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ABSTRACT 
Index No:  47/19/chem/26 

Title: BIFUNCTIONAL CATALYSIS OF SOME METAL 

CHALCOGENIDES IN HYDROGEN AND OXYGEN EVOLUTION 

REACTIONS 

Submitted by: Mousumi Mondal 

In the vanguard of the 21st century, the quest for renewable and eco-friendly energy 

sources stands as a paramount scientific and technological endeavor. The escalating 

energy deficit and ecological ramifications stemming from the heightened reliance on 

and depletion of conventional fossil fuels have catalyzed the advancement of innovative 

energy transmutation technologies, including electrocatalysis and photocatalysis, 

alongside energy retention mechanisms such as supercapacitors and batteries. 
Hydrogen, hailed as the fuel of tomorrow, boasts a superior gravimetric energy 

quotient of 120 MJ kg−1 eclipsing that of gasoline at 44 MJ kg−1 in addition to unmatched 

energy transformation proficiency, ecological harmony, and the virtue of emitting solely 

water as a byproduct, thus ensuring zero carbon dioxide release. Furthermore, the 

application spectrum of hydrogen extends to the production of ammonia via the Haber 

process, methanol creation, the hydrocracking of crude oil, hydrochloric acid 

manufacturing, and the hydrogenation of oils and fats. Given the absence of naturally 

occurring hydrogen on our planet, its current production predominantly transpires 

through the steam reforming of hydrocarbons under elevated temperatures and pressures. 

This process not only consumes our finite fossil fuel reserves but also contributes to 

carbon dioxide emissions. Additionally, the hydrogen procured through this method is 

often tainted with oxides of carbon, nitrogen, and sulfur, which detrimentally affect the 

surface of the catalysts and diminish its lifespan. Hydrogen, as the exemplary sustainable 

energy vector, that is distinguished by environmental congeniality, high energy density, 

and efficient conversion capabilities. It is anticipated to facilitate the seamless integration 

of diverse energy networks, and thereby fulfilling the fundamental energy requisites of 

the future. 

The pursuit of pristine and inexhaustible energy reserves is a cornerstone of modern 

scientific innovation. Electrochemical water splitting, energized by sustainable power 

sources like solar, wind, and hydroelectricity, stands as a beacon of hope for the 

generation of high-fidelity hydrogen (H2). This technique, colloquially termed as “water 

splitting”, has garnered significant attention over the previous decade as a captivating 

solution to transmute renewable electric currents into a reservoir of chemical energy. 

This energy is encapsulated in the form of hydrogen and oxygen, harvested at the anode 

and cathode of the apparatus, respectively. There has been a burgeoning advancement in 

this sector of energy capture technology. 

Harnessing solar energy through nanoparticulate photocatalysts for the photocatalytic 

division of water is at the forefront of sustainable, low-carbon hydrogen (H2) production. 

This process, a non-spontaneous chemical reaction, necessitates the transfer of four 

electrons from a minimum of two water molecules to facilitate the oxidation of water 

into oxygen (O2). The theoretical threshold energy to spark this reaction stands at 

1.23 eV. Yet, the evolution of O2 from water is marred by slow kinetics and substantial 



   

 
 

kinetic overpotentials, necessitating the use of sacrificial agents to donate electrons for 

efficient photocatalytic H2 generation. Notably, the oxygen evolution reaction (OER) 

suffers from overpotential losses up to 30%, leading to considerable energy dissipation. 

Moreover, the absence of efficient techniques to segregate the resultant O2 and H2 gases 

poses a significant hurdle for the practical deployment of photocatalytic water splitting. 

These impediments have shifted the focus towards novel alternatives to the OER, which 

promise to bolster the burgeoning global hydrogen economy. 

The process of overall water splitting reaction can be characterized by two different 

half-cell reactions at two different electrodes: at cathode, the hydrogen evolution reaction 

(HER) and at anode, the oxygen evolution reaction (OER). The thermodynamic potential 

for this process is ~1.23 V that is equivalent to the minimum energy requirement of the 

process, ΔG=237.1 kJ/mol under standard conditions. The anodic OER is notably more 

complex than the HER, involving four synchronized proton-electron transfer steps and 

the generation of various oxygenated intermediates, such as HO*, O*, and HOO*. This 

complexity accounts for approximately 80% of the total energy consumption in the water 

electrolyzer. Furthermore, despite significant progress and innovations in crafting high-

efficiency OER electrocatalysts, the journey towards optimal performance continues. In 

this study cost-effective non noble metal-based catalysts, nanoparticles of some 

transitional metal chalcogenides like CuSe, CuS, NiS, NiSe, etc. are synthesized by 

similar hydrothermal methods, characterized and their electro catalytic performances are 

compared and analyzed by varying the chalcogens, e. g., oxygen, sulphur, and selenium. 

The synthesized metal nanoparticles have been characterized by microscopic (FE-SEM, 

HR-TEM), X-ray photoelectron spectroscopy (XPS), X-ray diffraction (XRD), Energy 

dispersive X-ray spectroscopy (EDX), cyclic voltammetry and chronoamperometry 

techniques. The study provides a comparison on the effects of various transition metals 

regarding the catalytic activity of the corresponding chalcogenides and composites. In 

addition, it may help to get the better catalyst for synthesis of green energy source, 

hydrogen and understanding the mechanism of the reactions. 

To surmount the prevailing challenges, a triad of strategies is commonly employed to 

enhance the electrochemical efficacy of catalysts. Initially, the fundamental reactivity of 

the active sites of the catalysts can be markedly augmented through diverse electronic 

structure optimization techniques, encompassing strategies like doping with cations or 

anions, defect engineering, manipulation of crystal phases and facets, as well as the 

alteration of surface strain. Subsequently, the accessibility of these active sites can be 

significantly expanded through innovative designs in catalyst morphology. Lastly, the 

proficiency of charge transfer can be elevated by the strategic deposition of catalysts onto 

structured conductive supports. In this scenario, the vanguard of advanced materials is 

poised to revolutionize the electrocatalyst design landscape, paving the way for effective 

and durable water splitting methodologies. 
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INTRODUCTION 

 

1.1. General background 

Electrochemical water splitting, propelled by electric power derived from renewable 

resources, emerges as an exemplary method for the eco-conscious production of 

hydrogen (H2). This process is distinguished by its singular by product oxygen (O2) and 

the notable absence of carbon emissions throughout its entirety. This discourse sheds 

light on the scientific hurdles that currently impede the progress of hybrid water 

electrolysis methods, with the aspiration of sparking continued ingenuity within this 

swiftly evolving domain. Photocatalysis, propelled by light, orchestrates oxidation-

reduction reactions via generation of electrons and holes upon interaction with 

electromagnetic radiation. The photocatalytic water splitting can occur under the 

condition that the minimum of the conduction band should be more negative compared 

to the corresponding reduction potential for the conversion of H+ to H2 and the maximum 

of the valence band should overcome the oxidation potential for the conversion of H2O 

to O2. 

The electrolytic cell was first projected in 1789 and collected of three parts: cathode, 

anode and an electrolyte [1]. The reaction involved in electrochemical water splitting 

reaction, 

H2O (l) → H2 (g) + 1/2O2 (g)                                         (1.1) 

ΔG0 = +237.32 kJ mol-1, ΔE0 =1.23 V vs. RHE. 

Two half-cell reactions–oxidation and reduction–is associated with the process of overall 

water splitting reaction. The reduction of protons at the cathode can be assigned as the 

hydrogen evolution reaction (HER)  

2H+ (aq) + 2e−→ H2 (g)                                        (1.2) 

 and oxygen evolution reaction (OER) is oxidation of water [2]. 

2H2O (l) →O2 (g) + 4H+ (aq) + 4e-                                            (1.3) 

Molecular water is extremely stable and bears a low conductivity. To increase the 

conductivity, electrolytes, such as sulphuric acid, sodium hydroxide, potassium 

hydroxide, and potassium phosphate buffers can be added, resulting in an acidic, basic, 

and neutral medium [3–4]. 
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In acidic medium [5],  

                Cathode: 4H+ + 4e− →2H2, E° = 0.0 V                                              (1.4) 

Anode: 2H2O→ O2 + 4H+ + 4e−, E° = +1.23 V                           (1.5) 

In basic medium, 

Cathode: 4H2O + 4e−→2H2 + 4OH−, E° = −0.828 V                    (1.6) 

Anode: 4OH−→ O2 + 2H2O + 4e−, E° = +0.401 V                         (1.7) 

In neutral medium, 

Cathode: 4H2O + 4e− → 2H2 + 4OH−, E° = +0.413 V                          (1.8) 

Anode: 2H2O→ O2 + 4H+ + 4e−, E° = +0.817 V                                (1.9) 

 

1.1.1. Oxygen evolution reaction (OER) 

While the hydroxyl ions in the alkaline or neutral electrolyte are oxidized into oxygen 

and water, the H2O in the acidic electrolyte is prone to be oxidized to hydrogen and 

oxygen. The oxygen evolution reactioncan be catalyzed more effectively by transition 

metal-based catalysts, such as iron (Fe), nickel (Ni), and cobalt (Co), in alkaline media 

[6–7]. However, in both basic and acidic environments, catalysts based on Fe and Ru 

have been demonstrated to exhibit increased efficiency in OER processes. Matsumoto 

and Sato [8] summarized the process in detail in 1986. This study covered the well-

known electrochemical oxide pathway as well as the pathways proposed by Yeager and 

Wade, KrasilShchkov, Bockris [9], and Hackerman [10] pathways. All the proposed 

mechanisms in the basic medium begin with the coordination of hydroxide ions to active 

sites as the elementary step that follows through a series of stages. Because of the kinetic 

barriers at different stages of the reaction mechanism, the overpotential becomes higher 

[11]. 

OER in alkaline media 

1. Electrochemical oxide path 

* + OH- → *OH + e-                                             (1.10) 

*OH + OH-(aq) → *O + H2O + e-                                    (1.11) 

2*O → 2* + O2 (g)                                  (1.12) 

2. Oxide path 

* + OH-(aq) → *OH + e-                                       (1.13) 
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2*OH → *O + * + H2O                            (1.14) 

2*O → 2* + O2 (g)                                 (1.15) 

3. Krasil’shchkov path 

* + OH− (aq) → *OH + e-                                       (1.16) 

*OH + OH-(aq) → *O−+ H2O                       (1.17) 

*O−→ *O + e-                                                (1.18) 

*O + *O → 2* + O2 (g)                               (1.19) 

4. Yeager path 

* + OH-(aq) → *OH + e-                                      (1.20) 

*zOH → *z+1OH-+ * + e-                                       (1.21) 

2*z+1OH + 2OH-(aq) → 2* + 2H2O + O2 (g)                (1.22) 

5. Bockris path 

* + OH (aq) → *OH + e-                                            (1.23) 

*OH + OH− (aq) → *H2O2 + e-                                     (1.24) 

*H2O2 + OH− (aq) → *OOH−+ H2O                  (1.25) 

*H2O2 + *OOH−→ 2* + OH− (aq) + O2 (g)               (1.26) 

OER in acidic media 

1. Electrochemical oxide path 

  * +H2O → *OH + H+ + e-                                     (1.27) 

*OH → *O + H+ + e-                                        (1.28) 

*O + H2O → OOH* + H+ + e-                             (1.29) 

*O2 → * + O2                                                       (1.30) 

2. Oxide path 

* + H2O→*OH + H+ (aq) + e-                                                (1.31) 

2*OH → *O + * + H2O                                     (1.32) 

2*O →2* + O2 (g)                                            (1.33) 

3. Krasil'shchkov path 

 
* + H2O → *OH + H+ (aq) + e-                                           (1.34) 
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*OH → S–O−+ H+ (aq)                                    (1.35) 

*O−→ *O + e-                                                                         (1.36) 

2*O → 2* + O2 (g)                                              (1.37) 

 
4. Wade and Hackerman path 

 
2* + 2H2O → *O + *H2O + 2H+ (aq) + 2e-                       (1.38) 

*O + 2*OH → *H2O + 2* + O2 (g) + 2e-                        (1.39) 

These are the potential OER processes; the mechanism acts as the rate-determining 

step, and the synthesis of intermediates, O*, OH*, and OOH* on the electrocatalyst 

surface is a prerequisite [12]. 

1.1.2. Hydrogen evlution reaction (HER) 

The first stage in the multistep hydrogen evolution reaction is the protons being 

discharged and the hydrogen being adsorbed on the electrode surface that has been 

assigned as the Volmer. The desorption of H2 ions from the cathode via an 

electrochemical pathway (Heyrovsky step) or a chemical method (Tafel step) is the 

second stage of the reaction mechanism [13–16].  

HER in alkaline media 

H2O + e− →H* + OH− (Volmer)                      (1.40) 

H2O + e− → H2 + OH− (Heyrovsky)                 (1.41) 

(or) 2H*→ H2 (Tafel)                            (1.42) 

HER in acidic media 

H+ + e−→H* (Volmer)                              (1.43) 

H+ + e-+ H*→H2 (Heyrovsky)                      (1.44) 

(or) 2H*→H2 (Tafel)                               (1.45) 
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Fig. 1.1. Schematic presentation of oxygen evolution reaction in acidic and alkaline 

electrolytes 

The oxygen evolution reaction in alkaline (blue line) and in acidic (blue line) electrolytes 

is predicted by the processes as has been shown in Fig. 1.1. The two plausible 

intermediates, M–OOH and M–O, are shown by the ensuing black and green lines. 

1.2. Applications of water splitting reaction 

In many technological applications, such as solar energy production and catalytic fuel 

cells, water splitting is an essential process. This procedure makes it possible to directly 

decompose water and produce hydrogen. The energy required to cleave hydrogen bonds 

can be supplied from a variety of sources, including light, electricity, and heat. Coal 

gasification and natural gas replication are the foundations of industrial hydrogen 

production. However, these procedures need a lot of energy [1–10]. Electrical current 

when passed over water causes electrolytic water splitting. At the electrode-solution 

interface, charge transfer reactions within a unit cell, referred to as an electrolyser, 

transform electrical energy into chemical energy [11–18]. In industrial applications, less 

energy-intensive and more sustainable technologies seem to be extremely appealing for 

utilizing renewable feedstocks (biomass, water, and alcohols) and renewable primary 

energy sources (sunlight, wind, wave, and hydropower). The development of novel 

technologies based on non-fossil based pathways for the production of hydrogen is at 

varying stages of upgradation. However, every process has its own advantages, 

difficulties, and possibilities [18–20]. 
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Fig. 1.2. An overview of the several feedstocks and process options for producing H2. 

This text was adapted from Hydrogen Production and Storage; R&D Priorities and Gaps, 

OECD/IEA, Paris 2006 by T. Riis, E. F. Hagen, J. S. Vie, P. J. S. Vie, Ø. Ulleberg, and 

G. Sandrock. 

 

 

 

 

Fig. 1.1. Lower segment: main application of the fuel cell technology; Upper segment: 

fuel and fuel cell types. AFC, alkaline (especially in the space sector); DMFC, direct 

membrane; MCFC, molten carbonate; PAFC, phosphoric acid; PEMFC, polymer 

exchange membrane; SOFC, solid oxide. 
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1.3. Types of water splitting reactions 

 
Numerous methods, including photocatalytic, electrocatalytic and photoelectrocatalytic, 

can be used to carry out a water splitting reaction. 

1.3.1. Photocatalytic water splitting: The process of water splitting reaction is driven by 

the generation of excitons upon absorption of photons. Over this process, the bandgap of 

the materials under consideration is crucial. The energy of the incident photon energy is 

dependent on the choice of materials. A band gap greater than 3.0 eV becomes necessary 

when excited with ultraviolet radiation. Photocatalysts that possess a bandgap of 1.23 

eV, which is greater than the free energy of water splitting reaction can be considered as 

ideal. The choice of photocatalysts is limited by the conditions that the energy of valence 

and conduction bands should be lower than the potential for water oxidation, greater than 

the potential for hydrogen reduction, and inherit a low rate of electron-hole pair 

recombination. By reducing charge recombination to increase the amount of visible light 

under experimental conditions, carbon-based nanomaterials, such as carbon nanotubes, 

carbon quantum dots, graphene and graphitic-carbon nitride have been used that can 

improve the performance of photocatalytic water splitting reaction [21–22]. 

1.3.2. Electrocatalytic water splitting: Another way to split water is an electrochemical 

approach by using an electrocatalysts in the process. In electrocatalytic water splitting 

reaction, hydrogen evolution reaction occurs at the cathode and oxygen evolution 

reaction occursat the anode. Under the benchmarked circumstances, the energy needed 

for the reaction of water splitting is 237 kJ mol-1. In this process, for the transfer of 

electrons, a potential of ~1.23 V potential is indispensable [23]. 

 
Total reaction:                             H2 + O2 → H2O                          (1.46) 

In acidic medium, 

 

    Cathode:                                  2H++ 2e− → H2                                                      (1.47) 

Anode:                         H2O → 2H++ 12O2 + 2e−                                        (1.48) 

 
 
In alkaline medium, 

Cathode:                           2H2O + 2e− → H2 + 2OH−                                       (1.49) 

Anode:             2OH− → H2O +12O2 + 2e−                                        (1.50) 
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The three phases of the HER method-the Volmer type reaction (hydrogen adsorption 

reaction), the Heyrovsky type reaction (electrochemical hydrogen desorption reaction), 

and the Tafel type reaction (chemical desorption reaction)-can be applied to both acidic 

and alkaline conditions [24]. 

1.3.3. Photoelectrocatalytic water splitting: The process of water splitting can also be 

performed using a combination of photocatalytic and electrocatalytic processes. A 

conducting electrode is coated with the samples in the photoelectrocatalytic water 

splitting reaction. This approach that is associated with the presence of light, the applied 

potential can lead to the occurance of the hydrogen evolution reaction. However, if the 

electrodes are suitably modified, the needed potential to be applied becomes shifted to 

lower levels. The anode receives the photogenerated holes, which oxidize the OH–. In 

this process, since the two electrodes, or reaction sites, are separated spatially and 

therefore, the products as hydrogen and oxygen can be collected separately [25].  

1.4. Literature review 

In the issue of performing electrochemical reactions, electrocatalysts play a vital role. 

The composition of the created electrocatalysts Ruthenium oxide and platinum are 

optimum for oxygen and hydrogen evolution reactions. Some improvements are needed 

to address cost-effectiveness issues of the catalysts. Therefore, the production of 

inexpensive, highly active, stable electrocatalysts is being given top priority in research 

efforts to execute water splitting processes. 

Researchers have developed a novel molecular HER electrocatalysts based on a 

molybdenum selenium clusters (Mo3Se13) [26–30].  Precisely substituting the sulphur 

molecule at the molecular level, these particles can improve the HER activity [31–36]. 

The dispersion of microflowers through drop casting method comprised of 

interconnected NiO nanowalls decorated with very small amount of platinum 

nanoparticles onto graphene paper offers cost-effective approach for the development 

of HER electrodes [37–42]. The composite electrodes, under alkaline conditions, exhibits 

an overpotential of 66 mV when the current density is at 10 mA cm−2 and lower Tafel 

slope of nearly 82 mV dec-1 and the high turnover frequency as 2.07 s-1 corresponding to 

Pt loading of 11.2 mg cm−2 [43–45]. Furthermore, researchers explored the characteristic 

values of ruthenium (Ru)-based oxygen evolutionreaction (OER) catalysts, including 

the OER mechanism, intrinsic activity, and stability issues. By introducing strain through 
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laser ablation in liquid, the grain boundaries have been generated in Ru OER catalysts, 

resulting in significantly lower overpotential (202 mV) for the OER in acidic media 

compared to commercial RuO2 (302 mV). In the NixSey system, nickel plays a vital role 

as the main catalytic activity site. Its unique valence electron configuration (3d84s2) 

contributes to its effectiveness as an OER catalyst. In comparison with the same group 

elements like oxygen (O) and sulfur (S), selenium (Se) possesses same number of valence 

electrons and the oxidation number and exhibit inherent metal properties that render to 

exhibit better electrical conductivity and the electrocatalytic activity [46–47]. 

Researchers have also identified promising electrocatalysts to enhance hydrogen and 

oxygen evolution reactions. First, 1T′-MoS2 has been emerged to act as viable substitutes 

for platinum as electrocatalysts towards hydrogen evolution reaction. These materials are 

advantageous as these possess low charge transfer resistance, low overpotential, and 

impressive durability, achieving an efficiency of 75% at 1.0 A cm−2 and 1.94 V. Second, 

novel NiMo-based nanorods synthesized via thermal ammonolysis exhibit extraordinary 

performance for both the OER and HER. These materials can achieve small 

overpotentials of 252 mV and 103 mV to attain a current density of 10 mA cm-2 in 1.0 

M KOH solution. Lastly, when the metals are doped in two-dimensional nanomaterials, 

specifically MoS2 and NiMoS, deposited onto the free-standing graphene paper, serves 

as effective counter electrodes in quasi solid-state at a dye-sensitized solar cells, 

benefiting from high electrical conductivity and electrocatalytic activity [48–51].  

Copper (Cu) plays a vital role in living systems, where maintaining an optimum 

copper level is essential. Deviations from this balance can lead to metabolic disturbances 

and unhealthy conditions. Researchers have extensively studied the impact of copper on 

cellular cycles, emphasizing its significance as a redox-active transition metal. 

Meanwhile, hydrogen (H2) holds immense promise as an energy transporter for the 

future. H2 production through water splitting offers a renewable and clean energy option. 

Since, we seek sustainable replacement of conventional fossil fuels, efficient and 

abundant catalysts become crucial for enhancing the water splitting process. Although 

Cu-based materials exhibit high conductivity and abundant reserves, they have not 

received as much research attention for electrode designs compared to Fe/Co/Ni-based 

compounds. Recent progress has focused on Cu foam-derived materials, leveraging their 

three-dimensional network structures [52–53]. These materials demonstrate efficiency in 

both pure water electrolysis and hybrid water electrolysis. The advantages of Cu foam-
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derived materials include structural porosity, low cost, and operational durability [54–

55].  

