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Preface 

The development of efficient and durable catalysts for hydrogen production from 

oxidation reactions is crucial for enabling clean and sustainable hydrogen energy 

technologies. Transition metal (TM) compounds have emerged as promising 

heterogeneous catalysts for oxidizing sulfur compounds, water, methanol and urea to 

generate hydrogen gas and valuable chemicals via thermochemical and electrochemical 

routes. Hydrogen has emerged as a promising energy carrier for a sustainable and low-

carbon future. However, the development of economical and scalable production 

methods from abundant feedstocks remains a significant challenge. The electrochemical 

oxidation of sulfur-based compounds is a crucial process in various industrial 

applications, such as the desulfurization of fuels, production of sulfuric acid, elemental 

sulfur, and hydrogen. TM-based catalysts have been extensively studied for Sulfion 

Oxidation Reaction (SOR) due to their unique electronic properties, high conductivity, 

and ability to facilitate electron transfer reactions. These catalysts can significantly 

enhance the reaction kinetics, selectivity, and overall efficiency of the SOR process. The 

choice of TM, its composition, nanostructure, and support material play a vital role in 

determining the catalytic performance. The electrochemical water oxidation reaction is a 

key half-cell reaction in many nonconventional energy conversion and storage 

technologies, such as electrochemical water splitting is a pollution free approach to 

produce hydrogen fuel and used in metal-air batteries. But the sluggish kinetics a 

significant bottleneck that requires effective catalysts to facilitate the multi-electron 

transfer process. TM-based heterogeneous catalysts have emerged as promising 

candidates due to their high activity, stability, and earth abundance compared to noble 

metal catalysts. The electrochemical conversion of methanol to value-added chemicals 

has gained significant attention due to the increasing demand for sustainable energy 
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storage and chemical production. Among the potential products, formate (HCOO⁻) is a 

valuable chemical feedstock with applications in various industries, including 

agriculture, pharmaceuticals, and energy storage. The electrocatalytic oxidation of 

methanol to formate offers an attractive alternative to traditional chemical processes, as 

it can be conducted under mild conditions and potentially utilize renewable electricity. 

TM-based catalysts have shown great promise in facilitating the selective oxidation of 

methanol to formate. These catalysts can be designed and tailored to achieve high 

activity, selectivity, and stability through careful selection of metal centers, ligand 

environments, and nanostructured architectures. 

Chapter 1: In this chapter, we have elaborated the detailed introduction of TM-based 

catalyst for sulfion, water and methanol oxidation reaction. TM-based catalysts have high 

electrocatalytic activity, high surface area with more active sites for MOR, OER, OER, 

UOR and HER. 

Chapter 2: In this chapter, the synthesis of the NiFeOOH-Co9S8 heterojunction catalyst 

represents a promising approach for sustainable hydrogen production and waste 

valorization. This bifunctional catalyst leverages the synergy between the nickel-iron 

oxyhydroxide (NiFeOOH) and cobalt sulfide (Co9S8) components to facilitate the sulfur 

oxidation reaction (SOR) coupled with the hydrogen evolution reaction (HER). SOR 

involves the oxidation of sulfur-containing compounds, such as sulfion (a mixture of 

sulfur-containing waste from industrial processes and petroleum refining), to produce 

valuable chemicals like sulfuric acid and elemental sulfur. Simultaneously, the HER 

occurs, generating hydrogen gas as a clean energy carrier. 

Chapter 3: In this chapter, the Co3O4@NiCu-Polymer nano cubes synthesized using 

polyacrylolyl hydrazide as a reducing and capping agent on a nickel foam surface 



xxi 
 

represent a versatile and efficient catalyst system for both methanol oxidation and water 

oxidation reactions. The selective production of formate from methanol and the ability to 

operate without a membrane system make this catalyst promising for various energy-

related applications, such as fuel cells, chemical synthesis, and water splitting processes. 

Chapter 4: In this Chapter, the CoFe doped CeO2/Ni3S2 catalyst was synthesized via a 

hydrothermal method using reducing sugar, likely involving the reduction of metal 

precursors by carbohydrate like glucose to form the mixed metal oxide/sulfide 

nanoparticles. This catalyst is being explored for the urea oxidation reaction, which 

produces hydrogen gas as a clean fuel. Here we used cerium with Co and Fe because 

cerium itself can act as both a catalyst and a catalyst promoter. Its flexible coordination 

environments and excellent redox properties (ability to cycle between Ce3+ and Ce4+ 

oxidation states) make it advantageous. The redox cycle of Ce can facilitate charge 

transfer processes involved in catalytic cycles. 

Chapter 5: In this chapter, we have concluded the important aspects of TM based nano 

catalyst for efficient anode half-cell. Future perspectives on the work are also discussed, 

along with some key recommendations. 
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Chapter 1  

Introduction and Literature Survey 

 

1.1 Abstract 

Hydrogen has become an attractive choice in the search for sustainable energy solutions 

due to its high energy density and renewability. A viable method for producing hydrogen 

(H₂) sustainably is electrocatalytic water splitting, however, the anodic oxygen evolution 

reaction (OER) limits the process. The water-splitting cell's efficiency is diminished by 

the sluggish kinetics and high energy consumption. Using more thermodynamically 

advantageous substrate oxidation processes in place of the anodic OER to get around this 

restriction. These different reactions may result in "hybrid" or "assisted" water 

electrolysis configurations, where the anodic oxidation step offers flexibility in process 

design and output while simultaneously increasing energy efficiency and producing 

value-added products. The use of sacrificial oxidants in hybrid water electrolysis systems 

has been the focus of recent developments, these oxidants are chosen such that their 

oxidation produces useful byproducts, improving the process's overall sustainability and 

economics. Another crucial area of study is the development of transition metal-based 

catalysts. The inherent catalytic activity and stability may be improved by carefully 

adjusting the chemical and electrical conditions. Studies of these systems involve 

determining active catalytic sites, clarifying interactions with reaction intermediates, and 

comprehending how adding different materials influences the overall reaction dynamics.  

Many tactics, such as the creation of nanostructures, the addition of conductive support 

materials, and the introduction of foreign elements, have been used to improve the 

performance of electrocatalysts. To solve the worldwide challenges of pollution and 

energy scarcity, hydrogen is a viable clean energy carrier. 
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1.2  Hybrid Water Electrolysis Process for Green Hydrogen Production 

 The potential of hydrogen as a replacement for conventional fossil fuels like natural gas 

and gasoline is becoming more widely recognized. Its potential for zero carbon emissions 

and high energy density (120-142 MJ kg-1) makes it a desirable alternative for sustainable 

energy. [1,2] Therefore, creating effective and eco-friendly processes to create "green" 

hydrogen has taken center stage in the energy industry. [3] Hydrogen generation using 

water electrolysis using renewable energy sources has shown promise. The HER at the 

cathode and OER at the anode are the two half-reactions involved in the electrolysis of 

water.[4,5] Under conventional circumstances (25°C and 1 atm), the thermodynamic 

voltage needed for water electrolysis is 1.23 V, however, in real-world applications, 

larger cell voltages are usually needed, often surpassing 1.8 V.[6,7] In particular, this is 

true  the high current densities required in industrial environments.[8,9] The slow kinetics 

of the four-electron oxygen evolution process, which results in a high activation barrier, 

provide the biggest obstacle to water electrolysis.[10,11] Removing this obstacle is 

essential to increasing the scalability and efficiency of hydrogen generation by water 

electrolysis. Significant progress has been achieved recently in creating anode and 

cathode electrocatalysts that are more effective in lowering overpotentials and total cell 

voltage during the electrolysis of water. Traditional water electrolysis still has a number 

of drawbacks, such as the anode's generation of non-valuable oxygen, the necessity for a 

membrane to keep hydrogen and oxygen from mixing, and the high energy costs. [12,13] 

Novel electrochemical approaches have been suggested by researchers as solutions to 

these problems. Using solid redox anodes in a decoupled water-splitting system avoids 

the requirement for a membrane and lowers the possibility of gas mixing. [14,15] 

Nevertheless, this technique still uses a lot of energy at the anode for the oxygen evolution 

process (OER). Hybrid water electrolysis has drawn interest as a more potential 

alternative. By using a different electrolyte at the anode, this system may substitute the 
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OER with more thermodynamically favorable oxidation processes, which may result in 

energy savings during the generation of hydrogen.[16,17,18] Reagent-sacrificing, 

pollutant-degrading, and value-added chemical refining procedures are the three primary 

categories in hybrid water electrolysis.[19,20] The extra advantages of anodic oxidation 

depend on the electrolyte molecules used, such as sulfion,[21,22] alcohols,[23,24] 

hydrazine,[25,26] urea,[27,28] 5-hydroxymethylfurfural (HMF) [29,30] and 

ammonia.[31,32] Transition metal based advanced, affordable electrocatalysts that can 

efficiently promote these alternative anodic electrochemical processes must be developed 

in order to make hybrid water electrolysis more feasible and competitive with 

conventional water electrolysis.  

 

Figure 1.1: (a) Polarization curve schematic design for the HER and other low-onset 

potential available potential oxidation processes, including the oxygen evolution reaction 

(OER), urea oxidation reaction (UOR), the alcohol oxidation reaction (AOR), the sulfion 

oxidation reaction (SOR), and the hydrozine oxidation reaction (HzOR). Reproduced 

with permission from ref. [33].  Copyright 2023 Royal Society of Chemistry. 

We work on sulfion oxidation reaction, methanol oxidation reaction, urea 

oxidation reaction and water oxidation reaction for efficient hydrogen production using 
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transition metal-based catalyst. These reactions are beneficial due to hydrogen production 

on the cathode side and valuable chemicals on the anode side. 

1.2.1 Background of Water Electrolysis  

Nicholson and Carlisle made the first discovery of water electrolysis in 1800, marking 

the beginning of the first industrial revolution and the history of the process.[34] The next 

several decades saw further advancements in the technique, with the first large-scale 

10,000 Nm3/h plant operating in 1939 and more than 400 industrial water electrolysis 

units operating by 1902.[35] General Electric was developed the first solid polymer 

electrolyte (SPE) system in 1966, the first solid oxide water electrolysis unit was created 

in 1972, and Zdansky/Lonza developed the first pressurized commercial electrolyzer in 

1948 were all noteworthy turning points in the 20th century. Cutting-edge alkaline 

systems first appeared in the late 1970s. [36] Recent advancements in high-temperature 

solid oxide technology, together with the rebuilding and optimization of alkaline water 

electrolyzers, have allowed for the creation of proton exchange membranes for fuel cells 

and water electrolysis units, further revolutionizing the industry. Advancements in water 

electrolysis capabilities and applications across sectors have been made possible by this 

continuous stream of breakthroughs over the last 200 years. [37]  

1.2.2 Statement of the Problems 

Water electrolysis is a potential technique for creating clean hydrogen fuel, but to be 

effective and economically feasible, it must overcome several important obstacles. These 

difficulties include a wide range of electrolysis-related topics, including reaction kinetics, 

material constraints, and safety issues. The possible mixing of hydrogen and oxygen 

gases generated at the cathode and anode, respectively, is one of the main safety issues 

with water electrolysis. If this combination is lit on fire, there might be serious threats to 

people's safety. Since gas crossing lowers the quality of the hydrogen generated, 
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preventing it is essential for efficiency as well as safety. [38] The cathode and anode 

compartments are kept apart by membranes, which also enable the selective movement 

of ions and prevent gas mixing. Finding membrane materials that can withstand the 

severe conditions of electrolysis and are also highly conductive is still a difficult task. It 

is necessary to overcome problems including fouling, membrane deterioration, and 

excessive costs. [39] Noble metal catalysts, namely platinum for the HER and iridium 

for the OER, are essential to many effective electrolyzers. Due to their scarcity and high 

cost, these materials greatly raise the total cost of electrolyzers. The development of 

stable, affordable, and active substitutes for noble metal catalysts is a primary area of 

scientific interest. Catalyst deterioration may eventually result from the rigorous working 

conditions of water electrolysis, which include high potential and very high pH settings. 

Enhancing the catalysts’ long-term stability under working circumstances is essential to 

the water electrolysis systems potential to be commercially successful. [40] While the 

HER prefers acidic environments, the OER usually occurs more effectively in alkaline 

conditions.  

 

Figure 1.2: Major problems occurred in water electrolysis. 

H2/O2
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The issue in building effective electrolyzers that can function ideally for both 

half-reactions at the same time is the pH mismatch. Developing pH-neutral electrolytes 

or coming up with innovative cell designs that can adapt to various pH conditions might 

be two ways to solve this problem. [41] In comparison to the HER, the OER is kinetically 

slower. Efficiency losses and elevated overpotentials result from this disparity in 

response rates. Improving the reaction kinetics of electrode designs and creating more 

active OER catalysts are essential for raising system efficiency. [42] The overall lifetime 

of electrolyzers is a significant factor in their economic feasibility. Components such as 

catalysts, membranes, and electrodes can degrade over time, leading to decreased 

efficiency and eventual failure. Extending the operational lifetime of electrolyzers is 

essential for reducing the levelized cost of hydrogen production. [43] 

1.2.3 Half-Cell reactions in water electrolysis  

Two different electrochemical reactions take place at different electrodes during the 

process of water electrolysis. The HER occurs at the cathode and hydrogen gas is formed 

when water molecules are reduced and acquire electrons. Concurrently, the OER takes 

place at the anode where water molecules get oxidized and lose electrons during this half-

reaction, releasing oxygen gas. The total water electrolysis process, which separates 

water into its individual components of hydrogen and oxygen, is made up of these two 

half-cell processes. In water electrolysis, HER usually takes place on the cathode surface. 

[44] Multiple processes are involved in this process in acidic conditions. First, a 

hydronium ion (H3O
+) contacts with an open site (represented by M) on the 

electrocatalyst surface to initiate the Volmer reaction. The hydronium ion is released as 

a result of this interaction, and an adsorbed hydrogen atom (M-H) forms on the catalyst 

surface. After that, one of two processes, the chemical Tafel step or the electrochemical 

Heyrovsky step, can lead to the creation of molecular hydrogen (H2). In the Heyrovsky 
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step, the adsorbed hydrogen and another hydronium ion combine to make H2 and 

replenish the catalyst site. As an alternative, two nearby adsorbed hydrogen atoms 

combine to generate H2 in the Tafel step, which also frees up the catalyst sites. [45] The 

composition of the electrocatalyst, the electrode voltage, and the reaction circumstances 

are some of the variables that affect the specific route and efficiency of H2 synthesis. 

H3O
+

+ e-+M→M-H+ H2O  (Volmer step)                           Equation 1.1 

𝑀 − 𝐻 +  𝐻3𝑂+ + 𝑒− →  𝐻2 + 𝐻2𝑂 + 𝑀 (𝐻𝑒𝑦𝑟𝑜𝑣𝑠𝑘𝑦 )       Equation 1.2                                                 

2𝑀 − 𝐻 → 2𝑀 +  𝐻2 (𝑇𝑎𝑓𝑒𝑙)                                                   Equation 1.3 

In contrast to acidic medium, the hydrogen HER mechanism is different in 

alkaline/neutral environments. The Tafel step is unchanged in alkaline or neutral 

conditions, however the Heyrovsky and Volmer processes include hydroxide ions. [46]   

𝐻2𝑂 +  𝑒− + 𝑀 → 𝑀 − 𝐻 + 𝑂𝐻− (𝑉𝑜𝑙𝑚𝑒𝑟)                           Equation 1.4 

𝐻2𝑂 +  𝑒− + 𝑀 − 𝐻 →  𝐻2 + 𝑂𝐻− (𝐻𝑒𝑦𝑟𝑜𝑣𝑠𝑘𝑦)                   Equation 1.5 

The main difference is that instead of proton reduction, water dissociation forms 

the metal-hydrogen (M-H) intermediates under alkaline/neutral circumstances.[47] For 

all electrocatalysts, the HER kinetics are largely dependent on the strength of these M-H 

bonds.[48] According to Sabatier's principle, the M-H bond strength should be balanced, 

that is, neither too strong nor too weak for maximum HER activity to occur. Both the 

construction of M-H intermediates and the eventual release of hydrogen gas are aided by 

this equilibrium. Consequently, hydrogen binding energy is often used as a HER activity 

descriptor. [49] It's crucial to remember that Sabatier's concept by itself is unable to 

account for the fact that metal electrocatalysts often show less HER activity in alkaline 

environments as opposed to acidic ones. This explanatory power limit emphasizes the 
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intricacy of the HER process and the need to take extra factors into account when 

evaluating the performance of electrocatalysts in various pH ranges. At the anode OER 

is a crucial step in the electrolysis of water. Water molecules immediately undergo 

oxidation in acidic media. The procedure starts with the adsorption of water onto the 

electrode surface and proceeds through many stages of electron transfer that are related 

to protons. [50] The steps are the following:                         

𝐻2𝑂 + 𝑀 →  𝐻+ + 𝐻𝑂 − 𝑀 +  𝑒−                                                 Equation 1.6             

 𝐻𝑂 − 𝑀 → 𝐻+ + 𝑂 − 𝑀 + 𝑒−                                                       Equation 1.7                 

  𝑂 − 𝑀 + 𝐻2𝑂 → 𝐻+ + 𝐻𝑂𝑂 − 𝑀 + 𝑒−                                      Equation 1.8            

  𝐻𝑂𝑂 − 𝑀 → 𝐻+ + 𝑂2 + 𝑒−                                                          Equation 1.9 

The action is identical in alkaline conditions, but instead of using water 

molecules, it uses hydroxide ions. Adsorbed hydroxyl species are created throughout the 

process, which begins with the oxidation of hydroxide ions. Oxygen evolution is the 

result of subsequent stages that entail the production of oxo and peroxo intermediates. 

[51] The mechanism is given below: 

𝑂𝐻− + 𝑀 →  𝐻𝑂 − 𝑀 +  𝑒−                                                              Equation 1.10 

𝐻𝑂 − 𝑀 +  𝑂𝐻− → 𝐻2𝑂 + 𝑂 − 𝑀 + 𝑒−                                         Equation 1.11                  

𝑂 − 𝑀 + 𝑂𝐻− → 𝐻𝑂𝑂 − 𝑀 + 𝑒−                                                        Equation 1.12 

𝐻𝑂𝑂 − 𝑀 +  𝑂𝐻− → 𝐻2𝑂 + 𝑂2 + 𝑒−                                             Equation 1.13 

Compared to acidic medium, the use of less costly, non-noble metal catalysts is 

often permitted in alkaline environments. The total performance of water splitting in both 
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scenarios depends heavily on the OER's efficiency, which is often constrained by the 

large overpotential needed to drive the reaction. 

1.2.4 Hydrogen Production Coupled with Sulfion Oxidation Reaction (SOR) 

Sulfion oxidation reaction (SOR) is essential to many significant applications in a wide 

range of sectors. This procedure is crucial for the creation of sulfur-based batteries, [52] 

hydrogen sulfide recovery [53] and electrochemical desulfurization. [54,55] When 

dealing with the problems caused by sulfides, which are common in both residential and 

commercial wastewater from a variety of sources including tanneries, [56] paper mills, 

[57] and petrochemical industries, [58] the need of SOR becomes clearer. Since these 

sulfides often have strong corrosive properties, [59] disagreeable scents, [60] and are 

hazardous, [61] effectively eliminating them by SOR is essential for both improving 

human health and safety and protecting the environment. Even if they work well, 

traditional sulfide abatement technologies including biological and chemical oxidation, 

catalytic conversion, and precipitation approaches have several disadvantages. [62,63] 

These methods usually have high operating costs because they need significant energy 

inputs and depend largely on chemical additions. To address the broad problem of sulfide 

pollution across multiple industries, it is imperative that more effective and affordable 

SOR technologies be developed, combining environmental considerations with 

practicality. For hydrogen production mainly electrochemical water splitting is used but 

the OER at the anode has a high energy barrier, which makes it difficult to electrolyze 

water to create hydrogen.[64] This process includes complicated, multi-step, slow-kinetic 

proton and electron transfers and necessitates a substantial voltage of 1.23 V vs. 

RHE.[65] Large, applied potentials are required because to the thermodynamic limits of 

the OER, which despite advances in catalyst design, results in poor energy efficiency and 

high energy consumption for hydrogen production.[66]  
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1.2.4.1  Claus Process for Sulfur Recovery 

The most popular technique for turning hydrogen sulfide (H2S) into elemental sulfur (S8) 

is the Claus process, especially for acid gas streams that include more than 20% H2S. 

[67,68,69]                                                                                                  

3𝐻2𝑆 (𝑔) +  
3

2
𝑂2(𝑔) →  3𝐻2𝑂(𝑔) +  

3

𝑛
𝑆𝑛 (𝑔)                               Equation 1.14 

 This procedure entails a two-step reaction sequence. Equation 1.15 describes the first 

stage, which takes place in a high-temperature thermal reactor. Here, around one-third of 

the H2S is oxidized with oxygen to create water vapor and sulfur dioxide (SO2). Even 

with oxygen enrichment, the process is restricted to acid gas streams containing at least 

20 mol% H2S since this reaction needs a steady flame. 

𝐻2𝑆(𝑔) +
3

2
𝑂2(𝑔) → 𝐻2𝑂(𝑔) + 𝑆𝑂2(g)                                Equation 1.15 

After this first oxidation, in the thermal reactor (fitted with a waste heat boiler) 

and later catalytic reactors, the remaining two-thirds of the H2S react with the freshly 

generated SO2. Equation 1.16 depicts this second process, which produces extra water 

vapor and elemental sulfur. Together, these two procedures efficiently transform 

hydrogen sulfide into elemental sulfur, optimize sulfur recovery, and control the heat 

produced by the exothermic processes. 

2𝐻2𝑆 + 𝑆𝑂2 → 𝑆𝑂2 + 2𝐻2𝑂 +
3

𝑛
𝑆𝑛                                      Equation 1.16 

Although the Claus process is often used in industry to handle H2S, certain serious 

issues have not yet been properly resolved. The significant expense of controlling the tail 

gas, which needs extra processing to satisfy environmental regulations, is one of the main 

issues. Furthermore, certain organizations may find it difficult to enter the market due to 

the significant upfront costs associated with putting the Claus method into practice. 
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Fundamental to the process is the chemistry of oxidative reactions, which naturally 

provide water as a byproduct. Due to its low worth, this water represents a lost chance to 

use resources more effectively. The Claus method is still the industry standard because it 

can properly dispose of H2S without harming the environment, even with these 

drawbacks. This procedure efficiently transforms the dangerous gas into sulfur 

compounds that are easier to handle and comply with stricter environmental standards. 

[70]  

The electrocatalytic SOR provides a more effective way, without the need for 

extra oxidants or intricate separation procedures, to transform sulfide ions into useful 

elemental sulfur at ambient temperature.[71] The SOR's oxidation potential ( 𝑆2− → 𝑆 +

2𝑒−) is a remarkable -0.48 V Vs SHE, which is much lower than the OER.[22] An anode-

based SOR and cathode-based HER may be combined to form a hybrid water electrolysis 

system.[72]  

 

Figure 1.3:  Electrolytic cell assembly of SOR coupled with HER 

sulfion Nafion membrane
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In comparison to conventional water splitting techniques, this technology offers 

significant economic and environmental benefits by recovering sulfur and producing 

hydrogen concurrently. It also lowers the total cell voltage. 

1.2.5 H2 Production Coupled with Methanol Oxidation Reaction (MOR) 

Methanol (CH3OH) stands out as a particularly advantageous biomass derivative due to 

its simple C1 molecular structure, comparatively low theoretical oxidation potential, and 

high theoretical scale hydrogen coproduction during the oxidation of biomass and related 

chemicals. [73] The major sources of methanol are the following:  

1.2.6 Natural Gas  

Natural gas, which mostly consists of methane, is the most often utilized feedstock for 

the synthesis of methanol. The conversion of methane to synthesis gas, which is a blend 

of hydrogen and carbon monoxide, is known as steam reforming. After that, the synthesis 

gas is catalytically transformed into methanol. [74] 

 

Figure 1.4: Major Sources of methanol production. 
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1.2.7 Biomass 

Gasification and other catalytic conversion procedures may be utilized to create methanol 

from renewable biomass sources, such as wood waste, energy crops, and agricultural 

wastes. [75] 

1.2.8 Fermentation 

Methanol may be directly produced by fermenting biomass feedstocks, such as 

agricultural wastes and municipal solid wastes, using certain microorganisms, such as 

yeasts or bacteria that have been genetically modified. [76]  

Biomass and its derivatives represent the most rich and renewable carbon 

resources on Earth. Thermodynamically referred to as the conversion of methanol to 

formate is more advantageous than water oxidation and uses less energy. Methanol 

upgrading is the process of electrochemically reforming methanol to create hydrogen as 

well as perhaps valuable formate. In several industrial areas, such as printing, fabric 

dyeing, and pharmaceutical manufacture, formate is an essential middleman. One million 

tons or more of formic acid are produced each year, making it a major chemical product. 

Nowadays, the production of formate involves two steps: first, methanol and carbon 

monoxide react at high temperatures and pressures. The resultant methyl formate is then 

hydrolyzed. [77] Due to its high demand and energy-intensive production method, 

formate is four times more expensive per metric ton than methanol. Methanol is a more 

desirable choice than other alcohols due to its higher capacity for producing hydrogen 

and other advantageous qualities. Together, these elements draw attention to the 

importance of methanol in relation to chemical production, renewable energy sources, 

and possible industrial uses. They also underline the role that methanol will play in the 

shift towards more environmentally friendly and productive chemical processes. [78]  

Formate synthesis from alcohols by electrocatalysis is an exciting new route in 
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sustainable chemical synthesis. Although C2 alcohols such as glycerol and ethylene 

glycol have been investigated for this purpose, their effectiveness has been hindered by 

the increased energy needed for the breakage of carbon-carbon bonds and their reduced 

selectivity with respect to the formation of formate.[79,80] On the other hand, it seems 

like a more practical and promising approach to convert C1 methanol to formate. By 

using the benefits of electrocatalysis, this methanol-to-formate method enables 

conversion at room temperature and ambient situations. In alkaline media, the 

electrochemical setup combines the MOR at the anode with the HER at the cathode to 

produce formate and hydrogen concurrently. [81]  

Enhanced hydrogen evolution, less reliance on fossil fuels, and possible 

improvement of commercial formate synthesis methods are only a few advantages of this 

approach.  

 

Figure 1.5: Schematic illustrating energy-efficient H2 production coupled with MOR 

electrolyzer/devices. 
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These elements work together to make the electrocatalytic conversion of 

methanol to formate a desirable and ecologically responsible method of producing 

chemicals and converting energy, which is in line with the chemical industry's increasing 

need for sustainable solutions. 

A major area of concentration in the study of electrocatalysis has been the 

development of effective and affordable catalysts for the MOR and HER in water 

electrolysis systems. Although platinum nanoparticles and ruthenium/iridium oxides 

were the main components of earlier catalysts for these reactions, their high cost and 

unavailability have prevented them from being widely used in industry. [82,83] To tackle 

these obstacles, focus on creating dual-function catalysts made of elements that are 

readily available on Earth, which have high activity and long-term stability for both MOR 

and HER. Nanomaterials based on nickel have become attractive options because of their 

availability and high intrinsic activity. Numerous compounds containing nickel, such as 

NiCu alloy, [84] Cu/NiCu,[85] CNFs@NiSe/CC,[86] NiO/NF[87] Fe-Ni NPs,[88] Ni/N-

C@500,[89] CuNi NPs[90] Ni(OH)2/MnCo3[91] have shown significant promise in this 

area. Researchers have used techniques including heteroatom doping and morphological 

design to further improve the performance of these materials, to increase MOR/HER 

electrocatalysts' longevity and activity. These techniques have created new opportunities 

for the development of highly effective and financially feasible hybrid water electrolysis 

systems, which may pave the way for more environmentally friendly energy generation 

techniques.  

