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Abstract

The electrochemical water splitting is an efficient and environment-friendly path-way
to produce hydrogen which is a clean fuel. This PhD dissertation presents a
comprehensive exploration of novel electrocatalytic materials tailored for efficient
water splitting. The study focuses on the synthesis, characterization, and evaluation of
three distinct materials, each demonstrating remarkable electrocatalytic properties for
oxygen evolution reaction (OER) and hydrogen evolution reaction (HER) in alkaline
electrolytes. The first type of material is based upon deposition of bimetallic (CoMn)
layered double hydroxide (LDH) over the surface of highly crystalline copper oxide to
form a composite material, CoMn-LDH@CuO/Cu0. One electrocatalyst out of this
class of materials exhibits remarkable OER performance, necessitating only an
additional 297 mV potential to achieve a catalytic current density of 10 mA/cm?, with
a minimal Tafel slope of 89 mV/dec. The synergistic interaction of CoMn-LDH and
CuO/Cu0 contributes to an increased electrochemical active surface area (ECSA),
enabling efficient OER processes with least charge transfer resistance (Rct). The second
type of material, NiCo-alloy@CeO>, introduces a bifunctional electrode catalyst with
superior performance for both OER and HER in alkaline environments. The integration
of bimetallic (NiCo) alloy with cerium oxide (CeO:2) nanorods leads toward
significantly reduced overpotential of 170 mV at 20 mA/cm? for OER and 221 mV for
HER. The synergistic interface between alloy and CeO», oxygen vacancies in CeO:
facilitate the ionic conductivity, are the main factors which are thought to uplift the
water splitting efficiency. The third type of materials composed of bimetallic (NiFe)
selenide which were derived from their parent LDH and supported over cobalt
containing N-doped carbon nanomaterials (CoOx-NCNTs). The optimized
electrocatalyst (NiFeSe@CoOx-NCNTs ) exhibits exceptional performance towards
OER and HER under alkaline electrolyte conditions. Notably, it achieves a small
overpotential of 240 mV at 20 mA/cm? for OER, a reduced Tafel slope of 59.2 mV/dec.
For HER, it attains 20 mA/cm? at just 145 mV overpotential, exhibiting a small Tafel
slope of 169 mV/dec. The catalyst also demonstrates a small Rct, a large ECSA, and
exceptional stability over a continuous 15 h experimental period. The exceptional
efficiency of NiFeSe(@CoOx-NCNTs in both reactions holds significant promise for
designing efficient water electrolyzer. Collectively, this thesis underscores the
significance of tailored electrocatalytic materials in advancing the realm of renewable

energy conversion. This research paves the way for future investigations into

XX1ii



Abstract

optimizing synthesis processes, uncovering underlying mechanisms, and broadening

the applications of electrocatalysts, thus contributing to the ongoing global efforts to

achieve a more sustainable energy future.
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Introduction

1 Introduction

As humanity endeavors towards achieving cleaner and more sustainable energy
resources, hydrogen is emerging as a promising alternative.!? Hydrogen, as a clean and
highly favorable energy carrier possess unrivaled advantages including high energy
density and zero greenhouse gas emissions, considered as a potential substitute for
conventional fossil fuels.>® Sustainable hydrogen production through electrochemical
water splitting has been a mounting concern within the scientific community.’
Electrolysis of water is a process that can be used to produce hydrogen; however, it is
currently hindered by its inefficiency and high costs, attributable to the significant
energy input required.®!° Consequently, to unlock the potential of electrocatalytic water
splitting for hydrogen production, it is essential to design efficient and cost-effective
catalysts that can drive the reaction.!! The objective of this dissertation is to explore the
principle of electrocatalytic water splitting, its application in hydrogen production, and
the current state of research on the development of catalysts capable of enhancing the

efficiency and reducing the cost of the process.

1.1  Principle of Electrocatalytic Water Splitting

Electrocatalytic water splitting is a process that comprises of the splitting of water
molecules into hydrogen and oxygen gases by using an electric current.!'? This process
takes place in an electrolytic cell, which consists of two electrodes (cathode and anode)
separated by an electrolyte.'® On the surface of anode, oxidation reaction takes place
while a reduction occurs on cathode surface. When an electric current is passed through
the cell, water molecules are oxidized at the anode, releasing oxygen gas, and reduced
at the cathode, releasing hydrogen gas.!* Figure 1.1 illustrates an electrocatalytic cell

designed for water electrolysis.
The overall reaction is represented as follows:

2H20q) — 2Hz2(g) + Oz(y)
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Figure 1.1: Electrocatalytic water splitting cell. Modified from ref."

The effectiveness of the reaction relies on the catalyst used, as well as the operating
conditions such as temperature, pressure, and electrolyte composition. Therefore, the

advancement of efficient catalysts is crucial for the commercialization of the process.

1.2 Application of Hydrogen Fuel

Hydrogen has many applications, including fuel for transportation and power
generation.'® 17 Hydrogen presents a viable avenue for large-scale clean energy, but
producing reliable, cost effective, and clean hydrogen suffers numerous limitations such
as 95% of Haz is produced by steam reforming of coal and natural gas while only 4% of
the hydrogen is produced from water splitting.'® ' Water splitting using sustainable
sources such as wind and solar power is a sustainable and clean method to produce
hydrogen.?’ Direct electrocatalytic splitting of water into O> and H, has fascinated
notable attention due to its better efficiency for producing clean and sustainable

hydrogen and ability to hasten the development of low-carbon economies.?!

Electrolysis of water can be performed using two different technologies, namely

alkaline electrolysis,?* and proton exchange membrane (PEM) electrolysis.?* Alkaline
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electrolysis is the most commonly used method for the generation of hydrogen from
water. In this method, the electrolyte is an alkaline solution of potassium hydroxide or
sodium hydroxide. Alkaline electrolysis requires a high current density and a large
amount of electrical energy, which makes the process inefficient and costly. However,
Currently available commercial water-splitting catalysts are based on precious metals
belonging to the platinum group, with ruthenium, iridium, and their oxides being used
for the OER, while platinum (Pt) is considered as the standard electrode material for
the HER.?*?* Other than noble metals wide range of materials have also been reported

with their some limitation.

1.3 Classes of Materials Reported for Electrocatalytic Water Splitting

The catalytic activity of noble metals-based Pt and oxides (RuO2/IrOz) has been found
to be most effective in facilitating OER and HER.?® Nevertheless, due to high cost and
terrestrial scarcity, their utilization as an electrode material is restricted for global-scale
production of hydrogen.?% 2’ Therefore, there is an urgent need to design electroactive
materials that are cheap, efficient, and durable for large-scale applications. Transition
metal-based compounds have gained substantial attention for electrocatalytic water
hydrolysis due to their low cost and high abundance. Metal oxides , hydroxides, sulfides
,phosphides, nitrides, and other metal chalcogenides such as selenides and tellurides
have been employed as potential contender for HER and OER under alkaline and acidic
cicumstances.?® %

Recently, LDH based on transition metals and their derivatives have gained
considerable attention owing to cheap, high reservoirs of transition metals, and high
activities as compared to noble metals for OER/HER.**? Designing the LDHs with
different modification represents an alternative and beneficial route for replacing the

state-of-the-art electrocatalysts.

1.4 Layered Double Hydroxides (LDHs)

LDHs are a class of anionic clays that consist of positively charged layers of metal
hydroxides with interlayer anions. LDHs have a layered morphology that offers a large
surface area for electrocatalytic activity and tunable interlayer spacing that can

accommodate a variety of anions. LDHs have gained attention as promising catalysts
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for electrocatalytic water splitting due to their high catalytic activity and stability. The
general formula of LDHs is [M(II);xM(IID)x(OH)2]* [A"xn-mH20]*, where M(II) and
M(III) are divalent and trivalent metal cations, respectively, while A™ is the intercalated
anion.® '% 3% The M(II) and M(III) cations occupy octahedral sites of metal hydroxide
layers, and the interlayer anions are located between the metal hydroxide layers. LDHs
have a layered structure that consists of positively charged metal hydroxide layers and
interlayer anions (Figure 1.2).3* The metal hydroxide layers are composed of
octahedrally coordinated metal cations surrounded by hydroxide ions. The interlayer
anions are located between the metal hydroxide layers and are balanced by the
positively charged metal cations. The interlayer spacing of LDHs can be modified by
changing the size and charge of the interlayer anions.!® 3> 3¢ This distinct morphology
of LDHs provides several advantages including tuneable metal cations ratio, *° ability
to tune catalytic activity by changing interlayer anions,®’ and ability to exfoliate the

layered structure into ultrathin nanosheets by etching or applying external force.®

LDHs exhibit a 2D layered structure, providing several merits over other materials.'®
These advantages include the ability to tune metal cations in the hydroxide layers,* the
ability to tune catalytic activity by changing interlayer anions,’” and the ability to
exfoliate the layered structure into ultrathin nanosheets by etching or applying external
force.’® Mostly, LDH-based materials have shown overpotentials (~200 mV) for
reaching a benchmarking 10 mA/cm? current density, while RuO> and IrO, possess
overpotentials around ~250 mV.> %’ Recently, significant research has been devoted on
the application of LDHs based material in the area of electrochemical water splitting,
particularly for boosting torpid OER process. LDHs based on transition metals,
particularly Ni, Co, and Fe, are increasingly reported to show excellent activity towards
OER and HER. These materials gain a high catalytic current density of 1000 mA/cm?
and display exceptional stability up to 1000 hours. Moreover, low cost and high
abundance on earth underscore their remarkable potential to replace precious metal-
based catalysts.*! Recent studies reported that the catalyst activity towards OER
depends on availability of the electrons in eg orbital, hance cobalt with a +2 oxidation
state demonstrate ideal OER activity as a single electron in e, orbital (t2°es').** Yu Pei
et al. documented a one-step electrodeposition synthesis of CoFe-LDH deposited on

nickel foam. This material demonstrated bifunctional activity, achieving a catalytic
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current density of 10 mA/cm? at overpotentials of 250 mV and 58 mV for OER and
HER, respectively.*’ Yanping Ye et al., introduce Co doped into NiFe-LDH creates
dislocation in lattice which significantly improved the catalytic performance with low
overpotential of 280 mV@ 50 mA/cm? for OER and 170 mV@10mA/cm? for HER.*
Subbaraman et al. presented a report that outlined the reactivity order as Ni > Co > Fe
> Mn. This order corresponds with the energy strength order of OHad—M2+ as Ni < Co
< Fe < Mn.* Numerous studies have indicated that incorporating different transition
metals ( Mo, Fe, Co, Mn and V) into the Ni-based materials significantly enhanced the
electrocatalytic performance.**® Zhao et al., reported that vanadium dopant into
Ni(OH), modulate the electronic state of Ni*?, enhanced active sites and kinetics of
catalytic reaction. The composite V-Ni(OH)>/NF represents high potential towards
OER and HER executed n =275 mV (OER) and 254 mV (HER) at 100 mA/cm?.* The
impact of iron contaminations in Ni(OH); electrode was first noticed by Edison and
Junger, both capacity and life span of alkaline batteries have aroused by iron

contamination.>”

Harnessing the advantages of incorporating iron into nickel-based electrodes, a
multitude of studies on NiFe-LDH as an electrocatalyst have emerged over the past
several decades.’!>> Gultom et al., created a bifunctional catalyst NiFe-LDH/Ni(OH),
synthesized via electrodeposition method. The composite achieved current density of
10 and 100 mA/cm? at a cell voltage of 1.6 and 1.8 V vs RHE, respectively for overall
water splitting.’® Research has revealed that the inclusion of third element to the
bimetallic LDHs tunes the electronic configuration and enhanced catalytic behavior.>”-
% The introduction of third elements into NiFe oxide/hydroxide forming ternary

composite NiFeM (where M =Cr, V, Mn, Co, and Al) significantly boost OER process.
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Figure 1.2: Schematic structure of LDHs. Modified from ref.®

Mukerjee et al. conducted research exploring the influence of cobalt ion incorporation
on the charge transfer behavior of the Ni-Fe oxide lattice for applications in OER.®! The
inclusions of cobalt ion stabilized the oxidation state (Ni**) while Fe impurity stabilized
oxidation state (Ni*")as investigated by in-situ X-ray Absorption spectroscopy (XAS).
The improved activity of Ni(OH), framework can be attributed to the stabilized Ni** by
Co*" impurity and structure dislocations in host lattice resulting from cobalt doping.
Yang et al., found that by adjusting the cobalt content in NiFe-LDH forms crystalline-
amorphous interface sites. The composite Coi.9s-NiFe LDH demonstrate incredible
OER activities with an overpotential of 236 mV at 10 mA/cm? and a high durability of
96 h in 1M KOH.®? Yangping et al., also supported the studies that by inclusion of Co
in NiFe-LDH created stacking faults which enhance catalytic activity towards OER and
HER. The as-prepared electrode Coo.03-NiFeo.o7 LDH showed a low overpotential 280
mV@50 mA/cm? for OER and 170 mV@10 mA/cm? for HER. Jiang et al., explained
the impact of doping the vanadium into NiFe-LDH for OER process. DFT analysis
showed that addition of V** in NiFe-oxide crystal facilitates the charge transfer because
of symmetry overlap among the orbitals.®® Jin et al., synthesized V-doped NiFe-LDH
exhibits potential OER and HER performance with overpotential of 195 and 120mV at

10 mA/cm?, respectively. Understanding the electronic structure of material provides
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insight into the strategies to improve catalytic activity. Ultimately, this knowledge can
enable the development of environmentally benign methods for commercial scale

applicability of the synthesized cheap electrocatalyst in the future.%*

1.5  Properties of LDHs

1.5.1 High Surface Area

The property of high surface area in LDHs provides a large area for catalytic activity,
as it allows for many active sites for catalysis, leading to high catalytic activity.® The
large surface area of LDHs is due to their layered structure, which provides a large
number of exposed surfaces for catalysis.®® The high surface area of LDHs also
provides ample opportunities for interaction with surrounding molecules or ions, which
can enhance the catalytic efficiency of the material. The interaction of the molecules or
ions with the surface of LDHs can result in changes to the electronic properties of the
catalyst, which can lead to an increase in catalytic activity.” Furthermore, the extensive
area of LDHs allows for the accommodation of a variety of anions in the interlayer
space, which can modify the electronic configuration of the catalyst and enhance its
catalytic activity. This tunable property allows for the optimization of the catalytic

behavior of LDHs for specific utilization.

1.5.2 Tunable Properties

The property of tunable chemical composition and morphology in LDHs is a highly
desirable trait that makes them an attractive candidate for electrocatalytic water
splitting.®37° Numerous host-guest assemblies and nanoarchitectures can help in the
creation of materials with desirable physical and chemical characteristics because of
the tunability of the metal cations, a regulated M>*/M>* molar ratio, and exchangeable
charge-compensating anions. The tunable properties of LDHs can modulate the
catalyst's efficiency and durability, leading to more efficient electrocatalytic water
splitting.”!"”* Overall, tunable properties in LDHs makes them a highly promising
catalyst for electrocatalytic water splitting, with the potential to improve the

sustainability and affordability of hydrogen fuel production.
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1.5.3 Stability

One of the key properties of LDHs is their stability in an alkaline media, which refers
to their ability to maintain their structure and catalytic activity under harsh conditions.”
73 This stability is attributed to their layered structure, which provides a strong interlayer
interaction among the metal hydroxide layers and the anions.’® The stability of LDHs
is important for electrocatalytic water splitting, as it ensures that the catalyst remains
active and effective under the operating conditions. LDHs' stability also makes them a
promising candidate for use in industrial applications, where harsh conditions are
common.”” ” Thus, the stability of LDHs is a desirable property for electrocatalytic
water splitting and other applications, as it guarantees the long-term effectiveness of

the catalyst.

1.5.4 Catalytic Activity

LDHs exhibit high catalytic activity, which is a crucial property for their use as
electrocatalysts for water splitting.>% ’® This high activity is due to the large surface area
of LDHs that provides ample active sites for catalysis. The tunable interlayer spacing
of LDHs also allows for the accommodation of a variety of anions, which can modify
the electronic configuration of the material and enhance its catalytic activity.*® ™ In
addition, the high catalytic activity of LDHs is beneficial for electrocatalytic water
splitting, as it helps to boost the overall productivity of the process. The catalytic
activity of LDHs for both the HER and OER has been extensively studied, and LDHs
have shown promising results in both cases.’% Overall, the high catalytic activity of

LDHs is a desirable property for electrocatalytic water splitting and other applications,

as it enables the efficient production of clean and sustainable hydrogen fuel.

1.5.5 Ion Exchange Properties

LDHs exhibit ion exchange properties due to the presence of interlayer anions, which
can be exchanged with other anions.®®#” This property allows for the modification of
the electronic environment of the catalyst particularly crucial for electrocatalytic water
splitting, as they enable the optimization of the catalyst's activity for a specific
application. By exchanging the interlayer anions, the electronic structure of LDHs can

be modified, leading to enhanced catalytic activity.®® % Additionally, the ion exchange
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properties of LDHs can be used to introduce new anions that can act as redox-active
species, further improving their catalytic activity.”>®> Overall, the ion exchange
property of LDHs is a desirable trait for electrocatalytic water splitting and other
applications, as it enables the modification of the catalyst's electronic structure, leading

to improved catalytic activity.

1.5.6 Low Cost and Abundance

LDHs are composed of abundant and low-cost metal cations and anions, making them
a potential catalyst for commercial applications.”* This property of LDHs is important
for electrocatalytic water splitting, as it offers a cost-effective and sustainable substitute
to noble metal-based catalysts.®> 7> °* The low-cost and abundance of LDHs make them
an attractive option for large-scale production of hydrogen fuel, as they offer a more
economically feasible solution than other catalysts. Additionally, the low-cost of LDHs
make them utilizable in various applications, from laboratory research to industrial-
scale applications.” Overall, the low cost and abundance of LDHs is a desirable
property for electrocatalytic water splitting and other applications, as it provides a

economical and sustainable substitute to noble metal-based catalysts.

1.5.7 Biocompatibility

LDHs exhibit biocompatibility, which is a desirable property utilized biomedical
field.”®°7 The low toxicity of LDHs makes them a potential candidate for drug delivery
and other biomedical utilization.””® The tunable properties of LDHs also enable the
optimization of their catalytic activity for specific biomedical applications, such as the
detection of biomolecules or the degradation of pollutants in biological systems.!% The
biocompatibility of LDHs is attributed to their low toxicity, high biodegradability, and
low immunogenicity. The biocompatibility of LDHs makes them a promising material
for use in a several biomedical applications including cancer therapy, gene therapy, and

imaging.
1.5.8 Environmental Friendliness
LDHs are composed of low-cost and abundant metal cations and anions, making them

an environmentally friendly alternative to noble metal-based catalysts.!®! Additionally,

the low energy input required for the synthesis of LDHs makes them an attractive option
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for green chemistry and sustainable manufacturing.!” The use of LDHs in
electrocatalytic water splitting can facilitate to reduce the carbon footprint of hydrogen
production, making it a more environmentally friendly process.!*> The environmental
friendliness of LDHs makes them a promising candidate for use in various applications,

from energy storage to water treatment.

1.5.9 Selectivity

LDHs exhibit selectivity for specific electrochemical reactions, such as the HER or
OER. %19 This selectivity is due to the electronic configuration of LDHs, which can
be altered by changing the metal cation composition and interlayer anion.”" %7 The
selectivity of LDHs is important for electrocatalytic water splitting, as it can improve

efficiency and reduce the energy input required for the process.'%®

1.5.10 Durability

LDHs exhibit high durability under harsh conditions, such as prolonged exposure to
electrochemical reactions.!” This durability is due to the stability of the layered
structure of LDHs and their ability to maintain their catalytic activity under harsh
conditions.® The durability of LDHs is important for electrocatalytic water splitting, as
it ensures the long-term effectiveness of the catalyst and reduces the need for frequent
replacements. The durability of LDHs also makes them suitable for use in industrial
applications, where prolonged exposure to harsh conditions is common.'!? Overall, the
durability of LDHs is a desirable property for electrocatalytic water splitting and other

applications, as it ensures the prolonged effectiveness of the catalyst.

1.6 Mechanism of OER

The OER mechanism in LDHs typically involves four proton-coupled electron transfer
(PCET) steps.®> ! Here, we outline a generalized OER mechanism for LDHs as

electrocatalysts, assuming M as a representative transition metal:

1. Initial state: The metal ions (M) in the LDHs are surrounded by hydroxide

(OH") ions in their octahedral coordination sites.!'2-114
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First PCET step: One electron is transferred from the metal center (M) to the
electrode, and one hydroxide (OH") ion loses a proton to form a metal-oxo
species (M=0).!"® This step is typically the rate-determining step for the overall
OER process.

M-OH — M=0 +¢ + H*

Second PCET step: Another electron is transferred from the metal center (M)

to the electrode, and a water molecule binds to the metal-oxo species (M=0).
M=0 + H,0 — M(OH), + e~

Third PCET step: The metal-dihydroxo species (M(OH)2) transfers one
electron to the electrode and loses one proton, forming a metal-hydroperoxo

species (M-OOH).
M(OH); — M-OOH + ¢~ + H*

Fourth PCET step: The metal-hydroperoxo species (M-OOH) transfers one
electron to the electrode and loses one proton, forming an oxygen molecule (O>)

and regenerating the initial metal-hydroxo species (M-OH). !1¢-119

M-OOH — M-OH + ¢ + H* + 20,

The overall OER reaction can be summarized as follows:

2H,O — Oy +4H" + 4e

The activity and efficiency of LDHs as OER electrocatalysts can be enhanced by

optimizing their composition, structure, and morphology to facilitate electron transfer,

improves the number of active hotspots, and stabilize the reaction intermediates.

120-123

1.6.1 Mechanism of OER in term of Gibbs Free Energy

When discussing the OER mechanism in terms of Gibbs free energy, we consider the

thermodynamic aspects of the reaction steps. The OER involves four PCET steps, each
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with its own associated shifts in Gibbs free energy (AG).'?* To evaluate the OER
performance of a catalyst, one crucial parameter is the overpotential (1), which is the
difference of the potential applied to equilibrium potential of the OER.'?> The
overpotential indicates the additional energy required to drive the reaction, mainly due

to kinetic barriers associated with each elementary step.

In an ideal catalyst, the four PCET steps of the OER mechanism would have equal and
minimal overpotentials, which means that the variation in Gibbs free energy (AG)
should be the same for each step. The overall OER reaction has a standard change in
Gibbs free energy (AG®) of 4 x 1.23 eV =4.92 eV (where 1.23 eV is the standard
potential for water splitting). Ideally, each step should have a AG 0f 4.92 eV /4 =1.23
eV. 126127 In practice, however, catalysts have different energy barriers for each step
due to the nature of the reaction intermediates and the electronic configuration of the
electrode material. Therefore, the Gibbs free energy for every step is typically different,
and one or more steps might have higher energy barriers, which result in larger

overpotentials.'?®

The activity and efficiency of LDHs as OER electrocatalysts can be improved by
minimizing the AG for each step and lowering the overpotentials.'”® This can be
achieved by modifying the electronic structure, optimizing the composition and
coordination environment, and enhancing the number of active sites. 1*° A catalyst with
a lower overpotential and a more balanced distribution of AG across the steps will have

better OER performance, as it can drive the reaction with less energy input.'3!

1.7 Mechanism of HER

LDHs have also been explored as electrocatalysts for the HER in water splitting.!3* The
HER mechanism generally involves two PCET steps, known as the Volmer step and the
Heyrovsky or Tafel step.!** Here, we outline a generalized HER mechanism for LDHs

as electrocatalysts, assuming M as a representative transition metal:

1. Volmer step (electrochemical adsorption): In this step, a proton from the
electrolyte accepts an electron from the electrode and binds to the metal center

(M) in the LDH, forming a metal-hydride species (M-H).
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H +e¢e +M — M-H

2. Heyrovsky step (electrochemical desorption): In this step, a second proton
from the electrolyte accepts an electron from the electrode and reacts with the
metal-hydride species (M-H), forming a hydrogen molecule (H2) and

regenerating the initial metal site (M).
M-H+H*+e — M+ H»

Alternatively, the Tafel step (recombination) may occur, where two adjacent metal-
hydride species (M-H) recombine to form a hydrogen molecule (H2) and regenerate the

initial metal sites (M). 134137
2M-H—->2M+H>

The overall HER reaction can be summarized as follows:
2H"+2e¢ — H»

The activity and efficiency of LDHs as HER electrocatalysts can be enhanced by
optimizing their composition, structure, and morphology to facilitate electron transfer,
and stabilize the reaction intermediates.!*®1*0 Additionally, the presence of suitable
transition metals and optimized local environments in the LDH can improve the binding

strength of the hydrogen intermediates, leading to improve HER performance.'!

1.7.1 Mechanism of HER in term of Gibbs Free Energy

When discussing the HER mechanism in terms of Gibbs free energy, we consider the
thermodynamic aspects of the reaction steps. The HER involves two PCET steps, each
with its associated AG. The Gibbs free energy of adsorption (AGags) for the hydrogen
intermediates (H*) on the catalyst surface is a critical parameter to evaluate the
performance of HER electrocatalysts.'** A good catalyst should have an optimal AGads
for hydrogen, which is neither too strong nor too weak. Ideally, the hydrogen binding
should be close to the thermoneutral point, where AGags = 0 €V. This implies that the

adsorption and desorption of hydrogen intermediates are equally favorable.
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If the hydrogen binding is too strong (AGadgs << 0 e¢V), the Volmer step (formation of
metal-hydride species, M-H) will be favored, but the Heyrovsky or Tafel step (release
of hydrogen molecules, H>) will be hindered.!** '* Conversely, if the hydrogen binding
is too weak (AGadgs >> 0 eV), the Volmer step will be hindered, and the HER will be
slow.'* In practice, the optimal AGags for hydrogen on the LDH catalyst surface can be
achieved by modification of the electronic configuration, optimizing the composition
and coordination environment, and enhancing catalytic activity. A catalyst with an
optimal AGags for hydrogen will have better HER performance, as it can facilitate both
the adsorption/desorption of hydrogen intermediates with minimal energy input.'4% 147
Overall, understanding and optimizing the AGags for hydrogen intermediates on the
LDH catalyst surface is essential for enhancing the activity and performance of LDHs

as HER electrocatalysts.'*3

1.8 Synthetic Protocols of LDHs

There are several methods for the synthesis of LDHs. Below is a comprehensive

explanation of only co-precipitation and hydrothermal synthesis.