The sharp edges of the molybdenum sulfide catalysts, the crystalline phase of MoS2 

and amorphous phase of MoSx structure, and the molecular clusters, play a pivotal role 

in water splitting. These catalysts share similar active sites and turnover frequencies, 

emphasizing that total electrode activity of primarily hinges on the number of nearby 

active sites for each geometric electrode area. Researchers have also explored metal 

phosphates, such as Co-phosphate (CoPO), Ni-phosphate (NiPO), and Ni-Co-phosphate 

(NiCoPO), synthesized without structure-directing agents. These materials exhibit high 

surface area, good interparticle porosity, and transition metals within their frameworks, 

making them promising candidates for electrocatalytic OER. As an alternative to the 

platinum (Pt), noble-metal-free electrocatalysts are gaining attraction, with novel 

preparation methods in focus. In addition, a NiMoSe/NF-2 heteronanostructures at the 

interface can be synthesized by annealing a hybrid of the crystalline NiSe and the 

amorphous MoSex (NiMoSe/NF-1) [56–57]. This structure exhibited superior 

performance in both HER and OER mechanism, with lower overpotentials and favorable 

Tafel slopes. Lastly, the combination of nickel selenide molecules with molybdenum-

based materials accelerates reaction rates for both electrodes, leveraging unique electron 

configuration of metal nickel and the significant reactivity of molybdenum for proton 

desorption [58–59]. 

Gibbs free energy and Sabatier principle: In accordance with the Sabatier principle, 

the optimal Gibbs free energy for different for intermediates in the process of HER is 0 

eV. For the efficient hydrogen adsorption-desorption processes, the attainment of right 

balance in Gibbs free energy is obvious. Molybdenum at the +4-valence state, exhibits 

excellent ability of hydrogen desorption but limits the dissociation of water during the 

entire course of the Volmer step [60]. 

Alkaline media and strong H-OH covalent bonds: The splitting of the strong H–OH 

covalent bond with high energy barrier becomes the ratedetermining step under alkalike 

conditions for hydrogen evolution reaction. Nanosheets of 1T-MoSe2 have been 

anchored on NiSe nanowires to fabricate 1T-MoSe2/NiSe heterostructuresthat exhibit 

remarkable properties towards the electrocatalytic dissociation of water. The Se sulfides 

are electrochemically grown on fluorine-doped tin oxide substrates, serve as highly 

active and stable in the HER electrocatalysts. Among them, Ni0.96Mo0.04S stands out 
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exhibiting capable to HER activity with the lowest Tafel slope, the value of slope is 46 

mV dec-1. The HER activity of Ni containing binary alloys follows the sequence: Ni-Mo 

> Ni-Zn > Ni-Co > Ni-W > Ni-Fe > Ni-Cr. Synthesis of the heterogeneous catalysts 

containing Ni-Mo alloy is also important. Such a catalyst optimizes the interface between 

the metal and metal oxide or hydroxide, effectively lowering the dissociation kinetic 

energy barrier. Non-metallic elements (e. g., carbon, nitrogen, sulphur, oxygen, 

phosporus, boron, etc.) can exist exploration for incorporation into nickel molybdenium 

system. These elements change the free energy of adsorption of the produced 

intermediates and support for fast water dissociation. While platinum remains for the best 

electrocatalysts with a ΔG#* value of -0.09 eV (i. e., -0.33 eV of ΔE#), Ni forms the 

strong hydrogen bonds with a ΔG#* value of -0.27 eV (i. e., -0.51 eV of ΔE#). The weak 

desorption capability of the OH- species on nickel surfaces leads to essential irreversible 

reactions and water dissociation by formation of the oxides and hydroxide phases [61].  

Electrochemical impedance spectroscopy and slow electron transport: 

Electrochemical impedance spectroscopy has revealed the slow movement of electrons 

in the hydrogen evolution reaction in the presence of unstructured molybdenum 

sulphides as catalysts on a glassy carbon electrodes. While metallic HER catalysts 

typically exhibit rapid electron transport due to their good electronic conductivity, 

electrodes made of an assembly of nanoparticles–especially non-metallic nanoparticles–

can experience bottlenecks in electron transport. This phenomenon is observed with 

molybdenum sulphides [62]. 

Catalytic activity of β-Ni(OH)2 superstructures: Three dimensional hierarchical petal-

like nanosheets decorated with β-Ni(OH)2 nanoburls have been synthesized through 

solvothermal method [63]. These materials upon activation with the oxyhydroxide 

formed at the facets exhibits a relatively low overpotential of 0.300 ± 0.003 V at current 

density of 10 mA cm−2, low value of the Tafel slope ca. 0.043 V dec−1 and very high 

turn-over frequency of 47.14 s−1 at 1.53 V vs. RHE and increased faradaic efficiency. It 

has been seen that metallic platinum can act as efficient electrocatalysts in hydrogen 

evolution reaction where a low overpotential close to zero and Tafel slope of 30 mV 

dec−1 have been achieved. 

Transition-metal electrocatalysts: The transition metals, such as, Fe, Co, Ni and Cu are 

promising cost-effective electrocatalysts for cathodic reactions because of their earth 
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abundance and high electrical conductivity. Transition metal electrocatalysts are, 

sometimes, shared with anions that broadens d-bands of the parent metalsupon 

hybridization with the corresponding s-orbitals [64]. 

1.5. Objectives of the present work 

Based on these backgrounds, the objectives of the present work have been formulated. 

The nanoparticles have been synthesised through wet chemical techniques. The 

chemically synthesized metal alloy nanoparticles have been characterized by 

spectroscopic, microscopic and electrochemical studies. The morphology of the 

nanoparticles has been investigated by using transmission electron microscopy, high 

resolution transmission electron microscopy and selected area electron diffraction 

patterns. The morphology of the electrode surface has been investigated with scanning 

electron microscopy. The field emission scanning electron microscopy measures the 

shape and size of the particles. The elemental composition of the particles can be 

determined by using energy dispersive X-ray spectroscopy. X-ray diffraction provides 

the crystalline structures and phase purity of the metallic nanocomposites. The 

experiments of the present thesis work have been organized into four chapters: 

Chapter 1: This chapter describes the hydrothermal synthesis of nickel containing 

nanoparticles. The electrocatalytic activities of the synthesized catalysts have been 

explored in reference to alkaline and acidic oxidation for the water splitting reaction. The 

morphology and surface ligand characteristics of the as-synthesized nanoparticles have 

been probed by using scanning electron microscopy, transmission electron microscopy, 

powder X-ray diffraction technique and Fourier transform infrared spectroscopy. These 

three types of nanoparticles have been employed as electrocatalysts towards the water 

oxidation reaction. The best electrocatalysts, NiSe provide a current density of 10 mA 

cm-2 at 259.0 mV overpotential while for OER in 1.0 M KOH, which is superior to state-

of-the-art catalysts RuO2 in the same environment. For HER the best electrocatalyst, 

NiSe provides a current density of 10 mA cm-2 at 49.5 mV overpotential in 0.5 M H2SO4, 

which is again superior to Pt wire electrode. 

Chapter 2: The hydrothermal synthesis of Cu-based nanoparticles and their 

electrocatalytic activity have been covered in this chapter. Copper is one of the most 

inexpensive, readily available elements on Earth that can improve electrocatalytic 

activity amongst the transition metal elements. CuSe nanoparticles have been employed 
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as highly effective bifunctional electrocatalysts in the water splitting reaction. Water 

oxidation performance of electrocatalysis has been studied in an alkaline solution 

containing 0.5 M H2SO4 solution for HER and 1.0 M KOH solution for OER. The 

electrocatalysts have an overpotential of 343 mV for OER and 126 mV for HER, 

respectively, to achieve a current density of 10 mA cm-2. 

Chapter 3: This chapter deals with the hydrothermal synthesis of NiS, MoS, and NiMoS 

nanoparticles and observing their electrocatalytic properties in reference to OER under 

alkaline condition. It shows an overpotential of 124 mV (10 mA cm-2) and Tafel slope of 

41.6 mV dec−1 in 1.0 M KOH for NiMoS nanostructures. The values of double layer 

capacitance of NiS, MoS and NiMoS electrocatalysts have been calculated to be 3.72, 

1.20 and 2.23 mF cm-2. 

Chapter 4: This chapter deals with the hydrothermal synthesis of nickel selenide, 

molybdenium diselenide and nickel molybdenium selenide nanoparticles. The 

electrocatalytic water splitting towards OER overpotential with respect to RHE is 165 

mV with a lower Tafel slope 83 mV dec-1. The double layer capacitance of the catalyst 

is 9.5 mF cm-2 and electrocatalytic active surface area is 9.5 cm-2. 

1.6. Transition metals  

A variety of the transition metals, as well as iron, cobalt, and nickel along with their 

corresponding oxides, phosphides, and sulfides, have been the subject of extensive 

research interest due to their role as catalysts in the splitting of water molecules. These 

elements are capable of facilitating both the HER and OER, which represent the two 

complementary processes of water splitting reaction. A revolutionary advancement in 

this domain is the creation of a single catalyst that combines the functions of HER and 

OER, offering multiple benefits. This innovation simplifies the architecture of 

electrochemical cells and diminishes the financial outlay associated with the water 

splitting operation. Typically, this is achieved using bifunctional catalysts. These 

catalysts can be adopted at functioning under uniform conditions, which consolidates the 

operational procedure and bolsters the robustness of the system. Bifunctional catalysts 

are intricately designed substances capable of concurrently promoting both HER and 

OER tasks that were previously assigned to distinct materials. Their dual-capability 

streamlines the water splitting apparatus and fosters the economic and efficiency gains. 

Predominantly, these bifunctional catalysts also consist of transition metals, such as 
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nickel (Ni), iron (Fe), and cobalt (Co), which are often amalgamated with non-metallic 

elements, like phosphorus (P) or sulfur (S), resulting in the formation of compounds, 

such as Ni3FeOx nanoparticles. These compounds are distinguished by their remarkable 

catalytic processes and durability, rendering them ideal for enduring water electrolysis 

applications. 

Bifunctional catalysts are at the forefront of innovation, yet they face hurdles in 

achieving optimal performance, especially concerning their enduring stability and 

reactivity across different pH levels. The focus of ongoing research is to refine the 

effectiveness of these catalysts by employing methods, such as nanostructuring, alloying, 

and modifying the surface properties. 

 

1.7. Heterogeneous catalysts 

In the realm of bifunctional catalysts, recent advancements have led to the creation of 

both homogeneous and heterogeneous types. Homogeneous catalysts are characterized 

by their soluble complexes that possess varied functionalities and catalytic actions, linked 

either through covalent bonds or electrostatic interactions. Conversely, heterogeneous 

catalysts feature active sites on the exterior of solid substances or on supporting 

materials. These active sites may be closely packed at a molecular scale or spaced more 

broadly at a mesoscopic level, as seen when various nanoparticles are anchored onto 

supports. The proximity of active sites is advantageous, potentially expediting 

subsequent reactions due to the concentrated presence of the initial product of the 

catalysts. However, negative outcomes may arise if the product from the first catalyst 

hinders the second, or if the catalytic substances interact detrimentally, leading to 

inactivation. Therefore, an ideal balance must be struck, necessitating precise adjustment 

of the spacing of the active sites during the formation of the catalysts. 

The field of transition metal electrocatalysts, the process of nanostructure 

inaugmention of the surface area of the catalysts has recently seen notable advancements, 

and thereby, unveiling a greater number of active sites in the reaction. Significant 

research has been invested in incorporating nonmetal elements, such as boron, carbon, 

nitrogen, phosphorus, sulfur, and halides into these nanocatalysts. These elements act as 

acceptor states above the valence band, markedly enhancing light absorption and charge 

transportation capabilities of the catalysts. Employing novel approaches, such as 

introducing different elemental dopants or engineering distinct crystal facets, has resulted 
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in catalysts with superior performance and increased stability. However, the quest for 

catalysts that exhibit robust performance across a broad pH spectrum and under 

substantial current densities for industrial use continues. Researchers are diligently 

working to surmount these challenges by fine-tuning the electronic structure and physical 

form of transition metal catalysts. 

1.8. Photocatalysts 

Photocatalytic water splitting necessitates specific characteristics in photocatalysts, 

particularly concerning their band gaps and energy levels. Photocatalysts are typically 

semiconductors in powdered or colloidal forms, which may be combined with dopants 

or cocatalysts to boost their performance. Upon exposure to photons with energy at or 

above band gap of the semiconductor and photogenerated electrons and holes within the 

valence and conduction bands respectively can initiate redox reactions. If these charges 

are conveyed to water molecules, they can facilitate water splitting, with electrons 

generating hydrogen and holes producing oxygen. It is key to note that recombination of 

charges can occur, notably diminishing the efficiency of water splitting. The band 

structure along with other bulk and surface attributes of the semiconductors profoundly 

influence the recombination of photogenerated charges. Crystalline photocatalysts with 

fewer defects are preferable for water splitting as defects can serve as sites for the 

recombination of electrons and holes in the photogenerative pathway, and reducing 

catalytic efficiency. 

For water reduction reaction to occur, the conduction band of the photocatalysts must 

possess a potential below 0 V versus the NHE (H+/H2), as the valence band should have 

the potential greater than 1.23 V, equivalent to electromagnetic radiation of wavelength 

ca.1008 nm. Photocatalysts based on ultraviolet (UV) light, which has a higher energy 

per photon compared to visible light, are more efficient for hydrogen generation through 

solar water splitting. However, most existing photocatalysts are activated only by UV 

light, which represents a mere 4% of solar spectrum, while visible with 400 to 800 nm 

and infrared (>800 nm) light energy make up 53% and 43%, respectively. Given the 

limited share of UV light during the solar energy, it is crucial to develop photocatalysts 

that are not only responding to a broader spectrum, including visible and infrared light, 

but also enhances their solar to hydrogen conversion efficiency. 
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1.9. Scope and Objectives 

1.9.1. Choice of medium 

The kinetic parameters in a reaction, including Gibbs free energy (ΔG#) and 

enthalpy (ΔH#) of activation, free energy of the activation (ΔG#), and pre-exponential 

factor (A), are determined by using the Arrhenius and the Eyring relations. These 

parameters also play a vital role to understand the reaction kinetics on catalyst surfaces. 

Specifically, for HER, the activation enthalpy (ΔH#) strongly depends 

on overpotential that the potential difference between actual and thermodynamic 

potential. This behavior holds true for both platinum (Pt) and palladium (Pd) catalysts. 

Additionally, when using nafion as a binder in the coating slurry, it is essential to strike 

the right balance. Using too much nafion can lead to the formation of a thicker layer 

resulting in additional mass transmit resistance within nafion layer. However, the 

diffusion resistance of a nafion film remains insignificant and therefore, optimizing the 

additive amount of nafion is crucial. 

1.9.2. Choice of catalysts 

Electrocatalysts based on platinum metals have been well-recognized as efficient 

electrocatalysts for the hydrogen evolution reaction during the process of water 

splitting.  The use in electrocatalysts remains enormously low, primarily because active 

sites are confined to surface of the catalyst particles.  

In the pursuit of sustainable hydrogen production, researchers have explored various 

alternatives to platinum-based catalysts. These alternatives include: 

1. Metal-Free Elemental Photocatalysts: These include materials, like boron, 

carbon, phosphorus, sulfur, silicon, selenium, and others. 

2. Binary Photocatalysts: Examples, include BC3, B4C, CxNy, h-BN, and similar 

compounds. 

3. Ternary Photocatalysts: BCN-based materials and their heterojunction 

counterparts fall into this category. 

4. Organic Photocatalysts: These encompass linear organic frameworks, covalent 

organic frameworks, microporous polymers, and other organic compounds. 

Among these, graphitic carbon nitride (g-C3N4) has garnered significant attention. This 

polymeric material, composed of a triazine-based pattern, exhibits a C/N ratio of 3/4 and 

contains a small amount of hydrogen. The synthesis of g-C3N4 typically involves thermal 



  INTRODUCTION 

17 
 

polymerization of precursors, such as dicyandiamide, cyanamide, urea, melamine, or 

thiourea at temperatures ranging from 450 °C to 650 °C. 

Key features of g-C3N4: 

 Metal-Free: It lacks any metal components. 

 Photocatalytic Activity: g-C3N4 serves as a promising catalyst for removing CO2 

from the atmosphere. 

 Energy Conversion: It can be utilized for energy conversion. 

 Wastewater Remediation: g-C3N4 contributes to waste water treatment. 

 Organic Synthesis: It finds applications in organic synthesis. 

In summary, g-C3N4 holds great potential as metal free photocatalyst for the HER in 

water splitting reaction.  

 

1.10. Characterization techniques 

1.10.1. X-Ray diffraction (XRD) 

To determine the physical characteristics, crystallographic formation of nanostructured 

based materials, X-Ray diffraction (XRD) method can be performed. The diffraction 

experiments are based on the scattered intensity, which is confirmed by the incident and 

scattered angles by wavelength and energy after an X-ray strikes a sample [65]. 

For X-ray diffraction study, single crystals and powder samples both are used [66]. XRD 

is an analytical technique which is employed for phase recognition of a crystalline 

material. It provides the information on structural phases, crystalline orientations and 

other structural parameters. XRD peaks are formed by productive interference of a 

monochromatic X-rays scattered beam at a specific angle from each plane in a sample. 

The peak intensities result by the sharing of atoms within the lattice. 

An X-ray beam is diffracted when it is obstructed by a sample. Then, we use Bragg’s law 

to calculate the distances between the atomic planes that make up the sample. This 

formula is nλ = 2d sinθ, where λ is an integer, n the order of the diffracted beam, d the 

distance between the adjacent atomic planes, and θ the angle between the incidence of 

the X-ray beam. Diffraction occurs when an X-ray beam is hit by a sample. Next, Bragg's 

law can be utilized to calculate the distances between the atomic planes present in the 

sample. This formula is as follows: nλ = 2dsinθ, where λ is an integer, n is the diffracted 

beam order, d is the distance between the adjacent atom planes, and is the angle between 
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the X-ray beam's incidence [67-69]. From peak width in the diffraction patterns, the 

average crystallite size of nanoparticles can be enumerated by using Debye-Scherrer 

equation: D = 0.9λ/βcosθ, where D is the average size (nm) of nanocrystallites, λ the 

wavelength of the X-ray, β the full-width at half maximum (FWHM) and θ is the Bragg’s 

angle. By measuring the values of θ, we can calculate d-spacing values. A distinct 

"fingerprint" of the components or materials contained in the samples can be obtained 

from the properties of d-spacings produced during an X-ray scan. The "fingerprint" 

allows for material identification when the beams are correctly understood, by 

comparison with the usual reference patterns & parameters. The features of the d-

spacings produced during an X-ray scan offer a distinct “fingerprint” of the constituents 

or substances found in the specimens. A “fingerprint” of a material can be used for 

identification when the beams are correctly interpreted and compared to the standard 

patterns and measurements as the references. 

A proceeding sample platform, an X-ray source, and an X-ray detector attached to 

computer-controlled electronics comprise of a modern powder X-ray diffractometer. The 

sample is placed into a quartz substrate or packed into a shallow cup bent holder. In order 

to minimize sample heating during the experiment, the sample holder is slowly spined. 

The platform containing the sample rotates at an angle of 2 with respect to the fixed X-

ray beam. The detector is oriented at 2 angle with respect to the received X-ray beam 

and rotates twice as fast as the sample. In the tube, a high voltage of 15–60 kV is applied. 

High voltage accelerates the electrons as they strike the target, which is often constructed 

of copper. X-rays are released when the electrons strike the object. The properties of the 

target can be reflected in the X-ray wavelengths. After the X-ray signal is detected by the 

detector, it is converted by microprocessor into a readable form or electronically converts 

the signal count to rate. An X-ray scan occurs when the angle between the X-ray source 

and the detector is altered at a regulated pace between the predetermined limits. The 

sample platform revolves around the fixed X-ray beam at an angle of . The detector 

rotates at an angle of 2⁰ with respect to the incoming X-ray beam and rotates at a pace 

twice that of the sample. On the Bruker D8 Advance X-ray diffractometer equipped with 

a CuKα radiation source (λ=1.5418 Ao generated at 40 KV and 40 mA), the XRD patterns 

for all the samples have been recorded. 
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1.10.2. Fourier transform infrared (FTIR) spectroscopy 

An infrared spectrum of absorption or emission of a sample either in the solid, 

liquid, or gas phase can be obtained using the FTIR technique. Over a broad spectrum 

range, data with high spectral resolution can be simultaneously collected using an FTIR 

spectrometer. The data in the FTIR spectrum is recorded between 4000 and 400 cm-1 

which represents molecular fingerprint of the samples. It identifies the presence of 

organic and inorganic compounds in the samples. The spectra can be used 

to identify and characterize foreign materials, find additives, identify decomposition an

d oxidation, and detect any contaminants. The components of an FTIR spectrometer are

 a computer, amplifier, sample cell, detector, source, and A/D converter.  

Initially, the signal is enhanced before being converted to a digital signal through the us

e of an A/D converter and amplifier [70]. Then, the signal is sent to the infrared 

radiation is passed through a sample; some of the radiation is absorbed while some passes 

through. The absorbed radiation is converted by the sample into vibrational or rotational 

energy. The resulting signal obtained by the detector is a spectrum typically ranging from 

4000 to 400 cm-2.  

Afterwards, the signal is sent to the computer and processed through Fourier transforma

tion.A small amount of the sample is taken and finely ground with KBr salt, and this 

powdered mixture is then pressed to form a pellet. For the characterization of the 

samples, infrared spectra were collected using Perkin Elmer Spectrum RX1 FTIR 

spectrometer with resolution 4 cm-1. 

 

1.10.3. Scanning electron microscopy (SEM) 

The surface analysis of a sample is usually performed by an electron beam in the 

scanning electron microscopy (SEM). This method is employed to look into the discrete 

morphology and structure of materials. A persistent electron beam strikes the sample and 

scans transversely a rectangular area in a standard SEM. Electrons hit a sample either be 

directly backscattered or by re-emitted as secondary electrons, the frequencies of which 

fall in the X-ray region of the electromagnetic spectrum. SEM images are formed by the 

energy loss of secondary electrons. It is capable to imaging of bulk samples and also to 

produce the 3-D shape of a sample. During this process of image analysis, firstly, the 

sample is reserved on a metal stab and set with the conductive metal paste. The sample 

should be conductive to permit electron interactions. For most of the samples, usually 
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platinum or gold metals, are predicted to coat the samples. The SEM images help to 

determine the morphological structures and chemical composition of the materials under 

different operating conditions. 

The SEM has many advantages than other traditional microscopes. 

The device has a generous depth of field, enabling a larger portion of the specimen to b

e in focus simultaneously. The comprehensible images makes the SEM instrument as 

one of the most useful techniques in the research today. All the morphological studies of 

the as-synthesized electrocatalysts were performed on field emission scanning electron 

microscopy (FESEM, INSPECT F50 FEI) 

 

 

Fig.1.2. Digital camera photograph of a scanning electron microscope 

 

1.10.4. Transmission electron microscopy (TEM) 

The TEM is an instrument which is used for high magnification studies of nanoparticles. 