The full oxidation of methanol by precious metal catalysts usually results in the 

production of carbon dioxide (CO2) and water (H2O) as byproducts. When the objective 

is to create useful chemical intermediates, this total oxidation is often undesired. On the 

other hand, non-precious metal catalysts provide a more focused method. These catalysts 
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can promote incomplete methanol oxidation reactions, or i-MORs. The main benefit of 

MOR is that it produces formic acid as opposed to completely oxidized compounds. The 

synthesis of high-value compounds from methanol may now be done effectively and 

sustainably using a selective oxidation process. Rather than using the less valuable 

byproducts of full oxidation, these non-precious metal catalysts provide for a more cost-

effective and ecologically responsible method of generating critical chemical 

intermediates by halting the process at the formic acid stage. [92,93] The Possible 

mechanism of the methanol oxidation reaction is given below: 

 

Figure 1.6: An electrocatalytic MOR mechanism with two pathways, where the 

adsorption site on the catalyst surface is denoted by the symbol *, the CO route by the 

red arrows, and the CO-free pathway by the others. Reproduced with permission from 

ref. [187].  Copyright 2023 Wiley‐VCH 

1.2.9 Hydrogen production coupled with urea oxidation reaction  

Urea is biologically broken down into ammonia by urease enzymes found in certain 

microbes. [94] Because of its enzymatic beginnings, this process first seems to be non-

toxic and ecologically benign. However, if the resulting ammonia is left untreated, it can 

undergo additional reactions to form environmentally harmful compounds like nitrites 

and ammonium sulfate, which can seriously harm human health, disrupt soil chemistry, 
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and affect air quality. [95,96]  As a substitute strategy that completely avoids ammonia 

production, electrochemical urea oxidation has been thoroughly investigated to overcome 

these environmental issues. In addition to reducing environmental risks, this 

electrochemical technique shows promise for use in sustainable energy production, 

especially in systems that generate hydrogen.  The urea oxidation reaction (UOR) has 

attracted a lot of interest, since the theoretical potential need for urea-assisted water 

splitting is strikingly lower at 0.37 V than the much greater 1.23 V required for traditional 

water splitting. [97]  

There are many uses of urea electro-oxidation in fuel cells, urea wastewater 

treatment, and hydrogen production.[98,99] The procedure is very intricate, requiring a 

complicated mechanism that uses four protons and six electrons, which makes it 

kinetically slow and needs extremely effective catalysts to reach realistic reaction 

rates.[100] The traditional catalysts for this process have historically been noble metals 

including iridium, platinum, and ruthenium. Nevertheless, they are not viable for 

extensive industrial applications because of their high cost and restricted supply. 

[101,102] Because of this financial limitation, research attention is now being directed 

on more prevalent transition metals and their oxides as substitute catalysts. [103] Since 

they are inexpensive and have a respectable catalytic activity, nickel and its hybrid 

compounds have become very attractive options. The catalytic mechanism of nickel-

based materials is a two-step process: first, high-valence nickel species are produced by 

electrochemical oxidation, and then these activated nickel species oxidize urea molecules 

in a chemical oxidation step. This mechanistic knowledge has been essential in creating 

nickel-based catalytic devices for urea electro-oxidation that are more effective. 
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1.2.10 Mechanism of UOR 

Similar to water splitting, two simultaneous processes take place at separate electrodes 

in urea-assisted electrochemical devices: the HER at the cathode and UOR at the anode. 

Usually, an alkaline electrolyte environment is used for this procedure. The mechanism 

is given below: [104] 

𝐴𝑛𝑜𝑑𝑒: 𝐶𝑂(𝑁𝐻2)2 + 6𝑂𝐻− → 𝑁2 + 5𝐻2𝑂 + 𝐶𝑂2 + 6𝑒− 𝐸 = −0.46 𝑉𝑆𝐻𝐸   Eq. 1.17 

𝐶𝑎𝑡ℎ𝑜𝑑𝑒: 6𝐻2𝑂 + 6𝑒−  → 3𝐻2 + 6𝑂𝐻− 𝐸 = −0.83 𝑉𝑆𝐻𝐸    Equation 1.18 

𝑂𝑣𝑒𝑟𝑎𝑙𝑙: 𝐶𝑂(𝑁𝐻2)2 +  𝐻2𝑂 →  3𝐻2 +  𝑁2 +  𝐶𝑂2 𝐸 = 0.37 𝑉 Equation 1.19 

1.3 Why transition Metal-based catalyst? 

The advancement of water electrolysis and hybrid water electrolysis technologies 

depends on the creation of effective electrocatalysts for HER, OER, MOR, UOR and 

SOR. Although Pt, Ru, Ir, Rh, Pd and Ru based catalysts are now thought to be state-of-

the-art catalysts. [105,106] These include inadequate stability, especially for OER 

catalysts, high prices, poor adherence to substrate significant overpotentials during large-

scale operations, and scarcity. [107] Therefore, the development of non-precious, 

transition metal-based substitutes are urgently needed. Chalcogenides, [108] carbides, 

[109] sulfide, [110] phosphides [111] (oxy)hydroxide, [112] borides [81] and oxides 

[113] are among the attractive options for hybrid water electrolysis, these compounds 

usually exhibit superior performance in acidic and alkaline environments.  To improve 

the gas-solid-liquid triple phase interface characteristics performance and lifetime of 

these noble metal-free catalysts, particularly at high current densities. This method entails 

a thorough approach that targets three crucial areas:  

1. Boosting mass transfer and from the catalytic surface within the electrolyte.  
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2. Improving transport charges from the conducting support to redox intermediates 

and active sites. 

3. Optimizing surface conversion processes, such as reactant adsorption, the 

desorption of intermediates, and interfacial charge transfer and products from 

active centers.  

Recently, advances in the science of water electrolysis have been made by 

creating extremely stable and active electrocatalysts that can overcome the drawbacks 

of existing noble metal-based systems via the careful integration of these 

components. Many tactics have been used to maximize charge transfer and improve 

active site exposure to improve electrocatalyst performance. With the creation of 

various morphologies such as microspheres,[114] nanowires,[115] nanosheets,[116] 

nanorods,[117] nanocubes[84] and nanoarrays,[118] nanostructuring has shown to be 

an important strategy. The accessibility and surface area of active areas are enhanced 

by these nanostructures. Composition engineering has been used to improve inherent 

catalytic activity and provide synergistic effects, especially when creating multi-

component systems. Metal (alloy) core electrocatalysts, [119] binder-free 

electrocatalysts, [120] and the use of highly conductive substrates including carbon 

cloth, [121] carbon fiber, [122] Ni foam, [123] and Cu foam [124] increase charge 

transmission. Larger surface areas for catalyst development and dispersion, improved 

conductivity overall, faster electron transfer rates, and improved accessibility to 

active. This all-encompassing method reduces electrochemical polarization, which 

lowers overpotentials. Furthermore, direct metal sources for the fabrication of 

electrocatalysts with different morphologies may be provided via metal-based 

support.  
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Figure 1.7: Important properties of transition metal-based catalyst. 

Through the integration of nanostructuring, composition engineering, and optimum 

support materials, scientists hope to increase the performance of electrocatalysts for a 

range of applications by increasing the utilization efficiency of active sites and improving 

overall conductivity. 

1.4 Transforming Waste into Sustainable Energy: The Role of Sulfion, Methanol 

and Methanol Oxidation Reactions- 

Sulfion Oxidation Reaction – One possible technique for producing clean hydrogen (H2) 

from hazardous waste, such as hydrogen sulfide (H2S), is the sulfion oxidation reaction 

(SOR). This technique recycles environmental contaminants in addition to creating H2 

that uses less energy. For example, a CoNi@NGs catalyst that efficiently converted 

poisonous H2S into useful H2 and sulfur, achieving a low SOR onset potential of 0.25 V 

and a high faradaic efficiency (FE) of almost 98% at 100 mA cm-2.[53] This strategy 

demonstrates how industrial by-products may be used to promote the hydrogen economy. 
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Urea Oxidation Reaction- Another cutting-edge method for producing sustainable energy 

is urea electrolysis.  Compared to conventional water splitting, it can theoretically save 

almost 70% of the energy by lowering the thermodynamic potential from 1.23 V to 0.37 

V. [125] This procedure may efficiently use urea-rich wastewater, which is frequently 

encountered in residential and commercial sites, to solve the problems of water pollution 

and energy generation.  The efficiency of urea oxidation has been further increased by 

the invention of non-precious transition metal catalysts, making it a feasible substitute 

for the creation of hydrogen.  

Methanol Oxidation Reaction- Methanol's low cost and high energy density make it a 

desirable fuel for the generation of sustainable energy.  It is a good substitute for fossil 

fuels since it can be made from renewable resources.  By converting methanol into 

hydrogen (H2) and formate the electrochemical methanol oxidation reaction (MOR) 

promotes the hydrogen economy by offering a greener energy source. Using methanol, 

which may be produced from waste materials or biomass, aids in resolving environmental 

issues related to waste disposal.   

1.5 The potential environmental benefits of producing hydrogen from Sulfion, 

Methanol and Urea oxidation reactions 

There are various environmental advantages to producing hydrogen by oxidizing sulfion, 

methanol, and urea, especially when considering waste management and sustainable 

energy. The following are the main benefits: 

Reduction of Greenhouse Gas Emissions: When hydrogen is produced using these 

oxidation processes instead of conventional fossil fuel techniques, carbon emissions can 

be greatly reduced. Since hydrogen only produces water when it burns, it is a clean fuel 

that helps to lower greenhouse gas emissions. 
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Utilization of Waste Materials: Hydrogen sulfide (H₂S), a hazardous byproduct from 

the extraction of oil and gas, may be electrocatalytically broken down by the sulfion 

oxidation reaction (SOR).  In addition to producing hydrogen, this method recycles 

environmental contaminants, lessening their detrimental effects on the ecosystem. Urea, 

a frequent contaminant present in wastewater, may be used, especially through urea 

oxidation.  The process of turning urea into hydrogen not only produces energy but also 

aids in wastewater treatment, which lowers pollution levels in the environment. Using 

methanol, which may be produced from waste materials or biomass, aids in resolving 

environmental issues related to waste disposal.  In addition to producing hydrogen, the 

electrochemical conversion of methanol lowers greenhouse gas emissions, fostering a 

more sustainable energy environment. 

Lower Energy Consumption: In water electrolysis, the oxygen evolution process 

(OER) has higher theoretical equilibrium potentials than the methanol, sulfion and urea 

oxidation reactions. As a result, the process of producing hydrogen is more 

environmentally friendly and energy-efficient overall since less energy is needed for 

these reactions. 

Production of Value-Added Chemicals: Small molecules like methanol can undergo 

oxidation to produce formate and sulfion undergo to produce sulfur which is useful 

compounds with a wide range of commercial uses.  The process's sustainability is 

improved by the combined advantage of creating hydrogen and valuable byproducts. 

 

1.6 Criteria for Electrocatalytic Performance 

Several crucial factors need to be computed and thoroughly examined to evaluate the 

electrocatalytic performance of catalysts for the OER, MOR, SOR, UOR and HER. 

Included in these are the onset potential, overpotential (η), iR-correction, the 
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electrochemically active surface area (ECSA), Tafel slope, Turnover frequency (TOF), 

stability tests, and Faradaic efficiency. Combining these factors provides a thorough 

knowledge of an electrocatalyst's performance, allowing for insightful material 

comparisons and directing future advancements in the area of electrocatalysis. 

[41,126,127,128,129]  

1.6.1 Overpotential (η) 

One important parameter for evaluating a system's electrocatalytic activity is the 

overpotential (η). It measures the extra potential needed to drive an electrochemical 

reaction at a given current density, over and above the thermodynamic equilibrium value. 

The overpotential may be stated mathematically as- 

η =Eapplied-E0-iR                        Equation 1.20 

Where E0 is the theoretical equilibrium potential, iR is the ohmic correction under the 

specified circumstances, and Eapplied is the actual potential applied to the system. This 

correction factor makes up for the voltage drop caused by the electrolyte's resistance as 

well as that of the other electrochemical cell components. Better electrocatalytic 

efficiency is shown by a lower overpotential, which means that the process can progress 

more efficiently and get closer to its thermodynamic potential.  

1.6.2 Electrochemical Surface Area (ECSA) 

The connection between double layer capacitance (Cdl) and specific capacitance (CS) of 

electrode materials is used to determine electrochemically active surface area (ECSA), 

as shown by equation (1.21).  

ECSA=
Cdl

Cs
                                           Equation 1.21 

Although exact CS evaluation has been identified as a major problem in determining 

ECSA, and typically results in the usage of a single CS value across different materials. 
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Cdl is calculated using scan rate-dependent cyclovoltammetry measurement in non-

faradaic regions.  

1.6.3 Tafel Slope 

In electrochemistry, the Tafel plot is an essential tool for examining the kinetics of 

electrode reactions, especially when electrocatalysis is involved. The Tafel plot's basic 

premise is the logarithmic relationship between the current density (j) and overpotential 

(η). The Tafel equation is given below- 

η=a+b log j                                              Equation 1.22 

Where 'b' denotes the Tafel slope. This equation may obtain two important quantities, the 

exchange current density (j0) and the Tafel slope (b). With varying slope values denoting 

distinct rate-determining stages or reaction routes, the Tafel slope, b, sheds light on the 

electrode reaction's catalytic mechanism. Conversely, the linear part of the Tafel plot is 

extended to the y-axis intercept (where η is zero) to estimate the exchange current density. 

A lowest Tafel slope (b) and a high exchange current density (j0) are characteristics of an 

ideal catalytic material in practical applications. For effective electrocatalysis, a high j0 

denotes fast electron transfer kinetics at equilibrium and a modest b denotes a gradual 

rise in overpotential with current density. 

1.7 Faradaic Efficiency 

One of the most important measurements in hybrid water electrolysis is faradaic 

efficiency (FE), which measures how well charges are used to produce oxygen (O2) or 

hydrogen (H2). It may be defined as the ratio of the quantity of gas generated that is 

measured to the amount theoretically computed under the assumption that all passed 

charge is utilized for gas creation. Faradaic efficiency is defined as- 

                𝐹𝐸(%) =  
𝑛𝑔𝑎𝑠,𝑚𝑒𝑎𝑠𝑢𝑟𝑒𝑑

𝑛𝑔𝑎𝑠,𝑡ℎ𝑒𝑜𝑟𝑒𝑡𝑖𝑐𝑎𝑙 
=

𝑛𝑔𝑎𝑠,𝑚𝑒𝑎𝑠𝑢𝑟𝑒𝑑

𝐼𝑡×(𝑁×𝐹)−1 × 100                            Equation 1.23 
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Where ngas,measured is the measured gas production rate in moles per second and ngas,theoretical 

is determined by the formula It / (N × F), where F is Faraday's constant (96,485.3 

coulombs per mole), I is the current in amperes, t is time in second and N is the number 

of electrons transferred (2 for H2 and 4 for O2).  

In practical experiments, the total charge transferred over a given time frame is 

monitored using an electrochemical workstation, while the quantity of H2 or O2 generated 

is usually evaluated using gas chromatography (GC) analysis or the water-gas 

displacement technique. 

1.7.1 Stability 

An electrocatalyst's stability plays a crucial role in evaluating its viability for large-scale 

commercial applications as it measures the catalyst's capacity to sustain its activity over 

time. High stability may sometimes be sacrificed for less activity, even if it is necessary 

for real-world applications. To assess the stability of an electrocatalyst, many techniques 

are often used. A popular approach is the accelerated durability test, which entails 

hundreds to thousands of cyclic voltammetry (CV) cycles at a high scan rate. Before and 

after fast CV cycling, linear sweep voltammetry (LSV) is used to measure the 

overpotential shift at a given current density (usually 10 mA cm⁻²), a lower shift denotes 

more stability. Two more widely used techniques are the potential-time (E-t) curve 

recording at a set current density using chronopotentiometry and the current-time (I-t) 

curve measuring at a constant potential using chronoamperometry. When an 

electrocatalyst maintains a constant current density during chronoamperometry or 

exhibits a small overpotential rise during chronopotentiometry, it is deemed stable and 

appropriate for scaling up in water electrolyzers. These stability assessment methods are 

essential for figuring out the long-term sustainability and effectiveness of electrocatalysts 

in large-scale applications. 
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1.8 Future possibilities and worldwide markets for hydrogen-based energy 

Natural gas reforming and coal gasification are two methods that rely heavily on fossil 

fuels for the manufacture of commercial hydrogen. On the other hand, biomass 

feedstocks for hydrogen production may be treated similarly. Although water electrolysis 

has been used for decades in certain industrial applications, new developments in 

technology and the expansion of reasonably priced electrical supply have rekindled 

interest in this method. The generation of hydrogen is expected to mostly rely on 

electrolysis in the future, although other technologies such as thermolysis and photolysis 

may make better use of solar or thermal energy. The creation of "green hydrogen" using 

water electrolysis driven by renewable energy sources that are less harmful to the 

environment is becoming more popular. The rising cost of energy from renewable 

sources including solar, wind, hydroelectric, and tidal power is expected to make this 

technology more economical than typical industrial manufacturing. The creation of 

hydrogen from biomass, algae, and biotransformation processes is the subject of 

continuing research and development, and some nations have developed national 

hydrogen programs and allocated funds for their implementation. Most people agree that 

fuel cells and hydrogen technologies are essential to a future sustainable energy source. 

According to projections, the percentage of hydrogen produced by renewable energy 

sources will be 11% in 2025 and 34% in 2050, accounting for 36% and 69% of the total 

energy demand, respectively.  The shift to a hydrogen economy requires a comprehensive 

reorganization of current human activities and infrastructure to the revolutionary effects 

of the oil and gas economy. As a result of this change in the production paradigm away 

from the conventional exploration and exploitation of fossil fuels, new systems for the 

storage, distribution, and transportation of hydrogen must be developed to fulfill demand. 

The development of novel engine designs that are especially suited to effectively use 

hydrogen will be necessary when hydrogen becomes the dominant energy source. The 
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requirement for the big, continuous supply of hydrogen exerts tremendous strain on 

production capacity and infrastructure development, which is why hydrogen fuel is 

becoming more popular in heavy sectors like machine making and metallurgy.  

 

Figure 1.8: An outline of hydrogen fuel's future and its potential applications. 

Reproduced with permission from ref. [130].  Copyright 2020 Royal Society of 

Chemistry 

Concurrently, clean hydrogen is becoming more and more important for a variety 

of uses in light sectors like food and medicine. Hydrogen is essential to the food industry 

because it allows H2 molecules to be incorporated into unsaturated vegetable oils and 

fats. It also has the potential to be used to create fertilizers that are more environmentally 

friendly. Hydrogen's medicinal qualities have been acknowledged by the medical 

community, with uses ranging from treating illnesses to relieving stress via inhalation 

therapy. A consistent source of high-purity hydrogen gas is essential for the medical use 
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of hydrogen, which is delivered by facemasks, nasal cannulas, or ventilator circuits. The 

vast range of industries for which hydrogen is being used highlights how crucial it is to 

build a stable, effective, clean infrastructure for hydrogen generation and delivery to 

sustain the growing hydrogen economy and all of its implications for all spheres of 

human endeavor. 

1.9 Conclusion   

The energy density of hydrogen (H2) is much greater than that of traditional fossil fuels 

like natural gas and gasoline, and it has the potential to produce zero carbon emissions. 

Therefore, it is essential to create efficient and sustainable processes for producing green 

hydrogen. Water electrolysis driven by renewable energy has become a desirable 

alternative for producing H2, since it eliminates the carbon emissions linked to 

manufacturing techniques based on fossil fuels. Nevertheless, slow kinetics and large 

overpotentials provide problems for the oxygen evolution process (OER) in water 

electrolysis. Despite its present limitations in kinetic overpotentials, hybrid water 

electrolysis is an alternative of OER to overcome this. This technique offers a sustainable 

way to upgrade organic compounds at the anode while generating hydrogen at the 

cathode. It includes the electrooxidation of tiny organic molecules such as alcohols, 

aldehydes, amines, and biomass. Reactive oxygen species and explosive H2/O2 

combinations are reduced by using this method. In electrolyzers, these coupling 

mechanisms improve atom/electron usage while drastically lowering cell voltage. These 

technologies are still in the early phases of development and have an inadequate 

transformation efficiency, despite their benefits. Nonetheless, it is anticipated that more 

developments in the design of electrolyzers and electrodes will result in useful uses in 

chemical manufacturing. It is essential to create new transition metal-based 

electrocatalysts from materials that are readily available on Earth. Because of their unique 
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physiochemical characteristics and flexible compositions and architecture, TM-based 

electrocatalysts have drawn a lot of interest in the area of hybrid water electrolysis. 

Numerous approaches, such as surface engineering, mixing multiple transition metals, 

and adding heteroatom dopants, have been effectively used to improve the 

electrocatalytic efficacy of these catalysts. These methods raise the electrochemically 

active surface area of the catalysts and boost their efficiency, making them more 

appropriate for use in industrial surroundings. The development of TM-based catalysts is 

largely dependent on the integration of theoretical calculations with practical data, 

especially considering the speed at which computational chemistry is developing. 

Enhancing TM-based electrocatalysts’ performance and applicability in the larger 

context of electrocatalysis calls for a multimodal strategy. Key techniques in catalyst 

engineering and design include surface modification, alloying, and nano-structuring. 

These techniques are crucial for improving stability and activity, particularly in alkaline 

environments where it is essential to overcome sluggish behavior. Energy-efficient 

hydrogen generation requires addressing many important concerns, including the logical 

design of high-performance electrodes, the clarification of reaction processes, the 

investigation of new reactions, the optimization of electrolyzer systems, and a thorough 

economic analysis.  
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Chapter 2  

Effective Sulfion Oxidation Reaction Combined with H2 

Production at High Current Density Using NiFeOOH-

Co9S8-Intercalated Nanostructure 

(Adapted from DOI:10.1021/acsanm.3c03438, Copyright 2023, American Chemical Society) 

2.1 Abstract 

Hydrogen (H2) evolution and electrocatalytic sulfion (S2−) recycling are essential for 

transforming waste into sustainable energy and advancing the hydrogen economy. While 

there are electrocatalysts in the literature that demonstrate effectiveness in either the SOR 

(sulfion oxidation reaction) or the HER (hydrogen evolution reaction), it is preferable to 

have systems that demonstrate competence in both SOR and HER together to produce 

H2 in a highly energy-efficient manner. The NiFeOOH-Co9S8-n intercalated nano array 

is developed using a salt [Co(NO3)2]  and Lewis acid (FeCl3) with the various Co:Fe 

proportions on NF (Ni foam) in a one-step hydrothermal method at a minimal 

temperature of 50 °C. The NiFeOOH-Co9S8-n demonstrates bifunctionality, and despite 

the relatively large j value of 1000 mA/cm2, H2 production is obtained at a low overall 

potential (SOR + HER) value of 0.84 V in (1.0 M) NaOH + (1.0 M) Na2S. The 

effectiveness of the electrode in a 1.0 M Na2S solution allowed the SOR j value to surpass 

1000 mA/cm2 at 0.72 V without the presence of NaOH. The FeOOH-Co9S8 intercalation 

allowed for the oxide doping of Co9S8, which increased the electrocatalytic activity, 

according to the DFT analysis. The nanocatalyst encourages extremely energy-efficient 

and sustainable H2 production with SOR in electrolyzer mode realized j values of 100 

mA/cm2 at 0.44 V (without iR corrected) and shows the ultralow power utilization (11.8 

kWh/kg H2).  This is the smallest value amongst reported systems proposing its feasibility 

towards industrial production of valuable chemicals and H2 in the future. 
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2.2 Introduction 

Green hydrogen (H2) has the potential to be an energy source with no carbon emissions. 

[131,132,133] There has been an increase in interest in recent years in technologies to 

create high current densities. Currently investigating commercially feasible methods for 

producing green hydrogen from diverse sources. [134,135] Numerous intriguing 

strategies are being thoroughly researched, such as Pyrolysis of plasma, [136] 

Gasification of biomass, [137] electrolysis of water, [138] the use of photocatalysis, 

[139,140] conversion of microbial biomass. The extraction of H2 from industrial waste is 

one particularly interesting route. This strategy provides two advantages: it solves the 

problem of handling hazardous waste and generates a useful energy source at the same 

time. One of the primary gaseous byproducts of refining natural gas and crude oil is 

hydrogen sulfide (H2S), which is extremely harmful to living things. [141] The 

development of effective processes to convert H2 from H2S is essential for energy 

sustainability and environmental preservation. Now, industries mostly handle H2S via 

Claus thermal and catalytic techniques. [142] Under high temperatures, these processes 

transform H2S into elemental sulfur (Sn) and water (H2O). These procedures, however, 

result in byproducts that are not practical for commercial use, demand sophisticated 

systems, and consume a lot of energy. Due to these limitations, we are currently 

concentrating on several strategies for splitting H2S with the goal of extracting both 

elemental sulfur and H2. This method appears to be a more practical and cost-effective 

alternative than the conventional H2S treatment procedures. 

 There are possible methods to convert hydrogen sulfide (H2S) into sulfur (S) and 

hydrogen (H2) via photocatalysis or electrocatalysis.[143] Even though photocatalytic 

techniques like employing Ca2+ modified cadmium sulfide nanocrystals in the presence 

of Na2SO3 have been extensively studied, there are still difficulties with this 

technique.[144] These include the light absorption by sulfide ions and the sulfur buildup 
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on catalytic sites, both of which lower efficiency.[145] H2S splitting by electrocatalysis 

has benefits in terms of energy economy. Compared to oxygen evolution, which requires 

a thermodynamical potential of 1.23 VRHE, the sulfur oxidation process (SOR) requires a 

much lower potential (-0.48 VSHE). [146,22] Future hydrogen sources seem bright 

because of this and the creation of sustainable and active catalysts that can achieve 

elevated current densities at low potentials. Prospective outcomes for H2S splitting at low 

potentials have been demonstrated by recent developments in nanocatalyst 

systems.[147,8] For example, an embedded cobalt-nickel nanoalloy in nitrogen-doped 

graphene showed a long-term stability of 1200 hours and a low overpotential (η) of 0.25 

V.[53] With a j of 100 mA/cm², bifunctional cobalt sulfide (Co3S4) nanowires produced 

hydrogen at an overall potential (SOR+HER) of only 0.47 V.[148] A cobalt-iron sulfide 

(CoFeS2) catalyst produced hydrogen with a high Faradaic efficiency of 97.8% and a low 

onset potential of 0.23 VRHE.[149] At a j value of 100 mA/cm², iron carbides captured in 

N-doped carbon nanotubes had a high sulfur yield of 33.76 mgh-1.[67] Even with these 

developments, further study is required to create catalytic systems that can function in an 

industrially feasible manner, such as reaching long-term stability and current densities of 

1000 mA/cm² below at 1.0 V overall potentials. Furthermore, there aren't many catalyst 

systems available that can effectively carry out HER and SOR at the same time, which 

would significantly increase energy efficiency. Improving the commercial viability of 

H2S splitting requires the development of multifunctional catalyst systems that can 

produce hydrogen at low cell voltages (less than 1.0 V). These systems have the potential 

to revolutionize the use of H2S as a hydrogen source and eliminate the shortcomings in 

present research. 

