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The thesis entitled “Effect of Doping on Nickel Metal-Based Chalcogenides Nanomaterials for 

Electrochemical Water Splitting” describes the development of different nanostructures of the Ni-

based chalcogenides materials and their application in the electrochemical water-splitting (EC) 

reaction for the generation of hydrogen (H2) and oxygen (O2). The first chapter of the thesis gives 

an insight into nanoscience and nanotechnology, a brief literature overview about the 

nanomaterials, their synthetic approaches, and their application in electrochemical fields. This 

chapter provides a detailed discussion of the different pathways for water-splitting. This chapter 

also delivers an overview of electrocatalyst fundamentals, key features of an electrode, and 

various strategies for the enhancing efficiency of an electrocatalyst. Chapter two illustrates 

synthesis methodology, calculation methods, chemicals, and instrumentation techniques that are 

used to carry out thesis work. Chapters three to seven deal with the development of efficient Ni-

based nanostructures for electrochemical water-splitting reaction. In chapter three, 

Ni/Ni(OH)2/NiOOH nano worm heterostructure deposited on carbon cloth is applied for 

electrochemical HER reaction. In further chapters, doping strategy is chosen as an important 

strategy to improve electrochemical activity and stability in Ni based chalcogenides. The dopant 

amount is optimized with ratio variation and developed optimized electrocatalyst is characterized 

with various techniques. Chapter four describes the development of W6+ doped Ni(OH)2/NiOOH 

nanosheets which enhances the EC activity by synergistic effect. In chapter five, Ni9S8 

nanostructure is doped with Co2+ cation to generate lattice distortion and change in electronic 

environment which leads to enhancement in EC activity of Ni9S8 in the corrosive environment. In 

chapter six, the Ce4+ doped Ni0.85Se nanosheets is applied for EC water splitting.  The optimized 

Ce0.1Ni0.85Se electrocatalyst shows comparable activities to the noble catalyst in two-electrode 

system. In chapter seven, thin nanorods of Fe-doped NiCo2Se4 on CC are developed. The multi-

metallic selenides show improved electrochemical activity with presence of different metal ions. 

The role of metal ions in electrochemical activity is proved with thiocyanate study. Finally, the 

last chapter summarizes the main results obtained from the study of different electrodes for EC 

water-splitting. Additionally, this chapter also provides directions for future studies using efficient 

electrodes which may find practical applicability. 

 

Keywords: Nickel-based electrodes, Nanosheets, Heterostructure, Electrochemical water-

splitting, Corrosive environment, Nanorods. 
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Chapter 1 
 
 
 
 

 

Introduction 
 

 
 
 

 
 

 
 The chapter contains an insight of thesis and brief idea about the nanomaterials and their 

wide application. 

 The chapter emphasizes the different ways of water-splitting, the parameters of 

electrocatalyst, and their use in electrochemical water- splitting. 

 It contains the factors which are affecting the EC water-splitting performance and 

strategies to enhance the performance of electrode in EC water- splitting. 



Chapter 1 

 1 

 
 

1.1 Nanoscience and Nanotechnology: Historical Background 

Nanomaterials are defined as materials that have at least one dimension in the range of 1-

100 nm. The concept of nanomaterials can be traced back to Richard Feynman’s talk in 1959 titled 

“There’s Plenty of Room at the Bottom,” in which he envisioned the possibility of directing and 

controlling the materials at the atomic and molecular level.1 The manipulation and engineering of 

the materials on the nanomaterial scale are related to nanoscience, whereas the application of 

nanomaterials and nanoscience is relevant to nanotechnology. In 1974, Norio Taniguchi was the 

first person to use the term nanotechnology. Norio Taniguchi stated: “Nanotechnology mainly 

consists of the processing of, separation, consolidation, and deformation of materials by one atom 

or one molecule.”2 Almost all fields of science and technology now include nanotechnology as a 

crucial component due to its widespread influence in research and applications. Nonetheless, we 

will discuss nanoscience in the field of electrochemistry in the following part. 

In the late 20th and early 21st centuries, significant improvements in the field of 

electrochemistry have evolved into an interdisciplinary research domain, blending insights from 

chemistry, material science, physics, nanotechnology, and engineering. Cost-competitive 

renewable energy sources are one of the driving forces behind the surge of interest in 

electrochemistry.3 As green electricity produced from wind, solar, wave, biomass, and geothermal 

farms have become more accessible, it is now an important urgency to explore how this sustainable 

energy can be effectively harnessed to reduce greenhouse gas emissions. Subsequently, the scope 

and application of electrochemical principles have significantly expanded, encompassing a wide 

range of activities. These include hydrogen (H2) production and utilization, carbon dioxide (CO2) 

conversion into fuels and value-added chemicals, nitrogen (N2) electroreduction, and 

electrochemical synthesis of crucial organic compounds.4-5 The schematic representation of 

nanomaterials in the field of electrochemistry is given in Figure 1.1. This extension shows the 

pivotal role of electrochemistry, which plays in addressing environmental challenges and 

advancing sustainable technologies.  

Nanomaterials have emerged as a potent tool in modern electrochemistry, capitalizing on 

a range of nanoscale effects that improve their catalytic capabilities.6 These effects, including their 

high surface area, favorable electronic structure, boosted conductivity, plenty of surface atomic 

sites, and improved charge transfer kinetics, jointly contribute to their exceptional electrocatalytic 

performance. In order to understand the precise mechanism of these nano electrocatalysts, the 
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development of advanced characterization techniques is imperative.7 These techniques are widely 

used in the construction of microelectronic circuits and a range of technologies, such as water-

splitting, lithium-air batteries, supercapacitors, and hydrogen storage.8-10 Lithium-ion batteries are 

widely utilized in devices like laptops, electric vehicles, mobile phones, and cameras as energy 

storage solutions.11 Presently, there's a significant focus on developing high-energy-density 

electrical power capacitors to meet the increasing demands of industries and consumers. 

Supercapacitors incorporating nanostructured electrode materials offer higher power density 

storage compared to conventional batteries.12 This makes nanomaterials highly appealing for 

various applications. Nanomaterials have gained substantial attention in the storage of molecular 

hydrogen due to their unique properties. Molecular hydrogen serves as an energy source that can 

be produced from both renewable and non-renewable resources. However, renewable resources 

are preferred for clean hydrogen production.13 One of the intriguing options is water-splitting, 

which uses renewable resources to make clean hydrogen efficiently and cost-effectively. 

Furthermore, scientists are working on the development of a low-cost solar cell device with 

efficient solar energy conversion capabilities to replace fossil fuels.14 The electrochemical water-

splitting technique is a more efficient and environmentally friendly way of producing H2 with 

electrical energy. The hydrogen produced can be immediately stored and used in hydrogen fuel 

cells, replacing carbon fiber tanks in fuel cell-powered cars.15 

Figure 1.1: Representation of application of nanomaterials in the field of electrochemistry. 
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1.2 Nanomaterials: Brief Overview 

1.2.1 Uniqueness of Nanomaterials 

Nanomaterials demonstrate different properties than their bulk counterparts because of two 

main factors: the confinement effect and the high surface-to-volume ratio.16 Strong electron 

confinement in nanoscale material causes discrete energy levels to lead to a rise in the bandgap, 

which in turn leads to the confinement effect.17 Conversely, when particle size reduces, the number 

of surface atoms increases relatively to its volume, which is the reason for the high surface-to-

volume ratio. This improved surface area provides more active sites for chemical reactions and 

generates nanomaterials that are highly reactive and useful for catalytic applications.18 

Furthermore, high surface energies of nanomaterials are a factor in their higher reactivity, which 

has important ramifications for the study of electronics, medicine, energy, and the environment. 

Therefore, nanomaterials are valuable for a variety of applications due to their unique electrical 

and chemical properties.19 

Quantum dots, mere nanometers in size, possess optical and electronic characteristics 

distinct from their larger counterparts. These characteristics result from significant quantization 

effects caused by the high quantum confinement of electrons and holes in the nanocrystals. 

Excitons are created when electrons and holes are bound together by Coulomb interactions or by 

differing polarities. This phenomenon is known as quantum confinement.20 The most asserted 

quantum confinement occurs when the radius of nanoparticles is smaller than the exciton Bohr 

radius. This confinement creates discrete energy levels of electronic states in nanomaterials, unlike 

the continuous energy bands found in bulk materials. When two atoms come together during the 

synthesis of molecules perturbs the energy level, creating the lowest unoccupied molecular orbital 

(LUMO) and the highest occupied molecular orbital (HOMO). The number of energy levels rises 

with the number of atoms, and the energy difference between HOMO and LUMO decreases. In 

bulk materials, the empty and filled states form a separate continuum, namely the conduction band 

(CB) and valence band (VB), respectively (Figure 1.2). In contrast, the energy levels within the 

empty and filled states of quantum-size particles remain discrete. This is known as the quantum 

size effect, which is vital in understanding the unique properties of nanomaterials.21 

Another important factor that influences the distinct properties of nanomaterials is their 

high surface-to-volume ratio compared to bulk materials.22 The surface area to volume ratio 

increases as the material's size decreases, resulting in a greater number of active atoms on the 
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surface. When compared to their bulk equivalents, nanoparticles have improved adsorption, 

adhesion, storage capacity, and catalytic activity. Because of the increased number of surface-

active atoms, chemical reactions occur at a faster rate, making nanomaterials highly reactive.23 So, 

nanomaterials are ideal for a variety of applications such as chemical reactions, catalytic processes, 

sensing, detection, and adsorption.  

 

Figure 1.2: Representation of discretization of electronic energy levels with size variation. 

 

1.2.2 Dimensionality of Nanomaterials 

Nanomaterials are divided into four categories based on their dimensions: 0D, 1D, 2D, and 

3D. These materials' characteristics and behavior are significantly reliant on their dimensionality. 

Quantum dots, for example, which fall within the 0D category, exhibit unique electrical and optical 

features due to quantum confinement effects. 1D nanomaterials, on the other hand, have large 

aspect ratios and can display better mechanical, electrical, and thermal properties.24 Graphene, a 

2D nanomaterial, because of its two-dimensional structure, has exceptional electrical and thermal 

conductivity .25 Finally, 3D nanomaterials with unique hierarchical structures and optical 

characteristics, such as nano-cubes and nanoflowers, do not restrict electrons.26 (Figure 1.3) 
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Figure 1.3: Schematic illustration of 0D, 1D, 2D, and 3D nanostructures. 

 

1.2.3 Synthetic Approaches of Nanomaterials 

The synthetic approach to nanomaterials entails producing materials with controlled 

nanoscale architectures and features. It involves creating nanoscale structures with exact control 

over size, shape, composition, and surface qualities. Top-down and bottom-up approaches are the 

most often used strategies for synthesizing nanomaterials.27 

 

1.2.3.1 Top-down approaches 

Top-down approaches to creating nanomaterials involve breaking down larger particles 

into smaller to produce the particles in nanometer length scale. This can be achieved through 

various methods, such as mechanical or ball milling, laser ablation, arc discharge, electrospinning, 

sonication, sputtering, and lithography, among others. There are some problems with following 

the top-down approach because of imperfection and crystallographic to surface structure, the 

physical properties and surface chemistry of nanomaterials will be changed, which would have a 

significant impact on the other properties (Figure 1.4).28 

 

1.2.3.2 Bottom-up approaches  

The bottom-up technique is a way of generating nanomaterials by assembling individual 

atoms or molecules into bigger structures. The atoms or ions are synthesized, reduced and 

stabilized, and then assembled into nanostructures using this process. Chemical vapor deposition 
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(CVD), solvothermal and hydrothermal methods, sol-gel method, reverse micelle method, 

electrodeposition method, soft and hard template method, combustion method, chemical reduction, 

and co-precipitation are some of the techniques available for bottom-up nanomaterial synthesis. 

The method chosen is determined by the qualities and applications of the nanomaterial to be 

synthesized. The bottom-up approach keeps a high degree of control over the size, shape, and 

composition of the nanomaterials, making it a promising approach for a wide range of applications, 

including energy, electronics, and medicine (Figure 1.4).28 

 

Figure 1.4: Top-down and bottom-up approaches for the synthesis of nanomaterials. 

 

 

1.3 Application of Nanomaterials in Energy Conversion 

Nanomaterials provide unique qualities like high surface area-to-volume ratio, superior 

conductivity, and tunable optical and electrical properties, which make them intrigue for use in 

energy conversion and storage. This chapter provides a detailed discussion of energy conversion 

via a water-splitting reaction.29 
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1.3.1 Methods of water splitting 

Water splitting is the process of breaking water (H2O) into its constituent elements, 

hydrogen (H2) and oxygen (O2).
30 This can be achieved through various methods, primarily 

categorized into different types based on the energy source used: 

1.3.1.1 Thermal Water Splitting: 

This process splits water into hydrogen and oxygen by using high temperatures produced 

by nuclear reactors, concentrated solar electricity, or other heat sources. Water splitting is 

facilitated by a sequence of chemical events known as thermochemical cycles. It is true that water 

can be broken down into its component elements of H2 and O2 in a single step; however, this is 

not feasible due to thermodynamics, kinetics and the high temperatures needed. As a result, 

thermochemical cycles are suggested as a substitute strategy. These cycles usually entail two or 

more steps and a sequence of chemical reactions to divide water using thermal energy at 

temperatures below 2000 °C. To accomplish the desired water splitting, a series of regulated 

reactions take place in these thermochemical cycles. Using such cycles has the advantage of being 

more practical and energy-efficient than the single-step breakdown of water since they can be 

engineered to function at lower temperatures and with better thermodynamic efficiency.31-32 This 

strategy makes it feasible to use waste heat or renewable energy sources to power the water-

splitting reactions, which advances the development of sustainable hydrogen generation 

techniques. For water splitting, thermochemical cycles are still not as cost competitive as 

traditional techniques. A synergistic integration with nuclear or concentrated solar reactors is 

necessary for continued advancement in order to improve their economic viability.32 

 

1.3.1.2 Photoelectrochemical Water Splitting (PEC): 

PEC water splitting combines the principles of solar cells and electrolysis, where a 

semiconductor material absorbs sunlight to generate electron-hole pairs. These electron hole pair 

drive the water-splitting reaction when an external bias is applied.33 In a photoelectrochemical 

(PEC) water-splitting reaction, a semiconductor material is used as a light absorber and energy 

converter because the energy provided by light alone is insufficient to drive the electrolysis of 

water. In a PEC cell, the two half-cell reactions occur simultaneously at two different electrodes, 

resulting in the separate evolution of H2 and O2. At the photoanode's surface, water is oxidized to 

O2, while at the photocathode's surface, water is reduced to H2. PEC cells differ structurally from 
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conventional electrolytic cells, as the photoelectrode is illuminated through an optically 

transparent window. The critical component in a PEC system is the photoactive semiconductor, 

which serves as a working electrode, either as a photocathode or a photoanode.34  

In an ideal scenario, water splitting can be carried out under unbiased conditions using the 

components mentioned in a PEC device (Figure 1.5), which are essential for transforming water 

and solar energy into H2 and O2. However, an additional bias is required to drive the water-splitting 

reaction. Furthermore, several precautions should be taken when constructing the PEC system. 

The working and counter electrodes should be placed apart from each other to prevent 

contamination with the reactants or intermediates from the other electrode and to avoid reverse 

reactions. To prevent the crossover of gaseous products, a membrane can be used, allowing the 

separate evolution of H2 and O2. A PEC cell must meet several criteria for practical application, 

including the arrangement of photoelectrodes, effective penetration of light into the 

photoelectrodes through the cell, resistance to corrosive electrolytes, continuous electrolyte 

supply, and the use of a membrane to keep the evolved gases separate.  

The primary concern with PEC systems is improving the efficiency of the photoactive 

material to achieve the 10% solar to hydrogen energy conversion threshold is benchmark for 

commercialization. In 1972, pioneering work by Honda and Fujishima used TiO2 for PEC water-

splitting, but the efficiency of this system was very low (<1%). To meet the threshold efficiency, 

an efficient PEC cell is crucial.35 An efficient cell relies on an affordable photoactive material that 

meets several key requirements for the ideal photoelectrode: strong light absorption across the 

entire solar spectrum, high chemical stability in aqueous electrolytes under both dark and 

illuminated conditions, proper band edge positions for the evolution of H2 and O2, low kinetic 

over-potentials, and proper charge transfer at the semiconductor/electrolyte interface for water-

splitting. Efficiency remains a significant challenge, as converting a substantial portion of solar 

energy into hydrogen can be difficult. The choice of photoactive materials is critical, with many 

efficient options being expensive or rare. Maintaining the stability of PEC cells in corrosive 

electrolytes is another hurdle, and reducing costs while preserving efficiency is essential. Scaling 

up PEC systems for commercial use is complex, and improving reaction kinetics is necessary to 

enhance efficiency. The inherent complexity of PEC systems, including various components and 

electrodes, makes their design and operation more challenging. Researchers are actively working 

to overcome these limitations through advances in materials, technology, and sustainable practices, 
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aiming to make PEC water splitting a more practical and environmentally friendly method for 

hydrogen production.36-37 

Figure 1.5: A schematic diagram of the PEC cell for water splitting. 

 

1.3.1.3 Biological Water Splitting: 

Certain microorganisms, such as some types of algae and bacteria, are capable of 

photosynthesis, a process similar to water splitting. These organisms use light energy to split water 

and produce oxygen and organic compounds. The complexity of the biological system is really 

high; its basic principles are still debatable and researched for a decade. Biological water splitting 

is an incredibly efficient and sustainable method for harnessing solar energy and producing 

oxygen, which is vital for all aerobic life forms. Researchers are studying this natural process to 

gain insights into developing artificial photosynthetic systems that could potentially be used for 

renewable energy production and sustainable fuel generation, such as hydrogen production 

through artificial photosynthesis. Efficiency, speed, susceptibility to environmental factors, 

substrate dependence, rivalry with other metabolic pathways, scaling issues, and the requirement 

for purification are some of the drawbacks of biological hydrogen generation. 

 Through comprehending the complexities of biological water splitting, researchers want 

to imitate and enhance natural processes for more sustainable energy sources.38-39 
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1.3.1.4 Photocatalytic Water Splitting: 

Photocatalysts are used in catalytic water splitting to speed up the chemical process by 

using light. Metals, metal oxides, or other materials can serve as the basis for these catalysts. 

Catalytic water splitting can be accomplished by thermal or electrochemical. There are several 

crucial processes that can be used to distil the basic mechanism of photocatalytic water splitting. 

Initially, if the energy of the photons surpasses the photocatalyst's band gap, charge carriers are 

produced when the photons hit the surface of the catalyst. These generated charge carriers drive 

the entire water-splitting reaction. The bandgap of the photocatalyst and the alignment of its 

valence band maxima and conduction band minima with the water redox potential have a 

significant impact on the process's effectiveness. Aside from this, choosing an effective 

photocatalyst is crucial to successfully achieving water splitting because of the quick creation and 

efficient separation of charge carriers.40 A schematic representation of this process can be found 

in Figure 1.6. 

The main disadvantage of using a single photocatalyst is that the oxygen and hydrogen 

created recombine quickly, making it impossible for them to be released separately. On the other 

hand, a more viable option is provided by the two-step photoexcitation mechanism, which uses the 

Z-scheme and two different photocatalysts. Z-scheme photocatalysis is a more useful technique 

for splitting water since it takes inspiration from natural processes. Z-scheme photocatalysts 

guarantee the distinct evolution of H2 and O2 by utilizing the full visible light spectrum. In addition, 

the cost-effectiveness and adaptability of powdered photocatalyst systems make them beneficial 

for solar water-splitting applications. Their primary obstacle, though, is going to be getting more 

efficiency because the production of H2 and O2 happens on a single electrode surface, meaning 

that their separation and avoidance of recombination will require an external procedure that might 

be expensive.41 
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Figure 1.6: A schematic representation of the photocatalytic cell. 

 

1.3.1.5 Electrochemical water splitting 

Electrochemical water splitting is becoming more and more well-liked as a sustainable way 

to create hydrogen for use as fuel in the future. Compared to conventional fuels like gasoline, 

hydrogen has a number of benefits, including a high energy density and no carbon dioxide 

emissions.42 However, it uses finite fossil fuels and releases carbon dioxide into the atmosphere, 

the existing process of producing hydrogen by steam-reforming hydrocarbons is not sustainable. 

Furthermore, the hydrogen that is produced is frequently tainted with C, N, and S oxides, which 

shortens the catalyst's life. Some techniques, such as photoelectrochemical water splitting and 

metal hydride hydrolysis, are limited by factors like hazardous precursors and low solar-to-

hydrogen conversion efficiency. Electrolysis of water is currently the most environmentally 

friendly method to produce large-scale hydrogen, and researchers are focused on developing cost-

effective electrocatalysts with excellent efficiency to improve the performance of water 

electrolyzers.43 Nowadays, electrochemical water splitting is one of the important fields of 

research, it is the only method to produce clean and carbonaceous-free hydrogen. As per a recent 

survey of the future availability of coal and hydrocarbons, it is clear that there will not be sufficient 

carbon in the coming years to meet the energy requirements. Apart from energy requirements, the 

use of fossil fuels leads to critical environmental issues throughout the world. Hydrogen is an 

important fuel that is the solution to energy-related issues because of its abundance and high energy 
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density. An engine that burns hydrogen produces no pollution, so it is a form of clean energy. 

Hydrogen does not occur naturally on the earth it combines with the other atoms such as combine 

with oxygen and makes water. It is found in other organic compounds known as a hydrocarbon: 

gasoline, methanol, and other natural gases. Water splitting reaction involves two half-reactions, 

hydrogen and oxygen evolution. First, at the cathode, the reduction of protons takes place which 

generates hydrogen as given in the schematic Figure 1.7.   Another at the anode oxidation of water 

takes place which evolves oxygen. Among HER and OER, OER is a sluggish reaction because 

four-electron transfer processes involve oxygen-oxygen bond formation. Water splitting requires 

thermodynamically 1.23 V which is potentially related to OER reaction. Hence, practically, water 

splitting requires more potential of 1.23-2.5 V, which is due to extra overpotential.44 The OER and 

HER reactions are as follows- 

                                                               H2O →    1/2 O2 + 2H+ + 2e- 

                                                             2H+ + 2e-  →  H2 

At present Ru and Ir-based catalysts are considered the most efficient catalyst for OER, 

and carbon-based Pt catalysts are best for HER in an acidic medium. In alkaline medium metal 

oxides, sulfides and selenides show good activity in the alkaline medium. Though Pt, Ru, and Ir-

based catalysts are having low activation energy for the water splitting reaction energy barrier but 

have scarcity in different pH mediums.42, 45 One of the basic approaches for the replacement of 

noble catalysts is to apply metal chalcogenides for water splitting due to their cost effectiveness 

and large abundance. Nevertheless, the industrial application still deals with some gaps due to 

electrocatalytic activity and stability of the catalyst. Therefore, it is important to notice some non-

noble electrocatalysts with improved stability and activity.  It is important to know the mechanistic 

pathways for water-splitting reactions in different pH mediums.46 There are different types of 

mechanisms is proposed in the reported literature-   

In acidic medium    

                                        2H2O   →  4H+  + 4e- + O2(g)                        (at anode) 

                                         4e- + 4H+ → 2H2(g)                                      (at cathode) 

In alkaline medium 

                                   4OH-           →   2H2O + 4e- + O2(g)                     (at anode) 

                                   4e- + 4H2O →  4OH- + 2H2(g)                              (at cathode) 
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In a water-splitting reaction, the Faradaic efficiency is never 100 % for an electrolytic cell 

due to various kinetic and thermodynamic hindrances. As previously mentioned, platinum (Pt) is 

recognized as an efficient catalyst for the HER, while Ir and Ru and their compounds are favored 

catalysts for the OER. However, the use of these relatively scarce and precious metals in water 

electrolysis presents challenges, increasing the cost of hydrogen (H2) production and hindering 

scalability. Recently, researchers have discovered that oxides and hydroxides of 3d transition 

metals from Group VIII, such as Fe, Co, and Ni, either individually or in combination with other 

metals, can efficiently catalyze the OER under alkaline conditions, rivaling the performance of Ir 

and Ru.47 However, the issue lies in the kinetics of the counter-reaction, the HER, in alkali, which 

remains sluggish even with Pt due to the following  mentioned reasons.1. The larger concentration 

of OH- ions in alkaline solution competes with the proton adsorption on the Pt surface. 2. The 

abundance of hydroxide ions can lead to adsorption of OH- species blocking active sites of Pt. 3. 

Pt catalyst surfaces may undergo restructuring, diminishing the number of active sites available 

for the reaction. To address these challenges and enhance HER performance in alkaline media, 

researchers explore alternative catalysts and design strategies to improve the stability, activity, and 

selectivity of catalysts under alkaline conditions. 

There are two alternative techniques for addressing this difficulty. The first entails 

developing efficient and long-lasting non-noble OER catalysts for usage in acidic conditions, as 

well as replacing Pt with non-noble metal-based catalysts such as sulfides, selenides, and 

phosphides for the HER. However, this strategy may result in asymmetric electrolytic cells, adding 

technical challenges. The second strategy is to create a bifunctional catalyst out of non-noble 

metals that can accelerate both the OER and HER without the use of a separator. Bifunctional 

catalysts made of Fe, Co, and Ni, particularly in nanostructures, have been demonstrated to exhibit 

equivalent or higher HER and OER activity than Pt, Ir, and Ru. These bifunctional catalysts are 

frequently made up of nanostructured phosphides, sulfides, and selenides of Fe, Co, and Ni.48 

While the energy sector is actively investigating these materials, detailed evaluations of sulfide, 

selenide, and phosphide catalysts generated from Fe, Co, and Ni, as well as their applications in 

water splitting are lacking. The other common problems associated with electrochemical water 

splitting reactions include corrosion and durability issues that must be addressed to ensure long-

lasting electrochemical cells. Effective mass transport of reactants and products, stable 

electrolytes, and safety measures for handling flammable hydrogen are all critical considerations. 
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Additionally, the scalability, economic viability, high energy input, and environmental impact of 

water-splitting technologies need to be addressed to realize their potential in a sustainable 

hydrogen economy. Researchers and engineers are actively working on solutions to overcome 

these challenges and make electrochemical water splitting a practical and environment friendly 

hydrogen production method.44 

 

Figure 1.7: Schematic representation of electrochemical cell reactions (HER & OER). 

 

Photovoltaic-electrochemical (PV-EC) water-splitting stands out as a pivotal, advanced, 

and potent method for hydrogen generation.49 This technique combines a photovoltaic cell with an 

electrocatalyst, where the PV cell serves as the energy source, and the electrocatalyst facilitates 

water splitting as given in Figure 1.8. In a PV-EC system, two electrolyzers are connected in series 

with the PV cell, and these electrolyzers are linked to compartments for collecting H2 and O2 gases. 

Due to its reliance on solar radiation for power generation, the photovoltaic cell, also known as a 

solar cell, directly converts solar energy into electrical energy. These cells are made of 

semiconductor materials, which collect light from the sun and use a specific method to produce 

electricity. Electrons in the semiconductor shift from the valence band to the conduction band in 

the crystal structure when exposed to sunlight. The migration of electrons caused by this excess 

energy leaves holes in their wake, and it is the combination of these free electrons and holes that 

causes the PV cell to produce electricity. The greater the intensity of solar light and the surface 

area of the semiconductor, the greater the flow of photocurrent. Usually, an anti-reflective layer is 

applied to the PV cell's surface to reduce the amount of incident light lost. PV-EC water-splitting 
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provides low fuel expenses, durability, high efficiency, and freedom from fuel supply concerns, in 

addition to being environmentally friendly. PV-EC systems provide a clean and sustainable way 

to produce hydrogen gas, a flexible and eco-friendly fuel, they are of great interest in the field of 

renewable energy. Hydrogen produced through PV-EC water splitting can be used in fuel cells to 

generate electricity, stored for later use, or utilized in various industrial processes. The 

development and optimization of PV-EC systems are ongoing research areas, with a focus on 

improving efficiency, cost-effectiveness, and the selection of suitable materials and catalysts to 

enhance the performance of both the photovoltaic cells and the electrochemical components. These 

systems hold promise for addressing the challenges of clean energy production and storage while 

reducing the environmental impact of traditional energy sources.50 

Figure 1.8: Schematic representation of PV-EC cell. 

 

1.3.2 The Mechanisms of Hydrogen Evolution Reaction and Oxygen Evolution 

Reaction in an alkaline medium  

 

1.3.2.1 Hydrogen evolution reaction (HER) 

Hydrogen is considered a highly attractive replacement to depleting traditional fossil fuels 

because of its environmentally friendly nature and recyclability. Among numerous hydrogen 



Chapter 1 

 

 16 

 

production techniques, electrochemical water splitting emerges as an efficient and durable 

technology, particularly in contrast to other approaches. One of its significant advantages lies in 

its seamless integration with renewable energy sources like solar and wind power.51 Notably, 

alkaline water electrolysis plays a crucial role in industrial applications. It offers a prime solution 

for treating alkaline water discharge from processes such as water-alkali and chloralkali 

electrolyzers.52 However, it is essential to recognize that these technologies are energy-intensive, 

with water-alkali and chloralkali electrolyzer alone consuming a greater part of electrical energy 

consumption. Therefore, optimizing and improving the efficiency of alkaline water electrolysis 

becomes essential to mitigate energy demands and maximize the benefits of hydrogen production 

through water splitting. The inefficiency of high-performing acidic catalysts in alkaline 

electrolytes can be attributed to the higher overpotentials required and the inherent challenges 

associated with the reaction chemistry. Hence, there is a critical need to investigate the underlying 

mechanism and electrode kinetics, which can be a solid foundation for researchers to develop novel 

and highly efficient electrocatalysts.53  

There are numerous active electrocatalysts that have been reported for HER in an acidic 

medium. However, the formation of acid fog and high rate of corrosion in the electrocatalytic cell 

make it contaminated. On the contrary, in an alkaline medium, there is a need for extra energy to 

produce hydrogen by breaking the H2O molecule. The electrolysis of water in different electrolytes 

follows distinct pathways. In acidic electrolytes, the abundance of available protons promotes HER 

catalysis, making it comparatively easier to accomplish at low overpotentials. In an alkaline 

medium, the produced hydrogen is clear, and this provides improved stability to non-noble metals, 

preventing their erosion and dissolution, which leads to long effect and makes alkaline catalysis a 

substitute to acidic environment.54  

According to theoretical and experimental evidence, the HER mechanism in an alkaline 

medium mainly involves water dissociation, hydroxyl desorption, H2 desorption, and H* 

adsorption. Therefore, HER mechanism follows two pathways, first, Volmer-Tafel (V-T) and 

second, Volmer-Hervoysky (V-H) pathway. The Volmer step is the common step in both 

pathways; in this case, water dissociation takes place and the formation of intermediate species on 

the active surface. Subsequent to the Volmer step, either another H2O molecule attacks the 

adsorbed H* to form H2 (equation 2), or two absorbed H* species unite to produce H2 (equation 
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3).55 As a result, the alkaline HER can proceed through whichever the V-H or the V-T pathway, 

as illustrated in Figure 1.9.  

                                  Volmer step:                    H2O* + e− → H* + OH−                                      (1) (1) 

                                 Heyrovsky step:               H* + H2O + e− → H2 + OH−                             (2) (2) 

 

                                         Tafel step:                2H* → H2                                                                        (3) 
 

Figure 1.9: Schematic representation of HER mechanism in an alkaline medium. 

 

Thus, in alkaline electrolytes, the HER is governed by specific reaction mechanisms. Two 

essential factors significantly influence the intrinsic activity of the HER in this environment: 1. 

Catalyst's H–OH bond cleavage ability during the Volmer step: This step involves breaking the 

H–OH bond in water molecules to generate crucial hydrogen intermediates (H*). The catalyst's 

effectiveness in facilitating this bond cleavage is vital for the overall reaction efficiency. 2. The 

binding energy of hydrogen intermediates on the catalyst's surface: Once the H* species are 

formed, their subsequent interactions with the catalyst's surface are essential. The strength of their 

binding (binding energy) influences the stability and reactivity of the intermediates, further 

impacting the overall performance of the HER.56 These two factors play pivotal roles in 

determining how efficiently the HER proceeds in alkaline mediums, making them crucial 

considerations in the construct and optimization of electrocatalysts for this important reaction. The 

adsorption-free energy of H2O or OH*, calculated using density functional theory (DFT), for 
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evaluating the energy barrier of H2O dissociation (EH2O) for active sites is a descriptor. It is crucial 

to regulate the adsorption free energy of H2O/OH* to promote the HER process while avoiding 

solid adsorption that could hinder the reaction.55 Furthermore, the binding energy of H* on the 

active surface is closely related to the acceleration of hydrogen molecule formation and the overall 

HER activity of catalysts. The Sabatier Principle in catalysis suggests that an optimal hydrogen 

binding energy (HBE), neither too strong nor too weak, leads to high HER activity. The Gibbs free 

energy of hydrogen intermediates (ΔGH*) calculated using DFT is used to evaluate the HBE on 

active surfaces. For efficient HER, the ideal HBE is close to zero (ΔGH* = 0), indicating that further 

optimization of hydrogen adsorption energy on the catalyst's surface thatfurther speed up the 

alkaline HER kinetics. In recent years, with advances in synthetic strategies and nanotechnology, 

numerous advanced Ni-based electrocatalysts have been designed for the HER in alkaline medium, 

exhibiting excellent performance with low overpotentials, high current density, and long-term 

durability. Nørskov's and others have well correlated the determined exchange current density of 

the HER (how quickly hydrogen is produced in the reaction) with the calculated energy of 

hydrogen adsorption (ΔGH). They have plotted these values, leading to a classic "volcano-shaped 

plot."  The volcano-shaped plot is a graphical representation that shows the correlation between 

the exchange current density and the energy of hydrogen adsorption (ΔGH).57 In this plot, you 

typically observe a peak or maximum activity at a certain value of ΔGH (Figure 1.10). Catalysts 

with this specific energy of hydrogen adsorption exhibit optimal performance in the HER. Precious 

metals, like platinum, often have near-zero ΔGH, making them excellent catalysts for the HER. 

Non-precious metals, on the other hand, tend to have either too strong or too weak ΔGH values, 

making them fewer effective catalysts for this reaction.  
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Figure 1.10: Volcano plot of exchange current density (j0) as a function of DFT-calculated 

Gibbs free energy (ΔGH*) of adsorbed atomic hydrogen on pure metals. 

 

 

1.3.2.2 Oxygen evolution reaction (OER) 

The kinetics of OER show distinct characteristics depending on the pH of the medium and 

catalyst. In acidic medium, RuO2 and IrO2 demonstrate heightened OER efficiency whereas in 

alkaline medium oxides and hydroxides of Mn, Ni, Fe, and Co are more active. The OER 

mechanisms in both media involve multiple steps, with the rate-determining step (RDS) being 

crucial in determining overall efficiency. Catalysts with stable oxidation states, such as IrO2 and 

RuO2 in acidic media and Ni, Co, Fe, and Mn oxides and hydroxides in alkaline media, undergo 

oxidation-reduction cycles, producing O2 while restoring active sites for subsequent reactions. The 

electrocatalytic activity is intricately linked to the catalyst's capability to absorb intermediates, and 

the rate of reaction is influenced by factors including electronic configuration and the strength of 

attachment of intermediates to active sites. 

The electrocatalytic Oxygen Evolution Reaction (OER) is a complicated process that 

consists of four different phases, forming a multistep, four-electron transfer mechanism. This 

process necessitates an additional potential as compared to thermodynamic equilibrium potentials, 

stressing the need of understanding the reaction mechanism, particularly the rate-determining step, 

while building new OER electrocatalysts. The initial phase of alkaline OER comprises the 



Chapter 1 

 

 20 

 

coordination of OH ions with metal ions [M-OH], followed by the production of [M-O] and [M-

OOH]. Notably, the creation of [M-OOH] is the most thermodynamically unfavorable process, as 

evidenced by the associated positive free energy, which could be due to a weak contact between -

OOH ions and the metal surface. The metal oxide derivative is then oxidized, resulting in the 

creation of oxyhydroxide to act as a catalyst. The following Figure 1.11 represent the OER reaction 

alkaline medium-  

 

Figure 1.11: Schematic mechanism of OER in alkaline medium. 

 

In alkaline conditions, the formation of intermediates in the OER is relatively facile. This 

ease of formation is attributed to the abundance of hydroxide ions, which serve as active reactants. 

However, as the pH of the solution decreases, moving towards acidic conditions, the formation of 

these intermediates becomes more challenging. This difficulty arises because, in alkaline 

environments, hydroxide ions are readily available as reactants. In contrast, at lower pH values, 

especially in acidic conditions, the source of hydroxide ions is water molecules. Consequently, 

breaking O-H bonds in water demands additional energy, leading to an increase in overpotential 

for the OER at lower pH conditions. The scarcity of hydroxide ions in acidic environments 

complicates the formation of intermediates, adding an energy barrier to the reaction process. This 
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pH-dependent behavior underscores the importance of considering the specific conditions in which 

OER occurs when designing electrocatalysts for optimal performance. 

The OER process can typically involve two different electron-transfer routes: the adsorbate 

evolution mechanism (AEM) and the lattice oxygen oxidation mechanism (LOM) (Figure 1.12). 

In AEM, metal bands serve as the redox center, and the reaction proceeds through various oxygen 

intermediates, such as OH*, OOH*, O*, and O2. During this mechanism, concerted electron-

proton transfer steps take place between the metal and the intermediates. This type of process is 

contemplated as a metal redox catalytic reaction. On the other hand, LOM is recently recognized 

as an alternative electron-transfer route observed in electrochemistry, including applications in Li-

ion batteries and OER. In LOM, oxygen states act as the redox center, and the pathway involves 

OH-, O2
2-, and O2 species, with a direct O-O bond coupling (O-O) step. Unlike AEM, LOM avoids 

the rate-determining step, which is the O-O bond formation (OOH*) in AEM. As a result, LOM is 

considered more efficient in achieving the OER process. In recent years, continuous attempts have 

been made to understand the mechanism behind complex OER reactions (due to the multistep 

reaction involved).58  

 

Figure 1.12: Schematic representation of OER in an alkaline medium through AEM and LOM 

pathways. 
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1.4 Evaluation parameter for water splitting reaction  

Electrochemical splitting evaluation parameters (Figure 1.13) comprise overpotential at a 

specific current density, Tafel slope, electrochemical surface area (ECSA), Faradaic efficiency 

(FE), Impedance, mass and specific activities. These parameters collectively provide insights into 

the efficiency, kinetics, and selectivity of the electrochemical reaction.44 Lower overpotential and 

higher ECSA favor reduced energy consumption and improved performance. Exchange current 

density, and Tafel slope, the reaction's kinetic activity. Faradaic efficiency measures the selectivity 

of the desired product. Researchers must consider the interdependence of these parameters and 

their experimental complexities while optimizing electrochemical processes. We will discuss all 

the parameters as given below- 

Figure 1.13: Diagrammatic scheme of parameters for evaluation of electrochemical reaction. 

 

1.4.1 Overpotential 

In electrochemical water splitting, overpotential (symbolized as the Ƞ) represents the 

additional potential needed to reduce the intrinsic kinetic hindrance during both the HER and OER. 

The thermodynamic potentials for HER and OER are 0 V and 1.23 V vs. NHE, respectively, the 

overpotential at the desired current density without iR compensation. In commercial water 

electrolysis, the electrochemical setup operates at a constant cell voltage, typically ranging from 
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1.6 V to 2.0 V, depending on the electrocatalyst for HER and OER and the electrolyte pH. The 

standard for comparing HER and OER electrocatalysts is a current density of 10 mA/cm2 under 

different pH conditions. The origin of the overpotential (η) at 10 mA/cm2 in the context of solar-

to-fuel (STF) energy conversion devices is related to measuring the cell potential at this specific 

current density to evaluate the efficiency of the STF device. However, using the same overpotential 

benchmark for assessing an electrocatalyst that catalyzes a half-cell reaction (either HER or OER) 

independently may not be entirely appropriate. The STF device converts solar energy into fuel, 

where multiple electrochemical reactions occur at different interfaces. In contrast, the half-cell 

reaction focuses solely on one of the reactions (HER or OER). Therefore, the overpotential 

requirements and performance criteria may differ between the two scenarios, and a direct 

comparison of overpotentials in these contexts might not provide a comprehensive understanding 

of the catalyst's efficiency for a specific application.46 

In electrochemical water splitting, various overpotentials affect the reaction kinetics and 

efficiency. Concentration overpotential arises from differences in ion concentrations between the 

electrode surface and bulk solution and leads to decrement in concentration at the interfaces. 

Ohmic overpotential results from resistance within the electrochemical system, causing an 

additional voltage drop. Activation overpotential accounts for the activation energy needed for 

charge transfer at the reaction site. The total overpotential is the sum of these components, and 

understanding and minimizing these overpotentials are essential for optimizing the efficiency of 

water-splitting processes and improving overall system performance. Bubble overpotential arises 

when hydrogen or oxygen bubbles generated on the electrode's surface hinder the reaction. These 

bubbles can't be quickly removed from the electrolytic system, leading to a loss of effective active 

area for electrolysis and resulting in a high overpotential and ohmic voltage drop. The kinetic 

overpotentials of the HER and OER are related to the interfacial charge-transfer kinetics, and the 

exchange current density (j0) and the parameter 'a' determine the relationship between 

overpotential and current density. Kinetic overpotentials vary depending on the materials and the 

reaction conditions. Hence, for evaluating electrocatalysts in HER and OER, the overpotential at 

a fixed current density (e.g., 10 mA/cm2) or higher current densities (e.g., 50 mA/cm2 and 100 

mA/cm2) are considered as quantitative parameters. Additionally, the overpotential of a catalyst 

varies with different mass loading as it is mass dependent.59 
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1.4.2 Electrochemically accessible/active surface area (ECSA) 

ECSA stands for electrochemically active surface area and is credited to represent the 

actual surface area of the catalyst exposed to the electrolyte rather than the geometrical surface 

area. This distinction is crucial because electrochemical reactions take place on the surface to 

contact with the electrolyte. The BET surface area normalized activity has lost ground to the ECSA 

normalized activity, mostly because the former may offer a more precise evaluation of the catalytic 

characteristics of electrochemical materials. The ECSA normalized activity, also known as jECSA, 

is a more useful metric for comparing different kinds of catalysts since it accounts for variations 

in electrocatalyst size, shape, morphology, topography, and porosity. It is a crucial metric that 

seeks to demonstrate the electrocatalysts' inherent catalytic qualities. However, quantifying ECSA 

is not without its difficulties. There are various ways to calculate ECSA, but the catalyst's 

physicochemical characteristics influence which approach is used. When employing multiple 

methods to get the same material, this can result in differences in the ECSA values. This can lead 

to inconsistencies in ECSA values obtained for the same material when using different methods, 

affecting the reproducibility of results.46, 60 

Due to the difficulties in accurately determining ECSA and the need for consistent 

measurements, the utilization of ECSA-normalized activity is still a subject of argument within 

the scientific community. Consequently, only a limited number of researchers currently employ 

this parameter for evaluating catalysts performance in water splitting reaction. Furthermore, the 

significant variations in ECSA values obtained using different measurement techniques make it 

challenging to recommend ECSA-normalized activity as an essential activity parameter for 

electrocatalytic water-splitting. Despite these drawbacks, some researchers may choose to measure 

ECSA with other activity parameters if they believe it could provide valuable insights and 

complement their evaluations.60 

 

1.4.3 Tafel slope 

Tafel slope is a vital parameter to forecast the nature of the kinetics of an electrolytic 

reaction at the catalytic interface.46 The Butler-Volmer equation describe the relationship between 

current (I) and overpotential (Ƞ) at the electrolyte interface is given as- 

𝐼 =  𝐼𝑜 × [𝑒𝑥𝑝(𝑎𝐴𝑛𝐹/𝑅𝑇 ×  Ƞ)  −  𝑒𝑥𝑝(−𝑎𝐶𝑛𝐹/𝑅𝑇 ×  Ƞ)]                                            (4) 
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I is the current at particular overpotential, I0 is the exchange current at equilibrium potential, n 

is the number of electrons transferred, R is the ideal gas constant, F is the Faraday 

constant, and aA and aC are charge transfer coefficients at the anodic and cathodic reaction, T is 

the absolute temperature in K, and Ƞ is the overpotential. At equilibrium conditions, where 

there is no net current flow, then the anodic and cathodic terms in the Butler-Volmer equation 

cancel each other, and the observed current (I) is equal to the exchange current (I0). 

In the Tafel analysis, we assume that the electrochemical reaction is dominated by either 

the cathodic or the anodic process at a time (high overpotential approximation). Based on this, we 

can derive the Tafel equations for the cathodic and anodic polarizations separately. For the 

cathodic Tafel equation, when the cathodic reaction dominates (high overpotential on the cathodic 

side), the anodic term can be neglected, and the Butler-Volmer equation reduces to:  

𝐼 =  𝐼𝑜 × 𝑒𝑥𝑝(−𝑎𝐶𝑛𝐹/𝑅𝑇 × Ƞ )                             (5) 

Similarly, for the anodic Tafel equation, when the anodic reaction dominates (high 

overpotential on the anodic side), the cathodic term can be neglected, and the Butler-Volmer 

equation reduces to: 

𝐼 =  𝐼𝑜 × 𝑒𝑥𝑝(𝑎𝐴𝑛𝐹/𝑅𝑇 × Ƞ)                              (6) 

By measuring the current (I) at different overpotentials (Ƞ) during electrocatalysis, 

researchers can plot Tafel curves for both cathodic and anodic processes. The Tafel slopes obtained 

from these curves provide valuable information about the inherent kinetics of the electrocatalytic 

reaction. The expression gives the Tafel slope: 

𝑇𝑎𝑓𝑒𝑙 𝑠𝑙𝑜𝑝𝑒 (𝑏)  =  (𝑅𝑇) / (𝑛𝐹)  × (1 / 𝑎)      (7) 

Where “a” is the charge transfer coefficient of the dominant reaction. 

The Tafel slope can give insights into the reaction mechanism and the RDS in the 

electrocatalytic process. Steeper Tafel slopes indicate a faster RDS and a more efficient 

electrocatalyst. By studying the Tafel slopes obtained from Tafel curves, researchers can semi-

quantitatively predict the relative rate of electrochemical processes. Specifically, for the HER, a 

low Tafel slope (around 30 to 40 mV /dec) indicates a faster and more efficient Tafel pathway, 

which involves adsorption and electrochemical discharge of protons on adjacent active sites, 

leading to the evolution of H2. This describes the reaction V-T mechanism. This process is favored 

in electrocatalytic interfaces rich in electroactive sites exposed to the electrolyte, when many 

adjacent active sites are available. Material like Pt follows this pathway in an acidic medium. In 
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contrast, non-noble metal HER electrocatalysts, such as iron (Fe), cobalt (Co), nickel (Ni), 

tungsten (W), and molybdenum (Mo), chalcogenides commonly follow the V-H mechanism, 

which involves additional adsorption and electrochemical discharge. In alkaline conditions, the 

mechanism of HER is more complicated compared to acidic conditions. This is because there is 

no free H in a solution in alkaline medium for instant adsorption and discharge. Instead, protons 

must be generated through the oxidation of H2O or OH- at the anode, which requires extra work to 

be accomplished on the cathode, leading to a more sluggish HER process.47 

OER involves the generation of oxygen from water or hydroxide ions at the anode. The 

complexity of the reaction makes it more challenging to directly relate the Tafel slope to the 

reaction mechanism. OER can proceed through different pathways with several intermediate steps, 

and the rate-determining step can vary based on the catalyst and the conditions. However, it is still 

possible to gain some understanding of the OER mechanism using the Tafel slope. By deducting 

the number of e- transferred during OER from the Tafel slope values, researchers can partially 

predict the mechanism. For instance, a Tafel slope around 30 mV/dec suggests a four-electron 

transfer pathway, as observed with iridium dioxide (IrO2) and ruthenium dioxide (RuO2). On the 

other hand, Tafel slopes between 60 and 120 mV/dec indicate a two-electron transfer pathway, 

characteristic of iron group metal oxides/hydroxides like Fe, Co, and Ni in alkaline conditions.47 

 

1.4.4 Faradaic efficiency 

The Faradaic efficiency (FE) is used to show the selectivity of catalysts for HER and OER. 

Selectivity is an important aspect of electrocatalysis. Through an experiment, the evaluated amount 

of evolved gas is compared to the amount of gas calculated using Faraday’s equations of 

electrolysis to determine FE.46 Gas chromatography (GC) and the conventional water-gas 

displacement method are the two widely used techniques for determining FE. The traditional 

method involves dispensing the water-gas method, which collects the gas produced inside a 

graduated cylindrical measuring jar. Avogadro’s principle is then used to convert the volume of 

the collected gas into moles, and Faraday's second rule of electrolysis is used to calculate the 

number of moles of gas molecules based on the charge transmitted when the volumes that are 

computed and collected line up, the catalyst is said to have 100% Faradaic efficiency (FE), which 

indicates that it is very selective for the specific gas evolution reaction. Nevertheless, there may 

be practical problems when gathering evolved gases with the water-gas displacement approach. 
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As a result, the most extensively used technique for determining the amount of evolved gas is GC. 

With the use of GC, researchers may monitor the reaction course over time and gain knowledge 

about how the applied voltage affects the response rate. When the catalyst experiences large 

surface alterations under applied voltage, which impacts FE, this approach becomes especially 

helpful. Recently, fluorescence spectroscopy has been used as an alternative to GC for measuring 

evolved gases electrolysis for both OER and HER during electrolysis. This technique allows 

accurate measurement of FE for electrocatalysts. For OER, another consistent electrochemical 

technique involves using the rotating ring-disk electrode (RRDE) setup. FE is independent of the 

size, shape, and morphology of the catalyst, making it a valuable metric for comparing catalysts. 

Providing FE along with other activity parameters is essential when screening or evaluating 

electrocatalysts for water splitting or other electrochemical processes.61 

 

1.4.5 Electrochemical stability 

One important factor that establishes its potential for large-scale commercial operations is 

its electrochemical stability, which is assessed by analyzing its activity over an extended period of 

time. Two methods that are frequently used to investigate the stability of HER and OER catalysts 

are prolonged potentiostat electrolysis measurements (or chronoamperometry), CV and LSV at 

faster scan rates, also referred to as accelerated deterioration testing. In HER, the polarization curve 

begins at 0 V vs. NHE, allowing the catalyst to go through millions of cycles. An electrocatalyst's 

stability is indicated by the shift in both the onset potential and overpotential at a specific current 

density of 10 mA/cm2. A constant current density such as 10, 50, or 100 mA/cm2 sustained for 

more than 12 hours in chronoamperometric measurements, or a small increase in overpotential at 

a current density of 10 mA/cm2 for more than 12 hours, is another commonly accepted criterion 

for assessing stability. Stabilizing the electrocatalyst under investigation is influenced by several 

variables, including the substrate, the electrode being utilized, and the catalyst fixation technique. 

In general, evaluating an electrocatalyst's stability is essential to figuring out whether it can be 

used in large-scale water splitting or other electrochemical processes. 

 

1.4.6 Impedance 

Electrochemical impedance spectroscopy (EIS) is a useful technique for determining the 

electrochemical properties of catalysts, surfaces, interfaces, coatings, and other materials. Its use 
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in a wide range of energy research disciplines has become indispensable, particularly in areas 

where performance is dependent on parameters such as current, potential, and charge. One such 

field is electrocatalytic water splitting, which aims to produce high-purity hydrogen. EIS plays a 

critical role here by allowing the correlation of activity trends via the measurement of charge 

transfer resistance (RCT). The charge transfer process, in particular, governs the kinetics of these 

processes (HER and OER). As a result, Warburg's impedance makes no substantial impact in these 

circumstances. Under these conditions, the investigated interface is analogous to a simplified 

Randle's cell (Inset figure 1.14), especially if the substrate electrode plays no significant role in 

the ongoing electrocatalytic activity. Impedance spectroscopy is a widely used technique for 

measuring the impedance of an electrochemical system. The technique involves applying a small 

AC voltage or current to the system and measuring the resulting AC response. The measured 

impedance is then used to extract information about the electrochemical properties of the system, 

such as the charge transfer resistance, the double-layer capacitance, and the solution resistance.46 

The resulting Nyquist plot has a distinct shape, like a depressed semi-circle, as shown in 

Figure 1.14. A solution resistance (RS) and a charge-transfer resistance (RCT) are connected in 

series in this scenario, with a Constant Phase Element (CPE) connected in parallel to RCT. As 

previously stated, at high frequencies, the CPE's contribution is insignificant, operating as a short 

circuit, and its impedance is substantially lower than RS. This means that under these conditions, 

RS controls the charge transfer process primarily, and the measured impedance effectively 

represents RS. At low frequencies, however, the CPE acts as an open circuit, which is effectively 

erased by RCT. In this case, the charge transfer inside the circuit is solely determined by the series-

connected impedances RS and RCT. As a result, by adding the real components of impedances at 

both high and low frequencies, the total impedance of the interface may be calculated. Similarly, 

RCT can be calculated by subtracting RS from total impedance. These RCT values form the basis for 

making valid comparisons between different electrocatalysts, allowing for an assessment of their 

activity trends.60 
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Figure 1.14: Impedance plot of one of the developed samples showing semicircle. Inset of 

Figure 1.14 is the Randles circuit. 