The HRTEM is an extremely complex device with several programmable features. It is 

used with energy dispersive X-ray spectroscopy (EDS), which is a crucial tool for 

characterizing the composition of the materials. The accelerate voltage in the HRTEM 

instrument is exceptionally steady within the one part per million (ppm) or more range. 

The operating current of the device has a great deal of sensitivity. It operates at a steady 

current, and the lens current needs to be monitored at all times. When the sample is tilted 

or an additional field of view is chosen, the height of the specimen needs to be 

appropriately changed in accordance with the change in lens current. Direct image of the 

atomic structure of a sample is made possible by this process. Currently, the HRTEM 
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instrument achieves a point resolution of up to 0.05 nm possessing a power to resolve 

imperfections of individual crystal atoms. In order to create a 3D map of three-

dimensional crystals, it is necessary to merge many views obtained from various angles 

using the process called electron tomography. During the experiments, the sample grids 

are prepared by drop casting method on carbon coated copper grids having the mess size 

of 200-300. Small quantity of powder sample is dissolved in the solvent of methanol, 

ethanol or isopropanol and it is sonicated to obtain the fine dispersion of powder sample. 

Minimal one drop of this disseminated solutions are placed on the grid and then, dried at 

room temperature under vacuum. In this way, the sample is made ready for the electron 

microscope chamber [72]. 

 The interference in the wave plane of the electrons itself causes the contrast in the 

HRTEM image. Transmission electron micrographs of all the materials throughout my 

research period were imaged using a JEOL JEM 2010 transmission electron microscope 

with an operating voltage in the range from 100 to 200 kV. 

 

1.10.5. Energy-dispersive X-ray spectroscopy (EDX or EDS) 

Energy-dispersive X-ray spectroscopy (EDX) is an elemental composition analysis 

technique. This is, basically, a kind of X-ray fluorescence spectroscopy that depends on 

using the light-matter interactions to investigate a sample. Moseley’s law, which reads 

as, ν = α (Z-β)2, can be used to explain X-ray emission of an atom. In this equation, ν 

represents the frequency of the emitted X-ray line, Z the atomic number of the element, 

and α and β are the line constants [73]. 

 

1.10.6. X-ray photoelectron spectroscopy (XPS) 

 The surface chemistry of the catalysts can be examined by using X-ray photoelectron 

spectroscopy (XPS). Finding the chemical state of the atoms and elemental composition 

is the main goal of this experiment. XPS is a powerful technique for probe deep into 

surface chemistry and can provide valuable information about a material. It is surface 

sensitive and non-destructive technique which can be used to analyze the outermost *10 

m (~30 atomic layers) of natural and synthesized materials. The kinetic energy and the 

quantity of electrons that emerges from 0-10 nm of the surface can be determined by 

measuring the surface atoms of the solid catalysts under the X-ray beam. In the spectra, 

the y-axis represents the surface intensity of the materials, which shows the amount of a 

given element present on the surface, while the x-axis displayed the elemental and 
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chemical compositions based on the position of the peaks. The relative number of 

electrons with a certain binding energy is indicated as peaks in the XPS spectra. The 

photoelectric effect, which is the basis of XPS, a surface-sensitive quantitative 

spectroscopic technique, allows one to determine the elements present in a material, their 

chemical state, its overall electronic structure, and the density of electronic states in the 

material. Because it may reveal both the elements that are present and the other elements 

to which they are linked, XPS is a highly effective measurement method. It is frequently 

used to investigate chemical reactions in materials either in their raw form or following 

cleavage, scraping, heating, exposure to reactive gases or solutions, UV radiation, or ion 

implantation. The energy of each peak is unique to the particular element that is present 

in the sample [74-75]. A Thermo Fisher Scientific Multilab 2000 spectrometer operating 

at 150 W (12 kV, 12.5 mA) was used to capture XPS during my research work. The non-

monochromatic AlKa radiation (1486.6 eV) was used as the X-ray source. 

1.11. Techniques employed for electrocatalytic study 

Electrochemical measurements were performed using Ag/AgCl/Cl- as the reference 

electrode (RE), metal oxides/sulphides/selenides served as the working electrode (WE), 

and Pt wire served as the counter electrode (CE) to complete the circuit. Electrochemical 

measurements were performed in three electrode cells. In this technique, the parameters, 

like potential (V), current (mA) and time (s) is used. In voltammetry, potential and 

current are measured and in chronopotentiometry or chronoamperometry potential or 

current is measured with time. The data obtained from these techniques assist to 

recognize the catalytic behaviour of an electrode 

1.11.1. Potentiodynamic technique: Cyclic voltammetry (CV) 

An electrochemical technique called cyclic voltage monitoring measures the current that 

results from cycling the working electrode. From an initial value, also known as the initial 

potential (Ei), to the final potential (Ef), and back to the initial potential, the potential is 

swept linearly with time (t). The system comprises as a working electrode, reference 

electrode, and counter electrode in a three-electrode system. It can be used to investigate 

the range of redox processes in order to ascertain the reversibility of an electrochemical 

reaction and the stability of reaction products as well as the reversibility of a reaction, 

the electron transfer kinetics [76], the presence of intermediates in redox reactions [77], 

and the stability of reaction products to assess the stability of reaction products in the 
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presence of intermediates in redox reactions [78]. ]. The stoichiometry, the diffusion 

coefficient of the analytes, and the formal reduction potential can be determined using 

the cyclic voltammetry measurements. In a reversible technique, the concentration is 

proportionate to the current. From the calibration curve of current vs. concentration, the 

concentration of an unknown solution can be determined [79]. It is employed in organo-

metallic chemistry to assess redox processes [80]. In addition, a number of requirements 

can also be explained for the redox processes, such as, choice of solvents [81]. The 

analyte needs to be dissolved into the solvent, having a high concentration of the 

supporting electrolyte, and remain stable in the potential window of the measurements. 

 

 

 

 

 

 

Fig.1. 3. Current-potential responses of triangular potential sweep experiment and 

salient features. 

 

1.11.2. Linear sweep voltammetry (LSV) 

When the potential between the working and reference electrodes is swept linearly as a 

function of time, the current in a working electrode can be measured using linear sweep 

voltammetry (LSV) [82-83]. At a particular potential, the oxidation or reduction peak 

starts to occur. A potentiostat and a three-electrode setup are used in the LSV experiment 

to generate a potential in solution, which is, then, converted to the current. The reference, 

auxiliary, and three electrodes set up is operational. The scan rate, which varies in the 

range of 1.0 mV s-1 to 106 Vs-1, is the slope of potential vs. time curve [84]. It could not 

be stated whether any further data can be provided in specific situations where the 

reaction is irreversible in the cyclic voltammetry. 
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1.11.3. Controlled current technique: Chronoamperometry (CA) 

The time-dependent technique known as chronoamperometry involves applying a set of 

voltages to the working electrode. A square wave potential can be provided to the 

working electrode in this time-dependent approach. It is employed to quantify the 

temporal dependence of the diffusion processes. The controlled processes occur at an 

electrode where the time dependence in the diffusion of the analytes from the bulk 

solution to the electrode surface can be determined. Measuring the electroactive species 

in a solution is simple when the electrode area is known. The technique is employed to 

investigate the adsorption, diffusion, and reaction kinetics. The two types of 

chronoamperometry are known, i. e., controlled-potential and controlled-current. The 

equation in chronoamperometry is the Cottrell equation, which describes the 

experimental current at a time for a large forward potential in a reversible reaction as the 

function of t1/2. The Cottrell equation is known by the equation, 
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2/1
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t

CnFAD
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                                           (1.51)

 

where Cottrell current is denoted by id (t), t the time (s), A the area of the electrode (cm2), 

F the Faraday constant (96,485 C mol−1), I current (A), n the number of electrons being 

transferred in the half reaction, DA the diffusion coefficients (cm2 s−1), and CA the initial 

(bulk) concentration of electroactive species (mol cm−3)[85].The Cottrell equation can 

be used to determine the coefficient of the electroactive species when the current is 

regulated by diffusion. 

1.12. Parameters for the evaluation ofelectrochemical water splitting 

To study the electrochemical water splitting reaction, important parameters, viz.,   

overpotential (η) at different current densities (j), Tafel slope, turnover frequency (TOF), 

electrochemical active surface area (ECSA), exchange current density are determined. 

1.12.1. Overpotential 

In electrochemistry studies, the overpotential is a measure of the potential difference 

between the thermodynamic reduction potential and the particular potential where the 

redox reaction occurs [86]. In electrolytic cell, the overpotential implies that the cell 
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requires an additional energy to drive the chemical reaction. There exist three main types 

of overpotential, viz., activation, resistance and concentration [87]. The potential 

difference between the equilibrium value that is required to generate a current dependent 

on the activation energy of a redox process is known as the activation overpotential that 

has also been coined as electron transfer overpotential. The Cottrell equation partially 

explains the phenomenon of polarization overpotential, which is a component of cyclic 

voltammetry measurements. 

1.12.2. Concentration overpotential 

Similar to the “polarization overpotential”, the “diffusion overpotential” can be 

thought of as a concentration overpotential caused by a slow diffusion of charges. The 

peak current is insufficient due to analyte diffusion, but the overpotential can be 

computed using the activation overpotential.  

The variations in charge carrier concentration between the bulk solution and the entire 

electrode surface causes the potential difference. The ability of the charge carriers to 

reach the electrode surface determines the rate of reaction. Another parameter called 

“junction overpotentials”, which happen at the electrode surfaces and electrolyte 

membrane interfaces, are included in resistance overpotentials. These may consist of the 

diffusion of electrolytes, surface polarization (capacitance), and other causes of 

generating electromotive forces. 

Although it is not an ideal practice, the overpotential at 10 mA cm-2 has been implied 

in the OER and the HER [88-89]. The overpotential, which is the resultant overpotential 

denoted as η, is well known and is necessary to overcome the kinetic interference in 

electrochemical water splitting reactions (in both HER and OER) [90]. For 

electrocatalysts operating at varying pH levels, the standard current density for OER and 

HER is 10 mA cm-2. 

The processes of HER and OER bear the respective thermodynamic potentials of 0 

and 1.23 V. The following equations provide the overpotential at the respective current 

density without any compensation of iR:  

                                                 ηHER = ERHE − 0 V and  

ηOER = ERHE − 1.23 V [70–72]                          (1.52) 
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1.12.3. Turnover frequency (TOF) 

The calculation of turnover frequency is the simplest and most effective way to figure 

out the active sites of the catalysts. However, one important limitation of the method of 

incorporation of redox maximum to its applicability to monometallic catalysts (e. g., Cu, 

Ni, Pt, Fe, Co, Mn, Ru and Ir) with a redox couple inside the potential range of the 

electrolytic process catalyzed by the metal surface. 

Oxidative splitting of water is often caused by transition metal-based OER 

electrocatalysts, which undergo unique self-oxidation to a higher valence state. 

To prevent a significant loss in efficiency, tiny molecules are electrochemically 

transferred into fuels and products in electrolysers using materials with energy of 

connections [91–92]. Although TOF is dependent on high coverage and bears a linear 

relationship, is not affected by mass loading of the catalysts [93-94]. As the catalyst is 

better, the higher the turnover frequency. The definition of turnover frequency is given 

by,  

TOF = j×NAΓ                                                  (1.53) 

where, n is the number of electrons being transferred (two for HER and four for OER), j 

is the current density (A cm−2), G is the total/surface concentration of the active sites of 

the catalysts or the number of participating atoms in the electrocatalyst material, NA is 

the Avogadro number, and F is the Faraday constant. The TOF can be computed by 

taking into account the number of electrons that correspond to one turnover (n = 2), the 

conversion factor of the time unit for turnover frequency (1 h or 3600 s) over the CA, and 

the duration of the experiment, t. 

The TOF can be calculated as, 

                             TOF= (QT-QA) ×3600/(QA-QB)×n×t                          (1.54) 

The calculated value of TOF has a unit of one hour (h−1). To show how the addition of 

base affects reaction kinetics, voltametric and chronoamperometric analyses were carried 

out under neutral reaction conditions. 

The formula can be used to determine the corresponding turnover frequency values 

from the Tafel plots regarding galvanostatic experiment [95], 

TOF = I/2mF                                                (1.55) 

where the current values are obtained from the chronoamperometry electrolysis and are 

denoted by the numbers I, n, which stand for the number of active sites (mol), F, which 
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stands for the Faraday constant (C mol−1), and 2 for the number of electrons required. 

The value of m is given by, 

m = Q/nF                                                        (1.56) 

where Q can be derived by integrating the current vs. time plot produced from the trace 

of the cyclic voltammogram. 

                                           TOF = I/2 × F × Q/n × F        

  = n × I/2 ×Q                                                 (1.57) 

 

The method adopted for TOF calculation should be appropriate depending on the nature 

of the catalysts [96]. 

 

1.12.4. Electrochemical active surface area (ECSA) 

Electrochemical active surface area (ECSA) and the mass are the parameters that should 

be taken into consideration to normalize the specific activity and mass activity of the 

loaded catalysts [97–98]. The area of the electrode material close to the electrolyte 

solution is represented by ECSA that can be utilized to determine the ability for charge 

transfer and storage. The double layer capacitance (Cdl) of the electrodes can be measured 

by using cyclic voltammetry in the possible window from 150-300 mV that belongs to 

the non-Faradaic region. In this process, an electrocatalytic reaction is studied as a 

function of scan rate [99]. Plotting the current of charging/discharging at varying scan 

rate yields linear plots and the values of Cdl can be calculated from the slope of the curves. 

The non-Faradaic current obtained from the cathodic sweep is subtracted from the anodic 

sweep to yield both the currents. The subtraction expressed as, (∆j = ja - jc) against the 

scan rates to obtain 2Cdl, from which the value of Cdl can be enumerated [100]. The 

formula for estimating the non-Faradic current density is ECSA = Cdl/Cs, where Cs is the 

specific capacitance. Studies using the same chemical but with varied surface 

characteristics and environments, such as pH, electrolytes, and so on-modify Cs values 

[101]. The McCrory specific capacitance average of 40 µF cm-2 in the alkaline solution 

has widely been used in the publications [102–104]. 

In either acidic or alkaline solution, individual current densities can be computed to 

provide a standardized value for specific capacitance [106–110]. Additional values of 80 

or 20 are often employed, for the specified capacitance [111–113]. Assuming the Cdl of 

electrode considering as a substrate with a smooth surface area of 1 cm2, the value of 

ECSA can be computed. 
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1.12.5. Electrochemical impedence spectroscopy (EIS) 

Electrochemical impedance spectroscopy (EIS) provides kinetic and mechanistic 

information about the electrochemical systems and is commonly utilized to determine 

semiconductor characteristics, corrosion studies, energy conversion and storage 

technologies, chemical sensing and last but not the least non-invasive diagnostics. The 

foundation of electrochemical impedence spectroscopy (EIS) system is based upon the 

perturbation which disturbs the electrochemical system either in steady state or in 

equilibrium to generate a sinusoidal signal from the system [114].
 

       Impedance means effective resistance to a discontinuous current circuit. It is 

considered by an AC potential applied to an electrochemical cell. An electrochemical 

cell reaction is uttered by equivalent circuit and consists of, capacitor C, resistor R, and 

inductor, I. The ideal resistance is autonomous of frequency, maintains Ohm’s law and 

current and voltage are in one phase.  

 The excitation signal in the impedance is expressed as a function of time, E = E0 sin 

(ωt), where E0, is the amplitude of the signal and ω is the radial frequency (2πf), and E 

is the potential at the time t. Phase shift φ occurs in the response signal (frequency 

dependent current I). 

Impedance of the system is, 

 Z = E/I  

= E0 sin (ωt) / I0 sin (ωt + φ)  

= Z0 sin (ωt) / sin (ωt + φ) 

= Z0 exp(iφ)  

= Z0 (cosφ + isinφ)                                                                                (1.58)  

From the above expression, it is seen that Z consists of both real and imaginary parts.
 

 

Nyquist plot 

Corresponding to an automated control as well as signal processing, a parametric plot of 

a frequency is called a Nyquist plot. The real portion on the x-axis and the imaginary 

portion on the y-axis of the function in the Cartesian coordinates, gives the desired plot. 

The shape corresponding to the transfer function can be determined using the Nyquist 
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plot. A corroding system can be thought of as having solution resistance when it is 

comprised of a resistor and a capacitor, which stand for polarization resistance and 

double layer capacitance, respectively. The stability of the electrochemical system 

against time, the limitation of the instrument that is available, and the connected wiring 

of the system with the instrument - all have an impact on the frequency range. Most of 

the electrochemical analyzers that are available commercially have a frequency range of 

10 µHz to 1 MHz. 

Thus, the electrochemical impedance spectroscopy (EIS) analyzes electrical resistance 

and inform the capacitative behavior of a system and the corresponding Nyquist plot have 

been presented in Fig. 1.6.  

 

 

Fig. 1.6. (a) A typical Nyquist diagram and (b) equivalent circuit in electrochemical 

impedence spectroscopy
  

 

1.12.6. Butler-Volmer equation 

The rate constants of k


and k


depends on Gibbs energy of activation, ΔGact by the 

subsequent equation, 

 

                                                                                                                          (1.59) 
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The exact current density for oxidation is the net current density given by, iii


 where 

i


is the backward current and i


 is the forward current. The net current density can also 

be expressed in the form, 

)CkCk(Fi OR




                                              (1.60)
 

where F is the Faraday constant. 

The equation for net current density can be written as, 

                                         (1.61) 

 

where   is  metal and solution potential difference, OC and RC  are concentrations of  

oxidised and reduced species, and 0k


and 0k


are the rate constants of the forward and 

reverse reactions in the absence of a metal solution potential difference. The parameter,

  is referred to the ‘symmetry factor’ which is correlated to symmetry of potential 

energy barrier involves in the activation controlled reaction, R is the universal gas 

constant and T is the temperature in Kelvin. 

The rapidity of forward and backward reaction at the equilibrium is called exchange 

current density (i0) is expressed as, 
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                                (1.62)
  

where i0 is the kinetic properties of the particular interfacial system and it can vary from 

one reaction to another reaction and still from one electrode material to another. i0 is
  

dependent on the electrocatalytic activity of a catalyst of particular reaction and the 

concentration of  reactant and often pH of the solution. Here, r is the potential difference 

at the metal-solution interface at equilibrium. 

Overpotential is the difference between the observable potential ( ) and the net 

current flowing during the electrode ( r ) at the potential at the interface of equilibrium, 

that is, when no current flows during the electrode is called overpotential ( ) and it is 

given by, 

r                                                           (1.63) 

Therefore, from the equations (1.62) and (1.63),  
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                                                      (1.64)  

 

The equation is well-known as simple Butler-Volmer equation. 

When applying the high field approximation, i. e., when the   value is very large, 
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                                                      (1.65)

  

or,     

The simple Butler-Volmer equation is the well-known name equation.  

When using the high field approximation, the standards values represent the distinctive 

feature of the electrode reaction, and ‘a’ and ‘b’ represent the Tafel intercept and slope, 

respectively. The data comes from η vs. log j plot. The Tafel slope, or ‘b’ of an 

electrochemical reaction should yield the same result for the same reaction mechanism. 

The value of the exchange current density at an equilibrium state is shown by the 

intercept ‘a’. 

 

1.12.7. Stability 

The accelerated squalor test, also known as prolonged potentiostatic or galvanostatic 

electrolysis measurements, and the cycling of the catalysts within the potential window 

using two techniques - cyclic voltammetry (CV) or linear sweep voltammogram (LSV) 

at the higher scanrates - can be used to calculate the stability of HER and OER [66]. For 

both the OER and HER mechanisms, the number of cycles during the process impacts 

the stability of the catalysts. In HER, it can be recognized that the polarization curve 

begins at 0 V vs. NHE and continues for thousands of cycles [115]. 

 

REFERENCES 

[1] Y. Yan, B. Y. Xia, B. Zhao and X. Wang, A review on noble-metal-free 

bifunctional heterogeneous catalysts for overall electrochemical water splitting, 

J. Mater. Chem. A 4 (2016) 17587–17603. 

 

]exp[]
)1(

exp[
RT

F

RT

F

i

i

o







iba log



  INTRODUCTION 

32 
 

[2] C. G. Morales-Guio, L. A. Stern, X. Hu, Nanostructured hydrotreating catalysts 

for electrochemical hydrogen evolution, Chem. Soc. Rev. 43 (2014) 6555–6569. 

 

[3] X. Zou, Y. Zhang, Noble metal-free hydrogen evolution catalysts for water 

splitting, Chem. Soc. Rev. 44 (2015) 5148–5180. 

 

[4] S. Kumar, R. Kaur, S. Sharma, Recent reports on hydrogen evolution reactions 

and catalysis, Results in Chemistry 4 (2022), 100613 1–11. 

 

[5] Y. Shi and B. Zhang, Recent advances in transition metal phosphide 

nanomaterials: synthesis and applications in hydrogen evolution reaction, Chem. 

Soc. Rev. 45 (2016) 1529–1541. 

 

[6] Y. Zhan, M. Lu, S. Yang, C. Xu, Z. Liu and J. Y. Lee, Activity of transition-metal 

(manganese, iron, cobalt, and nickel) phosphates for oxygen electrocatalysis in 

alkaline solution, ChemCatChem 8 (2016) 372–379. 

 

[7]  H. Osgood, S. V. Devaguptapu, H. Xu, J. Cho and G. Wu, Transition metal (Fe, 

Co, Ni, and Mn) oxides for oxygen reduction and evolution bifunctional catalysts 

in alkaline media, Nano Today 11 (2016) 601–625. 

 

[8] E. Fabbri, A. Habereder, K. Waltar, R. Kötz, T. J. Schmidt, Developments and 

perspectives of oxide-based catalysts for the oxygen evolution reaction, Catal. 

Sci. Technol. 4 (2014) 3800–3821. 

 

[9] I. C. Man, H. Y. Su, F. Calle-Vallejo, H. A. Hansen, J. I. Marťınez, N. G. Inoglu, 

J. Kitchin, T. F. Jaramillo, J. K. Nørskov, J. Rossmeisl, Universality in oxygen 

evolution electrocatalysis on oxide surfaces, ChemCatChem 3 (2011) 1159–

1165. 

 

[10] A. Raveendran, M. Chandran, R. Dhanusuraman, A comprehensive review on the 

electrochemical parameters and recent material development of electrochemical 

water splitting electrocatalysts, RSC Adv. 13 (2023) 3843–3876. 