                 One major obstacle in the development of nanocatalyst-coated electrodes for 

the sulfur oxidation reaction (SOR) is shielding the surface from deposits of elemental 
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sulfur (Sn) that occur during the anodic process.[150] To create more robust catalyst 

systems tackled this problem by encasing active catalysts in conductive coatings.[151] 

For example, FeN4 enclosed in porous carbon nitride demonstrated resistance towards Sn 

toxic conditions and continued to be effective for as long as 270 hours.[152] By 

employing atomically dispersed cobalt in nitrogen-doped carbon (NC) with CoN4 sites, 

even more remarkable outcomes were obtained, increasing durability to 460 hours.[153] 

It has been discovered that adding sulfur as a dopant increases SOR efficiency. For 

instance, with a j of 10 mA/cm2, WS2 nanosheets demonstrated a potential of 0.48 V for 

SOR.[72] Self-cleaning electrodes are developed to retain SOR activity for 100 hours 

with a superior desulfurization efficacy of 89.3% by utilizing the sulfophobic 

characteristics of metal sulfides.[71] The literature reports suggest that transition metal 

(TM) sulfides have the potential for long-term SOR activity when paired with an active 

intercalating layer. [154,155] Among catalyst systems, oxyhydroxides stand out for their 

strong electro-oxidation capabilities and stability in alkaline medium.[156,157] They 

have performed exceptionally well in alkaline HER procedures, in particular.[158,159] 

These results led to the hypothesis that long-term stability might be preserved while SOR 

and HER activity were increased by including active metal sulfides into an oxyhydroxide 

matrix. Research already conducted has demonstrated that metal hydroxide-sulfide 

hybrid structures can be effectively utilized to increase the durability and performance of 

the oxygen evolution process (HER/OER) in alkaline environments. [160,161] The 

capacity to build and integrate several catalytic systems at the nanoscale simultaneously, 

while also fine-tuning their composition, is still a major difficulty. This is usually a multi-

step, intricate process that is challenging to optimize.  

In this work, NiFeOOH and Co9S8 nanostructures on NF are combined to create a novel 

electrode material that has an efficient bi-functional activity for both the HER and SOR. 
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The synthesis uses a novel one-step, low-temperature (50°C) method that grows and 

intercalates Ni/FeOOH and Co9S8 layers on the NF substrate concurrently by making use 

of the distinct reactivity of FeCl3 and Co(NO3)2 with Na2S2O5. The work intends to 

improve the efficacy of SOR by purposefully adding oxide to the Co9S8 layer to form an 

intercalating layer. By modifying the Fe3+ to Co2+ ratio in the precursor solution, control 

the nanostructure shape and dimensions to solve potential problems with sulfur 

deposition on the anode surface and enhance its self-cleaning properties. 

The study assesses the performance of several NiFeOOH-Co9S8-n compositions in terms 

of SOR and HER. The work investigates the effects of electrode spacing and cell 

architecture to optimize power usage. To evaluate the electrodes' practical application 

and also evaluate how well they work in a two-electrode setup. The density functional 

theory (DFT) models provide deeper insights into the impact of oxide doping in Co9S8 

on SOR activity. With this all-encompassing method, advanced bi-functional electrode 

material for electrochemical applications is developed and understood through 

performance testing, theoretical modeling, and experimental synthesis.  

2.3 Experimental Section 

2.3.1 Materials 

Cobalt (II) nitrate hexahydrate (Sigma Aldrich, 98%), hydrochloric acid (SDFCL, 99%), 

iron (III) chloride hexahydrate (Molychem, 98%), sodium metabisulfite (Avra, 97%), 

nafion 117 membrane (Kanopy Techno Solutions), Ni Foam (Goodfellow, thickness 1.6 

mm, 99%), sodium hydroxide (Qualigens, 98%), ethanol (Changshu HFCL, 99%), 

sodium sulfide (Molychem, 98%), H2 gas (Sigma Aldrich, 99.9%), The purified DI water 

was used for experiment.  

2.3.2 Characterization 

Several analytical techniques were used to characterize the material. An Autolab M204 

PGSTAT workstation was used for electrochemical measurements. Utilizing copper K-
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alpha radiation, a PANanalytical Empyrean XRD Diffractometer was used to study the 

crystal structure, scanning from 5° to 90° (2θ) at a rate of 2° per minute. The elemental 

chemical states were investigated using a Thermo Scientific XPS machine operational 

with a monochromatic aluminum K-alpha source. A JEOL JSM-7900F field-emission 

scanning electron microscope (FESEM) was used to study surface characteristics, and 

energy-dispersive X-ray spectroscopy (EDS) was used to map elements. High-resolution 

imaging of particle morphology and SAED pattern was obtained using a JEOL JEM-

F200 transmission electron microscope (TEM). Using an EDS detector, STEM-HAADF 

studies were performed, and the generated images were analyzed using ImageJ software. 

We evaluated optical characteristics with an Agilent Cary 5000 UV-Vis spectrometer. 

Hydrogen purity was evaluated using a NUCON GL 5765 gas chromatograph. An 

Elementar UNICUBE analyzer was used to determine elemental makeup. A Utech 

Thermo Fisher pH meter was used to track the pH of the solution.The Raman 

spectroscopy data were recorded using a Jobin-Yvon HR-800 Raman Microprobe at 24 

mW and 632 nm excitation. Thermal behavior was investigated using differential 

scanning calorimetry (Hitachi DSC7020) from 30°C to 250°C at 5°C/min and 

thermogravimetric analysis was performed using Linseis TGA PT1000 from 30°C to 

800°C at 10°C/min. 

2.3.3 Fabrication of Electrode 

A 1.5 x 2.5 cm2 Ni foam (NF) substrate was cleaned using ethanol, deionized (DI) water, 

and hydrochloric acid to remove surface impurities. In 15 mL of DI water, sodium 

metabisulfite, iron (III) chloride hexahydrate, and cobalt (II) nitrate hexahydrate were 

combined and stirred until a homogenous mixture was achieved. After the mixture was 

moved, the cleaned NF was put inside an autoclave. After that, the sealed autoclave was 

heated for three hours at 50 °C in a hot air oven to encourage homogenous nanoparticle 
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development on the Ni foam surface. Following the heating cycle, the autoclave was 

taken out and allowed to cool at room temperature. After being extracted, the NF was 

thoroughly cleaned with DI water three to four times, and it was left to dry overnight at 

50°C in a vacuum oven. Four different electrodes were made by repeating this technique, 

each with a different molar ratio of Fe3+ to Co2+. The electrodes that emerged were given 

the following names: Fe3+:Co2+ in NiFeOOH-Co₉S₈-11 is 0.37:0.34 mmol, Fe3+:Co2+ in 

NiFeOOH-Co₉S₈-12 is 0.37:0.68 mmol, Fe3+:Co2+ in NiFeOOH-Co₉S₈-13 is 0.37:1.00 

mmol, Fe3+:Co2+ in NiFeOOH-Co₉S₈-21 is 0.74:0.34 mmol. 

2.3.4 Electrochemical Evaluation 

The two setups were used to conduct electrochemical experiments: a mini gas-tight cell 

and an H-type electrochemical cell with 50 mL compartments divided by a Nafion 117 

membrane. To measure electrode performance a three-electrode setup was used. 

NiFeOOH-Co9S8-n was the working electrode (WE), Hg/HgO (1.0 M NaOH) electrode 

was the reference electrode and a 10 mm graphite rod or NiFeOOH-Co9S8-n as the 

counter electrode. 1 M NaOH was used for the HER and OER. The cathodic side of SOR 

comprised 1 M NaOH for HER, while the anodic electrolyte was 1 M NaOH + 1 M Na2S 

in case of H-Cell. The linear sweep voltammetry (LSV) data were recorded with a scan 

rate of 5 mV/s while stirring continuously at 700 rpm. Measurements of electrochemical 

impedance were conducted between 10 Hz and 10 MHz in frequency. The Nernst 

equation was exploited to convert results to the reversible hydrogen electrode (RHE) 

scale to standardize potential measurements: 

ERHE = EHg/HgO
0  + EHg/HgO + 0.0591× pH                        Equation 2.1 

On the basis of the geometric area (0.25 cm2) of the WE, current was standardized to 

current density. To depict the conversion of sulfide to polysulfide over time, UV-Vis 

spectroscopic data were recorded at interval of 4 to 24 h concentrating on changes in 
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absorbance at a wavelength of 300 nm using chronoamperometry testing measurements 

at 100 mA/cm2.  

2.3.5 Quantification of H2 Gas 

Using a water displacement approach, the amount of H2 gas generated in a 30-minute 

chronoamperometric (i-t) experiment at a constant potential in an H-type cell setup was 

measured. In this process, 1 M NaOH solution was put into an inverted burette and 

replaced by the H2 gas produced at the cathode during the reaction. Using the following 

formula, Faraday's law was utilized to ascertain the faradaic efficiency of H2 production: 

Faradaic Efficiency (%) = nF × 
m

Q
  x 100                       Equation 2.2 

Within this formula: 

Q = overall electrical charge 

n = no. of electrons involved in the chemical reaction 

F = Faraday's constant,  

M = moles of hydrogen gas (H2) produced 

Using gas chromatography, the hydrogen gas quality was evaluated. In a dual-

compartment H-cell, the H2 was extracted from the cathode using a three-electrode 

arrangement. This formula was used to determine the hydrogen purity: 

Hydrogen purity  (%) = 
Area of Sample Hydrogen

Area of Pure Hydrogen 
 × 100              Equation 2.3 

2.3.6 ECSA Measurement 

The three electrodes in a single cell were used to measure the catalyst's electrochemically 

active surface area (ECSA) using 1.0 M NaOH + 1.0 M Na2S electrolyte. In the non-

faradaic area, cyclic voltammetry was carried out using applied voltages between 0 and 
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0.29 V with different scan rates of 10, 30, 50, 70, and 90 mV/s, respectively. The average 

current density was plotted against the scan rate to determine the double-layer 

capacitance (Cdl). The resultant Cdl value was then divided by the electrode material's 

specific capacitance to determine the ECSA. The standard specific capacitance (Cs) 

values 40 μF cm-2 in this instance. 

ECSA can be calculated using the following formula:  

ECSA = 
𝐶𝑑𝑙

𝐶𝑠
                                          Equation 2.4 

2.3.7  Recovery of Sulfur 

Sulfur was extracted using a chronoamperometry technique, which produced polysulfide 

compounds when a constant voltage was applied at 0.4 V for 24 hours. A controlled 

acidification process was used to convert these polysulfides into elemental sulfur. This 

was chilling the solution in an ice bath while sulfuric acid (H2SO4) was added gradually. 

Drop by drop, the acid was added to the solution until the pH hit 1.0, which is extremely 

acidic. A yellow precipitate that had formed as a result of this acidity was subsequently 

separated via filtration. To get rid of any contaminants, the recovered material was 

carefully cleaned with deionized water. The sample was then dried in a hot air oven for 

a duration of 12 h. To confirm sulfur’s purity, two analytical methods were applied. To 

ascertain the elemental composition, CHNS elemental analysis was first carried out. To 

further evaluate the sample's purity and elemental composition, Energy Dispersive X-ray 

Spectroscopy (EDS) was carried out in conjunction with Scanning Electron Microscopy 

(SEM). 

2.3.8 Computational method 

The VASP algorithm was used to perform spin-polarized density functional theory (DFT) 

computations. The projector-augmented wave (PAW) approach was used to characterize 
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electron-ion interactions, and the generalized gradient approximation (GGA) with the 

Perdew-Burke-Ernzerhof (PBE) functional was employed to quantify the exchange-

correlation energy.[162] Density functional theory calculations were used in the 

investigation, using a plane wave energy cut-off of 500 eV and convergence thresholds 

of 0.01 eV/Å for force and 10-6 eV for energy. Using the Grimme method and the DFT-

D3 correction, van der Waals interactions were included. After optimizing the 

equilibrium lattice constant of the Co9S8 cubic unit cell using a 2 × 2 × 2 Monkhorst-

Pack k-point grid, the Co9S8 200 surface model was constructed. A 4 × 4 × 1 Monkhorst-

Pack grid was used for Brillouin zone sampling in surface calculations, with a fixed 

vacuum spacing of 10 Å perpendicular to the plane of the structure. Gibbs free energy 

changes were calculated for each electron transfer step using the computational standard 

hydrogen electrode (CHE) model by Nørskov et al. [163] (ΔG = ΔH + ΔZPE - TΔS), 

where ΔH is the enthalpy change from DFT calculations, T is the temperature (set at 

298.15 K), ΔS is entropy change, and ΔZPE is the zero-point energy change. Entropy 

and ZPE values for free gas molecules were derived from the NIST database, but for 

adsorbed species, these parameters were computed using vibrational frequencies, 

considering only vibrational entropy calculations for the S adsorbed species. The SOR to 

S8 moves through the following series of basic phases in order: 

S2- - 2e- → S*  

S* + S2- -2e- → S2* 

S2* + S2- -2e- → S3*  

S3* + S2- -2e- → S4* 

S4* → 1/2S8*  

S8* → S8 + * 

 

2.4 Calculation for power consumption 

One kilogram of hydrogen requires the following charge (Q) to be generated: 
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Q =  
1000 × NA × 2e

MH2

=  
1000 × 2 ×  6.023 × 1023 × 1.602 × 10−19

2.016

= 95706785.7 C 

Where MH2
 = Relative molecular mass of hydrogen (H2) 

            NA  = Avogadro Number 

             e   = Charge of an electron 

For the SOR + HER, the applied voltage (V) is 0.444 V at a current density of 100 

mA/cm2.           

The amount of electricity (W) needed to produce one kilogram of hydrogen is:  

     W = Q × V = 95706785.7 × 0.444 = 42493812.9 J = 11.80 kW. h 

2.5 Synthetic Process of Ni-Co9S8 and Ni-FeOOH 

To get rid of surface contaminants, HCl, ethanol, and DI water were used to clean the 1.5 

x 2.5 cm2 Ni foam. The nickel foam substrate supported the growth of the cobalt sulfide 

(Co9S8) and metal oxide-hydroxide (FeOOH). In 15 milliliters of DI water, 0.21 

milligrams of sodium metabisulfite and 0.34 milligrams of cobalt (II) nitrate hexahydrate 

were combined to grow Co9S8 nanoparticles. Likewise, 15 milliliters of DI water were 

combined with 0.21 mL of sodium metabisulfite and 0.74 milligrams of iron (III) chloride 

hexahydrate to form the FeOOH nanonaoparticle. Ni Foam was then retained inside the 

hydrothermal autoclave reactor once the mixture had been transferred there. To obtain 

consistent nanoparticle formation on the Ni Foam surface, the hydrothermal autoclave 

reactor was then put in a hot air oven set to 50 °C for three hours. The hydrothermal 

autoclave reactor was removed from the oven and allowed to come to room temperature. 

The Ni Foam was removed and dried in a vacuum oven at 50 °C for the whole night after 

being cleaned three or four times with DI water. 
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2.6 Results & Discussion 

 NiFeOOH-Co9S8 intercalated nanostructures were grown on the Ni foam surface in the 

presence of Na2S2O5 using a one-pot process at a moderate temperature of 50 °C, 

employing FeCl3.6H2O and Co(NO3)2.6H2O as precursors (Scheme 2.1). Under the given 

circumstances, it is possible that the responsiveness preferences of FeCl3 (lewis acid) and 

Co(NO3)2 (salt) towards Na2S2O5 allowed the FeOOH and Co9S8 nanostructures to 

develop and intercalate simultaneously.  

 

Scheme 2.1: (A) The NiFeOOH-Co9S8-n heterostructure is formed in a one-pot synthetic 

technique, as seen in the synthetic scheme. (B) The table displays the sample code and 

matching Fe3+: Co2+ ratios taken in the precursor solution. 

The component elements present in the heterostructure were shown to have peaks 

in the NiFeOOH-Co9S8-n XPS survey spectra (Figure A1). FeOOH was depicted in the 

heterostructure, as shown by the Fe 2p XPS spectra, which also showed a satellite peak 

at 716.9 eV and a significant peak at 711.5 eV (Figure 2.1A). [164]  A distinctive peak 

at 856.0 eV was identified by XPS investigation of the Ni 2p spectra. This suggests that 

the nickel on the Ni foam (NF) surface underwent oxidation, leading to the formation of 

nickel oxyhydroxide species (Figure 2.1B). [165]  

NiFeOOH-Co9S8-n

50  C, 3h

One-Pot 

procedure

FeCl3

Co(NO3)2

Na2S2O5A

B Sample Code Fe3+:Co2+ (mmol:mmol)

NiFeOOH-Co9S8-21

NiFeOOH-Co9S8-12

NiFeOOH-Co9S8-13

NiFeOOH-Co9S8-11

0.74:0.34

0.37:0.68

0.37:1.00

0.37:0.34
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Figure 2.1: Peaks highlighted with "#" and "*" correspond to FeOOH and Co9S8, 

respectively, according to the NiFeOOH-Co9S8-21 electrode's (A) Fe 2p, (B) Ni 2p, (C) 

Co 2p, (D) S 2p, (E) O 1s XPS data, (F) the electrode surface's XRD trace, and (G) the 

Raman spectra for the different compositions of  NiFeOOH-Co9S8-n. 

Co 2p peak at 782.8 eV and its satellite peak at 788.3 eV, were detected by XPS 

analysis, which verified the existence of Co9S8 in the synthesized material. (Figure 

2.1C). Literature reports suggest that the Co 2p peak for Co9S8 may be observed at around 

781.5 eV. [166]  The interaction between Co9S8 and NiFeOOH in their heterostructure 

configuration and the oxide doping that took place in the Co9S8 are probably the two 

main causes of the observed mild upfield shift of 1.3 eV in the peak. [167]   The foregoing 
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finding was further supported by the Co 2p peak in XPS spectra at 781.5 eV seen in the 

control sample (Ni-Co9S8), which was produced without FeOOH (Figure A1). 

According to published reports, CoSx oxide doping raises the Co 2p peak to around 2.7 

eV. [168]  The existence of Co9S8 in the catalyst layer was confirmed by the S 2p signal 

at 162.1 eV (Figure 2.1D). [169]  Interestingly, the S 2p spectra also showed a peak at 

168.8 eV that was associated with sulfate functionality. This peak may be explained by 

the partial oxidation of the resultant sulfide in the presence of air. When sulfides are 

exposed to the environment, they are known to generate the equivalent sulfate.[170,171]  

Significantly, the absence of peaks between 163.7 and 164.9 eV indicated that there was 

no elemental Sulfur present in the sample.[172]  The heterostructure's Ni/Fe-OH and 

Ni/Fe-O moieties had peaked in the O 1s XPS spectra at 531.8 and 530.4 eV respectively, 

confirming the aforementioned position (Figure 2.1E).[173]  All four samples, which 

were created with varying molar ratios of Fe3+ to Co2+ in the reaction mixture, had 

comparable peak locations for Ni 2p, Fe 2p, Co 2p and S 2p (Figures A2-A4). The XPS 

elemental analysis yielded atomic ratios of Co to S ranging from 1.10 to 1.28, indicating 

the production of Co9S8 inside the nanostructure (Table A1). To determine the degree of 

intercalation between FeOOH and Co9S8 layers, XPS data was gathered after various 

etching times. Two important conclusions are strongly supported by the constant Co:Fe 

atomic ratio seen in all measurements: first, that the intercalation method produced the 

desired result, and second, that cobalt is uniformly distributed throughout the iron 

oxyhydroxide (FeOOH) matrix at all depths. (Figure A5).  In XRD spectra, the planes 

110, 200, 211, and 411 were responsible for FeOOH associated with JCPDS correlations. 

Similarly, the XRD data of NiFeOOH-Co9S8-21 also showed the 200, 220, 311, 420, 640, 

and 822 planes for Co9S8 (Figure 2.1F). The XRD measurements of the other NiFeOOH-
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Co9S8-n showed the FeOOH and Co9S8 lattice planes, indicating that heterostructure 

formation occurred in each instance (Figures A6-A7).  

 

Figure 2.2: The FE-SEM pictures of (A1 and A2) NiFeOOH-Co9S8-11, (B1 & B2) 

NiFeOOH-Co9S8-21, (C1 & C2) NiFeOOH-Co9S8-12, and (D1 & D2) NiFeOOH-Co9S8-

13 at various magnifications; (E) the FeOOH-Co9S8-21 TEM image; (F) the d spacing 

values matching to FeOOH and Co9S8 determined from digital micrographs software, 

inset SAED spectra of FeOOH-Co9S8-21, showing the lattice planes, (G) the 

corresponding IFFT plot display the d spacing values, and the HAADF-STEM image of 

FeOOH-Co9S8-21 for the various elements merged (H1) and for single elements (H2-

H5), respectively. 
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Raman spectra showed the peaks at 470, 512, and 670 cm-1, which correspond to 

the Eg, F2g, and A1g modes of Co9S8 (Figure 2.1G). [174,175] Similarly, peaks for the 

FeOOH at 241 and 365 cm-1 emerged, indicating that NiFeOOH-Co9S8-n 

heterostructures were forming. [176]  

The FE-SEM data of the NiFeOOH-Co9S8-n surface showed the lateral 

proliferation of nanostructures on the Ni Foam surface (Figures 2.2A1-D2). It's 

interesting to note that the precursor solution's Fe3+ to Co2+ ratio affected the 

nanostructure’s sizes and growth. In NiFeOOH-Co9S8-11, cylindrical rods with 

consistent dimensions and an average thickness of about 34 nm were seen to develop 

laterally (Figure 2.2A and 2.2A2). Micro flakes with a regular thickness of 44 nm were 

seen to develop in the NiFeOOH-Co9S8-21 (Figures 2.2B1-B2, A8). On the surface of 

NiFeOOH-Co9S8-12, lateral growth microflowers were evident (Figure 2.2C). Petal 

thickness average was found to be around 56 nm (Figure A9). The microstructures of 

NiFeOOH-Co9S8-13 were octopus-shaped, having an average width of 221 nm (Figure 

2.2D). The atomic ratio of Co:Fe in the heterostructures ranged from 1:0.22 to 1.0:2.3, 

according to the SEM-EDS study (Table A 2). Microstructure formation on the NF 

surface was inhibited by a subsequent increase in the quantity of Fe3+ (Fe3+:Co2+ = 

1.1:0.34, mmol:mmol) in the precursor solution (Figure A10). The XPS study and the 

production of Co9S8 were corroborated by the atomic ratio (~1.12) among Co and S 

determined from the EDS spectra (Table A 1). Overall, according to the FE-SEM data, 

the process permits control over the sizes and forms of nanostructures based on 

NiFeOOH-Co9S8-n on the electrode surface, which might be required to customize the 

electrochemical activity.  

The HR-TEM data of the FeOOH-Co9S8-21 nanostructure developed on glass 

substrate were recorded since etching the nanostructure from the Ni foam surface was 
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not practical. This showed the existence of nanorods with an average size in the range of 

8 to 20 nm (Figure 2.2E). The existence of both elements in the heterostructure is 

supported by the d spacing values of 0.26 and 0.17 nm found in the HR-TEM data, which 

matched to the 211 planes of FeOOH and the 822 plane of Co9S8, respectively (Figures 

2.2F-2.2H).[177]  To learn more about the composition of one of the nanorods, the 

HAADF-STEM data was gathered. The sample showed that Fe and O were the primary 

elements, followed by Co and S, confirming the expected distribution of Co9S8 in the 

FeOOH matrix (Figures 2.2H2-2.2H5). The existence of 211 and 822 planes, 

respectively, further supported the presence of FeOOH and Co9S8 in the heterostructure, 

according to the SAED patterns that were also generated from the TEM diffraction data 

(Figure 2.2F). The intercalation was supported by the intertwining of the lattice fringes 

of FeOOH and Co9S8 (Figure A11). All things considered, the evidence from Raman, 

XRD, XPS, HR-TEM, and FE-SEM confirmed the emergence and development of 

FeOOH-Co9S8-21 intercalated nanostructures on Ni Foam. To understand the 

temperature behavior, the nanocatalyst's DSC and TGA data were acquired (Figure 

A12). Up to 250 °C, no discernible thermal transition could be seen in the DSC heating 

and cooling traces. The TGA trace showed that up to 800 °C, there is very little total 

weight loss (~10%). The catalyst's adventitious moisture loss may be the cause of a little 

weight loss of up to 6% till 100 °C. An additional ~4% weight loss that happened between 

300 and 500 °C might be attributed to the trace amounts of unreacted salts that were 

perhaps confined in the catalyst matrix throughout the development phase. 

Utilizing a three-electrode setup, the electrocatalytic effectiveness of the 

NiFeOOH-Co9S8-n electrodes was assessed by logging linear sweep voltammetry (LSV) 

data with 1.0 M NaOH and 1.0 M Na2S in an aqueous electrolyte. 
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Figure 2.3: Plots of the various catalyst compositions include: (A) SOR and (B) HER 

plots, (C) the potential required to realize various j values for the electrodes, (D) Tafel 

plot obtained from SOR traces of various electrodes, (E) EIS Nyquist plots of various 

electrodes and bare Ni Foam, (F) the SOR chronoamperometry data of the NiFeOOH-

Co9S8-21 recorded in 1.0 M NaOH + 1.0 M Na2S solution, and (G) the SOR and (H) the 

HER traces for NiFeOOH-Co9S8-21 recorded in 1.0 to 4.0 M Na2S solution with 5 mV/s 

scan rate and electrode area of 0.25 cm2 and (I) the VRHE corresponding to j values of 

100, 500, and 1000 mA/cm2 for diffirent Na2S concentration. In each case, the reference 

electrode was made of graphite, while the counter electrode was made of Hg/HgO. The 

data was collected using an H-cell configuration with an inter-electrode spacing of 7 cm.  

The j value of 500 mA/cm2 was attained in the potential range of 0.50 to 0.62 

VRHE, indicating that the composition of the electrodes had a significant impact on their 
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SOR efficiency (Figure 3.3A). The NiFeOOH-Co9S8-21 achieved j values of 500 and 

1183 mA/cm2 at 0.50 and 0.65 VRHE, respectively (Figure 3.3C). The j value attained by 

the aforementioned electrode could be comparable or better than the other electrode 

systems for SOR activities documented in the literature (Table A3). Notably, the 

electrodes demonstrated efficient HER performance as well, and for the various 

compositions, a j value of 500 mA/cm2 was realized between -0.32 and -0.39 VRHE 

(Figure 3.3B). The values of the SOR Tafel slope were calculated between 39.74 and 

109.57 mV/dec (Figure 3.3D). The composition with the smallest Tafel value among 

those indicating its high efficiency was NiFeOOH-Co9S8-21 (39.74 mV/dec). Ni-FeOOH 

and Ni-Co9S8 control electrodes showed significantly lower SOR and HER activities, 

indicating the significance of oxide doping the Co9S8 component by intercalating both 

components for efficient catalysis (Figure A13A-D). 

 The NiFeOOH-Co9S8-n electrochemical impedance spectra were fitted to an 

analogous circuit model. The solution resistance (RS) values (1.45 Ω) of the electrolyte 

for the electrodes were found to be comparable by the EIS plots corresponding to the 

SOR activity, where the curves came from similar positions (Figure 3.3E). Significantly, 

compared to the other compositions, the charge transfer resistance (RCT) value for 

NiFeOOH-Co9S8-21, as indicated by the diameter of the plot's semicircle, was minimal. 

This could have facilitated charge transfer during the electrode half-cell reactions and 

increased SOR and HER activity. NiFeOOH-Co9S8-21 had the lowest work function 

value (6.77 eV) based on UPS spectra, which supports the above even more (Figure 

A14). The capacitance plots' values for the electrochemical surface area (ECSA) showed 

that the electrodes' SOR activity is proportionate. The ECSA of the several compositions 

examined, NiFeOOH-Co9S8-21, most likely showed the highest ECSA (65.8 cm2) 

(Figures A15-A18, Table A4). Then, the NiFeOOH-Co9S8-21 chronoamperometry data 
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were obtained at 0.4 VRHE with a matching j value of 100 mA/cm2. Throughout the 100-

h period, there was no discernible change in the j value, indicating that the electrode's 

endurance was satisfactory (Figure 3.3F).  

