ORR. Calcination and carbonization at a temperature of 700 degrees
Celsius were necessary to manufacture nano-cobalt particles that were encased in nitrogen-
doped polyhedrons that were produced with carbon nanotubes (MOF-CNTSs). This process
took place in an atmosphere that contained hydrogen and argon. In order to get this process
started, Wu et al. used ZIF-67 (precursor)®®. MOF-CNTs displayed good electrocatalytic
stability and activity in terms of OER and ORR. This may be owing to synergistic effect that
is created when cobalt-rich nanoparticles are combined with CNTs. When measured against
RuO- and Pt/C found in commercial products, the ORR and OER values of MOF-CNTSs were
shown to be superior. Both carbon nanotubes’ structure, which is hollow, and carbon
nanocages’ structure, which is robust and porous, provided high-speed routes for the transport
of electrolytes. The catalyst contained abundantly doped nitrogen atoms as well as confined
nanoparticles of cobalt, both of which induced additional active site and accelerated electron
transfer for OER and ORR respectively. The MOF-CNTSs possessed superior pore structure,
a excellent specific area, and a excellent degree of graphitization, all of which were helpful
to the process of improving stability and activity of bifunctional catalyst. This was achieved
by graphitizing MOF-CNTSs to high degree. It is essential to bear in mind that the activity of
the catalyst as well as its stability will be directly impacted by the particle size as well as
metal is spread throughout the substance that was generated from ZIF. ZIFs' transmission of
active substances, surface area, and ratio of active site can all be increased by use of a particle

size that is more suited to the environment and has a distribution that is more uniform.

Recently, Li and colleagues have discovered a method that is effective in altering the size of
Co nanoparticles that are included within ZIF materials. Graphitized carbonitride (gC3N4)
and glucose (Glu) were both injected at the same time for the first time using this technology,
which made it the first adjustment strategy®. During the pyrolysis of imidazole and cobalt
ions, the incorporation of g-C3N4 and Glu has been shown to effectively reduce the size of
both cobalt particles and polyhedron. This procedure results in production of nitrogen-doped
graphite electrocatalysts and bifunctionally active carbon-supported cobalt nanoparticles.
This is accomplished through the synthesis of bifunctionally active carbon-supported Co
nanoparticle. This is accomplished by limiting ZIF-67’s growth rate. In addition,
incorporation of C3N4 has potential to encourage the development of bamboo carbon
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nanotubes on surface of the polyhedron, which are then encapsulated by nano-cobalt particles.
As a result of electrical interaction between metal nanoparticles and carbon nanotubes, it has
been demonstrated that metal nanoparticles that have been enclosed in carbon nanotubes are
able to increase effective catalyst activity. With this procedure, the ZIF-67 crystal size could
be adjusted to range of 0.31-0.93 um, while size of Co NP could be adjusted to range of 9.5-
46.6 nm. Because of variables such as the smaller ZIF-67 polyhedra’ even distribution,
enhanced efficiency of active sites, and powerful Co-pyridyl-N coupling effect, catalyst
displayed outstanding catalytic activity in both ORR and OER.

During the synthesis of ZIF-67, part of the cobalt in the precursor was replaced with zinc,
which resulted in an improvement in the catalyst activity. Expulsion of zinc during high-
temperature pyrolysis was found to be the cause of the observed improvement. This led to the
creation of 21 catalysts with a porous structure and greatly enhanced specific surface area.
This was accomplished by pyrolyzing the zinc at elevated temperature. Dispersion and size
of cobalt nanoparticles were altered in the interim by adjusting ratio of zinc ions to cobalt
ions in the precursor. This was done to prevent the cobalt particles from becoming clumped
together during the process of catalysis. The pyrolysis of a bimetallic Co/ZnZIF mixture
resulted in the production of carbon nanomaterials (porous). These porous carbon
nanomaterials are porous and carbon nanotubes that were loaded with 14nm cobalt
nanoparticles®. It was discovered that the catalytic efficacy was outstanding for both function
of catalyst (Ej10(OER)-E1/2(ORR)=0.65V) and exceptional long-term stability in both ORR
and OER can be attributed to presence of numerous N-doped nanotubes, highly graphitized
carbon, hierarchical mesoporous and microporous structures, as well as the uniform
dispersion of nano-Co particles. In addition, this extraordinary long-term stability can also be

due to presence of nano-Co particles.

Wang et al. were able to generate a highly effective bifunctional electro-catalyst with a core-
shell structure by first subjecting ZIF-8@ZIF-67 to hydrothermal treatment and then
carbonizing the mixture®. They started by synthesizing ZIF-8 with just the zinc ion precursor
in it. Because dimethylimidazole was present, it was simple to coordinate cobalt ions on
surface of the crystals throughout the process of successfully fabricating core-shell structural
ZIF-8@ZIF-67 crystals. The one-of-a-kind coreshell structure had the potential for
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interactions that were synergistic, while also integrating the benefits of both ZIF-67 and ZIF-
8. This might result in increased catalytic activity for oxygen release and oxygen reduction.
It is possible to manufacture a variety of active centers inside the MOF material by including
more than one metal in the synthesis process. These centers will have additive rather than
additive effects. To boost OER catalytic activity, metallic nickel was typically included in the
Co-MOF matrix in most cases. The bimetallic CoNi-MOF composite was used as precursor
in Ning et al. preparation of porous Nitrogen-doped carbon coated CoNi alloy nanoparticle,
which they referred to as CoNi@N-C >*. Altering the proportions of cobalt and nickel present
in the precursor, as well as the temperature at which the pyrolysis was carried out, led to the
discovery of the optimal ratio for the ColNil@NC material. At the same time, the material
displayed a distinct porosity along with a homogeneous distribution of CoNi alloy
nanoparticles, significant quantity of 22 nitrogen atoms doping, and distributed active sites of
CoNi-Nx. These characteristics suggested that the material might give remarkable catalytic
activity in the OER and ORR processes. After pyrolysis, carbon polyhedron fell apart due to
the weak binding force that existed between the organic ligands and the nickel, which served
as a reminder to us that a more appropriate inclusion approach needs to be designed.
Following the carbonization of MOF materials, a successful process for decorating additional
metals has been established using adsorption or different methods. This is in addition to the
strategy of directly introducing more metal ions into the precursor, which has proven to be
effective. By modifying both pyrolysis temperature and quantity of Fe doped atoms,
Pendashteh et al. were able to successfully produce a highly efficient electrocatalyst for ORR
and OER. Co-ZIF-9 served the purpose of a sacrificial precursor. This resulted in the
electrocatalyst having both ORR and OER functionality®®. Theoretical and experimental
evidence demonstrated that adding Fe to a catalyst considerably enhanced its activity for OER

and ORR by raising the total number of electrons transported.

It is possible to improve catalytic performance of bifunctional catalyst by employing a method
that is both efficient and effective, and this opens the possibility of doing so. This method
involves post-processing of materials that have been created from MOFs. By sulfiding,
phosphating, selenizing, or oxidizing MOF materials, the authors of certain studies were able
to produce good bifunctional catalytic activity. Co-sintering the catalyst with precursors like
sulfur powder, selenium powder or sodium dihydrogen phosphate in the same heating
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chamber at temperatures ranging from 200 to 450 degrees Celsius is the most typical method.
These approaches, unfortunately, have the potential to disrupt morphology of material and
induce structural collapse. This will influence the catalyst’s surface area as well as

transportation process, which will ultimately result in the MOF losing its activity.
To establish stable activity in MOF materials, it is necessary to address two important factors:

1. Taking use of synergistic impact that exists between active sites in MOF for ORR and
OER.

2. Managing the subsequent treatment in such a way as to retain the integrity of the active

sites that were present initially.

