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Abstract 

Hydrogen is one of the cleanest forms of energy which can solve several issues, including 

global energy crisis, environmental pollution and depletion of fossils fuels. Hydrogen evolution 

reaction (HER), being a carbon-neutral process can reduce the carbon footprint in the earth’s 

atmosphere. There is a variety of processes used for hydrogen production such as cracking of 

petroleum, hydrocarbon reforming, steam reforming of natural gases, coal gasification, etc. but 

these techniques are either costly or dependent on fossil fuels with the emission of hazardous 

by-products. Hence, the possibility of hydrogen production through electrocatalytic water 

splitting makes it a potential carbon-neutral process for fulfilling energy needs. To date, 

platinum supported materials are mostly found efficient and resourceful electrocatalysts towards 

hydrogen production. However, the large scale use of such catalysts is restricted by their 

scarcity and high cost of the material. In order to accomplish an industrial scale hydrogen 

production with minimum cost, extensive research has been devoted to discovering earth-

abundant materials which have similar or better activity than platinum. Among non-noble metal 

catalysts, molybdenum based catalysts such as molybdenum carbide (Mo2C), sulphide (MoS2), 

nitride (Mo2N), oxide (MoO3), phosphide (MoP) etc. have been extensively explored for HER 

application. The present thesis focuses on the structural design and compositional modulation of 

molybdenum derivatives through an innovative in-situ synthesis route resulting in a biphasic 

system such as Mo2C/Mo2N, Mo2C/MoO2, Mo2C\MoP etc. to enhance the catalytic activity. We 

have investigated the efficiency and durability of these composites for electrochemical 

hydrogen evolution in acidic medium. A detailed study of electrochemical hydrogen evolution 

revealed that the HER activity gets enhanced if Mo2C and Mo2N nanocomposite is used as 

electrocatalyst instead of Mo2C, Mo2N or a physical mixture of both. The catalyst exhibits an 

overpotential ( η10) of 96 mV with a Tafel slope of 37 mVdec
−1

 and durability of 1000 cycles. 

For the first time, we proposed that molybdenum carbide and molybdenum nitride 

nanoparticles, if produced in situ, can lead to a synergistic effect on the HER activity. 

Theoretical studies are also in-alignment with the experimental findings, where an appreciable 

charge-transfer at the interface of these nanoparticles was revealed from the charge density 

plots. Such charge-transfer at the interface between Mo2C and Mo2N further facilitate the 

hydrogen evolution reaction. This is also supported by the free energy calculation which is very 

close to commercially available Pt/C catalyst. We have extended our investigation for other 

biphasic systems such as Mo2C/MoO2; Mo2C\MoP and also explored the possibility of promoter 

elements for further enhancing the catalytic activity. Copper nanoparticles were found to 

improve the catalytic activity in one of the Mo2C/Mo2N composites by reducing the 
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overpotential at higher current density. The catalyst shows an enhancement in the stability 

(3000 cycles) and a drop in the overpotential (η30) from 217 mV to 112 mV for the doped one 

under a current density of 30 mA/cm
2
. Another potential composite of Mo2C\MoP supported on 

mesoporous silica exhibits excellent durability of 5000 cycles and shows an overpotential of 88 

mV with an onset potential of 31 mV and a Tafel slope of 37 mVdec
−1

. The work embodied in 

this thesis represents a concerted effort to continue the development of biphasic nanostructures 

holding great possibilities for the generation of an efficient and cost-effective catalyst for large 

scale production of hydrogen. 
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Synopsis 

This thesis entitled “Nano-structured Materials Synthesized from Transition Metal Carbides / 

Nitrides for Electrocatalytic Applications” explores the synthesis of earth-abundant molybdenum 

based electrocatalyst for HER applications.  

A detailed literature survey on the relevant area benchmarking the status of our work is 

displayed in first chapter. Second chapter describes the materials and methods involved in the 

designing of several processes. Initially, a methodology was developed to synthesize molybdenum 

carbide and nitride nanoparticles in-situ in the same solid state reaction. Biomass based 

microfibrils were used as a carbon source and template for the synthesis and is described in third 

chapter. Nanostructuring and composition of the phases are extremely important for the 

enhancement of the HER activity and is exhibited in chapter 4 and chapter 5. The effect of 

promoter elements on the HER activity of the material have been explained in chapter 6. The 

HER activity of a composition consisting of molybdenum carbide and molybdenum phosphide 

was developed during an in-situ reaction was described in chapter 7. 

The detailed outcomes of the various projects are briefly summarised chapter wise in the 

following content.  

Chapter 1. Introduction  

This chapter outlines the background, objectives, context of studies and the significance of the 

research program. 

Chapter 2. Materials, Instrumentation and Experimental Procedures 

In this chapter, the chemicals, reagents, and instrumentation used in this thesis will be 

described. The hydrothermal techniques and temperature-programmed annealing approach for the 

synthesis of catalyst material have been followed. The general overview of the experimental 

methods being employed in this research work is also given. The synthesis of nanostructured 

materials particularly for the HER has been extensively focused on and described in each relevant 

chapter.  

Chapter 3. Uniformly Decorated Molybdenum Carbide/Nitride Nanostructures on Biomass 

Templates for Hydrogen Evolution Reaction Applications  
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The chapter consists of the natural biomass-based molybdenum carbide and molybdenum 

nitride has been in-situ synthesized. Natural fibrils derived from biomass used as a template to 

synthesize uniformly decorated nanoparticles (10−12 nm) of molybdenum carbide (Mo2C) and 

molybdenum nitride (Mo2N) supported on carbon. The nanoparticles have been synthesized 

through the carburization and nitridation of molybdenum on cotton fibrils, using a high-

temperature solid-state reaction. The catalyst exhibits an onset potential of 110 mV and an 

overpotential of 167 mV to derive a cathodic current density of 10 mA cm
−2

. The electrocatalyst 

also demonstrates excellent long term durability of more than 2500 cycles in acidic media with a 

Tafel slope value of 62 mVdec
−1

. The catalyst specifically involves the use of carbon and nitrogen 

content present in the biomass.  

Chapter 4. Nano-structured hybrid molybdenum carbides/nitrides generated in-situ for 

HER applications 

A carbon-supported molybdenum carbide and molybdenum nitride nanohybrid have been 

synthesized. The material contained carbon-supported molybdenum carbide and nitride 

nanoparticles of size ranging from 8 to 12 nm exhibits excellent HER catalytic activity. This 

molybdenum based catalyst (MoCat) is designed as a highly efficient, low-cost (precious-metal-

free), highly stable electrocatalyst for water electrolysis in acidic medium, synthesized using a 

simple methodology. These nanoparticles (β-Mo2C and γ-Mo2N) were produced in-situ using a 

metal precursor and C/N source in a controlled solid-state reaction. An overpotential of 96 mV for 

driving 10 mA/cm
2
 of current density was measured for MoCat catalyst, which is very close to 

commercially available Pt/C catalysts (61mV). Herein, we could unambiguously provide an 

evidence for the existence of a synergistic effect existing between molybdenum carbide and 

molybdenum nitride nanoparticles yielding excellent HER activity, if synthesized in-situ in a 

controlled solid-state reaction. Thorough characterization and measurements of the MoCat 

catalyst revealed that it contains 53% of ß-Mo2N and 47% of ɤ-Mo2C. In a remarkable 

observation, it was noted that MoCat-m (Catalyst made from mixing individually synthesized ß-

Mo2N and ɤ-Mo2C, pure phase nanoparticles in same or similar composition) fails to attain such 

high catalytic activity. It shows that the composition works only when the catalyst is synthesized 

in-situ. Theoretical studies are also in-alignment with the experimental findings, where an 

appreciable charge-transfer at the interface of these nanoparticles was revealed from the charge 

density plots. Such charge-transfer at the interface between Mo2C and Mo2N further facilitate the 

hydrogen evolution reaction. This is also supported by the free energy calculation which is very 

close to commercially available Pt/C catalyst. Most importantly, the synthesis of the MoCat 



Synopsis 

 

 Page XV 

catalyst is simple and can be scaled up easily for large scale devices with ultra-low cost fulfilling 

its pre-requisites for an application.  

Chapter 5. In-situ synthesized mesoporous Mo2C/MoO2 nanocomposite shows enhanced 

HER activity 

This chapter describes the in-situ synthesis of MoO2 and Mo2C phase nanoparticles. A multiple 

solid-solid heteroatom interfaces when formed exhibits synergistic effect which not only 

decreases the overpotential for hydrogen evolution but also there is a significant enhancement in 

the stability of the material.
10

 Herein a mesoporous composite of molybdenum carbide and 

molybdenum oxide on silica platform (SiMoCat) has been developed, which exhibits an 

overpotential of 71 mV for driving a current density of 10 mA/cm
2
, very closed to the 

commercially available Pt/C (η10 = 60 mV) and a Tafel slope value of 35 mV/dec with an onset 

potential of 31 mV. The electrochemical stability of the catalyst after 3500 catalytic cycles does 

not show a significant change in the catalytic activity. The SiMoCat was obtained by a judicious 

variation in the catalyst precursor and the reaction conditions, resulting in a composition 

containing 51.3 % and 48.7 % of Mo2C and MoO2 respectively. Theoretical studies revealed that 

the integration of Mo2C and MoO2 interfaces within the material increases the number of states 

around the Fermi level due to the increase of charge transfer which enhances catalytic activity. 

The value of ΔGH* on C (-0.0019 eV) and O (-0.0017eV) site of Mo2C/MoO2 is much smaller 

than the individual Mo2C (2.01 eV) and MoO2 (7.14 eV) systems. Hence the H
*
 adsorption 

kinetics of the interface is better than the individual systems.  

Chapter 6. Copper doped Mo2C/Mo2N hetero-structures showing enhanced hydrogen 

evolution in acidic medium 

Chapter 6 illustrates the role of the promoter elements in the molybdenum derived composite to 

further enhance the HER catalytic activity.
11

 The nanostructured electrocatalyst (CuMoCat) that 

consist of molybdenum carbide, molybdenum nitride and copper, forming a heterojunction within 

the composite. Copper doping in molybdenum carbide/nitride composite facilitates lowering of 

the overpotential at low current density. CuMoCat exhibits an overpotential of 84 mV with a Tafel 

slope value of 33 mV/dec and shows excellent stability of 3000 cycles in acidic media. The 

theoretical study reveals that Cu doping brings a change in the electronic properties of the 

catalyst, which improves the overall adsorption and desorption of hydrogen on the catalyst surface 

during the hydrogen evolution process. The Free Energy diagram for various adsorptions active 
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sites of CuMoCat displays a shift of free energy for Mo and N sites making these more favorable 

for HER with respect to Mo/N sites of the un-doped catalyst.  

Chapter 7. Molybdenum carbide and molybdenum phosphide based hybrid materials for 

mutually enhanced hydrogen evolution reaction 

Chapter 7 of this thesis describes the behaviour of the electrocatalyst (SiMoCP)  consists of two 

HER active phases Mo2C and MoP supported on mesoporous silica.
5
 The study reveals that the 

combination of two HER active phases molybdenum carbide and molybdenum phosphide based 

composites have come out as competitive electrocatalyst for HER in past few years. Molybdenum 

carbide and molybdenum phosphide both shows high catalytic activity towards hydrogen 

evolution reaction. Herein, the catalyst exhibits a low overpotential of 88 mV at a current density 

of 10 mA cm
−2

 in the acidic medium. Furthermore, the long term durability of the SiMoCP upto 

5000 cycles makes it catalytically more favourable towards stable electrocatalyst. The catalyst 

doesn’t show any significant change in the overpotential even after 5000  catalytic cycles and 

have a Tafel slope value of 37 mV dec
-1

. The chapter thoroughly describes the mutual 

enhancement in the catalytic activity and the stability of the material.  

At the end of the thesis, other relevant information along with the future prospects of this work 

will be provided as an extension. 
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1. Introduction 

1.1. Energy Crisis and Renewable Energy  

Nature; essentially originate on closed material cycles in which the supplies endure through 

various chemical conversions. Then, ultimately at a certain phase, it trails off to the starting 

product so that a perspective of the energy supplies of the materials is ensured. Numerous 

paradigm of this belief can be found in nature like oxygen, carbon and nitrogen cycles etc.
1-2

 

Unfortunately, nowadays the humankind goes against this natural concept in many cases. 

Especially, since the starts of industrialization and urbanization scenario, greater than ever 

quantity of assets have been mined without being apologetic. Consequently, humankind needs 

to master several confronts. Energy and environment are two of the most alarming ever-

increasing preoccupations of existing human society due to the significantly rising demand as 

well as the increasing deteriorative environment resulted from the exploitation of fossil fuels.
3
 

It’s true that with the succession of this modern era the need and ignition of fossil fuels has 

steadily enhanced which significantly raise the overall temperature in addition to the 

intensification of carbon dioxide in the environment. The exponential increase in energy 

demand with the increase in the world economy and world population has newly been met by 

enhanced production of fossil-based fuels, including coal, oil, or gas and envisaged to be 

exhausted in fairly accurate 100 years. Fossil fuels like oil and coal have been the world’s prime 

energy hoard since the commencement of the industrial age. Currently, 70% of energy 

fulfilment was obtained from these sources.
4-5

 Fossil fuels have the advantage of being present 

as free energy in concentrated form. These complex molecules took millions of years to come 

into this form from natural routes. Furthermore, it also has an advantage that the energy 

extraction via the combustion of these fuels is moderately easy. But, due to the emission of 

greenhouse gases these non-renewable energy resources creates large environmental problems.
6-

7
 In 2012 the world’s energy utilization was 5.79 × 10

20
 J, with potential energy demand 

estimated to reach 8.60 × 10
20

 J in 2040. The International Energy Agency also reported that the 

universal energy requirements will increase by 30% till 2040, and parallelly the greenhouse 

gases emission like CO2 will reach nearly 35.7 Gt per year in 2040.
8-10

  The drastic exploitation 

of the natural fuels add-on with the growing energy consumption and at the same time increases 

the green-house gas emission. In today’s world assets are running low, greenhouse gasses are 

escalating and the ambience is changing. Besides that, due to the uneven circulation among 

countries, decreasing accessibility, and universal ecological issues are in the way of fossil fuels 

to be called as an ideal energy source. The “Intergovernmental Panel on Climate Change” had 
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already stated about the increase in average surface temperature and the average concentration 

of CO2 in the atmosphere if the proper step not taken.
11-12

 This decisive problem has become a 

universal challenge now, and the sustainable production of environmentally gracious carbon-

neutral energy sources driving scientist to found a new alternative to fulfil the energy needs. 

Most of the countries put efforts towards the fulfilment of energy demands and lowering the 

carbon emission, yet the proposed target will not be met in a period as stipulated. These 

concerns urged the scientist and common man to move towards the other conversion 

technologies which must be environment friendly and can fulfill along with household needs.
8
 

At present time the largest fraction of the world’s energy expenditure is based upon fossil fuels, 

but there is a vast tendency in substituting the fossil fuels with renewable assets like solar, wind 

and hydrothermal energy etc. The fossil fuels will get exhausted in the next few decades that’s 

why the world is ardent to discover a substitute that will assure our acquire affluence and 

advance development permanently. Present expertise is already providing us with such 

unconventional energy sources like wind, turbines, photovoltaic cells, biomass plants and 

more.
9, 12

 There has been a momentous investment in discovering and production of energy from 

renewable sources results in their increase in the share of total electricity production. The 

motive of enhancing the contribution of renewable energy towards daily households and 

industries is innumerable challenges that need to be cover. The renewable energy like solar 

energy, wind energy, tidal waves, hydro energy are some known natural energy sources but 

with their own limitations. The unconventional energy resources like sun and wind do not 

endow with a constant supply of energy, rather the natural constraints come ahead in solar and 

the wind energy production. Also, when we consider the use of renewable energy sources we 

must consider the factors like economy, the environment and human health too.
13

 Hence, 

keeping in mind the already faced energy crisis and the prerequisite to store intermittent energy 

generation, eventually a non-polluting carbon-neutral fuel would be a better solution. One way 

of alleviating the energy demands is to use these diverse energy carriers whether there is a 

surplus or lack of renewable energy. However, these renewable energy sources are erratic, and 

energy would be wasted if it is not used sensibly. It’s not always easy to utilize all the energy 

produced at peak hour production times.
5
 If somehow, it possible to store the energy at its peak 

production hour and released on requirements when production reaches a minimum, it could be 

game-changer in the area of renewable energy. The task of either competently stock up of 

energy or coupling with energy storing system is the prime focus these days. The well-known 

storage technologies in present worlds belong to a system linked with mechanical storage, 
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thermally storage, batteries or as chemical bonds.
13-14

 All individual storage technology has own 

positive and negative aspects.  We will discuss all these technologies in the coming section. 

1.2. Hydrogen; Clean Source of Energy 

 

1.2.1. Hydrogen 

 

The chemical fuels from renewable sources are one of the biggest achievement if succeed in the 

way of solving energy concerns. The hydrogen production from splitting water are among the 

similar type of key scientific challenges in 21st-century. Hydrogen, an easily available molecule 

that exists in gas and liquid form in our environment. Hydrogen having the lowest energy 

content by volume but highest by weight and due to its higher energy content is employed as a 

future energy carrier. Hydrogen provides three times more heating value compared to petroleum 

with zero harmful emission. Being manmade stimulate it goes through a sturdy production and 

expenses superior to the petroleum refining.
15 

 

1.2.2. Hydrogen Economy and Challenges  

J. B. S. Haldane and Professor John Bockris first coin the term hydrogen economy. The 

economy essentially involved the concept of potential fuel which exists in the form of 

hydrogen, which basically terms as one of the safest and cleanest energy carrier among all the 

energy sources. But, regardless of these encouraging features molecular hydrogen is not 

generously available and has to generate from other hydrogen-combined sources through 

diverse approaches.
16-17

 The economy is still grooming, perhaps it would be one of the massive 

infrastructures projects in the coming future. It generally related to hydrogen reservoirs, there 

transport and utilization in different ways. Hydrogen is an attractive energy carrier because of 

its carbon-free byproducts and which makes it potentially one of the clean energy sources. So, 

to explore a clean and safest carbon-free energy reservoir the development of what has become 

known as the hydrogen economy is necessary. There is no doubt that in the coming future the 

transformation of conventional energy-based technology into hydrogen-based technology will 

solve many of the energy and climate related universal problems. The hydrogen economy 

centred about the production, transportation and utilization of hydrogen instead of fossil fuels.
10, 

18
 As already discussed most of the energy-storing technology has been merely designed for 

electric energy purpose while hydrogen storage is totally a different concept. Since the 

hydrogen has no natural resources so it is widely dependent on the chemical industry. The 1973 

oil crisis was one of the biggest factors to realize the importance of alternative energy sources. 
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This was the time when the concept of hydrogen energy was first introduced. In 1974, the first 

time a conference was organized focussed on hydrogen generation, utilization and its promotion 

were completed and an organization named as “International association from hydrogen 

energy” was founded. The main aim of the organization is to use and promote hydrogen as an 

energy carrier in the energy sector and energy-related industries. Hydrogen being a novel 

material for different fields, the scope of carbon-free energy source has increased its scalability. 

At present the optimization of the hydrogen-based industries has been advanced. The feasibility 

towards the industrialization with taking into accounts the limitation with the transformation of 

all types of energy sources into hydrogen-based techniques is really challenging.
15, 17, 19

 There 

have been continues incessant worldwide to promote and establish such transformation which 

technically based on the hydrogen economy. The hydrogen extraction from fossil fuels has been 

highly influenced by the fuel reservoirs which going to diminishes in the coming future. So, the 

technology transformation from one to another while keen searching for hydrogen sources from 

non-fossil fuels is necessary. The transport, energy, industry sectors along with defence sector 

to the aviation sectors etc. it would have large possibilities. The budding energy demands for 

hydrogen generation from the inexhaustible sources are expected to fulfil in the near future. The 

typical scheme involved in the vast hydrogen economy is based on the hydrogen storage to the 

final stage distribution along with the concession and utilization.
18, 20

 The universal availability 

of hydrogen along with its storage could be possible through integrating different power plants 

with hydrogen generation electrolyzers. However, the technical and economic challenges still 

exist in the hydrogen economy. A large number of issues are still related to hydrogen 

production like hydrogen storage, hydrogen transportation, hydrogen conversion and many 

other applications that belong to the hydrogen economy. The expansion of innovative 

comprehensive infrastructure is a stepwise itinerary and it requires unusual assessment tools. 

The assessment tools are such as cost-benefit estimation, sustainability assessments, 

optimization of supply chains, the superlative assignment of the edifice and practice utensils in 

an emergent souk, and, last but not least, safety threat evaluation and supervision. The hydrogen 

economy has been collectively projected as an advanced and eternal retort to the consistent 

problems tackled in today’s world. It consists of inclusive ecological concern, running down of 

expected fuel assets, food scarcity and undernourishment and the intensifying expansion of the 

world inhabitants.
21-22

 Hydrogen infrastructure is still in the way of development and in a 

decentralized manner, it would allow being used as fuel cell systems. It basically involves the 

system starting from hydrogen production to the accessibility to the last user. The hydrogen 

generation through diverse approaches, suitable storing system and the transport within the 
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safety measures to the last consumer is a very complicated task. Gas transportation and storage 

are a basic problem to be solved for providing faster industrialisation of hydrogen and fuel cell 

technology. Besides that, in terms of the transport industry, the establishments of hydrogen 

pipelines, creation of hydrogen-producing unit or storing unit along with hydrogen highways 

station to the ultimate addict is a decisive precondition before flourishing commercialization of 

automotive fuel cell technology.
22-23

 In the concluding remarks, we can say that the major 

impediments about the expansion of the technology are high expenditure, lack of key 

technologies, and incompletion of hydrogen infrastructure that weakens the hydrogen economy. 

National and international legislation of the hydrogen production and its distribution also one of 

the major factors in standardizations of hydrogen use. Besides that, the configuration of the 

international approach that principally works on to lower the overall costs to put up an 

international hydrogen economy is necessary. The security standards and the ecology directive 

policies along with collaborative technology on hydrogen production worldwide are essential. 

The association establishment among all the industries and the research organization without 

harming their ethical privileges is the crucial task.
15, 21

 The research publications and feasible 

study of the hydrogen projects in research centres and public education centre is the ground 

level concern to make the hydrogen-based economy. The major factor that can enhance the 

hydrogen production research is the government initiatives by promoting such ecologically 

valuable projects and providing funds to public and government-funded research institutes. The 

last thing that persuaded is if the hydrogen economy would really exist, it could alter the 

industry and energy sources scenario dramatically. 

1.2.3. Infrastructure and Current Situation 

In 2018, the World Hydrogen Energy Conference was organized between 17 to 22 June 2018 at 

Rio de Janeiro, in which Professor T. Nejat Veziroglud who is the founding president of the 

International Association Of Hydrogen Energy (IAHE). In his speech, he states and expects the 

complete transformation of the economy into hydrogen energy within the completion of this 

century. About 44 years ago, being a member of ‘Hydrogen Romantics’ with ten other members 

he also organised and chaired  ‘Hydrogen Economy Miami Energy (THEME) Conference’.
24-25

 

Besides that the people's concerns about future energy and the environment is it’s urgency to 

focus on these issues. In the present situation, the essential concern is to recognize the foremost 

barricade to conquer energy crises and steps to take for the hydrogen operation. It is essential 

that all the non-economic difficulties must be trounced and the proper utilization of hydrogen 

must be incorporated in general decarbonization policy to attract awareness from research, 
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engineering, reserves and, last but not least, society.
17

 Hydrogen has been considered as energy 

carrier two century ago but 1970s energy crisis motives researcher for technological 

advancement so that new energy sources can be explored in order to avoid future energy crisis. 

It is estimated that present reservoirs of fossil fuel can last long for a maximum of 40 years for 

petroleum which mainly is a source of the industrial and transport energy provider. Beside it, a 

maximum of 60 years for natural gas has been estimated that it will be exhausted within this 

time span if the current rate of consumption is continued, and 156 years for coal. Many 

scientists and engineers have agreed with the situation and consider that founding 

environmentally hygienic, economical and additionally sustainable energy is extremely 

imperative. It has been considered that this initiative for future energy requirement could 

substitute the accessible fossil fuel system and would be a supportive gesture in decoding 

present universal energy problems.
10, 26-28

 The hydrogen economy in today's world is so 

fascinating that various agencies and nation stepping out towards hydrogen energy approach 

and investing immensely to establish a common hydrogen energy system of international 

standard. It is expected that hydrogen could fulfil approximately 18% of energy demands and 

can reduce around 6 Gt of greenhouse gases especially CO2 annually.  Besides that, hydrogen 

infrastructures could create about 3 million new jobs by 2050. In transportation, it is believed 

that hydrogen could run estimated 400 millions of cars which is the huge number and can be a 

large contributor in minimizing the greenhouse gases. An estimate of 15 to 20 million trucks 

that being is used in transports and around 5 million buses from private to government 

organizations in 2050 which seems to be approximately 20% to 25% of the transportation 

industry could run on hydrogen economy.
29-31

 In present scenario hydrogen production globally 

reach to approximately 45–65 Mt per year as feedstock in different industries that’s equivalent 

to 5.4–7.8 EJ. This amount is just ∼1% of worldwide energy demand in today's date. 

Internationally, exponential growth in hydrogen-based manufacturing and rise in hydrogen 

stations functionality worldwide as of 2018 will be a good move toward carbon-free energy 

sources. In numerous countries, even hydrogen vehicles are commercially accessible, and it was 

estimated that till date 225000 fuel cell heating systems for domestic use have been used. This 

change represents a step taken just only five years ago which is the positive feedback towards 

the hydrogen economy.
30, 32-33

 Hydrogen production and its distribution are a major concern and 

internationally, it requires a major boost to successfully construct a large hydrogen economy. 

Therefore to solve the technical difficulties and improvements in industries with expanding the 

multidisciplinary market various initiative and organization has been made worldwide. The 

public-private partnership among different government organization and private industries 
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already has been titled under a common agenda.
15, 22

 A Hydrogen Council of thirteen 

international corporations recently formed with a theme concept of ‘‘to position hydrogen 

among the key solutions of the energy transition’’. The ‘Nationales Innovation program 

Wasserstoff-und Brennstoffzellentechnologie’, ‘Clean Energy Partnership’, ‘Japan Hydrogen & 

Fuel Cell Demonstration Project’, ‘Department of Energy’, ‘Fuel Cell and Hydrogen Joint 

Undertaking’, ‘California Fuel-Cell Partnership’, and ‘H2-Mobility’ are some worldwide 

projects and organization which fanatically working on to strengthen the hydrogen economy. 

The European Union, American agencies, Japan, China, Germany etc are major contributors to 

establish the hydrogen power plant in their country.  Other than these countries, some countries 

like Australia, Taiwan, India, United Kingdom, Brazil etc are the recent initiator of the 

hydrogen economy.
30, 34

 The European Commission High-Level group which works on the 

advancement and exploration of hydrogen and fuel cells technologies has already targeted to 

accomplish 35% for zero-carbon hydrogen-based vehicle till 2040 and a vast hydrogen 

economy till 2050. European H2Mobility programs have not only initiated the hydrogen 

generation but also it started construction of refuelling stations at prime locations. They 

suggested a system of 65 refuelling stations initially under hydrogen fuel cell programme in the 

United Kingdom by 2020 in order to start the market that expectedly will reach to 1150 stations 

as large number of the fuel cell by 2030 which almost cover the whole country.
32, 35-37

 

Alternatively, the U.S. Department of Energy set a target about the maximum of conventional 

energy-based office to convert into hydrogen-powered fuel cell vehicles till 2020. California 

could be considered as the world leader in hydrogen infrastructure development which had 

already established 39 open retail stations and approximately 6000 fuel cell vehicles are on the 

road.
36, 38

 Japan as a major paradigm for the world and sturdily put down its supply from a 

foreign country, and its self-reliance proportion was about 6% in 2014 as compared to other 

countries. They have adopted the policy to reduce significantly the emitted greenhouse gases for 

25.4% till 2030 as compared to 2005. In this context, "Japan Hydrogen Mobility” sets an 

objective to assemble a minimum of 80 stations by 2021, with taking the strategic initiative with 

vehicle companies and dealer. It is estimated that worldwide 330 hydrogen refilling stations are 

already installed as of 2018, in which majority near about half are only situated in Japan and the 

United State. United state has sold out 2750 fuel cell vehicles as of 2017, more than Japan and 

Europe collectively while China have a different strategy of fuel cell vehicle technology 

roadmap in which they has a reticent intention for installing 5000 FCEVs till the end of 2020 

but an approximated scale of millions fuel cell vehicles before 2030.
30, 36, 39-40

 Germany is 

efficient in solar panel construction but suffers from the apposite accessibility of solar energy 
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that hurdles the project and latterly drifts towards the hydrogen energy. In Germany, the 

"National Organization of Hydrogen and Fuel Cell Technology (NOW)” has attempted to 

ascertain 50 new stations program for the establishment of the hydrogen energy concept. They 

have also initiated many other strategic policies for the hydrogen economy establishment which 

mainly have a target to make hydrogen a suitable alternative instead of traditional energy 

sources. A hydrogen fuel-based train has been already trialled, but still, it needs very much 

improvement towards hydrogen fuel economy. Norway, Netherlands, Iceland and the United 

Kingdom like countries have already commenced and accelerated the funding for installing 

more hydrogen energy station in this initiative.
2, 32, 40

 Other developed and undeveloped 

countries also had made the initiative to move their industries on a hybrid fuel system based on 

the hydrogen economy. Hydrogen energy system is expected to be highly efficient in the near 

future along with providing economic and environmental benefits. Since the suitable 

administration and transport infrastructure of hydrogen-based industries is still under process, 

it’s not easy to resolve all issues related to the hydrogen economy.
18, 21

 This is believed that the 

global hydrogen market will achieve a target of approx $33 billion increments over the next 4 

years. The current market was about US$122 billion in 2018 and expected to reach a US $155 

billion in 2022. Hydrogen being a synthetic fuel labelled under the immense production cost, 

significant research has been dedicated to hydrogen production especially for the use in the 

transport industry. Automobile industries like Honda, Toyota and Hyundai etc which are the 

leading manufacturer in two-wheelers have already on a track of the manufacturing hydrogen-

based fuel cell vehicles. North America, Asia and Europe are the primary adopters for fuel cell 

vehicles. Since June 2018 California is leading in fuel cell vehicle market with delivering nearly 

3000 vehicles with nearly 2000 vehicles have been sold out globally. The drift towards the fuel 

cell vehicles is still changing and one day it will be the largest market in the world.
17-18, 32, 41

 

Here, hydrogen production is mainly based on conventional sources and maximum comes from 

fossil fuels. Million of metric tons of hydrogen has been producing worldwide in which half of 

the contribution of about 48% is of steam reforming of natural gases then it second most 

contributor is partial oxidation of crude oil which has a contribution of 30%. The coal 

gasification/pyrolysis and water electrolysis have 18% and 4% respectively. All of these 

technologies have their own advantages but when comes to the clean and carbon-neutral 

process, water splitting considered as one of the best technique for hydrogen production.
21, 42

 

The most common sources for industrial and merchant hydrogen, the coal gasification/pyrolysis 

and water electrolysis have covered approximately 95% and 4% contribution respectively of 
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current production. In view of the fact that over 95% of hydrogen has been generated by means 

of fossil fuels that could not be considered as a clean and green energy source. Other than this 

all process are extremely incompetent, pricey and energy-intensive. Water splitting strategy for 

hydrogen generation is a clean and safe process.
23, 43

 

1.3. Water splitting and electrocatalysts 

1.3.1. Water Splitting  

The water-splitting process has a wide history of the generation of gases through electric 

discharge. It was the first documented electric discharge execution between two gold electrodes 

in the electrostatic machine by Jan Rudolph Deiman along with another scientist Adriaan Paets 

van Troostwijk in 1789 in Haarlem, The Netherlands. They used the Leyden jar which 

contained water to discharge the electric potential given between the two gold electrode. The 

gold electrode has the opposite charge and found that different kind of gas was evolved at both 

the electrode. Later the gas evolved was recognized as hydrogen and oxygen and a 

progressively prospective application was recognised. Later Alessandro Volta when contrived 

the voltaic column in 1800,  William Nicholson and Anthony Carlisle were the people who used 

it for water electrolysis.
44-45

 It is almost two centuries that water splitting considered as a 

sustainable solution for energy problems. The continuous efforts and modification in water 

electrolysis until 1869 makes it a cheap and smart innovation for hydrogen production in the 

scientific field. At the same time, Zénobe Gramme in 1869 invented the Gramme machine for 

hydrogen production. Later, Dmitry Lachinov in 1888 developed a method for industrial-scale 

hydrogen and oxygen production. Large numbers of electrolyzed and power plants of about 100 

MW were built till 1930 which not only generating the hydrogen rather becomes a complete 

carbon-neutral source of energy.
46-47

 But, the huge availability and the easy access of 

hydrocarbon and other energy sources like hydroelectricity from ammonia fertilizer industry 

close down this technique for some extent. It was the time of energy crisis in 1970s water 

electrolysis renewed its importance and built special coverage to solve the energy crisis and 

sustainable supply problems. It becomes the easiest hydrogen generation technique which seems 

to provide sustainable energy by decomposing water into hydrogen and oxygen. So, by 

improving the water electrolysis process could possibly replace the hydrogen as a primary fuel 

source. 
17, 30

The water electrolysis with the evolution of hydrogen and oxygen gases along with 

a carbon-free byproduct is completely a carbon-neutral process. Electrochemical water 

splitting, photoelectrochemical water splitting and photocatalytic water splitting are three 

important ways for sustainable H2 production. There are numerous growing hydrogen 
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production processes in advance period that includes high-temperature steam electrolysis in 

which steam as a water source change into the gases with experiencing the high-temperature 

heat, solar thermo-chemical water splitting (artificial photosynthesis) and biological 

hydrogen production etc are the other advanced process which mainly has an objective of 

hydrogen production through different concept. These terminologies named after the source 

involved in the biasing process to enhance the reaction kinetics by decreasing the activation 

energy.
19, 48-49

 

 

1.3.2. Thermodynamics of electrocatalytic water splitting 

 

Hydrogen and oxygen molecules are the basis of formation of water molecules. The 

decomposition of water by any means leads to the hydrogen and oxygen generation. Since we 

know hydrogen and oxygen are gases at room temperature and having very high gravimetric 

energy density thus combining them with suitable means gives a huge amount of energy and 

water as a by-product. In such a chemical reaction the energy component is so high that it could 

result in an explosion. But the reaction is not artlessly realistic and therefore does not leads to 

such adversity. Now, if we think about the reverse of this concept, means generating hydrogen 

and oxygen from water by providing the excess amount of energy could solve our energy 

problem to a large extent. The water-splitting basically engross the simulations production of 

hydrogen and oxygen at the different electrode of an electrolyzer.
20, 44, 46, 48

 Water splitting 

without being a cost-competitive system as compared to other fuel energy systems, it explores 

the carbon-neutral method of hydrogen production by renewable and environment-friendly 

energy sources. Indeed, it offers a practical and ideal approach to hydrogen and oxygen 

production. The approach shows that a reaction occurs at the surface of the electrode in which 

reaction at cathode leads to the hydrogen generation while the anode evolves the oxygen.
45, 48

 

But the water splitting is not so straightforward process rather it requires energy input to initiate 

the decomposition process. The electrocatalytic water splitting occurs in a system called 

electrolyzer through an electrical charge transfer reaction. Thus, at the electrode-electrolyte 

interface, the water decomposition instigates by the electric supply which converts into 

chemical energy. In water electrolysis process, this energy input could be solar energy, electric 

energy, thermal or their combination and these catalysis process are terms as photocatalytic 

water splitting, electrocatalytic water splitting or photoelectrochemical water splitting etc.
50-51

 

Pure water does not have very much conductivity that's why a small amount of electrolytes such 

as salt or acid has been added into the water. The salt conduct electricity through electrically 

separated charged particles which on supplying additional electrical energy through metal or 
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any conductive material used as electrodes, gets accumulated on the oppositely charged 

electrode. The overall reaction that takes place in water splitting is as below: 

The existing reversibility and absence of external supply between the two electrodes, there exist 

an open circuit voltage and termed as equilibrium potential.
52-53

 

Wher    
   and   

  are the anodic and cathodic half cell electrode potential The energy is 

converted into the standard cell voltage with the following relation: 

The total enthalpy for water splitting ∆H° = 286 kJ mol
−1

 while Gibbs free energy is ∆G° = 237 

kJ mol
−1

. Here  , F and     are the number of electrons, F is Faraday constant and    is the 

standard cell voltage respectively. From equation (1.5) including Gibbs free energy and the 

enthalpy, the total voltage that required in this process for overall water splitting is 1.23 eV and 

termed as reversible voltage. The reaction enthalpy basically is the term that defines the 

efficiency in water splitting and without considering this it is not practically possible to evaluate 

the total energy required for this process. The actual energy is measured by including enthalpy 

term     in equation (1.5). The overall voltage that used is the thermoneutral voltage which 

corresponds to a value of 1.48 eV. It is practically estimated that the maximum efficient water 

splitting has occurred when the process is evaluated between 1.22 and 1.48 eV.  These 

theoretical and practically used energies or voltage corresponds to the low and high heating 

values for water splitting.
54-56

 These two half cell reaction as in equation (1.2) and (1.3) are 

termed as hydrogen evolution reaction and oxygen evolution reaction respectively. Typically, 

these half cell reactions are oxidation and reduction reaction and can be sleek into a single term 

of equilibrium potential as below:  

 at 25 °C and 1 atm under the standard condition where      is the equilibrium potential,     is 

the standard electrode potential and  
  

    is the activity ratio that corresponds to the species in 

Overall reaction             (1.1) 

At Cathode (Reduction)                      (1.2) 

At Anode  (Oxidation)                    
                           (1.3) 

Overall electrode potential       
      

   (1.4) 

Gibbs free energy          (1.5) 

Nernst Equation              
       

    (1.6) 
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the chemical reaction, R and T are the gas constant and absolute temperature,   and F have their 

usual meanings. On applying the Nernst equation on the reduction half-reaction it leads to 

equation 1.7 and similarly, on the oxidation half-reaction the equation 1.8 is obtained. Thus, the 

electrode potential for the half cell reaction w.r.t to the standard hydrogen electrode can be 

calculated as below: 

From equation (1.7) and (1.8 ), it can be observed that the overall equilibrium potential for HER 

and OER varies with the pH of the solution and the same scale can be made independent on pH 

if the calculation is made based on hydronium ions in reversible hydrogen electrode. The 

potential value for HER and OER will be 0 and 1.23 V w.r.t reversible hydrogen electrode at 

any pH scale and such supporting ions alter the activity to some extent but thermodynamics of 

water splitting almost remains the same. From all the discussion above it clear that the overall 

potential requires to split the water is 1.23 V known as reversible electrode potential and while 

the Gibbs free energy change and enthalpy for the reaction need the energy of  237 kJ mol
−1

 and 

286 kJ mol
−1

 respectively. This value of free energy is not obtainable at room temperature so the 

water-splitting reaction thermodynamically not feasible and can only occur if sufficient energy 

is provided.
57-58

 The extra energy provided to overcome the activation barrier and to kick start 

the electrochemical reaction which is inherently slow is termed as overpotential. The charge 

migration, bubble formation, potential drop due to voltage supply further requires the higher 

potential. The influence of such barrier can’t be ignored but the overall kinetic barriers can be 

minimized by thorough providing intermediate state to the reaction which requires less 

activation energy and could be completed at lower energy supply. These redox-active species by 

providing intermediates stages enhance the overall efficiency of the process. This could have 

happened only if the electrode material favours any particular side of reaction and lifts the 

overall reaction kinetics by minimizing the energy requirements. This intermediate platform for 

reactions any allows interconversion of electrical and chemical potential energy at lower 

potential and with a fast rate.
47, 59-60

 

 

 

 

 

HER                 (1.7) 

OER                        (1.8) 
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1.3.3. Electrocatalyst 

The importance of catalysis was a well-known concept date back to the rising of civilization 

when the earlier epoch of mankind commences the production of alcohol through fermentation. 