 

1.5 Transition metal chalcogenides as an important candidate for water 

splitting 

There is one chalcogen element and one transition metal atom at least in transition metal 

chalcogenide nanomaterials. Group 16 elements are referred to as chalcogen elements in the 

periodic table. Transition metal chalcogenides come in a variety of forms and compositions, 

including Co3O4, Fe2O3, NiO, TiO2, ZnO, NiCo2O4, MoS2, WSe2, and others.62 Transition metal 

chalcogenides, with their superior properties (chemical, electrical, physical, and magnetic) over 

bulk materials, have a significant role to play in fundamental science and practical applications 

(Figure 1.15). Electrochemical water splitting for H2 production offers a cleaner and more 

sustainable alternative, as it utilizes water as both the starting material and the byproduct in the 

hydrogen economy cycle, where the combustion of H2 regenerates water. Noble-metal-based 

catalysts, such as Pt, IrO2, and RuO2, have historically been regarded as the most efficient water-

splitting catalysts. However, their exorbitant cost and scarcity prevent widespread usage. As a 

result, there is an urgent demand for low-cost, earth-abundant, and highly active non-noble-metal-

based catalysts to enable sustainable energy conversion.  A great deal of work has gone into 
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creating non-noble-metal-based electrocatalysts, mostly concentrating on transition metal-based 

chalcogenides (TMCs) that are common in the earth, such as phosphides, carbides, nitrides, oxides, 

hydroxides, and more. TMCs are one of these materials that have attracted a lot of interest because 

of their exceptional catalytic activity, distinct electrical characteristics, and structural 

arrangements. TMCs are adaptable for a variety of applications due to their broad spectrum of 

electrical properties, which include those of metals, semiconductors, and insulators. Furthermore, 

TMCs can exist in a variety of phases, including rhombohedral, hexagonal, or trigonal, and under 

some circumstances, they can undergo phase transitions that present new possibilities for 

electrocatalysis. The edges of 2D TMC nanosheets have been found to exhibit remarkable 

electrocatalytic activity, acting as HER active sites. However, despite their promise, TMC-based 

electrocatalysts face challenges related to low electrical conductivity, poor stability, aggregation, 

and unfavorable water adsorption and dissociation abilities.63-64 

Energy demand is expected to increase from 16 terawatts (TW) in 2010 to 30 TW by 2050. 

Currently, traditional fossil resources such as oil, coal, and gas account for 77% of global energy 

consumption, while renewable energy sources such as solar, wind, and hydroelectric power 

account for only 23% of energy consumption in 2024. This high reliance on fossil fuels depletes 

scarce resources while also contributing to environmental issues such as global warming. To solve 

these issues, the development of sustainable and renewable energy sources has become critical in 

order to combat environmental deterioration and ensure long-term development. Hydrogen has 

emerged as a possible replacement to fossil fuels as a clean, zero-carbon energy transporter with 

high energy density. Unfortunately, the majority of H2 is now produced by steam reforming of 

fossil fuels, which is inefficient and emits CO2, aggravating global warming. Elemental hydrogen 

is typically found in the gaseous form as molecular hydrogen. It is a colorless, odorless, non-toxic, 

and lightweight gas. When uncompressed, hydrogen occupies a large volume of 11250 L/Kg at 

room temperature. However, when subjected to high pressure, around 35.5 MPa or 350 atm, its 

volume is greatly reduced to 56 L/Kg. H2 undergoes liquefaction at an extremely low temperature 

of 20 K (-253 °C), and in its liquid state, it occupies a much smaller volume of only 14.1 L/kg. 

This property of hydrogen makes it a highly efficient carrier of energy, with a high energy density 

of 120 MJ/Kg, significantly surpassing gasoline, which has an energy density of 44.4 MJ/Kg. 

Furthermore, the anticipated cost of green hydrogen is projected to be in the range of INR 75-150 

per kilogram, which is competitive with the prices of existing fossil fuels. This indicates that 
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hydrogen has the potential to serve as a cost-effective and environmentally friendly alternative to 

traditional fuels.65  

Numerous strategies have been developed to enhance the electrocatalytic activity of TMCs, 

broadly categorized as increasing the number of active sites through structural engineering or 

increasing the intrinsic activity of each active site through electronic structure regulation. The latter 

approach involves modifying the electronic properties of TMCs to optimize their catalytic 

performance, particularly by tuning the energy band structure and electron distribution. Increasing 

the intrinsic activity leads to significant improvements in electrode activity while mitigating 

mass/charge transport issues. The adsorption strength of intermediates plays a pivotal role in 

reaction kinetics, with the Gibbs free energy for intermediate adsorption serving as a crucial 

parameter to explain catalytic behavior. The relationship between electronic structure regulation 

and electrochemical performance provides valuable insights for designing highly efficient 

electrocatalysts for water splitting. Recently, Ni-based materials have been especially attractive 

among transition metals due to their versatile chemical activity, corrosive resistance, crystal and 

electronic structure types, redox behavior, and thermodynamic stability. However, single type Ni-

based electrocatalysts experience insufficient active sites, low intrinsic activity, and stability as 

bifunctional catalysts in an alkaline medium.  Researchers continuously try to improve Ni-based 

material's electrochemical performance by following different strategies such as morphology 

tuning, doping, structural engineering, creating defects, and regulating electronic properties. 

Therefore, designing a bifunctional nickel-based electrocatalyst is more appealing for practical and 

business aspects.66   

Figure 1.15: Schematic presentation of transition metal chalcogenides in various field 



Chapter 1 

 

 32 

 

1.6 Important strategies to enhance electrocatalytic activity 

Electrocatalytic water splitting is a promising process for generating hydrogen fuel and 

oxygen using electricity. Enhancing the electrocatalytic water-splitting activity can improve the 

efficiency of this process. Here are some different strategies to enhance electrocatalytic water-

splitting activity: 

 

1.6.1 Morphology  

 

1.6.1.1 1D nanomaterial 

1D structures, like nanowires (NWs) and nanotubes (NTs), offer distinct advantages due 

to their anisotropic nature, unique structure, and surface properties compared to their nanoparticle 

counterparts. These attributes hold significant promise for enhancing both the activity and stability 

of water-splitting processes. Specifically, 1D nanomaterials have fewer lattice boundaries, 

facilitating electron and mass transport. They also feature longer stretches of smooth crystal planes 

along specific crystal surfaces and offer control over surface defect sites.67 

Several investigations have shown that Pt-based nanowires have superior electrocatalytic 

activity. However, their prohibitively high cost has hindered their widespread use. As a result, 

there is an increasing need to create novel, plentiful, non-precious nanomaterials with higher 

electrocatalytic activity to replace Pt-based materials. Cost-effective, inherently anisotropic metal-

based 1D nanostructures with increased activity have recently been manufactured in 

nanotechnology. Arrays of 1D nanowires on carbon fiber paper, nickel foam (NF), copper foam, 

and other conductive materials, for example, not only retain the distinctive features of nanowires 

but also display improved conductivity. As a result, they can be used as self-supporting electrodes 

without the usage of additional conducting polymers such as Nafion or carbon black. Furthermore, 

these materials aid in the prevention of corrosion and are extremely durable for water splitting. 

Herein, for all the materials, we have used carbon cloth as a substrate for the synthesis of a binder-

free catalyst.68  

Sancho and co-workers69 reported NiCo2Se4 nanowires (Figure 1.16a) as a promising 

electrocatalyst for OER. The nanowire morphology increases the material's electrochemically 

active surface area and porosity, which leads to better activity. Recently, Wang and co-workers70 

reported a phosphorous-doped NiCo2Se4 nanoneedle (Figure 1.16b) array for efficient HER 
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activity in different pH mediums. P doped NiCo2Se4 electrocatalyst fabricated on carbon fiber 

paper shows outstanding HER performance with low overpotentials of 33, 57, and 69 mV in acidic, 

alkaline, and neutral medium, respectively, to achieve 10 mA/cm2 current density. They have done 

DFT studies also to know the atomic level modulation and prove that P doping can optimize the 

charge densities in metallic and non-metallic centers of NiCo2Se4, improving the electrocatalytic 

HER activity. Xia and their research team71 synthesized metallic (Ni, Co)0.85Se nanotube arrays 

(Figure 1.16c), boasting a distinctive structure and an exceptionally high number of defect sites. 

These nanotube arrays demonstrated superior activity and stability in the OER when compared to 

pure Co0.85Se. Our group also developed NiCo2Se4 and Fe-doped NiCo2Se4 nanorod array for 

electrochemical water splitting.  

Figure 1.16: FESEM image representing 1D nanostructure of (a) NiCo2Se4 (b) P doped 

NiCo2Se4 (c) (NiCo)0.85Se [Ref. 69, 70, and 71]. 

 

1.6.1.2 2D nanomaterial 

In recent years, 2D nanosheets, especially ultrathin 2D nanostructures, have gained 

significant attention across various fields, including catalysis, optics, and electronics. There are 

several key advantages associated with the use of 2D nanomaterials in water-splitting applications. 

First, 2D nanocrystals, particularly ultrathin ones, expose a greater number of active sites, leading 

to improved catalytic activity. Second, the strong coupling between atoms in both the in-plane and 

out-of-plane directions within 2D nanostructures results in unique electrical performance, which 

plays a crucial role in electrocatalysis. Third, 2D nanomaterials, with their ultrahigh specific 

surface area, provide abundant sites for the adsorption of active species involved in electrocatalytic 

reactions.72 

The 2D nanocrystals obtained through methods like liquid exfoliation often possess a high 

density of defects, including vacancies, lattice disorder, and distortion. These defects, especially 
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when prepared by liquid exfoliation, can serve as additional active sites for various catalytic 

processes. Furthermore, surface functionalization offers a straightforward approach to fabricating 

catalysts based on 2D nanostructure. The unique properties of doped 2D nanostructure underscore 

the importance of careful characterization techniques to understand better and utilize their potential 

in diverse applications. For example, Cui et al.73 have developed nickel doped CoS2 thin 

nanosheets as a productive electrocatalyst through simple hydrothermal technique (Figure 1.17a). 

After the incorporation of 10% wt. Ni in CoS2 material, the bimetal catalyst displays the best 

activity with a smaller overpotential of 156 mV and a lower Tafel slope of 52 mVdec-1 as well as 

stability of 3000 cycles in acidic conditions. The favorable kinetics and energetics for hydrogen 

adsorption and desorption contribute to the excellent HER activity. Co-doped NiSe2 supported on 

Ni foam was developed by Liu and co-workers.74 Novel 3D mesoporous nanosheets of Co-doped 

NiSe2 (Figure 1.17b) show the best activity in all pH medium, after optimum doping of Co. The 

same group has shown both theoretically and experimentally that the doped catalyst is durable for 

HER with peculiar morphology and electronic structure. Recently, M. Basu et al.75 have reported 

iron-doped Ni(OH)2/NiOOH (Figure 1.17c) electrocatalyst on carbon cloth through a simple 

hydrothermal technique; the optimum ratio was obtained through ratio variation. They have shown 

that after doping with Fe, tuning in morphology, high electronic conductivity, and strain in the 

system originated. Iron behaves as a strong Lewis acid in the system, which can accommodate 

electron density from Nickel and enhances the O2 evolution in alkaline medium. Our group also 

developed Ni/Ni(OH)2/NiOOH nano worm, W doped Ni(OH)2/NiOOH nanosheets, CuCoS 

nanosheets, Ce doped Ni0.85Se nanosheets, and Cu and V doped MoS2 nanosheets for 

electrocatalytic water splitting.76-77 

 

Figure 1.17: FESEM image of (a) Ni doped ultrathin CoS2, (b) Mesoporous Co doped NiSe2 

nanosheets, (c) Fe-doped Ni(OH)2/NiOOH nanoflower[Ref. 72, 73, and 74]. 
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1.6.1.2 3D nanomaterial 

3D Materials with mesoporous and hollow structures have shown great potential in various 

fields, as they facilitate several essential processes such as providing active sites, adsorbing 

intermediates, and storing and releasing gases. When these 3D nanostructures are employed in 

electrocatalysis, they significantly enhance the efficiency of the reaction. This enhancement is 

achieved through several mechanisms, including increasing the contact surface area, reducing 

electron transfer resistance, creating more active sites, and facilitating the connection between the 

electrolyte and catalysts. Moreover, the presence of mesoporous and hollow structures further 

benefits electrocatalysis by promoting the efficient release of evolved gases, leading to improved 

catalytic performance. For instance, Gong and group78 reported 3D electrode pair of NiCoS/NiCoP 

(Figure 1.18a) as good electrocatalyst for water splitting, the nano brush structure of the developed 

is beneficial for exposed area and active sites. This cell requires 1.57 V to obtain 20 mA/cm2 

current density as electrolyze in alkaline medium. The crystal-plane-dependent electrocatalytic 

activity of NiCo2O4 crystals was examined by Fang and colleagues.79 In a 1.0 M KOH solution, 

the overpotential of the NiCo2O4 octahedron (Figure 1.18b) with exposed (110) and (111) crystal 

surfaces is 330 mV at 5 mA/cm2 for the OER and 157 mV at 5 mA/cm2 for the HER. 

 

 

Figure 1.18: 3D nanostructure of (a) NiCoS/NiCoP electrode (b) NiCo2O4 octahedron [Ref. 77, 

and 78]. 
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1.6.2 Structure   

1.6.2.1 Phase change  

Nanomaterial features such as conductivity, surface adsorption energy, energy band 

structure, and others can vary rapidly as crystal phases change. This process may result in 

unanticipated increases in electrocatalytic activity. Metal chalcogenides, with their various atomic 

and electronic structures, enable the fabrication of materials with a variety of crystal phases. 

Materials based on MoS2 or WS2, for example, often exhibit two phases: the semiconducting 

trigonal prismatic phase (2H) and the metallic octahedral phase (1T).80-81 It is quite simple to 

transition from the 2H phase to the 1T phase using phase-transformation procedures. This phase 

change increases electron density in the d orbitals, which enhances electrocatalytic activity. Liang 

and their team82 reported on the orthorhombic-CoSe2 and cubic-CoSe2 structures. The lengths of 

the Co-Se bonds in these materials vary, resulting in varying free adsorption energies for both 

hydrogen atoms (Hads) and water molecules. Notably, the cubic-CoSe2 structure has much higher 

activity than the orthorhombic-CoSe2. According to experimental data and density functional 

theory (DFT) calculations, cubic-CoSe2 has greater electrical conductivity, optimized adsorption 

energy, and increased hydrogen generation efficiency. This illustrates that creating active 

electrocatalysts via phase-transformation engineering is a highly efficient approach. 

 

1.6.2.2 High index crystal face  

A high density of atomic steps, ledges, and kinks is generally present in high-index planar 

nanocrystals, and these can behave as very active sites for a variety of catalytic, energy conversion, 

and other chemical events. Thus, the synthesis of high-index nanocrystals offers a viable route 

towards the production of extremely efficient next-generation nanocatalysts. Shape-controlled 

syntheses can produce these unique high-index aspects. It is critical to remember that high-index 

facets are not fundamentally stable and can change and vanish quickly during synthesis or in 

reaction conditions due to their high surface energy. To make extremely effective electrocatalysts, 

high-index faceted nanosheets with abundant of active sites and great structural stability are 

required.83  

 

1.6.2.3 Amorphous structure 
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Unlike crystalline nanoparticles, amorphous materials have attracted a lot of attention from 

a variety of industries. Amorphous materials only exhibit short-range order across a small number 

of atoms, in contrast to crystalline solids, which display long-range atomic order. Amorphous 

materials also possess special qualities like a large number of flaws, metastability, and isotropic 

qualities (such as soft magnetic, mechanical, corrosion-resistant, electrical, and catalytic qualities). 

Despite their intriguing features, amorphous nanomaterials require further exploration. This is due 

to amorphous materials' extraordinarily intricate internal structure, which makes it difficult to 

develop a complete model or systematic theory that can appropriately represent or describe them. 

Nonetheless, the less studied amorphous materials are, the more intriguing they become to 

researchers. Significant efforts have also been made to investigate the local atomic environment 

and ion transport in amorphous materials.84 

 

1.6.3 Electronic structure  

 

1.6.3.1 Chemical Doping  

Chemical doping has been demonstrated as an effective method to improve electrocatalytic 

performance via multiple mechanisms in the electrochemical reaction. The interest in doped 

nanoscale materials as catalysts originates from the fact that these particles display better 

electrocatalytic activity due to more active sites, chemical stability compared to bare nanomaterial. 

Chemical doping has proven a significant role in optimizing the morphology, crystal structure, and 

hydrogen adsorption Gibbs free energy, which plays a dynamic role in enhancing the activity. 

Transition metal-based electrocatalysts behave like a noble metal substitute and show excellent 

activity both for cathodic and anodic electrocatalytic reaction. Among them, various elements 

based doping materials, for example, transition metals of 3d, 4d and 5d in the periodic table and 

their chalcogenides, phosphides, nitrides, carbides, and other molecular subordinates have been 

investigated even though their erosion susceptivity to acidic or basic electrolytes, show better 

electrocatalytic performance. After doping, these materials exhibit activity comparable to the state-

of-the-art metals, such as Pt, Pd and RuO2 materials. Chemical doping in materials with foreign 

atoms is also an impressive method to manipulate surface chemistry, morphology, modify the 

elemental composition, and to tailor the electronic properties of host materials. Common dopants 

used in water splitting catalysts include transition metals (e.g., Fe, Co, Ni), non-metal elements 
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(e.g., N, P, S), and even heteroatoms like carbon. The choice of dopant and the doping method are 

critical in tailoring the properties of the catalyst to improve its performance in water splitting. 

Researchers continue to explore and develop new doping strategies to create more efficient and 

cost-effective catalysts for this sustainable energy conversion process.85-86 

 

1.6.3.1.1 Anion doping 

Researchers have focused on heteroatom-based (N, P, S, and Se) doping in transition metal 

electrocatalysts to catalyze the water-splitting reaction. This approach has demonstrated significant 

improvements in electrocatalytic performance by increasing the number of active sites and 

modifying the electronic and catalytic properties of the materials. Heteroatom doping involves the 

introduction of electronegative atoms, which leads to charge reorganization and changes in the 

material's electronic and catalytic properties. Importantly, the intrinsic properties of the host 

material can be retained even after heteroatom doping. For example, Ouyang and co-workers87 

have reported P doped CoS2 nanosheets for the hydrogen evolution reaction as an advanced 

electrocatalyst. They have emphasized that after phosphorous doping surface morphology of CoS2 

was tuned uniformly on the surface of carbon fiber, erected structure of P doped CoS2 could be 

more attainable by the electrolyte at the same time as water electrolysis. After P-doping, the 

enhanced charge transfer and promoted proton adsorption efficiently increase the kinetics of HER. 

The Ni-Co based catalyst (NiCo2S4) shows higher activity due to active redox couple of Co+3/+2 

and Ni+2/+3, which are effective centres for overall water splitting reaction but the high value of 

overpotential, onset potential, and inferior stability suppress the role in the water-splitting reaction. 

So, to overcome this problem, F. Li et al.88 have reported nitrogen-doped Ni-Co based sulphide 

hollow nanotubes with carbon layer coating by following a simple solvothermal method, after 

doping hollow nanotube’s structure not only maximize the number of active sites but also sheltered 

from electrolyte deterioration to upgrade the durability for electrolysis. The integrated catalyst 

exhibited low overpotential of 295 and 330 mV to generate 100 mA/cm2 for HER and OER, 

respectively. Recently, in 2019 Z. Shao et al.89 have synthesized heteroatom doped with oxygen 

vacancies in nitride and phosphide hybrid of Ni-Co for boosting OER. The remarkable 

performance of catalyst devoted to the particular heterojunction, available active sites and 

sufficient oxygen vacancies due to which charge transport increases and release O2 bubble, that 

makes catalyst to achieve low value of 41 mV dec-1 Tafel slope and an overpotential of 290 mV 
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in 1.0 M KOH, superior to the commercial IrO2 catalyst.  Nitrogen dopant in tungsten carbide 

nanoarray was developed by Han and co-workers,90 it behaves as good bifunctional electrocatalyst 

for water splitting in acidic medium. They have claimed that HER kinetics increased through N-

doping, which modulated the surface energy level to revise hydrogen binding sites. After doping, 

not only active sites were increasing, but there is a formation of a superaerophobic interface under 

water that leads to weaker bubble adhesion that favors more gas evolution. Because of N-doping 

surface morphology was maintained except the nanoarray become thinner as N can easily replace 

oxygen without any disturbance in the system. 

 

1.6.3.1.2 Cation doping 

Water splitting reaction can also be promoted through metallic (Fe+2/+3, W+6, Co+2/+3, 

Ni+2/+3, Ce+4, and Mo+6, etc.) doping in transition metal electrocatalysts. Due to vacant/filled d-

orbitals, metal can accept or donate the electrons to the system that make feasible adsorption or 

desorption of gaseous products, which can faster the reaction kinetics. Doped transition metal 

chalcogenides can be developed from various synthetic routes with different morphology, which 

give insight into the advancement of these material. Tungsten-doped CoP nanoneedles array was 

developed on carbon cloth as a bifunctional electrocatalyst by Ren and co-workers.91 The catalyst 

performed high activity and stability in acidic as well as in the alkaline medium. Theoretical (DFT 

calculations) results also prove W doped CoP as a promising catalyst because doping increases 

and optimizes the water and hydrogen adsorption energy, respectively. The synthesized W/CoP 

electrode exhibits low overpotential (32 and 77 mV) with small Tafel slopes of 57 and 65 mVdec 

-1 in acidic and alkaline medium, respectively. Two electrode systems were also established with 

the same material accomplishing a stable current density of 10 mA/cm2 at a fixed potential of 1.59 

V. Reducing the thickness of transition metal-based material nanosheets cation doping is a 

prominent way as reported in the literature. For example, Fei and co-workers92 developed Fe-

doped ultrathin Ni3S2 nanosheets on Ni foam as a well active electrocatalyst towards alkaline HER. 

The experimental and theoretical evidence proves that Fe doping modulates the size of Ni3S2 

nanosheets and surface electron density, which really helps in boosting electrochemical active 

surface area for HER. The atomic force microscopy (AFM) confirms the size of the Fe0.9Ni2.1S2 

sample is around 5 nm; this ultrathin Ni3S2 nanosheet could increase the system's conductivity. 2D 

nanosheets characterized by their substantial specific surface area, abundant active sites, and 
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excellent conductivity have been extensively documented as catalysts for the HER. Our group also 

reported cation (W6+, Fe3+, and Co2+) doping on Ni-based nanomaterials for electrocatalytic water 

splitting.93-95 

By introducing foreign cationic species into the crystal lattice, it becomes possible to fine-

tune the electronic structure, enhance catalytic activity, and improve charge transport, making 

them well-suited for various aspects of the water-splitting process. Furthermore, cation doping can 

influence the material's structural stability, mechanical properties, and optical characteristics, 

offering opportunities for innovation in water-splitting applications, such as catalysis for the HER 

and OER, as well as photocatalytic water splitting. This strategy remains a focal point of research 

to create advanced materials with customized properties for more efficient and sustainable water 

splitting technologies. 

 

1.6.3.2 Heterostructure formation 

A successful strategy for synthesizing extremely active electrocatalysts is the formation of 

heterogeneous nanocrystals with highly active nanointerfaces. Metals and metal oxides, metal 

compounds, carbon materials, inorganic substances, and metal-organic frameworks (MOFs) can 

all be combined to create these nanointerfaces. A distinct and extremely active nanointerface is 

formed because of the electrical structure of these many components changing close to the 

nanointerface. The fabrication of these nanointerfaces leads to the optimization of crucial factors 

like charge transfer, adsorption energy, and active sites. As a result, the electrocatalytic 

performance is significantly enhanced. Recent research has demonstrated the pivotal role that 

nanointerfaces play in improving electrocatalysis, showcasing their importance in the development 

of highly efficient electrocatalytic materials.96 

Enhancing the electronic structure and optimizing charge transport and mass transfer 

properties of heterostructures in catalytic processes can be achieved through chemical and physical 

modifications. This approach can lead to improved overall performance. For example, one 

effective method involves growing heterostructures on conductive substrates like nickel foam and 

carbon cloth, which serves to enhance their electrical conductivity. The modulation of surface 

electrons is closely associated with the transfer of charges across heterointerfaces within 

heterostructures, and this is influenced by the alignment of their band structures. Electron transfer 

occurs across the interface until the work function reaches equilibrium. For example, Huang et 
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al.97 conducted a synthesis of Mo2C/VC nanoparticle-embedded 3D graphite carbon through a 

phase separation process. This material demonstrated the capability to achieve a current density of 

10 mA/cm2 for the HER at a low overpotential of 122 mV. Notably, it exhibited exceptional long-

term durability, withstanding over 10,000 cycles. Sharma and group98 synthesized MoS2/MoSe2 

as an HER electrocatalyst in wide pH range. The heterostructure composed of MoSe2-ts@MoS2-

ts exhibits superior electrocatalytic efficiency and stability when compared to bare MoS2 and 

MoSe2 thin sheets. The formation of a heterojunction in MoSe2-ts/MoS2-ts leads to accelerated 

charge-carrier transport and provides a significantly larger and more active surface area for the 

adsorption and desorption of H+ ions. MoSe2-ts/MoS2-ts has an overpotential of −0.186 V vs. RHE 

with a low Tafel value of 71 mV/decade. Our group also developed Ni/Ni(OH)2/NiOOH 

electrodeposited sample on carbon cloth for better HER performance.68 

 

1.7 Doping of transition metal ions in Nickel-based electrocatalyst 

To date, the utilization of Ni-based materials has garnered significant attention due to their 

widespread availability and promising electrochemical efficiency. Notably, researchers have 

extensively explored Ni-based catalysts featuring heterogeneous nanostructures. Various Ni-based 

catalyst types have been investigated, including Ni-based oxides/hydroxides, chalcogenides, 

sulfides, selenides, phosphides, and nitrides. These catalysts demonstrate impressive 

electrochemical performance for processes like the HER or OER, along with bifunctional 

capabilities for overall water splitting.99 In order to enhance catalytic activity and decrease required 

overpotentials, diverse strategies have been developed. Examples include modifying the 

microstructure of nanomaterials, configuring developed electrocatalysts with multiple active 

phases, doping, alloying, and hybridizing with conductive materials. Significant advancements 

have focused on designing materials with nanostructures to finely control morphology, optimize 

surface-related properties, and facilitate charge transfer among different components. Beyond 

singular Ni-based catalysts, introducing additional elements to create multiple active sites can 

substantially enhance electrochemical properties because of synergistic effects and cooperative 

interactions. Moreover, incorporating metal or non-metal atoms via doping can fine-tune electronic 

structures, surface properties, and conductivity, rendering the catalysts more suitable for 

electrochemical reactions. Capitalizing on the cost-efficiency, excellent conductivity, and 
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exceptional stability of Ni-based materials to improve electrochemical performance for 

water splitting.66, 100  

1.8  Synthetic approaches for the development of doped nanomaterials 

1.8.1 Hydrothermal route: 

Hydrothermal synthesis is a powerful technique to control the morphology of 

nanomaterials, according to the temperature and pressure variation, different types of transition 

metal nanostructure (0D, 1D, 2D, and 3D) can be prepared.101 It is a solution reaction approach, 

and the composition can also be controlled through the liquid phase reaction. Nanomaterials with 

higher vapor pressure can be synthesized with minimum loss by this approach. Doping of 

heteroatom and metal can be carried out in transition metal nanostructure by using the following 

hydrothermal process. An advantage of using inorganic salts lies in the ease with which the source 

of metal ions can be dissolved in water. This method offers several benefits, including rapid 

reaction kinetics, high crystallinity, short processing times, phase purity, and cost-effectiveness. It 

is particularly useful for fine-tuning the architecture, morphology, crystalline phase, and unique 

shape and size of materials. This control is achieved through the regulation of factors such as the 

addition of small quantities of organic ligands, the composition of the solution, as well as the 

temperature and pressure during the reaction process.94, 102 

 

1.8.2 Electrodeposition method: 

This method presents an attractive approach for creating nanostructures on conducting 

surfaces via a cathodic reduction reaction. The process involves a two or three-electrode system 

where a specific voltage is applied in an appropriate electrolyte, often with the support of a growth-

directing agent that influences both nucleation rate and morphology. Electrodeposition can be 

conducted using techniques like cyclic voltammetry, linear sweep voltammetry, and 

chronoamperometry. Conductive surfaces such as carbon cloth (CC) or Ni foam are commonly 

used as working electrodes for the growth of desired nanomaterials.68 

Electrodeposition offers the advantage of enabling the conformal fabrication of structures 

while allowing for the control of material thickness by adjusting factors such as temperature, 

precursor solution concentration, and applied potential. This method is characterized by its rapid 

synthesis, minimal material wastage, low energy consumption, absence of chemical oxidants and 

reductants, and the elimination of unwanted byproducts. Importantly, electrodeposition allows for 
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the synthesis of nanomaterials directly on binder-free conducting substrates, fulfilling the 

requirements of electrocatalysts for efficient charge carrier transportation and improved catalytic 

activity within the substrate material. Therefore, it is well-suited for the development of metal 

chalcogenides, oxides, and various other nanomaterials, which hold promise for applications in 

energy conversion technologies.103 

 

1.8.3 Microwave-assisted method: 

In this method, electromagnetic energy is converted into thermal energy, signifying an 

energy transformation process rather than a simple heat transfer. The fundamental mechanism 

involves the penetration of microwaves into materials, resulting in direct interactions that generate 

heat. Microwaves, which are primarily electromagnetic rays within a frequency range of 0.3 to 

2.45 GHz, exhibit a superheating effect by interacting with solvent molecules, causing a rapid 

temperature increase. The use of a sealed container amplifies this effect by raising the pressure, 

consequently reducing reaction times. Because of the fast changes in their electric and magnetic 

fields, microwaves cause molecules to reorient, which results in the absorption of energy. Owing 

to a number of benefits, such as its affordability, excellent reaction yields, suitability for one-pot 

reactions, and capacity to reduce side reactions through reduced reaction periods, the microwave 

approach has become widely used in the synthesis of diverse nanomaterials.104 

 

1.8.4 Wet-Chemical Method:  

The wet-chemical synthesis method is a versatile method for producing nanomaterials at 

low temperatures and pressures. This method employs a variety of processes, such as the sequential 

ionic layer and adsorption reaction process (SILAR), dip coating, sol-gel, co-precipitation, 

microemulsion, and simple reduction.105-106 At or near ambient temperature, the simple reduction 

process is routinely used to manufacture metal nanoparticles. Through hydrolysis and 

condensation stages, a colloidal suspension of solid particles (sol) and polymers (gel) is formed. 

This approach yields nanoparticles with regulated size and shape, as well as homogeneity and 

monodispersity. The co-precipitation method is a simple way to create metal or metal chalcogenide 

nanoparticles. It entails the use of metal salts in aqueous solutions along with a precipitating agent. 

By altering parameters such as precursor ratios, temperature, surface ligands, stabilizing agents, 

and pH, the morphology, shape, and size of the nanomaterials can be adjusted. Microemulsion is 
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another important wet-chemical process that involves dispersing small water droplets (polar phase) 

inside an oil medium (non-polar phase) and stabilizing them with surfactant molecules. The 

SILAR deposition method allows for the creation of various thin films and layers of metal 

chalcogenides, offering simplicity, easy control over deposition and growth rates, and a shorter 

processing time compared to other methods. In this approach, the substrate is successively 

immersed in cationic and anionic precursors, facilitating the controlled growth of thin films.107 

 

1.9 Gaps in existing research 

The interest in nanoscale materials as electrocatalyst arises from the fact that these particles 

display characteristic physical, chemical, and optoelectronic properties, which are noticeably 

different from those of the corresponding bulk materials. Moreover, a catalyst having thin sheets, 

porous, and layered structure with increased reactive sites through doping decreases the required 

catalyst amount and also contributes to alleviating the overpotential. Mainly Pt, RuO2, and IrO2 

are used as efficient hydrogen and oxygen evolution catalysts, but the potential of large-scale 

deployment is hindered by higher cost and stability of these noble metal resources. Therefore, it 

becomes more and more essential to unveil an alternative bifunctional electrocatalyst within a 

single catalyst composed of non-precious metals or earth-abundant elements with high efficiency 

and stability. Incorporation of second metal as dopant generally improves the electrocatalytic 

activity by increasing charge transportation. Moreover, doping with heteroatom makes the catalyst 

more metallic and influences the chemical environment of the catalytic surface. 

In order to carry out water splitting reaction at practical scale, an extra overall operational 

voltage is required to apply on cell for the reaction, which can be equated as- 

                                      Vop    =     1.23 V +   Ƞa   +  Ƞc + ȠΩ  

In the above equation, Ƞa and Ƞc are anodic and cathodic overpotential, respectively and 

ȠΩ is excess potential required to compensate the internal resistance. To improve the efficiency of 

water splitting reaction these overpotential should be minimized. Highly active OER and HER 

catalyst can minimize the intrinsic activation barrier of the anode and cathode, which can give the 

solution to the existing literature problem. Higher activity can be generated through a bifunctional 

active catalyst via doping.  

Most reported results are paying attention on the development of separately active HER or 

OER electrocatalyst. Therefore, the challenge is to generate bifunctionality (HER and OER) in a 
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single catalyst. So far, the origin of bifunctional activity is not clearly known and is sometimes 

controversial. Therefore, to develop bifunctional active site in a single catalyst for electrocatalytic 

water splitting by incorporating many active components via doping, alloying, composing, etc. 

approaches is very much essential. Furthermore, the developed electrocatalyst exhibits better OER 

but poor HER in alkaline electrolyte, whereas poor OER but higher HER in acidic electrolyte 

solution. Therefore, to overcome the gaps in existing research, we must develop an efficient 

strategy for a superior electrocatalyst with bifunctional active sites in a single catalyst for overall 

water splitting in a particular electrolyte solution. After doping in transition metal chalcogenides, 

higher activity, chemical stability, and catalytic durability can be seen, but the interaction between 

dopant and transition metal chalcogenides is still missing, which plays a vital role for better 

electrocatalytic activity. Another critical challenge is to fabricate two-electrode configuration 

using doped thin sheets as both an anode and cathode. For two-electrode system, overall water 

splitting apparatus are assembled as sample deposited carbon cloth as a working, counter and 

reference electrode and in a single electrolyte, which is very much challenging.  

 

1.10 Thesis Objectives and Outline 

The following objectives were proposed initially in the research proposal- 

1. Syntheses of various transition metal chalcogenides (hydroxides, oxyhydroxides, 

sulphides and selenides etc.) of Ni, Co, Fe, and Cu using different chemical techniques. 

2. Effect of doping on transition metal chalcogenides. The dopants are W, Fe, Co, Ce, S, P, 

and N. 

3. Characterization of doped and undoped transition metal chalcogenides using various 

techniques. 

4. Application in overall water splitting using doped and undoped transition metal 

chalcogenides in a wide pH range including sea water condition. 

5. Development of two electrode system by using bifunctional active site in a single catalyst 

both as a cathode and anode. 

In our current study, Nickel based different nanomaterials are explored as cathode, anode 

and bifunctional electrocatalyst for electrochemical water splitting reaction. Nickel-based 

transition metal chalcogenides (MaXb, where X = S, Se, Te) have appeared as highly promising 

substitutes to Pt, and RuO2 for water splitting. The remarkable synergistic effect between nickel 
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(Ni) and neighboring atoms leads to significantly enhanced surface adsorption properties, thereby 

attributing to the improved electrocatalytic characteristics of the resulting materials. The 

advantages of Ni-based materials are manifold, including their cost-effectiveness, abundant 

elemental availability, robust strength, excellent ductility, high corrosion resistance, efficient heat 

conduction, and remarkable electrical conductivity. While many well-known Ni compounds are 

divalent, Ni has the unique capability to exhibit various valences ranging from -1 to +4. This 

versatility in electronic transitions, combined with its exceptional electronic properties, high 

conductivity, and thermal stability, has made Ni a popular choice for designing electrocatalytic 

material. Due to its highly oxidizing nature single Ni based materials show lower conductivity and 

stability for HER, OER and bifunctional properties. Herein, we have followed the different 

strategies such as heterostructuring, morphology control and chemical doping to improve the 

electrochemical activity and stability of various material as Ni/Ni(OH)2/NiOOH, 

Ni(OH)2/NiOOH, Ni9S8, Ni0.85Se and NiCo2Se4 etc. The theoretical studies result are also included 

to support the tuning in the electronic structure, synergistic effect, Lewis acidity, metallic nature 

and reaction mechanism of HER and OER of Ni(OH)2/NiOOH, Ni9S8, Ni0.85Se and NiCo2Se4 

material after doping with W6+, Co2+, Ce4+, and Fe3+ cations, respectively. The specifics of each 

of these processes are elucidated within their respective chapters. 
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 The chapter includes details of chemical and experimental 

methods used for the synthesis of different types of pristine and 

doped nickel-based nanomaterials. 

   It contains the characterization methods, calculation methods, 

and instruments used for all the experiments included in the thesis. 
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This chapter provides a comprehensive overview of the chemicals, reagents, and 

conducting materials employed in the fabrication of all pristine and doped Ni-based 

electrocatalysts. The characterization of Ni-based nanomaterials is conducted through diverse 

techniques, including powder X-ray diffraction (PXRD), field emission scanning electron 

microscopy (FESEM), transmission electron microscopy (TEM), X-ray photoelectron 

spectroscopy (XPS), Fourier-transform infrared (FTIR) spectroscopy, Raman spectroscopy, BET 

(Brunauer–Emmett–Teller) analysis and inductively coupled plasma atomic emission 

spectroscopy (ICP-AES). The electrocatalytic activity studies are carried out using the CH 

instrument. 

2.1 Used Chemicals 

The below-mentioned chemicals are used for the synthesis of various doped and undoped electrodes. 

  

Table 2.1: List of the chemicals used in this thesis work with their purchasing company. 

S. No. Chemicals Name of Supplier 

1 Nickel chloride (II) hexahydrate (NiCl2.6H2O) SRL, India 

2 Cobalt chloride (II) hexahydrate (CoCl2. 6H2O) Merck, India 

3 Urea, Extra pure SD fine, India 

4 Ethanol Merck, India 

5 Sodium selenite (Na2SeO3) Loba Chemie, India 

6 Ferric chloride (FeCl3) SRL, India 

7 Hydrazine hydrate (H2N-NH2) Spectrochem, India 

8 Potassium hydroxide (KOH) SRL, India 

9 Sodium hydroxide (NaOH) SRL, India 

10 Nafion Sigma Aldrich, India 

11 Isopropanol Merck, India 

12 Sulfuric acid  Spectrochem, India 

13 Nitric acid Spectrochem, India 

14 Acetone [C3H6O] MolyChem, India 

15 Pt-C 5% Spectrochem, India 

16 Ammonium fluoride (NH4F) SRL, India 
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17 Thioacetamide  SRL, India 

18 Nickel nitrate hexahydrate (Ni(NO3)2.6H2O) SRL, India 

19 Sodium tungstate dihydrate Na2WO4.2H2O SRL, India 

20 Ammonium ceric (IV) nitrate  Merck, India 

21 Commercial RuO2 Sigma Aldrich, India 

 

2.2 Materials Used:  

2.2.1 Carbon Cloth:  

A conducting surface, specifically carbon cloth (CC), obtained from Shiree Balaji 

Scientific Company, served as the substrate for electrocatalyst development. The cleaning process 

involved immersing a small CC piece in concentrated HNO3 solution for 24 hours. Subsequently, 

the CC underwent ultrasonication in distilled water, followed by a 12-hour wash with acetone and 

a 12-hour wash with ethanol. After thorough drying, the cleaned CC was employed in the stepwise 

process for electrocatalyst development. 

 

2.3 Methods 

2.3.1 Synthesis Method 

2.3.1.1 Ultra-sonication Method:  

The ultra-sonication method is a highly effective technique for achieving the proper 

dissolution of metal precursors. This process involves the transmission of high-intensity ultrasound 

waves (greater than 20 kHz) through a liquid medium. These waves induce acoustic cavitation, 

leading to the rapid formation of microbubbles. The resulting local heating facilitates the 

breakdown of the metal precursor into its ions, allowing for efficient dissolution in the solvent 

medium.1-2 

2.3.1.2 Hydrothermal Method 

Hydrothermal synthesis stands out as an advantageous and emerging technique for crafting 

diverse nanostructures. Notably, it offers a greener, simpler, and more cost-effective alternative to 

the solvothermal method by utilizing water as a solvent in lieu of organic solvents. The reaction 

temperature surpasses the boiling point of water, creating self-generated pressure within the closed 

system due to vapor saturation. A key merit of the hydrothermal method lies in its ability to yield 



Chapter 2 

 

 58 

 

nanomaterials with remarkable uniformity. This technique boasts a shorter reaction time compared 

to conventional methods and produces nanomaterials with a high degree of phase homogeneity. 

Several pivotal reaction parameters exert influence over the physicochemical properties of the 

resulting nanostructures in hydrothermal syntheses. These include reaction temperature, pressure, 

reaction time, pH of the reaction precursor, concentration of the initial metal precursor, and the 

presence of growth-directing agents. In the hydrothermal method, the reaction precursor solution 

is contained within a Teflon-lined container and maintained at a constant temperature for the 

specified reaction duration. Other parameters, such as the concentration of initial components, 

solubility, and pH of the solution, must be carefully set prior to initiating the reaction.3-4 

2.3.1.3 Electrodeposition Method 

Electrodeposition, often known as electroplating, is a very useful process noted for its 

precision, adaptability, and low cost. One of its primary advantages is the exact control it provides 

over the thickness and composition of deposited materials, which is critical for applications 

needing specialized coating characteristics. Even on intricate and irregular surfaces, the method 

ensures a homogeneous coating, making it important in industries such as electronics. The capacity 

of electrodeposition to produce high-purity deposits is very useful in industries such as 

microelectronics and semiconductor production. Furthermore, because it is versatile across a wide 

spectrum of materials, from metals to alloys and specific compounds, it is applicable in a variety 

of industrial applications. Because of its simplicity and minimal equipment expenses, the approach 

is frequently cost-effective, making it an economically viable option. Furthermore, 

electrodeposition saves energy. Furthermore, electrodeposition is energy-efficient, particularly 

when employing aqueous solutions, benefiting both economic and environmental concerns. 

Electrodeposition has emerged as a preferred approach in a variety of industrial applications due 

to its capabilities for selective deposition, strong substrate adherence, scalability for mass 

production, and lower waste generation as compared to competing methods.5-6 

2.3.2 Sample Preparation method for Analysis  

2.3.2.1 Sample Preparation for TEM 

The samples were deposited onto 400-mesh carbon-coated copper grids by placing 3-4 

droplets of a recently prepared dilute ethanolic solution of the specimen, followed by overnight 
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drying of the grids. For solid powder samples, dispersion was achieved in ethanol, whereas liquid 

samples were promptly utilized for drop casting onto the grids. 

2.3.2.2 Sample Preparation for XPS 

To perform XPS analysis, palates of the developed material were prepared, keeping the 

thickness at 8 mm. To compensate for any charging effect, the binding energy of the C1s peak has 

been used as a reference. 

 

2.4 Instrumentation 

For the detailed characterization and to study the EC activity of the developed electrodes 

following instruments and techniques are used. 

2.4.1 List of Instruments 

1. Magnetic stirrer, IKA RCT basic.  

2. Centrifuge Machine, Tarsons (SPINWIN-MC03). 

3. Sonicator, Leelasonic. 

4. Balance, Denver Instrument, Japan. 

5. Teflon lined container (autoclave) and Oven, Genetix (GX-A5030A). 

6. Hot Air Ovan, MAC (MSW-211). 

7. PXRD analysis: For PXRD, a Rigaku Mini Flex II diffractometer with Cu-Kα radiation was 

used. The PXRD analysis was carried out with 2θ values ranging from 10°- 80° and a scanning 

rate of 2° per minute and 1° per minute at 25 °C.  

8. XPS Analysis: For XPS measurements, a commercial Omicron EA 125 spectrometer 

equipped with a seven-channel detection system was used. Monochromatic light of Al-Kα 

radiation with 1486.7 eV energy was used as an X-ray source. The emission current was set 

to 15 mA, and chamber base pressure was maintained below <10-9 mbar during the 

measurement. 

9. FESEM analysis: To determine the morphology of the synthesized samples FESEM FEI 

microscope (Model- ''APREO S'') was used. To carry out EDS analysis, X-MaxN, Aztec 

(software), NS: 77887 (Detector) was used, which was attached to the FESEM. Before 

FESEM and EDS analysis, the synthesized materials were coated with gold or chromium by 

sputtering. 
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10. TEM analysis: TEM and HRTEM analysis were carried out using a Bruker microscope and 

FEI Technai G2 instrument operated with an electron beam with an energy of 200 kV.  

11. Fourier Transform Infrared Spectroscopy (FTIR): To acquire FTIR spectra, a Shimadzu IR 

Affinity-1S spectrometer was used. 

12. Raman Analysis: HORIBASCI Raman instrument (Model: LabRAM HR EVO) was used to 

carry out Raman analysis. The detector was a thermoelectrically cooled charged coupled 

device (CCD) detector of 576×384 pixels. 

13. BET analysis: The BET surface area was done with Autosorb iQ-C-XR-XR-XR and 

BELSORP mini-X. The preheating treatment for samples was done at 300ºC for 3 and 6 hours.  

14. ICP-AES analysis: ICP analysis was done with model ARCOS, a Simultaneous ICP 

spectrometer, and a Perkin Elmer  AVIO spectrometer. Before ICP analysis, the sample was 

digested and mixed with a digestion reagent, often an acid or a combination of acids. 

Commonly used acids include nitric acid (HNO3), hydrochloric acid (HCl), sulfuric acid 

(H2SO4), 

15. All the electrochemical data was recorded in CH Instrument (CHI604E) at 25 °C.  

The details of the characterization techniques are as follows: 

 

2.4.2 Powder X-ray Diffraction 

In 1912, the German physicist Max von Laue made a groundbreaking contribution by 

demonstrating X-ray diffraction (XRD), a non-destructive, versatile, and widely employed 

analytical technique. X-ray diffraction is extensively utilized for analyzing crystallinity, phase 

identification, purity assessment, determination of particle size, investigation of crystal structure, 

and determination of lattice parameters. X-rays, characterized by their short wavelengths in the 

range of 10-7 to about 10-15 meters, are generated through the interaction of high-energy accelerated 

electrons (typically at 30 kilovolts) with the core electrons of a metal. When these accelerated 

electrons displace core electrons from their orbits, electrons from outer orbitals drop down to fill 

the vacancies. The energy produced during this process manifests as an electromagnetic wave 

known as an X-ray. A cathode ray tube acts as the X-ray source in the X-ray diffraction apparatus. 

The generated X-rays are filtered before being directed onto the sample to produce 

monochromatic radiation with a single wavelength. The sample is then exposed to this 

monochromatic radiation. The X-rays interact with the sample's crystal lattice, and reflection 
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occurs only when the Bragg diffraction condition is met. When the angle of incidence equals the 

angle of reflection, the X-ray is reflected by the sample's lattice planes, meeting the relationship 

indicated by Bragg's law. To sum up, X-ray diffraction is an effective analytical method that uses 

the concepts of X-ray generation, monochromatic radiation, and the Bragg diffraction condition to 

yield important details about the phase composition, crystalline structure, and other critical 

properties of the materials being studied.7 

2𝑑ℎ𝑘𝑙 𝑠𝑖𝑛 𝜃 =  𝑛𝜆 

Here, λ is the wavelength of the X-ray, θ is the scattering angle, dhkl represents the spacing 

between crystal planes with Miller indices hkl, and n is an integer. The characteristic diffraction 

pattern is produced by the relationship between the angle of incidence, the wavelength of incident 

X-rays, and the spacing between crystal planes, which is described by this equation. When used in 

X-ray diffraction, the powerful X-rays can reveal important details about the molecular and atomic 

structures of a material. These X-rays interact with the crystal structure as they go deeper into the 

substance. Each crystalline material has a different diffraction pattern because of its own atomic 

structure.8-9 

2.4.2.1 Determination of Particle Size 

The diffraction method uses the measurement of diffraction peak broadening to determine 

particle size. Particle size has a direct bearing on this occurrence. In order to obtain diffraction 

maxima in a crystal, the incident X-ray beam needs to line up at precise angles with a reflection 

plane for an accurate analysis. Using X-ray diffraction (XRD) examination, the width of the peak 

can be used to determine the size of the crystallite. For this, Scherer's equation is frequently used. 

The equation is expressed as: 

𝐵(2𝜃) =
𝐾𝜆

𝑐𝑜𝑠𝜃
  

In this case, d stands for particle size, λ for incident X-ray wavelength, and B for full width 

at half maximum (FWHM) intensity expressed in terms of 2θ. Peak broadening results from a 

decrease in crystallite size, according to the equation provided.10-12 
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2.4.2.2 Determination of strain (W-H method) 

The broadening of diffraction peaks in X-ray diffraction (XRD) can be analyzed and interpreted 

using the Williamson-Hall method, particularly when considering crystallite size and lattice strain. 

The contributions of crystallite size (D) and lattice strain (ε) to the widening of XRD peaks are 

separated using the Williamson-Hall equation. The equation is given by: 

𝛽 cos 𝜃 =
𝑘𝜆

𝐷
+ 4𝜀 sin 𝜃 

The variables, in this case, are β (full width half maxima), λ (wavelength), k (constant), D (size), 

θ (diffraction angle), and ε (system strain value). The intercept and slope values are shown in 

Figure by the plot of βcosθ and 4sinθ; the slope value indicates the increased strain in the system. 

Based on XRD peak broadening, the Williamson-Hall equation offers researchers a useful tool for 

understanding the structural characteristics of materials.12-13 

 

2.4.3 X-ray Photoelectron Spectroscopy (XPS) 

In X-ray photoelectron spectroscopy (XPS), atoms, molecules, or solid surfaces expel their 

core electrons when exposed to X-rays. For the XPS procedure, photons of Al Kα (1486.6 eV) or 

Mg Kα (1253.6 eV) are usually used. Every element has a unique core electron binding energy, 

which indicates the oxidation state. One can ascertain the elemental makeup of the substance by 

examining the peaks linked to these binding energies. The oxidation state of every element can be 

determined by using the core electron binding energies. These binding energies are represented by 

the peaks in the XPS spectrum, which can be examined to ascertain the material's composition. In 

addition, XPS can shed light on chemical bonding. The binding energy and peak shape provide 

important insights into the chemical environment of the material since they are sensitive to the 

oxidation and chemical state of the emitting atom. To sum up, XPS is an effective analytical 

method that uses X-ray irradiation to examine the material's surface composition. XPS is a useful 

tool in surface science and materials analysis because it allows researchers to obtain quantitative 

information about elemental composition, oxidation states, and chemical bonding by studying the 

resultant spectra and examining the core electron binding energies.14-15 

2.4.4 Electron Microscopy 

Energetic electron beams are used in electron microscopy, an imaging method, to study 

objects at extremely tiny scales. Although there are many different types of electron microscopes, 
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field emission scanning and transmission electron microscopes are the most commonly utilized. 

 

2.4.4.1 Field Emission Scanning Electron Microscope (FESEM) 

A popular electron microscopy method is field emission scanning electron microscopy 

(FESEM), which is renowned for its adaptability, range of imaging modes, simple sample 

preparation, and simple picture interpretation. The source of the electron beam in a FESEM is a 

cathode, usually made of LaB6 or tungsten filament. The specimen loses energy through a variety 

of processes as it interacts with the electron beam. Then, this lost energy is transformed into a 

variety of other forms, including heat, high-energy backscattered electrons, Auger electrons, low-

energy secondary electrons, cathodoluminescence (light emission), or X-ray emission. Each of 

these processes sends out signals that carry important details about the specimen's composition 

and topography. In a typical FESEM image, only secondary electrons are detected. After being 

identified, these electrons are sent as signals to the processor, where they undergo additional 

processing to create an image of the specimen. The surface topography and composition of the 

sample can be seen in this image, which makes the FESEM a useful instrument for characterizing 

and analyzing materials. The technique is widely used in many scientific disciplines since it is 

simple to prepare samples and interpret images.16
 

2.4.4.2 Transmission Electron Microscope (TEM) 

In terms of its fundamental elements, Transmission Electron Microscopy (TEM) and 

Scanning Electron Microscopy (SEM) are identical. TEM, on the other hand, varies in that it uses 

transmitted electrons to produce images of the sample. This method involves directing an electron 

beam through a thin specimen, focusing the transmitted electrons onto an image medium—

fluorescent screens or photographic films, for example. SEM uses beam scattering to only provide 

information on the surface morphology of the sample; TEM uses transmitted electrons to create 

images that provide a more complete picture. provide information regarding magnetic domains, 

tensions, size, lattice planes, and crystal structures. TEM is notable for achieving a better resolution 

than SEM. Transmission electron microscopy (TEM) comes in two primary varieties: high-

resolution transmission electron microscopy (HRTEM) and low-resolution TEM. Especially 

HRTEM provides incredibly detailed images. Lattice spacing (d) can be computed from HRTEM 

pictures, which yields details about individual crystal planes (dhkl). TEM has drawbacks despite 
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its great resolution and adaptability, including the requirement for experienced operators and 

complex sample preparation.17-18 

2.4.4.3 Energy-Dispersive X-ray (EDX) Spectroscopy  

Analytical methods like as Transmission Electron Microscopy (TEM) and Scanning 

Electron Microscopy (SEM) are frequently used with Energy Dispersive X-ray Spectroscopy 

(EDS), or EDX. This method is used to examine a sample's elemental composition. EDS analysis 

produces distinctive X-rays from the material being analyzed by subjecting a conducting sample 

to an electron beam, usually with energy between 10 and 20 kilo electron volts (keV). These X-

rays originate in an area that is about two micrometers deep. An image of the distribution of each 

element is produced as the electron beam is traversed across the material, giving important details 

about the sample's chemical makeup. All photons released in EDS are concurrently gathered and 

quantified by a solid-state X-ray detector. Since every element has a distinct collection of peaks in 

its electromagnetic emission spectrum, it is possible to identify individual components and fully 

characterize the composition of the material.19 

2.4.5 Fourier Transform Infrared (FTIR) Spectroscopy  

The study of matter's interaction with the infrared portion of the electromagnetic spectrum 

is known as infrared (IR) spectroscopy. The related photon energies (from 1 to 15 kcal/mole) are 

too low in this spectral range to excite electrons, but they can cause vibrational excitation in atoms 

that are covalently bound. The infrared spectrum is commonly observed in the range of 4000 to 

400 cm-1, whereby both inorganic and organic functional groups absorb radiation. According to 

the IR spectroscopy gross selection criteria, a 'IR active' vibrational mode needs to be connected 

to variations in the electric dipole moment. The molecule needs a change in dipole moment 

throughout the vibration, but it does not necessarily need a permanent dipole. IR spectroscopy 

plays a crucial role in identifying functional groups present on the surface of materials, as it 

provides insights into the vibrational characteristics associated with different chemical bonds and 

helps in material characterization.20 

2.4.6 Raman Spectroscopy 

Raman spectroscopy is an analytical method that uses scattered light to measure a sample's 

vibrational energy modes. Using this technique, a microscope focuses lasers at particular 

wavelengths (such 354 nm, 532 nm, and 785 nm) onto a tiny area on the sample. Next, the Raman 
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effect, also called the Raman shift, or frequency difference between the incident monochromatic 

light and the scattered light is measured. The ensuing plot of the Raman shift against the measured 

photons produces the Raman spectrum. This spectrum provides specific details on the sample's 

rotational, vibrational, and other low-frequency modes. Raman spectroscopy is a flexible 

technique that offers insights into both structure and chemistry. It also enables the identification 

of substances using their unique Raman "fingerprint." Determining details regarding the sample's 

symmetry, crystalline structure, disorders, and flaws is another useful application of this approach. 