These two aspects are equally important to consider when trying to achieve a steady
bifunctional activity in MOF materials. By accurately adjusting the level of Co-CN oxidation,
Ding et al. were able to successfully manufacture a variety of Co-Co304-based nanostructures
that were embedded in hollow N-doped carbon polyhedrons (HNCP). These nanostructures
were embedded in carbon polyhedrons *. They discovered that the length of calcination in
an environment including O2 and Ar had a discernible impact on morphology of both HNCP
and Co-Co304. Co particles underwent a progressive transformation into Co/ Coz04 with
core-shell structure during the first step of calcination process. During the oxidation process,
most of Co/ Co304-NP core shell transformed into Co@ Co0304-NP yolk shell, and few Co304-
NP hollow were produced. Bulk of Co@ Co0304-NPs yolk shell in the Cos04/HNCP-40
combination transformed into CozOs NPs hollow when the level of oxidation was increased
even more, while part of structure of yolk shell remained intact. When the oxidation process
was finished, the structure of egg yolk and shell was eventually transformed into hollow
Co304 NPs. Fortunately, the level of oxidation could be well controlled, which resulted in the
hollow carbon-based framework being kept in excellent condition. In the meantime,
C0304/HNCP-40 yolk-shell displayed the greatest OER and ORR activity. It was due to
multiple oxygen vacancies, additive effect of CoO and Co?*; the efficient mass transfer
facilitated by the yolk shell and hollow N-doped carbon. This led to the ORR and OER dual
function activity was best demonstrated by the yolk-shell combination of HNCP-40 and
C0304.
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Annealing treatment that is conducted on MOFs, the post-processing of MOFs consists of
loading various catalytic particles onto MOF-derived materials. This is done in an effort to
further increase the catalytic performance of the MOFs. To create porous C0304@Z67-N700
while maintaining outstanding activity, Li and his colleagues regulated oxidation level of ZIF-
67. They did this by using a hydrothermal approach to evenly coat carbon shell surface with
the CeO; nanoparticles®’. It was determined that the synergy between Co3O4 and CeO2 was
responsible for the catalyst's remarkable electrocatalytic bifunctional activity (Ej10(OER)-
E1/2(ORR)=0.70V), measured at electrode. VVacancies of oxygen on Co304 and CeO- boosted
adsorption of oxygen on interface, accelerated activation of oxygen that was adsorbed to
become oxygen O and reduced lack of oxygen that was present during the ORR, which
resulted in an improvement in the activity of the ORR. The contact between Co0304
(CoOOH/Co*") and CeO, (Ce**/Ce* and oxygen vacancies) provided the OER with access
to additional electrochemically active sites, which considerably the smooth/generation
transmission of active species (O, (0%) /O) and high charge transfer. Additionally, this
interaction produced more active sites for OER. 24 MOF-derived materials are currently
intensively explored in the field of electrocatalysis’ advanced materials. This is primarily
attributable to the controllability, modifiability, and versatility of MOF-derived-materials.
This considerable investigation of materials generated from MOFs can in part be attributed
to the remarkable traits and qualities of these materials. In the realm of MOF derived
materials, the focus of study has mostly been on investigating the materials' catalytic activity
for ORR. Comparatively little attention has been paid to determining the materials'
electrocatalytic performance for OER. This dichotomy exists because the electrocatalytic
performance of these materials for OER has not yet been deemed adequate. Directly
integrating MOF materials that have strong ORR catalytic activity with extra components like
Ni nanoparticles for increased OER catalysis. However, this strategy only produces a slight
improvement and has a negative effect on the activity of ORR. The OER activity can be
greatly increased with application of intensive oxidation or alternate calcination treatments;

however, these treatments also result in a large reduction in the ORR activity.

This can happen even though the treatments can lead to excellent OER activity. To properly
synthesize bifunctional oxygen catalysts, there are still a few areas that need additional

research as well as improvements.
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These areas are as follows:

1) Itis necessary to integrate the catalytic capabilities of OER and ORR while taking
into consideration the synergistic effect that can occur between the active sites of
both reactions to build bifunctional oxygen catalysts with any degree of success.
This necessitates the development of novel synthesis procedures that can meet the
bifunctional criterion in MOF-derived materials without relying on the external
supplementation of the second catalytic function. Taking into full consideration

synergistic effect between OER and ORR active sites.

i) Precisely regulating degree to which subsequent treatment is performed while
simultaneously improving the electronic structure and morphology to achieve a

balance between the catalytic activity required for ORR and OER.

iii) Developing innovative synthesis methods that make most of the benefits of MOF
materials and strike a healthy balance between catalytic activity and the inherent
25 stability of the material. This is necessary to derive the most possible benefit

from the use of MOF materials.

Through the introduction of intrinsic defects and the use of a fair quantity of heteroatom
doping, metal-free carbon materials can give good dual-function electrocatalytic activity.
Nevertheless, their catalytic performance, particularly their stability, has room for additional
development. The serious corrosion of carbon at high voltage that occurs during the OER
catalytic process will have a significant and negative impact on the life cycle of ZABs. In
order to optimize performance of dual function catalysts and boost their stability, it is essential
to incorporate a proper proportion of metal into materials based on carbon. Because of the
numerous opportunities that lie ahead for them in the field of catalysis, single-atom catalysts,
MOFs-derived materials, and graphene-supported materials have garnered great deal of
attention®®®. Ever since graphene was discovered, its one-of-a-kind structure and
performance have been the subject of extensive research. 2010 marked the year that the
prestigious Nobel Prize in Physics was bestowed upon the researcher who was responsible
for the discovery of graphene. Graphene has some remarkable properties, such as high carrier
mobility of up to 10000 cm? V 1 s -, thermal conductivity ranging from 3000 to 5000 W m"
1K -1 at ambient temperature, significant surface area of approximately 2630 m2 g 1, an
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exceptional optical transparency of around 97.3%, and an impressive mechanical strength
with a Young's modulus of 1.0 TPa. Because of its remarkable material properties, graphene
can perform both the role of a carrier for dual-function catalysts and the role of a catalyst on
its own. These properties include great thermal and electrical conductivity as well as high
specific surface area. A high-efficiency method for synthesis of composite catalyst has been
contemplated, and it involves loading transition metal nanoparticles onto materials made of
graphene. Because of the sequence in which transition metals are ranked in terms of their
electrocatalytic activity, it might be difficult to fulfill the requirements for both the ORR and
the OER. ORR activity order in electrocatalytic reactions goes as follows: Ni > Mn > Cu >
Co > Fe, whereas the OER activity order goes as follows: Co > Cr > Zn > Wi > Ni > Fe/Cu/Mn
> Mo. Because of this, it is difficult for single metal to satisfy prerequisites of both ORR and
OER at same time. To solve this problem, it is necessary to use an alloy that is a blend of
several different metals. This strategy is essential to solve the issue at hand in an efficient
manner®::2, It is possible to do what must be done by combining a heat reduction system with
a 2-step sol-gel process, Khani et al. were able to synthesize a series of single metal
nanoparticles consisting of iron, nickel, and cobalt as well as their ternary and binary alloys.