This era of catalysis consists only of secluded interpretation that was intermittently 

acknowledged without any exertion made to elucidate these occurrences. Swedish chemist  J. J. 

Berzelius for the Stockholm Academy in 1835 notice the enhancement in reaction kinetics on 

the involvement of some particular material. He describes and stated about the responsible 

forces for this enhancement named them catalytic forces and coined such materials as catalysis. 

This is perhaps the primary identification of catalysis as a wide-spreading natural phenomenon. 

Wilhelm Ostwald, later wrote that “there is probably no chemical reaction which can not be 

influenced catalytically”. He described the working principle and explained that the catalyst 

presence accelerates the reaction kinetics without affecting the thermodynamic equilibrium of 

the chemical process.
61-62

 This was the time when it was clear that implementing catalyst in the 

chemical process can lead to the industrial or financial gains along with solving time-consuming 

perspective. Such material not only decreases the activation energy for the reaction rather the 

more efficient and less time-consuming. In recent years the perception about such kind of 

materials has become of strategic importance and have been utilized in a broad area of research. 

The increased interests towards climate and environmental safety have encouraged the carbon-

neutral process for energy transport and energy storage. A good catalyst should be highly active 

towards the reactant species and highly selective towards one of the products which direct the 

reaction process towards a specific product and avoids the side reactions. The selectivity and the 

stability of a catalyst are the main concern as the performance of the catalyst is much affected 

by the variation in pH, temperature and a strong oxidizing or reductive environment. These 

catalysts are divided into homogeneous and heterogeneous catalyst having important 

recognition in the field of electrocatalysis.
63-64

 The homogeneous catalyst mainly subsists as 

alike phase as of reactant in the chemical reaction and that makes the separation process of each 

material time and energy-consuming process. However, the heterogeneous catalyst being a 

diverse phase as compared to the reactant exceptionally suitable for the catalytic process. The 

electrocatalyst and electrocatalysis focus on the catalytic activity of the material at the electrode 

surface in electrochemical processes. Bowden and Rideal in 1928, were the earliest pioneer who 

gives the concept of electrolysis and studied the electrode reaction. But, according to some 

scientist like Bockris and Khan, the term electrocatalysis has been introduced by T. Grubb in 

1936, while his work on fuel cells. The process based upon the electron transport for oxidation 
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or reduction at the surface of the electrode material or at the electrode itself.  It modifies the 

reaction kinetics and lowers the activation energy by providing an intermediate state in the 

reaction process. The electrocatalysis process investigates the material properties in a solution 

and establishes a relationship with reaction kinetics. The material used as an electrocatalyst in 

the chemical reaction having different activation energy and in turns having different bonding 

between the reactant, product and intermediates.
65-66

 The surface catalytic reaction occurs 

through different reaction pathways because of modified thermodynamics by electrode material. 

Thus any modification or any change in the material or material property modifies the kinetic 

process. This describes the relative ability of a material to enhance the electrochemical process 

under the same condition. The reaction kinetics depends upon the strength of chemical bonds 

between electrode and electrolyte. An excellent selection of electrode material could enhance 

the efficiency of an electrolyzer many times. The search for such materials in order to improve 

the electrode stability and activity to reduce investment and operational expenses continues.
61-62, 

65
 The practical relevance of the catalyst entailed with a negotiation among different 

consideration of the material. The catalyst importance always based upon relative performance 

in terms of electrocatalytic activity, thermodynamic stability, durability along with the prime 

concern of its production cost. The activity of the material could be improved by improving the 

synthesis process and/or by the composite material having inherent synergy. Then, substituting 

the noble material with non-noble one may also achieve the desired target. The non-noble 

materials having a less tendency towards the electrocatalytic processes. Water splitting is one of 

the processes that purely based upon the electrode properties.
63, 67

 

1.3.4. Selection approach for Electrocatalyst 

The material selection and investigation to be a HER active catalyst is really an importat job for 

which different approaches have been introduced. The material selection is based upon the 

catalytic performance of the material in correlation with the conductivity, stability, work 

function and free energy adsorption etc. The adsorption of the hydrogen atom and binding 

strategy with the catalyst surface is the decisive factor for hydrogen evolution. Today, there are 

excellent computational research powers that it is now theoretically possible to evaluate the free 

energy that requires for adsorption of a hydrogen atom at the surface of an electrocatalyst.
68

 The 

free energy gives an idea about the hydrogen bonding at the electrode surface.  The free energy 

and the catalytic activity is a measure of catalysts performance of the catalyst and correlation 

could be understood with a simple graphic depiction called “Volcano plot”. The plot shaped like 

volcano predicts the comparative catalytic activity of materials based on the predicted hydrogen 
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binding energy of the intermediates. These plot consideration based upon the ‘Sabtiar principle’ 

which states that the binding energy for a good catalyst neither is too tight nor weak. The 

correlation legitimate sounds good only with adsorbant species that involves one intermediate 

species while for multi-electron system prophecy will become intricate.
69-70

 Trasatti in 1972 

describes the trends of an efficient catalyst with the help of Volcano plot based on hydride 

formation energy. The sequence and exact position in the plot for some metals are still under 

disputes but the inclusion of free energy value at one of the coordinate with catalytic activity on 

others coordinate in Volcano plot facilitates the easy prediction of a suitable catalyst. The plot 

displays two branches ( ΔG > 0 and ΔG < 0 ) of the free energy with an intermediate ΔG = 0 at 

the top of the Volcano as anticipated by Parson in 1958. The ascending branch which has 

positive free energy indicated that the adsorption process is slow while the negative branch 

signifies the strong adsorption process. Therefore, it scrutinizes that the plot designates the 

superlative recital material lies at the top of the plot. The activity trends are similar to the 

climbing an uphill and followed by the downhill on a Volcano, this similarity is the reason plot 

named as Volcano plot. It's interesting to see that the metal congener and their composite may 

lie on the opposite side of the Volcano plot.
45, 65, 69

 The complex structure of the composites as 

compared to the to their congeners modify the adsorption sites and the property can alter 

completely in a different way. The modifies active sites could be active or hinder the hydrogen 

adsorption process, in turn, amends the catalytic activity of the material. Moreover, the 

heteroatom influence along with doping and the phase synergy remarkably affect the catalytic 

activity. 

1.4. Hydrogen Evolution Reaction 

At present hydrogen evolution is among the most important and demanding errands that require 

efficient strategy and exploration in present scenario especially in the field of the 

electrochemical reaction. The collective chemical kinetics is closely dependent upon the 

adsorption and desorption of hydrogen atom at the electrode surface. The adsorption and 

desorption involve the monoatomic sort of intermediated which moderates the hydrogen 

bonding at the electrode surface. The formation and breaking bond energies by clever selection 

of electrocatalysts make the hydrogen generation quit interesting through water splitting.
60, 70

 

 

 

 



Introduction 

 Page 18 

1.4.1. Fundamentals of  HER 

The overall water splitting is a pH-independent reaction in which pH terms of cathodic and 

anodic half cell reaction as mentioned in equation 1.2 and 1.3 nullify each other. But, 

individually in the half cell reaction pH will become one of the crucial factors and affects the 

hydrogen generation efficiency. The pH dependence in the system directly affects the potential 

required for each half cell reaction.
58

 As already explained in the earlier sections the Nernst 

equation demonstrates the 59 mV decrease in potential with each unit increase in pH of the 

electrolyte. This equation shows that the potential required for the hydrogen evolution is not the 

same as the thermal equilibrium potential in acidic, alkaline or neutral media. However, there 

are various other factors responsible for the higher value of the overpotential which comes into 

consideration while hydrogen evolution. The inclusion of various environmental factors 

modifies the real-time required overpotential and the equation can be written as:  

where iR is an ohmic potential drop and η is the overpotential.
60, 71

 

The overpotential is the primary factor that defines the performance of electrodes and the 

electrolyzer and directly tells the efficiency of an electrolyzer. The value can be minimized by 

improving the catalytic activity of the electrocatalyst with proper selection of electrolyte. For 

example, a platinum electrocatalyst can reduce the overpotential value almost to zero voltage. 

The efficiency of an electrolyzer or in terms of the activity of electrocatalyst, the performance 

can be evaluated based on reaction rate and the hydrogen production.
66, 72-73

 The hydrogen 

production mainly dependent on the pH of the solution either it’s an acidic solution or an 

alkaline solution. The whole hydrogen generation kinetics proceeds through different 

mechanisms and depending upon this the whole mechanism has been categorised with different 

steps. The HER proceeds through the two-electron transfer process in which the role of electron 

and the step involved mainly decides the reaction rate, and the reaction rate is largely described 

by the ΔGH. The value of ΔGH describes binding strategy between the electrode and the 

hydrogen. A weak bonding of hydrogen with the electrode surface leads to the adsorption 

(Volmer) step, thus the overall reaction rate which will limit the Volmer step, while if there is a 

strong bonding between hydrogen and the electrode surface the reaction kinetics will limit by 

the desorption (Heyrovsky/Tafel) step. The hydrogen evolution reaction mainly occurs in two 

steps, the first one is Volmer step a universal step that followed by either Heyrosky step or Tafel 

 
                 η (1.9) 
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reaction. The proton in the electrolyte gets attached with the electrode surface followed by 

reduction and forms metal hydride bond. The hydrogen evolution then occurs through 

electrochemical step (Heyrovsky Step) or end by a chemical reaction between adsorbed 

hydrogen atoms on the surface of the electrode and the step named as Tafel step. In short, the 

HER reaction involves the conversion of proton or water into hydrogen depending upon the 

reaction medium and Volmer step followed by the Volmer-Heyvrosky or Volmer-Tafel 

mechanism to hydrogen generation. The hydronium acts as a hydrogen source in the acidic 

medium while the water itself acts as a hydrogen source in the alkaline medium due to the low 

concentration of the proton. The elementary reactions for the HER under acidic conditions are 

as follows: 

Here, M represents the active sites of the catalyst, Hads represents the adsorbed hydrogen on the 

active site, M-H represents the hydrogen-bond with metal active sites. Similarly, in alkaline 

media, the mechanism follows different Volmer-Heyrovsky and Vomer -Tafel step. The steps 

will be as follow: 

The HER mechanism at active sites in an electrochemical process can be generalised through 

Tafel slope value derived from the polarization curve.
60, 71, 74-77

 The Tafel slope value reflects the 

performance of the electrocatalysts and explains the various steps involved in the hydrogen 

evolution electrochemical reaction. However, the value of the Tafel slope could be affected by 

various other factors like applied potential and mass transport in the porous structure. The HER 

electrochemical kinetics can be expressed in terms of well known Butler-Volmer equation as 

below 

 

Volmer Step       
                  (1.10) 

Heyrovsky Step           
             (1.11) 

Tafel Step                 (1.12) 

Volmer Step                        (1.13) 

Heyrovsky Step                           (1.14) 

Tafel Step                 (1.15) 

             
     

        
     

      ]  (1.16) 
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The symbols used there have there usual meaning as mentioned earlier          , are the 

transfer coefficients         are the number of electrons involved in the rate-determining step 

and the overpotential respectively. The constant terms like F the Faraday constant, R the gas 

constant and T the absolute temperature respectively have been used. The value        °       

is essential potential for the overall water splitting and the equation (1.16) represent the total 

current involved in the reaction process. The expression consists of two different kinds of 

currents that following in electrolyzer, in which the first part contributes to the anodic current 

and the second represents the cathodic current. The applied potential critically decides the 

contribution of each term that involved in the reaction process, higher the applied potential 

contributions of one term will become more significant as compared to others. The equation 

(1.16) can be rewritten in anodic and cathodic contribution separately. 

where     
      
  and     

      
 for anodic and cathodic branch respectively.  

In terms of current density, the equation (1.16) can be rewritten as 

 

At higher potential, any one of the terms will be dominated and hence similar to equation (1.19) 

and (1.20) current density equation could be written as  

 

 

 
            

     
       (1.17) 

             
     

      (1.18) 

Or equation  (1.17)             
 

      (1.19) 

Or equation  (1.18)              
 

      (1.20) 

             
     

        
     

      ] (1.21) 

             
     

       (1.22) 

             
     

      (1.23) 

Or equation  (1.22)             
 

      (1.24) 

Or equation  (1.23)              
 

      (1.25) 
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Rearranging the terms and simplifying the equation the overpotential for half cell reaction can 

be measured as  

This equation can be compared with           and called a Tafel equation 

Where                          which is a constant quantity at the particular condition and 

the value                       is called a Tafel slope which can be obtained by plotting 

logarithmic of current density      vs overpotential ( ) where quantity 

                         is intercept The Tafel slope value practically describes the 

profound insights in the mechanism or rate-determining step. It is usually expressed in mVdec
-1

 

and should have a small value as possible whereas     is expressed in mAcm
-2

 and should be as 

large as possible. From  Tafel equation is easy to predict that overpotential can be minimized by 

using electrocatalysts which augments the kinetics of the electrode reaction either by providing 

higher values of the exchange current density    , without changing the reaction mechanism or 

by decreasing the slope of the equation, which means if there is an increase of charge transfer 

coefficient  , so a change of the reaction mechanism. Catalytic up-gradation or improving the 

efficiency of the HER process seems the finest accessible ways in water electrolysis process that 

can be accomplished by using electroactive materials. These materials could possibly work as 

suitably and efficient electrodes material for HER process in order to commercialise the 

hydrogen production at a large scale.
52, 66-67, 71, 75-76, 78

 

1.4.2. Factors influencing the HER thermodynamics 

The electrode materials significantly are the most important components for an electrochemical 

reaction.  The catalytic activity modifies with the alteration of size, composition and structural 

features which can be tailored through nanostructuring, doping, interfacial structuring and 

enhancing the synergy between phases by in-situ grown of nanoparticles. Thus, rational design 

and frail regulation of interfacial structure can enhance the active sites means exposes the active 

sites on supports and intrinsic activity through regulation of electronic structure. The 

electrocatalytic reaction takes places at the surface of the catalyst, so the active site is the major 

factor that decides the catalytic activity of the material. The tailoring the geometry of the 

catalyst to improve and to expose the active phases assists remarkably assists the catalytic 

properties of the material. Besides, the catalyst support also facilitate the stability of the 

electrocatalyst material. The general consensus of increasing catalytic activity of the material 

belongs to the increase in the active site, providing synergy to the material, tailoring the 

                                                           (1.26) 
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structural and electronic arrangements and assisting the electronic conduction through a 

conducting material etc.
53, 79-80

 The various factors that enhance and modify these factors can 

arise from assembly of engineered surface and junction induced interfaces while the 

enhancement in reaction-diffusion can be established by a porous network. A brief discretion 

about the factors which we study and explores in the thesis work that involved in improving the 

catalytic activity is summarized below. 

(i) Nanostructuring 

The electrocatalysis process has endured remarkable progression in the last few decades, in part 

owing to enhancement in catalyst design at the nanoscale. These expansions have been essential 

for the recognition of and upgrading in alternative energy technologies based on 

electrochemical reactions. The catalytic reaction is generally kind of structure sensitive or 

structure insensitive reactions because the active species generally lies at the surface and edges 

of the material. The structure of sensitive active species plays a crucial role in catalytic activity. 

There interatomic spacing along with the crystal structure and crystallite size leads to the 

different catalytic activity of the material with variation in any one of the property. 

Nanostructuring manipulates and optimised the catalyst design and modifies the coordination 

and the bond relationship at the surface of the material. 
81-82

The nanoparticle size could be the 

major factor to manage the extent of low-coordinated sites on the catalyst surface, which 

modifies and influence the reactant binding strength. These modifications of the active site and 

surface configuration provide the high surface to volume ratio that consequences in a higher 

density of surface active sites. The interfacial atoms on the surface of nanostructured materials 

lead to a high volume fraction of atoms which exceptionally prospect for scheming exterior 

chemistry and defects concentration. A perfect ability to control and synthesize such 

nanostructured material with a specific shape, size and morphology can be explored for such 

high activity of the material. Such catalysts can meet the terms directed as specific requirements 

in terms of selectivity. The surface property can be directed through crystallite size and 

crystallite phase modification. The selectivity towards a specific plane and specific structure 

could also be a factor for improving electrocatalytic activity. This chemistry between the 

surface and nanostructuring has provided many exciting developments and could revolutionize 

the chemical industrialisation. Still, the catalyst selectivity and the corresponding performance 

of materials necessitate many upgrading, understanding of structure properties, with well-

defined size shape and composition.
83-84
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(ii) Doping heteroatoms 

Heteroatom doping is an efficient method to further tune the electronic structure that further 

improves the catalytic activity of the host material. The charge redistribution of the host 

material caused by the introduction of foreign elements amends the electrical, catalytic and 

optical properties of the material. Such modification in the material results into the enhancement 

of active sites and optimises the energy related to the intermediate formation. The synergetic 

coupling of the host and doped metals highly induces the catalytic properties of the material. 

Boron, carbon, nitrogen, sulphur, phosphorous etc are such heteroatoms having different 

electronegativity than the host materials in a composite.
85

 These heteroatoms doing does not 

changes the desired intrinsic features of the material with great potential of tuning 

electrocatalytic activity. The heteroatom atom on a metal surface can promote the intermediate 

steps that occur in water-splitting reactions. The inclusion of such elements generally decrease 

the activation energy barrier and facilitate the smooth happening of the reactions. There 

multiatom doping as compared to a single atom can precisely bring the desired structural and 

electronic changes for HER activity optimization. The dopant atom can directionally transfer 

the electron that leads to the changes in electronic structure and enhancement in the active sites 

which further assist the chemical process. The modulation and its extent depend upon the types 

of dopant elements and it's chemical state. Because particular heteroatoms with different size 

and the electronegativity could modify different Fermi levels and corresponding performance.
86-

87
 

(iii) Creating a porous structure 

One of the esteemed chemicals confront in the trade of nanomaterials is to organize the 

placement of diverse chemistries in spatially distinct regions on a nanoscale object. Porous 

materials are pores containing solid phases composites in which mainly differentiated from the 

other solid material in this category because of the pores presents in them. This mainly leads to 

the basic difference between such porous materials and other solids. Therefore, the porous 

materials could be categorized in terms of different kind of pores that belongs to a different kind 

of porosity and pore size. The porous material having unique pore shape and corresponding 

specific surface area shows different catalytic activity in the electrocatalytic reaction. The 

collectively if we say porosity is the crucial parameters in such materials due to its noteworthy 

manipulation in chemical properties as well as physical and mechanical properties of the 

materials. The porosity is the other important aspects that assist the catalytic activity of the 
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materials. The catalyst design strategy engrosses the couture of structure of pores which endow 

with the unique product selectivity and belongs to the ultrahigh surface areas. According to the 

IUPAC definitions, the porous material has been broadly categorising in three categories 

depending upon the pore size of the material. Pores categories into the three main categories in 

which the first one is micropores that having a pore size less than 2 nm, the second category 

called as mesopores structured having a pore size between 2 and 50 nm and the third category 

are of macropores having pore size large than 50 nm respectively. The porous structure could be 

a composite of organic, inorganic and organic-inorganic combination.
88

 The technology 

importance of porous structures lies in the ability of interaction of pore walls with the atoms, 

ions, molecules and supermolecules. The pore size and its distribution along with the shape size 

and the quantity have the ultimate tendency of convenient emancipation to capture liquid, gas 

molecules and solid particles. The tailoring of such porous materials with specific size and 

designed specifically to achieve desired results is highly recommendable in frontier research. 

Thus, it ultimate curios to design a pore of porous material behave as a functional phase within 

the material for optimized performance. A pore with restricted space and spatial captivity is one 

of the antique notions. The porous character significantly influences the mechanical, physical 

and chemical properties of the material. Nanostructuring porous structure has enthralled a lot of 

interest as possible materials for catalytic purposes due to synergy enhancement because of 

porosity and nanostructuring. Silica, carbon material, metal-organic frameworks, zeolites, 

aluminium-based composite etc are among few porous structured materials that could be a 

preferred choice for constructing metal-based or metal-free electrocatalyst for hydrogen 

generation purpose. In this thesis work, the silica and the carbon-based porous structure material 

has been used for the purpose of HER electrocatalyst.
83, 89

  

(iv) Coupling conductive substrates or interfaces  

Apart from the electrode material, the support material might also show has the capability of 

enhancing the activity and serves as the catalytic centre in the process of electrocatalysis. An 

approriate catalyst support generally provides the high surface area, enhanced conductivity and 

chemical stability etc. A catalyst adapts the chemical and physical properties of the supporting 

material that assist the chemical process. It performs an integral part of the catalyst in the 

electrochemical process and synergistically enhances the desired properties for hydrogen 

generation. The tunable properties of the substrate and the prime activity of the metal catalyst 

collectively can achieve the optimum performance for the catalyst.  Especially, the selection of 

support materials is a challenging task, as the corrosive properties and structural variation while 
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the application in different solutions is the primary concern.  Hybrid support material with 

tunable compositions has shown a remarkable piece of work towards the water-splitting. An 

optimised interaction not only supports the catalytic efficiency but also govern the new path to 

the hybrid nanostructure supported electrocatalyst. The supports consistently enhances the 

performance and satisfactorily enhances the durability of the catalyst. Thus, the choice of 

catalyst and the supports material is vital and highly influential aspects in the electrochemical 

industry.
71, 84, 90

 Different morphology, composition, orientation and characteristics of the 

supporting material gives rise to special kind of catalytic activity. Briefly, its well studied that 

catalytic support by any means constitutes a very active area and develops a better 

electrocatalyst for HER applications. The interfacial contact between two contrast phases 

improves the catalytic activity of the material. The synergic effect introduced by the two or 

more different components can exhibit unique chemical and physical properties. The 

readjustment of electronic structure results in stabilizing active catalyst by facilitating diverse 

adsorption sites and accelerating charge transfer process. Some supported dispersing material 

prevents the agglomeration of the nanoparticles in the synthesis process and prevents the 

blockage of active sites. Sometimes its seen that the metal electrocatalyst gets leached out into 

the solution, a suitable supporting material could prevent this and stabilized the electrocatalytic 

activity. Though carbon and non-carbonaceous materials have been used for support materials, 

still the search is continuing for more better material. Carbon support like graphene oxide, 

graphene, carbon nanotubes, carbon nanobelts etc. are the well known conducting supports. 

Such nanostructures facilitate enhanced catalytic activity to the catalyst materials and improve 

the electrical and mechanical properties as well. For example, if taking the example of 

carbonaceous materials CNTs and CNFs possess superior electrical conductivity because of the 

high surface area lead to enhanced catalytic activity.
91-92

 The non-carbonaceous material like 

silica, oxides and zeolites etc. also have picked up race as the supporting assistance. On the 

basis of a different kind of morphology and conductivity of the supporting material, the 

catalytic activity of the electrodes could be tuned to a specific purpose. These all are the well 

studied supporting material but graphene oxide, RGO, and silica are the widely used supporting 

material. In this work, the use of these supporting material as a carbon source or as supporting 

material along with the silica has been introduced and their electrocatalytic activity has been 

studied. Various oxides and their composites with other carbon compounds have been applied to 

the catalyst for better activity. Of course, SiO2 is well known neutral material for catalyst 

support and the catalytic activity obtained by a combination of nanoparticle in-situ growth and 

such supports is interesting.
89, 93
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1.5. Molybdenum and Hydrogen production 

In today's scenario, the electrochemical catalytic reaction is the promising method to produce 

renewable energy in which water, carbon dioxide and nitrogen are used to converts into high 

energy carrier such as hydrogen. Simultaneously or separately the same strategy has been also 

used to convert them into oxygen, hydrocarbons, ammonia etc. Electrocatalytic water splitting 

is among the best ways to produce a renewable source of energy. The electrocatalyst being an 

important part of the water-splitting reaction remarkably enhances the performance of the 

overall process. Electrocatalyst broadly has been categorized into noble metal electrocatalyst 

and non-noble electrocatalysts sections depending upon the abundance, cost, physical and 

chemical properties. A noble metal consists of Pt, the state of art HER electrocatalysts and Pt 

derived electrocatalyst materials which have excellent catalytic activity. The second category is 

of non-noble electrocatalyst which usually contained a transition metal like Mo, W, Ni, Cu, Co 

etc and their derivatives which could be the best alternative for the noble metal electrocatalysts. 

The third category of non-metal has also existed which includes the non-metal like boron, 

sulphur, carbon, nitrogen, phosphorus and selenium which serves as to construct metal-free 

electrocatalysts or can be used as heteroatom doping in the metal composites.
94-95

 Although 

platinum is the best option for HER electrocatalyst, the cost and the dearth of such metals 

obstruct the commercial level hydrogen production. These factors make researchers to concern 

about the alternative of such material and use of non-noble metals. Non-noble electrocatalyst 

has been divide into two categories, one belongs to the organic liganded metals like Ni, Mo and 

Fe and inorganic compounds of metals. Interestingly hydrogenous is the best competitor to the 

platinum which functions even at thermodynamic equilibrium with high catalytic rate. 

Hydrogenous is the most efficient hydrogen-generating catalyst employing the first-row 

transition metals like Fe, Ni at the catalytic centre of their active sites. Another biocatalyst 

nitrogenase having Fe and Mo as catalytic active centres and assists in ammonia generation 

from nitrogen fixation and used for limited production of hydrogen. Hydrogen generation by 

mimicking the natural mechanism as in algal hydrogenases hydrogen production could be the 

sustainable alternative to industrial hydrogen production. The existence of Mo, Ni, Fe type 

metal in such biological process inspires the researcher to use such earth-abundant, catalytically 

favourable transition metals. In a distinctive the Volcano plot describes and pictorially 

represents the hydrogen adsorption energy of transition metal M = Nb, Mo, Ni, Pt, Au, Ag, etc. 

lies as Mo >Ni> Pt which signifies that the compared to Pt the other metals shows strong metal 

hydrogen bond (Mo, Ni) that could encumber the hydrogen discharge form active sites.
69, 96-99
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However, as mentioned in the previous section the inclusion of inorganic compounds can 

amend the bond between metal and hydrogen that could result into achieving a Gibbs free 

energy comparable to Pt for hydrogen generation in an acidic environment. The vast existence 

of Ni, Fe, Cu, Mo etc in earth crust that motivates the people to find out alternative form these 

transition metals could provide the economical and efficient electrocatalyst for water splitting 

reactions. Transition metal derivatives like metal carbide, metal oxide, metal sulphides, metal 

nitrides etc are among the known HER electrocatalyst. If the selection is made on the basis of 

economical and activity aspects among transition metal derivative, carbide could be the suitable 

candidate for HER electrocatalyst. Amongst the transition metal carbides, molybdenum 

derivatives especially molybdenum carbide could be the suitable candidate for HER 

electrocatalytic activity.
69-70, 90

  

1.5.1. Molybdenum carbide as electrocatalyst 

Molybdenum carbide has been getting attention since it was found that it could be a good 

catalyst for hydrogen evolution reaction. The pioneered work on carbide in transition metal was 

done by Lee et al. and Boudart’s group in the eighties. They proposed that synthesis of 

molybdenum carbide through carburization process of bulk molybdenum oxides through a 

temperature programme reduction method in a gas atmosphere of  20% methane in hydrogen at 

700 °C. Molybdenum carbide due to similar electron density of state of d-band to that of Pt 

shows excellent hydrogen adsorptive activity favourable to the HER electrocatalysis. Such 

activity originates from the metal-carbon bond formation as a result of the d-band modification 

in the structure of molybdenum carbide. However, in molybdenum carbide, the active sites are 

hampered by the poor processability and easy aggregation which leads to the activity 

degradation. The formation of the oxide materials in the surface of the molybdenum carbide is 

another factor that limits the corrosion of electroactive material in all pH range application. The 

problem generally minimized by using high surface area support material.
94, 100-101

 Initially, 

molybdenum carbide has been used as supporting material for Pt electrocatalyst. In 2012 Vrubel 

et al when investigated the catalytic activity of Mo2C in wide pH range with excellent activity it 

was assumed it could be the best alternative of Pt and WC based catalyst which has instability 

issues in wide pH range functioning.The optimisation and the activity upgrading has been 

continuing since then by nanostructuring and synergic enhancement.
100, 102

 The stability and 

activity optimisation of the material has been performed and studied by nanostructuring, dopant, 

hybridization with supporting material. There has been a lot of theoretical and experimental 

studies on molybdenum carbide for improving the catalytic activity of the material. The 
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economical abundance and excellent sulfur toxicity resistance of molybdenum carbide 

categorised it a perfect substitute for noble metals. The comparable activity of molybdenum 

carbide not only in hydrogen generation but also has very good activity towards hydrocarbon 

dehydrogenation, hydrogenolysis and in isomerisation reaction. Such belongings of 

molybdenum carbide formulate the broad application prediction in the catalyst field together 

with the hydrogen generation process. The excellent catalytic activity was shown by 

molybdenum carbide in all pH range and the tunable properties regard it as the future 

electrocatalyst for hydrogen generation.
98, 101

 From Vrubel to now a lot of improvement and 

studies have been performed to optimised the catalytic activity of molybdenum carbide which is 

still going on. Various optimization has been performed including nanostructuring process, 

heteroatom doping, conductive phases and synergic factors have been included in order to study 

the activity. MOFs supported MoCx nano-octahedron investigated by Xia et al. and ultrafine  -

Mo2C on graphene substrate produced by Chen et al. shows excellent catalytic activity. In 

recent times, Xu et al. developed the  -Mo2C nanoparticles grown on N-doped carbon 

nanotubes have also been investigated and shows remarkable catalytic activity towards HER. 

However, there is still a large possibility for optimisation of material selection and catalyst 

designing, the struggle is till continue to obtain the best economical catalyst for HER 

applications. Other molybdenum derivatives like molybdenum oxide, sulphides, nitrides, 

phosphide and selenide etc. have also been investigated and their durability and scarcely 

aggregation tendency attract much attention towards HER applications.
85, 90, 100

 

1.5.2. Molybdenum derived composites  

Molybdenum carbide has been investigated through different synthesis and optimisation 

process. Similarly, other molybdenum derivatives like molybdenum nitride, molybdenum oxide, 

molybdenum phosphide, molybdenum sulphide and molybdenum selenide have been 

investigated. Because of there fascinating physicochemical properties, they also have 

accomplished significantly interest in hydrogen generation technology.
85, 103

 However, the 

stability issues of Mo based derivatives under realistic catalytic condition got much concern in 

the field of catalytic study. The Mo based nanocrystals onto carbon or some other conductive 

substrates can efficiently enhance the structural as well as catalytic stability. The interesting 

properties of Mo/carbon-based nanostructure hybrid material have been tailored but the 

esteemed interaction between Mo-based composites and sustaining materials are still exigent. 

The dexterous tailoring of hybrid material assuages the agglomeration of metal species. These 

concerns have been challenged through using MOFs, polymers, polymer/organic substrates, 
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silica or other carbonaceous supports in order to improve the catalytic activity and stability of 

the Mo- based materials. The significant interaction between supports and metal efficiently 

manages the size and aggregation of the materials at high temperature.
100-101, 104

  

1.5.3. Aim of the thesis  

In recent years, the transition metal carbides (TMCs) have been highly explored and have been 

studied with outcomes of astonishing corrosion resistance with commendable catalytic activity. 

The high physical and chemical stability of the transition metals and is a low cost and 

potentially high catalytic activity it becomes a hotspot in the hydrogen generation technology. 

The TMCs have already been explored widely to be used as a catalyst in electrochemical 

reactions, especially for hydrogen production. The TMCs typical are interstitial alloys and by 

density functional theory (DFT) it can be elucidated that the electronic structures of the 

transition metals get modified on the inclusion of carbon atom on carbonisation. This 

modification approaches the similarity of these carbides to the Pt metals and hence transition 

metal carbides and their derivatives show exceptional catalytic activities towards HER. 

Especially the molybdenum carbide electronic structure has a very close resemblance to the 

platinum metal after incorporation of the carbon atom.
87, 94, 104

 Molybdenum carbide has a 

tendency to works in the wide pH range. But, the lesser specific surface area of the materials 

leads to the lesser active sites, also the low electron conductivity hinders molybdenum carbide 

to works as efficiently HER catalyst. The general synthesis process for molybdenum carbide 

nanoparticles involves the use of carbonaceous gases in thermal reduction methods which 

involve the potential safety hazards. The high-temperature synthesis reaction and the 

carbonaceous gases lead to the sintering problem and the blockage of active sites by an excess 

amount of carbon in the synthesis process respectively. The activity of the catalyst hence can be 

increased through avoiding the sintering and by avoiding the loss of active sites. This whole 

process of increasing the efficiency of the electrode material could be done by different methods 

like by increasing the active surface area or active sites of the material, by increasing the 

conductivity of the material and by optimising the hydrogen adsorption energy of the material 

etc.
67, 94, 96, 101

 The study reveals that the carbide requires an innovative synthesizing method to 

shrink its particles size. It also realized that the combination with the appropriate conducting 

substrate, such as graphene oxide, reduced graphene oxide, carbon nanotubes, carbon 

nanoribbons etc. enhances the catalytic activity. The combination of such conductive substrates 

not only improves the catalytic activity of the material it also provides the additional active sites 

for hydrogen adsorption process. The increasing of active sites and optimising the free energy 
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of hydrogen adsorption close to zero escorts with the fast kinetics for hydrogen evolution 

reaction. These all properties in a single synthesis are hard to obtain thus a combined process to 

achieve this target is formed. An in-situ synthesis approach is applied by providing all the initial 

precursor to the reaction module and the various properties of the material have been modified. 

In this thesis, the prime aim is to synthesis and study the catalytic activity and the factors 

involved in the catalytic activity enhancements of the molybdenum carbide-based 

electrocatalyst for hydrogen evolution reaction. The catalytic property of the molybdenum 

carbide-based catalysts motivates us to find out the best of molybdenum derived composites. 

The bulk structured carbide, nitrides, oxides and phosphide etc. having some stability or 

catalytic incompatibility towards the hydrogen evolution reactions, but the assistance of the 

conductive supports, heteroatoms and/or the synergy of the additional phase is a really 

interesting area for study. Based upon the catalytic activity of the different molybdenum based 

catalyst, here, in this thesis a strategy of the in-situ composite synthesis has been used, in which 

biphasic molybdenum based carbide/oxide, carbide/nitride, carbide/phosphide, doping of 

heteroatom in carbide/nitride along with the carbon or silica support materials has been 

investigated. The thesis involves the synthesis of molybdenum derives electrocatalyst, their 

characterization process and the theoretical outcomes towards the HER application. The 

investigation consists of different aspects of the material that describes thermodynamics 

involves in hydrogen generation, synergy achieved in the composites by the in-situ synthesis of 

binary phase molybdenum composites along with the adsorption properties and the electronic 

properties of the materials. There are interesting facts to know about the upshot of the 

supporting material like biomass, graphene oxide, reduced graphene oxide and silica on the 

molybdenum derives composites. The theoretical investigation of the active sites for hydrogen 

evolution and the corresponding experimental outcomes of the catalyst towards HER 

mechanism is commendable, in this context several factors influencing the adsorption properties 

have been investigated. In this work initially, we study the nanoparticles dispersed on the 

biomass template. The surface decorated dispersed nanoparticles are key factors that typically 

shows the activity towards the HER process. The dispersed nanoparticles usually obtained by 

the deposition techniques but here we have grown in-situ nanoparticles on biomass templates. 

After that, the conductive support like graphene oxide has been used and the hydrogen 

evolution properties have been studied. The idea epitomizes here may possibly provide design 

and enlargement of the nanoparticles synthesis with the use of other available biomass materials 

or conductive templates and biphasic composites. The expansion of customized efficient 

electrocatalyst materials is the existent need of today electrochemical water splitting processes. 
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Hence, the doping of heteroatoms has further studied the enhanced catalytic sites in the material 

and found that copper doping in the molybdenum carbide and molybdenum nitride provides 

long term stability with improved catalytic activity to the material.The nanostructuring 

contributes quantum effects to the catalyst nanoparticles and in turns the charge transport, 

adsorption process gets modified to the unique properties. However, the too-small nanoparticles 

have a large specific area and large specific surface energy and the use of such nanoparticles is 

sometimes getting incompatible to use as an electrode material. Thus, it becomes obligatory to 

integrate them into the other proper matrix. Such a matrix not only provides the extra active 

sites to the material but also optimised the distribution of nanoparticles and adsorption process 

on the catalyst material. The developments of such electrode materials on the porous structured 

material provides stability and improved catalytic activity to the nanoparticles. The aggregation 

of the nanoparticles which hinders the electrocatalytic activity limits by such porous structured 

supports. The limitation to aggregation and the enhanced stability to the nanoparticles protects 

their functionality and improves the processability of the composites. This kind of functionality 

has been achieved by synthesizing the in-situ molybdenum carbide and molybdenum oxide 

nanoparticles with the supports of silica structure. The molybdenum carbide is HER active 

materials while molybdenum oxide having a metallic structure with a small tendency towards 

being HER electrocatalysts in nanostructured form. The combination of both structures provides 

the enhanced electrocatalytic activity in acidic medium. Similar activity trends have been 

observed in the combination of two different HER active materials molybdenum carbide and 

molybdenum phosphide. The stability and the activity obtained in mutually contrast phases is 

highly remarkable. However, the inadequacy of active sites which could further be enhanced 

can be explored through different concept and strategy. The intrinsic activity and interlayer 

conductivity of the material could also be enhanced with some other synthesizing methods in 

coming future. Hence, a combined strategy to simultaneously increases these properties of the 

catalyst are mutually complementary. Indeed, we found nanocrystallites of molybdenum carbide 

with the existence of contrast phases like molybdenum nitride, molybdenum oxide and 

molybdenum phosphide along with assisted porous substrates and doped heteroatoms in 

biphasic composites. The heterojunctions such formed are most active centres in the 

molybdenum based electrocatalyst. Such synthesized molybdenum based materials could be 

extended further to the lab-scale water-splitting devices and applications. 
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2. Materials and Methods 

This chapter will outline the brief description of the material used and the synthesis methods 

followed in the catalyst formation. The complete details of the synthesis method and materials 

used for a particular catalyst are mentioned in the corresponding chapter 3 to chapter 7. 

2.1. Materials 

The precursors used in the thesis are all of the analytical grades and used without any further 

purification. The precursor-like ammonium molybdenum tetrahydrate ((NH4)6.Mo7O24.4H2O, 

Copper Nitrate trihydrate (Cu(NO3)2.3H2O), Hexamethyltetramine (C6H12N4), Tetraethyl 

orthosilicate ((C2H5O)4Si); Melamine (C3H6N3), Diammonium hydrogen phosphate 

((NH4)2HPO4); Ammonium Hydroxide (NH3.H2O), N, N Dimethylformamide (HCON(CH3)2, 

Glucose (C6H12O6), Nafion perfluorinated resin solution, 5 wt % in lower aliphatic alcohols, 

sterilized cotton has been used in the catalyst synthesis. Acetic acid (C2H4O2), Citric acid 

(C6H8O7); Ammonium Hydroxide (NH3.H2O), Ethanol (C2H5OH), Hydrochloric Acid (HCl) and 

Graphite flakes are also used in the precursor synthesis. The respective company and the purity 

details have been described in the corresponding chapter. Deionised water is used in all the 

synthesis process. 