The NiFeOOH-Co9S8-21 exhibited better activity in terms of SOR and HER 

activities, leading to the measurement of the electrode's SOR and HER efficiencies 

without the presence of NaOH. The j values of 500 and 100 mA/cm2 were found at 0.61 

and 0.42 VRHE, respectively, in the presence of 1.0 M Na2S. As the [Na2S] increased to 

4.0 M, the values further fell to 0.45 V and 0.30 V (Figures 3.3G & 3.3I). There may 

not be many reports in the literature of electrodes that can achieve the aforesaid SOR j 

value without a base. Additionally, in 1.0 M Na2S, the electrodes showed HER j values 

of 500 and 100 mA/cm2 at -0.30 and -0.20 VRHE (Figures 3.3H & 3.3I).           The rate 

of [S2-] consumption was then investigated using NiFeOOH-Co9S8-21 in 1.0 M Na2S and 

1.0 M NaOH solution at several temperatures. As the electrolyte temperature rose, there 

was a noticeable rise in the SOR and HER activity. As the temperature increased from 

30 to 60 °C, the potential to reach a SOR j value of 500 mA/cm2 fell from 0.53 to 0.45 V 

(Figures 2.4A–2.4C). At 60 °C, a low potential of 0.67 V was achieved, leading to a very 

high SOR j value of 3000 mA/cm2. By monitoring the electrolyte’s UV-Vis spectra at 

regular intervals and keeping the SOR j value of 100 mA/cm2 at 0.4 VRHE, the rate of 

consumption of S2- was determined (Figure A19). A non-linear route was followed by 

the change in [S2-] with time, and the non-linearity was more noticeable for reactions 

carried out at high temperatures (Figure 2.4D). This indicated that the conversion 

deviates somewhat from first-order behavior, maybe because of the intermediate 

adsorption and desorption phases on the catalyst surface during electrolysis. For 

NiFeOOH-Co9S8-21, the SOR Tafel slopes at various temperatures were obtained from 

LSV traces. As the temperature increased, the value slightly dropped from 44.0 to 34.4 
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mV/dec, indicating a rise in SOR activity (Figure 2.4E). The exchange current density 

(j0) value at each temperature was then calculated by extrapolating the Tafel slopes to 0.0 

V. Using j0 and electrolysis temperature, the Arrhenius plot for the SOR activity with 

NiFeOOH-Co9S8-21 in 1.0 M Na2S + 1.0 M NaOH was created. 

The following formula was used to calculate the Ea value based on the slope of 

the Arrhenius plot: [178]  

𝑙𝑜𝑔 𝑗0 = 𝑙𝑜𝑔 𝐴 −
𝐸𝑎

2.303𝑅𝑇
                                  Equation 2.5 

 

Figure 2.4: The LSV polarization traces (A) SOR and (B) HER of NiFeOOH-Co9S8-21 

recorded under various temperature (C) The VRHE values corresponding to various jSOR 

and jHER  values recorded under various temperature situations for NiFeOOH-Co9S8-21, 

(D) [S2] vs. time plots documented under various temperature conditions using 

NiFeOOH-Co9S8-21 as both counter and working electrodes, (E) the Tafel plots obtained 

from SOR traces of NiFeOOH-Co9S8-21 under various temperature conditions, (F) the 

Arrhenius plot for SOR using NiFeOOH-Co9S8-21 in 1.0 M Na2S + 1.0 M NaOH with 5 

mV/s scan rate and electrode area of 0.25 cm2 
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The quick activity of the NiFeOOH-Co9S8-21 towards SOR activity and the RCT 

results was further supported by the low Ea value (19.1 kJ/mol) for S2- to Sn2- under 

electrochemical conditions in comparison to the OER (67 kJ/mol) reported in the 

literature(Figure 2.4F).[179]  Although a variety of variables, including the average 

surface area, the number of active sites, and the ease with which bubbles may be detached 

from the electrode surface, may influence the Ea value, the research confirmed the 

simplicity of the SOR with the current electrodes. 

It's interesting to note that NiFeOOH-Co9S8-n electrodes worked well for both 

HER and SOR activities as bi-functional electrodes (Figure 2.5A). When NiFeOOH-

Co9S8-21 was used in place of graphite as the cathode, the SOR j value at 0.4 VRHE 

(without iR corrected) improved from 100 to 150 mA/cm2 (Figure 2.5B). These 

electrodes may be used as bi-functional electrodes for both HER and SOR processes, as 

shown by the HER j value at -0.4 VRHE (without iR corrected) increasing from 700 to 860 

mA/cm2 (Figure 2.5C). Above the j value of 500 mA/cm2, the performance was 

presumably further enhanced by the distance between the electrodes (Figure 2.5D). A 

0.14 V drop in potential was seen when the inter-electrode spacing was reduced from 6 

to 2 cm. This corresponds to a j value of 1000 mA/cm2. Since graphite, the counter 

electrode, compromises SOR activity in a single cell, the majority of SOR experiments 

that have been published in the literature to date employ H-type cells (Figures 2.5E –

2.5F). Using graphite as the cathode, the highest SOR j value in a single cell was achieved 

at 0.60 V, around 500 mA/cm2. It's interesting to note that the j value increased to 760 

mA/cm2 at the same voltage when NiFeOOH-Co9S8-21 was present as the anode and 

cathode. The bi-functional electrodes seem to have allowed the HER/SOR activities to 

be conducted in a single cell, as shown by the HER and SOR j values of 500 and 100 

mA/cm2 that were realized at iR uncorrected potentials of -0.37 & 0.69 and -0.20 & 0.36 
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VRHE, respectively (Figures 2.5G-2.5H). Since the j value of 143 mA/cm2 was 

maintained for up to 100 hours at 0.4 VRHE for SOR, the chronoamperometry data 

collected using NiFeOOH-Co9S8-21 as both the cathode and anode demonstrated 

acceptable durability (Figure 2.5I).  

 

Figure 2.5: (A) Pictures of the H-type cell and single-cell electrochemical setups used 

for the SOR and HER traces, (B) SOR and (C) HER profiles recorded with graphite and 

NiFeOOH-Co9S8-21 as the counter electrodes (D) SOR LSV traces recorded in an H-

type electrochemical cell with various interelectrode distances (E) HER and (F) SOR 

LSV traces recorded in a single cell electrochemical setup with graphite and NiFeOOH-

Co9S8-21 as the counter electrodes, the potential values corresponding to different j 

values achieved in a (G) single cell and (H) H-type electrochemical cell, (I) the stability 

(i-t) data recorded in an H-type electrochemical cell with a 2 cm interelectrode distance 

using NiFeOOH-Co9S8-21 as both counter and working electrodes. 
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The energy efficiency of the present process for producing H2 was then compared to that 

of the conventional water-splitting method utilizing NiFeOOH-Co9S8-21. NiFeOOH-

Co9S8-21 obtained HER and OER j values of 100 mA/cm2 at -0.33 and 1.48 VRHE 

potential in the presence of 1.0 M NaOH, and the electrodes demonstrated sufficient OER 

activity (Figures 2.6A-2.6C).  

 

Figure 2.6:  The NiFeOOH-Co9S8-n (a: n = 21, b: n = 12, c: n = 13, d: n = 11) (A) OER 

and (B) HER polarization traces recorded in single cell electrochemical setup using 1.0 

M NaOH electrolyte, (C) the bar graph shows the potential (VRHE) values related with 

different j values found during the HERand OER process, (D) the NiFeOOH-Co9S8-21 

SOR (H-type electrochemical cell) and OER (single cell) polarization traces illustrating 

the potential (VRHE) requirements to reach certain j values, (E) the HER-SOR (1.0 M 

Na2S+1.0 M NaOH ) and HER-OER (1.0 M NaOH) polarization traces with 5 mV/s scan 

rate and electrode area of 0.25 cm2 depict the total potential needed to realize H2 

production at j values of 100 mA/cm2, (F) the stability traces of HER activity recorded 

in absence and presence of 1.0 M NaOH in 1.0 M Na2S. 
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Importantly, without iR corrected potential in SOR to attain j values of 500 and 

100 mA/cm2 was 1.24 and 1.12 V lower respectively, than that of the OER activity, 

indicating a much superior energy proficiency in the former instance (Figure 2.6D).To 

our knowledge, NiFeOOH-Co9S8-21 is more proficient than other catalyst systems 

described in the literature for both HER and SOR, allowing to produce H2 at j values of 

1000 and 100 mA/cm2 at total potential values of 0.84 and 0.46 V, respectively (Figure 

2.6E, Table A5). The electrodes provide a useful power-saving substitute with the SOR 

process, as seen by the much lower total potential value (1.87 V) required to get a j value 

of 100 mA/cm2 utilizing the conventional electrolysis approach via OER and HER 

activity. (Figure 2.6E). The HER chronoamperometry data also showed a similar pattern, 

with the j value of 120.5 mA/cm2 being kept at −0.17 V while Na2S was present and 

increasing to −0.39 V when it wasn't to sustain the j value of 103.7 mA/cm2 for 10 

hours. (Figure 2.6F).  

A two-electrode setup was used to study the oxidation of sulfion and the 

production of H2 to assess the feasibility of industrial application. The H-type cell's anode 

chamber contained 1.0 M Na2S and 1.0 M NaOH, while the cathode chamber contained 

1.0 M NaOH. (Figure 2.7A). With j values of 500 and 100 mA/cm2 attainable at an 

uncorrected cell voltage of 1.14 and 0.69 V, respectively, the LSV traces demonstrated 

the advantages of using NiFeOOH-Co9S8-21 as both the anode and cathode. However, 

the value rose to 1.13 V (100 mA/cm2) and 1.58 V (500 mA/cm2), respectively, when 

graphite was used as the counter electrode. (Figure 2.7B) Interestingly, a single cell 

configuration using NiFeOOH-Co9S8-21 as the counter and working electrodes achieved 

a phenomenal uncorrected voltage of 0.44 and 1.0 V to get the j values of 100 and 500 

mA/cm2, indicating that this system could be the most effective one yet reported. (Figure 

2.7C).  
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Figure 2.7: (A) Diagram of the H-type two-electrode electrochemical setup used to 

produce H2 (B) evaluation of the LSV traces recorded in an H-type and single cell with 

NiFeOOH-Co9S8-21 as the working and counter electrodes; (C) the LSV traces 

documented in a two-electrode setup using an H-type  electrochemical cell with a 2 cm 

inter-electrode distance, the electrodes used were NiFeOOH-Co9S8-21/NiFeOOH-Co9S8-

21 and NiFeOOH-Co9S8-21/graphite, (D) chronoamperometry traces of the SOR 

conducted under two-electrode electrochemical set up in an single cell (0.8 V), and H-

type (0.7 V),  (E) the plot showing the faradaic efficiency with theoretical and 

experimental H2 production over time in an H-type cell electrochemical cell, (F) a 

comparison of the power consumption of the current electrode and systems that have 

been reported for the production of 1 kg of H2, (G) the UV-Vis spectra of the electrolyte, 

which were obtained at different time intervals during chronoamperometry experiment, 

(H) the XRD data, and (I) the FE-SEM data of the Sn that was extracted from the anodic 

solution following H2SO4 neutralization. 
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Chronoamperometry investigations were used to evaluate the electrode's 

endurance under two-electrode electrochemical setups in both single-cell and H-type 

electrochemical cells. The durability was supported by the j value in both instances, 

which remained stable for the whole 90 h period (Figure 2.7D). Importantly, the j value 

for the single cell increased somewhat throughout the first 24 hours, suggesting possible 

electrode activation, this was not the case for the H-type cell. The H-cell and single cell's 

respective j values after 90 hours remained at 95 mA/cm2 at 0.7 V and 260 mA/cm2 at 

0.8 V (Figure 2.7D). After comparing the actual and theoretical H2 production data, the 

Faradaic efficiency value of around 96.7% was determined. This value may be suitable 

for future applications (Figure 2.7E).  

 The additional power consumption data likewise showed an ultralow value at j = 

100 mA/cm2 of 11.8 kWh/kg of H2, indicating that the NiFeOOH-Co9S8-21 may perform 

better than the state-of-the-art systems that have been described (Figure 2.7F for power 

consumption calculation). [180] The H2 generated has a 99.3% purity level, according to 

the GC analysis (Figure A20). After 90 hours of electrolysis, the FESEM data of the 

NiFeOOH-Co9S8-21 surface showed that the nanostructures had little change in shape, 

indicating that they were stable under the electrolysis conditions (Figure A21). 

Following the chronoamperometry test, the electrode's SOR trace matched that of the 

original sample, corroborating the previous findings (Figure A22). To determine the 

composition and purity, the Sn produced was characterized. The production of Sn2- in the 

solution during electrolysis was corroborated by the absorption peaks at 300 nm (Figure 

2.7G). [181] The foregoing is further supported by the XRD data of the Sn recovered 

from the solution using H2SO4 matching that of the S8 JCPDS (Figure 2.7H). According 

to the FESEM data, the Sn produced is in the form of granules of different diameters 

(Figure 2.7I). Sn was the sole significant ingredient found by the EDS mapping (Figure 
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A23). In support of the aforementioned, the elemental analysis also showed that "S" was 

present in the sample in about 100%. (Table A6).  

DFT simulations were used to investigate the oxidation routes of different sulfide 

ions on both pure and oxygen-doped 200 facets of Co9S8 to get insight into the SOR 

activity of the material. Figure 2.8A displays the optimized structures for these facets 

together with the intermediates (Figure A24). Since the XRD and TEM analyses showed 

that the 200 facet was the predominant facet of the synthesized O-doped Co9S8, it was 

selected for the examination. Moreover, some well-known surfaces, like the 822 facet, 

have bigger atoms, which might greatly lengthen the computing time. For the progressive 

oxidation of S2- to S8 (S
2- → S* → S2* → S3* → S4* → S8* → S8) on Co9S8, we assessed 

the energy variation of elementary reactions (Figure 2.8A).  

 

Figure 2.8: The findings of the DFT analysis  (A) the energy levels of Co9S8 and O-

doped Co9S8 for the HER process, and (B) the free energy levels of the final product  and 

intermediate as calculated utilizing a step by step SOR procedure on the 200 facet of 

Co9S8. 

The results of the study shed light on the energy barriers and reaction kinetics 

related to each stage. The transformation of S2* to S3* was the probable rate-determining 

step in the SOR process for both pristine and oxygen-doped Co9S8 (200) facets. For this 
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phase, the energy barrier in the pure Co9S8 (200) facet was 0.66 eV. It's interesting to 

note that the energy barrier dropped to 0.20 eV when oxygen doped into 200 facets. The 

reaction's kinetics may have been improved by this energy barrier decrease, improving 

SOR activity. The fact that the energy barrier was slightly lower than the values reported 

in earlier literature studies on some of the other cobalt sulfide systems highlights the 

increased SOR activity of NiFeOOH-Co9S8-n. The result of O-doping on the HER 

procedure was also calculated using DFT investigation. (Figure 2.8B).   Following oxide 

doping, the ΔG value for Co9S8 dropped by 0.04 eV, providing more evidence for the 

doping process's ability to increase catalytic activity. 

Overall, SOR and HER behavior were successfully improved by the Co9S8 oxide 

doping and NiFeOOH intercalation, and the synthetic process allowed for the 

development of a range of nanostructures with the large surface area needed for H2 

production at high j values, low total potential, and minimal power consumption 

responsibly. Due to its simple synthetic technique, this may also be used for large-scale 

electrode synthesis and future commercial applications. Future research may use this 

method of combining precursors with different levels of reactivity towards the reagent to 

create more hybrid nanostructures for related uses. 

2.7 Conclusion 

 To fabricate intercalated nanostructures with enhanced catalytic activity in a single step, 

the relative reactivity of the two precursors might be one useful technique. A platform 

for the efficient production of green H2 in the presence of S2- may be obtained by growing 

an intercalated nanostructure of FeOOH and Co9S8 on NF. The combined operation of 

SOR and HER in an H-type or single cell is made possible by the developed NiFeOOH-

Co9S8-n based catalytic system's bifunctionality. One useful parameter to regulate the 

potential-current connection is the inter-electrode distance. Without NaOH, the SOR 
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process was made possible by the catalyst's strong activity at a high j value. The DFT 

study showed that the SOR activity was enhanced by the oxide doping of Co9S8 that 

occurs from the interface between FeOOH and Co9S8. All things considered, the present 

electrodes' significant power savings and low energy consumption in the generation of 

green H2 provide a feasible foundation for the technology’s future commercialization. 
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Chapter 3  

In situ Growth of Co3O4@NiCu Alloy Nanocuboids 

assisted by Ni Surface and Polyacryloyl Hydrazide 

for Efficient Methanol Oxidation and Oxygen 

Evolution Reactions 

(Adapted from DOI:10.1002/adsu.202400372, Copyright 2024 Wiley‐VCH GmbH) 

 

3.1 Abstract 

A one-pot synthesis technique is used to grow Co3O4 doped NiCu alloy nanocuboids on 

nickel foam under hydrothermal conditions. It uses polyacryloyl hydrazide (PAHz) as a 

composition-directing agent and a metallic nickel surface as a shape-directing agent. The 

size, shape, lattice configuration, doping, and heterostructure of the electrocatalysts may 

all be precisely controlled using this approach, which is essential for adjusting their 

catalytic activity. The resultant bi-functional electrodes exhibit superior performance in 

the HER and methanol oxidation reaction (MOR) and are suitable for high-energy 

coupled green hydrogen generation. The electrodes demonstrate remarkable longevity, 

continuing to operate at 10 mA/cm2 for 100 hours, while also displaying a low overall 

potential of 1.78 V, which allows for a current density of 100 mA/cm2 for the combined 

MOR and HER processes. The electrodes' selectivity in converting methanol to formate 

is another feature that confirms their suitability for the intended use. In the oxygen 

evolution reaction (OER), the NF-PAHz-Co3O4@NiCu also shows promise, attaining a 

current density of 100 mA/cm2 at a potential of 1.65 VRHE with sufficient endurance. The 

wide implications of this synthetic approach for future developments in electrocatalyst 

design and synthesis emphasize its generality, scalability, and possible applicability to 

the creation of various metal oxide doped alloy nanostructures. 
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3.2 Introduction 

When it comes to producing and using certain renewable energy sources as well as 

efficiently using greenhouse gases, electrocatalysis is crucial.[133,131] One of the main 

methods for producing green hydrogen (H2) is electrocatalysis, which is the primary 

mechanism that splits water into H2 and O2.[182, 183]  Recent research examines many 

half-cell reactions to improve the process's total energy efficiency, which is one of the 

main issues impeding the technology's commercial feasibility. [184, 185] The methanol 

oxidation reaction (MOR) is an important half-cell reaction that has been studied in the 

literature to increase the energy efficiency of the water splitting process because of its 

feasible side products and low theoretical starting potential. [24,186 ] Thus, MOR 

coupled with HER provides a feasible way to economically generate clean H2 energy, 

meeting one of the Sustainable Development Goals of the United Nations. In recent 

literature, many electrocatalysts with sufficient catalytic effectiveness towards MOR 

have been created and examined. [187,188] Periodically formed Pt-Au hetero 

nanostructures, for instance, showed better MOR activity in 0.1 M HClO4 solution than 

Pt/C. [189] Mn alloying of CoPt catalyst increased MOR's durability and activity in 

acidic conditions. [190] In particular, transition metal alloy-based nanostructures have 

shown competence in a range of electrochemical processes in published works. [191,192] 

For instance, under simple circumstances, CoNi alloy/CoNi layered double hydroxide 

activated MoS2 nanosheets demonstrated efficient H2 evolution activity. [193] NiCu 

alloy-based nanocatalysts have shown efficient MOR linked water splitting activities 

under varying pH settings, making them one of the active catalytic systems. [194,195] 

Cu/NiCu nanowires, for instance, with a mass jMOR value of 867.1 mA/mgmetal at 1.55 

VRHE were manufactured in two steps. [85] In a similar vein, an alkaline system based on 

NiCu@C nanoparticles obtained a mass jMOR value of 1028 mA/mgmetal at 1.55 VRHE. 

[90] Even though the results were encouraging, further j value enhancement at a low 
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potential is preferred in order to fully use the system for commercial purposes. The 

benefits of both nanoscale metals and polymeric substrates have been combined in 

polymer-based metal nanoparticles, which have recently become an intriguing class of 

electrocatalysts. [196,197] The polymer matrix provides stability, resistance to 

chemicals, and an environment that can be adjusted to alter the shape of the nanoparticles, 

while the metal nanoparticles operate as active sites for efficient catalysis. [198, 199] It 

is also known that surface charges and hydrophobicity/hydrophilicity of polymeric 

coatings may be used to adjust the catalyst's surface electrical characteristics. [200] Metal 

nanocomposites based on conducting polymers or carbon-based supports, combined with 

earth-abundant metals, have been investigated recently. [201,202] It's significant that 

metal-polymer nanocomposites are ready to act as catalysts in the sustainable generation 

of H2 from a variety of water sources. [203] For instance, in an alkaline environment, 

CoOx nanoparticles distributed in a poly(pyrrole-alkylammonium) system demonstrated 

efficient oxygen evolution reaction (OER) activity. [204] Nickel foam (NF) is a porous 

substance that exhibits strong electrical conductivity, resilience in alkaline solutions, and 

a suitable structure for the release of gas bubbles. To develop bimetallic alloy 

nanostructure on NF for MOR application, this method targets three aspects: metallic 

oxide doping, form orientation of nanostructures, and improvement of surface area in a 

one-pot synthetic operation. Given that the form of the nanocatalyst is known to regulate 

the activity, it is especially beneficial to develop alloy or multi-metallic nanostructures 

of a certain size and shape. [205] Since metal oxide doping is known to change the 

electronic structure and lead to band gap optimization, which is required for customizing 

catalytic activity, the prospect of doping the aforementioned alloy nanostructures with 

oxides is intended to improve the activity further. [206] To the best of our knowledge, 

there has been little research done in the literature on the function of active metal surfaces 
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as shape-directing agents in the development of bimetallic nanostructures. To create a 

nanocatalyst system with sufficient activity and durability, the composition-directing 

capacity of a polymeric reductant is also included in the design. 

  Here, hydrothermal conditions are used to in-situ generate NiCu alloy 

nanostructures from their salts using polyacryloyl hydrazide (PAHz) as the reducing and 

capping agent. [207] It has previously been shown in the literature that PAHz efficiently 

reduces a variety of metal salts to the matching nanoparticle in aqueous solution. 

[208,209,210] Size-controlled Ag and Au nanoparticles were synthesized in aqueous 

solutions using PAHz at ambient conditions. [211] We used a star polymer functionalized 

with carbonyl hydrazide to quickly convert different precious metal ions to the matching 

nanoparticles in solution. [212] Similarly, by the creation of matching nanoparticles, 

membranes based on CNT modified with PAHz were used to separate different metal 

ions from oil-water emulsion. [213] This method creates a metal oxide doped nanoalloy 

that may be used for electrocatalysis by taking use of PAHz's potential selective reduction 

capacity towards different metal ions. Additionally, the potential function of the NF 

surface as a nucleating site to control the geometry of the aforementioned nanostructure 

is investigated. [214, 215] The overall plan is to produce PAHz capped Co3O4@NiCu 

alloy nanocrystals on NF using a one-pot method, which will be used as active electrodes 

for MOR and OER activities in an alkaline medium. We study the effects of electrode 

structure, composition of the nanocatalyst, and material fabrication to maximize MOR 

and OER performances in membrane-less environments. By means of an in-depth 

electrochemical examination combined with physical and morphological description, we 

exhibit the generated electrodes' catalytic effectiveness and stability in alkaline media in 

comparison to the most advanced benchmark electrocatalysts. Overall, in order to fully 

realize the promise of polymer-based nanocomposite catalysts for effective and long-
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lasting alkaline water splitting and MOR, our study offers important insights into the 

design principles for these materials. 

3.3 Experimental Section 

3.3.1 Material Required 

The following materials were used exactly as received: NF (99%, thickness 1.6 mm, 

Goodfellow), potassium hydroxide (98%, Qualigens), hydrazine hydrate (99%, 

Rankem), tetra-n-butylammonium bromide (98%, Merck), methanol (99%, Finar), 

tetrahydrofuran (99%, Finar Ltd.), ethanol (99%, Changshu HFCL), and hydrochloric 

acid (99%, SDFCL). The Millipore water filtration system provided the DI water. 

3.3.2 Material Characterization 

A Pananalytical Empyrean X-ray diffractometer was used to capture the XRD diffraction 

data in the 2θ range of 10-90°. To examine the surface electronic characteristics, a 

monochromatic Al K-Alpha analyzer (XPS, ThermoFisher) adjusted with C1s 284.8 eV 

was used. The material's surface morphology was examined using field emission 

scanning electron microscopy (FESEM JSM-7900F, Jeol Ltd.), and the energy dispersive 

X-ray spectroscopy (EDX) method (JSM-7900F, Jeol Ltd.) was used to study the 

elemental distribution. Together with the STEM-HAADF and SAED pictures, the high-

resolution images were obtained using the HRTEM (JEM-F200 JEOL). Using an NMR 

JEOL 400 YH machine in the solvent D2O at 25 °C, the 1H and 13C NMR spectroscopic 

data were acquired. The PerkinElmer Spectrum Two instrument was used to capture the 

FT-IR spectroscopic data in ATR mode. X-ray absorption spectroscopy (XAS) was used 

at the INDUS beamline synchrotron facility (2.5 GeV, 100mA), BL-09, INDUS-2, to 

evaluate materials.  
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3.3.3 Synthesis of NF-PAHz-Co3O4@NiCu 

 The fabrication method of the NF-PAHz-Co3O4@NiCu electrode included the following 

steps. To remove any contaminants on the surface, the NF measuring 2.5 × 3 cm2 was 

first washed with water, ethanol (20 mL), and hydrochloric acid (24 mL, 2 M). After that, 

a 50 mL, 16.55 mM Cu(NO3)2.3H2O solution was placed in a beaker at room temperature 

and continuously stirred at 700 rpm. Following this, 25 ml of a 2-weight percent PAHz 

solution was added, and the mixture was shake-free for 60 minutes. After adding a 50 

mL (13.74% mM) solution of Co(NO3)2.6H2O, the mixture was stirred for 30 minutes. 

A further 25 milliliters of the 2-weight percent PAHz solution were added to this, and the 

whole mixture was stirred for 60 minutes. This homogenous liquid was then put into an 

autoclave, and the cleaned NF piece above was submerged in it. The autoclave was now 

placed in a 12-hour hot air oven set at 120°C. The system's temperature was then lowered 

to room temperature. After being taken out of the aqueous solution, the NF was cleaned 

with DI water. After that, the sample was dried for 12 hours at 50 °C in a vacuum oven. 

3.3.4 Synthesis of NF-PAHz-NiCu 

 Using the mentioned method, 20 mL of ethanol, 24 mL of hydrochloric acid (2 M), and 

20 mL of DI water, the surface of NF was activated. A 50 mL, 16.55 mM Cu(NO3)2.3H2O 

solution was added to a beaker and continuously swirled at room temperature at a speed 

of 700 rpm. After that, over an hour, 25 ml of a 2-weight percent PAHz solution was 

progressively added to the previously stated condition. After homogenizing the mixture, 

NF was added to an autoclave. For 12 hours, the autoclave was heated in a hot air oven 

to 120 °C to facilitate the formation of cubic nanoparticles on the nickel foam surface. 

Following a wash with DI water, the nickel foam was taken out of the solution, cleaned, 

and dried at 50 °C. 
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3.3.5 Synthesis of PAHz-Cu 

Cu(NO3)2.3H2O solution (50 mL, 16.55 mM) was droppedwise added to 25 ml of 2 wt% 

PAHz aqueous solution over an hour at a continuous stirring rate of 700 rpm. The 

Co(NO3)2.6H2O (50 mL, 13.74 mM) solution was then added straight to the previous 

solution over the course of 30 minutes. The aforementioned solution was then mixed with 

25 ml of 2 weight percent PAHz, added dropwise over the course of an hour. The above-

mentioned solution was then mixed with 50 mL of Ni(NO3)2.6H2O solution (13.75% 

mM) over an hour. After that, the mixture was autoclaved and heated to 120 °C for 12 

hours in a hot air oven. After that, the precipitate was filtered. After being repeatedly 

cleansed with deionized (DI) water, the filtrate was stored for 12 hours at 50 °C in a 

vacuum oven. 