Raman spectroscopy provides an unparalleled insight into the molecular and structural makeup of 

materials, making it a vital tool in many scientific domains such as biology, chemistry, and material 

science.21 

2.4.7 BET Analysis 

This is a popular analytical method in surface science for figuring out a porous material's 

specific surface area is Brunauer-Emmett-Teller. The BET method, which bears the names of its 

creators, Edward Teller, Paul Hugh Emmett, and Stephen Brunauer, is especially useful for 

determining the surface area of substances like powders, adsorbents, and catalysts that have 

complex pore architectures. The method relies on the adsorption of gas molecules at various 

relative pressures onto the surface of the material. The BET equation is used to compute the 

specific surface area and ascertain the monolayer capacity by examining the adsorption isotherm 

data. The BET technique has been widely used in many different industries, offering vital 

information about the textural characteristics of materials and supporting the optimization of 

procedures, including catalysis, gas adsorption, and material synthesis.22 

2.4.8 ICP-AES Analysis 

ICP-AES, or inductively coupled plasma atomic emission spectroscopy, is a potent 

analytical method that is applied to elemental analysis of various kinds of samples. This technique 

ionizes an inert gas, usually argon, to create a high-temperature inductively coupled plasma. When 

the sample—which is frequently liquid—is added to the plasma, the atoms are excited and release 

a distinctive light. The light that has been released is then scattered by a spectrometer, and the 

elemental makeup of the sample can be determined and measured using the spectrum that is 

produced. Because of its great sensitivity and precision, ICP-AES can be used in metallurgy, 
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environmental analysis, pharmaceuticals, and geochemistry. ICP-AES has become a popular and 

adaptable method in analytical chemistry due to its capacity to evaluate many elements at once 

over a wide concentration range.23 

 

2.5 Techniques for Electrochemical Application and Calculations 

2.5.1 Voltammetry 

Voltammetry is a type of electroanalysis where the current through a cell is measured when 

a voltage (V) is applied. Voltammetry depends on the oxidation or reduction reactions that take 

place at the working electrode in response to the applied voltage. It is generally carried out in a 

three-electrode setup that consists of a working electrode, a counter electrode, and a reference 

electrode. Completing the circuit, the counter electrode assumes the role of either an anode or a 

cathode, contingent upon the conduct of the working electrode. In the meanwhile, it is essential to 

measure the potential of the working electrode using the reference electrode, which has a known 

electrode potential. There are several voltammetry methods utilized, the most widely used ones 

being CV, and LSV.24  

2.5.1.1 Cyclic voltammetry  

In the cyclic phase of an electrochemical technique called CV, the electrode's potential 

increases linearly with time. In CV analysis, the working electrode's potential is linearly ramped 

in the opposite direction to revert to the initial potential after the set potential is attained. The 

relationship between the applied voltage (V) and the current (i) at the working electrode is depicted 

in the ensuing diagram, which is called a voltammogram. Characterizing the electrochemical 

characteristics of analytes in solution and adsorbed species on the electrode surface is a common 

use for this approach. The analyte and adsorbed species must show redox activity within the 

potential window being scanned in order to yield significant results. A useful method for 

examining the redox behavior and their electrochemical characteristics is cyclic voltammetry.25 

2.5.1.2.1 Linear Sweep Voltammetry  

An electrochemical approach called linear sweep voltage monitoring, or LSV, measures 

the current at the working electrode while the potential between it and the reference electrode 

sweeps linearly over time. The rate of electron exchange at the electrode-electrolyte interface can 
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be directly determined by the measured current. At a point where there is little current and no 

electrochemical reaction, the curve scanning starts. The current becomes noticeable as the potential 

rises, indicating the start of charge transport. After that, as the potential increases, the current 

increases until it reaches its maximum value, creating a peak current plateau. The depletion of 

reactive species at the interface then causes the current to begin to drop. Key outcomes of interest 

in LSV include the onset potential and the corresponding current resulting from the reacting 

species, providing valuable insights into the electrochemical behavior of the system under 

investigation.26 

2.5.2 Amperometry 

2.5.2.1 Chronoamperomtery 

A technique used in electrochemistry called chronoamperometry involves stepping the 

voltage of the working electrode and measuring the current (i) that results from the faradaic process 

at the electrode surface over a period of time (t). The relationship between current and time is 

closely investigated by providing the working electrode in the electrochemical system with a single 

or double-stepped potential. Chronoamperometry has a higher signal-to-noise ratio than other 

amperometry methods. Because it allows for the measurement and integration of current over long 

time intervals, this technique is very useful for investigating the stability of created electrodes. It 

provides detailed insights into the electrochemical behavior of the system being studied.27 

 

2.5.2.2 Chronocoulomtery 

Chronocoulometry, like chronoamperometry, is an electrochemical technique that shares a 

similar principle. However, instead of focusing on the correlation between current and time, 

chronocoulometry examines the relationship between charge (Q) and time (t). In this method, the 

potential of the working electrode is stepped, and the resulting charge generated from the 

electrochemical reactions occurring at the electrode surface is monitored over a specific time 

duration. This approach provides valuable information about the quantity of charge transferred 

during the electrochemical process, offering insights into the kinetics and behavior of the system 

under study. 
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2.5.3 Impedance Spectroscopy 

Electrochemical Impedance Spectroscopy (EIS) stands as a potent technique employed to 

understand the electron transfer kinetics occurring at the electrode/electrolyte interface during 

water-splitting reactions. The Nyquist plot, derived from EIS analysis, portrays the imaginary part 

of impedance against the real part. This plot provides dual insights into the electrode/electrolyte 

interface. Firstly, the solution resistance is determined when the semicircle shifts from the starting 

point to high frequency, and the disparity between the endpoint (low frequency) and the starting 

point of the semicircle (high frequency) calculates the charge transfer resistance of the electrode. 

The solution resistance remains independent of light intensity and applied bias. For the calculation 

of the resistance of a single electrode/electrolyte interface, the Randles model is applied, wherein 

the polarization resistor (RCT or R1) is connected in parallel with the constant phase element (CPE) 

and in series with the bulk resistor (RS or R2). The use of CPE accommodates the non-ideal 

behavior of the electric double layer attributed to porosity, roughness, poly-crystallinity, and 

dynamic disorders associated with diffusion.28 

2.5.4 Faradaic efficiency  

We have used the chronopotentiometry reaction to compare the amount of gas calculated 

theoretically with that which was quantified experimentally in order to calculate the Faradaic 

efficiency (FE). The Faradaic efficiency calculation was done using the equation below.  

Faradaic efficiency = Experimental gas evolution/ Theoretical gas evolution × 100 %    

         Theoretical gas evolution = Q =  𝑖 × 𝑡 /  𝑛 × 𝐹  

 Here;  𝑖 = current in amper, 𝑡 = Time, 𝑛 = Number of electrons, and 𝐹 = Faraday constant  

2.5.5 Rate constant calculation 

The rate constant 𝑘 can be related to the exchange current density by the following relationship: 

𝑘 =
𝑖𝑜

𝑛𝐹𝐴
=  𝐽𝑜/𝑛𝐹 

where: 𝐽𝑜 is exchange current density, 𝑛 is the number of electrons transferred, and 𝐹 is the Faraday 

constant (96485 C/mol). 
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2.5 Electrochemical Cell to Perform the Water-Splitting reaction  

2.5.1 Three-electrode system  

The electrolysis cell depicted in Figure 2.1 is employed for evaluating the electrocatalytic 

performance of an electrocatalyst. In this configuration, the glassy carbon electrode (GCE) bearing 

the deposited sample serves as the working electrode, with the potential for functioning either as 

a cathode or an anode determined by the catalyst's nature. If the working electrode operates as a 

cathode, the counter electrode functions as an anode, and vice versa. The counter electrode in this 

setup is made of platinum/graphite, while the reference electrode is Ag/AgCl. This experimental 

arrangement allows for a comprehensive assessment of the electrocatalytic properties of the tested 

materials in various electrode configurations. The electrocatalytic water-splitting process was 

conducted in either an acidic or alkaline medium. This process involves the application of an 

external potential to facilitate the splitting of water into hydrogen (H2) and oxygen (O2).
29 

 

Figure 2.1: Schematic representation of three electrode system for electrochemical water 

splitting.  

 

2.5.2 Two-electrode system 

A two-electrode system (Figure 2.2) is a basic configuration for water splitting in 

electrocatalytic applications. It consists of two electrodes submerged in an electrolyte solution. An 
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anode is one electrode that undergoes oxidation to produce oxygen gas (O2), and a cathode is 

another electrode that undergoes reduction to produce hydrogen gas (H2). Through the use of an 

external power source, the anode and cathode are linked externally to complete the electrical 

circuit. When an external voltage is supplied during the electrolysis of water, the water molecules 

at the anode oxidize, releasing positively charged protons (H+) and oxygen gas. Concurrently, 

reduction occurs at the cathode, where protons from the water mix with electrons from the outside 

circuit to generate hydrogen gas. The overall reaction is represented as 2H2O → 2H2 + O2. For the 

purpose of researching the effectiveness and electrocatalytic performance of materials in water 

splitting, the two-electrode system is essential. To optimize the kinetics of the individual reactions 

and raise the overall efficiency of the water-splitting process, different catalysts can be used at the 

anode and cathode. The advancement of sustainable hydrogen production methods requires an 

understanding of and attention to the behavior of these catalysts in a two-electrode system.29 

 

Figure 2.2: Schematic representation of two electrode systems for electrochemical water 

splitting.  
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Ni/Ni(OH)2/NiOOH Nanoworms on Carbon 

Cloth for Electrocatalytic Hydrogen Evolution 

 

 

 In this chapter, electrodeposited Ni/Ni(OH)2/NiOOH nanoworm heterostructure 

was developed on carbon cloth.  

 The electrodeposited Ni/Ni(OH)2/NiOOH nanoworm applied for electrochemical 

HER activity, which shows good activity compared to Ni/Ni(OH)2 and 

Ni(OH)2/NiOOH. 
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Abstract 

The development of an efficient electrocatalyst for hydrogen evolution reaction (HER) is 

essential to facilitate the practical application of water splitting. Here, an electrocatalyst; 

Ni/Ni(OH)2/NiOOH is aimed to develop via electrodeposition technique on carbon cloth, 

which shows efficient activity and durability for HER in alkaline medium. Phase purity and 

morphology of the electrodeposited catalyst are determined through powder x-ray 

diffraction and electron microscopic techniques. The compositional and thermal stability of 

the catalyst is checked by x-ray photoelectron spectroscopy and thermogravimetry analysis. 

Electrodeposited Ni/Ni(OH)2/NiOOH material is an efficient, stable, and low-cost 

electrocatalyst for hydrogen evolution reaction in 1.0 M KOH medium. The catalyst exhibits 

remarkable performance, achieving a current density of 10 mA/cm2 at a potential of -0.045 

V vs. RHE and the Tafel slope value is 99.6 mV/dec. The overall electrocatalytic water 

splitting mechanism using Ni/Ni(OH)2/NiOOH catalyst is well explained, where formation 

and desorption of OH- ion on the catalyst surface is significant in alkaline pH. The developed 

electrocatalyst shows significant durability up to 200 h at a negative potential window in a 

highly corrosive alkaline environment along with an efficient activity. The electrocatalyst 

can generate 165.6 μmol of H2 in ~145 min of reaction time with 81.5% Faradaic efficiency. 
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3.1 Introduction 

To meet the daily energy requirement, strong consumption of fossil fuels is going on, which 

increases global warming and environmental pollution significantly. Thus, searching for clean and 

renewable energy sources as the replacement of fossil fuels is of utmost urgency. Water 

electrolysis steered by renewable sources is recognized as a clean and sustainable way to produce 

eco-friendly and high-purity hydrogen.1-2 Hydrogen evolution reaction (HER) is a process that is 

effectively assisted by platinum and its alloys and requires a small overpotential to generate high 

cathodic current.3-5 However, the large-scale application for HER is hindered by the scarcity and 

cost of noble metals; therefore, the replacement of Pt metal is very much essential. In this aspect, 

earth-abundant 3d metals, including metal chalcogenides, hydroxides, phosphides, and nitrides, 

are studied to enhance the activity and durability in such potential clean hydrogen energy.6-12 

 In the past few years, various studies have observed that Ni and its derivatives are efficient, 

cost-effective, and abundant electrocatalytic candidates for HER.13-15 The higher electrocatalytic 

activity of Ni based derivatives is due to superior hydrogen adsorption energy on Ni surfaces. In 

alkaline solution, metallic Ni and stainless steel are used in industry for water splitting reaction. 

However, due to the very high overpotential and large Tafel slope, metallic Ni is not an ideal 

electrocatalyst.16-17 Furthermore, Ni metal abundance also attracts its uses as an alternative electrode 

for HER. However, in the form of pure Ni metal, it is not stable and easily oxidized by environmental 

oxygen.18-19 So, the improvement of an efficient and stable non-precious Ni-based electrocatalyst for 

HER in an alkaline medium is an imminent need to be addressed. In this context, Ofoli and co-workers 

developed a catalytic film of walnut-shaped Ni/Ni(OH)2 core-shell structure for HER using 0.1 M 

phosphate buffer and 1.0 M KOH solution.20 In a phosphate buffer solution, cv-Ni (developed 

catalyst) and cc-Ni (traditional catalyst) have a Tafel slope of 0.25 V/dec and 0.34 V/dec, 

respectively reported by the same group. Wu et al. reported the synthesis of Ni(OH)2 nanosheets 

on Ni foam through a single-step hydrothermal technique with the homogeneous distribution.21 

The developed unique binder-free electrocatalyst show remarkable activity for HER with 172 mV 

overpotential for the generation of 10 mA/cm2 current density in 1.0 M KOH solution. 

 Similarly, Wang et al. reported heterostructured Ni@NiO wrapped carbon fiber effectively 

participated as a bifunctional catalyst for HER and OER in alkaline pH.22 The heterojunction like nano-

interface and the formation of Ni(III) species are beneficial for HER and OER. The integrated Ni@NiO 

on carbon fiber shows excellent electrocatalytic performance with a lower Tafel slope value and 
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overpotential as a durable electrocatalyst with the stability of 60 hours without any sign of decay in 

current density. Markovic et al. developed Ni(OH)2/M catalyst for water splitting reaction with different 

metals like Ni, V, and Ti and demonstrated the best result with Ni(OH)2/Ni in alkaline electrolysis.23 

The same group showed that in an alkaline medium, the metallic Ni surface is responsible for H atom 

adsorption and H2 gas collection, whereas Ni(OH)2 is responsible for water splitting reaction. 

Ni(OH)2@Ni was electrodeposited on carbon cloth by Yang and co-workers, which behave as an 

electrocatalyst for water splitting reaction.24 The developed nanoporous Ni(OH)2@Ni exhibits superior 

performance in alkaline medium, achieving a potential of 1.58 V for 10 mA/cm2 current density. 

Theoretical studies also proved that the synergistic effect between Ni and Ni2+ favors the chemisorption 

of hydrogen intermediates, which leads to higher activity. Recently, Liu and co-workers reported 

electrodeposition of Ni/Ni(OH)2 on a Ni foam substrate for HER in alkaline media with a lower Tafel 

slope of 54.5 mV/dec.25 Huang et al. developed NiWO4 decorated Ni3S2 heterostructure with a two-

step hydrothermal method as an efficient HER active electrocatalyst in 1.0 M KOH medium.26 

Improved HER activity using the heterostructure electrocatalyst is due to highly active interfaces 

between NiWO4 amorphous nanoparticles and Ni3S2 surface. Yang and co-workers develop 

Ni3S2/VS4 electrocatalyst on the surface of Ni foam by self-driven synthetic method for water 

splitting reaction in an alkaline medium.27 After the formation of the heterostructure, a highly 

active S2
2- bridging site on the interface between Ni3S2 and VS4 enhanced HER kinetics. 

Based on the above literature, it is clear that Ni(OH)2 or NiO present on Ni can serve as an 

efficient electrocatalyst in the alkaline medium. It is also reported that Ni(OH)2 surface offers the 

preferential adsorption of OH- ion to promote water splitting reaction. Furthermore, the synergistic 

effect of metal and metal hydroxide plays a significant role in transferring the adsorbed H atom 

onto Ni(0) surface for the H2 molecule generation. Further, the adsorption of OH- can be 

accelerated by generating a more d-electron deficient system (e.g., NiOOH) into the 

heterostructure matrix. Therefore, the development of an electrocatalyst with a combination of 

metallic Ni, Ni(OH)2, and NiOOH species in a simple and clean way with high efficiency and durability 

is very much essential. A heterostructure could significantly enhance the active sites to increase HER 

performance. To develop heterostructure, electrodeposition is a simple, environmental friendly, and 

hassle free technique to grow an electrocatalyst on a conducting substrate, which can generate a 

nanoscale 2D structure with higher activity and durability.28 2D structured materials can also 

provide large surface area, which is beneficial to achieve high activity during the hydrogen 
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evolution reaction. The crystal orientation of the electrodeposited sample depends on applied 

potential, the composition of the electrolyte, pH, and temperature, etc. factors.29-31 Furthermore, 

the electrodeposition process also produced a binder-free electrode, which could diminish the 

catalytic activity by reducing the active sites.32  

 Being motivated from the above studies herein, we develop a facile electrodeposited 

approach for the synthesis of Ni/Ni(OH)2/NiOOH heterostructure on carbon cloth (CC). The 

fabrication of composite materials is simple, economical, and easy to scale up. The samples are 

characterized by XRD, XPS, FESEM, TEM, TGA, FTIR, and Raman techniques. The 

electrodeposited material represents the best electrocatalytic performance for HER in alkaline 

media, achieving a current density of 10 mA/cm2 at the potential of -0.045 V vs. RHE. The overall 

electrocatalytic mechanism is well explained. FESEM analysis of reused catalyst confirms the 

retention of morphology. The advantages of this research are manifold. First, the electrodeposition 

process is straightforward and facile, producing a pure phase of Ni/Ni(OH)2/NiOOH 

heterostructure. The formation of other products during the synthesis is negligible. Second, the 

experimental time scale during electrodeposition is very less than any other developed method. 

Third, Ni metal is cost-effective, and earth-abundant rather than noble metals and fibrous like 

morphology of the catalyst provides more active sites. Fourth, the synergistic effect between Ni, 

Ni(OH)2, and NiOOH ions favor more active surface area and sites, thus leading to higher activity 

for HER in alkaline medium. These results prominently offer an active, durable, and economic 

heterostructure for HER.  

 

3.2 Experimental Section 

3.2.1 Synthesis of electrodeposited Ni/Ni(OH)2/NiOOH heterostructure on CC: For 

electrodeposition, cleaned carbon cloth, platinum wire, and Ag/AgCl were used as the working 

electrode, counter electrode, and reference electrode, respectively. Electrodeposition was performed 

nder the potential of  -1.0 V vs. Ag/AgCl (-0.3894 V vs. RHE) for 20 minutes at room temperature. The 

mixture of 0.1 M nickel (II) chloride hexa-hydrate and 0.1 M KCl (pH = ~ 7) was used as an electrolyte 

for electrodeposition. After electrodeposition, the sample was dried in air for 40 minutes at 35 ºC. This 

process helps to acquire the optimized sample of Ni/Ni(OH)2/NiOOH heterostructure. Then the as-

prepared electrode was washed with DI water and alcohol before electrochemical application. A similar 
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experiment was carried out for 10 and 30 minutes of deposition, keeping the other reaction parameters 

unchanged to optimize the electrodeposition time. The optimized time for electrodeposition was 20 

minutes to avoid over deposition or less deposition. An external magnet attracts the electrodeposited 

sample due to the presence of 'Ni(0)', and the overall electrodeposition process is shown in Scheme 3.1. 

To check the physical stability of the developed species: Ni(0), Ni(OH)2, and NiOOH in the matrix of 

a heterostructure for a longer period, the samples were preserved separately for 2 and 7 days in a 

laboratory environment. Until otherwise indicated, the preserved samples are named as Ni-2d and Ni-

7d for 2 days and 7 days, respectively.  

 

 

Scheme 3.1: Schematic illustration for the synthesis of Ni/Ni(OH)2/NiOOH on carbon cloth via 

electrodeposition. 

 

3.2.2 Synthesis of Ni(OH)2/NiOOH on CC: Hydrothermal method was used to decorate 

Ni(OH)2/NiOOH on CC following reported literature.33 Briefly, 40 mL water was used to 

dispersed 0.6 gm of Ni(NO3)2 and 0.6 gm of urea. 0.15 gm of NH4F was separately dispersed in 

30 mL distilled water. After mixing and sonicating both solutions for 10 minutes, it was transferred 

into a 100 mL Teflon-lined autoclave. Fixed-size carbon cloth was used to develop 

Ni(OH)2/NiOOH and dipped in the hydrothermal container. The hydrothermal reaction condition 

was maintained at 105 ºC for 6 h. The catalyst deposited CC was rinsed with DI water and alcohol 

before using for electrocatalysis.  

 

3.2.3 Synthesis of Ni/Ni(OH)2: The hydrothermal method was used to synthesize Ni/Ni(OH)2 by 

following existing literature.34 In brief, 0.9 gm NiCl2.6H2O was added in 15 mL of 1 M NaOH solution 

and stirred for 15 minutes. After that, 1.5 mL of hydrazine hydrate was added to the solution, and the 
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whole solution was stirred for 30 minutes. The overall solution was transferred into the Teflon-lined 

autoclave, and the hydrothermal reaction was carried out for 15 h at 180 °C. The obtained black powder 

was rinsed with the DI water and alcohol several times and dried well. PXRD analysis (Figure 3.1a) 

was carried out to confirm the synthesis of the pure phase of Ni/Ni(OH)2. To verify the hexagonal 

morphology of Ni/Ni(OH)2 material, FESEM analysis was performed and is shown in Figure 3.1b. All 

the peak positions in XRD and morphology of Ni/Ni(OH)2 are well-matched with the existing 

literature.34   

Figure 3.1: (a) PXRD analysis and (b) FESEM image of Ni/Ni(OH)2 

 

3.2.4 Electrochemical Measurement: For electrochemical application, Ag/AgCl, graphite rod, 

and the sample deposited CC was used as the reference electrode, counter electrode, and working 

electrode, respectively, with a scan rate of 2 mV/sec. 1.0 M KOH solution (pH ~14) was used as 

an electrolyte throughout the study. 1 cm × 1 cm size of carbon cloth was used during the synthesis 

of Ni/Ni(OH)2/NiOOH samples. Therefore, the amount of heterostructure was deposited on carbon 

cloth is 3.8 mg/cm2. However, during electrocatalysis, 0.4 cm × 0.4 cm area of the working 

electrode (sample deposited carbon cloth) was maintained, and the amount of catalyst was 0.60 

mg. For all the controlled experiments (Ni(OH)2/NiOOH, Ni/Ni(OH)2, and Pt/C), the ink was 

prepared with 0.60 mg of the electrocatalyst, 200 µL of isopropyl alcohol, and 20 µL of Nafion and 

then quantitatively transferred into 0.4 cm × 0.4 cm area of carbon cloth. The electrochemically 

insulating epoxy paste was used to fix the specific area of the working electrode. All the 

electrochemical data was collected with respect to Ag/AgCl with a potential window of -0.8 to -

1.8 V for HER. Finally, all the potential data were reported with respect to a reversible hydrogen 
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electrode (RHE). For impedance analysis, a frequency range of 50 kHz to 1 Hz and onset potential 

was used at room temperature in 1.0 M KOH solution.  

 

3.3 Results and Discussions 

3.3.1 Synthesis and structural analysis of electrodeposited sample:  

3.3.1.1 PXRD analysis  

Crystallinity and phase purity of electrodeposited materials are determined by powder X-

ray diffraction analysis. Figure 3.2a shows three significant peaks at 44.5⁰, 51.8⁰, and 76.3⁰ for 

(111), (200), and (220) planes of cubic Ni (JCPDS 04-0850). The other diffraction peaks at 11.2⁰ 

and 22.4⁰ for (003) and (006) planes, respectively, of NiOOH (JCPDS 6-0075). Furthermore, 

33.6⁰, 39⁰, and 59.8⁰ are well-matched with (100), (101), and (110) planes, respectively of 

Ni(OH)2 (JCPDS 38-0715). Therefore, the electrodeposited sample consists of a heterostructure 

of Ni/Ni(OH)2/NiOOH. All the species, Ni(0), Ni(OH)2, and NiOOH, are present within the crystal 

lattice of the heterostructure. All the diffraction peaks for Ni(0) and Ni(OH)2/NiOOH are well-

matched with the literature.35-37 PXRD analysis is performed for Ni-2d and Ni-7d samples and 

represented in Figure 3.2b and 3.2c. Figure 3 shows the presence of all the peaks at 44.5⁰, 51.8⁰, 

and 76.3⁰ for Ni(0) and 33.6⁰, 39⁰, and 59.8⁰ for Ni(OH)2 in the heterostructure. The remaining 

peaks confirm the formation of NiOOH within the structure. The absence of any extra peak 

substantiates the sample is in pure phase. Therefore, the electrodeposited sample on CC is 

crystalline and physically very stable. Furthermore, Ni(0) within the heterostructure is stabilized 

by Ni(OH)2 and NiOOH species for a more extended period.  
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Figure 3.2: PXRD pattern of (a) fresh  (b) 2-day (c) 7-day Ni/Ni(OH)2/NiOOH heterostructure. 

 

3.3.1.2 TGA, FTIR and Raman analysis  

Thermogravimetric analysis is performed for the developed heterostructure to check the 

thermal and physical stability. The typical thermogravimetric plot, weight (%) vs. temperature (oC) 

shows two temperature intervals as well as weight (%) loss of the sample (Figure 3.3a). The 

corresponding weight (%) losses are 12.1% and 9.6% at a temperature of 40-140 oC and 210-360 

oC. The first weight (%) loss signifies eliminating adsorbed and intercalated water molecules 

within the heterostructure. The second loss is due to the thermal decomposition of Ni(OH)2 to NiO 

and water molecules.38-40  

FTIR and Raman analysis is performed for the electrodeposited sample. FTIR analysis 

exhibit (Figure 3.3b) 1334 and 1645 cm-1 peaks represent the stretching and bending vibration of 

NO3
- or CO3

2- and H2O, respectively.41-43 The other peak at 601 cm-1 for Ni-OH vibration and 456 

cm-1 for Ni-O stretching mode, indicates the formation of Ni(OH)2.
43 An intense and broad peak 
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centered at 3448 cm–1 symbolizes O-H stretching vibration.44-45 Raman analysis represent three 

peaks at 542 cm-1, 689 cm-1, and 1062 cm-1, shown in Figure 3.3.c. The first two peaks at 542 and 

689 cm-1 corresponds to the presence of Ni(III)-O and Ni(OH)2 within the heterostructure. The 

third peak at 1062 cm-1 represents the Ni-O-O strecthing mode in the NiOOH structure. All the 

FTIR and Raman peaks for Ni/Ni(OH)2/NiOOH heterostructure are well-matched with existing 

literature.33, 46-48  

 

Figure 3.3: (a) TGA analysis, (b) FTIR spectra, (c) Raman analysis of Ni/Ni(OH)2/NiOOH 

heterostructure. 

 

 

3.3.1.3 XPS analysis  

X-ray photoelectron spectroscopy (XPS) confirms the presence of Ni(0), Ni(OH)2, and 

NiOOH species and chemical composition in the electrodeposited heterostructure. All the 
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deconvoluted and survey XPS spectra are given in Figure 3.4. Survey spectra (Figure 3.4a) show 

peaks for Ni(0), Ni2+, oxygen, and carbon. The peak is located at 284.6 eV attributed to C 1s. The 

deconvoluted spectrum of Ni 2p binding energy is fitted with two Ni doublets and a pair of 

satellites. The binding energies at 855.07 eV and 872.60 eV for 2P3/2 and 2P1/2 symbolize the 

formation of Ni2+ ion as Ni(OH)2 (Figure 3.4b and c). The spin-energy separation between the two 

doublets is 17.6 eV, which represents a characteristic of the Ni(OH)2 phase. The two shake-up 

satellite peaks (represented as "sat") due to Ni2+ are observed at 860.85 eV and 879.9 eV. The 

presence of Ni(OH)2 is confirmed from the binding energy values and well-matched with the 

literature.49-51 Other than Ni(OH)2, another two peaks are observed at 856.89 eV and 874.66 eV 

binding energies, which signifies the formation of NiOOH (Figures 3.4b and c).33 Along with Ni2+ 

and Ni3+, peaks due to Ni(0) is also observed. The deconvoluted spectra of metallic Ni 2p exhibit 

two spin-orbit doublets, shown in Figure 3.4b and c. The observed binding energies at 852.68 eV 

and 869.95 eV for 2P3/2 and 2P1/2, respectively, are due to the presence of Ni(0) in the system.52 

The peak intensity of Ni(0) is significantly less; it may be due to the surface oxidation to Ni(OH)2 

and NiOOH species, which limits the detection of Ni(0) in the inner core of the developed 

heterostructure. From the deconvoluted spectrum of O1s indicates the presence of two peaks at 

530.6, and 532.4 eV corresponds to the presence of O2- and OH-, respectively (Figure 3.4d).53 The 

deconvoluted spectra indicate the presence of Ni(0), Ni(OH)2, and NiOOH in the electrodeposited 

sample. Therefore, XPS analysis confirmed the oxidation state and composition 

(Ni/Ni(OH)2/NiOOH) of the heterostructure, which is well-matched with our XRD result.  
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Figure 3.4: XPS analysis of Ni/Ni(OH)2/NiOOH heterostructure (a) survey spectrum, (b) and (c) 

deconvoluted spectra of Ni(0), Ni(OH)2, and NiOOH, and (d) deconvoluted spectra of O 1s. 

 

3.3.2 FESEM, TEM, and EDS analysis of electrodeposited sample:  

 The composition, size, and shape of the samples are determined from electron microscopy 

analysis. Low- and high-resolution FESEM images (Figure 3.5a to d) indicate that the composite 

sample is assembled of vertically grown nano-worm like structure. It is clear from Figure 3.5c that 

the 2D nanoworms are interconnected and having sharp edges of 36 nm. It is observed that the 

entire CC is covered with vertically grown nanoworms (Figures 3.5a and b). Therefore, the 

electrodeposition technique helps in uniform coverage of CC. It is also observed that 

Ni/Ni(OH)2/NiOOH heterostructures have a larger number of pores on the surface, which may 
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facile electrolyte penetration and provide active sites during electrocatalysis. Therefore, the open 

porous structure of interconnected 2D Ni/Ni(OH)2/NiOOH nanoworms would be convenient for 

electrolyte penetration, diffusion, and faster electron transfer. 2D nanostructure of an 

electrocatalyst shows higher electrocatalytic performance, and it is well-matched with the 

literature.20, 54,55 

 

 

Figure 3.5: FESEM images of Ni/Ni(OH)2/NiOOH heterostructure at different magnifications, 

(a) low, (b) medium, (c and d) high. 

 

To check the composition of the sample, EDS mapping analysis is carried out, which 

confirms the presence of  Ni, O, and C with uniform elemental distribution on CC (Figure 3.6a). 

Line mapping analysis also confirms the presence of C, O, and Ni uniformly throughout the 

heterostructure (Figure 3.6b). 
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Figure 3.6: (a) EDS spectra (b) Line mapping analysis of Ni/Ni(OH)2/NiOOH heterostructure. 

Further confirmation of morphology, transmission electron microscopy analysis is 

performed. For TEM analysis, electrodeposited samples are collected from CC via ultrasonication. 

Figure 3.7a represents nanoworm like morphology of Ni/Ni(OH)2/NiOOH heterostructure with a 

sharp edge. The inset of Figure 3.7a also confirms the cross-linked structure of the electrodeposited 

sample. It can be seen from Figure 3.7b that the as-prepared composite is composed of nanoworm 

architecture of 37 nm edge length, which is well-matched with FESEM analysis. From the high-

resolution TEM image, the interconnected worm-like morphology with uniform size of 

Ni/Ni(OH)2/NiOOH is confirmed. The high-resolution TEM image in Figure 3.7c confirms the 

existence of different lattice fringes. The interplanar distances in different lattice fringes are 

calculated to be 0.20 nm and 0.23 nm for (111) and (101) planes of Ni(0) and Ni(OH)2 ion, 

respectively. The interplanar distance values for Ni(0) and Ni(OH)2 are well-matched, as in the 

literature.25, 56 The crystalline nature of the Ni/Ni(OH)2/NiOOH sample is further confirmed from 

SAED analysis (Figure 3.7d). The selected area diffraction pattern exhibit various diffraction ring, 

which could be indexed to (006), (100), and (110) planes for NiOOH and Ni(OH)2, respectively. 

The presence of (111), (200), and (202) planes are due to metallic Ni. Therefore, TEM analysis 

also confirms the interconnected worm-like structure with different crystal planes orientation, 

which increases the active site and electronic conductivity in the catalyst. These effects of the 

electrodeposited catalyst will be beneficial during electrocatalysis. Furthermore, the distribution 

of both Ni(0) and Ni(OH)2 on the catalyst surface represents the synergistic effect, which is 

advantageous for an efficient electrocatalyst. 
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Figure 3.7: (a) TEM and (b) HRTEM image of Ni/Ni(OH)2/NiOOH heterostructure. The inset of 

figure (a) exhibits the distribution of nano worms. HRTEM for d-spacing calculation (c) and 

SAED (d) for Ni/Ni(OH)2/NiOOH heterostructure. 

3.3.3 Mechanism of formation of Ni/Ni(OH)2/NiOOH heterostructure: During electrodeposition, 

an aqueous solution of 0.1 M nickel (II) chloride hexahydrate as a metal precursor and 0.1 M KCl as an 

electrolyte are used. The process is performed at room temperature under the cathodic potential of -1.0 

V vs. Ag/AgCl (-0.389 V vs. RHE) for 20 minutes. Few reported standard electrode potentials in 

aqueous solutions at 25 0C in V vs. NHE  are given below.57  

 

    Ni2+ + 2e-                  Ni                     E0 = -0.257 V vs. RHE 

    Ni(OH)2 + 2e-            Ni + 2OH-       E0 = -0.72 V vs. RHE 

    2H2O + 2e-                 H2 + 2OH-      E0 = -0.828 V vs. RHE 
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From the above electrode potentials, it is clear that NiCl2.6H2O is reduced to Ni(0) on CC at an applied 

potential of -0.389 V vs. RHE. Ni(0) being a magnetically attractive material, the CC is attracted by an 

external magnet, and few stepwise digital images for the electrodeposited sample are shown in Figure 

3.8. PXRD, XPS, and HRTEM analyses are used to confirm the formation of metallic Ni. The 

preformed Ni(0) behave as a redox-active reagent to reduce water to generate H2 and OH- ion in the 

solution and undergo oxidation. Further, the developed OH- and surface oxidized Ni2+ combine to 

develop Ni(OH)2 on unreacted Ni(0). In support of this phenomenon, it is also observed from the 

literature that Chen and co-workers reported the synthesis of Ni/NiO nanosheet as an active and stable 

HER electrocatalyst in alkaline media, where the effect of Ni(0) is prominent on amorphous NiO surface 

for HER.58 The occurrence of Ni(OH)2 on the same surface is confirmed from lattice spacing calculation 

using HRTEM images. PXRD and XPS analyses also exhibit the formation of Ni(OH)2 on the Ni(0) 

surface. However, the chance of further reducing Ni(OH)2 to Ni(0) can be eliminated because it requires 

more cathodic potential for the reduction process, which is -0.72 V vs. NHE, and the working potential 

for electrodeposition is only -0.389 V vs. RHE. Further, in-situ surface oxidation of Ni(OH)2 represents 

the formation of Ni(III) oxy-hydroxide. The existence of NiOOH on Ni/Ni(OH)2 surface is confirmed 

by PXRD and XPS analyses. The unreacted Ni(0) in the heterostructure getting stabilized by the 

presence of Ni(OH)2 and NiOOH species on its surface are confirmed by PXRD analyses of Ni-2d and 

Ni-7d samples. There is no further change in crystallinity, physical stability, and phase purity 

within the heterostructure for a more extended period in PXRD analysis. 

 

Figure 3.8: Digital pictures of electrodeposited Ni/Ni(OH)2/NiOOH before and afterdrying on 

CC. 
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3.3.4 Application in hydrogen evolution reaction (HER):  

 The overall HER is carried out with the help of linear sweep voltammetry (LSV) technique 

in 1.0 M KOH solution applying a 2 mV/sec scan rate. Ag/AgCl,  graphite rod, and the sample 

deposited CC is used as a reference electrode, counter electrode, and the working electrode, 

respectively, and data is reported against RHE. To compare the electrochemical activity of the 

electrodeposited sample, Ni(OH)2/NiOOH and Ni/Ni(OH)2 was also hydrothermally developed on 

CC. All the HER activity of electrodeposited Ni/Ni(OH)2/NiOOH is compared with bare carbon 

cloth, Ni(OH)2/NiOOH, Ni/Ni(OH)2, and Pt/C (5%) on CC. The polarization curve in Figure 3.9a 

and b depicts that Ni/Ni(OH)2/NiOOH heterostructure exhibits good electrocatalytic activity and 

requires a low onset potential of -0.045 V vs. RHE for the generation of 10 mA/cm2 current density. 

In the case of bare CC, negligible activity is observed in the potential experimental window. In 

alkaline pH, the electrocatalytic activity of  Ni/Ni(OH)2/NiOOH is comparable with Pt/C (5%). 

Figure 3.9c shows the plot between the potential required to generate 50 mA/cm2 current density 

and onset potential (V) vs. RHE. Electrodeposited Ni/Ni(OH)2/NiOOH heterostructure shows 

better activity in comparison with other electrocatalysts. It can be seen from Figure 3.9d that 

Ni/Ni(OH)2/NiOOH is an efficient HER electrocatalyst with the highest current density at -0.60 V 

vs. RHE. The effect of Ni (0) in the heterostructure is further judged by using hydrothermally 

developed Ni(OH)2/NiOOH and Ni/Ni(OH)2 electrocatalysts. The onset potential of the 

electrodeposited composite is -0.045 V vs. RHE, whereas Ni(OH)2/NiOOH, Ni/Ni(OH)2, and Pt/C 

(5%) catalysts show -0.421 V, -0.099, and -0.038 V vs. RHE, respectively.  
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Figure 3.9: Polarization curve at (a) low scale and  (b) large scale using Ni/Ni(OH)2/NiOOH, 

Ni(OH)2/NiOOH, Ni/Ni(OH)2, and Pt/C samples. A plot between potential required to produce 

50 mA/cm2 current density and onset potential (V) vs. RHE (c) and histogram plot of current 

density obtained at -0.2 V vs. RHE (d) for all the developed Ni(OH)2/NiOOH, 

Ni/Ni(OH)2/NiOOH, Ni/Ni(OH)2 and Pt/C (5%)  on carbon cloth. 

 

LSV of Ni/Ni(OH)2/NiOOH heterostructure, Ni-2d, and Ni-7d are also checked in 1.0 M 

KOH solution, but there is no significant difference in the efficiency (Figure 3.10a). So, 

electrodeposited samples remain very active for longer period time or it can be claimed that under 

such surface protected condition Ni(0) remain very stable in air. Therefore, the electrocatalytic 

result proves that electrodeposited nanoworms of Ni/Ni(OH)2/NiOOH heterostructure are highly 

active towards HER in alkaline pH. LSV of Ni/Ni(OH)2/NiOOH heterostructure with 10, 20, and 

30 min electrodeposition in HER are compared (Figure 3.10b). It can be seen that 20 min 
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electrodeposition is optimum to get the best HER activity in 1.0 M KOH medium. Otherwise, HER 

efficiency is reduced by less or over deposition, which is also confirmed from FESEM analysis 

(Figures 3.10 c and d). This hierarchical 2D interconnected nanoworm structure has high amounts 

of active sites and the open space between the interconnected nanoworms, enhancing the evolution 

of gaseous products. Therefore, interconnected nanoworms help for electrolyte penetration, 

diffusion, and faster electron transportation. However, Ni(OH)2/NiOOH sample exhibits 2D sheet-

like morphology, but the synergy between Ni(0) and Ni(OH)2 is completely missing resulting in 

poor performance in HER activity. 

 

Figure 3.10: (a) Comparative polarization curve of Ni/Ni(OH)2/NiOOH, Ni-2d, and Ni-7d 

samples. (b) LSV of Ni/Ni(OH)2/NiOOH electrocatalyst via 10 min, 20 min, and 30 min 

electrodeposition. (c and d) FESEM of 10 and 30 min deposited sample. 

 

The electrochemical performance of an electrocatalyst is correlated with its 

electrochemically active surface area (ECSA) and electron transportation. CV analysis is 
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performed (Figure 3.11a and b) using a potential range of 0.825-1.025 V vs. RHE at a different 

scan rate of 40-200 mV/s using 1.0 M KOH solution to determine the value of electrochemical 

double-layer capacitance (Cdl). To determine the value of the slope, which corresponds to Cdl, the 

observed current at a fixed potential of 0.925 V vs. RHE is plotted against the scan rate (Figure 

3.11 c). The Cdl value for Ni/Ni(OH)2/NiOOH and Ni(OH)2/NiOOH samples are 0.942 mF and 

0.06 mF, respectively. The calculated ECSA and Rf values are 15.7 cm2, 1.02 cm2, 98.12, 6.25 for 

Ni/Ni(OH)2/NiOOH, and Ni(OH)2/NiOOH samples, respectively. Higher ECSA signifies the 

presence of more active sites, generated from porous 2D interconnected nanoworms in 

electrodeposited Ni/Ni(OH)2/NiOOH heterostructure. A higher roughness factor also indicates 

better activity in HER.  

 

Figure 3.11: Cyclic voltammetry curves of (a) electrodeposited Ni/Ni(OH)2/NiOOH, (b) 

Ni(OH)2/NiOOH recorded in 1 M KOH recorded with different scan rates, (c) capacitive current 

at 0.925 (V vs. RHE) as a function of scan rate for Ni/Ni(OH)2/NiOOH and Ni(OH)2/NiOOH. 
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The higher electrocatalytic activity can also be supported by the calculation of mass 

activity. During electrocatalysis, the amount of catalyst loading is 0.60 mg with an area of 0.16 

cm2 for Ni/Ni(OH)2/NiOOH, Ni(OH)2/NiOOH, Ni/Ni(OH)2, and Pt/C (5%). However, the value 

of mass activity for Ni/Ni(OH)2/NiOOH, Ni(OH)2/NiOOH, Ni/Ni(OH)2, and Pt/C is 38.5 A/g, 8.1 

A/g, 23.3 A/g, and 47.5 A/g, respectively. In the heterostructure, Ni(0), Ni(OH)2, and NiOOH 

species are distributed on the catalyst surface and exhibit a synergistic effect, which is incredibly 

advantageous for an efficient HER activity. Therefore, all the above results confirm the 

electrodeposited Ni/Ni(OH)2/NiOOH heterostructure is highly efficient in HER in alkaline 

medium. In Ni/Ni(OH)2/NiOOH hybrid structure, the presence of all the species, Ni(0), Ni(OH)2, 

and NiOOH, as close as possible, are essential for an efficient HER activity. The close proximity 

between Ni(0), Ni(OH)2, and NiOOH can create more active sites within the heterostructure. 

Moreover, stable Ni(0) covered by surface oxidized Ni(OH)2 and NiOOH are significant for H 

atom and molecular hydrogen production adsorption. Furthermore, the synergistic effect between 

Ni(0) and Ni(OH)2 endorsed higher HER activity. For a quick comparison, all the electrochemical 

(Cdl, Rf, and mass activity, etc.) values are tabulated in Table 3.1.  

 

Table 3.1: All the electrochemical parameters for Ni/Ni(OH)2/NiOOH, Ni(OH)2/NiOOH, and 

Pt/C electrocatalyst. 

 

 

 The effectiveness of Ni/Ni(OH)2/NiOOH electrocatalyst and HER mechanism can also be 

explained from the Tafel slope calculation. The linear fitted curve in Figure 3.12a leads to the Tafel 

equation [η = a + b log (j)] where, η = overpotential, j = current density, and b = Tafel slope.59-60 
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Ni/Ni(OH)2/NiOOH heterostructure exhibit the Tafel slope value of 99.6 mV/dec. The Tafel slope 

value for 5% Pt/C is 81.4 mV/dec in alkaline medium. The Tafel slope value for Ni(OH)2/NiOOH 

and Ni/Ni(OH)2 catalysts is 167.1 mV/dec and 129.4 mV/dec, respectively. Therefore, 

Ni/Ni(OH)2/NiOOH heterostructure shows efficient activity in HER. In alkaline media, HER 

mechanism depends on two steps.61 Based on the literature, the steps are either Volmer-Heyrovsky 

or Volmer-Tafel steps. Both the HER pathways and their corresponding Tafel slope values are 

given below. 

 

  H2O + e                Hads + OH- (Volmer), 120 mV/dec   and 

  Hads + Hads            H2 (Tafel), 30 mV/dec 

 

  H2O + e                Hads + OH- (Volmer), 120 mV/dec   and 

  H2O + Hads + e           H2 + OH- (Heyrovsky), 40 mV/dec 

 

However, the calculated Tafel slope for electrodeposited heterostructure is 99.6 mV/dec, 

which follows the Volmer-Heyrovsky mechanism. In the case of the hybrid heterostructure, the 

higher activity is due to the synergistic effect between Ni(0) and Ni(OH)2, as well as the presence 

of NiOOH. Metallic Ni can bind H atom more efficiently (ΔGH ~ 0) but is not a suitable catalyst 

for HER, whereas Ni(OH)2 aided water splitting reaction.61 The presence of Ni(OH)2 rich-region 

is beneficial for water splitting to produce Ni/Ni(OH)2/NiOOH[Hads+OH-], Volmer step. The 

formation and desorption of OH- ion on Ni(OH)2 surface is essential during HER so that the 

Ni(OH)2 surface can split more H2O molecule (Heyrovsky step). In Ni/Ni(OH)2/NiOOH 

heterostructure, due to the presence of Ni(OH)2 and NiOOH species (more unfilled d-orbital), the 

preferential adsorption and desorption of OH- ion is more. At the same time, Ni(0) surface would 

facilitate more H atom adsorption, leading to molecular hydrogen formation. Therefore, The 

overall process follows the Volmer-Heyrovsky mechanism.62-63  

 Electrochemical impedance spectroscopy (EIS) analysis further regulates the higher 

activity of Ni/Ni(OH)2/NiOOH electrocatalyst over Ni(OH)2/NiOOH. For both the materials, 

impedance analysis is performed at their respective onset potentials, and corresponding Nyquist 

plots are shown (Figure 3.12b). All the experimental data are fitted using the equivalent circuit 

(inset of Figure 3.12b), which is composed of charge transfer resistance (RCT), solution resistance 

[1] 

[2] 
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(Rs), and constant phase element (CPE). During electrocatalysis, ease of charge transportation on 

the electrode surface is essential, and the idea can be obtained from charge transfer resistance. The 

lower value of RCT signifies higher conductivity of the developed material. In Ni/Ni(OH)2/NiOOH 

heterostructure, RCT and RS values are 4.70 Ω and 6.84 Ω, respectively. However, RCT and RS 

values for Ni(OH)2-hyd electrocatalyst are 36.01 Ω and 6.88 Ω, respectively. Therefore, based on 

RCT value, electrodeposited heterostructure shows higher conductivity, which enhances HER 

activity. All the charge transfer resistance and solution resistance values for electrodeposited and 

Ni(OH)2/NiOOH samples are shown in Table-3.1. The following reasons can attribute the higher 

electronic conductivity of Ni/Ni(OH)2/NiOOH heterostructure; (i) the presence of stable Ni(0) 

makes this material more metallic, (ii) the presence of Ni(0), Ni(OH)2, and NiOOH species in close 

proximity (larger surface area) show more contact between electrolyte and catalyst, which 

increases ease of charge transportation during the reaction, and (iii) the cross-linked nanoworm 

morphology increases the interfacial structure with heteroatom Ni(0) and Ni(OH)2.  

 

 

Figure 3.12 : (a) Tafel plot and (b) Nyquist plots of Ni/Ni(OH)2/NiOOH, Ni(OH)2/NiOOH, and 

Ni/Ni(OH)2 electrocatalysts. Inset of figure b represents equivalent circuit of 

Ni/Ni(OH)2/NiOOH heterostructure. 

 

Apart from excellent electrocatalytic activity, the durability of an electrocatalyst is an 

essential parameter. The stability of Ni/Ni(OH)2NiOOH heterostructure is checked over 
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consecutive 1000 LSV cycles in 1.0 M KOH medium. Figure 3.13a shows that there is no 

significant change before and after the 1000 cycle LSV run. To further cross-check, we have also 

performed a chronoamperometric analysis for a prolonged time. The electrodeposited 

heterostructure is stable up to 200 hours at a fixed potential of -0.375 V vs. RHE. Figure 3.13b 

represents the generated current density (260 mA/cm2) remain constant up to 200 hours. Therefore, 

the electrocatalyst is highly durable and robust in the alkaline medium. After electrocatalysis, 

FESEM and PXRD analyses are carried out to confirm the retention of morphology and physical 

stability of the heterostructure. PXRD pattern in Figure 3.13c shows the presence of peaks for 

Ni(0), Ni(OH)2, and NiOOH for a reused catalyst as well as there is no change in morphology after 

electrocatalysis (Figure 3.13d), which proves that the fabricated heterostructure is showing 

excellent electrocatalytic stability and robustness in alkaline electrolyte.  

Figure 3.13: (a) Polarization curves of Ni/Ni(OH)2/NiOOH electrocatalyst for initial, 100 cycles, 

and after 1000 cycles. (b) Amperometric data recorded at a fixed potential. (c) PXRD and (d) 

FESEM analyses of Ni/Ni(OH)2/NiOOH heterostructure after electrocatalysis. 
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EDS mapping analysis was also performed for the reused electrocatalyst, and Figure 3.14a 

represents the presence of Ni, O, and C elements properly. Faradaic efficiency for hydrogen 

evolution is calculated at an applied potential of -0.12 V vs. RHE for ~145 min using the 

Ni/Ni(OH)2/NiOOH electrocatalyst. The electrocatalyst shows 165.6 μmol of H2 generation in 145 

min, whereas the theoretical amount of H2 generation within the time is 203.1 μmol. The 

determined Faradaic efficiency is 81.5% with Ni/Ni(OH)2/NiOOH heterostructure electrocatalyst. 

The theoretically and experimentally calculated H2 generation (in μmol) in various time scale is 

shown in Figure 3.14b. 

 

 Figure 3.14: (a) EDS mapping analysis of post electrolysis. (b) Hydrogen gas evolution of 

Ni/Ni(OH)2/NiOOH electrode under applied potential of -0.225 V vs. RHE. 

 

3.3.5 Application in oxygen evolution reaction (OER):   

The electrodeposited carbon cloth, graphitic rod, and Ag/AgCl electrode was used as a 

working, counter, and reference electrode during OER, respectively. In Figure 3.15a comparative 

polarization curve of commercial RuO2, electrodeposited Ni/Ni(OH)2/NiOOH, bare CC, 

Ni/Ni(OH)2, and hydrothermally grown Ni(OH)2/NiOOH are given for OER. Bare CC exhibit 

lesser electrochemical activity than others. To compare OER activity, the potential to generate 50 

mA/cm2 current density and overpotential are compared. The onset potential for electrodeposited 

Ni/Ni(OH)2/NiOOH is 1.588 V vs. RHE, and overpotential is 358 mV, which is much better than 

commercial RuO2 and Ni(OH)2/NiOOH. For commercial RuO2 onset potential is 1.608 V vs. RHE 

and overpotential is 378 mV, and Ni(OH)2/NiOOH sample show onset potential at 1.638 V vs. 
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RHE and overpotential is 408 mV. The efficient electrocatalytic activity was observed with 

Ni/Ni(OH)2 deposited on carbon cloth; it is having overpotential of 312 mV, and 1.542 V vs. RHE 

is required to obtain 50 mA/cm2 current density (Figure 3.15a). The anodic peak at 1.417 V vs. 