1.8.1 Co-Precipitation

In co-precipitation, divalent and trivalent metal cations are simultaneously precipitated
from their aqueous solutions.!* The process begins by dissolving the metal salts (such
as nitrates or chlorides) in water to form a clear solution. Then, a strong base like
sodium hydroxide (NaOH) or ammonium hydroxide (NH4OH) is added slowly to the
solution under constant stirring. The pH is carefully controlled (usually between 8 and
11) to favor the formation of LDHs.!>® The precipitation process can be carried out
either under constant pH or constant rate of base addition. During the reaction, the metal
cations form hydroxide complexes that combine to form the LDH structure. After
precipitation, the resulting slurry is aged, usually at ambient temperature or slightly
high temperatures (e.g., 60-80°C) for several hours to enhance the crystallinity of the
LDHs. Finally, the precipitate is washed, filtered, and dried to obtain the desired LDH
product.!>1-153

Ariel et al., constructed NiCoFe-LDHs with different ratio of Co/Ni by a co-

precipitation process. The designed catalysts are evaluated for OER demonstrate a

modest overpotential around 265 mV with a low Tafel value of 65 mV/dec, the sample
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Ni3CosFe; manifest a lowest value of overpotential 250 mV. '3* Ultrathin nanosheets of
iron-cobalt oxide (FeCo,~-ONSs) with profuse oxygen vacancies synthesized via a
feasible solution reduction method by Zhuang et al., The mass activity of Fe1Coi-ONS
as assessed demonstrated a remarkable activity with 350 mV of overpotential acquired
at 54.9 A g!, with a reduced Tafel slope of 36.8 mV/dec. Because of the distinct
structural characteristics such as ultrathin nanosheets which facilitates mass diffusion
of OH- ions and presence of oxygen vacancies enhance electrical conductivity, the

catalyst Fe;Coi-ONS depicted a exceptional catalytic activity. '*°

1.8.2 Hydrothermal Synthesis

Hydrothermal synthesis involves the reaction of metal salts and a hydroxide source in
a sealed autoclave under high temperatures and pressures.!® Initially, the metal salts
(such as nitrates, chlorides, or sulfates) are dissolved in water along with a base like
sodium hydroxide (NaOH) or ammonium hydroxide (NH4OH). The mixture is then
moved to a Teflon-lined autoclave, which is sealed and heated to temperatures typically
ranging from 100-200°C for several hour or even days.'*’- 18 The elevated temperature
and pressure cause the metal cations to form hydroxide complexes that combine to form
the LDH structure. The hydrothermal conditions promote the growth of LDH crystals
with higher crystallinity and purity than those obtained through co-precipitation.'>
Yang Hou group carried out a hydrothermal synthesis of 3D hierarchical hybridized
compound (EG/Coo.s5Se/NiFe-LDH). The fabricated catalyst was investigated for
OER, displayed a high OER activity attained a current density of 150 and 250 mA/cm?
with an overpotential of 1.50 and 1.51 mV respectively. Additionally, the hybrid also
demonstrated a proficient HER activity demanding -0.26 V to gain catalytic current of
10 mA/cm?.'% Lei Zhao et al. integrated a bifunctional electrocatalyst (NiAl-
LDH/Ni3S;) for water splitting onto a Ni-foam substrate by employing a subsequent
hydrothermal processes. As-designed electrode NiAl-LDH/Ni3S2/NF displayed a
phenomenal electrochemical performance for both OER and HER, demanded a 350 mV
overpotential to derive 100 mA/cm? current density for OER, and similarly for HER,
needs overvoltage of 53.6, 90.2, and 209.2 mV to reach a 10 ,20, and 100 mA/cm?

current density.'®!
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1.9 Limitations of LDHs

Over the past three decades, there has been significant research on using LDH materials
for electrocatalytic water splitting. LDH materials are composed of positively charged
metal hydroxide layers and negatively charged interlayer anions.!®* !63 These materials
have gained popularity because of extensive area and tunable composition, which
allows for the incorporation of various transition metal ions to enhance their
electrocatalytic properties.'®* 19 Despite the development of many LDH based
materials using various synthetic protocols, there exist constraints that hinders their
commercial utilization. One of the primary limitations is the inadequate disclosure of
surface-active sites.!® The surface of LDH materials is often covered by hydrophobic
organic molecules or water molecules that hinder the interaction between the active
sites and reactant molecules. Therefore, it is essential to develop synthetic strategies to

expose active centers and boost the electrocatalytic performance of the materials.'®”- 168

Another limitation of LDH materials is the difficulty in the passage of ions through the
structured layers in some cases.!® The layered structure of LDHs is beneficial for
incorporating multiple metal ions and enhancing the catalytic activity, but it can also
inhibit the diffusion of ions through the layers. This limitation affects the performance
of the materials as it restricts the transport of reactants to the active centers and the
removal of reaction biproducts.!”® Therefore, it is necessary to explore ways to improve
the ion transport through the layered morphology of LDH materials to enhance their
electrocatalytic properties. Overall, the advancement of LDH-based materials for
electrocatalytic hydrolysis is an encouraging area of research, but there are still
challenges that need to be addressed to facilitate their commercial application.
Overcoming these limitations and enhancing the electrocatalytic efficiency of LDH-
based materials could potentially be achieved by escalating the disclosure of active

surface sites and boosting charge flow through the structured layers.!”!

1.10 Strategies to Enhance its Electrocatalytic Performance

To overcome the limitations of LDHs in water electrolysis, several promising strategies
have emerged. These include designing nanostructures to enhance surface properties,'’?

achieved through particle size reduction to increase surface area and expose active

173,174

centers; incorporating alternative cations to expand interlayer spacing, promoting
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ion transmission and electronic conductivity; enhancing LDH catalytic traits with

> crucial for efficient

conductive substances to overcome low bulk conductivity, '
electrocatalysis; exploring advanced derivatives of LDHs like metal oxides,!”®
hydroxides, oxyhydroxides,'”” phosphides,!” bimetal nitrides,'”® sulfides, '*° and
selenides,'8! leveraging their unique structures and properties to greatly enhance

182

electrocatalytic performance,'”" tuning interlayer spacing through anion

replacement to optimize ion transport and catalytic efficiency, '$1%

and inducing
vacancy formation within LDH structures to augment active site density and ultimately
enhance electrocatalytic activity.!®® Following are some strategies to overcome

limitations of LDHs:

1.10.1 Enhancing Surface Properties Through Nano-structuring

Nano structuring is a technique to significantly enhance the surface area of LDHs based
materials which is essential for its catalytic activity since an elevated surface area
manifests more active hotspot, resulting in higher catalytic activity.'®”"!% For instance,
Tanmay et al. conducted a study in which they synthesized CoFe-LDH on Graphitic
Carbon Nitrides (gCNx) exploited as a substrate and compared its performance to
Co(OH)»/g-CNx and FeO(OH)/g-CNx catalysts. The CoFe-LDH/gCNx materials gain
a current density (10 mA/cm?) at 1 of 0.28 V, accompanied by a Tafel slope of 29
mV/dec. The observed overpotential was notably lower compared to the requirements
for the other two materials, implying that the introduction of graphene moiety and
nitrogen into graphene resulted in an augmentation of ECSA and the generation of

defects.

This combined effect led to a surface modification a 2D sheet-like structure, facilitated
efficient mass and charge transfer within the LDH materials.'®® Liu and co., synthesized
NiCozS4-integrated NiFe-LDH on a nickel foam using a straightforward hydrothermal
synthesis method. The resultant heterostructures, comprising of NiCo2Ss@NiFe LDH,
NiFe-LDH nanosheets, and NiC02S4 nanotubes depicted an overpotential of 201 mV,
260 mV, and 306 mV at 60 mA/cm?. Blending NiC02S4 with LDH materials led to an
enhancement in surface properties through a reduction in energy of chemisorption
contrast to pristine NiFe-LDH.!"! Yang et al. employed electrodeposition techniques at

a constant potential (-1.0 V) vs Ag/AgCl for varying durations to couple a CoFe-LDH
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and NiFe-LDH nanosheet on a nickel foam substrate. This coupling strategy resulted in
improved electrocatalytic activity compared to individual CoFe-LDH and NiFe-LDH
configurations, attributed to the synergistic interaction between the two LDH materials
and surface modifications. Notably, among the four tested materials, the CoFe@NiFe-
200/NF configuration exhibited the highest activity, demanding an overpotential of 0.19
V to achieve a current density of 10 mA/cm? in the OER, whereas the stand alone NiFe-
LDH and CoFe-LDH necessitated 1 of 0.27 V and 0.24 V, respectively, to attain the
similar current density.!’? In contrast to bulk LDHs, ultrathin LDH nanosheets exhibit
enhanced catalytic activity due to their ability to offer a larger surface area to the
electrolyte and expose numerous active sites, a characteristic that becomes particularly

pronounced during the exfoliation process.!** 13

1.10.2 LDH-Heterostructures with Different Conductive Substrates

Carbon Nanotubes: Carbon nanotubes (CNTs) consist of tubular structures that have
a nano-meter scale diameter and micro-meter scale length.!”* CNTs are fundamentally
made up of pure carbon atoms that are set out and interconnected by the strong sp?
carbon-carbon bond and give a distinctive geometrical structure.'”> CNTs have
captivated substantial attention as a highly conductive substrate due to their unique
morphology and fascinating features such as high electrical conductivity, high thermal
conductivity, exceptional optical properties, high mechanical strength, and large surface
area.!”® Extensive studies have been focused on modulating the electronic structure of
LDH-based materials to elevate the intrinsic catalytic activities while retaining the
structural integrity of the LDHs. One of the interesting approaches to overcoming the
conductivity issues of the LDHs is to make a composite with conductive substrates like
carbon black, graphene, and carbon nanotubes (CNTs). Out of these, MOFs derived
carbon emerged as an amazing support material attributable to the features, organic
ligands transformed into carbon support while those containing the nitrogen modulate
into nitrogen-doped CNTs, immensely boosting the carbon’s conductivity.!*”-1%8
Moreover, the metal center contained in the MOFs, during the synthetic condition forms
coordinated metals while enhancing the graphitization process of carbon. One category
of cobalt-containing MOFs (ZIF-67) based CNTs has been thoroughly investigated as
a remarkable substrate material for improving OER/HER kinetics. Kang et al., reported
the synthesis of NiFe-LDH supported on Co/Ni-CNTs (CNT-D@LDH), by the
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hydrothermal method. The as-prepared material when deployed as an anode exhibits an
impressive OER catalytic performance by overpotential (n1=267 mV) to generate a
current density (10 mA/cm?), in 1M KOH. The CNTs remarkably increase the electrical
conductivity and remove the accumulation of NiFe-LDH, while the bimetallic (Co/Ni)

serves as a bridge to transfer charges thus making NiFe-LDH electrons rich.!”

Wang et al., synthesized the defect-rich heterostructure containing ultrathin CoNi-LDH
with oxygen vacancies decorated on a network of CNTs by the one-pot (Absorption-
Alkalization-Reduction) synthetic method. The designed electrode demonstrates an
efficient OER activity in basic electrolyte (IM KOH), derives a 10 mA/cm? catalytic
current density at an overpotential (257 mV), along with a small Tafel value (51
mV/dec). Additionally, it exhibits a cell potential of 1.54 V @10 mA/cm? for overall
water electrolysis. DFT studies indicate that the presence of oxygen vacancies and
(CNT) significantly narrow the band gap of the catalyst, enhancing its conductivity.
Additionally, the computed value for (AGo — AGon) in CNT@NiCo LDH-OV is near
1.23 eV, making it more favorable for OER.>%

Aulia et al., designed a ZIF-67 derived bifunctional electrode (Co3O4@NiCo-LDH/N-
CNTs) for the oxygen conversion reactions via a step by step transformation reactions.
The resulting electrode display enhanced catalytic performance for the OER (n= 355
mV@ 10mA/cm?), under alkaline reaction conditions. The improved performance is
attributed to the synergistic effect caused by ZIF-67 derived Co304 and NiCo-LDH
nanocomposites.’”! The addition of the CNTs to the active LDHs components
beneficially increases the electronic conductivity and ultimately optimizes the
electrocatalytic performance of actual LDHs composite, which otherwise suffers low
conductivity and agglomeration of the active centers. Dinari et al., documented the
synthesis of a highly active OER electrode comprising of Ce-doped NiCo-LDH
deposited on the conductive CNTs via a solvothermal self-assisted methods. The
composite has shown remarkable OER performance by overpotential (n1=236 mV) at
10mA/cm? catalytic current density, as well as a small Tafel value (b=56 mV/dec) and
high stability of 16 h. The high OER performance is explained by the bolstered charge
transfer, high surface area, and creation of crystal defects by Ce** doping.2’> Hengjie
liu et al., developed straightforward hydrothermal process to combine NiFe-LDH with
single-walled CNTs (SWNT) film. This results in a flexible electrode that is tailor-made
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for OER. The integrated electrode (NiFe-LDH@SWNT), attained a current density of
10 mA/cm? in 1M KOH at an overpotential of only 250 mV, accompanied by a Tafel
slope (35 mV/dec) evident fast reaction kinetics. Advanced soft X-ray absorption near-
edge structure tests effectively highlight a robust electron interaction at the interface of
LDH and SWNT. This interaction is key to its exceptional OER capabilities. This study
provides a new alternative approach for creating flexible and binder-free electrodes
suitable for commercial utilizations.?®> Rong Chen et al., reported an easy and
economical approach to create stable colloidal nanoparticles (NiFe-LDH), by the co-
precipitation of Ni** and Fe* ions accompanied by the sonication at standard
temperature. The synthesized NiFe-LDH are integrated into orderly structured
MWCNTs creating a binder free hybrid microfibre electrode (NiFe-LDH@MWCNT).
The as-prepared electrode displayed an excellent OER activity deliver a current density
of 180 m A/cm? at an overpotential (255 mV). The electrode also exhibits a small Tafel
slope (33.3 mV/dec) and a high durability for a period of 24 h under continuous
electrolysis. This research offers a universal approach for integrating active
electrocatalysts with flexible, porous, and conductive CNTs suitable for an extensive

array of electrochemical and catalytic uses.?%*

Gan Jia et al., reported a simple chemical bath deposition (CBD) technique to fabricate
bimetallic nanoplates (NiMn-LDH and CoMn-LDH) onto a conductive MWCNTs
framework resulted in a highly efficient composites (NIMn-LDH/MWCNT and CoMn-
LDH/MWCNT), respectively. Taking the advantage of catalytically active bimetallic
hydroxides and optimal conductivity of MWCNTs, both NisMn-LDH/MWCNT and
CosMn-LDH/MWCNT were able to show acceptable OER activity produce 10 mA/cm?
(current density) at overpotential of 350 and 300 mV, respectively.?> The development
of economical HER electrocatalyst that work in broad pH range have been a tedious
task, hindering the overall efficiency of water splitting process, particularly in lack of
sufficient proton sources. Lin Wang et al., reported a hybrid electrocatalyst relying on
3D carbon nanostructure that combines CoP nanoparticles (CoP NPs) within N-doped
CNTs framework (NCNT). These NCNTs, averaging around 20 nm in diameter and
containing CoP NPs, were anchored onto carbon polyhedrons by an average size of
approximately 500 nm. This hybrid catalyst, known as CoP/NCNT-CP, was derived

from the pyrolysis of the ZIF-67 precursor using a continuous H> flow and was
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subsequently treated with NaH>PO, for phosphatization. When deployed as cathode,
CoP/NCNT-CP depicts a notable HER activity in a basic environment, delivers a
current density (10 mA/cm?) at an overpotential of only 165 mV. Moreover, the
CoP/NCNT-CP needed overpotentials (n1=203 mV) in a neutral environment and 305

mV in an acidic conditions to reach the same current density for HER 2%

The advancement of water splitting process also relies on the development of non-noble
based bifunctional electrocatalyst, which display high activity and stability towards
both OER/HER, simplifying the electrolyzer design and optimal choice for practical
implementations. Xin Q. Shen et al., integrated a CNTs supported iron/nickel-alloy as
a high-performance bifunctional electrode for water electrolysis. The Fe-Ni/CNT
electrocatalyst displays remarkable activities, exhibits an overpotential (221 mV) to
produce 10 mA/cm?, along with a high stability of 150 h at 0.48 V. Furthermore, it
accelerates complete water hydrolysis, reaching 10 mA/cm? at 1.50 V and maintaining
remarkable stability for 65 h at 20 mA/cm?. This represents its significant potential for
large-scale use.’”” Gao et al., synthesized unique carbon-based carrier using a
carbonization of ferrocene on CNT by a rapid microwave-assisted approach, which
takes approximately 3 minutes, benefiting from the high microwave thermal effects.
This Fe/C@CNT features a distinctive heterogeneous iron-carbon structure where
numerous carbon-wrapped Fe/Fe;C nanoparticles are dispersed on the CNT surface.
The distinct heterostructure enhances the dispersion and durability of Ni and Ru-based
compounds forming an efficient (Ni-Ru@Fe/C@CNT) electrode, which endure robust
bifunctional activity and stability by an overvoltage of 32 mV (HER) and 246 mV
(OER) at 10 mA/cm?, as well as a lowest Tafel slope value (54 mV/dec) for HER and

31 mV/dec for OER dictates the faster reaction kinetics of the catalyst.?%

Ceria as a Conductive Substrate: CeOx, a crucial rare-earth oxide, has demonstrated
significant potential in catalytic applications due to its amazing attributes such as
excellent redox properties, substantial oxygen storage capability, plentiful surface
oxygen disorders, and stable structure.’” Materials based on ceria are extensively
sought after for their applications in three-way catalysts, de-NOx catalysts, water-gas
shift catalysts, oxygen sensors, fuel cells, and ultraviolet absorbers. Additionally, they
have notable uses in biotechnology, environmental science, and medical fields. The

electron arrangement for Cerium (Ce) is [Xe] 4f% 6s2, and it typically exists in the Ce*"
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and Ce*" valence states. Cerium oxide (CeO2) adopts a fluorite structure characterized
by a face-centered cubic (fcc) lattice.?!® CeO» presents a high density of oxygen
vacancies via a fast exchangeable electronic configuration Ce*" to Ce®*, exhibits a
strong coupling tendency and easily hybridized with different components.?!!2!> Duet
to its distinct features, researchers have documented CeO2/metal alloys,?!* CeOx/metal
oxides,?!® CeOy/metal sulfides,?'® and CeO/metal hydroxides®!” catalysts for HER and
OER.

XiXi Wang et al., exploited the electrodeposition methods to incorporate CeOx
nanoparticles into NiFe LDH nanosheets, creating a balance number of oxygen defects
in resultant three-dimensional electrode (NF@NiFe LDH/CeOx). In alkaline solutions,
the NF@NiFe LDH/CeOx electrode shows an overpotential of only 154 mV for a
current density of 10 mA/cm? and 267 mV for 20 mA/cm? for HER. Additionally, this
electrode serves as an effective bifunctional electrocatalyst for complete water splitting,
attaining cell potential of 1.51 V for 10 mA/cm? in 1M KOH solution, outperforming
benchmark catalyst (Pt/C and RuO;). The high performance is explained by DFT
analysis which demonstrated that the oxygen vacancies are created by accumulation of
positive charges due to the potential difference between NiFe LDH and CeOx.*!'® Ceria
itself has weak ionic conductivity but the hybrid of it with metals substantially increases
the charge transfer between metal and CeO: interface. Thus, the addition of ceria to a
metal catalyst beneficially tune the electronic structure of actual catalyst, which as a
result enhance the adsorption/desorption of reactants and products significantly
enhance the electrocatalytic activity.?!**?° Yiming Hu et al., introduced the
heterostructure approch to decorate CeO2x onto a active OER catalyst (CoFe LDH),
grown on nickel form. The resulting electrode labbled as CeO,—x@CoFe LDH/NF
display efficient OER efficacy with a remarkably low overpotential (1=204 mV @ 100
mA/cm?), accompanied by a long-term stability of 30 h under the alkaline seawater
conditions. In the heterostructure composite, CoFe LDH supplies the active sites for
OER activities, while the CeO,-x nanoparticles contribute additional oxygen vacancies,
working in harmony with the LDH framework to elevate the OER -catalytic

efficiency.??!

Bingkai Wang et al., reported a unique in-situ approach leading to a direct growth of

ceria on cerium-nitrogen-carbon abbreviated as CeO,@CeNC, which is exploited as a
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support to OER active NiFe-LDH catalyst. The resultant hybrid structure abbreviated
as NiFe-LDH/CeO@CeNC have been tested for OER under an alkaline solution,
represents a decent electrocatalytic activity by an overpotential (235 mV@ 10 mA/cm?
and 430 mV @ 100 mA/cm?), surpassing benchmark Ir/C (20%) electrocatalyst.???
Interface engineering has garnered substantial attention as a promising approach to
produce efficient and cost-effective electrocatalysts for water oxidation. Designing the
heterostructures with two different active sites provide additional advantage of effective
charge transfer and enhanced activity compared to single components. Zhang et al.,
successfully synthesized a unique flower-like (NNO/CeO2/NF) by integrating the
Ni3(NO3)2(OH)s nanosheets on CeO> nanoparticles deposited on three-dimensional
nickel foam through a single step hydrothermal method. When deployed as anode,
NNO/CeO2/NF only demands 330 mV to generate 50 mA/cm? current density, as well
as remarkable stability for a duration of 40 h. For HER, it display a overpotential of 120
mV @ 10 mA/cm?. The anion substitution in nickel hydroxide, coupled with the
synergistic effect of ceria, enhances the active site and boosts the reaction's electron
transport capability, leading to a notable increase in electrocatalytic performance.’*’
Zhao et al., reported a class of electrocatalyst comprising of numerous vulnerable
hydroxide heterostrucutures with ceria (Ni(OH)2)-oxide (CeO2), anchored on the
carbon paper (CP) labeled as Ni.Ce,@CP. The as-prepared electrode represents high
performance towards OER (n=220 mV@ 10 mA/cm?), along with a low Tafel slope
(b=81.9 mV/dec). Moreover, the catalyst display a negligible decline in potential under
constant chronoamperometry test for 20 h, which is evidence of the high durability of
intimate interfaces. High effectiveness of the catalyst is ascribes to synergistic
interactions of exposed interfaces (Ni(OH); and CeQO.), which improves the binding

energy of intermediates on surface of catalyst.??*

Furthermore, the HER activities of C0S2,%%° CusP,?** Mo,N,**’ NiO,??® and V-CoP 2%
have been enhanced by coupling with CeO; under the alkaline electrolyte. The easily
transformable oxidation states Ce*" to Ce®" creates oxygen vacancies, particularly
beneficial for oxidation reactions as the binding energy of water is stronger particularly
beneficial for oxidation of water during Volmer step of HER.??® 23* Sinan Li et al.,
reported porous CeO2/Ni-Cu, which serve as a cathodic material achieve a catalytic

current density of 10 mA/cm? with remarkably low overpotential (n==72 mV), and a
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high durability of more than 24 h.2!Sun et al., deployed electrodeposition route to
fabricate NiCo—CeO; onto a graphene plate (NiCo—CeO2/GP). The resulting electrode
displayed phenomenal HER performance in alkaline media, with a low overpotentials

of 34 mV and 140 mV at 10 mA/cm? and 500 mA/cm?, respectively.?3

1.10.3 Advance LDHs Derivatives

LDHs have shown great potential in various applications due to their unique properties.
By transforming LDHs into derived materials with altered structures, compositions, or
morphologies, researchers can further enhance their properties and create advanced
materials with improved catalytic, electronic, or optical properties. These derived
materials include mixed metal oxides, hydroxides, oxyhydroxides, bimetallic
phosphides, bimetallic nitrides, bimetallic selenides, bimetallic alloy, bimetallic
sulfides and LDH derived MOFs. These materials have the potential to revolutionize
areas of catalysis, energy storage, and environmental remediation. With their unique
properties and versatile synthesis methods, LDH-derived materials are promising

candidates for the development of advanced materials for various applications.

Metal Oxides, Hydroxides and Oxyhydroxides as Electrocatalysts

The 3d transition metal oxides, oxyhydroxides, and hydroxides have shown decent
electrochemical performance. However, due to the availability of limited active sites
and thus low catalytic performance, their OER properties are often unsatisfactory. The
oxides, hydroxide and oxyhydroxides obtained from LDHs are of two-dimensional
(2D) layered structures with large specific surface area, more vulnerable to surface
atoms, tunability of electronic structure, and innately high dynamic activity that

exhibits increased performance in the OER %%

Li et al. recently designed nickel foam (NF) assisted porous nickel oxide nanosheets
co-doped with phosphorus and aluminum (PA-NiO, Figure 1.3(a)). PA-NiO was
deployed as a bifunctional electrocatalyst for water electrolysis. The overpotential
needed for the OER in alkaline medium is 310 mV at 100 mA/cm? (Figure 1.3(b,c)).
Whilst in a two electrode water splitting system, potential of 1.56 V was attained at
current density of 10 mA/cm? .2'® The fast kinetics of OER is depicted through the
smallest Tafel slope value (Figure 1.3(d)). This study pointed out that the enhanced
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efficiency of PA-NiO was owing to the co-doping of Al and P, which not only improved
the material's intrinsic electron transmission and durability but also provided a porous
structure for the exposure of active hotspots for better mass transfer. As illustrated in
(Figure 1.3(e-g)), it also exhibits superior electrochemical performance towards HER
exhibits 138 mV overpotential at 10 mA/cm? in alkaline medium. Initially,
hydrothermal technique was employed to synthesize AINi-LDH@NF as a precursor
which was then phosphidized in the presence of NaH>PO,.H>O under N> to produce
NF-supported PA-NiO (Figure 1.3(a)). The catalyst’s morphology was investigated by
SEM and TEM, which revealed a layered structure of PA-NiO, like the AINi-LDH

precursor which was developed vertically on the surface of nickel foam.

Figure 1.3: (a) Schematics for the synthesis of PA-NiO, (b) LSV curves of PA-NiO,
AINi-LDH, Ni-P, and RuO2 for OER, (c) corresponding onset potentials,
overpotentials, (d)Tafel plots, (¢) LSV curves of PA-NiO, AINi-LDH, Ni-P, and RuO2
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for HER, (f) corresponding onset potentials and overpotentials, (g) Tafel plots.

Copyright The American Chemical Society, 2018.2!8

Shi et al. reported a NiFe-NiCoO> composite which was synthesized by selecting NiCo-
NiFe(CN)s as the substrate to pyrolyze at 350 °C under an Ar/Hz environment.?** The
NiFe-NiCoO> nanomaterial exhibited a notably low overpotential (102 mV) for HER
and (286 mV) for OER, accompanied by low Tafel slopes, as depicted in figure 1.4(b-
e). The dodecahedral ZIF-67 crystals were employed as a sacrificial template. NiCo-
LDH was grown on the surface of ZIF-67 and heated at temperature of 90 °C in water
to form hollow NiCo-LDH dodecahedrons (Figure 1.4(a)) followed by intercalation of
K[NiFe(CN)s] to form NiCo-NiFe(CN)s. The NiCo-NiFe(CN)s was calcined at 350 °C
to produce the NiFe-NiCoO> composite. The NiCo-LDHs have a distinctive hollow
shape that allows exposure to active sites, as revealed by SEM and TEM images (Figure
1.4(f-h)). Besides, the as-synthesized composite retained its primary hollow polyhedron
structure after the carbonization, which offers good mass transport thus enlarging the

contact area with the electrolyte.
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Figure 1.4: (a) Schematically depicted fabrication process of the NiFe-NiCoO, The
LSV curves of the electrocatalysts for OER (b) and HER (d) corresponding Tafel slopes
for OER (c) and HER (e) SEM and TEM images of NiCo-LDH and NiFe-NiCoO (-

h). Journal of Energy Chemistry, 2018.2%*

Bimetallic Phosphides

Transition metal phosphides (TMPs) are being exploited as a class of potent
bifunctional electrocatalysts on account of their high abundance, low cost, electrical
conductivity, and durability over a range of pH. Despite abundant active sites, the
electrocatalytic behavior is relatively low due to intrinsic strong H-bonding ability, low
specific capacity and low catalytic rate of TMPs.?* Therefore, the atomic and electronic
structures should be modulated by manipulating the morphology/particle size, creating
defects, doping extrinsic atoms or forming heterojunctions to increase the catalytic

properties. The LDH-derived TMPs are a good choice due to thin-layered structure,
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tunable cations and intercalated anions and good adsorption capability. The resultant
topological TMPs with modulated structure and electronic distribution provide ample

active sites and rapid mass transport for achieving outstanding catalytic activity.

Li et al. carried out a simple, in-situ phosphidization for the fabrication of a Mo-CoP
composite for total water splitting (Figure 1.5(a)).?*® The synthesized CoMo-LDH was
employed directly as a precursor. The cations in the precursor were phosphidized to
generate ultra-even Mo dispersion in the CoP structure to produce a superior
bifunctional electrocatalyst. By increasing the Mo doping, both HER and OER
activities first increase and then decrease. With a 1:2.3 molar ratio of Mo to Co, the
composite exhibits the best HER activity and high durability in acidic medium (0.5 M
H,S04), have =116 mV at 10 mA/cm? as correlated to the pure CoP at 160 mV (Figure
1.5(b-c)). The composite also performs well in alkaline medium by generating catalytic
10 mA/cm? current density at 118 mV and 317 mV overpotential for HER and OER,
respectively, with good stability and durability being superior to most of the reported
catalysts (Figure 1.5(d-g)). The lower R¢i of Mo-CoP as compared to pure CoP in both
acidic and alkaline solution confirms the Mo doping effect in improving charge transfer
properties and hydrogen and hydroxide adsorption for HER and OER, respectively, to

boost the overall water electrolysis.

Figure 1.5: a) Schematics of ultra-even Mo-doped CoP composite, (b) Linear sweep

voltammogram of individual CoP and Mo-CoP with various molar ratios in 0.5 M
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H>S04, (c) Calculated Tafel slopes, (d) Linear sweep voltammograms of individual CoP
and Mo-CoP with various molar ratios in IM KOH, (e) corresponding Tafel slopes, (f)
Polarization curves for OER of individual CoP and Mo-CoP with various ratios, (g)

Tafel slopes. Copyright 2018 The Royal Society of Chemistry.?*®

Bimetallic Nitrides

The 3d-transition metal nitrides exhibit excellent performance in water splitting owing
to their distinctive features including low resistance to charge transfer, enhanced active
sites, excellent mechanical strength, high resistance to corrosion, ease of conversion to
catalytically more active species, and noble-metal like behavior. In comparison to
monometallic nitrides, bimetallic and ternary nitrides show remarkable activity since
the mixing of elements can modulate the electronic structure and valence state of the
metals. Temperature programmed ammonolysis of LDH nanosheets results in the
nanostructured mixed-metal nitrides (MMNs) that outperformed the benchmark

catalysts for OER.