 



  INTRODUCTION 

33 
 

[11] O. Vozniuk, N. Tanchoux, J. M. Millet, S. Albonetti, F. D. Renzo, F. Cavani, 

Spinel mixed oxides for chemical-loop reforming: From solid state to potential 

application studies in surface science and catalysis, Studies in Surf. Sci. Catal.  

178 (2019) 281–302. 

 

[12] Q. Qian, Y. Zhu, N. Ahmad, Y. Feng, H. Zhang, M. Cheng, H. Liu, C. Xiao, G. 

Zhang, Y. Xie, Recent advancements in electrochemical hydrogen production via 

hybrid water splitting, Adv. Mater. 36 (2023) 2306108 1–45. 

 

[13] S. Y. Tee, K. Y. Win, W. S. Teo, L. -D. Koh, S. Liu, C. P. Teng, M. -Y. Han, 

Recent progress in energy-driven water splitting, Adv. Sci. 4 (2017) 1600337 1–

61. 

 

[14] Y. Wu, T. Sakurai, T. Adachia, Q. Wang, Alternatives to water oxidation in the 

photocatalytic water splitting reaction for solar hydrogen production, Nanoscale, 

15 (2023) 6521–6535. 

 

[15] Y. Liu, Y. Guo, Y. Liu, Z. Wei, K. Wang, Z. Shi, A mini review on transition 

metal chalcogenides for electrocatalytic water splitting: Bridging material design 

and practical application, Energy Fuels 37 (2023) 2608−2630. 

 

[16] S.Li, E. Li, X. An, X. Hao, Z. Jiang, G. Guan, Transition metal-based catalysts 

for electrochemical water splitting at high current density:current status and 

perspectives, Nanoscale 13 (2021) 12788−12817. 

 

[17] C. C. L. McCrory, S. Jung, J. C. Peters, T. F. Jaramillo, Benchmarking 

heterogeneous electrocatalysts for the oxygen evolution reaction, J. Am. Chem. 

Soc. 135 (2013) 16977−16987. 

 

[18] S. L. Goes, M. N. Mayer, J. E. Nutting, L. E. Hoober-Burkhardt, S. S. Stahl, M. 

Rafiee, Nanostructured catalysts for electrochemical water splitting: current state 

and prospects, J. Mater. Chem. A 4 (2016) 11973−12000 

 

https://www.sciencedirect.com/bookseries/studies-in-surface-science-and-catalysis
https://www.sciencedirect.com/bookseries/studies-in-surface-science-and-catalysis/vol/178/suppl/C


  INTRODUCTION 

34 
 

[19] Y. Zhao, D. P. A. Saseendran, C. Huang, C. A. Triana, W. R. Marks, H. Chen, H. 

Zhao, G. R. Patzke, Oxygen evolution/reduction reaction catalysts: from in situ 

monitoring and reaction mechanisms to rational design, Chem. Rev. 123 (2023) 

6257–6358. 

 

[20] S. Anantharaj, K. Karthick and S. Kundu, Evolution of layered double hydroxides 

(LDH) as high performance water oxidation electrocatalysts: A review with 

insights on structureactivity and mechanism, Mater. Today Energy 6 (2017) 1–

26. 

 

[21] L. D. S. Munoz, A. Bergel, D. Fèron, R. Basseguy, Hydrogen production by 

electrolysis of a phosphate solution on a stainless steel cathode, Int. J. Hydrogen 

Energy 35 (2010) 8561–8568. 

 

[22] H. Vrubel, T. Moehl, M. Grätzel, X. Hu, Revealing and accelerating slow electron 

transport in amorphous molybdenum sulphide particles forhydrogen evolution 

reaction, Chem. Commun. 49 (2013) 8985–8987. 

 

[23]  S. Anantharaj, P. Karthik and S. Kundu, Self-assembled IrO2 nanoparticles on a 

DNA scaffold with enhanced catalytic and oxygen evolution reaction (OER) 

activities, J. Mater. Chem. A 3 (2015) 24463–24478. 

 

[24]  S. Anantharaj, P. Karthik and S. Kundu, Petal-like hierarchical array of ultrathin 

Ni(OH)2 nanosheets decorated with Ni(OH)2 nanoburls: A highly efficient OER 

electrocatalyst, Catal. Sci. Technol. 7 (2017) 882–893. 

 

[25]  S. L. Goes, M. N. Mayer, J. E. Nutting, L. E. Hoober-Burkhardt, S. S. Stahl, M. 

Rafiee, Deriving the turnover frequency of aminoxyl-catalyzed alcohol oxidation 

by chronoamperometry: An introduction to organic electrocatalysis, J. Chem. Ed. 

98 (2021) 600−606. 

 

[26] A. P. Garci, D. Perivoliotis, X. Wu, E. Gracia-Espino, Benchmarking 

molybdenum-based materials as cathode electrocatalysts for proton exchange 



  INTRODUCTION 

35 
 

membrane water electrolysis: Can these compete with Pt?, ACS Sustainable 

Chem. Eng. 11 (2023) 7641−7654 

 

[27] J. Zhu, Y. Ni, Phase-controlled synthesis and the phase dependent HER and OER 

performances of nickel selenide nanosheets prepared by an electrochemical 

deposition route, CrystEngComm 20 (2018) 3344−3352. 

 

[28] Y. Gong, Y. Zhi, Y. Lin, T. Zhou, J. Li, F. Jiaoa, W. Wanga, Controlled synthesis 

of bifunctional particle-likeMo/Mn-NixSy/NF electrocatalyst for highly efficient 

overall water splitting, Dalton Trans. 48 (2019) 6718−6729. 

 

[29] R. Karthick, A. Arulraj, M. Ramesh, M. Selvaraj Free-standing graphene/NiMoS 

paper as cathode for quasi-solid state dye-sensitized solar cells, J. Colloid 

Interface Sci. 530 (2018) 179–188. 

 

[30]  L. Bruno, S. Battiato, M. Scuderi, F. Priolo, A. Terrasi, S. Mirabella, Physical 

insights into alkaline overall watersplitting with NiO microflowers electrodes 

with ultra-low amount of Pt catalyst, I.  J. Hydrogen Energy 47 (2022) 

33988−33998. 

 

[31] R. Q. Li, S. Li, M. Lu, Y. Shi, K. Qu, Y. Zhu, Energy-efficient hydrogen 

production over a high-performance bifunctional NiMo-based nanorods 

electrode, J. Colloid Interface Sci. 571 (2020) 48–54. 

 

[32] S. K. Mustafa, M. A. A. Sharif, Copper (Cu) an essential redox-active transition 

metal in living system−A review article, Am. J. Anal. Chem. 9 (2018) 15−26. 

 

[33] A. S. Sabir, E. Pervaiz, R. Khosa, U.Sohail, An inclusive review and perspective 

on Cu-based materials for electrochemical water splitting, RSC Adv. 13 (2023) 

4963−4993. 

 



  INTRODUCTION 

36 
 

[34] H. Sun, H. Kim, S. Song, W. C. Jung, Copper foam-derived electrodes as efficient 

electrocatalysts for conventionaland hybrid water electrolysis, Mater. Rep. 

Energy 2 (2022) 100092−100109 

 

[35] Y. W. Dong, B. Y. Guo, Q. W. Chen, B. Dong, Preparation of molybdenum doped 

nickel sulfides supported on nickel foam via two-step electro deposition for 

oxygen evolution reaction, Int. J. Electrochem. Sci., 15 (2020) 5529–5539. 

 

[36] J. D. Benck, T. R. Hellstern, J. Kibsgaard, P. Chakthranont, T. F. Jaramillo, 

Catalyzing the hydrogen evolution reaction (HER) with molybdenum sulfide 

anomaterials, ACS Catal. 4 (2014) 3957−3971. 

 

[37] A. Sajeev, V. K. Mariappan, D. Kesavan, K. Krishnamoorthy, S. J. Kim, Efficient 

electrochemical water splitting using copper molybdenum sulfide anchored Ni 

foamas a high-performance bifunctional catalys, Mater. Adv. 2 (2021) 455−463. 

 

[38] J. Ying, J. B. Chen, Y. X. Xiao, S. I. C. Torresi, K. I. Ozoemena, X. Y. Yang, 

Recent advances in Ru-based electrocatalysts for oxygen evolution reaction, J. 

Mater. Chem. A 11(2023) 1634−1650. 

 

[39] C. Yang, Y. Lu, W. Duan, Z. Kong, Z. Huang, T. Yang, Y. Zou, R. Chen, S. 

Wang, Recent progress and prospective of nickel selenide-based electrocatalysts 

for water splitting, Energy Fuels 35 (2021) 14283−14303. 

 

[40] X. L. Wang, C. Xue, N. Kong, Z. Wu, J. Zhang, X. Wang, R. Zhou, H. Lin, Y. 

Li, D. S. Li, T. Wu, Molecular modulation of a molybdenum−selenium cluster 

bysulfur substitution to enhance the hydrogen evolution reaction, Inorg. Chem. 

58 (2019) 12415−12421. 

 

[41] J. Q. Wang, C. Xi, M. Wang, L. Shang, J. Mao, C. -K. Dong, H. Liu, S. A. 

Kulinich, X. W. Du, Laser-Generated grain boundaries in ruthenium 

nanoparticles for boosting oxygen evolution reaction, ACS Catal. 10 (2020) 

12575–12581 

 



  INTRODUCTION 

37 
 

[42] J. N. Hansen, H. Prats, K. K. Toudahl, N. M. Secher, K. Chan, J. Kibsgaard, I. 

ChorkendorffIs, There anything better than Pt for HER?, ACS Energy Lett. 6 

(2021) 1175−1180. 

 

[43] N. E. Sahin, W. J. Pech-Rodríguez, P. C. Meléndez-González, J. L. Hernández, 

E. Rocha-Rangel, Water splitting as an alternative for electrochemical hydrogen 

oxygen generation: Current status, trends, and challenges, Energies 16 (2023) 

5078−5103. 

 

[44] W. Feng, M. Bu, S. Kan, X. Gao, A. Guo, H. Liu, L. Deng, W. Chen, Interfacial 

hetero-phase construction in nickel/molybdenum selenide hybrids to promote the 

water splitting performance, Appl. Mater. Today 25 (2021) 101175−101186. 

 

[45] S. Ram, T. Dusan, S. Dusan, C. Kee-Chul, U. Masanobu, P. P. Arvydas, S. 

Vojislav, M. M. Nenad, Enhancing hydrogen evolution activity in water splitting 

by tailoring Li+-Ni(OH)2-Pt interfaces, Science 334 (2011) 1256–1260 . 

 

[46] H. Y. Li, S. M. Chen, X. F. Jia, B. Xu, H. F. Lin, H. Z. Yang, L. Song, X. Wang, 

Amorphous nickel-cobalt complexes hybridized with 1T-phase molybdenum 

disulfide via hydrazine-induced phase transformation for water splitting, Nat. 

Commun. 8 (2017) 15377−15387 

 

[47] H. Q. Zhou, F. Yu, Y. F. Huang, J. Y. Sun, Z. Zhu, R. J. Nielsen, R. He, J. M. 

Bao, W. A. Goddard, S. Chen, Z. F. Ren, Efficient hydrogen evolution by ternary 

molybdenum sulfoselenide particles on self-standing porous nickel diselenide 

foam, Nat. Commun. 7 (2016) 12765−12771. 

 

[48] J. K. Norskov, T. Bligaard, J. Rossmeisl, C. H. Christensen, Towards the 

computational design of solid catalysts, Nat. Chem. 1 (2009) 37–46. 

 

[49] W. Feng, W. Pang, Y. Xu, A. Guo, X. Gao, X. Qiu, W. Chen, Transition metal 

selenides for electrocatalytic hydrogen evolution reaction, ChemElectroChem 7 

(2019) 31–54. 

 



  INTRODUCTION 

38 
 

[50] H. Zhou, Y. Wang, R. He, F. Yu, J. Sun, F. Wang, Y. Lan, Z. Ren, S. Chen, One-

step synthesisof self-supported porous NiSe2/Ni hybrid foam: an efficient 3D 

electrode for hydrogen evolution reaction, Nano Energy 20 (2016) 29–36. 

 

[51] L. Zhang, T. Wang, L. Sun, Y. Sun, T. Hu, K. Xu, F. Ma, Hydrothermal synthesis 

of 3D hierarchical MoSe2 /NiSe2 composite nanowires on carbon fiber paper and 

their enhanced electrocatalytic activity for the hydrogen evolution reaction, J. 

Mater. Chem. A 5 (2017) 19752–19759. 

 

[52]  X. Zhang, Y. Y. Zhang, Y. Zhang, W. J. Jiang, Q. H. Zhang, Y. G. Yang, L. Gu, 

J. S. Hu, L. J. Wan, Phase-controlled synthesis of 1T-MoSe2 /NiSe 

heterostructure nanowire arrays via electronic injection for synergistically 

enhanced hydrogen evolution, Small 3 (2019) 1800317−11800322. 

 

[53] A. P. Murthy, J. Theerthagiri, K. Premnath, J. Madhavan, K. Murugan, Single-

Step electrodeposited molybdenum incorporated nickelsulfide thin films from 

low-cost precursors as highly efficienthydrogen evolution electrocatalysts in acid 

medium, J. Phys. Chem. C 121 (2017) 11108−11116. 

 

[54] I. A. Raj, Nickel-basedbinary-composite electrocatalysts for the cathodes in the 

energy-efficient industrial production of hydrogen from alkaline-water 

electrolytic cells, J. Mater. Sci. 28 (1993) 4375–4382 

 

[55]  M. Gong, D. -Y. Wang, C. -C. Chen, B. -J. Hwang, H. Dai, A mini review on 

nickel-based electrocatalysts for alkaline hydrogen evolution reaction, Nano Res. 

9 (2016) 28–46.  

 

[56]  L. Yu, I. K. Mishra, Y. Xie, H. Zhou, J. Sun, J. Zhoua, Y. Ni, D. Luo, F. Yu, Y. 

Yu, S. Chen, Z. Ren, Ternary Ni2(1-x)Mo2xP nanowire arrays toward efficient and 

stable hydrogen evolution electrocatalysis under large-current-density, Nano 

Energy 53 (2018) 492–500.  

 



  INTRODUCTION 

39 
 

[57] N. Mahmood, Y. Yao, J. -W. Zhang, L. Pan, X. Zhang, J. J. Zou, Electrocatalysts 

for hydrogen evolution in alkaline electrolytes: mechanisms, challenges, and 

prospective solutions, Adv. Sci. 5 (2018) 1700464–1700486. 

 

[58] Y. Zheng, Y. Jiao, M. Jaroniec, S.Z. Qiao, Advancing the electrochemistry of the 

hydrogen-evolution reaction through combining experiment and theory, Angew. 

Chem. Int. Ed. 54 (2015) 52–65. 

 

[59] H. E. G. Rommal, P. J. Moran, The role of absorbed hydrogen on the voltage-

time behavior of nickel cathodes in hydrogen evolution, J. Electrochem. Soc. 135 

(1988) 343–346. 

 

[60] D. M. Soares, O. Teschke, I. Torriani, Hydride effect on the kinetics of the 

hydrogen evolution reaction on nickel cathodes in alkaline media, J. Electrochem. 

Soc. 139 (1992) 98–105. 

 

[61] J. K. Nørskov, T. Bligaard, A. Logadottir, J. R. Kitchin, J. G. Chen, S. Pandelov, 

U. Stimming, Trends in the exchange current for hydrogen evolution, J. 

Electrochem. Soc. 152 (2005) J23–J26. 

 

[62] B. Hammer, J. K. Nørskov, Why gold is the noblest of all the metals, Nature 

376 (1995) 238–240. 

 

[63] A. C. Lazanas, M. I. Prodromidis, Electrochemical impedance spectroscopy – A 

tutorial, ACS Meas. Sci. Au 3 (2023) 162–193 

 

 

[64] X. Zou, Y. Zhang, Noble metal-free hydrogen evolution catalysts for water 

splitting, Chem. Soc. Rev. 44 (2015) 5148–5180. 

 

[65] C. Giacovazzo, Fundaments of crystallography, Oxford University Press, UK, 

1992. 

 



  INTRODUCTION 

40 
 

[66] M. F. C. Ladd, R. A. Palmer, Structure determination by X-ray crystallography, 

Plenum, New York, 1985. 

 

[67] A. L. Patterson, The Scherrer formula for X-ray particle size determination, Phys. 

Rev. 56 (1939) 978–982. 

 

[68]  A. A. Bunaciu, E. G. UdriŞTioiu, H. Y. Aboul-Enein, X-ray diffraction: 

instrumentation and applications, Critical Rev. Anal. Chem. 45 (2015) 289–299. 

 

[69] D. M.  Moore, Jr. R. C. Reynolds, X-Ray diffraction and the identification and 

analysis of clay minerals, 2nd ed., Oxford University, New York, 1989. 

 

[70] H. Günzler, H. U. Gremlich, I R spectroscopy: An introduction, Wiley-VHC, 

Germany, 2002. 

 

[71] P. R. Griffiths, J. A. de Haseth, Fourier Transform Infrared Spectrometry, Wiley, 

New York, 1986. 

 

[72] D. Williams, C. B. Carter, Transmission Electron Microscopy; Springer: New 

York, 2009, 3−22. 

 

[73] J. Goodge, Energy Dispersive X-ray Spectroscopy (EDS), University of 

Minnesota, Duluth, 2011.  

 

[74] C. D. Wagner, W. M. Riggs, L. E. Davis, J. F. Moulder, G. E. Muilenberg, 

Handbook of X-ray Photoelectron Spectroscopy, Perkin-Elmer Corporation, 

Physical Electronics Division, 1979.  

 

[75] J. F. Moulder, Handbook of X-ray photoelectron spectroscopy: A reference book 

of standard spectra for identification and interpretation of XPS data, Perkin-

Elmer Corporation: Eden Prairie, 1992. 

 



  INTRODUCTION 

41 
 

[76] R. S. Nicholson, Theory and application of cyclic voltammetry for measurement 

of electrode reaction kinetics, Anal. Chem. 37 (1965) 1351−1355. 

 

[77] S. H. Duvall, R. L.  McCreery, Control of catechol and hydroquinone electron –

transfer kinetics on native and modified glassy carbon electrodes, Anal. Chem. 

71 (1999) 4594−4602. 

 

[78] A. M. Bond, S. W. Feldberg, Analysis of simulated reversible cyclic 

voltammetric responces for a charged redox species in the absence of added 

electrolyte, J.Phys.Chem. B 102 (1998) 9966−9974. 

 

 

[79]  G. A. Carriedo, The use of cyclic voltammetry in the study of the chemistry of 

metal carbonyls: An introductory experiment, J. Chem. Ed. 65 (1998) 

1020−1022. 

 

[80]  W. E. Geiger, Reflections on future directions in organometallic 

electrochemistry, Organometallics 30 (2011) 28−31. 

 

[81] A Practical Beginner’s Guide to Cyclic Voltammetry, N. Elgrishi, K. J. Rountree, 

B. D. McCarthy, E. S. Rountree, T. T. Eisenhart, J. L. Dempsey, J. Chem. Ed. 95 

(2018) 197−206. 

 

[82] T. M. Nahir, R. A. Clark, E. F. Bowden, Linear-Sweep Voltammetry of 

irreversible electron transfer in surface confined species using the marcus theory, 

Anal. Chem. 66 (1994) 2595−2598. 

 

[83] B. M. Tissue, Linear sweep voltammetry, CHP, 2013. 

 

[84] Instrumentation, Pine Research, Linear sweep voltammetry, CHP, 2008. 

 

[85] L. R. Faulkner, A. J. Brad, Electrochemical Methods: Fundamentals and 

applications, (2000). 

 



  INTRODUCTION 

42 
 

[86] G. D. Short, E. Bishop, Concentration overpotentials on antimony electrodes in 

different electrolytic potentiometry, Anal. Chem. 37 (1965) 962–967. 

 

[87] S. Anantharaj, S. R. Ede, K. Karthick, S. Sam Sankar, K. Sangeetha, E. K. 

Pitchiah, S. Kundu, Precision and correctness in the evaluation of electrocatalytic 

water splitting: revisiting activity parameters with a critical assessment, Energy 

Environ. Sci.11 (2018) 744–771. 

 

[88] S. Anantharaj, S. Kundu, Do the evaluation parameters reflect intrinsic activity 

of electrocatalysts in electrochemical water splitting? ACS Energy Lett. 4 (2019) 

1260–1264. 

 

[89] S. Anantharaj, S. Noda, Amorphous catalysts and electrochemical water splitting: 

An untold story of harmony, Small 16 (2020) 1905779–1905803. 

 

[90] S. Anantharaj, S. Noda, V. R. Jothi, S. C. Yi, M. Driess, P. W. Menezes, 

Strategies and perspectives to catch the missing pieces in energy-efficient 

hydrogen evolution reaction in alkaline media, Angew. Chem. Int. Ed. 60 (2021) 

18981–19006. 

 

[91] M. Boudart, Turnover rates in heterogeneous catalysis, Chem.Rev. 95 (1995) 

661−666. 

 

[92] K. Klingan, F. Ringleb, I. Zaharieva, J. Heidkamp, P. Chernev, D. Gonzalez-

Flores, M. Risch, A. Fischer, H. Dau, Water oxidation by amorphous cobalt-

based oxides: Volume activity and proton transfer to electrolyte bases, 

ChemSusChem 7 (2014) 1301–1310. 

 

[93] S. Mulkapuri, A. Ravi, R. Nasani, S. K. Kurapati, S. K. Das, Barrel-shaped-

polyoxometalates exhibiting electrocatalytic water reduction at neutral pH: A 

synergy effect, Inorg. Chem. 61 (2022) 13868–13882. 

 

[94] B. Xiong, L. Chen, J. Shi, Anion-containing noble-metal-free bifunctional 

electrocatalysts for overall water splitting, ACS Catal. 8 (2018) 3688–3707. 



  INTRODUCTION 

43 
 

 

[95] S. Anantharaj, H. Sugime, B. Chen, N. Akagi, S. Noda, Achieving increased 

electrochemical accessibility and lowered oxygen evolution reaction activation 

energy for Co 2+ sites with a simple anion preoxidation, J. Phys. Chem. C 124 

(2020) 9673–9684. 

 

[96] S. Anantharaj, H. Sugime, S. Yamaoka, S. Noda, Pushing the limits of rapid 

anodic growth of CuO/Cu(OH)2 nanoneedles on Cu for the methanol oxidation 

reaction: Anodization pH is the game changer, ACS Appl. Energy Mater. 4 

(2021) 899–912. 

 

[97] S. Anantharaj, H. Sugime, S. Noda, Surface amorphized nickel hydroxy sulphide 

for efficient hydrogen evolution reaction in alkaline medium, Chem. Eng. J. 408 

(2021) 127275–127288. 