3.3.6 Electrochemical Measurements 

An electrochemical workstation (M204 PGSTAT, Autolab) was used for all 

electrochemical analyses. A 25 mL mini gas-tight cell was used for the electrochemical 

tests. The NF-PAHz-Co3O4@NiCu electrode was used as the working electrode in a 

three-electrode system, the counter electrode was a graphite rod, and the reference 

electrode was Hg/HgO (1.0 M NaOH). Whereas a 1.0 M MeOH + 1.0 M KOH solution 

is used for MOR and HER, 1.0 M KOH was the electrolyte employed for OER and HER. 

Throughout the chronoamperometry test at 1.86 V, NMR spectroscopic data were taken 

at regular intervals of 24 hours to track changes throughout the production of formate 

from methanol. The potential on the RHE scale was transformed using the Nernst 

equation. The acquired current is transformed into j (current density) and normalized 

using the geometrical area of the working electrode. 

ERHE = EHg/HgO
0  + EHg/HgO + 0.0591× pH                       Equation 3.1 



68 
 

3.3.7 Fabrication of PAHz-Cu Electrode 

Initially, a solution was prepared by mixing 0.25 mL of methanol with 0.75 mL of 

deionized water. 20 mg of PAHz-Cu electrocatalyst material and 0.2 mL of a 5-weight 

percent Nafion solution were added to this solution. After that, the combination was 

treated with ultrasonic waves for an hour to break up the components and create a well-

combined ink suspension. Next, 6 μL of the previously described ink solution was drop 

cast onto a glassy carbon electrode that had a 5 mm diameter. The drop-cast film was left 

to dry overnight at 50 °C in a hot air oven. 

3.3.8 Fabrication of IrO2 and Pt/C electrode 

To create homogenous inks, 6.25 mL of commercial Pt/C and IrO2 were dissolved in 1.35 

mL of a combination solution of isopropanol (0.80 mL), water (0.40 mL), and 5 weight 

percent Nafion (0.15 mL) separately. The mixture was then sonicated for 50 minutes. 

After that, 100 µL of one of the catalyst inks was drop-coated onto the Ni foam electrodes' 

surface and allowed to dry overnight at 50 °C in a vacuum oven. 

3.3.9 Computational Methods 

The Vienna ab initio simulation (VASP) program was used to do first-principles 

calculations using the density functional theory (DFT) framework. [216,217] Projector-

augmented wave (PAW) potentials were used to illustrate the interactions between 

electrons and ions. [218]  In the Perdew–Burke–Ernzerh (PBE) form, the exchange-

correlation functional was calculated using the generalized gradient approximation 

(GGA) [219]. An approach known as conjugate gradient (CG) was used to optimize the 

structure without symmetry constraints until the maximum force acting on each atom was 

less than 0.001 eV Å-1. The self-consistency loop iteration keeps on until the total energy 

difference between two successive iteration stages equals 1⨯10-5 eV.  The Kohn–Sham 

electron wave function was extended using plane waves, with an energy threshold of 500 
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eV. For structural optimization, Brillouin zone (BZ) sampling was performed utilizing k-

points on a 3⨯3⨯1 grid. The long-range van der Waals interactions were investigated 

using the DFT-D2 method. A 10–15 Å vacuum layer has been taken in the z-direction. 

Two layers of Ni (111) and two further layers of Cu (111) plane were taken into 

consideration in this work to build the NiCu heterosystem. The first principles calculation 

technique states that to create a heterosystem, the lattice constants of several materials 

must agree. [220,221,222] The lattice constants for the Ni(111) and Cu(111) planes have 

been determined to be 2.55 Å and 2.53 Å, respectively, for this investigation.[223].  

Because the lattice misfit between Ni(111) and Cu(111) surfaces is so modest (about 

0.7%), we may produce their heterostructure by retaining two layers of Ni(111) surfaces 

on two layers of Cu(111) surfaces, or vice versa. The ideal Van der Waal's spacing 

between the layers of Ni-Ni, Cu-Cu, and Ni-Cu ranges from 2.00 to 2.03 Å. 3⨯3⨯1 

supercell slabs of NiCu that were x- and y-directed were taken into consideration in order 

to prevent communication between adjacent pictures.The widely accepted OER process 

has four electron/proton transfer steps in both acidic and alkaline environments. OER is 

very sensitive to pH; in an acidic environment, water molecules (H2O) oxidize, releasing 

oxygen molecules (O2) as well as H+ and e- pairs. In an alkaline environment, on the other 

hand, hydroxyl groups (OH-) oxidize to form H2O and O2, as well as the simultaneous 

release of electrons. [224] In an alkaline environment, the water oxidation process is 

given by [225] 

4OH- → O2 (g) + 2H2O (l) + 4e-                                                Equation 3.2 

This reaction generally proceeds through four steps: 

M * + OH- → M-OH* + e-                                                         Equation 3.3 

M-OH* + OH- → M-O* + H2O (l) + e-                                     Equation 3.4 
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M-O* + OH- → M-OOH* + e-                                                   Equation 3.5 

M-OOH* + OH- → M* + O2 (g) + H2O (l) + e-                         Equation 3.6 

In this case, M stands for the catalyst's active site, while M-OH, M-O, and M-OOH stand 

for the species OH, O, and OOH that are adsorbed on it. Equations 2 and 5 above have 

been used to calculate Gibb's free energy using the formula ΔG = ΔE+ΔZPE-TΔS, where 

ΔE stands for the binding energy, ΔZPE for the change in zero-point energy, ΔS for the 

entropy difference, and ΔZPE for the difference between the system's gas phase and 

adsorbed states. [226] 

3.3.10 Detailed MOR Activity Calculation 

3.3.10.1 Step I: CH3OH adsorption 

For methanol, the estimated bond lengths are 1.40 Å for C-O, 0.98 Å for O-H, and 1.10 

Å for C-H. Methanol is absorbed because of the weak adsorption state created when the 

lone pair of oxygen electrons attach to atoms or metallic surfaces. Methanol has a poor 

adsorption energy of -0.43 eV on the Cu site of the Co Oxide-doped Ni/Cu system. 

According to calculations, the chemical process has an energy of -0.43 eV and is 

exothermic. 

3.3.10.2 Step II: CH3OH→CH3O 

Methanol undergoes oxidation to methoxy in this stage. For CH3O, the estimated bond 

lengths are 1.43 Å for C-O bonds and around 1.10 Å for C-H bonds. With an adsorption 

energy of -3.37 eV, CH3O is significantly adsorbed on the Cu site of the Co oxide doped 

Ni/Cu combination. However, the energy required to break the C-H bond is far more than 

that required to break the O-H bond. We thus ceased considering the conversion of 

CH3OH to CH2OH. According to calculations, the chemical process has an energy barrier 

of -0.27 eV and is exothermic by -0.71 eV. 
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3.3.10.3 Step III: CH3O→CH2O 

CH3O is oxidized to CH2O in this phase. For CH2O, the estimated bond lengths are 1.32 

Å for C-O bonds and around 1.11 Å for C-H bonds. CH2O has an adsorption value of -

0.61 eV and is lightly adsorbed on the surface. It is calculated that the chemical process 

has an energy barrier of 1.02 eV and is endothermic by 0.31 eV. 

3.3.10.4 Step IV: CH2O→HCO 

CH2O undergoes oxidation to produce HCO in this phase. HCO's computed bond lengths 

for C-O and C-H bonds are 1.26 Å and over 1.11 Å, respectively. With an adsorption 

energy of -2.87 eV, HCO is highly adsorbed on the surface. It is calculated that the 

chemical process has an energy barrier of -0.35 eV and is exothermic by -0.03 eV. 

3.3.10.5 Step V: HCO→HCOOH 

The initial state in this phase is the adsorption of CHO, and the final state is the adsorption 

of CO. HCOOH's computed bond lengths are 1.01 Å for O-H bonds, 1.31 Å for C-O 

bonds, and around 1.10 Å for C-H bonds. With an adsorption energy of -0.81 eV, 

HCOOH is highly adsorbed on the surface. It is calculated that the chemical process has 

an energy barrier of 0.45 eV and is endothermic by 0.42 eV. 

3.3.11 Electrochemical Measurements 

3.3.11.1 Quantification of H2 Gas 

A chronoamperometric experiment was conducted to quantify H2 gas using the water 

displacement technique. This experiment involves pouring 1.0 M KOH + 1M MeOH into 

an inverted burette. As the reaction proceeds, 1.0 M KOH + MeOH is replaced by H2 

gas. Faradic efficiency is computed for H2 and O2 using a similar procedure in the case 

of 1.0 M KOH. 

FE(%) = nF × 
m

Q
× 100         Equation 3.7 
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Where Q = Total Charge  

           n = No. electrons involved in the reaction, for OER (n = 4) or HER (n = 2) 

          m = moles of H2 or O2 produced 

          F = 96485 C/mol (Faraday’s Constant) 

3.3.12 ECSA Measurement 

The electrochemical surface area (ECSA) of the catalyst in the presence of 1.0 M KOH 

electrolyte was determined using a three-electrode setup at various scan rates (30, 50, 90, 

110, and 130 mV/s) and within the voltage range of 0.725 V to 0.925 VRHE. The ECSA 

was also computed using double-layer capacitance. The double-layer capacitance was 

determined using the Δj/2 vs. scan rate plot; the Cdl value was the product of the slope of 

the curve and the electrode's area. By multiplying the Cdl value by the inverse of the 

electrode's specific capacitance (Cs), ECSA was calculated. In this case, the standard 

value of Cs is 40 µF cm-2. [227] 

𝐸𝐶𝑆𝐴 =  
𝐶𝑑𝑙

𝐶𝑠
          Equation 3.8 

3.3.13 Product Analysis  

200 μL of electrolyte and 200 μL of D2O were carefully mixed in an NMR tube to analyze 

the product in the electrolyte. After that, the mixture was well combined. The integration 

ratio of the signal ascribed to formate was then obtained by an NMR analysis. 

3.4 Results and Discussion 

The NF-PAHz-Co3O4@NiCu alloy nanocuboids were created by hydrothermally treating 

Cu(NO3)2.3H2O and Co(NO3)2.6H2O in equimolar amounts in PAHz aqueous solution 

with an NF piece (Scheme 3.1). As has been previously documented in the literature for 

other systems, NF acted as the Ni source to aid in the hydrothermal creation of the 

aforementioned alloy nanocuboids. [228,229] To comprehend the development process, 
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control samples, absence of NF (PAHz-Cu) and Co2+ (NF-PAHz-NiCu) were also 

produced. 2θ peaks at 43.41º, 50.56º, and 74.20º on the X-ray diffraction (XRD) trace of 

NF-PAHz-Co3O4@NiCu are attributed to the 111, 200, and 220 planes of Cu(0), 

respectively (Figure 3.1A). When compared to the Cu(0)-JCPDS, the 2θ value for 111 

shifted by 0.12º, indicating a potential production of NiCu alloy (Figure 3.1B). [230]  

The XRD trace showed peaks at 36.59º, 38.49º, and 59.03º, which were attributed to the 

Co3O4 dopant's 311, 222, and 511 planes, respectively. In Figure 3.1A, the peaks 

corresponding to Ni(0) and the NF were located at 44.51 (111), 51.86 (200), and 76.38º 

(220). The NiCu alloy formation was supported by the 2θ peaks in the XRD data of the 

control (NF-PAHz-NiCu) produced without Co2+, which corresponded to Cu(0) and 

Ni(0) in locations comparable to those of the NF-PAHz-Co3O4@NiCu (Figure A25).  

 

Scheme 3.1: The synthesis of different nanostructures with and without NF is shown in 

the schematic method. 
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Nevertheless, the PAHz-Cu sample that was synthesized without NF showed only 

two peaks, 2θ, that corresponded to Cu(0). No peaks attributable to Co3O4 or Ni(0) were 

visible, indicating that PAHz-Cu composite was formed and that Ni2+ and Co2+ may not 

have been able to participate in the formation of nanoparticles (Figure A25). A pair of 

peaks at 932.7 and 952.5 eV in the Cu 2p X-ray photoelectron spectroscopy (XPS) data 

indicated the existence of Cu(0) in the NF-PAHz-Co3O4@NiCu (Figure 3.1C). [231] 

Spectra also showed a small signal at 934.3 eV that corresponded to the oxidized form 

(CuO). Crucially, throughout the characterisation process, Cu(0) is known to oxidize in 

air. This oxidized peak was small in Cu 2p spectra. [232] Peaks at 852.8 and 870.1 eV 

were identified in the Ni 2p XPS data as being related to the Ni(0) found in the NF-PAHz-

Co3O4@NiCu (Figure 3.1D). In addition, there were slight variations in the peak 

positions of the Cu 2p (-0.30 eV) and Ni 2p (0.17 eV) when compared to the pure single 

metal system that underpinned the alloy formation. [233,202] Prominent peaks in the Co 

2p XPS spectra were seen at 781.8 and 779.3 eV, indicating the existence of Co2+ and 

Co3+ in Co3O4, respectively (Figure 3.1E). [234] The existence of Co3O4 in the sample 

was corroborated by the O 1s signal at 531.2 eV. [235] The existence of PAHz in the 

sample was corroborated by the N 1s peaks at 399.0 (NH) and 400.1 eV (C-N), the C 1s 

peaks at 284.8 (C-C), 286.4 (C-N), and 288.3 eV (C=O), and the O 1s peak at 532.8 eV 

(C=O) (Figures 3.1F, A26). [236,237,238] 

Ni 2p and Cu 2p peaks at 852.6 and 932.7 eV, corresponding to Ni(0) and Cu(0), 

respectively, were seen in the XPS data of NF-PAHz-NiCu, indicating a potential 

structural similarity with NF-PAHz-Co3O4@NiCu (Figure A27). The second control, 

PAHz-Cu, showed a Cu 2p peak at 932.9 eV, indicating that Cu2+ may have been reduced 

to Cu(0) and that a PAHz-Cu nanocomposite may have formed (Figure A28). 

Remarkably, the Ni 2p peaks at 853.6 and 855.7 eV were seen, indicating the existence 
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of Ni2+ and Ni3+ as well as the potential for Ni oxide production under the given 

circumstances (Figure A28).  

 

Figure 3.1: (A) The NF-PAHz-Co3O4@NiCu XRD data and the associated JCPDS 

traces, (B) the XRD traces in "A" magnified in the 42-46º 2θ region; (C) the Cu 2p, (D) 

Ni 2p, (E) Co 2p, and (F) N 1s XPS spectra of NF-PAHz-Co3O4@NiCu, (G) the UPS 

spectra of NF-PAHz-Co3O4@NiCu, the Cu K-edge (H) XANES and (I) Fourier 

transformed (FT)-EXAFS spectra; the Ni K-edge (J) XANES and (K) FT-EXAFS 

spectra; the Co K-edge (L) XANES and (M) FT-EXAFS spectra.  

The work function values of the catalysts were determined by analyzing the data 

from Ultraviolet Photoelectron Spectroscopy (UPS) (Figures 3.1G & A29). The NF-

960 950 940 930

In
te

n
s
it

y
 (

a
.u

.)
 

Binding Energy (eV)

Cu 2p3/2

Cu 2p

Cu 2p1/2

410 405 400 395

In
te

n
s
it

y
 (

a
.u

.)

Binding energy (eV)

N 1s 

810 800 790 780 770

In
te

n
s
it

y
 (

a
.u

.)

Binding Energy (eV)

Co 2p

Co 2p3/2

Co3+Co2+

Sat.

Sat.

Co 2p1/2

42 43 44 45 46

In
te

n
s
it

y
 (

a
.u

.)

43.29

2q (Degree)

NF-PAHz-Co3O4@NiCu

43.41

Ni 

Cu 

7720 7800 7880

Co foil 

N
o

r.
 A

b
s
. 

(a
.u

.)

Energy (eV)

A B C

D E

F H I

J K L NF-PAHz-Co3O4@NiCu

880 870 860 850

Binding Energy (eV)

Ni 2p

Ni 2p1/2

Ni 2p3/2

In
te

n
s
it

y
 (

a
.u

.)

Sat.Sat.

20 40 60 80

1
1
1

2
0
0

2
2
0

1
1
1

2
0
0

2
2
0

Co3O4 JCPDS No.- 42-1467

Cu JCPDS No.- 04-0836

Ni JCPDS No.- 04-0850 

NF-PAHz-Co3O4@NiCu

3
1
1

2
2
2

5
1
1

2θ (Degree)

In
te

n
s
it

y
 (

a
.u

.)

NF-PAHz-Co3O4@NiCu

0 2 4 6

Cu Foil 

NF-PAHz-NiCu

Fit

Fit

Fit
|c

(R
)|

(Å
-3

)

R (Å)

M

0 2 4 6

Co Foil 

NF-PAHz-Co3O4@NiCu
Fit

Fit

R (Å)

|c
(R

)|
(Å

-3
)

0 2 4 6

R (Å)

|c
(R

)|
(Å

-3
)

NF-PAHz-Co3O4@NiCu
Fit

NF-PAHz-NiCu
Fit

Ni Foil 
Fit

8960 9040 9120

Cu Foil 

NF-PAHz-NiCu

NF-PAHz-Co3O4@NiCuN
o

r.
 A

b
s
. 

(a
.u

.)

Energy (eV)

N
o

r.
 A

b
s
. 

(a
.u

.)

Energy (eV)

8320 8400 8480

Ni Foil 

NF-PAHz-NiCu

NF-PAHz-Co3O4@NiCu

Binding energy (eV)

In
te

n
s
it

y
 (

a
.u

.)

20 15 10 5 0 -5

NF-PAHz-Co3O4@NiCuG



76 
 

PAHz-Co3O4@NiCu and NF-PAHz-NiCu were found to have work function values of 

4.19 and 5.02 eV, respectively. Work function values for already-active electrodes that 

demonstrate competency in OER and MOR activities are comparable in the literature. 

[239, 240] The curve coincided with the Cu foil's at the near edge area of the Cu K-Edge 

X-ray absorption near edge structure (XANES) data, indicating the existence of Cu(0) in 

NF-PAHz-Co3O4@NiCu. The Cu K-edge data of NF-PAHz-NiCu also showed a similar 

pattern, confirming the similarity in Cu oxidation state between the two samples 

mentioned above. Cu-Cu bond exists at 12 coordination with radial distances of 2.57 Å 

in NF-PAHz-Co3O4@NiCu and 2.54 Å in NF-PAHz-NiCu, which is near to that of the 

Cu foil (2.54 Å) according to the Cu K-edge Fourier transformed extended X-ray 

absorption fine structure (FT-EXAFS) data (Figure 3.1H-1I). [241] When compared to 

the Ni foil, the Ni K-edge location at half-maximum of absorption for NF-PAHz-

Co3O4@NiCu and NF-PAHz-NiCu showed a little up-field shift, which may indicate a 

change in the oxidation state of Ni(0) (Figure 3.1J). The air oxidation of the Ni in the 

sample during handling might be the cause of the relatively tiny shift, which makes the 

change in oxidation state low (< +1). [242] The Ni-Ni bond is present at 12 coordination 

with a radial distance of 2.49 Å in NF-PAHz-Co3O4@NiCu and 2.48 Å in NF-PAHz-

NiCu, which is comparable to that of the Ni foil (2.48 Å) (Figure 3.1K), according to the 

significant Ni K-edge FT-EXAFS data.[243] In contrast, the near edge area of the Co K-

edge data showed a significant shift of 5.9 eV, indicating the existence of Co3O4 in NF-

PAHz-Co3O4@NiCu (Figure 3.1L). [244] The Co-O in NF-PAHz-Co3O4@NiCu was 

found to be present at 4 coordination with a radial distance of 1.98 Å, according to the 

Co K-edge FT-EXAFS data. This is 0.51 Å less than the Co foil's radial distance of 2.49 

Å (Figure 3.1M). [245] Overall, the suggested structures of the NF-PAHz-Co3O4@NiCu 

and control samples were validated by the XRD, XPS, and XANES data. It's possible 
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that when a moderate reducing agent (PAHz) is present, the Cu2+ with a positive 

reduction potential (E°): (Cu2+/Cu ≈+0.34 V) preferentially transforms into the 

corresponding Cu(0), whereas the Co2+ with an oxidation-prone tendency (E°: Co2+/Co 

≈−0.28 V) forms the corresponding oxide (Co3O4). [246] Under moderate temperature 

conditions, Cu2+ and Ni2+ in the presence of hydrazine are known to produce Cu(0) and 

Ni(0), respectively [247,248], however Co2+ needs a considerably stronger base, such 

NaOH, in addition to hydrazine to form the equivalent Co(0). [249] Whereas in the 

absence of NF the PAHz-Cu nanocomposite was separated and the amorphous oxides of 

Ni and Co that may have formed throughout the process stayed in the aqueous phase, the 

presence of NF allowed the Ni(0) from the NF surface to participate in the NiCu alloy 

nanocuboid production. 

The result was followed by an examination utilizing Field Emission Scanning 

Electron Microscopy (FESEM) to investigate the morphology of NF-PAHz-

Co3O4@NiCu. Figure 3.2A–B shows the irregular cuboid-type shape of the NF-PAHz-

Co3O4@NiCu. These cuboids were found to have an average diameter of around 220 nm 

(Figure A30). To determine the repeatability of the size and form of these nanocrystals, 

another batch of NF-PAHz-Co3O4@NiCu was created. The next batch replicated the 

homogeneous cuboid forms well (Figure A31). According to the FESEM-EDX results, 

the Cu content of the NF-PAHz-Co3O4@NiCu is a little bit higher than the Ni content 

(8.8%). The sample included a comparatively small quantity of the Co (0.3%) dopant 

(Figure A32). The existence of PAHz chains in the sample was confirmed by the 

significant concentrations of C (53.7%), N (14.0%), and O (10.0%), which may have 

acted as a capping agent and encouraged the coalescence of NiCu alloy nanoparticles. 

With an average particle size (Davg) of 212 nm, the control sample (NF-PAHz-NiCu), 

which was produced without Co2+, also showed cuboid shape of different sizes (Figure 
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3.2C, Figure A33). Nonetheless, the PAHz-Cu control, which was synthesized without 

NF and using distinct salts (Cu2+, Ni2+, and Co2+) in the reaction medium, did not exhibit 

any distinct morphology. This suggests that, in experimental conditions, the NF surface 

may have served as a nucleating site and encouraged the formation of NiCu alloy cuboids 

(Figure 3.2D, Figure A34). NF-PAHz-Co3O4@NiCu was then subjected to High-

Resolution Transmission Electron Microscopic (HRTEM) data recording. The SEM 

findings were supported by images, which showed cuboids of various sizes (Davg = 194 

nm) (Figure 3.2E-F, Figure A35). It's interesting to note that each of these cuboids had 

NiCu alloy nanocrystals ranging in size from 3 to 6.5 nm (Davg = 5 nm), which may have 

undergone segregation assisted by PAHz to take on their final form (Figure A36). The 

production of NiCu alloy was supported by the d spacing value of 0.205 nm, which 

corresponded to the [111] plane and was midway between Ni(0) (0.203 nm) and Cu(0) 

(0.209 nm) (Figure 3.2G-H). [250,251] The crystallinity of these PAHz-Co3O4@NiCu 

nano-cuboids was supported by the well-resolved diffraction pattern shown in the 

selected area electron diffraction (SAED) picture. The picture showed the [111], [200], 

and [220] planes for the NiCu alloy and the [311] plane for the Co3O4. (Figure 3.2I). The 

NF-PAHz-Co3O4@NiCu cuboids were found to contain a significant quantity of Cu, 

followed by Ni and Co, according to findings from high-angle annular dark-field 

scanning transmission electron microscopy (HAADF-STEM) (Figure 3.2J-P).  

Significant amounts of N, C, and O provided further evidence that these cuboid 

matrices included PAHz chains. Overall, the characterization data points to the formation 

of NiCu alloy-based cuboids on the surface by both the PAHz chains and the Ni surface.  
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Figure 3.2: (A & B) NF-PAHz-Co3O4@NiCu FESEM images at various magnifications, 

(C) NF-PAHz-NiCu & (D) PAHz-Cu FESEM images, (E & F) NF-PAHz-Co3O4@NiCu 

TEM images at various magnifications, (G) the d spacing value of PAHz-Co3O4@NiCu 

and (H) the corresponding inverse fast fourier transform (IFFT) data, (I) the TEM 

diffraction pattern of PAHz-Co3O4@NiCu, and (J to P) the HAADF-STEM elemental 

mapping of PAHz-Co3O4@NiCu.  

It is known that co-reduction of many metal salts results in the formation of alloy 

nanoparticles in aqueous solution. [252] Moreover, under hydrothermal circumstances, 

it is known that Ni(0) in the presence of Cu2+ would undergo a redox reaction to generate 

Ni2+ and Cu(0). [253] It is well known that PAHz can quickly convert different metal 

salts into the matching PAHz-capped metal nanoparticles in aqueous solution and self-

assemble to form spherical aggregates in aqueous solution.[254] In light of the 
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aforementioned elements, a tenable mechanism for the potential creation of a NiCu alloy 

in the PAHz matrix is put forward,   taking into account the reaction circumstances 

(Figure A37).[205,206,209] On the other hand, random-morphology PAHz-Cu 

composites were observed in the absence of NF. The NF-PAHz-Co3O4@NiCu was 

synthesized in the presence of 4 and 6wt% PAHz solutions to better understand the 

impact of PAHz concentration on the sizes and shapes of the resultant nanostructures. 