RHE is attributed to the redox reaction of Ni2+ to Ni3+  formation, promoting in situ formation of 

NiOOH species during oxygen evolution. Besides, in Ni/Ni(OH)2, the formation of this redox peak 

appeared at 1.39 V vs. RHE. The Figure 3.15b shows the Tafel slope value of electrodeposited 

Ni/Ni(OH)2/NiOOH is 72.5 mV/dec, which is lower compare to other catalysts. The commercial 

RuO2 exhibits a Tafel slope of 84.1 mV/dec. However, the stability of electrodeposited 

Ni/Ni(OH)2/NiOOH for OER is poor in an alkaline medium. The sample is not electrocatalytically 

stable. 

Figure 3.15: (a) Polarization OER curve (b) Tafel slope of Ni/Ni(OH)2/NiOOH, 

Ni(OH)2/NiOOH, Ni/Ni(OH)2, and RuO2 samples. 

 

 

3.3.6 Comparative Study 

A comparative study of all the electrochemical parameters with the as-developed 

electrocatalysts is tabulated in Table 3.2.  
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Table 3.2: A comparative study of all the electrochemical parameters with the as-developed 

electrocatalysts. 

 

 

3.4 Conclusion 

 We have developed an environment friendly and easily scaled up electrodeposition method 

for 2D nanoworms of Ni/Ni(OH)2/NiOOH on conductive CC surface as an efficient electrocatalyst 

for hydrogen evolution. The reduction of NiCl2 leads to the formation of Ni(0) on the CC surface 

upon application of a cathodic potential of -1.0 V vs. Ag/AgCl. The sample is attracted by an 

external magnet, which confirms the presence of metallic Ni in the system. The presence of Ni(0) 

is important in the HER, and Ni(OH)2 and NiOOH surface can participate in adsorption and 

desorption of OH- ion on its surface. Therefore, the combined effect of Ni(0), Ni(OH)2, and NiOOH 

in the heterostructure leads to better HER activity. The optimized catalyst has a lower onset 

potential and a smaller Tafel slope value of 99.6 mVdec-1 in HER. The ultrafine 2D nanoworms 

of electrodeposited heterostructure have more active sites, and the synergistic effect leads to 

stability up to 200 in HER. The electrocatalytic activity of Ni/Ni(OH)2/NiOOH heterostructure is 

compared with Ni-7d and shows similar HER activity. The developed heterostructure 

electrocatalyst can generate 165.6 μmol of H2 in ~145 min of reaction time with 81.5% Faradaic 

efficiency. This work provides us an efficient and robust electrocatalyst for HER, comparable to 

the performance of noble Pt metal electrocatalyst in an alkaline medium. We need to modify the 
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developed catalyst with some strategy to make it bifunctional and further improve the 

electrocatalytic stability. 
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Bifunctional Tungsten-doped Ni(OH)2/NiOOH 

Nanosheets for Overall Water Splitting in 

Alkaline Medium  

 

 

 In this chapter, W doped Ni(OH)2/NiOOH heterostructure was developed on carbon 

cloth.  

 The W0.1Ni(OH)2/NiOOH nanosheest applied for electrochemical HER and OER 

activity, which shows good bifunctional activity. 
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Abstract 

The development of a cost-effective and proficient bifunctional electrocatalyst is highly 

fascinating. Herein, we have synthesized tungsten (W6+) doped vertically grown nanosheet-

like structure of Ni(OH)2/NiOOH on carbon cloth for HER and OER activity in KOH 

solution. Doping with W6+ ion in Ni(OH)2/NiOOH is performed by electrodeposition followed 

by hydrothermal method. Various amount of dopant (W6+) is used to confirm the role of W 

but W0.1Ni(OH)2/NiOOH nanosheet shows the highest efficiency in electrocatalysis. The 

surface composition and oxidation state of the developed electrocatalyst are confirmed by 

ICP-AES and XPS analysis. After doping the lattice suffers a tensile strain, which is 

confirmed by Raman and PXRD analysis. FESEM and TEM analyses confirm the nanosheet 

morphology of W0.1Ni(OH)2/NiOOH. The electrocatalyst, W0.1Ni(OH)2/NiOOH is having a 

lower value of overpotential of 56 and 293 mV to obtain 10 and 50 mA/cm2 current density 

for HER and OER, respectively, in a basic medium. The corresponding Tafel slope values 

are 63.5 and 48.2 mvdec-1 for HER and OER, respectively. In W0.1Ni(OH)2/NiOOH, W6+ ion 

is a d0 system that behaves as a strong Lewis acid and helps in electron pulling from Ni2+ ion, 

which facilitates the formation of Ni3+ ion as an active site for HER and OER. The electron 

pulling nature of the W6+ ion is further confirmed from Bader's charge analysis. Moreover, 

the synergistic effect between Ni2+ and W6+ ions play an important role in higher 

electrocatalytic efficiency. Density Functional Theory calculations revealed the change in the 

Gibbs free energy of H adsorption in the presence of W, suggesting an enhanced HER 

activity for W0.1Ni(OH)2/NiOOH. 
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4.1 Introduction 

Electrochemical water splitting reaction is a prominent way to generate hydrogen and 

oxygen with high purity and zero pollution, a clean and sustainable source of energy.1-2 Hydrogen 

and oxygen evolution reactions (HER and OER) are the two important half-reactions for 

electrochemical water splitting for sustainable clean energy production.3-4 HER is a two-electron 

process, whereas, OER is a four-electron process. OER shows more sluggish kinetics than HER 

and requires very high overpotential. The theoretical potential value of 1.23 V (ΔG = 237.2 kJ/mol) 

is required for water splitting.5 Therefore, it is essential to minimize the value of large overpotential 

and sluggish reaction kinetics by developing a desirable electrocatalyst in nanometre length scale 

with better efficiency. Noble metal-based materials like Pt and RuO2, IrO2 is an excellent 

electrocatalyst for HER and OER, respectively, but due to high cost and low availability large-

scale application is restricted.6-8  

 Oxides, hydroxides, sulphides, and selenides of transition metals (e.g., Ni, Co, and Fe) are 

investigated as a better electrocatalyst with low-cost element composition and well functionality 

in the acidic and basic medium for electrocatalytic HER and OER, respectively.9-10 Although these 

electrocatalysts show efficient activity in HER and OER reaction using an acidic and basic 

electrolyte, however, their activity diminished for either HER or OER using the same electrolyte 

(alkaline or acidic) because of the incongruity among activity and stability. It becomes more and 

more essential to unveil alternative bifunctional (HER and OER) electrocatalysts within a single 

catalyst composed of nonprecious metals or earth-abundant elements with high efficiency and 

stability in a single electrolyte solution.11-13 So, there are many strategies like heterostructuring, 

morphology control, and incorporation of dopant to create a bifunctional active site for 

electrocatalytic water splitting using the same electrolyte.14-16 The incorporation of the second 

metal as a dopant generally improves the electrocatalytic activity by increasing charge 

transportation. Moreover, doping with heteroatom makes the catalyst more metallic and influences 

the chemical environment of the catalytic surface.17 

 An effort is being dedicated to developing a new cost-effective, durable, and bifunctional 

electrocatalyst for HER and OER but the exact role of dopant is not yet clear. The literature report 

confirms that the integration of dopant in Ni(OH)2 enhances the electrocatalytic activity and 

electrical conductivity. Basu and co-workers18 developed Fe3+ doped Ni(OH)2/NiOOH as an 

effective electrocatalyst for OER and confirmed the strong Lewis acid behaviour of Fe3+ ion, which 
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pulls the electron from the neighbouring nickel results in peak shifting during CV analysis. 

Similarly, few other scientists also reported Fe doping in Ni(OH)2 structures. Wang and co-

workers19 developed Ni(OH)2 from Ni foam and Fe doping via electrochemically assisted 

technique for OER. They have reported high efficiency, durability, and lower Tafel slope value 

(48.3 mVdec-1) with Fe doped electrocatalyst, where Fe doping modifies the electronic structure 

of Ni(OH)2. Furthermore, Yuan and co-workers20 reported integrated architectures with multiple 

pores of Fe doped Ni(OH)2 for electrocatalytic reactions (HER and OER). These architectures and 

high porosity help in exposing sufficient electrocatalytically active sites, electrical and structural 

properties during electrochemical reactions. Later on, single-atom tungsten doping in ultrathin 

Ni(OH)2, where, W6+ sites present in the system behave as the exothermic site for H2O adsorption, 

and oxygen radical formation favors the oxygen evolution in 1.0 M KOH solution is reported by 

Yan and co-workers.21 Using DFT calculation the same group has confirmed that the site of W6+ 

is responsible for the generation of O radical and O-O coupling, which promptly enhances the 

oxygen evolution. Wang and co-workers22 developed Ru doping in Ni(OH)2 following 

hydrothermal method and represented best HER activity in alkaline medium. They have mentioned 

that Ru doped Ni(OH)2 propagates increment of charge transfer rate, higher electrochemically 

active surface area, acceleration in Volmer step, and an active site for hydrogen adsorption. Ce 

doped Ni(OH)2 nanosheet via one-step electrodeposition on a conducting carbon fiber paper is 

reported by Huang and co-workers.23 They have mentioned that the electrodeposition technique 

increases the active sites during oxygen generation. Recently, Ning and co-workers24 introduced a 

small amount of W6+ into FexNi1-x(O)OH to develop the target product as Fe0.03W0.03-Ni layered 

double hydroxide for OER. Based on various characterization techniques and electrochemical 

studies the same group has claimed a synergistic interaction between nickel, iron, and tungsten 

metal ions which produced a favourable environment and electronic structure for enhanced OER 

activity. Therefore, the above-mentioned literature directed us for doping in Ni(OH)2 substrate, 

which can effectively increase the conductivity and stability of the system. In this study, we have 

chosen Ni(OH)2/NiOOH system as a heterostructure and doped it with tungsten to develop a 

bifunctional electrocatalyst for both HER and OER in a single electrolyte medium.  

     Being motivated by the above studies, herein, we have synthesized tungsten doping with 

Ni(OH)2/NiOOH on a conductive surface through electrodeposition followed by the hydrothermal 

method. The catalyst exhibits superior performance for HER and OER in 1.0 M KOH. Afterward, 
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through doping of W in Ni(OH)2/NiOOH with ratio variation (W:Ni) the electrocatalyst shows 

more electrocatalytic activity. W6+ has a d0 system, which can improve the adsorption energies for 

intermediates, resulting in increasing the electrocatalytic efficiency. All the nanomaterials are well 

characterized by various techniques like PXRD, FESEM, TEM, XPS, etc. The advantage of this 

work can be folded as, first, the development of electrocatalyst is an easy and cost-effective 

method. Carbon cloth is working as better conductive support, which could be used without any 

polymer binder. Second, the doped electrocatalyst exhibits higher activity and stability. There is a 

synergistic consequence among W6+ and Ni2+ ions to increase the electronic conductivity of the 

system. The best electrocatalytic activity was obtained with W0.1Ni(OH)2/NiOOH nanosheet, 

which exhibits a very low overpotential value of 56 and 293 mV to obtain 10 and 50 mA/cm2 

current density for HER and OER, respectively. The calculated Tafel slope is 63.5 and 48.2 

mVdec-1 for HER and OER, respectively, which is outstanding among the non-noble metal-based 

electrocatalysts. Third, the developed doped nanomaterials can behave as a bifunctional 

electrocatalyst in an alkaline electrolyte. Fourth, Density Functional Theory calculations confirm 

the higher Gibbs free energy of H adsorption in W0.1Ni(OH)2/NiOOH for enhanced HER activity. 

 

4.2 Experimental Section 

4.2.1 Synthesis of Ni(OH)2/NiOOH: For the synthesis of Ni(OH)2/NiOOH, firstly, 

Ni/Ni(OH)2/NiOOH composite was developed by a facile electrodeposition process on carbon 

cloth following our recently reported method.25 A brief procedure is also given here. Three-

electrode systems (carbon cloth = WE, Pt wire = CE, and Ag/AgCl = RE) were used during 

electrodeposition. At the time of electrodeposition, 10 mM NiCl2.6H2O and 0.1 M KCl were used 

as precursor salt and an electrolyte. Chronoamperometry technique with cathodic potential of -1.0 

V vs. Ag/AgCl was applied for 20 minutes to deposit Ni/Ni(OH)2/NiOOH composite. 

Subsequently, after electrodeposition, the sample deposited carbon cloth was kept for 

hydrothermal reaction (105 °C for 6 hours) in a sealed autoclave using a Teflon container along 

with 0.63 gm NaOH, 0.15 gm NH4F, and 50 mL DI water, and the solution was sonicated for 10 

minutes for proper mixing. Finally, ethanol was used to clean the sample deposited carbon cloth 

and dried in a conventional oven. 
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4.2.2 Synthesis of W doped Ni(OH)2/NiOOH: For W doping, 0.329 gm of Na2WO4 (1.0 mM), 

0.63 gm NaOH, and 0.15 gm NH4F were mixed properly in 50 mL DI water via sonication. After 

that, the 50 mL solution consisting of Na2WO4, NaOH, and NH4F was transferred into a Teflon-

lined autoclave. In the same autoclave previously developed Ni/Ni(OH)2/NiOOH on a CC was 

dipped for the hydrothermal reaction at 105 °C for 6 hours. After the reaction, the CC was removed 

and washed with ethanol followed by drying. Following this technique, W0.1Ni(OH)2/NiOOH was 

developed on CC.  

 To vary the amount of "W" during doping various amount of Na2WO4 was taken keeping 

unchanged the other conditions. 0.658 and 0.197 gm of Na2WO4 (2.0 mM and 0.6 mM) were used 

to develop W0.2Ni(OH)2/NiOOH, and W0.06Ni(OH)2/NiOOH electrocatalyst, respectively. Unless 

otherwise indicated the three developed electrocatalysts on CC are represented as 

W0.1Ni(OH)2/NiOOH, W0.2Ni(OH)2/NiOOH, and W0.06Ni(OH)2/NiOOH. Schematic 

representation for the synthesis of doped and undoped Ni(OH)2/NiOOH nanomaterials is shown 

in Scheme 4.1. 

 

 

Scheme 4.1 : Schematic illustration for the synthesis of Ni(OH)2/NiOOH and 

W0.1Ni(OH)2/NiOOH on carbon cloth. 

 

4.2.3 Electrochemical measurement: For electrochemical analysis, three-electrode systems were 

used. The electrodes were sample (doped and undoped) deposited carbon cloth as WE, Ag/AgCl 

as RE, and graphite rod as CE using 1.0 M KOH as an electrolyte. No further polymer binder was 

used during electrocatalysis. The area of the working electrode was fixed (0.4×0.4 cm2) and 



Chapter 4  

 

 113 

 

insulated epoxy paste was applied to the sample deposited carbon cloth. In the fixed area of 0.4×0.4 

cm2, the amount of catalyst was loaded for Ni(OH)2/NiOOH and W doped Ni(OH)2/NiOOH as 

0.624 mg. All the electrochemical analysis was performed using the CHI604E instrument. During 

linear sweep voltammetry (LSV) analysis, -0.9 to -1.8 V vs. Ag/AgCl and 0 to 0.8 V vs. Ag/AgCl 

for HER and OER, respectively were used at a scan rate of 2.0 mV/s. The obtained data was 

converted to RHE using the equation, ERHE = EAg/AgCl + 0.0591 pH + E0
Ag/AgCl. For electrochemical 

impedance spectroscopy (EIS) analysis bare and W doped Ni(OH)2/NiOOH material was used and 

the onset potential was selected as the execution bias for data recording. A frequency ranges of 50 

kHz to 1 Hz with applying a voltage of onset potential in 1.0 M KOH solution was used for EIS 

analysis. 

4.2.4 Preparation of standard electrocatalyst for HER and OER: 5% Pt/C and RuO2 were used 

as standard electrocatalyst for HER and OER, respectively. To compare the electrocatalytic 

activity same amount (0.624 mg) of catalyst was used. For HER, in a small glass vial 0.624 mg of 

5%, Pt/C was added with 200 µL isopropyl alcohol and 20 µL Nafion (as adhesive), and the 

mixture was shaken well. After that, the whole mixture was transferred quantitatively into 0.4×0.4 

cm2 carbon cloth and was used for HER. The same process was followed for OER except RuO2 

was used instead of 5% Pt/C.  

4.2.5 Computational Methods: Periodic spin-polarized density functional theory calculations 

were performed using the Vienna ab initio Simulation package as developed at the Fakultat fur 

Physik of Universitat Wien.26-27 A plane-wave basis set with an energy cutoff of 450 eV and the 

Projector augmented wave potentials (PAW) 28-29 was employed in the calculations. The PBE 

functional 30 in the generalized gradient approximation (GGA) was utilized for describing the 

exchange-correlation energy. The DFT+U formalism proposed by Duadarev was chosen to 

account for the better description of the d electrons of transition metal oxides.31 An effective U-J 

value of 5.5 eV for Ni was found to accurately predict the lattice constant for NiOOH.32-33 The 

bulk unit cell of β-NiOOH created by Selloni and co-workers was adapted for this work.32-33A 

higher indexed β-NiOOH (015) surface was considered for this study as they are highly reactive. 

The β-NiOOH (015) surface was modeled as a 6 layer slab with a 15 Ǻ vacuum spacing to avoid 

inter slab interactions. The W doped surface was modeled by replacing one of the surface Ni atoms. 

The Brillouin zone was sampled with a 3×3×1 Monkhorst-Pack grid, and a tetrahedron method of 
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smearing having a width of 0.2 eV was employed. Geometry optimization was done using a 

conjugate gradient algorithm with a force convergence criterion of 0.05 eV/Å. 

The Gibbs free energy for hydrogen adsorption on the β-NiOOH surface was calculated as follows: 

 ΔGH(298K, 1bar) = ΔH (298K) + ZPE – TΔS (298 K)  

Where ΔH and ΔS are the enthalpy and entropy change at 298K and ZPE is the zero-point energy 

correction. ZPE was calculated from a vibrational analysis and enthalpy and entropy corrections 

for H2 (gas). The d band center of the surface Ni atom is computed as follows 

𝜀𝑑 =
∫ 𝐸 𝐷(𝐸)𝑑𝐸

𝐸𝐹

−∞

∫ 𝐷(𝐸)𝑑𝐸
𝐸𝐹

−∞

 

Where D(E) is the density of states at energy E. A Bader charge analysis34 was also performed to 

quantify the charge transfer between the metals. 

 

 

4.3 Results and discussion  

4.3.1 Material synthesis and characterization 

Electrodeposition followed by the hydrothermal method was used for the synthesis of bare 

and W doped Ni(OH)2/NiOOH nanomaterials on carbon cloth. The Chronoamperometry technique 

was used for electrodeposition using KCl as an electrolyte. After electrodeposition, 

Ni(OH)2/NiOOH sample was doped with W using Na2WO4 following hydrothermal technique. 

The amount of W was varied to optimize the role of dopant in the electrocatalytic activity.  

 To find out the phase, crystallinity, and purity, XRD analysis is carried out, which is given 

in Figure 4.1a. All the peaks are well indexed to the Ni(OH)2/NiOOH, in which Ni(OH)2 is present 

in the form of both alpha and beta phase (JCPDS 38-0715) and (JCPDS 14-0117) representing 2θ 

values at 19.2°, 33.2°, 38.9°, and 59.4°. All the assigned peaks are well-matched with the 

diffraction plane with (hkl) values of (001), (100), (101), and (110). The other peaks at 29.3°, 

44.3°, and 47.1° are observed for NiOOH (JCPDS 78-4225). The remaining broad peaks at 2θ = 

25.6°, 42.8°, and 52.1° are due to the presence of carbon cloth.18, 25 After doping with W in 

Ni(OH)2/NiOOH all the peak positions are the same except the peaks at  29.3°, 33.2°, and 38.9° 

are shifted. The shifting of peaks to the lower diffraction angle suggested that the dopant arises 
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tensile strain in the system of Ni(OH)2/NiOOH.24 All the observed peaks in the PXRD pattern of 

W0.2Ni(OH)2/NiOOH and W0.06Ni(OH)2/NiOOH samples are well-matched with the 

W0.1Ni(OH)2/NiOOH (Figure 4.1b). The calculation of the lattice strain is performed following 

Williamson-Hall (W-H) method and the diffraction angles (2θ) = 29.3, 38.9, and 47.1 for (003), 

(101), and (203) planes of Ni(OH)2/NiOOH are used. The value of stain (ε) is co-related to the 

slope value, which shows 0.854, 1.12, 0.867, and 0.728 for Ni(OH)2/NiOOH, 

W0.1Ni(OH)2/NiOOH, W0.2Ni(OH)2/NiOOH and W0.06Ni(OH)2/NiOOH, respectively(Figure 

4.1c). The positive value of strain confirms the presence of tensile strain in the doped sample, 

which is well matched with the literature.24,35 The absence of any extra peak in 

W0.1Ni(OH)2/NiOOH for WOx and hydroxides species, which confirms the successful doping of 

W in the heterostructure system, and the synthesized sample is highly pure.  

Figure 4.1: (a) PXRD pattern of Ni(OH)2/NiOOH and W0.1Ni(OH)2/NiOOH materials. JCPDS 

values for Ni(OH)2 and NiOOH are shown at the bottom of the graph (b) PXRD analysis of of 

W0.1Ni(OH)2/NiOOH, W0.2Ni(OH)2/NiOOH, and W0.06Ni(OH)2/NiOOH. (c) W-H plot. 

Raman spectra of Ni(OH)2/NiOOH and W0.1Ni(OH)2/NiOOH samples are shown in Figure 

4.2. In Ni(OH)2/NiOOH sample, the peaks are observed at 309 cm-1 and 444 cm-1 for Eg(T) and A1g 

mode of Ni-OH lattice vibration and stretching vibration, respectively.36 Another peak that 

appeared at 1058 cm-1 confirms the presence of active oxygen in NiOOH.37 Raman spectra of 

W0.1Ni(OH)2/NiOOH consist of similar peaks but shifted to higher wavenumber, which is due to 

the doping. The peak shifting in Raman analysis also symbolizes the presence of strain in the 

system after doping. The Raman spectra of W0.2Ni(OH)2/NiOOH and W0.06Ni(OH)2/NiOOH also 

exhibit broad peaks shifted at 545 cm-1. No new peak appeared in W0.1Ni(OH)2/NiOOH indicates 

the formation of oxides and hydroxides is insignificant.38   
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Figure 4.2: Raman spectrum of Ni(OH)2/NiOOH, W0.1Ni(OH)2/NiOOH, W0.2Ni(OH)2/NiOOH, 

and W0.06Ni(OH)2/NiOOH materials. 

4.3.2 XPS analysis 

Furthermore, XPS analysis was performed to confirm the oxidation states of all the ions 

and doping of W in the developed materials. The presence of W, Ni, and O in the system is 

confirmed from the XPS survey scan. The absence of any extra peak in survey scans confirms that 

the synthesized sample is pure and contaminant-free. XPS survey scan for Ni(OH)2/NiOOH is 

represented in Figure 4.3a, which exhibits the peaks for Ni and O. In Ni(OH)2/NiOOH sample, the 

deconvoluted Ni 2p spectra (Figure 4.3b) are fitted with two doublet peaks along with satellite 

peaks. Figure 4.3b symbolizes two binding energies at 855.7 eV and 873.17 eV for Ni 2p3/2 and 

Ni 2p1/2, respectively ascribed to the presence of Ni2+. Moreover, two-fold satellite peaks with the 

binding energies of 862.03 eV and 879.9 eV are also characteristic of Ni2+. The other binding 

energies of 856.9 eV (2p3/2) and 874.6 eV (2p1/2) for the existence of NiOOH in the sample. The 

above binding energies for Ni2+ and Ni3+ ions are well corroborated with the literature.18, 22 The 

deconvoluted spectra (Figure 4.4b) of Ni 2p consists of two spin-orbit doublets in addition to 

satellite peaks in W0.1Ni(OH)2/NiOOH sample. The binding energy values for Ni 2p peaks are at 

856.2 eV (2p3/2), and 873.9 eV (2p1/2) for the presence of Ni2+ ion and 857.5 eV (2p3/2) and 875.4 

eV (2p1/2) for NiOOH species, respectively. Figures 4.4b and 4.3b show that there is a clear shift 

of ~ 0.6 eV and ~ 0.7 eV towards higher binding energy for Ni2+ and Ni3+ species, respectively. 
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Therefore, the shift in binding energy in W0.1Ni(OH)2/NiOOH represents a strong interaction 

between nickel and tungsten.18 High-resolution deconvoluted XPS analysis of W 4f in W doped 

Ni(OH)2/NiOOH sample is shown in Figure 4.4c. XPS spectra of W 4f exhibit dual peaks with the 

binding energies of 36.1 eV (4f7/2) and 38.1 eV (4f5/2), which represents W is present in the +6 

oxidation state in the doped sample.24, 39 Apart from the two binding energies of the W6+ species, 

there is no other peak present in Figure 4.4c, which confirms the absence of WO3 or another 

impurity in the W0.1Ni(OH)2/NiOOH sample.  

 

Figure 4.3: XPS analysis of Ni(OH)2/NiOOH (a) survey spectrum, (b) deconvoluted spectra of 

Ni 2p and (c) deconvoluted spectra of O 1s. 
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Figure 4.4: XPS analysis of W0.1Ni(OH)2/NiOOH (a) survey spectrum, (b) deconvoluted spectra 

of Ni 2p, (c) high-resolution spectra of W 4f, and (d) deconvoluted spectra of O 1s. 

The sample, W0.1Ni(OH)2/NiOOH consists of W6+, a d0 system, which can behave as a 

strong Lewis acid and withdraw adjacent electrons from the Ni site for the generation of more 

catalytically active Ni3+ species in the system. To confirm the electron pulling nature of W6+ 

species the atomic percentage of Ni2+/Ni3+ are calculated as 7.82 and 5.89 in both Ni(OH)2/NiOOH 

and W6+ doped Ni(OH)2/NiOOH samples, respectively. So, a lower ratio of Ni2+/Ni3+ in the doped 

sample confirms the electron pulling behaviour of W+6 and the generation of more Ni3+ species. 

Furthermore, O 1s binding energy also plays an important role to prove the electron-withdrawing 

effect of the ‘W’ dopant, shown in Figures 4.4c. XPS spectra of O 1s peak for Ni(OH)2/NiOOH 

sample (Figure 4.3c) shows two peaks around 531.4 eV and 532.6 eV, which is due to lattice O2- 

and adsorbed OH-, respectively. On the other hand, XPS spectra of W6+ doped Ni(OH)2/NiOOH 

show two peaks at 532.2 eV and 533.3 eV for O2- and adsorbed OH- ion, respectively (Figure 

4.4d). In the doped sample, the higher binding energy of adsorbed OH- further confirms the 
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electron-withdrawing effect and also indicates a higher affinity of Ni site for both O2- and adsorbed 

OH-.18 

The survey spectrum and the deconvoluted spectra of W0.2Ni(OH)2/NiOOH and 

W0.06Ni(OH)2/NiOOH show similar binding energy values for Ni2+, Ni3+, O2-, and W6+ ions. All 

the binding energy values for bare and doped samples are tabulated in Table 4.1, which confirms 

the highest shift is observed in W0.1Ni(OH)2/NiOOH sample. XPS analysis result is well- 

corroborated with the PXRD analysis and further confirms the absence of impurities in the doped 

samples. 

Table 4.1: XPS binding energy values of  Ni(OH)2/ NiOOH, W0.1Ni(OH)2/NiOOH, 

W0.2Ni(OH)2/NiOOH, and W0.06Ni(OH)2/NiOOH. 

 

4.3.3 FESEM, EDS, ICP-AES and TEM analysis 

Electron microscopy technique is used to determine the size, shape, and morphology of the 

as-developed samples. Figures 4.5a show the FESEM images of Ni(OH)2/NiOOH. The inset image 

of Figure 4.5a shows the uniform distribution of Ni(OH)2/NiOOH on the surface of carbon cloth. 

Low and high-resolution images confirm the formation of the vertically grown nanosheet structure 

of Ni(OH)2/NiOOH on the surface of carbon cloth. These vertically grown sheet-like structures of 

Ni(OH)2/NiOOH function as a basic unit and accumulate into an aggregated structure. A higher 

magnification image also confirms the 2D nanosheet structures are well interconnected with each 

other having a sharp edge. FESEM images at low and high-resolution of W0.1Ni(OH)2/NiOOH are 

shown in Figures 4.5b, which confirms the uniform distribution throughout the carbon cloth. After 

doping the morphology is retained and shows a stacked nanosheet structure. A higher 
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magnification image clearly shows the interconnecting 2D sheets of W doped Ni(OH)2/NiOOH 

materials (Figure 4.5b). In a closer view, the outer edge of W doped materials is thick and rough 

than the undoped materials. The uniformly distributed nanosheet morphology with many 

interspaces and rough surfaces can significantly increase the surface area of the electrocatalyst, 

which can increase the electrocatalytic activity.40 However, FESEM analysis of 

W0.2Ni(OH)2/NiOOH and W0.06Ni(OH)2/NiOOH represents non-uniform and aggregated 

structures (Figures 4.5c and d).  

 

Figure 4.5: FESEM images of (a) Ni(OH)2/NiOOH. The inset of figure 4.5 a shows the uniform 

coverage of carbon cloth surface with Ni(OH)2/NiOOH. (b) W0.1Ni(OH)2/NiOOH (with inset of 

CC surface) (c) W0.2Ni(OH)2/NiOOH (d) W0.06Ni(OH)2/NiOOH. 

The difference in morphology could be due to the presence of the different amounts of W 

dopant. By changing the dopant concentration, the surplus atoms are aggregated and influence the 

surface kinetics, which leads to the change in morphology. The nucleation and growth of the 

Ni(OH)2/NiOOH lattice may also affect by the lower and higher amount of W in 

W0.06Ni(OH)2/NiOOH and W0.2Ni(OH)2/NiOOH samples. EDS mapping analysis of the bare 
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sample shows the signals of Ni, O, and C elements with uniform distribution of Ni, O, and C in 

the material (Figure 4.6). The presence of W is further confirmed from EDS mapping analysis of 

doped materials along with the distribution of Ni, O, and C (Figures 4.7).  

 

Figure 4.6: Elemental composition and EDS mapping showing the distribution of Ni and O on 

the carbon cloth in Ni(OH)2/NiOOH. 

 

Fgure 4.7: Elemental composition and EDS mapping showing the distribution of W, Ni and O 

on the carbon cloth in W0.1Ni(OH)2/NiOOH. 
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The amount of W in W0.1Ni(OH)2/NiOOH is verified by using ICP-AES analysis and 

shown in Table 4.2. ICP-AES result confirms the presence of 0.106, 0.143, and 0.052 wt% of W 

in W0.1Ni(OH)2/NiOOH, W0.2Ni(OH)2/NiOOH, and W0.06Ni(OH)2/NiOOH, respectively, which is 

well-matched with the experimental amount of W. 

Table 4.2: ICP-AES analysis of W0.1Ni(OH)2/NiOOH, W0.2Ni(OH)2/NiOOH, and 

W0.06Ni(OH)2/NiOOH. 

 

Figure 4.8:  (a and b) TEM and (c) HRTEM  image (d) SAED pattern of Ni(OH)2/NiOOH. 
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Figure 4.9:  (a and b) TEM and (c) HRTEM image (d) SAED pattern of W0.1Ni(OH)2/NiOOH. 

 

To reconfirm the morphology and crystallinity, TEM analysis is performed with doped and 

bare samples. Nanosheet morphology with a sharp edge of Ni(OH)2/NiOOH is confirmed from the 

lower and higher magnification TEM images (Figures 4.8a and b). Afterward, doping with W in 

Ni(OH)2/NiOOH (W0.1Ni(OH)2/NiOOH) there is no change in morphology only the edges become 

thick and rough (Figures 4.9a and b). HRTEM analysis in Figure 4.8c is carried out to calculate 

the d-spacing in Ni(OH)2/NiOOH lattice and reported as 0.229 nm, which is well-matched with 

the (101) plane. In W0.1Ni(OH)2/NiOOH sample, the d spacing value increases to 0.231 nm 

corresponding with the same plane in XRD (Figure 4.9c). The increment in d spacing value for the 

doped sample is well-matched with the XRD analysis. The blue-shifted peak in XRD analysis, as 

well as the change in d-spacing value altogether, represents a tensile strain in the Ni(OH)2/NiOOH 

lattice after W doping (W0.1Ni(OH)2/NiOOH). The crystallinity of the W doped Ni(OH)2/NiOOH 
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sample is also confirmed with SAED analysis. In Figures 4.8d and 4.9d, the SAED pattern shows 

the presence of many diffraction rings, which are well-matched with (001), (100), and (101) 

diffraction planes of Ni(OH)2.  

Therefore, a few important points have emerged from the above analyses. First, the PXRD 

pattern and Raman spectra confirm that W0.1Ni(OH)2/NiOOH lattice suffers a tensile strain, which 

is due to the incorporation of W6+ ion as a dopant. The increment in the d-spacing value from the 

HRTEM image also infer the change in tensile strain after doping. Second, a vertically grown 

nanosheet structure along with the optimum edge of W0.1Ni(OH)2/NiOOH is confirmed from 

FESEM and TEM. Third, a strong interaction is observed between nickel and tungsten due to the 

higher binding energy of W0.1Ni(OH)2/NiOOH. Fourth, XPS analysis confirms the electron pulling 

effect of the W6+ ion, which also behaves as a strong Lewis acid. All these points are very important 

to improve the electrocatalytic HER and OER performances of W0.1Ni(OH)2/NiOOH than the 

other doped and bare materials. 

 

4.3.4 Electrocatalytic performance 

4.3.4.1 Hydrogen evolution reaction (HER) study 

 The HER activity is studied using a three-electrode system and 1.0 M KOH solution. 

Ag/AgCl, graphitic rod, and sample (doped and bare) deposited CC is used as RE, CE, and WE, 

respectively. Bare Ni(OH)2/NiOOH on CC is also used to compare the HER activity. LSV analysis 

was examined at a 2 mVs-1 scan rate for all the materials. Onset potential and overpotential are 

primarily two important parameters to determine electrocatalytic activity. Figures 4.10a and b 

represent the onset potential of bare Ni(OH)2/NiOOH is -0.312 V vs. RHE to obtain 10 mA/cm2 

current density, whereas W0.1Ni(OH)2/NiOOH shows at -0.056 V vs. RHE. Therefore, after doping 

the shift in the cathodic potential of -0.256 V vs. RHE confirms higher conductivity. 5% Pt/C is 

used to compare the current density at 10 mA/cm2 and the required onset potential is -0.038 V vs. 

RHE. The effect of blank CC is insignificant within the potential region. Various amount of W 

dopant is used to optimize the role of W in the electrocatalytic activity. The electrocatalysts, 

W0.1Ni(OH)2/NiOOH, W0.2Ni(OH)2/NiOOH, and W0.06Ni(OH)2/NiOOH exhibits onset potentials 

at -0.056 V, -0.110 V, and -0.119 V vs. RHE to generate 10 mA/cm2 current density in alkaline 

medium (Figures 4.10a and b). The difference in onset potentials during the generation of 10 

mA/cm2 current density represents the variation in conductivity in various doped samples. Figure 



Chapter 4  

 

 125 

 

4.10c shows the plot between onset potential (V) vs. RHE and potential required to generate 100 

mA/cm2 current density, W0.1Ni(OH)2/NiOOH shows the best electrocatalytic performance in 

comparison with another developed electrocatalyst. The histogram plot (Figure 4.10d) of current 

density generated at -0.3 V vs. RHE of all the developed electrocatalyst represents the best active 

electrocatalyst is W0.1Ni(OH)2/NiOOH. In the W doped sample, the hierarchically interconnected 

nanosheet morphology produces a large number of active sites, which enhanced the evolution of 

hydrogen gases during the electrochemical reactions. The electrocatalyst, W0.1Ni(OH)2/NiOOH 

lattice suffers tensile strain which also produced active sites to enhance HER reaction.  

 

 

Figure 4.10: Polarization HER curve at (a) low scale and  (b) high scale. (c) Plot between 

potential required to produce 100 mA/cm2 current density and onset potential (V) vs. RHE (d) 

Histogram plot of current density obtained at -0.3 V vs. RHE of Ni(OH)2/NiOOH, 

W0.1Ni(OH)2/NiOOH, W0.2Ni(OH)2/NiOOH, W0.06Ni(OH)2/NiOOH, and Pt/C samples. 
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To determine the electrochemical performance of the developed electrocatalysts the 

electrochemically active surface area (ECSA) is calculated.25,41 Cyclic voltammetry (CV) analysis 

is performed at altered scan rates (40 mV/s to 200 mV/s) within the potential range of 0.825 to 

1.025 V vs. RHE using 1.0 M KOH solution (Figures 4.11a to d) for the calculation of double-

layer capacitance (Cdl). Observed current at a fixed potential of 0.925 V vs. RHE is plotted against 

the scan rate and the calculated Cdl values are 0.30 mF, 1.88 mF, 1.56 mF, and 0.696 mF for 

Ni(OH)2/NiOOH, W0.1Ni(OH)2/NiOOH, W0.2Ni(OH)2/NiOOH, and W0.06Ni(OH)2/NiOOH, 

respectively (Figure 4.11e). The obtained ECSA and roughness factor (Rf) values are 31.33 cm2, 

26 cm2, 11.6 cm2, 5.01 cm2 and 195.81, 162.5, 72.5, 31.35 for W0.1Ni(OH)2/NiOOH 

W0.2Ni(OH)2/NiOOH, W0.06Ni(OH)2/NiOOH and Ni(OH)2/NiOOH samples, respectively. So, 

W0.1Ni(OH)2/NiOOH sample shows ~ 6.3 times higher surface area than the bare sample. The 

higher value of ECSA for the W0.1Ni(OH)2/NiOOH sample represents more active sites, which is 

generated from the interconnected rough sheet-like structure and strong interaction between W and 

Ni site in the lattice. The larger value of Rf also indicates higher efficiency in HER. In this context, 

Li and co-workers40 observed that after doping with phosphorus atom on Ni(OH)2/NiMoO4 

structure, nanosheets become rougher and the decrease in interspaces value. This decrement 

facilitates the rapid release of gas bubbles and the roughened nanosheets exhibit enhanced 

electrocatalytic efficiency. 

Mass activity calculation is also very helpful to show the higher efficiency of an 

electrocatalyst. For all the electrocatalyst, Ni(OH)2/NiOOH, W0.1Ni(OH)2/NiOOH, and 5% Pt/C 

the amount of catalyst loading is 0.624 mg on 0.4×0.4 cm2 carbon cloth. The calculated value of 

mass activity at a fixed potential of -0.4 V vs. RHE is 10.28 A/g, 96.34 A/g, and 66.58 A/g for 

Ni(OH)2/NiOOH, W0.1Ni(OH)2/NiOOH, and 5% Pt/C, respectively. The other W6+ doped 

catalysts, W0.2Ni(OH)2/NiOOH and W0.06Ni(OH)2/NiOOH show the mass activity values are 

49.01 A/g and 40.73 A/g, respectively. Therefore, the mass activity value of W0.1Ni(OH)2/NiOOH 

is highest than the other electrocatalyst. This higher electrocatalytic activity of 

W0.1Ni(OH)2/NiOOH can be explained by a strong synergistic effect between W6+ and Ni2+ ions. 

The proof of synergistic effect between the ions is well corroborated with the peak position shifting 

in PXRD, Raman, and XPS analyses. Moreover, stable W6+ ions (d0 system) as a dopant are 

significant for the adsorption of H atom and molecular hydrogen. Recently, our group has reported 

an efficient and durable electrocatalyst for HER based on Ni/Ni(OH)2/NiOOH, where, we have 
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mentioned that all the associated metal and ions (metallic Ni, Ni2+, and Ni3+) are randomly 

distributed on the surface of the catalyst and shows synergistic effect between the ions.25 Table 4.3 

represents the values of Cdl, ECSA, Rf, mass activity, etc. for a quick understanding of all the 

developed electrocatalysts.  

 

 

Figure 4.11: . Cyclic voltammetry curves of (a) Ni(OH)2/NiOOH (b) W0.1Ni(OH)2/NiOOH (c) 

W0.2Ni(OH)2/NiOOH (d) W0.06Ni(OH)2/NiOOH recorded in 1 M KOH recorded with different 

scan rates, (e) capacitive current at 0.925 (V vs. RHE) as a function of scan rate for all the 

samples. 
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Table 4.3: All the electrochemical HER parameters for Ni(OH)2/NiOOH, W0.1Ni(OH)2/NiOOH, 

W0.2Ni(OH)2/NiOOH, W0.06Ni(OH)2/NiOOH, and Pt/C electrocatalysts. 

 

  

To explain the mechanism of HER and higher activity of W0.1Ni(OH)2/NiOOH the 

calculation of Tafel slope is very important. The linear fitted graph (Figure 4.12a) is performed 

using the Tafel slope equation, η = b log (J) + a, where, η = overpotential, b = Tafel slope, and J = 

current density.6, 42 The electrocatalyst, Ni(OH)2/NiOOH, W0.1Ni(OH)2/NiOOH, 

W0.2Ni(OH)2/NiOOH, W0.06Ni(OH)2/NiOOH, and 5% Pt/C are having Tafel slope values of 126.7, 

63.5, 95.8, 101.6, and 59.8 mVdec-1, respectively (Table 4.3). Therefore, W0.1Ni(OH)2/NiOOH 

shows the best Tafel slope value amongst all other electrocatalysts. Furthermore, with the increase 

or decrease of W6+ amount the Tafel slope values are larger than W0.1Ni(OH)2/NiOOH. The Tafel 

slope value of W0.1Ni(OH)2/NiOOH and 5% Pt/C are comparable, which confirms the existence 

of an alternative electrocatalyst for HER in KOH solution. The HER reaction proceeds through the 

Volmer step at the beginning and then is followed by either Heyrovsky or Tafel step according to 

their Tafel slope value (alkaline medium), which is represented below.43 

  H2O + e                Hads + OH- (Volmer), 120 mV/dec   and 

  Hads + Hads            H2 (Tafel), 30 mV/dec 

 

  H2O + e                Hads + OH- (Volmer), 120 mV/dec   and 

  H2O + Hads + e           H2 + OH- (Heyrovsky), 40 mV/dec 

[1] 

[2] 
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However, based on the Tafel slope value of W0.1Ni(OH)2/NiOOH heterostructure the HER 

reaction followed the Volmer-Heyrvosky pathway.25,33 The obvious higher HER activity is due to 

the synergistic effect between W6+ and Ni2+ ions and the presence of NiOOH within the 

heterostructure. The presence of Ni(OH)2 facilitates water splitting to produce the Volmer step, 

W0.1Ni(OH)2/NiOOH[Hads + OH-]. In the heterostructure, the existence of Ni(OH)2 (d
8 system) 

and NiOOH (d7 system, more unfilled d-orbital's) species increases the superior adsorption 

followed by desorption of OH- ions and also favors water splitting, generation of Heyrovsky step. 

Further, W6+ doping (d0 system) distinctly promotes water dissociation reaction and expedites the 

adsorption of atomic hydrogen, leading to the formation of H2 molecules. Therefore, 

W0.1Ni(OH)2/NiOOH follows the fastest HER kinetics, and the process is conquered by the 

Volmer-Heyrvosky path. Similar phenomena of higher electrocatalytic activity after doping 

(single W atom doping in α-Ni(OH)2) are reported by Yan and co-workers.21 Based on DFT 

calculation, they have explained W itself can behave as an active site for water splitting reaction 

and having exothermic steps of water splitting. Wang and co-workers39 developed W doped 

NiO/NiS2 heterostructure for overall water splitting reaction. They have shown that the W site is 

superior for hydrogen adsorption, whereas, the Ni site favors the water dissociation process. This 

mutual interaction between W and Ni sites further enhanced the HER reaction kinetics. Jin and co-

workers44 reported W-doped cobalt carbonate hydroxide (CCH) for electrocatalytic water splitting. 

Using the DFT study they have observed that the low-level W doping in CCH induced electron 

density near the Fermi level, which enhanced the charge transfer and active sites for intermediate 

adsorption.  

 The higher HER activity of W0.1Ni(OH)2/NiOOH is further verified by Electrochemical 

impedance spectroscopy (EIS) analysis. For all the developed electrocatalysts respective onset 

potentials are used to calculate the EIS and the corresponding Nyquist plot is shown (Figure 4.12b). 

An equivalent circuit was drawn with W0.1Ni(OH)2/NiOOH using all the experimental values.  All 

the recorded values are listed in Table 4.3. It is reported in Table 4.3 that bare Ni(OH)2/NiOOH 

shows the value of RS and RCT are 10.25 Ω and 26.26 Ω, respectively. Whereas, the value of RS 

and RCT are 9.46 Ω and 16.26 Ω for W0.1Ni(OH)2/NiOOH, which is the lowest than 

W0.2Ni(OH)2/NiOOH and W0.06Ni(OH)2/NiOOH. Therefore, the lowest value of RCT for 

W0.1Ni(OH)2/NiOOH indicates higher electronic conductivity. After doping with W the charge 

transport efficiency increases, enduring more electron transfer and interactions, which further 
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increases HER performance. The plausible reasons for higher conductivity of 

W0.1Ni(OH)2/NiOOH heterostructure can be demonstrated by the presence of W6+ ions in the 

lattice, which creates tensile strain in the lattice structure (PXRD and Raman analyses) and close 

contact between the electrolyte and catalyst. Furthermore, the vertically grown nanosheet structure 

of the doped sample increases the interfacial structure and thus allows faster diffusion of reactant. 

The long-term stability of the developed catalyst is very important for an efficient and durable 

electrocatalyst. To check the stability of W0.1Ni(OH)2/NiOOH, the consecutive 1000 cycles are 

carried out in KOH solution (Figure 4.12c). It is observed that after 1000 cycles there is no change 

in the value of onset potential and current density, so the developed catalyst is highly stable for 

HER in an alkaline medium. Apart from 1000 cycle stability, chronoamperometry is also checked 

for long-term stability with a current density of 160 mA/cm2. Figure 4.12d represents the unaltered 

current density for W0.1Ni(OH)2/NiOOH, which is stable for up to 5 days.  
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Figure 4.12: (a) Tafel plot and (b) Nyquist plots of Ni(OH)2/NiOOH, W0.1Ni(OH)2/NiOOH, 

W0.2Ni(OH)2/NiOOH, and W0.06Ni(OH)2/NiOOH materials. The inset of Figure (b) shows the 

corresponding equivalent circuit. (c) Polarization HER curve of W0.1Ni(OH)2/NiOOH 

electrocatalyst for initial, and after 1000 cycles. (d) chronoamperometric data recorded for 120 

hours at a fixed potential for HER. All the data are recorded using a 1.0 M KOH solution. 

 

4.3.4.2 Oxygen evolution reaction (OER) study 

Similar to HER, W doped Ni(OH)2/NiOOH is also used for OER in an alkaline medium. 

The OER activity is performed with bare, doped, and standard RuO2 electrocatalyst. The LSV 

measurement is accomplished at a scan rate of 2 mVs-1 in 1.0 M KOH solution for all the samples. 

Figures 4.13a and b represent LSV plots of all the doped and bare samples along with bare CC. 

The onset potential of Ni(OH)2/NiOOH is 1.57 V vs. RHE to generate 50 mA/cm2 current density, 
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while, W0.1Ni(OH)2/NiOOH shows an onset potential of 1.52 V vs. RHE. To compare with other 

W doped samples, W0.2Ni(OH)2/NiOOH, and W0.06Ni(OH)2/NiOOH electrocatalyst exhibits an 

onset potential of 1.53 V and 1.54 V vs. RHE, respectively for 50 mA/cm2 current density 

generation. Commercial RuO2 catalyst is having an onset potential of 1.61 V vs. RHE. Bare CC 

has no contribution within this potential window. The overpotential value for Ni(OH)2/NiOOH 

and W0.1Ni(OH)2/NiOOH represents 340 mV and 293 mV, respectively to obtain the current 

density of 50 mA/cm2. On the other hand, W0.2Ni(OH)2/NiOOH, and W0.06Ni(OH)2/NiOOH show 

an overpotential of 300 and 314 mV to generate 50 mA/cm2 current density. After incorporation 

of W in Ni(OH)2/NiOOH structure a reduction of overpotential occurs for the same current density 

generation but the maximum reduction of ~ 47 mV in case of optimized W0.1Ni(OH)2/NiOOH 

sample. Therefore, W0.1Ni(OH)2/NiOOH exhibits superior OER performance and a cathodic shift 

in onset and overpotential than the other electrocatalyst. During LSV analysis (Figures 4.13 a and 

b), all the Ni(OH)2/NiOOH samples exhibited an obvious peak at a potential window of 1.35 - 1.46 

V vs. RHE for the conversion of Ni2+ to Ni3+/Ni4+ species. Additionally, the peak intensity is 

maximum in W doped samples, which represents the electron pulling effect of W6+ ion (XPS 

analysis) for the conversion of Ni2+ to Ni3+/Ni4+ during OER. Figures 4.13c and d show the plot 

between onset potential (V) vs. RHE and current density generated at 1.8 V vs. RHE potential and 

histogram plot of all the developed electrocatalyst, which signifies W0.1Ni(OH)2/NiOOH is the 

best OER active catalyst than others.  
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Figure 4.13: Polarization OER curve at (a) low scale and (b) high scale. (c) The plot of 

current density obtained at 1.8 V vs. RHE and onset potential (V) vs. RHE (d) histogram plot of 

current density obtained at 1.65 V vs. RHE of Ni(OH)2/NiOOH, W0.1Ni(OH)2/NiOOH, 

W0.2Ni(OH)2/NiOOH, W0.06Ni(OH)2/NiOOH, and RuO2 samples. 

 

To further recognize the betterment in the electrocatalytic activity of doped and bare 

samples few parameters like mass activity is analyzed in alkaline solution.18, 45 The mass activity 

of all the materials is calculated at a particular potential of 1.65 V vs. RHE (mass loading is 0.624 

mg and area is 0.16 cm2). The obtained mass activity for Ni(OH)2/NiOOH and 

W0.1Ni(OH)2/NiOOH samples are 18.9 A/g and 60.12 A/g, respectively. Whereas, the mass 

activity value for W0.2Ni(OH)2/NiOOH, W0.06Ni(OH)2/NiOOH, and RuO2 are calculated as 50.53 

A/g, 38.98 A/g, and 18.9 A/g, respectively. After doping with W the mass activity value increases 
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and the maximum value is represented by W0.1Ni(OH)2/NiOOH. With the enhancement in mass 

activity, the oxygen evolution reaction also reflects higher efficiency. So, W doping increases the 

active sites within the catalyst and helps in electron transfer as well as electronic interaction in the 

electrode-electrolyte interfaces. The higher OER activity of W0.1Ni(OH)2/NiOOH structure is 

mainly due to a strong synergistic effect between W6+ and Ni2+ ions in the lattice structure, well 

corroborated with PXRD and XPS results. Moreover, vertically grown nanosheet structures 

provide a more electrochemically active surface area (FESEM and TEM analyses). All the 

determined electrochemical values (ECSA, Rf, and mass activity) are tabulated in Table 4.4. 

 

Table 4.4: All the electrochemical OER parameters for Ni(OH)2/NiOOH, W0.1Ni(OH)2/NiOOH, 

W0.2Ni(OH)2/NiOOH, W0.06Ni(OH)2/NiOOH, and RuO2 electrocatalysts. 

 

The exact role of W dopant in Ni(OH)2/NiOOH system during OER is verified with the 

help of CV analysis, which is recorded in alkaline medium (1.0 M KOH) and 10 mV/s scan rate. 

Figure 4.14 exhibits the CV analysis of Ni(OH)2/NiOOH, W0.1Ni(OH)2/NiOOH, 

W0.2Ni(OH)2/NiOOH, and W0.06Ni(OH)2/NiOOH electrodes. Both bare and doped samples show 

redox (oxidation & reduction) peaks due to simultaneous conversion between Ni2+         Ni3+ system 

of Ni(OH)2 and NiOOH, respectively.18, 21 In the case of the Ni(OH)2/NiOOH sample, the 

oxidation peak appears at 1.42 V and reduction at 1.25 V vs. RHE. Whereas, W0.1Ni(OH)2/NiOOH 

shows the oxidation and reduction peak at 1.49 and 1.13 V vs. RHE for Ni2+/Ni3+ couple. The other 

W doped samples, W0.2Ni(OH)2/NiOOH, and W0.06Ni(OH)2/NiOOH also exhibit the oxidation and 
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reduction peaks at 1.44, 1.50 V and 1.16, 1.17 V vs. RHE, respectively. Therefore, in the doped 

sample, the oxidation peak suffers an anodic shift, which is due to the doping of the W6+ ion. The 

electron pulling nature of the W6+ ion (strong Lewis acid) withdraws electrons from the 

neighbouring ion Ni2+, which results in positive peak shifting and increases the amount of Ni3+ ion 

in the system. It can be seen from Figure 4.14 that for W0.1Ni(OH)2/NiOOH sample the area under 

the curve is steeper than Ni(OH)2/NiOOH, which represents the formation of more Ni3+ species, 

an active species in OER. So, W doped sample consists of more Ni3+ ion i.e., NiOOH, and generate 

more electroactive sites for oxygen evolution reaction. The number of generated electroactive 

species is more in the case of the W0.1Ni(OH)2/NiOOH structure as the area under the curve (anodic 

and cathodic) is high than other W doped electrocatalyst, W0.2Ni(OH)2/NiOOH, and 

W0.06Ni(OH)2/NiOOH. This CV analysis result is well-matched with XPS analysis and further 

confirms the presence of W6+ ion which facilitates the formation of more active Ni3+ ions in the 

system. Basu and co-workers also reported a similar anodic peak shift of Ni2+/Ni3+ couple while 

doped with Fe3+ ion in Ni(OH)2/NiOOH structure.18  

 

Figure 4.14. CV analysis of of Ni(OH)2/NiOOH, W0.1Ni(OH)2/NiOOH, W0.2Ni(OH)2/NiOOH, 

and W0.06Ni(OH)2/NiOOH electrocatalysts. 