 

[98] L. Yua, S. Suna, H. Li, Z. J. Xua, Effects of catalyst mass loading on 

electrocatalytic activity: An example of oxygen evolution reaction, Fundamental 

Research 1 (2021) 448–452. 

 

[99] S. Anantharaj, P. E. Karthik, S. Noda, The significance of properly reporting 

turnover frequency in electrocatalysis research, Angew. Chem. Int. Ed. 60 (2021) 

23051–23067. 

 

[100] J. Zhu, L. Hu, P. Zhao, L. Y. S. Lee, K.Y. Wong, Recent advances in 

electrocatalytic hydrogen evolution using nanoparticles, Chem. Rev. 2(2020),  

851–918 

 

[101] M. P. Browne, H. Nolan, G. S. Duesberg, P. E. Colavita, M. E. G. Lyons, Low-

overpotential high-activity mixed manganese and ruthenium oxide 

electrocatalysts for oxygen evolution reaction in alkaline media, ACS Catal. 6 

(2016) 2408–2415.  

 

[102] H. Han, Y. R. Hong, J. Woo, S. Mhin, K. M. Kim, J. Kwon, H. Choi, Y. C. Chung, 

T. Song, Electronically double-layered metal boride hollow nanoprismas an 



  INTRODUCTION 

44 
 

excellent and robust water oxidation electrocatalysts, Adv. Energy Mater. 9 

(2019) 1803799–1803810. 

 

[103] C. C. L. McCrory, S. Jung, I. M. Ferrer, S. M. Chatman, J. C. Peters, T. F. 

Jaramillo, Benchmarking hydrogen evolving reaction and oxygen evolving 

reaction electrocatalysts for solar water splitting devices, J. Am. Chem. Soc. 137 

(2015) 4347–4357. 

 

[104] R. Boggio, A. Carugati, S. Trasatti, Electrochemical surface properties of Co3O4 

electrodes J. Appl. Electrochem. 17 (1987) 828–840. 

 

[105] M. J. Gira, K. P. Tkacz, J. R. Hampton, Physical and electrochemical area 

determination of electrodeposited Ni, Co, and NiCo thin films, Nano 

Convergence 3 (2016) 6–13. 

 

[106] D. Voiry, M. Chhowalla, Y. Gogotsi, N. A. Kotov, Y. Li, R. M. Penner, R. E. 

Schaak, P. S. Weiss, Best practices for reporting electrocatalytic performance of 

nanomaterials, ACS Nano 12 (2018) 9635–9638. 

 

[107] W. Zheng, M. Liu, L. Y. S. Lee, Best practices in using foam-type electrodes for 

electrocatalytic performance benchmark, ACS Energy Lett. 5 (2020) 3260–3264. 

 

[108] W. Zhang, W. Yuan, X. Zhang, Y. Ke, Y. Wu, Yafeng Bai, Functional high-

entropy alloys: promising catalysts for high-performance water splitting, J. 

Mater. Chem. A (2024) in press. DOI: 10.1039/d4ta02271h 

 

[109] S. Anantharaj, H. Sugime, S. Noda, Chemical leaching of inactive Cr and 

subsequent electrochemical resurfacing of catalytically active sites in stainless 

steel for high-rate alkaline hydrogen evolution reaction, ACS Appl. Energy 

Mater. 3 (2020) 12596–12606.  

 

[110] C. Costentin, G. Passard, J. M. Savéant, Benchmarking of homogeneous 
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Bifunctional catalysis on water splitting reaction by graphitic carbon 

supported NiO, NiS and NiSe nanoparticles 

 

2.1 . Introduction 

Continuous increase of global pollution along with fast depletion of fossil fuel rings the 

alarms of scientists for the generation of efficient carbon free renewable energy [1]. 

Among the different sources of energy, hydrogen is the best choice due to the high 

specific energy density, diffusion ability and particularly pollution free emission [2-4]. 

Low quality H2 can be obtained by some environmentally hazardous expensive process 

of reforming of natural gas [5-7]. In this respect, synthesis of pure hydrogen from the 

abundant natural source of H2O by electrochemical water splitting is highly beneficial 

[8-12]. Electrocatalysis for the decomposition of water by either in the reaction of 

hydrogen or oxygen evolution is essential part in several environmentally benign energy 

storage and conversion devices, for example, fuel cells, water electrolyzer, metal–air 

batteries etc. [13-20]. Among different non-precious metals, Ni seems to be execellent 

catalysts for energy studies and applications. The non-metallic elements, like oxygen, 

sulphur, selenium possess the same group XVI in the periodic table. Compared to S and 

O, Se in NiX where X=O/S/Se, has the same valence electrons but greater intrinsic metal 

properties and electrical conductivity. The adsorption bond strengths of the intermediates 

are also expected to be different accordingly. Therefore, a systematic comparison is 

useful to understand their electrocatalytic activity. 

Previous studies have shown that the NiII compounds, like nickel oxyhydroxides, 

chalcogenides, pnictogenides, borates, phosphates, metal-organic framework, etc. can 

easily transform Ni(II) to Ni(III) creating in situ NiOOH sites [21]. It is revealed that 

NiOOH acts as active centres of OER and becomes resculer from poisonous effect of 

electrodes surface during oxidation. The electrochemical HER helps enrichment of heavy 

water and has become now so popular that the scientists are also trying to set hydrogen 

from non-aqueous solvents in presence of a proton donor. Synthesis of metal compounds 

of greater oxidation state is, thus, beneficial to produce oxyhydroxides as the reaction 

intermediates which is the main performer in the electrochemical water oxidation 

process, particularly under alkaline condition. For overall water splitting, a bifunctional 

electrocatalyst should be of low-cost, highly active and environmentally benign product 
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which can provide long-term self and cyclic stability for both hydrogen evolution 

reaction (HER) and oxygen evolution reaction (OER). In this regard, the inexpensive and 

chemically stable non-noble metal based electrocatalysts have achieved significant 

attention. Non-noble metal compounds with elements, like phosphorus [22−24], sulphur 

[25−28], selenium [29−31], carbon [32-33] and nitrogen [34−35], etc. have been 

explored for HER and hydroxides [36−38], oxides [39−42], and chalcogenides [43], etc. 

have been employed for OER. Nonprecious transition metals, such as Fe, Co, Ni, Mn, 

etc., and the related structures, i. e., oxides, hydroxides, phosphates, and sulfides, have 

increasingly attracted research interest to develop OER and HER electrocatalysts in the 

recent years, owing to abundance, electrocatalytic activity, and their stability [44-49]. It 

is widely supported in the literature that Pt alloys and Ir/Ru oxides are the state-of-the-

art catalysts for HER and OER, respectively. But their abundance and high cost [50] limit 

their marketable use. Chalcogenides are usually studied separately as electrocatalysts, 

but not systematically. 

In the study, NiO, NiS and NiSe have been studied systematically as bifunctional 

catalysts by synthesizing them using similar hydrothermal method and observing their 

electrocatalytic properties in reference to OER and HER under acidic and alkaline 

conditions. 

2.2. Experimental section 

2.2.1. Reagents and instruments 

The reagents, nickel chloride hexahydrate (NiCl2.6H2O), sodium hydroxide (NaOH) 

(97% pure), potassium hydroxide (KOH) (99% pure) and sodium sulphide (Na2S.5H2O) 

(98 % pure) were purchased from Merck. Nafion solution (5 mass %) was taken from 

Sigma-Aldrich. All chemicals were used without further purification. 
The purity and morphology of the synthesized catalysts were investigated with SEI 

INSPECTF 50 FE-SEM. Powder X-ray diffraction (XRD) study was executed using a 

Bruker D8 Advance diffractometer coupled with CuKα radiation source (λ = 1.5418 Å 

generated at 40 kV and 40 mA). Fourier transform infrared spectroscopy (FTIR) 

spectroscopic study was performed by PerkinElmer instrument. 

2.2.2. Syntheses of NiO, NiS and NiSe nanoparticles 

In each case of syntheses, the equal volumes of aqueous solutions of 0.5 M nickel 

chloride (NiCl2.6H2O) and other appropriate reagents were mixed in a beaker by 

javascript:void(0);
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mechanical stirring for 1 h. The mixture was, then, poured into a Teflon-lined stainless 

steel autoclave which is placed in a reaction chamber kept at 180 °C for one day. Finally, 

the NiX (X=O/S/Se) was collected and dried in hot air oven for 12 h at 60 °C. For NiO 

synthesis, the other reagent used was 0.5 M NaOH solution; for NiS, it was 0.5 M 

aqueous sodium sulphide (Na2S) solution; and for NiSe, it was sodium selenite 

(Na2SeO3) solution. Hydrazine hydrate (N2H6O) was used to reduce the SeO3
2-. Na2SeO3 

was used for Se source. 

2.2.3. Electrochemical measurements 

Cyclic voltammetry (CV), potentio-dynamic stable polarization, constant potential 

chronoamperometry (CA), and AC impedance investigations were used to illustrate the 

electrocatalytic activities of the catalysts. The electrochemical measurements were 

conducted utilizing with a computer assisted potentiostat (AUTOLAB PG STAT 12, 

EcoChemic, Netherlands). All electrochemical experiments were pursued using 

Ag/AgCl/KCl reference electrodes (saturated aqueous solution). In each electrochemical 

study, a large Pt-foil (0.01 m × 0.01 m) was used as an auxiliary electrode. The working 

electrode was a planar graphite carbon electrode having area of 12 × 10-6 m2. The 

working electrode was prepared by sonication of 51.2 mg of catalyst dust in 1.0 mL 

ethanol for 30 min to form an almost homogeneous mixture. An aliquot of 10 L of the 

dispersion was, then, drop cast on the carbon electrode followed by drying at room 

temperature (25 °C). Then, 5 L nafion solution (1.0 mass %) was cast on the electrode 

followed by drying again. Cyclic voltammogram of each electrode was registered by 

immersing the electrodes in 1.0 M KOH solution and using the potential range from ‒0.9 

V to 2.0 V at the scan rate of 50 mV/s for OER. For HER, the electrodes were dipped in 

0.5 M H2SO4 solution and CV study was executed in the potential range of 0 to ‒1.5 V. 

Calibration of all the potentials with respect to Ag/AgCl,Cl electrodes was performed 

with respect to reversible hydrogen electrode (RHE) using the Nernst equation, 

ERHE = EAg/AgCl/Cl
-+ (0.1976 + 0.059pH) V                         (2.1) 

The value of overpotential (η) was estimated by the following equation, 

η = ERHE − 1.23 V                                            (2. 2) 

To determine the Tafel slope, the well-known form Tafel equation was used. 

η = a + b log j                                                  (2. 3) 
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Using the Tafel slope (b), the constant (a), and the Ag/AgCl, Cl electrodes as the 

reference, all potentials were calibrated with regard to the reversible hydrogen electrode 

(RHE). Under static conditions, controlled potential electrolysis was also carried out. 

The cyclic voltammogram was used to compute the turnover frequency (TOF) using 

the formula TOF= I/nFm, where I is the current (A), F is the Faraday constant, and m is 

the number of catalyst moles. The turnover frequency was also determined from the 

chronoamperometry profile using the formula, TOF=Q/nt, where n is the number of 

electrons transferred during the related electrochemical process and Q is the total charge 

spent.  

 

2.3. Results and discussion 

2.3.1. Structural characterization 

Powder X-Ray diffraction (XRD) was used to analyze the crystalline structures of as-

synthesized electrocatalysts. XRD profile of NiO, NiS and NiSe nanoparticles are 

displayed in Fig.1. The X-ray diffractogram of NiO nanoparticles exhibits the diffraction 

peaks having 2θ values of 38.29°, 42.02°, 52.36° and 73.27°, which correspond to the 

planes (111), (200), (311) and (222) respectively, the diffraction pattern being correspond 

to the cubic phase of NiO nanocatalysts (JCPDS card number: 04-0835).The diffraction 

peaks observed for as-synthesized hexagonal NiS nanoparticles containing 2θ values of 

31.05°, 38.40°, 49.26° and 55.16° corresponding to planes (100), (101), (102) and (110) 

(JCPDS card number: 02-1280).The hexagonal NiSe nanoparticles containing diffraction 

peaks having 2θ values 33.32°, 44.94°, 50.77° and 62.09° correspond to planes (101), 

(102), (110) and (103)  (JCPDS card number: 18-0888). The average crystallite size of 

the nanoparticles was determined from the peak width at half maximum and is found 

15.0 nm for NiO, 16.36 nm for NiS and 16.05 nm for NiSe by the Debye-Scherrer 

equation. Since the crystallite size does not differ much among the three NiX compounds, 

it can be anticipated that the difference in catalytic activity arises be a more from the 

nature of the materials rather than their exposed area. 
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Fig. 2.1. X-ray diffraction patterns of (a) NiO, (b) NiS and (c) NiSe electrocatalysts 

 

 

Fourier transform infrared spectroscopy has been used to study the nature of the 

functional groups of the produced NiX electrocatalysts. Fig. 2.2 displays the FTIR 

spectra of NiO, NiS, and NiSe nanoparticles. A broad band is observed at around 3436 

cm−1, which can be attributed to the stretching vibration of the X–H group. This vibration 

may arise as a result of a hydrogen bond with the X atom in all three circumstances.  The 
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FTIR spectra of the series samples show a peak at 1085 cm−1, which is significantly more 

intense for NiS. This peak is linked to the stretching vibration of the C–O of adsorbed 

CO2. The position of absorption maximum of NiO is at 633 cm−1. A strong band is seen 

at 425 cm-1corresponding to the vibration of Ni–O bond in NiO nanoparticles. A broad 

peak located at 611-602 cm-1 is indicative of the metal-sulfur bond (Ni-S) bending 

vibration. The vibrational mode composition of Se-O bonds determines the broad band 

at 578 cm-1. 

 

 

 

 

 

 

 

 

 

 

 

 

Fig. 2.2. Fourier transform infrared spectra of (a) NiO, (b) NiS and (c) NiSe 

electrocatalysts 

The morphological characteristics at the surface of an electrocatalyst have an 

important role on its activity. Scanning electron micrographs of NiO, NiS and NiSe 

electrocatalysts are depicted in Fig. 2.3. The particles of NiSe consists of assemblage of 

small thin sheets generating numerous edges for the reaction. The gaps between the 

sheets are advantageous for molecular movements of the reactants and products. 

Synthesized NiS consists of rough sheets, bumps and rods of about 100 nm to 200 nm 

diameter. Holes and cracks are helpful for the movement of reactants and products. 

Particles of NiO consist of large brick and bump-like structure of about 500 nm thickness 
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along with rods of about 100 nm diameter. Among different structures, there are gaps 

through which the reactants can penetrate and gases can be escaped. The EDS spectra 

indicate that the atomic composition of Ni:O = 50:50 for NiO, Ni:S= 54:47 for NiS and 

Ni:Se = 57:43 for NiSe. This indicates slight less of chalcogns of higher mass number 

according to the order: Se>S, during preparations of chalcogenides. It reflects plausibly 

the bond strengths of chalcogenides according to the expected order: NiO>NiS> NiSe. 

 

 

 

Fig. 2.3. (a, b, c) Scanning electron micrographs and (d, e, f) energy dispersive X-ray 

spectra of NiO, NiS and NiSe electrocatalysts, respectively. 
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Fig. 2.4. Transmission electron micrographs of (a) NiO, (b) NiS and (c) NiSe 

nanoparticles, respectively. 

Transmission electron micrographs of (a) NiO, (b) NiS and (c) NiSe electrocatalysts, 

respectively have been shown in Fig. 2.4. It is seen that NiO possesses nanocuboid-like 

structure, NiS is nanospherical structure and NiSe is quantum dot like structure. The 

average diameter of NiO, NiS, and NiSe, nanoparticles are 24±4 nm, 16±2.7, and 8±1.5 

nm, respectively. Due to decrease in size, surface area increases that facilitate better 

absorption of ions for NiSe in comparison with NiO and NiS electrocatalysts.  

2.3.2. Electrochemical studies 

Electrochemical studies have been carried out to study the decomposition of water of 

NiO, NiS and NiSe, NiS and NiSe nanoparticles by cyclic voltammetry in 1.0 M KOH 

and 0.5 M H2SO4 solution at a scan rate of 5 mV s-1. Fig. 2.5 depicts the cyclic  

 

Fig. 2.5. (left) Cyclic voltammograms and (right) linear sweep voltammetry in 1.0 M 

KOH solution for NiO, NiS and NiSe electrocatalysts 
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voltammograms of NiX (X=O/S/Se) for oxygen evolution reaction. These exhibit initial 

slow increase of current density followed by one oxidation peak and then, sharp increase 

of current density in the forward scan of potential that corresponds to water oxidation. 

The initial slow increase of current density without any apparent peak is due to the 

oxidation Ni from metallic (zero) state to NiI and NiII [45]. The only forward peak and 

the corresponding reverse peak during backward scan arise due to the formation of 

NiXOH (X= (O/S/Se) (NiIII state) from NiX and the reverse corresponding to the 

interconversion of NiOOH for NiO electrode [51]. The onset overpotential (mV) of water 

splitting oxygen evolution reaction on NiO electrode is much higher than that of NiS and 

NiS eelectrocatalysts. The value for NiSe is less than the NiSex catalysts deposited on 

Ni-foam electrode [52]. Because of the increased catalytic activity of NiSe deposited 

electrode, its overpotential (mV) at 10 mA cm-2 current density is much lower than that 

of NiO and NiS based electrocatalysts. The observed overpotential for the as-synthesized 

NiSe, NiS, NiO and RuO2 electrocatalysts at 10 mA cm-2 current density are 259, 329, 

355, 549.8 mV, respectively. At a current density of 50 mA cm-2, the overpotential for 

NiO, NiS, and NiSe deposited electrodes are 654, 581, and 434 mV, respectively. All 

these data reveals that the order of electrocatalytic activity of the as-synthesized catalysts 

is NiSe >NiS>NiO> RuO2. 

 

 

 

 

 

 

 

 

Fig. 2.6. (left) Cyclic voltammograms and (right) linear sweep voltammetry obtained in 

0.5 M H2SO4 solution for NiO, NiS and NiSe electrocatalysts 

The cyclic voltammograms for HER on NiX/C electrodes (X=O/S/Se) immersed in 

0.5 M H2SO4 solution, were presented in Fig. 2.6. The curves are well separated from 
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each other indicating distinct catalytic difference. The final currents at −1.2 V are little 

different from each other indicating almost same diffusion-controlled limiting current 

situation for the electrodes. The overpotentials at 10 mA cm-2 current density for HER 

on NiO, NiS, NiSe and Pt electrocatalysts are 312, 269, 49.5 and 17.9 mV respectively 

and the overpotentials at 50 mA cm-2 current density are 549.4, 449.3 and 214.1 mV 

respectively for the chalcogenides. This reveals that Pt is the best in electrocatalytic 

activity among the studied materials and NiSe among the chalcogenides. 

To understand the electrode kinetics further, the slope obtained from the Tafel plot 

has been analysed.  Tafel plots (η vs. log j) for NiO, NiS, and NiSe for HER in 0.5 M 

H2SO4 solution are presented in Fig. 2.7. The Tafel slopes has been calculated for the 

overall reaction kinetics of OER at the same chemical environment are 125, 81 and 70 

mV dec-1 for NiO, NiS and NiSe respectively, as have been shown in Table 2.1. It is also  

 

Fig. 2.7. Tafel plots obtained for NiO, NiS and NiSe electrocatalysts for HER in 0.5 M 

H2SO4 solution 

 

 

 

 

 

 

Fig. 2.8. Tafel plots obtained for NiO, NiS and NiSe electrocatalysts in 1.0 M KOH 

solution 
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observed that the Tafel slope of more conducting Ni3S2/MoSx nanosheets is almost 

similar (67.5 mV dec-1) in alkali [48]. 

Tafel plots (η vs. log j) for NiO, NiS, and NiSe for HER in 1.0 M KOH solution are 

presented in Fig. 2.8. The experimental Tafel slopes for the HER on the NiO, NiS and 

NiSe electrocatalystsare 55, 37 and 26 mV dec-1, respectively. It illustrates the better 

catalytic properties of NiX upon going down the group XVI element (X) in the periodic 

table. 

The frequency dispersive electrochemical impedance spectroscopy has been 

performed to determine the charge transfer resistance (Rct), solution resistance (Rs), and 

capacitances (Cct); Nyquist plots of the electrocatalysts have been compared in Fig. 2.9. 

A simple electrochemical system is assumed consisting of solution resistance inseries 

combination with resistor and a capacitor in parallel, which correspond to the polarization 

resistance and capacitance of the double layer, respectively and the presentation is called 

Randles circuit model. From the model, at high frequencies, the impedance of the 

 

 

 

 

 

 

 

 

 

 

Fig. 2.9. Nyquist plots corresponding to the electrocatalysts NiO, NiS and NiSe in 1.0 

M KOH solution 

 

electrochemical cell corresponding to the point, where the semicircle intersects at x-axis, 

is produced by Ohmic resistance, Rs. The charge transfer resistance (Rct) has been 

measured by taking the diameter of the semicircle into consideration at the relatively low 

frequency region of the plot. The charge transfer resistance of NiSe is lowered and the 

capacitance which is a measure of the extent of adsorption on the electrodes is higher 

than the other two electrocatalysts NiO and NiS and for these reasons, its electrocatalytic 
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performance is better than other two electrocatalysts. The Randles circuit parameters of 

the NiO, NiS and NiSe electrocatalysts are shown in Table 2.1.  

 

Table 2.1. Randles circuit parameters of the electrocatalysts 

Sample Rs (Ω) Rct (Ω) Cct (µF) 

NiO 

NiS 

NiSe 

 26.82 

62.33 

30.87 

164900 

16600 

8445 

2.39 

3.22 

3.86 

 

To study the steady state behavior of different Ni based electrocatalysts, controlled 

potential electrolysis (chronoamperometry, CA) measurements have been carried out at 

a potential of 0.4 V for 1200 s in a solution of 1.0 M KOH for OER. For HER, 0.5 M 

H2SO4 solution and -0.4 V constant potential were used. The profile is depicted in Fig. 

2.10. All catalysts reveal typical profiles of initial decrease of current density with time 

followed by almost constancy in current for OER and HER, with the order of 

electrocatalytic activity in the sequence: NiSe >NiS>NiO for both cases. All catalysts 

exhibit consistent steady current density after 1200 s indicating their possible 

applications as practical catalysts. 