These nanoparticles were encased in a graphite carbon shell®®. Several different ex-situ
characterizations suggested that the outermost layer of graphite had been electrochemically
peeled away as a result of the extreme circumstances that were present during the
electrochemical process. The electrically modified graphene inner layer did not flake and
stayed unbroken, which effectively prevented the bulk of metal particles from taking part in
the electrocatalysis process. This leads one to believe that some metal nanoparticles were not
entirely encased by graphite shell, which resulted in the formation of an extra active site for
electrocatalytic activity, particularly in the process of OER. As electrochemical reactions
progressed, there was a corresponding increase in the concentration of metals near the surface
of the sample that had higher oxidation state. This finding suggests that a fraction of the metal
nanoparticles was not sufficiently encapsulated within graphite shell. This was demonstrated
by the fact that the quantity of metal close to the surface that was in a highly oxidized state
increased. Because of this, the performance of the Ni-Fe binary system was encouraging in
terms of OER, whilst the performance of the Co-Fe binary system was the most successful in
terms of ORR. Ternary alloys Ni-Co-Fe that are encased in graphite carbon shell (GNiu:3,
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Coy:3, Fe1:3), which are manufactured by changing compound’s metal ratio, have potential to
both achieve an effective electrocatalysis which leads to practical MABs. This is because the
compound is manufactured by changing compound metal ratio. In addition to the utilization
of metal nanoparticles, loading graphene with transition metal hydroxides, sulfides, oxides,
and nitrides is an additional effective technique for synthesis of bifunctional catalysts. In
contrast to metal particles, metal compounds that have a greater valence have a lower
probability of becoming oxidized, which results in a longer lifespan for the catalytic reaction
that they catalyze. By exposing cobalt-containing precursors and graphene to pyrolysis in
ammonia atmosphere at a temperature of 500 degrees Celsius, Zou et al. were able to
successfully create interconnected amorphous cobalt nitride (Co-Nx) nanoparticles within a
three-dimensional (3D) N-doped graphene aerogel (NGA)® . Excellent catalytic performance
was obtained by the Co-Nx-NGA for both ORR and OER (Ej10(OER)-E12(ORR)=0.6V). This
was made possible by the dual-active CoNx and the hierarchically porous structure of the
graphene aerogel. In addition to this, a different metal can be added to metal nitride, and
atomic ratio of the two metals can be changed to improve electrocatalytic performance of
catalyst. Researchers team headed by a scientist He Pyrolyzing matching graphene and metal
hydroxide allowed him to make uniform and ultrafine Nix-Coy-N nanoparticles that were
anchored to N-doped reduced graphene (Nix-CoyN/N-rGO)®. An effective dual-function
catalytic material was created when metal nitride uniformly dispersed was mixed with highly
porous conductive N-rGO. By modifying metal atomic ratio, it was discovered that Niz 25
Coo.7s N/N-rGO hybrid displayed higher durability and Kkinetic activity for both OER and
ORR. This was the case even though the hybrid had lower atomic ratios of the two metals. In
addition, Ni2.2s Coo7s N/N-rGO electrocatalyst-assembled ZABs had a high value 193 mwW
cm2 (power density) and 864 W h kg™ (weight energy density). These batteries also exhibited
a cycling capability up to 166 hours at current density of 10 mA cm and charge/discharge
voltage gap of 0.72 V. In addition, incorporation of two distinct kinds of metals and
compounds of metals enables each component to contribute to the activity of either ORR or
OER. Furthermore, successfully combining the benefits that each offers as a means of
building dual-function catalysts is yet another way to do this. On the other hand, simple
mixing will lessen their intrinsic activity and might possibly have a negative effect on the
ORR/OER performance.
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The synergistic impact that might occur between several metal phases can significantly boost
the activity of OER and ORR. Using sol-gel polymerization, Fu and his colleagues were able
to develop Ni-MnO/rGO materials. These materials featured thin nanoparticles of Ni-MnO
that were uniformly dispersed on a porous three-dimensional graphene network. MnO was
determined to play the most important part in the ORR activity, whilst Ni was responsible for
OER activity. Both components contributed to the overall activity®®. Remarkably, catalytic
performance of Ni-MnO/rGO in a 0.1M solution of KOH topped that of any individual metal.
The ORR half-wave potential (E12) of Ni-MnO/rGO was measured at 0.78V, while the OER

overpotential (Eji0) was measured at 1.6V.

However, additional research is required in the area of the design of electrocatalysts that can
perform two functions simultaneously. In fact, the method of integrating graphene materials
by transition metals as a dual function catalyst for oxygen can also be applied to variety of
other carbon-based materials such as carbon nanotubes, carbon nanosheets, and C3zNa,
amongst others. This is because graphene is a two-dimensional material. This is because
graphene is a two-dimensional material. Both ORR and OER can benefit from enhanced
catalytic performance if the catalyst is doped with the appropriate heteroatoms and its specific
surface area is modified. In a nutshell, graphene has been the subject of a significant amount
of research as an innovative material over the past several years. Additionally, its application
in the field of electrocatalysis has undergone significant development and improvement,
whether it is used as catalytic species itself or as carrier. The fulfillment of diverse catalytic
needs can be accomplished through incorporation of a wide variety of metal and compounds.
Maximizing the catalytic effect can be accomplished by the efficient combination of the
benefits offered by a wide variety of components. The most significant drawback of graphene
supported catalysts, on the other hand, is that their bifunctional catalytic stability and activity

are not yet on par with those of other cutting-edge materials.

Consideration should also be given to the following areas to concentrate on to make

improvements:

a) It is vital to develop innovative anchoring strategies that successfully hold the catalytic
particles onto or within the graphene material to prevent the loss of activity and

agglomeration of nanoparticles that occurs during the process of electrocatalysis. This
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b)

will allow for the prevention of the aggregation of nanoparticles. It is necessary to do this

to keep the action going and stop the particles from clamping together.

It is essential to develop efficient techniques of synthesis that can optimize the size of
catalytic particles and promote a uniform dispersion throughout the material to make
complete use of graphene materials. This will allow graphene to be utilized to its
maximum potential. Graphene can be employed more effectively, leading to improved
performance and increased usage of its capabilities, if an even dispersion of the material

can be achieved.

To achieve the goal of enhancing interaction between catalytic particles and the graphene
substrate, a comprehensive inquiry is being carried out with the intention of conducting
an in-depth analysis of combined catalytic effect of several distinct components. The
purpose of this investigation is to gain a better knowledge of how the various components
work together to contribute synergistically to the catalytic activity, which ultimately leads

to an interface that is optimal between the particles and the graphene substrate
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Table 1: Comparison of HER and OER activity for Ni-Fe-MOF, Fe3O4/NiO/Ni-Fe-MOF and Fe304/NiO-C electrocatalyst with

other recently reported Fe and Ni based electrocatalysts.

Catalyst J Overpotentia Tafel Overpotenti  Tafel Year Ref
(mA/cm?) | slope al slope
HER (mVdec') OER (mV dec™)
(mV) (mV)
C/Ni- 10(HER) 161 76 - - 2022 %7
AuUPt-3
FeC 10(HER) 435 221 510 154 2024 8
10(OER)
Ag,0O/NiO 10 140 78 430 98 2024 *°
20 300
Ni— 10(HER) 441 213.2 390 114.2 2022 70
BTC/CC 10(OER)
Ni-Fe-MOF 10(HER) 150 134 362 - 2023 7
(12h) 50(OER)
Fez0./ 10(HER) 134 141.5 346 87.5 2023 72
NiFeLDH/Fe 500(OER)
304
CoPn/NF 10(HER) 144 - 330 68 2020 73

100(OER)
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Fe304/Ni
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Fe3;04/NiO/
Ni-Fe-MOF
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NiO-C

10(HER)
20(OER)

10(HER)
10(OER)

10(HER)
10(OER)

10(HER)
100(OER)
10(HER)
100(OER)
10(HER)
100(OER)
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268
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126
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54.5
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360

340
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2022

2024

2023

This
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This
work
This

work
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75
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Chapter 3

Apparatus and Characterization Techniques

In this section, a brief discussion is provided about the equipment used throughout the
experimental synthesis procedure of both MOFs and their composites. Afterward, all the necessary
characterization techniques, including XRD, SEM, EDX, BET, FTIR, and LSV will be discussed.
These techniques are used to analyze the structural, elemental, and electrochemical properties of

the material.
Apparatus Required

The apparatus used during the experimental synthesis of MOFs and their composite are as follows:

Digital balance,

glass beakers,

magnetic stirrer,

Hotplate, Teflon beaker,

pH papers,

Petri dish,

Sonicator,

Centrifuge tubes, centrifuge machine,
electric oven,

safety gloves, parafilm, butter paper, micropipette, and droppers.