To further verify the superior activity of W6+ doped Ni(OH)2/NiOOH, the OER mechanism, 

and reaction kinetics the calculation of Tafel slope is important. The Tafel slope values of 
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Ni(OH)2/NiOOH, W0.1Ni(OH)2/NiOOH, W0.2Ni(OH)2/NiOOH, W0.06Ni(OH)2/NiOOH, and RuO2 

are 75.4, 48.2, 68.1, 68.9, and 84.1 mVdec-1, respectively (Figure 4.15a). Commercial RuO2 is 

having the highest value of Tafel slope and represents slower OER kinetics compared to other 

developed W doped catalysts. W0.1Ni(OH)2/NiOOH is having the lowest value of the Tafel slope 

that indicates higher electrocatalytic activity due to faster electrode kinetics. Based on the reported 

literature the OER reaction mechanism consists of the following steps in an alkaline medium.46  

  

     H2O + W0.1Ni(OH)2/NiOOH              [W0.1Ni(OH)2/NiOOH]-H2O                      (3) 

     [W0.1Ni(OH)2/NiOOH]-H2O              [W0.1Ni(OH)2/NiOOH]-OH + H+ + e-         (4)  

     [W0.1Ni(OH)2/NiOOH]-OH               [W0.1Ni(OH)2/NiOOH]-O + H+ + e-            (5) 

     [W0.1Ni(OH)2/NiOOH]-O + H2O             [W0.1Ni(OH)2/NiOOH]-H2O2                (6) 

     [W0.1Ni(OH)2/NiOOH]-H2O2               [W0.1Ni(OH)2/NiOOH]-OOH + H+ + e-     (7) 

     [W0.1Ni(OH)2/NiOOH]-OOH               [W0.1Ni(OH)2/NiOOH] + O2 + H+ + e-      (8) 

 

In the above reactions, step 3 represents the surface adsorption of the water molecule. Steps 

4 and 5 proceeds via the deprotonation step. Step 6 exhibits further adsorption of a water molecule 

on the pre-adsorbed O radical results O-O coupling and adsorbed OOH on the surface-active site 

(step 7). The O-O coupling formation prefers the low-spin sites as Ni3+ (d7 system), W6+ (d0 

system) ions rather than Ni2+ (d8 configuration). Therefore, W0.1Ni(OH)2/NiOOH electrocatalyst 

produced more surface electroactive sites for OER. In the final step (step 8), deprotonation of 

[W0.1Ni(OH)2/NiOOH]-OOH results in the removal of the O2 molecule, and the catalyst (surface 

active site) remain free for further reaction. Yan and co-workers21 also reported the similar 

phenomena, the stabilization of O-O coupling occurs more on the low spin state of the W atom 

than the high spin state of atomic Ni.   

Further to judge the higher electrochemical activity of the doped sample, EIS analysis is 

performed in alkaline electrolytes. The charge transfer nature and electronic property are examined 

by impedance spectra and the corresponding Nyquist plot is shown in Figure 4.15b. Using all the 

experimental values for W0.1Ni(OH)2/NiOOH electrocatalyst an equivalent circuit is drawn. The 

value of RS and RCT for Ni(OH)2/NiOOH are 12.04 Ω and 37.65 Ω, respectively. After doping, in 

the case of W0.1Ni(OH)2/NiOOH, the values of RS and RCT are 10.51 Ω and 11.3 Ω, respectively, 

which is the lowest compared to other catalysts. Therefore, W0.1Ni(OH)2/NiOOH shows the 
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firmest electron transfer kinetics and higher conductivity due to the lower value of charge transfer 

resistance.22 It is noteworthy that incorporation of W6+ dopant creates tensile strain in the lattice, 

which affects the local electronic structure and increases the adsorption of oxygenated species, 

thereby improving intrinsic activity of W0.1Ni(OH)2/NiOOH materials. 

Apart from efficient electrocatalytic activity, stability is also very important to achieve an 

effective water-splitting reaction. The stability of W0.1Ni(OH)2/NiOOH is observed by applying 

consecutive 1000 LSV cycles (Figure 4.15c). After 1000 cycle, there is no variation in onset 

potential as well as current density, which prove the robust nature of W0.1Ni(OH)2/NiOOH. Long-

term stability is also checked for continuously 5 days with the chronoamperometry technique at 

the potential of 1.56 V vs. RHE. and 140 mA/cm2 current density. During the chronoamperometry 

analysis at a fixed potential, the current density remains unchanged and further confirmed that the 

electrocatalyst, W0.1Ni(OH)2/NiOOH is highly stable and robust for OER (Figure 4.15d). 

 

Figure 4.15: (a) Tafel plot, and (b) Nyquist plots of Ni(OH)2/NiOOH, W0.1Ni(OH)2/NiOOH, 

W0.2Ni(OH)2/NiOOH, and W0.06Ni(OH)2/NiOOH electrocatalysts. The corresponding equivalent 
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circuit is shown in the inset of Figure (b). (c) Polarization OER curve of W0.1Ni(OH)2/NiOOH 

electrocatalyst for initial, and after 1000 cycles. (d) Chronoamperometric data were recorded for 

120 hours at a fixed potential for OER. All the data are recorded using a 1.0 M KOH solution. 

 

4.3.4.3 Two electrode system 

Inspired from efficient HER and OER activity, similar electrode system is used in two 

electrode system with best optimized ratio of W0.1Ni(OH)2/NiOOH in an alkaline medium. Figure 

4.16a demonstrates the LSV curves of assembled W0.1Ni(OH)2/NiOOH (+) ǁ W0.1Ni(OH)2/NiOOH 

(-) cells, which show onset cell voltage of 1.62 V in 1 M KOH. The chronoamperometric stability 

of cell, W0.1Ni(OH)2/NiOOH (+) ǁ W0.1Ni(OH)2/NiOOH (-) is also checked for 12-hour at a fixed 

potential of 1.65 V vs. RHE in alkaline medium, shown in Figure 4.16b. The developed cell, 

W0.1Ni(OH)2/NiOOH (+) ǁ W0.1Ni(OH)2/NiOOH (-) exhibits good stability for overall water 

splitting reaction. 

Figure 4.16: (a) Two electrode system activity with W0.1Ni(OH)2/NiOOH (+) ǁ 

W0.1Ni(OH)2/NiOOH (-) cell (b) chronoamperometric stability of 12 hours in 1 M KOH. Inset in 

Figure a is digital image of W0.1Ni(OH)2/NiOOH (+) ǁ W0.1Ni(OH)2/NiOOH (-) cell. 
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4.3.4.4 Post electrocatalytic study 

To verify the morphology after prolonged electrochemical study in alkaline medium FESEM 

analysis is performed and shown in Figure 4.17a. It is clear from Figure 4.17a that there is no 

noticeable change in the morphology of vertically grown nanosheet structure with a thick edge of 

W0.1Ni(OH)2/NiOOH. Therefore, the durability and robustness of W doped Ni(OH)2/NiOOH 

structure is maintained throughout the electrochemical study. After electrocatalysis, the uniform 

distribution of all the elements (W, Ni, and O) is further confirmed by EDS mapping analysis 

(Figure 4.17b). The XPS of the W0.1Ni(OH)2/NiOOH sample is performed after electrocatalysis to 

check the composition and oxidation state of the elements (Figure 4.18). The deconvoluted spectra 

of Ni 2p shows doublet peak at binding energy values of 856.1 eV (2p3/2), and 873.8 eV (2p1/2) for 

the presence of Ni2+ ion and 857.5 eV (2p3/2) and 875.4 eV (2p1/2) for Ni3+ species. The binding 

energy values of O 1s show the peak at 532.2 eV and 534.1 eV for O2- and adsorbed hydroxide. 

The W 4f deconvoluted spectra show peaks at 35.8 eV (4f7/2) and 38.2 eV (4f5/2), confirming the 

presence of W6+ ion. Thus, the composition and oxidation state of all the elements in the 

electrocatalyst remain unchanged after the water-splitting reaction in an alkaline medium.  

 

 

Figure 4.17: (a) FESEM analysis (b) EDS spectra of W0.1Ni(OH)2/NiOOH post 

electrolysis. 
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Figure 4.18: XPS of W0.1Ni(OH)2/NiOOH after OER electrolysis (a) survey spectrum, 

(b) deconvoluted spectra of Ni 2p and (c) deconvoluted spectra of O 1s (d) deconvoluted spectra 

of W. 

 

 

4.3.4.5 Comparative study 

All the above results prove that after doping with W, the electrocatalyst shows better HER 

and OER performance. Out of all the variations, 0.329 gm of Na2WO4 (1.0 mM) in 

W0.1Ni(OH)2/NiOOH material exhibit the best activity in both HER and OER, a proven 

electrocatalyst for electrochemical water splitting reaction. Doping is an important strategy to 

enhance the overall electrocatalytic activity for water-splitting reactions. Therefore, a few 

important points have emerged regarding the highest efficiency of W0.1Ni(OH)2/NiOOH 

electrocatalyst for HER and OER. First, PXRD and Raman analysis confirm that dopant 
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incorporation causes tensile strain in the lattice, which affects the electronic environment within 

the lattice. Second, W doping can generate more catalytically active sites, which is due to the 

formation of nanosheet structures. Third, direct growth of W doped interconnected nanosheet 

morphology on a conducting carbon cloth substrate allows interfacial electron transfer between 

the electrode surface and the catalyst and increases the dispersion of the sheet-like structure, which 

facilitates the electrocatalytic activity. Fourth, after W doping the electrocatalyst is much more 

durable with high conductivity resulting in a faster reaction rate. Fifth, W dopant has a unique role 

in modulating the electronic structure and surface chemical property of the catalyst. Sixth, the 

synergistic effect between the dopant (W) and the metal center (Ni2+) plays an important role 

during the electrocatalytic reaction. Seventh, low spin W6+ (d0 system) stabilized oxygen unpaired 

electron and facilitated O-O coupling during OER. An overall comparative table using another 

doped sample for HER and OER is shown in Table 4.5. 

 

Table 4.5: A comparative study of all the electrochemical parameters with the 

W0.1Ni(OH)2/NiOOH electrocatalyst. 
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4.3.5 Theoretical studies 

To verify the higher electrocatalytic performance of W0.1Ni(OH)2/NiOOH electrocatalyst 

Density Functional Theory calculations are performed to determine the hydrogen adsorption 

energy. In addition, the d band center for the bare and doped sample is also analyzed by a density 

of states (DOS) calculation. For this calculation, β-NiOOH is used as a bare substrate and W doped 

surface is modeled by replacing one Ni surface atom with W. The β-NiOOH and W doped β-

NiOOH surface is shown in Figure 4.19. ΔGH (Gibbs free energy of adsorption of H) is considered 

to be an excellent indicator of HER activity.38, 47-48 A value of ΔGH closer to zero suggests ease of 

H adsorption and release. ΔGH was calculated to be 1.4 eV on the surface Ni atom of a bare β-

NiOOH surface (Figure 4.19c). In the presence of a nearby W, the ΔGH on a surface Ni increased 

to 1.27 eV, suggesting an enhanced HER activity (Figure 4.19d). The difference in adsorption 

behavior of H on the doped β-NiOOH surface can be further explained by a density of states 

analysis projected on the surface Ni atom (Figure 4.20). The d band center of the surface Ni atom 

relative to the Fermi level shifts from -4.35 eV for a β-NiOOH surface to -3.65 eV for the W doped 

β-NiOOH surface (where Ni is adjacent to the W). According to d band theory 49-50, a higher d 

band center (closer to Fermi level) indicates stronger binding energy of adsorbates to the surface 

due to a lower occupancy of the anti-bonding orbital's. Li and co-workers51 also reported a similar 

trend in bare Ni(OH)2 and Cu doped Ni(OH)2 during DOS calculations, where, d-band center 

values are -1.70 eV and -1.38 eV for bare and doped samples, respectively. A Bader charge 

analysis revealed a decrease in charge of 0.06 e- on the surface Ni atom adjacent to W, in agreement 

with the electron-withdrawing nature of W, which is in agreement with XPS analysis. 

 

Figure 4.19: H adsorption on the NiOOH surface. (a) β-NiOOH (015) surface; (b) W doped β-

NiOOH (015) surface; (c-d) H adsorbed (indicated by dotted line) at a surface Ni of β -NiOOH 

(015) and W doped β-NiOOH (015) surface. The Ni atoms are in blue, W in gray, O in red, and 

H in white. 

a b c d
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Figure 4.20: Density of states projected on the d-band for the surface Ni site. a) β-NiOOH (015) 

surface; b) W doped β-NiOOH (015) surface. The d band centres (in eV) are indicated with 

respect to the Fermi level (EF). 

 

4.4 Conclusion 

 In summary, we have developed a simple and facile method to synthesize W doped 

Ni(OH)2/NiOOH nanosheet with ratio variation of W:Ni as an efficient bifunctional 

electrocatalyst. Electrodeposition followed by the hydrothermal method is tracked for the 

development of W doped sample. PXRD, XPS, FESEM, and TEM along with other techniques 

are used to confirm the purity, composition, morphology, etc. for the doped and undoped samples. 

Vertically grown nanosheet morphology of W0.1Ni(OH)2/NiOOH is highly active towards HER 

and OER in an alkaline medium. The developed electrocatalyst (W0.1Ni(OH)2/NiOOH) is durable 

for 120 hours in an alkaline medium. Doping with W6+ ion in Ni(OH)2/NiOOH structure can 

change the electronic environment and conductivity within the electrocatalyst. The synergistic 

effect between W6+ and Ni2+ ions play a vital role to enhance the active surface area and 

electrocatalytic activities. A Bader charge analysis is followed to confirm the electron pulling 

effect of W6+ ion in W0.1Ni(OH)2/NiOOH. Moreover, low spin W6+ (d0 system) ion in 

W0.1Ni(OH)2/NiOOH facilitates O-O coupling and H2 molecule formation during OER and HER, 

respectively. The presence of W promotes H adsorption and release, by shifting the free energy of 

adsorption towards the optimum value of GH =0. All these results prove the simple strategy to 

develop W doped Ni(OH)2/NiOOH, a non-expensive, efficient, and ultra-stable electrocatalyst for 
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water splitting reaction. It is still very important and challenging to produce a non-precious metal 

electrocatalyst with similar activity to noble metal catalysts. 
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Chapter 5 

  

Co-Doped Ni9S8 Nanostructures for 

Electrocatalytic Water-Splitting in a Wide pH 

Region  

 

 

 In this chapter, Co doped Ni9S8 nanoparticles was developed on carbon cloth 

through hydrothermal route.  

 The Co0.05Ni8.95S8  strutcure show good HER and OER activity in all pH medium.  
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Abstract 

As a replacement for renewable energy sources an earth-abundant electrocatalyst for water 

splitting is effectively explored. In this work, Ni9S8 and cobalt-doped Ni9S8 nanostructure is 

fabricated on carbon cloth through hydrothermal technique. The developed electrocatalysts 

are characterized through various techniques, e.g., PXRD, Raman, XPS, FESEM, HRTEM, 

BET, and ICP-AES. Tuning of cobalt doping is performed to optimize the best ratio of Co:Ni 

for electrocatalytic activity. All the developed materials are applied in a water-splitting 

reaction in an alkaline electrolyzer and Co0.05Ni8.95S8 is an optimized material for both 

hydrogen and oxygen evolution. The electrocatalysts, Co0.05Ni8.95S8 only require -0.151 V vs. 

RHE to obtain 10 mA/cm2 current density in HER, and in OER it requires 1.557 V vs. RHE 

to generate 30 mA/cm2 current density. The corresponding Tafel slope values for HER and 

OER are 125 mV/dec and 49.8 mV/dec, respectively by using Co0.05Ni8.95S8 electrocatalysts 

in 1.0 M KOH solution. The stability of Co0.05Ni8.95S8 is also checked and it is stable up to 60 

and 80 hours for both HER and OER, respectively. The cell voltage of 1.89 V is required to 

generate 10 mA/cm2 current density for overall water splitting. The electrocatalyst is also 

used for HER and OER in wide pH regions for practical applicability. The overall 

experimental findings were verified by theoretical calculations, which state higher metallic 

nature of Co doped Ni9S8, facilitates efficient electrocatalytic activity. The optimum Gibbs 

free energy, hydrogen, and oxygen coverage calculation also proves the optimized 

Co0.05Ni8.95S8 electrocatalyst exhibits the best HER and OER activity. Therefore, this work 

provides a robust electrocatalyst for electrocatalytic water-splitting reaction.  
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5.1 Introduction 

 Electrocatalytic water splitting reaction, which generates hydrogen and oxygen is 

extensively considered a prominent approach for the production of clean, secure, and sustainable 

forms of energy.1, 2 Water-splitting involves hydrogen and oxygen evolution (HER and OER) at 

the cathode and anode, respectively, with a requirement of 1.23 V potential difference to split 

water.3 Due to the very high overpotential of OER and HER, in practical, a voltage of 1.8-2.0 V 

pertains commercially during the water-splitting reaction.4 The wide application of water splitting 

is still limited due to the use of noble catalysts such as Pt, and RuO2, IrO2 for HER and OER, 

respectively.5, 6 These noble catalysts' are higher cost, lower abundance, and scarcity in different 

pH. The major limitations of these electrocatalysts are efficiency and durability in alkaline and 

acidic medium for HER and OER, respectively. Moreover, most noble metal catalysts in the 

alkaline electrolyte are either high onset overpotential or unstable, especially at high current 

density.7 So, to overcome these issues we need an alternative electrocatalyst with high efficiency 

and stability in a wide pH. Consequently, investigation for the substitution of these noble catalysts 

with transition metal-based electrocatalysts having low overpotential and higher stability is being 

considered.8, 9 Over the past years, transition metal hydroxides, oxides, and sulfides are extensively 

surveyed for electrocatalytic water-splitting.10 Out of all these catalysts, nickel-based materials 

(hydroxides, oxides, chalcogenides, nitrides, phosphides, etc.) and their derivatives have drawn 

immense importance in OER.11, 12 

 Transition metal sulfides and selenides like WS2, NiS2, MoS2, MoSe2, etc. are potential 

candidates for HER due to their low price and high durability.13, 14 Whereas, due to less activity 

and stability of Ni-based sulphides like NiS2, Ni3S2, and Ni9S8, etc. are less explored as HER and 

OER catalysts.11, 15 Synthesis of the pure phase of godlevskite (Ni9S8) is also less reported. 

Godlevskite has a specific crystal structure and mixed valence state of Ni atom due to which it 

shows slightly better efficiency in OER than HER.16 Mixed valence state configuration and the 

eight-valence electron in the 3d orbital of Ni(II) facilitated the regulation of electronic structure 

during HER and OER through heterostructuring, surface modification, shape tuning, defects, etc. 

methodologies.17-19 Doping is an effective strategy to enhance electrocatalytic performance by 

increasing active sites. The doped atom itself can generate a new active site in the system and can 

regulate the change in the electronic environment of the existing active site.16 In the current 

scenario, it becomes more important to reveal alternative HER and OER catalysts with low price, 
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high efficiency and stability. Therefore, attention has been diverted towards low-cost nickel 

sulphides doped with non-noble metals to create active sites for overall electrocatalytic water-

splitting.  

 Till now, doping with NiS, Ni3S2, etc. is widely investigated but the effect of doping on 

Ni9S8 is rarely reported.20, 21 In this context, Wang and co-workers16 reported OER activity of 

porous nickel sulphides, NixSy (Ni9S8, Ni9S8-NiS1.03 alloy, and NiS1.03) mixed with N and S co-

doped carbon matrix. They have shown that the co-doped carbon nanoparticles improved the 

conductivity of nickel sulphides and the porous structure increased the active sites, which 

facilitates the OER activity. They have reported low overpotential of 270 mV vs. RHE by using 

co-doped NiS1.03, whereas, Tafel slope value of 63.8 mV/dec is shown by Ni9S8-NiS1.03 alloy. Qiao 

and co-workers22 developed catalyst electrodes based on 3D Ni/Ni8P3 and Ni/Ni9S8 by activating 

Ni-foam for water splitting in an alkaline medium. They have shown that the activation of Ni-foam 

assists charge transfer and produces an efficient and durable electrocatalyst. Yang and co-

workers23 produced ultrathin nanosheets of metallic Fe-Ni sulfide by topotactic conversion using 

hydroxide precursor for HER activity in 0.5 M H2SO4 solution. The developed catalyst shows 

overpotential of 105 mV to obtain 10 mA/cm2 and a Tafel slope value of 40 mV/dec. They have 

shown that Fe doping increases active surface area, facile ion transfer, and suitable hydrogen 

adsorption energy in Fe-Ni sulfide for an cost effecitive and durable HER electrocatalyst. Copper-

nickel sulfide (Cu2S, NiS, and Ni3S2) nanowires by one-pot multi-step strategy for overall water 

splitting in an alkali medium have been reported by Cheng and co-workers.24 They have shown 

that the active center for water-splitting reactions is generated by Cu2S, NiS, and Ni3S2 phases 

because of metallic Cu, which helps in the transfer of electron. Different phases of nickel sulfides, 

hexagonal-NiS, and orthorhombic-Ni9S8 are developed by Leite and co-workers25 following 

microwave energy and solvothermal technique by changing the sulfur precursor. They have used 

the as-developed sulfides for HER in 1.0 M KOH solution with the value of overpotential is 266 

mV after electrolysis to generate a 10 mA/cm2 current density. Lee and co-workers26 reported 

CoxNiySz nanostructure for oxygen evolution reaction following hydrothermal route. The 

developed Co9−xNixS8 nanostructure exhibit 362 mV vs. RHE overpotential to obtain 10 mA/cm2 

current density, which is better than Co9S8 and Ni9S8. Wang and co-workers27 developed 

Ni9S8/CuS/Cu2O composite on Ni foam via hydrothermal and used for hydrogen evolution 

reaction. The developed catalyst shows good electrocatalytic activity with low onset potential of -
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0.147 V vs. RHE to achieve 10 mA/cm2 current density. Ni9S8 nanorod/O-MoS2 nanosheet 

developed through hydrothermal technique was reported by Li and co-workers.28 The catalyst 

shows good stability along with 150 mV vs. RHE to obtain 10 mA/cm2 current density. Ni3S2/Fe-

NiPx magic cube via hydrothermal and phosphorization techniques with higher water oxidation 

efficiency was developed by Mu and co-workers.29 The catalyst exhibit remarkable activity with 

the overpotential value of 336 and 351 mV vs. RHE to generate 500 and 1000 mA/cm2 current 

density. The presence of rich oxygen vacancies and grain boundaries between Ni(OH)2, NiOOH, 

and FeOOH create abundant active sites for oxygen evolution. The same group30 also reported 

nickel sulfide nanoflower with dual phase of NiS-NiS2, the developed catalyst exhibits superior 

HER performance in alkaline medium. However, nickel sulfide materials are either HER or OER 

active as low price and high abundance but the efficiency and durability during the water-splitting 

reaction are questionable. Therefore, to develop bifunctional activity (both HER and OER) within 

a single electrocatalyst with high activity and stability we have synthesized transition metal-doped 

Ni9S8. 

 Inspired by the above studies, herein, we have synthesized the pure phase of Ni9S8 with 

cobalt doping on conductive carbon cloth (CC), through a simple hydrothermal technique. The 

presence of Co in the Ni9S8 is optimized through ratio variation of Co:Ni (0.1:8.9, 0.05:8.95, and 

0.03:8.97). The characterization of the developed Co doped Ni9S8 is done by various techniques, 

e.g., PXRD, XPS, Raman, FESEM, and HRTEM. After successful Co doping in Ni9S8, all the 

materials are applied in an electrocatalytic water-splitting reaction using an alkaline medium (pH-

14). The best electrocatalytic activity is observed with the Co0.05Ni8.95S8 in both HER as well as 

OER. The optimized ratio of Co0.05Ni8.95S8 shows a lower value of Tafel slope of 125 mV/dec and 

requires -0.151 V vs. RHE to achieve 10 mA/cm2 current density for HER. In the case of OER, it 

requires 1.557 V vs. RHE to generate a 30 mA/cm2 current density with the 49.8 mV/dec of Tafel 

slope value. The morphology of Co0.05Ni8.95S8 is checked after electrocatalysis and confirms the 

retention in morphology. The Co0.05Ni8.95S8 is also used as a cathode and anode in an alkaline 

medium, which needs cell voltage of 1.89 V to generate 10 mA/cm2 current density. There are 

many advantages of this work. First, the synthesis process is very simple and straightforward for 

the development of Co doped Ni9S8 in the pure phase. Second, Co and Ni metals are cost-effective 

and earth-abundant compared to noble metals. Third, Co doped Ni9S8 is very effective for both 

hydrogen and oxygen evolution in 1 M KOH. Fourth, the synergistic effect between the metals 
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(Co and Ni) increases the electrocatalytic performance. Fifth, bifunctional activity of Co doped 

Ni9S8 for overall water-splitting by generating new active sites. Sixth, the metallic nature of Co 

doped Ni9S8 is also supported by DFT calculation, and the defect formation energy values suggest 

the favorable formation of Co0.05Ni8.95S8. The minimum Gibbs free hydrogen adsorption energy, 

hydrogen, and oxygen coverages of Co0.05Ni8.95S8 show better HER and OER performance. The 

energy barriers for HER and OER are calculated using various dopant concentrations to comprehend 

precisely the electrocatalytic performances of Co doped Ni9S8. Therefore, these advantages transform 

Co doped Ni9S8 electrocatalysts as an active, robust, and economically favorable candidate for 

overall water-splitting reactions.  

5.2 Experimental Section 

5.2.1 Synthesis of Ni9S8: The hydrothermal process was used for the synthesis of Ni9S8 on the 

surface of CC. The synthesis was carried out in two-step processes. First, 1 mmol of NiCl2.6H2O 

and 1 mmol of urea were collected along with 30 mL DI water and sonicated for 10 minutes. After 

that, the carbon cloth (1.5 cm × 3 cm) was placed in the NiCl2.6H2O and urea solution and 

transferred into Teflon-lined autoclave for hydrothermal reaction (110 ⁰C for 10 hours). The 

deposited material was characterized by PXRD (Figure 5.1a), FESEM (Figure 5.1b), and EDS 

mapping analysis (Figure 5.1c), which confirms the formation of Ni(OH)2. Therefore, in this 

process Ni(OH)2 was developed on CC. Second, the deposited Ni(OH)2 on the surface of CC was 

transferred for the sulphidation process, 0.346 gm of thioacetamide was taken in 30 mL DI water 

followed by sonication. The entire solution was transferred for hydrothermal reaction at 180 ⁰C 

for 10 hours. Finally, a black deposition was observed on CC and rinsed with DI water and ethanol 

followed by drying.  

        Figure 5.1: (a) PXRD (b) FESEM, (c) EDS analysis of Ni(OH)2. 
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5.2.2 Synthesis of Co doped Ni9S8: The synthesis of Co doped Ni9S8 was also performed in two-

step hydrothermal processes. First, for the synthesis of Ni(OH)2 in presence of Co2+ ion, 0.9 mmol 

of NiCl2.6H2O and 1 mmol of urea into 30 mL DI water followed by the addition of 0.1 mmol 

CoCl2.6H2O in the same mixture. The overall solution was transferred into a Teflon-lined 

autoclave for hydrothermal reaction at 110 ⁰C for 10 hours. During the hydrothermal reaction CC 

(1.5 cm × 3 cm) was poured into the Teflon container. At the end of the first step, Co doped 

Ni(OH)2 was deposited on the surface of CC. Second, sulphidation of Co doped Ni(OH)2 complex 

was performed followed by hydrothermal using 0.346 gm thioacetamide at 180 ⁰C for 10 hours. 

The doped Ni9S8 was washed with DI water and ethanol followed by drying. This step developed 

the formation of Co0.1Ni8.9S8 on CC (Scheme 5.1).     

 To tune the amount of dopant, the same procedure was followed except for the change in 

NiCl2.6H2O and CoCl2.6H2O quantity. 0.95 and 0.97 mmol of NiCl2.6H2O were used while the 

amount of CoCl2.6H2O was 0.05, and 0.03 mmol. Rest all the steps remain unchanged. Finally, 

three different ratios of Co:Ni (0.1:8.9, 0.05:8.95, and 0.03:8.97) were developed as Co doped 

Ni9S8. Unless otherwise indicated all the ratios are represented as Co0.1Ni8.9S8, Co0.05Ni8.95S8, and 

Co0.03Ni8.97S8.       

 

                                                                       

Scheme 5.1: Schematic representation for the synthesis of Co doped Ni9S8 on CC surface. 

 

5.2.3 Electrochemical Measurement: For the electrochemical HER and OER study, graphite rod, 

Ag/AgCl, and the sample (doped and undoped Ni9S8) deposited CC were used as the counter, 

reference, and working electrode, respectively. 1.0 M KOH solution (pH ~14) was used as an 

electrolyte throughout the study with a scan rate of 2 mV/sec. The catalyst loading for both the 
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doped and undoped samples was calculated as 1.63 mg/cm2. However, during electrocatalysis 

(HER and OER), 0.4 cm × 0.4 cm working area of CC was retained, and the catalyst was 0.26 mg. 

The epoxy paste was used to fix the area of the CC for electrochemical application. All the 

electrochemical measurement were performed concerning Ag/AgCl (reference electrode) with a 

potential window of -0.9 to -1.8 V for HER and 0 to 0.8 V for OER, respectively. Finally, all the 

potential data were reported as reversible hydrogen electrodes (RHE) using the following 

equation, ERHE  =  EAg/AgCl +  0.0591 pH + EAg/AgCl
0 .  For EIS (electrochemical impedance 

spectroscopy) analysis, a frequency ranges of higher 50 kHz and lower 0.1 Hz was used at room 

temperature in a 1.0 M KOH solution. 

 5.2.4 Computational Details 

 The first-principle density functional theory (DFT) calculations have been accomplished  

from the generalized gradient approximation (GGA) in conjunction with  the Perdew-Burke-

Ernzerhof (PBE) exchange-correlation functional31 as implemented  in the Quantum ESPRESSO 

(QE) software32-34. The geometry optimization of the orthorhombic (C222) Ni9S8 system at 

ambient pressure (P = 0 GPa) has been performed using variable cell relaxation scheme following 

Broyden-Fletcher-Goldfarb-Shanno (BFGS) method35-38. The electron-ion interactions have been 

considered from the pseudopotential approach using projector augmented wave (PAW) method39. 

The valance electrons 3d84s2 for Ni and 3s23p4 for S atoms of the Ni9S8 system are represented as 

plane wave with kinetic energy cut-off of 60 Ry. The orthorhombic Ni9S8 system is allowed to 

relax until the Hellman–Feynman force acting on it attains a value less than 0.003 Ry/Bohr for the 

maximum cell pressure of 0.01 GPa and the total electronic energy difference < 10-11 Ry. A 

gamma-centered k-point mesh of 10×10×10 Monkhorst–Pack grid has been employed for the 

geometry optimization and self-consistent-field (SCF) calculations. However, for estimating the 

total and projected atomic density of states (TDOS and PDOS), denser grid of 20×20×20 k-point 

mesh has been chosen in the DFT calculations. The on-site Coulomb interaction (+Udd = 8 eV) has 

been included in the GGA-PBE calculations to estimate the band gap energies of pristine and 

doped Ni9S8 systems40, 41. 

For the estimations of the electronic band structures, TDOS, PDOS of the pristine and Co 

- doped Ni9S8 (CoxNi9-xS8) systems and the defect formation energies (∆Edf) for CoxNi9-xS8 

systems, 6×6×6 supercells have been used at ambient pressure. The replacement of Ni by Co in 



Chapter 5  

 

 157 

 

the doped systems has been accomplished on the optimized 6×6×6 supercell. The number of Co 

dopants has been varied from 2 to 24 in place of Ni atoms to obtain the final dopant concentration 

of Co to vary between ~ 0.5% and 6% in Ni9S8 system. The Gibbs free energies (ΔGH) for the 

hydrogen and subsequent oxygen adsorbed CoxNi9-xS8 compounds have been elucidated in terms 

of hydrogen and oxygen coverage as reported elsewhere42-46. The hydrogen and oxygen coverages 

are estimated by adsorbing ‘n’ hydrogens followed by ‘n’ oxygens on the dopant Co atoms of the 

CoxNi9-xS8 systems. The energy barriers and the electrochemical reaction pathways for the HER 

and OER activities have been estimated from the nudged elastic band (NEB) method47 using QE 

software. 

 

5.3 Results & Discussions  

The detailed synthesis of Co doped Ni9S8 is reported in the experimental section. Two-step 

hydrothermal processes are followed for the synthesis of doped Ni9S8. Tuning of Co doping in 

Ni9S8 is also performed. Finally, the material is cleaned properly for further use.  

 

5.3.1 Structural analysis of doped and undoped Ni9S8: The phase purity and crystallinity are 

checked with powder X-ray diffraction analysis (PXRD). Figure 5.2a shows the prominent peaks 

at 2θ = 15.4⁰, 27.1⁰, 31.3⁰, 35.2⁰, 38.8⁰, 53.2⁰, and 56.1⁰ are indexed to (111), (202), (222), (312), 

(241), (261) and, (531) planes, respectively. All the peaks correspond to the orthorhombic Ni9S8 

phase as in Figure 5.2a, which is well-matched with JCPDF 22-1193.18 After Co doping in 

orthorhombic Ni9S8 (Co0.05Ni8.95S8) the peaks at 2θ = 31.3⁰ and 38.8⁰ are shifted at a higher 

diffraction angle, as shown in Figure 5.3a. Therefore, the peak shifting in the PXRD analysis of 

Co doped Ni9S8 confirms the change in the lattice. The calculation of strain in the Co doped Ni9S8 

is further confirmed with the value of "ε" from the Williamson-Hall equation.48 The diffraction 

angle (2θ) values of 31.3⁰, 35.2⁰, and 38.8⁰ are selected for the calculation of the strain in the 

doped and undoped samples. The plot of βcosθ and 4sinθ in Figure 5.3b gives the value of intercept 

as the size of the lattice (D) and slope represent the raised strain (ε) in the system. In the Co doped 

Ni9S8 sample the slope value appears to be negative, which symbolizes the nature of the strain is 

compressive.49 The strain that arises in the doped sample is probably due to the higher ionic radius 

of Co2+ ion (88.5 pm) than Ni+2 ion (83 pm). In the PXRD pattern of the doped sample, the intensity 

of the major peaks (2θ = 27.1⁰, 31.3⁰, 35.2⁰, 38.8⁰, 53.2⁰, and 56.1⁰) are decreased than the bare 
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sample. This decrement in the peak intensity signifies that after doping the grain size of Ni9S8 is 

reduced. To confirm the deduction in grain size, the Debye-Scherrer formula is used and the 

calculated sizes are 41.7 nm and 30.6 nm for bare Ni9S8 and Co doped Ni9S8, respectively. In this 

context, Ismail and co-workers49 also reported the decrease in ZnO crystallite size after doping 

with Fe metal. In the doped sample (Co0.05Ni8.95S8), the absence of any additional peak proves that 

the formation of cobalt sulphide is negligible, which signifies the successful Co doping. The PXRD 

analysis of Co0.1Ni8.9S8 and Co0.03Ni8.97S8 samples are also performed (Figure 5.2b) and the peaks 

are well-matched with Co0.05Ni8.95S8. The crystallinity of the sample is decreased upon increasing 

the amount of dopant, which can be seen from the peaks at 2θ = 31.3⁰, 35.2⁰, and 38.8⁰. Similar 

phenomena were observed after Fe doping in TiO2 nanoparticles by Bharti and co-workers.48 

  

 

Figure 5.2: (a) XRD of Ni9S8, stacked with JCPDF 22-1193 and (b) XRD analysis of 

Co0.1Ni8.9S8, Co0.05Ni8.95S8 and Co0.03Ni8.97S8. 
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Figure 5.3: (a) low scan rate XRD profile of Ni9S8 and Co0.05Ni8.95S8 with peak shifting. (b) 

Williamson-Hall plot of Ni9S8 and Co0.05Ni8.95S8. 

Raman spectra of bare Ni9S8 and Co doped Ni9S8 (Co0.05Ni8.95S8) are shown in Figure 5.4a, 

which represents a broad peak located at 508 cm-1 for bare Ni9S8. The peak at 508 cm-1 is 

responsible for Ni-S vibration, which is well-matched with the literature.50 In the doped sample 

the Raman peak is shifted at a higher value, 527 cm-1. The dopant plays an important role in peak 

shifting. It is confirmed from the reported literature that the position and intensity of the Raman 

peak can effectively be changed by doping. Therefore, the shift in Ni-S vibrations and decrease in 

intensity confirms the incorporation of cobalt in the Ni9S8 lattice, which is well-coordinated with 

the XRD analysis. The absence of any new Raman peak after doping signifies the formation of 

cobalt sulphide is negligible. Based on the classification of IUPAC, the curve nature suggests that 

it is a type-III (Figure 5.4 b) isotherm with a hysteresis loop for both bare and doped Ni9S8.
51 This 

type-III isotherm also confirms the initial formation of multilayer adsorption well before the 

fulfilment of monolayer adsorption. The specific surface area of the doped and bare catalyst is 

performed through the BET (Brunauer–Emmett–Teller) method. The increment in surface area is 

observed from 11.3 m2/gm to13.7 m2/gm 
 after Co doping in Ni9S8, which indicate that after doping 

contact area of electrode-electrolyte increases (Figure 5.4c) . The BJH pore diameter is calculated 

from BET data, which represents 38.6 and 49.3 nm for bare Ni9S8 and Co doped Ni9S8 

nanostructure, respectively. According to the pore diameter the materials can be classified as 
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mesoporous or nanoporous, which is in the range of 2-50 nm. An increase in pore diameter reflects 

the diffusion kinetics within the electrode material. The same phenomena were observed by Mishra 

and co-workers in the electrochemical performance of iron-doped cobalt oxide.52 

Figure 5.4: (a) Raman analysis of Ni9S8 and Co0.05Ni8.95S8 (b and c) BET adsorption isotherm 

and surface area of Co0.05Ni8.95S8. 

 

The X-ray photoelectron spectroscopy (XPS) analysis confirms the oxidation state and 

composition of the synthesized material. Figure 5.5a shows the survey spectra of bare Ni9S8 in 

which the peaks for Ni, S, C, and O are present. The signal of O 1s arises due to surface oxidation 

of the deposited material on carbon cloth. Figures 5.5b represents the deconvoluted XPS spectrum 

of the Ni9S8 sample, which is well-fitted with spin-orbit doublets and a shakeup satellite. The 

binding energy values at 853.9 eV and 871.3 eV represent 2P3/2 and 2P1/2, respectively of the Ni+2 

oxidation state in bare Ni9S8. The other binding energies at 856.4 eV and 874.7 eV show the 

existence of Ni3+ species for 2P3/2 and 2P1/2 state, respectively. Furthermore, the satellite peaks at 

860.7 eV and 879.9 eV also confirm the presence of Ni+2 and Ni+3 species. The binding energies 

at 163 eV and 164.05 eV for sulphide ion can be assigned to S2p3/2 and S2p1/2, respectively due to 

the co-ordination of metal and sulphide ion (Figure 5.5c). The satellite peak for sulphide ion 

appears at 169.4 eV. All the binding energy values for Ni9S8 are well consistent with the previous 

reports.16, 18, 27  
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Figure 5.5: XPS analysis of Ni9S8 (a) survey spectrum, (b) deconvoluted spectra of Ni 2p and (c) 

deconvoluted spectra of S 2p. 

After Co doping in Ni9S8 (Co0.05Ni8.95S8), the survey spectra in Figure 5.6a show a peak 

corresponding to Ni, S, C, O, and C. The Ni 2p spectra show two spin-orbit doublets with binding 

energy at 854.2 eV and 871.6 eV for 2P3/2 and 2P1/2, respectively due to Ni+2 ion. The binding 

energy of 857.06 eV and 874.8 eV are due to the presence of Ni+3 ion for 2P3/2 and 2P1/2, 

respectively (Figure 5.5b). The shakeup satellite peaks are also present in the doped sample at 

862.3 eV and 880 eV. The positive shifting in the binding energy values of Ni 2p confirms the 

charge transfer of Co in the Ni9S8 system.53 In the doped sample, the S 2p spectrum shows the 

binding energy at 162.7 eV and 163.5 eV for 2p3/2 and 2p1/2, respectively, and 169.4 eV is due to 

the satellite peak (Figure 5.5c). The deconvoluted XPS spectrum of Co doping in Ni9S8 is shown 

in Figure 5.5d. The Co 2p region exhibits a spin-orbit doublet including Co 2p3/2 and Co 2p1/2 at 

778.6 eV and 795.5 eV, respectively suggesting the existence of Co+2 ion in the system. In addition, 

two satellite peaks are observed at 783.9 and 802.58 eV binding energy. In the XPS study, there is 

no other peak for Co-S bond formation, which confirms the Co2+ ion is used as a dopant and the 
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absence of impurity in the system. Therefore, XPS analysis confirms the charge transfer between 

Co2+ and Ni2+/Ni3+ systems in the doped sample. The XPS deconvulated spectra of Co0.1Ni8.9S8 

show analogous binding energy values for Ni2+, Ni3+, S2-, and Co2+ ions. All the binding energy 

values are tabulated in Table 5.1, which confirms the maximum shift in the binding energy values 

of the Co0.05Ni8.95S8 sample. 

 

Table 5.1: Comparative table for XPS binding energy values. 
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.   

Figure 5.6: XPS analysis of Co0.05Ni8.95S8 (a) survey spectrum, (b) deconvoluted spectra of Ni 

2p, (c) deconvoluted spectra of S 2p, and (d) high-resolution spectra of Co 2p. 

 

The shift in the binding energy of Ni 2p at a higher value confirm the Lewis acid behaviour 

of the Co2+ ion. Therefore, the electron transfer from Ni2+ to Co2+ system is possible due to its 

Lewis acid nature, which originates the formation of Ni3+ ion. After Co doping the formation of 

Ni3+ ion is favored, which generates active sites for water splitting reaction. Furthermore, to 

confirm the electron-withdrawing nature of Co2+ the atomic percentage of Ni2+/Ni3+ is calculated 

before and after doping. The area under the curve for Ni2+ 2p1/2 peak is 9844.9 before and after 

doping, whereas, the area for Ni3+ 2p1/2 peak is 21843 and 26455 in bare and doped Ni9S8, 

respectively. The calculated Ni2+/Ni3+ ratio is 0.45 for Ni9S8 and 0.37 for Co0.05Ni8.95S8 samples. 

The decrease in the atomic percentage ratio (0.37) of Ni2+/Ni3+ in the Co0.05Ni8.95S8 sample again 

confirmed the formation of more Ni3+ in the system.  
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5.3.2 Morphological analysis of doped and undoped Ni9S8: FESEM analysis is executed to 

confirm the morphology and shape of the as-developed materials on the surface of CC. FESEM 

images of undoped Ni9S8 are shown in Figures 5.7a in different magnifications. At high 

magnifications, the spherical Ni9S8 nanoparticles are agglomerated and porous in nature, which is 

uniformly distributed on the surface of CC. FESEM images of Co doped Ni9S8 (Co0.05Ni8.95S8) at 

low and high magnification are shown in Figures 5.7b, which exhibit agglomerated spherical 

nanoparticles. After doping with Co there is no change in the shape of the nanoparticles. The 

FESEM analysis of other doped samples, Co0.1Ni8.9S8, and Co0.03Ni8.97S8 are also performed and 

given in Figure 5.7 c and d. It can be seen from Figures 5.7 that with the increase or decrease in 

Co doping the particles are aggregated and non-uniform. 

 

 

Figure 5.7: FESEM images of (a) Ni9S8 (b) Co0.05Ni8.95S8 (c) Co0.1Ni8.9S8   and (d) Co0.03Ni8.97S8 

samples. Inset of b represent low magnification image of Co0.05Ni8.95S8 catalyst. 
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 The uniform distribution of Ni and S elements in bare Ni9S8 is performed using EDS 

mapping analysis (Figure 5.8). EDS analysis (Figure 5.9) also confirms the existence and uniform 

distribution of Co, Ni, and S in the Co doped Ni9S8. The weight percentage ratio of Co:Ni is 1:20, 

which is well acquainted with the experimental observation. Furthermore, the ratio of Co:Ni is 

confirmed from ICP-OES analysis, which represents Co:Ni = 0.87:23.5 in the Co0.05Ni8.95S8 

sample (Table 5.2). 

 

Figure 5.8: Elemental composition and EDS mapping showing the distribution of Ni and S on 

the carbon cloth for Ni9S8 sample. 

 

Figure 5.9: Elemental composition and EDS mapping showing the distribution of Co, Ni and S 

on the carbon cloth for Co0.05Ni8.95S8 sample. 

Table 5.2: ICP-AES data for Co0.05Ni8.95S8 
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Morphology and crystallinity of the sample are confirmed through TEM, and HRTEM 

analysis. The high-resolution TEM image of bare Ni9S8 in Figure 5.10a shows the size of 

nanoparticle ranges between 60-70 nm with clear lattice fringes. The calculated d-spacing values 

in Figure 5.10b is 0.27 nm for (222) plane of Ni9S8 samples. After doping with Co (Co0.05Ni8.95S8) 

the shape of the nanoparticles remains unchanged and the estimated size is 50-60 nm (5.10c). 

HRTEM image (Figure 5.10d) of the doped sample shows the d-spacing value of 0.26 nm indexed 

to (222) planes. The decrement in the d-spacing value confirms the presence of lattice contraction. 

HRTEM results are well consistent with the XRD analysis.  

 

 

Figure 5.10: (a) TEM and (b) HRTEM image of bare Ni9S8 (c) TEM and (d) HRTEM image of 

Co0.05Ni8.95S8. 
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5.3.3 Electrocatalytic study for HER: 

 The electrocatalytic HER activity of all the prepared samples, Ni9S8, Co0.05Ni8.95S8, blank 

CC, and Pt/C (5%) on the surface of carbon cloth is performed in 1 M KOH solution. Linear sweep 

voltammogram (LSV) analysis is executed by using sample deposited CC with an area of 0.4×0.4 

cm2 as a working electrode. Figure 5.11a represents the comparative polarization curve of blank 

CC, bare Ni9S8, Co0.05Ni8.95S8, and Pt/C catalysts. It is clear from Figure 5.11a that blank CC has 

negligible conductivity in the potential window. Co0.05Ni8.95S8 has the best electrocatalytic activity 

in comparison with Ni9S8, which exhibits higher current density and lowest onset potential. It 

requires only -0.151 V vs. RHE potential to generate 10 mA/cm2 current density, whereas, -0.214 

V vs. RHE potential is required for Ni9S8. However, 5% Pt/C catalyst is having the lowest onset 

potential of -0.04 V vs. RHE for 10 mA/cm2 current density during HER and a comparable current 

density with Co0.05Ni8.95S8. To optimize the electrocatalytic activity of Co0.05Ni8.95S8 two other 

ratios of Co doping in Ni9S8 are developed, the compared LSV of all the ratios is given in Figure 

5.11b. The electrocatalysts, Co0.1Ni8.9S8 and Co0.03Ni8.97S8 have onset potential of -0.20 V and -

0.281 V vs. RHE, respectively to produce 10 mA/cm2 current density. Furthermore, the 

electrocatalytic activity of bare Co9S8 is checked and shows -0.393 V vs. RHE to obtain 10 mA/cm2 

current density (Figure 5.11c). Therefore, the efficient HER activity in 1.0 M KOH solution is 

observed with Co0.05Ni8.95S8. The graph between onset potential (V) vs. RHE and the potential 

required to generate 50 mA/cm2 current density is shown in Figure 5.11d, where, Co0.05Ni8.95S8 

shows the best electrocatalytic activity among other developed electrocatalysts. The histogram plot 

at potential -0.4 V vs. RHE (Figure 5.11e) also confirms the best electrocatalytic activity of 

Co0.05Ni8.95S8. Thus, the optimum amount of dopant (Co:Ni = 0.05:8.95) in the system enhanced 

the electrocatalytic activity in an alkaline medium.  
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Figure 5.11: Polarization HER curve at (a) low scale and  (b) Co0.05Ni8.95S8, Co0.1Ni8.9S8 and 

Co0.03Ni8.97S8 (c) comparative HER of Co9S8 and Co0.05Ni8.95S8 (c) Plot between potential 

required to produce 50 mA/cm2 current density and onset potential (V) vs. RHE (d) Histogram 

plot of current density obtained at -0.4 V vs. RHE of Ni9S8, Co0.1Ni8.9S8, Co0.05Ni8.95S8, 

Co0.03Ni8.97S8, and Pt/C samples. 
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  To further explore the effectiveness of Co0.05Ni8.95S8, HER activity is checked in wide pH 

range by using 0.5 M H2SO4 (pH = 0.0), 0.5 M KOH (pH = 13.69), 1 M KOH (pH = 14), saline 

water (3.5% NaCl, pH = 6.5), and buffer solution (pH 7) as electrolytes. All the pH-dependent 

results are shown in Figures 5.12a and b. Figure 5.12b shows the comparative histogram of 

different pH mediums in which best activity is observed in 1.0 M KOH solution with an onset 

potential of -151 mV vs. RHE to generate 10 mA/cm2 current density. Mass activity is analyzed at 

potential of -0.3 V vs. RHE and the values are 19.21 A/g, 24.9 A/g, 55.26 A/g, and 7.75 A/g for 

Ni9S8, Co0.1Ni8.9S8, Co0.05Ni8.95S8, and Co0.03Ni8.97S8, respectively as mentioned in Table 5.3. 

Therefore, the above results indicate the higher activity of Co0.05Ni8.95S8 towards HER in an 

alkaline medium. After doping with Co the change in the electronic environment of the Ni9S8 

enhances active sites in the system which makes it more efficient towards HER. The orthorhombic 

structure of Ni9S8 consists of the average oxidation state of the Ni, which is favorable for 

electrocatalytic activity. Lee and co-workers26 also reported the average oxidation state of Ni metal 

in Ni9S8 during the growth of mixed metal sulphide hollow cage structure. 

 

Figure 5.12: (a) Comparative LSV of Co0.05Ni8.95S8 working under different pH medium. 

(b) Histogram of onset potential to generate 10 mA/cm2 current density in different pH medium. 
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 Table 5.3: All the electrochemical HER parameters for Ni9S8, Co0.1Ni8.9S8, Co0.05Ni8.95S8, 

Co0.03Ni8.97S8, and 5% Pt-C deposited on carbon cloth. 

 

The Tafel slope values are determined to know the kinetics of the HER reaction. The noble 

catalyst, 5% Pt/C has the Tafel slope value of 81.15 mV/dec (Figure 5.13a). The other Tafel slope 

value of bare Ni9S8, Co0.1Ni8.9S8, Co0.05Ni8.95S8, and Co0.03Ni8.97S8 are 216, 168, 125, and 430 

mV/dec, respectively (Figure 5.13a). The smallest value of the Tafel slope implies the highest 

electrocatalytic performance. Therefore, Co0.05Ni8.95S8 is having higher activity and faster kinetics 

apart from other doped materials. The calculated exchange current density values for bare Ni9S8 

and Co0.05Ni8.95S8 are 0.52 and 0.61 mA/cm2, respectively, which also favors the higher 

electrocatalytic activity of the doped sample. To determine the possible mechanism of HER, the 

detailed processes are given in the SI.54 The first path is known as Volmer-Tafel and the second is 

Volmer-Heyrovsky. In the beginning, chemical adsorption of water molecules takes place on the 

surface of the catalyst through the Volmer step, which is a common step in both mechanisms. 

Thereafter, in the first path spontaneous desorption of the H2 molecule, which is known as the 

Tafel step. In the Heyrovsky step, adsorption of another water molecule and desorption of H2 

molecules happen. Therefore, based on the Tafel slope value Co0.05Ni8.95S8 electrocatalyst follows 

the Volmer-Heyrovsky mechanism for the HER in an alkaline medium. The advantage with the 

Co doped Ni9S8 materials is Co can promote active site creation for H-H bond formation. Co 

doping enhances the formation of a higher oxidation state of Ni as explained in XPS results, thus 

Co doping promotes the formation of Ni3+ species which is useful for OH- adsorption. Furthermore, 

the synergistic effect of Co and Ni makes the developed catalyst more beneficial for the adsorption 
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of H (Hads). Co0.05Ni8.95S8 is highly active and has a faster rate towards HER. Gong and co-

workers55 reported Co doping in Ni3S2 materials, which is helpful for H-H bond formation by 

lowering the kinetic energy barrier. Using DFT calculation, they have explained that Co doping 

enhanced the hydrogen adsorption leading to superior HER activity.  

 The higher electrocatalytic activity of Co0.05Ni8.95S8 is examined by electrochemical 

impedance spectroscopy (EIS) analysis. The onset potential is chosen as executed bias and Figure 

5.13b shows the semicircle curve of the materials. EIS analysis of other materials, bare Ni9S8, 

Co0.05Ni8.95S8, Co0.1Ni8.9S8, and Co0.03Ni8.97S8 are also performed. The obtained data are fitted into 

the equivalent circuit as given in the inset of Figure 5.13b, which provides the value of the solution 

resistance (RS) and charge transfer resistance (RCT). The lower value of RCT signifies the higher 

charge transportation, which shows the higher conductivity of the synthesized material. 

Co0.05Ni8.95S8 has the lowest value of 8.58 Ω and 22.85 Ω for RS and RCT, respectively than other 

developed materials, as shown in Table 5.3. Therefore, the amount of Co is optimized in 

Co0.05Ni8.95S8 (Co:Ni = 0.05:8.95), where, Co enhances the conductivity of Ni9S8. The observed 

results confirm that doping increases the conductivity, which may be due to the following reasons. 

First, doping arises compressive strain in the Ni9S8 matrix, which further increases the number of 

active sites. Second, doping can modulate the electronic environment of Ni+2/+3 in the Ni9S8. Third, 

higher charge transportation and faster kinetics improve the electrocatalytic activity.  