Fig. 2.10. Chronoamperommetry study of electrocatalysts in (a) 1.0 M KOH and (b) 0.5 

M H2SO4 solution 

 

Fig. 2.11 depicts the cyclic voltammograms of three electrodes in non-Faradaic regions 

at different scan rates of 10, 20, 50, 70, 90 and 100 mV s-1 in 1.0 M KOH solution. The 

order of Cdl values obtained from the study is NiSe>NiS>NiO at all the scan rates.The 
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Cdl values are dependent on the catalytically active sites of the electrocatalysts. The 

higher Cdl value indicates a larger ECSA in the electrochemical reaction, which improves 

the catalytic activity. 

Thus, the ECSA which is proportional to the double layer capacitance, is a measure 

of the number of active catalytic sites in the electrocatalysts and hence, their activity [53]. 

The values of double layer capacitance Cdl of NiO, NiS and NiSe are 2.72, 3.04, 3.94 µF 

cm-2, respectively. The ratio of the capacities of the as-synthesized nickel chalcogenides 

(NiO: NiS: NiSe = 2.72: 3.04: 3.94) indicates the order of their real active surface area 

and the reaction sites of the system of catalysts.The electrochemical active surface area 

of the electrocatalysts NiO, NiS and NiSe are 6.8, 7.6 and 9.8 cm-2 respectivelyBut the 

current densities of the materials are much higher at a given potential. The ratio of the 

chrono amperometric current densities of NiX materials at 0.8 V for OER after 20 min 

is NiO: NiS: NiSe =0.102: 0.54: 0.75. Similar ratio of current density at -0.4 V for HER 

is NiO: NiS: NiSe =0.0042: 0.0272: 0.413.  

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Fig. 2.11. Cyclic voltammogramms of the (a) NiSe, (b) NiS, and (c) NiO electrodes at 

different scan rates of 10, 20, 40, 50, 60, 80, 100 mV s-1; and (d) display of scan rate 

dependences of the current densities for measurements of double layer capacitance of the 

electrocatalysts.  
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These data indicates that the material characteristics are the prime factor for increased 

catalytic activity of nickel chalcogenides, the activity of which is increased upon going 

down the periodic table, besides slight morphological improvements. 

 

From the entire study, a plausible mechanism for the OER under alkaline medium can be 

proposed as follows: 

1) OH−  + NiX → NiXOH + e− 

2) NiXOH  + OH− → NiXO + H2O + e− 

3) NiXO + NiXO → 2NiX + O2 

The process may also proceed with the slight less of X- and the formation of NiOOH by 

following the equation, 

4)          NiXOH + 2OH- → NiOOH+ H2O + X- 

5)          NiX + NiOOH → Ni + O2 + H2O 

where NiX represents the active sites which might be NiO/NiS/NiSe. The OER must 

occur after generation of NiIII state as evident from Fig. 2.5. The initial adsorption of OH- 

on Ni of NiX is found to be relatively more on NiSe than the other two electrocatalysts. 

It is plausible that it has greater size and polarizability than others and thus, greater 

delocalization of charge is possible around it. Therefore, the peak potential for generation 

of NiIII species is lower for NiSe (1.38 V) than that of NiS (1.46 V) and NiO (1.48 V) 

and hence, the electrocatalytic activity is greater for NiSe. Moreover, as the 

electronegativity of X varies in the order: O>S=Se, the desorption of NiXO to form O2 

in the 3rd step is gradually difficult in the sequence NiSeO<NiSO<NiO2. Therefore, 

oxygen evolution is more with the NiSe deposited electrode. 

Studies have been conducted to reveal the mechanism of hydrogen evolution reaction. 

The first step of the reaction is the discharge step: 

1) NiX + H3O
+ + e (M) → (NiX)−H + H2O  (Volmer) 

Then next step is either  

2)       (NiX)−H + (NiX)−H = 2 NiX + H2  (Tafel) 

3)      (NiX)−H + H3O
+ + e→ 2NiX + H2O + H2 (Heyrovsky) 

Since X is more electronegative than Ni and X contains lone pair of electrons, the 

bonding of H+ is expected to take place through X rather than Ni. Moreover as the H-X 

bond strength is expected to be more in the order O-H>S-H>Se-H as the metallic 

character increases and the electronegativity decreases in going down the periodic table, 

the adsorption of hydrogen on NiX will be in the sequence NiO>NiS>NiSe. Since, the 
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electrocatalytic activity of NiX follows the exact reverse trends, it indicates that the 

desorption (either step 2 or 3) is the rate determining for the system of catalyst materials. 

The value for NiSe is less than the NiSex catalysts deposited on Ni-foam electrode [52] 

as presented in Table 2.2. The smallest value corresponding to the Tafel slope of NiSe 

electrode indicates that it is more facile among the electrocatalysts studied for HER. 

Considering the symmetry factor = ½, the expected values of the Tafel slope is 29 and 

77 mV for Tafel and Heyrovsky steps being rate determining [54]. In this respect, both 

chalcogenides NiS and NiSe follow the step 2 as rate determining step whereas NiO on 

which HER occurs at relatively high potential seems to follow step 3 as the rate 

determining step. Therefore, the bond strength of NiX is expected to vary in the order 

NiO>NiS>NiSe.  

Table 2.2. A comparative account of electrochemical performance towards OER  

Electrocatalyst 

 

Electrolyte Overpotential 

 of OER 

Tafel slope 

(mV dec-1) 

Reference 

NiO 1 M KOH 340 mV@onset 

355 mV@10mAcm-2 

654 mV@50mAcm-2 

125 Present 

work 

 

NiS 

 

1 M KOH 

 

309 mV@onset 

329 mV@10mAcm-2 

581 mV@50mAcm-2 

 

81 

 

 

Present 

work 

 

NiO 

 

1 M KOH 

 

400 mV@40mAcm-2 

 

70 

 

21 

 

NiS 

 

1 M KOH 

 

220 mV@40mAcm-2 

 

65 

 

21 

 

NiO/NiS 

 

1 M KOH 

 

209 mV@40mAcm-2 

 

60 

 

21 

 

NiS 

 

1 M KOH 

 

430 mV@10mAcm-2 

 

101 

 

51 

 

N-NiMoS 

 

1 M KOH 

 

1.54 mV@10mAcm-2 

 

46 

 

53 

 

Ni3Se2 

 

1 M KOH 

 

310 mV@onset 

 

97.1 

 

54 

 

Ni0.85Se 

 

1 M KOH 

 

450 mV@onset 

 

120 

 

55 

 

NiSe/NF 

 

1 M KOH 

 

329 mV@20mAcm-2 

 

110 

 

47 
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NiSe 1 M KOH 328 mV@50mAcm-2 72.2 56 

NiSe 1 M KOH 230 mV@onset 

259 mV@10mAcm-2 

434 mV@50mAcm-2 

70 Present 

work 

 

The performance of the present NiSe based electrode with other benchmark Ni based 

electrode for OER [55−62] is presented in Table 2.2. The performance is almost same 

when onset potential is considered but different when overpotential at a particular current 

density (say, 10 mA cm-2) has been taken into consideration. In respect to these 

references, the electrode generated in the present experiment is better than some other 

electrodes but worse with respect to some others [21], the greater overpotential in the 

present experiment with respect to that arises plausibly because of less loading of catalyst 

(0.625 mg cm-2) with respect to the (0.426× 10-2 mg cm-2) (as computed from their 

report). On the other hand, the performance of NiSe based electrode is very high for HER 

with respect to that in the literature as found in Table 2.3.  

 

Table 2.3. A comparative account of electrochemical performance towards 

hydrogen evolution reaction  

Electrocatalyst 

 

Electrolyte Overpotential  

of HER 

Tafel slope 

(mV 

dec-1) 

Reference 

NiO 0.5 M H2SO4 203 mV@onset 

312 mV@10mAcm-2 

549.4 mV@50mAcm-2 

55 Present work 

 

NiS 

 

0.5 M H2SO4 

 

151 mV@onset 

269 mV@10mAcm-2 

449.3 mV@50mAcm-2 

 

37 

 

Present work 

 

NiS 

 

1 M KOH 

 

430 mV@10mA cm-2 

 

130 

 

51 

 

NiSe2 

 

0.5 M H2SO4 

 

156 mV@10 mAcm-2 

 

54 

 

52 

 

NiSe2 

 

1 M KOH 

 

164 mV@10 mAcm-2 

 

96 

 

52 
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NiSe 

 

1 M KOH 

 

153 mV@10mA cm-2 

 

99 

 

47 

 

NiSe 

 

1 M KOH 

 

198 mV@10mAcm-2 

 

115.7 

 

56 

 

NiSe 

 

0.5 M H2SO4 

 

31.23 mV@onset 

49.5 mV@10mAcm-2 

214.1 mV@50mAcm-2 

 

26 

 

Present work 

 

2.4. Conclusions 

The NiO, NiS and NiSe catalysts ware synthesized by utilizing similar one-pot 

hydrothermal method. The order of electrocatalytic activities corresponding to the both 

hydrogen and oxygen evolution reactions are NiSe>NiS>NiO. In both cases, NiSe 

electrocatalysts exhibit an excellent electrocatalytic activity and stability. The activity 

order has been related to suitable physicochemical characteristics along with increased 

ECSA values of NiSe compared to others and the characteristics of the rate determining 

step of the reactions. 
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Superiority of CuSe as a non-noble electrocatalyst among copper 

chalcogens for overall water splitting reactions 

 

3.1. Introduction 

One of the serious upsurging global problems is the energy crisis that is world facing 

today. Energy demand is skyrocketing in the last few decades. Sources of non-renewable 

energy are depleting fast and the world is looking for new handy non-traditional energy 

sources. Splitting of water into oxygen and hydrogen is one of the best ways to overcome 

the current energy crisis and reduce air pollution simultaneously. For natural 

photosynthesis, which converts light energy into chemical energy, this is crucial. Cu is 

essential for the water splitting process in the biological systems. Some of the ongoing 

research efforts demonstrate an eagerness to comprehend the contribution of Cu to 

biological water splitting. In the effort to generate artificial photosynthetic systems 

employing sustainable and noble metal-free catalysts, highly crystalline CuSe has been 

deployed in alkaline media as active electrodes for overall water splitting (OWS) [1].  

The low abundance of these precious elements limits their wide practical application. 

Copper is a more abundant and cheaper metal among the transition metal elements (such 

as cobalt, nickel, iridium and manganese). Recently, some copper-based compounds 

have been researched as OER catalysts, such as oxides, hydroxides, phosphides, nitrides 

and selenides [2–4]. Copper selenide is an important member of first row transition metal 

chalcogenides [5–7], can exist in a wide range of compositions, both stoichiometric 

(CuSe, Cu2Se, CuSe2, Cu3Se2, Cu7Se4) and non-stoichiometric (Cu2-xSe) [8–9]. 

Although, they are rarely formed as minerals in nature, synthetic selenides represent a 

remarkable group of compounds with great potential in various scientific fields (such as 

photovoltaics, thermoelectric, or optoelectronics) due to their extraordinary electric and 

thermal properties. The state-of-the-art electrocatalysts to perform water splitting mainly 

rely on the noble-metal-based materials (RuO2 and IrO2 for OER, and Pt for HER). But 

their high cost has prevented their practical applications [10–11]. Conversely, recent 

studies infer that higher OER or HER catalytic activity could be achieved by a subtle choice of 

earth-abundant transition metal-based catalysts, particularly the first-row metallic components 

[12–17]. However, only a few of them have been shown to mediate efficient bifunctionality for 

water splitting reactions [18–19]. The metal organic framework (MOF) can act as an efficient 

bifunctional electrocatalyst for HER and OER [20]. 
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Electrochemical water splitting continues to be a frontier field of study. In this 

respect, it is worth to point out that many transition metal 

nitrides, phosphides, chalcogenides, MOF, polymers and their composites that have been 

established to realize the comparable efficacy to substitute the state-of-the-art catalyst, 

Pt. In comparison, very few works have been done with CuII chalcogenides as 

electrocatalysts [21]. In search of low overpotential material, we concentrated in this 

study on CuII chalcogenides which may help in understanding the chalcogen group, since 

some CuI and CuIII compounds, like Cu2Se, Cu3N, Cu3P, etc. are already found in the 

literature [22–24]. 

 

 

3.2. Experimental section 

3.2.1. Chemicals 

Copper nitrate (Cu(NO3)2 (99.99% Merck), sodium sulphide (Na2S) (99.99% Merck), 

sodium hydroxide (NaOH) (99.9%, Sigma-Aldrich), sodium selenite (Na2SeO3) (99.99% 

Merck), hydrazine hydrate (N2H4.H2O) (99%, Sigma-Aldrich) have been used without 

further purification. The deionized water has been used throughout the study. Any other 

solvents have been purchased from Sigma-Aldrich and used without further purification. 

3.2.2. Synthesis of copper oxide, sulphide and selenide nanoparticles 

An aliquot of 2 M copper nitrate and 1 M sodium selenite (Na2SeO3) were mixed 

thoroughly and equivalent amount of hydrazine hydrate was added in the solution. The 

mixture was put into the autoclave and heated for 24 h at 180 °C. Then, the mixture was 

cooled to room temperature. The solution was centrifuged and the product was heated at 

60 °C in a hot air oven. Copper nitrate and sodium sulphide was used for the synthesis 

of copper sulphide nanoparticles. Similarly, copper nitrate and sodium hydroxide were 

used for synthesis of copper oxide nanoparticles in the same hydrothermal procedure. 

3.2.3. Structural characterization 

The crystal structure of synthesized nanoparticles was investigated by X-ray diffraction 

(XRD) study was performed using a (Bruker D8 Advance) diffractometer equipped with 

a CuKα radiation source (λ=1.5418Å generated at 40 kV and 40 mA.). The field emission 

scanning electron spectroscopy (FESEM) and energy dispersion X-ray spectroscopy 

(EDX) with SEI INSPECT F50 FE-SEM was used for the characterization of 
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morphology and composition. The chemical valence was characterized by X-ray 

photoelectron spectroscopy. 

3.2.4. Electrochemical characterization 

The electrocatalytic responses of the catalysts were demonstrated using cyclic 

voltammetry (CV) and fixed potential chronoamperometric (CA) studies. The 

electrochemical measurements were conducted using a computer aided 

potentiostat/galvanostat of AUTOLAB PG STAT 12 (Eco Chemic, Netherlands). The 

reference electrode used in all electrochemical measurements was Ag/AgCl (KCl 

saturated). In all of the electrochemical studies a large Pt-foil (1 cm × 1 cm) was used as 

counter electrode. The working electrode was a planar graphite carbon electrode having 

area as 12 × 10-6 m2. The working electrode was prepared by sonication of 5 mg of 

catalyst dust in 1 mL ethanol for 30 min to form an almost homogeneous mixture. 10 L 

of the dispersion was, then, drop cast on the carbon electrode followed by drying at room 

temperature (25 °C). Then, 5 L Nafion solution (1 mass %) was cast on the electrode 

followed by drying again cyclic voltammogram of each electrode measured in 1 M KOH 

solution at the scan rate of 50 mV s-1 for OER and 0.5 M H2SO4 solution for HER. The 

measurement potentials were converted to the reversible hydrogen electrode (RHE) by 

using Nernst equation, 

ERHE = EAg/AgCl + (0.059 pH + 0.197) V                       (3. 1) 

The value of overpotential (η) was calculated by the equation, 

η = ERHE – 1.23 V                                       (3. 2) 

The electrochemical kinetics of the catalysts towards water splitting reaction the 

overpotential η with was evoluted by Tafel equation, 

η = a + blog j                                           (3. 3) 

where j is the current density, b is Tafel slope and a is constant. 

The electrochemical active surface area (ECSA) was calculated from double layer 

capacitane, Cdl by cyclic voltammograms measured as various scan rates 10, 20, 40, 50, 

80, 100 mV s-1 in the potential range in the non-Faradic region. The Cdl was evaluted 

from the average value of cathodic and anodic slopes. The turnover frequency was 

calculated from CV and CA plots. 
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3.3. Results and Discussion 

3.3.1. XRD analysis 

Powder X-Ray diffractometer (XRD) was used to analyze the crystal structure of the as-

synthesized samples as has been shown in Fig. 3.1. Copper selenide nanoparticles contain 

27.31 (103), 31.23 (110), 45.06 (111), 46.95 (106), 50.14 (200), 53.35 (202), 56.12 (116) 

and 72.84 (220) planes. The mean size of the nanoparticle has been calculated from the 

peak width at half maximum as 18.4 nm by the Debye Scherrer equation. Copper 

sulphide nanoparticles contain 28.1 (101), 29.01 (102), 31.50 (103), 32.01 (006), 49.01 

(110), 53.1 (108) and 60.1(116) planes (JCPDS No.: 06-0464) and half maxima is 17.23 

nm. Copper oxide nanoparticles contain 29.1 (110), 45.5 (002), 55.5 (200), 68.9 (113) 

planes (JCPDS No.89-2531) and half maxima is 16.10 nm. 
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Fig. 3.1. X-ray diffraction plots of (a) CuO, (b) CuS and (c) CuSe nanoparticles. The 2θ 

values along the x-axis have been expressed in degrees. 

 

3.3.2. FTIR analysis 

Fourier transform infrared spectra of CuO, CuS and CuSe nanoparticles have been 

exhibited in Fig. 3.2. CuO nanoparticles bands at around 601 cm-1 and 487 cm-1 for 

vibrations confirm the formation of Cu-O bonds. The sharp peak observed at 601 cm-1 

characteristics of Cu-O bond formation. A broad peak at 3433 cm-1 for O-H stretching 
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arises due to moisture content [25]. For CuS nanoparticles, 3435 cm-1 vibration mode 

corresponding to –OH group indicating the presence of small amount of water absorbed 

on the particle 1631 cm-1 for –OH bending [26]. CuSe exhibits two major peaks at 1609 

cm-1 and 3471 cm-1. The peak at 1609 cm-1 may be attributed to the presence of Cu2+ ion 

in the present system. The peak at around 3471 cm-1 may corresponds to N-H stretching 

vibration band which can be attributed to the interaction of N2H4 with copper ions [27]. 

 

 

 

 

 

 

 

 

Fig. 3.2. Fourier transform infrared spectra of CuO, CuS and CuSe nanoparticles 
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3.3.3. FESEM and TEM analysis 

 

 

Fig. 3.3. (a) Field emission scanning electron micrograph; (b) energy dispersive X-ray 

spectrum; and (c, d) transmission electron micrographs of CuSe nanoparticles at different 

magnifications  

 

The FE-SEM, EDX and TEM observation giving the morphology and composition of 

CuSe nanoparticles are shown in Fig. 3.3. Here, we are obtaining nanoscale images and 

chemical data using HR-transmission electron microscopes (S/TEM) in conjunction with 

energy dispersive X-ray spectroscopy (EDX), providing crucial insights into the 

configuration and potential functions of deployed Cu-catalyst. The contrast of TEM 

image arises from the interference in the image plane of the electron wave itself. 
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3.3.4. XPS analysis 

Fig. 3.4. X-ray photoelectron spectra corresponding to (a) Cu and (b) Se of CuSe 

nanoparticles 

In this study, we also employed X-ray photoelectron spectroscopy to analyze the surface 

chemistry of our catalyst samples as has been presented in Fig. 3.4. The purpose of this 

experiment was to determine the elemental composition and chemical state of the atoms 

within our sample. Using an X-ray beam, the surface atoms of the solid copper chalcogen 

samples being excited and measured the kinetic energy and the number of electrons that 

escaped from the top 0 to 10 nanometers of the sample. On the generated spectra, the 

position of a peak on the x-axis indicated the elemental and chemical composition while 

the y-axis recorded the intensity of surface material how much of a particular element 

can be found at the surface. Peaks from the XPS spectra gave relative number of electrons 

with a specific binding energy. Our results showed that our sample contained Cu and Se 

elements. In the high-resolution XPS, the Cu2p envelope consisted of two peaks 

corresponding to Cu2p3/2 and Cu2p1/2 at the binding energies of 932.1 eV and 952.2 eV, 

respectively. The Se3d envelope recorded with the powder sample showed an overlapped 

spin-orbit component with two maxima for 3d5/2 and 3d3/2 peaks at 53.8 and 54.5 eV (D 

= 0.7 eV). These energy values (after deconvolution) are consistent with the presence of 

Se(II), as shown for reported CuSe materials. Moreover, a weak loss feature at 56.1 eV 

and a weak peak corresponding to Se(IV) arise from surface passivation at 58.3 eV, as 

observed in other metal selenides. 
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3.4. Electrochemical results 

The electrochemical performances are studied in 1.0 M KOH and 0.5 M H2SO4 solutions 

at the scan rate of 50 mV s-1 for OER and HER, respectively as have shown in Fig. 3.5. 

These exhibit shoulders before oxygen evolution and corresponding small peaks in the 

reverse scan plausibly due to Cu/Cu+2 and reverse transition, respectively. The oxidation 

state of chalcogens seems to be much more stable in the scan range. The onset potential 

of CuSe, CuS and CuO catalysts for OER follows the order: CuSe < CuS < CuO as 

presented in the Table 3.1, indicating the reverse order of catalytic activity near the 

equilibrium region. The overpotential (mV) at the benchmark current density, 10 mA cm-

2 are 410, 385, and 343 for these synthesized materials, CuO, CuS and CuSe, respectively 

revealing superiority of CuSe over others in catalytic property. During activation process 

of the CuSe based electrode by repeated cyclic voltammetry, it is found that the 

overpotential decreases with increase of catalytic cycle. In the first 100 cycles, the 

overpotential decreases by about 120 mV. It is expected that there might be some 

compositional/morphological change of the catalyst at least at the surface of the electrode 

which is responsible for such positive effect. 

 

Fig. 3.5. (a, b) Cyclic voltammogram and linear sweep voltammetry for OER in 1 M 

KOH solution; (c) cyclic voltammogram up to 100th cycle; and (d, e) cyclic 

voltammogram and linear sweep voltammetry for HER in 0.5 M H2SO4 solution.  
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The reason behind such trend might be due to the formation of a thin layer of Cu(OH)2 

which acts as electro-post-catalyst in alkali as suggested elsewhere [1]. The Cu(OH)2 

layer is thin over CuSe; since, the latter is enough stable and found in nature as selenide 

materials [28-29]. The trend of greater catalytic ability of CuSe over CuO and CuS is 

also found at much higher current density. The order of overpotential @10 mA cm-2 is 

found to be CuSe < CuS < CuO, (343, 385, 410 mV) but that for 50 mA cm-2 is CuSe < 

CuO < CuS, (768, 823, 943 mV) implying that CuO is a better catalyst over CuS at higher 

potentials/current density. This indicates a large change of catalytic activity of CuO based 

electrode at higher potential in comparison to CuS, which might be due to the greater 

formation of Cu(OH)2 or CuOOH on the surface of CuO based electrode at higher 

potential [20–21]. 