The synthesis of graphene oxide is carried out with using sulphuric acid (H2SO4), phosphoric 

acid (H3PO4), potassium permanganate (KMnO4), hydrogen peroxide (H2O2), and diethyl ether 

(CH3OCH3) along with the excess amount of deionized water. 

2.2. Synthesis Methods 

Initially, a metal precursor has been synthesised through a liquid phase solution method or 

hydrothermal method and the same metal precursor has been calcined with the desired non-

metal precursor in an inert atmosphere. The process also involves the synthesis of conductive 

supports like graphene oxide and the reduced graphene oxide with the corresponding metal 

precursor before the catalyst synthesis. 

2.2.1. Synthesis of Catalyst Precursors 

The catalysts precursors have been synthesized by hydrothermal method and the liquid solution 

method. The complete description of the precursor synthesis has been described in the 

corresponding chapter from chapter 3 to chapter 7. Here, a brief description of the synthesis 

method and its principle has been explained. 
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2.2.1.1. Hydrothermal or Solvothermal Process 

This method involves the synthesis of material via chemical reaction above the ambient 

temperature and pressure in a sealed container. The concept of the hydrothermal process 

instigates from some natural process occurs inside the earth crust under the effect of pressure 

and heat in the water as the solvent. In the non-natural hydrothermal synthesis, the material 

synthesis usually executes in the steel pressure vessel known as an autoclave. The hydrothermal 

process generally involves the water as a solvent but in an inorganic solvent, the process is 

termed as the solvothermal process.
1-2

 The solvent occasionally acts as a catalyst and a medium 

for solubility of the metal precursor or salt at elevated temperature and pressure. The method 

has also been used for the creation of rough surface at a temperature above the ambient 

conditions and relatively high pressure. It provides single-step material synthesis relatively at 

mild conditions. The existence of synergistic effect under the combined effects of high 

temperature and pressure inside the autoclave produces a crystalline material which generally 

doesn’t require any post-annealing treatments. The synthesis is completely environment-

friendly and endows with superior dispersion in solution. Moreover, it is an inexpensive and 

easy method for crystal growth compared to other methods.
3-5

 

2.2.1.2. Liquid Phase Method 

In this method, the reaction proceeds through dissolving the reactant species under mild 

conditions in a certain solvent. The process either follows the dissolution of the material in 

water or forms a solution which could dry in the air, in vacuum or in the oven at mild 

temperature. The liquid phase method requires a very mild condition for the synthesis of 

material or precursors.
6-8

 

2.2.1.3. Synthesis of graphene oxide and reduced graphene oxide 

The substrates or support material like graphene oxide has been synthesized with well known 

improved Hummer method. The method involves the use of the desired amount of the graphite 

flakes (3 g) in the solution mixture of sulphuric acid (360 mL) and the phosphoric acid (40 mL) 

in 9:1 ratio. Then the solution mixture is stirred for ten minutes and 18 g of KMnO4 is added 

which generally is an exothermic reaction. The mixture was stirred at a slightly high 

temperature of about 50 °C for 12 h followed by cooling at room temperature. The obtained 

solution was then poured into ice (400 mL) with the addition of 3 mol of hydrogen peroxide 

(H2O2).  The mixture was filtered and the filtrate was centrifuged and washed with water (200 

mL) followed by HCl (30%, 200 mL) and then with ethanol (200 mL). In each washing, the 
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solution was filtered and the filtrate was centrifuged. After the repetitive washing, the remaining 

material was coagulated with 200 mL ether and the resulting solution was filtered again. The 

remaining powder then was vacuum dried.
9-10

 The obtained graphene oxide was further 

thermally reduced at 900 °C to obtain the reduced graphene oxide. 

2.2.2. High-temperature calcination 

The high-temperature treatments of the catalyst precursors synthesized through above-

mentioned methods is a required process to finally obtained the carbide, nitride, oxides,  

phosphides and nitride etc. of transition metal. In this process, the obtained oxide precursor 

undergoes temperature-programmed calcination process either in an inert atmosphere or a 

gaseous source that contributes to the synthesis process of carbide, nitride, phosphide and 

sulphide etc. During the calcination process, the heating condition is controlled by the 

programmed temperature.
11-12

 In temperature-controlled calcination method, the metal oxide 

reacts either with the gaseous source or with the solid present to yield the desired product. This 

method has been developed by Boudart et al. in order to synthesize the molybdenum carbide 

form molybdenum oxide in the presence of methane and hydrogen gas mixture. The yield of the 

final product highly influenced by the reactant ratio, gas rate and the calcination temperature 

which controls the specific surface area and the crystal structure of the material. The 

temperature-programmed method mostly has been used for the synthesis of metal carbides.
13-16

 

2.3. Characterization Techniques  

2.3.1. Powder X-ray diffraction  

X-ray powder diffraction (XRD) is an analytical technique used for determining important 

properties of the crystal structure of a solid such as lattice constant, geometry, orientation, 

defects, and for identification of unknown materials. It was discovered by Max von Laue, in 

1912. The principle of X-ray diffraction was explained by Lawrence Bragg presently termed as 

Bragg’s Law (Equation 2.1). He proposed that when X-rays of a particular wavelength (usually 

ranging from 0.7 to 2θ) are shined on a crystalline sample, it gets scattered from the lattice 

planes separated by the interplanar distance d as shown in figure 2.1.
17-18

  

When the scattered waves undergo constructive interference a Bragg’s peak is observed. 

Constructive interference means the path lengths of the two waves is equal to an 

integer multiple of the wavelength of incident X-rays. The path difference between the two 

waves undergoing interference is given by 2dsin θ, where θ is the glancing angle n is a positive 

integer and λ is the wavelength of the incident wave. The X-ray wavelength commonly 
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employed is the characteristic Kα radiation, λ = 1.5418 Å, emitted by Cu. XRD is a non-

destructive technique that does not require elaborate sample preparation. Powder samples are 

finely grounded, homogenized, and then directly loaded on the XRD sample holder.
18-20

 

 

 

Figure 2.1. The schematic showing the incident and the diffracted rays with path difference. 

(Image is taken from Wikipedia) 

 

Due to its easy handling, it is a widely used material characterization technique. Most of the 

materials have a unique diffraction pattern, a slight shift in the Bragg’s peak indicates a change 

in the lattice constant of the structure which can be due to homogeneous strains. A theoretical 

structure can also be refined using a method known as Rietveld refinement. Further, the particle 

size of the powder can also be determined by using the Scherrer formula (Equation 2.2), which 

relates the particle size to the peak width.  

Where λ is the wavelength of the X-rays, D is the size of the crystal, B is the full-width half 

maxima of the diffraction peak, ϴB is the diffraction angle, and K is the Scherrer’s constant of 

the order of unity for the usual crystal.
21-22

 In this thesis, powder XRD measurements were 

performed to study the crystal structures of the materials. XRD patterns were recorded using a 

Bruker Eco D8 setup using Cu Kα radiation (λ = 0.154056 nm). 

The compositional analysis of the catalyst phases is competed with Rietveld refinement using 

TOPAS 5 software Bruker and full proof measurements. The complete details of the respective 

measurements and the corresponding outcomes are given in the corresponding chapters of a 

particular catalyst.  
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2.3.2. Scanning electron microscope 

A scanning electron microscope (SEM) is another type of electron microscope that uses a high 

energy electron beam for generating images of the sample. Unlike TEM, in SEM focused 

electron beam of spot size around 5 nm is made to raster scan over the sample surface with the 

help of deflection coils. The energy of the electron beam can be varied from a few hundred eV 

to 50 eV, depending on the nature of the sample. After striking the surface, the electrons 

penetrate the surface and different interactions take place that results in the emission of different 

types of electrons and photons from the sample. Secondary electrons are generated when 

incoming electron beam undergoes inelastic scattering with the atoms of the sample. A part of 

the energy is transferred to another electron which on gaining sufficient energy is emitted from 

the surface and is termed as a secondary electron.
23-24

 A secondary electron is always emitted 

from the surface of the sample, as a result, it yields information about the surface and 

morphology of the material under analysis. Backscattered electrons, however,  are produced due 

to elastic interactions between the beam and the sample. They have the same energy as that of 

the primary electron beam.  

 

Figure 2.2. Schematic showing components of SEM. (Image is taken from Wikipedia) 

The backscattering images are highly dependent on the atomic number of the material, higher 

the atomic number brighter the image and are used for determining the variation and 

distribution of an element in a material.
25-26

 Another type of emitted electrons is termed as 
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Auger electrons or X-ray photons.  When the interaction electrons of primary beam collide with 

the atom and eject a core electron, the excited atom emits characteristic X-ray photon or an 

Auger electron and comes to its ground state. These electrons are used for elemental and 

quantitative compositional analysis of a sample. In a typical SEM, normally backscattered and 

secondary electrons are detected.  The emitted backscattered electrons are collected by a solid-

state detector and an Everhart-Thornley detector for secondary electrons. A SEM (as shown in 

Figure 2.2) consists of an electron gun, high vacuum column through which electron beam 

travels, electron detector, sample chamber, and desktop for viewing and capturing the images of 

the samples.
27-29

 

In the present thesis, the surface morphology and composition were examined by JEOL (JSM 

IT-300) scanning electron microscope equipped with the energy-dispersive X-ray spectroscopy 

(Bruker). 

2.3.3. Transmission electron microscope 

Transmission electron microscopy is a powerful structural characterization technique heavily 

used in material science, metallurgy, and biological sciences for determining the morphology, 

size, and crystal structure of the sample. A transmission electron microscope (TEM) works on 

the same principles as that of a light microscope but uses a high voltage electron beam instead 

of light as the source of illumination. The resolution of a light microscope is limited by the 

wavelength of light and is very well explained by Abbe’s equation. In 1873, Ernst Abbe 

proposed that when the light of certain wavelength (λ) travels through a medium with ‘n’ 

refractive index making a half-angle ϴ on the objective angular aperture then the minimum 

resolution that it can provide is given by equation 2.3. 

Where        is termed as the numerical aperture (NA) of the objective. If green light of 

wavelength 500 nm is used for illuminating a sample through an objective of NA ‘1’, the 

Abbe’s limit comes out to be 250 nm. This means if the distance between two molecules is 

equal to or less than 250 nm than the microscope will not able to resolve it. In a TEM, electrons 

are used as a source of illumination and their much lower wavelength makes it possible to get a 

resolution to the order of a few angstroms.
30-33
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 A TEM instrument is composed of several components (shown in figure 2.3), which include an 

illumination system constituting an electron gun and the condenser system.  In all the modern 

days TEM lanthanum hexaboride (LaB6) crystal is used as the electron source. The electron gun 

generates an electron beam which falls on the sample. The condenser system focuses the 

generated electron beam onto the sample. Image producing system consists of objective, 

condenser, intermediate, and projector lenses and movable specimen stage. A condenser lens is 

responsible for primary beam formation, while the objective lens is used for initial 

magnification of the image, intermediate lenses magnify the image coming from the 

objective lens. At last, projector lens expands the beam onto a phosphor screen. Finally, the 

image recording system converts the electron image created on the fluorescent screen with the 

help of a CCD camera into a digital image.
34-36

 

 

Figure 2.3. Components of a transmission electron microscope. (Image is taken from 

Wikipedia) 
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In the present thesis, TEM, high-resolution TEM (HRTEM), energy-dispersive X-ray analysis 

(EDX), scanning transmission electron microscope (STEM)-EDX, and selected area electron 

diffraction (SAED) measurements were carried out with a JEOL model 2100 instrument 

operated at an accelerating voltage of 200 kV. 

2.3.4. BET Study 

BET is the primary technique that has been in use for surface analysis of the materials. The 

surface properties like pore size, pore-volume, pore structure etc. are analyzed by the BET 

measurements. The BET analysis is based on the adsorption of the gas molecules on the surface 

of the material. The gas molecule adsorption basically acts as the basis of the BET technique for 

the measurements of different properties. Stephen Brunauer, Paul Hugh Emmett and Edward 

Teller were who describes the BET theory in 1938 and published an article about it. Brunauer et 

al extended the Langmuir theory of monolayer adsorption to multilayer adsorption and the 

interactions between gases and the solid material is described by the following equation 

where V is quantity adsorbed in cm
3
 (STP)/g and Vm is the monolayer adsorbed gas quantity, P 

and P₀ are the equilibrium and the saturation pressure while P/P₀ corresponds to the relative 

pressure and C is a constant related to the heat of adsorption of the gas on the solid.
37-40

 

The BET theory generally uses the multilayer adsorption of the gas molecules which are 

chemically inactive to the surface of the material. The carbon dioxide, argon, nitrogen and water 

are some adsorbate that generally has been in use for material analysis. The nitrogen is the 

prefered gaseous adsorbate that has been used for surface inquisitive in the BET method. The 

analysis is carried out at a nitrogen boiling point temperature (77 K). The surface area 

measurements by nitrogen multilayer adsorption are measured as a function of relative pressure.  

The same adsorbate is used for the measurements of the surface area at different temperature 

and measurement scale. The adsorbate molecule and its cross-section are the crucial factors that 

describe the surface area of the material because the surface area is generally known as a scale-

dependent property. In this technique, the specific surface area of the material analysed on the 

basis of pore area and the external area which yields the important information about the surface 

porosity and the particles size of the materials. The BJH analysis further employed to 

specifically determine the pore area and specific pore volume using adsorption and desorption 

techniques. The BJH theory makes the pore size distribution independent on the external surface 

area of the material.
37, 41-43
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 In the present thesis, the surface area and pore size distribution of the samples were done by 

Autosorb IQ Quantachrome instrument using the Brunauer-Emmett-Teller (BET) and the 

Barrett-Joyner-Halenda (BJH) equation for all the particle analysis. 

2.3.5. X-ray photoelectron spectroscopy 

X-ray photoelectron spectroscopy (XPS) is a surface characterization spectroscopic technique 

used for determining the elemental composition, empirical formula, oxidation state, and 

electronic state of elements present in the material to be analyzed. The basic components of the 

XPS system are shown in figure 2.4. XPS works on the principles of the photoelectric effect.  

 

Figure 2.4. Basic components of a monochromatic XPS system(Image is taken from Wikipedia) 

When X-ray beam of sufficient energy bombards on a sample i.e. if the photon energy is more 

than the binding energy of the core electron, the core electrons become excited and escape from 

the atom and emit out of the surface. The binding energy of solids is determined by equation 

2.5. 

Where BE is the binding energy of atom from where the electron has ejected, KE is the kinetic 

energy of the electron and Φ is the work function. The kind of radiation used decides the types 

of ejected electron and the techniques accordingly.
44-45

 The UV rays can eject the valence 

electrons and provides the information about the bonding in molecules and the technique name 

as ‘Ultraviolet Photoelectron Spectroscopy’. In order to eject the core electron, the sample is 

irradiated by the soft X-rays having energy range between 200-2000 eV, and the technique 

named as X-ray photoelectron spectroscopy. The most common sources are magnesium (Mg Kα 

              (2.5) 
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hν = 1.25 keV ) and aluminium (Al Kα hν = 1.49 keV). The monochromatic beam penetrates 

the sample to few nanometers (3 – 10 nm for an Al Kα) and the emitted electrons directed to the 

analyzer through electrostatic or magnetic lenses. An XPS spectrum is obtained by plotting the 

number of electrons ejected with respect to their binding energy. A set of peaks emerge in an 

XPS spectrum that further helps in determining the chemical state and electronic state of the 

material under observation. A typical XPS system comprises of a source of X-rays, an ultra-

high vacuum (UHV) stainless steel chamber with UHV pumps, an electron collection lens, an 

electron energy analyzer, Mu-metal magnetic field shielding, an electron detector system, a 

moderate vacuum sample introduction chamber, sample mounts, a sample stage, and a set of 

stage manipulators.
45-48

 

In the present thesis, the X-ray photoelectron spectroscopy (XPS) analysis was carried out in 

PHI 5000 Versa Probe II, FEI Inc. scanning XPS microprobe and  ESCALab: 220-IXL with Mg 

Kα non-monochromated X-ray beam having photon energy 1253.6 eV in order to know the 

chemical states of the materials.  

2.3.6. Electrochemical Techniques 

The electrocatalyst and the electrocatalysis terms have been widely accepted now in 

electrochemical reactions, although various controversy still exists about the emergence of the 

electrocatalysis process. The electrocatalysis deals with the electrode material and the electrode 

kinetics. The selectivity of the electrochemical reaction and the reaction kinetics are the basic 

terms that depend upon the electrode material. The reaction rate and electrocatalysis mechanism 

affected by the electrode material where such reaction occurs. The surface of such material 

having different active sites and these sites are regards as the centre for electrochemical 

reaction. The active sites adsorb the intermediates on the surface of the material which assists 

the reaction to proceed in a fast way. These sites generally involve the electron transfer and 

such material which adsorbs the intermediates are known as an electrocatalyst. The 

electrocatalyst has a fast electrochemical reaction rate as compared to other materials. The 

electrochemical techniques can be divided on the basis of control parameters like potential, 

current or charge. In this section, a brief description of the various techniques used in the 

electrochemical study and the terms involved throughout the thesis will be discussed 

particularly for the hydrogen evolution reaction.
49-52
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2.3.6.1. Electrochemical Process 

Electrochemical techniques are the basis to understands the functionality of the electrode 

material at the surface of the material.  The techniques involve a better understanding of the 

electrochemical processes occurs in the electrochemical cell. The electrochemical process 

generally is of two types, the Faradic in which electron and charge transfers through an 

electrode-electrolyte interface is in accordance with the Faraday law while other is the non-

Faradic process. The charge transport through the interface is the reason for oxidation and 

reduction in the chemical reactions. This could be through any of the processes named as 

diffusion, convention or migration and completes the particular process. Thus, it's necessary to 

know the concentration of the reactant throughout the reaction and it's simply related to the time 

and distance from the electrode as expressed as the equations on the next page.
53-55

 

Where n, A,      and F have their usual meaning and              is the concentration of the 

redox-active species near to the electrode surface. The diffusion-controlled processes are 

dependent on the strength of the movement species in accordance with time and distance from 

electrodes which are described by the Ficks laws; 

and the change in Faradic current is given by the Cottrell equation and gives that much amount 

of current passes through the electrode surface according to Fick's second law;  

The equation 2.10 gives the maximum output current that actually depends upon the current and 

voltage output conditions of the potentiostat.
55-59

 

2.3.6.2. Electrode configuration: Two and three-electrode setup 

The experiments were performed in a standard three-electrode setup electrochemical cell. The 

setup consists of the working electrode, reference electrode and counter electrode. The glassy 

 I=dq/dt (2.6) 

                          (2.7) 

Fick’s first law J₀= ―D₀ 
    

  
 (2.8) 

Fick’s second law     
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carbon electrode serves as a working electrode and Ag|AgCl (3M KCl) electrode has been used 

as a reference electrode. The platinum wire or carbon rod was used as a counter electrode in all 

the measurements. Although there is two-electrode configuration also available, the three-

electrode setup has more authenticity and accuracy as compared to the two electrode setup. In 

the two-electrode set up the current and the voltage measurements senses between the same 

electrodes. The experiments generally have complex outcomes and consequent analysis. The 

two-electrode configuration generally used in electrochemical energy devices. The 

configuration also used in the systems in which a low current or a short time span of current is 

used. Such systems also have a well-poised counter electrode and have no significant drift over 

the course of the experiment.
60-62

 In the three-electrode system, the reference electrode is 

different from the counter electrode and used as the third electrode in the system. This electrode 

is also connected to the working electrode in order to measure the voltage between the working 

and reference electrodes. In other words,  here the counter and counter sense to counter 

electrode, working and working sense to the working electrode and the reference to the 

reference electrode is connected. The counter electrode’s surface area needs to be higher than 

that of the working electrode, or otherwise, it will be a limiting factor in the kinetics of the 

reaction. In a two-electrode system, the measurements can be performed without reference 

electrodes but in a three-electrode configuration, we generally apply the difference in potential 

between the working and the counter electrode. The configuration measures only one half of the 

cell and allows the specific reaction to study with more accuracy. The setup analyze the whole 

electrochemical cell as compared to test a catalyst for half cell reaction.
53, 60, 62

  

Here in this thesis, the measurements were conducted using CHI 660E and its updated version 

CHI 760E electrochemical potentiostat having three electrode configurations consist of 

Ag/AgCl, glassy carbon and carbon-based electrode as a reference, working and counter 

electrodes respectively. 

2.3.6.3. Cyclic and Linear Sweep Voltammetry 

The linear sweep voltammetry demonstrates the sweeping of potential with a constant rate 

within a potential window. If the same scan reverts, again and again, the technique is termed as 

the cyclic voltammetry and the recorded data as current vs potential represents the 

voltammogram. The activity of the material in HER study is evaluated with both of these 

techniques by comparing the data recorded in terms of the voltammogram and comparing with 

the other catalyst.
54, 63

 The linear sweep voltammetry recorded at slow scan can be a useful 
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method to obtain the Tafel slope and can describe the mechanism through which the reaction 

proceeds. The cyclic voltammetry is used to evaluate the surface properties like oxide 

formation, mass loading and morphology of the catalyst through the electrode-electrolyte 

interface, the number of cycles along with scan rate and range of potential respectively. The 

activity of the material also affected if there is any change in structure or change in oxidation 

number of surface material that can be observed by the change in activity with respect to 

cycling. The repetitive cycles evaluate the stability of the catalyst which can be better 

demonstrates further with long term electrolysis at specific current density.
54, 64-65

 

2.3.6.4. Electrode Kinetics 

The electrode potential is the general terms that characterised the electrochemical reactions 

occurs at the surface of the electrode and the potential is termed as Erev that has been evaluated 

from the Nernst Equation. From the electrochemical study of various materials and the expertise 

reveals that electrode potential sturdily affects the kinetics. This could be understood from the 

fact that some material rapidly evolves hydrogen at some potential while other requires higher 

potentials. All the Faradic process across the interface involves reduction and oxidation of the 

species by electron transfer. The electrode material and its structure, composition and nature 

along with the type of electrolyte also affect the electrochemical kinetics. In the equilibrium 

state, the exchange current density ( j₀) describes the rate of electrochemical evet across the 

interface and measures the reversibility of the electrode reaction. The change in the value of 

potential from Erev deviates the system from the equilibrium and a finite amount of current starts 

flowing through the electrochemical cell. Thus a finite potential necessitates that proceeds the 

electrochemical reaction and includes the thermodynamic and kinetic contribution that 

particularly describes the energy dissipation.
54, 61, 66-67

 This potential or energy dissipated to 

surmount the reaction resistance is known as overpotential.  

The Butler-Volmer equation relates the reaction rate with overpotential as follow (from 

equation 1.22 in chapter 1). 

This is the fundamental equation of electrode kinetic in the electrochemical process that 

depends upon the overpotential η and relates to the current density j₀. The equation 

demonstrates that with the change in the potential, the electrode reaction and its kinetics get 

   E  Erev (2.11) 

             
α   

        
α   

      ] (2.12) 
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changed. α  and α  are the transfer coefficient related to the anodic and cathodic half cell 

reactions. The plot between η vs j is called the polarization curve. The whole process of energy 

dissipation or the potential applied is a combination of the potential require due to activation 

energy, a composition gradient near the interface and the ohmic resistance. The potential value 

described the behaviour of the electrochemical process and the Butler-Volmer equation 

describes the kinetics accordingly.
68-71

 If the potential is very less (|η|≤5 mV), the Butler-Volmer 

equation describes a linear functionality between current density and the overpotential and it 

can be written as; 

The equation 2.13 establishes a linear relation to the current density and the overpotential within 

the slight potential range close to the equilibrium potential and corresponding slope of the 

equation describes the charge transfer resistance of the material. At the higher value of the 

potential the equation 2.12 describes the non-linear behaviour of the electrochemical reaction 

with potential and both the half cell anodic and cathodic reaction behaves independently and the 

equation seems to be followed the following equations; 

 

The equation could be expressed as            , with a and b with their corresponding 

values.  The semilogarithmic plot log j vs. η represents the Tafel line and evaluates the useful 

information about the kinetic parameters. The Tafel line generally represents both anodic and 

cathodic branch and extrapolation of the curve to     , the value of current density j 

corresponds to the exchange current density j₀. The Tafel slope values describe the well-defined 

mechanism in the electrochemical system depending upon the Tafel slope values however its 

deals with the assumption that says Tafel slope is independent on the overpotential.
72-76

 Hence, 

there is always an ambiguity about the mechanism and the assumption that says and depends 

upon the constant value of the Tafel slope. The current ‘I’ and current density ‘j’ are the 

extensive quantities that depend upon the size and area of the electrode. The Tafel slope ‘b’ is 

an intensive quantity which basically rellies upon the reaction mechanism rather than the 

electrode size and becomes a significant factor in the electrochemical study. The comparative 

study of the material with their Tafel slope asses the activity of the corresponding material and 

facilitate in the pronouncement of a suitable catalyst for the hydrogen generation process. Thus 

 j  j₀          (2.13) 

From (2.12) anodic             


      (2.14) 

From (2.12) cathodic               


      (2.15) 
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a low value of Tafel slope points towards the lower values of energy consumption and describes 

the suitable catalyst for a particular reaction with the same production rate.
53, 66, 73, 77

 

2.3.6.5. Electrochemical impedance spectroscopy  

The prime concern in an electrochemical study is to obtain the results with minimum errors. The 

potential requires to generates hydrogen in the electrochemical process based upon the 

conductivity or resistance of the material. Besides that, there are numbers of other resistive 

parameters also that affects the overall process of hydrogen evolution.
50, 78

 The ohmic loss is the 

permanent loses that occurs in the measurements and need to be corrected. The factors involved 

in such loses could be resistance from electrolyte that or it could be from the circuit connection 

etc. Impedance spectroscopy is the technique used to measure such ohmic resistance that which 

responses to the applied potential at different AC frequencies. The corrected potential (V) was 

obtained by subtracting the ohmic and other resistance from the applied potential and 

considered as “iR-corrected” potential. The resistance has been calculated through the 

simulation process by applying resistance (R), capacitance (C) or a combination of resistance 

and capacitance (RC) along with considering the other diffusion process. The resistance R could 

be a normal resistance or a transfer resistance and Capacitance (C) could be considered as the 

double layer or capacitance due to surface properties of the electrode material.
73, 79-83

 

Where iR is the term that consists of the overall resistive part of the circuit. 

2.3.6.6. Stability 

The selection of suitable material or the electrocatalysts for HER or any other electrochemical 

reaction entirely depends upon the two parameters in which one is the electrocatalytic effects 

and another one is the long term durability. The electrocatalytic activity is the prime factor that 

emphasis to study the electrochemical aspects of the material and entirely deals with the 

investigation of highly efficient HER electrocatalyst. The long term stability actually decides 

the catalyst efficiency of the material in a particular medium that also depends upon the 

working conditions.
51, 84-85

 For a commercial electrocatalyst, the catalyst must have high 

electrocatalytic activity as the ohmic losses present in the system directly affects the current 

density of the material. The losses must be minimized and for that purpose concentrated 

electrolyte that predicted by Kohlrausch’s law can be used. In other words, the charge species 

 Ecorrected= Emesured — iR (2.16) 
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like H
+
 and OH

 – 
generally used in the electrocatalytic system that provides the higher 

conductivity in the acidic and basic system respectively. Thus the catalyst must have been 

highly efficient to bear such harsh condition so that it can properly work for a long time span.
86-

89
 Such a crucial challenge is the biggest hurdle in finding a suitable catalyst for hydrogen 

generation system. Noble metal like platinum and platinum derivatives are the highly efficient 

and only naturally known catalyst which can fulfil such condition. Such a catalyst not only 

engaged owing to high efficiency but also have high corrosion resistance and stability in harsh 

mediums. Thus, the electrochemical engineering of the material towards the better choice of 

catalyst that efficiently generates the hydrogen is the crucial way to practically demonstrates the 

things. In the present thesis, the stability has been performed by the repetitive cycle in linear 

sweep voltammetry. The number of cycles and the corresponding time span during this process 

describes the better choice of the materials.
49, 83, 90

 

2.3.7. EXAFS and XANES Study 

The study of the internal structure and the local environment of the atom with absorption 

spectroscopy deals with the absorption coefficient (µ) and the energy of the incident and the 

excited electrons. The high energy electrons when exposed on the material the transmitted and 

the reflected component of the photoelectrons extracts the information about the internal 

structure of the material, molecules or a complex. The absorption coefficient gets modulated in 

accordance with the photoelectron scattering which basically is a function of photon energy. 

Such functionality of the absorption coefficient with the photon energy contains information 

about the atom and its local environment.
91-93

 

X-ray absorption spectroscopy illustrates the internal structure of the material. The absorption 

spectra indicate the features of the condense matter on the basis of photoabsorption cross-

section which describes the electronic transition that obtained between the atomic core level and 

the final state. The absorption spectra that obtained from the atomic core of the surface atom, on 

the basis of energy range could be divided into the two different energy region named as X-ray 

absorption near edge structures (XANES) and extended X-ray absorption fine structure 

(EXAFS). The XANES and EXAFS study for a particular material extract the information about 

symmetry, chemical bonding, interatomic distances and the coordination number. The study has 

an upper edge in determining the interatomic distance as compared to other techniques. XANES 

study deals within the few tens of eV of energy that ranges from the absorption edge to the 

threshold of EXAFS oscillation. In this energy range, the excited electrons have a continuum of 
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kinetic energy with a lager wavelength as compared to the interatomic distance between the 

central atom and the first neighbour. Here, the excited electron with low kinetic energy has a 

 

 

Figure 2.5. Three regions of XAS (Image taken from Wikipedia) 

 

strong possibility of scattering by the neighbouring atoms. Consequently, the exciting 

photoelectron undergoes through multiple scattering within the cluster formed by the first 

coordination shell and ultimately the second and third.
91-92, 94

 As the XANES study is 

independent on the crystal order and deals with the local site symmetry and thus the study could 

extract the information about the chemical bonding of unknown compounds and surface 

molecular complexes. The near-edge X-ray absorption fine structure ranges from the 5 eV 

above the absorption thresholds in which the photoelectron having very low kinetic energy (5-

150 eV). This low energy of photoelectrons having very large backscattering amplitude from 

the atoms and the multiple scattering becomes predominant in this spectra. The XANES spectra 

near to the absorption edge also termed as the near edge X-ray absorption fine structure 

(NEXAFS) but due to the multiple scattering, the interpretation of the structure is not easy. The 

NEXAFS and EXAFS can be distinguished on the basis of the wavelength of the photoelectron 

and the interatomic distance of photo absorber-backscattering pair.
92, 95-96

 The following 

equation 2.17  illustrates that at higher energy the wavelength is shorter than the interatomic 

distance which corresponds to the single scattering regime while at lower energy the higher 

wavelength associated with the multiple scattering regime. The high energy regime region 

having single scattering usually defines the near neighbour distance and coordination number. 

 Ekinetic= hv-Ebinding= ħ
2
k

2
/2m = ħ

2
(2)2

/2m (2.17) 
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The EXAFS spectra extended to the higher energy range from 40 eV to 800 eV above the 

absorption threshold and deal with the study of interatomic distance and the coordination 

number. This study gives information about the locality of absorbing atom and the local 

sensitivity is determined by the inelastic scattering to mean free path and the Debye-Wailer 

factor.
96-98

  

Here, in this thesis, the X-ray absorption spectroscopy measurements of the Mo-based catalyst 

and other standard materials was carried out at Energy Scanning EXAFS beamline (BL-9) at 

INDUS-2 Synchrotron Source( 2.5 GeV, 100 mA), ‘Raja Ramanna Centre for Advanced 

Technology’ (RRCAT), Indore, India. The beamline uses a double crystal monochromator 

(DCM) which works in the photon energy range of 4-25 KeV with a resolution of 104 at 10 

KeV. A 1.5 m horizontal pre-mirror with meridional cylindrical curvature is used prior to the 

DCM for collimation of the beam and higher harmonic rejection. The second crystal of the 

DCM is a sagittal cylindrical crystal, which is used for horizontal focusing of the beam while 

another Rh/Pt coated bendable post mirror facing down is used for vertical focusing of the beam 

at the sample position. EXAFS measurements of these samples have been carried out in 

transmission mode at the Mo K-edge. For measurements in the transmission mode, the sample 

is placed between two ionization chamber detectors. The first ionization chamber measures the 

incident flux (I₀) and the second ionization chamber measures the transmitted intensity (It) and 

absorbance of the sample is obtained as      
  

   
 . The EXAFS spectra of the samples at Mo 

K-edge were recorded in the energy range 19925- 20730 eV.
99-100

 

2.3.8. Dynamic Light Scattering (DLS) measurements 

The dynamic light scattering measurements provide the particle size of the sub-micron particle 

and macromolecules. This technique is also known as Quasi-Elastic Light Scattering (QELS) in 

some paces of the research while another name Photon Correlation Spectroscopy (PCS) which 

occasionally not termes as synonyms for DLS but use as for the similar purpose. DLS 

measurements based on the principle of time-resolved measurements of scattered light from the 

dispersion solution kept in the sample cell and measure the diffusion rate of the particles. The 

intensity of scattered light oscillates around an average value due to diffusion of particle and 

contains the information about the particle present in the solution. The frequency of such 

oscillation or fluctuation describes the diffusion coefficient of the particles that depends upon 

the size of particles. This fluctuation basically is because of the random motion of the particles 

and these motion could be modelled with Stokes-Einstein equation.
101-103
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Figure 2.6. A hypothetical dynamic light scattering of two samples: Larger particles on the top 

and smaller particles on the bottom ( image taken from the Wikipedia) 

The equation 2.16 most often used as a determination of particle size in DLS measurements 

where Dh is termed as the hydrodynamic diameter of the particles. 

The other terms like Dt are the translational diffusion coefficient that we could determine by 

dynamic light scattering, kB  Boltzmann’s constant which generally we know and T is the 

absolute thermodynamic temperature which is the control parameters that we control while 

analysis and η is dynamic viscosity for a particular medium whose particle size need to 

determine. The size of particles simply given by the hydrodynamic radius that simply depends 

upon the mass and shape of the particle. In these measurements, the principle aspect of the study 

is the diffusion only while other effects like sedimentation, thermal disturbance of the particle 

and fluid flow are not in consideration. Such measurements decide the upper limit of detection 

of particle size in the system while the lower size based upon the time resolution of 

measurement device which generally lies within the few nanometers. Therefore, in laser 

diffraction techniques the dynamic light scattering for particle size analysis is an additional 

feature for sub-micrometre scale.
101, 104-106

 The DLS can measure the particle size of the system 

that has a broad distribution of molecular masses and can detect the small quantity ( < 0.01%) of 

higher mass species. In this measurement, there is no need of taking care of the particle 

agglomeration in the system but also it can’t quantify the amount of aggregation. Another 

limitation is, it can not avoid interference caused by dust particles and other artefacts that 

influences the size of the nanoparticles. The DLS study is highly sensitive to the dictated 

 Dh= KDt (2.16) 
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protocol for sample preparation, hence a small careless could result in the underestimation or 

overestimation of the results.
101, 103, 107

 

In the present thesis, DLS measurements were performed on a Malvern zeta sizer Nano ZSP 

instrument. 
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Chapter 3 

 

Uniformly Decorated Molybdenum 

Carbide/Nitride Nanostructures on 

Biomass Templates for Hydrogen 

Evolution Reaction Applications 

 

 

Abstract: Natural fibrils derived from biomass were used as a template to synthesize uniformly 

decorated nanoparticles (10−12 nm) of molybdenum carbide (Mo2C) and molybdenum nitride 

(Mo2N) supported on carbon. The nanoparticles have been synthesized through the 

carburization and nitridation of molybdenum on cotton fibrils, using a high-temperature solid-

state reaction. The catalyst exhibits an onset potential of 110 mV and an overpotential of 167 

mV to derive a cathodic current density of 10 mAcm
−2

. The electrocatalyst also demonstrates 

excellent long-term durability of more than 2500 cycles in acidic media with a Tafel slope value 

of 62 mVdec
−1

. 
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Brief Outcome: In this chapter, the catalyst named “SiMoCat” consist of nanoparticles of 

molybdenum carbide (Mo2C) and molybdenum nitride (Mo2N) with size 10-12 nm were grown 

uniformly on biomass (obtained from cotton) as a template by manipulating the reaction 

condition. The catalytic activity increases abruptly when both the nanoparticles were 

synthesized on the same carbon platform through the carburization and nitridation of 

molybdenum precursor by annealing at an appropriate temperature. The activation caused due 

to the synergistic effect of C-N present in the metal carbide/nitride nanoparticles through the 

carbon layers along the surface. The catalyst demonstrates low overpotential of 167 mV to 

derive a cathodic current density 10 mAcm
-2

 with a low Tafel slope value of 62mVdec
-1

. The 

catalyst also exhibits excellent stability of more than 2500 cycles in acidic media. This study 

will open up an area of exploration for developing inexpensive and highly stable 

electrocatalysts using several other biomass as templates for HER applications. Since the 

formation of uniform nanostructures was acquired from the inherent structure of the biomass 

templates. Hence the nature of the template used in the reaction is of tremendous importance. 

The morphology plays a crucial role in such kind of catalytic activity. 
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3.1. Introduction 

The environmental concern regarding carbon-dioxide emission, global warming and increasing 

trend of energy requirements has augmented the urge to invent and use greener and renewable 

energy sources.
1
 In this context, hydrogen could be one of the most feasible and promising 

energy carriers for future energy needs.
2
 High energy density and sustainability of hydrogen as 

compared to other energy sources might provide carbon-neutral and clean energy for future 

needs.
3
 The hydrogen production through electrochemical water splitting could be one of the 

most effective, economically sustainable and environment-friendly processes. In practice, Pt is 

still considered as one of the most effective, sustainable and universally accepted 

electrocatalysts for hydrogen generation.
4
 However, the expense and availability of Pt make it 

limited for extensive use. Non-Nobel electrocatalysts having similar or better catalytic activity 

with respect to Pt can be one of the best alternatives for electrochemical hydrogen generation.
5-6

 

At present, the primary emphasis is being given in developing stable, low-cost and efficient 

electrocatalysts. Transition metals with well-known accessibility and remarkable tendency 

towards the electrochemical water splitting make it suitable for hydrogen generation.
7-8

 Metal 

carbides have been used as supporting material to reduce the platinum loading as well as the 

overall cost of the HER catalyst. However, Vrubel et al.
9
 have reported HER active 

molybdenum carbide for the first time in 2012. During 2012 – 2014, a transition took place in 

HER research, when people have started working on non-noble metal-based molybdenum 

catalysts. Later on, many reports were published on Mo-catalyst showing remarkably good 

activity towards hydrogen evolution reaction (HER).
9-12

 Recently, binary phases of 

molybdenum based nanostructured materials have drawn remarkable attention because of high 

charge/mass-transfer ability on the electrode-electrolyte interface and to minimize interface 

resistance and enhance the catalytic performance of the electrocatalyst.
13-15

 A report by Chen et 

al.
16

 shows that a composite of molybdenum carbide and molybdenum nitride provides excellent 

synergic effects and improves the catalytic activity. A supporting template like holey carbon 

provides easy pathways to the charge transfer in heterojunction Mo2C/Mo2N/HGr nanostructure 

with outstanding catalytic activity and stability.
17

 The d-band structure of the specific transition 

metals on heteroatoms doping gets modified which brings these composite into the category of 

near noble metals by improving the charge transfer process at interface.
11, 18-21

 Besides this, a 

morphological variation using templates also plays a vital role in determining the catalytic 

activity.
22

 Herein, we report an inexpensive synthesis of a nanostructured electrocatalyst 
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supported on carbon derived from cotton fibrils as templates. The use of templates not only 

provide carbon support for the nano-catalyst formed in the solid-state reaction but also enhances 

the charge transfer through the catalyst interface during the reaction.
23-24

 The reaction condition 

was improvised in such a way, that both Mo2C and Mo2N nanoparticles were formed uniformly 

and simultaneously on the carbon support, which shows an overpotential of 167 mV in acidic 

media. This chapter provide an exciting insight towards a biphasic molybdenum derivative 

catalyst grown on natural biomass template and also introduce a new system for the 

fundamental study of nanohybrids with vast possibilities on the application on a realistic energy 

conversion system.  