Li et al. recently employed a two-step facile hydrothermal and successive ammonia
annealing method to grow nanosheet arrays of CoFeN. over Ni foam at different
temperatures ranging from 300 °C to 600 °C (Figure 1.6(a)).'” Among all the materials
prepared, CoFeN,-500 HNA/NF demonstrated outstanding OER kinetics with low
Tafel slope of 57.6 mV/dec. To achieve the electrocatalytic current density of 50
mA/cm?, the nanostructure needed an overpotential value of 259 mV, that is lower than
the 292 mV, 274 mV and 289 mV of the materials synthesized at 300 °C, 400 °C and
600 °C, respectively (Figure 1.6(b-c)). The CoFeNx-500 HNA/NF composite also
demonstrated remarkable catalytic efficacy for HER, showing a minimal overpotential
of 200 mV versus RHE to obtain 10 mA/cm?, accompanied by a minor Tafel slope, as

illustrated in figure 1.6(d-e).

Jia et al. synthesized NizFeN-NPs of 100 nm size by temperature-controlled
ammonolysis of extremely thin NizFe-LDH nanosheets developed by reverse
microemulsion (Figure 1.6(f)).>*” For comparison, NisFeN-bulk and Ni3;N were also
fabricated and evaluated for electrocatalytic HER and OER (Figure 1.6(g-h)). Among
these materials, NisFeN-NPs manifested excellent performance with 158 mV and 280

mV overpotential to acquire the catalytic current density of 10 mA/cm? for HER and
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OER, respectively. Similarly, the low Tafel slope for HER and OER verified the fast
kinetics with 42 mV/dec and 46 mV/dec, respectively (Figure 1.6(i-j)). The increased
conductivity is attributed towards low intrinsic charge transfer resistance (Rt) of the
material. DFT pointed the root cause of enhanced electrochemical performance of
nanoparticles to metallic character discovered through density of states (DOS) and band
structure, which in-turn is responsible for accelerated electrical conductivity and
electron transfer. Furthermore, the higher adsorption energy for water in NizFeN-NPs
also aids in extending electronic DOS and consequently improved water splitting

efficiency.

Figure 1.6: (a) Schematic illustration for synthesis of CoFeNx HNAs/NF. OER activity
of a series of CoFe-LDH/NF, CooN/NF, and FesN/NF catalysts; (b) Linear sweep
voltammograms; (c) corresponding Tafel slope plots. HER performance tests of CoFe-
LDH/NF, Fe4N/NF, Co,N/NF and series of bimetal nitride CoFeNx HNAs/NF catalysts;
(d) Linear sweep voltammograms; (e) corresponding Tafel slope plots; (f) Schematics
for the fabrication of NisFeN nanoparticles; (g) LSV curves for HER at a scan rate of 5
mV/s; (h) Linear sweep voltammograms at scan rate of 5 mV/s for OER; (i) Tafel plots

for HER; (j) Tafel plots for OER kinetics. Copyright 2020 American Chemical

31



Introduction

Society.!” © 2016 WILEY-VCH Verlag GmbH & Co. KGaA, Weinheim holds the

copyright for this material.?’

Bimetallic Selenides

Transition metal selenides emerged as another class of active electrocatalysts for water
splitting. During HER reaction, metal selenides provide very good activity, however,
certain limitations are associated i.e., metal leaching under acidic condition whilst they
can be converted into hydroxides under basic conditions. To resolve this, converting
LDHs into different forms, such as sulfides or selenides, has been examined and has
been regarded as a highly significant approach. The benefits of this strategy include:
(1) modification of the electronic structure of the original materials by transitioning to
sulfide, selenide, or phosphide; (2) enhanced conductivity; (3) maintaining a 2D sheet-
like shape. Xiao et al. reported bifunctional (Ni,Co)o.ssSe nanosheets array (NSA)
which was fabricated via hydrothermal treatment of NiCo-LDHs precursor deposited
on nickel foam (Figure 1.7(a)).*® The as-synthesized hierarchical (NiCo)ossSe NSAs
catalyst displayed good catalytic efficiency for both HER and OER by requiring
overpotential of 287 mV @ 20 mA/cm? for OER and 169 mV @ 10 mA/cm? for HER,
respectively (Figure 1.7(a-c,e)). The Tafel slope value 86.75 mV/dec was calculated
from the data. In addition, selenization was carried out for various time periods ranging
from 1 h to 24 h (Figure 1.7(d)). It was reported that under alkaline conditions,
(Ni1Co)o.85Se-8h showed better activity for OER compared to other samples. The water
electrolyzer consumes just 1.65 V at 10 mA/cm? and shows stability in a 50 h test. The
presence of vacancies in the crystal structure created due to Jahn-Teller distortion
enhances the electrochemical activity.  The hierarchical porous structure of
(N1,Co)o.85Se NSAs vertically grown on NF reduces the pathway for the mass transfer,
limits the aggregation of active hotspot leading towards high activity and stability.

Du et al. reported nanosheets of (Ni,Fe)3Ses via solvothermal synthesis of NiFe-LDH
followed by hydrothermal selenization.”® The as-synthesized ultrathin (Ni,Fe);Ses
nanosheets exhibit numerous catalytically accessible active sites, high specific area and
fast charge transfer for water splitting. The nanostructures anchored on Ni foam
exhibited remarkable performance in both OER and HER, showcasing a minimal

overpotential of 173 mV and 225 mV for HER and OER, respectively at 10 mA/cm?.
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Additionally, a Tafel slope of 41 mV/dec was measured for OER in relation to this
material. Ultrathin porous nanosheets and mixed transition metal structure enhances the
charge transfer that results in fast diffusion and reaction on electrode-electrolyte

interface.

Considering the significance of LDH derivatization, Karmakar et al., presents a
successful selenization of the flower-like NiFe-LDH material under solvothermal
conditions. This selenization process resulted in 2D Fe-doped NizSes hierarchical
nanostructure with altered coordination surroundings at the active Ni sites. The
conversion from hydroxide to selenide increased the material's porosity, which allowed
the Fe-doped NizSes (Fe@NisSes) a superior charge and mass transport at the
electrode—electrolyte junction. The catalyst (Fe@NiszSes) utilized as a bifunctional
electrode, depicts a small overpotential (n=185 mV) for OER and (n= 33 mV) for HER
at 10 mA/cm?. Moreover, a tenfold surge in turnover frequency (TOF) was observed in
Fe@Ni3Ses relative to the unaltered NiFe-LDH, highlighting a significant enhancement
in specific activity due to the selenization process.?*® Recent research has also been
devoted to the construction of heterostructures which abundantly create
heterointerfaces, that result in the more vulnerable active hotspot, increased electron
transfer, and consequently boost the catalytic activity and stability. Zhao et al., exploited
a two-step hydrothermal technique to construct a heterostructure CoSe/Ni3Ses by
utilizing LDH- based template containing NiCo LDH nanosheets decorated on stainless
steel meshes (SS), which serve as a superior bifunctional electrocatalyst towards both
OER/HER. The as-prepared catalyst This SS@CoSe/NizSes blend represents
remarkable electrocatalytic performance, demanding minimal overpotentials (n=97
mV) for HER and (=230 mV) for OER to produce a catalytic 10 mA/cm? current
density. The superior functionality of SS@CoSe/NizSes is due to the combined
efficiency of the SS mesh's vulnerable active hotspot and faster charge transfer at the
heterointerface (CoSe/NizSe4), which emerges from the in-situ transformation of NiCo
LDH nanosheets. Analyses of the electrochemical impedance spectrum and active
surface area and suggest the anchored CoSe/NizSes on stainless steel meshes possesses
the highest number of electroactive sites and the least electrochemical resistance. This
configuration, in turn, reveals more active regions and boosts charge movement,

thereby elevating its catalytic efficiency. Moreover, when SS@CoSe/Ni3Ses deployed
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as both anode and cathode, the built electrolyzer needs just 1.55 V to attain 10 mA/cm?
for full water electrolysis.?*! One of the important considerations to boost the catalytic
efficiency is the electrical conductivity of the material during the OER/HER process.
The enhanced electronic conductivity can significantly boost energy conversion
efficiency by speeding up the electron-transfer process and minimizing the
overpotential due to Schottky barriers at the catalyst-electrode interfaces and catalyst-
electrolyte junction. The various structural modifications of the TMSe, and tunable
band gaps from insulating to metallic states can be realized, enhancing OER
performance. For instance, Zhao et al., reported a feasible approach to produce Mn-
modified cobalt selenide nanosheets labeled as (CoMn)Se,. For the synthesis, first a
LDH template (CosMn; LDH nanosheets) was prepared by a one-pot coprecipitation
method, subsequently followed by selenation process to produce CoMn)Se,. The
(CoMn)Se; catalysts required an overpotential (270 mV@ 10mA/cm?), notably
lowered than the CoSe2 electrocatalyst and the benchmark IrO». By incorporating Mn,
specific atomic disorders are induced, adjusted electronic structure, and simultaneously
optimize the electrical conductivity of the CoMn selenide. These modifications in
morphology and electrical properties are key to raising the creation of active species
and speeding up the OER process, resulting in higher catalytic activity.?*? Zhang et al.
studied the effects of molybdenum doping on LDH-derived NiFe-Se and found
significant structural and electronic modulation to improve bifunctional activities
toward water electrolysis. The NF decorated Mo-doped Nickel-iron selenide catalyst
represented as Mo-NiFe-Se/NF, was formed by a two-step process, firstly NiFe-
LDH/NF prepared by hydrothermal method, which is subsequently treated with
molybdenum source (NaxMoO4:2H>O) and selenized for 12 h at 180 °C. When
employed in overall water splitting electrolyzer, the catalyst demands a mere voltage
(1.51 V) at 10 mA/cm? in alkaline conditions. Incorporating Mo results in the formation
of nanospheres with an extensive active surface area and refines the electronic
configuraton of NiFe-Se. As a result, Mo-NiFe-Se/NF exhibits superior bifunctional
performance.’*® Huang et al., reported a high performance electrocatalyst P-
Nio.75Feo25Se2, fabricated on nickel foam for OER and complete water electrolysis .
The catalyst was derived from NiFe-LDH/NF synthesized by facile hydrothermal
process, transformed by a selenation process under hydrothermal reaction for 20 h at

180 °C. The P-doping of Nio.7sFeo2sSes is carried out to produce optimized P-
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Nio.7sFeo.25Se2, which demonstrates an impressive OER performance at (n= 156 mV(@
10 mA/cm?) and (= 226 mV@ 300 mA/cm?). Through a combination of theoretical
and empirical analyses, it is evident that phosphorus doping can individually fine-tune
the electronic configuration of Fe without impacting Ni. This modulation optimizes the
binding of OER intermediates at the active centers, thus enhancing its kinetics.
Moreover, the catalyst display high stability exhibits negligible loss in current density
(300 mA/cm?) for a duration of 1000 h under multi-chronoamperometry test in the

alkaline electrolyte.?**
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Figure 1.7: (a) Schematic illustration of (NiCo)ossSe NSAs, (b) Linear sweep
voltammogram of (Ni,Co)o.85Se for OER, (c) Tafel slopes of NiCo-LDH, bare Ni foam,
(Ni,Co)o.s5Se and IrO> for OER, (d) LSV of (Ni,Co)ossSe with different times of
selenization for OER (inset: overpotential volcano plot at 100 mA/cm?), (¢) LSV curves

for HER. Copyright 2018 The Royal society of Chemistry.?*

Bimetallic Alloy

LDH derived bimetallic alloys have emerged as potent material for electrocatalytic
water splitting attributable to their unique structural and electronic properties. These
materials have a high catalytic activity towards water splitting, owing to the presence
of two different metal species in their structure. The layered structure of LDH provides
high stability and prevents agglomeration of the nanoparticles, resulting in long-term
durability. Additionally, the composition of these alloys can be easily modulated by
changing the ratio of the metal precursors, allowing for the optimization of their
electronic structure and catalytic activity towards water splitting. The electronic
interactions between the two metal species lead to enhanced charge transfer between
the catalyst and the reactants, resulting in increased catalytic activity. Furthermore, the
precursors employed for their fabrication are economical and readily available,
presenting a promising substitute for costly and scarce noble metal catalysts. Overall,
LDH derived bimetallic alloys hold great potential for efficient and economical

electrocatalysts for hydrogen generation through water splitting.

In recent times, the utilization of alloy catalysts has garnered significant interest from
researchers, mainly due to the synergistic interplay exhibited by the constituent metals,
coupled with their enhanced conductivity in processes like HER, OER, and ORR.?¥
Notably, the NiCo alloy has emerged as a particularly appealing electrocatalyst for
water splitting, attributed to the efficacious active sites provided by its Ni and Co
components. This characteristic facilitates efficient electron and mass transfer, thereby
bolstering electrolytic performance. Nonetheless, a considerable drawback of numerous
NiCo alloy catalysts has been their tendency to obscure active sites due to aggregation
and larger particle sizes. In this context, alloys characterized by a nanosheet structure

hold the advantage of more readily exposing these pivotal active sites.
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Yuanting Lei et al. have successfully fabricated a novel architecture of 3D
interconnected NiO/CoFe alloy nanosheets using an electrochemical activation
technique involving a NiO/CoFe-LDH pre-catalyst.*® This intricate nanosheet
arrangement not only maximizes the exposure of active sites but also facilitates rapid
electrical conductivity, culminating in exceptional performance during both the HER
and OER. The harmonious integration of NiO and CoFe alloy within this design yields
remarkable electrocatalytic proficiency, as evidenced by notably low overpotentials of
218 mV at 10 mA ¢cm 2 and 280 mV at 30 mA c¢cm 2, alongside commendable Tafel
slopes. Impressively, the durability of these catalysts is also noteworthy, as they
maintain their prowess for 27 h during HER and 42 hours during OER. This study
showcases a promising avenue for crafting cost-effective, high efficiency
electrocatalysts boasting a distinct structure, holding substantial promise for

applications encompassing comprehensive water splitting and beyond.

Rahul Patil et al. conducted a study in which they synthesized bimetallic NiCo alloys
supported on nitrogen-doped carbon derived from LDH precursors, resulting in
NiCo@LDH-NC.?*’ Through comprehensive structural and compositional analysis, the
authors confirmed the formation of NiCo alloy particles with a unique arrangement.
The alloy particles exhibited a coherent substitution of Co within the Ni lattice, aligning
strongly with the (111) plane of Ni particles. This arrangement introduced strain to the
face-centered cubic (fcc) lattice of the NiCo alloy, resulting in a robust interaction
between the pure Ni and Co metals. The electronic structure of the NiCo@LDH-NC
monolayer electrode displayed characteristics reminiscent of free atoms, contrasting
with the host Ni lattice. Remarkably, in the OER during water electrolysis, the
NiCo@LDH-NC electrode demonstrated minimal overpotentials of 330 mV and 346
mV at 10 and 20 mA cm2, respectively. This was accompanied by an improved
electrokinetic-driven Tafel slope of 36.4 mV dec !, evident from the Tafel plot. The low
Rct value of 2.48 Q indicated swift charge transfer kinetics across the electrode-
electrolyte interface, a key factor influencing the OER activity. This study's insights
into the behavior of NiCo alloy and associated electronic structure hold promise for
enhancing the characteristics of bimetallic alloy nanoarchitectures, potentially

advancing various electrochemical processes.
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Indeed, bimetallic alloy catalysts derived from LDHs have demonstrated their potential
beyond water splitting and have exhibited remarkable results in various electrocatalytic
applications. These catalysts benefit from their unique structure and composition,
which offer synergistic effects between the constituent metals, enhanced surface area,
and improved electronic properties. This versatility extends their usefulness to a wide
range of electrochemical reactions, each benefiting from the tailored properties of these
bimetallic alloy catalysts. For instance, Gao et al. devised a facile two-step process to
synthesize core-shell structured Cu@(CuCo-alloy) nanocatalysts embedded within an
Al,O3 matrix.>*® The method involved first growing a CuCoAl-LDH precursor onto an
aluminum substrate, followed by a subsequent calcination and reduction step. HRTEM
and high-angle annular dark-field scanning transmission electron microscopy
(HAADDF-STEM) images revealed that the resultant CuCo-alloy catalysts, with
nanoparticles measuring 15-20 nm in diameter, exhibited a core-shell arrangement.
This structure exhibited a uniform and even distribution of Cu and Co, with Cu forming
the core and a CuCo-alloy constituting the outer shell. In contrast to powdered-
CuCo/Al203, Co/Al203, and Cu/Al203 catalysts, the core-shell Cu@(CuCo-
alloy)/Al,O3 catalysts demonstrated markedly superior catalytic activity in the
hydrogenation of CO into higher alcohols. The most optimal catalyst (Cu/Co = 1/2)
achieved a 48.9% selectivity for Ce+ 1-alcohols at a CO conversion of 21.5%. XPS
revealed electron transfer from Cu to Co, signifying a robust electronic interaction
between the two metallic components. Importantly, Cu-rich catalysts displaying
predominantly bridge-type CO adsorption favored hydrocarbon selectivity, whereas
Co-rich catalysts promoted oxygenated compound formation. The researchers proposed
a reaction mechanism wherein negatively charged Co sites facilitated the dissociative
adsorption of CO, leading to chain growth and the creation of C,H, groups, while
electron-deficient Cu sites acted as active sites for associative CO adsorption,
generating CO species. This study underscored the potential of constructing core-shell
structures through LDH precursor calcination and reduction as a promising approach to

enhance synergistic effects in bimetallic alloy catalysts.

Bimetallic Sulfides

Transition metal sulfides (TMSs) on account of exposed edge sites, low cost and high

catalytic performance have been thoroughly studied as electrocatalysts for HER and

38



Introduction

OER. However, aggregation and low conductivity are serious problems, along with
instability under operating conditions that hinder its practical utility. TMSs are thus
integrated with other nanomaterials to enhance charge mobility by preventing re-

stacking and aggregation or doped with other metals to boost the catalytic performance.

Liu and coworkers described a facile approach for preparing the polymetallic sulfides
of NiFeMoS by sulfurization of a NiFe-MoO4s-LDH precursor prepared by one pot
solvothermal process (Figure 1.8(a)).?* Using the LDH template, microspheres were
formed by cross linking nanoplates embedded in metal sulfide nanoparticles. However,
the confinement effect imposed by LDH inhibits the formation of metal sulfides,
resulting in the MoS» and (NiFe)Sx nanoparticles with abundant exposed edge sites.
NiFeMoS-400 displays superior performance for HER in basic electrolyte by an
overpotential of 210 mV to generate a catalytic current density of 10 mA/cm? (Figure
1.8(b)) and small value of Tafel slope of 88 mV/dec (Figure 1.8(c)). Additionally, the
charge transfer resistance of the catalyst was measured by electron impedance
spectroscopy (EIS), Nyquist plot shows NiFeMoS-400 has low charge transfer
resistance (Figure 1.8(d)), the material exhibited its durability for continuous 15 h of
activity in 1M alkaline solution of KOH (Figure 1.8(e)). The accelerated efficiency is
mainly attributed to unique morphology derived from LDH nanosheets and large
surface area of Mo/Ni/Fe-S nanoparticles with copious exposed edge sites. Moreover,
abundant nanointerfaces also form structural defects between multi-metal sulfides to

optimize Gibbs free energy facilitating water splitting.

Topotactic sulfidation of FeNi LDH was done by Long et al. to produce ultrathin B-INS
nanosheets which exhibit high HER performance and stability in acidic conditions.?*°
The annealing of B-INS was done to transform into metallic ultrathin a-INS, which
results in enhanced activity. To gain a 10mA/cm? catalytic current density a-INS
necessitates a 105 mV overpotential (as depicted in Figure 1.8(f)), exhibiting a
negligible Tafel slope (40 mV/dec) (as illustrated in Figure 1.8(h)), minimal charge
transfer resistance (as shown in Figure 1.8(1)), and long-lasting stability. To calculate
the charge storage capability of the catalyst, cyclic voltammetry was executed in non-
faradaic region at different scan rates (Figure 1.8(g)). To understand the better catalytic
efficiency due to the Fe incorporation, DFT calculations were also carried out on a-

INS and a-NiS. (Figure 1.8(j)). According to DFT calculations, the H* (Haq) to already
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absorbed proton (H") to form adsorbed H». The formation of H> on NiS catalyst occurs
on Ni site while it prefers Fe site for INS catalyst. This infers that the introduction of
Fe alters the electronic configuration of the active sites that assists HER process. The
coherent migration of H> leaves the active center for the next cycle, enhancing the
overall performance as is believed in the case of metal complexes and hydrogenase
reactions. The dangling bases S near to the active metal site of Ni and Fe in INS
nanosheets have same structural and chemical composition as that of NiFeS>(u-H) core

251

in NiFe thiolato hydride complex.”" It is thus rational to relate the mechanism of

catalysis to metal complexes and hydrogenases towards HER.

Figure 1.8: (a) Synthetic route of NiFeMoS-T, (b) LSV curves of Pt/C, NiFeMoS at
different temperatures, and blank GC, (¢) corresponding Tafel slopes, (d) Nyquist plots,
(e) CPE data of the NiFeMo0S-400 hybrid (inset: LSV recorded before and after 1000
CV cycles), (f) Linear sweep voltammograms for HER of B-INS, B-Ni-Sulfide and o-
INS, (g) Cyclic voltammograms of B-NiS, B-INS nanosheets at different scan rates from
5-50 mV/s, (h) Tafel slope data plots of Pt, a-INS and B-INS, (i) EIS of B-INS and o-
INS NS, (j) Schematics for HER pathway of a-INS nanosheets in acidic environment
and kinetic barrier profiles of o-INS and a-NiS nanosheets. Yellow, blue, and red
spheres in Ai-As symbolize S, Ni and Fe, respectively. Copyright 2015 American
Chemical Society.?*° Copyright 2019 IOP Publishing Ltd.?*
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Bimetallic Organic Frameworks (B-MOFs)

Metal-organic frameworks (MOFs) exhibits decent electrocatalytic performance owing
to their perfect periodicity, porous structure, versatile topology, tunable functionalities,
and abundant active sites.>>> However, due to the low conductance and mass permeation
as well as insufficient stability, they are not actively employed as electrocatalysts for
water splitting. To make MOFs effective electrocatalysts, the development of 2D MOFs
with the nanosheet structures is considered a suitable approach for enhancing their
conductivity, mass transport and exposed active sites i.e., the coordination-unsaturated

metal sites.

Recently, LDHs have been utilized as a fruitful precursor of metal-oxide building block
of MOFs. Since the space between the LDH 2D layers can adjusted and thus the ligands
can target the inner Fe and Co from the interlayer, so LDHs are the excellent candidates
for synthesis of 2D MOFs. For instance, Cai et al. demonstrated ligand-assisted
synthesis of 2D MOFs from 2D LDHs and utilized them as electrocatalysts for water
oxidation (Figure 1.9(a)).?** The process involved the mixing of organic linker (benzene
dicarboxylate; BDC) with the CoFe-LDH in DMF and kept at various temperatures and
time duration. The resulting 2D CoFe MOF exhibits an overvoltage of 274 mV at 10
mA/cm? in 1 M KOH with 46.7 mV/dec Tafel slope. The catalyst shows stability for 70
h at 271 mV overpotential deposited over Ni foam (Figure 1.9(b-e)). The outstanding
performance is because of unique 2D structure and coupling effect of Fe and Co, which

assists charge transfer and ion diffusion.

Yang et al. used NiFe-LDH nanoarray on NF (NiFe-LDH/NF) as a template and
precursor to fabricate highly ordered layered MOF (Feo.i—-Ni-MOF/NF) (Figure
1.9()).%>* The Fe*" and Ni** ions in the solution initially replaced proton positions that
were uniformly distributed across either sides of NiFe-LDH layers. These cations then
act as anchor points to form the MOF self-assembly. The Feo.1-Ni-MOF demonstrated
exceptional activity, with overpotential values of 243 mV and 263 mV at 50 mA/cm?
and 100 mA/cm?, respectively, in an alkaline solution. Additionally, it exhibited a Tafel
value of 69.8 mV/dec for OER. The multi-step chronopotentiometry curves suggest

excellent mass transport and good conductivity with superior stability for 20 h (Figure

1.9(g-))).
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Figure 1.9: (a) Schematic representation of ligand-Assisted (LA) transformation to two
dimensional-MOF, (b) LSV potential curves for OER, (c) OER overpotential at 10 and
100 mA/cm? is compared, (d) Tafel plots, (¢) EIS curves, (f) Schematic of the

fabrication process for Feo.1-Ni-MOF/NF, (g) Comparison of OER activity with sweep

rate of 2 mV/s, (h) corresponding Tafel plots, (1) Multiple current approach for Feo.1-
Ni-MOF/NF, (j) LSV curves for pristine and post 100 CV cycles of Feo.1-Ni-MOF/NF
and CPE data for 20 h. Copyright 2019 The Royal Society of Chemistry.?>3 2>

Table 1.1: A comparison of recently reported LDH-derived materials for OER and

HER.
S. Overpotential | Overpotential | Overpotential Ref
N Materials @ 10 mA/cm? @ higher j @ 10 mA/cm?
0 (OER) (mV) (OER) (mV) (HER) (mV)
1 PA-NiO/NF - 330@100 138 235
2 B-Ni(OH), - 500@ 250 - 236
3 B-Ni(OH)» 415 - . 257
4 FeNi-O 13 ] ) 258

nanosheet

5 | NiFe-NiCoO 286 - 102 234
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Mono-NiTi- 1
6 MMO 320 - -
7 NiFe- - - _ 260
MMO/CNTs
8 Fe-CoOOH/G 330 - - 261
CoFeNx-500
x _ 2 2 179
9 HNAs/NF 59@50 00
10 NisN-V203 - _ 57 262
11 NisFeN-NPs 280 - 158 237
12 | NSP-NisFeN/NF 223 - 45 263
13 | Mo-doped CoP 317 . 118 236
14 Hollow 301 ] ] rer
CoP/FeP4@CNT
15 | (Feo.2Coos)2P@C 290 - 130 265
16 | (Nip2Coo3)P@C 280 - 110 265
17 | CoP@FeNiP/NF - 283@100 _ 266
P 267
18 . CoNiP 216 ] 0
NiFeLDH@NF
19 FeNi- 268
- 231@2 -
LDH/CoP/CC 31@20
_ 269
20 | Fe-doped CoP 30 ) .
nanoarray
i 270
21| (FeNiao)P 156 255@500 ]
nanosheets
i 271
22 N1C0P(?H3 280 ] 1
plasma-assisted)
23 Fe-CoP/CoO 219 - - 2n
24 Fe—Ni 272
i 233 i )
nanocomposite
25 Fe-N1,P/CC - 215@50 i 273
26 | Mn-doped CoP 274
- - 108
nanosheets
27 | FeCoP UNSAs - 330@100 160@100 o
28 | o -INS ultrathin 250
- - 105
nanosheets
29 NiFeMoS-400 - - 210 276
30 FeCo0,S4- 277
2 - 1
NiC0sS4/Ti 30 50
31 40% o 278
MoS2/NiCo02S4
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32 FeS—NiS/Ti 260 - - 279
33 H- 280

3DRG@NiCoLD 289 - -

H

- 280

34 H ) 264 - -

3DRG@NiCo2S4
35 PA-
261 - . 281
CoSx(OH)y/NF
36 (NiCo0)0.85Se 5
NSAs@NF - 287@?20 169
37 (N1,Fe)sSes 5 ] 73 .
nanasheets
38 NixFe1xSex 195 - _ 284
39 | (Nio.75Feo.25)Sex - 225@35 - 285
40 | Nio7eFeo24Se 197 ] ] s
microspheres

41 | CoFe 2D MOF 274 - - 253
42 Feo.1-Ni- .

MOEF/NF - 243@50 -
43 | NixVix-MOF - 290@150 . 288

1.11  Electrochemical Evaluating Parameters

Electrochemical evaluation is a critical tool for studying the catalytic properties of
LDHs and their derived materials. Electrochemical techniques can provide information
on kinetics, thermodynamics, and mechanisms of various electrochemical reactions,
such as OER, HER, or CO: reduction. Here are some commonly deployed

electrochemical parameters for evaluation of catalytic performance of LDHs:

1.11.1 Overpotential (1)

An electrocatalytic reaction is most efficient if the applied voltage aligns with the
equilibrium potential. Nevertheless, practical electrocatalysis demands a higher applied
potential than the equilibrium potential to surmount the energy hinderance inherent in
the reaction. The Nernst equation presents the relationship for an electrocatalytic redox

reaction: 2%
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E= EO + RT/nF ln(Cox/ Cred)

In this equation, E signifies the actual applied potential, E° stands for the standard
potential, R represents the universal gas constant, T is the absolute temperature, n
corresponds to the quantity of electrons transferred, F denotes Faraday's constant, and
Cred plus Cox denote concentrations of the reduced and oxidized reactants,
respectively. To drive the reaction effectively, a surplus potential called overpotential

(1) is necessary, calculated by the formula:

[=-(E-Ee)

Here, Ecq signifies the equilibrium potential. Researchers commonly report

overpotential data at 10 mA/cm? current density.