Digital weight balance

Digital weight balance is an electronic instrument used to precisely measure the mass of the

samples.
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Hotplate

Laboratory hot plates serve as a heating source to uniformly heat solutions and materials. The hot
plate also contains a magnetic stirring system. It has a magnet inside of it, for mixing solution

Paired with a magnetic stir bar.

Figure 8. Hot plate with a beaker containing blue solution.

Autoclave

For crystal growth under hydrothermal (aqueous) conditions, a specialized reaction vessel known
as an autoclave is essential. In the hydrothermal method to synthesize inorganic materials for
extended intervals (longer reaction time) highly corrosive salts are used. The autoclave, therefore,
must be designed such that it sustains highly corrosive solvents for a very long time at high
pressure and temperature. By selecting an appropriate autoclave, the primary and most vital
parameter is the test pressure and temperature conditions and the resistance to corrosion at that
temperature-pressure range in the given hydrothermal fluid (aqueous liquid). To prevent the decay
of autoclave materials, it should be covered with nonreactive or inert materials (i.e., Teflon) from
inside. Teflon has a large thermal expansion coefficient. It therefore expands and contracts more

upon the heating and cooling cycle than its enclosed components.
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Characteristics of an ideal hydrothermal autoclave
a. A perfect autoclave must be inert to acid, base, and oxidizing agents.

b. It should be capable of tolerating high pressure and temperature for a protracted time.

c. It should be easily assembled and disassembled.

d. And it should be long enough to induce the specified temperature gradient, etc.

Figure 9: Stainless steel autoclave with Teflon beaker generally used for solvothermal or hydrothermal
synthesis

Electric Oven

Electric ovens are used for hydrothermal synthesis and drying of materials, it provides controlled
and consistent heat for various experimental and sample preparation processes. Fig.10 shows a

typical electric oven.
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Figure 10: Electric oven with temperature ranges up to 400°C

Centrifuge machine

A centrifuge machine is used to separate components of a liquid mixture based on their density
and sedimentation properties. The HERMLE 50 ml centrifuge machine operates on the principle
of sedimentation. When subjected to centrifugal force, particles with higher density are forced to
the bottom of the tube, leaving behind the supernatant, which is mostly the solvent of the solution-

based substance with lower density. Fig. 11 is an image of centrifuge.

Figure 11: Centrifuge machine used for washing process after hydrothermal synthesis.
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Characterization Techniques

To identify the structure, surface morphology, elemental analysis, functional group, surface area,
and pore size of all the prepared samples are characterized by following characterization

techniques.

X-ray diffraction (XRD)

Fourier Transform Infrared Spectroscopy (FT-IR)
Scanning electron microscope (SEM)

Energy Dispersive X-ray Spectroscopy (EDS)
Transmission electron microscope (TEM)

BET (surface area Analyzer)

X-ray Diffraction (XRD)

In the field of material science, X-ray diffraction stands out as a valuable technique for assessing
crystal structure, phase purity, crystallite size, and recognizing a range of known and unknown
compounds. It's a non-destructive method for analyzing materials. X-rays with a wavelength
comparable to the size of an atom are directed onto the sample being examined. The crystal
structure diffracts the rays, which are then detected by a detector positioned at an angle to the plane
of incidence. The typical crystalline structure comprises stacked lattices, forming repeated 'unit
cells' in a three-dimensional arrangement. Consequently, simultaneous diffraction from a set of

planes may stem from the first, second, and third layers.

The diffracted radiation arising from the crystal structure, exhibiting both 1) identical phase and ii)
a wavelength variance in integral multiples of A, has the potential for constructive overlap.

However, this scenario needs to satisfy the following condition.
AB+BC=nA.....c......... 1

Where n represents a whole number and A stands for the wavelength, since AB = BC = Sin6,

equation 1 can be expressed as:

2dSin6 = nA (referred to as Bragg’s equation)
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The specific directions that appear as dots on the spreading pattern are referred to as reflections.
XRD patterns result from electromagnetic rays hitting a widely dispersed array. Diffraction images
are created using electromagnetic rays because they have a wavelength (A) that is roughly
equivalent to the distance (d) between the crystals. Diffraction occurs only when Bragg's law

satisfies the criteria for producing interference of planes with distance "d".

Figure 12. Image of XRD machine

Fourier Transform Infrared Spectroscopy (FT-IR)

Spectroscopy explores the interaction and behavior of light or electromagnetic radiation with
matter. IR spectroscopy specifically entails directing infrared photons through a sample, where the
sample absorbs some infrared light and transmits the rest. The resultant spectrum reveals the
molecule's absorption and transmission characteristics, creating a distinctive molecular fingerprint.
Like fingerprints, each molecule configuration generates a unique infrared spectrum, enabling
diverse applications for IR spectroscopy. The IR spectrum of a material is like its unique
fingerprint, displaying absorption peaks that correspond to the frequency of vibrations between the

bonds of the atoms in the material. Since each substance is composed of a specific set of atoms,
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no two compounds have the exact same IR spectrum. As aresult, IR spectroscopy can be employed
for the positive identification of various substances. Moreover, the intensity of the peaks in the

spectrum offers insights into the quantity of material present.
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Figure 13: Working of FTIR spectrometer.®

Scanning Electron Microscopy (SEM)

SEM is a type of electron microscope that gives the image of the sample by scanning it with a
high-energy beam of electrons in a raster scan pattern. SEM gives the surface morphology of the
materials and generates an electron beam within a vacuum. This beam undergoes collimation
through electromagnetic condenser lenses, subsequent focusing via an objective lens, and then
scanning across the sample using electromagnetic deflection coils. The primary imaging technique
involves capturing secondary electrons (SE) released by the material. These electrons are revealed
by a luminescent material that emits light flashes when hit by electrons. These flashes are then
detected and amplified by a photomultiplier tube. By correlating the sample's scan position to the
resultant signal, an image is generated, closely resembling what would be observed through an
optical microscope. The resulting shadowing and illumination exhibit a natural-looking surface

topology. In a Scanning Electron Microscope, the electron gun serves as the source for the probing
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electron beams. Electrons are emitted from the cathode, accelerated through an electric field, and
focused to form the primary image of the source. The apparent source's shape and size, beam
acceleration, and current play pivotal roles in determining the SEM's performance and resolution.

Typically, SEM offers magnification ranging from 20x to 30,000x with a special resolution of 50-

100nm, enabling scanning of areas varying from one centimeter to five micrometers.””-’8
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Figure 14: Schematic of working of Scanning electron microscope.’