3.2. Experimental section  

3.2.1. Materials 

Chemicals used in the following reactions were purchased and used without further purification. 

Ammonium molybdate tetrahydrate ((NH4)6.Mo7O24.4H2O), Sigma-Aldrich 99.0%; N, N-

Dimethylformamide anhydrous, 99.8%, Sigma Aldrich; Nafion® perfluorinated resin solution, 

(5 wt. % in lower aliphatic alcohols); Hexamethylenetetramine (C6H12N4) 95%, TCI; 

Ammonium Hydroxide NH3.H2O (25%); Sterilized Cotton. Deionized water was used in all 

preparations. 

3.2.2. Methodology 

3.2.2.1. Synthesis of Catalyst 

The synthesis of MoCot catalyst carried out in two steps. First, the preparation of the precursor 

and second, the calcination of the cotton soaked metal precursor by temperatures controlled 

annealing in ammonia and argon atmosphere at different time periods.  

Synthesis of catalyst precursor (First Step). For the precursor, 0.01 mol of 

hexamethylenetetramine (HMT) and 0.001 mol of ammonium molybdate tetrahydrate 

(NH4)6Mo7O24.4H2O) were mixed into a solution of 2.5 mL of ammonia water (25%). The 

mixture was stirred until it becomes transparent. Then 1 g of finely chopped cotton was dipped 

and soaked into the solution mentioned above. The soaked cotton, along with the remaining 

solution, was transferred into a hydrothermal bomb and heated to 100 °C into an oven for 12 h. 
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The product obtained was then dried in a vacuum oven at 100 °C for 6 hours to yield a greenish-

white mass. 

Temperature programmed calcination of the precursor (Second step). This process is 

specifically designed for the synthesis of MoCot. The furnace was purged with argon initially 

for 20 minutes to make an inert environment for the sample before the reaction. The cotton 

soaked catalyst precursor (greenish-white mass) was heated to 650 °C with a ramp rate of 7 

degrees/min in the tube furnace under argon with a flow of 30 mL/min. The reaction was held 

for one hour under ammonia at a flow rate of 20 mL/min and after that, the gas was switched to 

argon and the temperature raised to 750 °C and held for another 2.5 h. The MoCot catalyst was 

obtained by gradually cooling the product under argon. The simultaneous formation of the 

Mo2C and Mo2N nanoparticles is highly sensitive not only towards the initial stoichiometry of 

the catalyst precursor but also on the temperature manipulation with respect to the time and 

nature of the gases used.  

All these parameters were judiciously optimized to obtain various compositions of Mo2C and 

Mo2N on carbon template.  

Synthesis of MoCot1, MoCot2, Mo2C and Mo2N 

The general synthesis procedure of all the catalyst consists of two major steps: 

The first step involves the synthesis of the catalyst precursor which described below and 

complete detail is given in the above experimental section but the second step is different for 

corresponding catalysts which describe in detail in the following section: 

First Step: The first step of these catalysts is the same as that of the MoCot catalyst in which 

initially slurry of cotton soaked molybdenum salt was formed at room temperature. This step is 

the same for all the catalysts which synthesized i.e., MoCot, MoCot1, MoCot2 Mo2C and 

Mo2N. Then the slurry is dried and after proper crushing, the obtained powder is calcined at a 

high temperature which is the second stage for the synthesis of molybdenum carbide and 

molybdenum nitride on carbon fibrils. The second step has been manoeuvred in such a way that 

that programmed temperature calcination gives the desired products. 

Second step: In this step, the calcination of above-obtained catalyst-precursors for respective 

catalyst was carried out in such a way that it yields the desired products. The reaction 

parameters were manipulated in the following manner:   
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(a) MoCot1: For MoCot1 catalyst, the hold time in ammonia atmosphere was 30 minutes with 

a flow rate of 20 mL/min at temperature 650 °C and after that raised to 750 °C and held for 

2.5 h in an argon atmosphere at a flow rate of 30 mL/min.  

(b) MoCot2: For MoCot2, the hold time at 650 °C was 1.5 h in ammonia atmosphere with a 

flow rate of 20 mL/min followed by annealing at 750 °C for 2.5 h in an argon atmosphere at 

a flow rate of 30 mL/min. 

(c) Mo2C: The Mo2C catalyst was synthesized simply by annealing the catalyst precursor at 

750 °C for 2.5 h in an argon atmosphere at a flow rate of 30 mL/min throughout the 

synthesis process. 

(d) Mo2N: The Mo2N catalyst obtained by annealing the catalyst precursor at 650 °C for two 

hours in the ammonia atmosphere with a flow rate of 20 mL/min. 

 

Note: The heating rate in all the synthesis process was 7 °C /min, and the post-reaction cooling 

was done in an argon environment with a gas flow of 30 mL/min.   

3.2.2.2. Physical characterization 

X-ray diffraction (XRD) of the solid was done using a Bruker Eco D8 advance X Powder X-ray 

diffractometer using Ni filter employing Cu Kα radiation ((λ=1.54056 Å, 40 kV and 25 mA) in 

the 2θ range of 5º to 80º with an increment of .00190/Step. The surface area and pore size 

analysis of the samples were examined by nitrogen physisorption at 77 K in Autosorb IQ 

Quantachrome instrument using the Brunauer-Emmett-Teller (BET) and the Barrett-Joyner-

Halenda (BJH) equation. Surface morphology was studied using Scanning electron microscope 

from JEOL (JSM IT-300) equipped with energy dispersive X-ray diffractometer (Bruker), and 

Transmission electron microscopy (TEM) images were acquired using a JEOL-2100 operated at 

200 kV. The X-ray photoelectron spectroscopy (XPS) was performed on Esca Lab: 220-IXL 

with Mg-Kα non-monochromated X-ray beam having photon energy 1253.6 eV. 

3.2.2.3. Electrochemical measurements 

CHI 760E electrochemical workstation setup was used at room temperature for all the 

electrochemical measurements. Herein we have used conventional three-electrode cell system 

containing carbon-based electrode, Ag/AgCl electrode and glassy carbon electrode as a counter, 

reference and working electrode respectively. A dispersed ink of 5 µL was coated on to the 

surface of the working electrode employing drop-casting and dried under vacuum. The 
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overpotential and other electrochemical measurements were calculated with respect to Ag/AgCl 

electrode and further referenced with reversible hydrogen electrode (RHE) according to the 

equation E (RHE) = E (Ag/AgCl) + 0.059 pH + 0.197 V. For all the measurements, polarization 

curves were collected under argon at a scan rate of 5 mVs
-1

 containing 0.5 M H2SO4 solution 

unless otherwise mentioned. The overpotential was further corrected to eliminate the ohmic-

drop according to the equation ɳ corrected= ɳ-iRs whereas Rs is solution resistance. The EIS 

measurements were performed at particular values of the overpotential, i.e. ɳ =50, 150 and 250 

mV under a frequency range of 100000 Hz to 1 Hz. 

3.2.2.4. The general methodology of electrode fabrication. 

The catalyst ink was prepared by dispersing 5 mg of electrocatalyst powder into 500 µL of 

dimethylformamide containing 5 µL of 5 wt% Nafion and keeping it for 120 min under 

ultrasonication to form a homogeneous suspension. Initially, the glassy carbon electrode was 

polished with alumina powder (0.5-micron size) and used as a working electrode. A well-

dispersed ink of 5 µL was coated onto the surface of a working electrode (GCE, 3 mm in 

diameters) by means of the drop-casting method and dried under vacuum. The electrochemical 

measurements were recorded in argon saturated 0.5 M H2SO4 solution at a scan rate of 5 mVs
-1

. 

The commercially available Pt/C (20wt %) catalyst was also tested under similar conditions. 

Electrochemical stability tests were conducted up to 3000 LSV cycles in the same potential 

range as above but at a faster scan rate of 8 mVsec
-1

. 

3.3. Result and Discussion 

The MoCot catalyst consisting of uniformly decorated molybdenum carbide/nitride 

nanostructures on biomass-template has shown good catalytic activity. Broadly, the reaction for 

the formation of Mo2C/Mo2N nanoparticles requires carbon, nitrogen and a metal source at 

moderately high temperature. It was observed that Mo2C formed at a temperature as high as 750 

ºC, whereas, Mo2N can be synthesized at a relatively low temperature of 650 ºC. Continuing the 

reaction at 650 ºC would lead to the formation of only nitride and same reaction at 750 ºC 

would lead to the formation of the only carbide. The stoichiometry of the initial precursor 

mixture is also very crucial as it determines the final composition of the catalyst. The reaction 

condition is manoeuvred in such a way that; both the nanoparticles can be formed at different 

steps of the same reaction. The critical parameters are temperature, hold-time and gases, which 

are purged at an appropriate time. For example, ammonia was purged only during the formation 

temperature (650 ºC) of Mo2N. The hexamethylenetetramine acts both as a reducing agent and a 
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carbon/nitrogen source during the annealing process.
25

 Initially, Mo oxyanions decompose into 

MoO3 and then in the presence of carbon/nitrogen source it reacts and forms Mo2C and Mo2N 

nanoparticles onto the fibril substrate at high temperatures. One exciting aspect of this reaction 

is that the fibril structure of the natural cotton remains intact, and only the growth of the 

nanoparticles was observed to form onto the surface of the fibre. Detailed reaction conditions 

were mentioned in the experimental section. The objective towards the formation of both the 

nanomaterials on the same carbon support lies in the fact that it would result in a synergistic 

effect between the Mo2C and Mo2N nanoparticles and thereby increase the overall catalytic 

activity.
15

 Series of reactions were performed to produce several compositions of Mo2C and 

Mo2N out of which MoCot shows best catalytic activity.  

Structural information of the catalyst was obtained from PXRD measurements as provided in 

figure 3.1a. PXRD pattern of catalyst after annealing, exhibit a series of characteristics peaks 

located at approximately 34.3°, 37.9°, 39.4°, 52.1°, 61.5°, 69.5°, 72.4, 74.5° and 75.4° which 

attributes to the diffractions of (100), (002), (101), (102), (110), (103), (200), (112) and (201) 

planes (PDF 35-0787) of Mo2C hexagonal system. The peaks at 37.3°, 43.4°, 63.1° and 75.7°  

 

 

 

Figure 3.1. Structural characterization (a) powder X-ray diffraction typically shows the 

formation of both Mo2C-Mo2N phases and (b) Compositional measurements: Rietveld analysis 

of catalyst shows a composition 59.12% and 40.88% of Mo2C and Mo2N respectively. 
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are characteristics of γ-Mo2N (PDF 25-1366) and correspond to (111), (200), (220) and (311) 

planes respectively. The XRD measurement confirmed that the Mo2C-Mo2N hybrid material 

(denoted as MoCot) was composed of hexagonal β-Mo2C and cubic γ-Mo2N respectively. Broad 

hump in the PXRD pattern at around 25º - 30º value, can be related to the mixed amorphous 

carbon phase which appears only in a slow scan. No other impurities or characteristic peaks of 

oxides etc. are observed. The XRD diffraction pattern indicates the co-existence of Mo2C and 

Mo2N in all the catalyst with variation in the composition of both. The catalyst was found to 

have 59.12% of Mo2C and 40.88% Mo2N nanoparticles respectively as calculated from Rietveld 

refinement (Figure 3.1b). Several other compositions were prepared out of which two 

compositions MoCot1 & MoCot2 which has a closer overpotential with respect to MoCot are 

mentioned in the experimental section. The Rietveld analysis and refinement parameters of 

MoCot1 and MoCot2 catalysts are given in figure 3.2 and figure 3.3 respectively. 

 

 

Figure 3.2. Rietveld refinement of MoCot1 shows a composition of 72.57% and 27.43% of 

Mo2C and Mo2N respectively. 
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Figure 3.3. Rietveld analysis of MoCot2 catalyst shows a composition of 30.47 % and 69.53 % 

of Mo2C and Mo2N respectively. 

A close look towards Scanning Electron Micrograph (Figure 3.4) along with elemental mapping 

gives detailed morphological information about the nanostructures and confirms the existence 

of two different phases. The image clearly shows that catalyst having well-decorated Mo2C and 

Mo2N nanoparticles developed on the fibril microstructure template, having different lengths.  

 

Figure 3.4. Morphology characterization: Scanning Electron Microscopy (a) of as obtained 

MoCot catalyst and corresponding elemental mapping of the nanostructure showing the (b) 

Carbon, (c) Molybdenum and (d) Nitrogen elements that illustrate the uniform distribution of 

these on the fibril template. (e) SEM image shows the collective distribution of different 

elements (Mo, C and N) on the fibril structure. 
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The carbon support inhibits the agglomeration of the metal carbide/nitride nanoparticles and 

thereby enhances the catalytic activity. TEM images (Figure 3.5 a, b & c) clearly showing the 

nanoparticles of the order of 10–12 nm, at two different scales. High-resolution (HR) TEM 

image (Figure 3.5c inset) shows the two adjoining phases of nanoparticles with an interface. 

The visible crystal fringe-width of 0.26 nm corresponds to (100) plane and 0.24 nm to (111) 

planes of Mo2C and Mo2N respectively.
19, 26

 

 

Figure 3.5. Microscopic characterization of MoCot catalyst: A transmission electron 

microscopic images of MoCot at (a) medium (b) low and inset-(c) high magnification:  showing 

the fringe width 0.26 nm and 0.24 nm consistent with the (100) and (111) planes of Mo2C and 

Mo2N nanocrystals. 

The surface area, pore size and its distribution and porosity of the nanohybrid material was 

investigated by N2 adsorption/desorption measurements (Figure 3.6). The figure typically 

demonstrates the type-IV curve shape of BET isotherm. As evident from the BET 

measurements, nanohybrid material is having a surface area of 63 m
2
 g

−1
 in which mesopores 

are predominantly distributed over a range of 30 nm (Figure 3.6, inset).  
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Figure 3.6. Nitrogen adsorption BET isotherms and inset showing BJH pore distribution of the 

catalyst. 

This distribution indicates the material to be of mesoporous, which favours mass transport and 

adsorption. Formation of uniform nanostructures is essentially acquired from the inherent 

morphology of the biomass templates. Hence the template used in the reaction is of extreme 

importance. The N2 adsorption isotherm os the catalyst MoCot1 and MoCot2 are shown in 

figure 3.7a and figure 3.7b which shows a surface area of 52.27 m
2
/gm and 15.19 m

2
/gm 

respectively. 

 

Figure 3.7. Nitrogen adsorption BET isotherms and inset showing BJH pore distribution of the 

catalyst (a) MoCot1 and (b) MoCot2 respectively. 
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X-ray photoelectron spectroscopy (XPS) further affirmed the chemical state of the catalyst. The 

wide range energy survey scan (Figure 3.8a) indicates the presence of C, Mo and N elements in 

the hybrid structure. The survey XPS spectrum shows five characteristic signals which are 

located at 233.6, 285.8, 398.1, 416.5, 532.2 eV, consistent with Mo 3d, C 1s, N 1s (Mo 3p3/2), 

Mo 3p1/2 and O 1s, respectively. The high-resolution spectrum of Mo 3d (Figure 3.8b) shows 

splitting in the core level due to spin-orbit coupling into 3d5/2 and 3d3/2 peaks. These peaks with 

binding energies values at 228.4 eV and 231.5 eV describe as Mo 3d5/2 and Mo 3d3/2 of Mo
2+

 

spectral lines, respectively and confirms the presence of Mo2C
27-28

. Other peaks at 235.1 eV and 

235.9 eV are indicating the presence of Mo4O11 and MoO3 
29-31

 while 232.4 eV and 229.2 eV 

may be assigned to MoO2.
32

 Surface oxidation of Mo2C (during the XPS measurements) is the 

reason for the indication of the presence of a high concentration of molybdenum oxides. The 

Mo 3d5/2 peak of Mo2N appears at around 228.7 eV which is overshadowed due to the adjacent  

 

Figure 3.8. X-ray photoelectron spectroscopy (XPS) of MoCot catalyst:  Wide-scan survey 

spectra (a) and High-resolution spectra of Mo 3d (b), C1s (c) and N 1s (d) electron: 

Experimental data (dotted curve) and fitting results (solid curve). The peaks are assigned by 

oxidation states of different elements with their corresponding binding energy. 
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peak.
33

 In C1s energy spectra (Figure 3.8c) were deconvoluted into two peaks centred at 283.8 

eV and 284.7 eV shows the binding energy of Mo-C and C=C species respectively.
27, 34

 

Deconvolution of the N 1s and Mo 3p3/2 peaks depict two different Mo 3p3/2 peaks having 

binding energies 398.8 eV and 395.3 eV respectively (Figure 3.8d). The binding energy of 

395.3 eV may be attributed to Mo 3p3/2  of Mo2N
35

 and the binding energy of 398.8 eV is due to 

Mo 3p3/2 of MoO3. The overlap of N 1s peaks of Mo2N and pyridinic-N respectively with Mo 3p 

peaks might significantly enhance the electrochemical activation of graphitic carbon.
35

 Use of 

extrinsic nitrogen during the pyrolysis of biomass or performing the reaction under nitrogen-

rich conditions, species may be generated with an abundance of pyridinic-N, pyrrolic-N, 

quaternary-N, and pyridone-N oxides.
36-37

 Among the nitrogen species, the formation of 

pyridinic N dominates over the other species which is favourable to HER performance. The 

HER activity of all the catalysts was primarily measured by linear sweep voltammetry in 0.5 M 

H2SO4 saturated with argon at 25 degree centigrade using three-electrode cells. In order to 

perform a systematic study, Mo2C and Mo2N have also been synthesized with the same method 

as was done for MoCot, but varying the parameters and gases used in the reaction. The 

commercially available Pt/C (20 wt%) catalysts were also tested under similar conditions. As 

depicted from figure 3.9, MoCot has an onset potential of nearly 110 mV. The polarization 

curves at rate 5 mV/sec were calculated with considering the iR-compensation. From the 

polarization curve (Figure 3.9a), it can be concluded that MoCot is HER active and having 

overpotential of 167 mV to derive the current density of 10 mA/cm
2
. The comparison of MoCot 

catalyst with that of Mo2C (218 mV) and Mo2N (465 mV) catalyst undoubtedly confirms that 

the catalytic activity MoCot is way too better than the other two. Tafel slope value has a high 

significance not only in determining the possible reaction pathway but also in predicting the 

adsorption behaviour of the catalyst for a quantitative determination of HER kinetics.
38

 A 

description of the procedure for electrode fabrication is described in the experimental section. 

Theoretically, for Tafel slope, the linear portions must fit with equation η = blog (j) + a, where a 

is the Tafel constant, b is the Tafel slope, j is the current density, and η is the overpotential.
39

 

Here we have calculated Tafel plots for MoCot and of pure Mo2C, Mo2N and PtC (20%) as 

shown in figure 3.9b. The Tafel slope values of 62, 85, 196 mV/dec were measured for MoCot, 

Mo2C, and Mo2N respectively. The same for commercially available Pt/C catalyst was found to 

be ~35 mV/dec. However, with respect to Mo2C, and Mo2N, MoCot have a lower value 

suggesting that the reaction proceeds through a mixed Volmer-Heyrovsky process and thus 

recombination step is the rate-determining step.  
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Figure 3.9. Electrochemical measurements of specific electrocatalysts for hydrogen evolution 

in 0.5 M H2SO4 acidic medium. (a) Polarization curves (iR-corrected) of MoCot compared with 

other electrode (b) the corresponding Tafel plots derived from the curve (c) EIS Nyquist Plot 

(with corresponding equivalent circuit) of the electrode @50 mV, @150 mV and @250 mV 

(inset shows zoomed Nyquist plot of electrode @50 mV) (d) Figure shows the LSV stability 

curve at  1
st
, 2500

th
 and 3000

th
 cycle (inset shows the potential testing at constant current 

density 10 mAcm
-2

, 20 mAcm
-2  

and 
 
30 mAcm

-2
. 

Transport properties and interfacial interactions of the concerned catalyst were investigated by 

electrochemical impedance spectroscopy (EIS) with an overpotential of 50, 150 and 250 mV in 

0.5 M H2SO4 aqueous solution (Figure 3.9c). The Nyquist plot reveals the effective resistance 

shown by the electrocatalyst resulting from the combined effects of ohmic resistance and 

reactance. Simulating and simultaneous fitting of the experimental curve with the equivalent 

circuit provides information regarding the contribution of each component. Here, the fitting of 

the plot with the equivalent circuit shows two time-constant components Rct-CPEdL and Rp-

CPEL along with an uncompensated solution resistance Rs (in series) describing the response of 
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HER on the catalyst modified electrode. CPE is the constant phase angle element, which 

represents the double-layer capacitance of the solid electrode. The Rct-CPEdL is related to the 

charge-transfer process, and Rp-CPEL can be correlated with the surface porosity.
26, 40

 The 

charge transfer resistance varies inversely with respect to the potential applied. A charge 

transfer resistance (Rct) of 20 ohms is obtained in the low-frequency region when a potential of 

50 mV is applied. The smaller value of Rct implies a larger number of active sites present in the 

catalyst, and hence, the charge transfer between the electrode and electrolyte would be high, 

which favours the HER process. The durability measurement (Figure 3.9d) indicates a high 

stability performance of the catalyst and shows no significant change in the overpotential of the 

catalyst even after 2500 LSV cycles. The stability trend (inset Figure 3.9d) measured at higher 

current densities, i.e., 20 and 30 mA/cm
2
 are similar to that of 10 mA/cm

2  
 suggesting that the  

 

Figure 3.10. PXRD patterns of isolated electrocatalyst after a durability test of 2500 cycle. 

electrocatalytic activity profile does not change at high current density. The stability of the 

MoCot composite was further verified by X-ray analysis of the catalyst after 2500 cycles 

(Figure 3.10). The composition was found to be consistent with the one recorded before the 

reaction.  Thus the catalyst demonstrates good stability towards HER process. A comparative 

electrochemical study of the other two extreme compositions has also been performed and the 

corresponding LSV plot of the MoCot1 & MoCot2 composites along with the physical mixture 

of Mo2C and Mo2N catalyst (MoCot-m) is shown in Figure 3.11. 
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Figure 3.11. Electrocatalytic measurements of electrodes for hydrogen evolution in 0.5 M 

H2SO4 solution. 

The overall electrochemical study ends with the result that the catalyst MoCot have better 

electrocatalytic activity as compared to the individual Mo2C, Mo2N and physical mixture of the 

Mo2C and Mo2N. 

3.4. Conclusion 

In this work, nanoparticles of molybdenum carbide (Mo2C) and molybdenum nitride (Mo2N) 

with size 10–12 nm were grown uniformly on biomass (used as a template obtained from 

cotton) by manipulating the reaction conditions. Formation of uniform nanostructures was 

acquired from the inherent structure of the biomass templates. Hence the nature of the template 

used in the reaction is of tremendous importance. The catalytic activity increased abruptly when 

both the nanoparticles were grown on the same carbon platform through the carburization and 

nitridation of molybdenum precursor by annealing at an appropriate temperature. The activation 

caused possibly due to the synergistic effect of C-N present in the metal carbide/nitride 

nanoparticles through the carbon layers along the surface. The catalyst demonstrates long-term 

stability and high conductivity in acidic media and exhibits an onset potential of 110 mV and an 

overpotential of 167 mV to derive a cathodic current density 10 mAcm
-2

. The electrocatalyst 

also exhibits high stability of withstanding more than 2500 cycles in acidic media with a Tafel 

slope value of 62 mVdec
-1

. This study will open up an area of exploration for developing 

nanostructured binary composites on biomass as templates for HER application. The process is 

inexpensive and produces highly stable electrocatalysts. The methodology can be applied to 
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numerous kind of biomass having different morphologies as the later plays a crucial role in 

catalytic activity. 

 

Note:  

 The permission has been granted by the authors and corresponding author of the 

published paper prior to adopting in the present thesis. The associated relevant 

publication is: 

Rajinder Kumar, Zubair Ahmed, Ritu Rai, Ashish Gaur, Shilpa Kumari, Takahiro 

Maruyama and Vivek Bagchi “Uniformly decorated molybdenum carbide/nitride 

nanostructures on biomass template for HER application” ACS Omega, 2019, 4, 9, 14155-

14161. 
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Chapter 4 

 

Nano-structured hybrid molybdenum 

carbides/nitrides generated in-situ for 

HER applications 

 

 

Abstract: Nanohybrid material containing carbon-supported molybdenum carbide and nitride 

nanoparticles of size ranging from 8 to 12 nm, exhibits excellent HER catalytic activity. This 

molybdenum based catalyst (MoCat) is designed as a highly efficient, low-cost (precious-metal 

free), highly stable electrocatalyst for water electrolysis in acidic medium, synthesized using a 

simple methodology. These nanoparticles (β-Mo2C and γ-Mo2N) were produced in-situ using a 

metal precursor and C/N source in a controlled solid-state reaction. An overpotential of 96 mV 

for driving 10 mA/cm
2
 of current density was measured for MoCat catalyst, which is very close 

to commercially available Pt/C catalysts (61mv). 
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Brief Outcome: In this chapter, we report an HER catalyst having carbon-

supported nanostructured molybdenum nitrides and carbides, showing unprecedented 

high electrocatalytic activity in acidic conditions. This work has opened up an area of 

huge potential, highlighting immense possibilities for the improvement of the HER 

performance in these materials. Several reports were made where Mo2C or Mo2N have 

appeared to be a potential candidate for the HER reaction, however to the best of our 

knowledge, before this, no one has studied the interface of the Mo2C and Mo2N to show 

the synergistic augmentation of HER activities. Most importantly, the synthesis of the 

MoCat catalyst is simple and can be scaled up easily for large scale devices with ultra-

low-cost fulfilling its pre-requisites for an application. This kind of in-situ synthesis can 

be extended to other metals such as W, Nb, Ta and Ti to produce efficient 

electrocatalyst. Numerous possibilities of making composites with promoter elements 

such as Fe, Co, Ni, and Cu are there to be explored for the enhancement of the catalytic 

activity.     
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4.1. Introduction 

Hydrogen is an attractive alternative to fossil fuels and can be used as a primary source 

in a wide range of transportation and power generation applications. Huge global energy 

demands along with diminishing fossil fuels and climatic change have urged intense 

interest in developing alternative carbon-free energy technologies.
1-2

 An attractive 

approach to this ultimate goal is to achieve an efficient splitting of water to hydrogen and 

oxygen using solar energy input since the generation and combustion of hydrogen from 

water is carbon neutral and the sunlight is a sustainable energy source.
3-4

 Water splitting 

using solar energy is one of the most appealing methods for solar energy conversion and 

storage.
 
For efficient water splitting, active catalysts for hydrogen evolution reaction 

(HER) are required. Hydrogen generation has been attempted for decades using precious 

metals like platinum, palladium and their composites, but their high cost and low 

abundance are severe hurdles for large scale applications.
5
 These constrain lead to the 

quest and development of low-cost HER catalyst. Substantial exploration has been done 

in this area to develop catalysts based on transition metal complexes, alloys, and their 

composites,
6-9

 molybdenum sulphides(MoS2),
10-14

 Mo2C and Mo2N,
15-21

 Metal 

phosphides
22-25

 and others
26-28

  for substituting the Pt-group metals. Molybdenum sulfide 

featuring exceptional electronic and optical properties
 
is found to be an attractive non-

metallic HER catalyst, which is potentially useful for acidic HER condition.
24-28

 

Hinnemann et al. reported that the free energy necessary for optimal binding of atomic 

hydrogen to the catalyst should be close to zero.
29

 While composites of nitrogen rich 2-D 

materials with Mo2C have also shown remarkable HER catalytic activities.
30-31

  

This chapter demonstrates an innovative yet simple in-situ synthesis of “carbon-

supported nanostructured molybdenum nitrides and carbides” showing unprecedented 

high electrocatalytic activity in acidic conditions. A synergistic effect in these 

nanoparticles was observed only when the composite is synthesized in-situ. Hence, the 

main emphasis was given to understand the synergy of these nanostructured materials 

and to explore the possibilities in terms of HER applications. A detailed theoretical 

(DFT) calculation shows an appreciable charge transfer at the interface of these 

nanoparticles. Several reports were made where Mo2C or Mo2N have appeared to be a 

potential candidate for the HER reaction, however, no one has studied the interface of 

the Mo2C and Mo2N to show the synergistic enhancement of HER activities. To the best 

of our knowledge, an in-depth study to correlate the synergistic effect with the catalytic 

activity of Mo2C-Mo2N interface in these materials has not been reported so far. 
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4.2. Experimental section 

4.2.1. Materials 

Chemicals used in the synthesis are ammonium molybdate tetrahydrate ((NH4)6.Mo7O24.4H2O) 

99.0%; Hexamethyltetramine (C6H6N4) 99%, Nafion® perfluorinated resin solution (5 wt. %); 

N, N-Dimethylformamide anhydrous (99.8%), Urea (NH2CONH2) 99.8%, purchased from 

Sigma Aldrich chemicals Pvt. Ltd. Other chemicals like Ammonium Hydroxide (NH3.H2O) 

25% were procured from Merck chemicals. The entire chemicals were used as obtained. 

Deionized water was used in all preparations.  

4.2.2. Methodology 

4.2.2.1. Synthesis of g-C3N4 

Graphitic nitride was synthesized from the reported method with a slight change in the 

temperature.
32

 The urea was heated at 400 °C for one hour and further heated at 550 °C for 1.5 h 

in the inert atmosphere with a ramp rate of 400 °C/h.  

4.2.2.2. Synthesis of Mo2C and Mo2N. 

 

Carbon supported Mo2C was synthesized by annealing the mixture of the metal precursor and 

graphitic carbon nitride in argon purged tubular furnace at 700 
o
C for two hours and similarly 

carbon-supported Mo2N was synthesized by annealing at 600 
o
C for 2 h in NH3 gas flow.  

4.2.2.3. Synthesis of MoCat Catalyst 

The MoCat catalyst was synthesized by temperature-programmed carburization of metal 

precursor in the presence of graphitic carbon nitride (g-C3N4) and hexamethylenetetramine 

(HMT). The overall synthesis involves two major steps:  

First is the preparation of metal precursor and the second step is high-temperature carburization 

of metal and C/N source. Briefly, for the synthesis of metal precursor, 1.40 g (0.01 mol) of 

HMT (hexamethyl tetraamine), 1.235 g (0.001 mol) of ammonium molybdate tetrahydrate 

((NH4)6Mo7O24.4H2O), 2 ml of ammonium hydroxide (25%) and water (0.5 ml) were mixed to 

make a slurry which was dried at 80 C for 12 hours to obtain the metal precursor. Graphitic 

carbon nitride (g-C3N4) was synthesized from reported method
32

 with little modification. In the 

second step, the metal precursor and g-C3N4 were weighed in the ratio 1: 0.025 (g/g), mixed 

thoroughly using a mortar pestle and annealed in a quartz tube furnace in NH3 with a flow of 40 
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mL/min at a ramp of 400  C/hr from ambient to 600  C. NH3 was switched with Argon gas at 

700  C and purged for 2 hours with a flow of 40 mL/min. The argon gas was kept on purging 

throughout the reactor until the end of the reaction. 

4.2.2.4. Physical Characterization 

All the material was characterised by using Bruker Eco D8 advance X Powder X-ray 

diffractometer between 2θ angle 5º to 80º.  The sample was exposed by Cu-Kα radiation with 

wavelength (λ) 1.54056 Å through Ni filter operated at 40 kV and 25 mA current with an 

incremental step 0.00190º/step and obtained diffraction pattern was studied for sample analysis. 

The surface characterizations of all the materials were completed by using Autosorb IQ 

Quantachrome instrument by conducting nitrogen adsorption-desorption isotherm at 77 K. 

Initially, the samples were outgassed before measurements at 200 °C for 6 h under vacuum in 

the degassing port of the adsorption analyzer. The pore analysis and surface area were 

calculated by Barrett-Joyner-Halenda (BJH) and Brunauer-Emmett-Teller (BET) equations 

respectively. The surface morphology and composition were examined by JEOL (JSM IT-300) 

scanning electron microscope equipped with the energy-dispersive X-ray spectroscopy 

(Bruker). The transmission electron microscopy and STEM images were recorded at an 

accelerated voltage of 200 kV with JEOL-2100. The copper grids with carbon coating were 

used as sample holders for TEM analysis. The XANES and EXAFS measurements of the Mo 

based catalysts along with the Mo standards have been carried out at the Indus-2 Synchrotron 

Source (2.5 GeV, 100 mA), beamline (BL-9) at RRCAT, Indore, India. 

4.2.2.5. Electrochemical measurements 

The working electrode was prepared as follows: 4 mg of carbon-supported catalyst was 

dispersed in 495 µl of dimethylformamide and 5 µl of Nafion using Labsonic LBS2-10 BATH 

Sonicator for 60 min. 10 µl of dispersed ink was drop cast on the clean and polished glassy 

carbon electrode. The electrode was dried under vacuum. Catalytic activity was measured using 

electrochemical workstation CHI660E. Calomel electrode was used as a reference electrode. 

Platinum wire and glassy carbon electrode were used as counter and working electrode 

respectively. Polarization curves were collected in an Ar purged 1 M H2SO4 solution at a scan 

rate of  2 mVs 
-1

. The long-term durability tests were performed in an Ar-purged 1 M H2SO4 

solution by recording the overpotential needed to drive 10 mA cm
-2

 of current density. The 

overpotential of all catalytic material was quoted w.r.t. R.H.E electrode and further corrected by 

ohmic drop according to the equation ɳ corrected= ɳ-iRs whereas Rs is solution resistance. The EIS 
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measurements were carried out from 100 000 Hz to 1 Hz at selected values of the overpotential 

i.e. (ɳ =100, 250 and 400 mV). 

4.2.2.6. X-ray Absorption Spectroscopy 

Mo based catalysts were characterized using X-ray absorption spectroscopy. The X-ray 

Absorption Spectroscopy measurements of the Mo based catalysts along with the Mo standards 

were carried out at the Energy Scanning EXAFS beamline (BL-9) at the INDUS-2 Synchrotron 

Source (2.5 GeV, 100 mA), Raja Ramanna Centre for Advanced Technology (RRCAT), Indore, 

India.
33-34

 The beamline uses a double crystal monochromator (DCM) which works in the 

photon energy range of 4-25 KeV with a resolution of 10
4
 at 10 KeV. A 1.5 m horizontal pre-

mirror with meridional cylindrical curvature is used prior to the DCM for collimation of the 

beam and higher harmonic rejection. The second crystal of the DCM is a sagittal cylindrical 

crystal, which is used for horizontal focusing of the beam while another Rh/Pt coated bendable 

post mirror facing down is used for vertical focusing of the beam at the sample position. 

EXAFS measurements of these samples have been carried out in transmission mode at the Mo 

K-edge. For measurements in the transmission mode, the sample is placed between two 

ionization chamber detectors. The first ionization chamber measures the incident flux (I₀) and 

the second ionization chamber measures the transmitted intensity ( It ). From these intensities, 

the absorbance of the sample is found as a function of energy. For measurements in the 

transmission mode, the sample is placed between two ionization chamber detectors. The first 

ionization chamber measures the incident flux (I₀) and the second ionization chamber measures 

the transmitted intensity (It) and the absorbance of the sample is obtained as       
  

  
 . 

The EXAFS spectra of the samples at Mo K-edge were recorded in the energy range 19925-

20730 eV.  

EXAFS: The EXAFS analysis performed and with a relation ( )(E versus E) spectra of Mo 

based catalysts samples along with Mo standards at Mo K-edge is observed. To take care of the 

oscillations in the absorption spectra, the energy-dependent absorption coefficient μ(E) has been 

converted to absorption function χ(E) defined as follows.
35-36

  

Where    is the absorption edge energy,  
 
     is the bare atom background and   

 
     is the 

step in the      value at the absorption edge. After converting the energy scale to the 

photoelectron wave number scale ( k) as defined by,  

             
 
       

 
      (4.1) 
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the energy-dependent absorption coefficient      has been converted to the wavenumber 

dependent absorption coefficient     , where m is the electron mass. Finally,     is weighted 

by   to amplify the oscillations at high    and the       functions are Fourier transformed in R 

space to generate the     versus R (or FT-EXAFS) spectra in terms of the real distances from 

the centre of the absorbing atom. It should be mentioned here that a set of EXAFS data analysis 

program available within the IFEFFIT software package has been used for reduction and fitting 

of the experimental EXAFS data
37

. This includes data reduction and Fourier transform to derive 

the      versus R spectra from the absorption spectra (using ATHENA software), generation of 

the theoretical EXAFS spectra starting from an assumed crystallographic structure and finally 

fitting of the experimental data with the theoretical spectra using the FEFF 6.0 code(using 

ARTEMIS software). The bond distances (R), co-ordination numbers (including scattering 

amplitudes) (CN) and disorder (Debye-Waller) factors (

), which give the mean-square 

fluctuations in the distances, have been used as fitting parameters. The goodness of the fit in the 

above process is generally expressed by the Rfactor which is defined as:              

where,      and     refer to the experimental and theoretical values  (r) respectively and Im 

and Re refer to the imaginary and real parts of the respective quantities. A Fourier transformed 

EXAFS (FT-EXAFS)      ’ versus ‘R’ spectra of all the Mo based catalyst samples at the Mo 

K-edge along with the best fit theoretical spectra is obtained. The data have been fitted in the k 

range of 3-10 Å
-1

 and up to 3.6 Å in ‘R’ space.  

4.2.2.7. Computational details 

All the calculation has been performed using density functional theory within the frame of 

Vienna ab-initio simulation package (VASP).
35-38

  All the energies have been calculated self-

consistently with generalized gradient approximation (GGA) using Perdew-Burke-Ernzerhof 

exchange-correlation functional.
39-40

 The electron-ion interaction is described by projector-

augmented plane wave (PAW).
41-42

 Convergence threshold for energy and force are set at 10
-4 

eV and 0.03 eV/Å.  