1.11.2 Tafel Slope (b)

Tafel slope is a measure of the reaction kinetics and can be computed from the slope of
the linear region of the polarization curve. It reflects the rate-determining step of the
electrochemical reaction and is inversely proportional to the catalytic activity.?*® The

Tafel slope can be estimated using the following formula:

n =P log(i/ io)

where B is the Tafel slope, 1 is the overpotential, 1 is the current density and 1o is the

exchange current density.

1.11.3 Exchange Current Density (jo)

Exchange current density is an extent of the rate of the electrochemical reaction at
equilibrium and can be determined from the intercept of the Tafel plot. It is associated
to the catalytic activity and the electron transfer rate of LDHs. The exchange current

density can be calculated using the following formula:

1=1p-exp (a-Fm /RT)
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where i is the current density, a is the current transfer coefficient , 1 is the over potential,

and F is the faraday constant, R is the gas constant and T is the temperature.?*!

1.11.4 Turnover Frequency

Turnover Frequency provides a valuable measurement of how frequently catalytic
cycles take place at the active sites of a catalyst within a given time. This parameter
offers insights into the inherent efficiency of a catalyst and can be calculated using the

formula provided:

TOF=JxA/nxNxF

[Ph]

Here, ‘j> represents the current density, ‘N’ stands for the number of moles
corresponding to active sites, A denotes the surface area of the working electrode, ‘F’
is the Faraday constant, and n signifies the number of electrons needed to produce the

target product (where n = 4 specifically for the OER).?

1.11.5 Double-Layer Capacitance (Ca)

Double-layer capacitance is a measure of the electrochemical surface area and can be
determined from the impedance spectrum. It reflects the availability of active hotspots
for the electrochemical reaction and can be deployed to calculate the catalytic activity
and stability of LDHs.?>® The double-layer capacitance can be computed using the

following formula:
Ca = (1/iw)!

where Cal is double-layer capacitance, i is the current, ® is the angular frequency, and

the other symbols have the same meaning as in the impedance formula.

1.11.6 Electrochemical Active Surface Area (ECSA)

Electrochemical active surface area holds significant importance as a catalyst attribute
ensuring the vulnerability of active sites. The assessment of ECSA involves the
evaluation of Cai exhibited by the catalyst within the non-faradaic region.’* This is

accomplished by plotting scan rates against current density at a constant potential,
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wherein the slope of the resulting straight line corresponds to Cai. The determination of

ECSA is achieved using the subsequent equation:
ECSA =Cdl/Cs

Here, Cs represents the specific capacitance. For OER, the specific capacitance value

(Cs) is reported to be 0.04 mF/cm? in 1 M KOH.?**

1.11.7 Faradaic Efficiency (FE)

Faradaic efficiency is a measure of the selectivity and efficiency of the electrochemical
reaction and can be determined from the current ratio of the desired product and the
total current. It reflects the ability of LDHs to selectively catalyze the desired reaction
and can be used to optimize the catalytic performance. The Faradaic efficiency is

calculated by using the following formula:
FE = (nF x moles of desired product) / (Q x 100%)

where FE is the Faradaic efficiency, n is the number of electrons transferred in the
reaction, F is the Faraday constant, Q is the total charge passed, and moles of desired

product is the amount of desired product formed during the reaction.?*

1.11.8 Mass Activity

The mass activity parameter is an essential metric used to access the intrinsic activity
of a catalyst, particularly in the context of electrocatalysis. It quantifies the efficiency
of the catalyst in producing the desired product per unit mass of the active material over
a specific period. The mass activity (M.A) is measured as the ratio of the current density

(j) to the active material loading (m):
Mass activity (M.A) =)/ m

In this equation, the current density (j) represents the current produced during the
catalytic reaction, while the active material loading (m) is the mass of the catalytic

material per unit geometric surface area of the electrode. By dividing the current density
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by the active material loading, the mass activity parameter normalizes the catalytic
performance with respect to the catalyst's mass, allowing for a good comparison of
different catalysts and providing insights into their intrinsic activity. Mass activity
parameter often use to assess and compare the efficiency of different catalysts for
electrochemical reactions, such as fuel cells, water electrolysis, and other energy
conversion technologies, where maximizing the catalytic activity is important for

enhancement of the overall efficiency of the system.

1.11.9 Chronoamperometry (CA)

Chronoamperometry is a time-based electrochemical technique that gives information
on the reaction kinetics and stability of LDHs. It involves application of constant
potential to the electrode and measuring the resulting current over time. The decay of
the current can indicate the stability and activity of the catalyst. The current can be

computed using the following formula:

i1=(Q/)
where 1 is the current, Q is the total charge passed, and t is the time. The decay of the

current can be analyzed to determine the stability and activity of the catalyst.>

By evaluating these electrochemical parameters, researchers can gain insights into the
catalytic properties of LDHs and their derived materials and optimize their performance
for various electrochemical applications. The overpotential, Tafel slope, and exchange
current density can provide information on the kinetics and thermodynamics of the
electrochemical reaction, while the double-layer capacitance and Faradaic efficiency
can give information on the surface area and selectivity of the catalyst.
Chronoamperometry can be used to access the stability and activity of the catalyst over
time. Together, these electrochemical techniques can provide a comprehensive
understanding of the catalytic performance of LDHs and their derived materials and

guide the design of advanced materials for various electrochemical applications.

1.12  Aims and Objectives of the Research

The aims and objectives of this work are to:
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Create and characterize diverse compositions and structures of LDHs and their
derived nanomaterials.

Explore the electrocatalytic abilities of LDHs and their derived nanomaterials
towards OER and HER.

Enhance the synthesis procedures and electrochemical performance of LDHs
and their derived nanomaterials to maximize efficiency in these reactions.
Compare the electrocatalytic efficacy of synthesized nanocomposites with
previously reported catalysts.

Investigate the stability and durability of LDHs and their derived nanomaterials
during extended electrocatalytic reactions.

Develop a holistic comprehensive understanding between the structure and
function of LDHs and their derived nanomaterials within the realm of
electrocatalysis.

Propose potential applications of LDHs and their derived nanomaterials within
renewable energy technologies, particularly in energy conversion.

Contribute to the advancement of superior and more sustainable electrocatalysts
for electrolysis processes, thus fostering the transition toward a low-carbon

economy.
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2 Experimental

2.1

Synthesized Materials and their Composition

In this section, we aimed to synthesize three distinct materials with varying molar ratios

and subsequently determine the optimized ratio for each material. The synthesized

materials were then utilized to fabricate composites with a chosen substrate, employing

the respective optimized ratios. To begin, the synthesis process involved meticulous

control over the molar ratios of the constituent elements. By carefully adjusting these

ratios, we aimed to achieve materials with enhanced properties and performance

characteristics. The three materials under investigation were selected based on their

potential applicability toward electrocatalytic water splitting. The detailed composition

of synthesized materials is summarized in the table below:

Table 2.1: Composition of synthesized materials

. Materials with | Optimized . C L.
Materials different ratio ratio Composite Application
COl\fﬁ _II;DH CoMn-LDH@CuO/Cu,O
Heterostructure of )
Material-I CoMn-LDH CoMn- hexagonal sheets of Electrocatalytic
(1 3) LDH (1 . 1) CoMn-LDH over OER
CoMn-LDH HK[CJS("g—/ éde(r)wed
(1:5) uA
NiCo-LDH (1:1) NiCo-Alloy@CeO>
. . . NiCo-LDH | Hetero-interface between | Electrocatalytic
Material -1 | NiCo-LDH (2:1) 2:1) LDH-derived bimetallic | OER and HER
alloy over the surface of
NiCo-LDH (3:1) Ceria-nanorods
NiFe-LDH (1:1 ) .
ot (1:1) NiFeSe@CoOx-NCNTs [ Electrocatalytic
L DH-derived bi i OER and HER
. . -derived bimetallic
Material -ITT NiFe-LDH (2:1) | NiFe-LDH nickle iron selenides
(3:1) sheets embedded ZIF-12
derived Co-based Carbon
NiFe-LDH (3:1) nanotubes
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2.2 Synthesis of Material-1 (CoMn-LDH@CuQO/Cu20)

2.2.1 Materials

All the chemicals were used without any further purification, including sodium
carbonate (Na2COs3, > 99.0%, Sigma Aldrich), manganese (II) nitrate tetrahydrate (Mn
(NO3)2. 4H20, > 99% trace metal basis, Sigma Aldrich), cobalt (II) nitrate hexahydrate
(Co (NO3)2. 6H20, 99%, Merck), copper (II) nitrate hexahydrate (Cu (NO3)2. 6H>0,
99.5%, Merck) and BTC (CoHsOs, 98%, Sigma Aldrich).

2.2.2 Synthesis of HKUST-1 Derived CuO/Cu20

The synthesis of HKUST-1 involved a modified technique previously described by
Wang et al. >’ This material has promising applications in various fields due to its
unique properties. The process began by preparing two solutions: Solution A and
Solution B. In Solution A, benzene tricarboxylic acid (BTC) was dissolved in ethanol.
BTC serves as a crucial component for forming the final product. In Solution B, copper
nitrate (Cu(NOs3).6H>0), was dissolved in deionized water. This solution was mixed
with strong agitation to ensure thorough mixing of the components. After preparing
Solutions A and B, they were combined and transferred to a Teflon-lined stainless-steel
autoclave. An autoclave is a high-pressure vessel used to carry out chemical reactions
at elevated temperatures and pressures. The mixture was then subjected to a controlled
temperature of 120 °C for a duration of 12 h. This controlled heating process is essential
for the formation and growth of the desired HKUST-1 crystals. After this heating
period, the autoclave was allowed to cool naturally to room temperature. The outcome
of this process was the formation of blue-colored crystals known as HKUST-1. These
crystals were separated from the remaining liquid through a filtration process. To ensure
purity, the crystals were thoroughly washed using ethanol and deionized water. After
washing, any remaining liquid was removed by carefully drying the crystals at a
relatively low temperature of 80 °C overnight. To take the process further, the
synthesized HKUST-1 crystals were subjected to calcination. Calcination involves
exposing a substance to high temperatures in the presence of air or oxygen. In this case,
the HKUST-1 crystals were heated at a significantly higher temperature of 900 °C for
3 h in an oxygen-rich environment. This process led to a transformation of the HKUST-

1 crystals into CuO/Cu,0 particles. These particles are composed of copper (II) oxide
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and copper (I) oxide, and they possess distinct properties that are useful for various
applications. The entire process was carefully controlled and designed to produce the
desired material, CuO/CuyO particles, by going through specific chemical
transformations under controlled conditions. The figure 2.1 illustrates the different
stages of the process, providing a visual representation of the transformations that

occur.

Figure 2.1: Schematic illustration for the synthesis of HKUST-1 derived CuO/Cu:O.

2.2.3 Synthesis of Composite (CoMn-LDH@CuO/Cuz0)

The fabrication process of the CoMn-LDH@CuO/Cu,O composite involved a
hydrothermal synthesis technique, as depicted in figure 2.2. This method enables the
controlled growth of complex materials by exploiting the interactions between
precursor components in a high-temperature aqueous environment. To initiate the
process, 100 mg of the previously prepared CuO/CuxO particles were meticulously
dispersed in 15 mL of deionized water. This dispersion is crucial to ensure uniform
distribution and interaction of the components. The precursor compounds for CoMn-
LDH, comprising 218 mg of cobalt nitrate hexahydrate (Co(NO3)2.6H>0), 297 mg of
manganese chloride tetrahydrate (MnCls.4H20), and 180 mg of urea, were
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methodically introduced into the CuO/CuxO dispersion. Urea, in this context, plays a
vital role as a complexing agent that facilitates the controlled formation of LDHs. The
mixture was continuously stirred for a period of 3 h to ensure thorough mixing and
interaction of the precursors. Subsequently, the homogenized mixture was carefully
transferred into a specialized autoclave designed with a Teflon lining, which maintains
a sealed environment conducive to the hydrothermal reaction. The autoclave was then
subjected to a relatively high temperature of 130 °C for an extended duration of 24 h.
During this hydrothermal treatment, the combined influence of heat and pressure
enabled the conversion of the precursor materials into the desired composite structure.
This process encourages the growth of CoMn-LDH and facilitates its integration with
the CuO/Cuz0O particles. Following the hydrothermal treatment, the resulting solid
precipitates were isolated from the liquid phase using a centrifugation process. This
step helped to separate the composite particles from the residual solution. To ensure the
removal of any residual impurities or unreacted materials, the obtained precipitates
underwent a thorough washing procedure using deionized water. Finally, to eliminate
excess moisture and achieve optimal particle stability, the composite material was
subjected to a controlled drying process at a moderate temperature of 60 °C within a

drying oven.

Figure 2.2: Schematic illustration for the synthesis of composite CoMn-

LDH@CuO/Cu;0.
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In essence, the hydrothermal synthesis method employed here allowed for the
controlled assembly of the CoMn-LDH@CuO/CuxO composite by guiding the
transformation of precursor substances into a composite material with tailored
properties. This process exploits the unique characteristics of each component to yield

a synergistic material capable of serving various functional applications.

2.3 Synthesis of Material-II (NiCo-Alloy@CeO2)

2.3.1 Materials

All the chemicals were used without any further purification, including potassium

(NO)3.6H20, > 99% trace metal basis, Sigma Aldrich), Cobalt (II) nitrate hexahydrate
(Co(NO3)3.6H20, 99%, Merck), Nickel(I) nitrate hexahydrate (Ni(NO3)2.6H>O,
99.5%, Merck) and Urea (CH4N20O, 98%, Sigma Aldrich).

carbonate (K»>COs3, > 99.0%, Sigma Aldrich), Cerium nitrate hexahydrate (Ce

2.3.2 Synthesis of CeO2-nanorods

A reported synthetic approach was followed for the synthesis of ceria nanorods.?*® This
approach is designed to systematically create nanoscale cerium dioxide (CeO3)
structures with specific properties. The process commenced by gradually adding a 0.03
M solution of K»COj3 drop by drop into a solution containing 0.02 M of Ce(NO)3.6H>0,
corresponding to 4 mmol of cerium. This controlled addition was critical to achieving
the desired pH of around 8, which triggered the onset of precipitation. The formation
of a precipitate marks the initial stage of ceria nanorod synthesis. After allowing the
reaction to proceed for 3 h under gentle agitation at room temperature, the formed solid
was separated from the liquid phase using a centrifugation process. This step effectively
isolated the evolving ceria nanorod material from the remaining solution. To ensure
purity and remove any residual reaction components, the collected solid residues were
subjected to thorough rinsing with deionized water. The next phase involved preparing
the solid residues for further transformation. They were carefully placed within a
ceramic crucible, a heat-resistant container suitable for thermal treatments. The residues
were subjected to a prolonged drying process, spanning 10 h, at a moderate temperature
of 70 °C. This step aimed to remove any remaining moisture, ensuring a stable starting

material for subsequent processing. To achieve the final desired product, the dried
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granules underwent a fundamental carbonization process. This was carried out within
an electric furnace, with temperatures elevated to 650 °C. Maintaining this temperature
for a duration of 5 h induced a controlled chemical transformation within the granules.
This thermal treatment led to the conversion of the granular material into well-defined
cerium dioxide nanorods, with their distinctive properties attributed to their nanoscale
size and unique crystalline structure. The entirety of this sequential process, from
controlled precipitation to purification and final thermal conversion, constitutes a
highly controlled and structured approach to producing ceria nanorods. Each step is
meticulously designed to ensure the formation of nanorods with specific characteristics
and properties. The accompanying figure 2.3 likely provides a visual representation of
the stages involved, further aiding in understanding the transformation of precursor

solutions into the desired nanorod structure.

Figure 2.3: A schematic representation can visually demonstrate the synthesis of CeO>

nanorods.

2.3.3 Synthesis of NiCo-Alloy@CeO2

The synthesis of NiCo-Alloy@CeO; followed a systematic procedure, starting with the
preparation of NiCo-LDH. Initially, 180 mg of urea was dissolved in an aqueous
solution containing Co(NO3)2.6H>O and Ni(NO3)2.6H>O in a molar ratio of 1:2. This
mixture was then stirred for a period of 3 h to ensure proper mixing and interaction of
the components. Subsequently, the resulting solution was transferred to a Teflon-lined
autoclave and exposed to a temperature of 130 °C for a duration of 24 h. This controlled
thermal treatment facilitated the formation of solid precipitates. The obtained
precipitates were subjected to several washings using deionized water to remove any

residual impurities. Following this purification step, the solid material was carefully
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dried within a desiccator, ensuring the removal of moisture, and achieving a stable
material. The next step involved the annealing of the NiCo-LDH at 850 °C for a
duration of 4 h under an Ar/H» atmosphere. This high-temperature treatment induced a
chemical transformation, resulting in the formation of NiCo-alloy nanosheets. This
annealing process is crucial for creating the desired alloy structure and enhancing
material properties. Once the NiCo-alloy nanosheets were successfully synthesized, a
previously reported impregnation method was employed to create NiCo-Alloy@CeO»,
a composite material. This method involves introducing CeO: onto the surface of the
NiCo-alloy nanosheets to achieve the desired composite structure. The detailed protocol
for this impregnation process is likely elaborated in reported article. *° For a visual
representation of the synthesis steps, Figure 2.4 illustrates the synthetic protocol of
NiCo-Alloy@CeO, providing a clear overview of the sequence of processes involved
in transforming precursor solutions into the final composite material. This systematic
approach ensures the controlled creation of NiCo-Alloy@CeO3, a material with tailored

properties suitable for its intended application, likely as an electrode material.

Figure 2.4: Schematic representation for the synthesis of NiCo-Alloy@CeO>

2.4 Synthesis of Material-III ( NiFeSe@CoOx-NCNTs)

2.4.1 Materials

All the chemicals used in the experiment were of high purity and obtained from
reputable suppliers, including potassium carbonate (K>COj3) sourced from Sigma
Aldrich, which had a purity level of 99.0%. Iron nitrate nonahydrate (Fe(NO3)3.9H,0)
was also employed, acquired from Sigma Aldrich, with a purity of 99% and trace
metals, nickel nitrate hexahydrate (Ni(NO3)2.6H>0) from Merck was incorporated,
possessing a purity of 99.5%, urea (CH4N>0, 98% purity, from Sigma Aldrich), and
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cobalt nitrate hexahydrate (Co(NO3)2.6H20, 99% purity, from Merck). The experiment
also utilized benzimidazole (C7HsN2, 98% purity, from Sigma Aldrich).

2.4.2 Synthesis of ZIF-12

The synthesis of ZIF-12 commenced with the dissolution of cobalt nitrate hexahydrate
and benzimidazole in dimethylformamide solvent, as illustrated in figure 2.5. By
mixing these solutions, precursor compounds were homogeneously blended. This
mixture was then carefully transferred into a specialized Teflon-lined autoclave,
providing a controlled environment for subsequent processes. Within the autoclave, a
solvothermal reaction occurred at 150°C for 48 h, facilitating the gradual formation of
ZIF-12 crystals through intricate chemical interactions.’® After the solvothermal
reaction, the solution was filtered, yielding shiny, purple-colored ZIF-12 crystals.
Rigorous washing with excess DMF followed to ensure purity. Subsequently, the
crystals were dried at 70°C to eliminate residual solvent. This systematic approach
involved controlled dissolution, reaction, and purification steps, ultimately leading to
the successful synthesis of visually distinctive ZIF-12 crystals. The accompanying
figure 2.5 likely depicted the procedure's key stages, enhancing the understanding of

the precursor-to-crystal transformation.

Figure 2.5: Illustration showing the formation of ZIF-12 through a solvothermal

method.

2.4.3 Carbonization of ZIF-12

To obtain cobalt oxide encapsulated nitrogen-doped carbon nanotubes (CoOx/N-CNT),
the synthesized ZIF-12 underwent a carbonization process. This involved placing the

ZIF-12 sample in a ceramic boat and putting it into a quartz tube within a tube furnace
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(Nabertherm B 180). Initially, the air within the tube was evacuated by continuous
argon flow for 2 h, ensuring an inert atmosphere conducive to the subsequent steps.
Subsequently, the sample was subjected to a calcination process at 950°C for 6 h. This
thermal treatment facilitated the transformation of the ZIF-12 into cobalt oxide-
encapsulated nitrogen-doped carbon nanotubes (CoOx/N-CNT), resulting in
approximately 83% yield of the target CoOx/N-CNT material, as depicted in figure 2.6.
This transformation involves the carbonization of the organic components of ZIF-12
and the controlled formation of cobalt oxide nanoparticles encapsulated within a
nitrogen-doped carbon nanotube matrix. It is important to note that prior research
conducted by our research group has reported the comprehensive synthesis and
characterization of these nanotubes, highlighting the previous scientific contributions

in this area of study. >°!

Figure 2.6: Schematic depiction of the carbonization route used for the synthesis of

CoOx-NCNTs from ZIF-12 precursor.

2.4.4 Synthesis of NiFeSe@CoOx-NCNTs

The synthesis of NiFeSe@CoOx-NCNTs involved a two-step process, with the initial
phase centered on the synthesis of NiFe-LDH@CoOx-NCNTs, as illustrated in figure
2.7. This process began by mixing the precursors Ni1(NO3)2.6H>0 and Fe(NO3)3.9H,0
in a 3:1 ratio, along with 180 mg of urea and the synthesized CoOx-NCNTs (100mg).
The resulting mixture underwent sonication for 3 h to ensure thorough mixing and
uniform dispersion of the components. Subsequently, the solution was transferred into
a Teflon-lined autoclave, where it underwent treatment at a temperature of 130°C for
30 hours. This controlled thermal treatment led to the formation of precipitates within
the solution. The resulting precipitates were separated from the liquid phase through

centrifugation and underwent washing with deionized water to remove any residual
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impurities. The obtained NiFe-LDH@CoOx-NCNTs were subjected to a drying
process at 60°C, followed by annealing at a temperature of 850°C for a duration of 4
hours under an Ar/H, atmosphere. During this annealing process, an additional
component, Se powder, was strategically positioned upstream. This arrangement
facilitated the interaction of Se with the precursor materials, resulting in the
transformation into the final product, NiFeSe@Co-NCNTs. This synthesis process
results in the synthesis of NiFeSe@Co-NCNTs, a material with a tailored composition
and properties. The utilization of a two-step approach, starting with the formation of
NiFe-LDH@CoOx-NCNTs, followed by annealing in the presence of Se, enables the
controlled incorporation of Se into the composite structure. This synthesis method
offers precise control over the composite's characteristics, making it suitable for
specific applications. The presented figure 2.7 likely offers a visual representation of
the synthesis process, aiding in understanding the transformation of precursor

components into the final NiFeSe@Co-NCNTs product.

Figure 2.7: Step-by-step illustration for the synthesis of NiFeSe@CoOx-NCNTs .

2.5 Fabrication of Working Electrode

The fabrication of the working electrode entailed the choice of a glassy carbon substrate
possessing a specific surface area of 0.1962 cm?. Ensuring the substrate's cleanliness
and purity, an exhaustive cleaning procedure was implemented to eliminate any
potential contaminants that could influence the subsequent -electrochemical
measurements. To prepare the catalyst dispersion, a precisely measured mass of 2 mg
of the catalyst material was dispersed within 1 mL of ethanol. This solvent not only

facilitates the dispersion process but also ensures compatibility with subsequent
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electrode coating. To enhance both the stability and the adherence of the catalyst on the
electrode surface, a strategic addition of 5 pL of Nafion solution was incorporated into
the catalyst dispersion. Nafion serves to create a stable interface between the catalyst
and the electrode, promoting better performance and more consistent results. The

catalyst dispersion underwent a 3 h sonication period.

Figure 2.8: Schematic representation of the fabrication of a working electrode using

the drop casting method.

This ultrasonic treatment promotes effective mixing and distribution of the catalyst
within the solvent, yielding a well-homogenized ink with uniform particle distribution.
This ink was meticulously applied onto the pristine glassy carbon electrode. During this
process, careful attention was paid to ensure a consistent and even spread of the catalyst
ink on the electrode's surface. This uniformity is pivotal for obtaining reproducible and
reliable electrochemical measurements. Following the ink application, the coated
electrode was subjected to a drying process within an oven. This drying phase
facilitated the removal of the ethanol solvent, leaving behind a firmly attached and well-
adhered catalyst film on the electrode surface. This film forms a crucial component of
the working electrode, as it provides the active sites for catalytic reactions during
electrochemical studies. In essence, this well-orchestrated procedure guarantees the
preparation of a functional working electrode that boasts a consistent and uniformly

distributed catalyst layer. The meticulous steps taken in cleaning, catalyst dispersion,
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application, and drying ensure accurate and reproducible electrochemical analyses,
making the electrode a reliable tool for investigating catalytic processes. The process is
depicted in figure 2.8, likely offering a visual representation of the steps involved in the

creation of the working electrode.

2.6 Electrochemical Evaluation

Throughout the entirety of the electrochemical experiments, a conventional three-
electrode system was employed, facilitated by a Gamry Interface S000E potentiostat
and a rotating disk electrode assembly. The experimental setup consisted of a single
compartment, wherein a glassy carbon electrode possessing a surface area measuring
0.1962 cm? was designated as the working electrode. Concurrently, a Hg/HgO electrode
as reference electrode, while a graphite rod was employed as the counter electrode. To
facilitate the measurements, a IM KOH electrolyte was consistently utilized, and prior
to the commencement of electrochemical evaluations, the electrolyte was calibrated by
purging N> gas for a duration of 30 minutes to ensure optimal experimental conditions.
A comprehensive assessment of electrochemical performance was executed employing
a variety of techniques. Linear sweep voltammetry was conducted, maintaining a scan
rate of 10 mV/s while the working electrode was rotated at a speed of 1600 rpm.
Impedance assessment encompassed a wide-ranging frequency spectrum spanning
from 0.01 Hz to 100 kHz. Chronoamperometry tests were performed to evaluate the
catalyst's stability under varying conditions. Additionally, cyclic voltammetry recorded
cyclic voltammograms within a specified narrow potential window of 1-1.3 V vs RHE,
across a range of scan rates spanning from 5 mV/s to 50 mV/s, thereby facilitating the
determination of double-layer capacitance. To ensure a consistent basis for comparison
and analysis, all potential values were transformed into the RHE scale by using the
Nernst equation. This conversion accounted for any variations in reference electrode
potentials, ultimately rendering the data more reliable for thorough interpretation and

Cross-comparison.

2.7 Characterization Techniques

The synthesized materials were subjected to different characterization techniques to
investigate their chemical structure and morphology. These techniques included powder

X-ray diffraction (PXRD), scanning electron microscopy (SEM), transmission electron

62



Experimental

microscopy (TEM), X-ray photoelectron spectroscopy (XPS), energy-dispersive X-ray
spectroscopy (EDX), selected area electron diffraction (SAED), and electron energy
loss spectroscopy (EELS) mapping. These analyses were carried out to gain a
comprehensive understanding of the synthesized materials' properties and to obtain

valuable insights into their composition and structural features.

2.7.1 Powder X-ray Diffraction (PXRD)

XRD data was acquired using a Bruker D8 diffractometer equipped with a sealed
copper (Cu) tube with a wavelength (1) of 1.54178 A. The XRD data was collected

over a range of 10-80° with a scanning rate of 2° per minute.

Working Principle: This technique operates on the fundamental concept of X-ray
scattering through a powdered sample. When X-ray radiation interacts with a
polycrystalline substance, it undergoes diffraction at distinct angles upon encountering
the atoms in the crystal lattice. Through the measurement of both the intensity and angle
of these diffracted X-rays, it becomes possible to deduce the interatomic distances
existing within the crystal lattice. Consequently, this methodology facilitates the
recognition of crystal structure of the material, phase composition, and lattice

parameters.

2.7.2 Scanning Electron Microscopy (SEM)

The SEM images were captured using a Hitachi S4800 microscope operating at an

accelerating potential of 10 kV.