Similar to the 2wt% solution, cuboid structures were seen in the FESEM images in both 

instances (Figures 3.2A, A38). Nevertheless, it was found that in every instance, these 

cuboids' diameters varied. Additionally, the NF-PAHz-Co3O4@NiCu was produced with 

varying concentrations of [Cu2+]. The resultant sample had a cuboid form and an average 

size that slightly shrank to 208 nm when the concentration of [Cu2+] was increased from 

16.5 to 24.8 mM in solution (Figure A39). Nevertheless, no cuboid shape development 

was seen at low [Cu2+] (8.2 mM) concentration in solution, and the resultant sample 

showed up as a cluster of nanoparticles with an average size of around 162.7 nm (Figure 

A40). It was predicted that the exposed conspicuous [111] plane and these sharply edged 

nanocuboids would demonstrate rapid electrocatalytic activity. [255,256]  

Then, by examining MOR and OER processes, the electrodes' electrocatalytic 

activity was evaluated. The working and counter electrodes for the MOR activities were 

graphite and NF-PAHz-Co3O4@NiCu, respectively, in 1.0 M KOH and 1.0 M MeOH 

aqueous solutions. The electrode had exceptional MOR activity, and at a potential value 

of 1.41 VRHE, a j value of 100 mA/cm2 was achieved (Figure 3.3A). While the PAHz-Cu 

failed to create a j value of 100 mA/cm2 until 2.0 VRHE, the NF-PAHz-NiCu obtained a 

comparable jMOR value at a higher potential of 1.46 VRHE, indicating that the Co3O4 

doping and the nanocatalyst's structure may have encouraged the MOR activity. The 

value for NF-PAHz-Co3O4@NiCu (28.5 cm2) is superior to that of NF-PAHz-NiCu (16.8 



81 
 

cm2), indicating the higher activity of the former, according to the electrochemical active 

surface area (ECSA) data (Figure A41-A42, Table A7). Comparably, in 1.0 M KOH 

solution, the NF-PAHz-Co3O4@NiCu electrode showed sufficient OER activity, and at 

1.65 VRHE, a jOER value of 100 mA/cm2 was noted. Significantly, at 100 mA/cm2, the 

potential value was 0.24 V lower than the jMOR, indicating the higher energy efficiency 

of the MOR process (Figure 3.3B). At a high j value of 300 mA/cm2, the potential 

difference value (0.28 V) between MOR and OER was more noticeable. The MOR 

process achieved a jMOR+HER value of 100 mA/cm2 at 1.78 VRHE overall potential, whereas 

the OER-based process achieved the same value at 2.02 V. This indicates that the MOR 

process is a more energy-efficient choice for producing green H2 (Figure 3.3C). The 

performance of the NF-PAHz-Co3O4@NiCu MOR (j10 at 1.37 VRHE) and OER (j10 at 

1.52 VRHE) activities were similar to those of the benchmark IrO2 (j10, MOR at 1.37 VRHE 

and j10, OER at 1.54 VRHE), indicating that the produced electrodes are effective for 

related applications (Figure A43). The jMOR value achieved at 1.5 VRHE for many catalyst 

compositions published in the literature was compared to that of the NF-PAHz-

Co3O4@NiCu. In comparison to some previously published systems, the current 

electrode's jMOR value (448 mA/cm2) was higher (Figure 3.3D, Table A8). When the 

MOR activity stability of NF-PAHz-Co3O4@NiCu was evaluated, the 

chronoamperometry data at a potential value of 1.42 VRHE showed a little decline in 

activity (~20%) over 30 hours, indicating sufficient durability (Figure 3.3E). The slow 

drop in MeOH content in the electrolyte over time may be the cause of the aforesaid little 

reduction in j value. [257] Crucially, the OER durability data at potential = 1.62 VRHE 

showed that there was no change in j value over 30 hours, hence confirming the 

electrode's sustainability for both processes. 
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The greater activity of the former was confirmed by the low MOR Tafel slope 

value (36.1 mV/dec) of NF-PAHz-Co3O4@NiCu in comparison to that of PAHz-Cu 

(122.3 mV/dec) and NF-PAHz-NiCu (42.5 mV/dec) (Figure 3.3F). Comparing the NF-

PAHz-Co3O4@NiCu Nyquist plots to that of NF-PAHz-NiCu (Rs of MOR: 2.9 Ω), the 

latter showed solution resistance (Rs) values of 2.8 and 3.3 Ω for MOR and OER 

activities, respectively. This suggests that Co3O4 doping may play a role in enhancing 

conductivity (Figure 3.3G). According to the research, 1.92 V is the total voltage needed 

to complete the operation at j = 300 mA/cm2 with MOR acting as the anode half reaction. 

This is 0.28 V more than what is needed for the traditional OER-based process (Figure 

3.3H). These investigations clearly showed how the NF-PAHz-Co3O4@NiCu can 

efficiently generate MOR-promoted green H2. Additionally, the Co3O4 doping, the form 

of the nanocuboids, and the Cu active site worked in concert to contribute to the above-

mentioned enhanced catalytic activity of NF-PAHz-Co3O4@NiCu. In contrast to the 2 

wt% electrode (j100,MOR = 100 mA/cm2 at 1.41 VRHE), no appreciable difference in the 

MOR activities of the NF-PAHz-Co3O4@NiCu electrodes synthesized in the presence of 

larger PAHz quantities (4 and 6 wt%) was seen (Figure A44, Table A9). The OER 

activities also showed a similar pattern for the electrodes that were manufactured with 

varying concentrations of PAHz in solution. It is noteworthy that the electrode produced 

using a 6-weight percent PAHz solution exhibited somewhat higher HER activity in 

comparison to the other compositions. After comparing the MOR, OER, and HER data 

of all the compositions, it was determined that the electrode that was created with 2 

weight percent PAHz (NF-PAHz-Co3O4@NiCu) could be useful for further applications. 

Then, the catalytic activities of NF-PAHz-Co3O4@NiCu, which was produced with 

varying concentrations of Cu2+, were evaluated. NF-PAHz-Co3O4@NiCu exhibited 
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slightly stronger MOR and OER activities than the other compositions produced at lower 

(8.3 mM) and higher (24.8 mM) Cu2+ levels (Figure A45, Table A10).  

 

Figure 3.3: (A) The MOR and (B) OER lsv traces of NF-PAHz-Co3O4@NiCu, control, 

and reference electrodes in 1M KOH + 1M MeOH with 5 mV/s scan rate and electrode 

area of 0.25 cm2 (C) the overall water splitting curves of NF-PAHz-Co3O4@NiCu MOR 

and OER-based processes, (D) the comparison of the MOR j value at 1.5 VRHE of NF-

PAHz-Co3O4@NiCu with that of the recently reported systems, (E) the 

chronoamperometry traces of NF-PAHz-Co3O4@NiCu demonstrating the stability of 

MOR and OER; (F) the Tafel slope values of NF-PAHz-Co3O4@NiCu and controls 

recorded for MOR process, (G) the Nyquist fits of NF-PAHz-Co3O4@NiCu obtained 
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during MOR and OER operation; and (H) the comparison of j and potential values 

between MOR and OER operations for NF-PAHz-Co3O4@NiCu. 

Crucially, when compared to the other compositions, the electrode produced with 

24.8 mM Cu2+ exhibited higher HER activity. Overall, based on the overall catalytic 

activity and synthesis cost, the NF-PAHz-Co3O4@NiCu produced with Cu2+ = 16.5 mM 

was superior to the other compositions.  

Subsequently, the procedures were executed in a two-electrode mode to replicate 

the electrolyzer configuration (Figure 3.4A). At 1.62 V, the jMOR value of 10 mA/cm2 

was reached, whereas the OER-based approach achieved the same j value at 1.76 V 

(Figure 3.4B). The jMOR+HER value (10 mA/cm2) over 100 hours showed no discernible 

change in the chronoamperometry data obtained at 1.62 V, indicating the electrode's 

durability (Figure 3.4C). NF-PAHz-Co3O4@NiCu was used as the working and counter 

electrodes in a 2-electrode mode to test the stability of the OER-based process. The 

findings supported the statement by showing no discernible change in the jOER+HER value 

for 100 hours (Figure 3.4D). Finally, it was determined that the generated H2 in the two-

electrode mode for MOR had a faradaic efficiency value of 93.2% (Figure 3.4E). The 

OER-based procedure's faradaic efficiencies for producing H2 and O2 were likewise 

successful (Figure 3.4F). 1H Nuclear Magnetic Resonance (NMR) examination of the 

electrolyte in D2O was done in order to comprehend the product or products created 

during the MOR. The production of formate in the solution was corroborated by a new 

singlet for H-COO- at 8.3 ppm (Figure 3.4G). Upon analyzing the integrations of 

resonances at 3.1 ppm (H3C-OH) and 8.3 ppm, it was observed that about 71.6% 

conversion was achieved after 96 hours of MOR operation (Figure A46). [258] 

Crucially, the spectra showed no further peaks that would have supported the product 
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formation's selectivity. The generation of formate during the electrochemical process was 

corroborated by 13C NMR Peaks at 171 and 168 ppm, which correspond to HCOO- and 

HCOOH, respectively. The formate formation was further corroborated by the Fourier-

transform infrared (FT-IR) band at 1639 cm-1 for C=O. (Figure 3.4 H).  

 

Figure 3.4: (A) The schematics of the two-electrode electrochemical setup for MOR 

coupled H2 production using NF-PAHz-Co3O4@NiCu as the working and counter 

electrodes, (B) the linear sweep voltammetry (LSV) for OER and MOR based procedures 

in the two-electrode setup in 1M KOH + 1M MeOH with 5 mV/s scan rate and electrode 

area of 0.25 cm2 (C) the chronoamperometry trace of the MOR based process recorded 

at 1.62 V and (D) the OER based process recorded at 1.76 and 2.10 V in the two-electrode 
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setup, (G) the electrolyte solution's 1H NMR and (H) FT-IR spectra recorded after regular 

intervals during MOR operation.  

The electrolyte's 13C NMR spectra were obtained at various time intervals to 

investigate the probability of CO/CO2 production throughout the procedure. Remarkably, 

the lack of resonance at 162 ppm most likely ruled out the chance that CO2 was formed 

throughout the process (Figure A47). [259]  

 

Figure 3.5: Diagrams of the OER activity of the Co-O doped on the (A) Cu and (B) Ni 

sites of Co-O@NiCu, Gibb's free energy diagrams for the OER activities of NiCu, 

Co@NiCu, and Co-O@NiCu calculated for (C) Cu site and (D) Ni site, respectively, 

PDOS of NiCu, Co@NiCu, and Co-O@NiCu obtained for (E) Cu site and (F) Ni site, 
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(G) illustrating the different steps of MOR activity on the Co-O@NiCu operated at Cu 

site, and (H) the Gibb's free energy diagrams for the MOR activities on Co-O@NiCu 

calculated on Cu site. The catalyst's active site is denoted by the symbol *, and the species 

adsorbed on it are represented by the symbols *CH3OH, *CH3O, *CH2O, *HCO, and 

*HCOOH. 

Density Functional Theory (DFT) calculations were performed to determine the 

Gibbs free energy changes (ΔG) of the control electrode and NF-PAHz-Co3O4@NiCu to 

get more understanding of the superior activity. The literature-described procedure was 

used to calculate the ΔG values for each of the primary stages at the equilibrium potential 

of OER. [224,225] To investigate the OER activity on the Ni and Cu sites in the NiCu 

alloy, Ni (111) and Cu (111) double layers were stacked on top of one another (Figure 

A48). Following the doping of Co and its oxide at the corresponding locations, the ΔG 

profile was evaluated (Figure 3.5A-B, Figure A49). [260] Figure 3.5C-D displays the 

ΔG profiles for various OER phases where NiCu, Co@NiCu, and Co-O@NiCu play 

catalytic roles. For every system under study, it was found that the M-O* to M-OOH* 

step determined the rate. The rate-determining step energy barrier of NiCu alloy in the 

case of OER activity at the Cu site was 2.80 eV; with Co and Co oxide doping, 

respectively, this value decreased to 2.63 and 2.24 eV (Figure 3.5C). Comparably, for 

OER activity at the Ni site, the ΔG value for the rate-determining phase was 3.30 eV; 

however, with Co and Co oxide doping, it dropped to 2.91 eV and 3.09 eV, respectively 

(Figure 3.5D). Remarkably, the investigation showed that, in contrast to the Ni site, the 

activity at the Cu site in the NiCu alloy was linked to a reduced ΔG value at the rate-

determining step (RDS). Furthermore, the Co oxide doping reduced the ΔG value even 

more, confirming the experimental finding and the enhanced OER activity of NF-PAHz-

Co3O4@NiCu. The Co oxide doped at the Cu site had the lowest ΔG value (2.24 eV), 
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suggesting that the Cu site in the NiCu alloy may have acted as the active site to start the 

OER and MOR processes.  

The partial density of states (PDOS) of NiCu and Co & Co oxide doped NiCu 

were computed to confirm the findings. The inherent metallic properties of both pure and 

doped NiCu were confirmed by the continuous density of state (DOS) around the Fermi 

level. In contrast to pure NiCu, the DOS for the Co and Co oxide doped NiCu widened 

close to the Fermi level. The widening of the DOS at the Fermi level is highest for Co 

oxide doped NiCu catalyst for both the Ni and Cu active sites (Figure 3.5E–F). The 

charge carrier concentration rose as a result of the addition of Co and O atoms to NiCu, 

which improved the DOS close to the Fermi level. Therefore, in this case, Co oxide doped 

NiCu showed more conducting routes and facilitated much quicker electron transfer, 

giving them faster kinetics and enhanced OER activity. [261] Following that, the MOR 

activities were computed for Co-O@NiCu in an alkaline environment on the Cu site 

(Figure 3.5G). The rate-determining step (RDS) was found to be the conversion of 

*CH3O to *CH2O. The process was shown to be endothermic by 0.31 eV, with an energy 

barrier of 1.02 eV (Figure 3.5H). [81]  

3.5 Conclusion 

During the hydrothermal PAHz mediated in-situ reduction of Cu and Ni salts to the 

corresponding NiCu alloy nanocrystals, the metallic Ni surface acts as a shape-directing 

pathway. The process enables in-situ doping of metal oxides on the alloy surface and 

NiCu alloy formation in a single pot. The resultant electrodes are ideal for bi-functional 

MOR and OER coupled energy efficient green H2 generation and show rapid MOR and 

OER activities under alkaline conditions. It is possible that the sharp edges of the 

nanocuboids, Co3O4 doping, and the active Cu site in the NiCu heterostructure work in 

concert to enhance electrocatalytic activity. Using methanol, the NF-PAHz-
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Co3O4@NiCu generates formate/formic acid in comparatively high yields. The Cu site 

in the NiCu nanocrystal serves as the active center for the OER activity, according to the 

theoretical DFT study. The synthetic approach is a generic technique that may be used to 

the growth of different alloy nanocrystals intended for electrochemical processes as 

catalysts. 
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Chapter 4  

Insitu Growth of CeFe doped CeO2/Ni3S2 nanorod 

as highly stable bifunctional electrocatalyst for 

effective urea oxidation reaction 

 

 

4.1 Abstract 

A possible alternative to OER is the electrocatalytic urea oxidation process (UOR), which 

requires less thermodynamic potential. The lack of efficient catalysts that can get beyond 

the urea’s sluggish kinetic constraints during electrolysis makes it an untapped potential 

energy source. It is especially crucial to develop inexpensive and highly effective 

catalysts to speed up the urea oxidation reaction (UOR), since this solves the problems 

of water pollution and energy constraint. In this study, we grew CeO2 layered Ni3S2 

nanorods on nickel foam with the efficient doping of Fe and Co to create electrocatalysts.  

Experimental results confirm that Co and Fe doped CeO2 layer has a major impact on the 

charge distribution within the Ni3S2 structure. CF-CeO2/Ni3S2 catalysts composition 

showed remarkable qualities, such as greater long-term stability and a reduced potential 

demand. When tested in a solution of 1.0 M KOH with 0.5 M urea, it obtained a current 

density of 100 mA cm⁻² at a voltage of just 1.38 VRHE. These remarkable results imply 

that our catalyst system has a lot of potential for real-world urea electrolysis applications, 

providing an effective way to clean wastewater and produce electricity. 
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4.2 Introduction 

The global drive for sustainable energy solutions has accelerated the study of energy 

conversion and storage technologies that are both economical and ecologically benign. 

Among these, electrochemical processes have drawn a lot of interest because of their 

potential for producing useful chemical synthesis and clean energy. [262] In 

electrocatalysis, the UOR has shown great promise as a flexible and adaptable substitute 

for the OER process. It provides notable benefits in energy efficiency and real-world 

applications. The advantage of the UOR over the OER is that the former has a theoretical 

thermodynamic potential of 0.37 VRHE, whereas the other one has a potential of 1.23 

VRHE.[263] This low-energy electrolysis method allows urea to break down into nitrogen 

and carbon dioxide while purifying urea-rich wastewater in an alkaline medium and 

producing hydrogen at the same time.[264] At first, noble metals were used to improve 

UOR performance, including ruthenium, iridium, and rhodium. However, there were 

substantial barriers to their widespread industrial use due to their scarcity and expensive 

cost. [265,266] Non-noble metal catalysts to overcome these obstacles and create high-

performance, commercially viable electrocatalysts. [267] The customizable architecture 

and surface characteristics of these substitute materials provide new opportunities for 

improving electrocatalytic performance. To overcome the cost and availability issues 

with precious metal catalysts by precisely controlling electron transport and mass transfer 

in these non-noble metal catalysts to achieve equivalent or even better catalytic activity. 

[268] The study of UOR and OER presents interesting synergies and challenges. Both 

reactions involve complex multi-electron transfer processes and are sensitive to catalyst 

surface properties. Understanding the mechanisms of these reactions can lead to the 

development of bifunctional catalysts capable of efficiently performing both processes, 

which could be particularly valuable in integrated energy systems. The special 

characteristics of nickel-based catalysts with respect to UOR have attracted a lot of 
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interest.[269,270] Lately, many Ni-based materials have been investigated for improving 

UOR performance: metallic nickel hydroxide nanosheets,[271] porous nickel phosphide 

nanoflake arrays,[103] and low-dimensional Ni-MOFs.[272] The CeO₂/CuO shows low 

overpotentials of 245 mV for HER and 410 mV for OER.[273] . To drive a current density 

of 100 mA cm−2, Ni-CuO NAs/CF needs just a low potential of 1.366 VRHE for 

UOR.[274] The 3D Nanostructured catalyst Ce-CoFe-LDH/NF has a low charge transfer 

impedance of 2.4 Ω in 1 M KOH electrolyte and an overpotential of 225 mV at 10 mA 

cm−2 for OER.[275]  hydroxyl-modified Ni3S2 needs a low potential of 1.34 VRHE at 

current density of 100 mA cm-2 for UOR and stable in alkaline media.[276] The distinct 

redox characteristics and oxygen-storing capacity of CeO₂ allow it to enhance the 

electrocatalytic activity of hybrid materials. It offers corrosion resistance and mechanical 

stability, which are essential for durability during electrocatalysis, particularly in alkaline 

conditions. The catalyst surface gains more active sites due to the reversible conversion 

between the Ce³⁺ and Ce⁴⁺ states, enhancing overall performance. Dopants such as Co 

and Fe were added to materials like Ni(OH)₂ and Ni3S2, which greatly enhanced 

conductivity and active sites and improved electrocatalytic performance. [277,278] 

Because of their abundance and catalytic efficiency, nickel-based materials especially 

nickel sulfides like Ni3S2 show promise; nevertheless, more research is needed to see 

how well they work in UOR. In 1.0 M KOH with 0.5 M urea solution, Mn-Ni3S2/NF 

catalyst achieves a current density of 100 mA cm−2 at a voltage of just 1.397 VRHE.[279] 

Mo-doped Ni3S2 nanocluster arrays on Nickel foam (Mo−Ni3S2/NF) have been 

developed with a modified one-step solvothermal technique, needing just 212 and 291 

mV of overpotential to provide OER current densities of 10 and 100 mA cm−2 in alkaline 

seawater, respectively.[280]  The Ni3S4 electrocatalyst's Ni-S coordination is improved 

by CeO2, which results in stronger electronic contacts and better kinetics for the UOR. 
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Here electrocatalysts are created using the combination of two reducing agents. The 

material's catalytic activity is increased by the sulfide based reducing agent, while the 

reducing sugar used as a carbon source which helps to build a stable nanostructure and 

enhance the catalytic activity. [281] 

4.3 Experimental Section 

4.3.1 Material Requirements 

Cerium (III) nitrate hexahydrate (98%gma Aldrich), iron (III) nitrate nonahydrate 

(98%gma Aldrich), cobalt (II) nitrate hexahydrate (98%gma Aldrich), nikel foam (99%, 

thickness 1.6 mm, Goodfellow), potassium hydroxide (98%, Qualigens,), glucose (99%, 

qualigens), sodium thiosulphate (99%, qualigens), ethanol (99%, Changshu HFCL,), 

hydrochloric acid (99%, SDFCL). DI water obtained from the Millipore water 

purification system. 

4.3.2 Material Characterization  

XRD patterns were obtained using a Pananalytical Empyrean diffractometer, scanning a 

2θ range of 10-90°. Surface electronic properties were examined via XPS using a 

ThermoFisher instrument with monochromatic Al K-Alpha radiation, calibrated to the 

C1s peak at 284.8 eV. Morphological analysis was conducted using a JEOL JSM-7900F 

FESEM, which also provided elemental distribution data through energy dispersive X-

ray spectroscopy (EDS). For high-resolution imaging, including STEM-HAADF and 

SAED, a JEOL JEM-F200 high-resolution transmission electron microscope (HRTEM) 

was employed, equipped with an EDS detector for additional elemental analysis. The 

Raman spectra was recorded using confocal Raman spectrometer.  

4.3.3 Electrochemical Measurements: 

An electrochemical workstation (M204 PGSTAT, Autolab) with a three-electrode setup 

was used to perform all electrochemical measurements. A reference electrode of Hg/HgO 

(1.0 M NaOH) and a counter electrode of graphite rod were used in combination with the 



95 
 

CF-CeO2@Ni3S2 material as the working electrode. The electrolyte used for the UOR 

and HER was 1.0 M KOH + 0.5 M urea. All reactions were conducted at a scan rate of 5 

mV/s. The Nernst equation was used to change the observed potential to the reversible 

hydrogen electrode (RHE) scale. To calculate the current density values, the collected 

currents were normalized using the 0.5 × 0.5 cm2 geometric area of the working electrode. 

           ERHE = EHg/HgO
0  + EHg/HgO + 0.0591× pH                                   Equation 4.1 

4.3.4 Synthesis of CoFe doped CeO2@Ni3S2  

First, clean the Ni foam in HCl, ethanol, and DI water. Then, prepare a 111 mM (20 mL) 

Glucose solution and stir it at 80°C. Add 137.44 mM (10 mL) cobalt nitrate to this 

solution, followed by 100.73 mM (10 mL) of Na2S2O3. Next, add 92.11 mM (10 mL) 

Cerium Nitrate to the mixture and subsequently, add a 99 mM (10 mL) solution of iron 

nitrate to the mixture. Allow this reaction to proceed for 1 hour. After 1 hour, transfer the 

homogeneous mixture to a 100 mL autoclave. Place a piece of the cleaned Ni foam in the 

autoclave and heat it to 160 °C for 12 hours. After cooling to room temperature, remove 

the Ni foam and wash it multiple times with DI water and dry it in hot air oven overnight. 

4.3.5 Synthesis of Ni3S2/NF 

First, use a solution of ethanol, HCl, and deionized (DI) water to clean the Ni foam. After 

that, take a 111 mM glucose solution in a beaker and stir at 80°C. To this solution, add 

100.73 mM (10 mL) of Na2S2O5, and let the reaction run for an hour. Transfer the above 

homogenous mixture into a 100 mL autoclave after an hour. A piece of cleaned Ni foam 

should be placed into the autoclave and heated to 160°C for 12 hours. Let the autoclave 

cool to room temperature when the process is finished. After removing the Ni foam from 

the autoclave, thoroughly wash it several times with DI water and dry it in hot air oven 

overnight. 



96 
 

4.4 Results and discussion 

The target catalyst was synthesized by hydrothermally forming a CoFe-doped 

CeO2@Ni3S2 nanorod structure on a cleaned NF substrate using one-step hydrothermal 

synthesis at 120°C, as shown in Scheme 4.1. In this method, the NF itself functions as 

the nickel source, [85] sodium thiosulfate as the sulfur source and glucose used as a 

carbon source and reducing agent. To alter the electronic structure and improve the 

material's catalytic qualities, cobalt (Co2+) and cerium (Ce3+) ions and Fe3+ salts were 

added. This material can nucleate and develop more easily under hydrothermal 

conditions, which enables it to create a layer of CoFe doped CeO2 outside the Ni3S2 layer. 

Cobalt and Iron doping in CeO2 is probably accomplished by adding a cobalt and iron 

precursor to the reaction mixture, which is then integrated into the CeO2. The same 

technique is used to make pure Ni3S2/NF for comparison, but dopants are not added. 

Analysis of the produced products using powder X-ray diffraction (XRD) 

provided crucial crystallographic information. The XRD patterns, which showed three 

significant peaks at 44.5°, 51.8°, and 76.4° that were attributable to the Ni foam substrate. 

Ni3S2 was successfully formed and had good crystallinity in both the Ni3S2/NF and CF-

CeO2@Ni3S2/NF samples, as shown by the observed diffraction peaks closely matching 

the standard patterns of Ni3S2 (JCPDS no. 044-1418). The peak at 56.3 showed the 

presence of CeO2 in the nanostructure. The CF-CeO2@Ni3S2/NF sample had Co and Fe 

components, however, it's interesting to note that the XRD patterns did not show any 

diffraction peaks, showing the low content in the overall composition. [282,283] (Figure 

4.1A)  
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Scheme 4.1: Synthetic scheme showing the formation of CoFe doped CeO2@Ni3S2. 

The examination of Raman spectroscopy shows different vibrational modes that 

are indicative of different phases in the materials under study. According to its structure, 

Ni3S2 has peaks at 188, 202, 224, 301, 304, 325 and 351 cm⁻¹ which are predominantly 

present in both samples Ni3S2/NF and CF-CeO2@Ni3S2.[284] The Ce–O vibrations 

bonds are responsible for the extra peaks in the CF-CeO2@Ni3S2 sample, which are 

located at around 466 and 568 cm⁻¹, respectively.[285] The effective integration of 

cerium oxide into the composite material is shown by these peaks, which validate the 

existence of a CeO2 phase. Peaks at 537 and 633 cm⁻¹ are also seen in the spectra, they 

are typical of Co3O4. [286] This thorough Raman investigation shows the presence of 

nickel sulfide, cerium oxide, and cobalt oxide phases. (figure 4.1B) The Ni3S2/NF and 

CF-CeO2@Ni3S2 sample's electronic states and surface chemical composition were 

thoroughly revealed by the X-ray photoelectron spectroscopy (XPS) study. All the 

targeted elements Fe, Co, Ni, and Ce were successfully incorporated into the sample 

surface as confirmed by the XPS survey. Ni 2p3/2 and Ni 2p1/2 were identified by the 
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spectrum's two primary peaks at 855.88 eV and 873.6 eV, respectively in case of CF-

CeO2@Ni3S2 (Figure 4.1C). The Ni3S2/NF shows the Ni 2p3/2 and Ni 2p1/2 peaks at 856.1 

and 873.84 eV (Figure A50). Significantly, the CF-CeO2@Ni3S2 sample showed a 

change in peak locations towards lower binding energies in contrast to the undoped 

Ni3S2/NF. This shift indicates that the presence of Co, Fe dopants and CeO2 layer has 

significantly altered the local electronic structure of Ni atoms. [287,276] 

 

Figure 4.1: The XRD spectra of  (A) CF-CeO2/Ni3S2 and Ni3S2/NF with JCPDS 

coorelations, the raman spectra of (B) CF-CeO2/Ni3S2 and Ni3S2/NF, the XPS spectra (C) 

Ni 2p, (D) Ce 3d, (E) Fe 2p, (F) Co 2p and (G) S 2p of CF-CeO2/Ni3S2. 
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Ce 3 d5/2 and Ce 3d3/2 spin-orbit split components are represented by the two major 

areas of the high-resolution Ce 3d XPS spectra. The Ce 3d5/2 transitions are assigned to 

the peaks in the 880-900 eV energy range, while the Ce 3d3/2 transitions are assigned to 

the peaks in the 900-920 eV range in CF-CeO2@Ni3S2 (Figure 4.1D).[288]  Fe3+ 2p3/2 

and Fe2+ 2p1/2 are separately represented by the distinctive peaks in the Fe 2p spectra, 

which are located at 710.9 eV and 713.88 eV, respectively (Figure 4.1E).[283] Similarly, 

Co 2p3/2 is ascribed to the two primary peaks at 781.0 eV and 779.0 eV for +2 and +3 

oxidation states, respectively in the Co 2p spectrum shows the presence of Co3O4 (Figure 

4.1F).[289] The S 2p3/2 and S 2p1/2 spin-orbit components are responsible for the two 

conspicuous peaks in the S 2p spectra, which are located at 162.32 eV and 164.12 eV, 

respectively (Figure 4.1G ).[290] The existence of S-O bonds is indicated by an extra 

peak at 168.45 eV, which is probably the product of surface oxidation or oxygen species 

adsorption during XPS analysis. [291]  The Oxygen 1s spectra show three prominent 

peaks at 529.78, 531.30 and 532.48 eV corresponding to M-O bond, oxygen vacancies 

and oxygen species from physically absorbed water respectively (Figure A51). The 

successful integration of iron and cobalt into the material's lattice structure, which 

successfully modifies the electrical configuration around the nickel atoms, is strongly 

supported by this thorough XPS investigation. 