 

               
   (4.2) 
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4.3. Results and discussion 

The MoCat catalyst was synthesized by temperature-programmed carburization of metal 

precursor in presence of graphitic carbon nitride (g-C3N4) and hexamethylenetetramine 

(HMT). The overall synthesis is a two steps synthesis in which the first step involves the 

synthesis of metal precursor involving hexamethylenetetramine with ammonium 

molybdate. The second step is the high-temperature calcination of the obtained metal 

precursor with g-C3N4. The complete description of the synthesis has been given in the 

experimental section. A certain variation in the reaction condition was done to obtain 

pure β-Mo2C or γ-Mo2N phases (as described in the experimental part). The 

electrocatalytic HER performance of the MoCat catalyst was evaluated in a conventional 

three-electrode system. For comparison, the catalytic activity of commercial Pt/C (20 

wt%) of Pt on carbon black from Sigma Aldrich), -Mo2C, γ-Mo2N and MoCat-m, a 

physical mixture of Mo2C (47%) & Mo2N (53%), were studied. All the experiments were 

conducted in Ar purged 1M H2SO4 further corrected for iR correction and the potentials 

were quoted w.r.t to R.H.E. It is evident from the polarization curves that MoCat catalyst 

shows a much better catalytic activity over the other molybdenum catalysts with onset 

potential of 44 mV, which is very close to the commercially available Pt/C catalyst 

(having onset potential close to zero). The Pt/C catalyst exhibited high HER catalytic 

activity with a low overpotential, η10 (defined as the potential at 10 mA/cm
2
 of cathodic 

current density) of 61 mV.  From 1 Sun of AM 1.5 illumination, the solar photon 

produces a charge-carrier flux of 10–20 mA/cm
2
 to a planar electrode surface. Hence, we 

have chosen 10 mA/cm
2
 as the reference current density for measuring the 

overpotential.
43

 The overpotential η10 for MoCat catalyst was found to be 96 mV whereas 

-Mo2C, γ- Mo2N shows a higher value of 240 mV and 350 mV respectively as shown in 

figure 4.1a and 4.1b respectively. Furthermore, a comparison of the MoCat-m catalyst 

(which is merely a physical mixture of 47% of -Mo2C and 53% γ-Mo2N, independently 

synthesized pure phased nanoparticles) with respect to MoCat, shows relatively poor 

catalytic activity (η10 = 310 mV) shown in figure 4.2a. 
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Figure 4.1. Polarization Curve of (a) Mo2C (b) Mo2N before and after 1000 cycle 

recorded in 1 M H2SO4 at a scan rate of 7 mV/sec. 

 

Figure 4.2. (a) Polarization curves of MoCat and a comparison with other catalysts in 1 

M H2SO4 at a scan rate of 2 mV/sec (b) Tafel plots of commercially available Pt/C and 

MoCat catalyst. (c) Nyquist plots of the MoCat catalyst recorded at selected over-

potentials in an Ar purged 1 M H2SO4 solution (c) Nyquist plot at 0.1 V fitted using RC 

circuit shown in inset (d) stability curve  of MoCat catalyst (inset: stability plot at two 

different current densities with respect to time.) 
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The linear portion of the Tafel plots of MoCat catalyst shows a much smaller slope when 

fitted to Tafel equation (η = b log j + a, where j is the current density and b is the Tafel 

slope, figure 4.2b), indicating a fast electron transfer through the electrode interface. For 

the HER in acidic media, three possible reaction steps have been suggested.
44  

First step: Volmer reaction (Primary discharge step):  

where R is the ideal gas constant, T is the absolute temperature,   ≈ 0.5 is the symmetry 

coefficient, and F is the Faraday constant. This step is followed by either Heyrovsky 

reaction (an electrochemical desorption step),  

 

Or Tafel reaction (a recombination step), 

The Tafel slope is a characteristic property of the catalyst that is determined by the rate-

determining step of the HER. The determination of the Tafel slope is extremely 

important for the interpretation of the elementary steps involved. A very high Hads 

coverage (θH ≈ 1), on a Pt surface, is known to proceed through the mechanism followed 

by equations 4.4 and 4.6 i.e., Volmer-Tafel steps, and the recombination step is the rate-

determining step at low overpotentials, as evident from the Tafel slope of 30 mV/dec. 

For MoCat, the observed Tafel slope of ∼37 mV/decade, suggesting that electrochemical 

desorption is the rate-limiting step and thus that the Volmer Heyrovsky HER mechanism 

(equations 4.4 and 4.5) is operative in the HER. For a further understanding of the 

catalytic behaviour, electron impedance spectroscopy (EIS) was carried out at different 

applied potentials. The Nyquist plots of EIS responses at different overpotentials are shown in 

figure 4.2c. The inset represents the simulated version of a plot measured at 100 mV and their 

equivalent circuit used for fitting. The semicircle at low-frequency region typically indicates the 

charge transfer resistance which is around 12 ohms for MoCat catalyst indicating the occurrence 

of faster electrode kinetics. However, MoCat-m manifests a very high impedance of around 200 

ohms as shown in figure 4.3a and 4.3b.   

   
               

 
                     (4.4) 

         
                                      (4.5) 

                                    (4.6) 
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Figure 4.3. (a) Nyquist plot of MoCat and MoCat-m (b) Nyquist plot of MoCat and MoCat-m at 

100 mV fitted using RC circuit shown in the inset. 

To ensure the long-term durability of the catalyst, polarization curves were recorded at a scan 

rate of 7 mV s
-1

 for 1000 cycles as shown in figure 4.2d. As evident from the above stability 

plot, no significant difference was observed in the polarization curves, before and after 1000 

cycles, which ensures high stability of the catalyst. A plot of overpotential vs time is shown at 

η10 and η20 respectively further supporting the above stability measurements (inset Figure 4.2d). 

The structure and composition of the MoCat catalyst were studied using powder X-ray 

diffraction (PXRD), XANES, EXAFS, FESEM, TEM, EDAX, and HRTEM. Primarily, PXRD 

analysis showed the presence of both β-Mo2C and -Mo2N phases in the catalyst. Rietveld 

refinement further confirmed the ratio of β-Mo2C/γ-Mo2N phases to be 47:53 (Figure 4.4a and 

4.4b). Mo K-edge XANES spectra of Mo2C, Mo2N, Mo-foil, ammonium molybdate and MoCat 

respectively (Figure 4.4c), reveals that MoCat catalyst has a similar oxidation state as that of 

Mo-Foil and the spectrum holds a similar position with respect to Mo2C and Mo2N. Owing to 

the higher oxidation state of molybdenum in ammonium molybdate shows a right shift of the 

spectrum (see the solid grey line). The first major peak in the radial distribution function (Figure 

4.4d) of the EXAFS spectrum of γ-Mo2N, corresponds to the nearest nitrogen shell, while the 

second and third peaks correspond to Mo and N atoms respectively from the central Mo atom. 
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Figure 4.4. (a) PXRD spectra of MoCat catalyst (b) Rietveld refinement analysis showing 

the percentage of composition of MoCat catalyst (c) Normalized experimental XANES 

spectra of Mo foil, Ammonium molybdate (AMH), Mo2C, Mo2N and MoCat catalyst 

measured at Mo K-edge (d) EXAFS spectra of Mo2C, Mo2N and MoCat catalyst. 

 

Table 4.1. EXAFS fitted as calculated parameters for Mo2C, Mo2N and MoCat catalyst. 
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The theoretical FT-EXAFS spectra have been generated assuming the model γ-Mo2N 

namely the first nitrogen shell (Mo-N1) with coordination number (CN) of 6, second Mo 

shell (Mo-Mo) having CN of 12 and third nitrogen shell (Mo-N) with CN of 8. In β-

Mo2C, the first peak corresponds to the nearest carbon (Mo-C) shell with the CN of 6 

and the second major peak corresponds to (Mo-Mo) shell with the CN of 12. The best fit 

results of the radial distribution of MoCat catalysts (Figure 4.4d) further confirms the 

composition obtained from Rietveld refinement. The fitted parameters and as obtained 

values for coordination numbers, R and mentioned in table 4.1. Transmission electron 

microscopy (TEM) and Scanning electron microscopy (SEM) are also in-line with the 

previous observations. FESEM image (Figure 4.5a) exposes the porous morphology of 

the catalyst.  

 

Figure 4.5. (a) FESEM micrograph of the MoCat -catalyst. (b) FESEM images at low 

resolution and the corresponding elemental mapping (C) HRTEM showing the lattice 

fringes (d) HRTEM showing the formation of several interfaces of both having γ-Mo2N 

and β-Mo2C nanocrystals(See the zoomed-in section).  

Elemental mapping of MoCat (Figure 4.5b) revealed that the Mo, N, and C atoms were 

homogeneously distributed over the entire material, suggesting that the Mo2C/Mo2N 

nanocrystals were uniformly distributed within the carbon matrices. TEM images 

showing a uniform formation of Mo2C/Mo2N nano-crystallites of sizes ranging from 8 to 
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12 nm. The high-resolution TEM micrograph shows the cubic structure of the -Mo2N 

nanoparticles with a 2.4 Å spacing of lattice fringes of the (111) planes and 2.7 Å, 

corresponding to the crystal (002) planes of the orthorhombic β-Mo2C (Figure 4.5c). A 

solid solution in nano-dimensions with interfaces was observed (See the zoomed version 

of Figure 4.5d) in all micrograph. The porous morphology of the catalyst as observed in 

the FESEM analysis was further confirmed by BET surface area analysis, which gives a 

surface area of 254 m
2
/g (Figure 4.6). 

 

Figure 4.6. BET isotherm of MoCat catalyst with BJH pore size  distribution shown in the inset 

The HRTEM observation reveals the creation of interfaces between the nanoparticles in 

different crystallites. This inspired us to do a theoretical investigation to understand the 

origin of enhanced HER activity with respect to individual Mo2C, Mo2N, and MoCat-m. 

Theoretical calculations show that the Mo2C acts as an electron donor for the adjacent C 

atoms in the carbon layers, whereas the Mo2N functions as an electron acceptor; this 

synergy between Mo2C and Mo2N dopants is found to yield unprecedented, highly active 

catalytic sites on the carbon layers that are more active than those in Mo2C or Mo2N. The 

DFT study of β-Mo2C, -Mo2N, and Mo2C-Mo2N were performed by utilizing VASP 

code within DFT formalism. The generalized gradient approximation (GGA) in the 

Perdew−Burke−Ernzerh (PBE) format is used in all calculations.
35-37

 Relativistic effects 

were included in the pseudopotential of Molybdenum. The structural relaxations were 

examined until the Hellmann−Feynman force on each atom is less than 0.01 eV/Å, and 
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the energy convergence criterion was set to 10
−5

 eV. A supercell of 3×3 and the 3×3×1 k 

sampling in Brillouin zone was employed in all calculations. Here it is observed that 

there is a significant charge transfer at the interface of these nanoparticles. It can be 

perceived from the charge density plots (Figure 4.7). Appreciable charge transfers at the 

interface between Mo2C and Mo2N further facilitate the binding and removal of 

hydrogen on and from the surface. Bader charge analysis has also been computed to 

verify the actual transfer of charge at the interface.  

 

Figure 4.7. Charge density plots Mo2C, Mo2N and Mo2C-Mo2N nano-particles 

 

Figure 4.8. Initial geometries of pristine and adsorbed system of Mo2C, Mo2N and 

Mo2C-Mo2N  
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For the comparative, we have constructed the theoretical model of slabs of Mo2C, Mo2N, 

and interface of Mo2C-Mo2N, H@Mo2C, H@Mo2N and H@Mo2C-Mo2N. Particularly 

we have considered 001 facets with Mo-terminated surface as an active surface of β-

phase of Mo2C and -phase of Mo2N. Nanoparticles of Mo2C and Mo2N are constructed 

by modelling the slab with six layers of Mo-C and four layers of Mo-N. All the 

geometries are relaxed using selective dynamics implemented within VASP by keeping 

the first three layers translate and rest layers fix. Different adsorption sites have been 

considered for the H atoms over Mo2C, Mo2N and Mo2C-Mo2N (Figure 4.8). In the case 

of Mo2C, hydrogen is adsorbed over the centre. In Mo2N, H is adsorbed over the centre, 

over the Mo atom and the N atom. In case of interface Mo2C and Mo2N, two adsorption 

sites have been considered: one is over the Mo side and another is over the N-atom near 

the interface. Initial geometries of Mo2C, Mo2N and Mo2C-Mo2N are depicted in figure 

4.8. and relaxed geometry is depicted in figure 4.9. 

 

Figure 4.9. Relaxed geometries of pristine and hydrogen adsorbed over the 

nanoparticles Mo2C, Mo2N, and Mo2C-Mo2N 

To understand electrocatalytic properties of MoCat, we have used DFT calculations, 

where the thermochemistry of hydrogen evolution reaction (HER) can be explained.
29

  

Gibbs free energy is an important parameter used to assess the catalytic activity of 

material for hydrogen evolution. In a different perspective, recollecting the mechanism, 

HER can also be represented as H
+
  + e

-
  + *  H*,  showing the bonding of H

+ 
to the 

catalyst surface, where “*” represents the suitable binding sites on the catalytic surfaces 

followed by reduction; Desorption of H2 molecule from the surface through one of these 
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processes: 2H*  H2 + 2* or H
+
 + e

-
  H2 + *. Particularly, DFT calculations of 

thermochemistry are independent of the precise mechanism of the 2nd step. However, it 

is a necessary, (but not sufficient) condition for a material to be an ideal catalyst is that 

the free energy of adsorbed hydrogen should be close to that of the reactant or product 

(i.e., ∆GH≈0). Our calculations of Gibbs free energy (∆GH) for all the relevant catalysts 

(namely β-Mo2C, -Mo2N, and MoCat (β-Mo2CMo2N)) are described in figure 4.10.  

MoCat is found to be very close to Pt/C (commercially available) catalyst in the 

calculated free-energy diagram of HER at equilibrium potential. Apparently, a positive 

value of ∆GH of the catalyst may be confusing to the readers. However, the most 

intriguing part here is that a slight positive ∆GH value optimizes the catalytic activity by 

percolating the effect towards high negative values of β-Mo2C and -Mo2N nanoparticles 

through carbon layers present in MoCat. 

  

 Figure 4.10. The calculated free-energy diagram of HER at equilibrium potential for 

three possible structures, namely Mo2C, Mo2N and MoCat (Mo2C-Mo2N) catalyst. 

Further, the adsorption energy of the hydrogen on different slabs has been calculated as follow  

                                  

 

     (4.7) 
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  Where E(system+H) is the total energy of the system with H atom adsorbed on the surface, 

E(system) is the total energy of system and E (H) is the total energy of H atom. The calculated 

adsorption and Gibbs free energy of the system have been given in table 4.2. 

 

Table 4.2. Adsorption energy and Gibbs free for all the systems 

 

The corresponding lattice parameters are as calculated in table 4.3. 

Table 4.3. The lattice parameters (Å) of the supercells for all the systems 

Table a b c 

Mo2C 9.472 12.116 20 

Mo2N 6.642 6.642 20 

Mo2C-Mo2N 9.044 15.400 17.77 

H@Mo2C 9.681 11.671 16.571 

H@Mo2N 8.366 8.399 19.106 

H@Mo2C-Mo2N 15.743 19.915 12.634 

4.4. Conclusion 

This chapter provides evidence for the existence of a synergistic effect existing between 

molybdenum carbide and molybdenum nitride nanoparticles yielding excellent HER 

activity if synthesized in-situ in a controlled solid-state reaction. Thorough 

characterization and measurements of the MoCat catalyst revealed that it contains 53% 

of -Mo2N and 47% of -Mo2C. In a remarkable observation, it was noted that MoCat-m 

(Catalyst made from mixing individually synthesized -Mo2N and -Mo2C, pure phase 

nanoparticles in same or similar composition) fails to attain such high catalytic activity. 

System Adsorption energy (Ed) 

(in eV) 

Gibbs free energy (∆GH) 

(in eV) 

H@Mo2C -1.89 -1.65 

H@Mo2N -2.84 -2.60 

H@Mo2C-Mo2N -0.23 0.12 



Nano-structured hybrid molybdenum carbides/nitrides generated in-situ for HER applications 

 Page 113 

It shows that the composition works only when the catalyst is synthesized in-situ. 

Theoretical studies are also in-alignment with the experimental findings, where an 

appreciable charge-transfer at the interface of these nanoparticles was revealed from the 

charge density plots. Such charge-transfer at the interface between Mo2C and Mo2N 

further facilitate the hydrogen evolution reaction. This is also supported by the free 

energy calculation which is very close to commercially available Pt/C catalyst. Most 

importantly, the synthesis of the MoCat catalyst is simple and can be scaled up easily for 

large scale devices with ultra-low-cost fulfilling its pre-requisites for an application.  

These findings would open up a huge area of research in the relevant areas as this kind of 

in-situ synthesis can be extended to other metals such as W, Nb, Ta and Ti to produce 

efficient electrocatalyst. Numerous possibilities of making composites with promoter 

elements such as Fe, Co, Ni, and Cu are also there to be explored for the enhancement of 

the catalytic activity.     
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Chapter 5 

 

In-situ synthesized mesoporous 

Mo2C/MoO2 nanocomposite shows 

enhanced HER activity 

 

Abstract: Hydrogen being a promising source of clean energy alternative, the production of 

hydrogen using electrocatalysis and development of such carbon-neutral energy conversion 

technologies are very crucial. Lately electrocatalysts with multiple solid-solid heteroatom 

interfaces gaining importance due to their improved HER activity. Herein, a mesoporous 

composite of molybdenum carbide and molybdenum oxide on silica platform (SiMoCat) has 

been developed, which exhibits an overpotential of 71 mV for driving a current density of 10 

mA/cm
2
, very closed to the commercially available Pt/C (η10 = 60 mV) and a Tafel slope value 

of 35 mV/dec with an onset potential of 31 mV. The electrochemical stability of the catalyst 

after 3500 catalytic cycles do not show a significant change in the catalytic activity. The 

SiMoCat was obtained by a judicious variation in the catalyst precursor and the reaction 

conditions, resulting in a composition containing 51.3 % and 48.7 % of Mo2C and MoO2 

respectively.  
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Brief Outcome: In this chapter, a new composite, was developed by the in-situ synthesis of 

molybdenum carbide and oxide nanoparticles into a porous silica platform, as a highly active 

and durable nonprecious metal electrocatalyst for Hydrogen Evolution Reaction (HER). We are 

maned it “SiMoCat”, which exhibits an overpotential of 71 mV for driving a current density of 

10 mA/cm
2
, very close to the commercially available Pt/C (η10 = 60 mV) and a Tafel slope value 

of 35 mV/dec with an onset potential of 31 mV. The electrochemical stability of the catalyst 

after 3500 catalytic cycles do not show a significant change in the catalytic activity. The 

SiMoCat was obtained by a judicious variation in the catalyst precursor and the reaction 

conditions, resulting in a composition containing 51.3 % and 48.7 % of Mo2C and MoO2 

respectively. Lately, electrocatalysts with multiple solid-solid heteroatom interfaces gaining 

importance due to their improved HER activity. In a solid-solid interface, heteroatoms play a 

significant role in determining the catalytic activity of the material. By using state-of-the-art 

density functional calculations, Gao et al., have demonstrated that 2D-MXenes (new family of 

two-dimensional (2D) transition metal carbides), which are terminated by a mixture of oxygen 

atoms and hydroxyl moieties, should exhibit high HER activity. Similar interaction might exist 

in SiMoCat catalyst which contains two phases, Mo2C and MoO2, creating several interfaces on 

Silica platform.  
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5.1. Introduction 

The energy crisis associated with extensive dependence on fossil fuels and apprehension of 

global warming has prompted us to explore the clean and regenerative energy sources.
1
 In this 

regard, the safe production of eco-friendly fuels using sustainable energy resources has become 

a highly exigent task.
2-3

 However, a dynamic seasonal and regional inconsistency along with the 

daily intermittent are crucial factors that limit the use of these immensely accessible renewable 

energy sources.
4
 This volatility of energy possibly will be solved if this could be accumulated 

and bring into use after being translated into a secure form of energy carrier like hydrogen. As a 

promising alternative, hydrogen having the highest gravimetric energy density could be 

considered as a sustainable solution for minimizing greenhouse effect and depletion of 

petroleum products.
5
 In this context, electrocatalytic water splitting is an inspiring way to step 

towards carbon-neutral, renewable and green energy technologies.
6
 Usually, noble metals and 

their derivatives are known to be the most efficient electrocatalysts for HER applications. These 

catalysts effectively facilitate the hydrogen evolution reaction by generating large cathodic 

current at a very low overpotential; however, scarcity, storage and high cost are among the 

major limitations involved using noble-metal based catalyst, which consequently confines the 

industrial production of hydrogen.
7-8

  Thus the enviable approach of probing earth-abundant 

metal-based electrocatalysts could formulate the hydrogen evolution process on commercial-

scale.
9-10

 Therefore enormous efforts have been made in searching an abundant metal catalyst 

including transition metal carbides, nitrides, oxides, sulphides, bromides, phosphides and their 

composites, for HER in acidic conditions. Their significant properties including, electrical 

conductivity and chemical stability, features them as an economically viable, non-noble metal 

alternative for hydrogen generation. In this connection, molybdenum based catalysts such as 

Molybdenum carbide (Mo2C), sulphide (MoS2), nitride (Mo2N), oxide (MoO3), phosphide 

(MoP) and their composites are well-known electrocatalysts in molybdenum family which have 

been extensively explored.
11

 The composites like Mo2C/Mo2N,
12

 Mo2C/MoS2
13

  

Mo2C/Mo2N/HrGO,
14

 Mo2C/NRGO, Mo2C/CNT, Mo2C/RGO/CNT 
15-17

 Mo2C/RGO,
18

 etc., are 

also reported in the recent literature, which performs HER excellently in acid or alkaline media. 

All these reports indicate the existence of mutual interaction between the interfaces of unlike 

phases which resulted in an enhancement in the electrocatalytic activity, can be termed as 

"Synergistic effect". In the present chapter, we demonstrate that the Mo2C/MoO2 binary phase 

also shows such an effect only when the composite is synthesized in-situ.
15, 19

 Here, we 

synthesised the silica-based Mo2C/MoO2 composite by temperature-programmed reduction 
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method to yield “SiMoCat”. The synthesis particularly involves the partial carburization of 

mesoporous silica-containing MoO3 oxide precursor at high temperature, resulting in two 

phases, namely Mo2C and MoO2 supported on amorphous silica. The onset potential (31 mV), 

overpotential (71 mV), and the Tafel slope (35 mV/dec) value, are very close to the 

commercially available Pt/C with long term stability of more than 3500 cycles. Such binary 

phases contain intermingled boundaries of Mo2C and MoO2 nanostructures results in curtailing 

the charge resistance and hence favouring the catalytic activity. The theoretical exploration of 

silica assisted molybdenum carbide, and molybdenum oxide also indicates and supports the 

superior activity compared to the single phases. 

5.2. Experimental section  

5.2.1. Materials 

All the chemicals used in the synthesis of catalysts were purchased from the undermentioned 

brand and was used as obtained. Nafion® perfluorinated resin solution; Ammonium molybdate 

tetrahydrate ((NH4)6.Mo7O24.4H2O); Citric Acid; N, N-Dimethylformamide anhydrous, 99.8%; 

Ammonium Hydroxide NH3.H2O (25%); Melamine; Graphite flakes and Tetraethyl 

Orthosilicate (TEOS); were purchased from Sigma Aldrich. Deionised water was used in all 

preparations.  

5.2.2. Methodology 

5.2.2.1. Synthesis of Catalyst 

The catalyst synthesis involves two major steps in which the first step is the synthesis of the 

metal precursor and then followed by the partial carburisation of the oxide metal precursor at 

high temperature in an inert environment. 

Step 1: Synthesis of catalyst precursors:  

a. Hydrolysed TEOS: A hydrolysed suspension of TEOS was prepared by Stöber-Fink-Bohn 

method with little modification.
20

 Typically, two mother solutions were made in which the first 

solution contained 0.022 moles of TEOS in 25 mL of ethanol and the second solution contained 

15 mL of ammonium hydroxide (12%).  Both the solutions were mixed and stirred overnight 

until a turbid suspension was obtained, which was further used for the synthesis of silica-

supported molybdenum oxide nanoparticles. 
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b. Synthesis of Silica supported MoO3 nanoparticles (Si-MoO3). A hydrothermal method 

was followed, where 0.001 mole (1.2358 g) of ammonium molybdate tetrahydrate 

(NH4)6Mo7.O24.4H2O and 0.03 mole (5.8 g) of citric acid were dissolved into 20 mL of distilled 

water in a 50 mL glass beaker and kept for 60 minutes stirring at room temperature until the 

solution becomes transparent. The pH of the solution was maintained between 1-2, by adding a 

few drops of 12 M HCl, which resulted in a blue coloured solution indicating a partial reduction 

of Mo
+6

 to Mo
+5

. The hydrolysed TEOS turbid suspension (which was prepared in the first 

step), was added to the blue coloured solution and heated into an autoclave at 180 °C for 24 h. 

The obtained hydrothermal product was dried and annealed at 500 °C for 2 hours with a ramp 

rate of 400 °C /h under argon atmosphere. 

c. Synthesis of MoO3 nanoparticles. The synthesis of MoO3 nanoparticles involves the same 

procedure as in the above section ‘b’. The only difference is that in these nanoparticles synthesis 

there is no use of hydrolysed TEOS and the obtained product is used for the Mo2C and MoO2 

synthesis.  

d. Synthesis of GO-based carbon source. GO was synthesised by the well-known Hummer’s 

method from graphite flakes. Initially, 500 mg of GO with 1 g of melamine was sonicated in 10 

mL of distilled water for two hours. The resulting suspension was dried and heated at 450 °C for 

one hour and at 550 °C for two hours with a ramp rate 400 °C/h into a covered crucible in a tube 

furnace under argon. The greyish mass evolved in the reaction was further used for the catalyst 

synthesis.   

Step 2: High-temperature calcination of the oxide precursor 

e. Synthesis of SiMoCat. In a reaction, 25 mg silica-supported MoO3 (Si-MoO3) nanoparticles 

were mixed with 200 mg of GO-based carbon source, and placed in a tube-furnace. In the 

beginning, the tube furnace was purged with argon gas for half-an-hour to remove the unwanted 

gases. The mass was heated to 800 °C with a ramp rate of 400 °C/h with a flow rate of 30 

mL/min and was held for three hours. The SiMoCat catalyst was obtained by steady cooling of 

the product under argon. A composite of Mo2C and MoO2 nanoparticles was formed in-situ 

during the solid-state reaction which is highly susceptible to the temperature manipulation and 

initial quantity of the precursors used in the reaction. All these factors were optimised 

appropriately to obtain a variety of compositions (Si-Mo2C, Si-MoO2, SiMoCat1, SiMoCat2,) of 

Mo2C and MoO2 as discussed below.  
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f. Synthesis of MoO2. MoO2 catalyst was synthesized by annealing 15 mg of MoO3 with 100 

mg of GO-based carbon source (preparation described in the experimental section of the 

manuscript) at 800
0
 C for 1 h in an argon atmosphere at a flow rate of 30 mL/min. 

g. Synthesis of Mo2C. For Mo2C catalyst has been synthesized with 15 mg MoO3 nanoparticles 

and 250 mg GO-based carbon source, mixed in a mortar pestle. The mixture was heated at 800 

0
C for 3 h in an argon atmosphere with a flow rate of 30 mL/min. 

h. Synthesis of silica-based MoO2 (Si-MoO2). Si-MoO2 was synthesized by annealing 25 mg 

of Si-MoO3 (as described in section ‘b’) with 100 mg of GO-based carbon source annealed at 

800
0
 C for 1 h in an argon atmosphere at a flow rate of 30 mL/min. 

i. Synthesis of silica-based Mo2C (Si-Mo2C). Si-Mo2C catalyst was synthesized annealing 25 

mg Si-MoO3 nanoparticles (as described in section ‘b’) and 250 mg GO-based carbon source 

was mixed in a mortar pestle. The mixture was heated at 800 
0
C for 3 h in an argon atmosphere 

with a flow rate of 30 mL/min. 

j. Synthesis of SiMoCat1. SiMoCat1 was synthesized by annealing a mixture of 25 mg Si-

MoO3 precursor (as described in section ‘b’) and 225 mg of GO-based carbon source for 3.5 h 

at 800 
0
C in an argon atmosphere. 

k. Synthesis of SiMoCat2. SiMoCat2 was synthesized by annealing a mixture of 25 mg Si-

MoO3 precursor (as described in section ‘b’) and 100 mg of GO-based carbon source for 2.5 h 

at 800 
0
C in an argon atmosphere. 

Note: The heating rate in all the synthesis process was 400 
0
C/min, and the post-reaction 

cooling was done in an argon environment with a gas flow of 30 mL/min. 

5.2.2.2. Physical characterisation.  

The SiMoCat was characterised using several techniques, which are described as follows. 

Preliminary analysis was done by Powder X-Ray diffraction (Bruker Eco D8 advance 

diffractometer, by using Ni filter employing Cu Kα radiation, λ=1.54056 Å, 40 kV and 25 mA, 

in the 2θ range of 5 to 80 with an increment of 0.00190/Step). The surface area and pore size 

distribution of the samples were done by Autosorb IQ Quantachrome instrument using the 

Brunauer-Emmett-Teller (BET) and the Barrett-Joyner-Halenda (BJH) equation. The SEM 

micrographs of the sample were generated using JEOL, JSM IT-300 equipped with energy 

dispersive X-ray diffractometer (Bruker) to study the surface morphology and elemental 
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composition. Transmission electron microscopy (TEM) images were acquired using a JEOL-

2100 operated at 200 kV. The XANES and EXAFS measurements of the Mo based catalysts 

along with the Mo standards have been carried out at the Indus-2 Synchrotron Source (2.5 GeV, 

100 mA), beamline (BL-9) at RRCAT, Indore, India. 

5.2.2.3. Electrochemical measurements 

The electrochemical measurements were conducted using CHI 760E electrochemical 

potentiostat having three electrode configurations consist of Ag/AgCl, glassy carbon and 

carbon-based electrode as a reference, working and counter electrodes respectively. Initially, a 

homogeneous suspension of each catalyst was prepared using 5 mg of catalyst in 495 µL of 

DMF and 5 µL (5 wt %) of Nafion as a binder. The suspension so formed sonicated for 2 hours 

using Labsonic LBS2-10 Bath Sonicator, before drop-casting, on the surface of the electrode. 

The glassy carbon electrode has been polished with alumina powder and cleaned to remove any 

contamination on the surface. The electrode (3 mm diameter) was loaded with 0.71 mg/cm
2
 by 

drop-casting the above-prepared ink and dried under vacuum. All the measurements were 

conducted in Ar purged 0.5 M H2SO4 solution by sweeping the potential between 0 to -0.5 V 

(vs. RHE) with a potential sweep rate 2 mV/sec, unless otherwise mentioned. The Tafel slopes 

were calculated by replotting the polarisation curve, and linear region of Tafel plots was fitted 

to Tafel equation η = a + b log j, where η is the overpotential, j is the current density, a is the 

intercept relative to the current exchange density. The long-term durability tests were performed 

by recording the polarization curve at a scan rate of 7 mV/sec for 3500 cycles. The 

overpotential of all catalytic materials was displayed with respect to reversible hydrogen 

electrode (RHE) following the equation "E (RHE) = E (Ag/AgCl) + 0.059 pH + 0.197 V" and a 

correction factor for the solution resistance was incorporated to the equation ɳcorrected = ɳ-iRs 

whereas Rs is solution resistance. For comparative study, commercially available 20 wt% Pt/C 

catalyst-modified electrode has also been used under the same condition. 

5.2.2.4. X-ray Absorption Spectroscopy 

The XAFS measurements of the Mo based catalysts along with the Mo standards have been 

carried out at the Energy Scanning EXAFS beamline (BL-9) at the Indus-2 Synchrotron Source 

(2.5 GeV, 100 mA), Raja Ramanna Centre for Advanced Technology (RRCAT), Indore, India
21-

22
 on Mo K-edges. This beamline operates in the energy range of 4 KeV to 25 KeV. The 

beamline optics consists of a Rh/Pt coated collimating meridional cylindrical mirror and the 

collimated beam reflected by the mirror is monochromatized by a Si (111) (2d=6.2709 Å) based 
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double crystal monochromator (DCM). The second crystal of DCM is a sagittal cylinder used 

for horizontal focusing while Rh/Pt coated bendable post mirror facing down is used for vertical 

focusing of the beam at the sample position. Rejection of the higher harmonics content in the X-

ray beam is performed by detuning the second crystal of DCM. In the present case, XAS 

measurements have been performed in both transmission and fluorescent modes. For the 

transmission mode measurement, three ionization chambers (300 mm length each) have been 

used for data collection, one ionization chamber for measuring incident flux (I0), the second one 

for measuring transmitted flux (It) and the third ionization chamber for measuring XAS 

spectrum of a reference metal foil for energy calibration. “The atmospheric gas pressure and a 

gas mixtures of noble gases have been chosen to achieve 10 -20% absorption in the first 

ionization chamber and 70 - 90% absorption in the second ionization chamber to improve the 

signal to noise ratio. The absorption coefficient µ is obtained using the relation         
    

where x is the thickness of the absorber. For measurements in the fluorescence mode, the 

sample is placed at 45 to the incident X-ray beam and a fluorescence detector is placed at a 

right angle to the incident X-ray beam to collect the signal. One ionization chamber detector is 

placed prior to the sample to measure the incident flux (I0) and fluorescence detector measures 

the fluorescence intensity (If). From these intensities, the absorbance of the sample ( = If /I0) is 

found as a function of energy. 

Mo edge XANES and EXAFS 

The Mo K-edge absorption edges of the samples have been obtained from the 1
st
 inflexion point 

of the µ vs. E curves. The K-edge energy in XANES and Fourier transformed EXAFS (FT-

EXAFS) of Mo precursor, Mo foil along with the references MoO2 and Mo2C as reference 

sample are studied to compare with the SiMoCat catalyst. From the XANES spectrum, it can be 

seen that the oxidation state of the sample is less than +6. The absorption edges of Mo in the 

samples SiMoCat lies very close to the Mo2C towards to low energy side of MoO2, which 

shows that Mo in SiMoCat having oxidation in between 2 and 3 with little energy difference 

form the Mo2C energy edge value. The XANES spectrum of AMH ((NH4)6Mo7O24) shows pre-

edge at 20007 eV which is due to 1s-4d dipole forbidden transition. AMH has tetrahedral 

symmetry, which has mixed Mo-d and O-p bond characters. 

To obtain the qualitative information about the local structure, oscillations in the absorption 

spectra      have been converted to absorption function      defined as follows: 
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where E0 is the absorption edge energy,         is the bare atom background and         is the 

step in      value at the absorption edge. The energy-dependent absorption coefficient      

has been converted to the wave-number dependent absorption coefficient      using the 

relation,  

where m is the electron mass.       is weighted by k
2
 to amplify the oscillation at high        

and the χ(k)k
2
 functions are Fourier transformed in R space to generate the      versus R 

spectra in terms of the real distances from the centre of the absorbing atom. The set of EXAFS 

data analysis programme available within Demeter
23

 software package has been used for 

EXAFS data analysis. This includes background reduction and Fourier transforms to derive 

the      versus R spectra from the absorption spectra (using ATHENA
23

 software), generation 

of the theoretical EXAFS spectra starting from an assumed crystallographic structure and finally 

fitting of experimental data with the theoretical spectra using ARTEMIS
23

 software. The data of 

samples have been fitted by taking Mo2C and MoO2 crystal structure. In the fitting process the 

co-ordination number (C.N), atom to atom bond distance R between the respective atomic pairs 

and the disorder factor (Debye-Waller factor) (

) which gives the mean square fluctuation in 

the atomic bond lengths and the thermal disorder in the system, have been used as fitting 

parameters. The goodness of fit has been determined by the value of the Rfactor defined by: 

where,      and      refer to the experimental and theoretical     values respectively and Im 

and Re refer to the imaginary and real parts of the respective quantities.     

5.3. Result and discussion 

In a solid-solid interface, heteroatoms play a significant role in determining the catalytic activity 

of the material.
7, 24

 By using state-of-the-art density functional calculations, Gao et al., have 

demonstrated that 2D MXenes (new family of two-dimensional (2D) transition metal carbides), 

which are terminated by a mixture of oxygen atoms and hydroxyl moieties, should exhibit high 

HER activity.
25

 Similar interaction might exist in SiMoCat catalyst which contains two phases, 
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Mo2C and MoO2, creating several interfaces on Silica platform. The SiMoCat catalyst was 

synthesised following a two-step temperature-programmed calcination method, as mentioned in 

the experimental section. The high-temperature reaction involving MoO3 in hydrolysed TEOS 

reacts with a carbon source (GO-melamine), where MoO3 is reduced to MoO2 and Mo2C in-situ 

and the extent of reduction depends on the amount of carbon source present in the system. So, 

the final composition of the catalyst can be controlled by the amount of carbon source added in 

the high-temperature solid-state reaction. Initially, the metal precursors have been studied and 

the XRD patterns of MoO3, melamine-GO, silica assisted Mo2C and MoO2 are shown in figure 

5.1a, figure 5.2 and figure 5.3 (a and b) respectively. Figure 5.1a confirms that the catalyst 

having a pure phase of MoO3 nanoparticles and the corresponding average size of these 

particles is about 290 nm as described in figure 5.1b. 

 

Figure 5.1. PXRD (a) and DLS (b) pattern of Si-MoO3 nanoparticles 

 

Figure 5.2. PXRD pattern of Melamine-GO Composite 
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Figure 5.3. PXRD of (a) Si-Mo2C and (b) Si-MoO2 

 

Figure 5.4. (A) PXRD pattern and (B) Rietveld measurements of SiMoCat containing Mo2C and 

MoO2 phases with a contribution of 51% and 49% respectively (C) Mo K-edge XANES spectra 

of SiMoCat catalyst compared to standard samples Mo foil and (NH4)6.Mo7O24.4H2O along 

with references Mo2C and MoO2 catalyst (D) The curve corresponding (downside up) k
3
 

weighted FT of EXAFS spectra of MoO2, Mo2C and SiMoCat catalyst further reveal the 
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existence of Mo2C and MoO2 phases with a structural contribution of 53% and 47% 

Temperature programmed reduction (TPR) of the sample was carried out in a stream of argon 

with a flowing rate of 30 mL/min. The catalyst was heated linearly at 400 °C/h from room 

temperature to 800 
0
C and held for 3 hours at this temperature. Two more catalysts (SiMoCat1 

and SiMoCat2) were also synthesised with varying the initial carbon precursor to study the 

effects of initial stoichiometry on the activity of the catalyst. Hence, an optimum amount of 

carbon source will only result in the formation of the desired catalyst. The crystal structure and 

the electrochemical measurements of these catalysts have been describing in the coming 

sections.  The powder X-ray diffraction pattern of SiMoCat (Figure 5.4A) exhibit a series of 

peaks located at approximately 34.3° (100), 37.9° (002), 39.4° (101), 52.1° (102), 61.5° (110), 

69.5° (103), 72.4 (200), 74.5° (112) and 75.4° (201) which attributes to the hexagonal Mo2C 

system (PDF 35-0787).
12

 The peaks located at approx. 26.02° (110), 37.04° (101), 41.92° (111), 

53.54° (211), 61.91° (310), 66.83° (002) and 72.31° (112) corresponds to tetragonal MoO2 

structure (JCPDS: 01-074-4517).
26

 Hence it confirms the co-existence of both hexagonal β-

Mo2C and tetragonal MoO2 phases in the catalyst. A broad hump at around 25° to 35° could be 

related to the mixed amorphous component of carbon and silica, which appears only in the slow 

scan. The Rietveld refinement of SiMoCat revealed the composition to be 51.32 % of Mo2C and 

48.68 % of MoO2 respectively as shown in figure 5.4B. The obtained Rietveld parameters for 

SiMoCat are described in table 5.1.  