Energy Dispersive X-Ray Spectroscopy (EDX)

EDX analysis is used to determine the elemental composition of a material. It involves equipping
an SEM instrument with an additional X-ray detector to collect radiation from the sample's internal
part. In EDX analysis, a substantial amount of energy is necessary to enable the penetration of the
sample by the electron beam. The interaction between the electron beam and the sample leads to
the ejection of electrons from the lower shell (K and L) of the atoms, resulting in the creation of
vacancies. To fill these vacancies, electrons from higher orbitals transition to lower orbitals,
emitting X-ray radiation in the process. Inner shell transition from each element gives rise to

characteristic energy value. By comparing the energy of the obtained X-ray with the known data
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one can specify it to a known element. Fig. (15) represents the explanation of the phenomenon of

EDX.

Incident electron

Emitted X-ray

Emitted electron

Figure 15: Schematic explaining EDX phenomenon'®
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Chapter 4
Materials and Methods

Materials

Nickle chloride NiCl>.6H,0, iron nitrate nano hydrate (Fe (NO3)..9H,0) 1,4-Benzenedicarboxylic
acid/terephthalic acid (H2BDC), N, N Dimethylformamide (DMF), sodium hydroxide (NaOH), nefion,

deionized water and ethanol were acquired from Sigma Aldrich and used without additional purification.
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Figure 16: Synthesis Mechanism of Ni-Fe-MOF, Fe;04/NiO/Ni-Fe-MOF and Fe304/NiO-C

a. Synthesis of Ni-Fe MOF

Yun Luo and Xiaodong Yang's one-step hydrothermal technique synthesized Ni-Fe MOF with a small
modification. Solution A was prepared by adding 3 mmol of BDC in 25 mL of N, N-dimethylformamide (DMF).
Similarly, solution B was prepared by mixing 0.5 mmol of iron nitrate nano hydrate (Fe (NOs).9H20) and 2.5

mmol of nickel chloride in 25 mL of ethanol solution. Sol A and Sol B were stirred separately for 5 minutes and
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then mixed. The resulting solution was ultrasonicated for 15 minutes, followed by 25 minutes of stirring at room
temperature. Subsequently, 2 mL of 0.4 M NaOH, dissolved in ethanol, was added dropwise into the above

solution and stirred for 5 more minutes. The resulting mixture was transferred into a Teflon beaker and kept at
150 °C for 6 hours in an autoclave. The obtained product was washed multiple times with DMF and ethanol and

dried at 60 °C for 24 hours in a vacuum oven.”®

b. Synthesis of FesO4/NiO-C

For the synthesis of Fe304/NiO-MOF and Fes04/NiO-C composites, the acquired greenish product was placed
into two alumina crucibles and calcined separately at 300 °C and 500 °C in a muffle furnace for three hours. After
calcination, the resulting product was allowed to cool naturally to room temperature. A brown powder was
obtained for the sample annealed at 300 °C and blackish brown powder for 500 °C. Figure 16 shows the sequential

steps of the synthesis process.

c. Synthesis Mechanism of Electrode for Water Splitting Using Nickel Foam

Materials:

Nickel foam (substrate)
Nefion (binder)
Ethanol(solvent)

Deionized water (for washing)

HCI (for washing)

Procedure:

Preparation of Nickel Foam Substrate:

Cleaning: Nickel foam was cut into 1 cm x 1.5 cm dimension then cleaned it sonication in HCI (2-3
minutes), ethanol for 10 minutes, followed by deionized water for 10 minutes.
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Drying: Dry the cleaned nickel foam at 60°C in an oven or on hot plate for 2 hours.

Slurry of Catalyst

Preparation

Take 2mg of catalyst powder and add 2 drops of nefion and 3 to 4 drops of ethanol in it. Sonicate the mixture
for 30-40 minutes.

Deposition:

Take a micropipette and add slurry on the nickel foam by using micropipette in 1 cm x 1 cm dimension. Dry
the foam at 60°C in an oven for 12 hours. Cover the dried nickel foam with butter paper and aluminum foil

and press it with the weight of 500 N for 5sec.
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Chapter 5

Results and Discussion

5.1. Characterization

The structural properties of Ni-Fe-MOF a bimetallic metal-organic framework along with its derivatives.
Fe304/NiO/Ni-Fe-MOF and FesO4/NiO-C were evaluated using various techniques. X-ray diffraction (XRD)
was used to examine the impact of annealing on crystal structures of Ni-Fe-MOF. Thermogravimetric analysis
(TGA) was carried out for a quantitative assessment of the conversion of Ni-Fe-MOF into Fes04/NiO-C. Fourier
transform infrared spectroscopy (FTIR) was employed to identify the functional groups in the Ni-Fe-MOF and
its derivatives. Brunauer-Emmett-Teller (BET) analysis measured the surface area, pore size, and pore volume.
Scanning electron microscopy (SEM) and energy-dispersive X-ray spectroscopy (EDX) were utilized to observe
the surface morphology and elemental analysis respectively. To further investigate the internal structural

properties transmission electron microscopy (TEM) was utilized.

5.1.1. X-ray diffraction (XRD)

X-ray diffraction (XRD) technique used to examine the structural properties of Ni-Fe-MOF and effect of
annealing on the X-ray diffraction pattern of Ni-Fe-MOF. The XRD pattern of all the samples shown in Fig. 17
for as-synthesized Ni-Fe-MOF, Fe304/NiO/Ni-Fe-MOF, and Fez04/NiO-C. XRD of Ni-Fe MOF shows peaks at
20 values of 8.8°,10.4°,15.7°, and 17.2°, indicative of its crystalline structure. The peak at 8.8° 20 value,
represents Fe-MOF and Ni- MOF, while peaks at 10.4°, and 17.2°, are like those previously reported for Fe-
MOF (Fe3-MIL-88B) and peak at 15.7° and 18.0° reflect the planes of pure Ni-MOF. 882 Fe304/NiO/Ni-Fe-
MOF obtained because of annealing at 300 °C shows an overlapped peak of Iron oxide (FesO4) and Nickel oxide
(NiO) at 43° along with its pristine Ni-Fe-MOF’s peaks at 26 value of 8.8 °, 15.7° and 17.2°. This presence
confirms the formation Fe;O.4/NiO/Ni-Fe-MOF nanocomposite. As a result of the carbonization of organic

ligands, a broad carbon peak at 20° 26 value appeared after pyrolysis of Ni-Fe-MOF at 500 °C.8 Moreover, the
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diffraction peaks at 37.25°, 43.28°, 62.86°, 75.39°, and 79.39° belongs to the crystallographic planes (111),

(200), (220), (311) and (222) (JCPDS card no. 04-0835) of NiO respectively® and the diffraction peaks at

35.45°, 43.08° and 62.65° represents (311), (400) and (440) plane of Fe3O4 (JCPDS card no-01-1111).85 The

disintegration of the organic ligands at 500°C resulted in absence of Ni-Fe-MOF diffraction peaks indicates the

complete conversion of MOF into respective oxides. To check the stability and durability of FesO4/NiO-C, XRD

analysis was also performed after electrochemical stability testing and results are shown in Fig. 18 indicating its

structural durability.

Intensity (a.u)

:21]4}]: Fe,0J/NIO-C
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Figure 17: XRD pattern of pure Ni-Fe-MOF, Fe304/NiO/Ni-Fe-MOF and Fez04/NiO-C
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Figure 18: XRD pattern of Fe;0,/NiO-C after 24 hours chronoamperometry test (a)OER and (b)HER

5.1.2. Thermogravimetric Analysis (TGA)

MOF conversion into oxides was further confirmed through thermogravimetric Analysis (TGA) as shown in Fig.