Working principle: The principle involves directing a primary electron beam onto the
sample's surface, which results in the ejection of secondary electrons and backscattered
electrons. These emitted electrons are then detected, and their signals are converted into
an image. The primary electron beam scans across the sample in a raster pattern,
allowing for the collection of data point by point. By controlling the intensity of the
primary electron beam and detecting the emitted electrons, SEM produces high-
resolution, detailed images of the sample's surface, providing information about its

morphology, topography, and elemental composition.

63



Experimental

2.7.3 High Resolution Transmission Electron Microscopy (HR-TEM)

HRTEM images were captured using a JEOL 2100 Cryo TEM instrument equipped
with an X emitter, operating at an accelerating voltage of 200 kV. This instrument
allows for imaging samples with high spatial resolution and enables detailed

examination of the atomic structure and morphology of materials.

Working Principle: TEM is an advanced imaging technique that allows for high-
resolution examination of the internal structure of thin specimens. The working
principle of TEM involves a beam of electrons being transmitted through a thin sample.
The electron beam is generated and accelerated, and then passes through the specimen,
interacting with its atoms along the way. As the electrons pass through the specimen,
they undergo scattering, diffraction, and absorption, forming an image on a fluorescent
screen or a detector. By manipulating the electron beam, adjusting the lens system, and
collecting the transmitted electrons, TEM produces detailed images that reveal the

specimen's atomic structure, crystal defects, and fine details.

2.7.4 Selected area Electron Diffraction (SAED)

The acquired HR-TEM images were further analyzed using SAED technique, which
involves selecting a specific area of the sample and obtaining a diffraction pattern by
interacting it with a focused electron beam. The SAED analysis provides valuable

information about the crystallographic structure and orientation of the sample.

Working Principle: 1t works on the principle of electron diffraction, where a selected
area of the sample is exposed to a highly focused electron beam. As the electrons
interact with the crystal lattice, they are diffracted by the atomic planes and produce a
diffraction pattern. This pattern is recorded on a detector and represents the arrangement
of atoms within the crystal lattice. By analyzing the intensity and distribution of the
diffraction spots, valuable information about crystal symmetry, lattice parameters, and

crystal orientation can be obtained.
2.7.5 Electron Energy Loss Spectroscopy (EELS)
EELS mapping was performed using the same instrument utilized for TEM analysis.

The EELS measurements were performed with a probe size of approximately 1 nm and

a beam energy of 200 keV. The spectrometer was set to collect energy-loss spectra in
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the range of 0-2000 eV, with a dispersion of 0.1 eV per channel. The EELS mapping
was carried out by scanning the electron probe over the sample area of interest and
acquiring spectra at each pixel to generate a spatial distribution map of the elemental

composition and chemical bonding information within the sample.

Working Principle: EELS operation is based on the principle of inelastic scattering of
electrons. In EELS mapping, a focused electron beam is directed onto the sample
surface, and as the electrons interact with the atoms in the sample, some of them lose
energy through inelastic scattering processes. By measuring the energy loss of the
scattered electrons, valuable information about the material's electronic structure,
elemental composition, and chemical bonding can be obtained. The collected data is
then used to generate maps that provide spatially resolved information about the

distribution of specific elements, chemical states, and their variations across the sample.

2.7.6 X-ray Photoelectron Spectroscopy (XPS)

XPS analysis was performed using the Kratos AXIS Ultra DLD instrument. The XPS
measurements utilized monochromatic Al Ka radiation at an operating voltage of 15
kV. The photoelectrons were emitted at a detection angle of 90°. The peak positions in
the XPS spectra were calibrated using the C 1s peak at 284.4 eV as a reference, and
other peaks were adjusted accordingly. The peak fitting analysis was carried out using
Casa XPS software, allowing for accurate determination of the chemical states and

composition of the analyzed samples.

Working Principle: XPS operates based on the principle of photoelectric effect. In XPS,
a material sample is bombarded with X-ray photons, typically from a monochromatic
X-ray source. When the X-ray photons interact with the sample's surface, they eject
photoelectrons from the atomic orbitals of the constituent atoms. These photoelectrons
are then energy-analyzed and detected to generate a spectrum. By measuring the kinetic
energy and intensity of the emitted photoelectrons, XPS provides valuable information
about the elemental composition, chemical states, and electronic structure of the surface

region of the material.
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2.7.7 Energy dispersive X-ray Spectroscopy (EDX)

EDX data was collected using a Shimadzu EDX-700 spectrometer equipped with
Rhodium (Rh) X-rays as the excitation source. To prepare the samples for analysis,
powder samples were loaded onto a polypropylene cup with an ultralene film placed at

the bottom.

Working Principle: Energy-dispersive X-ray spectroscopy (EDX) operates on the
principle of X-ray fluorescence. When a sample is bombarded with high-energy X-rays,
the atoms within the sample are excited and subsequently emit characteristic X-rays
that are specific to each element. In EDX, a detector measures the energies of these
emitted X-rays, allowing for the identification and quantification of the elements
present in the sample. The detected X-ray energies are then converted into a spectrum,

which represents the elemental composition of the sample.

66



Results and
Discussion




Results and Discussion

3 Results and Discussions

3.1 Material-1 (CoMn-LDH@CuO/Cu20)

The novel CoMn-LDH@CuO/Cu,0 was successfully fabricated by a simple and facile
process. CuO/Cu20 nanoparticles produced by the calcination of HKUST-1 were added
during the growth of CoMn-LDH nanosheets and their integration is proved using
PXRD, SEM, TEM, EDX and XPS techniques. Complete characterization is discussed
in detail in this section. The desired electrocatalyst exhibits High performance OER
activity. The optimized electrode required just 297 mV overpotential to attain catalytic
current density of 10mA/cm? along with the Tafel slope value (89 mV/dec!) which is
remarkably lower than the individual CoMn-LDH and CuO/Cuz0. Figure 3.1 illustrates
the graphical representation of OER catalysis using CoMn-LDH@CuO/Cu,0
composite material. The incorporation of cobalt manganese layered double hydroxide
(CoMn-LDH) with HKUST-1 derived CuO/Cu;O results in enhanced catalytic activity

and stability, leading to the production of oxygen gas from water electrolysis.

Figure 3.1: Graphical representation of the OER catalysis using CoMn-
LDH@CuO/Cu20 composite material.
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3.1.1 Powder X-ray Diffraction Analysis

To investigate the lattice parameters of the synthesized catalysts, powder X-Ray
Diffraction (pXRD) patterns were taken. Figure 3.2 showed the characteristic
diffraction peaks at 11.54°,23.76°, and 33.5°, which confirmed the layered morphology
and could be indexed to the (003), (006) and (009) planes of LDHs (JCPDS # 01-089-
0460) 392, 20 angles of 35.6°, 38.9°, 48.8°, 53.7°, 58.6°, 61.9°, 65.6°, 67.8°, correspond
to the indices (002), (111), (-202), (020), (202), (-113), (-311) and (220) reflections of
CuO lattice planes respectively (JCPDS # 00-002-1040).2% Moreover, the diffraction
peaks at 36.6°, 42.5° and 73.4° belong to the (111), (200) and (311) lattice planes of
Cuz0 respectively (JCPDS # 00-001-1142). The intensity of the typical diffraction
peaks of Cu20 (111) and CuO (111) planes shows that CuO is the predominant specie
produced, with traces of Cux0.3%3% The pXRD pattern of CoMn-LDH@CuO/Cu,O
have all the characteristics peaks of CoMn-LDH and MOF derived CuO/CuxO which
reveals that dispersion of CuO/Cu20 does not change the chemical composition of the

catalyst.

Figure 3.2: Comparison of powder XRD patterns of CoMn-LDH (black), CuO/Cu2O
(blue) and CoMn-LDH@CuO/Cu0 (red)
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3.1.2 X-ray Photoelectron Spectroscopy (XPS)

The surface elemental composition was thoroughly examined and confirmed through
X-ray photoelectron spectroscopy (XPS) analysis. Figure 3.3(a) of the spectroscopic
data reveals the presence of two prominent peaks at 781.6 eV and 798.2 eV,
corresponding to the binding energies (BEs) of Co 2ps» and Co 2pi2, respectively.
Additionally, two satellite peaks were observed at slightly higher energies, measuring
786.8 eV and 803.4 eV. The measured BE of Co 2ps. falls within the range distinct
from that of Co° (777.6 = 0.8 eV) but shows proximity to the Co** state (780.9 + 0.4

eV), indicating the prevalent valence state of cobalt as Co*".

Moreover, mixed oxidation states of manganese (Mn) were also detected within the
analyzed sample. The XPS analysis revealed three distinct binding energy values: 641.4
eV, 642.8 eV, and 644.7 eV, which corresponded to Mn?**, Mn**, and Mn**, respectively.
Figure 3.3(b) displayed the Mn 2p12 peak at 647.3 eV, further supporting the existence
of multiple states of oxidation of manganese. In Figure 3.3(c), the XPS analysis
exhibited two main peaks in the Cu 2ps/2 and Cu 2p1.2 binding energy regions, measured
at 933.8 eV and 953.5 eV, respectively. These peaks displayed a spin-orbit splitting of
approximately 20.2 eV. Additionally, the appearance of two satellite peaks at higher
binding energies, along with a shoulder peak in the Co 2ps. region, indicated the
presence of both Cu** and Cu'* states within the sample. Furthermore, the deconvolution
analysis of the O 1s peak resulted in the formation of two distinct subpeaks Figure
3.3(d). The first subpeak at 532.3 eV corresponded to 'O’ in CuO, while the second
subpeak at 533.5 eV represented 'O' present in chemisorbed hydroxyl groups. This
analysis provided valuable insights into the chemical environment and bonding

configurations of oxygen within the sample.
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Figure 3.3: XPS spectra of CoMn-LDH@CuO/CuxO composite material, showing
core-level binding energies for (a) Co 2p, (b) Mn 2p, (c¢) Cu 2p, and (d) O 1s orbitals.

3.1.3 SEM and TEM Analysis

The size, morphology, and structural characteristics of the synthesized materials were
comprehensively examined by using scanning electron microscopy (SEM) and high-
resolution transmission electron microscopy (HRTEM). The interior structure of both
the as-synthesized CoMn-LDH and the composite CoMn-LDH@CuO/Cu,0O was
specifically investigated using HRTEM, allowing for a detailed analysis at the atomic
scale. SEM and TEM images of CoMn-LDH, as depicted in Figure 3.4 (a and c), exhibit
the presence of hexagonal platelets, which provide further confirmation of the layered
structure of CoMn-LDH. This observation aligns with the expected morphology based
on the synthesis process. Moving on to the composite CoMn-LDH@CuO/Cu20, SEM
and HRTEM images depicted in figure 3.4 (b and d) highlight the successful dispersion
of Cu-BTC derived CuO/Cu,0 nanoparticles across the layers of LDH. The uniform
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distribution of CuO/Cu20 within the LDH structure facilitates effective mass and
charge transfer, resulting in a high ECSA. The HRTEM images in Figure 3.4(d) also
reveal lattice fringes within the composite material, indicating the crystalline nature of
CuO/Cu20. The measured d-spacing values of 0.23 nm and 0.245 nm correspond to the
(111) plane of CuO and the (111) plane of Cu,0, respectively, further corroborated by
X-ray diffraction (XRD) spectra. These lattice fringes provide direct evidence of the

crystal structure and orientation of the CuO/Cu,0 nanoparticles within the composite.

Figure 3.4: Scanning Electron Microscopy (SEM) and Transmission Electron
Microscopy (TEM) images of (a and c) CoMn-LDH and (b and d) CoMn-
LDH@CuO/Cu20 nanocomposites.

3.1.4 Elemental Mapping

Elemental mapping was conducted to investigate the elemental composition and
distribution within the CoMn-LDH@CuO/CuxO composite material in Figure 3.5 (a-
d). The elemental mapping technique provides valuable insights into the spatial
distribution of various elements present in the composite, allowing researchers to

analyze and understand the composite's chemical composition and its homogeneity or
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heterogeneity. The resulting maps offer a visual representation of the distribution of
cobalt, manganese, copper, and oxygen elements, aiding in the characterization and
optimization of the composite material for its intended application. The obtained results
show the homogeneous distribution of elements, including Co, Mn, Cu, and O, across
the entire sample. This further confirms the successful formation of the CoMn-

LDH@CuO/Cu20 composite material.

Figure 3.5: Elemental mapping images of CoMn-LDH@CuO/Cuz0 composite: (a)
Co, (b) Mn, (c) Cu, and (d) O distributions.

3.1.5 Oxygen Evolution Performance

Electrochemical evaluation of different parameters was performed in 1 M N»-saturated
KOH solution, the catalytic performance of the CoMn-LDH@CuO/Cu,O were
investigated using a three-electrode system. First, we synthesized a series of CoMn-
LDH with varying molar ratios of 1:1, 1:3, and 1:5. Through extensive experimentation,
we discovered that the molar ratio of 1:1 resulted in optimized performance. This
specific ratio depicted an overpotential of 332 mV at a current density of 10 mA/cm?.
In contrast, the molar ratios of 1:3 and 1:5 required a little bit higher potential of 390
mV, and 570 mV, accordingly. These findings highlight the significance of the 1:1 molar

ratio in maximizing the electrocatalytic properties of CoMn-LDH. By using this
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optimized ratio, we successfully synthesized CoMn-LDH@CuO/Cu,0. To provide a
fair comparison, the mass loading of the CoMn-LDH@CuO/Cu;0 catalyst was set to
the same value as that of the CoMn-LDH and CuO/CuO samples (1 mg/cm?). The
LSV curves of catalysts versus RHE for OER without IR correction are shown in Figure
3.6(a). As predicted, alkaline solution, the bare electrode exhibits negligible OER
activity. Among all the three synthesized electrocatalysts, the CoMn-LDH@CuO/Cu,0O
exhibits the lowest onset potential for OER and the highest catalytic current density at
the similar overpotential, indicating the highest electrochemical activity towards water
oxidation. The catalytic current density of 10 and 20 mA/cm? was attained by the
CoMn-LDH@CuO/Cu0 at low overpotential of 297 mV and 320 mV accordingly,
which is far less than CoMn-LDH (380 mV) and CuO/Cu20 (540 mV) at the same
current density. For comparison OER activity of RuO; was also checked under same
circumstances and it required overpotential of 320 mV@10 mA/cm?. Indeed, when
compared to previously reported electrocatalysts, CoMn-LDH@CuO/Cu0O shows
superior OER activity. As depicted in figure 3.6(b), the Tafel slopes were obtained to
check the kinetics of the reaction and CoMn-LDH@CuO/Cu,0 exhibits low value of
Tafel slope of 89 mV dec!, as compared to 97mV dec™! for RuO2, 190 mVdec™! for
CuO/Cu>0 and 160 mV dec™ for CoMn-LDH. We computed turnover frequency (TOF),
another essential parameter, to assess the intrinsic characteristic of the electrocatalyst.

The TOF value of CoMn-LDH@CuO/Cu,0 is (0.012 s!) at onset overpotential.
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Figure 3.6: Linear sweep voltammograms of CoMn-LDH, CuO/Cu;O, CoMn-
LDH@CuO/Cu;0, RuO> and Bare electrode b) Tafel Slopes of CoMn-LDH,
CuO/Cu;0, CoMn-LDH@CuO/Cu20 and RuO> c¢) CV plots recorded across various
scan rates within the non-faradaic zone d) Anodic current density plot Vs scan rate of

CoMn-LDH@CuO/Cu;0 fabricated electrode in 1M KOH solution as an electrolyte.

The ECSA of an electrocatalyst holds significant importance, as it governs the degree
to which active sites accessible to positive or negative ions become visible on the
electrode surface. This visibility occurs specifically during the application of anodic or
cathodic potentials within the non-faradaic region. The extent of exposed active sites
correlates directly with the Cdl exhibited by the modified working electrode. To
determine the capacitance of the double layer, we used cyclic voltammetry in the non-
faradaic region at various scan rates. Cyclic voltammograms shown in Figure 3.6(c),
demonstrate increase in current density with the increase in the scan rate. A single

potential value was computed by detecting it in the capacitive potential window that is
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non-Faradic. In the region of 5 to 50 mV s™!, plotting anodic current versus scan rates
yielded a straight line whose slope is equal to Cdl. Figure 3.6(d) shows the calculated
Cdl values of CoMn-LDH@CuO/Cu0 as 34 mF/cm?. While in Figure 3.7(a-d), the
Cdl values for CoMn-LDH, CuO/Cu;0 were determined to be 14.4 mF/cm?, and 9.2
mF/cm?, respectively. It was observed that CoMn-LDH@CuO/Cu20 had Cdl slope
value which indicates high electrochemical active surface area (ECSA). The double
layer capacitance values of some reported materials also support our Cdl studies i.e.
NiCo.P/C nanocubes (145 mF/cm?), Ni.Co LDH nanocubes (9.16 mF/cm?) and NiCo.P
nanoboxes (28.94 mF/cm?).**” The ECSA has also been calculated from double layer
capacitance. We noticed that CoMn-LDH@CuO/Cu;O exhibits the highest
electrochemical active surface area (425 cm?) compared to CoMn-LDH (180 cm?) and
CuO/Cuz0 (115 cm?) materials. The high value of Cdl and ECSA indicates that CoMn-
LDH@CuO/Cu20 facilitate mass and charge transfer.

Figure 3.7: (a) non-faradaic region cyclic voltammograms of CoMn-LDH at various

scan rates (mV/s) (b) plot of current density ‘j’ vs scan rates of CoMn-LDH fabricated
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electrode in 1M KOH solution as an electrolyte. (c) non-faradaic region cyclic
voltammograms of CuO/Cu;0 at various scan rates (b) Anodic current density plot Vs

scan rate of CuO/Cux0O fabricated electrode in 1M KOH solution as an electrolyte.

Conventionally, the electrochemical water oxidation process primarily entails three
intermediate stages: (1) the physical adsorption of water molecules to the electrode
surface, (2) the separation of water into O, and (3) the evolution of oxygen. The CoMn-
LDH nanosheets have a distinct layered structure and the sheets are usually stacked
over the other. Since LDH has a wide interlayer gap, the hydroxide units and molecules
of water can diffuse across the layers and move randomly, enabling close contact
among the catalyst and active species. The addition of CuO/Cuz0 in the catalyst not
only helps in enhancing the ionic conductivity of the catalyst and enhance the exposure
of the active sites via preventing LDH sheets from coagulation. Therefore, the ECSA
increases, and reactions occur at accessible sites. In addition, the interlayer spacing will
make it easier for O to transit and to evolve from the surface, which is essential for the

third phase of the OER process.

398 and Mn’%, the cations in higher

As predicted by the Pourbaix diagrams of Co
oxidation states (Co>"/**, or Mn**/*") are highly crucial for OER.>'® XAS*!!, in situ
Raman spectroscopy’!?, and DFT calculations®!®* have demonstrated that In alkaline
conditions, Co hydroxide electrocatalysts can undergo in-situ oxidation, transforming
into the catalytically active CoOOH, which has been recognized as the favored metal
species for OER. On the other hand, ‘Mn’ cations also exchange oxygen atoms with
electrolyte at corresponding potential.>'* This crucial feature of Mn may facilitate the
OER process. In 1M KOH, OER often comprises PCET activities, the PCET
transformation of Co**/OH to Co*'/0O, just before the production of oxygen molecule.*'?
So, we can say that under given conditions, cobalt center is the actual active catalytic
site, however, manganese center and copper oxide species are proposed to boost the

OER ability of cobalt center via different mechanistic roles, as stated above.
3.1.6 Faradaic Efficiency (FE)
Determining the FE of a electrode material is a beneficial parameter for elucidating its

oxygen generation ability (FE). To obtain the FE, the actual and predicted yields of

evolved oxygen are compared by using chronoamperometry. To check the faradaic
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efficiency of the catalyst, CPE was carried out utilizing comparable electrochemical
reaction conditions at a static potential of 1.45 V versus RHE for a period of 1 h.>!¢ To
establish a baseline, DO meter probe was immersed in an electrolyte of airtight anodic
chamber and the concentration of dissolved oxygen was measured for an h. The
expected yield of O, was estimated using Faraday's law and the charge stored during
the electrochemical reaction. Figure 3.8 and Table 3.1 present the computed faradaic
efficiency values for CoMn-LDH@CuO/CuxO, CoMn-LDH, and CuO/Cux0 as 92.4%,
75.6%, and 62.3%, respectively. The current due to the redox reaction of metals is also

involved along with water electrolysis.

Table 3.1: Theoretical and experimental faradaic efficiency of CoMn-

LDH@CuO/Cu20, CoMn-LDH and CuO/Cu;O.

Time Micro moles of Experimental

© dissolved oxygen CoMuLDH | Cu0/Cuw0 CoMn-
(Theoretical) LDH@CuO/Cu20
0 0 0 0 0

300 0.31155 0.24689 0.23366 0.19316
600 0.62061 0.49021 0.46546 0.38478
900 0.92346 0.81217 0.69259 0.57254
1200 1.2263 1.13843 0.91973 0.76031
1500 1.54221 1.41783 1.15666 0.95617
1800 1.84692 1.72447 1.38519 1.14509
2100 2.15256 2.01134 1.61442 1.33459
2400 2.47251 2.34766 1.85438 1.53296
2700 2.77318 2.63452 2.07988 1.71937
3000 3.0782 2.92468 2.30865 1.90848
Percentage Yield 75.6% 62.3% 92.4 %
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Figure 3.8: Faradaic Efficiency Curves for Oxygen Production of CoMn-
LDH@CuO/Cu0, CoMn-LDH, and CuO/Cu;0: Unveiling the Catalysts' Oxygen

Evolution Abilities.

3.1.7 Electron Impedance Spectroscopy

EIS was employed to evaluate the conductance of CoMn-LDH, CuO/Cu20, and CoMn-
LDH@CuO/Cu20 composite within the range of 0.1 Hz to 100 kHz. The Rct correlates
with the diameter of the semicircle in the high-frequency region of the Nyquist plot,
and a low Rct value signifies a rapid reaction rate. In Figure 3.9, it can be clearly shown
that CoMn-LDH@CuO/Cu20 has small radii of its semi-circle and low Rct as
compared to individual CoMn-LDH and CuO/Cu;0O, thus revealing its fast OER
kinetics and low Rct. The low Rct, which facilitates efficient charge transport, is owing
in part to the dispersion of CuO/Cuz0 and the synergistic impact of the presence of

several transition metals, as well as other intrinsic factors.
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Figure 3.9: Electrochemical Impedance Spectroscopy (EIS) spectra of CoMn-LDH,
CuO/Cu20, and CoMn-LDH@CuO/Cu;O recorded over a frequency range spanning
from 0.1 Hz to 100 kHz.

3.1.8 Stability

For commercial and industrial water electrolyzer, the stability of catalyst is a critical
criterion. Since catalyst's catalytic activity and selectivity are the key parameters, its
effectiveness is critical unless it exhibits adequate long-term stability. For this purpose,
a 15 h CPE study was conducted under constant experimental conditions utilizing
chronoamperometry at 1.42 V against RHE to determine the stability and durability of
the catalyst CoMn-LDH@CuO/Cu;0. A steady current of 10 mA was maintained by
the catalyst until the last minute (Figure 3.10). LSV has been performed to check the
durability of the catalyst. From the inset of Figure 3.10 it is cleared that the maximum
current density values of the LSV of modified electrode (CoMn-LDH@CuO/Cu,0) that
has been coated (pristine and post-catalytic reactions) showed no significant change,
indicating that structure of CoMn-LDH@CuO/Cu20 remained the same throughout the

catalytic phenomena.
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Figure 3.10: Controlled potential electrolysis of CoMn-LDH@CuO/Cu;O for 15 h
(inset) LSV curve of pristine and post catalytic CoMn-LDH@CuO/Cu,O.

After subjecting the catalyst to a 15 h CPE test, XPS analysis of the post-catalytic
sample was conducted (Figure 3.11(a-d)). The results revealed no significant changes,
indicating that the catalyst's structure and physical properties were retained even after
the extended test duration. This observation underscores the stability and durability of

the catalyst under the studied catalytic conditions.
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Figure 3.11: X-ray Photoelectron Spectroscopy (XPS) spectra of the post-catalytic
samples CoMn-LDH@CuO/Cu,0, showing the elemental compositions of (a) cobalt,
(b) copper, (c) manganese, and (d) oxygen.

The proposed mechanism for OER in alkaline media is shown in figure 3.12. In the first
step metal active site binds with OH- ion from water to form M-OH. Further oxidation
leads to the formation of M-O species followed by M-OOH which is
thermodynamically unfavorable intermediate because of the weak interaction between
metal and -OOH. In the last step metal oxygen bond breaks leading to the formation of
Oa.
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Figure 3.12: Proposed mechanism for the OER by the surface metals, depicted in a
schematic diagram.

Table 3.2 presents a comparative study of various reported catalysts alongside the
CoMn-LDH@CuO/Cu,0 composite. The table likely includes key performance metric
for each catalyst under specific reaction conditions or applications. The purpose of this
comparison is to assess and highlight the superior catalytic properties of the CoMn-
LDH@CuO/CuxO composite material relative to other known catalysts, making it a

promising candidate for specific catalytic reactions or processes.

Table 3.2: Comparative analysis of the OER efficiency of CoMn-LDH@CuO/Cu;0 in

comparison with reported composites of layered double hydroxide.

Overpotential at
1 Meth Ref
Catalyst ethod 10 mA/em’ (mV) e
Fabrication of CoFe-
LDH over graphitic Co-precipitation 280 317
nitrides
Al @ NiFe-LDH Solvothermal 300 33
NiMn-LDH@MWCNT Refluxing 350 318
i Fe-LDH on Cab
NiFe on f-abon Solvothermal 235 319
quantum
CoFe-LDH @ Cu Foam Electrodeposition 240 320
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CoFe-LDH Hydrothermal 266 321
Enriching vacancy . . 38
CoFe.LDH Acid Etching 302
CoFe-LDH@g-C3N4 Hydrothermal 322 322
CoMn-LDH@MWCNT Refluxing 300 318
CoMn- This
Hydroth 1 190
LDH@CuO/Cuz0 JATOEIer work

3.1.9 Conclusions

In this study, we successfully synthesized CoMn-LDH@CuO/CuO electrocatalyst
through a simple and efficient process. First, CuO/Cu20 nanoparticles were formed by
calcining HKUST-1, and then they were incorporated during the growth of CoMn-LDH
nanosheets. Remarkably, our designed electrocatalyst displayed exceptional
performance in the OER. It only required 297 mV extra potential to drive 10 mA cm™
current density with a minimal Tafel slope value of 89 mV dec!, which was
significantly lower compared to the separate CoMn-LDH and CuO/Cu;O catalysts.
Moreover, the CoMn-LDH@CuO/CuzO catalyst exhibited excellent stability during a
15 h period, with negligible current loss. The remarkable OER performance of our
catalyst can be attributed to two key factors. Firstly, the interaction between CoMn-
LDH and CuO/Cuz0 led to enlarged electrochemical active surface area, providing
more sites for the OER process to occur. Secondly, this interaction resulted in a decline
in the resistance of charge transfer, which facilitated efficient flow of electron during
the OER. The comprehensive characterization and understanding of the catalyst's
performance pave the way for further advancements in the field of renewable energy

and sustainable electrocatalysis.
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3.2 Material-I1 (NiCo-Alloy@CeQO2 nanorods)

NiCo-Alloy@CeO: as a bifunctional electrode material, was successfully synthesized
by hydrothermal approach followed by annealing. The composite electrode material
exhibited exceptional electrocatalytic performance for OER and HER in alkaline
environments, making it an up-and-coming candidate for electrocatalytic hydrolysis.
NiCo-alloy@CeO; demonstrated high performance toward OER by demanding low
overpotential value of 170 mV to acquire current density of 20 mA/cm?. The material
exhibited high durability for 14 h at 50 mA/cm? and accelerated kinetics with a 51.1
mV/dec Tafel slope. It also displayed excellent electrocatalytic performance toward
HER, demanding overpotential of 221 mV at 50 mA/cm?. Moreover, it exhibits small
Tafel slope, least charge transfer resistance, high active electrochemical surface area
and excellent durability for a period of 14 h. Detail of Complete characterization and
electrochemical performance is discussed it this section. Figure 3.13 presents a
Graphical Abstract depicting the utilization of a NiCo-Alloy@CeO, composite material
for catalyzing the OER and HER. The graphical abstract likely illustrates the catalytic
processes of water splitting into oxygen gas and hydrogen gas using the NiCo-
Alloy@CeO2 composite, showcasing its potential as an efficient catalyst for clean

energy generation.
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Figure 3.13: Graphical illustrating of the OER and HER catalysis utilizing a NiCo-
Alloy@CeO> composite material.