Table 5.1. Rietveld refinement parameters of SiMoCat 

 

 

 

 

 

 

 

 

 

SiMoCat 

Sr. No. Parameters Mo2C MoO2 

1 Symmetry Hexagonal Tetragonal 

2 Space group 
194 

Input                    Output 

136 

Input                     Output 

3 a 2.99091 Å 2.98920 Å 4.82993 Å 4.83969 Å 

4 b 2.99091 Å 2.98920 Å 4.82993 Å 4.83969 Å 

5 c 4.71022 Å 4.75052 Å 2.81968 Å 2.78542 Å 

6  90
0
 90

0
 90

0
 90

0
 

7  90
0
 90

0
 90

0
 90

0
 

8  120
0
 120

0
 90

0
 90

0
 

9 Rp % 10.36 

10 Rwp % 9.31 

11 2
 4.59 
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The local structure and the valence state of the composites (SiMoCat and other standards) were 

further studied by the XANES and EXAFS spectroscopy.
27

 The K-edge energy in XANES and 

Fourier transformed EXAFS (FT-EXAFS) of Mo precursor, Mo foil, MoO2, Mo2C as reference 

sample were studied. The introduction of a new phase leads to the change in the electronic 

environment of an atom which results in the shifting of Mo K-absorption edge photon energy.
28

  

So this correlation between oxidation state and absorption edge value along with the standard 

Mo species was applied here to describe the trend of the charge state of the Mo species. The 

XANES spectra in figure 5.4C display different Mo species having a specific pre-edge position 

depending upon the oxidation state. The Mo K-edge XANES spectra from the ammonium 

molybdate precursor (black curve) having a high oxidation state of (VI) )
29

 shows pre-edge at 

20007 eV, where as, the same for Mo foil having “0” oxidation state lies at a photon energy 

20000 eV and hence present in the lower region of the photon energy axis of the XANES plot. 

The K-edge energy of Mo2C and MoO2 as obvious towards low energy confirms the less 

oxidation state than Mo precursor ammonium molybdate. Mo2C and MoO2 as corresponds to 

the oxidation state Mo (II) and Mo (IV) with a close edge position around 20003 and 20004 eV, 

so the edge energy lies in between Mo foil and Mo precursor ammonium molybdate. However, 

the position of SiMoCat edge is almost coinciding Mo2C and MoO2 towards low energy edge 

position. The Mo binding environment of SiMoCat catalyst in r-space is described by the k
3
-

weighted EXAFS analysis as shown in figure 5.4D. The figure shows the Fourier transforms 

Mo K-edge EXAFS of the SiMoCat catalysts together with the synthesised MoO2 and Mo2C 

species. The theoretically fitted EXAFS spectrum for SiMoCat also supports the composition 

obtained in Rietveld refinement and found that the structural composition of Mo2C and MoO2 is 

53% and 47% respectively. From figure 5.4D it can be seen that SiMoCat have a radial 

distribution which is a linear combination of MoO2 and Mo2C radial distribution. The first and 

second peak has the contribution of Mo-O and Mo-C coordination shell, while the third peak 

has the contribution of Mo-Mo coordination shell. The EXAFS measurements of Mo2C and 

MoO2 are shown in figure 5.5 and figure 5.6 respectively. The obtained bond length, 

coordination number and disorder factors of Mo2C, MoO2 and SiMoCat are described in table 

5.2, table 5.3 and table 5.4 respectively. 
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Figure 5.5. Fourier transformed the EXAFS spectrum of Mo2C sample measured at Mo K-edge 

along with best-fit theoretical spectrum. The experimental spectrum is represented by scatter 

points and the theoretical fit is represented by a solid line 

 

Figure 5.6. Fourier transformed EXAFS spectrum of MoO2 sample measured at Mo K-edge 

along with best-fit theoretical spectrum. The experimental spectrum is represented by scatter 

points and the theoretical fit is represented by a solid line. 
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Table 5.2. Bond length, coordination number and disorder factor obtained from EXAFS fitting 

for the standard samples Mo2C at Mo K-edge 

 

Path Parameters Mo2C 

Mo edge 

Mo-C R (Å) (2.09) 2.14±0.04 

 N(6) 5.53±1.26 

 2
 0.024±0.009 

Mo-Mo R (Å) (2.99) 2.93±0.01 

 N(12) 11.46±1.68 

 2
 0.011±0.001 

Rfactor  0.001 

 

 

Table 5.3. Bond length, coordination number and disorder factor obtained from EXAFS fitting 

for the standard samples MoO2 at Mo K-edge 

 

Path Parameters MoO2 

Mo edge 

Mo-O1 R (Å) (1.98) 1.98 ± 0.002 

 
N(4) 4.0 ± 0.05 

 
2

 0.015 ± 0.0004 

Mo-O2 R (Å) (2.07) 2.07 ± 0.003 

 
N(2) 2.0 ± 0.03 

 
2

 0.015 ± 0.0004 

Mo-Mo R (Å) (2.51) 2.59 ± 0.006 

 
N(1) 1.0 ± 0.01 

 
2

 0.0013 ± 0.0003 

Rfactor  
0.02 
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Table 5.4. Bond length, coordination number and disorder factor obtained from EXAFS fitting 

for the standard samples SiMoCat at Mo K-edge 

Path Parameters SiMoCat 

Mo edge 

Mo-C R (Å) (2.09) 2.14 ± 0.01 

From Mo2C N(6) 6.0 ± 0.12 

 
2

 0.001 

Mo-Mo R (Å) (2.99) 2.96 ± 0.003 

From Mo2C N(6) 6.0 ± 0.12 

 
2

 0.002 ± 0.0006 

Mo-O1 R (Å) (1.98) 1.83 ± 0.002 

From MoO2 N(4) 4.0 ± 0.07 

 
2

 0.0045 ± 0.0007 

Mo-O2 R (Å) (2.07) 1.91 ± 0.003 

From MoO2 N(2) 2.0 ± 0.05 

 
2

 0.0045 ± 0.007 

Rfactor  
0.01 

 

Two other compositions of Mo2C and MoO2 (SiMoCat1 and SiMoCat2) have also been 

synthesized and the composition analysis of the catalyst has been done by Rietveld refinement.  

 

Figure 5.7. Rietveld refinement of (a) SiMoCat1 and (b) SiMoCat2: The figure typically shows 

the formation of both Mo2C and MoO2 phases and Rietveld analysis of catalyst shows a 

composition 85.61 % and 14.39 % of Mo2C and MoO2 in SiMoCat1 and composition of 35.23 % 
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and 64.77 % of Mo2C and MoO2 in SiMoCat2. 

 

Table 5.5. Rietveld refinement parameters of SiMoCat1 

 

 

 

 

 

 

 

 

 

The Rietveld refinement of the SiMoCat1 and SiMoCat2 is shown in figure 5.7a and figure 5.7b 

respectively and corresponding refined parameters are described in table 5.5 and table 5.6 

respectively.  

 

Table 5.6. Rietveld refinement parameters of SiMoCat2 

SiMoCat2 

Sr. No. Parameters Mo2C MoO2 

1 Symmetry Hexagonal Tetragonal 

2 Space group 
194 

Input                    Output 

136 

Input                      Output 

3 a 2.99091 Å 2.99696 Å 4.82993 Å 4.83366 Å 

4 b 2.99091 Å 2.99696 Å 4.82993 Å 4.83666 Å 

5 c 4.71022 Å 4.75537 Å 2.81968 Å 2.80616 Å 

6 a 90
0
 90

0
 90

0
 90

0
 

7 b 90
0
 90

0
 90

0
 90

0
 

8 g 120
0
 120

0
 90

0
 90

0
 

9 Rp % 11.16 

10 Rwp % 8.41 

11 2
 7.59 

SiMoCat1 

Sr. No. Parameters Mo2C MoO2 

1 Symmetry Hexagonal Tetragonal 

2 Space group 
194 

Input                    Output 

136 

Input                      Output 

3 a 2.99091 Å 2.99376 Å 4.82993 Å 4.81431 Å 

4 b 2.99091 Å 2.99376 Å 4.82993 Å 4.81431 Å 

5 c 4.71022 Å 4.74662 Å 2.81968 Å 2.76749 Å 

6  90
0
 90

0
 90

0
 90

0
 

7  90
0
 90

0
 90

0
 90

0
 

8  120
0
 120

0
 90

0
 90

0
 

9 Rp % 8.46 

10 Rwp % 9.81 

11 2
 8.59 
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The morphological information was obtained from the SEM and TEM micrographs as shown in 

figure 5.8 (A-H). SEM images of catalyst precursor (MoO3) before and after annealing were 

displayed in figure 5.8A & 5.8B.  SiMoCat is shown at two different magnifications in figure 

5.8C & 5.8D. TEM image reveals that the size of the majority of nanoparticles lies within 30 

nm (Figure 5.8E & 5.8F). High-resolution (HR) TEM image (Figure 5.8G and 5.8G-inset) 

displays the lattice fringe interplanar distance of 0.26 nm and 0.34 nm, corresponds to (100) and 

(110) crystallographic plane of Mo2C and MoO2 respectively.
12, 26

  

 

Figure 5.8. SEM images of (A) MoO3 on silica platform before annealing (B) MoO3 on silica 

platform after annealing (C) and (D) SEM image of SiMoCat catalyst; images in (E), (F) and 

(G) shows TEM micrographs of SiMoCat nanocomposite at different resolution (Inset: HRTEM 

images of Mo2C and MoO2 fringes) (H) elemental mapping confirms the presence of Mo, C and 

O in SiMoCat catalyst. 

In addition, the HRTEM image also shows an interface created by the adjoining phases of 

nanoparticles. The multiple interfaces can be observed in the micrograph featuring the in-situ 

formation of intermingled Mo2C and MoO2 nanocrystals. The elemental mapping of SiMoCat 

on a silicon wafer is shown in figure 5.8H. The mixed distribution of Mo, C, O and Si further 

confirm the presence of Mo2C and MoO2 nanocrystallites on the silica platform. Apart from 

SiMoCat, two other compositions, SiMoCat1 (Mo2C, 85.61% and MoO2,14.39%) and 

SiMoCat2 (Mo2C, 35% and MoO2, 64%) were synthesized. In both these catalysts, we could 

detect the individual Mo2C/MoO2 NPs. The formation of the interfaces could not be detected 
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possibly because a change in the composition and reaction parameters leads to the variation of 

the local ingredients responsible for the formation of the Mo2C/MoO2 interfaces. STEM images 

shown in figure 5.9 depicts that Mo, Si and O were homogeneously distributed over the entire 

structure. 

 

Figure 5.9. STEM images of SiMoCat Catalyst: The images confirm the presence of Mo (figure 

b), O (figure c) and Si (figure d) in the SiMoCat 

The surface area and pore size distribution were studied by N2 adsorption/desorption 

measurements typically exhibit the type-IV BET isotherm displaying the weak hysteresis, 

shown at a p/p0 in the range 0.6–1.0, reveals that the catalyst is mesoporous in nature. The BJH 

analysis shows the maximum number of the pores in the catalyst is mainly distributed within the 

range of 19-28 nm in size. The main objective of using silica was to increase the porosity of the 

catalyst. Such a mesoporous catalyst with uniformity might be inherited from the ordered 

porous silica platform. The surface area obtained for the silica assisted MoO3 (Si-MoO3) 

nanoparticles is 25 m
2
/g as shown in figure 5.10a. But on carburisation of the oxide precursor in 

the inert atmosphere, the surface area gets enhanced. The surface area of the SiMoCat was 

found to be 151 m
2
 g

−1
 and is shown in figure 5.10b. These spongy structures with a high 

surface area not only favours high mass transports and better adsorption but also enhances the 
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interfacial interaction of phases by providing active sites for an easy charge transfer
30

  thereby 

favouring the HER activity.
31

 Moreover, the porous silica structure around Mo2C-MoO2 edges 

can efficiently alleviate the composite without blocking their exposure during the HER 

process.
32-34

 

 

Figure 5.10. Nitrogen adsorption BET isotherms and inset showing BJH pore distribution of 

the catalyst (a) Si-MoO3 (b) SiMoCat: The catalyst was degassed at temperature 200 
0
C for 6 h 

before BET analysis 

The polarization curves of all the catalysts and relevant standards (Figure 5.11) reveals the 

superior activity of SiMoCat over the other molybdenum catalysts. It exhibits an onset potential 

of 31 mV, which is very much proximate with the commercially available Pt/C catalyst (onset 

potential close to zero). Usually, a planar electrode surface in a solar cell produces a charge-

carrier flux of 10 mA/cm
2
 to from 1 Sun of AM 1.5 illumination.

35
 Henceforth, a current density 

of 10 mA/cm
2
 was chosen as the reference for determining the overpotential. SiMoCat exhibits 

an overpotential of 71 mV in driving a current density of 10 mA/cm
2
 (Figure 6.11a). At 20 and 

30 mA/cm
2
 current densities SiMoCat exhibits an overpotential of 86 mV and 90 mV 

respectively. The experimentally calculated overpotential (η10) of Pt/C, SiMo2C, SiMoCat-m (a 

physical mixture of 51% of SiMo2C and 49% of SiMoO2) were found to be 60 mV, 244 mV and 

285 mV respectively. Tafel slope value is an important parameter which can predict the reaction 

pathways and the adsorption behaviour quantitatively and can determine the kinetics of HER. 

The linear portion of the Tafel plots of SiMoCat catalyst displays a slope very close to the Pt/C 

when fitted to Tafel equation (η = b log j + a, where j is the current density and b is the Tafel 

slope, indicating the electrode interface is capable of performing fast electron transfer. 
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Figure 5.11. Polarisation curves of SiMoCat catalyst compared with other catalysts in 0.5 M 

H2SO4 (B) the corresponding Tafel plots of Pt catalyst, Si-Mo2C, SiMoCat-m and SiMoCat (C) 

Nyquist Plot of the SiMoCat at different values of overpotential (inset- Zoomed Nyquist plot of 

SiMoCat catalyst @50 mV) (D) Durability test of SiMoCat (inset- A comparative stability curve 

of SiMoCat at 10 mA/cm
2
 and 20 mA/cm

2
) 

Three possible reaction steps have been proposed for the HER in acidic media.
36

 First step: 

Volmer reaction (Primary discharge step):  

Where R, T, F corresponds to the ideal gas constant, absolute temperature, Faraday constant 

respectively and α ≈ 0.5 is the symmetry coefficient. This step is followed by either Heyrovsky 

reaction (an electrochemical desorption step), 

 

H3O
+
 + e

-
    Hads  + H2O                       (5.4) 

Hads + H3O
+
 + e

-
   H2 + H2O                      (5.5) 
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Or Tafel reaction (a recombination step), 

The Tafel slope value is characteristics of an electrocatalyst and can be evaluated by the rate-

determining step of the hydrogen evolution reaction. The Tafel slope is very crucial for the 

analysis of the primary steps involved in the reaction. For Pt/C catalyst, the Hads coverage (θH ≈ 

1) is very high on the Pt surface, and the mechanism of the reaction proceeds through Volmer-

Tafel steps, (i.e., equations 1 and 3). Tafel slope was measured from the corresponding 

polarisation curve and shown in figure 5.11B. SiMoCat displays a Tafel slope value of 35 

mV/dec, which indicates that the reaction mechanism proceeds through mixed Volmer-

Heyrovsky process and, the recombination step is the rate-determining step at low 

overpotentials. The electrochemical impedance spectroscopy (EIS) technique was used to 

determine the charge-transfer resistance (Rct). EIS was performed at different overpotential 

value 50, 100 and 200 mV in 0.5 M H2SO4 aqueous solution, as shown in figure 5.11C. 

Simulating and fitting of the experimental curve with the corresponding circuit provides 

information about the contribution of each component as shown in figure 5.11C-inset. The 

Nyquist plot reveals the effective resistance exhibited by the electrocatalyst resulting from the 

collective outcomes of reactance and Ohmic resistance. Studies conducted utilizing DFT 

calculations on the energetics of HER, the cathodic potential region may be classified into two 

overpotential regions. The low potential region indicates the formation of a minute amount of 

molecular hydrogen, lesser H coverage, and stronger M-H bonds. The adsorption of protons in 

this region is thermodynamically favoured and displays relatively larger semicircles. With the 

increasing overpotential, the H coverage on the active sites also increases, resulting in the 

formation of molecular hydrogen. H coverage on active sites decreases as a result of the 

formation of more and more molecular hydrogen, which lead to the adsorption of more protons 

from the solution on the unoccupied active sites. This sequence of adsorption and desorption 

remains active during the increasing overpotential, resulting in relatively smaller semicircles in 

the Nyquist plot. The equivalent circuit was generated from the simulated pattern, which shows 

two-time constant model Rct-CPEd and Rp-CPEL together with Rs (in series), where Rs 

symbolises the inherent solution resistance arises during the HER of the concerned catalyst. The 

constant phase angle element (CPE) can be correlated with the surface properties of the catalyst. 

Rct-CPEdl is associated with the charge-transfer mechanism at the interface and Rp-CPEL is 

arising because of the porosity of the catalyst surface.
37

 
38

 Generally, the value of Rct is a 

Hads + Hads  H2                    (5.6) 
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function of potential and vary inversely to electrocatalytic performance.
39

 As shown in figure 

5.11C, the catalyst SiMoCat generates a tiny semicircle in the high-frequency region at 50 mV, 

exhibiting the charge transfer resistance with an impedance of 12 ohms. This indicates that 

SiMoCat is very efficient in the charge transfer during the electrochemical HER process, 

whereas SiMoCat-m (a physical mixture of SiMoO2 and SiMo2C) shows large charge transfer 

resistance as shown in figure 5.12. 

 

Figure 5.12. Nyquist plot of SiMoCat and SiMoCat-m; Inset: a magnified image of SiMoCat 

catalyst at 50 mV applied potential 

 

The long term durability is one of the most crucial parameters which determines the commercial 

viability and wide-scale application of HER catalyst. Figure 5.11D and inset demonstrates the 

stability performance of the catalyst. With a minor increase in the potential from 71 mV to 76 

mV @10 mA/cm
2
, does not show any notable change in the overpotential even after 3500 

cycles (Figure 5.11D inset). The HER activity of the SiMoCat catalyst indicates the existence of 

a synergistic effect between Mo2C and MoO2 when synthesised in-situ on silica platform. The 

major factors which might be responsible for such synergistic effect are: (1) the interaction of 

the heteroatoms at the interface which forms only when the catalyst is synthesised in-situ and 

(2) Appropriate nanostructuring of the catalyst under the porous platform. 
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The other catalyst with having the different composition of Mo2C and MoO2 also has been 

synthesized and their catalytic activity has also been studied. The catalyst SiMoCat1 and 

SiMoCat2 with the extreme composition of Mo2C and MoO2 that shows catalytic activity near 

to SiMoCat studied in acidic medium. The obtained polarization curve and overpotential are 

shown in figure 5.13 along with the other standard Mo2C and MoO2 catalyst that synthesized 

with the same method except for the inclusion of hydrolysed TEOS in the synthesis method. A 

comparative description of all the catalyst has been given in table 5.7. 

 

Figure 5.13. Polarisation curve of catalyst (a) SiMoCat1 (b) Si-Mo2C (c) Mo2C (d) SiMoCat2 

(e) MoO2 in 0.5 M acidic media 

 

Table 5.7. Calculated kinetic parameters of different catalyst in 0.5 M H2SO4 solution 

Catalyst 

Onset 

( vs 

RHE) 

10 

(vs 

RHE) 

20 

(vs 

RHE) 

30 

(vs 

RHE) 

Tafel 

Slope 

( mV/dec ) 

Exchange 

Current 

Density 

(mA/cm
2
) 

SiMoCat 31 mV 71 mV 86 mV 90 mV 35 2.33 x 10
-2

 

Mo2C 204 mV 290 mV 328 mV 359 mV 97 5.71 x 10
-3

 

SiMo2C 187 mV 244 mV 271 mV 293 mV 85 6.32 x 10
-3

 

SiMoCat1 137 mV 195 mV 216 mV 229 mV 62 8.16 x 10
-3

 

SiMoCat2 218 mV 342 mV 349 mV 380 mV 112 1.39x 10
-4

 

SiMoCat-m 209 mV 285 mV 311 mV 329 mV 82 4.17 x 10
-3
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5.4. Conclusions 

Herein, a mesoporous composite of molybdenum carbide and oxide on silica platform 

(SiMoCat) has been developed by judiciously varying the catalyst precursors and the reaction 

conditions during the annealing process. The obtained SiMoCat catalyst containing 51.3% and 

48.7% of Mo2C and MoO2 respectively, exhibits superior HER activity in acid media with low 

overpotential of 71 mV for driving a current density of 10 mA/cm
2
 and a lower Tafel slope 

value of 35 mV/dec which approaches very close to the Pt/C catalyst (commercially available, 

η10= 60 mV). The SiMoCat shows high durability and demonstrated up to 3500 catalytic cycles 

without any significant change in the HER performance. The silica introduces more porosity 

and supports the appropriate distribution of the active sites. This work elucidates the importance 

of a solid-solid interface where heteroatoms play a crucial role in enhancing the HER activity of 

the catalyst. Such systems can be studied further to develop highly efficient non-noble metal-

based electrocatalysts. 
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Chapter 6 

 

Copper doped Mo2C/Mo2N hetero-

structures showing enhanced hydrogen 

evolution in acidic medium 

 

 

Abstract: Hydrogen is one of the cleanest forms of energy which can solve several issues, 

including environmental pollution and depletion of fossils fuels. Hydrogen evolution reaction 

(HER), being a carbon-neutral process can reduce the carbon footprint in the earth’s 

atmosphere. Molybdenum based solids are among the most popular electrocatalysts, which 

have been explored extensively for HER processes as an alternative to Platinum. Herein, we 

report a nanostructured electrocatalyst (CuMoCat) consist of molybdenum carbide, 

molybdenum nitride, and elemental copper, forming a heterojunction within the composite. 

Copper doping in molybdenum carbide/nitride composite not only facilitates the lowering of the 

overpotential but also improves the catalyst to perform at high current density. CuMoCat 

exhibits an overpotential of 82 mV for attaining a current density of 10 mAcm
-2

 with a Tafel 

slope value of 33 mV/dec and shows excellent stability of 3000 cycles in acidic media. The 

theoretical study reveals that Cu doping brings a change in the electronic properties of the 

catalyst, which improves the overall adsorption and desorption of hydrogen on the catalyst 

surface during the hydrogen evolution reaction. The Free Energy diagram for ‘Mo’ and ‘N’ 

hydrogen adsorptions sites of CuMoCat displays, a shift of free energy making these more 

favourable for HER with respect to Mo/N sites of the undoped catalyst. 
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Brief Outcome: Molybdenum based solids such as carbide, nitride, sulfide, oxide, phosphide, 

etc. are among the most popular electrocatalysts, which have been explored extensively for 

HER processes as an alternative to Platinum. Compositions involving two or more phases may 

enhance the catalytic activity of the material. For such compositions, heterojunctions play an 

important role in improving HER activity. Multiple phases manifest interesting properties due 

to the formation of solid-solid interfaces which behaves differently than the bulk material. The 

consequently formed interface mutually modifies the structural and electronic environment of 

the contrasting phase in materials. These modifications sometimes favour the reaction kinetics 

and improve the catalytic activity of the material. Furthermore, the incorporation of promoter 

elements like Fe, Co, Mn, Ni, Cu, etc. are known to boost HER activity and are reported in 

recent literature. However, to the best of our knowledge, copper doping into a biphasic system 

prepared in-situ using a solid-state reaction is not known. Herein, we report a nanostructured 

electrocatalyst (CuMoCat) consist of molybdenum carbide, molybdenum nitride, and elemental 

copper, forming a heterojunction within the composite, serving as a highly active, and durable 

nonprecious metal electrocatalyst for Hydrogen Evolution Reaction (HER) in acidic medium. 

Rietveld analysis reveals that 1.14 % of copper is incorporated in the CuMoCat catalyst. The 

catalyst shows superior HER activity, exhibiting an overpotential of 82 mV at 10 mAcm
-2

 with a 

Tafel slope value of 33 mV/dec and displays excellent stability of 3000 cycles in acidic medium. 

The high catalytic activity of CuMoCat catalyst is attributed to the synergy attained between the 

Mo2C, Mo2N, and Cu heterojunctions, and facilitates the kinetics of the reaction operating 

through the Cu modified Mo2N/Mo2C interfaces. The density functional theory calculations 

reveal Cu doping brings a change in the electronic structure at Mo and N sites in the CuMoCat 

catalyst, which improves the overall adsorption and desorption process of hydrogen on its 

surface. The Free Energy diagram of hydrogen adsorptions for Mo and N sites of CuMoCat 

displays a shift of free energy making them more favourable for HER with respect to Mo/N sites 

of the un-doped catalyst.  
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6.1. Introduction 

The massive consumption of fossil fuels leading to extensive carbon emission has a far-reaching 

consequence on our atmosphere.
1 
The concentration of CO2 in Earth’s atmosphere has touched a 

record high and increasing steadily according to a report released by the World Meteorological 

Organization. In 2017, global average concentrations of CO2, which is a by-product of burning 

fossil fuels, has reached 400.0 parts per million permanently. This phenomenon indicates that 

even if the world stops releasing CO2 tomorrow, what has already put in the atmosphere will 

linger for many decades to come. Therefore, the exploration of carbon-neutral energy resources 

is of prime importance. The elimination or minimization of the hazardous greenhouse gases and 

introduction of new renewable energy sources are principal objectives towards the green future. 

The identification and adoption of environmentally friendly energy sources could be a 

significant step towards addressing the global energy crisis.
2-3 

The renewable energy resources 

with zero carbon emission could be an excellent back-up for a sustainable society.
4  

The solar, 

wind, hydropower, geothermal etc. are some of the known clean energy sources, if used 

judiciously, can fulfil future energy demands without deteriorating the environment caused by 

carbon emission.
5
 The geographical and environmental uncertainties limit the efficacy of such 

carbon-free renewable energy resources to a large extent.
6
 However, if the energy is converted 

into hydrogen, which is having the highest gravimetric energy density, can act as a sustainable 

pollution-free energy carrier.
7 
Hydrogen has a prospective to accumulate electric or solar energy 

in the form of chemical bonds and can be transported and used at will with negligible impact on 

the environment.
8 

Nevertheless, the production, transport and storage of hydrogen is yet another 

obstacle to be acknowledged as the universal fuel for future energy needs.
9 
There is a variety of 

processes used for hydrogen production such as cracking of petroleum, hydrocarbon reforming, 

steam reforming of natural gases, coal gasification, etc. but these techniques are either costly or 

dependent on fossil fuels with the emission of hazardous by-products.
10-11  

Hence, the possibility 

of hydrogen production through water splitting makes it a potential carbon-neutral process for 

fulfilling energy needs.
 
To date, platinum supported materials are mostly found efficient and 

resourceful electrocatalysts towards hydrogen production. However, the large scale use of such 

catalysts is restricted by their scarcity and high cost of the material. In order to accomplish an 

industrial scale hydrogen production with minimizing the cost, extensive research has been 

devoted to discovering materials which have similar or better activity than platinum.
12-13 

Several transition metal derivatives are considered to be potential catalysts for hydrogen 

generation. Molybdenum derivatives such as molybdenum carbides,
14-15

 nitrides,
16

 sulfides,
17

 

oxides,
18

 phosphides,
19

 etc. have been explored extensively for hydrogen evolution reaction. 
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Compositions involving two or more phases may enhance the catalytic activity of the material.
20

 

For such compositions, heterojunctions play an important role in improving HER activity.
21-22

 

Multiple phases manifest interesting properties due to the formation of solid-solid interfaces 

which behaves differently than the bulk material. The consequently formed interface mutually 

modifies the structural and electronic environment of different materials in the composite. 

These modifications might favour the reaction kinetics and improve the catalytic activity of the 

material.
23-24 

The heteroatom incorporation in the lattice could further improve the reaction 

kinetics of these materials. This incorporation of elements in the structure by re-establishing the 

bonds between different atoms mutates the hydrogen adsorption energy at different active sites. 

Furthermore, the incorporation of promoter elements like Fe, Co, Mn, Ni, Cu, etc. are known to 

boost HER activity and are reported in recent literature. 
25, 26 

However, to the best of our 

knowledge, copper doping into a biphasic system during an in-situ solid-state reaction is not 

known.
 25-26

 

Since the structural modification due to heteroatom inclusion in the crystal lattice provides a 

more feasible way to improve catalytic activity towards HER,
21

 herein, in this chapter we report 

a nanostructured electrocatalyst (CuMoCat) consist of molybdenum carbide, molybdenum 

nitride and copper, forming a heterojunction within the composite. CuMoCat exhibits an 

overpotential of 82 mV to attain a current density of 10 mAcm
-2

 with a Tafel slope value of 33 

mV/dec and shows excellent stability of 3000 cycles in acidic media. The theoretical study 

reveals that Cu doping brings a change in the electronic properties of the catalyst, which 

improves the overall adsorption and desorption of hydrogen on the catalyst surface during the 

hydrogen evolution process. The Free Energy diagram for hydrogen evolution reaction on 

active sites of CuMoCat displays, a shift in free energy making these more catalytically 

favourable compared to the un-doped catalyst.  

6.2. Experimental section  

6.2.1. Materials 

Chemicals used in the synthesis are ammonium molybdate tetrahydrate ((NH4)6.Mo7O24.4H2O) 

99.0%; Copper Nitrate tri-hydrate (Cu (NO3)2•3H2O) 99.0%; Nafion® perfluorinated resin 

solution (5 wt. %); N, N-Dimethylformamide anhydrous (99.8%), Melamine (C3H6N3) 99%, 

purchased from Sigma Aldrich chemicals Pvt. Ltd. Other chemicals like Acetic acid ‎ (C 2H4O2) 

99.9%; Ammonium Hydroxide NH3.H2O (25%) were procured from Merck chemicals; All the 

chemical were used as obtained. Deionized water was used in all preparations.  
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6.2.2. Methodology 

6.2.2.1. Catalyst Synthesis: It involves two major steps. 

Step 1. Synthesis of precursors 

(a). Synthesis of RGO. Graphite flakes have been used to synthesize GO by modified Hummer 

method. The obtained GO was further thermally exfoliated at 900 °C for 15 minutes in an 

Argon environment with a flow rate of 30 mL/min. 
27

 This thermally exfoliated RGO was 

further used as a carbon source in the synthesis of catalyst. 

(b). Preparation of Mo precursor. The Mo precursors have been synthesized with 0.025 mol 

(1.5 gm) of Urea (NH2)2CO and 1 mmol (12.358 gm) of ammonium molybdate tetrahydrate 

((NH4)6Mo7O24.4H2O) dissolved into 20 mL ammonia solution (25%) and stirred till it becomes 

transparent. The pH of the solution has been optimised to 1-2 by addition of acetic acid. This 

solution mixture (Mo-X) was further used for the synthesis of CuMoCat1, CuMoCat2 and 

CuMoCat3.  

While for synthesis Mo2C and Mo2N, this solution mixture has been hydrothermally heated at 

180 °C for 24 hr and dried (Mo-Y). 

(c). Synthesis of Mo-Cu-rGO precursor. The molybdenum precursor solution was mixed with 

50 ml ethanolic copper nitrate solution (0.1 mmol, 0.0241 gm) and 200 mg of thermally 

exfoliated rGO and sonicated for 2 hours. The amount of copper used here corresponds to the 

synthesis of CuMoCat. For CuMoCat1, CuMoCat2 and CuMoCat3, the amount of copper 

nitrate taken is 0.05 mmol, 0.3 mmol, and 0.5 mmol respectively, to study the effect of copper 

concentration in the molybdenum carbide and nitride composite. The obtained dispersion was 

sonicated for one hour and transferred into a hydrothermal bomb and heated at 180 °C for 24 hr. 

The synthesis of all the other composites of Cu-doped Mo2C/Mo2N composites was done 

following a similar process.  

Step 2. The high-temperature reaction of the Mo-Cu-rGO precursors:   

(d).  Synthesis of Mo2C. The 200 mg of Mo precursor (Mo-Y) with 300 mg of rGO was mixed 

with mortar pestle and kept in the quartz tube of the tubular furnace. The precursor was heated 

for 2 h at 720 ºC temperature in an argon atmosphere with a flow rate of 30 mL/min. 
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(e). Synthesis of Mo2N. The Mo2N is obtained by annealing the mixture of 200 mg of Mo 

precursor (Mo-Y) and 100 mg of rGO by crushing it in a mortar pestle and kept it in furnace 

tube in ammonia atmosphere for 2 h at 600 ºC with a flow rate of 20 mL/min.  

(f). Synthesis of MoCat-CN. The 200 mg of Mo precursor (Mo-Y) with 300 mg of rGO was 

mixed with mortar pestle and kept in the sealed quartz tube of the tubular furnace. The 

precursor was heated for 1 h at 600 ºC temperature in ammonia environment with a flow rate of 

20 mL/min and 2 h at 720 ºC temperatures in an argon atmosphere with a flow rate of 30 

mL/min. 

 (g). Synthesis of CuMoCat. This step involves the mixing of Mo-Cu-rGO (200 mg) and rGO 

(500 mg), in a mortar pestle and heating the resulting mass into a temperature-programmed 

furnace. Initially, the tube was purged with argon gas to get rid of unwanted gases for 30 

minutes. The catalyst precursor was calcined under ammonia gas at 600 °C with a heating rate 

of 5 °C/min. The reaction was kept for one hour under a constant flow of ammonia gas at a rate 

of 20 mL/min; later, the gas was changed to argon. The temperature further increased to 720 °C 

and held for another two hours in an argon atmosphere with a flow rate of 30 mL/min and 

cooling was followed under argon atmosphere. The synthesis of in-situ phases is highly 

sensitive to the initial stoichiometry and the heating conditions. Based on these observations, 

the methodology was prudently optimized to yield copper incorporated molybdenum carbide 

and molybdenum nitride nanocomposite 

(h). Synthesis of CuMoCat1, CuMoCat2 and CuMoCat3. The CuMoCat1, CuMoCat2 and 

CuMoCat3 catalyst has been synthesized by mixing of 200 mg of respective Mo-Cu-rGO 

precursor as mentioned in section ‘c’ above with 500 mg of rGO in a mortar pestle and kept in 

the quartz tube of the tubular furnace. The precursor was heated for 1 h at 600 ºC temperature in 

ammonia environment with a flow rate of 20 mL/min and 2 h at 720 ºC temperatures in an 

argon atmosphere with a flow rate of 30 mL/min. 

6.2.2.2. Physical characterization 

The crystal diffraction pattern of all the materials was obtained using Bruker Eco D8 advance X 

Powder X-ray diffractometer between 2θ angular region 5º to 80º.  The diffraction pattern was 

obtained by exposing a powder sample with Cu-Kα radiation with wavelength (λ) 1.54056 Å 

through Ni filter operated at 40 kV and 25 mA current with an incremental step 0.00190º/step. 

The surface properties were evaluated by Autosorb IQ Quantachrome instrument by conducting 
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nitrogen adsorption-desorption isotherm at 77 K. The samples were outgassed before 

measurements at 200 °C for 6 h under vacuum in the degassing port of the adsorption analyser. 

The pore analysis and surface area were calculated by Barrett-Joyner-Halenda (BJH) and 

Brunauer-Emmett-Teller (BET) equations respectively. The surface morphology and 

composition were examined by JEOL (JSM IT-300) scanning electron microscope equipped 

with the energy-dispersive X-ray spectroscopy (Bruker). The transmission electron microscopy 

and STEM images were recorded at an accelerated voltage of 200 kV with JEOL-2100. The 

copper grids with carbon coating were used as sample holders for TEM analysis. X-ray 

photoelectron spectroscopy (XPS) analysis was carried out in PHI 5000 Versa Probe II, FEI Inc. 

scanning XPS microprobe. The binding energies were referenced to the C1s peak at 284.6 eV 

adventitious carbon to correct the shift caused by the charge effect. 

6.2.2.3. Electrochemical measurements 

The electrochemical HER studies of the catalyst were performed in argon saturated 0.5 M 

H2SO4 with CHI 760E electrochemical workstation connected with a three-electrode system. 

The glassy carbon electrode (GCE, 3 mm in diameter) was used as a working electrode. 

Standard Ag/AgCl electrode and carbon-based electrode served as a reference and counter 

electrode, respectively. Initially, 500µL homogeneous catalyst ink was prepared by taking 5µL 

of Nafion (5 wt %) in 495µL of DMF and mixed with 5 mg of catalyst followed by 2-hour 

sonication using a Bath sonicator. An appropriate amount of the catalyst suspension (5 µL) was 

drop-coated onto the glassy carbon electrode and dried under vacuum. Before accomplishing 

the measurements, the glassy carbon electrode was cleaned with alumina powder and sonicated 

for 5 minutes to remove all the contamination present onto the electrode surface. All the 

measured potential was referenced with reversible hydrogen electrode with E (RHE) = E (Ag/AgCl) + 

0.197 + 0.059*pH.  In all the studies, the polarization curves were measured under argon at a 

scan rate of 5 mVs
-1

 having 0.5 M H2SO4 solution unless otherwise mentioned. The 

overpotential was further modified to exclude the ohmic-drop as per equation ɳcorrected= ɳ-iRs 

whereas Rs is the solution resistance. The electrochemical impedance spectroscopic (EIS) 

measurements were done at particular values of the applied potential, i.e. ɳ =50, 100 and 150 

mV under a frequency range of 100000 Hz to 0.1 Hz. 
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6.2.2.4. Theoretical calculations 

The adsorption of H-atom on the Cu-doped Mo2N/Mo2C (CuMoCat) composite has been 

analyzed by using density functional theory (DFT). The adsorption energy of Hydrogen atom on 

various sites of CuMoCat is calculated as
28-29

 

where Esurface+H  is the total energy of the adsorbate and adsorbent, Esurface  is the total energy of 

the clean surface and E(H2) is the energy of H2 gas. Further, the Gibbs free energy of hydrogen 

evolution reaction is considered as an essential parameter to describe the overall performance of 

the catalyst, suggests that only those catalysts are found to be an ideal catalyst for which ΔG is 

nearly equal to zero and can be written as.
28-29

 

All the energy calculations of the supercell having dimensions a = 8.50 Å, b = 24.58 Å, and c = 

16.17 Å, are performed using the Vienna Ab-initio Simulation Package (VASP)
30 

with 

projector-augmented wave (PAW) method. The exchange-correlation functional is treated with 

the Perdew, Burke, and Ernzerhof (PBE) version of the generalized gradient approximation 

(GGA).
31 

A vacuum space of approximately 10 Å is added along the c-axis to avoid the 

interaction between the adjacent layers. For geometry optimization, the plane wave energy 

cutoff is set to 520 eV, and the Brillouin-zone is sampled using a 5×5×1 ᴦ-centred k-point mesh.  

6.3. Results and discussion 

The synthesis of CuMoCat was carried out in two steps, as illustrated in the experimental 

section. Molybdenum-copper precursor supported on reduced graphene oxide (rGO) was 

prepared hydrothermally. An appropriate portion of ammonium molybdate, copper nitrate and 

rGO were mixed in water at acidic pH and kept for 24 hrs at 180 °C in a hydrothermal bomb. 