19. At 300 °C, only 16% of initial weight was reduced because of slight conversion of Ni-Fe-MOF into respective

oxides. A sharp weight loss (61%) was observed at the temperature of 478 °C indicating the significant

110 ! 0.2
100 ; ~0.0
90 i 02
- 83.9% ! i
i 80 Retention | -0'43
5 70 5 . [-0.6 >
§ 60 0.8 g
50 5 - 1.0 8
40 38.98% fd-1 2
30 | | iRetentllmn ' 14
100 200 300 400 500
Temp °C

Figure 19: Thermogravimetric analysis of Ni-Fe-MOF, Fe304/NiO/Ni-Fe-MOF and Fez04/NiO-C
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disintegration of the MOF structure and conversion into oxides. To check the stability and durability of
Fes04/NiO-C, XRD analysis was also performed after electrochemical stability testing and results are shown in

Fig. S1 indicating its structural durability.

5.1.3. Fourier-transform infrared FTIR

The changes in the chemical composition because of annealing at different temperatures were also studied using
Fourier-transform infrared (FTIR). The results are shown in Fig. 20. The fingerprint region of all the samples
shows a peak around 540 cm?, indicating the presence of Fe-O and Ni-O bond. However, the shifting of this
peak towards higher wavenumber because of annealing implies a relatively stronger bonding of metal ions with
oxygen in the annealed samples. Ni-Fe-MOF and Fe304/NiO/Ni-Fe-MOF showed peaks around 750 cm ,1398
cm?, 1573 cm? exhibiting the presence of C-H asymmetric and symmetric vibrations of COO- bonds,
respectively, present in the molecular structure of BDC. The peaks associated with BDC were significantly
reduced in Fe304/NiO-C due the disintegration of BDC at 500 °C. A broad band around 3430 cm* was observed
in all the samples suggesting their hygroscopic nature. Two sharp peaks around 3524 cm and 3588 cm in Ni-

Fe-MOF and Fes04/NiO/Ni-Fe-MOF correspond to the O-H group present in BDC. These results suggest

Fe,0,/NiO-C
Fe,O,/NiO/Ni-Fe-MOF
—— Ni-Fe-MOF

% Transmittance
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Figure 20 : FTIR spectra of all the synthesized sample Ni-Fe-MOF, Fes04/NiO/Ni-Fe-MOF
and Fe304/NiO-C
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annealing of Ni-Fe-MOF in air at 500 °C led to the significant conversion MOF into Fe3O4 and NiO, however,
when the annealing temperature was low (300 °C) a partial conversion of MOF resulted in a composite of Fe3Os,

NiO and Ni-Fe-MOF. 8-8¢

5.1.4. Vibrating Sample Magnetometer (VSM)

The magnetic behavior of synthesized Ni-Fe-MOF, Fes04/NiO/Ni-Fe-MOF and Fe30./NiO-C was analyzed by
employing vibrating sample magnetometer. Fig 21 depicts all the samples' magnetic behavior. Ni-Fe-MOF and
Fes04/NiO/Ni-Fe-MOF exhibit paramagnetic behavior due to organic linker (BDC). Whereas Fes04/NiO-C
forms a hysteresis loop with a coercivity value of 113.58 A/m, indicating its soft magnetic nature. The soft
magnetic nature of the MOF derived Fes04/NiO-C is in accordance with the hydrothermally synthesized

Fes04@NiO reported previously in literature. 820
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Figure 21: VSM graph of Ni-Fe-MOF, Fes04/NiO/Ni-Fe-MOF and Fe;04/NiO-C

5.1.5. Brunauer, Emmett and Teller (BET)
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The nitrogen adsorption/desorption technique was utilized to examine the surface area and pore
size of all the three samples shown in Fig. 22(a-d). BET surface area, pore volume and pore sizes
of all the samples are shown in Table 2. The surface area for Ni-Fe-MOF, Fe304/NiO/Ni-Fe-MOF
and Fe304/NiO/C was obtained to be 79.9 m?/g, 50.8 m?/g and 84.3 m?/g, respectively. BJH pore
diameter of these samples lies between 1.7000 nm and 300.0000 nm. The maximum surface area
and pore size of bimetallic oxide Fe3O4/NiO/C nanocomposite implies that converting MOF into
oxides increases the surface area, pore volume, and size. The isotherms of all the samples show a
complete loop over a large relative pressure range of 0.45 — 1, indicating a conventional kind 1V

curve with an H3 hysteresis loop. The type IV route of isotherms is attributed to monolayer-
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Figure 22: (a-d) Specific surface area and porosity of Ni-Fe-MOF, Fe;04/NiO/Ni-Fe-MOF and Fe;O4/NiO-C was studied through BET
analysis
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multilayer adsorption while H3 hysteresis discloses the formation of slit-shaped pores. The
desorption for kind H3 hysteresis includes a sharp section corresponding to the closure of the

hysteresis loop owing to the tensile strength influence that occurs for nitrogen over a P/P,

Table 2 : BET surface area pore volume and pore size of Ni-Fe-MOF, Fe;04/NiO/Ni-Fe-MOF and Fe;O04/NiO-C

BET surface area  Pore volume BJH Pore size
Sample m? gt cmi gt (nm)
(a)Ni-Fe-MOF 79.924 0.123 9.296
(b)Fe304/NiO/Ni-Fe-MOF  50.852 0.204 18.957
(c)Fe304/NIiO-C 84.308 0.288 13.672

5.1.6. Scanning electron microscopy (SEM)

Scanning electron microscopy (SEM) was performed to analyze the morphology of Fe-Ni-MOF,
Fe304/NiO/Ni-Fe-MOF and Fez04/NiO-C. The micrographs of these samples are shown in Fig.
23(a-f). Ni-Fe-MOF exhibits flower like morphology with 2D petals indicating porous nature of
its particles. The SEM micrograph of FesO4/NiO/Ni-Fe-MOF shows that the pyrolysis at 300 °C
has introduced irregularities in the smooth flower like morphology of Ni-Fe-MOF which can be
easily observed by withered-looking petals in this samples, indicated by arrows. Moreover, the
morphological characteristic of Ni-Fe-MOF is prominent in this sample indicating the slight
conversion of the MOF into FesO4 and NiO which is also revealed by XRD results. The flower
like morphology of the Ni-Fe-MOF was destroyed when the pyrolysis at 500 °C was carried out.

The SEM images show agglomerated spherical-shaped nanoparticles of Fez04/NiO-C composite.

54



The porous morphology along with smaller particle size resulted in larger surface area in this
sample as evidenced by the BET analysis. To evaluate the structural stability of Fez04/NiO-C SEM
was performed after chronoamperometry for OER and HER and the results are shown in Fig. 24.
it can be observed that the particles are still present some of them are agglomerated but with slight
distortion the sample Fe304/NiO-C has retained its structure even after 24 hours of
chronoamperometry test. These results indicate that the morphology of Fe304/NiO-C

electrocatalysts is still maintained after the stability but with slight distortion.