3.2.1 Powder X-ray Diffraction analysis

To confirm the formation of a NiCo-alloy over CeO,, we conducted powder X-ray
diffraction (pXRD) analysis. Figure 3.14 illustrates the XRD patterns of CeO», NiCo-
Alloy, and NiCo-Alloy@CeO2 nanomaterials. In the pure CeO: diffractogram, the
strong diffraction peaks at 20 of 28.23°, 33.31°, 47.56°, 56.94°, 76.77°, and 79.52°
correspond to (111), (200), (220), (311), and (331) planes of CeO».These peaks indicate
the presence of a cubic fluorite phase in the synthesized CeO, as confirmed by
comparing the diffractogram with the standard reference (JCPDS No: 00-001-0800).
The sharpness of the diffraction peaks indicates a high degree of crystallinity in the
synthesized CeOx.

Figure 3.14: Diffractogram comparison of NiCo-Alloy@CeO2, NiCo-Alloy, and
Ce02 with Corresponding JCPDS card patterns along with their respective card

numbers.

In the XRD pattern of NiCo-Alloy@CeO-, additional peaks are observed and attributed
to metallic nickel (Ni) and cobalt (Co) at 20 values of 44.50°, 51.84°, and 76.37°,
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ascribed to the (111), (200), and (220) facets of the face-centered cubic (fcc) phases of
Ni and Co. Due to partial overlap, it is challenging to differentiate between the
diffraction peaks of Ni and Co. The respective standard references (JCPDS No. 00-004-
0850) and (00-015-0806) confirm the presence of Ni and Co. Importantly, no
significant shift is observed in the peak position of CeO: in the diffractogram of NiCo-
Alloy@CeO: nanorods, indicating that the introduction of NiCo-Alloy nanosheets does
not affect the fluorite-phase nanostructure of CeO, nanorods. However, the lattice
parameter of CeO> differwhich indicate that the NiCo-alloy nanosheets are successfully
impregnated into CeQ,. Table 3.3 represents the lattice parameters of pure CeO; and
NiCo-Alloy@CeO>. These findings suggest that crystal structure of CeO> is under
strain which results in partial distortion of the crystal structure of CeOx. indicating the
interfacial effect. The small deviation of the lattice parametrs indicates the electronic
interaction between NiCo-Alloy and CeO> which results in synergistic effect leading to

efficient electrocatalytic behaviour.

Table 3.3: Calculation of lattice parameters from PXRD analysis

Material Miller indices Position Cell parameter | d-spacing
(hk1) 20) (2) (nm) (nm)
I —
200 333 0.538 0.269
CeO: 220 4756 0.539 0.1909
331 76.77 0.54 0.124
200 33.17 0.54 0.270
NiCo-
Alloy@CeO» 220 47.70 0.538 0.1904
331 76.16 0.53 0.1238

3.2.2 Average Crystallite Size by Using Debye-Sherrer Equation

The crystallite size of crystalline materials was estimated from X-ray diffraction
patterns using the Debye-Scherrer equation. The equation was utilized, in which the

Scherrer constant, wavelength of the X-ray, full width at half maximum (FWHM) of

87



Results and Discussion

the diffraction peak, and Bragg angle were considered. The Scherrer constant was taken
as 0.89, and the wavelength of the X-ray was determined by the X-ray source, which
was Cu Ka radiation with a wavelength of 1.5406 A. The FWHM (B) was measured by
determining the diffraction peak width at half its maximum intensity, and the Bragg
angle (0) was obtained from the XRD pattern by locating the position of the diffraction
peak.

D =KA/P cosd
The crystallite size was then computed using the above equation, which yields an
average size of the crystallites rather than the size of individual crystallite. Average
crystallite size has been calculated for CeO: (Table 3.4) and NiCo-Alloy (Table 3.5).
The size of NiCo-Alloy crystallites decreases after the incorporation of CeO> nanorods.
This size reduction can be attributed to the interaction between CeO> and NiCo-Alloy,
which hinders agglomeration and promotes more dispersion of NiCo-Alloy over the

surface of CeO; nanorods.

Table 3.4: The table presents the average crystallite sizes of CeO», determined through

Debye Scherrer equation.

Material Position FWHM | Crystallite size Average
20) (Deg) (nm) crystallite size
————————————————————————————————————————

28.23 1.0671 8.02

33.317 0.24044 36.04

Pure CeO2 47.56 0.26081 34.78
56.94 | 022491 41.99 27.68

76.77 0.60275 17.57

28.23 1.0458 8.18

33.17 0.23591 36.71

%ﬁ;%gigz- 47.70 0.25579 35.48
56.94 | 0.22490 41.99 27.97

76.21 0.60275 17.50




Table 3.5: Crystallite size calculation of NiCo-Alloy

Results and Discussion

Material Position FWHM Crystallite Average
(20) (Deg) size (nm) crystallite size
I —
44.595 0.65719 13.64
Pure NiCo-Alloy 51.743 0.68045 13.54
16.2 nm
76.248 0.4921074 21.42
44.595 0.7093 12.63
NiCo-Alloy in
NiCo-Alloy@CeO: 51.743 0.8206 11.23 13.6 nm
76.248 0.62198 16.95

3.2.3 Morphology of the Catalyst

The phase composition and internal morphology of NiCo-Alloy@CeOz was thoroughly
investigated using high-resolution transmission electron microscopy (HRTEM). The
HRTEM images shown in Figure 3.15 reveal distinct interfaces among several
crystalline phases within the material. Figure 3.15(a) provides clear evidence of the
presence of CeO2 nanorods alongside nanosheets of NiCo-alloy. Moreover, Figures
3.15(b) demonstrate that the NiCo-alloy nanosheets completely cover the surface of

CeO2 nanorods, forming a well-integrated composite structure.
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Figure 3.15: (a) HRTEM micrograph of NiCo-Alloy@CeO- at a magnification of 20
nm, revealing detailed structural features and crystal arrangement. (b) HRTEM
micrograph of NiCo-Alloy@CeO, at a higher magnification of 10 nm, providing a

closer view of the crystalline morphology and nanostructure.

Moreover, well-resolved lattice fringes with interlayer spacings of 0.311, 0.201, and
0.204 nm are observed in figure 3.16, which are correspond to crystal lattice (111) of
CeOs, Ni’, and Co’, respectively. These crystal lattice fringes confirm the crystalline
nature of the different phases in the composite. The presence of such an interfacial
region, as evident from HRTEM measurements, is of paramount significance in
increasing the electrocatalytic efficiency of the materials, as it can furnish active sites

for catalytic reactions.

Figure 3.16: HRTEM analysis at 5 nm, displaying distinct and visible lattice fringes in

the specimen.

The polycrystalline nature of NiCo-Alloy@CeO: is further corroborated by the SAED
technique. Figure 3.17 illustrates a SAED pattern featuring well-defined diffraction
rings, which can be attributed to the (111), (200), and (220) crystallographic planes of
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NiCo-alloy, and the (111), (200), and (400) crystallographic planes of CeO,. This
pattern indicates that the synthesized material exhibits a polycrystalline structure,
where multiple nanocrystals with different orientations coexist. Overall, the HRTEM
and SAED analyses provide comprehensive insights into the phase distribution and
crystallographic characteristics of NiCo-Alloy@CeO>, confirming its well-defined
morphology and crystalline nature, which are crucial factors influencing its

electrocatalytic performance.

Figure 3.17: SAED analysis of the NiCo-Alloy@CeQ,, illustrating the crystallographic

arrangement and phase information of the materials.

3.2.4 EDX and EELS Mapping

The presence and chemical composition of Ni, Co, and Ce in the NiCo-Alloy@CeO2
nanomaterial are further validated using energy dispersive X-ray spectrum (EDX)
analysis, as shown in Figure 3.18. EDX provides elemental information by detecting
characteristic X-rays emitted from the sample when it is bombarded with electrons. The
EDX analysis reinforces the existence of elements Ni, Co, and Ce in the nanomaterial,

corroborating the results obtained from other characterization techniques.
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Figure 3.18: Energy Dispersive X-ray (EDX) Spectrum of the NiCo-Alloy@CeO-
composite, providing elemental analysis and composition characterization of the

material.

In addition to EDX, Electron Energy Loss Spectroscopy (EELS) mapping was used to
investigate the distribution of NiCo-Alloy on the surface of Ceria (CeO2) nanorods.
EELS represents a potent analytical method applied within TEM that gives information
about the elemental composition and chemical bonding within the material. Figures
3.19(a-e), present the EELS mapping images, revealing the homogenous distribution of
NiCo-Alloy over the surface of Ceria nanorods. The EELS mapping clearly shows that
NiCo-Alloy is uniformly dispersed on the CeO2 nanorods, confirming the successful
integration of these two components in the composite material. This homogeneous
distribution is vital for enhancing the electrocatalytic performance of the catalyst, as it

provides many active sites for catalytic reactions to occur.
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Figure 3.19: Electron Energy Loss Spectroscopy (EELS) Mapping of the NiCo-
Alloy@CeO2 composite at a spatial resolution of 50 nm. (a-e) showcase the elemental

distribution and chemical composition of the material across the analyzed area.

3.2.5 X-ray Photon Spectroscopy

To further investigate the chemical composition of NiCo-Alloy@CeO2, XPS was
performed. The XPS analysis of NiCo-Alloy@CeO:: illustrates the presence of nickel,
cobalt, oxygen, and cerium constituents. All the orbitals except s orbital give rise to
doublets known as spin orbit coupling with specific binding energy difference for each
element. These peaks also have a specific area ratio based on the degeneracy of each
spin state. In Figure 3.20(a), the doublet of Ni 2p XPS spectrum consists of Ni 2p3,2 and
2p12 (spin orbit coupling ~ 17.1 eV). The deconvoluted XPS spectrum of Ni 2p for
NiCo-Alloy@CeO> shows the emergence of peak at 852.7 eV for Ni 2p3p,
corresponding to Ni’, indicating the existence of Ni-Ni/Ni-Co bonds within the NiCo
alloy. Additionally, the observed peak located at 855.2 eV is attributed to the Ni-O
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moieties that arise due to the interaction between the nickel present in NiCo and the
oxygen atoms in CeO>, along with the surface oxidation of the material.>3> ** In the
high-resolution Ce 3d XPS spectra of NiCo-Alloy@CeO- (spin-orbit coupling ~ 15.8
eV), well observed peaks in 3ds» (881.9 eV and 883.3 eV) and 3d3» region (897.7 eV
and 901.2 eV) reparents Ce™ and Ce™ moieties respectively (Figure 3.20(b)). The XPS
spectrum of cobalt consists of doublets having 2p3» and 2p12 peaks with a binding
energy difference of 15.5 eV. Figure 3.20(c) revealed two peaks at 777.8 and 779.2 eV
in the Co 2p3/2 region of NiCo-Alloy@CeO indicating the Co” in Co-Co/Co-Ni bond
in NiCo alloy and the Co-O bond, respectively.?*? These results confirm the Co-O
interaction between NiCo and CeOx. In Figure 3.20(d), the O 1s spectrum of NiCo-
Alloy@CeO; exhibited three peaks at 528.9, 530.2, and 531.7 eV, which were identified
as Ce-0, Ni/Co-0O, O vacancy and absorbed oxygen respectively.*** The peak at 530.2
eV in the O 1s XPS spectrum signifies metal-oxygen bond, which could originate from
the interaction of both Ni-O and Co-O with the oxygen atom of CeO,. These outcomes
propose that there is an electron transfer from NiCo to CeO», resulting in a shortage of
electrons in NiCo and a surfeit of electrons in Ce in NiCo-Alloy@Ce0,.** The
optimized electronic arrangement of CeO: could potentially played a crucial role in

augmenting the catalytic proficiency of NiCo-Alloy@CeOs.
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Figure 3.20: X-ray Photoelectron Spectroscopy (XPS) spectra of the NiCo-
Alloy@CeO2 composite, showing core-level peaks of key elements: (a) Ni 2p, (b) Ce
3d, (c) Co 2p, and (d) O 1s. The spectra provide valuable insights into the chemical

states and bonding environments within the material.

3.2.6 OER Performance

The electrocatalytic efficiency of the synthesized materials, including NiCo-
Alloy@CeO», NiCo-Alloy, NiCo-LDH, and CeO,, was evaluated for the OER and the
HER at room temperature. LSV curves were obtained at 10 mV/s to minimize the
capacitive current and obtain accurate results (Figure 3.21(a)). All the materials
displayed varying degrees of OER activity, but NiCo-Alloy@CeO; exhibited notably
superior catalytic efficiency with a considerably lower overpotential (1), a critical
parameter for OER performance. The overpotential at 20 mA/cm? of each synthesized
material is indicated with a dotted line on the respective LSV curves. The comparison

of LSV curves revealed that the onset potential (Eonset) of the NiCo-Alloy@CeO»
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electrode was significantly shifted to the cathodic side, indicating its improved
electrocatalytic activity. Specifically, NiCo-Alloy@CeO> showed a low value of
overpotential () ~ 170 mV at 20 mA/cm?, that was much lower than that of the other
synthesized materials. In fact, the electrocatalytic performance of NiCo-Alloy@CeO-
was found to surpass that of reported ceria-based materials known to date (as
summarized in Table 3.4). To obtain insight into kinetics of the electrocatalytic process,
the Tafel slopes were calculated from the subsequent LSV curves. A lower Tafel slope
indicates faster kinetics and enhanced catalytic performance. Figure 3.21(b) depicts the
Tafel slope values for each material. Notably, NiCo-Alloy@CeO;, exhibited a
remarkably lower Tafel slope value of 51 mV/dec for OER performance compared to
NiCo-Alloy, NiCo-LDH, and CeO, which had Tafel slopes of 69 mV/dec, 170 mV/dec,
and 179 mV/dec, respectively. This further confirms the superior catalytic performance

of NiCo-Alloy@CeOs.

Figure 3.21: Assessment of the electrochemical performance of the synthesized
electrocatalysts for OER: (a) Anodic LSV curves, and (b) conforming Tafel plots
derived from the LSV data.

The remarkable improvements in catalytic performance towards OER can be attributed
primarily to the heterostructure interface interaction between NiCo-alloy nanosheets
and CeO; nanorods. This unique heterostructure enhances the catalytic activity by
providing abundant active sites for the electrochemical reactions to take place, leading

to the outstanding electrocatalytic performance observed in NiCo-Alloy@CeOa.
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Durability of the Catalyst

To assess the long-term stability of NiCo-Alloy@CeO: in 1M KOH, various stability
tests were conducted. These tests include controlled potential electrolysis at constant
potentials of 1.48 Vrug and 1.54 Vrug for a duration of 30 h as shown in Figure 3.22(a).
Additionally, multistep chrono-potentiometry experiments were performed at different
current densities ranging from 10 to 250 mAcm, further confirming the durability of
the catalyst Figure 3.22(b). This finding confirms the exceptional durability and
stability of NiCo-Alloy@CeO., even under demanding conditions with high current

densities.

Figure 3.22: (a) Controlled potential electrolysis of NiCo-Alloy@CeO, at 1.48 V and
1.54 V vs. RHE (b) Multistep chronopotentiometry of NiCo-Alloy@CeO- at different

current densities ranging from 10 mA cm™ to 250 mA cm™.

The consistent and sustained performance of NiCo-Alloy@CeO; during the controlled
potential electrolysis demonstrates its robustness and resistance to degradation,
rendering it an exceedingly promising contender for real-world implementation in
electrocatalytic processes, especially for OER. The material's ability to maintain its
catalytic activity over prolonged periods at elevated current densities highlights its
potential for long-term and efficient usage in various energy conversion and storage

devices.
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Electron Impedance Spectroscopy

To assess the electrocatalytic capabilities of the fabricated electrodes, Electrochemical
Impedance Spectroscopy (EIS) was performed and analyzed (Figure 3.23). At an
overpotential of 50 mA/cm?, NiCo-Alloy@CeOz exhibited a charge-transfer resistance
(Rct) of 5.5 Q, which was significantly lower than those observed for NiCo-Alloy (14.5
Q), NiCo-LDH (24.38 Q), and CeO, (43.4 Q). This finding indicates that NiCo-
Alloy@CeO, possesses highly efficient charge transfer kinetics, contributing to its

superior electrocatalytic performance for the OER.

Figure 3.23: Nyquist diagrams of the synthesized electrocatalysts were obtained

between frequency span ranging from 100 kHz down to 0.1 Hz.
Double Layer Capacitance and ECSA

To further examined the intrinsic activities of the fabricated electrocatalysts, the
Electrochemical Active Surface Area (ECSA) of the electrodes was calculated by
examining the double-layer capacitances (Cdl) (Figure 3.24). Cyclic voltammetry was
conducted in the non-faradaic zone at various scan rates to calculate the Cdl of the
electrode surface. The obtained cyclic voltammograms (Figures 3.24(a-c)) showed that

the current density increased with increasing scan rate during the OER process. As
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depicted in Figure 3.24(d), the NiCo-Alloy@CeO: electrocatalyst exhibited the largest
Cdl, indicating the highest ECSA among all the synthesized materials, measuring 555
cm?. In comparison, the ECSA values for NiCo-Alloy, NiCo-LDH, and CeO were 355

cm?, 245 cm?, and 165 cm?, respectively.

Figure 3.24: Cyclic voltammograms at different rates in the non-faradaic zone for (a)
NiCo-Alloy@CeO., (b) NiCo-Alloy, and (c) CeOx. (d) plot between current density vs
different scan rates to calculate Double Layer Capacitance (Cdl) values of all the

synthesized electrocatalysts.

The significant difference in ECSA values among the materials suggests that the
integration of NiCo-alloy nanosheets with CeO; nanorods in NiCo-Alloy@CeO:
contributes to a larger active surface area available for electrocatalytic reactions. The
increased ECSA further supports the superior catalytic performance of NiCo-
Alloy@CeO: in the OER compared to the other synthesized materials. This enhanced

surface area facilitates a higher number of active sites, which is critical for enhancing
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the electrocatalytic efficiency and durability during the OER process. Figure 3.25
displays a bar graph that compares the evaluating parameters of various electrocatalysts
for the OER in a IM KOH electrolyte. The bar graph likely includes performance
metrics, such as overpotential, current density, Tafel slope, and other relevant
parameters, for each electrocatalyst. This comparison allows for a comprehensive
assessment of the efficiency and effectiveness of different catalysts in promoting the

OER process in alkaline conditions.

Figure 3.25: Bar-graph comparing the evaluating parameters of different

electrocatalysts for the OER in 1M KOH electrolyte.

The superior catalytic performance of NiCo-Alloy@CeO: can be attributed to the
synergistic effects resulting from the heterointerface formed between NiCo-alloy and
CeO2 nanorods. This heterointerface provides abundant active hotspot for the catalytic
reactions, enhancing the efficiency of the OER. Additionally, the presence of oxygen
deficiencies in the CeO; lattice creates unoccupied locations, facilitating the migration
of adjacent oxygen anions. This leads to increased ionic conductivity, further improving

the OER kinetics. 325326
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Reaction Mechanism

The Ce** species in CeO: play a crucial role in the OER mechanism. Ce*" can adsorb
additional hydroxyl groups and exhibits stronger interactions with OH*, promoting the
water dissociation process. This, in turn, expedites the overall OER kinetics. *?7*?° The
proposed mechanism for oxygen evolution is depicted in figure 3.26. Reaction
mechanism on active sites of Ce*" - Ce*" involves the raising of the oxidation state of
Ce** by one unit when one H>O molecule coordinatively binds to empty sites. 327> 33%:
331 This process involves the loss of one electron and one proton to form OH*. The
intermediate O* is generated through the release of one proton and one electron from
OH*. However, the O* species exists only as an O radical since Ce*" is in its highest
oxidation state. O* then continues to combine with water to produce OOH*, releasing
an electron and a proton. Finally, OOH* creates an empty site after losing one electron

and one proton, generating O» and completing the catalytic cycle.

Figure 3.26: Proposed OER mechanism on the catalytic active site of CeO,. The

schematic diagram illustrates the step-by-step process of oxygen evolution at the CeO»
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surface, offering valuable perspective into the underlying catalytic mechanism and the

role of active site in the OER process.

Comparative Analysis

In comparative studies of different parameters for OER, NiCo-Alloy@CeO- stands out
as the most efficient electrocatalyst, showcasing its superior performance compared to
NiCo-Alloy, NiCo-LDH, and CeO,. In Table 3.6, a comprehensive comparison of the
OER celectrocatalytic activities between the synthesized materials and those reported in
the literature is presented. The table serves to highlight and confirm the outstanding
catalytic performance of the NiCo-Alloy@CeO: composite material. By comparing the
OER performance metrics, such as overpotential, current density, Tafel slope, and other
relevant parameters, with previously reported catalysts, the remarkable catalytic
prowess of NiCo-Alloy@CeO: is evident. This confirms the composite's superiority
and further supports its potential as a superior electrode material for clean energy

applications.

Table 3.6: Comparison of OER performance of the synthesized electrocatalyst with

reported materials.

. Tafel slope
Catalyst Overpotential (mV/dec) Reference
NiCo2.7(OH)x 350 @ 10 mA/cm? 65 332
NiCo-LDH 420 @ 10 mA/cm? 113 333
O-NiCoFe-LDH 340 @ 10 mA/cm? 93 334
NiCo0204@MoS> 305@ 10 mA/cm? 80 335
FeCoNi-Alloy@N-dopped
‘ 'y@ PP 288 @ 10 mA/cm? 60 336
graphitic carbon
NiC0,S4@NiFe-LDH/NF 201 @ 10 mA/cm? 46.3 337
Ce0,/C0304 265 @ 10 mA/cm? 68 338
Ce-NiO-E 382 @ 10 mA/cm? 118 339
NiCo-Alloy@CeO: 170 @ 10 mA/cm? 51 This work
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3.2.7 HER Performance

The HER performance of as synthesized electrode was also evaluated in 1M KOH
electrolyte. Figure 3.27(a), shows the linear sweep voltammogram of NiCo-
Alloy@Ce0O,, NiCo-Alloy, NiCo-LDH and CeO, with iR correction. The HER
overpotential recorded for NiCo-Alloy@CeO- is 221 mV vs RHE to generate a current
density of 50 mA/cm?, which is significantly less than the overpotential measured for
NiCo-Alloy (393 mV), NiCo-LDH (503 mV), and CeO> nanorods (727 mV) to attain
the same catalytic current density. The high efficacy of NiCo-Alloy@CeO: towards
HER is accredited to synergism of nickel and cobalt, also CeO> optimized the electronic
structure of NiCo-Alloy by its high potency of undergoing exchangeable oxidation

states (Ce*"/Ce*").340

To uncover the inherent kinetics of electrocatalytic reaction, Tafel slopes were
computed from the corresponding LSV curves. As depicted in figure 3.27(b), a minimal
Tafel slope value of 89 mV/dec is executed by the NiCo-Alloy@CeO», which suggests
its faster kinetics than the precursor NiCo-Alloy (110 mV/dec), NiCo-LDH (125
mV/dec) and CeO: (175 mV/dec). The HER in alkaline media is accompanied by three
principle reaction steps: Volmer step (i), in which the adsorption of hydrogen via a
dissociated water molecule proceeded by Heyrovsky (ii) or Tafel step (iii) that is
detachment of hydrogen molecule by interaction of water with adsorbed hydrogen atom

or by the combination of two hydrogen atoms.>*!

HZO + 1\Z[Jr e- — MHads + OH- (1)
MHags + HO + ¢ — M+ OH + H; (i1)

The Tafel slope value ~ 30 mV/dec predicts that the rate determining step could be Tafel
step, while a Tafel slope of ~ 40 mV/dec and ~ 120 mV/dec suggest Heyrovsky and
Volmer are the rate determining steps respectively. The catalyst (NiCo-Alloy@CeO>),
displays a Tafel value of 89 mV/dec indicating the rate determining step is Volmer-

Heyrovsky reaction.*?-344

103



Results and Discussion

Figure 3.27: (a) Linear sweep voltammetry (LSV) curves comparing the performance
of different catalysts, including NiCo-Alloy@CeO2, NiCo-Alloy, NiCo-LDH, CeO.,
Ru0O;, and Bare Glassy Carbon (GC), for the HER (b) Tafel plots obtained from
corresponding LSV curve, illustrating the catalytic activity and electrochemical

behavior of the investigated catalysts for the HER.

Stability

The stability of the catalyst is key parameter to quest its commercial applicability.
Controlled potential electrolysis was performed in an alkaline media at an operation
potential (-0.2 V) vs RHE to measure durability of the electrocatalyst. As illustrated in
figure 3.28, that current density for NiCo-Alloy@CeO: is maintained even after 14 h,
which evident the high robustness of the synthesized catalyst. Meanwhile, the LSV
curves of pristine and post catalytic NiCo-Alloy@CeO> (figure 3.28 (inset) is not

significantly different reveals excellent durability of catalyst.
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Figure 3.28: Controlled potential electrolysis conducted at a steady potential of -0.2V
vs RHE, with an inset figure showing the pristine and post-catalytic Linear Sweep

Voltammetry (LSV) curves of NiCo-Alloy@CeO: catalyst.

Electron Impedance Spectroscopy

To evaluate the charge transfer capabilities, electrochemical impedance spectroscopy
was conducted. It is worth mentioning that NiCo-Alloy@CeO. demonstrated a least
charge transfer resistance as depicted by a small semicircle in the Nyquist plot. As
illustrated in figure 3.29(a), NiCo-Alloy@CeO> displays a small radius of its semicircle
and low Rct (6.1 Q) compared to individual NiCo-Alloy (10 €2), NiCo-LDH (15.2 Q),
and CeO> nanorods (26.3 Q) suggested the strong electronic coupling between NiCo-
Alloy and CeO; which enhance electronic conductivity. Although, CeO: itself does not
possess sufficient conductivity but its unique surface property resulting from the
reversible reduction (Ce**/Ce*") potentially promotes the adsorption and desorption of

reactants and products throughout the reaction.**’

Double Layer Capacitance and ECSA

To investigate the intrinsic behavior of the active sites, cyclic voltammetry has been
performed in the non-faradaic zone to calculate Cdl, spanning from 5-50 mV/s. This

specific scan range allows for the evaluation of the capacitive response of the material
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without involving any Faradaic reactions, providing insights into the electrochemical
double layer behavior at the active hotspots. The obtained double layer capacitance data
helps in understanding the charge storage capabilities and surface properties of the
material. Electrochemical active surface area (ECSA) is evaluated by a relation Cai/Cs,
where Cs is specific capacitance. Value of Cs is 0.04 mF/cm? stated by McCrory in
alkaline solution.**¢ The results reveals that NiCo-Alloy@CeO2 shows highest Cai value
of 25 mF/cm?, this would result in a substantial quantity of catalytic sites, ultimately
revealing a high electrochemically active surface area of 625 cm?. The Cdl values are
also computed for NiCo-Alloy, NiCo-LDH and CeO2 nanorods which are 18.9 mF/cm?,
14.9 mF/cm? 13.9 mF/cm? and their corresponding ECSA are 625 cm?, 472 cm?, 372
cm? and 347 cm?, respectively (Figure 3.29(b)). This might be attributed to the
nanosized ceria particles which significantly reduces the particle size of NiCo-Alloy as

calculated by PXRD.

Figure 3.29: a) Nyquist plots obtained for a series of electrocatalysts, spanning a range
of frequency from 100 kHz to 0.1 Hz b) Double layer capacitance (Ca) values
determined from the Nyquist plots for the different electrocatalysts.

The remarkable HER activity of NiCo-Alloy is explained by various factors such as
synergistic effect of NiCo-Alloy and CeO. Addition of ceria to a metal catalyst
beneficially modulate the electronic configuration of the catalyst, which as a result
enhance the adsorption/desorption of reactants and products significantly enhance the
electrocatalytic activity.?!>**’ Moreover, easily transformable oxidation states Ce*" to

Ce®" creates oxygen vacancies, particularly beneficial for oxidation reactions as the
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binding energy of water is stronger particularly beneficial for oxidation of water during
Volmer step.??® 230 Figure 3.2.30, shows a comparative analysis for as fabricated

electrodes.

Figure 3.30: Bar-graph comparing various electrocatalysts for the OER in IM KOH,
highlighting their respective overpotentials at 20 and 50 mA/cm?, Tafel slopes, and

Electrochemical Active Surface Area (ECSA) for direct comparison and evaluation.