The SEM images were used to analyze the nanostructure of the CF-CeO2@Ni3S2 

nanocomposite. The structure of the catalyst CF-CeO2@Ni3S2 in the shape of nanorod-

like structures with an average size of 55 nm (Figure 4.2A-B, A52). Similarly control 

sample Ni3S2/NF also show to nanorod type morphology with the average size of 318 nm 

(Figure 4.2C-D, A53). The two samples with different morphologies and size 

demonstrate how important the outside layer of Co, Fe doped CeO2 on the Ni3S2/NF 

surface to increase the specific surface area and decrease the average size of a structure 

mailto:CF-CeO2@Ni3S2.similarly
mailto:CF-CeO2@Ni3S2.similarly
mailto:CF-CeO2@Ni3S2.similarly
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which is advantageous for improving catalytic activity. The CF-CeO2@Ni3S2 sample's 

elemental composition was revealed using FESEM-EDX. The CoFe doped CeO2 layer 

outside the Ni3S2 surface, formation was indicated by the results, which showed a greater 

concentration of Ni at 21.2% than Ce at 0.6 %. Although it was only found in a very 

modest quantity of 0.2%, the presence of Co and Fe as a dopants suggests that it plays a 

minor function in the composition. Significant levels of C at 55.3%, S at 11.4%, and O 

at 10.2% were seen in the sample, which is noteworthy and provides strong evidence for 

the existence of carbon based CF-CeO2@Ni3S2 (Figure A54).  

 

Figure 4.2: The FE-SEM images of (A & B) CF-CeO2/Ni3S2 and  (C & D) Ni3S2/NF at 

various magnifications, (E & F) TEM image of CF-CeO2/Ni3S2; (G) the d spacing values 

matching with Ni3S2 and CeO2 computed from digital micrographs software, the inset 

displays the SAED spectra of CF-CeO2/Ni3S2 displaying the lattice planes, and (G)  IFFT 

plot displaying the d spacing values, the (I-P)  HAADF-STEM elemental mapping of CF-

CeO2/Ni3S2. 
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Transmission electron microscopy (TEM) was used to characterize the nanorod, 

revealing complex information about its composition and structure. The nanoparticles 

after being separated from nickel foam was used for the analysis. The high-resolution 

HR-TEM images shows a similar structure of nanorod with an average size of 47 nm 

(Figure 4.2E-F, A55). The nanorod showed two separate lattice fringes with interplanar 

spacings of 0.28 nm inside the nanorod which confirms the formation of Ni3S2 layer and 

0.16 nm outside edges of the nanorod confirm the formation of CeO2 (Figure 4.2G). The 

existence of both materials in the composite structure is shown by these spacings, which 

correlate with the SAED pattern of the (110) plane of Ni3S2 and the (311) plane of CeO2. 

The existence of Co, Fe, Ni, Ce, C, O and S elements in the composite was validated by 

the HAADF-STEM mapping findings (Figure 4.2I-P).  Interestingly, it was discovered 

that the Ni and S were equally distributed on the nanorod core surface and Fe, Ce, Ce, O 

and S elements were distributed outside the surface which provides support and enhances 

the catalytic activity of the catalyst. This TEM study highlights the effective integration 

of CoFe doped CeO2 layer on the Ni3S2 surface and offers insightful information on the 

structural and compositional properties of the nanorod. 

The acquired samples' electrocatalytic activity toward the urea oxidation process 

(UOR) was investigated in detail utilizing a wide range of electrochemical methods using 

a three-electrode setup. A 1 M potassium hydroxide (KOH) and 0.5 M urea electrolyte 

solution was used for all measurements. For both the control samples Ni3S2/NF and CoFe 

doped CeO2@Ni3S2 electrocatalysts, polarization curves were produced using linear 

sweep voltammetry (LSV) at a scan rate of 5 mV s−1 for UOR and HER (Figure 4.3A-

B). The CF-CeO2@Ni3S2 performs better as a catalyst for the UOR than Ni3S2/NF, CF-

CeO2@Ni3S2 needed a potential of only 1.38 VRHE to get a current density of 100 mA/ 

cm2.  
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Figure 4.3: The LSV polarisation traces for (A) UOR, (B) HER, (C) the overall 

(UOR+HER) LSV traces of CF-CeO2/Ni3S2 in 1 M KOH + 0.5 M Urea with 5 mV/s scan 

rate and electrode area of 0.25 cm2 (D) Tafel slope, (E) EIS plot and (H) 

chronoamperometry trace of CF-CeO2/Ni3S2. 

The positive impact of CeFe doped CeO2 layer in Ni3S2 surface for increased 

UOR catalytic activity was shown by CF-CeO2@Ni3S2, which demonstrated an 0.032 V 

lower potential required to achieve the 100 mA cm2 current density when compared to 

Ni3S2/NF. Interestingly, Ni3S2/NF had a lower potential of 0.014 V compared to CF-

CeO2@Ni3S2 at 100 mA/cm2 in case of HER (Figure 4.3B). The overall potential is 

required CF-CeO2@Ni3S2 is 1.9 V which is 80 mV lower compared to the Ni3S2/NF at 

500 mA/cm2 (Figure 4.3C). The UOR kinetics for both catalysts were investigated in 

detail using Tafel plots and electrochemical impedance spectroscopy (EIS). With a much 

lower tafel slope of CF-CeO2@Ni3S2 26.7 mV dec⁻¹ compared to the considerably higher 

slope of 47.2 mV dec⁻¹ for Ni3S2/NF (Figure 4.3D). These results were further supported 

by the EIS analysis, which showed that a similar Rs value with the lower charge transfer 

resistance (Rct) for CF-CeO2@Ni3S2 compared to Ni3S2/NF (Figure 4.3E). This 
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significant decrease in Rct for CF-CeO2@Ni3S2 suggests a quicker UOR rate and more 

effective charge transfer at the interface between CF-CeO2@Ni3S2 and electrolyte. For 

the UOR, the catalytic performance of CF-CeO2@Ni3S2 was assessed and compared with 

other catalyst compositions documented in recent literature. The remarkable current 

density (jUOR) of 10 mA cm−2 was shown by the CF-CeO2@Ni3S2 electrode at a voltage 

of 1.35 VRHE (Table A11).  

Two-electrode device schematics for total electrochemical urea electrolysis is 

presented in the Figure 4.4A. In this electrolyszer setup CF-CeO2@Ni3S2 nanorod is used 

as the cathode and anode, both of which are submerged in a 1 M KOH + 0.5 M urea 

electrolyte. The CF-CeO2@Ni3S2 electrode system attains current densities of 10 mA/cm2 

and 100 mA cm-2 with relatively low working voltages of 1.55 V and 1.75 V respectively, 

indicating great efficiency in the case of total electrochemical urea electrolysis. To 

achieve the same current densities of 10 mA cm-2 and 50 mA cm-2, respectively, the 

Ni3S2/NF electrode system requires 1.56 V and 1.8 V, demonstrating significantly lower 

performance compared to CF-CeO2@Ni3S2 for urea electrolysis (Figure 4.4B).  

 

 

Figure 4.4: The (A) Schematic representation of two electrode device, (B) LSV 

polarisation traces of CF-CeO2/Ni3S2  and Ni3S2 1 M KOH + 0.5 M Urea with 5 mV/s 

scan rate and electrode area of 0.25 cm2  and (C) chronoamperometry trace of CF-

CeO2/Ni3S2. 
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For two-electrode systems to continue to operate dependably and consistently 

over time, their prolonged operational stability is essential. The chronoamperometric (i–

t) test used for the stability profile for the CF-CeO2@Ni3S2 cell at 1.76 V for 20 h (Figure 

4.4C). The cell exhibits a very consistent current production for the 20 h without 

degradation in the electrode system.  

4.5 Conclusion 

In this work, we developed a new method for an effective UOR electrocatalyst by 

growing CoFe-doped CeO2/N3S2 nanorods on Ni foam using a simple, one-step 

hydrothermal process, this self-supported catalyst was created. The obtained CoFe-doped 

CeO2/N3S2 catalyst showed outstanding endurance and low overpotential, which were 

characteristics of good UOR performance. According to experimental assessments, the 

dual doping of Co and Fe with the CeO2 layer led to the optimization of electronic 

structures and an increase in accessible active sites, which were the main causes of the 

significant rise in UOR activity. The discovery offers new possibilities for research in the 

areas of energy conversion and other catalytic applications in addition to offering a 

workable and promising approach for the in-situ manufacture of affordable 

electrocatalysts including both transition and lanthanide elements.  
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Chapter 5  

Summary and Future Perspectives 

 

5.1 Summary 

The development of transition metal-based electrodes and sustainable electrocatalysts for 

hybrid water electrolysis for green hydrogen production and valuable chemicals is the 

main objective of the thesis study. In place of the OER, we use anodic small molecule 

electrocatalytic oxidation to overcome several issues with conventional water splitting 

techniques. This alternate technique reduces the total energy consumption in 

electrolyzers and helps get around the sluggish kinetics of OER. Numerous 

electrocatalytic oxidation processes have been investigated in these studies, such as the 

oxidation of 5-hydroxymethylfurfural (HMFOR), hydrazine (HzOR), urea (UOR), and 

sulfur (SOR) and methanol oxidation reaction (MOR). A variety of catalysts have been 

studied, metal sulfides have shown appropriateness for SOR, while nickel-based catalysts 

have shown promise for urea oxidation and NiCu alloy-based catalysts are stable for 

MOR.  

In the first chapter, we describe a comprehensive and in-depth analysis of the 

literature on hybrid water splitting, following its development from its beginnings to the 

present. This thorough review includes not just water splitting but also associated 

processes such as urea oxidation reactions, methanol oxidation, and sulfion oxidation. 

We explore the basic ideas behind water splitting, clarifying the thermodynamic factors 

that influence these procedures. The chapter discusses the discovery of new materials 

that have the potential to transform the area of advanced electrocatalysts. We also provide 
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a detailed explanation of the many structural and electrochemical characterisation 

methods used to examine and assess these electrocatalysts. 

In chapter two by using the relative reactivity of the precursors, a one-step 

manufacturing approach combining FeOOH and Co9S8 nanostructures on NF produces a 

highly efficient catalyst for the synthesis of green hydrogen. Effective hydrogen 

evolution is made possible by the increased catalytic activity of this intercalated 

nanostructure, especially when sulfide ions (S2-) are present. In either an H-type or single-

cell configuration, the NiFeOOH-C9S8-n-based system exhibits exceptional 

bifunctionality by enabling the HER and SOR at the same time. One important factor in 

maximizing the potential-current connection is the interelectrode distance. Notably, SOR 

may happen at high current densities without the need for sodium hydroxide (NaOH) 

because to the catalyst's strong activity. According to density functional theory the 

interface between FeOOH and Co9S8 causes oxide doping, which greatly increases SOR 

activity. When producing green hydrogen, the combined impacts of these elements result 

in significant power savings and lower energy. An eco-friendly and energy-efficient 

substitute for traditional techniques, this novel catalytic system offers a viable foundation 

for the commercial and scalable synthesis of hydrogen. This technology's enhanced 

catalytic performance, bifunctionality, and energy efficiency make it a strong contender 

for future advancement and possible commercialization in the expanding area of 

sustainable energy generation. 

In chapter third, a metallic Ni surface is treated as a shape-directing agent in the 

hydrothermal process of NiCu alloy nanocrystals, which enables the in-situ reduction of 

Cu and Ni salts by polyacryloyl hydrazide (PAHz). In addition to facilitating the 

formation of NiCu alloy nanocrystals, this one-pot technique permits the concurrent 

doping of metal oxides on the alloy surface. The resultant electrodes exhibit remarkable 
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performance in the alkaline methanol oxidation reaction (MOR) and OER, which 

qualifies them for dual-purpose uses in the manufacture of energy-efficient green 

hydrogen. A combination of the active Cu sites in the NiCu heterostructure, the doping 

of Co3O4, and the sharp edges of the nanocuboid shape are thought to have contributed 

to the increased electrocatalytic activity. Notably, when formate/formic acid is produced 

from methanol, the NF-PAHz-Co3O4@NiCu electrode shows good yields. The Cu sites 

in the NiCu nanocrystals behave as active centers for OER and MOR activity, according 

to theoretical density functional theory (DFT) calculations, which corroborate the 

experimental results. This synthetic approach's adaptability indicates that it may be used 

to create different alloy nanocrystals for catalytic uses in electrochemical processes, 

creating new opportunities for the creation of effective and multipurpose electrocatalysts. 

In chapter four, we synthesized CoFe-doped CeO2/Ni3S2 nanorods on nickel foam 

using a simple, one-step hydrothermal approach, which allowed us to create an efficient 

urea oxidation reaction (UOR) electrocatalyst. Excellent durability and a low 

overpotential two critical markers of outstanding UOR performance were shown by this 

self-supported catalyst. Our experimental analyses demonstrated that the Co and Fe dual 

doping in the CeO2 layer resulted in improved electronic structures and more accessible 

active sites, which were the main causes of the significant increase in UOR activity. This 

novel combination of a lanthanide element (Ce) and transition metals (Ni, Co, and Fe) in 

a single, in-situ fabricated electrocatalyst not only shows a viable and promising method 

for creating affordable UOR catalysts, but it also creates new opportunities for research 

in other catalytic processes and more general energy conversion applications. Combining 

the ease of the synthesis process with the exceptional performance of the final catalyst 

points to substantial potential for practical application and scaling up in a variety of 



110 
 

electrochemical systems, potentially transforming industries like fuel cells, hydrogen 

production, and other clean energy technologies. 

Overall, we aimed to fabricate transition metal based robust and long-lasting 

electrodes for hybrid water electrolysis applications under different electrocatalytic 

conditions by developing novel methods to create non-noble, earth-abundant metal 

sulfide, oxyhydroxide and alloy-based nano catalysts. The significance of this study lies 

in its investigation of substitutes for costly noble metal catalysts and replacing the 

sluggish OER reactions by hybrid water electrolysis. 

5.2 Future Scope 

The Future developments in hybrid water splitting of small molecule electrocatalytic 

oxidation provide several important research avenues that need in-depth study. Creating 

strong, selective, and reasonably priced electrocatalysts that can endure the harsh 

conditions of saltwater while retaining high activity and stability is still crucial from a 

catalytic standpoint. These catalysts must exhibit optimum binding energies for target 

compounds as well as effective charge transfer capabilities. The main technique for 

mechanistic study is an excessive dependence on Density Functional Theory (DFT) 

computations. Optimizing the process and enhancing selectivity requires an 

understanding of the intricate chemical processes, which include intermediate generation 

and electron transport routes. To improve mass transfer, lower ohmic losses, electrolyzer 

design and engineering need careful consideration of factors including electrode 

configuration, membrane choice, and cell layout. Since the integrated cell system is 

essential to determine the effectiveness of the cathode hydrogen generation and anode 

electrocatalytic oxidation processes, thorough investigation and optimization of the 

electrolyzer design are essential. The electrolyte solution's pH levels (whether acidic or 

alkaline) directly affect the reaction kinetics, the solute type affects conductivity and ion 
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transport, the diaphragm material selection affects ion selectivity and crossover 

prevention, the distance between electrodes influences ohmic resistance and mass 

transfer, the applied voltage determines the reaction rate and energy efficiency, and the 

electric current flow affects the overall reaction dynamics and production rates. A 

comprehensive understanding of these important parameters is necessary to achieve 

optimal performance. To overcome obstacles including gas crossing, product 

purification, and the selective recovery of important chemicals created during the 

oxidation process, it is essential to design effective product separation procedures. 

Achieving economic viability and environmental sustainability will also require 

optimizing operating parameters (pH, temperature, and pressure) and integrating these 

systems with renewable energy sources. To overcome present obstacles and move the 

area closer to useful applications in sustainable energy and chemical production, this 

multidisciplinary approach calls for cooperation across materials science, 

electrochemistry, and chemical engineering. 
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Appendix 

 

. 

Figure A 1:  The NiFeOOH-Co9S8-21, Co9S8-12, Co9S8-13, and Co9S8-11 XPS survey 

spectra are shown in (A), (B), (C), and (D) respectively. The Ni-Co9S8 electrode's Co 2p 

XPS data and the NiFeOOH-Co9S8-21 electrode's Co 2p XPS data are shown in (E) and 

(F) respectively. 

E 

F 



114 
 

 

Figure A 2:The NiFeOOH-Co9S8-12 electrode's (A) Ni 2p, (B) Co 2p, (C) Fe 2p, (D) S 

2p, and (E) O 1s XPS data. 

 

Figure A 3: The NiFeOOH-Co9S8-11 electrode's (A) Ni 2p, (B) Co 2p, (C) Fe 2p, (D) S 

2p, and (E) O 1s XPS data. 
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Figure A 4: The NiFOOH-Co9S8-13 electrode's (A) Ni 2p, (B) Co 2p, (C) Fe 2p, (D) S 

2p, and (E) O 1s XPS data. 

Table A 1: SEM EDS and XPS data were used to compute the atomic ratio between Co 

and S. 

Samples Code  EDS (Co/S Atomic Ratio) XPS (Co/S Atomic Ratio) 

NiFeOOH-Co9S8 (11) - Co9S7.01 

NiFeOOH-Co9S8 (12) Co9S8.86 Co9S7.84 

NiFeOOH-Co9S8 (21) Co9S8 Co9S8.15 

NiFeOOH-Co9S8 (31) Co9S8 Co9S8.2 

 



116 
 

Figure A 5: The Co and Fe atomic percentages after various etching times. 

 

Figure A 6: NiFeOOH-Co9S8-13 electrode XRD data and JCPDS correlation. 
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Figure A 7: The XRD data of A) NiFeOOH-Co9S8-11 electrode and JCPDS correlation 

and the (B) NiFeOOH-Co9S8-12 electrode and JCPDS correlation. 

 

Figure A 8: The (A) FESEM image and (B) particle size distribution of NiFeOOH-

Co9S8-21. 

 

 

 

 

 

Figure A 9: The (A) FESEM image and (B) particle size distribution of NiFeOOH-

Co9S8-12.  

Table A 2: The FESEM-EDS studies on the electrode surface showed the Fe and Co 

atomic ratio.  

Composition NiFeOOH- 

Co9S8-21 

NiFeOOH- 

Co9S8-12 

NiFeOOH- 

Co9S8-11 

NiFeOOH- 

Co9S8-13 

EDS mapping  

Fe/Co (Atomic Ratio) 

2.33:1.00 0.55:1.00 1.00:1.00 0.22:1.00 
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Figure A 10: The (A & B) FESEM image of NiFeOOH-Co9S8-31. 

 
Figure A 11: The intercalated structure is supported by the lattice fringes of Co9S8 and 

FeOOH. 

 
Figure A 12: The (A) DSC (B) TGA curves of the FeOOH-Co9S8-21. 

Table A 3: The present electrodes' SOR efficiency is compared with current research. 

Catalysts Electrolyte 

 

j  

(mA cm-2) 

Potential 

(V vs RHE) 

Ref. 

 

NiFeOOH-Co9S8-21 1 M NaOH +1M 

Na2S || 1 M NaOH 

1200 0.57 This 

Work 

NiFeOOH-Co9S8-21 1 M Na2S || 1 M 

NaOH 

1000 0.7 This 

Work 
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Cu2S/NF 1 M NaOH +1M 

Na2S || 1 M NaOH 

290 0.8 1 

CoNi@NGs 1 M NaOH +1M 

Na2S || 1 M NaOH 

155 0.6 53 

NiCoOxCNTs 1 M NaOH +1M 

Na2S || 1 M NaOH 

50 0.50 53 

IrO2 1 M NaOH +1M 

Na2S || 1 M NaOH 

10 0.43 53 

CoS2@C/MXene/NF 1 M NaOH +1M 

Na2S || 1 M NaOH 

380 0.75 292 

WS2 NSs 1 M NaOH +1M 

Na2S || 1 M NaOH 

100 0.78 72 

NiS2 1 M NaOH + 0.05 M 

Na2S || 0.1 M NaOH 

100 0.62 71 

Co3S4 1 M NaOH +1M 

Na2S || 1 M NaOH 

400 0.32 148 

Ni-Co-S/ NF 1 M NaOH +1M 

Na2S || 1 M NaOH 

370 0.6 180 

CuCoS/CC 1 M NaOH +4M 

Na2S || 1 M NaOH 

400 0.415 22 

VSe2 1 M NaOH +1M 

Na2S || 1 M NaOH 

1040 0.6 151 

 

 

Figure A 13: The NiFeOOH-Co9S8-21 and control samples' (A) SOR and (B) HER 

traces, as well as the (C) SOR and (D) HER traces of the Ni-FeOOH and Ni-Co9S8 control 

samples. 
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 Figure A 14: The UPS spectra of NiFeOOH-Co9S8-21, Co9S8-12, Co9S8-13, and 

Co9S8-11 are shown in (A), (B),(C) and (D) respectively. 

 

Figure A 15 The non-faradaic potential region's cyclic voltammograms of (A) 

NiFeOOH-Co9S8-21 at different scan rates and (B) the average current density plotted 

against scan rate. 
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Figure A 16: The non-faradaic potential region's cyclic voltammograms of (A) 

NiFeOOH-Co9S8-12 at different scan rates and (B) the average current density plotted 

against scan rate. 

 

Figure A 17: The non-faradaic potential region's cyclic voltammograms of (A) 

NiFeOOH-Co9S8-13 at different scan rates and (B) the average current density plotted 

against scan rate. 

 

Figure A 18: The non-faradaic potential region's cyclic voltammograms of (A) 

NiFeOOH-Co9S8-11 at different scan rates and (B) the average current density plotted 

against scan rate. 

 

Table A 4: The Co9S8-n NiFeOOH electrodes' electrochemical surface area (ECSA) 

Catalyst Cdl (mF) ECSA (cm2) 

NiFeOOH- Co9S8-11 2.18 54.5 
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NiFeOOH- Co9S8-13 2.34 58.5 

NiFeOOH- Co9S8-12 2.41 60.3 

NiFeOOH- Co9S8-21 2.63 65.8 

 

 

Figure A 19: The amount of S2- and Sn2- is shown by UV-Vis data of a 1M NaOH + 1M 

Na2S solution after varying electrolysis times and temperatures. 

Table A 5: The total potential (SOR + HER) of the current electrodes in a two-electrode 

setup is compared with current research. 

Catalyst j (mA/cm2) Overall Potential (V) Ref. 

NiFeOOH- Co9S8-21 100 0.5 (iR Uncorrected) This Work 

CoS2@C/MXene/NF 100 0.58 (Corrected) 292 

WS2 60 0.9 (Corrected) 72 
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NiS2 100 0.76 (Corrected) 70 

Co3S4 100 0.455 (Corrected) 148 

Ni-Co-S/ NF 100 0.482 (Corrected) 180 

CuCoS/CC 100 0.66 (Corrected) 22 

 

 

 

Figure A 20: Data of a gas chromatograph (GC) showing (A) pure hydrogen and (B) 

hydrogen sample. 

 

 

 

 

Figure A 21: NiFeOOH-Co9S8-21 FESEM data taken before (A&B) and after (C&D) 

the stability study's 90-hour period. 
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Figure A 22: The NiFeOOH-Co9S8-21 SOR data taken both before and after the stability 

study's 90-hour period. 

 

Figure A 23: SOR-derived molecular sulfur elemental mapping. 

Table A 6: CHNS data of elemental Sulfur. 

Sample Code Sample weight in mg C/N Ratio C% H% N% S% 

Sn 3.1 1.2274 0.07 0.187 0.06 99.68 
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Figure A 24: The optimal intermediate and structure for (A) the Co9S8-200 surface and 

(B) the oxygen-doped Co9S8-200 surface. 

 

 

 

 

 

 

 

Figure A 25: The JCPDS correlation plots and the XRD data of the (A) NF-PAHz-NiCu 

electrode and the (B) PAHz-Cu electrode. 
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Figure A 26: The NF-PAHz-Co3O4@NiCu electrode XPS data (A) C 1s and (B) O 1s. 

 

Figure A 27: The NF-PAHz-NiCu electrode's (A) Ni 2p, (B) Cu 2p, (C) C 1s, (D) O 1s, 

and (E) N 1s XPS traces. 

290 285 280

In
te

n
s

it
y
 (

a
.u

.)

Binding Energy (eV)

C 1s

535 530

In
te

n
s
it

y
 (

a
.u

.)

Binding Energy (eV)

O 1sA B

960 950 940 930

Cu 2p

Binding Energy (eV)

In
te

n
s
it

y
 (

a
.u

.)

Cu 2p1/2

Cu 2p3/2

295 290 285 280

Binding Energy (eV)

In
te

n
s
it

y
 (

a
.u

.) C 1s

535 533 531 529

O 1s

Binding Energy (eV)

In
te

n
s
it

y
 (

a
.u

.)

405 400 395

In
te

n
s
it

y
 (

a
.u

.)

Binding Energy (eV)

N 1s

880 870 860 850

Ni 2p

In
te

n
s
it

y
 (

a
.u

.)

Binding Energy (eV)

Ni 2p3/2

Ni 2p1/2

Sat.Sat.

A
CB

D E



127 
 

 

Figure A 28: The PAHz-Cu electrode's (A) Ni 2p, (B) Cu 2p, (C) C 1s, (D) O 1s, and 

(E) N 1s XPS traces. 

 

Figure A 29: The NF-PAHz-NiCu UPS spectrum. 
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Figure A 30: The (A) FE-SEM image and (B) the corresponding average particle size 

distribution of NF-PAHz-Co3O4@NiCu. 

 

Figure A 31: The (A & B) BFESEM images of Batch 2 of NF-PAHz-Co3O4@NiCu 

taken at various magnifications. 
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Figure A 32: The NF-PAHz-Co3O4@NiCu nanocuboid EDX spectra (A), FESEM image 

(B), and atomic percentage distribution (C). 

 

Figure A 33: The NF-PAHz-NiCu's (A) FE-SEM image and (B) average particle size 

distribution. 
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Figure A 34: (A-D) PAHz-Cu FE-SEM images taken at various magnifications. 

 

Figure A 35: The NF-PAHz-Co3O4@NiCu's (A) HR-TEM image and (B) average 

particle size distribution. 

 

Figure A 36: The (A) HR-TEM image and (B) average particle size distribution of NiCu 

alloy nanoparticles depict inside one of the NF-PAHz-Co3O4@NiCu cubiod. 
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Figure A 37: The mechanism for the synthesis of NiCu alloy under specified reaction 

circumstances has been proposed. 

 

Figure A 38: The FE-SEM images of (A & B) NF-4PAHz-Co3O4@NiCu and (C & D) 

NF-6PAHz-Co3O4@NiCu. 

 

Figure A 39: The (A & B) FE-SEM images and (C) average particle size distribution of 

NF-PAHz-Co3O4@NiCu-25. 
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Figure A 40: The (A & B) FE-SEM image and (C) and average particle size distribution 

of NF-PAHz-Co3O4@NiCu-8. 

 

Figure A 41: (A) Cyclic voltammograms in the non-faradaic potential zone acquired at 

different scan rates, and (B)  average current density plotted against scan rate of NF-

PAHz-Co3O4@NiCu. 

 

Figure A 42: (A) Cyclic voltammograms in the non-faradaic potential zone acquired at 

different scan rates, and (B)  average current density plotted against scan rate of NF-

PAHz-NiCu. 
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Table A 7: NF-PAHz-Co3O4@NiCu and NF-PAHz-NiCu electrodes' electrochemical 

surface area (ECSA). 