 An important parameter for the practical application of water splitting reactions is long-

term stability. Figure 5.13c represents the consecutive 1000 cycle LSV of Co0.05Ni8.95S8 which 

signifies the insignificant change in the value of current density as well as onset potential. For 

long-term stability, chronoamperometry is checked at a fixed potential to generate a 100 mA/cm2 

current density for continuous 60 hours (Figure 5.13d). There is no alteration in current density 

after 60 hours, so, the developed Co0.05Ni8.95S8 is having robust nature and is highly durable for 

HER in 1.0 M KOH solution. The comparative table with reported literature for HER is given in 

Table 5.4. 
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Figure 5.13: (a) Tafel plot and (b) Nyquist plots of materials. Tafel slope of Ni9S8, Co0.1Ni8.9S8, 

Co0.05Ni8.95S8, Co0.03Ni8.97S8, and Pt/C is included in Fig. (a). The inset of Fig. (b) shows the 

corresponding equivalent circuit. (c) Polarization HER curve of Co0.05Ni8.95S8 electrocatalyst for 

initial, and after 1000 cycles. (d) Chronoamperometric data was recorded for 60 hours at a fixed 

potential for HER. 

 

 

 



Chapter 5  

 

 173 

 

Table 5.4: A comparative HER study of all the electrochemical parameters with the 

electrocatalyst. 

 

 

5.3.3 Electrocatalytic study for OER 

 The outstanding electrocatalytic activity of Co doped Ni9S8 is confirmed through OER in 

an alkaline medium. Three-electrode setup and 1.0 M KOH solution is used as an electrolyte to 

evaluate the OER performance of Ni9S8, Co0.1Ni8.9S8, Co0.05Ni8.95S8, and Co0.03Ni8.97S8 with a scan 

rate of 2 mV/sec. Figures 5.14a represent the polarization LSV of bare CC, Ni9S8, Co0.05Ni8.95S8, 

and commercial RuO2, which exhibits the negligible effect of bare CC in the applied potential 

window. Figure 5.14b shows the comparative LSV curve of Co0.05Ni8.95S8 and the other two ratios. 

The onset potential for Ni9S8, Co0.1Ni8.9S8, Co0.05Ni8.95S8, and Co0.03Ni8.97S8 are 1.588 V, 1.574 V, 

1.557 V, and 1.607 V vs. RHE, respectively, to generate 30 mA/cm2 current density, where, 

Co0.05Ni8.95S8 shows the best OER performance with the lowest value of onset potential and larger 

current density compared to other electrocatalysts (Table 5.5). The superior electrocatalytic 

performance of Co0.05Ni8.95S8 is further compared with commercial RuO2, which is having a high 

value of onset potential (1.562 V vs. RHE). By changing the Co amount in the Ni9S8 system, onset 

potential also shifted cathodically with a value of 0.04 V vs. RHE. The plot of onset potential vs. 

potential required to generate 100 mA/cm2 current density is represented in Figure 5.14c which 

again confirms the superior activity of Co0.05Ni8.95S8. Figure 5.14d represents the comparative 
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current density at 1.65 V vs. RHE, in which Co0.05Ni8.95S8 exhibits the best electrocatalytic activity 

than commercial RuO2 and other developed electrocatalysts.  

 

 

Figure 5.14: Polarization OER curve at (a) low scale and (b) comparative (c) Plot between 

potential required to produce 100 mA/cm2 current density and onset potential (V) vs. RHE (d) 

Histogram plot of current density obtained at 1.65 V vs. RHE of Ni9S8, Co0.1Ni8.9S8, 

Co0.05Ni8.95S8, Co0.03Ni8.97S8, and RuO2 samples. 

To further explore the effectiveness of Co0.05Ni8.95S8, OER activity is checked in wide pH range by 

using 0.5 M H2SO4 (pH = 0.0), 0.5 M KOH (pH = 13.69), 1 M KOH (pH = 14), saline water (3.5% 

NaCl, pH = 6.5), and buffer solution (pH=7) as electrolytes. All the pH-dependent electrocatalytic 

results are shown in Figure 5.15. The optimized Co0.05Ni8.95S8 shows the best electrocatalytic 

activity in 1 M KOH solution.  
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Figure 5.15: Comparative pH study for OER of Co0.05Ni8.95S8. 

To further confirm the higher electrocatalytic activity of the efficient electrocatalyst, other 

parameters like ECSA and mass activity are calculated. A higher value of ECSA signifies a larger 

number of active sites and better electrocatalytic activity. Figure 5.16 shows the CV analysis at 

various scan rates in the non-faradaic area and after that, at the fixed potential of 1.125 V vs. RHE, 

the current is plotted versus the scan rate and the fitted slope value represents double-layer 

capacitance (Cdl). Bare Ni9S8 is having an ECSA value of 1.06 cm2, whereas, Co0.05Ni8.95S8 shows 

an ECSA value of 23 cm2. The ECSA values for Co0.1Ni8.9S8 and Co0.03Ni8.97S8 electrocatalysts 

are 7.68 cm2 and 0.389 cm2, respectively. The roughness factor is also calculated from the ECSA 

value, Co0.05Ni8.95S8 is 21.7 times higher than Ni9S8, thus doping of Co enhances the roughness 

and electrocatalytic activity. The mass activity is determined at a fixed potential of 1.65 V vs. RHE 

for Ni9S8, Co0.1Ni8.9S8, Co0.05Ni8.95S8, and Co0.03Ni8.97S8, as mentioned in Table 5.5. The 

Co0.05Ni8.95S8 is having a higher mass activity value of 71.57 A/g which further confirms higher 

OER activity. 
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Table 5.5: All the electrochemical OER parameters for Ni9S8, Co0.1Ni8.9S8, Co0.05Ni8.95S8, 

Co0.03Ni8.97S8, and commercial RuO2. 

 

Figure 5.16: Cyclic voltammetry curves of Co0.05Ni8.95S8 at different scan rate (a) (b) (c) (d)  

capacitive current at 1.125 (V vs. RHE) as a function of scan rate for ECSA calculation (e). 

To judge the role of dopants in the Ni9S8 system cyclic voltammogram (CV) analysis is 

done and shown in Figure 5.17. CV curves of bare Ni9S8, Co0.1Ni8.9S8, Co0.05Ni8.95S8, and 
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Co0.03Ni8.97S8 catalysts show one anodic and the cathodic peak in 1.025 to 1.65 V vs. RHE potential 

window. In Ni9S8 the peak present at 1.40 V and 1.28 V vs. RHE represents the redox couple, 

Ni+2/Ni+3. After Co doping the redox peak of Ni+2/Ni+3 shifted towards 1.48 V and 1.27 V vs. RHE, 

the anodic shift in the oxidation peak is well corroborated with the effect of doping. By increasing 

the dopant amount the peak shifted again into the cathodic side which shows the conductivity of 

Ni9S8 remains unchanged. Therefore, the optimized ratio of Co:Ni = 0.05:8.95 is developed for an 

efficient and robust electrocatalyst. In the CV analysis, the area under the curve is directly 

proportional to the conductivity of the electrocatalyst, where, Co0.05Ni8.95S8 is having the highest 

value of the area, which further confirms higher conductivity and better efficiency for OER. In this 

context, Akbari and co-workers56 also reported peak shifting of the Ni2+/Ni3+ system in the Ni/NiO 

interface with an impurity of Fe.  

 

Figure 5.17: CV analysis of all the developed electrocatalyst in a particular potential window. 

The Tafel slope is an important parameter to decide the kinetics of OER. The slope value 

is determined using the standard Tafel equation (given in SI). The electrocatalyst, Co0.05Ni8.95S8 is 

having the lowest value (49.8 mV/dec) of the Tafel slope, whereas, bare Ni9S8 shows 128.8 

mV/dec (Figure 5.18a). The faster kinetics of the OER process occurs at the Co0.05Ni8.95S8 surface. 

Commercial RuO2 is having 82.3 mV/dec Tafel slope, which is well-matched with the literature.57 

Furthermore, the better conductivity and ease of electron transportation of Co doped Ni9S8 EIS 
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analysis is performed by applying onset potential with a frequency range of 50 kHz to 0.5 Hz 

(Figure 5.18b). The fitted Nyquist plot gives the value of the solution resistance (RS) and charge 

transfer resistance (RCT) of 8.97 Ω and 8.14 Ω, respectively for Co0.05Ni8.95S8. The smaller value 

of RCT provides more charge transportation and higher conductivity. Finally, the OER stability of 

the optimized electrocatalyst is checked up to 1000 consecutive LSV cycles (Figure 5.18c), which 

shows unchanged current density. For long-term stability, chronoamperometry analysis is 

performed for 80 hours at an applied potential of 1.60 V vs. RHE. Figure 5.18d exhibits unaltered 

current density by using Co0.05Ni8.95S8. Therefore, Co0.05Ni8.95S8 is a highly stable and robust 

electrocatalyst for oxygen evolution.  

 

 

Figure 5.18: (a) Tafel plot for OER and (b) Nyquist plots of materials. Tafel slope of Ni9S8, 

Co0.1Ni8.9S8, Co0.05Ni8.95S8, and Co0.03Ni8.97S8, is included in Fig. (a). The inset of Fig. (b) shows 

the corresponding equivalent circuit. (c) Polarization OER curve of Co0.05Ni8.95S8 electrocatalyst 
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for initial, and after 1000 cycles. (d) Chronoamperometric data for 80 hours at a fixed negative 

potential. 

Moreover, FESEM analysis (Figure 5.19a) is performed after long-term electrocatalysis. 

There is no significant change in the morphology of Co0.05Ni8.95S8 materials after OER in an 

alkaline medium. EDS analysis (Figure 5.19b) is also done which gives the uniform distribution 

of Co, Ni, S, and C elements. The PXRD result (Figure 5.20) shows that the peaks of Co0.05Ni8.95S8 

samples are retained after the OER study. However, two new small intense peaks (2θ = 37.8⁰ and 

54.8⁰) appear for NiOOH species, which may be due to surface oxidation of Co0.05Ni8.95S8 during 

OER.  

 

Figure 5.19: (a) FESEM image (b) EDS of Co0.05Ni8.95S8 after electrocatalysis. 

 

Figure 5.20: XRD of Co0.05Ni8.95S8 after electrocatalysis. 
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XPS analysis (Figure 5.21) of the electrocatalyst is also performed after OER activity that 

exhibits similar binding energy values of Ni2+, Ni3+, Co2+, and S2- ions. Compared with the fresh 

electrocatalyst, the sulfide ion intensities are decreased. In literature also there are reports which 

suggest that in metal sulfides post-OER hydroxide/oxyhydroxide species is formed which is also 

an active site.58, 59 Zhu and group60 also hypothesized NiOOH@NiS to behave as an active site 

post-long-term OER analysis.   

 

Figure 5.21: XPS analysis of Co0.05Ni8.95S8 after OER electrocatalysis. 

Thus, all the above results validate that due to doping with Co, the electrocatalyst shows 

improved electrocatalytic performance. The best-optimized ratio, Co0.05Ni8.95S8 nanomaterial 

exhibits maximum efficiency in water-splitting reaction. Doping of cation is an important approach 

to improve the electrocatalytic activity due to the availability of unfilled d-orbital. Therefore, a 

few important factors are evolved for better electrocatalytic efficiency of Co0.05Ni8.95S8. First, 
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PXRD analysis confirmed that the material shows compressive strain, which changes the 

electronic environment. Second, XPS analysis authorizes the shifting in the binding energy of Ni 

to a higher value and the electropositive behaviour of Ni enhanced, which promotes the reaction 

kinetics and formation of a more active site. Third, the lattice contraction after doping is confirmed 

by the HRTEM analysis. Fourth, the composition of Co:Ni in the Co0.05Ni8.95S8 sample is 

confirmed through ICP-AES and EDS mapping analyses, which gives 1:20 ratio of Co:Ni and is 

well-matched with the experimental condition. Therefore, the optimized doped electrocatalyst 

authorizes efficient activity and durability during electrocatalytic applications. The comparative 

study of OER with reported literature is given Table 5.6. 

 

Table 5.6: A comparative OER study of all the electrochemical parameters with the 

electrocatalyst. 

 

5.3.4 Overall water splitting: Two electrode system 

 Being inspired by the above results of the Co doped sample for both HER and OER in an 

alkaline medium, we have checked the overall water splitting reaction using the Co0.05Ni8.95S8 

electrode as an anode and a cathode. Figure 5.22a demonstrates the LSV curves of assembled 

Co0.05Ni8.95S8 (+) ǁ Co0.05Ni8.95S8 (-) cells. To compare the cell voltage to generate a 10 mA/cm2 

current density the Co0.05Ni8.95S8 (+) ǁ Co0.05Ni8.95S8 (-) cells require only 1.89 V. The cell 

Co0.05Ni8.95S8 (+) ǁ Co0.05Ni8.95S8 (-), is also showing 24-hour stability at a fixed potential of 1.89 

V in alkaline medium, shown in Figure 5.22b. Thus, the developed cell, Co0.05Ni8.95S8 (+) ǁ 

Co0.05Ni8.95S8 (-) exhibits good activity for overall water splitting reaction. 
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Figure 5.22: (a) LSV and (b) 24 hours stability test of constructed two electrode system of 

Co0.05Ni8.95S8 (+) ǁ Co0.05Ni8.95S8 (-). 

 

5.3.5 Theoretical calculations 

5.3.5.1 Structures of pristine, Co doped Ni9S8 systems and their relative stabilities  

 At room temperature and under ambient pressure Ni9S8 crystallizes in the orthorhombic 

phase and belongs to C222 space group symmetry (space group no. 21). The crystal structure, the 

associated lattice and structural parameters of Ni9S8 compound were experimentally determined 

from the X-ray single-crystal and powder diffraction data61, 62. The unit cell of Ni9S8 consists of 

36 Ni and 32 S atoms with the formula unit Z = 4. Starting from the experimentally determined 

lattice parameters (a = 9.33590 Å, b = 11.21850 Å and c = 9.430 Å) the crystal structure of Ni9S8 

has been further optimized using GGA-PBE level of theory. The optimized geometry of Ni9S8 

compound is shown in Figure 5.23.  
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Figure 5.23: Optimized geometry of pristine Ni9S8 as obtained from GGA-PBE level of theory. 

Red and yellow colours represent Ni and S atoms respectively. 

The optimized geometry for 0.5%, 0.75%, 3%, and 6% Co doped Ni9S8 systems are shown in 

Figure 5.24. To understand the structural stabilities of Co doped Ni9S8 crystal systems, the defect 

formation energy per dopant (∆Edf) for each doping percentage has been estimated from the 

following relation: 

      ∆𝐸𝑑𝑓 =  
1

𝑚𝐶𝑜
 [𝐸𝑑𝑜𝑝𝑒𝑑 − 𝐸𝑝𝑟𝑖𝑠𝑡𝑖𝑛𝑒 − 𝑚𝐶𝑜(𝜇𝐶𝑜 − 𝜇𝑁𝑖)]  (1) 

where Edoped and Epristine are the total energies of Ni9S8 supercell with and without Co dopants 

respectively, 𝑚𝐶𝑜 is the number of doped Co atoms, 𝜇𝐶𝑜 and 𝜇𝑁𝑖 are the chemical potentials of 

single isolated Co and Ni atoms respectively. The defect formation energies per dopant for 0.5% 

(Co0.05Ni8.95S8), 0.75% (Co0.075Ni8.925S8), 3% (Co0.3Ni8.7S8) and 6% (Co0.6Ni8.4S8) Co - doped Ni9S8 

systems are estimated to be -22.80 Ry, -15.04 Ry, -3.82 Ry and -1.87 Ry respectively.  From the 

defect formation energy values, it is clearly seen that the 0.5% Co doped Ni9S8 system 

(Co0.05Ni8.95S8) is energetically most favorable in comparison with other Co doped systems with 

0.75%, 3%, and 6% of doping.  
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Figure 5.24: Optimized geometries of Co - doped Ni9S8 system for (a) 0.5%, (b) 0.75%, (c) 3% 

and (d) 6% doping of Co as obtained from GGA-PBE level of theory. Red, yellow, and blue 

colors represent Ni, S, and Co atoms respectively. 

 

5.3.5.2 The electronic band structures and density of states (DOS) of the pristine (Ni9S8) and 

0.5% Co doped Ni9S8 (Co0.05Ni8.95S8) systems 

 To understand the improved electrocatalytic performance of the 0.5% Co doped Ni9S8 

(Co0.05Ni8.95S8) system in comparison with the pristine Ni9S8 counterpart, the electronic band 

structures for the pristine and 0.5% Co doped Ni9S8 systems have been estimated. The respective 

E-k diagrams along Y→Γ→T→Γ→Z→S high-symmetry points are shown in Figures 5.25 a and 

b. From Figure 5.25a, various dispersive energy bands emanating from the valence and conduction 

band edges of the pristine Ni9S8 compound are noticed around the Fermi energy level (EF). While 

the valence band maximum for the Ni9S8 system is estimated at the high symmetric Γ point, the 

conduction band minimum is localized along the Y- Γ direction with bandgap energy (Eg) ~ 0.8 

eV. This result signifies that the pristine Ni9S8 system is an indirect bandgap semiconductor. 
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Interestingly, upon 0.5% Co doping in Ni9S8, remarkable changes in the E-k diagram have been 

estimated. The E-k diagram for the doped Co0.05Ni8.95S8 system is represented in Figure 5.25b. The 

E-k diagram for Co0.05Ni8.95S8 is marked by the dense nesting of energy bands contributing from 

the valence and conduction band edges of the compound around the EF. This observation suggests 

a zero bandgap or the metallic nature of the Co0.05Ni8.95S8 compound. The metallic nature of the 

0.5% Co doped Ni9S8 system may promote HER activity of the compound due to the presence of 

excess free electrons around EF. This observation is in agreement with the experimental results 

which indeed show enhanced electrocatalytic activity for the doped Co0.05Ni8.95S8 system in 

comparison to its pristine Ni9S8 counterpart. The reduction in bandgap enhanced the electron 

transport probability and conductivity, which improves the electrocatalytic performance of 

Co0.05Ni8.95S8.  

 

Figure 5.25: Electronic band structures of (a) pristine Ni9S8 and (b) doped Co0.05Ni8.95S8 systems 

along with the high-symmetry points Y→Γ→T→Γ→Z→S as obtained from the GGA+Udd level 

of theory. The indirect bandgap of pristine Ni9S8 and the Fermi energy level (EF) are marked 

with the red arrow and black dashed line respectively. 
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To get deeper insights into the density of energy states, the total (TDOS) and the orbital 

resolved projected atomic density of states (TDOS and PDOS) of the pristine Ni9S8 and doped 

Co0.05Ni8.95S8 systems have been estimated and are depicted in Figure 5.26. The TDOS plot of the 

pristine Ni9S8 system, as shown in Figure 5.26A, exhibits small but finite depletion in energy states 

near EF. The corresponding PDOS plot is shown in Figure 5.26a. From Figure 5.26a it is clearly 

seen that the top of the valence bands of the pristine compound around EF ranging in the range -1 

to 0 eV are dominated by S-3p and Ni-3d orbitals. The relative weight of the S-3p exceeds from 

that of the Ni-3d orbitals. Akin to the top of the valence bands, the bottom of the conduction bands 

of the pristine compound near EF, ranging from 0 to 1 eV, is largely dominated by Ni-3d and S-3p 

orbitals, albeit weak contributions from the Ni-4s and S-3s are also noticed. Interestingly for the 

0.5% Co doped Ni9S8 (Co0.05Ni8.95S8) system, the corresponding TDOS plot, as depicted in Figure 

5.26B, shows dramatic changes in features in comparison to its pristine counterpart (Figure 5.26A). 

The TDOS plot shows sharp energy states not only confined around the EF but also exhibit the 

van-Hove singularity at EF. These observations suggest the metallic behavior of the Co0.05Ni8.95S8 

compound and are in accordance with the inference so predicted from the corresponding E-k 

diagram (Figure 5.25b, vide supra). The reason behind the metallic behavior of the doped 

Co0.05Ni8.95S8 compound is easily unveiled from the associated PDOS plot as shown in Figure 

5.26b. The PDOS plot clearly shows the predominant contribution from the doped Co-4s orbital 

at EF. Thus the contribution from the doped Co-4s orbital may account for the metallic behavior 

of the doped Co0.05Ni8.95S8 system which in turn may stand responsible for the enhanced 

electrocatalytic activity of the compound as observed from the experimental results. Therefore, the 

generation of more active sites and the adsorption of intermediates during the electrocatalytic 

activity are more pronounced in the Co0.05Ni8.95S8 catalyst. Furthermore, the synergistic effect 

between Co and Ni also plays a significant role in the change in the electronic structure and 

conductivity enhancement. All the above results confirm the potential use of Co as a dopant in the 

Ni9S8 system for boosting electrocatalytic performance.  
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Figure 5.26: Left panel shows (A) TDOS and (a) PDOS spectra for pristine Ni9S8 compounds. 

Right panel shows (B) TDOS and (b) PDOS spectra for the doped Co0.05Ni8.95S8 system as 

obtained from the GGA+Udd level of theory. The van-Hove singularity and the Fermi energy 

level (EF) are marked with a black circle and black dashed line respectively. 

 

5.3.5.3 Hydrogen/ oxygen coverage and current density 

  To introspect the HER and OER activities of Co doped Ni9S8 systems for various dopant 

concentrations, the variations in Gibbs free energy (ΔGH) values as a function of hydrogen and 

oxygen coverages for Co0.05Ni8.95S8, Co0.075Ni8.925S8, Co0.3Ni8.7S8, Co0.6Ni8.4S8 systems have been 

elucidated at zero overpotential value (U = 0). The results are shown in Figures 5.27A and 5.27B. 

From Figure 5.27, it is observed that ΔGH attains minimum value -7.22 (-3.03) eV for 8% of 

hydrogen (oxygen) coverage for the doped Co0.05Ni8.95S8 system. However, for Co0.075Ni8.925S8, 

Co0.3Ni8.7S8 and Co0.6Ni8.4S8 systems the lowest ΔGH values are estimated to be -6.59 (-1.6) eV, -
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3.09 (-0.49) eV and -6.92 (-1.25) eV for 16%, 48% and 100% hydrogen (oxygen) coverage 

respectively. All these observations collectively suggest the minimum ΔGH value [-7.22 (-3.03) 

eV for 8% hydrogen (oxygen) coverage] for Co0.05Ni8.95S8 system which may be responsible for 

the enhanced HER and OER activities of the Co doped Ni9S8 compounds. In this connection it is 

relevant to mention that the variations of ΔGH as a function of hydrogen and oxygen coverages for 

Co0.3Ni8.7S8 system are found to be quite different from the other Co doped systems [Figures 5.27A 

and 9B]. This may be rationalized from the position and the rate of hydrogen/ oxygen adsorption 

at the active sites with HER/ OER activities. The large positive values of ΔGH between 8 - 40% 

and 72 - 100% represents weak hydrogen adsorption and poor HER activity of Co0.3Ni8.7S8 

compound in comparison to its other Co doped systems [ca. Figure 5.27A]. 

The volcano plots associated with the exchange current densities (J0) have been estimated 

to analyse further the HER and OER activities of the active sites of the compounds43, 63-65. The 

logarithm of J0 as a function of ΔGH for HER and OER processes are shown in Figures 5.27 a and 

b respectively. From Figures 5.27a and 5.27b, it is observed that in the region ΔGH < 0, where the 

relative adsorption of hydrogen and oxygen is strong, the highest J0 values are found to be -7.31 

and -0.693 Am-2 for Co0.05Ni8.95S8 compound for the HER and OER activities, respectively. 

Moreover, the J0 values of Co0.05Ni8.95S8 system are found near ΔGH = 0 which represents the ideal 

scenario of generation of hydrogen and oxygen. These observations are also in agreement with our 

experimental results where Co0.05Ni8.95S8 shows the best HER/ OER performance with the lowest 

value of onset potential and higher current density in comparison to its other Co doped counterparts 

(vide supra). Moreover, Co doping also catalyzes the formation of Ni3+ ion, which is an active 

center for OH- adsorption followed by the generation of molecular hydrogen. 
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Figure 5.27: The Gibbs free energy versus (A) hydrogen, (B) oxygen coverage, and the 

exchange current density as a function of Gibbs free energy for (a) HER, (b) OER activities of 

Co - doped Ni9S8 systems as obtained from GGA+Udd level of theory. 

Electrochemical reaction pathways for HER and OER activities 

 To understand precisely the HER and OER performances of Co doped Ni9S8 systems for various 

dopant concentrations, the energy barriers for HER and OER have been calculated. The associated free 

energy diagrams for the Volmer-Heyrovsky (V-H), Volmer-Tafel (V-T) reaction pathways66, 67 at 

zero work function difference (∆U = 0) for HER and OER are shown in Figure 5.28a and b 

respectively. From the left panel of Figure 5.28, the free energy values at the final transition point 

for Co0.05Ni8.95S8, Co0.075Ni8.925S8, Co0.3Ni8.7S8 and Co0.6Ni8.4S8 systems are found to be -7.22, -

6.60, -2.96 and -6.92 eV respectively in V-H reaction pathways. However, for V-T reaction path 

the free energy values for the above referred systems are estimated to be -5.90, -5.67, -1.86, and -

5.55 eV, respectively at the final transition point. The right panel of Figure 5.28, which illustrates 

the energy barriers for OER activities, shows the free energy values of -3.03 (-2.48), -1.62 (-1.39), 



Chapter 5  

 

 190 

 

-1.19 (-0.75) and -1.24 (-0.99) eV in V-H (V-T) reaction paths at the final transition point for 

Co0.05Ni8.95S8, Co0.075Ni8.925S8, Co0.3Ni8.7S8 and Co0.6Ni8.4S8 compounds respectively. Interestingly, 

from the estimations of the energy barriers for the V-H and V-T reaction paths, it is observed that 

Co0.05Ni8.95S8 system, which shows minimum free energy values (ca. -7.22 eV for HER and -3.03 

eV for OER of V-H reaction pathway), is responsible for the enhanced HER and OER 

performances. The V-H reaction pathway is found to be more favourable compared to the V-T 

reaction path for both the HER and OER performances. These results are in well accordance with 

our experimental observations where the Co0.05Ni8.95S8 electrocatalyst is found to follow the V-H 

mechanism for the HER and OER in an alkaline medium (vide supra). 

 

Figure 5.28 : The energy barriers for the Volmer-Heyrovsky, Volmer-Tafel reaction pathways 

for (a) HER and (b) OER activities of Co - doped Ni9S8 systems as obtained from the NEB 

method. [“M” is the metal center or catalyst surface]. 
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5.4 Conclusion 

 Two-step synthesis for the development of Co doped Ni9S8 nanomaterials supported on 

carbon cloth is performed for both HER and OER in an alkaline medium. Different ratios of Co:Ni, 

Co0.1Ni8.9S8, Co0.05Ni8.95S8, and Co0.03Ni8.97S8 are developed but, Co0.05Ni8.95S8 exhibits superior 

electrocatalytic activity. The cobalt doping arises compressive strain in the Ni9S8 system, which 

impacts in the electronic environment and conductivity in the developed sample. Williamson-Hall 

equation is used to confirm the presence of strain in the doped sample. The d-spacing calculation 

from HRTEM analysis also corroborates the lattice contraction in the doped sample. XPS analysis 

confirms the synergistic effect between Co and Ni, which makes the electrocatalysts more effective 

for HER and OER. The Lewis acid behaviour of the Co2+ ion is confirmed by shifting the binding 

energy of Ni 2p at a higher region, which shows the electron transfer from Ni2+ to the Co2+ system. 

Finally, the introduction of dopant Co enhances the number of active sites and roughness factor in 

Ni9S8 nanomaterials. The constructed Co0.05Ni8.95S8 (+) ǁ Co0.05Ni8.95S8 (-) cell, exhibits 24-hour 

stability at a fixed potential of 1.89 V in an alkaline medium. The metallic nature of Co0.05Ni8.95S8 

is confirmed from theoretical calculation, which further supports an efficient electrocatalytic 

activity. Better HER performance is also confirmed from the minimum Gibbs free hydrogen 

adsorption energy and hydrogen coverage calculation of Co0.05Ni8.95S8 electrocatalyst. Variations 

in Gibbs free energy (ΔGH) values as a function of oxygen coverages are also calculated for all the 

ratios where, Co0.05Ni8.95S8 shows maximum OER effciency. Therefore, Co doped Ni9S8 supported 

on carbon cloth exhibits high efficiency and stability in an alkaline medium for overall water-

splitting reaction.   
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Chapter 6 

  

Ce-Doped Ni0.85Se 2D Nanosheets Developed 

on Carbon Cloth for Electrochemical  

Water-Splitting 

 

 

 In this chapter, Ce doped Ni0.85Se in pure phase was developed on carbon cloth by 

following hydrothermal route.  

 The Ce doped Ni0.85Se 2D nanosheest applied for electrochemical HER and OER 

activity, which shows good bifunctional activity. 
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Abstract 

Developing a new, affordable, and efficient electrocatalyst for bifunctional activity is crucial 

for the advancement of water electrolysis technology. The doping with foreign atoms in 

electrocatalysts can tune the electronic properties, which further improves the water-

splitting process. Herein, we have developed Ce doped Ni0.85Se as a bifunctional 

electrocatalyst in an alkaline medium. Hydrothermal method was used to develop a 2D 

nanosheet of Ce doped Ni0.85Se electrocatalyst. The as-developed pristine and doped 

electrocatalysts were characterized through various techniques. The optimized Ce0.1Ni0.85Se 

electrocatalyst represents -0.238 and 1.56 V vs. RHE as an onset potential for HER and OER, 

respectively, to generate 20 and 50 mA/cm2 current density. The Ce0.1Ni0.85Se electrocatalyst 

works as a suitable cell in an alkaline medium with 1.73 V to generate 10 mA/cm2 and 24 h 

stability. The introduction of Ce doping plays a pivotal role in tuning the electronic 

environment and facilitating a synergistic effect, ultimately improving the overall efficiency. 

Moreover, the active sites for water-splitting were generated by expansion and distortion in 

the Ni0.85Se lattice. The enhanced specific surface area and porous 2D nanosheets of the 

doped sample are beneficial for water splitting. Therefore, this idea can generate a route for 

developing a doped electrocatalyst with an efficient and stable activity.  
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6.1 Introduction 

Amid the ongoing depletion of non-renewable resources and the deterioration of the 

environment, current research is focused on finding reproducible and clean energy.1-2 

Electrochemical water splitting reaction has emerged as an obvious way to generate green 

hydrogen, which can deal with the energy crisis.3 Hydrogen fuel has attracted much attention due 

to its abundance, clean, and good recyclability nature. Electrochemical water splitting is an 

effective approach that involves two redox reactions for hydrogen and oxygen generation.4-5 The 

theoretical electric voltage is 1.23 V; however, because of slow kinetics and the multistep electron 

transfer process, the electric voltage for water splitting is higher than the theoretical value.6 In the 

current scenario, noble catalysts such as Pt, RuO2, and IrO2 are effective in hydrogen and oxygen 

evolution reactions (HER and OER). However, the higher cost, low availability, and scarcity of 

different pH mediums impede their commercialization. Therefore, electrochemical water splitting 

faces significant challenges in achieving widespread adoption.7-9 

 In recent times, transition metal-based chalcogenides (oxides, sulfides, and selenides) have 

been extensively investigated due to their cost effectiveness and promising electrocatalytic 

activity.10 Nevertheless, there are still some drawbacks of transition metal-based chalcogenides 

due to less active sites and poor conductivity.11 Selenide-based materials are better due to the larger 

atomic radius, high metallic properties, and conductivity of the Se atom. Some transition metal 

selenides, such as MoSe2, WSe2, and CoSe2, are well explored for HER.12-13 Among them, nickel-

based selenides are interesting due to their excellent electrolytic performance. Due to their multiple 

oxidation states and tuneable electronic configuration, various nickel-based selenides (NiSe2, 

NiSe, and Ni1-XSe) are reported in the literature for energy-related applications.14 The existence of 

a metal vacancy and the large number of unsaturated atoms in Ni0.85Se play a leading role in HER 

and OER performances. However, poor electron transfer and aggregation tendency reduce the 

electrical conductivity of Ni0.85Se, which requires further improvement.15-16    

 To improve the electrocatalytic performance of Ni0.85Se, numerous strategies are reported, 

such as morphology tuning, doping, and composite formation. Among them, doping is considered 

an effective method for fine-tuning electrocatalytic activity. The intrinsic activity of transition 

metal-based selenides can be improved by incorporating metal ions via doping.17-18 The doping 

process can also change the electronic environment, leading to the creation of more active sites 
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and improving intrinsic activity. For instance, Liu and co-workers16 engineered Fe-doped Ni0.85Se 

on Ni foam for water splitting. They found that introducing Fe as a dopant influenced the 2D 

nanosheet structure, enhancing the exposed surface area and active sites. This catalyst displayed 

outstanding performance in overall water splitting, attaining 100 mA/cm2 current density at 1.52 

V potential and providing stability over 40 hours. Zhao and co-workers19 developed an 

electrocatalyst for HER in an acidic environment by supporting Co-doped Ni0.85Se with graphene 

oxide (GO). The Co0.1Ni0.75Se/GO catalyst exhibited superior performance, with a low onset 

potential of 103 mV vs. RHE to generate 10 mA/cm2 current density and a reduced Tafel slope of 

43 mV/dec. The introduction of Co as a dopant reduced the kinetic barrier by facilitating H-H bond 

formation, thereby enhancing the active sites and improving electronic conductivity. Yang and co-

workers20 developed Mo-doped Ni0.85Se on nickel foam for hydrogen generation along with 

electrooxidation of hydroxymethylfurfural. Mo doping can tune the d band center in Ni, which can 

decrease the hydrogen adsorption energy and further improve the hydrogen desorption process that 

helps in the electrooxidation process. Our group also reported cation (W6+, Fe3+, and Co2+) doping4, 

21-22 on Ni-based nanomaterials for electrocatalytic water splitting. W6+ doped Ni(OH)2/NiOOH 

catalyst require an onset potential of 56 mV and 293 mV vs. RHE  to obtain 10 and 50 mA/cm2 

current density for HER and OER, respectively. Fe-doped NiCo2Se4 nanorods require a potential 

of 1.51 V to obtain 10 mA/cm2 current density and 24 hours of stability. The better electrocatalytic 

performance is due to the presence of W6+ and Fe3+, which behave as Lewis acid and tune the 

electronic properties of electrocatalyst.  

  Apart from the 3d transition metals, rare earth metals (Ce, La, etc.) show interesting 

characteristics due to available 4f orbitals. Specifically, the Ce element shows good redox behavior 

due to different redox centers, which offer good catalytic activity in CO oxidation and hydrogen 

production. Concerning this, Rong and co-workers23 reported lanthanum-doped CoFe-layered 

double hydroxide (LDH) for better OER. The improved performance of CoFe-LDH is due to more 

defects and electrochemical active sites generated after the introduction of La3+ and Ce3+ in the 

system. Li and others24 developed Ce-doped CoP for water splitting reaction, where they have also 

shown DFT calculations to prove the electronic environment change of CoP after Ce doping. The 

optimized Ce0.1CoP electrocatalyst offers good electrocatalytic performance with the voltage of 

1.65 V to acquire a current density of 10 mA/cm2. Therefore, Ce introduction in the host matrix 

can improve the electrocatalytic performance.  
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 Getting inspiration from the previously discussed research, we embarked on the 

development of Ce-doped Ni0.85Se nanosheets anchored on a carbon cloth substrate. This synthesis 

was achieved through a straightforward hydrothermal method, and the resulting materials were 

applied in a comprehensive water-splitting process. Our investigation encompassed a thorough 

characterization of both the pristine and doped materials, using analytical techniques such as XRD, 

XPS, FESEM, TEM, ICP-AES, and BET analysis. To fine-tune the Ce dopant content within 

Ni0.85Se, we systematically varied the concentration of the Ce4+ precursor salt. Among the tested 

compositions, the Ce0.1Ni0.85Se sample exhibited the most promising performance in both the HER 

and OER. It displayed a low onset potential of -0.238 V vs. RHE and 1.56 V vs. RHE for HER and 

OER, enabling current densities of 20 and 50 mA/cm2, respectively. The Tafel slope is 118 and 

58.8 mV/dec for HER and OER, respectively. The optimized Ce0.1Ni0.85Se sample is applied as a 

bifunctional electrocatalyst with an onset potential of 1.73 V for 10 mA/cm2. The advantages of 

this work can be folded as. First, the Ce dopant increases the electrochemical activity and stability 

of the Ni0.85Se sample. Second, simple hydrothermal method enables the synthesis of various Ce-

doped Ni0.85Se ratios, adding versatility to the process. Third, the synergistic effect of different 

metal ions and morphological tunning regulates electrochemical activity. Fourth, after Ce doping, 

the change in the electronic environment in Ni0.85Se improves the active sites and enhances the 

overall electrocatalytic activity. Fifth, Ce-doped Ni0.85Se catalyst effectively functions as a 

bifunctional electrocatalyst with exceptional stability over a continuous 24-hour operation in an 

alkaline environment. 

 

6.2 Experimental Section 

6.2.1 Synthesis of bare Ni0.85Se: To synthesize pristine Ni0.85Se, a simple hydrothermal process 

was carried out. In the first step, 2.09 mmol Ni(NO3)2.6H2O, 9.0 mmol urea, and 4.04 mmol NH4F 

were dispersed in 60 mL DI water. The solution was sonicated for 10 minutes and transferred into 

a 100 mL capacity Teflon-lined autoclave. The 2×3 cm2 carbon cloth was transferred along with 

the solution for hydrothermal reaction at 105 ºC for 6 hours. In the next step, the Ni(OH)2/NiOOH 

deposited carbon cloth was transferred for the second hydrothermal reaction, i.e., for selenization. 

During the process of selenization, 0.3 gm of sodium selenite was dissolved in 4 mL N2H4 and 26 

mL Milli Q. The selenization process was executed at 180 ºC for 10 hours, resulting in a black 

product on the CC. This product was then thoroughly washed with Milli-Q water and ethanol. 
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6.2.2 Synthesis of Ce-doped Ni0.85Se: Scheme 6.1 1 represents the synthesis of Ce-doped Ni0.85Se; a 

two-step hydrothermal procedure was carried out. In the first step, 2.09 mmol Ni(NO3)2.6H2O, 9.0 

mmol urea, and 4.04 mmol NH4F were dispersed in 60 mL DI water. Additionally, we introduced 

0.209 mmol of ammonium ceric nitrate into the solution for doping purposes. The entire solution 

was subjected to a 10-minute sonication process. The complete solution was taken into a Teflon-

lined autoclave, with the carbon cloth positioned along the autoclave's wall. The hydrothermal 

reaction was conducted at 105 ºC for a duration of six hours. For the subsequent step, 0.3 gm of 

Na2SeO3 was dissolved in 4 mL of hydrazine hydrate and 26 mL DI water for selenization and 

transferred into a Teflon container. The sample developed earlier, which had been deposited on 

the carbon cloth, was immersed in the 30 mL selenization solution. Another hydrothermal reaction 

was executed at 180 ºC, and the process was allowed to continue for 10 hours. The resultant Ce-

doped Ni0.85Se sample on the carbon cloth was black color, washed with ethanol and DI water 

before being dried in a conventional oven. 

For the ratio variation of Ce dopant two, another concentration of ammonium ceric nitrate was 

used, keeping unchanged the remaining procedure of Ce-doped Ni0.85Se synthesis. 0.105 mmol 

and 0.05 mmol of ammonium ceric nitrate were taken, and the same procedure was repeated. As 

per the concentration (mmol) of ceric ammonium nitrate, the developed electrocatalysts were 

named Ce0.2Ni0.85Se, Ce0.1Ni0.85Se, and Ce0.05Ni0.85Se throughout the MS.  

 

Scheme 6.1: Diagram representation for the synthesis of Ce doped Ni0.85Se on CC surface. 

6.2.3 Electrochemical Study 

The electrochemical investigation was conducted within a three-electrode system. The 

working electrode was developed by depositing the sample on carbon cloth (CC) and securing it 

in place with an insulating epoxy paste. This electrode was allowed to dry under normal air 
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conditions, resulting in a working electrode area of 0.16 cm². Graphite served as the counter 

electrode, while Ag/AgCl electrode was implied as the reference electrode. Electrochemical 

measurements were conducted using a CHI604E workstation. For both the doped and pristine 

Ni0.85Se samples, the catalyst loading was calculated as 2.89 mg/cm² on the 3.5 × 2 cm² area of the 

CC. The electrolyte employed for the electrochemical reactions in HER and OER was a 1.0 M 

KOH solution. The primary technique utilized for the electrochemical analysis was linear sweep 

voltammetry (LSV). In the case of the HER, LSV measurements were conducted within a potential 

window of -0.9 to -1.8 V vs. Ag/AgCl, utilizing a scan rate of 2 mV/sec. Conversely, for the OER, 

the LSV was carried out within the potential range of 0 to 0.8 V vs. Ag/AgCl, also employing of 

2 mV/sec scan rate. Impedance measurements were recorded using the three-electrode system, 

with the onset potential serving as the operational bias for these measurements. The frequency 

range for the impedance analysis was configured from 50 kHz to 0.1 Hz, and an AC perturbation 

of 5 mV was applied. 

 

6.3 Result and discussion 

 The detailed synthesis of Ce-doped Ni0.85Se is reported in the experimental section. Tuning 

of Ce dopant in Ni0.85Se is also performed.  

 

6.3.1 Mechanism of formation 

The detailed synthesis of Ce-doped Ni0.85Se is reported in the experimental section. Bare 

Ni0.85Se and Ce-doped Ni0.85Se sample is deposited on the surface of CC by following a two-step 

hydrothermal method. In the first step, Ni(OH)2/NiOOH was formed as an intermediate species on 

the surface of CC. Urea was used as a hydrolyzing agent, and NH4F works as a growth-regulating 

agent.25-26 Initially, yNH3.H2O reacted with Ni2+ salt and [Ni(NH3)y]
2+ complex was formed. In the 

next step, [Ni(NH3)y]
2+ complex reacted with OH- ion for the generation of Ni(OH)2/NiOOH. 

However, Ni(OH)2/NiOOH was transformed to Ni0.85Se in the second hydrothermal step by 

selenization. An aqueous solution of sodium selenite and N2H4.2H2O was used during 

hydrothermal step, where, Na2SeO3 was reduced to Se2- ions and reacted with Ni(OH)2/NiOOH to 

form black-colored bare Ni0.85Se sample.27 During Ce doping Ce0.1Ni0.85Se was developed without 
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any change in the chemical reaction. No cerium hydroxide was formed before selenization. The 

following possible reaction occurs in the reaction medium during the formation of Ni0.85Se.   

CO(NH2)2 + H2O                              2NH3   + CO2 

NH3  + H2O                                      NH4
+  +  OH- 

Ni2+  + yNH3.H2O                             [Ni(NH3)y]
2+  + y H2O 

 

[Ni(NH3)y]
2+                                                        Ni0.85Se   + yNH3 

 

6.3.2 XRD, Raman, BET and XPS analysis  

The structural composition, phase, and purity of doped and undoped samples were 

confirmed with powder XRD analysis, which is shown in Figure 6.1a. It becomes evident from 

Figure 6.1a that the peak position at 33.6°, 45.2°, 50.8°, 60.4°, 62.1°, and 70.1° corresponds to the 

(101), (102), (110), (103), (201), and (202) lattice planes, respectively, which is well acquainted 

with the hexagonal lattice of Ni0.85Se (JCPDS no. 18-0888). The peak positions for Ni0.85Se are 

well corroborated with the reported literature.28-29 After the introduction of Ce dopant in the 

system, the XRD peaks are shifted towards lower diffraction angles at 33.0°, 44.4°, 50.2°, 59.6°, 

61.4°, and 69.4° associated with (101), (102), (110), (103), (201), and (202) lattice planes. It can 

be observed from Figure 6.1b that the peak at 2θ = 33.6 (bare Ni0.85Se) is shifted at 33.0 for Ce 

doped Ni0.85Se. The calculated distance value for the (101) plane is ∼0.26 nm and ∼0.29 nm for 

bare Ni0.85Se and Ce doped Ni0.85Se, respectively. The increase in the distance value for the Ce 

doped Ni0.85Se  sample is due to the larger ionic radii of the Ce4+ (97 pm) than Ni2+ (78 pm), which 

induces lattice distortion. The absence of any new peak in the Ce doped Ni0.85Se lattice confirms 

partial substitution of Ni by Ce. The Debye Scherer equation is used to calculate the crystallite size 

of bare Ni0.85Se and Ce-doped Ni0.85Se and reported as 32.1 nm and 25.7 nm, respectively. The 

decrease in crystallite size may be due to the doping with Ce. Therefore, the lattice distortion and 

crystallite size reduction correlate with the presence of Ce dopant in the Ni0.85Se lattice. Our group 

reported similar phenomena of crystallite size reduction and lattice distortion after Co doping in 

Ni9S8 lattice.22  

 

OH- 

Na2SeO3, N2H4                                           
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Figure 6.1: (a) XRD analysis of pristine and Ce doped Ni0.85Se catalysts (b) low scan XRD of pristine 

and Ce doped Ni0.85Se catalysts. 

 

Raman analysis was further performed to confirm the bonding in pristine and doped 

Ni0.85Se samples. Figure 6.2 represent the Raman peaks of Ni0.85Se and Ce0.1Ni0.85Se sample. The 

Raman peak at 188 cm-1 represents Se-Se stretching mode of the Ni0.85Se sample, which is 

indicative of a selenium-enriched environment. The other peak at 512 cm-1 is the indicative peak 

of the Ni-Se bond in the Ni0.85Se sample. These peaks are well matched with the existing 

literature.30-31 After doping with Ce, there is no new or extra Raman peak in the Ce0.1Ni0.85Se 

sample. The peaks are shifted towards higher wave numbers at 191 cm-1 and 533 cm-1 representing 

Se-Se and Ni-Se bonding, respectively. There is no peak corresponding to Ce-Se bond in the 

sample, which further confirms that Ce dopant partially substitute the Ni in Ni0.85Se sample. Liu 

and coworkers32 reported Fe-doped Ni0.85Se, which shows peak shift in Fe0.08Ni0.77Se sample to a 

larger wave number than the pristine sample. 
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Figure 6.2: Raman analysis of Ni0.85Se, and Ce0.1Ni0.85Se. 

The analysis of the specific surface area of pristine and Ce doped Ni0.85Se catalysts is 

accomplished using the BET (Brunauer−Emmett−Teller) analysis. The N2 adsorption-desorption 

isotherm of Ce doped Ni0.85Se sample is given in Figure 6.3a, which shows that the isotherm with 

an increment in the relative low-pressure region specifies the presence of micropores. The 

appearance of mesopores is confirmed by a significant hysteresis loop, which appears at relatively 

high pressure.33-34 The BET-specific surface area is 9.34 m2/g to 12.8 m2/g for pristine Ni0.85Se 

and Ce doped Ni0.85Se, respectively. The BJH pore diameter distribution of Ce doped Ni0.85Se is 

calculated (Figure 6.3b), which represents the doped sample consisting of mesopores around 3 nm 

and a few larger mesopores around 19 nm. This structural characteristic is favorable for increasing 

the exposure of active sites and better contact with electrolytes, thereby improving the catalytic 

performance of the material. The substantial specific surface area and tiny mesopores facilitated 

the effective mass transfer and offered good active sites for electrochemical reactions. 
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Figure 6.3: (a) BET adsorption-desorption isotherm (b) BJH plot of Ce doped Ni0.85Se. 

 

The chemical valence state and the electronic environment of Ni0.85Se and Ce doped 

Ni0.85Se was investigated by using XPS analysis. Figure 6.4a illustrates the deconvoluted XPS 

spectra of Ni 2p of pristine Ni0.85Se. Ni 2p spectra are present with two doubles and a shake-up 

satellite. The binding energy (BE) values for the first two peaks of the Ni 2p3/2 spin-orbit state are 

represented at 855.4 eV and 856.4 eV, indicative of the existence of Ni2+ and Ni3+, respectively. 

The first satellite peak of Ni 2p3/2 is at 861.2 eV. Another doublet peak of Ni 2p1/2 state appeared 

at 872.8 eV and 874.2 eV, representing the appearance of Ni2+ and Ni3+ states, respectively. The 

remaining peak at 879.4 eV is due to other shake-up satellites of Ni 2p1/2 state. The BE values of 

Ni 2P align well with the values reported in the literature..35 Deconvoluted XPS spectra (Figure 

6.4b) of Se 3d show the BE value at 54.2 eV (3d5/2) and 55.2 eV (3d3/2), which confirms the 

presence of selenide ion (Se2-).  The peaks at BE values of 58.1 eV and 59.07 eV represent the 

presence of SeOx, which is due to the surface oxidation. The survey spectrum depicted in Figure 

6.4c exhibits peaks corresponding to Ni, Se, C, and O in the pristine Ni0.85Se sample.  Therefore, 

pristine Ni0.85Se consist of Ni2+, Ni3+ and Se2- ions.36 
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Figure 6.4: XPS analysis of pristine Ni0.85Se (a) Ni 2p (b) Se 3d, and (c) survey spectrum. 

XPS spectral analysis of Ce doped Ni0.85Se is given in Figure 6.5a, which shows the 

deconvoluted Ni 2p spectra with two doublet peaks. The first doublet BE values are at 856.01 and 

857.1 eV, corresponding to the Ni 2p3/2 spin-orbit state of Ni2+ and Ni3+ species, respectively. The 

other doublet peaks at 873.7 and 875.0 eV correspond to the Ni 2p1/2 spin-orbit state of Ni2+ and 

Ni3+, respectively. The satellite peaks appear at 861.7 and 879.6 eV for the Ni2+ oxidation state. 

Therefore, the BE values of Ni 2p after Ce doping are shifted towards higher energy in comparison 

with bare Ni0.85Se. Figure 6.5b shows the deconvoluted XPS of Se 3d of the Ce0.1Ni0.85Se sample. 

The first two peaks at 53.9 eV and 55.04 eV are attributed to Se2- ion of 3d5/2 and 3d3/2 states, 

respectively. The other two peaks at 58.4 eV and 59.2 eV are due to SeOx, which is due to surface 

oxidation. The BE for Se2- ion in the Ce0.1Ni0.85Se sample is lower than the bare Ni0.85Se. The 

deconvoluted XPS spectrum of Ce 3d is given in Figure 6.5c. The first two peaks at BE values of 

873.4 eV and 878.3eV are attributed to the presence of Ni (Ni 2p1/2). It can be seen from Figure 

6.5c that the spectra consist of multiple peaks, which represent a range of BE (881-930 eV) 
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representing the Ce4+ and Ce3+ in the doped sample. Further the peaks found at 881.3 eV and 884.9 

eV are due to Ce 3d5/2 and represent the mixed valence state of Ce4+ and Ce3+
. The peaks at 898.6 

eV and 902.8 eV are due to Ce 3d3/2, which also exhibits the diverse valence state of Ce. Moreover, 

the BE values at 891.2, 906.9, and 913.1 eV also show the presence of a Ce4+ state. The survey 

spectrum represents the Ce, Ni, O, Se, and C elements in the Ce0.1Ni0.85Se sample (Figure 6.5d). 

The existing literature well supports the BE values of Ce, Ni, and Se.19, 37-38  

 

Figure 6.5: XPS analysis of Ce0.1Ni0.85Se (a) deconvoluted spectra of Ni 2p, (b) deconvoluted 

spectra of Se 3d, (c) high-resolution spectra of Ce 3d, and (d) high-resolution spectra of Co 2p 

survey spectrum. 
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The XPS depth profile analysis of pristine Ni0.85Se and Ce0.1Ni0.85Se samples was 

investigated, which shows the presence of Ni 2p and Se 3d in both the sample (Figure 6.6 and 6.7). 

Depth profiling of Ni 2p exhibits similar peak up to 135 nm etching of the sample. The Se 3d 

spectra also display the continuous presence of Se in Ni0.85Se up to 135 nm. This study confirms 

the presence of Ni-Se bond throughout the composite.   

 

Figure 6.6: Depth XPS analysis of pristine Ni0.85Se (a) Ni 2p and (b) Se 3d. 

Figure 6.7: Depth XPS analysis of pristine Ce0.1Ni0.85Se (a) Ni 2p (b) Se 3d and (c) Ce 3d. 
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The dopant Ce can act as a Lewis acid in the Ce0.1Ni0.85Se sample, which can attract 

electrons from the Ni site. The available 4f orbital of the Ce dopant can attract electrons, which 

changes the electronic environment of Ni and Se sites, which can induce the synergistic effect. 

After doping with Ce4+, the BE values for Ni 2p are shifted towards higher BE values (0.6 eV~ 0.8 

eV). The Se 3d BE values are shifted to a lower BE of approximately 0.3 eV. The shifting in BE 

may be due to the high electronegativity of the Se atom. The charge transfer from Ni and Ce takes 

place towards Se atom, due to which, after doping, the BE values of Ni shifted to the higher side 

and Se towards the lower. The Lewis acid nature of Ce can be proven with the percentage ratio of 

Ni2+/Ni3+ after doping. The calculated ratio of Ni2+/Ni3+ in the pristine sample is 1.84, which 

reduces to 0.87 after doping. This ratio decrement shows the increased number of Ni3+ sites after 

doping with Ce4+, leading to better electrocatalytic activity. Basu and co-workers reported a 

decrease in the ratio of Ni2+/Ni3+ after doping with Fe3+, which represents a higher quantity of Ni3+ 

in Ni(OH)2/NiOOH. Our group also stated the Lewis acidity of Fe in the NiCo2Se4 system.4 This 

change in BE values and synergistic effect between metal ions (Ce3+, Ce4+, Ni2+, Ni3+) and Se2- are 

attributed to better electrocatalytic performance.  