After the synthesis of the precursor, a solid-state reaction in the presence of ammonia and argon 

at suitable temperature was carried out in a tubular furnace. This resulted in the in-situ 

formation of nanostructured Cu-Mo2C-Mo2N heterojunctions supported on carbon. The in-situ 

synthesis of the catalyst depends upon several factors, for example, initial stoichiometry, nature 

of gas, time and temperature conditions used in the reaction. Usually, in the synthesis of 

transition metal carbides and nitrides, temperature conditions play an important role which 

controls the final product. The molybdenum nitride formation takes place at a relatively lower 

                             
      (6.1) 

                  (6.2) 
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temperature as compared to the molybdenum carbide. Therefore, an in-situ synthesis was 

judiciously planned, to obtain copper doped molybdenum carbide/molybdenum nitride 

nanocomposite. Here, the precursor was heated for 1 h at 600 ºC and for 2 h at 720 ºC in 

ammonia and argon atmosphere respectively. Ammonia gas provides nitrogen source required 

for the formation of nitrides and also act as a reducing agent resulting in the simultaneous 

synthesis of nitride and carbide. To study the effect of copper on HER performance, a series of 

catalysts have been synthesized by varying the amount of Cu dopant and keeping other 

parameters identical. Rietveld analysis reveals 1.14 % of copper doping in CuMoCat catalyst, 

which outperforms other three catalysts i.e. CuMoCat1(0.58% of Cu), CuMoCat2 (1.86% of 

Cu) and CuMoCat3 (2.63% of Cu). The detailed synthesis of the catalyst is described in the 

experimental section of this chapter.  

 

Figure 6.1. Structural characterization. (A) Powder X-ray diffraction typically shows the 

formation of both Mo2C-Mo2N phases with copper doping and (B) The comparative XRD 

pattern of CuMoCat1 (a) CuMoCat (b) CuMoCat2 (c) CuMoCat3 (d) and (Figure inset) shows 

the peak shifting on an increasing amount of copper in Mo2C/Mo2N composite. Rietveld Study. 

(C) MoCat-CN having a phase contribution of 61.09 % and 38.91 % of Mo2C and Mo2N 

respectively and (D) CuMoCat having a contribution of 58.36 %, 40.50 % and 1.14% of Mo2C, 

Mo2N and Copper respectively. 
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The PXRD measurements describe the structural details of the material. The PXRD pattern of 

the material shown in figure 6.1A consist of the characteristics peaks located at 34.3° (100), 

37.9° (002), 39.4° (101), 52.1° (102), 61.5° (110), 69.5° (103), 72.4 (200), 74.5° (112) and 

75.4° (201) which feature the hexagonal Mo2C system (PDF 35-0787).
32  

The peaks at 37.3° 

(111), 43.4° (200), 63.1° (220) and 75.7° (311) are characteristics of cubic γ-Mo2N (PDF 25-

1366).
33 

Absence of peaks for the impurities such as metallic molybdenum, molybdenum oxide 

or molybdenum alloy with copper, indicates the formation of the pure phase of Mo2N/Mo2C in 

the nanocomposite. A comparative study is shown in figure 6.1B indicates the increased peak 

intensity on increasing the doping amount. The catalysts with higher copper concentration, 

namely, CuMoCat2 and CuMoCat3 displays new peaks. The trend showing an  increase in the 

peak intensity at 43.5° (111), 51.7° (200), and 63.1° (220) are aligned with the predicted amount 

of copper in the composite.
34

 The zoomed 2θ area from 33° to 43° shows shifting of peaks 

towards the higher diffraction angle in plane 100 (34.3°) and 101 (39.4°) as shown in figure 

6.1B (inset). A similar kind of shifting pattern in all the peaks suggests the change in crystal 

parameters on the incorporation of copper. The shifting in the diffraction angle attributes the 

shrinkage of molybdenum unit cell and illustrates the structural changes in the unit cell with the 

incorporation of copper. 

 

Figure 6.2. PXRD of (a) MoCat-CN consist of Mo2C and Mo2N phases (b) Mo2C (c) Mo2N and 

(d) rGO 
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The PXRD pattern of individually synthesized Mo2C/Mo2N composite (MoCat-CN), Mo2C, 

Mo2N and carbon source rGO is shown in figure 6.2a, 6.2b, 6.2c and 6.2d respectively. All the 

above-mentioned catalysts except MoCat-CN as shown in figure 6.1A, 6.1B and 6.2a divulge 

the co-existence of molybdenum carbide and molybdenum nitride along with the Cu in the 

nanocomposite. MoCat-CN was synthesized using similar reaction conditions but in the absence 

of copper precursor. A Rietveld analysis showing the composition of MoCat-CN and  

 

Figure 6.3. Rietveld refinement of (a) CuMoCat1, (b) CuMoCat2 and (c) CuMoCat3 catalyst. 

Rietveld analysis of catalyst shows a composition 0.58 %, 1.86 % and 2.63 % of Cu in the 

CuMoCat1, CuMoCat2 and CuMoCat3 catalyst respectively. The figure typically shows the 

existence of all three Mo2C, Mo2N and Cu phases. 

CuMoCat is displayed in figure 6.1C and 6.1D respectively and the same for CuMoCat1, 

CuMoCat2 and CuMoCat3 are displayed in figure 6.3(a, b and c respectively). 

figure 6.4A-H displays SEM, TEM, HRTEM micrographs and elemental mapping of the 

CuMoCat catalyst. The SEM micrograph (Figure 6.4A) reveals the heterogeneous morphology 

consists of feathery structures and nucleated particles that are accumulated in large irregular 

shaped porous structures. The TEM images uncover detailed structural information about the 

CuMoCat catalyst, which can be further described by the high-resolution TEM, (Figure 6.4B, 
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and 6.4C) showing nanoparticles with the diameter 15-25 nm. A zoomed version of the high-

resolution TEM image (Figure C’) shows the fringes consistent with (100) and (111) planes of 

hexagonal Mo2C and cubic Mo2N with an interplanar spacing of 0.26 nm and 0.24 nm 

respectively.
32-33 

The molybdenum carbide and nitride nanoparticles interfacially align along with the copper 

nanoparticles. Such multiple interfaces enhance the mass and charge transfer within the hybrid 

structure and favour the efficient hydrogen evolution process.
32

 The elemental mapping (Figure 

6.4D-H) reflects the co-existence of Mo2C, Mo2N and Cu nanoparticles on the carbon support in 

CuMoCat catalyst.  

 

Figure 6.4. Morphology characterization: SEM image (A) of as obtained CuMoCat catalyst. 

TEM Image (B) and (C), HRTEM image (C’) of catalyst. STEM image (D) and corresponding 

elemental mapping (E), (F), (G) and (H) of the nanostructure with Nitrogen, Molybdenum, 

Carbon and Copper elements respectively that illustrate the uniform distribution of these 

elements within the catalyst. 

The surface area and pore size distribution of nanocomposite were calculated by N2 

adsorption/desorption measurements (Figure 6.5) using BET (Brunauer-Emmett-Teller) and 

BJH (Barrett–Joyner–Halenda) models. The BET specific surface area calculated for CuMoCat 

nanocomposite was found to be 113.71 m
2
/g. The acquired isotherm displays a classical type-IV 
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isotherm curve as per IUPAC classification, with weak hysteresis shown at a p/p0 in the range 

0.6–1.0, reveals the mesoporous character of the catalyst. Further, the pore size distribution 

curve centred at 3.8 nm shows that the maximum pore size lies within the range of 2 to 8 nm 

(Figure 6.5 inset). Such a porous nature of the catalyst also increases the mass transport and 

enhances the accessibility of active sites of the catalyst.
35

 

 

Figure 6.5. Nitrogen adsorption-desorption BET isotherms and inset showing BJH pore size 

distribution. The curve represents the mesoporous structure of the catalyst. 

The CuMoCat catalyst was further characterized using X-ray photoelectron spectroscopy, and 

the corresponding results are displayed in figure 6.6.  

 

 

Figure 6.6. XPS wide angle spectrum of CuMoCat catalyst. The spectrum consists of peaks at 

binding energy corresponds to Mo, C, N and Cu elements present in the CuMoCat catalyst.  
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figure 6.6 shows the survey spectrum with intense signals at 233.6 eV, 285.2 eV, 397.9 eV, 

416.5 eV, 532.1 eV and 934.7 eV assigned to Mo 3d, C 1s, Mo 3p, N 1s, O 1s, and Cu 2p 

respectively present in the catalyst. The high-resolution XPS spectra of Mo 3d (Figure 6.7A) as 

a result of core level spin-orbit coupling, splits up into Mo 3d5/2 and Mo 3d3/2 peaks centred at 

binding energy values 228.5 eV and 231.6 eV respectively.
36 

These peaks indicate the presence 

of Mo2C and belong to Mo
2+

 spectral lines. The peaks positioned at 232.4 eV and 235.5 eV 

confirms the existence of MoO3 and are belong to Mo
6+ 

species.
36  

These peaks originate 

because of surface oxidation of Mo2C (during the XPS measurements) and show the existence 

of higher oxidation states of molybdenum oxides. Figure 6.7B displays high-resolution spectra 

of C 1s that have been deconvoluted into two peaks centred at 284.2 eV and 285.3 eV 

characteristics to Mo2C and C—N bond respectively.
37-38

  

 

Figure 6.7. X-ray photoelectron spectroscopy (XPS) of CuMoCat catalyst:  High-resolution 

spectra of Mo3d (A), C1s (B), N1s (C) and Cu2p (D) electron: Experimental data (dotted curve) 

and fitting results (solid curve). The peaks are assigned by oxidation states of different elements 

with their corresponding binding energy. 
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The asymmetric signal from N 1s spectra shown in figure 6.7C can be deconvoluted into three 

different peaks with binding energy 395.4 eV, 398.1 eV, and 401.2 eV. The peak appearing at 

395.4 eV resulted from Mo 3p3/2 of Mo2N and the value of 398.1 eV is aligned with the N 1s 

peak in N–C bond.
39-40 

The peak centred at 401.2 eV assign to the quaternary types N (N-Q) in 

the material.
41  

The binding energy region of copper Cu 2p (Figure 6.7D) can be deconvoluted 

into two peaks centred at 932.6 eV and 933.7 eV which corresponds to the Cu
+
 and Cu

2+
 

oxidation state respectively and confirms the presence of copper in the catalyst.
42

 Detailed XPS 

peak parameters are displayed in table 6.1. 

 

Table 6.1. Table showing the existing elements with corresponding deconvoluted peaks 

positions and FWHM values 

 

Element Peak BE (eV) FWHM Area (%) 

Mo 3d 
Mo

2+
 

Mo
6+

 

228.5 and 231.6 

232.4 and 235.5 

1.613 and 1.613 

1.734 and 1.734 

6.82 and 16.43 

37.68 and 39.05 

C 1s 
Mo2C 

C-N 

284.2 

285.3 

1.671 

3.317 

61.55 

38.44 

N 1s 

Mo2N 

N-C 

N-Q 

395.4 

398.1 

401.2 

2.674 

2.638 

2.312 

23.65 

51.32 

25.03 

Cu 2p 
Cu

+
 

Cu
2+

 

932.6 

933.7 

2.391 

3.034 

56.26 

43.73 

 

The HER performance of CuMoCat catalyst was preliminarily evaluated using a standard three-

electrode setup, consisting of a carbon-based electrode, glassy carbon electrode and Ag/AgCl as 

a counter, working and reference electrodes respectively. Commercially available platinum 

(Pt/C), CuMoCat, MoCat-CN, CuMoCat1 and CuMoCat2 were coated on working electrode (3 

mm in diameter) have been investigated under the same measurement condition (see 

Experimental section). figure 6.8A displays the HER polarization curves acquired with a sweep 

rate of 5 mV s
−1

. 
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Figure 6.8. Electrochemical Study for HER in 0.5 M H2SO4 acidic medium. (A) Polarization 

curves (iR-corrected) of CuMoCat and other electrodes with (B) the corresponding Tafel plots 

(C) EIS Nyquist Plot (equivalent circuit inset) of the electrode @50 mV, @100 mV and @150 

mV (inset shows zoomed Nyquist plot of electrode @150 mV) (D) Repetitive LSV durability 

curve at 1st and 3000th cycle (inset t-V he plot at constant current density 10 mAcm
-2

 and 20 

mAcm
-2

. 

The catalytic activity of the material follows the trends Pt/C > CuMoCat > MoCat-CN and the 

corresponding overpotential at a current density of 10 mAcm
−2

 are 62, 82 and 127 mV, 

respectively. For a comparative study, Mo2C and Mo2N catalysts were studied with the same 

mass loading, which displayed an overpotential of 294 and 588 mV respectively. Moreover, a 

steady-state condition has been achieved through cyclic voltammetry (CV) by 20 repetitive 

cycle tests with a scan rate of 50 mV s
−1

 before data measurement. The polarisation curves for 

other catalysts CuMoCat1, CuMoCat2 and CuMoCat3 are shown in figure 6.9. The polarization 

curve shows that the other composition of Mo2C and Mo2N along with the copper doping does 

not give such catalytic activity as shown by the CuMoCat catalyst. The overpotential obtained 

for CuMoCat1, CuMoCat2 and CuMoCat3 is 112 mV, 147 mV and 163 mV respectively which 

is far above the CuMoCat Catalyst. 
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Figure 6.9. (a) Polarization curves and corresponding (b) Tafel slope of CuMoCat1, 

CuMoCat2 and CuMoCat3 catalysts in 0.5 M H2SO4 solution. 

The possible mechanistic insights of the hydrogen evolution reaction of the materials may be 

manifested through the values of onset potential, overpotential (ղ10), Tafel slope values, EIS 

studies etc. One of the most important parameters is the Tafel slope value, which can be used to 

interpret the reaction pathways and kinetics involved in HER process. The Tafel slope value can 

be determined by fitting the linear portions of the Tafel plots with equation ղ = b log j + a, 

where j is the current density and b is the Tafel slope. The Tafel slope value indicates how much 

amount of overpotential needs to be increased in order to increase the reaction rate by a factor 

of ten.  

For the Hydrogen Evolution Reaction in acidic media, three possible reaction steps are accepted 

widely for explaining the mechanism. The first step (1) proceeds through a Volmer reaction 

(Primary discharge step): 

 

Where R denotes ideal gas constant, T is the absolute temperature, α ≈ 0.5 is the symmetry 

coefficient, and F is the Faraday constant. The value greater than or equal to 40 mV dec
-1

 

indicates the Volmer–Heyrovsky mechanism which corresponds to the electrochemical 

desorption step 2 (Equation 6.4)  as rate-limiting.
43-44

 

 

H3O
+
 + e

-
    Hads  + H2O                                      (6.3) 

Hads + H3O
+
 + e

-
   H2 + H2O                      (6.4) 

Hads + Hads  H2                    (6.5) 
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A Tafel slope value less than or equal to 30 mV dec
-1

 corresponds to the Volmer–Tafel 

mechanism where recombination step 3 (Equation 6.5) is the rate-determining step. 

Commercially available Pt/C catalyst yields a Tafel slope value of 36 mV dec
-1

 while CuMoCat 

has exhibited a better Tafel slope value of 33 mVdec
-1

 (Figure 6.8B). These results indicate that 

the electron transfer is a fast process and the reaction proceeds through Volmer-Heyrovsky 

(electrochemical desorption) mechanism. Similarly, CuMoCat1 and Mo2C have displayed a 

Tafel slope value 45 mV dec
-1

 and 64 mV dec
-1

 respectively and show less activity towards the 

hydrogen evolution reaction. Exchange current density (j0) obtained from the Tafel plot is 

another important factor which describes the inherent activity of electrocatalysts. The exchange 

current density (j0) obtained for CuMoCat was calculated to be 3.12 x 10
-2

 mA cm
-2

 and the 

details are presented in table 6.2.  

Table 6.2. Table showing all electrochemical kinetic parameters of all the electrocatalysts 

Catalyst 
Onset 

( vs RHE) 
10 

(vs RHE) 

20 

(vs RHE) 

30 

(vs RHE) 

Tafel Slope 

( mV/dec ) 

Exchange 

Current 

Density 

(mA/cm
2
) 

CuMoCat 40 mV 82 mV 101 mV 112 mV 33 3.12 x 10
-2

 

CuMoCat1 77 mV 112 mV 119 mV 125 mV 45 2.97 x 10
-2

 

MoCat-CN 26 mV 127 mV 182 mV 217 mV 111 2.43 x 10
-3

 

CuMoCat2 78 mV 147 mV 166 mV 178 mV 75 1.96 x 10
-3

 

CuMoCat3 75 mV 163 mV 186 mV 202 mV 99 1. 09 x 10
-3

 

Mo2C 233 mV 294 mV 320 mV 340 mV 64 1.17 x 10
-4

 

 

Electrochemical impedance spectroscopy (EIS) was carried out to explore the electrode 

kinetics.
45 

EIS measurements were conducted within a frequency range of 0.1 Hz to 100 kHz. 

The Nyquist plot with an equivalent circuit provides the ionic and charge transfer resistances of 

catalysts in a 0.5 M H2SO4. The curve was fitted with the simulated one following an equivalent 

circuit consists of classical two-time constants Rp-CPEL and Rct-CPEdl, displayed in figure 6.8C. 

The term Rs corresponds to the uncompensated electrolyte solution resistance and the 

frequency-dependent component, Rp-CPEL (constant phase element) can be correlated with the 

surface porosity of the catalyst while Rct-CPEdl indicates the charge transfer resistance of the 

catalyst in the electrolyte.
46-47 

The resistance Rct at the low-frequency region (charge-transfer 



Copper doped Mo2C/Mo2N hetero-structures showing enhanced hydrogen evolution in acidic 

medium 

 Page 167 

resistance) was calculated from the equivalent circuit obtained from the fitted plot. CuMoCat 

exhibits a charge transfer resistance of 14 ohms at an applied potential of 50 mV.  

The CuMoCat is highly stable in the acidic medium during the operation of the reaction and 

does not show a significant change in the overpotential even after 3000 catalytic cycles as 

shown in the linear sweep voltammograms in figure 6.8D. The applied potential vs time plot 

shown in the inset of figure 6.8D, reveals that the overpotential is quite steady at higher current 

densities even after 3000 catalytic cycles. The overpotential at 10 mAcm
-2 

current density, 

increased by 5 mV at the end of the catalytic cycle. All these results indicate that CuMoCat 

nanocomposite is a highly durable HER catalyst.  

Theoretical studies demonstrate how Cu affects the electronic properties of Mo2N/Mo2C hybrid 

composite. In the present work, specific adsorption sites on Cu-doped Mo2N/Mo2C (CuMoCat) 

and un-doped Mo2N/Mo2C (MoCat-CN) have been explored for the adsorption of single H-

atom. To describe the electrocatalytic properties of CuMoCat, ‘Mo’ site, ‘N’ site and ‘Cu’ site 

near the interface of Mo2N and Mo2C, have been considered: The carbon atoms of Mo2C are not 

exposed to the surface of the catalyst; hence, adsorption studies are not carried out at these sites. 

 

 

Figure 6.10. The Free Energy diagram for ‘Mo’ and ‘N’ hydrogen adsorptions sites of 

CuMoCat (depicted by green lines) displays, a shift of free energy making these more 

favourable for HER with respect to Mo/N sites of the un-doped catalyst (depicted by red lines).  
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Gibbs free energy is one of the most significant parameters used to examine the catalytic 

activity of material for hydrogen evolution. On a different ground, recalling the above-

mentioned mechanism, hydrogen evolution reaction can also be described as (1): H
+
 + e

-
  + ‘*’ 

 H*,  revealing H
+
 binding to  the catalyst surface, where “*” indicates the binding sites; The 

next step involved the desorption of H2 molecule from the surface (2): 2H*  H2 + 2‘*’ or H
+
 + 

e-  H2 + ‘*’. The theoretical calculations of thermochemistry revealed here, do not reflect a 

precise mechanism involved in the 2
nd

 step. However, an essential criterion for a catalyst to 

behave ideally, is that Gibb’s free energy of adsorbed hydrogen must be proximate to that of the 

reactant or product (i.e., ∆GH≈0). By carefully looking at the adsorption data, it has been 

observed that Cu site itself shows the positive value for free energy change; however, it 

enhances the catalytic activity for HER on the remaining possible adsorption sites of the 

catalyst. For instance, Mo atom possesses high positive ΔG value without any dopant and in the 

presence of Cu dopant, the value reduced approximately by 4 times enhancing the catalytic 

performance for Mo site. Similarly, for N-atom near the interface, the study reflects very high 

negative value which is reduced by ~ 6 times for the Cu doped catalyst as compared to un-

doped one. In other words, in the presence of Cu atom as dopant ΔG value tends to approach 0 

for both Mo and N sites, as shown in figure 6.10. It has also been noticed that there is no 

significant change in bond length between the adsorption site and H-atom for all the cases. The 

calculated results reveal that Cu-doped Mo2N/Mo2C (CuMoCat) has excellent adsorption 

properties for H-atom than the undoped Mo2N/Mo2C. Calculated adsorption energy, Gibbs free 

energy and bond length are listed in table 6.3.  

Table 6.3. Theoretically calculated values of Bond length, Adsorption Energy and Gibbs free 

energy in the catalyst 

Adsorption 

site 

Bond length (Å) ΔEads  (eV) ΔG (eV) 

doped undoped doped undoped doped undoped 

Mo 1.731 1.695 -0.0745 -0.2119 +0.1655 -0.452 

N 1.026 1.025 -0.346 -0.9330 -0.106 -0.693 

Cu 1.534 - 0.463 - +0.7034 - 
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6.4. Conclusion 

Copper doped Mo2C/Mo2N nanocomposite (CuMoCat catalyst) has been synthesized in-situ via 

a temperature-programmed solid-state reaction under ammonia and argon atmosphere. The 

catalyst exhibits high HER performance with an overpotential of 82 mV to achieve a cathodic 

current density of 10 mAcm
-2

, a Tafel slope of 33 mVdec
-1

, and also displays excellent long 

term durability up to 3000 HER cycles. A series of catalysts starting with CuMoCat, 

CuMoCat1, CuMoCat2 and CuMoCat3 were synthesized by varying the amount of copper 

dopant in the nanocomposite while keeping all other parameters unchanged. Rietveld analysis 

reveals that 1.14 % of copper incorporation results in the formation of CuMoCat catalyst, which 

outperforms other three catalysts i.e. CuMoCat1(0.58% of Cu), CuMoCat2 (1.86% of Cu) and 

CuMoCat3 (2.63% of Cu). The catalytic activity indicates that an optimized amount of copper 

incorporated into the nanocomposite can only result in the enhancement of hydrogen adsorption 

and desorption process onto the catalyst surface. The theoretical studies are also in-line with the 

experimental findings and supporting the above statement. The Cu doping brings a change in 

the electronic structure at ‘Mo’ and ‘N’ sites in the CuMoCat catalyst, which improves the 

overall adsorption and desorption process of hydrogen on its surface. The Free Energy diagram 

for hydrogen evolution reaction on specific active sites of CuMoCat displays, a shift in free 

energy making these more catalytically favourable compared to the un-doped catalyst. With 

High HER performance and excellent long term durability, CuMoCat shows a promising 

possibility towards using non-noble, HER electrocatalyst in acidic conditions. This work 

illustrates how the promoter elements can be used in a multiphasic nanocomposite to enhance 

the overall catalytic activity. 

 

Note:  

 The permission has been granted by the author and corresponding author of the 

published paper prior to adopting in the present thesis. The associated relevant 

publication is: 

Rajinder Kumar, Zubair Ahmed, Harwinder Kaur, Chandan Bera and Vivek Bagchi 

“Probing into the effect of heterojunctions between Cu/Mo2C/Mo2N on HER performance” 

Catal. Sci. Technol., 2020,10, 2213-2220, https://doi.org/10.1039/C9CY02526J 
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Chapter 7 

Molybdenum carbide and molybdenum 

phosphide based hybrid materials for 

mutually enhanced hydrogen evolution 

reaction 

 

Abstract: The increase of greenhouse gases which majorly consists of carbon dioxide have 

been showing devastating effects on the environment and causing a huge climate change. 

The exploration of low cost and earth-abundant electrocatalysts for hydrogen generation 

process is an emerging area of research. Profound catalyst tailoring with different 

composition of Mo2C and MoP phases on porous support for crafting large HER active sites 

increases the catalytic activity in many folds. Herein, a porous silica-supported 

molybdenum phosphide and molybdenum carbide nanoparticles (SiMoCP) has been 

synthesized. The intermingled porous molybdenum carbide and molybdenum phosphide 

nanohybrid shows excellent catalytic activity towards hydrogen evolution. Such modified 

nanostructured electrocatalyst enhances the electrode-electrolyte interaction and 

suppresses the charge transfer resistance. As a result, electrocatalyst (SiMoCP) 

accomplished very high HER activity with an onset potential of 53 mV and an overpotential 

of 88 mV at a current density of 10 mAcm
−2

 in the acidic medium. Furthermore, the SiMoCP 

catalyst showed a Tafel slope value of 37 mVdec
-1

 with long term durability of 5000 cycles.  
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Brief Outcome: The molybdenum carbide and molybdenum phosphide have been known as 

HER active catalyst. In this chapter, a composite of molybdenum carbide and molybdenum 

phosphide has been synthesized with the partial carburisation and phosphorization of the 

oxide material at high temperature. The major challenge in electrochemistry of HER 

electrocatalyst is durability. The synthesis of highly durable hydrogen evolution 

electrocatalyst from the non-noble metal group like is a major challenge. Herein, a biphasic 

composite of molybdenum derivatives in assistance with the silica shows excellent durability 

in the acidic medium for hydrogen evolution reaction. The in-situ synthesis of the 

molybdenum carbide and molybdenum phosphide synergistically enhances the catalytic 

activity of the material. The synthesis involves the establishment of the mutual synergy 

between the two phases along with the incorporation of silica. The inherent property of 

silica provides a high surface area material with a large number of active sites. The 

synergistic enhancement of activity gives excellent durability of 5000 cycles to the 

molybdenum carbide and molybdenum phosphide (SiMoCP) catalyst. The catalyst achieves 

a current density of 3.56   10
-2

 mA/cm
2 

in acidic media. The characterisation of the 

material indicates that superior catalytic activity that attributed form the electrode 

conductivity improvement for charge transfer. This study shows that molybdenum carbide is 

potentially a highly active non-noble metal electrocatalyst for hydrogen production if it 

combines with the other synergic phase that enhances the charge transfer through the 

interface. 
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7.1. Introduction 

The consequences of global warming have been showing its grievous picture in the form of 

extreme floods, rising temperature and other catastrophes. It is a high time that people 

should swap conventional energy resources with the new renewable energy source. 

Hydrogen emerges out to be one of the best alternatives to meet future energy needs. 

Electrocatalytic hydrogen production could be a mercantile method to globally persuade a 

clean and carbon-free energy demand.
1-2

 Noble metals like Pt and Pt-based materials are the 

best known HER electrocatalysts which exhibit low overpotential and high current densities 

but are restricted by the extremely high cost and low abundance that weigh down the 

industrial production.
3-4

 Finding earth-abundant alternatives to these noble metals which 

have similar or better activity could be used to scale up the hydrogen production.
5
 These 

challenges have motivated people to make huge efforts in the exploration of low cost and 

earth-abundant transition metals compounds including molybdenum sulphide,
6-8 

molybdenum carbide,
9-11

 molybdenum phosphide and molybdenum nitride etc. for HER 

process.
12-15

 The inadequacies based on the overall performance of these materials towards 

HER, confine the viability of taking a laboratory-scale hydrogen evolution with ideal 

experimental conditions to a large scale industrial production. The enormous efforts have 

been put forward focusing the activity-enhancement through designing new catalysts. A 

synergic approach among specific solids have been explored to exploit the mutual coactions 

of these materials.
16

 These strategies based on synergistic effects due to the combination of 

different phases further excavate the potential of Mo-based electrocatalysts.
17-18 The 

Mo2C/MoP binary phase composites show encouraging results in the process by the 

significant decrease in the overpotential value.
19 The combination of electron-rich 

phosphorous with carbon remarkably enhances the overall HER activity.
20 However, the 

concomitant carbonization, nitridation and phosphorization is a challenging task. The 

molybdenum phosphide and molybdenum carbide derivatives are foremost in molybdenum 

family which were used for HER applications.
9, 13, 21-22

A long series of carbon-based 

materials such as reduced graphene oxide, carbon nanotubes (CNTs), carbon black have 

been used for supporting molybdenum based compounds because of their high electron 

conductivity, large surface area and extremely high stability.
17, 23

 However, the strategically 

enhanced active sites and surface area by using mesoporous silica with Mo2C/MoP 

nanoparticles is quite inspiring. The catalyst with evenly distributed nanoparticles provides 

the maximum probability of H
+
 interaction between the catalyst surface and the electrolyte. 

The overall feature of such porous electrocatalyst contributes to the excellent HER activity 

in the acidic medium.
24-25 Herein, we report a composite (SiMoCP) synthesized from 

molybdenum phosphide and molybdenum carbide grown over the mesoporous silica. The 
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catalyst exhibits an excellent HER performance with an overpotential of 88 mV achieved at 

a current density of 10 mAcm
-2

 in acidic medium. There is no significant change in 

overpotential even after 5000 repetitive catalytic cycles which be a shred of evidence for the 

excellent durability of the catalyst towards HER process. Theoretical studies are also carried 

out to support the activity of the HER catalyst. A DFT calculation along the interface of the 

Mo2C–MoP nanoparticles exhibits free energy which is much more favourable than the 

individual phases. 

7.2. Experimental Section  

7.2.1. Materials 

All the chemicals were of analytical grade and used without any further purification. For the 

synthesis of the catalyst and electrode fabrication, the following chemicals were used. 

Ammonium molybdenum tetrahydrate ((NH4)6.Mo7O24.4H2O, 99.98%); Tetraethyl 

orthosilicate ((C2H5O)4Si, 98%); Diammonium hydrogen phosphate ((NH4)2HPO4, 98%); 

Ammonium Hydroxide (NH3.H2O, 25%); N, N Dimethylformamide (HCON(CH3)2, 98%); 

Glucose (C6H12O6 ); Nafion perfluorinated resin solution, were purchased from Sigma 

Aldrich. Other chemicals namely, Citric acid (C6H8O7, 99.9%); Ammonium Hydroxide 

(NH3.H2O, 25%), Ethanol (C2H5OH), Hydrochloric Acid (HCl) were procured from Merck 

chemicals; Deionised water was used in all the synthesis process.  

7.2.2. Methodology 

7.2.2.1. Synthesis of Catalyst 

The synthesis involves the two major steps. First, the preparation of metal precursor and 

then the calcination of the molybdenum precursor by temperatures controlled annealing in 

an argon atmosphere at different time periods.  

7.2.2.2. Synthesis of catalyst precursor (First Step) 

(a). Synthesis of hydrolysed TEOS: The hydrolysed TEOS has been synthesized through 

Stöber-Fink-Bohn method with slight modification.
26

 A solution of 25 ml ethanol with 0.022 

moles of TEOS has been prepared and 15 ml of ammonium hydroxide (12%) was gently 

added into it. The solution was sonicated and kept for overnight stirring. The turbid solution 

as obtained used as a precursor for the preparation of mesoporous silica-supported MoO3 

nanoparticles.  

(b). Synthesis of molybdenum precursor  
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(i) Synthesis of silica assisted molybdenum oxide (MoO3@Si): A hydrothermal reaction 

was carried out using ammonium molybdenum tetrahydrate (NH4)6.Mo7O24.4H2O (0.001 

moles, 1.2358 g) and citric acid (0.03 moles, 5.8 g)in  20 ml distilled water and stirred for 

two hours until the formation of a transparent solution. The solution was sonicated for one 

hour followed by addition of 20 ml of already prepared hydrolysed TEOS solution and 

stirred for 60 min. The solution was maintained at a pH between 1 and 2 by adding few 

drops of 12 M HCl solution. The resulting solution was heated into a 50 ml autoclaved at 

180 °C for 24 h. The hydrothermal product was filtered and the residue was dried under 

vacuum oven at 40 °C. The obtained powder was annealed at 500 °C for 2 h with a ramp 

rate of 6 °C per minutes under argon.  

(ii) Synthesis of molybdenum oxide (MoO3): The molybdenum oxide has been prepared 

with the same method as described in the above section (i). The only difference is that in 

this case the hydrolysed TEOS has not been used in this synthesis. 

Step 2. High-temperature calcination of the molybdenum precursor 

(c). Synthesis of SiMoCP catalyst 

The catalyst SiMoCP was synthesized by annealing a mixture of as-prepared silica-

supported MoO3 (MoO3@Si) nanoparticles (25 mg), diammonium hydrogen phosphate 

(0.001 moles, 0.132 g) and glucose (0.005 moles, 0.9 g) in a tube furnace. A streamlined 

flow of argon gas was made through the tube for half-an-hour to replace all the air present 

inside the tube. The mixture was annealed for 3 hours at temperature 800 °C with a heating 

rate of 6 °C/min in an argon atmosphere with the flow rate of 30 mL/min, after that, the 

temperature was raised to 900 °C and halted for one hour and then cooled under inert 

environment. The synthesized product and its composition highly influenced by temperature 

manipulation, the stoichiometry of precursors, and the flow rate used in the solid-state 

reaction.  

(d). MoP:  The catalyst has been synthesized by annealing 25 mg of MoO3 with glucose 

(0.001 moles, 0. 018 g) and diammonium hydrogen phosphate (0.001 moles, 0.132 g) at 900 

°C for 2 h in an argon atmosphere. 

(e). Mo2C: For Mo2C catalyst has been synthesized with 25 mg MoO3 nanoparticles and 

glucose (0.005 moles, 0.9 g) as carbon source, mixed in a mortar pestle. The mixture was 

heated at 800 °C for 3 h in an argon atmosphere. 
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(f). Silica-based MoP (MoP@Si): MoP@Si was synthesized by annealing 25 mg of 

MoO3@Si with glucose (0.001 moles, 0. 018 g) and diammonium hydrogen phosphate 

(0.001 moles, 0.132 g) annealed at 900 °C for 2 h in an argon atmosphere. 

(g). Silica-based Mo2C (Mo2C@Si): Mo2C@Si catalyst was synthesized annealing 25 mg 

MoO3@Si nanoparticles and glucose (0.005 moles, 0.9 g) was mixed in a mortar pestle. The 

mixture was heated at 800 °C for 3 h in an argon atmosphere. 

(h). SiMoCP1: SiMoCP1 was synthesized by annealing a mixture of 25 mg MoO3@Si 

precursor with glucose (0.005 moles, 0.9 g) and diammonium hydrogen phosphate (0.001 

moles, 0.132 g) at 800 °C for 3 h and at 900 °C for a half-hour in an argon atmosphere. 

(i). SiMoCP2: SiMoCP2 was synthesized by annealing a mixture of 25 mg MoO3@Si 

precursor with diammonium hydrogen phosphate (0.001 moles, 0.132 g) and glucose (0.005 

moles, 0.9 g) at 800 °C for 1 h and at 900 °C for 2 h in an argon atmosphere. 

Note: The heating rate in all the synthesis process was 6 °C/min, and the post-reaction 

cooling was done in an argon environment with a gas flow of 30 mL/min. 

7.2.2.3. Physical characterization of the catalyst  

The characterization of the catalyst was done by several instrumental and spectroscopic 

techniques. The crystallographic information was acquired by powder X-ray diffraction 

analysis executed through Bruker Eco D8 advance diffractometer with Ni filter utilizing Cu 

Kα radiation (λ=1.54056 Å, 40 kV and 25 mA) in the 2θ range of 5° to 80° with an 

increment of 0.00190/Step. Phase distribution was determined by the Rietveld refinement 

method. The morphological analysis of the catalyst and precursors were shown using 

images produced by scanning electron microscope (SEM-JEOL, ZSM IT-300) equipped 

with energy-dispersive X-ray spectroscopy. High-resolution transmission electron 

microscopy (HRTEM) was acquired by TEM-JEOL 2100 operated at 200 kV along with the 

STEM analysis. BET surface area analysis was performed by Autosorb IQ Quantachrome 

instrument. The N2 adsorption-desorption analysis was executed using the Brunauer-

Emmett-Teller (BET) and the Barrett-Joyner-Halenda (BJH) models to get a clear picture of 

the porosity and surface area of the material. Before performing the adsorption-desorption 

study the sample was degassed at 200 °C for 6 h under vacuum. The X-ray photoelectron 

spectroscopy was carried out by Esca Lab: 220-IXL with Mg-Kα non-monochromated X-

ray beam having photon energy 1253.6 eV. The charge effect that results in a shift of 

binding energy was corrected by referencing the binding energies of C1s peak at 284.6 eV.  
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7.2.2.4. Electrochemical measurement 

Electrochemical measurement was performed in argon purged 0.5 M H2SO4 solution using a 

three-electrode setup on CHI 760E electrochemical workstation at 25 °C. A glassy carbon 

electrode (3 mm diameter) used as a working electrode while the graphite rod and Ag/AgCl 

electrode used as a counter and reference electrode respectively. The electrode surface 

contamination was cleaned by sonicating in alcoholic solution and cleaning it with alumina 

powder. The homogeneous catalytic dispersion of the catalyst was prepared by sonicating 5 

mg of catalyst in 495 µL of DMF. The catalyst ink dispersion contained 5 µL of Nafion 

binder (5%), which was sonicated for 2 h in Labsonic bath sonicator (LBS2-10) and then 

drop cast on GCE. The polarization curves were collected at a scan rate of 5 mVs
-1

 unless 

otherwise mentioned. All the potential data were collected with respect to the Ag/AgCl 

electrode and converted as potential versus reversible hydrogen electrode (RHE) by using 

the expression, "E(RHE) = E(Ag/AgCl) + 0.197 + 0.059*pH". The ohmic drop modification was 

done by correcting the overpotential as per equation, ɳcorrected= ɳ-iRs whereas Rs is the 

solution resistance. The durability of the catalyst was measured by running continuous 5000 

LSV cycles at a scan rate of 5 mVs
-1

. The electrochemical impedance spectroscopy was 

carried out at the selected overpotential between a frequency range 1 MHz to 0.1 Hz.  The 

Tafel slopes were obtained by fitting the linear region of the Tafel plot using equation η = a 

+ b log j, where “η” is the overpotential, j is the current density, “a” is the intercept 

relative to the current exchange density and b is the Tafel slope. 

7.3. Results and discussion  

The SiMoCP catalyst was synthesized by reducing molybdenum oxide (MoO3) with carbon 

and phosphorus source which resulted in the formation of molybdenum carbide and 

molybdenum phosphide (MoP) nanoparticles, grown over mesoporous silica present as 

support. The whole synthesis of SiMoCP was carried out in a temperature-programmed two-

step process, which involves the synthesis of the metal precursor followed by carburization 

and phosphorization of the as-obtained mixture. Glucose and diammonium hydrogen 

phosphate were used as a carbon and phosphorus source respectively. To optimize the 

composition, two more catalysts were also synthesized from molybdenum carbide and 

molybdenum phosphide (SiMoCP1 and SiMoCP2) with a variation in the composition. 

Silica-supported molybdenum carbide (Mo2C@Si) and molybdenum phosphide (MoP@Si) 

were synthesized individually along with Mo2C and MoP by tuning the amount of carbon 

and phosphorous source using similar procedures mentioned in the experimental section. 