To assess the constancy in catalytic activity and long-term stability of catalysts, 

chronoamperometric measurements were carried out at a potential of -0.4V for 1200 s in 

a solution of 0.5 M H2SO4 and 0.8 V in 1 M KOH solution as have been presented in 

Figure 3.6. 

Fig. 3.6. Chronoamperometry plot corresponding to the electrocatalysts in (a) 1.0 (M) 

KOH and (b) 0.5 (M) H2SO4 solution 

Turnover frequency (TOF) is an integral property of an ideal catalyst. The TOF for both 

HER and OER can be calculated by assuming 100 % faradic efficiency for the catalysts 

as, 

                                        TOF = I/nFm = JA′/nFm                                   (3.4) 
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where I = current (A), J = average current density (A cm-2), A′ = geometrical surface area 

= 0.12 cm2, n = number of electrons being transferred = 4 (for OER)/2 (for HER), F = 

96485 C, m = moles of catalyst per active site [30–31] 

Table 3.1. Cyclic voltammetry and chronoamperometry data of oxygen and hydrogen 

evolution reaction 

      

Turnover frequency 

 (h-1) 

CV  CA 

OER  HER   OER  HER 

CuO 0.76 0.59  0.51 0.49 

CuS 0.33 1.81  0.54 0.77 

CuSe 1.40 7.18   1.20 5.47 

 

The onset potential of hydrogen evolution reaction (HER) on CuSe, CuS and CuO are 

108,136 and 142 mV vs. RHE. The overpotentials at current density 10 mA cm-2 for the 

reaction are 126, 320 and 345 mV respectively. The electronegativity of Se is greater 

than Cu. Thus, Cu is slightly +ve and Se is –ve in CuSe nanostructures. Therefore, for 

OER, Cu center acts as  OH- adsorption center to initiate the reaction. CuSe + OH- 

HO-CuSe + e (M). The intermediate HO….CuSe subsequently causes OER. On the 

otherhand, Se acts as a center for adsorption of H+ accordingly to the reaction, CuSe + 

H2O  CuSe….H + OH-. The intermediate, CuSe…..H subsequently undergoes HER. 

These are obtained from the detail experimental kinetic measurements and theoretical 

studies on the energy and stability of the involved intermediates of the reactions. 

According to periodic table down the group, the size of the elements increases and so the 

bond length increases and bond energy decreases. The component, Cu…Se is thermally 

broken easily than CuS and CuO; as a consequence, CuSe shows better water splitting 

reaction (bond lengths of CuO, CuS and CuSe are 1.98, 2.24 and 2.51 Å). The formation 

of Cu(OH)2 layer is thin over CuSe since the latter is enough stable and found in nature 

at higher potential. This indicates a large change in catalytic activity of CuO based 

electrode in comparison to CuS which might be due to the formation of Cu(OH)2 or 

CuOOH at higher potential [32–33].  
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OER Mechanism 

       CuX + OH-  → CuXOH + e-                                  (3.5) 

CuXOH + OH- → CuXO + H2O + e-                                (3.6) 

CuXO + CuXO → 2CuX + O2                                        (3.7) 

2CuCOH + 4OH- → 2CuOOH + 2H2X + O2                          (3.8) 

CuXOH + CuOOH → CuX + O2 + H2O                              (3.9) 

HER possess through three distinct routes by 2e- transfer mechanism in acidic medium 

which can be expressed as, 

Volmer step: H3O
+ + * +e- → H* + H2O                          (3.10) 

Heyrovsky step: H3O
+ + H* + e- → H2 + H2O + *                 (3.11) 

Tafel step: H* + H*    →    H2+ 2*                            (3.12) 

 

 

 

 

 

Fig. 3.7. Cdl plots CuO, CuS and CuSe electrocatalysts 

The Cdl values for CuO, CuS and CuSe electrocatalysts are 2.18, 2.27 and 4.12 mF cm-2, 

respectively.The electrochemical active surface area of CuO, CuS and CuSe 

electrocatalysts are 5.5, 5.7 and 10.3 c respectively. From the Randles equivalence circuit 

model, Rs, series resistance, can be calculated at the intersection of the real axis (x-axis) 

in the high-frequency region. The series resistance, Rs represents the ohmic resistance 
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and ionic resistance at the electrode and electrolyte interface. However, the charge 

transfer resistance (Rct) has been found from the lower-frequency region of the Nyquist 

plot [34] as have been shown in Fig. 3.8.  

Fig. 3.8. Nyquist plots of (a) OER in KOH medium and (b) HER in H2SO4 medium 

To study the reaction kinetics electrochemical impedence spectroscopy (EIS) measured 

as have been presented in Table 3.2. The OER involves a four electron transfer process, 

higher potentials than the theoretical potential (>1.23 V vs. RHE) are required to 

surmount the overall energy barrier in each electron transfer step [35-36]. Overpotential 

(η) is one of the most crucial parameters that affect the OER/HER performance of the 

electrocatalysts which is usually measured at a specific current density of 10 mA cm-2. 

                                                η = a + b log (j)                                            (3.13) 

Table 3.2. Electrochemical impedance spectroscopy data corresponding to CuO, CuS 

and CuSe electrocatalysts 

          

Electrocatalyst Electrolyte Rs (Ω) Rct (Ω) Cct (µF) 

CuO 
1 (M) KOH 71.82 2198 4.20 

0.5 (M) H2SO4 56.78 2325 5.98 

CuS 
1 (M) KOH 44.04 1157 1.83 

0.5 (M) H2SO4 53.90 776 1.33 

CuSe 1 (M) KOH 42.00 1137 1.56 
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0.5 (M) H2SO4 52.08 285 1.26  

Low overpotential shines as advantages of good OER electrocatalysts. Because of the 

high overpotential, leads to more energy consumption reducing energy conversion 

efficiencies. It is highly suggested that the loading mass and turnover frequency are 

reported while comparing the OER/HER activities of electrocatalysts as overpotential is 

strongly influenced by the loading mass of electrocatalysts. 

Fig. 3.9. (a) OER and (b) HER Tafel plots for CuO, CuS and CuSe nanoparticles 

 

Tafel slope (η) is another crucial parameter that reflects the kinetics of OER and 

HER. According to the Tafel equation, the slope is the rate of augmentation of 

overpotential (η) in relation to current density (j). A diminished Tafel slope implies a 

rapid escalation in the current density with the increment of overpotential, which signifies 

swift of OER and HER kinetics of the electrocatalysts. The Tafel slopes (mV dec1) found 

for OER are 166, 131 and 94 for CuO, CuS and CuSe, respectively. The experimental 

Tafel slopes (mV dec-1) for HER with CuO, CuS and CuSe are 124, 110, 83.9, 

respectively. The Tafel slopes for HER indicate that the Tafel-Heyrovsky mechanism is 

followed for all the materials. Table 3.3 compares the efficacy of the synthesized 

materials with some others used as electrocatalysts in reference to HER and OER. It is 

found that the study on CuII bssed materials is few and the overpotetial and Tafel slopes 

using the synthesized CuII chalcogenides are comparable with those of the others. 
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Table 3.3. Comparative account of electrochemical performance of copper 

chalcogenides with similar materials 

      

Electrocatalyst Electrolyte Reaction 
Overpotential 

(ⴄ) (mV) 

Tafel slope 

(mV dec-1) 
Reference 

CuO 

1 M KOH OER 410 188 
Present 

work 

0.5 M 

H2SO4 
HER 345 

124 

 

Present 

work 

 

CuS 

1 M KOH OER 385 131 
Present 

work 

0.5 M 

H2SO4 
HER 320 110 

Present 

work 

CuSe 

1 M KOH OER 343 94 
Present 

work 

0.5 M 

H2SO4 
HER 126 83.9 

Present 

work 

CuSe film 1 M KOH OER 270  [29] 

 

 

Cu3P/CuO 

core/shell  

nanorod arrays 

 

 

1 M KOH 

 

 

OER 

 

 

315 

 

 

 

[33] 

 

Cu2S branch 

arrays 

 

1 M KOH OER 284  [35] 

CuO 

nanoparticles 
1 M NaOH OER 290  [36] 

      

      

3.5. Conclusions 

Electrocatalytic water splitting is an emerging and challenging area of chemistry that has 

received limited attention until the last two decades. To explore the potential of powdered 

catalysts for water splitting reaction, especially those based on earth abundant metals, we 

synthesized Cu based nanoparticles via a hydrothermal approach and evaluated their 

electrocatalytic performance for both oxygen evolution reaction (OER) and hydrogen 

evolution reaction (HER). Powdered catalysts offer advantages for large-scale 

application of water splitting due to their high turnover numbers and low overpotential. 
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We also investigated other copper chalcogenides, such as copper oxide and copper 

sulphides (which were prepared under similar conditions by the same method) and 

demonstrated that CuSe exhibited superior catalytic activity for both OER and HER 

compared to the other copper chalcogenides. This indicates that the activity and 

electronic structure of electrocatalysts for water electrolysis can be modulated by varying 

the chalcogen element in the same group. The present study provides a new opportunity 

to design and fabricate novel catalysts from noble-metal-free and earth-abundant sources, 

and to disseminate valuable information and knowledge to the scientific community 

interested in electrocatalytic water splitting. 
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Water splitting reaction on NiS, MoS, NiMoS electrocatalysts 

 

4.1. Introduction 

Due to increasing global energy demand while on the contrary, to protect the 

environment, it is obvious to lessen our dependence on fossil fuels and therefore, to 

increase the amount of sustainable and renewable energy resources [1]. During the past 

couple of decades, various approaches to encompass the efficient production of biofuels 

with hydrogen, methane, and bioalcohols have been demonstrated [2–5]. Hydrogen has 

been considered as a model fuel to meet the need as one of the energy resources of the 

future. 

One of the most effective and fascinating processes for producing hydrogen is the 

water splitting reaction in the presence of light or electricity [6–12]. The splitting of water 

using electrochemical techniques is a viable method to convert electricity into chemical 

energy [13]. The transition metal sulphides possessing typical structural character rich 

with active sites, and adjustable to the electronic properties and components have been 

paying attention to widespread research, for example, in layered MoS2, WS2 and non-

layered Ni3S2 and Co3S4 [14]. As bifunctional electrocatalysts, a variety of earth abundant 

and economically friendly transition metal-based compounds, including oxides, 

hydroxides, carbides, sulphides, nitrides and phosphides have been employed towards 

the overall water splitting reaction [15]. A multi-step process involving proton-coupled 

transfer of electrons can occur in oxygen evolution reaction. However, the reaction 

necessitates a large overpotential, which causes energy loss and therefore, lowers the 

total efficiency of energy conversion [16]. The kinetic bottleneck for the electrochemical 

decomposition of water that has an addiction to the hydrogen oxygen is the oxygen 

evolution reaction. To speed up the OER process, several catalysts have been explored 

[17]. Because of their optimal binding to reaction intermediates, active metal oxide 

catalysts, such as IrO2 and RuO2, have shown the maximum activity towards OER. 

However, their rarity, corrosiveness, and high expenses have limited their uses in a wide 

range of applications [18]. Through numerous studies, it has been established that 

composites of molybdenum sulphide and nickel sulphide could increase the 
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electrocatalytic activity [19–21]. A lot of work has been carried out into finding reliable, 

affordable, and effective electrocatalysts for OER [21–23]. 

In the study, NiS, MoS and NiMoS have been studied systematically as bifunctional 

catalysts by synthesizing them using similar hydrothermal method and observing their 

electrocatalytic properties with special emphasis to OER under alkaline condition. It 

demonstrates that in 1 M KOH for NiS and NiMoS, there is a an overpotential of 160 

mV (10 mA cm–2) with a Tafel slope of 69.9 mV dec−1 and lower overpotential of 124 

mV (10 mA cm–2) with a Tafel slope of 41.6 mV dec−1, and. However, in case of MoS, 

an overpotential of 210.1 mV (10 mA cm-2) and Tafel slope of97.6 mV dec−1 have been 

determined. 

4.2. Experimental Section 

4.2.1. Materials: Nickel chloride (NiCl2.4H2O), ammonium molybdate ((NH4)6Mo7O24), 

sodium sulphide pentahydrate (Na2S.5H2O) were purchased from Sigma Aldrich. Nafion 

was purchased from Arora Matthey Ltd. 

4.2.2. Synthesis: The electrocatalysts have been synthesized by hydrothermal method. 

An aliquot of 1 M nickel chloridewas mixed thoroughly into 1 M sodium sulphide 

solution. The solution was poured into a teflon-lined stainless steel autoclave and heated 

to 24 h at 180 °C. For the synthesis of molybdenum sulphide nanoparticles, the same 

procedure was followed. For the synthesis of nickel molybdenum sulphide nanoparticles, 

1 M nickel chloride and 1 M molybdenum sulphide were mixed thoroughly and then, 1 

M sodium sulphide was mixed. After the mixture was added, the autoclave was heated 

to 180 °C for 24 h. The mixture was, then, cooled down to room temperature. After 

centrifugation of the solution, the obtained product was heated in a hot air oven at 60 °C. 

4.2.3. Characterization of materials: The X-ray diffraction (XRD) was performed by 

using a (Bruker D8 Advance) diffractometer along with a CuKα radiation source 

(λ=1.5418 Å generated at 40 kV). The surface morphology of the electrocatalysts were 

investigated with SEI INSPECT F 50 FE-SEM. Surface composition of electrocatalysts 

were analyzed by energy dispersive X-ray spectroscopy (EDX) attached with the same 

instrument. Transmission electron microscopy was carried out using JEOL JEM 2010 

transmission electron microscope. X-ray photoelectron spectroscopy (XPS) was 

performed with Omicron Nanotechnology XPS 0571 spectrometer.  

4.2.4. Electrochemical Performance: An aliquot of 90 μL of isopropanol was mixed 

with 10 μL of 5% nafion solution to produce a 4:1 mixture, which was, then, added to 
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the solution containing 2 mg of electrocatalysts. Subsequently, the mixture was sonicated 

for 6 h. Next, 5 μL of the catalyst was drop-cast in a graphite carbon electrode with a 

0.12 cm2 geometric surface area, which serves as the working electrode for these 

electrochemical investigations. The cyclic voltammogram of the electrode was measured 

at a scan rate of 50 mV s-1 in a 1 M KOH solution. The Tafel slope of the catalysts has 

been calculated by taking the plot of overpotential against the current density into 

consideration. The Tafel slope (b), the current density (j), and the overpotential (η) are 

related by the equation, η = a + b log (j). Electrochemical impedance spectroscopy (EIS) 

has been used in these investigations. Capacitance corresponding to the electrical double 

layer (Cdl) has been used to calculate the electrochemically active surface area (ECSA) 

of the catalysts. The slope from Ic vs. ʋ plot, the value of double layer capacitance (Cdl) 

can be obtained.  

Ic = (Ianodic-Icathodic)                                               (4.1) 

Cdl(F) = slope = ∆Ic /2∆ʋ                                          (4.2) 
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4.3. RESULTS AND DISCUSSION 

4.3.1. XRD analysis 

 

Fig. 4.1. X-ray diffraction patterns of (a) NiS, (b) MoS, and (c) NiMoS nanoparticles. 

The diffraction angle (2θ) along x-axis has been expressed in degrees. 
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X-ray diffraction patterns of NiS, MoS and NiMoS nanoparticles have been presented in 

Fig. 4.1. It reveals that NiS nanoparticles containing (100), (101), (102), (110) planes 

(JCPDS Card No.: 02-1280); MoS containing (101), (102) and (110) planes (JCPDS Card 

No.: 37-1492) and NiMoS containing (101), (111), (102) and (110) planes (JCPDS ard 

No.: 73-1508). 

4.3.2. SEM analysis: Scanning electron micrographs and energy dispersive X-ray 

spectra of NiS, MoS, and NiMoS nanoparticles have been displayed in Fig. 4.2. NiS 

exhibit weathered rock-like structures, MoS the solid rock-like structures and NiMoS the 

chloral flower-like structurestructures. In these superstructures, there are gaps through 

which the reactants can penetrate and gases can be escaped. The EDS spectra indicate 

that the atomic composition is Ni:S = 50:50 for NiS, Mo:S = 54:47 for MoS, and Ni:Mo:S 

= 57:43 for NiMoS.  

 

Fig. 4.2. (a, b, c) Scanning electron micrographs and (d, e, f) energy dispersive X-ray 

spectra of NiS, MoS, and NiMoS nanoparticles 

 

2 4 6 8 10 12 14 16 18
keV

0

1

2

3

4

5

6

7
 cps/eV

 Mo  Mo  Mo 
 S  S 

2 4 6 8 10
keV

0.0

0.5

1.0

1.5

2.0

2.5

3.0

 cps/eV

 Ni  Ni  S  S 

1 2 3 4 5 6 7 8 9
keV

0

1

2

3

4

5

6

7

 cps/eV

 S  S  Mo 
 Mo  Mo 

 Ni  Ni 

(a)

(b)

(C)

(d)

(e)

(f)



  CHAPTER 3 

104 
 

 

4.3.3. TEM analysis: 

Fig. 4.3. Transmission electron micrographs of (a) NiS, (b) MoS and (c) NiMoS 

nanoparticles 

Transmission electron micrographs of NiS, MoS and NiMoS nanoparticles have been 

displayed in Fig. 4.3. The NiS nanoparticles shows the bubble-like structures, MoS 

nanoparticles the bricks-like structures and NiMoS nanoparticles the flowers-like 

structures. The average diameter of the NiS, MoS and NiMoS nanoplarticles are 15±2.8, 

and 25±3.9, 28±4.3 nm, respectively. Due to decrease in size, surface area increases and 

therefore, better absorption of ions for NiMoS electrocatalysts rather than NiS and MoS 

electrocatalysts.  

 

4.3.4. XPS analysis: Using X-ray photoelectron spectroscopy (XPS), the chemical 

composition and oxidation states of the NiMoS nanoparticles have been examined as has 

been presented in Fig. 4.4. The two distinct peaks in the Mo 3d spectra, located at 231.9 

and 23.1 eV, are related to the binding energies of Mo3d5/2 and Mo3d3/2, which stand for 

the oxidation states of the Mo4+ in MoS2 or MoS3[24]. The Ni 2p spectrum is displayed 

by the binding energies of Mo 3d3/2 and 3d5/2, which are bound to the oxide states of 

Mo6+. For Ni2p1/2 and Ni2p3/2, the peaks become broadened with binding energies of 

approximately 872.7 and 855.2 eV, respectively. These indicate the Ni+ and Ni2+ 

oxidation states corresponding to the 
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Fig. 4.4. X-ray photoelectron spectroscopic analysis of NiMoS nanoparticles 

Ni3S2. The other two satellites peaks situated at 860.9 eV and 879.7 eV corresponds to 

the nickel and oxygen, respectively. The S 3d spectra shows that binding energies 

corresponding to the S2p3/2 and S2p1/2 orbitals are 162.3 and 163.5 eV, respectively. This 

could be indicative of the presence of bridging S2
2−or inarticulate to S2− [25]. It is possible 

to assign the S 2p spectra with two S 2p doublets, indicating the possibility of the 

presence of amorphous Mox structure and NixSy in the samples. The peak located at 168.7 

eV can be assigned to the remaining SO4
2- species due to the oxidation of surfaces S 

caused by molybdate oxidation [26]. 

 

4.3.5. Electrochemical Studies 

The electrocatalytic performance of NiS, MoS, and NiMoS nanoparticles has been 

studied electrochemically using cyclic voltammetry in a 1.0 M KOH solution at a scan 

rate of 5 mV s-1. 
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Fig. 4. 5. Cyclic voltammograms for NiS, MoS and NiMoS electrocatalysts in 1 M 

KOH solution 

By immersing the electrodes in a 1 M KOH solution, the cyclic voltammograms (Fig. 

4.5) of these electrocatalysts for oxygen evolution reaction have been recorded. Oxygen 

evolution reaction is an electron transfer process that occurs through multiple steps. High 

potential walls with significant overpotential are required for the reaction to occur [27]. 

The potential has been measured with respect to AgCl/Ag, Cl-1 electrode and normalized 

with respect to reversible hydrogen electrode (RHE). At 10 mA cm-2 current density, the 

overpotentials are (mV) 160, 210.1 and 124.3 for NiS, MoS, NiMoS based electrodes, 

respectively.   

OER occurs through four steps by 4e- transfer in alkaline medium 

OH- + *                     OH* + e-                                                     (4.3) 

OH* + OH-                            O* + H2O + e-                                            (4.4) 

O* + OH-                               OOH* + e-                                                   (4.5) 

OOH* + OH-                              O2 + H2O + e-                                           (4.6) 
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where * represents the active site of the catalyst and H* and OH* represents the species 

adsorbed on the catalytic surface. 

4.3.5.1. Tafel plots: The Tafel plots corresponding to different electrocatalysts have been 

presented in Fig 4.6. The values of Tafel slope of NiS, MoS and NiMoS (mV dec-1) are 

69.9, 97.6 and 41.6 respectively 

 

 

 

 

 

 

 

 

 

 

Fig. 4.6. Tafel plots of NiS, MoS and NiMoS nanoparticles 
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4.3.5.2. Chronoamperommetry study: 

Fig. 4.7. Chronoamperometry plots corresponding to NiS, MoS and NiMoS 

nanoparticles as the electrocatalysts of 1.0 M KOH solution 

The chronoamperometry measurement reveals that to study the constancy of the 

activeness in the catalysts and long term stability during the electrocatalytic performance. 

The study has been presented graphically in Fig. 4.7. Chronoamperometric studies have 

been performed with a 0.8V fixed potential for 2500 s in 1 M KOH solution. 
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4.3.5.3. Electrochemical impedence spectroscopy: 

 

 

 

 

 

 

 

 

 

 

 

 

 

Fig. 4.8. Nyquist plots of NiS, MoS and NiMoS nanoparticles 

The kinetics of the reaction has been followed through electrochemical impedence 

spectroscopy (EIS). The Nyquist plots corresponding to NiS, MoS and NiMoS 

nanoparticles have been presented in Fig. 4.8. From the equivalent circuit model 

proposed by Randles, Rs signifies the ohmic and ionic resistances at the electrode-

electrolyte interface. Moreover, the charge transfer resistance (Rct) was started from the 

lower frequency region in the Nyquist plot. Cct represents the capacitance of the electrical 

double layer [28]. The values of Rs, Rct and Cct have been given in the Table 4.1.  