 

6.3.3 FESEM, ICP-AES and TEM analysis 

FESEM analysis was conducted to analyze the surface morphology, structure, and shape 

of the pristine and doped Ni0.85Se. Figure 6.8 a and b represents the vertically grown 2D nanosheet 

morphology of Ni0.85Se on the surface of carbon cloth. These 2D nanosheets are interconnected to 

each other and made up of hexagonal shapes with an average thickness of 200-350 nm, as given 

in Figure 6.8b. The outer surface of the Ni0.85Se sample has a porous and rough structure. The 

FESEM images of Ce doped Ni0.85Se are represented in Figures 6.8c and 6.8d, which exhibit that 

Ce dopant does not affect the regular morphology and shape of Ni0.85Se. It can be observed from 

Figure 6.8c that Ce-doped Ni0.85Se nanosheets are distributed on the surface of CC. However, Ce 

dopant reduces the thickness of Ni0.85Se nanosheets, which shows 70-130 nm (Figure 6.8d). 

Furthermore, vertically grown nanosheets of Ce doped Ni0.85Se sample are also rough and porous 

in nature. The porous and uniform distribution of the Ce0.1Ni0.85Se sample is more favorable for 

the complete exposure of catalytic active sites. The decrease in thickness is presumably due to the 

doping of the Ce atom. The reduction in thickness of the Ce doped Ni0.85Se sample is well 

corroborated with the literature. Basu and co-workers39 reported thinner 2D nanosheets of Fe-
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doped Ni(OH)2/NiOOH sample. Our group4 also reported Fe-doped NiCo2Se4 thinner nanorod 

after the addition of dopant Fe in the system. 

 

Figure 6.8: FESEM images of Ni0.85Se catalyst at various magnifications (a and b) Ce0.1Ni0.85Se 

catalyst at various magnifications, (c and d). 

 

EDS analysis confirms the existence of Ni, Se, and C in the pristine Ni0.85Se (Figure 6.9), 

whereas the analysis of Ce doped Ni0.85Se nanosheets confirms the presence of Ni, Se, C, and Ce 

in the sample (Figure 6.10). The mapping analysis of the Ce doped Ni0.85Se sample also shows the 

uniform distribution of Ce, Ni, Se, and C elements after doping. To ensure the elemental 

distribution and exact amount of dopant in the Ce0.1Ni0.85Se sample, ICP-AES analysis was 

performed. Table 6.1 shows that the atomic percentage of Ni: Se is 1.4:1 in pristine Ni0.85Se. The 

amount of Ce dopant in the Ce0.1Ni0.85Se sample is 6.4%, which represents Ce: Ni is 1:14.3. The 

Ce: Ni ratio is almost similar to the experimental amount, Ce: Ni = 1:19.8 (0.105: 2.09 in mmol).  
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Figure 6.9: EDS analysis of Ni0.85Se. 

 

Figure 6.10: EDS analysis of Ce0.1Ni0.85Se. 

Table 6.1: ICP-AES data of Ni0.85Se and Ce0.1Ni0.85Se. 

 

To further confirm the morphology, size, and lattice distortion, TEM, HRTEM, and SAED 

analysis were performed. The TEM image of Ni0.85Se can be seen in Figure 6.11a, representing 

2D nanosheet having contrast verifying the porous nature of Ni0.85Se nanosheets. The 2D 

nanosheets of Ni0.85Se are made up of hexagonal structures, as seen in Figure 6.11a, which is well 

corroborated to  FESEM analysis. The HRTEM image in Figure 6.11b represents the d spacing of 

0.26 nm, which is well indexed with the (101) plane of the Ni0.85Se lattice.40 The crystalline nature 
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of pristine Ni0.85Se is confirmed through SAED analysis in Figure 6.11c; the bright spots are clearly 

visible due to the crystallinity and lattice planes of the Ni0.85Se.  

 

Figure 6.11: (a) TEM, (b) HRTEM (c) SAED analysis of Ni0.85Se. 

The introduction of Ce dopant reduces the thickness of 2D nanosheets of Ni0.85Se, as shown 

in Figure 6.12a, which is well corroborated with FESEM. Figure 6.12a represents the 2D nanosheet 

morphology is maintained after doping. The 2D thinner, porous nanosheet of Ce doped Ni0.85Se is 

well-matched with the FESEM and BET analysis. The lattice distortion is also confirmed with 

HRTEM analysis; Figure 6.12b represents the 0.29 nm lattice spacing with (101) plane. It is clearly 

observed that the lattice spacing of 0.26 nm increased to 0.29 nm after doping with Ce in Ni0.85Se, 

which reflects the lattice expansion and distortion. The SAED pattern also confirms the 

crystallinity and the presence of (101), (102), and (103) lattice planes of the Ce doped Ni0.85Se 

sample, shown in Figure 6.12 c.  

 

Figure 6.12: (a) TEM images, (b) HRTEM, (c) SAED analysis of Ce0.1Ni0.85Se. 

Therefore, some critical points emerged from the discussions in the doped sample. First, 

Ce doping expands the lattice of Ni0.85Se, which is confirmed with XRD and HRTEM analysis. 
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Second, morphology tunning generates a thinner 2D nanosheet of Ni0.85Se. The thinner 2D 

nanosheets generate more active sites. Third, shifts in the binding energy values and synergistic 

effects between the metal ions (Ce3+, Ce4+, Ni2+, Ni3+) and Se2- ion help to regulate the electronic 

environment. Fourth, BET analysis proves that the specific surface area increases with high 

porosity that accelerates gas adsorption and desorption during the electrochemical reaction. These 

points speed up the efficient electrocatalytic activity of the Ce doped Ni0.85Se sample. Therefore, 

Ce doped Ni0.85Se can be a potential candidate for the water-splitting reaction. 

 

6.3.4 Electrocatalytic study (HER and OER) 

A three-electrode system was utilized, in which the working electrode comprised of carbon 

cloth with a fixed area of 0.16 cm², a graphite electrode, and an Ag/AgCl electrode, all immersed 

in a 1 M KOH solution. The pristine Ni0.85Se, Ce0.2Ni0.85Se, Ce0.1Ni0.85Se, Ce0.05Ni0.85Se, 5% Pt-C, 

and bare CC is checked for HER study by applying negative potential window using linear sweep 

voltammetry. In Figure 6.13a, the LSV curve for HER is presented. The bare CC exhibits minimal 

current density within the applied potential range. Pristine Ni0.85Se demonstrates an onset potential 

of -0.268 V vs. the RHE to achieve a current density of 20 mA/cm². After introducing Ce in the 

Ni0.85Se system, HER performance improved. Ce0.1Ni0.85Se catalyst shows the lowest onset 

potential of -0.238 V vs. RHE to obtain 20 mA/cm2 current density. To compare the current density 

at -0.4 V vs. RHE, the bar diagram plotted in Figure 6.13b shows the high current density of 

Ce0.1Ni0.85Se catalyst among all other catalysts. The anodic shift of 30 mV is observed due to the 

presence of Ce dopant. Other Ce-doped samples, Ce0.2Ni0.85Se and Ce0.05Ni0.85Se, have onset 

potential values of -0.242 and -0.29 V vs. RHE, respectively (Figure 6.13c). The 5 % Pt-C shows 

the best HER performance in 1 M KOH with an onset potential of -0.134 V vs. RHE at 20 mA/cm2 

current density.  
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Figure 6.13: (a) Linear sweep voltammetry of blank CC, Ni0.85Se, Ce0.1Ni0.85Se, and 5% Pt/C for 

HER, (b) histogram plot at -0.4 V vs. RHE, (c) comparative HER of other doped samples. 

 

The comparative table, which includes the relevant values reported in the literature for the 

HER, is provided in Table 6.2. The thinner 2D nanosheets and sharp edges (FESEM and TEM 

analysis) of the Ce0.1Ni0.85Se catalyst are beneficial to promote gas adsorption and evolution in the 

water-splitting reaction. The XPS study also proves the synergistic effect of Ce, Ni, and Se ions, 

which helps to regulate the active sites and electronic environment that promote HER performance.  
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Table 6.2: A comparative study of all the electrochemical parameters with the electrocatalyst. 

 

      

To further prove the better HER performance of the Ce0.1Ni0.85Se catalyst the mass activity 

is calculated at a specific potential of -0.4 V vs. RHE given in Table 6.3, the value of mass activity 

for bare Ni0.85Se, Ce0.2Ni0.85Se, Ce0.1Ni0.85Se, Ce0.05Ni0.85Se, and 5% Pt-C are 20.62 A/g, 32.6 A/g, 

38.16 A/g, 20.84 A/g, and 44.7 A/g, respectively. The higher mass activity of optimized 

Ce0.1Ni0.85Se leads to more hydrogen production, enhancing the HER performance. The Tafel 

slope calculation is a crucial parameter to know the mechanistic insight of HER performance. To 

calculate the Tafel slope value, the graph in Figure 6.14a is plotted between the applied potential 

(V) vs. log|j|. From the SI equation, the slope value is calculated; the Pt-C catalyst has a Tafel slope 

value of 67.1 mV/dec, which is well-matched with the literature. The Bare Ni0.85Se has a Tafel 

slope value of 232 mV/dec., and after doping, the Ce0.1Ni0.85Se catalyst has a lower Tafel slope 

value of 118 mV/dec. The smaller Tafel slope signifies faster HER kinetics.  
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Table 6.3: All the electrochemical HER parameters for Ni0.85Se, Ce0.05Ni0.85Se, Ce0.1Ni0.85Se, 

Ce0.2Ni0.85Se, and 5% Pt-C deposited on carbon cloth. 

 

The HER mechanism follows two pathways, Volmer-Tafel and Volmer-Heyrovsky. In an 

alkaline medium, the first step of water dissociation is to absorb the H intermediate. Adsorption of 

H occurs in the Volmer step, whereas desorption of the H2 gas molecule occurs following the 

Heyrovsky or Tafel step. The Ce0.1Ni0.85Se catalyst has a 118 mV/dec Tafel slope value and follows 

the Volmer-Heyrovsky pathway during HER. The presence of different and variable oxidation 

states of metal ions (Ce4+
,
 Ce3+, Ni2+

, and Ni3+) and Se2- ions (refer to XPS analysis) are beneficial 

for the adsorption of intermediate and desorption of H2 gas during electrocatalytic reactions in 

alkaline medium. In Ce0.1Ni0.85Se catalyst, the presence of Ni3+ ion (d7 system, more unfilled d 

orbital) is responsible for more adsorption of OH- intermediate during HER. The introduction of 

Ce4+ dopant, which has an empty 4f orbital, is also beneficial for water dissociation and adsorption 

of intermediate species. The combined synergistic and thinner 2D nanosheet morphology helps in 

the better HER performance of doped samples. High porosity and small mesopores of the doped 

sample are also beneficial for higher electrocatalytic activity. In the Ce0.1Ni0.85Se catalyst, there is 

a decrement of charge in the Ni site, which signifies better adsorption of hydrogen intermediate 

and the change in electronic states and, therefore, improves the HER activity. In a similar context, 

Gao and co-workers38 developed a doped CoP electrocatalyst for HER in acidic and basic 

mediums. They explained that Ce doping in CoP decreases the Bader charge on the Co site, which 

enhances the hydrogen adsorption and improves the electronic state.  
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 The impedance plot is fitted as the Randle circuit given in the inset of Figure 6.14b; the 

impedance of pristine Ni0.85Se and Ce0.1Ni0.85Se was exhibited at their respective onset potential. 

The RCT values are listed in Tale CC; the RCT value for Ce0.1Ni0.85Se is 10.5 Ω, lower than bare 

Ni0.85Se (24.32 Ω). The smaller value of charge transportation resistance indicates better 

electrocatalytic performance. The credible reason for the increment in the conductivity of the 

Ni0.85Se system is due to the introduction of a higher-size Ce dopant, which also generates lattice 

distortion (refer to PXRD and HRTEM analysis). BET analysis also demonstrates a more porous 

nature and specific surface area in Ce doped Ni0.85Se nanosheets, which produces more sites for 

gas adsorption and desorption during the reaction. The optimized Ce0.1Ni0.85Se catalyst was 

checked for 1000 consecutive cycles of LSV in an alkaline medium; in Figure 6.14c, no significant 

changes in current density or onset potential were observed, indicating the outstanding stability of 

the catalyst. The long-term stability is operated through chronoamperometric analysis at constant 

potential to generate 135 mA/cm2 current density. Figure 6.14d represents the 48-hour stability 

data for Ce0.1Ni0.85Se catalyst; there is no alter in current density, which shows the robustness of 

Ce0.1Ni0.85Se catalyst for HER in an alkaline medium.  
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Figure 6.14: (a) Tafel slope, and (b) impedance of. Ni0.85Se, Ce0.1Ni0.85Se, and  5% Pt/C. The inset 

of Figure b represents an equivalent circuit for impedance (c) 1000 cycle stability (d) 

chrpnoamperometric stability for 48 hours. 

 

To prove better electrocatalytic activity, electrochemical active surface area (ECSA) is 

calculated for pristine and doped Ni0.85Se catalyst. The CV analysis was done in non-Faradaic 

regions at different scan rates. The plot given in Figures 6.15a and b represents the CV graph of 

pristine Ni0.85Se and Ce0.1Ni0.85Se samples. The graph is plotted at a fixed potential of 0.525 V vs. 

RHE between the current and scan rate (Figure 6.15c). The graph is fitted in a linear curve and 

gives the value of Cdl (double-layer capacitance). The ECSA value is calculated from Cdl values. 

The estimated ECSA value of pristine Ni0.85Se is 33.3 cm2 and after doping the ECSA value 

improves to 44.17 cm2 after Ce doping. The roughness factor (Rf) is also determined from ECSA 

values; pristine Ni0.85Se has Rf value of 210, and after doping in Ce0.1Ni0.85Se, the Rf value is 
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276.06. Therefore, the number of active sites was increased after the dopant Ce introduction in 

Ni0.85Se.  

Figure 6.15: (a) CV analysis for Ni0.85Se (b) CV analysis of Ce doped Ni0.85Se (c) ECSA 

analysis of Bare and doped samples. 

After examining HER activity, the OER activity was examined, including all samples, 

pristine Ni0.85Se, Ce0.2Ni0.85Se, Ce0.1Ni0.85Se, Ce0.05Ni0.85Se, commercial RuO2, and bare CC using 

three-electrode system in alkaline medium. The onset potential is chosen to attain 50 mA/cm2 

current density. In Figure 6.16a, the bare CC displays insignificant activity within the voltage 

range. The pristine Ni0.85Se catalyst has the onset potential of 1.60 V vs. RHE. The optimized 

Ce0.1Ni0.85Se electrocatalyst shows maximum current density with a low onset potential value of 

1.56 V vs. RHE, with a cathodic shift of 40 mV. The comparative plot to generate current density 

at 1.65 V vs. RHE is given in Figure 6.16b, which shows the maximum current density of the 

optimized catalyst.The Ce0.2Ni0.85Se and Ce0.05Ni0.85Se catalysts have an onset potential of 1.583 

and 1.57 V vs. RHE, respectively (Figure 6.16c). The commercial RuO2 catalyst has an onset 
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potential of 1.654 V vs. RHE. The OER stability is checked, and Ce0.1Ni0.85Se is stable up to a 

consecutive 1000 cycle. There is no alteration in current density or onset potential after consecutive 

1000 runs. Table 6.2 includes a comparative table with the reported electrocatalyst for OER. BET 

and FESEM analysis of the doped sample verify the porous nature and interconnected 2D thin 

nanosheets that are beneficial towards O2 adsorption and desorption, leading to faster OER 

reaction.  

 

 

Figure 6.16: (a) Linear sweep voltammetry of blank CC, Ni0.85Se, Ce0.1Ni0.85Se, and RuO2 for OER, 

(b) histogram plot at 1.65 V vs. RHE, (c) comparative OER of other doped samples. 

 

The analysis of mass activity is done at a potential of 1.65 V vs. RHE to know the better 

OER performance of the catalyst. The values for the mass activity are summarized in Table 6.4; 

the optimized catalyst Ce0.1Ni0.85Se exhibits a higher mass activity value of 42.71 A/g for OER, 
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which is better than the commercial RuO2 (17.16 A/g). Moreover, to understand the kinetics of 

OER, Tafel slope calculation is done from LSV data (Figure 6.17a). Pristine Ni0.85Se displayed a 

Tafel slope of 151.2 mV/dec., and Ce0.1Ni0.85Se catalyst has 58.8 mV/dec. value. For comparison, 

the commercial RuO2 showcased a Tafel slope of 82.3 mV/dec, aligning with the literature value. 

The lower Tafel slope value of the optimized Ce0.1Ni0.85Se catalyst shows the best OER 

performance after Ce doping.  At the particular onset potential of the catalyst, the impedance 

analysis was done for Ni0.85Se and Ce0.1Ni0.85Se catalysts in 1 M KOH electrolyte. The smaller 

semicircle of the Ce0.1Ni0.85Se catalyst in Figure 6.17b represents the higher conductivity of the 

system. The values of Rs and RCT are summarized in Table 6.4; the RCT value is 13.73Ω, and 7.7Ω 

for pristine Ni0.85Se and Ce0.1Ni0.85Se, respectively, which means the Ce4+ doping lowers the 

charge transport resistance and improves the OER performance. The applied potential for CV 

analysis is 1.025 to 1.625 V vs. RHE at 10 mV/sec. scan rate in anodic direction as in in Figure 

6.17c. In bare Ni0.85Se, the oxidation peak appears at 1.43 V vs. RHE, responsible for Ni2+ to Ni3+; 

the reduction peak is evident at 1.24 V vs. RHE for the Ni3+/Ni2+ redox couple. After doping with 

Ce in the Ni0.85Se sample, the redox oxidation peak shifted at 1.46 V vs. RHE. This positive shift 

indicates that the Ce4+ dopant serves as an effective Lewis acid, contributing to a more active Ni3+ 

ion in the system (refer to XPS analysis), which is beneficial for OER activity. Akbari and 

coworkers41 developed a nickel/nickel oxide interface and introduced the Fe ion, where, they 

observed that the formation of Ni2O3 (Ni3+) is more than Ni2+
, which shows an increment in OER 

activity.  

Table 6.4: All the electrochemical OER parameters for Ni0.85Se, Ce0.05Ni0.85Se, Ce0.1Ni0.85Se, 

Ce0.2Ni0.85Se, and commercial RuO2 deposited on carbon cloth. 
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Figure 6.17: (a) Tafel slope, and (b) impedance of. Ni0.85Se, Ce0.1Ni0.85Se, and  RuO2. The inset of 

Figure 6.14b represents an equivalent circuit for impedance (c) CV analysis for bare and doped 

samples. 

 

6.3.5 Two electrode system 

 The optimized Ce0.1Ni0.85Se catalyst demonstrates impressive activity for both the HER 

and OER in 1.0 M KOH. Encouraged by these results, we embarked on evaluating the bifunctional 

activity of the Ce0.1Ni0.85Se catalyst both as an anode and cathode in water splitting. The 

Ce0.1Ni0.85Se ∥ Ce0.1Ni0.85Se cell works show good activity with an onset potential of 1.73 V to 

generate 10 mA/cm2 current density (Figure 6.18a). The Ce0.1Ni0.85Se ∥ Ce0.1Ni0.85Se cell 

necessitates 1.96 V and 2.09 V to attain current densities of 50 and 100 mA/cm², respectively. . 

The electrochemical activity of a commercial catalyst, RuO2 ∥ Pt-C cell is checked in the same 

applied window. The RuO2 ∥ Pt-C cell show an onset potential of 1.61 V to obtain 10 mA/cm2 

current density. The RuO2 ∥ Pt-C cell necessitates 1.95 V and 2.18 V to attain current densities of 
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50 and 100 mA/cm², respectively, which is comparable to our developed electrocatalyst.  To assess 

the endurance and stability of the Ce0.1Ni0.85Se ∥ Ce0.1Ni0.85Se cell, a prolonged evaluation was 

conducted over a continuous 24 hour period at 1.85 V, producing a consistent current density of 

20 mA/cm² (Figure 6.18b). Further, to check the post-electrocatalytic stability of the Ce0.1Ni0.85Se 

catalyst, the FESEM and XPS analysis were performed after 24 h of stability.  

Figure 6.18: (a) LSV analysis of the two-electrode setup of Ce0.1Ni0.85Se ǁ Ce0.1Ni0.85Se and blank 

CC, (b) chronoamperometric data of Ce0.1Ni0.85Se ǁ Ce0.1Ni0.85Se cell in 1.0 M KOH solution. 

The FESEM image of the Ce0.1Ni0.85Se catalyst shows retention in the 2D nanosheet 

morphology (Figure 6.19). The EDS analysis shows a uniform elemental distribution of Ce, Ni, 

Se, and C throughout the CC. The XPS study of the Ce0.1Ni0.85Se sample was done after 

electrocatalysis; the deconvoluted Ni 2p spectra show two doublets with two satellite peaks in 

Figure 6.20a. The BE values at 855.7 eV and 857.1 eV correspond to Ni 2p3/2, and at 873.6 eV and 

875.1 eV represent Ni 2p1/2, respectively. The BE values at 862.2 eV and 880.3 eV are indicative 

of satellite peaks. In Figure 6.20b, the 6.20d spectra peaks appear at 53.9 eV, with 54.9 eV 

corresponding to Se2- ions. Additionally, peaks at 57.9 eV and 60.5 eV are consistent with SeOx. 

In the Ce 3d deconvoluted spectra, the initial two peaks, with BE values of 873.8 eV and 878.1 

eV, are attributed to Ni 2p1/2, indicating the presence of Ni within the system. As illustrated in 

Figure 6.20c, the spectra represent multiple peaks with BE range of 881-930 eV. These peaks 

signify the coexistence of both Ce4+ and Ce3+ oxidation states in the doped sample. Specifically, 

the peaks at 881.1 eV and 883.8 eV correspond to Ce 3d5/2, highlighting the mixed valence state 

of Ce4+ and Ce3+. Additionally, peaks at 894.7 eV, 898.9 eV, 902.4 eV, 907.4 eV, and 914.6 eV 
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are attributed to Ce 3d3/2, reaffirming the presence of the valence state of Ce4+ and Ce3+. Table 6.5 

represents all the comparative BE values of Ni0.85Se, Ce0.1Ni0.85Se, and post electrocatalytic 

sample. The survey spectrum encompasses all the peaks corresponding to the elements Ni, Se, Ce, 

O, and C. Consequently, it can be inferred that the Ce0.1Ni0.85Se catalyst demonstrates noteworthy 

activity and stability, making it a promising candidate for use in alkaline electrolysis for water 

splitting. 

 

Figure 6.19: Post electrocatalysis (a) FESEM (b) EDS analysis of Ce0.1Ni0.85Se sample. 

 

Table 6.5: Comparative table for XPS binding energy values. 
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Figure 6.20: Post electrocatalysis XPS analysis of Ce0.1Ni0.85Se sample. 

 

6.4 Conclusion 

In summary, we have synthesized Ce-doped Ni0.85Se electrocatalyst on CC by following a 

two-step hydrothermal method. The materials were characterized using various techniques. The 

XRD and TEM findings substantiate the lattice distortion and expansion after doping with Ce in 

Ni0.85Se system. The BET and FESEM results prove the porous and interconnected 2D thinner 

nanosheets of Ce doped Ni0.85Se, respectively. We have optimized the Ce dopant concentration in 

Ni0.85Se with different molar ratios. The optimized Ce0.1Ni0.85Se electrocatalyst shows better 

efficiency for HER and OER.  The lower Tafel slope values, 118 mV/dec for HER and 58.8 

mV/dec for OER, indicate the swifter kinetics for the HER and OER. The bifunctional 

Ce0.1Ni0.85Se catalyst shows good stability at 24 h in an alkaline medium. The post electrocatalytic 

characterizations (XPS and FESEM) of Ce0.1Ni0.85Se catalyst confirm the composition and 2D 
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nanosheet morphology. The Ce4+ introduction in Ni0.85Se expands the lattice distortion. The larger 

radii of Ce and available 4f orbital create the change in the Ni0.85Se lattice. The thinner 2D 

nanosheets of Ce doped Ni0.85Se on CC work as suitable sites for gas desorption. The synergistic 

effect of Ni2+, Ni3+, Ce3+, Ce4+, and Se2- ions can modulate the electronic transfer, which helps in 

HER and OER activity. This work not only exhibits a regulated morphology of Ce doped Ni0.85Se 

material for better overall water splitting reaction but also opens new opportunities to explore rare 

earth metals doping in a nickel-based system.  
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Fe-Doped NiCo2Se4 Nanorod Arrays as 

Electrocatalysts for Overall Electrochemical 

Water-Splitting 

 

 

 In this chapter, Fe doped NiCO2Se4 nanorod was developed on carbon cloth.  

 The Fe doped NiCO2Se4 nanorod has good electrochemical activity with cell volatage 

of 1.51 V.  
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Abstract 

The development of efficient, affordable, and earth-abundant bifunctional electrocatalysts is 

vital for the water-splitting reaction. In this article, we have fabricated NiCo2Se4 and Fe-

doped NiCo2Se4 through a simple hydrothermal route on the surface of carbon cloth with 

nanorod morphology. The developed electrocatalyst was thoroughly investigated by various 

techniques like PXRD, XPS, FESEM, ICP-AES, and TEM analysis. The optimized 

Fe0.2NiCo1.8Se4 has worked finest for hydrogen and oxygen evolution in an alkaline medium; 

it entails a potential of 148 mV and 1.656 V vs. RHE, to obtain 50 and 100 mA/cm2 current 

density for HER and OER, respectively. The Tafel slope values for HER and OER are 85.7 

and 56.3 mV/dec, respectively. This catalyst is stable under an alkaline medium for 48 hours. 

The best HER and OER activity recommend the catalyst as a bifunctional in an alkaline 

medium, and the developed cell consisting of a doped sample requires 1.51 V to generate a 10 

mA/cm2 current density with 24 hours of stability. The Fe0.2NiCo1.8Se4 catalyst has good 

Faradaic efficiency of 89.9 % for overall water splitting. The nanorod morphology has a 

specific role in enhancing the electron transportation and conductivity of Fe0.2NiCo1.8Se4. 

The doping with Fe in NiCo2Se4 enhances the active sites and increases its electrocatalytic 

performance. The SCN- poisoning effect on metal ions in Fe0.2NiCo1.8Se4 suggest that Fe, Co, 

and Ni metals have a prominent impact on the overall electrocatalytic activity. Additionally, 

DFT investigation indicates that after Fe doping in NiCo2Se4 zero band gap, minimum Gibbs 

free energy, maximum hydrogen, and oxygen coverage calculation are accountable for the 

higher conductivity of the system. This research provides a simple approach for synthesizing 

a Fe-doped ternary NiCo2Se4 nanorod array on the surface of carbon cloth, which is highly 

active and stable for water-splitting in an alkaline medium.   
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7.1 Introduction 

 The continuous consumption of fossil fuel resources requires an urgent substitute to 

produce energy as an alternate source, which will satisfy the vast energy crisis. One of the most 

effective ways to generate hydrogen and oxygen at a large scale is electrochemical water-

splitting.1-2 The theoretical potential to electrolyze water is 1.23 V vs. RHE, but this process 

requires a very high overpotential and splits water more than the thermodynamic potential. The 

two half-reactions have extra overpotential because of the sluggish kinetics of water splitting.3-4 

As a result, the energy needed for water-splitting is greater than the associated energy for hydrogen 

generation. In this context, there is an urgent need to develop an electrocatalyst that can reduce the 

overpotential value related to this hydrogen and oxygen evolution reaction (HER and OER).5-6 The 

common electrocatalyst for HER and OER are Pt, and RuO2, IrO2, respectively. However, these 

electrocatalysts are higher costs and scarcity, making these precious metals and metal oxides 

incompetent for wide-scale application.7 So, replacing these precious materials with transition 

metals like Ni, Co, Cu, and Fe, which are abundant on earth for HER and OER, is essential. 

Transition metal hydroxides, oxides, phosphides, sulphides, and selenides are better 

electrocatalysts studied to improve activity and durability for hydrogen energy production.8-10 

 In recent years, transition metal-based selenides have been attracted to water electrolysis 

because of their intrinsic metallic property and high electron density. Multi-metallic selenides are 

better electrocatalysts than single-metal selenides due to abundant redox active sites and 

synergistic effects between the metal ions.11 Furthermore, adding multi-metal to the single metal 

catalyst is essential to tune the electronic environment and adsorption/desorption energy of the 

intermediate ions. However, multi-metal compounds have some limitations in synthesizing due to 

the unusual dispersal of metal ions.12-13 So, it is significant to find a synthetic method through 

which uniformly distributed multi-metal selenides can be formed for water-splitting. Apart from 

synthesizing uniformly distributed multi-metal selenides, it is also essential to develop an 

electrocatalyst with bifunctional (HER and OER) electrocatalytic activity.14 In the last couple of 

years, scientists have reported many materials, including doped material, transition metal alloy, 

metal-organic framework, spinel oxides, and perovskites, towards bifunctionality for HER and 

OER.15-17 In this quest, the significant manifestation of transition metal selenides is multifold. First, 

higher covalency surrounding the transition metal center enhances electrocatalytic activity. 
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Second, transition metal selenides are better than sulphides and hydroxides due to their high 

electron density. Third, electrocatalytic activity can be increased by doping with another metal, 

which reduces the overpotential and change the electronic environment of the catalytically active 

center. The rate of electron transportation within the system can also be enhanced by doping which 

improvises the conductivity of the developed electrocatalyst.18-19 

 In view of this, metallic NiCo2Se4 holey nanosheets for OER are developed by Fang and 

co-workers.20 The theoretical and experimental evidence confirmed that metallic nature, holey 

nanostructure, and large electrochemical active sites are beneficial for OER. The developed 

catalyst efficiently works in overall water-splitting with the potential of 1.68 V to obtain a 10 

mA/cm2 current density. Sancho and co-workers21 reported NiCo2Se4 nanowires as a promising 

electrocatalyst for OER. The nanowire morphology increases the material's electrochemically 

active surface area and porosity, which leads to better activity. Recently, Wang and co-workers22 

reported a phosphorous-doped NiCo2Se4 nanoneedle array for efficient HER activity in different 

pH mediums. P doped NiCo2Se4 electrocatalyst fabricated on carbon fiber paper shows outstanding 

HER performance with low overpotentials of 33, 57, and 69 mV in acidic, alkaline, and neutral 

medium, respectively, to achieve 10 mA/cm2 current density. They have done DFT studies also to 

know the atomic level modulation and prove that P doping can optimize the charge densities in 

metallic and non-metallic centers of NiCo2Se4, improving the electrocatalytic HER activity. Qi 

and co-workers12 reported iron-doped nickel-cobalt phosphide (NiCoP) on Ni foam with 

hyperbranched hierarchical morphology for overall water splitting. Fe doping changes the 

electronic environment of NiCoP, enhancing the catalytic site and creating a larger electrolyte 

contact area which accelerates the electrocatalytic activity. The improved performance of the 

electrocatalyst is attributable to the interaction between the tailored hyperbranched morphology 

and the changed electronic structure brought about by Fe doping. Cao and co-workers23 reported 

multi-transition metal selenides as highly efficient oxygen evolution electrocatalyst developed 

with electrodeposition technique. The developed mixed metal selenide composition of Ni-Co-Fe 

shows excellent performance with a small overpotential of 0.23 V vs. RHE for 10 mA/cm2 current 

density generation and 8-hour stability in 0.3 M KOH medium. They observed that doping of Co 

and Fe in the NiSe matrix enhances the electrocatalytic efficiency, which is due to electron 

reorganization and d band overlapping. Moreover, the multi-metallic centre favours the adsorption 

of OH- ion, which facilitates faster OER kinetics. Therefore, efforts are made to develop bare and 
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doped transition metal chalcogenides for water-splitting reactions. Among them, ternary nickel 

cobalt-based material is much attracted because of its more redox-active sites (Ni+2/Ni+3 and 

Co+2/Co+3), synergistic effect, and spinel structure.  

 Inspired by the above studies, we developed a Fe-doped NiCo2Se4 nanorod on a conducting 

substrate following a hydrothermal technique for application in an overall water-splitting reaction. 

The synthesized bare and doped catalysts are characterized through various methods such as 

Powder X-ray diffraction (PXRD), X-ray photoelectron spectroscopy (XPS), Field emission 

scanning electron microscopy (FESEM), Inductively coupled plasma atomic emission 

spectroscopy (ICP-AES) and Transmission electron microscopy (TEM), etc.  The dopant amount 

is optimized with respect to Co to get efficient electrocatalysts in water-splitting. Fe0.2NiCo1.8Se4 

electrocatalyst only requires an onset potential value of -0.148 and 1.656 V vs. RHE to obtain 50 

and 100 mA/cm2 current density HER and OER, respectively. The Tafel slope values are 85.7 and 

56.3 mV/dec for HER and OER in 1.0 M KOH, respectively. The long-term stability is performed 

for 48 hours for HER and OER, which reflects unaltered current density. The doped electrocatalyst 

(Fe0.2NiCo1.8Se4) shows excellent activity in the two-electrode cell, which requires 1.51 V to 

generate a 10 mA/cm2 current density and 24 hours of stability in an alkaline medium. The advantage 

of this work can be folded as follows. First, a simple hydrothermal approach is used to synthesize 

Fe doped NiCo2Se4. Second, the doping of Fe enhances the electrocatalytic activity and stability 

of NiCo2Se4. Third, Fe-doped NiCo2Se4 has roughened nanorod morphology that increases the 

electrochemically active surface area and maximizes the electrolyte penetration. This morphology 

also minimizes agglomeration, thus enhancing electrocatalytic performance and stability. Fourth, 

multi-transition metals (Fe, Ni, and Co) generate a synergistic effect and redox centers within the 

electrocatalyst environment and increase efficiency. Fifth, the thiocyanate ion poisoning effect on 

the metal center activity during electrocatalytic reaction confirms the importance of the multi-

metallic center. Sixth, the doped electrocatalyst has a remarkable efficiency in two electrode 

systems with 89.9 % Faradaic efficiency. Seventh, DFT studies prove that the metallic behavior 

increases after Fe doping in NiCo2Se4, which helps in the electrocatalytic activity. The minimum 

Gibbs free energy values and highest oxygen and hydrogen coverage also make the doped 

NiCo2Se4 catalyst a better candidate for water splitting.    
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7.2 Experimental Section 

7.2.1 Synthesis of bare NiCo2Se4: The synthesis of NiCo2Se4 on carbon cloth was performed with the 

two-step hydrothermal methods. The synthesis of the Ni-Co urea complex was developed in the primary 

step. 0.596 gm nickel chloride, 1.18 gm cobalt chloride, and 0.45 gm urea were mixed and sonicated 

for 10 minutes in 60 mL DI water. NiCl2.6H2O, CoCl2.6H2O, and urea were used in the molar ratio of 

1:2:3, and the hydrothermal reaction was kept at 110 ⁰C for 10 hours. CC with an area of 3×2 cm2 was 

placed in the reaction mixture during the hydrothermal process. After the primary step, a light pink 

colored sample of the Ni-Co urea complex was developed and deposited on CC. The complex-deposited 

CC was thoroughly dried in a hot air oven after being cleaned with MilliQ and ethanol. In the second 

step, selenization of the as-developed Ni-Co urea complex was performed. For selenization, 4.6 mmol 

of Na2SeO3 and 10 mL of 80% H2N-NH2 were prepared and mixed well. After that, the reaction mixture 

(Na2SeO3 and N2H4) along with the Ni-Co urea complex deposited CC was transferred into the Teflon-

lined autoclave, and the hydrothermal reaction was performed at 180 ⁰C for 10 hours. In this process, 

hydrazine hydrate was used as a reducing agent. At the end of the reaction, the black color NiCo2Se4 

was deposited on the surface of CC. The sample deposited CC was washed with DI water and ethanol.  

 

7.2.2 Synthesis of Fe-doped NiCo2Se4: During the synthesis of Fe-doped NiCo2Se4, 0.5 mmol of 

FeCl3, 2.5 mmol nickel chloride, 4.5 mmol cobalt chloride, and 7.5 mmol urea were mixed and 

sonicated for 10 minutes in 60 mL DI water. The hydrothermal reaction was for 10 hours fixed at a 

temperature of 110 ⁰C. During the hydrothermal setup, CC with an area of 3×2 cm2 was placed inside 

the Teflon line autoclave. The light orange-colored Fe-doped Ni-Co urea complex was synthesized on 

CC and washed adequately with DI water and ethanol. The Fe-doped Ni-Co urea complex was 

characterized by PXRD (Figure 7.1a), FESEM, and EDS mapping analysis (Figure 7.1 b and c), 

which proves the formation of the Ni-Co carbonate hydroxide complex. Therefore, Fe doped Ni-

Co urea complex was developed on CC in this process. In the next step, the Fe doped complex 

deposited CC was kept along with 4.6 mmol of sodium selenite, 10 mL hydrazine hydrate, and 20 mL 

DI water in a Teflon-lined autoclave, and the selenization process was carried out at 180 ⁰C for 10 hours. 

Black-colored Fe-doped NiCo2Se4 was deposited on the CC, washed well with pure water, and ethanol 

dried at 50 ºC. As per the ratio of FeCl3 and CoCl2.6H2O, the developed catalyst is represented as 

Fe0.2NiCo1.8Se4. 
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Figure 7.1: (a) PXRD pattern (b) FESEM (c) EDS analysis for Fe doped Ni-Co urea precursor 

complex. 

 

Different amount of Fe doping in NiCo2Se4 was developed using a similar protocol, except the 

amount of FeCl3 and CoCl2.6H2O were varied. To lower the amount of dopant, 0.25 mmol of FeCl3 and 

4.75 mmol of CoCl2.6H2O were taken. To increase the amount of Fe dopant, 1 mmol of FeCl3 and 4 

mmol of CoCl2.6H2O were mixed. According to the molar ratio of FeCl3 and CoCl2,6H2O, all the 

developed catalysts were named Fe0.1NiCo1.9Se4 and Fe0.4NiCo1.6Se4 throughout the MS. After the 

synthesis of bare and doped catalyst, and the product was used further for characterization and 

application. The overall synthetic procedure is represented schematically in Scheme 7.1. 

 

Scheme 7.1: Schematic representation for the development of Fe doped NiCo2Se4. 

 

7.2.4 Electrochemical Study 

 The electrochemical study was done using the three-electrode systems, and the sample 

deposited CC as a working electrode, graphite as a counter electrode, and Ag/AgCl as a reference 
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electrode using the CHI604E working station. During the electrochemical reaction, the area of the 

working electrode was 0.16 cm2, fixed with insulated epoxy paste and dried in normal air. The catalyst 

loading amount was calculated as 4.16 mg/cm2 for both doped and bare NiCo2Se4. 1.0 M KOH solution 

was used as an electrolyte for both HER and OER. Primarily linear sweep voltammetry (LSV) was 

carried out at an applied potential of -0.8 to -1.8 V vs. Ag/AgCl for HER and 0 to 0.8 V vs. Ag/AgCl 

for OER, respectively. The three-electrode system was used to record the Impedance of doped and bare 

NiCo2Se4. The onset potential was used as execution bias with the frequency range of 75 kHz to 0.04 

Hz with a 5 mV of AC dither.  

 

7.2.5 Computational methodology 

The first-principle calculations have been accomplished within the density functional 

theory (DFT) framework using the Quantum ESPRESSO suite of software24-26. The crystal 

structure for the face-centered cubic (space group: Fd3m and space group no. 227) phase of the 

NiCo2Se4 compound has been primarily optimized using the Broyden-Fletcher-Goldfarb-Shanno 

scheme27-30 in the variable cell relaxation method. The projector augmented wave (PAW) 

pseudopotential method31 has been incorporated to consider the electron-ion interactions, and the 

exchange-correlation term of the pseudopotential has been estimated from the generalized gradient 

approximation (GGA) in conjunction with the modified Perdew-Burke-Ernzerhof (PBEsol) 

functional32. The plane wave kinetic energy cut-off of ~ 75 Ry has been set for the valance 

electrons 3d84s2, 3d74s2, and 4s24p4 for Ni, Co, and Se atoms, respectively, of the NiCo2Se4 

compound. The gamma-centered 10×10×10 Monkhorst-Pack grid points have been chosen in the 

Brillouin zone for the geometry optimization and self-consistent-field (SCF) calculations of the 

compound. After primary relaxation, the convergences of the Hellman-Feynman force and total 

electronic energy of the system are found to be ~ 10-3 Ry/Bohr and 10-9 Ry, respectively under 

ambient pressure (P = 0 GPa). 

 To evaluate the defect formation energies (∆Edf), electronic band structures (BS), and 

density of states (DOS) of the bare and Fe-doped NiCo2Se4 compounds (Fe0.12NiCo1.88Se4, 

Fe0.2NiCo1.8Se4, and Fe0.5NiCo1.5Se4), a 2×2×2 supercell consisting of 96 atoms of the pre-

optimized bare NiCo2Se4 system has been formed. The number of Co atoms has been substituted 

systematically from 2 to 8 by the Fe dopants to achieve the dopant concentration of Fe atoms 

between ~ 6% and 25% in the optimized supercell of the NiCo2Se4 compound. A denser k-point 
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mesh of 20×20×20 Monkhorst-Pack grid has been used for the non-self-consistent-field (nSCF) 

calculations (ca. BS and DOS). To understand the magnetic properties of bare and Fe-doped 

NiCo2Se4 systems, the spin-spin interactions have been considered for all the magnetic atoms. To 

estimate precisely the electronic band gaps (Eg) and magnetic properties of the aforementioned 

systems, the differences between the on-site Coulomb repulsion Udd and exchange interaction J 

(Ueff = Udd – J) have been set to 6.60, 3.70, and 5.91 eV for the 3d electrons of Ni, Co and Fe atoms 

respectively33-34. The Bader charges for pristine and Fe-doped NiCo2Se4 systems have been 

estimated using the BADER CHARGE ANALYSIS code developed by Henkelman Group35-37. The 

Gibbs free energy and exchange current density in terms of hydrogen and oxygen coverages are 

calculated by adsorbing ‘n’ hydrogens followed by ‘n’ oxygens on the dopant atoms of the Fe-

doped NiCo2Se4 systems. 

 

7.3 Result and discussion 

 

7.3.1 PXRD, and XPS analysis 

To analyze the crystal structure, phase purity, and crystallinity PXRD is performed for NiCo2Se4 

and Fe0.2NiCo1.8Se4 samples, and the result is shown in Figure 7.2a. The PXRD pattern shows 

sharp and prominent peaks for the pure phase of both bare and doped samples. It can be noticed 

from Figure 7.2a that the 2θ values are at 33.6⁰, 45.2⁰, 51.1⁰, 60.3⁰, 62.5⁰ and 70.5⁰ for (111), 

(311), (-313), (511), (420), and (222) diffraction planes of bare NiCo2Se4 (JCPDS 081-4821), 

respectively with cell parameters a = 12, b = 3.59 and c = 6.14 Å. All the peaks are well-matched 

with the monoclinic phase of NiCo2Se4, and no extra peak is present.22, 38-39 In the doped sample 

of NiCo2Se4, all the peak positions, and patterns remain unchanged, except the highest intense peak 

located at 2θ of 33.6⁰ shifted to a lower angle at 33.3⁰ (Figure 7.1b). The peak shift in the PXRD 

pattern may be due to the larger covalent radius of Fe3+ (78.5 pm) than the Co3+ (75 pm) ion. The 

monoclinic crystal structure of NiCo2Se4 remains the same in the Fe0.2NiCo1.8Se4 sample, as all 

the planes are well-matched after doping. The doping of Fe3+ ions in the system creates strain, 

which can be calculated from Williamson-Hall (W-H) method.40 During W-H calculation, the 

diffraction angles at 2θ = 33.6⁰, 45.2⁰, and 60.3⁰ for (111), (311), and (511) planes are selected. 

The W-H plot is drawn between 4εsinθ vs. βcosθ, and the slope value (4ε) represents the strain 
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(Figure 7.1c). It can be observed from the plot that the resultant value of strain is 0.48 and 0.68 for 

NiCo2Se4 and Fe0.2NiCo1.8Se4 samples, respectively. Therefore, the positive value of strain 

allocates to tensile strain in the doped system. In this context, our group also reported a positive 

strain value, i.e., tensile strain after doping with W doped Ni(OH)2/NiOOH sample.41 The absence 

of any extra peak in the doped sample represents no formation of FeSex and other side products.  

 

 

Figure 7.2: (a) PXRD analysis of NiCo2Se4 and Fe0.2NiCo1.8Se4 with standard JCPDS card (b) Peak 

shift in XRD (c) Williamson-Hall plot of NiCo2Se4 and Fe0.2NiCo1.8Se4. 

 

X-ray photoelectron spectroscopy is used to investigate the change in the electronic 

environment and binding energy values of NiCo2Se4 before and after Fe doping. In Figure 7.3a, 

the deconvoluted Ni 2p spectra show six peaks. The peak with the binding energy (BE) values of 

853.05 and 871.4 eV confirm the presence of Ni2+; other peaks at 855.5 and 873.1 eV are due to 

Ni3+ ions in the system. The binding energy values at 855.5, and 873.1 eV represents the formation 
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of the Ni-Se bond in the system. The first two spin-orbit coupling for Ni 2p3/2 at 853.05 and 855.5 

eV and Ni 2p1/2 at 871.4 and 873.1 eV, respectively. The remaining peaks at 861.6 and 880.4 eV 

are satellite peaks of Ni2+ and Ni3+ ions. Similarly, deconvoluted spectra of Co 2p in Figure 7.3b 

exhibit binding energy at 778.2 and 780.1 eV for spin-orbit coupling of Co 2p3/2 and 793.1 and 

796.3 eV for spin-orbit coupling of Co 2p1/2 of Co3+ and Co2+ ion, respectively. The existence of 

two shakeup satellite peaks at 784.2 and 801.8 eV corresponds to the presence of Co2+ and Co3+ 

ions. In Figure 7.3c, the BE value at 54.6 eV and 55.7 eV for 3d5/2 and 3d3/2, respectively, confirm 

the presence of Se2- ion in the multi-metallic selenide system. Another peak at 59.3 and 60.3 eV is 

attributed to SeOx, which may be due to partial surface oxidation of the sample. Thus, XPS analysis 

confirms the presence of Ni2+, Ni3+, Co2+, Co3+, and Se2- ion in bare NiCo2Se4, which is well 

matched with the existing literature.42-43 Liu and co-workers44 reported similar binding energy 

values for Ni2+, Ni3+, Co2+, Co3+, and Se2- in NiCo2Se4 with N doped carbon system. Sakthivel and 

co-workers11 developed an ellipsoid-like structure of NiCoSe2 via hydrothermal and reported the 

presence of SeOx at 58.61 eV binding energy due to partial surface oxidation. The survey spectrum 

in Figure 7.4d shows the presence of Ni, Co, Se, O, and C in the sample.  
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Figure 7.3: XPS analysis of NiCo2Se4 (a) deconvoluted spectra of Ni 2p, (b) deconvoluted 

spectra of Co 2p, and (c) deconvoluted spectra of Se 3d and (d) survey spectrum. 

Figure 7.4a represents the deconvoluted Ni 2p spectra in the Fe0.2NiCo1.8Se4 sample, which 

shows binding energy values at 855.7 and 857.1 eV for Ni 2p3/2 state. The other values at 873.1 

and 875.1 eV for spin-orbit coupling of Ni 2p1/2. The binding energy values at 855.7 and 873.1 eV 

are responsible for Ni2+ ion, with a difference is 17.5 eV. Furthermore, the binding energy values 

at 857.1 and 875.1 eV are related to the presence of Ni3+ ion in the Fe-doped NiCo2Se4 sample. 

The satellite peak appears at 861.5 and 879.6 eV in Ni 2p spectra, denoting the presence of Ni2+ 

and Ni3+ ions. It is visualized from Figure 7.4b that the Co 2p spectra show spin-orbit coupling at 

different binding energy values. The binding energy values at 780.4 and 796.6 eV denoted the 

occurrence of 2p3/2 and 2p1/2 states, respectively, of Co3+ ion. The other two peaks at 782.4 and 

798.2 eV for 2p3/2 and 2p1/2 states, respectively, of Co2+ ion. Furthermore, the presence of two 
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satellite peaks at 785.5 and 802.8 eV corresponds to the Co 2p state of Co2+ and Co3+ ions in the 

system. Therefore, the Fe0.2NiCo1.8Se4 sample consists of Ni2+, Ni3+, and Co2+, Co3+ redox 

centers.45 Figure 7.4c represents the deconvoluted XPS spectra of the Fe 2p system in the doped 

sample. It is envisaged that Figure 7.4c consists of four binding energy values. Out-of-all, the 

values at 711.5 and 720.7 eV corroborate the presence of Fe 2p3/2 and 2p1/2 states due to Fe3+ ions. 

The two shakeup satellite peaks of Fe 2p at 715.1 and 723.3 eV binding energy values represented 

2p3/2 and 2p1/2 states of Fe3+ ion, respectively. There is no existence of other peaks for Fe-Se or 

another species in the XPS spectra of Fe 2p, which confirms the successful doping of the Fe3+ ion 

in the NiCo2Se4 system and sample developed in the pure phase. In this regard, Lai and co-workers 

also reported the successful development of the Fe-doped NiCo2S4 pure phase and the dopant to 

exist as Fe3+ ion.46 However, XPS analysis confirms the presence of Fe3+ ions in the doped sample. 

To compare the binding energy values of Ni 2p and Co 2p states in bare and doped samples, it is 

observed that the values in the doped sample are shifted (~ 1.6 - 2.6 eV) in higher binding energy. 

The deconvoluted Se 3d spectra in Figure 7.4d show the first doublet with the BE values at 53.9 

eV (3d5/2) and 54.8 eV (3d3/2), denoted as Se2- ion in the doped sample. The other doublet is present 

at 58.9 and 60.13 eV due to partial oxidation of the surface of the Se2- ion. However, it is observed 

that the BE values of Se2- ion in Fe0.2NiCo1.8Se4 (53.9 and 54.8 eV) reduced to lower energy (1.2 

and 1.4 eV) in comparison with bare NiCo2Se4 (54.6 and 55.7 eV). The huge shifting in binding 

energy values correlates with the existence of electronic interactions and synergistic effects 

between Fe, Ni, and Co atoms in the doped sample. The survey spectrum in Figure 7.4e confirms 

the presence of Ni, Co, Fe, Se, O, and C in the composition.  
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Figure 7.4: XPS analysis of Fe0.2NiCo1.8Se4 (a) Ni 2p, (b) Co 2p, (c) Fe 2p, (d) Se 3d 

deconvoluted spectra, and (e) survey spectrum. 

 

The sample, Fe0.2NiCo1.8Se4, consists of the dopant as Fe3+ ion, a d5 system (high-spin, 

t2g
3eg

2), which can behave as a Lewis acid. So, Fe3+ can withdraw the electron, and Co2+ (d7 system) 

can be converted into Co3+ (d6 system) ion, which creates a more electrocatalytically active center 

during the water-splitting reaction. The electron pulling behaviour of Fe3+ ion can be explained 

based on the binding energy value shift of the Co 2p state in higher energy, which also changes 

the electronic environment after doping. The binding energy values of Co 2p3/2 state before and 

after doping are 778.2, 780.1 eV, and 780.4, 782.4 eV, respectively. Therefore, the binding energy 

value difference is 2.2 to 2.3 eV. This huge variation in the binding energy value represents the 

electron-withdrawing nature of Fe3+ in the doped sample and the generation of more Co3+ ion in 

the system. This phenomenon of Co3+ ion formation after doping is well corroborated with the 

atomic percentage calculation of the Co2+/Co3+ ratio before and after doping. In Co 2p3/2 spectra, 

the ratio of Co2+/Co3+ is 2.75 and 0.18 for bare NiCo2Se4 and Fe0.2NiCo1.8Se4, respectively. So, the 

decrease in atomic percentage ratio (Co2+/Co3+ = 0.18) confirms that the amount of Co3+ ion 

increases after doping in the system. All the binding energy values (Co, Fe, Ni, and Se) are 
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tabulated in Table 7.1. Basu and co-workers47 reported the Lewis acidity nature of Fe3+ in the 

Ni(OH)2/NiOOH system, where more Ni3+ ion is generated after doping. Our group also reported 

similar nature of Lewis acidity of W6+ in the Ni(OH)2/NiOOH system and Co2+ ions in the Ni9S8 

system.41, 48 

Table 7.1: XPS binding energy value for bare and doped NiCo2Se4. 

 

7.3.2 FESEM, EDS, ICP-AES and TEM analysis 

The size, shape, and distribution of the bare and doped samples are confirmed by FESEM 

analysis. The FESEM image of bare NiCo2Se4 in lower resolution shows that a vertically grown 

nanorod is present uniformly throughout the surface of CC (inset of Figure 7.5a). High-resolution 

FESEM images show that the nanorod surface is smooth and grown vertically. The 1D nanorod of 

NiCo2Se4 has around 1-2 m in length and 200-300 nm in diameter (Figures 7.5a). In Figures 7.5b, 

the morphology of Fe0.2NiCo1.8Se4 represents a vertically grown nanorod array with a rough outer 

surface. The diameter of the nanorod array is reduced (100-200 nm) and rough after doping (Figure 

7.5b). The generation of a rough surface and reduction of nanorod diameter in the doped sample 

is probably due to the addition of Fe3+ ions. It is visualized from Figures 7.6a and 7.6b that the tiny 

nanosheets are stacked together and grown vertically for the formation of nanorods in bare and 

doped samples. FESEM analysis of Fe0.4NiCo1.6Se4 and Fe0.1NiCo1.9Se4 samples are also performed 

to check the effect of Fe doping on the surface roughness of nanorod array (Figure 7.5c and 7.5d). The 

increment of the dopant amount (Fe0.4NiCo1.6Se4) shows a rough outer surface with agglomerated 

particle deposition. By lowering the dopant amount (Fe0.1NiCo1.9Se4), the nanorod arrays are less rough 

and uniform. Jin and co-workers49 developed Fe-doped nickel selenide on Ni foam, where they 

observed similar phenomena of size reduction and rougher surface of Ni-Se after Fe doping. 
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Figure 7.5: FESEM images of (a) NiCo2Se4 (b)Fe0.2NiCo1.8Se4 (c) Fe0.1NiCo1.9Se4 and (b) 

Fe0.4NiCo1.6Se4. Inset of Figure 7.5a and 7.5b show uniform distribution of sample. 