The morphology of MOF reduced Fe3O4/NiO-C was further analyzed by TEM and the results are
shown in Fig. 23(g-i). Fig. 23(g) shows TEM image of FesO4/NiO-C indicating the interlinked
spherical shaped particles. Fig. 23(h) reveals the overlapping of NiO and FesOas particles,
confirmed by their respective interplanar spacings, indicating the interfacial interaction of nickel
and iron oxide in this sample. Selected area electron diffraction pattern (SAED) of Fe304/NiO-C
is presented in Fig. 23(i), ring pattern with bright diffraction spots demonstrating the
polycrystalline nature of Fes04/NiO-C. Furthermore, the interplanar spacing of 1.4 A, 2.01 A
corresponds to crystallographic planes (220) and (200) of NiO, respectively. Similarly, interplanar
spacing of 2.36 A and 2.5 A corresponds to (222) and (311) planes of Fe3O4 respectively. XRD
results also showed the presence of these planes in Fe304/NiO-C. To study the elemental

composition of Fe-Ni-MOF, FesO4/NiO/Ni-Fe-MOF and Fe304/NiO-C

Energy-dispersive X-ray spectroscopy (EDX) mapping is a powerful technique used to analyze
the elemental composition and distribution within a sample. EDX was performed for all the
samples before chronoamperometry test and the results along with the colored mapping of

elements are shown in Fig. 25(a-c). C, O, Ni and Fe are detected in Ni-Fe-MOF, FesO4/NiO /Ni-

55



Fe-MOF and Fez04/NiO-C their weight percentages are shown in the tables inserted in Fig. 25a,

25b & 25c respectively.

1.4A(220)".
NiO4. -

Figure 23:(a-f) SEM images of Ni-Fe MOF, Fe;O4/NiO/Ni-Fe-MOF and Fe;O04/NiO-C: (a) Ni-Fe-MOF showed flower like morphology
with intricate 2D petals indicating its high surface area; (b) the pyrolysis of Ni-Fe-MOF at 300 °C resulted in the destruction of these
petals like structure, however, the similarity of the morphology with Ni-Fe-MOF reveals abundance of the Ni-Fe-MOF in this sample; (c)
depicts the complete distortion of flower like morphology and formation of agglomerated spherical particle with larger surface area in
response to annealing at 500 °C. (g-h) TEM images further confirm the interlinked spherical particles of iron and nickel oxide in
Fe;04/NiO-C, along with (i) SAED patterns confirming the presence of Fe;O,and NiO in the nanocomposite.
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Figure 25: SEM images of Fe;O,/NiO-C (a) before chronoamperometry, (b) after OER chronoamperometry, (c) after HER

chronoamperometry.
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Figure 24:(a-c) EDX with color mapping confirming the presence of elements (C, O, Fe and Ni) in all the three samples (Ni-Fe-

MOF, Fe;0,/NiO /Ni-Fe-MOF and Fe;O./NiO -C).




Figure 26: EDX graphs and mapping of Fe;O4/NiO-C after OER and OER stability (a, c) after OER
chronoamperometry (b, d) after HER chronoamperometry
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Fig 26 (a-d) showcasing the results of EDS performed after chronoamperometry test (4a&4c
(OER) and 4b&4d (HER)). The structural stability was evidenced by the presence of all the
elements in Fe304/NiO -C even after stability test. The weight percentage of Ni was found to be

the highest because of the Ni foam used as an electrode for our catalyst material.
5.2. Electrochemical Analysis

The electrocatalytic performance of all the samples Ni-Fe-MOF, Fe;04/NiO/Ni-Fe-MOF and Fez04/NiO-C
electrodes for both the hydrogen evolution reaction (HER) and the oxygen evolution reaction (OER) were
assessed in 1 M potassium hydroxide (KOH) aqueous electrolyte solution. Electrochemical testing was
conducted using a conventional three-electrode cell setup (potentiostat) at room temperature. All the electrodes
were fabricated by depositing 2 mg of the synthesized electrocatalysts with nafion as a binder onto Nickel foam
(NF), which served as the working electrodes. Platinum wire was used as a counter electrode, whereas the
reference electrode was Ag/AgCI. All the potentials were converted to reversible hydrogen electrodes (RHE) by
using the formula: E (RHE) = E (Ag/AgCl) + 0.059 x pH. The overpotentials were adjusted for IR

compensation.®%%2

Electrochemical performance of the synthesized electrocatalyst deposited on nickel foam were evaluated using
linear sweep voltammetry (LSV). Fig. 27(a) shows oxygen evolution LSV curve at a scan rate of 10 mV/s of the
prepared electrodes, illustrating the overpotential of all the samples calculated at current density of 100 mA/cm?
and 500 mA/cm?. The Tafel slope are shown in Fig. 27(b). Ni-Fe MOF showed an overpotential of 360 mV at
100 mA/cm? with a Tafel slope of 103 mV/dec, moreover, an ultrahigh current density of 500 mA/cm? was
achieved at the overpotential of 500 mV. The low overpotential and reasonable reaction kinetics makes it to be
a good electrocatalyst. The conversion of Ni-Fe-MOF into NiO/Fe;O4/Ni-Fe-MOF led to reduction in the
overpotential value of the pure MOF to 340 mV with a reduced Tafel slope of 73 mV/dec at 100 mA cm2. The
slight conversion of MOF into the NiO and FesOa in this sample improved the overall performance due to the
synergistic effect between NiO, FesO4 and Ni-Fe MOF as confirmed by XRD and TGA. The complete

transformation of Ni-Fe-MOF into NiO, FesO4, and carbon exhibited a remarkable boost in the electrocatalytic
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activity of Fes04/NiO-C, characterized by its extremely low overpotential 240 mV and 280 mV at the current
density of 100 mA/cm? and 500 mA/cm? with swift reaction kinetics (Tafel slope of 59 mV/dec at 100 mA/cm?
and 49 mA/dec at 500 mA/cm?). Furthermore, the electrocatalytic activity of Fes04/NiO-C is far better than IrO;
as well as that of other reported literature on MOF and transition metal oxides.®?-% Fig 27(c) shows a comparison
of overpotential at different current densities. The overpotential of the pure MOF was higher than at
Fes04/NiO/Ni-Fe-MOF and Fe304/NiO-C at 100 and 500 mA cm2. Furthermore, the current density of 600 mA
cm2 was achieved in the case of Fes04/NiO-C at 280 mV indicating its superior catalytic activity as compared
to all the samples Ni-Fe-MOF, Fe3O4/NiO/Ni-Fe-MOF and IrO.. The electrocatalytic stability of these catalysts
was evaluated for 13 hrs.; the results are presented in Fig 27(d). The chronoamperometry of these samples
indicates high retention rate of 82%, 84.2% and 87% for Ni-Fe-MOF, Fe3O4/NiO/Ni-Fe-MOF and Fez04/NiO-
C, respectively. Additionally, a chronoamperometry test of FesO4/NiO-C for 24 hrs. was conducted and the
incited graph in Fig 27(d) shows the retention rate of Fe304/NiO-C for 24 hrs. at 0.7V is 86%. The conductivity
of these samples was evaluated using electrochemical impedance spectroscopy, Nyquist plot of Ni-Fe-MOF,

Fe304/NiO/Ni-Fe-MOF and Fe304/NiO-C are presented in Fig. 27(e).