Catalyst Cdl (mF) ECSA (cm2) 

NF-PAHz-NiCu 0.67 16.8 

NF-PAHz-Co3O4@NiCu 1.14 28.5 

 
Figure A 43: The LSV traces for (A) MOR and (B) OER of NF-PAHz-Co3O4@NiCu, 

NF-PAHz-NiCu and benchmark IrO2 recorded using a graphite or Pt/C as a counter 

electrode. 

Table A 8: The jMOR value achieved at 1.5 VRHE for several catalyst compositions 

reported in literature. 

Catalyst j 

(mA/cm2) 

Potential 

(VRHE) 

Scan 

rate 

(mV/s) 

Electrolyte References 

Cu/CuNi NWs 

220/C 

27 1.5 50 1 M MeOH 

+ 1 M KOH 
[85] 

Pt-NP/NiO-NS 250 1.5 --- 1 M MeOH 

+ 1 M KOH 
[293] 

CNFs@NiSe/CC 295 1.5 5 1 M MeOH 

+ 1 M KOH 
[86] 

NiO/NF 100 1.5 

(without 

IR Corr.) 

10 1 M MeOH 

+ 1 M KOH 
[87] 

Fe-Ni NPs 5 1.5 V 20 1 M MeOH 

+ 1 M 

NaOH 

[88] 

NiCo2Px 52 1.5 5 1 M MeOH 

+ 1 M KOH 
[294] 
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NiB-400 105 1.5 5 1 M MeOH 

+ 1 M KOH 
[81] 

Ni/N–C@500 70 1.5 50 1 M MeOH 

+ 1 M KOH 
[89] 

NiCu-220@C 27 1.5 --- 1 M MeOH 

+ 1 M KOH 
[90] 

NiSnPH@OOH/CC 160 1.5 5 1 M MeOH 

+ 1 M KOH 
[295] 

Co-CuO 34 1.5 --- 1 M MeOH 

+ 1 M KOH 
[296] 

CuONS/CF 90 1.5 5 1 M MeOH 

+ 1 M KOH 
[297] 

Fe-NiCo-LDH 260 1.5 5 1 M MeOH 

+ 1 M KOH 
[298] 

Ni(OH)2/ MnCO3 55 1.5 50 1 M MeOH 

+ 1 M KOH 
[91] 

Co-INF 260 1.5 --- 1 M MeOH 

+ 1 M KOH 
[299] 

NF-PAHz-

Co3O4@NiCu 

448 1.5 5 1 M MeOH 

+ 1 M KOH 

THIS 

WORK 

Note – The current density values are manually estimated from the literature in several 

cases. 

 

 

 

 

 

 

 

Figure A 44: The NF-PAHz-Co3O4@NiCu's (A) MOR, (B) OER, and (C) HER traces 

with varying PAHz concentrations.  
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Table A 9: The comparison of the NF-PAHz-Co3O4@NiCu electrocatalytic activity at 

100 mA/cm2 with varying PAHz concentrations.  

Sample Code PAHz 

(wt%) 

Average 

Size 

MOR@100 

mA/cm2 

OER@100 

mA/cm2 

HER@100 

mA/cm2 

NF-PAHz-

Co3O4@NiCu 

2 220 nm 1.41 VRHE 1.65 VRHE -0.37 VRHE 

NF-4PAHz-

Co3O4@NiCu 

4 1600 nm 1.43 VRHE 1.69 VRHE -0.38 VRHE 

NF-6PAHz-

Co3O4@NiCu 

6 175 nm 1.43 VRHE 1.69 VRHE -0.34 VRHE 

 

 
Figure A 45: The NF-PAHz-Co3O4@NiCu's (A) MOR, (B) OER, and (C) HER at 

varying Cu2+ concentrations. 
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Figure A 46: The conversion values from 1H NMR spectroscopy were determined by 

comparing the peak integrations in the conversion plot of methanol to formate at various 

time intervals.  

 
Figure A 47: The electrolyte's 13C NMR spectra were acquired at various electrolysis 

time intervals using 1.0 M KOH + 1.0 M MeOH. 

 

Figure A 48: A schematic representation of the OER activity on the NiCu alloy's (A) Cu 

and (B) Ni sites. 
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Figure A 49: A schematic representation of the OER activity of the Co doped on the 

Co@NiCu alloy's (A) Cu and (B) Ni sites. 

 

Figure A 50: The Ni 2p XPS spectra of Ni3S2/NF. 
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Figure A 51: The O 1s XPS spectra of CF-CeO2/Ni3S2. 

 

 

Figure A 52:The (A) FE-SEM image and (B) the corresponding average particle size 

distribution of CF-CeO2/Ni3S2. 

 

Figure A 53:The (A) FE-SEM image and (B) the corresponding average particle size 

distribution of Ni3S2/NF. 
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Figure A 54: The (A) FE-SEM EDX spectra (B) the corresponding FE-SEM image and 

(C) Atomic % obtained from EDX spectra of CF-CeO2/Ni3S2. 

 

 

Figure A 55: The (A) HR-TEM image and (B) the corresponding average particle size 

distribution of CF-CeO2/Ni3S2. 

 

 

 

 

C S O Ni Ce Co Fe
0

10

20

30

40

50

60

A
to

m
ic

 %

Elements

55.3

11.4 10.2

21.2

0.6
0.2 0.21 µm

A

A C

500 nm

A B

20 30 40 50 60 70
0

2

4

6

8

10

 

 

C
o

u
n

ts

Particle Size (nm)



140 
 

Table A 11: The10 mA/cm2 jUOR value comparison for several catalyst compositions 

reported in literature. 

S. 

No. 

Catalysts VRHE at 10 

mA/cm2 

Electrolyte Ref. 

1. NF/NiMoO-Ar 1.37 1M KOH + 0.5 M Urea 125 

2. Zn0.08Co0.92P/TM 1.38 1M KOH + 0.5 M Urea 300 

3. Ni-CoP/HPFs 1.43 1M KOH + 0.5 M Urea 301 

4. NF-G-Mn CoPx-NF 1.41 1M KOH + 0.5 M Urea 302 

5.  P-NTS-0.5 1.36 1M KOH + 0.33 M 

Urea 

303 

6. MOF-Ni@MOF-Fe 1.35 1M KOH + 0.5 M Urea 304 

7. CoNi-LDH 1.38 1M KOH + 0.5 M Urea 305 

8. Ni (OH)2/MnO2 1.46 1M KOH + 0.5 M Urea 306 

9. CeO2-NiMoO4 1.35 1M KOH + 0.5 M Urea 307 

10. NiO-NiPi 1.35 1M KOH + 0.5 M Urea 308 

11. Amorphous Ni–S–Se 1.38 1M KOH + 0.5 M Urea 309 

12. Ni2P nanoflakes 

 

1.430 1 M KOH + 0.5 M urea 310 

13. V-Doped Ni3N/NF 1.36 1 M KOH + 0.5 M urea 311 

14. Ni/N-Doped CNT 1.38 1 M KOH + 0.5 M urea 312 

15. NiFe(OH)x@Ni3N/N

F 

1.36 1 M KOH + 1.0 M urea 313 

16. Ni3S2/NF 1.36 1M KOH + 0.5 M urea This work 

17. CF-CeO2@Ni3S2/NF 1.35 1 M KOH + 0.5 M urea This work 
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“Service”).

1) De�nitions. For purposes of these General Terms, the following de�nitions apply:

“License” is the licensed use the User obtains via the Marketplace platform in a particular licensing transaction, as set

forth in the Order Con�rmation.

“Order Con�rmation” is the con�rmation CCC provides to the User at the conclusion of each Marketplace transaction.

“Order Con�rmation Terms” are additional terms set forth on speci�c Order Con�rmations not set forth in the General

Terms that can include terms applicable to a particular CCC transactional licensing service and/or any Rightsholder-

speci�c terms.

“Rightsholder(s)” are the holders of copyright rights in the Works for which a User obtains licenses via the Marketplace

platform, which are displayed on speci�c Order Con�rmations.

“Terms” means the terms and conditions set forth in these General Terms and any additional Order Con�rmation Terms

collectively.

“User” or “you” is the person or entity making the use granted under the relevant License. Where the person accepting the

Terms on behalf of a User is a freelancer or other third party who the User authorized to accept the General Terms on the

User’s behalf, such person shall be deemed jointly a User for purposes of such Terms.

“Work(s)” are the copyright protected works described in relevant Order Con�rmations.
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2) Description of Service. CCC’s Marketplace enables Users to obtain Licenses to use one or more Works in accordance

with all relevant Terms. CCC grants Licenses as an agent on behalf of the copyright rightsholder identi�ed in the relevant

Order Con�rmation.

3) Applicability of Terms. The Terms govern User’s use of Works in connection with the relevant License. In the event of

any con�ict between General Terms and Order Con�rmation Terms, the latter shall govern. User acknowledges that

Rightsholders have complete discretion whether to grant any permission, and whether to place any limitations on any

grant, and that CCC has no right to supersede or to modify any such discretionary act by a Rightsholder.

4) Representations; Acceptance. By using the Service, User represents and warrants that User has been duly

authorized by the User to accept, and hereby does accept, all Terms.

5) Scope of License; Limitations and Obligations. All Works and all rights therein, including copyright rights, remain the

sole and exclusive property of the Rightsholder. The License provides only those rights expressly set forth in the terms

and conveys no other rights in any Works

6) General Payment Terms. User may pay at time of checkout by credit card or choose to be invoiced. If the User

chooses to be invoiced, the User shall: (i) remit payments in the manner identi�ed on speci�c invoices, (ii) unless

otherwise speci�cally stated in an Order Con�rmation or separate written agreement, Users shall remit payments upon

receipt of the relevant invoice from CCC, either by delivery or noti�cation of availability of the invoice via the Marketplace

platform, and (iii) if the User does not pay the invoice within 30 days of receipt, the User may incur a service charge of

1.5% per month or the maximum rate allowed by applicable law, whichever is less. While User may exercise the rights in

the License immediately upon receiving the Order Con�rmation, the License is automatically revoked and is null and void,

as if it had never been issued, if CCC does not receive complete payment on a timely basis.

7) General Limits on Use. Unless otherwise provided in the Order Con�rmation, any grant of rights to User (i) involves

only the rights set forth in the Terms and does not include subsequent or additional uses, (ii) is non-exclusive and non-

transferable, and (iii) is subject to any and all limitations and restrictions (such as, but not limited to, limitations on

duration of use or circulation) included in the Terms. Upon completion of the licensed use as set forth in the Order

Con�rmation, User shall either secure a new permission for further use of the Work(s) or immediately cease any new use

of the Work(s) and shall render inaccessible (such as by deleting or by removing or severing links or other locators) any

further copies of the Work. User may only make alterations to the Work if and as expressly set forth in the Order

Con�rmation. No Work may be used in any way that is unlawful, including without limitation if such use would violate

applicable sanctions laws or regulations, would be defamatory, violate the rights of third parties (including such third

parties’ rights of copyright, privacy, publicity, or other tangible or intangible property), or is otherwise illegal, sexually

explicit, or obscene. In addition, User may not conjoin a Work with any other material that may result in damage to the

reputation of the Rightsholder. Any unlawful use will render any licenses hereunder null and void. User agrees to inform

CCC if it becomes aware of any infringement of any rights in a Work and to cooperate with any reasonable request of CCC

or the Rightsholder in connection therewith.

8) Third Party Materials. In the event that the material for which a License is sought includes third party materials (such

as photographs, illustrations, graphs, inserts and similar materials) that are identi�ed in such material as having been

used by permission (or a similar indicator), User is responsible for identifying, and seeking separate licenses (under this

Service, if available, or otherwise) for any of such third party materials; without a separate license, User may not use such

third party materials via the License.

9) Copyright Notice. Use of proper copyright notice for a Work is required as a condition of any License granted under

the Service. Unless otherwise provided in the Order Con�rmation, a proper copyright notice will read substantially as

follows: “Used with permission of [Rightsholder’s name], from [Work’s title, author, volume, edition number and year of

copyright]; permission conveyed through Copyright Clearance Center, Inc.” Such notice must be provided in a reasonably

legible font size and must be placed either on a cover page or in another location that any person, upon gaining access to

the material which is the subject of a permission, shall see, or in the case of republication Licenses, immediately adjacent

to the Work as used (for example, as part of a by-line or footnote) or in the place where substantially all other credits or

notices for the new work containing the republished Work are located. Failure to include the required notice results in

loss to the Rightsholder and CCC, and the User shall be liable to pay liquidated damages for each such failure equal to

twice the use fee speci�ed in the Order Con�rmation, in addition to the use fee itself and any other fees and charges

speci�ed.

10) Indemnity. User hereby indemni�es and agrees to defend the Rightsholder and CCC, and their respective employees

and directors, against all claims, liability, damages, costs, and expenses, including legal fees and expenses, arising out of



any use of a Work beyond the scope of the rights granted herein and in the Order Con�rmation, or any use of a Work

which has been altered in any unauthorized way by User, including claims of defamation or infringement of rights of

copyright, publicity, privacy, or other tangible or intangible property.

11) Limitation of Liability. UNDER NO CIRCUMSTANCES WILL CCC OR THE RIGHTSHOLDER BE LIABLE FOR ANY DIRECT,

INDIRECT, CONSEQUENTIAL, OR INCIDENTAL DAMAGES (INCLUDING WITHOUT LIMITATION DAMAGES FOR LOSS OF

BUSINESS PROFITS OR INFORMATION, OR FOR BUSINESS INTERRUPTION) ARISING OUT OF THE USE OR INABILITY TO USE

A WORK, EVEN IF ONE OR BOTH OF THEM HAS BEEN ADVISED OF THE POSSIBILITY OF SUCH DAMAGES. In any event, the

total liability of the Rightsholder and CCC (including their respective employees and directors) shall not exceed the total

amount actually paid by User for the relevant License. User assumes full liability for the actions and omissions of its

principals, employees, agents, a�liates, successors, and assigns.

12) Limited Warranties. THE WORK(S) AND RIGHT(S) ARE PROVIDED “AS IS.” CCC HAS THE RIGHT TO GRANT TO USER

THE RIGHTS GRANTED IN THE ORDER CONFIRMATION DOCUMENT. CCC AND THE RIGHTSHOLDER DISCLAIM ALL OTHER

WARRANTIES RELATING TO THE WORK(S) AND RIGHT(S), EITHER EXPRESS OR IMPLIED, INCLUDING WITHOUT LIMITATION

IMPLIED WARRANTIES OF MERCHANTABILITY OR FITNESS FOR A PARTICULAR PURPOSE. ADDITIONAL RIGHTS MAY BE

REQUIRED TO USE ILLUSTRATIONS, GRAPHS, PHOTOGRAPHS, ABSTRACTS, INSERTS, OR OTHER PORTIONS OF THE WORK

(AS OPPOSED TO THE ENTIRE WORK) IN A MANNER CONTEMPLATED BY USER; USER UNDERSTANDS AND AGREES THAT

NEITHER CCC NOR THE RIGHTSHOLDER MAY HAVE SUCH ADDITIONAL RIGHTS TO GRANT.

13) E�ect of Breach. Any failure by User to pay any amount when due, or any use by User of a Work beyond the scope of

the License set forth in the Order Con�rmation and/or the Terms, shall be a material breach of such License. Any breach

not cured within 10 days of written notice thereof shall result in immediate termination of such License without further

notice. Any unauthorized (but licensable) use of a Work that is terminated immediately upon notice thereof may be

liquidated by payment of the Rightsholder’s ordinary license price therefor; any unauthorized (and unlicensable) use that

is not terminated immediately for any reason (including, for example, because materials containing the Work cannot

reasonably be recalled) will be subject to all remedies available at law or in equity, but in no event to a payment of less

than three times the Rightsholder’s ordinary license price for the most closely analogous licensable use plus

Rightsholder’s and/or CCC’s costs and expenses incurred in collecting such payment.

14) Additional Terms for Speci�c Products and Services. If a User is making one of the uses described in this Section

14, the additional terms and conditions apply:

a) Print Uses of Academic Course Content and Materials (photocopies for academic coursepacks or classroom
handouts). For photocopies for academic coursepacks or classroom handouts the following additional terms apply:

i) The copies and anthologies created under this License may be made and assembled by faculty members

individually or at their request by on-campus bookstores or copy centers, or by o�-campus copy shops and other

similar entities.

ii) No License granted shall in any way: (i) include any right by User to create a substantively non-identical copy of

the Work or to edit or in any other way modify the Work (except by means of deleting material immediately

preceding or following the entire portion of the Work copied) (ii) permit “publishing ventures” where any particular

anthology would be systematically marketed at multiple institutions.

iii) Subject to any Publisher Terms (and notwithstanding any apparent contradiction in the Order Con�rmation

arising from data provided by User), any use authorized under the academic pay-per-use service is limited as

follows:

A) any License granted shall apply to only one class (bearing a unique identi�er as assigned by the institution,

and thereby including all sections or other subparts of the class) at one institution;

B) use is limited to not more than 25% of the text of a book or of the items in a published collection of essays,

poems or articles;

C) use is limited to no more than the greater of (a) 25% of the text of an issue of a journal or other periodical

or (b) two articles from such an issue;

D) no User may sell or distribute any particular anthology, whether photocopied or electronic, at more than

one institution of learning;



E) in the case of a photocopy permission, no materials may be entered into electronic memory by User except

in order to produce an identical copy of a Work before or during the academic term (or analogous period) as

to which any particular permission is granted. In the event that User shall choose to retain materials that are

the subject of a photocopy permission in electronic memory for purposes of producing identical copies more

than one day after such retention (but still within the scope of any permission granted), User must notify CCC

of such fact in the applicable permission request and such retention shall constitute one copy actually sold for

purposes of calculating permission fees due; and

F) any permission granted shall expire at the end of the class. No permission granted shall in any way include

any right by User to create a substantively non-identical copy of the Work or to edit or in any other way

modify the Work (except by means of deleting material immediately preceding or following the entire portion

of the Work copied).

iv) Books and Records; Right to Audit. As to each permission granted under the academic pay-per-use Service,

User shall maintain for at least four full calendar years books and records su�cient for CCC to determine the

numbers of copies made by User under such permission. CCC and any representatives it may designate shall have

the right to audit such books and records at any time during User’s ordinary business hours, upon two days’ prior

notice. If any such audit shall determine that User shall have underpaid for, or underreported, any photocopies

sold or by three percent (3%) or more, then User shall bear all the costs of any such audit; otherwise, CCC shall

bear the costs of any such audit. Any amount determined by such audit to have been underpaid by User shall

immediately be paid to CCC by User, together with interest thereon at the rate of 10% per annum from the date

such amount was originally due. The provisions of this paragraph shall survive the termination of this License for

any reason.

b) Digital Pay-Per-Uses of Academic Course Content and Materials (e-coursepacks, electronic reserves,
learning management systems, academic institution intranets). For uses in e-coursepacks, posts in electronic

reserves, posts in learning management systems, or posts on academic institution intranets, the following additional

terms apply:

i) The pay-per-uses subject to this Section 14(b) include:

A) Posting e-reserves, course management systems, e-coursepacks for text-based content, which

grants authorizations to import requested material in electronic format, and allows electronic access to this

material to members of a designated college or university class, under the direction of an instructor

designated by the college or university, accessible only under appropriate electronic controls (e.g., password);

B) Posting e-reserves, course management systems, e-coursepacks for material consisting of
photographs or other still images not embedded in text, which grants not only the authorizations

described in Section 14(b)(i)(A) above, but also the following authorization: to include the requested material

in course materials for use consistent with Section 14(b)(i)(A) above, including any necessary resizing,

reformatting or modi�cation of the resolution of such requested material (provided that such modi�cation

does not alter the underlying editorial content or meaning of the requested material, and provided that the

resulting modi�ed content is used solely within the scope of, and in a manner consistent with, the particular

authorization described in the Order Con�rmation and the Terms), but not including any other form of

manipulation, alteration or editing of the requested material;

C) Posting e-reserves, course management systems, e-coursepacks or other academic distribution for
audiovisual content, which grants not only the authorizations described in Section 14(b)(i)(A) above, but also

the following authorizations: (i) to include the requested material in course materials for use consistent with

Section 14(b)(i)(A) above; (ii) to display and perform the requested material to such members of such class in

the physical classroom or remotely by means of streaming media or other video formats; and (iii) to “clip” or

reformat the requested material for purposes of time or content management or ease of delivery, provided

that such “clipping” or reformatting does not alter the underlying editorial content or meaning of the

requested material and that the resulting material is used solely within the scope of, and in a manner

consistent with, the particular authorization described in the Order Con�rmation and the Terms. Unless

expressly set forth in the relevant Order Conformation, the License does not authorize any other form of

manipulation, alteration or editing of the requested material.

ii) Unless expressly set forth in the relevant Order Con�rmation, no License granted shall in any way: (i) include

any right by User to create a substantively non-identical copy of the Work or to edit or in any other way modify the

Work (except by means of deleting material immediately preceding or following the entire portion of the Work



copied or, in the case of Works subject to Sections 14(b)(1)(B) or (C) above, as described in such Sections) (ii)

permit “publishing ventures” where any particular course materials would be systematically marketed at multiple

institutions.

iii) Subject to any further limitations determined in the Rightsholder Terms (and notwithstanding any apparent

contradiction in the Order Con�rmation arising from data provided by User), any use authorized under the

electronic course content pay-per-use service is limited as follows:

A) any License granted shall apply to only one class (bearing a unique identi�er as assigned by the institution,

and thereby including all sections or other subparts of the class) at one institution;

B) use is limited to not more than 25% of the text of a book or of the items in a published collection of essays,

poems or articles;

C) use is limited to not more than the greater of (a) 25% of the text of an issue of a journal or other periodical

or (b) two articles from such an issue;

D) no User may sell or distribute any particular materials, whether photocopied or electronic, at more than

one institution of learning;

E) electronic access to material which is the subject of an electronic-use permission must be limited by means

of electronic password, student identi�cation or other control permitting access solely to students and

instructors in the class;

F) User must ensure (through use of an electronic cover page or other appropriate means) that any person,

upon gaining electronic access to the material, which is the subject of a permission, shall see:

a proper copyright notice, identifying the Rightsholder in whose name CCC has granted permission,

a statement to the e�ect that such copy was made pursuant to permission,

a statement identifying the class to which the material applies and notifying the reader that the material

has been made available electronically solely for use in the class, and

a statement to the e�ect that the material may not be further distributed to any person outside the class,

whether by copying or by transmission and whether electronically or in paper form, and User must also

ensure that such cover page or other means will print out in the event that the person accessing the

material chooses to print out the material or any part thereof.

G) any permission granted shall expire at the end of the class and, absent some other form of authorization,

User is thereupon required to delete the applicable material from any electronic storage or to block electronic

access to the applicable material.

iv) Uses of separate portions of a Work, even if they are to be included in the same course material or the same

university or college class, require separate permissions under the electronic course content pay-per-use Service.

Unless otherwise provided in the Order Con�rmation, any grant of rights to User is limited to use completed no

later than the end of the academic term (or analogous period) as to which any particular permission is granted.

v) Books and Records; Right to Audit. As to each permission granted under the electronic course content Service,

User shall maintain for at least four full calendar years books and records su�cient for CCC to determine the

numbers of copies made by User under such permission. CCC and any representatives it may designate shall have

the right to audit such books and records at any time during User’s ordinary business hours, upon two days’ prior

notice. If any such audit shall determine that User shall have underpaid for, or underreported, any electronic

copies used by three percent (3%) or more, then User shall bear all the costs of any such audit; otherwise, CCC

shall bear the costs of any such audit. Any amount determined by such audit to have been underpaid by User

shall immediately be paid to CCC by User, together with interest thereon at the rate of 10% per annum from the

date such amount was originally due. The provisions of this paragraph shall survive the termination of this license

for any reason.

c) Pay-Per-Use Permissions for Certain Reproductions (Academic photocopies for library reserves and
interlibrary loan reporting) (Non-academic internal/external business uses and commercial document



delivery). The License expressly excludes the uses listed in Section (c)(i)-(v) below (which must be subject to separate

license from the applicable Rightsholder) for: academic photocopies for library reserves and interlibrary loan

reporting; and non-academic internal/external business uses and commercial document delivery.

i) electronic storage of any reproduction (whether in plain-text, PDF, or any other format) other than on a

transitory basis;

ii) the input of Works or reproductions thereof into any computerized database;

iii) reproduction of an entire Work (cover-to-cover copying) except where the Work is a single article;

iv) reproduction for resale to anyone other than a speci�c customer of User;

v) republication in any di�erent form. Please obtain authorizations for these uses through other CCC services or

directly from the rightsholder.

Any license granted is further limited as set forth in any restrictions included in the Order Con�rmation and/or in

these Terms.

d) Electronic Reproductions in Online Environments (Non-Academic-email, intranet, internet and
extranet). For “electronic reproductions”, which generally includes e-mail use (including instant messaging or other

electronic transmission to a de�ned group of recipients) or posting on an intranet, extranet or Intranet site (including

any display or performance incidental thereto), the following additional terms apply:

i) Unless otherwise set forth in the Order Con�rmation, the License is limited to use completed within 30 days for

any use on the Internet, 60 days for any use on an intranet or extranet and one year for any other use, all as

measured from the “republication date” as identi�ed in the Order Con�rmation, if any, and otherwise from the

date of the Order Con�rmation.

ii) User may not make or permit any alterations to the Work, unless expressly set forth in the Order Con�rmation

(after request by User and approval by Rightsholder); provided, however, that a Work consisting of photographs

or other still images not embedded in text may, if necessary, be resized, reformatted or have its resolution

modi�ed without additional express permission, and a Work consisting of audiovisual content may, if necessary,

be “clipped” or reformatted for purposes of time or content management or ease of delivery (provided that any

such resizing, reformatting, resolution modi�cation or “clipping” does not alter the underlying editorial content or

meaning of the Work used, and that the resulting material is used solely within the scope of, and in a manner

consistent with, the particular License described in the Order Con�rmation and the Terms.

15) Miscellaneous.

a) User acknowledges that CCC may, from time to time, make changes or additions to the Service or to the Terms, and

that Rightsholder may make changes or additions to the Rightsholder Terms. Such updated Terms will replace the

prior terms and conditions in the order work�ow and shall be e�ective as to any subsequent Licenses but shall not

apply to Licenses already granted and paid for under a prior set of terms.

b) Use of User-related information collected through the Service is governed by CCC’s privacy policy, available online

at www.copyright.com/about/privacy-policy/.

c) The License is personal to User. Therefore, User may not assign or transfer to any other person (whether a natural

person or an organization of any kind) the License or any rights granted thereunder; provided, however, that, where

applicable, User may assign such License in its entirety on written notice to CCC in the event of a transfer of all or

substantially all of User’s rights in any new material which includes the Work(s) licensed under this Service.

d) No amendment or waiver of any Terms is binding unless set forth in writing and signed by the appropriate parties,

including, where applicable, the Rightsholder. The Rightsholder and CCC hereby object to any terms contained in any

writing prepared by or on behalf of the User or its principals, employees, agents or a�liates and purporting to govern

or otherwise relate to the License described in the Order Con�rmation, which terms are in any way inconsistent with

any Terms set forth in the Order Con�rmation, and/or in CCC’s standard operating procedures, whether such writing

is prepared prior to, simultaneously with or subsequent to the Order Con�rmation, and whether such writing appears

on a copy of the Order Con�rmation or in a separate instrument.



e) The License described in the Order Con�rmation shall be governed by and construed under the law of the State of

New York, USA, without regard to the principles thereof of con�icts of law. Any case, controversy, suit, action, or

proceeding arising out of, in connection with, or related to such License shall be brought, at CCC’s sole discretion, in

any federal or state court located in the County of New York, State of New York, USA, or in any federal or state court

whose geographical jurisdiction covers the location of the Rightsholder set forth in the Order Con�rmation. The

parties expressly submit to the personal jurisdiction and venue of each such federal or state court.

Last updated October 2022
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