 

Figure 7.6: High magnification FESEM images (a) NiCo2Se4 and (b) Fe0.2NiCo1.8Se4. 
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EDS results of the bare sample (NiCo2Se4) confirm the presence of Ni, Co, Se, and C on the surface 

of CC in Figure 7.7. Whereas, in Figure 7.8 EDS spectrum of the doped sample (Fe0.2NiCo1.8Se4) 

show the uniform presence of Fe, Ni, Co, Se, and C elements. From EDS analysis, the atomic 

percentage ratio of Fe:Co = ~1:10, which is well matched with the experimental ratio (Fe:Co = 

1:9).  

Figure 7.7: (a) EDS mapping and (b) elemental distribution of NiCo2Se4 sample. 

Figure 7.8: (a) EDS mapping and (b) elemental distribution of Fe0.2NiCo1.8Se4 sample. 

 

The line mapping analysis also confirms the same (Fe, Ni, Co, Se, and C) elemental 

distribution (Figure 7.9). The metal ratio in the bare and doped samples is further verified with the 

help of ICP-AES analysis. ICP-AES analysis helps to get the quantitative composition of the 

sample. The bare NiCo2Se4 sample gives the atomic percentage ratio of Ni:Co is 1:2.5. Whereas 

for Fe0.2NiCo1.8Se4, the atomic percent ratio of Fe:Ni:Co is 1:2.07:6.5 (Table 7.2). 
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Figure 7.9: Line mapping analysis of Fe0.2NiCo1.8Se4 sample showing the uniform distribution 

of elements. 

Table 7.2: ICP-AES data for undoped and doped NiCo2Se4.  

 

TEM, HRTEM, and SAED analyses of NiCo2Se4 and Fe0.2NiCo1.8Se4 are performed to 

confirm the size, morphology, and diffraction pattern. The diameter of NiCo2Se4 nanorod is 200-

300 nm, which is in good agreement with the FESEM result. Bare NiCo2Se4 nanorod has a smooth 

outer surface seen in Figure 7.10a. It is envisaged that the d spacing value in the bare sample is 

0.26 nm, matched well with the (111) plane of monoclinic NiCo2Se4 (Figure 7.10b). The SAED 
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pattern of bare NiCo2Se4 (Figure 7.10c) shows polycentric rings with the existence of (111), (311), 

(-313), and (511) planes, proving its polycrystalline nature.  

 

 

Figure 7.10: (a) TEM, (b) HRTEM image, and (c) SAED of bare NiCo2Se4. 

 

Fe0.2NiCo1.8Se4 has a rough outer surface with nanorod-shaped morphology, as seen in 

Figure 7.11a. The diameter of Fe0.2NiCo1.8Se4 is reduced to 100-200 nm, compatible with the 

FESEM analysis. The shrinkage of the diameter of the nanorod and rough outer surface after 

doping in NiCo2Se4 is also confirmed by the TEM analysis. Figure 7.11b HRTEM of 

Fe0.2NiCo1.8Se4 shows the d-spacing value of 0.27 nm corresponding to the (111) plane. The SAED 

pattern of Fe0.2NiCo1.8Se4 exhibits polycentric rings with the same plane, similar to bare NiCo2Se4 

(Figure 7.11c). The increase in the d-spacing value after doping confirms the lattice expansion due 

to the higher covalent radius of Fe3+ than the Co3+ ion. The lattice distortion in the doped sample 

may generate more active sites for electrocatalytic reaction (Figure 7.11b). A similar result of 

lattice distortion and better electrocatalytic performance is also reported in Fe-doped NiSe2 by Shi 

and co-workers.50
     

Figure 7.11: (a) TEM, (b) HRTEM (yellow circle shows lattice distortion), and (c) SAED analysis of 

Fe0.2NiCo1.8Se4. 
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Therefore, a few conclusive points can emerge from the above characterization results of 

bare and Fe doped NiCo2Se4. First, XRD and HRTEM results confirm the lattice expansion of 

NiCo2Se4 after Fe doping. Lattice distortion in the doped sample affects the electronic structure. 

Second, the roughness is increased in the nanorod of the Fe0.2NiCo1.8Se4 sample, verified from 

FESEM and TEM analysis. Third, the dopant Fe3+ ion behaves as a strong Lewis acid which 

modulates the electronic environment of ternary metal selenide, confirmed by XPS results. Fourth, 

the higher binding energy of the Co 2p and Ni 2p system ensures the generation of a synergistic 

effect between the Ni, Co, and Fe atoms in multi-metallic selenides. The above points 

demonstrated that Fe doped NiCo2Se4 could be a potential candidate as an efficient electrocatalyst 

for overall water-splitting reactions.  

       

7.3.3 Electrocatalytic study (HER and OER) 

The electrocatalytic study of bare NiCo2Se4, Fe0.1NiCo1.9Se4, Fe0.2NiCo1.8Se4, and 

Fe0.4NiCo1.6Se4 is executed for both HER and OER in 1.0 M KOH solution. Three-electrode system 

is used to study the electrocatalysis of water, where sample deposited CC, graphite rod, and 

Ag/AgCl are utilized as working electrodes, counter rod, and reference electrode, respectively. 

Primarily linear sweep voltammetry (LSV) of bare CC, undoped NiCo2Se4, Fe0.1NiCo1.9Se4, 

Fe0.2NiCo1.8Se4, Fe0.4NiCo1.6Se4, and 5% Pt-C are recorded in the negative potential window for 

HER. LSV of all the electrocatalysts is represented in Figure 7.12a, where bare CC shows 

negligible current in the applied potential window. Undoped NiCo2Se4 has a higher onset potential 

value of -0.289 V vs. RHE to generate a 50 mA/cm2 current density. It is observed from Figure 

7.12a that the existence of an anodic shift after Fe doping in the onset potential. All the Fe-doped 

NiCo2Se4 samples exhibit better electrocatalytic response than the bare NiCo2Se4 in the cathodic 

potential window. Fe0.1NiCo1.9Se4, Fe0.2NiCo1.8Se4, and Fe0.4NiCo1.6Se4 have onset potentials of -0.17, 

-0.148, and -0.169 V vs. RHE, respectively to obtain 50 mA/cm2 current density. The optimized 

Fe0.2NiCo1.8Se4 shows the best HER activity among other catalysts with -141 mV vs. RHE anodic shift 

compared to bare NiCo2Se4. The novel Pt/C catalyst requires -0.145 V vs. RHE to generate a 50 mA/cm2 

current density comparable with the best-optimized Fe0.2NiCo1.8Se4 sample. In Figure 7.12b histogram 

plot is given to compare the current density (mA/cm2) at -0.3 V vs. RHE potential. Fe doped NiCo2Se4 

shows improved efficiency towards HER compared to bare NiCo2Se4.  The outer rough nanorod 
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surface of Fe0.2NiCo1.8Se4 is helpful for the adsorption of electrolyte ions and gas desorption during the 

water-splitting (FESEM and TEM analysis) reaction. The synergistic effect of all the metal ions Fe3+, 

Ni2+, Ni3+, Co2+, and Co3+ (XPS analysis) promotes the HER activity  

To have a better insight into the higher electrocatalytic performance of Fe0.2NiCo1.8Se4, mass activity is 

calculated for all the electrocatalysts. The calculation is done at a fixed potential of -0.3 V vs. RHE; 

the values are 13.65, 28.69, 39.66, 34.85, and 102.16 A/g for NiCo2Se4, Fe0.1NiCo1.9Se4, 

Fe0.2NiCo1.8Se4, Fe0.4NiCo1.6Se4, and 5% Pt-C, respectively (Table 7.3). The higher value of mass 

activity indicates higher HER performance. Furthermore, to know the kinetics of HER, the Tafel 

slope calculation is achieved with the help of LSV data. The Tafel slope values are calculated with the 

plot between applied potential (V) plotted versus log|j| (Figure 7.12c). The observed Tafel slope 

value of Fe0.2NiCo1.8Se4 is 85.7 mV/dec, whereas bare NiCo2Se4 shows 144.9 mV/dec. 5%-Pt/C 

shows a 61.5 mV/dec Tafel slope, which is well-matched with the previous reports.51 Electron 

transportation and resistance play an important role in defining better electrocatalytic performance 

during electrocatalysis. Here, the electrochemical impedance study of bare NiCo2Se4, Fe0.1NiCo1.9Se4, 

Fe0.2NiCo1.8Se4, and Fe0.4NiCo1.6Se4 is checked in 1.0 M KOH at the bias of onset potential. Observed 

data is fitted with the equivalent circuit of Randle’s, accordingly given in the inset of Figure 7.12d, and 

results in the value of solution resistance (RS), charge transfer resistance (RCT), and constant phase 

element (CPE). The value of RS and RCT is summarized in Table 7.3; the RCT value of Fe0.2NiCo1.8Se4 

is 26.7 Ω, which is lower than that of bare NiCo2Se4 (84.39 Ω). The lower value of RCT signifies higher 

charge transportation on the electrode and electrolyte interface. Therefore, after doping in NiCo2Se4, 

charge transfer resistance is lower, showing faster electron transportation and better 

electrocatalytic performance.  
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Figure 7.12: (a) Linear sweep voltammetry of blank CC, NiCo2Se4, Fe0.1NiCo1.9Se4, Fe0.2NiCo1.8Se4,  

Fe0.4NiCo1.6Se4, and Pt/C for HER, (b) histogram plot at -0.3 V vs. RHE, (c) Tafel slope, and (d) 

impedance of NiCo2Se4 and Fe0.2NiCo1.8Se4. The inset of Figure 7.12d represents an equivalent 

circuit for impedance. 
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Table 7.3: All the electrochemical HER parameters for NiCo2Se4, Fe-doped NiCo2Se4, 

and 5% Pt-C were deposited on carbon cloth. 

 

 

According to the literature for HER, the steps are either Volmer-Heyrovsky or Volmer-

Tafel.48 Based on the Tafel slope value of Fe0.2NiCo1.8Se4 (85.7 mV/dec) Volmer step is the first step, 

where adsorption of H occurs on the surface of the catalyst. The second step is either electrochemical 

desorption or recombination of hydrogen, suggesting Heyrovsky and Tafel’s mechanism, respectively. 

The Volmer-Heyrovsky mechanism is preferred for HER. The rate-determining step (RDS) of 

Fe0.2NiCo1.8Se4 is hydrogen adsorption or discharge reaction. XPS result shows that the formation of 

higher oxidized states such as Fe3+ (d5 system) and Co3+ (d6 system) can attract OH- ion due to more 

unoccupied d-orbital and electropositive character. Additionally, the electron transfer kinetics increased 

after doping, which induced the hydrogen adsorption and desorption rate due to the rough outer surface 

and reduced diameter of the nanorod array. It is essential to observe that due to the synergistic and 

morphology effect of the doped sample, the rate of Volmer and Heyrovsky step subsequently improves 

the HER kinetics. The effect of metal ions during HER is further verified by the thiocyanate poisoning 

effect, which can selectively poison the active metal sites. Accordingly, 10 mM KSCN is introduced 

during the HER along with 1.0 M KOH solution. The electrocatalytic activity is tested using a 

Fe0.2NiCo1.8Se4  catalyst. It is observed from Figure 7.13a (LSV) that the HER activity of the 

Fe0.2NiCo1.8Se4 sample remarkably decreases in the presence of KSCN. Figure 7.13b also shows the 

decrease in current density from ~165 mA/cm2 to ~16 mA/cm2, which is almost 90% activity loss during 

the HER in the presence of KSCN. So, SCN- ion poisons the metal sites by forming complexes, 
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drastically diminishing the HER activity.52 Therefore, the role of metals in the Fe0.2NiCo1.8Se4 catalyst 

is vital and plays significant activity in enhancing HER efficiency.   

Figure 7.13: Effect of KSCN on the HER current of Fe0.2NiCo1.8Se4 sample (a) LSV (b) 

chronoamperometric data. 

Electrochemical active surface area (ECSA) is an essential parameter of electrocatalysts in 

water-splitting reactions. To calculate ECSA for NiCo2Se4 and Fe0.2NiCo1.8Se4, cyclic voltammetry is 

executed in a non-faradaic region of 0.425 to 0.625 V vs. RHE and given in Figures 7.14a and 7.14b. 

The double-layer capacitance (Cdl) value is determined at a fixed potential of 0.525 V vs. RHE by 

calculating the slope between the scan rate and current (Figure 7.14c). The ECSA values are calculated 

by dividing Cdl with specific capacitance (CS). Bare NiCo2Se4 has an ECSA value of 6.3 cm2; after Fe 

doping, the ECSA value increases to 33.2 cm2. The roughness factor (Rf) is also calculated from ECSA. 

The Rf values are 39.37 and 207.5 for bare NiCo2Se4 and Fe0.2NiCo1.8Se4, respectively. Thus, after Fe 

doping, the ECSA and Rf increase 5.26 times in Fe0.2NiCo1.8Se4 which improves the active sites and 

facilitates HER. In the case of HER, the exchange current density values for NiCo2Se4 and 

Fe0.2NiCo1.8Se4 are 0.00169 mA/cm2 and 0.0147 mA/cm2 respectively. From these values, we have 

calculated rate constant values (k) for NiCo2Se4 and Fe0.2NiCo1.8Se4 are 8.79 × 10-9 cm/S and 8.1 

× 10-8 cm/S, respectively, which proves to be better for HER kinetics. 
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Figure 7.14: Cyclic voltammetry curves of NiCo2Se4 and Fe0.2NiCo1.8Se4 at different scan rates 

(a) and (b) capacitive current at 0.525 (V vs. RHE) as a function of scan rate for ECSA 

calculation (c). 

 Electrocatalytic stability is an essential parameter for any electrocatalyst. Repetitive LSV and 

chronoamperometric analysis are done in 1.0 M KOH. Figure 7.15a shows 1000 continuous LSV cycles 

of Fe0.2NiCo1.8Se4; after 1000 cycles, there is no significant change in the onset potential and current 

density for HER in an alkaline medium. The long-term stability is checked at a fixed potential of -0.358 

V vs. RHE to obtain a 220 mA/cm2 current density for 48 hours (Figure 7.15b). There is no change in 

current density up to 48 hours for hydrogen evolution, which proves Fe0.2NiCo1.8Se4 is a robust and 

durable electrocatalyst for HER.  
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Figure 7.15: (a) Polarization curve of Fe0.2NiCo1.8Se4 initial and after 1000 cycles (b) 48 hours 

chronoamperometric data of Fe0.2NiCo1.8Se4 for HER. 

 

The phase purity of the catalyst is checked through post-XRD analysis after the HER and found to have 

a very stable nature of Fe0.2NiCo1.8Se4. There is no change in the peak position and crystal planes after 

the HER activity of the Fe0.2NiCo1.8Se4 sample (Figure 7.16a). FESEM and XPS analysis of the 

Fe0.2NiCo1.8Se4 sample after 48 hours of HER are also performed. FESEM (Figure 7.16b) result 

shows that the nanorod morphology of the Fe0.2NiCo1.8Se4 catalyst is well maintained. The 

nanorod is grown by combining nanosheets, which can be visualized in Figure 7.16b. Furthermore, 

XPS results (Figure 7.17) show similar binding energy values of all the ions. 

 

Figure 7.16: (a) PXRD pattern (b) FESEM of Fe0.2NiCo1.8Se4 sample after HER analysis. 
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Figure 7.17. Post HER XPS analysis of Fe0.2NiCo1.8Se4 (a) deconvoluted spectra of Ni 2p, (b) 

deconvoluted spectra of Co 2p, and (c) deconvoluted spectra of Fe 2p (d) deconvoluted spectra 

of Se 3d, and (e) survey spectrum. 

 

 After checking HER activity, all the developed electrocatalysts are applied for oxygen evolution 

reaction (OER) in an alkaline medium. The comparative LSV plot of developed NiCo2Se4, 

Fe0.1NiCo1.9Se4, Fe0.2NiCo1.8Se4, Fe0.4NiCo1.6Se4, blank CC, and commercial RuO2 is given in Figure 

7.18a. Blank CC shows significantly less activity for OER in the applied potential window. The OER 

performance of the Fe0.2NiCo1.8Se4 catalyst represents minimum onset potential and maximum current 

density compared with other doped samples. The onset potential was chosen to avoid the Ni and Co 

redox region at a current density of 100 mA/cm2. Bare NiCo2Se4 has the onset potential value of 1.728 

V vs. RHE; after Fe3+ doping, the value of onset potential noticeably shifts to the cathodic side. 

Fe0.1NiCo1.9Se4, Fe0.2NiCo1.8Se4, and Fe0.4NiCo1.6Se4 have onset potential values of 1.699, 1.656, and 

1.672 V vs. RHE, respectively, to generate 100 mA/cm2 current density (Figure 7.18a). Fe0.2NiCo1.8Se4 

exhibit the best OER activity with 72 mV cathodic shift in the onset potential. It requires only 426 mV 

vs. RHE overpotential to obtain a 100 mA/cm2 current density.  Commercial RuO2 has less OER activity 

than Fe-doped NiCo2Se4 catalyst, and it requires 1.743 V vs. RHE. The higher electrocatalytic OER 

performance is compared in the histogram plot in Figure 7.18b at 1.65 V vs. RHE, Fe0.2NiCo1.8Se4 shows 
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maximum current density. The current response of Fe0.2NiCo1.8Se4 is 3.4 and 1.4 folds better than bare 

NiCo2Se4 and commercial RuO2, respectively. Fe doping in NiCo2Se4 enhances the OER activity, the 

varying oxidation state in Ni, Co, and Fe might lower the onset of water oxidation and enhances the 

conductivity in the system. The vertically grown nanorod array, the rough surface of the nanorod, 

and the smaller diameter after doping in Fe0.2NiCo1.8Se4 could be beneficial for electrolyte 

penetration and transportation during the water-splitting reaction. 

 

Figure 7.18: (a) Linear sweep voltammetry of blank CC, NiCo2Se4, Fe0.1NiCo1.9Se4, Fe0.2NiCo1.8Se4,  

Fe0.4NiCo1.6Se4, and RuO2 for OER, (b) histogram plot at 1.65 V vs. RHE, (c) Tafel slope, and (d) 

impedance of NiCo2Se4 and Fe0.2NiCo1.8Se4. The inset of Figure 7.18d shows an equivalent circuit 

for impedance. 
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Further, to judge the better OER performance of Fe0.2NiCo1.8Se4 in an alkaline medium, mass 

activity is checked at 1.65 V vs. RHE for all the developed electrocatalysts and given in Table 7.4 

Fe0.2NiCo1.8Se4 has the highest value of 22.94 A/g compared to bare NiCo2Se4, Fe0.1NiCo1.9Se4, 

Fe0.4NiCo1.6Se4, and commercial RuO2. The better electrocatalytic performance can be proved with a 

more charge transportation rate, which can be determined through the Tafel slope value (Figure 7.18c). 

The observed lower value of Tafel slope indicates excellent performance for OER in alkaline medium, 

Fe0.2NiCo1.8Se4 has 56.3 mV/dec Tafel slope value (Table 7.4), which is lower than bare NiCo2Se4 and 

commercial RuO2. Commercial RuO2 shows an 85.7 mV/dec Tafel slope value.53 In the case of OER, 

the Tafel slope value of Fe doped NiCo-urea complex is 143.1 mV/dec, which shows less activity. 

At the respective onset potential of NiCo2Se4 and Fe0.2NiCo1.8Se4, the impedance study is executed in 

1.0 M KOH (Figure 7.18d). In Figure 7.18d, Fe0.2NiCo1.8Se4 has a smaller diameter semicircle than 

NiCo2Se4, which means it is more conducive and electrocatalytically active than the bare sample. The 

values for RS and RCT are given in Table 7.4. The RCT value of Fe0.2NiCo1.8Se4 is 7.32 Ω, which is much 

smaller than the RCT value of bare NiCo2Se4 (65.05 Ω). The result confirms that Fe doping increases the 

conductivity of NiCo2Se4.  

 

Table 7.4: All the Electrochemical Parameters for OER Using NiCo2Se4, Fe0.1NiCo1.9Se4, 

Fe0.2NiCo1.8Se4,  Fe0.4NiCo1.6Se4, and RuO2 Electrocatalysts. 

 

             The developed Fe0.2NiCo1.8Se4 electrocatalyst is checked for 1000 consecutive LSV cycles, 

and there is an unaltered change in the current density and onset potential (Figure 7.19a). 

Fe0.2NiCo1.8Se4 can generate an alternate current density of 110 mA/cm2 for up to 48 continuous hours 
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(Figure 7.19b). To further confirm the robustness and stability after the OER study, the electrocatalyst 

is checked with FESEM and XPS analyses. Fe-doped NiCo2Se4 shows a rough surface of the nanorod 

array (Figure 7.20a) after electrocatalysis. All the elements (Fe, Ni, Co, Se, and C) present uniformly 

(Figure 7.20b), confirmed by EDS analysis.  

 

 

Figure 7.19: (a) Polarization curve of Fe0.2NiCo1.8Se4 initial and after 1000 cycles (b) 48 hours 

chronoamperometric data of Fe0.2NiCo1.8Se4 for OER. 

 

 

Figure 7.20: (a) FESEM image and (b) EDS mapping of Fe0.2NiCo1.8Se4 after electrocatalysis. 

Furthermore, XPS analysis established the presence of Ni2+, Ni3+, Co2+, Co3+, Fe3+, and Se2- ions 

in the Fe0.2NiCo1.8Se4 sample (Figure 7.21). The post-XPS analysis suggests no change in the valence 

states of the Fe0.2NiCo1.8Se4 sample. Deconvoluted spectra of Ni 2p show the binding energy values 

of 855.7, 857.5, 871.08, and 874.5 eV. The first two doublet exhibit Ni 2p3/2 and the other two 

represent Ni 2p1/2, respectively. The peaks at 861.6 and 880.1 eV are due to Ni 2p satellite. The Co 
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2p spectra represent peaks at 780.4 and 781.8 eV, corresponding to Co 2p3/2, and other peaks at 

795.3 and 797.01 eV represent Co 2p1/2. The satellite peaks are present at 786.8 and 803.9 eV for 

Co 2p. The binding energy value at 710.7 eV represents the presence of Fe 2p3/2 and the satellite 

peak at 713.6 eV. The binding energy at 718.7 eV corresponds to Fe 2p1/2, and the satellite peak at 

724.1 eV. The Se2- ion binding energy values appear at 54.2 and 55.1 eV for Se 3d spectra. 

Therefore, the Fe0.2NiCo1.8Se4 sample is robust and stable for OER in an alkaline medium. However, 

the intensity of Se2- ion decreases after the electrocatalytic reaction, which may be due to the 

formation of NiOOH and CoOOH during the electrocatalytic reaction, active species for water-

splitting reaction. This result corroborates with the enhanced oxide peak (O 2p) in XPS analysis. 

The formation of NiOOH and CoOOH during the electrocatalytic reaction is reported in the 

literature.54-56 

Figure 7.21: XPS of Fe0.2NiCo1.8Se4 after OER electrocatalysis (a) deconvoluted spectra of Ni 

2p (b) deconvoluted spectra of Co 2p (c) deconvoluted spectra of Fe 2p (d) deconvoluted spectra 

of Se 3d deconvoluted spectra, and (e) survey spectrum. 

 

The better electrocatalytic OER results can be proved with the CV analysis, and Figure 7.22 

represents the CV of bare and doped NiCo2Se4. The CV is recorded with the applied voltage of 1.025 

to 1.65 V vs. RHE. The CV of NiCo2Se4 and Fe0.2NiCo1.8Se4 shows reversible peaks for the Ni and Co 



Chapter 7  

 

 266 

 

redox processes. The broad oxidation peak between 1.2 to 1.6 V vs. RHE is responsible for Co2+/Co3+, 

Ni2+/Ni3+, and Co3+/Co4+ redox couples in the system. It is not easy to get separate oxidation peaks of 

Ni and Co due to similar redox behavior in the system. Among the broad peak, Co2+/Co3+ and Co3+/Co4+ 

redox couple appear at 1.2 and 1.54 V vs. RHE, respectively. The peak at 1.45 V vs. RHE and the 

reversible peak at 1.29 V vs. RHE in bare NiCo2Se4 is due to Ni2+/Ni3+. After doping with Fe, the 

oxidation peak of Ni2+/Ni3+ shifted to 1.50 V vs. RHE, and the reduction peak appeared at 1.28 V vs. 

RHE. This positive shift in the value of the oxidation peak and a negative shift in the reduction peak is 

due to doping with Fe3+, which behaves as a Lewis acid, well corroborated with the XPS analysis result. 

During OER, H2O and OH- are adsorbed on the catalyst surface, which results in the evolution of O2 by 

following a cyclic process and regenerating the active sites. Fe0.2NiCo1.8Se4 consists of metal ions such 

as Fe3+, Ni2+, Ni3+, Co2+, and Co3+, which are considered active sites for OER. During LSV analysis, the 

broad electrooxidation peak between 1.2 to 1.6 V vs. RHE (Figure 7.18a) corresponds to the generation 

of Co3+, Ni3+, and Co4+ species. Furthermore, the Lewis acid behavior of the Fe3+ ion pulls the electrons 

from Co2+ and generates more Co3+ species. Therefore, NiCoO/NiCo-OOH heterostructure formation 

is more in the doped sample, which is beneficial for OER.  

 

Figure 7.22: CV analysis of NiCo2Se4 and Fe0.2NiCo1.8Se4 in a particular potential window. 

In the case of OER, the exchange current density values for NiCo2Se4 and Fe0.2NiCo1.8Se4 are 

0.592 mA/cm2 and 0.663 mA/cm2, respectively. From these values, we have calculated rate 

constant values (k) for NiCo2Se4 and Fe0.2NiCo1.8Se4 are 1.53 × 10-6 cm/S and 1.72 × 10-6 cm/S, 
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respectively. From the above values, it is clearly proved that after doping with Fe in NiCO2Se4, 

the rate constant values increase, which proves the improved OER kinetics. The importance of metal 

ions during OER activity of Fe0.2NiCo1.8Se4 catalyst is also evaluated with SCN- poisoning effect. The 

polarization curve (Figure 7.23a) confirms the decrease in OER activity after adding 10 mM KSCN to 

the electrolyte. Similar phenomena were also observed from the measurement of OER current density 

(Figure 7.23b) of the Fe0.2NiCo1.8Se4 sample, which reduced from ∼220 mA/cm2 to ∼62 mA/cm2, 

nearly 71% OER activity loss after SCN- poisoning. Therefore, the huge reduction of current density is 

due to the poison of metal ions in the presence of SCN- ion, which confirms the role of active metal sites 

in the doped NiCo2Se4 during OER. Janani and co-workers reported15 the formation of NiCoO and 

NiCo-OOH heterostructure as active sites during OER.  

 

Figure 7.23: Effect of KSCN on the OER current of Fe0.2NiCo1.8Se4 sample (a) LSV and (b) 

chronoamperometric data. 

The aforementioned findings show that Fe-doped NiCo2Se4 is a good candidate for the water-splitting 

process in an alkaline medium. The optimization of the dopant concentration was completed; amongst 

all, Fe0.2NiCo1.8Se4 shows superior electrocatalytic activity both in HER and OER. The results can be 

summoned as follows. First, the XPS result proves that Fe is behaving as a Lewis acid which can 

significantly affect the electronic environment of NiCo2Se4. Second, Fe acts as a growth regulator for 

the rougher nanorod surface in NiCo2Se4, which is proven by FESEM and TEM results. The sharpening 

and reduced diameter of the nanorod array of Fe0.2NiCo1.8Se4 are helpful for electrolyte contact. Third, 

the lattice distortion can be seen after Fe doping in HRTEM analysis. Lattice distortion can increase the 

active site and electrocatalytic activity. Fourth, Fe doping creates lattice expansion, as evidenced in 

PXRD and HRTEM analysis. Fifth, the synergy of all the atoms (Fe, Ni, and Co) in Fe0.2NiCo1.8Se4 
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helps increase the electrochemically active sites. Sixth, DFT studies explain that changes in band 

structure after doping in NiCo2Se4 make the metallic nature of Fe0.2NiCo1.8Se, which helps in the 

bifunctional activity for water splitting. A detailed comparison of Fe0.2NiCo1.8Se4 with the previously 

reported literature is given in Table 7.5.  

Table 7.5: A comparative electrochemical study of all the electrochemical parameters with the 

electrocatalyst. 

 

 

7.3.4 Two-electrode setup for overall water-splitting 

Fe-doped NiCo2Se4 electrocatalyst exhibits efficient activity for HER and OER in an alkaline 

medium. The bifunctional activity of Fe0.2NiCo1.8Se4 for both HER and OER motivated us to construct 

a cell for overall water splitting. Figure 7.24a shows the LSV curve for Fe0.2NiCo1.8Se4 ǁ Fe0.2NiCo1.8Se4 

as cathode and anode in 1.0 M KOH solution. It requires 1.51 V to generate a 10 mA/cm2 current density. 

The same cell, Fe0.2NiCo1.8Se4 ǁ Fe0.2NiCo1.8Se4, requires 1.93 and 2.07 V to generate 50 and 100 

mA/cm2 current density, respectively. The long-term stability of the Fe0.2NiCo1.8Se4 ǁ Fe0.2NiCo1.8Se4 

cell is checked for 24 hours at the voltage of 1.75 V, which exhibits unaltered current density (Figure 

7.24b). To know the performance of Fe0.2NiCo1.8Se4 ǁ Fe0.2NiCo1.8Se4 cell during electrocatalysis. 

Faradaic efficiency is calculated at 2 V, and the plot is given in Figure 7.24c. The experimental and 

theoretical amounts of H2 and O2 gases are calculated, which exhibits that the generated amount for 

H2:O2 is nearly 2:1 (Figure 7.24c). The cell shows calculated Faradaic efficiency for OER and HER is 

89.9 % and 91.3 %, respectively. 
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Figure 7.24: (a) Linear sweep voltammetry of the two electrode setup of Fe0.2NiCo1.8Se4 ǁ 

Fe0.2NiCo1.8Se4 and blank CC, (b) 24 hours chronoamperometric data of Fe0.2NiCo1.8Se4 ǁ 

Fe0.2NiCo1.8Se4 cell in 1.0 M KOH solution, and (c) theoretically calculated and experimentally 

measured H2 and O2 gas vs. time for overall water-splitting of Fe0.2NiCo1.8Se4 ǁ Fe0.2NiCo1.8Se4 cell. 
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The role of metal centers in Fe0.2NiCo1.8Se4 samples is further checked while performing the 

two-electrode system using Fe0.2NiCo1.8Se4 ǁ Fe0.2NiCo1.8Se4 cell. Figure 7.25a represents the overall 

decrease in the electrocatalytic activity in the presence of KSCN. The current density of ∼60 mA/cm2 

reduces to ∼20 mA/cm2 after the addition of SCN- ion poison, which proves the synergy of metal ions 

in Fe0.2NiCo1.8Se4 is important for overall water-splitting (Figure 7.25b).  

Figure 7.25: Effect of KSCN on the overall current (for two-electrode system) of 

Fe0.2NiCo1.8Se4 sample (a) LSV and (b) chronoamperometric data. 

 

To check the robustness and stability of the Fe0.2NiCo1.8Se4 catalyst in the overall water-splitting 

reaction, the FESEM and XPS analysis are performed after 24 h, shown in Figures 7.26 and 7.27. 

It can be observed from Figure 7.26a that the nanorod morphology is retained. The EDS analysis 

(Figure 7.26b) confirms the uniform distribution of Fe, Ni, Co, Se, and C elements in the 

Fe0.2NiCo1.8Se4 sample. XPS analysis confirms the composition of the Fe0.2NiCo1.8Se4 sample, 

where the binding energy values are well matched with the pre-electrocatalysis result. All the 

binding energy values of Fe3+, Ni2+, Ni3+, Co2+, Co3+, Se2- ions are well matched. Therefore, the 

electrocatalyst, Fe0.2NiCo1.8Se4, represents remarkable efficiency and stability as an alkaline 

electrolyzer.    
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Figure 7.26: (a) FESEM image and (b) EDS mapping of Fe0.2NiCo1.8Se4 after two electrode 

electrocatalysis. 

Figure 7.27: XPS of Fe0.2NiCo1.8Se4 (a) deconvoluted spectra of Ni 2p, (b) deconvoluted spectra 

of Co 2p, (c) deconvoluted spectra of Fe 2p, (d) deconvoluted spectra of Se 3d, (e) deconvoluted 

spectra of O 2p, and (f) survey spectrum after two electrode electrocatalysis. 

 

7.3.5 Structural properties of bare and Fe-doped NiCo2Se4 compounds 

 Under ambient conditions, the NiCo2Se4 compound crystallizes into a face-centered cubic 

phase and belongs to the Fd3m space group symmetry (Space group no. 227). The crystal structure 

of NiCo2Se4 is modeled to be identical to the structure of NiCo2O4 or NiCo2S4 compound34, 57-60. 
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The optimized geometry of the NiCo2Se4 system, so obtained from the GGA-PBEsol level of 

theory, is depicted in the upper panel of Figure 7.28 NiCo2Se4 represents a spinel structure with 

Ni atoms occupy at the corner of the edges of the supercell, and Se atoms are distributed in a cubic 

close-packed arrangement. While the Ni atoms are distributed over the octahedral sites, the Co 

atoms occupy the center of both octahedral and tetrahedral sites of the crystal lattice with corner-

sharing Se atoms. 

 To comprehend the structural stabilities of the Fe-doped NiCo2Se4 compounds, the defect 

formation energies per dopant (∆Edf) have been estimated according to the following relation61: 

∆𝐸𝑑𝑓 =  
1

𝑁𝐹𝑒
 [𝐸𝑑𝑜𝑝𝑒𝑑 − 𝐸𝑏𝑎𝑟𝑒 − 𝑁𝐹𝑒(𝜇𝐹𝑒 − 𝜇𝐶𝑜)]   (1) 

where Edoped is the total energy of the Fe-doped NiCo2Se4 system, Ebare is the total energy of bare 

NiCo2Se4 supercell, 𝑁𝐹𝑒 Is the number of Fe dopants, 𝜇𝐹𝑒 and 𝜇𝐶𝑜 are the chemical potentials of 

the individual Fe and Co atoms, respectively. The optimized crystal structures of Fe0.12NiCo1.88Se4, 

Fe0.2NiCo1.8Se4, and Fe0.5NiCo1.5Se4 compounds and their respective defect formation energy 

values are shown in the lower panel of Figure 7.28 and Figure 7.29 respectively. The ∆Edf values 

for Fe0.12NiCo1.88Se4, Fe0.2NiCo1.8Se4, and Fe0.5NiCo1.5Se4 systems, as depicted in Figure 7.29, are 

found to be 1.00, 0.81 and 2.04 Ry respectively. From ∆Edf values, it is clearly seen that the Fe-

doped NiCo2Se4 systems are not only endothermic in nature, but Fe0.2NiCo1.8Se4 compound (10% 

Fe-doped NiCo2Se4) is energetically most feasible among the other Fe-doped NiCo2Se4 systems 

under study. 
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Figure 7.28: Upper and lower panels represent the optimized crystal structures of the bare and 

Fe-doped NiCo2Se4 compounds (Fe0.12NiCo1.88Se4, Fe0.2NiCo1.8Se4, and Fe0.5NiCo1.5Se4) 

respectively as estimated from the first-principle calculations. 

 

Figure 7.29: Defect formation energies per dopant (∆Edf) for different Fe-doped NiCo2Se4 

systems as obtained from DFT+Udd level of theory. 
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7.3.6 Electronic properties of bare and Fe-doped NiCo2Se4 systems 

To precisely understand the enhanced electrocatalytic activities of the Fe0.2NiCo1.8Se4 

compound among the bare and other Fe-doped NiCo2Se4 systems, the electronic band structures 

have been estimated. The corresponding spin-polarized E-k diagrams of NiCo2Se4 and 

Fe0.2NiCo1.8Se4 crystal systems along the Γ→R→M→Γ→X→R high-symmetry points in the 

Brillouin zone are depicted in Figure 7.30(a) and 7.30(b) respectively. Interestingly, from Figure 

7.30(a), the asymmetries between the up and down spin configurations in the E-k diagrams have 

been observed. These asymmetries in the band structure plots primarily correspond to the non-zero 

magnetic moment of the compound. NiCo2Se4 indeed shows ferrimagnetic behavior with magnetic 

moment ~ 5 𝜇𝐵/cell, which closely matches the magnetic properties of the NiCo2O4 compound 

that shows similar ferrimagnetic behavior of magnetic moment ~ 4 𝜇𝐵/cell 62-63.  Figure 7.30(a) 

further reveals that the valance band maximum (VBM) and the conduction band minimum (CBM) 

of the bare compound are localized at X high-symmetry point around the Fermi energy (EF). No 

trace of dispersive energy levels is found on EF in the E-k diagrams. This result suggests that the 

NiCo2Se4 system is a direct band gap semiconductor with up and down spin energy band gap (Eg) 

values of 1.32 and 0.60 eV, respectively.  

Surprisingly, dramatic changes in the E-k diagrams [Figure 7.30(b)] for the up and down 

spin configurations of the 10% Fe-doped NiCo2Se4 system (Fe0.2NiCo1.8Se4) have been noticed. 

From Figure 7.30(b), significant contributions of energy states generated from the conduction band 

edges have been found at EF. This observation implies the zero-band gap or the conducting 

behavior of the Fe0.2NiCo1.8Se4 compound. The metallic behavior of Fe0.2NiCo1.8Se4 may induce 

enhanced HER and OER performance compared to the bare NiCo2Se4 system. This observation 

also agrees with our experimental results, where Fe0.2NiCo1.8Se4 is found to be the most favorable 

candidate for HER and OER activities among the bare and other Fe-doped NiCo2Se4 systems. 

Besides, the large asymmetries between the up and down spin band profiles [Figure 7.30(b)] also 

suggest the ferrimagnetic nature of the Fe0.2NiCo1.8Se4 compound with a magnetic moment of ~ 

4.64 𝜇𝐵/cell. 
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Figure 7.30: The electronic band structures along the Γ→R→M→Γ→X→R high-symmetry 

points of (a) NiCo2Se4 and (b) Fe0.2NiCo1.8Se4 systems as obtained from the DFT+Udd level of 

calculations. [The band gaps in Figure (a) and the Fermi energies (EF) are marked with green 

arrows and horizontal dashed lines, respectively]. 

To further corroborate the performance of bare and other Fe-doped NiCo2Se4 compounds 

in HER and OER activities, the total, orbital resolved partial atomic density of states (TDOS, 

PDOS) of NiCo2Se4 and Fe0.2NiCo1.8Se4 systems have been calculated. The results are illustrated 

in Figures 7.31(a, b) and 7.31(c, d), respectively. Akin to E-k diagrams (vide supra), the 

asymmetries between the up and down spin channels in TDOS have been found. From Figure 

7.31(a), narrow band gaps around EF have also been observed in the TDOS plot for both up and 

down spin channels of the bare NiCo2Se4 compound. The subsequent PDOS plot of NiCo2Se4, as 

shown in Figure 7.31(b), further reveals that the top of the valance bands, ranging between -2 and 

0 eV, originated mainly from the Se-4p orbital, while small contributions from Ni-4s and Co-4s 

orbitals have also been found. Besides, the predominant contribution of Ni-3d orbital has been 

observed in the bottom of the conduction bands ranging from 0 to 2 eV, along with the weak 
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signature of Co-4s and Se-4p orbitals. However, the TDOS plot of the Fe0.2NiCo1.8Se4 compound, 

as depicted in Figure 7.31(c), shows noticeable changes in its spectral features compared to the 

bare NiCo2Se4 system. The TDOS plot illustrates the dense nesting of energy states in the form of 

the van-Hove singularity at EF. This observation also suggests the metallic nature of the 

Fe0.2NiCo1.8Se4 compound in accordance with our early conjecture (vide supra). The TDOS plots 

of other Fe-doped NiCo2Se4 systems (Fe0.12NiCo1.88Se4 and Fe0.5NiCo1.5Se4) are shown in Figure 

7.32. Interestingly, the PDOS plot of the Fe0.2NiCo1.8Se4 compound, as shown in Figure 7.31(d), 

reveals the significant contribution of the 3d orbital of the dopant Fe atom in the energy states at 

EF. The prime contribution of the Fe-3d orbital at EF is thus responsible for the conducting behavior 

of Fe0.2NiCo1.8Se4, which is known to promote improved electrocatalytic activities among the bare 

and other Fe-doped NiCo2Se4 compounds (vide supra). 

 

Figure 7.31: (a to d) Left and right panels depict the total, orbital resolved partial atomic density 

of states of NiCo2Se4 and Fe0.2NiCo1.8Se4 compounds, respectively, as obtained from the 

DFT+Udd level of theory. [The Fermi energies (EF) are marked with vertical dashed lines]. 
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Figure 7.32: Total density of states of Fe0.12NiCo1.88Se4 and Fe0.5NiCo1.5Se4 compounds as 

estimated from DFT+Udd level of theory. 

 

To estimate the charge transfer or charge pulling effect between the Co and Fe atoms of 

the Fe-doped NiCo2Se4 systems, the Mulliken and Bader charge analyses have been performed64-

65. The Mulliken (Bader) charges for Ni, Co, and Se atoms of the pristine NiCo2Se4 compound are 

found to be +0.05e (+0.06e), -0.49e (-0.50e) and -0.67e (-0.68e) respectively. However, the 

Mulliken (Bader) charges for the respective Fe, Ni, Co, and Se atoms of the Fe-doped 

Fe0.2NiCo1.8Se4 system are estimated to be -1.75e (-1.77e), +0.03e (+0.04e), -0.32e (-0.30e), -0.50e 

(-0.48e). The Mulliken and Bader charge analyses for pristine NiCo2Se4 and Fe0.2NiCo1.8Se4 

compounds collectively suggest that there is a significant decrease in Mulliken (Bader) charge of 

0.17e (0.20 e) on the Co atom due to the presence of dopant Fe atom. Interestingly, alteration of 

Mulliken (Bader) charge on the Fe atom has also been estimated and shows a considerable increase 

of -1.75e (-1.77e) charge. This result not only indicates the charge-pulling nature of the Fe atom 
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but may also reflect the prevalence of synergistic effect between the Fe and Co atoms in the 

Fe0.2NiCo1.8Se4 compound, which in turn may promote higher electrocatalytic efficiency.  

7.3.7 Gibbs free energy and current density for HER and OER 

  To understand the HER and OER activities of Fe-doped NiCo2Se4 compounds for various 

dopant concentrations, the variations in Gibbs free energy (ΔG) as a function of hydrogen and 

oxygen coverages for Fe0.12NiCo1.88Se4, Fe0.2NiCo1.8Se4 and Fe0.5NiCo1.5Se4 compounds have 

been estimated under zero overpotential energy value. The results are shown in Figures 7.33(A) 

and 7.33(B). From Figure 7.33(A) and 7.33(B), the minimum values of ΔG are found to be -7.44 

and -11.29 eV for 37.5% of hydrogen and oxygen coverages, respectively, for the Fe0.2NiCo1.8Se4 

system. However, for Fe0.12NiCo1.88Se4 and Fe0.5NiCo1.5Se4 compounds, the lowest estimated ΔG 

values are -6.00 (-9.93) eV and -6.82 (-7.72) eV for 25% and 100% hydrogen (oxygen) coverage 

respectively. All these calculations indicate the minimum value of ΔG to be -7.44 (-11.29) eV for 

37.5% hydrogen (oxygen) coverage in doped Fe0.2NiCo1.8Se4 compound which may stand 

responsible for improved HER and OER activities of the Fe-doped NiCo2Se4 systems. 

               To comprehend the HER and OER activities of the active sites of Fe-doped NiCo2Se4 

systems, the exchange current density (J) has also been estimated. The corresponding volcano 

plots, which represent the logarithm of J as a function of ΔG66-69
, for HER and OER, are shown in 

Figure 7.33(a) and 7.33(b), respectively. From Figure 7.33(a) and 7.33(b), it is clearly seen that 

the maximum values of J are found at ΔG = 0 for Fe0.2NiCo1.8Se4 system, which in turn may 

represent the ideal candidate for the evolution of hydrogen and oxygen among its other Fe-doped 

counterparts. These results are also in agreement with our experimental observations where the 

Fe0.2NiCo1.8Se4 compound exhibits better HER and OER activities with the highest value of current 

density in comparison to its other Fe-doped complements (vide supra).  
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Figure 7.33: The Gibbs free energy (∆G) vs. (A) hydrogen and (B) oxygen coverage and the 

exchange current density (J) as a function of ∆G for (a) HER and (b) OER activities of Fe-doped 

NiCo2Se4 compounds. 

7.4 Conclusion 

In conclusion, Fe-doped NiCo2Se4 material on CC is developed through a straightforward 

hydrothermal method. Various ratios of Fe0.1NiCo1.9Se4, Fe0.2NiCo1.8Se4, and Fe0.4NiCo1.6Se4 are 

synthesized in which Fe0.2NiCo1.8Se4 is the best-optimized ratio for the electrocatalytic activity, 

which is also well validated with both experimental and theoretical evidence. The Fe3+ introduction 

in NiCo2Se4 reduces the diameter of the nanorod, creating rougher morphology and lattice 

distortion, which synergizes the water-splitting reaction. The fast electron kinetics and higher 

electrochemical active surface area after Fe doping in NiCo2Se4 favor the water-splitting reaction. 

XPS analysis confirms the Lewis acidity of the Fe3+ ion, which changes the electronic environment 

of NiCo2Se4 and improves the electrocatalytic activity. The doped electrocatalyst, Fe0.2NiCo1.8Se4, has 
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a higher value of ECSA than the bare NiCo2Se4. The optimized Fe0.2NiCo1.8Se4 requires a lower 

Tafel slope value of 85.7 and 56.3 mV/dec for HER and OER, respectively. The improved electron 

conduction during water-splitting is ensured by the synthesis and growth of the electrocatalyst 

on the CC, a conducting substrate. The presence of a multimetallic center and synergistic effect of 

all the metal ions Fe3+, Ni2+, Ni3+, Co2+, and Co3+ in Fe0.2NiCo1.8Se4 plays an essential role in the 

development of efficient and durable electrocatalyst. The Mulliken and Bader charge analysis also 

supports that dopant Fe has charge pulling nature which turns into a synergistic effect. The role of 

metal sites in the overall water-splitting reaction is further evidenced by using KSCN because 

SCN- ion can selectively poison the metal sites during the electrocatalytic reactions. Finally, the 

same doped material is used as a cathode and anode for the generation of hydrogen and oxygen, 

respectively, with a cell voltage of 1.51 V to generate 10 mA/cm2 current density in an alkaline 

medium. For the performance measurement of Fe0.2NiCo1.8Se4 ǁ Fe0.2NiCo1.8Se4 cell, the Faradaic 

efficiency is also calculated and reported as 89.9 % and 91.3 % for OER and HER, respectively.  The 

band gap and DOS calculation also prove that Fe0.2NiCo1.8Se4 is more metallic and dopant Fe 

contributes an essential role in the system's conductivity. Moreover, the theoretical calculation also 

proves that the Fe0.2NiCo1.8Se4 catalyst has optimum Gibbs free energy for HER and OER, high 

exchange current density with maximum hydrogen and oxygen coverage value. So, this work provides 

us with a simple route for the synthesis of Fe-doped NiCo2Se4, a nanorod array, for better 

electrocatalytic performance with clean energy generation.  
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Chapter 8 

  

Summary, conclusion, and future scope 

 

 

 The work completed for this thesis is summarized in this chapter by emphasizing its 

salient features. 

 Future fields of research that can be carried out using this thesis are also 

established. 
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Chapter 1: A review of the literature and a brief summary of nanoparticles in electrochemistry 

are given at the beginning of this thesis. In the area of electrocatalytic water splitting, the 

production and use of transition metal chalcogenides are explored as sustainable energy options. 

For the nickel-based electrocatalyst, all electrochemical parameters and practical approaches are 

provided in detail. A detailed description of the doping technique is given, including instances of 

doping with cations and anions in transition metal-based chalcogenides. The difficulties and 

shortcomings of the research are explicitly stated. 

Chapter 2: This chapter covers all the substances, reagents, instruments, calculation techniques, 

and methods used in the thesis work from the perspective of analytical chemistry. 

Chapter 3: In this chapter, Ni/Ni(OH)2/NiOOH heterostructure has been carried out through a 

single electrodeposition step. The mechanism of synthesis of Ni/Ni(OH)2/NiOOH on carbon cloth 

is reported. The developed Ni/Ni(OH)2/NiOOH heterostructure sample is utilized in an 

electrochemical HER reaction with 200 h of stability. The role of  Ni, Ni(OH)2, and NiOOH have 

been discussed for the enhancement of HER activity. 

Chapter 4: In this chapter, the synthesis of Ni(OH)2/NiOOH and W-doped Ni(OH)2/NiOOH 

nanosheets is reported. The optimization of the W dopant has been done through various ratios. 

Vertically grown nanosheet morphology of W0.1Ni(OH)2/NiOOH is highly active towards HER 

and OER in an alkaline medium. The synergistic effect between W6+ and Ni2+ ions play a vital role 

in enhancing the active surface area and electrocatalytic activities. The theoretical result also 

proves that the enhanced electrocatalytic activity of  Ni(OH)2/NiOOH through W doping. 

Chapter 5: In this chapter, the synthesis of Ni9S8 and Co doped Ni9S8 on CC through the 

hydrothermal method. Different ratios of Co:Ni, Co0.1Ni8.9S8, Co0.05Ni8.95S8, and Co0.03Ni8.97S8 are 

developed, but Co0.05Ni8.95S8 exhibits superior electrocatalytic activity. The Co-doped Ni9S8 

electrocatalyst was applied as a bifunctional catalyst in an alkaline medium. The water-splitting 

reaction is studied in a wide pH region for the Co0.05Ni8.95S8 sample. The strain engineering and 

change in the electronic environment with Co doping in Ni9S8 is investigated with experimental 

and theoretical results. 

Chapter 6: In this chapter, we have investigated the Ce doping in Ni0.85Se hexagonal nanosheets 

with experimental and theoretical results. The Ce dopant concentration is optimized in Ni0.85Se 
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nanosheets with various ratios. The optimized Ce0.1Ni0.85Se electrocatalyst shows better efficiency 

for HER and OER. The DFT results prove the zero-band gap after doping with Ce in Ni0.85Se 

catalyst; the charge-pulling nature of Ce benefits the change in an electronic environment. 

Chapter 7: In this chapter, Fe-doped NiCo2Se4 material on CC is developed through a 

straightforward hydrothermal method. The as-developed multi-metallic selenides have been 

utilized for HER, OER, and bifunctional activity. The role of multi-metal centers in 

electrochemical activity has been explained through thiocyanate study. The band gap and DOS 

calculation also prove that Fe0.2NiCo1.8Se4 is more metallic, and dopant Fe contributes an essential 

role in the system's conductivity. 

The summary of the present thesis work is given in Table 8.1. In the context of electrocatalytic 

stability, the W0.1Ni(OH)2/NiOOH  electrode shows maximum stability of 120 h of HER and OER 

reactions. The Fe0.2NiCo1.8Se4 material shows a lower cell potential of 1.51 V to obtain 10 mA/cm2 

current density. (as given in Table 8.1) 

Table 8.1: Comparative table for HER, OER data and cell potential, and stability for all 

the developed electrodes. 
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Future research scope 

1. To address practical catalyst requirements, innovations that provide scalable 

methodologies for simultaneously engineering elementary reactions, charge diffusion, gas 

control, and morphological and electronic structures are desirable. To design chemically 

and physically robust electrocatalysts fit for industrial use, new electrolyzers are required. 

E-waste typically contains metals such as copper, aluminum, and rare earth elements, 

which are crucial components in electrode materials. By recycling and reusing these 

materials, valuable resources can be recovered, reducing the need for virgin materials and 

minimizing the environmental impact associated with mining and extraction. 

2. Effective electrocatalysts for the evolution of hydrogen and oxygen have been created. By 

combining with a photoanode or photocathode for PEC water-splitting, the generated 

electrocatalyst can be employed as a co-catalyst to speed up the kinetics of the reaction and 

improve photostability. 

3. Nickel-based electrocatalysts show good electrical conductivity, low cost, and better 

electrochemical stability. Further, through doping strategy, the HER and OER performance 

can be improved. Considering the broad perspective, it is important to develop new and 

modified nickel-based electrocatalysts for industrial-level application.  

4. We have used various characterization techniques such as PXRD, XPS, FESEM, TEM, 

and BET to study the surface structure and composition of desired electrocatalysts. Some 

advanced techniques such as XAS (X-ray absorption spectroscopy) and HAADF-STEM 

(high-angle-annular-dark-field scanning transmission electron microscopy) are required to 

examine the surface characteristics of catalysts, as well as the changes in surface electronic 

structure that occur during the catalytic process. It can also be utilized to look at the 

characteristics of chemical bonds between macromolecules and the coordination structure 

of atoms.  

5. By combining experimental with DFT calculation, time and resources can be saved for the 

designing of the electrocatalyst. Combining theoretical computations allowed for the 

determination of the catalyst's electrical structure and characteristics. It simultaneously 

advances the understanding of electrocatalyst systems and has guiding implications for the 

design of highly efficient electrocatalysts. 
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