All the samples showed single semicircles starting from origin indicating negligible solution resistance. The
diameter of these circular arcs was found in the following order: Ni-Fe-MOF> Fe304/NiO /Ni-Fe-MOF>
Fes04/NiO -C. The intersection of the semicircular arc at the lower frequency end indicates the charge transfer
resistance of an electrode material. The charge transfer resistance (Rct) for Ni-Fe-MOF, Fe3O4/NiO /Ni-Fe-MOF
and Fe304/NiO-C was found to be 2.142 Q, 1.15 Q and 0.595 Q, respectively. The lowest Rct value for
Fes04/NiO-C, implies that Fe304/NiO-C based electrode efficiently facilitates the electron transfer as compared
to other electrode materials. Furthermore, the smallest semicircle of this electrode material reveals lower
impedance of Fez04/NiO-C. Comparison of overpotentials MOF-derived FezO4/NiO nanocomposites versus

other iron and nickel oxide-based material is shown in Fig. 27 (f).
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Figure 27: (a-d) Electrochemical measurements showing comprehensive analysis towards OER for Ni-Fe-MOF, Fe;O./NiO/Ni-Fe-MOF
and Fe;O4/NiO-C. (a) over potential of Ni-Fe-MOF, Fe;0,/NiO/Ni-Fe-MOF and Fe;O4/NiO-C, (b) Tafel slope of Ni-Fe-MOF,
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HER performance of all the samples at a scan rate of 10 mV/s was also tested and the results are
shown in Fig. 28(a-f). The overpotential and Tafel slope of Ni-Fe MOF, FesO4/NiO/Ni-Fe-MOF
and Fez04/NiO-C are presented in Fig. 28(a) and 28(b). Along with our prepared electrocatalyst
HER performance of platinum wire is also tested for comparison and presented in Fig 28(a). Ni-
Fe-MOF showed an overpotential of 268 mV with a Tafel slope of 54.5 mV/dec at 10 mA/cm?
indicating its potential for HER. The slight oxidation of MOF into Fe304/NiO/Ni-Fe-MOF
improved the overpotential to 210 mV, however, relatively higher Tafel slope and larger semicircle
in EIS of the oxides-MOF composite showed its sluggish reaction kinetics. These findings suggest
that FesO4/NiO/Ni-Fe-MOF is not as promising for HER applications as it is for OER. FezO4/NiO-
C showed an extremely low overpotential of 147 mV with an improved Tafel slope of 53 mV/dec
at 10 mA/cm? along with the lower impedance of Fes04/NiO-C at -0.15V (shown in Fig. 28(e))
indicating it to be an energy-efficient electrocatalyst for HER. This type of catalyst is advantageous
because it combines excellent performance with reasonable reaction kinetics. The comparison of
the overpotential value at the current density of 10 mA/cm? with platinum wire is presented in Fig.
28(c), illustrating the superior catalytic activity of MOF derived FesO4/NiO-C. These results
underscore the exceptional potential of FesO4/NiO-C as bifunctional electrocatalyst for water
splitting application. FesO4/NiO-C exhibited the highest catalytic activity for OER and HER
performance, as demonstrated by its lowest overpotential, impedance and Tafel slope value.
Furthermore, the electrochemical stability of FesO4/NiO-C was found to be superior as compared
to its precursor MOF even after 24 hours of chronoamperometry test the retention rate is 93%

which is excellent (Fig. 28d &28f).
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Figure 28:(a-f) Electrochemical measurement of Ni-Fe-MOF, Fe;04/NiO/Ni-Fe-MOF and Fe;O4/NiO-C as HER catalyst. The
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The removal of the organic ligand during the transformation from MOF to oxides results in
nanosized particles with exposed metal sites and, highly conductive structure because of the
graphitized carbon. Furthermore, the controllable synthesis of MOFs allows for the optimization
of the precursor compositions, which can open new avenues for designing and optimizing the
properties of oxides based on electrocatalysts with superior performance. Table 1 presents a
comparison of the HER and OER activities of our electrocatalysts (Fe-Ni-MOF, FesO4/NiO/Ni-

Fe-MOF, and Fe304/NiO-C) with those of other recently reported Fe and Ni-based catalysts in a
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Figure 29:Cyclic voltammetry curves showcasing the redox peaks of Ni-Fe-MOF, Fe;O4/NiO/Ni-Fe-MOF and Fe;04/NiO-C
electrocatalyst.

1M KOH electrolyte.
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Cyclic voltammetry (CV) was also performed at different scan rates ranging from 10 mV/s to 100 mV/s to
evaluate the redox properties Fe-Ni-MOF, Fe304/NiO/Ni-Fe-MOF, and FesO4/NiO-C and the results are shown
in Fig. 29(a-d). The potential window was 0.1 to 0.65 V for Fe-Ni-MOF and Fe304/NiO-C, and 0.1 to 0.55 V
for Fes04/NiO/Ni-Fe-MOF shown in Fig. 29(a-c). Obvious redox reactions with OH- between Ni%* and Ni®* can
be seen in Fig. 29(d) where all the electrodes exhibit a pair of strong redox peaks with different current densities
at a scan rate of 10 mV/s. The oxidative peak position in Fe304/NiO-C was observed at a higher potential than
Fe-Ni-MOF and Fe3;04/NiO/Ni-Fe-MOF as the energy required to oxidize Ni?* to a higher oxidation state in the
oxide form (NiO) is typically higher than that in Ni-MOF due to the stabilization of the Ni?* state by the oxide
lattice®. Moreover, Fes04/NiO-C shows a much higher current density than Fe-Ni-MOF and FesO4/NiO/Ni-Fe-

MOF, indicating the exceptional pseudocapacitive behavior of Fe3O4/NiO-C.%
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Conclusion

In this work we synthesized Fez04/NiO/Ni-Fe-MOF and Fe304/NiO-C using the pyrolysis of Ni-Fe-MOF. XRD
analysis confirms the synthesis of MOF and its conversion into Fes04/NiO/Ni-Fe-MOF and FezO4/NiO-C. The
morphological analysis revealed the flower-like structure of pure MOF and porous nature of derived
nanocomposites. The conversion of Ni-Fe-MOF into Fe3O4 and NiO nanocomposite resulted in higher specific
surface area. The electrocatalytic performance of Fes04/NiO-C was found superior as compared to its MOF
precursor. These results disclose the potential of FesO4/NiO-C as an outstanding bifunctional electrocatalyst,
surpassing commercial catalysts. In case of OER it achieves an ultra-high current density of 600 mA/cm? at 280
mV overpotential and an overpotential of 147 mV at a current density of 10 mA/cm? for HER. Furthermore, it
maintains high stability in both OER and HER. The exceptional activity of Fe3O4/NiO-C catalyst is attributed to
the synergistic interplay of its oxide components improved conductivity due to graphitized carbon, porous
structure, and high electrochemical surface area. This study provides valuable insights for designing oxides-
based highly active electrocatalysts, which offer a controllable synthesis of precursors because of the

customizable nature of MOFs.
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Chapter 6

Future Recommendation & Publication

1. Future Recommendation

a) CV and GCD testing can be performed to check the capacitance and efficiency of

Fe304/NiO-C as a pseudo supercapacitor.

b) It is worthwhile to investigate the synergistic integration of other MOF-derived
transition metal oxides as it can unveil novel opportunities for water electrolysis and

energy storage as a result of this transformative process.
2. Published Articles

a) Igbal, Z., Sonadia, Miran, W., Ul-Hamid, A., Sohail, M., & Azad, F. (2024). Tailored
Flower-Like Ni-Fe-MOF-Derived oxide Composites: Highly active and durable
electrocatalysts for overall water splitting. Fuel, 372.
https://doi.org/10.1016/j.fuel.2024.132112

b) Sonadia, Igbal, Z., Miran, W., Ul-Hamid, A., Ayub, K. S., & Azad, F. (2024). Enhanced
Electrocatalytic Performance of Erbium-Incorporated Nickel-Based Metal-Organic
Frameworks for Water Splitting. Energy & Fuels, 38(6), 5397-5406.

3. Articles writing process

a) GQDs coated MOF derived oxides composite as supercapacitor electrode material for
electrochemical energy storage and oxygen evolution reaction.

b) A novel Carbon nanotube coupled Zn bimetallic MOF composite: highly active

electrocatalyst with ultra-high current density for Oxygen Evolution Reaction.
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