The scheme initiated by the synthesis of silica-supported MoO3 by hydrolysed TEOS and 

molybdenum precursor. The glucose and diammonium phosphate serve as carbon and 
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phosphorus source in the overall reaction. The complete process proceeds through the 

reduction of silica-supported MoO3 nanoparticles followed by simultaneous carburization 

and phosphorization. The reduction led to the in-situ formation of molybdenum carbide 

(Mo2C) and molybdenum phosphide (MoP) nanoparticles. The extent of carburization and 

phosphorization depends on the amount of carbon and phosphorus source taken as 

precursors during the reaction. Hence, by judicious manipulation of the stoichiometry of the 

precursors and the reaction conditions, the final composition of the catalyst can be tuned for 

a better catalytic activity. The powder X-ray diffraction (PXRD) patterns (shown in Figure 

7.1a) consist of peaks attribute to a mixture consists of Mo2C and MoP phases. The peaks 

indexed at 34.4° (100),  37.9° (002), 39.5° (101), 52.2° (102), 61.4° (110), 69.5° (103),  

72.3° (200), 74.6° (112) and 75.4° (201) corresponds to the hexagonal Mo2C system (PDF 

35-0787).
27

 The other peaks indexing to 27.9° (001), 31.9° (100), 42.8° (101), 56.7° (110), 

57.5° (002), 64.8° (111), 67.2° (200) and  73.3° (201) confirms the existence of hexagonal 

MoP phase (PDF 24-0771).
12

 The initial precursor i.e. MoO3@Si used for the synthesis of 

the catalyst has also been characterized by the powder X-ray diffraction (Figure 7.2a). The 

MoO3 particles are having an average size of 265 nm ( Figure 7.2b ) as obtained by the DLS 

measurements. The PXRD measurements of as-synthesized Mo2C@Si and MoP@Si also 

confirm the existence of a pure phase of individual material along with silica (Figure 7.3 

(a&b) ). 

 

Figure 7.1. Structural characterization (a) powder X-ray diffraction typically shows the 

formation of both Mo2C-MoP phases and (b) Compositional measurements: Rietveld 

analysis of catalyst shows a composition 62.84 % and 37.16 % of Mo2C and MoP 

respectively. 
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Rietveld refinement of the PXRD measurements has revealed the compositions of all the 

catalysts. The SiMoCP catalyst was analysed, which shows 62.84% of Mo2C and 37.16% of 

MoP ( Figure 7.1b).  

 

 

Figure 7.2.  PXRD (a) and DLS (b) pattern of MoO3@Si nanoparticles 

 

 

 

Figure 7.3. PXRD of (a) Mo2C@Si and (b) MoP@Si 

The other two catalysts, SiMoCP1 (81.35% of Mo2C, and 19.65% of MoP)and SiMoCP2 

(21.27% of Mo2C, and 78.73% of MoP), also displays the existence of both Mo2C and MoP 

(Figure 7.4).  
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Figure 7.4. Rietveld refinement of (a) SiMoCP1 and (b) SiMoCP2: The figure typically 

shows the formation of both Mo2C and MoP phases and Rietveld analysis of catalyst shows 

a composition 81.35 % and 19.65 % of Mo2C and MoP respectively in SiMoCP1 and 

composition of 21.27 % and 78.73 % of Mo2C and MoP in SiMoCP2. 

 

All the parameters obtained from Rietveld refinement of the catalysts SiMoCP, SiMoCP1 and 

SiMoCP2 are given below (Table 7.1., Table 7.2 and Table 7.3 respectively). 

 

Table 7.1. Refinement parameters of SiMoCP 

SiMoCP 

Sr. 

No. 

Parameters Mo2C MoP 

1 Symmetry Hexagonal Hexagonal 

2 Space 

group 

194 

Input                    Output 

187 

Input                      Output 

3 a 2.99400 Å 2.991048 Å 3.22300 Å 3.203092 Å 

4 b 2.99400 Å 2.991048 Å 3.22300 Å 3.203092 Å 

5 c 4.72200 Å 4.731474 Å 3.19100 Å 3.176890 Å 

6  90
0
 90

0
 90

0
 90

0
 

7  90
0
 90

0
 90

0
 90

0
 

8  120
0
 120

0
 120

0
 120

0
 

9 Rp % 9.49 

10 Rwp % 8.21 

11  6.43 
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Table 7.2. Refinement parameters of SiMoCP1 

SiMoCP1 

Sr. 

No. 

Parameters Mo2C MoP 

 

1 Symmetry Hexagonal Hexagonal 

2 Space 

group 

194 

Input                    Output 

187 

Input                      Output 

3 a 2.99400 Å 2.99811 Å 3.22300 Å 3.22317 Å 

4 b 2.99400 Å 2.99811 Å 3.22300 Å 3.22317 Å 

5 c 4.72200 Å 4.73147 Å 3.19100 Å 3.16174 Å 

6  90
0
 90

0
 90

0
 90

0
 

7  90
0
 90

0
 90

0
 90

0
 

8  120
0
 120

0
 120

0
 120

0
 

9 Rp % 9.64 

10 Rwp % 6.81 

11  7.12 

 

Table 7.3. Refinement parameters of SiMoCP2 

SiMoCP2 

Sr. 

No. 

Parameters Mo2C 

 

MoP 

 

1 Symmetry Hexagonal Hexagonal 

2 Space 

group 

194 

Input                    Output 

187 

Input                      Output 

3 a 2.99400 Å 3.001609 Å 3.22300 Å 3.213830 Å 

4 b 2.99400 Å 3.001609 Å 3.22300 Å 3.213830 Å 

5 c 4.72200 Å 4.729463 Å 3.19100 Å 3.180524 Å 

6  90
0
 90

0
 90

0
 90

0
 

7  90
0
 90

0
 90

0
 90

0
 

8  120
0
 120

0
 120

0
 120

0
 

9 Rp % 11.16 

10 Rwp % 8.43 

11  7.59 

 

 

In order to probe the surface properties, the metal oxide precursor and the catalyst were 

subjected to N2 adsorption/desorption measurements (Figure 7.5a). The 

Brunauer−Emmett−Teller (BET) isotherm 
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Figure 7.5. Nitrogen adsorption BET isotherms and inset showing BJH pore distribution of 

the catalyst (a) Si-MoO3 (b) SiMoCP; The catalyst was degassed at temperature 200 °C for 

6 h before BET analysis 

of SiMoCP catalyst characteristically exhibits a type-IV curve (Figure 7.5b), which, 

according to IUPAC standards, reveals that the material to be highly mesoporous in nature 

and exhibits a surface area of 304.38 m
2
g

−1
. The pore size distribution plot of the catalyst 

reveals numerous pores primarily spotted within a range of 5 nm (Figure7.5b inset) and 

centred at a pore size of 2.8 nm. The presence of a mesoporous silica platform provides 

better distribution of the active sites which are more accessible for hydrogen 

adsorption/desorption in the HER process.
28 This is highly favourable for the high mass 

transport and adsorption creating a smooth interaction between electroactive species present 

in the electrolyte and the catalyst surface.
29

 The morphological study of the catalyst was 

performed under scanning electron microscopy (SEM). Figure 7.6a depicts the SEM image 

of SiMoCP catalyst showing porous silica-supported agglomerated entities. Figure 7.6b 

corresponds to the STEM images of the catalyst and confirms the presence of Mo, C P and 

Si which are uniformly distributed in the catalyst. Figure 7.6c and 7.6d show TEM images 

of SiMoCP nanoparticles at different magnifications. The zoomed version of a high-

resolution TEM image of figure 7.6d, shows an interplanar spacing of 0.26 nm and 0.21 nm 

corresponds to the (100) plane of Mo2C and (101) plane of MoP respectively.
12, 27
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Figure 7.6. (a) Scanning electron microscopy images of silica-supported SiMoCP catalyst. 

(b) The elemental mapping image of the SiMoCP nanostructures shows a uniform existence 

of Carbon, Molybdenum and Phosphorus elements in these nanostructures. (c)Tem image of 

the catalyst displays uniformly distributed 20-25 nm nanostructures. (d) The HRTEM image 

shows a selected area between 2-3 nanoparticles is shown. A zoomed version of the image 

shows an interplanar spacing of 0.26 nm and 0.21 nm corresponds to 100 and 101 planes of 

Mo2C and MoP respectively. 

The SiMoCP catalyst was further characterized by X-ray photoelectron spectroscopy as 

depicted in figure 7.7. XPS affirms that the catalyst is constitutive of Mo, C, P, O and Si 

elements (Figure 7.7a) as observed in the survey spectrum. The Mo 3d spectrum (Figure 

7.7b) shows six pronounced peaks centred at 228.1, 230.0, 231.2, 232.7, 234.3 and 235.7. 

The peaks at 228.1 and 231.2  eV can be attributed to Mo
δ+

 (0 ≤ δ ≤ 4) species, confirming 

the presence of Mo2C and MoP. The oxidation state of Mo
+4

 (230.0 and 232.7 eV), Mo
+5

 

(234.3 eV) and Mo
+6

 (235.7 eV) may arise due to oxidation of surface in the presence of air 

during analysis.
30-32

 The high-resolution C1s peaks of SiMoCP (Figure 7.7c) sample can be 

deconvoluted using four peaks at 283.7, 284.6, 285.6 and 289.6 eV corresponding to the C-

P, C=C, C-O and O-C=O respectively.
12, 33-34

 Furthermore, the P 2p peaks of SiMoCP 

(Figure 7.7d) can be deconvoluted into three peaks centred at 129.6, 133.5 and 134.5 eV 

corresponding to the Mo-P, P-C and P-O.
6, 22

 The deconvoluted parameters for different 

peaks are shown in Table 7.4 
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Figure 7.7. XPS of the SiMoCP catalyst: wide-scan survey spectra (a) and HR spectra of 

Mo 3d (b), C 1s (c), and N 1s (d) electron: experimental data (dotted curve) and fitting 

results (solid curve). The peaks are assigned by oxidation states of different elements with 

their corresponding binding energy 

 

Table 7.4. Deconvoluted parameters in XPS measurements 

Element  Peak  BE (eV)  FWHM  Area (%)  

Mo 3d  Mo
d+

  (Mo2C) 

Mo
4+   

(MoO2) 

Mo
5+

  (Mo4O11) 

Mo
6+   

(MoO3)  

228.1 and 231.2  

230.0 and 232.7 

234.3 

235.7  

1.032 and 1.032 

1.048 and 1.048 

1.062  

1.067  

27.60 and 30.66  

9.71 and 11.61  

13.50  

6.87  

C1s  C-P 

C=C 

C-O 

O-C=O  

283.7 

284.6 

285.6 

289.6  

1.13  

2.70 

2.88 

3.92  

20.46  

26.74 

34.56 

18.22  

P 2p  Mo-P 

P-C 

P-O  

129.6 

133.5 

134.5  

2.62005 

1.92866 

3.09477  

26.18 

15.76 

58.04  
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The electrocatalytic activity of SiMoCP towards HER was assessed in argon purged 0.5 M 

H2SO4 solution via a three-electrode setup. A glassy carbon electrode (3 mm diameter) used 

as a working electrode while the graphite rod and Ag/AgCl electrode used as a counter and 

reference electrode respectively. The iR corrected polarization curves obtained by linear 

sweep voltammetry (LSV) with a sweep rate of 5 mVs
-1

. Figure 7.8a shows the comparative 

polarization curve of SiMoCP along with Mo2C, MoP and commercially available 20% Pt/C 

catalyst in 0.5 M H2SO4.  

 

Figure 7.8. (a) Polarization curves of SiMoCP catalyst with a comparison of other catalysts 

in 0.5 M H2SO4 (b) the corresponding Tafel plot of PtC, SiMoCP, MoP@Si and Mo2C@Si 

catalyst (c) Nyquist Plot of the SiMoCP at different values of overpotential (inset- Zoomed 

Nyquist plot of SiMoCP catalyst @50 mV) (d) Durability test of SiMoCP (inset- the 

potentiostat study of SiMoCP at different current density i.e. 10 mA/cm
2
, 20 mA/cm

2
 and 30 

mA/cm
2
) 

Before LSV measurements repetitive cycles of cyclic voltammetry (CV) has been carried 

out to establish a steady-state condition. The measurements show that SiMoCP exhibit 

slightly higher onset potential 53 mV as compared to the commercial Pt/C (20 wt %) at the 

same time the onset potential of MoP@Si is 90 mV and Mo2C@Si is 173 mV, which is 

much higher than SiMoCP. The overpotential (η10) obtained for commercial Pt/C, SiMoCP, 

MoP@Si and Mo2C@Si catalyst at a current density of 10 mAcm
-2

 is 59 mV, 88 mV, 202 
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mV and 251 mV respectively (Figure 7.8a). These results substantiate that the SiMoCP 

shows much superior electrocatalytic performance compared to the Mo2C and MoP phases 

supported on mesoporous silica. The overpotential obtained for MoP and Mo2C is 208 mV 

and 248 mV respectively. The electrochemical behaviour of other compositional variants, as 

well as the physical mixture of MoP@Si (62%) and Mo2C@Si (38%), were also examined. 

The overpotential of SiMoCP1, SiMoCP2 and SiMoCP-m were found to be 199, 176 and 

241 mV respectively at 10 mA cm
-2

 current density (Figure 7.9a). This result concludes that 

the electrochemical behaviour of catalyst unambiguously reliant on the composition of MoP 

and Mo2C in SiMoCP catalyst. It also indicates that the physical mixture of MoP@Si (62%) 

and Mo2C@Si (38%) did not match the performance of SiMoCP catalyst synthesized in-

situ. Thus, in-situ synthesis of the catalyst with an appropriate composition of MoP and 

Mo2C supported on silica can lead to an excellent HER activity as evidenced by the 

electrochemical study of the compositional variant given in Figure 7.9a.  Tafel slope value 

is also very significant in order to understand the quality of the HER catalyst. The Tafel 

slopes value obtained for Pt/C, SiMoCP, MoP@Si and Mo2C@Si catalysts are 34 mV dec
-1

, 

37 mV dec
-1

, 106 mV dec
-1

 and 113 mV dec
-1

 respectively (Figure 7.8b). Tafel plots were 

determined by using Tafel equation, η = a + b log j, where, η, j, a & b are the overpotential, 

current density, Tafel slope, and intercept, respectively. Among these as-synthesized 

electrocatalysts, the SiMoCP shows the smallest Tafel slope, indicating faster reaction 

kinetics than those of Mo2C@Si, MoP@Si and physical mixture of molybdenum carbide 

and molybdenum phosphide SiMoCP-m (Figure 7.8b and 7.9b).  

 

Figure 7.9. Polarisation curve of (a) SiMoCP, SiMoCP1, SiMoCP2 and SiMoCP-m catalyst 

and corresponding (b) Tafel slope in 0.5 M H2SO4 

Among these as-synthesized electrocatalysts, the SiMoCP shows the smallest Tafel slope, 

indicating faster reaction kinetics than those of Mo2C@Si, MoP@Si and physical mixture of 

molybdenum carbide and molybdenum phosphide SiMoCP-m. These results imply that the 
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electron transport in SiMoCP ensues through Volmer-Heyrovsky (electrochemical 

desorption) mechanism.
35 An exchange current density (j0) of 3.56 x 10

-2
 mA cm

-2
was 

acquired by extrapolation of Tafel plot portray the innate activity of electrocatalysts. The 

HER kinetics proceeding through the electrode/electrolyte interface of SiMoCP catalyst can 

be further scrutinized using electrochemical impedance spectroscopy (EIS). The EIS 

measurements were obtained at an applied potential of 50, 100, 150, 200 and 250 mV in 0.5 

M H2SO4 aqueous solution (Figure 7.8c). The studies were conducted in the frequency range 

of 0.1 Hz to 100 kHz and obtained values were simulated using the equivalent circuit to 

evaluate the contribution of each component of electrochemical impedance. The ionic and 

charge transfer behaviour of the catalyst described by the Nyquist plot shown in Figure 

7.8(c) and the resolved components present in the equivalent circuit are shown in the inset 

of figure 7.8c.The equivalent circuit can be expressed with two time-constant components 

Rct—CPEdL and Rp―CPEL along with an uncompensated solution resistance Rs (connected 

in series). The equivalent circuit enumerates the electron transfer processes occurring during 

the HER and also describes the nature of the surface of the catalyst used in the process. The 

constant phase element (CPE) models the behaviour of a double layer, which deviates from 

an ideal capacitor. The component Rct―CPEdL signify the charge-transfer dynamics and 

Rp—CPEL can be correlated with surface porosity.
36-37

 The low-frequency region reveals the 

potential-dependent Rct  (charge-transfer resistance) component having a value of 19 ohms 

at 50 mV applied potential and 8 ohms at 250 mV potential (inset Figure 7.8c). A 

comparative impedance plot of the SiMoCP catalyst and SiMoCP-m, (a physical mixture of 

silica-supported molybdenum carbide and molybdenum phosphide) resembling the 

composition of SiMoCP is displayed in figure 7.10. The charge transfer resistance, Rct of the 

SiMoCP was found to be much smaller than SiMoCP-m catalyst.  

 

Figure 7.10. Nyquist plot of SiMoCP and SiMoCP-m at 50 mV applied potential 
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The plot and the simulated values obtained from the data fitting signifies that the reaction 

kinetics at the electrode-electrolyte interface is very fast. The durability test of the catalyst 

SiMoCP inspected through the repetitive catalytic cycles were displayed in figure 7.8d. The 

study shows that there is no significant change in the overpotential of catalyst even after 

5000 cycles. The overpotential value of the catalyst changes from 88 mV to 94 mV. The ‘V 

vs t’ plot demonstrates that the potential at higher current density 20 mA cm
-2

 and 30 mA 

cm
-2 

follow a similar trend, indicating long term stability even under high current densities. 

The comparison of kinetic parameters of all the catalyst is given in table 7.5  

 

Table 7.5. Calculated kinetic parameters of different catalyst in 0.5 M H2SO4 solution 

 

The adsorption of H-atom on the MoP/Mo2C composite has been studied by using density 

functional theory (DFT). The adsorption energy of Hydrogen atom on various sites of the 

heterostructure is calculated as
38-39 

where “Esurface+ H” is the total energy of the adsorbate and adsorbent, Esurface is the total 

energy of the clean surface and E(H2) is the energy of H2 gas. Further, the Gibbs free energy 

of hydrogen evolution reaction is considered as an essential parameter to describe the 

overall performance of the catalyst, means only those catalysts are found to be an ideal 

catalyst for which ΔG is nearly equalled to zero. It can be written as  

All the energy calculations of the supercell having dimensions a = 36.46 Å, b = 13.62 Å and 

c = 13.67 Å, α = 69.14°, β = 90.78° and = 110.85° are performed using Vienna Ab-initio 

Catalyst 

Onset 

(vs 

RHE) 

10 

(vs 

RHE) 

20 

(vs 

RHE) 

30 

(vs 

RHE) 

Tafel 

Slope 

( mV/dec ) 

Exchange 

Current Density 

(mA/cm
2
) 

SiMoCP 53 mV 88 mV 99 mV 102 mV 37 3.56 x 10
-2

 

SiMoCP1 136 mV 199 mV 219 mV 234 mV 82 1.89 x 10
-3

 

SiMoCP2 122 mV 176 mV 196 mV 213 mV 55 2.52 x 10
-3

 

MoP@Si 90 mV 202 mV 242 mV 270 mV 106 5.72 x 10
-4

 

Mo2C@Si 173 mV 251 mV 274 mV 291 mV 113 3. 06 x 10
-4

 

SiMoCP-m 87 mV 241 mV 301 mV 345 mV 188 0.17 x 10
-4

 

Mo2C 104 mV 248 mV 274 mV 288 mV 71 2.34 x 10
-3

 

MoP 61 mV 208 mV 227 mV 240 mV 115 1.89 x 10
-4

 

                            
 
      (7.1) 

                  (7.2) 
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Simulation Package (VASP)
40

 with projector-augmented wave (PAW) method. The 

exchange-correlation functional is treated with the Perdew, Burke, and Ernzerhof (PBE) 

version of the generalized gradient approximation (GGA)
41

. A vacuum space of 

approximately 10 Å is added along the c-axis to avoid the interaction between the adjacent 

layers. For geometry optimization, the plane wave energy cutoff is set to 520 eV and the 

Brillouin-zone is sampled using a Г-centered k-point mesh.  

 

Figure 7.11. The Free Energy diagram for ‘Mo’, ‘C’ and ‘P’ hydrogen adsorptions sites of 

SiMoCP (depicted by green/black lines) displays, a shift of free energy making these more 

favourable for HER with respect to Mo2C sites of the catalyst (depicted by blue lines). 

7.4. Conclusion 

SiMoCP catalyst synthesized using a temperature-controlled in-situ solid-state reaction 

resulting in a silica-supported molybdenum carbide and molybdenum phosphide 

nanostructures show excellent hydrogen evolution reaction in acidic medium. The catalyst 

exhibits onset potential of 53 mV and a low overpotential of 88 mV at a current density of 

10 mA cm
-2

. The SiMoCP exhibits a Tafel slope value of 37 mVdec
-1 

also shows high 

stability of withstanding more than 5000 cycles in acidic medium with significant retention 

of the current density. Silica support offers enhanced porosity, high surface area and 

provides a uniform distribution of Mo2C and MoP nanoparticles on spongy silica. The in-

situ grown phases within the composite catalyst express a synergistic effect through the 

interface. Thus in-situ synthesis of the catalyst with an appropriate composition of MoP and 

Mo2C supported on silica can lead to the formation of SiMoCP catalyst which excels HER 

activity. It was also evidenced by the catalysts of other composition namely SiMoCP1 and 

SiMoCP2 which underperforms than SiMoCP. 
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The thesis consists of the different kind of material synthesized for electrocatalytic hydrogen 

generation through earth-abundant molybdenum derived electrocatalysts. The first part of the 

thesis describes how energy is the fundamental requirements of the world and a basic social 

need that necessary in driving economic growth and civilizing human development. As all 

knows that the energy services directly affect our social and physical prosperity in terms of 

health, education, water and communication services. In the modern scenario, the major energy-

consuming sectors like electricity, agriculture, modern cooking technologies and transports 

systems etc. all are running on energy.
1-2

 It is a bitter truth that there is a wide gap between 

developed and developing countries in terms of energy consumption. How it affects and how it 

could be minimised it's briefly discussed in the initial part of the thesis. Further, the thesis 

explores other aspects like how the energy distribution, generation and supply to the last users 

influence the people's livelihoods in local, regional and global human development prospects. It 

describes how any one of the prime factors influences the overall development of human kinds. 

Once again if we talk about today, the world is keen to search for a more efficient, environment-

friendly and durable energy source. Several different energy sources are available but largely 

we are dependent on the fossil fuels which have a parallel concern of climate change that 

originates from the greenhouse gas emission.
3
 The effects of these changes and the related 

solution have been tried to discuss in the first part of the thesis. The different renewable energy 

sources and their overall energy production is not enough to fulfil today's energy needs. Here, 

the concept of storing energy in chemical form and distribution it for the various purpose has 

come into existence for the future clean energy source. So in this way hydrogen marks its 

presence as a clean and future energy carrier which not only can fulfil the energy needs but also 

have less negative impacts on our environment. Here, the perspective behind the establishment 

of a hydrogen economy and how apposite preservation must be is discussed. The various 

aspects and the usefulness, hurdles and the current scenario of the hydrogen economy have also 

conversed. The chapter describes the reasons behind the recent energy crisis faced by the world 

and the various positive step taken to avoid the future energy crisis. The hydrogen economy is 

mainly based upon the hydrogen production and in this section, the hydrogen production 

through a carbon-neutral process has been widely explored, discussed and motivates.
4-5

 It also 

describes how hydrogen can be generated through water splitting electrochemical reactions. The 

fundamental and the mechanism of the water splitting for hydrogen production is understood. 

The proper selection approach of the material that enhances the hydrogen generating efficiency 

is primarily concerned and described how it improves the reaction kinetics in the 

electrocatalytic process by properly selecting the suitable material. There, it has been briefly 
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described how the catalytic activity of the transition metal could resemble the noble metal 

electrocatalyst like platinum for the hydrogen production process.
6-7

 The motive behind the 

exploration of the non-noble electrocatalysts for hydrogen production has been discussed and 

understood how it affects the overall economy of the system. The successful synthesis of the 

material needs to characterization and all the techniques have been discussed in chapter 2. In 

chapter 2, the material characterization has been completed through different characterization 

techniques that describe in the second chapter. First of all the structural characterisation has 

been performed by PXRD measurements and the details of the powder X-ray diffractometers 

are given in chapter 2. On the successful structural characterization of the material, the material 

undergoes electrochemical study in which reaction kinetics, charge transfer process, durability 

and the various other parameters have been calculated. On measuring different electrochemical 

parameters the morphological and structural study has been performed in by scanning electron 

microscopy and the transmission electron microscopy. The other properties like surface area 

measurements, porosity measurements and size measurements have been executed through BET 

analysis and the size analyzers respectively. The composition analysis is performed by the 

Rietveld analysis and the XAS measurements. The elemental states in few catalysts are analysed 

by the XPS measurements. The comparative analysis of the electronic states also examined by 

the XANES measurements with the standard material other catalysts. The overall analysis of the 

catalyst involves the structural, compositional, morphological and electronic state's 

measurements along with the surface analysis and theoretical measurement of the synergy 

behind the improved activity measuring through DFT calculations. 

The focus on the present thesis is to identify the low cost, an earth-abundant electrocatalyst for 

hydrogen evolution reaction. The molybdenum derivatives have shown the HER activity in 

different media for hydrogen generation. Molybdenum carbide (Mo2C), molybdenum nitride 

(Mo2N), molybdenum oxide (MoO2), molybdenum phosphide (MoP) are among the well known 

HER active electrocatalysts.
7-8

 Although all these catalysts are not the fully efficient catalyst for 

hydrogen generation, here we planned to make them more efficient for hydrogen generation by 

combing through an in-situ synthesis process. The synthesis and electrochemical activity of the 

materials are described in the chapters and the main spotlight is the synthesis of biphasic 

structure which provides the synergistic effect to the catalyst that improves the catalytic activity 

by enhancing the charge transfer at the interface. The study involves the identification of active 

sites for suitable adsorption hydrogen and optimizing the total energy required for the overall 

hydrogen generation process. The study involves the theoretical calculation and the 
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experimental demonstration of the catalytic activity of particular material. In this context, the 

effect of surface structure, electrode material, compositional variation in the material and other 

synthesis methodology has been optimised. Electrocatalysts synthesized during PhD tenure 

have been described from chapter 3 to chapter 7. The chapters successfully explore the 

molybdenum derivative synthesis methodology especially the molybdenum carbide and its 

composites have been widely explored along with their electrochemical study. The in-situ 

synthesis of the molybdenum derivatives provides the synergic improvements in the catalytic 

behaviour of the material. The integrating template and/or the conductive surface much 

enhanced the catalytic activity of the molybdenum catalyst. The thesis describes molybdenum 

has the wide acceptance of being a more efficient electrocatalyst for hydrogen production. The 

morphology, structure, dimensions and size etc. of the material directly affects the catalytic 

activity of the material. The thesis effectively elaborates the synthesis methodology of more 

effective, efficient, low cost and highly abundant molybdenum derived material for hydrogen 

production. Herein, it investigates that the molybdenum composite catalyst shows much 

improved electrocatalytic activity in the acidic media. The incorporation of templates, contrast 

phase and doping heteroatom atom etc. highly affects and improve the catalytic activity of the 

material. All these modifications favours in making Mo one of the most suitable candidates for 

enhanced electrochemically activity of the material. Molybdenum carbide is preliminary 

obtained one of the best and efficient electrocatalysts for hydrogen generation. The 

molybdenum nitride, molybdenum oxide, molybdenum phosphide and the heteroatom doped 

molybdenum derivatives are also showing the electrocatalytic activity in the acidic media for 

hydrogen evolution reaction. The thesis explores that the individual catalyst is less active 

towards the electrochemical hydrogen evolution reaction as compared to the composites of the 

molybdenum derivatives. This thesis also shows that the in-situ synthesis of the material 

synergistically enhances the catalytic activity of the material and methodology plays a crucial 

role in this. The improvement in the catalytic activity has been experimentally and theoretically 

explored. The experimental work supported by the theoretical study shows that the system 

undergoes through some electronic changes and modifies the overall electronic conduction 

which enhances the catalytic activity of the material. The electronic changes mainly occur at the 

interface of the different phases present in the catalyst that improves the charge transfer through 

the interface and enhances the catalytic activity of the material. The formation of the interfaces 

within the crystallites plays the leading role and the theoretical study elaborates the rationale 

behind how it affects the electronic structure near the interface. From the obtained results its 

confirm that the synergistic enhancement in catalyst could be achieved only when if it in-situ 
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synthesized. The synthesis of a different phase in the same composite by the judicially 

optimizing the reaction condition results into the multiphase composite that synergistically 

modifies the electronic environment near the interface and improves the catalytic activity of the 

material. This all has been observed in all the catalyst starting from the section of biomass-

derived Mo2C/Mo2N (Chapter 3) to the end with the porous silica-supported Mo2C/MoP 

electrocatalyst (Chapter 7) and regularly observed that the catalytic activity gets improves with 

the particular change in the composition of materials. The biomass-derived (Cotton) 

molybdenum carbide and molybdenum nitride (MoCot) having good stability of 2500 cycles in 

the acidic medium (0.5 M H2SO4) along with an overpotential of 167 mV to derive the current 

density of 10 mA/cm
2
. The onset potential obtained for the catalyst is 110 mV. The catalyst 

having a 59.12% of Mo2C and 40.88% of Mo2N in the MoCot catalyst. Different composition of 

the Mo2C and Mo2N has been successfully synthesized by optimizing the reaction condition 

through high-temperature calcination but the analysis shows that when the composition of the 

molybdenum carbide and molybdenum nitride when approaching nearly equal to half the 

catalytic activity of the material is maximum. The individually synthesized Mo2C and Mo2N 

and even the mere mixing of them both with the same composition as obtained in MoCot does 

not give the same catalytic activity as observed in MoCot. From this, it confirms that the in-situ 

synthesis of molybdenum carbide and molybdenum nitride derived from the biomass material 

having synergistic effects and improves the catalytic activity of the material. The biomass itself 

acts as a carbon source as well as carbon support to the molybdenum carbide and molybdenum 

nitride nanoparticles.
9
 But the variation in the carbon content in the biomass material could lead 

to the different activity of the material synthesized even if using the same reaction conditions. 

Thus in the second step, in chapter 4 the commercially available carbon and nitrogen sources 

have been used and a composite of Mo2C and Mo2N (MoCat) with using g-C3N4 and 

hexamethylenetetramine (HMT) as carbon and nitrogen sources in the inert atmosphere has 

been successfully synthesized. The formation of interfaces between Mo2C and Mo2N 

nanoparticles have been observed in different crystallites and the theoretical study explores the 

reason behind the synergy obtained in the catalyst. The in-situ synthesized MoCat catalyst and 

interface formation highly favours the adsorption process and improves the reaction kinetics. 

The catalyst requires an overpotential of 96 mV to derive a current density of 10 mA/cm
2
 with a 

composition of 47% of -Mo2C and 53% γ-Mo2N in the MoCat catalyst. Here again, the mere 

mixing of the same composition of the Mo2C and Mo2N nanoparticles also has been studied and 

found that catalytic behaviour of the mixture does not repeat the same results as obtained in the 

in-situ synthesized Mo2C and Mo2N nanoparticles. Here the stability obtained in acidic media 



Conclusion and Future Perspectives 

 Page 205 

(1M H2SO4) is only of 1000 cycles. The catalytic activity of the material get enhances but the 

stability concern motivates us to further explore the catalytic activity of the material.
10

 So, to 

enhance the catalytic activity of such hybrid nanostructured the effect of other molybdenum 

phases in composites has been studied in chapter 5. In chapter 5 a different strategy has been 

adopted and a new phase along with the molybdenum carbide with silica support has been 

introduced. In this work, a composite of molybdenum carbide and molybdenum oxide within 

the porous silica structure (SiMoCat) has been successfully synthesized by the high-temperature 

calcination method. The catalyst has been synthesized by the partial carburization of the oxide 

material and here different carburization rate leads to the different composition of molybdenum 

carbide and molybdenum oxide in the composite material. The different carburization rate of the 

oxide precursor has been achieved by different reaction conditions. In this work, the different 

composite catalyst with different Mo2C and MoO2 contribution with the incorporation of the 

silica has been synthesized. But the catalyst with a composition of 51.32% and 48.68% of Mo2C 

and MoO2 (SiMoCat) respectively shows very good catalytic activity. The catalyst has an 

overpotential of 71 mV to derive a current density of 10 mA/cm
2 

in 0.5 M H2SO4 solution. The 

catalyst exhibits an onset potential of 31 mV and durability of 3500 cycles in acidic medium. 

Here again, the in-situ synthesis and a composition optimization of Mo2C and MoO2 phases 

leads to the synergistically enhanced catalytic activity of the material. Chapter 5 successfully 

illustrates that not only the molybdenum nitride but molybdenum oxide along with the 

molybdenum carbide also shows the same kind of synergy in the in-situ synthesized catalytic 

material. Chapter 6 involves the synthesis of transition metal-doped molybdenum carbide and 

molybdenum nitride.  The promoter elements improve the catalytic activity of the material. The 

successful synthesis of a different nanostructured hybrid using different transition metals has 

been achieved but the copper doping in the molybdenum carbide and molybdenum nitride 

nanostructured hybrid strategically enhances the catalytic activity of the material. The Cu doped 

Mo2C/Mo2N (CuMoCat) nanohybrid has been synthesized by use of copper as doped metal and 

rGO as a carbon source in the presence of argon and ammonia environment at the desired 

temperature. The catalyst CuMoCat which shows the higher stability than the previously studied 

nanohybrid catalyst on copper doping and it has a stability of 3000 cycles. The variation of 

copper doping in Mo2C/Mo2N nanohybrid shows that a particular amount of the copper atoms 

synergistically improves the catalytic activity of the material. The stability of the material gets 

enhanced from 1000 cycles to the 3000 cycles and the catalyst have an overpotential of 82 mV 

at a current density of 10 mA/cm
2
. The onset potential of the catalyst obtained is 40 mV in 0.5 

M H2SO4 solution. As compared to the low overpotentials the catalytic activity of the material 
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at high current density is really impressive and it requires only an overpotential of 112 mV to 

reach a current density of 30 mA/cm
2
 as compared to the Mo2C/Mo2N (MoCat-CN) 

nanocomposite which requires an overpotential of 217 mV for the same current density.  Even 

though MoCat-CN having an onset potential of 24 mV as compared to the onset of CuMoCat 

which have an onset potential of 40 mV the catalytic activity at high current density is 

remarkable. In this case, again, the in-situ synthesis plays a crucial role and provides the 

synergistic enhancement in the catalytic activity of the material. The theoretical study reveals 

that the adsorption process in the CuMoCat catalyst is highly favourable at the Mo and N sites. 

The adsorption study with and without copper doping reveals that process gets modifies on 

copper doping and it makes the Mo and N sites more favourable to the HER activity.
11

 Chapter 

6 successfully shows that the suitable doping of the transition metal in the molybdenum carbide 

and molybdenum nitride nanohybrid structure could lead to the more efficient and durable HER 

electrocatalyst. The study has been further explored to synthesize a composite of molybdenum 

carbide and molybdenum phosphide and is described in chapter 7. Both molybdenum carbide 

and molybdenum phosphide are known as good HER active materials. Here in this chapter, a 

composite of molybdenum carbide and molybdenum phosphide (SiMoCP) has been synthesized 

through high-temperature calcination method to study the combination of two different HER 

active material. The molybdenum carbide and molybdenum phosphide nanoparticles have been 

mutually grown with the incorporation of mesoporous silica. The silica support provides more 

active sites to the catalyst with an increased surface area of the material as compared to the 

commonly synthesized molybdenum electrocatalysts. The catalyst shows excellent stability of 

5000 cycles with an overpotential of 88 mV at a current density of 10 mA/cm
2
. The catalyst 

exhibits an onset potential of 53 mV having a composition of 62.84% of Mo2C and 37.16% of 

MoP in the catalyst. Several other composites of with different compositions of the 

molybdenum carbide and molybdenum phosphide have also been synthesized and studied their 

electrochemical activity in same 0.5 M H2SO4 solution. Here again, in this, it found that the in-

situ synthesis and the composition optimization of molybdenum carbide and molybdenum 

phosphide provide a better HER electrocatalyst. The physical mixing of the molybdenum 

carbide and molybdenum phosphide does not provide the same catalytic activity even with the 

same composition as achieved by the SiMoCP catalyst. The theoretical study further reveals that 

the Mo, C and P adsorption sites in the SiMoCP catalyst are more favourable as compared to the 

individual molybdenum derivatives. The catalyst shows that the combination of molybdenum 

carbide and molybdenum phosphide synergistically enhances the catalytic activity when it 

mutually grew with the silica incorporation.  
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Thus thesis successfully explains that the in-situ synthesis of the molybdenum derivatives that 

provide the synergy to the catalyst and improves the catalytic activity of the material. Suitable 

conductive support, proper doping and an optimised composition of the phases present in the 

composite improve the HER activity. Here, the study involves the use and synthesis of only 

molybdenum derivatives this could be extended to the other transition metal derivatives like 

transition metal sulphides (TMSs), transition metal oxides (TMOs), transition metal selenides 

(TMSes),  transition metal phosphides (TMPs), and transition metal borides (TMBs) etc. The 

different promoter element like Cu, Ni, Co, Mn and Fe etc ould be incorporated along with the 

other heavy transition metals. The assisting material like graphene oxide, silica or any biomass 

material could be replaced with highly conductive supports likes carbon nanotubes, carbon 

nanowires, carbon aerogels, MOFs, Ni foams etc. This work opens up a new area where 

carbides, nitrides, oxide and phosphides of other metals can also give rise to such effects and a 

durable and excellent material could be found for hydrogen generation at industrial scale 

through economically viable and environment-friendly water splitting approach. Hence, it is of 

great significance to analyse the origins of versatile abilities and offer valuable guidance for the 

design of future high-performance electrocatalysts through this study. These state of the art 

strategy aim at the specific goals like improvement of inherent catalytic activity by mutually 

synthesizing the multiphase material. The hybridization or interface engineering regulates the 

catalytic activity of the material by providing the improved charge conduction through the 

interface. The doping enriches the active sites and helps in designing transition metal-doped 

architectures and this could be extended to the other forms of hierarchical/porous structure etc. 

The combination of HER active and HER inactive material through in-situ or any other means 

could provide an improved electrochemical activity to the HER electrocatalyst. As seen in the 

Mo2C/MoO2 (SiMoCat) and Mo2C/MoP (SiMoCP)  the combination of HER active and the less 

active electrocatalyst provides an excellent activity and the durability to the catalyst.  This can 

be extended to the other transition metal or non-transition metal catalyst. Furthermore, the 

theoretical computation plays a decisive role in exploring such kind of interface that forms due 

to the simultaneous synthesis of different kind of phases in the same composites. The DFT 

calculation is the valuable tools that can be applied to the material catalyst and divulge the 

catalytic routes at the atomic scale. The combination of experimental measurements and 

computational outcomes will improve the research competence and evade the lingering trial-

and-error itinerary for catalyst synthesis. The other important parameters are the catalyst 

reparation procedures in which the different parameters leads to the different yields of the 

catalyst. The catalyst synthesis with the desired composition is highly influenced by the 
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temperature and heating rate, holding time, type of gas for inert atmosphere and its flow rate 

and its and initial precursors and their composition. Finally, it is astonishing to end that the HER 

electrocatalysts described above are of great importance and are great candidates for the 

hydrogen evolution reaction. These catalysts can minimize the total cost and facilitate the 

experimental setups in water-splitting reactions for hydrogen generations. 
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