In Table 3.7, a comparison of the HER performance of the synthesized electrocatalyst
is provided in relation to reported materials. This comparative analysis enables
researchers to assess the efficiency and effectiveness of the synthesized electrocatalyst
in promoting the HER process. By comparing the HER performance with existing
materials, the table helps to validate and demonstrate the superiority of the synthesized
electrocatalyst and its potential as an efficient HER catalyst. This information is
valuable for understanding the electrocatalytic properties of the material and its

potential applications in hydrogen generation and other clean energy technologies.
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Table 3.7: Comparison of the HER performance of the synthesized electrocatalyst with
respect to reported materials. The graph showcases key metrics such as catalytic
activity, overpotential, and stability, enabling an assessment of the synthesized

material's effectiveness as an HER catalyst in relation to existing literature.

Tafel Slope
Catalyst Overpotential Reference
(mV/dec)
NiCoP/rGO 209 @10 mA/cm? 65.3 348
Nio.71C00.29P 232 @10 mA/cm? 93 349
SCFN 184 @10 mA/cm? 126 350
CoFeNx-500 HNAs/NF 200 @10 mA/cm? 84.3 179
NizFeN-NPs 158@10 mA/cm? 42 237
NiFeMoS-400 210 @10 mA/cm? 88 276
NiCo-Alloy@CeO: 221 @50 mA/cm? 89 This Work

3.2.8 Conclusions

A novel bifunctional electrode material, NiCo-Alloy@CeO., has been successfully
synthesized through a hydrothermal approach followed by annealing. The synthesis
process involving two steps, forming NiCo-Alloy by annealing LDHs-based
precursors, and integrating it onto Ceria nanorods through impregnation, was confirmed
successful by various analytical techniques. This composite material demonstrates
exceptional performance toward both OER as well as HER under alkaline
environments. The NiCo-Alloy@CeO, exhibits superior OER electrocatalytic
efficiency at low overvoltage of 170 mV at 20 mA/cm?, high durability for 14 h at 50
mA/cm?, and accelerated kinetics with a 51.1 mV/dec Tafel slope. The NiCo-
Alloy@CeO; catalyst also displays excellent electrocatalytic performance for HER,
required minimal overpotential of 221 mV to obtain 50 mA/cm?, just a very low Tafel
slope, minimal Rct, high active electrochemical surface area, and excellent durability
for 14 h. This remarkable efficiency can be accredited to several factors, including the
synergism at interface between NiCo-Alloy and CeO», the oxygen vacancies enhancing
ionic conductivity, and the absorption of hydroxyl groups by Ce** facilitating water

dissociation. The integration of CeO; nanorods into NiCo-Alloy nanosheets expedites
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the electro-coupled dissociation of water and facilitates the adsorption of intermediate
hydrogen species, which caused enhanced OER efficiency. The open ends of ceria
nanorods further boost catalytic performance by aiding the diffusion of active species.
The unique electronic attributes of ceria, along with the active sites provided by nickel
and cobalt, also contribute to the enhanced HER efficiency. Overall, the development
of this bifunctional material presents a viable and cost-effective solution for clean and

efficient energy conversion.

3.3  Material — III (NiFeSe@CoOx-NCNTs)

In this study, a novel and versatile strategy has been employed to synthesize a highly
efficient and stable electrocatalyst, NiFeSe@CoOx-NCNTs, which shows exceptional
activity for both the OER and the HER. The synthesis process involves a hydrothermal
approach to create an LDH precursor, followed by a selenization process to produce
bimetallic nickel-iron selenide (NiFeSe) modified with ZIF-derived CoOx-NCNTs. The
resulting material exhibits a remarkably low OER overpotential of only 240 mV at 20
mA/cm?, along with a small Tafel value of 59.2 mV/dec. For the HER process, it
achieves a current density of 20 mA/cm? at 145 mV, with a Tafel slope of 169 mV/dec.
Additionally, the composite demonstrates low charge transfer resistance, a high
electrochemical active surface area, and impressive stability for 15 h, making
NiFeSe@CoOx-NCNTs a highly attractive candidate for energy conversion systems.
Transition metal selenides like this offer great potential as efficient and abundant
electrocatalysts for clean hydrogen production through water splitting. Figure 3.31
illustrates graphical abstract for OER and HER catalysis utilizing a NiFeSe@CoOx-
NCNTs composite material. A comprehensive analysis of the material's properties and

electrochemical performance is elaborated in the following sections.
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Figure 3.31: Graphical abstract illustrating the OER and HER catalysis utilizing a
NiFeSe@CoOx-NCNTs composite material.

3.3.1 Characterization

Powder X-ray Diffraction

The characterization of the synthesized -catalyst, NiFeSe@CoOx-NCNTs, was
performed using Powdered X-ray Diffraction (PXRD) to investigate its crystalline
features. The PXRD diffractogram of the composite material, as shown in Figure 3.32,
revealed distinct peaks corresponding to different crystal planes. Specifically, peaks
located at 29.7°, 33.4°, and 36.8° were identified as the (200), (210), and (211) planes
of the cubic phases of NiSe, respectively. Another set of Bragg's reflections at 20 angles
of 24.1°, 40.9°, 44.2°, and 64.2° were attributed to the (110), (210), (121), and (122)
indices of the orthorhombic phases of FeSe, respectively, confirming the presence of
both nickel selenide and iron selenide in the composite. The PXRD pattern of CoOx-
NCNTs exhibited a broad diffraction peak around 26°, which corresponds to the (002)
facets of the graphitic carbon network, and a peak at 43°, indicative of the characteristic
sp’-hybridized graphitic structure. **! However, upon analyzing the XRD pattern of the
NiFeSe@CoOx-NCNTs composite, it was observed that the (002) peak from the

graphitic carbon network was not clearly discernible. This was accredited to the
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development of iron selenide nanosheets on the surface of CoOx-NCNTs, effectively
concealing the exposed surface of the carbon nanotubes, including the (002) facets of
the graphitic carbon network. Consequently, the peak became obscured, indicating

successful integration of NiFeSe onto the CoOx-NCNTs support.

Furthermore, the XRD pattern of the composite material did not show any distinct
diffraction peaks corresponding to cobalt oxide (CoOx) phases. This observation was
explained by the encapsulation of the cobalt oxides within the carbon nanotubes, as
confirmed by XPS spectra. The encapsulation process led to the cobalt oxides existing
in a highly dispersed or amorphous state, hindering the formation of well-defined
diffraction peaks. This encapsulation phenomenon further supported the successful
integration of the NiFeSe and CoOx components in the composite. 3> Another notable
finding from the XRD analysis was the absence of diffraction peaks corresponding to
the starting material, NiFe-layered double hydroxide (NiFe-LDH). This indicated the
complete conversion of NiFe-LDH into NiFeSe during the selenization process,
demonstrating the effectiveness of the synthetic approach in producing the desired

composite material.

Figure 3.32: PXRD patterns of NiFeSe@CoOx-NCNTs, NiFe-LDH, and CoOx-
NCNTs, along with their corresponding JCPDS cards.
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X-ray Photoelectron Spectroscopy (XPS)

XPS was employed to gain a deeper understanding of the chemical states and surface
elemental composition of both NiFeSe@CoOx-NCNTs (Figure 3.33) and CoOx-
NCNTs (Figure 3.34). The XPS spectra of the composite material in figure 3.33 clearly
showed the presence of Ni, Fe, Co, and Se. Specifically, the Ni 2p orbital exhibited
several distinct peaks (Figure 3.33(a)) at BEs of 855.6 eV and 873.6 eV, which were
attributed to Ni** ions present in the metal selenides. However, the presence of
additional peak at 870.7 eV indicated the formation of nickel oxide species, likely due
to surface oxidation. 3% 3% The appearance of satellite peaks at 862.4 and 878.5 eV
serves as further evidence for the presence of Ni*" in the selenide. This phenomenon
could result in modifications of the electronic environment around nickel species.
Analysis of the high-resolution Fe 2p spectrum (Figure 3.33(b)) revealed prominent
peaks at 710.8 eV (Fe 2p312) and 723.6 eV (Fe 2p112), which correspond to Fe?" in metal
selenides. >>>%7 These findings are in line with previous studies on similar systems and

confirm the presence of iron species in the selenide phase.
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Figure 3.33: XPS spectra of NiFeSe@CoOx-NCNTs showing (a) Ni 2p, (b) Fe 2p, (c)
Co 2p in both CoOx-NCNTs, and NiFeSe@CoOx-NCNTs, and (d) Se 3d.

In the XPS survey of CoOx-NCNTs (Figure 3.33(c)), the Co 2p spectrum displayed a
complex profile, indicating the existence of multiple cobalt phases. A peak observed at
779.1 eV was attributed to metallic cobalt (Co®), while the appearance of peaks at 781.7
eV (Co 2p32) and 793.9 eV (Co 2p12) corresponded to CoOx, confirming the existence
of cobalt oxides in the material. %3 Additionally, satellite peaks observed at 786.02
eV and 796.3 eV further confirmed the presence of mixed phases of cobalt oxides. %
These results suggest that CoOx-NCNTs comprise a combination of different cobalt
oxide species. The XPS spectra of Co 2p in NiFeSe@CoOx-NCNTs exhibited similar
characteristics to those observed in CoOx-NCNTs, indicating that the oxidation states
of cobalt remained unchanged in the composite material. However, slight shifts in the
peak positions were observed, implying alterations in the local chemical surroundings

of the cobalt species. These shifts suggested that the formation of NiFeSe@CoOx-
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NCNTs involved interactions between CoOx-NCNTs and metal selenides (NiFeSe),
resulting in a modified electronic configuration and the emergence of a synergism
between the two components. This interaction likely contributed to the enhanced

catalytic efficiency of the composite.

In the XPS spectrum of Se 3d (Figure 3.33(d)), two distinct peaks were observed at BEs
of 54.4 eV and 55.3 eV, subsequent to the spin-orbit coupling of the 3ds» and 3ds.
states, accordingly, of metal-selenium bonds. 2%* These peaks indicated the presence of
selenium in the material and confirmed its association with the metal elements in the
composite. Additionally, there were additional peaks observed at a B.E of 58.8 eV,
which belong to Se-O bonding structures. This observation suggested that there was a
slight surface oxidation of the selenium species when exposed to air. The presence of
Se-O bonds indicates that some selenium atoms at the surface of the material reacted
with oxygen in the air, forming oxide species. This surface oxidation of selenium may
have implications for the electrocatalytic properties of the material, as it could affect
the surface reactivity and the interaction with reactant species during catalytic reactions.
In Figure 3.34, XPS spectra of CoOx-NCNTs are presented, showcasing the elemental
composition of the material. The graphs demonstrate that the composition of CoOx-
NCNTs remained unchanged during the selenization process. This observation suggests
that the selenization treatment did not significantly alter the elemental composition of

the material.
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Figure 3.34: XPS spectra of CoOx-NCNTs demonstrating (a) Co 2p, (b) N 1s, (c) O
Is, and (d) C 1s regions.

Morphology of the Catalyst

The morphology of ZIF-12 derived CoOx-NCNTs and its composite with NiFeSe
nanosheets was thoroughly investigated using HRTEM measurements (Figure 3.35).
The HRTEM images of CoOx-NCNTs revealed a well-defined tubular structure (Figure
3.35(a)) with CoOx nanoparticles observed at the ends of the tubular nitrogen-doped
carbon network, having a size distribution centered around 50 nm. These CoOx
nanoparticles were intricately embedded within multiple layers of a nitrogen-doped
carbon network. The HRTEM image of the composite (Figure 3.35(b and c)) clearly
depicts the existence of nanosheets of NiFeSe over CoOx-NCNTs. This presence of
nanosheets was found to foster greatly to the enhanced catalytic activity of the

composite, as a synergistic effect resulted from the interaction between CoOx-NCNTs

115



Results and Discussion

and the NiFeSe nanosheets. Additionally, the nitrogen-doped carbon nanotubes
(NCNTs) played a vital role in preventing the agglomeration of the NiFeSe nanosheets,

thus exposing more active sites and promoting catalytic activity.

Figure 3.35: HRTEM images and elemental mapping analysis of ZIF-12 derived
CoOx-NCNTs and its composite, (a) Tubular structure of CoOx-NCNTs, (b) Network
of CoOx-nitrogen doped carbon tubes, (c¢) HRTEM image of the composite
(NiFeSe@CoOx-NCNTs), and (d) Elemental mapping of NiFeSe@CoOx-NCNTs.

Elemental Mapping

Elemental mapping results provided strong evidence for the presence and effective
distribution of nickel, iron, cobalt, and selenium elements in the composite (Figure
3.35(d). The HRTEM elemental mapping analysis confirmed the successful integration
and dispersion of NiFeSe nanosheets over the cobalt oxide-encapsulated nitrogen-

doped tubular carbon network (CoOx-NCNTs). These comprehensive HRTEM
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observations and elemental mapping analyses provide valuable insights into the
structural features and distribution of elements in the composite material,
NiFeSe@CoOx-NCNTs. The well-designed nanoscale architecture and synergistic
interactions between different components in the composite contribute to its
outstanding catalytic performance for the OER and HER, making it a highly promising

electrocatalyst for clean and efficient energy conversion.

3.3.2 Electrochemical Performance

OER Performance

The electrocatalytic performance of the as-synthesized samples for both the OER and
HER was tested at room temperature, using 1M KOH as the electrolyte. For
comparison, the bare glassy carbon electrode and benchmark material, RuO», were also
evaluated under the same conditions. LSV curves were obtained at 10 mV/s to reduce
capacitive current. Figure 3.36(a) shows the anodic LSV curves obtained for the
synthesized samples and the reference samples between the potential window range of
1.1-1.8 V relative to the RHE. To eliminate potential confusion arising from
overlapping regions of metal oxidation and oxygen evolution, Figure 3.36(b), presents
zoomed-in LSV curves for a clear and distinct analysis of the individual
electrochemical processes, ensuring accurate interpretation of the data. The bare glassy
carbon electrode exhibited a negligible current density with the applied voltage,
indicating that it had no contribution to the electrocatalytic performance. Among the
prepared catalysts, NiFeSe@CoOx-NCNTs demonstrated the highest performance
towards OER. It demands just 240 mV low overpotential to obtain catalytic current
density of 20 mA/cm?, which is nearly comparable to the overpotential recorded for the
benchmark material, RuO2. On the other hand, all the other materials showed some
degree of OER activity, but their efficiency was far less than that of the NiFeSe@CoOx-
NCNTs composite. Notably, the anodic peak shifted from 1.56 V to 1.47 V vs. RHE
after the selenization of the precursor NiFe-LDH@CoOx-NCNTs. This shift in peak
potential indicates the low polarization of the catalyst. *!-3¢ Electrodes with low
polarization exhibit improved charge transfer kinetics, which is consistent with
previous research findings. The enhanced electrocatalytic performance of

NiFeSe@CoOx-NCNTs is majorly attributed to the synergism between NiFeSe
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nanosheets and ZIF-12 derived CoOx-NCNTs support, as observed in the HRTEM
images. Additionally, the nitrogen-doped carbon nanotubes (NCNTs) played a crucial
role in preventing the agglomeration of NiFeSe nanosheets, exposing more active sites
and promoting catalytic activity. Indeed, the observed shift in redox potential can be
ascribed to the distinct electronic configuration of selenides. Se possesses unique
electronic properties characterized by a small energy gap between its 3d, 3s, and 3p
orbitals, which results in good electrical conductivity. ** This small energy gap allows
for efficient charge transport within the material, facilitating rapid electron transfer
during the redox processes. The presence of selenide species, particularly in the
NiFeSe@CoOx-NCNTs composite, introduces additional electronic states that can
effectively participate in electrochemical reactions. The electronic configuration of the
selenides effects the electronic environment of the composite material, which, in turn,
affects its redox properties and catalytic performance. As a result, the selenization
process of the precursor NiFe-LDH@CoOx-NCNTs leads to modifications in the local
chemical surroundings of cobalt (Co) and other metal species, influencing the redox
potential during electrocatalytic reactions. The good electrical conductivity arising
from the small energy gap in Se 3d, 3s, and 3p orbitals plays role in enhancing the
charge transfer kinetics at the electrode-electrolyte interface. This efficient charge
transport contributes to the low polarization of the catalyst, as observed in the anodic
LSV curves. The reduced polarization facilitates faster reaction kinetics, leading to

enhanced electrocatalytic efficacy for both OER and HER.
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Figure 3.36: (a) Anodic Linear Sweep Voltammetry (LSV) curves of NiFeSe@CoOx-
NCNTs compared with other synthesized materials (b) Zoomed-in LSV curves,
highlighting the detailed electrochemical behavior and performance of NiFeSe@CoOx-
NCNTs and the other synthesized materials at specific voltage regions. The zoomed
curves allow for a more precise examination of the catalytic activity and reaction

kinetics.

The Tafel slope, which provides insights into the kinetics of the electrocatalytic
reaction, was calculated from the subsequent LSV curves, as shown in figure 3.37. The
Tafel slope represents the change of rate in the logarithm of the current density with
respect to the applied potential and is used to determine the mechanism of the reaction
and reaction rate of the electrocatalytic process. A Tafel value of 59.5 mV/dec was
observed for the NiFeSe@CoOx-NCNTs composite, indicating faster reaction kinetics.
This low Tafel slope value is in line with the excellent electrocatalytic activity observed
in the LSV data for this composite. Comparatively, the Tafel slopes determined for the
other catalysts were higher: 126.3 mV/dec for NiFe-LDH@CoOx-NCNTs, 126.3
mV/dec for NiFeSe, 83.6 mV/dec for NiFe-LDH, and 108.6 mV/dec for CoOx-NCNTs.
These higher Tafel slope values suggest slower reaction kinetics for these individual
catalysts compared to the NiFeSe@CoOx-NCNTs composite. These results further
corroborate the superior OER performance of the composite material, highlighting its
efficient reaction kinetics and enhanced catalytic activity. The low Tafel slope value
for the NiFeSe@CoOx-NCNTs composite indicates a favorable reaction mechanism,
likely involving rapid electron transfer and efficient adsorption/desorption of
intermediate species. The synergistic effect between NiFeSe nanosheets and the CoOx-
NCNTs support, along with the good electrical conductivity of the selenides, likely
contributes to the enhanced reaction kinetics and superior electrocatalytic efficacy of

the composite material.
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Figure 3.37: Tafel slopes derived from the corresponding LSV curves of the

synthesized materials.

The remarkable OER performance of the NiFeSe@CoOx-NCNTs is majorly due to
synergism resulting from the combination of NiFeSe nanosheets and the CoOx-NCNTs
support. The NiFeSe nanosheets served as electroactive centers for catalytic reaction,
facilitating the OER process. On the other hand, the CoOx-NCNTs act as a beneficial
substrate that plays multiple roles in enhancing the overall electrocatalytic
performance. Firstly, the CoOx-NCNTs notably enhanced conductance of the
composite. This enhanced conductivity ensures efficient charge transport throughout
the catalyst, reducing energy losses and leading to faster reaction kinetics during the
OER. Secondly, the CoOx-NCNTs provide a well-structured support for the NiFeSe
nanosheets, preventing their agglomeration and ensuring a uniform distribution of

active sites. 363 366

This efficient exposure of the active centers further improved
catalytic efficacy, as it allows more reactants to interact with the active centers during
the OER process. The combination of these factors, the active sites provided by NiFeSe
nanosheets and the supportive role of CoOx-NCNTs, creates a synergistic effect that

greatly enhanced catalytic performance of the composite.

To further investigate the electrochemical properties of the NiFeSe@CoOx-NCNTs

composite, EIS experiments were conducted at a specific potential where the anodic
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current density was upheld at 20 mA/cm?. EIS is a powerful technique used to study
the charge transfer processes and investigate the electrochemical behavior of catalysts.
By analyzing the impedance data, information about the resistance to charge transfer
and the effective electrochemical surface area of the catalyst can be obtained, providing
valuable insights into its electrocatalytic performance. The Nyquist plots shown in
figure 3.38 provide a comparative analysis of the charge transfer resistances (Rct) for
different catalysts. In Nyquist plots, the semicircle diameter corresponds to Rct, where
a reduced diameter of the semicircle signifies decreased resistance to charge transfer.
Among the tested catalysts, the NiFeSe@CoOx-NCNTs composite displays the
smallest semicircle arc in the Nyquist plot, indicating the least charge transfer
resistance. The Rct value for the NiFeSe@CoOx-NCNTs composite is measured at 2.5
Q, which is notably lower than the Rct values of the other individual catalysts: 5.2 Q
for NiFe-LDH@CoOx-NCNTs, 8.6 Q for NiFeSe, 12.7 Q for NiFe-LDH, and 35.3 Q
for CoOx-NCNTs.bThis observation further supports the excellent performance
NiFeSe@CoOx-NCNTs composite. The low charge transfer resistance in the composite
material indicates that it facilitates faster charge transfer kinetics during the OER. The
efficient charge transfer is crucial for enhancing the overall electrocatalytic
performance and contributes to the superior OER performance observed in the
NiFeSe@CoOx-NCNTs composite. The reduced charge transfer resistance can be
ascribed to the collaborative influence between NiFeSe nanosheets and CoOx-NCNTs,
as discussed earlier. The combination of these components enhances the catalytic
efficiency and promotes rapid electron transfer, leading to the lower Rct value and

superior OER performance.
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Figure 3.38: Nyquist plots obtained from Electron Impedance Spectroscopy (EIS)
measurements for NiFeSe@CoOx-NCNTs and other synthesized materials.

To get insight into the intrinsic behavior of the active sites, the double-layer capacitance
(Cdl) was estimated by cyclic voltammetry (CV) in the non-faradaic region, as shown
in figure 3.39(a-e). The slope of the current density vs. various scan rates plots at
constant potential (0.28 V vs. Hg/HgO) was determined by linear fitting. The results
revealed that the NiFeSe@CoOx-NCNTs composite possesses the highest value of the
Cdl slope, which is measured to be 19.5 mF/cm? (Figure 3.39(f)). The Cdl has direct
correlation with ECSA of the electrocatalyst. 37 To evaluate the ECSA, the Cdl was
divided by the specific capacitance (Cs), with Cs determined to be 0.04 mF/cm?
according to McCrory under alkaline cicumstances. 2* The results show that the
NiFeSe@CoOx-NCNTs composite exhibits the highest ECSA, measured to be 243.7
cm?, surpassing the ECSA values of NiFe-LDH@CoOx-NCNTs (176 cm?), NiFeSe
(116.25 cm?), NiFe-LDH (90 cm?), and CoOx-NCNTs (102.5 cm?). The high Cdl slope
and ECSA of the NiFeSe(@CoOx-NCNTs composite indicate a greater number of active
sites available for the electrocatalytic reactions. The heightened concentration of active
sites contributes to the improved catalytic performance toward OER by the composite.
The synergistic effect between NiFeSe nanosheets and CoOx-NCNTs, along with the
well-structured support provided by the nitrogen-doped carbon nanotubes, likely plays
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a significant role in increasing the number of electrochemically active sites in the

composite.

Figure 3.39: Cyclic voltammograms recorded in the non-faradaic window for (a)
NiFeSe@CoOx-NCNTs, (b) NiFe-LDH@CoOx-NCNTs, (c¢) CoOx-NCNTs, (d)
NiFeSe, (e) NiFe-LDH, and (f) Double layer capacitances of the synthesized materials

derived from the cyclic voltammograms.
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The stability of a catalyst is vital factor in assessing its suitability for practical
applications. To evaluate the stability of the NiFeSe@CoOx-NCNTs composite,
controlled potential electrolysis (CPE) was conducted at an operating potential of 1.47
V vs. RHE, which is the optimized potential for the catalyst in the OER. The CPE curve,
shown in figure 3.40, demonstrates that the catalyst maintains a constant current density
of 20 mA/cm? for an impressive period of 15 hour under the applied constant voltage.
This exceptional stability over the extended duration of the test is a strong indicator of
the catalyst's potential for long-term and reliable performance in practical applications.
Additionally, the overlap between the pristine and post-LSV (Linear Sweep
Voltammetry) curves (Figure 3.40) further confirms the high durability of the
NiFeSe@CoOx-NCNTs catalyst under OER conditions. The fact that the post-LSV
curve aligns closely with the initial pristine curve indicates minimal performance
degradation and suggests that the catalyst retains its activity even after prolonged
exposure to the electrocatalytic conditions.The excellent stability and durability of the
NiFeSe@CoOx-NCNTs composite are essential characteristics for its commercial
viability in clean energy conversion devices. A stable and durable catalyst ensures
consistent and reliable performance over time, making it a promising candidate for
practical usage in electrolyzers or other energy conversion systems. Overall, these
findings provide strong evidence of the high stability and long-term performance of the
NiFeSe@CoOx-NCNTs composite, highlighting its potential as an efficient and robust

electrocatalyst for sustainable and clean energy production.

124



Results and Discussion

Figure 3.40: Controlled potential electrolysis of NiFeSe@CoOx-NCNTs for 15 h,
Polarization curve comparing the pristine material with the post-catalytic material after
15 h of bulk electrolysis. The polarization curve allows the assessment of the
electrocatalytic performance and stability of the NiFeSe@CoOx-NCNTs material over

the electrolysis duration.

The impact of varying ratios of NiFeSe and CoOx-NCNTs on the electrocatalytic
activity of NiFeSe@CoOx-NCNTs catalysts was also investigated (Figure 3.41). The
difference in electrocatalytic activity observed among these ratios is attributed to the
complex interplay between the two components and their synergistic effects. The 1:1
ratio was found to exhibit the optimum electrocatalytic performance due to well-
balanced and efficient distribution of NiFeSe and CoOx-NCNTs on the surface of
catalyst, maximizing the availability of active sites for the OER and enhancing catalytic
efficiency. Conversely, the 1:2 ratio, with an excess of CoOx-NCNTs, displayed
reduced activity, likely because the overwhelming presence of CoOx-NCNTs limited
the exposure of active sites in NiFeSe, hindering OER kinetics. The 2:1 ratio, with an
excess of NiFeSe, showed intermediate activity, benefiting from increased NiFeSe
active sites and structural support from CoOx-NCNTs. However, an excess of NiFeSe
may lead to overcrowding of active sites, potentially decreasing performance compared

to the optimum 1:1 ratio.
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Figure 3.41: Anodic LSV plots of NiFeSe@CoOx-NCNTs employing various
substrate ratios (1:1, 2:1, and 1:2)

The heightened activity of the synthesized NiFeSe@CoOx-NCNTs (1:1) catalyst can
be attributed to several factors based on prior research insights. Firstly, the inherent
electronic structure of transition metal chalcogenides, such as NiFeSe, is known to
exhibit remarkable electrocatalytic activity. Chalcogenides, particularly selenides, have
unique electronic properties with a small energy gap between their 3d, 3p, and 3s
orbitals, resulting in good electrical conductivity. This high electrical conductivity in
selenides, which arises from selenium's lower electronegativity compared to oxygen, is
advantageous for charge transfer processes and enhances the overall catalytic activity.
368 369 Secondly, the existence of both nickel (Ni) and iron (Fe) in the NiFeSe@CoOx-
NCNTs composite contributes to the synergistic effects that specifically boost the OER
performance. *’° Nickel and iron have been associated with efficient OER catalysis in
previous studies. The interaction between these transition metal elements and the
selenide phases creates a favorable environment for charge transfer and promotes the
exposure of active sites, further enhancing the catalyst's catalytic activity. Moreover,
the unique heterostructures formed in the composite, which consist of distinct selenide
phases, play a crucial role in accelerating electron flow and exposing greater active

sites. The presence of negative charge centers on selenium (Se) sites and the repulsion
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between the 3d-2p orbitals of Se and the metal-d orbitals facilitate the delivery of
290,371,372

dioxygen molecules, thus enhancing the OER kinetics.
To determine the composition of NiFeSe@CoOx-NCNTs after OER reaction, catalyst
is characterized by XRD and XPS. XRD analysis in figure 3.42(a) revealed that the
pristine and post-cycling patterns are nearly identical, indicating that the crystal
structure of the material remains intact even after extended cycling. This observation
strongly suggests the structural stability of our material throughout the cycling process,
which is a critical aspect for understanding its performance. XPS analysis was
employed to examine the composition of NiFeSe@CoOx-NCNTs after OER
electrolysis. In Figure 3.42(b), the high-resolution Ni 2p XPS spectrum shows two
distinct peaks at 855.28 and 872.28 eV, which correspond to the binding energies of
Ni** 2p3» and Ni** 2pi, respectively. Furthermore, the presence of peak at 874.79 eV
suggests the involvement of oxyhydroxide.?’* 37* This indicates that nickel undergoes
a change in its valence state during the OER process. Similarly, in the high-resolution
Fe 2p spectrum (figure 3.42(c)), two peaks are observed at 704.3 and 711.1 eV,
corresponding to the binding energies of Fe?" 2ps» and Fe*™ 2psp, respectively.
Meanwhile, it becomes evident that the proportion of Fe** to Fe?" increases following
the OER process, implying the oxidation of Fe?" species during OER electrolysis.
Furthermore, Figure 3.42(d) illustrates an increase in the SeOx peak intensity,
indicating surface oxidation of Se on the NiFeSe(@CoOx-NCNTs during OER. Through
XPS analysis, it is established that some hydroxide or oxyhydroxide phases become
evident on the surface of NiFeSe@CoOx-NCNTs after electrochemical testing,
revealing the authentic active sites for the OER. These findings are consistent with
previous literature analyses. The cumulative evidence strongly suggests that a
substantial portion of the NiFeSe@CoOx-NCNTs' surface undergoes oxidation,
primarily resulting in the formation of oxyhydroxides. This likely leads to the

generation of Ni;—xFexOOH on the surface, in accordance with the reaction:
(Nii—<xFex)*" + 30H™ — Nii«Fe;OOH + H20 + ¢~

This mechanism is consistent with the previous Ni-based catalysts reported.”>"7 The
Ni;—xFexOOH/NiFeSe@CoOx-NCNTs complex emerges as the actual active sites

during the electrolysis process. Additionally, the presence of selenide appears to
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facilitate electron transfer between the electrode and the hydroxide or oxyhydroxide
layer, thereby enhancing the OER activity. Meanwhile, the CoOx-NCNTs play a crucial
role in preserving electronic conductivity between the electrode and the active
oxyhydroxide layer, establishing an effective electron pathway that significantly

contributes to the exceptional OER performance.