Table 4.1. Comparative account of electrochemical impedence spectroscopy of the NiS, 

MoS and NiMoS electrocatalysts 

Electrocatalyst Electrolyte Rs (Ω) Rct (Ω) Cct (µF) 

NiS 1 M KOH 67.1 2196 3.97 

MoS 1 M KOH 56.3 2051 2.01 
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NiMoS 1 M KOH 46.7 1424 1.05 

 

 

4.3.5.4. Electrochemical active surface area: Cyclic voltammetry has been performed 

using three electrodes in non-Faradaic regions at different scan rates of 10, 20, 50, 70, 90 

and 100 mV s-1 in 1.0 M KOH solution. The values of double layer capacitance of the 

electrocatalysts NiS, MoS and NiMoS are 3.04, 1.20 and 3.80 mF cm-2, respectively. The 

ECSA vlues have been calculated by the following equation, ECSA (cm2) = Cdl/Cs, where 

Cs is the specific capacitance; the conventional specific charge density, Cs is taken as, 40 

μF cm-2. The ECSA values for NiS, MoS and NiMoS are 7.6, 3.4 and 9.3 cm2 which 

indicates the better electrocatalytic activity. 

 

 

Fig. 4.9. Cyclic voltammograms of (a) NiMoS, (b) MoS, and (c) NiS electrodes at 

different scan rates of 10, 20, 40, 50, 60, 80, 100 mV s-1; (d) scan rate dependence of the 

current densities derived from double layer capacitance measurements of the 

electrocatalysts 
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Table 4.2. Electrochemical performance of catalysts 

Electrocatalysts Overpotential for 

OER (mV) 

Tafel slope (mV 

dec-1) 

Reference 

    

NiMoS 124@10 mA cm-2 41.6 Present work 

Ni3S2/MoSx 215@10 67.5 [2] 

N-NiMoS 167@onset potential 72 [3] 

NiMoS 1.54@10 102 

 

[3] 

MoS2/NiS2 1.67@10 

303 mV@10 OER 

58 [4] 

NiS 160 69.9 Present work 

MoS 210.1 97.6 Present work 

 

4.4. Conclusion: The hydrothermal approach makes it simple to synthesis the 

catalysts. The OER of the NiMoS nanoparticles at 10 mA cm-2 is 124 mV and the Tafel 

slope is 97.6 mV dec-1, and the values of double layer capacitance is 3.72 mF cm-2 of the 

electrocatalysts. The electrochemically active surface area of the nanostructures is 9.3 

cm2 which indicates the presence of more active sites that have been found to be 

advantageous for OER. Sulphur-containing transition metals are inexpensive and 

effective electrocatalysts for the water splitting reaction.The transition metals on 

affordable and effective electrocatalysts for the total water splitting processes may be 

initiated by the current work. 
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Hydrothermally synthesized nickel selenide, molybdeniumdiselenide 

and nickel molybdenium selenide are cost effective and bifunctional 

electrocatalysts for Water splitting reaction 

 

5.1. Introduction 

The intercalation of diverse guests into chalcogenide hosts has been the focus of 

numerous research investigation over the last few decades [1–6]. Certain compounds, 

such as nickel selenide (NiSe2) and iron selenide (FeSe2), have been found to exhibit 

large cathodic current densities at lower overpotentials along with good electrocatalytic 

activity. High cathodic current densities and low overpotentials boost the electrocatalytic 

activity of the active sites, which are consisting of Ni or Fe molecules [7–13]. The 

transition metal based selenides have been considered as one of the most electrifying 

class of electrocatalysts that performed opponents of noble metal based electrocatalysts 

[14–19]. The variety of nickel selenides, such as NiSe [20–23], Ni0.85Se [24], NiSe2 [25–

27], and Ni3Se2 [28–29], have been extensively observed for the HER and OER 

processes. Materials, such as FeSe, CuSe, MoSe, CoSe and their corresponding alloys 

have been reported earlier to water splitting reactions and other applications related to 

energy demands [30–35]. Molybdenum selenide (MoSe2) is an another gifted 

electrocatalyst with better electrocatalytic performance, low cost, and earth abundant 

elements [36–40]. RuO2 or IrO2 has been found to be the best electrodes for OER [41–

42]. Platinum has been proven to be the most valuable HER electrocatalyst reported so 

far in the literature [43–44]. 

In the present study, it is reported that molybdenum selenides, nickel selenides and 

their composites could enhance the electrocatalytic activity [45–51]. The electrocatalytic 

water splitting reaction of the NiMoSe electrocatalysts towards OER at 10 mAcm-2 

overpotential with respect to RHE is 165 mV and the Tafel slope value is 83 mV dec-1. 

 

5.2. Experimental Section 

5.2.1. Reagents: Nickel chloride (NiCl2.4H2O), ammonium molybdate ((NH4)6Mo7O24), 

sodium selenite (Na2SeO3) and hydrazinehydrate (N2H4.H2O) were purchased from 
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Sigma Aldrich and were used as received. Nafion was purchased fromArora Matthey 

Ltd.and was used without further purification. 

5.2.2. Instrumentation 

The morphologies of the selenide-based materials were investigated using scanning 

electron microscopy (SEM) on a SEI INSPECT F 50 FE-SEM and their elemental 

compositionswere assessed using energy-dispersive X-ray spectroscopy (EDS) on an 

EDS spectrometer. HRTEM images of the specimen were collected on a JEOL JEM 2010 

transmission electron microscope. The hydrothermally synthesized crystal structure of 

synthesized nanoparticles was investigated by X-ray diffraction (XRD) study that was 

performed using a Bruker D8 Advance diffractometer equipped with a CuKα radiation 

source (λ=1.5418 Å generated at 40 kV and 40 mA.). The chemical valence was 

characterized by X-ray photoelectron spectroscopy (XPS) performed in the Omicron 

Nanotechnology XPS 0571 spectrometer. Fourier transform infrared (FTIR 

spectroscopic study was performed by PerkinElmer instrument. 

5.2.3. Synthesis of nickel molybdenium selenide nanoparticles 

The electrocatalysts were synthesized by following hydrothermal protocol. An aliquot of 

1 M nickel chloride was mixed thoroughly to 1 M sodium selenite solution. An 

equivalent amount of hydrazine hydrate was added in the solution. The solution was 

poured into a stainless steel autoclave and heated at 180 °C for 24 h. For the synthesis of 

molybdenium selenide nanoparticles, the same protocol was applied. For synthesis of 

nickel molybdenium selenide nanoparticles, 1 M nickel chloride and 1 M molybdenium 

selenide were mixed thoroughly and then, 1 M sodium selenite was reduced by hadrazine 

hydrate. After the mixture was agitated and sealed into an autoclave and the mixture was 

heated at 180 °C for 24 h. The mixture was, then, allowed to cool down to room 

temperature. After centrifugation of the mixture, the resulting product was agitated at 60 

°C in a hot air oven. 

5.3. Characterization of materials 

5.3.1. Electrochemical performance 

The bifunctional activity of the electrocatalysts has been investigated in water splitting 

that involves the individual testing of oxygen evolution reaction under three electrode 

setups (Autolab). In this experiment, Ag/AgCl electrode has been used as the reference 

electrode, Pt foil as the counter electrode, and graphite electrode as the working 

electrode. The working electrode has a geometric surface area of 0.12 cm-2. Now, 2 mg 
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of the powdered catalystshas been dissolved in 80 µL of isopropanol and 20 µL of 5% 

nafion to produce a mixture of 4:1. The solution was, then, sonicated for 2 h and 

subsequently, 5 μL mixture was dropped over the working electrode. The following 

equation,  

ERHE = EAg/AgCl +0.197+ (0.059×pH)                               (5.1) 

has been used to make the electrode potentials equivalent to the reversible hydrogen 

electrode (RHE). 

 The Tafel equation, expressed as, η = a + b log j, indicates the electrokinetic character 

of OER. In this equation, η is the overpotential, j represents the current density, a stands 

for the Tafel constant, and b for the Tafel slope. The non-faradic portion of cyclic 

voltammograms at various scan rates (ʋ) has been used to calculate the electrochemical 

active surface area. The charging current (Ic) has been calculated from the ECSA data. 

We have calculated the value of double layer capacitance (Cdl) by taking the slope from 

the Ic vs. ʋ plot into consideration. 

Ic = (Ianodic-Icathodic)                                            (5.2) 

Cdl (F) = slope = ∆Ic /2∆ʋ                                       (5.3) 

 

5.4. Results and discussion 

5.4.1. Structural characterization 

5.4.1.1. XRD Analysis 

X-ray diffraction patterns of NiSe, MoSe2 and NiMoSe nanoparticles have been 

displayed in Figure 5.1. For MoSe2, the prominent peak appears at 29° corresponding to 

the (100) planes. Other peaks appearing at 41°, 47°, 56° and 65° angles can be assigned 

to the planes of (006), (105), (110), (200) respectively (JCPDS card number:29-0914. 

The hexagonal NiSe nanoparticles containing diffraction peaks having 2θ values 33.32°, 

44.94°, 50.77° and 62.09° corresponding to planes (101) ,(102), (110) and (103) planes, 

respectively (JCPDS card number: 18-0888).For NiMoSe nanoparticles containing 

diffraction peaks having 2 θ values 44.5, 51.9, 76.4 corresponding to planes (111), (200), 

(220) planes. 
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Fig. 5.1. X-ray diffraction patterns of (a) NiSe, (b) MoSe2 and (c) NiMoSe nanoparticles. 

The diffacion angle 2θ along has been expressed in degrees. 
 

 

 



CHAPTER 4 

 

123 
 

5.4.1.2. FTIR spectroscpy 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Fig. 5.2. Fourier transform infrared spectroscopy of (a) NiSe, (b) MoSe2 and (c) 

NiMoSe nanoparticles 
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To understand the nature of the functional groups of the synthesized Ni and Mo based 

electrocatalysts, Fourier transform infrared spectroscopy spectroscopy has been used. 

FTIR spectra of NiSe, MoSe2, and NiMoSe are shown in Fig. 5.2. The characteristic 

peaks observed at 601 cm-1 and 930 cm-1 are related to the Mo–Se and Se–Se molecules; 

the peaks are shown in 1412 and 1617 cm-1 were indicated the Mo–O functional groups; 

the broad peak is investigated at 1114 cm-1 for the aromatic ring C–H stretching and 

bending mode; the peak is observed at 715 cm-1 is to bending out of plane; the MoSe2 

nanosheet peaks are shifted slightly towards lower the intensity. These results are clearly 

confirmed by the accurate chemical interaction in the presence of the functional groups 

that can change in the structural phase of the nanostructures. 
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5.4.1.3. SEM analysis 

 

 

Fig. 5. 3. (a, b, c) Scannng electron micrographs and (d, e, f) energy dispersive X-ray 

spectrum of NiSe, MoSe2 and NiMoSe nanoparticles 

Scannng electron micrographs and energy dispersive X-ray spectrum of NiSe, MoSe2 

and NiMoSe nanoparticles have been shown in Fig. 5. 4. Using SEM, the morphologies 

of the synthesized samples were examined. The dense and compact coral-like surface 

shape of the NiMoSe composites can be thought to be more advantageous for an effective 

2 4 6 8 10 12 14
keV

0.0

0.2

0.4

0.6

0.8

1.0

1.2

1.4

1.6

1.8

2.0

2.2

 cps/eV

 Se  Se  Ni  Ni 

2 4 6 8 10 12 14 16 18
keV

0.0

0.2

0.4

0.6

0.8

1.0

1.2

1.4

1.6

1.8

2.0

2.2

2.4

 cps/eV

 Mo  Mo  Mo  Se  Se 

2 4 6 8 10 12 14 16 18
keV

0.0

0.2

0.4

0.6

0.8

1.0

1.2

 cps/eV

 Mo  Mo  Mo  Ni  Ni  Se 
 Se 

2 4 6 8 10 12 14
keV

0.0

0.2

0.4

0.6

0.8

1.0

1.2

1.4

1.6

1.8

2.0

2.2

 cps/eV

 Se  Se  Ni  Ni 

2 4 6 8 10 12 14 16 18
keV

0.0

0.2

0.4

0.6

0.8

1.0

1.2

1.4

1.6

1.8

2.0

2.2

2.4

 cps/eV

 Mo  Mo  Mo  Se  Se 

2 4 6 8 10 12 14 16 18
keV

0.0

0.2

0.4

0.6

0.8

1.0

1.2

 cps/eV

 Mo  Mo  Mo  Ni  Ni  Se 
 Se 

2 4 6 8 10 12 14
keV

0.0

0.2

0.4

0.6

0.8

1.0

1.2

1.4

1.6

1.8

2.0

2.2

 cps/eV

 Se  Se  Ni  Ni 

2 4 6 8 10 12 14 16 18
keV

0.0

0.2

0.4

0.6

0.8

1.0

1.2

1.4

1.6

1.8

2.0

2.2

2.4

 cps/eV

 Mo  Mo  Mo  Se  Se 

2 4 6 8 10 12 14 16 18
keV

0.0

0.2

0.4

0.6

0.8

1.0

1.2

 cps/eV

 Mo  Mo  Mo  Ni  Ni  Se 
 Se 

(a)

(b)

(c)

(d)

(e)

(f)



CHAPTER 4 

 

126 
 

electron transport process [33]. The EDS spectra indicate that the atomic compositions 

as Ni:Se = 41:54 for NiSe, Mo:Se= 54:45 for MoSe, and for Ni:Mo:Se = 12:49:38 

NiMoSe composites. 

 

5.4.1.4. TEM analysis 

 

 

 

 

Fig. 5.5. Transmission electron micrographs of (a)NiSe, (b)MoSe2 and (c)NiMoSe 

nanoparticles  

(a) 
(b) 

(c) 
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Transmission electron micrographs of NiSe, MoSe2 and NiMoSe nanoparticles have 

been exhibited in Fig. 5.4. It is observed that NiSe possesses quantum-dot like structures, 

and MoSe2, NiMoSe the spherical structures. The average diameter of the NiSe, MoSe2, 

and NiMoSe nanostructures are 16±2.3, 8±1.6, and 24 ±2.7 nm, respectively. 

5.4.2. Electrochemical Studies 

 

 

 

 

 

 

 

 

Fig. 5.6. Cyclic voltammograms for NiSe, MoSe2 and NiMoSe electrocatalysts in 1 M 

KOH solution 

5.4.2.1. Oxygen Evolution Reaction (OER) 

The inherent potential corresponding to the OER activity has been observed in 1 M KOH 

solution at pH~14. At a scan rate of 50 mV s-1, the OER activity was conducted in a 

cyclic voltammograms in the potential regime of +1 to + 2.8 V with respect to RHE. For 

NiSe, MoSe2, and NiMoSe, the measured current density at 10 mA cm-2 is 180, 210, and 

165 mV, respectively. Oxygen evolution reaction can be considered as a multi-step 

electron transfer reaction that requires an overpotential, or high potential energy barrier. 

OH- + *                    OH* + e-                                    (5.4) 

OH* + OH-                            O* + H2O + e-                                           (5.5) 

O* + OH-                          OOH* + e-                                                   (5.6) 

OOH* + OH-                               O2 + H2O + e-                                      (5.7) 

In an alkaline medium, OER happens in four steps by 4 electron transfer, where * denotes 

the active site of the catalyst and H* and OH* represent the species adsorbed on the 

surface [52]. 
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The Tafel diagram provides the mechanistic pathway for the OER reaction. Fig. 5. 6 

displays the Tafel slopes that have been measured for the NiSe, MoSe2, and NiMoSe . 

The plot of the logarithm of current density against the overpotential has been used to 

calculate the Tafel slope. The polarization plots provide the current density j, which is 

needed to evaluate the Tafel plot.  

The Tafel equation states that slope is the relationship between current density, j and the 

overpotential, η. For NiSe, MoSe2, and NiMoSe nanoparticles, the Tafel slopes (mV dec-

1) have been enumerated as 126, 96, and 83 respectively. Tafel slope for NiMoSe 

suggests that the electrochemical reaction occurs through a Volmer-Heyrovsky process. 

Therefore, in the current work, the electrocatalysts exhibit improved activity towards the 

oxygen evolution reaction in 1 M KOH solution. 

 
 

 

 

Fig. 5.7. Tafel plots corresponding to oxygen evolution reaction for NiSe, MoSe2 and 

NiMoSe nanoparticles. The overpotential along the y-axis has been expressed in mV. 
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5.4.2.2. Chronoamperommetry study: 

 

Fig. 5.8. Chronoamperommetry study of the electrocatalysts in 1.0 M KOH solution 

Fig. 5.7 shows the chronoamperometric stability of the three electrocatalysts against the 

oxygen evolution reaction over a continuous period of time at a fixed potential of 0.8 V. 

These investigations show that consistency occurs throughout the electrochemical 

process.  

5.4.2.3. Electrochemical active surface area: Cyclic voltammograms at various scan 

rates, ranging from 10 mV s-1 to 100 mV s-1, have been displayed in Fig. 5.8. The 

electrochemical active surface has been computed from the non-faradic region. The 

values of double layer capacitance (Cdl) of the NiSe, MoSe2 and NiMoSe nanoparticles 

have been calculated as 2.6, 1.9 and 3.8 mF cm-2, respectively under the non-faradic 

potential region (1.06 V- 1.26 V). The ECSA values for NiSe, MoSe2 and NiMoSe have 

been enumerated from the equations are 6.5, 4.8 and 9.5 cm2 (ECSA (cm2) = Cdl/Cs, 

specific charge density, Cs = 40 μF cm-2). 
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Fig. 5.9. Cyclic voltammograms of (a) NiSe, (b) MoSe2 and (c) NiMoSe electrodes at 

different scan rates of 10, 20, 40, 50, 60, 80, 100 mV s-1; (d) scan-rate dependences of 

the current densities derived from double-layer capacitance measurements of the 

electrocatalysts. 
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Fig. 5. 10. Nyquist plots of NiSe, MoSe2 and NiMoSe nanoparticles 
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Electrochemical impedance spectroscopy has been used to study the kinetics of the 

reaction. The Nyquist plots of NiSe, MoSe2 and NiMoSe nanoparticles have been shown 

in Fig. 5.9. From the equivalence circuit model proposed by Randles, where, Rs is 

solution resistance can be calculated from the intersection of real axis which is x-axis 

corresponding to the high frequency region. Rct represents the ohmic and ionic resistances 

at electrode-electrolyte interface which is found from lower frequency state of the 

Nyquist plot. Cct represents the double layer capacitance value from these equivalence 

circuit model. Electrochemical impedance spectroscopic results corresponding to NiSe, 

MoSe2 and NiMoSe electrocatalysts have been presented in Table 5.1.  

Table 5.1. Electrochemical impedance spectroscopic results corresponding to NiSe, 

MoSe2 and NiMoSe electrocatalysts 

Electrocatalyst Electrolyte Rs (Ω) Rct (Ω) Cct (µF) 

NiSe 1 M KOH 30.87 8597 
3.248 

 

MoSe2 
1 M KOH 26.25 6258 2.129 

NiMoSe 
1 M K0H 24.01 1815 1.264 

 

A comparative account of the electrocatalysts with some other similar catalysts towards 

oxygen evolution reaction have been shown in Fig. 5.2. 

Table 5. 2. A comparative account of the electrocatalysts towards oxygen evolution 

reaction  

Electrocatalysts Overpotential for 

OER (mV) 

Tafel slope (mV 

dec-1) 

Reference 

NiMoSe 124@10 mA cm-2 96 Present work 

Ni0.5Mo0.5Se 1.57 V @ 10 mA 

cm-2 

 [1] 

MoeNieSe@NF 397 mV@ 10 mA 

cm-2 

44.9             [53] 
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            NiSe 160 83 Presnt work 

MoSe 210.1 126 Present work 

 

5.5. Conclusions 

In conclusion, the electrocatalysts have been successfully synthesized by the 

hydrothermal method and their electrocatalytic activities have been studied. The low 

overpotential value of the nanoparticle is 165 mV with a lower Tafel slope of 83 mV dec-

1 and electrochemical active surface area of 9.5 cm-2 that makes it a preferable catalysts 

towards oxygen evolution reaction. The hydrothermally synthesized NiMoSe 

nanoparticles can be used as electrocatalysts for its low cost values and ease of synthesis 

in the labarotary that can be useful in the water splitting reactions. 
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NOTABLE ACHIEVEMENTS AND CONCLUSIONS 

The thesis deals with the synthesis of electro-catalytically active nanoparticles by using 

various protocols in absence of any capping agent.Synthesized nanoparticles are 

characterized by spectroscopic analysis FTIR, microscopic (FESEM, HRTEM), XRD, 

EDS and XPS analysis.The electrocatalytic studies are done in these work.The CV,CA, 

impedence are carried out during the process.The electrocatalytic active surface area is 

calculated for the measurement of the surface area of the electrocatalysts.The catalytic 

proficiency of the synthesized nanomaterials are evaluated with respect to water splitting 

reaction of metal and metal-oxide nanoparticles.The experimental findings of the 

electrocatalytic activity of the pure metals like Ni, Cu, Mo etc are combined  with 

sulphide and selenide molecules to form the bimetallic  nanoparticles.The significance 

of water splitting is  promising technology that confirmed water is split to generate clean 

pure hydrogen fuel.Hence the green fuels is to be useful for different resolutions. 
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Future aspects: 

 

Previously noted, the division of water splits into hydrogen and oxygen throughout 

solar energy is thoroughly investigated challenge, pivotal for addressing future energy 

demands. Photocatalysts activated by visible light offer significant benefits, as they 

circumvent the need for sophisticated energy conversion technologies typically 

associated with non-renewable sources like solar or wind power. Heterogeneous 

photocatalysis not only yields hydrogen but also produces oxygen—avaluable 

byproduct. However, this process faces issues such as catalyst degradation due to oxide 

formation during the oxygen evolution reaction. Additionally, the existing 

photocatalysts exhibit a low turnover frequency, warranting further exploration. The 

development of durable photocatalysts that can be effortlessly separated from the 

reaction mix and reused presents an expansive research opportunity. Investigating 

catalysts composed of novel or readily available transition metals remains an intriguing 

avenue for future study. Adjusting existing transition metal catalysts with diverse 

ligands opens up vast possibilities for engineering more efficient and stable catalysts, 

potentially surpassing current limitations. Modifying the metal composition in 

heterogeneous catalysts also presents the gifted opportunity to increase the performance 

of earlier reported electrocatalysts. The escalating global energy demand compels us to 

innovate superior and cleaner energy solutions, and photocatalytic water splitting 

stands out as an exceptionally promising direction. 
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