Figure 3.42: (a) XRD patterns of the pristine and post-catalytic NiFeSe@CoOx-
NCNTs. The XPS spectra for the post-catalytic NiFeSe@CoOx-NCNTs, featuring (b)
Ni 2p, (c) Fe 2p, and (d) Se 3d regions.

Proposed Mechanism of OER

The proposed mechanism of ORR on the surface of NiFeSe(@CoOx-NCNTs is depicted
in figure 3.43. The oxidation state of NiFe active site is raised by one unit when one
H>0O molecule coordinatively binds to empty sites along with the loss of one electron
and proton to form OH*. The intermediate O* is generated by releasing one proton and
an electron from OH*. However, the O* only exists as an O radical. O* continued to

combine with water to produce OOH*, producing an electron and proton. Finally,
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OOH* creates an empty site after losing one electron and proton to generate O» and

complete the catalytic cycle.

Figure 3.43: Proposed mechanism of OER on the surface of NiFeSe@CoOx-NCNTs

HER Performance

The electrochemical studies for the HER were conducted in 1M KOH at room
temperature, and the comparative cathodic LSV curves of the synthesized materials are
shown in figure 3.44(a). The LSV data clearly demonstrates the remarkable catalytic
activities of the NiFeSe@CoOx-NCNTs electrode material towards HER. The
NiFeSe@CoOx-NCNTs catalyst exhibits exceptional HER performance, achieving a
current density of 20 mA/cm? with an overpotential of only 145 mV. This low
overpotential indicates that the catalyst is highly efficient in promoting the HER process
and requires less energy to drive the reaction. In comparison, the overpotentials
required for other catalysts to reach the same catalytic current density are significantly
higher. Specifically, NiFe-LDH@CoOx-NCNTs requires an overpotential of 340 mV,
NiFe-LDH requires 370 mV, NiFeSe requires 434 mV, and CoOx-NCNTs requires 475
mV. The exceptional HER performance of the NiFeSe@CoOx-NCNTs catalyst can be

attributed to its unique composition and structural characteristics. The synergistic
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effects originate from the combination of NiFeSe nanosheets and CoOx-NCNTs
provide efficient electron flow pathways and expose more electroactive sites, which
greatly improved the catalytic activity towards HER. Additionally, the inherent
electronic structure of transition metal chalcogenides, as discussed earlier, also

contributes to the excellent HER performance of the composite.

Figure 3.44: (a) Cathodic Linear Sweep Voltammetry (LSV) curves of
NiFeSe@CoOx-NCNTs and other synthesized materials (b) Corresponding Tafel

slopes derived from the cathodic LSV curves of the synthesized materials.

The Tafel analysis (Figure 3.44(b)) provides valuable insights into the efficiency of
different electrodes for the HER. Remarkably, the NiFeSe@CoOx-NCNTs electrode
demonstrates the most favorable outcome with the smallest Tafel slope value of 165.4
mV/dec, indicating its superior performance in promoting the HER process. In
comparison, the other fabricated electrodes, namely NiFe-LDH@CoOx-CNTs, NiFe-
LDH, NiFeSe, and CoOx-CNTs, exhibit Tafel slope values of 190.4, 243, 263, and
275.6 mV/dec, respectively.The Tafel slope values directly correlate with the rate of
the HER process, where lower values indicate faster kinetics and more efficient
hydrogen evolution. The significantly lower Tafel slope of the NiFeSe(@CoOx-NCNTs
electrode suggests that it facilitates the HER more effectively compared to the other
fabricated electrodes. This enhanced efficacy can be ascribed to the synergism between
the nanosheets of NiFeSe and CoOx-NCNTs, which offered great number of

electroactive sites for the HER reaction and offer efficient charge transfer pathways.
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The outstanding HER performance of the NiFeSe@CoOx-NCNTs electrode is crucial
for practical applications in hydrogen production and clean energy conversion. Its
ability to achieve a high current density with a minimal overpotential of only 145 mV
highlights its potential as an competent and cost-economical electrocatalyst towards
HER process in alkaline environments. Indeed, the remarkable performance of the
NiFeSe@CoOx-NCNTs electrode in promoting the HER process, as demonstrated by
its lower Tafel slope value of 165.4 mV/dec, compared to the other fabricated
electrodes, highlights its superior efficiency. The HER mechanism in alkaline solutions
involves three potential reaction steps: the Volmer step (H20 + M ¢ — MHags + OH
), the Heyrovsky step (MHags + H2O + ¢ — M + OH™ + H»), and the Tafel step (2MHads
— 2M + H,). ! The Volmer step involves the initial adsorption of water molecules
and metal species to form adsorbed intermediates, M-Hags and OH. The Heyrovsky step
includes the reaction between M-Hags and water, resulting in the production of metal
(M), hydroxide (OH), and hydrogen gas (Hz). The Tafel step involves the
recombination of two adsorbed intermediates, 2 M-Hags, to yield two metal species (M)

and hydrogen gas (H>).

Theoretically, a Tafel value of approximately 30 mV/dec indicates that the Tafel
reaction is the rate-determining step, which means the overall HER rate is limited by
the recombination of the adsorbed intermediates. However, in this investigation, the
observed Tafel value exceeding 120 mV/dec suggests that the rate-determining step is
the adsorption of hydrogen, specifically the Volmer step. *** This implies that the HER
performance is primarily influenced by the initial adsorption of hydrogen species on
the catalyst surface, which is critical for the overall reaction rate. The high efficiency
of the NiFeSe(@CoOx-NCNTs electrode in the Volmer step can be attributed to its
unique composition and structural characteristics, as previously discussed. The
synergistic effects of NiFeSe nanosheets and CoOx-NCNTs provide more active
centers and efficient charge transfer pathways, leading to enhanced adsorption of
hydrogen species and promoting faster HER kinetics. 43344

The estimation of the ECSA is crucial for understanding the catalytic activity of the
electrodes. For ECSA calculation, the Cdl is assessed through CV, that was conducted

within the cathodic range, employing various spanning from 5 to 50 mV/s. In figure
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3.45, the CdlI value obtained for the NiFeSe@CoOx-NCNTs catalyst is measured to be
10.2 mF/cm?, which corresponds to an ECSA of 255 cm?. Notably, this ECSA value
significantly exceeds the Cdl values measured for the precursor materials: NiFe-
LDH@Co0Ox-NCNTs (7.1 mF/cm?, ECSA 177.5 cm?), NiFeSe (5.3 mF/cm?, ECSA
132.5 cm?), and NiFe-LDH (3.8 mF/cm?, ECSA 95 cm?). The higher ECSA of the
NiFeSe@CoOx-NCNTs catalyst is indicative of its larger ECSA, which implies a
greater number of electroactive sites for HER. This enhanced ECSA is majorly due to
synergism and structural characteristics of the NiFeSe@CoOx-NCNTs composite. The
presence of NiFeSe nanosheets and CoOx-NCNTs contributes to the unveiling
additional electroactive sites and efficient electron transport pathways, resulting in a
significant enhanced surface area accessible for the HER. The greater ECSA of the
NiFeSe@CoOx-NCNTs catalyst is a key factor contributing to its outstanding
performance in promoting the HER process, as demonstrated by its lower Tafel slope
value and lower overpotential compared to the other fabricated electrodes. The large
ECSA ensures a higher catalytic activity, making the NiFeSe@CoOx-NCNTs catalyst
a highly efficient and promising electrocatalyst for hydrogen evolution in alkaline

solutions.

Figure 3.45: Double layer capacitances of synthesized materials obtained from cyclic

voltammograms.
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These findings further establish the superior performance and potential applications of
the NiFeSe@CoOx-NCNTs catalyst in clean energy technologies, where hydrogen
production via the HER is a crucial step towards achieving sustainable and renewable
energy sources.

The electron transmission capability of the electrodes during the HER process was
further evaluated through EIS measurements. The Nyquist plot (Figure 3.46) clearly
illustrates that the NiFeSe@CoOx-NCNTs electrode exhibits a smaller Nyquist
semicircle, indicating a significantly lower charge transfer resistance (Rct) value. This
observation suggests that the NiFeSe@CoOx-NCNTs electrode possesses superior

intrinsic electrical conductivity compared to the other electrodes.

Figure 3.46: Nyquist plots obtained from Electron Impedance Spectroscopy (EIS)
measurements for NiFeSe@CoOx-NCNTs and other synthesized materials.

The NiFeSe@CoOx-NCNTs catalyst demonstrates an Rct value of 9.8 Q, which is
considerably lower than the Rct values predicted for the corresponding precursor
materials: NiFe-LDH@CoOx-NCNTs (14.5 Q), NiFeSe (15.6 ), NiFe-LDH (16.7 Q),
and CoOx-NCNTs (25.3 Q). The lower Rct value of the NiFeSe@CoOx-NCNTs
electrode indicates efficient charge transfer kinetics, suggesting that the charge carriers,
i.e., electrons, can move more freely and rapidly through the catalyst during the HER

process. The enhanced intrinsic electrical conductivity of the NiFeSe@CoOx-NCNTs
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electrode is mainly due to distinctive composition and structural features of the
composite. The synergistic effects originating from the combination of NiFeSe
nanosheets and CoOx-NCNTs contribute to improved charge transport properties,
leading to a lower charge transfer resistance. Additionally, the nitrogen-doped carbon
nanotubes (NCNTs) in the composite play significant role in enhancing electron
transfer and preventing the agglomeration of electroactive sites, significantly enhancing
the overall conductance. The superior intrinsic electrical conductivity of the
NiFeSe@CoOx-NCNTs electrode is a critical factor that contributes to its excellent
performance in the HER process, as demonstrated by the lower overpotential and Tafel

slope values compared to the other electrodes.

The durability of the NiFeSe@CoOx-NCNTs catalyst was evaluated through
chronoamperometry, a technique that measures current over time, specifically for the
HER in alkaline conditions at -0.3 V vs. RHE (Figure 3.47(a)). The results show that
the catalyst maintained a consistently steady current even after 15 h of continuous
operation, demonstrating its high robustness and long-term stability as an
electrocatalyst for HER. This extended stability is essential for practical applications in
hydrogen production systems. To further assess the durability of the NiFeSe@CoOx-
NCNTs catalyst, the pristine (before testing) and post-catalytic (after 15 h of HER) LSV
curves were compared (Figure 3.47(b)). Importantly, no significant changes or
deviations were observed in the LSV curves, indicating the excellent durability of the
catalyst under HER conditions. The catalyst retains its initial high performance even
after prolonged electrocatalytic testing, confirming its reliability and long-lasting

efficiency.
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Figure 3.47: (a) Controlled potential electrolysis of NiFeSe@CoOx-NCNTs for 15 hs.
The controlled potential electrolysis was performed to study the electrocatalytic
performance and stability of NiFeSe@CoOx-NCNTs over the course of 15 hs (b)
Polarization curve comparing the pristine material with the post-catalytic material after
15 hs of bulk electrolysis. The polarization curve allows the assessment of the
electrocatalytic activity and efficiency of NiFeSe@CoOx-NCNTs before and after the

electrolysis process.

We have also conducted tests to assess the HER catalytic activity in 0.5M H>SOs4
electrolyte. We observed enhanced HER performance of the NiFeSe@CoOx-NCNTs
catalyst under acidic condition in comparison to the alkaline environment of 1M KOH
(figure 3.48(a)). The LSV data in Figure 3.48(b) demonstrates the impressive catalytic
activity of NiFeSe@CoOx-NCNTs for the HER under acidic conditions, achieving a
remarkable current density of 20 mAcm™ with low 1 ~ 95 mV. Notably, the n of
NiFeSe@CoOx-NCNTs is significantly lower when compared to NiFe-LDH@CoOx-
NCNTs (~ 228 mV), and NiFeSe (~ 288 mV) at the same catalytic current density.
Additionally, the Tafel slope for NiFeSe@CoOx-NCNTs is notably smaller ~125.7
mV/dec, signifying its superior performance (Figure 3.48(c)). In contrast, NiFe-
LDH@CoOx-CNTs and NiFeSe exhibit Tafel slopes of 162.3 mV/dec and 210.4
mV/dec, respectively. Furthermore, EIS measurements were performed to assess Ret,
as illustrated in Figure 3.48(d). It is evident that the NiFeSe(@CoOx-NCNTs electrode
displays a smaller Nyquist semicircle, indicating significantly lower R This
observation suggests that the NiFeSe@CoOx-NCNTs electrode possesses superior
intrinsic electrical conductivity in comparison to the other electrodes. This enhanced
performance can be attributed to several key factors: In acidic conditions, the catalyst
may benefit from the presence of protons (H") and a higher concentration of positively
charged species, promoting the HER mechanism.>’® This results in faster proton
reduction and improves overall catalytic activity. The increased concentration of
protons in acidic solution compared to alkaline solution provides a more conducive
environment for the proton reduction pathway of the HER. The higher proton
concentration accelerates the reaction rate, contributing to improved performance.

However, conducting both reactions (OER and HER) in alkaline conditions is often
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more beneficial for the development of bifunctional electrocatalysts, particularly for

practical applications like water electrolysis.*’* ¥

Figure 3.48: (a) Cathodic LSV profiles of NiFeSe@CoOx-NCNTs in 0.5M H2SO4 and
IM KOH electrolytes. (b) Cathodic LSV curves of NiFeSe@CoOx-NCNTs, NiFe-
LDH@CoOx-NCNTs, and NiFeSe in 0.5M H>SOs. (c) Associated Tafel slopes. (d)

Electrochemical impedance spectroscopy analysis conducted under acidic conditions.

The exceptional performance of the NiFeSe(@CoOx-NCNTs catalyst can be attributed
to several factors. One significant factor is the negative charge induced on the selenium
atoms in the composite, which acts as a base and efficiently captures protons to promote
HER activity. This electron-rich characteristic of the selenium sites enhances the
adsorption and activation of hydrogen, leading to improved catalytic efficiency.
Furthermore, the synergistic effect between the NiFeSe nanosheets and CoOx-NCNTs
provides efficient charge transport and exposes more active sites, contributing to the
overall enhanced catalytic performance and durability of the catalyst. The presence of

nitrogen-doped carbon nanotubes (NCNTs) prevents aggregation of the active sites and
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provides a favorable substrate for HER, further enhancing the catalyst's durability. 3!
Figure 3.49 presents a comparative analysis of the electrocatalytic activities of
NiFeSe@CoOx-NCNTs (from this work) with several other materials reported in the
literature for both the OER and HER. The materials included in the comparison are
Mo—Ni-Se@NF,? NiCoSe:.«/NC,*%3 Cu-(a-NiSex/c-NiSe»)/TiO2 NRs, 3
Feo0sNio77S¢/CNT3%  Fe-doped  NiSeNSs/CNTs,*%¢  CoPSe—CoSe2/CNTs, 3%
NiossSe/RGO/CNTs,*%®  NiCo(Sn)Se,*®  Co-Fe  Selenide,*® and  Fe,Os-
CoSex@Se/CC.>"!

The comparative analysis shows that NiFeSe@CoOx-NCNTs demonstrated remarkable
electrocatalytic prowess for total water splitting, outperforming most of the other
reported materials. For the OER, NiFeSe@CoOx-NCNTs display a significantly lower
overpotential (240 mV at 20 mA/cm?) compared to most of the other materials. This
indicates its superior efficiency in promoting oxygen evolution. For the HER,
NiFeSe@CoOx-NCNTs again demonstrate outstanding catalytic efficiency with just
low overpotential 145 mV at 20 mA/cm?, which is considerably lower than that of the
other materials. The superior electrocatalytic performance of NiFeSe@CoOx-NCNTs
mainly ascribed to its unique electronic configuration, synergistic effects, and intrinsic
electronic properties. The presence of both NiFeSe nanosheets and CoOx-NCNTs in
the composite provides a favorable platform for efficient charge transfer, while the
negative charge on the selenium atoms enhances hydrogen adsorption and activation,
leading to enhance HER activity. The combination of these factors contributes to the
outstanding performance and stability of NiFeSe@CoOx-NCNTs as an electrocatalyst
for both OER and HER, making it a highly promising material for clean and sustainable

energy conversion applications.
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Figure 3.49: Comparative analysis of NiFeSe@CoOx-NCNTs for OER and HER
activities against recently reported Transition Metal-based Electrocatalysts (TMSes).
The graph presents a comprehensive evaluation of the catalytic performance of
NiFeSe@CoOx-NCNTs in comparison to other recently reported TMSes for both OER

and HER, showcasing its potential as a promising multifunctional electrocatalyst.

3.3.3 Conclusions

In conclusion, the NiFeSe@CoOx-NCNTs bifunctional electrocatalyst has been
effectively synthesized using a two-step process consisting of hydrothermal synthesis
of NiFe-LDH supported on ZIF-12 derived CoOx-NCNTs, followed by selenization.
This catalyst demonstrates notable performance towards OER and HER in alkaline
medium. The catalyst displays a low overpotential of 240 mV at 20 mA/cm? for OER,
along with a reduced Tafel slope of 59.2 mV/dec. For HER, it achieves a high current
density of 20 mA/cm? at an overpotential of 145 mV, with a Tafel slope of 169 mV/dec.
Moreover, the catalyst displays a small Rct, a large ECSA, and exceptional stability

over 15 h of continuous experiments.
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Indeed, the exceptional performance of the NiFeSe@CoOx-NCNTs catalyst in both
OER and HER provides significant advantages in designing efficient water
electrolyzers. The reduced overpotentials observed for these electrochemical reactions
are crucial as they directly impact the overall energy efficiency of the water splitting
process. By minimizing the overpotentials, the catalyst enables a more efficient
conversion of electrical energy into hydrogen, thereby promoting clean and sustainable
hydrogen energy generation. The simplified electrolyzer design, facilitated by the
catalyst's remarkable performance, can lead to cost reductions in hydrogen production
systems, making them more economically viable for large-scale implementation.
Additionally, the use of low-cost materials in the catalyst's synthesis further enhances
its potential for practical applications and commercialization. However, to fully harness
the catalyst's potential and improve its performance even further, continuous research
efforts should be directed towards optimizing the synthesis process. Understanding the
underlying mechanisms that govern the enhanced electrocatalytic activity of
NiFeSe@CoOx-NCNTs is critical for tailoring the catalyst's properties and fine-tuning
its performance. Exploring the application of the catalyst in various energy conversion
systems beyond water splitting, such as fuel cells and other electrochemical devices,
can unlock its versatility and potential in the broader field of energy storage and
conversion. These future perspectives in research and development will collectively
contribute to the advancement of sustainable and efficient hydrogen-based energy
technologies. As hydrogen emerges as a key component in the transition towards a
greener and cleaner energy landscape, catalysts like NiFeSe@CoOx-NCNTs play a

pivotal role in realizing the full potential of hydrogen as a clean energy carrier.
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3.4  Summary of the Work

This study mainly focusses on comprehensive exploration of LDHs, and their derived
novel nanomaterials tailored for efficient water splitting, a fundamental process with
profound implications for renewable energy generation. The study focuses on the
synthesis, characterization, and evaluation of three distinct materials, each
demonstrating remarkable electrocatalytic properties for OER and HER in alkaline
electrolytes. The culmination of this research offers significant contributions to the
advancement of sustainable energy conversion devices. In this study we have
synthesized three distinct materials, each demonstrating remarkable electrocatalytic
properties for OER and HER under alkaline conditions. All the synthesized materials
were characterized by exploiting different characterization techniques that includes
PXRD, XPS, SEM, TEM, EDX, EELS, SAED, and elemental mapping. All the
electrochemical experiments were carried out under alkaline circumstances i.e 1M
KOH. Electrochemical techniques including LSV, CV, CA, and EIS were employed for

electrochemical evaluation

The first material, CoMn-LDH@CuO/Cu20 was synthesized by using facile approach,
aimed at advancing the field of water splitting for renewable energy production. The
synthesis method involves the incorporation of HKUST-1 derived CuO/Cu20O
nanoparticles, into the growth process of CoMn-LDH nanosheets. The resultant
electrocatalyst represents impressive towards OER, a crucial step in water splitting.
Notably, the optimized electrode exhibits a remarkably small overpotential of only 297
mV to achieve a catalytic current density of 10 mA/cm? accompanied by an
exceptionally low Tafel slope of 89 mV/dec. This performance significantly
outperforms individual CoMn-LDH and CuO/Cu;O catalysts. The synergistic
integration of COMN-LDH with CuO/Cu20 derived from HKUST-1 drives enhanced
catalytic activity and stability. This catalytic system demonstrates outstanding stability
over a continuous 15 h experimental period, highlighting its practical viability. The
remarkable OER performance is attributed to two key factors. Firstly, the interaction
between CoMn-LDH and CuO/Cu;O substantially increases the electrochemically
active surface area, providing ample sites for the OER process. Secondly, this
interaction reduces charge transfer resistance, facilitating efficient electron flow during

OER. The comprehensive characterization and mechanistic insights garnered from this
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study contribute to the broader advancement of renewable energy and sustainable
electrocatalysis. By displaying the exceptional performance and stability of the CoMn-
LDH@CuO/CuxO electrocatalyst, this research paves the way for innovative

applications in water electrolysis for clean hydrogen production.

The second material, a novel bifunctional electrode material NiCo-Alloy@CeO», has
been successfully synthesized using a sequential hydrothermal approach followed by
annealing. The synthesis procedure involves two distinct stages: the creation of NiCo-
Alloy through annealing LDHs-based precursors and the subsequent integration of this
alloy onto Ceria nanorods via impregnation. Thorough validation through various
analytical techniques confirms the successful execution of this composite synthesis
process. This composite material exhibits remarkable catalytic efficiency towards both
OER and HER within alkaline environments. Specifically, NiCo-Alloy@CeO- displays
exceptional OER electrocatalytic activity, compelling a mere 170 mV overpotential
generate a current density of 20 mA/cm?. Additionally, it demonstrates impressive
durability, maintaining its catalytic efficiency for a continuous 14 h operation at 50
mA/cm?, along with an accelerated reaction rate characterized by a Tafel slope of 51.1
mV/dec. In parallel, the catalyst excels in HER, demanding a minimal overpotential of
221 mV to achieve a current density of 50 mA/cm?. This achievement is accompanied
by a notably low Tafel slope, negligible charge transfer resistance, a substantial active
electrochemical surface area, and sustained performance over a 14 h period. These
exceptional catalytic capabilities stem from several underlying factors. The
orchestrated synergy at the interface between NiCo-Alloy and CeO, coupled with the
presence of oxygen vacancies that enhance ionic conductivity, contribute to the overall
efficiency of the material. Additionally, the absorption of hydroxyl groups by Ce**
facilitates water dissociation, further boosting the catalytic performance. The
integration of CeO> nanorods within the NiCo-Alloy nanosheets expedites the electro-
coupled dissociation of water and enhances the adsorption of intermediate hydrogen
species, consequently elevating OER efficiency. The open ends of ceria nanorods play
a role in enhancing catalytic performance by facilitating the diffusion of active species.
The distinctive electronic characteristics of ceria, combined with the active sites
provided by nickel and cobalt, collectively contribute to the heightened efficiency in

HER. This work offers valuable insights into the design of multifunctional materials for
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sustainable energy conversion, paving the way for further exploration and application

in the realm of clean energy generation and storage.

The third material, NiFeSe@CoOx-NCNTs was successfully synthesized as
bifunctional electrocatalyst for OER and HER. The utilization of transition metal
selenides, exemplified by NiFeSe@CoOx-NCNTs, holds significant promise as highly
efficient and abundant electrocatalysts for clean hydrogen production via water
splitting. The successful synthesis of the bifunctional electrocatalyst NiFeSe@CoOx-
NCNTs has been achieved through a two-step process, encompassing the hydrothermal
synthesis of NiFe-LDH supported on CoOx-NCNTs derived from ZIF-12, followed by
selenization. This catalyst demonstrates noteworthy performance in both OER and
HER within an alkaline electrolyte. Specifically, it boosts a low OER overpotential of
240 mV at 20 mA/cm?, accompanied by a reduced Tafel slope of 59.2 mV/dec. For
HER, it displays a high current density of 20 mA/cm? at a small overpotential of 145
mV, characterized by a Tafel slope of 169 mV/dec. Furthermore, the catalyst exhibits
low charge transfer resistance, a large electrochemical active surface area, and
exceptional stability over a continuous 15 h testing period. The remarkable performance
of the NiFeSe@CoOx-NCNTs catalyst in both OER and HER holds significant
implications for the design of efficient water electrolyzers. The observed reduction in
overpotentials is pivotal, as it directly influences the overall energy efficiency of the
water splitting process. By minimizing overpotentials, the catalyst enhances the
conversion of electrical energy into clean and sustainable hydrogen, thereby promoting
a greener energy landscape. The catalyst's impressive performance also simplifies
electrolyzer design, potentially reducing costs in hydrogen production systems and
facilitating large-scale implementation. Moreover, the integration of cost-effective
materials in the catalyst's synthesis enhances its practical applicability and potential for
commercialization. To fully harness the catalyst's potential and further enhance its
performance, continuous research efforts should be directed towards refining the
synthesis process. An understanding of the underlying mechanisms governing
NiFeSe@CoOx-NCNTs' enhanced electrocatalytic activity is pivotal for tailoring its
properties and optimizing its performance. Additionally, exploring the catalyst's
applicability in diverse energy conversion systems beyond water splitting, such as fuel

cells and other electrochemical devices, can unlock its versatility and broaden its impact
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within the realm of energy storage and conversion. These future perspectives in
research and development collectively contribute to advancing sustainable and efficient
hydrogen-based energy technologies. As hydrogen takes center stage in the transition
to a cleaner energy landscape, catalysts like NiFeSe@CoOx-NCNTs play a pivotal role

in realizing hydrogen's full potential as a clean energy carrier.

The outcomes of this study not only serve as significant milestones in the field of
electrocatalysis but also set a dynamic trajectory for future research and technological
advancements. The synthesis methods and materials developed provide a platform for
continuous optimization, enabling researchers to fine-tune catalyst properties for
improved efficiency and stability. Exploring new compositions and structures has the
potential to unlock previously untapped catalytic capabilities, offering a breadth of
options for designing next-generation catalysts. Equally crucial is the practical
implementation of these catalysts in real-world energy conversion applications, such as
electrolyzers and fuel cells, driving the transition from laboratory success to tangible
societal impact. Scaling up the synthesis processes and ensuring the commercial
viability of these materials will play a pivotal role in integrating them into existing
energy infrastructure. The concept of multifunctional materials that excel in multiple
catalytic reactions concurrently is an exciting avenue to explore, potentially leading to
more compact and efficient energy conversion systems. Collaborations across
disciplines can infuse fresh perspectives, fostering interdisciplinary innovation and
accelerating the development of practical solutions. As the world shifts towards
sustainability, evaluating the entire life cycle and environmental impact of these
catalysts becomes paramount, ensuring that the benefits they provide are achieved in
an environmentally responsible manner. Ultimately, these catalysts stand at the
forefront of advancing energy conversion technologies, driving progress towards
cleaner and more efficient energy sources and thereby contributing to the global pursuit

of a sustainable energy future.
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