
 
 

 

Development of High Performance 

Electrocatalyst for Water Splitting Application 

 

Kaicai Fan 

B.Eng., M.Eng. (Research) 

 

A thesis submitted in fulfilment of the requirements of the degree of  

Doctor of Philosophy 

 

School of Environment and Science 

Griffith Sciences 

Griffith University, Australia 

 

August 2018 

  



 

 

 

 

 

 

 

 



I 

Abstract  

With increasing global demand for energy, rapid depletion of fossil fuels and 

intensification of environmental concerns, exploring clean and sustainable energy carriers 

to replace fossil fuel is becoming critical. Among the various alternatives, hydrogen has 

been intensively regarded as a promising energy carrier to fulfill the increasing energy 

demand due to its large energy density per unit mass and eco-friendly production 

possibilities. However, hydrogen does not exist in molecular structure in nature, and it is 

essential to obtain efficient and sustainable H2 production technologies. Alkaline water 

electrolysis is an effective, clean and sustainable process to produce high-quality 

hydrogen. In this process, highly active electrocatalysts for the hydrogen evolution 

reaction (HER) are required to accelerate the sluggish kinetics and lower the 

overpotentials (η) for efficient hydrogen evolution. To date, a noble metal, platinum (Pt),  

is the state-of-art electrocatalyst for HER. However, exploration of alternative 

electrocatalysts with low cost and excellent electrocatalytic activity is of vital importance 

to realize large-scale hydrogen production through water electrolysis. Generally, an 

electrochemically active catalyst should have an optimal hydrogen adsorption free energy 

to allow efficient catalytic hydrogen adsorption/desorption. In alkaline solution, 

dissociation of water onto the electrocatalyst determines the overall HER efficiency. 

This thesis focuses on rational design and synthesis of different earth-abundant 

electrocatalysts for electrocatalytic HER in alkaline media. Through facile anion or cation 

doping strategies, electrocatalysts with abundant accessible active sites, enhanced 

electronic conductivity and accelerated HER kinetics have been systematically fabricated, 

characterized and evaluated. 

First, an efficient HER electrocatalyst in alkaline media was fabricated by 

incorporating sulfur atoms into a cobalt (hydro)oxide crystal structure. The resultant 
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catalyst exhibits a remarkably enhanced HER activity with a low-overpotential of 119 

mV at 10 mA/cm2 and an excellent durability. The results suggest that cobalt hydroxide 

benefits water adsorption and cleavage, while the negatively charged sulfur ligands 

facilitate hydrogen adsorption and desorption on the surface of electrocatalysts, leading 

to significantly promoted Volmer and Heyrovsky steps for HER in alkaline media. 

Second, exploring bifunctional electrocatalysts which can simultaneously accelerate 

the HER and oxygen evolution reaction (OER) activities plays a key role in alkaline water 

splitting. Here, sulfur atoms were incorporated into the mixed transition metal hydroxide 

with high OER performance to render excellent HER activity. The enhanced catalytic 

activity towards HER was confirmed by a synergistic effect between the retained metal 

hydroxide host and the incorporated sulfur atoms. In addition, the full water splitting 

electrolyzer equipped with fabricated bifunctional electrocatalysts as anode and cathode 

materials exhibited remarkable overall water splitting performance comparable to that 

with benchmark Pt and RuO2 electrocatalysts. 

The S/Se co-doped Co3O4 nanosheets on carbon cloth were fabricated by a facile 

room temperature chalcogen atom incorporation methodology and were applied as the 

electrocatalyst for HER in alkaline media. The sulfur and selenium atoms were 

homogeneously distributed on the surface by forming Co-S or Co-Se bonds which play a 

key role in the structural change in electrochemical activation. The obtained 

electrocatalysts demonstrated remarkably improved HER activity compared to that of the 

original Co3O4. 

Finally, molybdenum doped cobalt hydroxide was fabricated with significantly 

accelerated HER kinetics. The introduced Mo sites not only effectively facilitate water 

dissociation process and desorption of the OHads intermediates, but also simultaneously 

optimize the hydrogen adsorption free energy. Therefore, the in situ-generated Mo-doped 
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amorphous cobalt hydroxide exhibited a remarkable HER performance in alkaline media 

with an overpotential of only -80 mV at a current density of 10 mA/cm2. 

This thesis innovatively explores strategies to improve the catalytic activity towards 

HER of metal (hydro)oxide in alkaline media. The surface foreign atom doping was 

demonstrated to manipulate the surface structure of catalysts, thus not only improving the 

water dissociation processes, but also facilitating the hydrogen adsorption/desorption on 

the catalysts. The demonstrated facile and effective strategies could be adopted for the 

fabrication of cost-effective and highly active catalysts for other important chemical 

reactions for energy conversion applications. 
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Chapter 1. Introduction 

1.1 General Background 

A steady and reliable supply of energy is vital to meet the requirement for the 

development of modern society. In the last few decades, the world energy consumption, 

which was primarily satisfied by fossil fuels, experienced a dramatic increase. However, 

with the rapid depletion of fossil fuels and production of greenhouse gases caused by the 

combustion of the fossil fuels, exploring abundant, clean and sustainable energy carriers 

is becoming increasingly urgent. 

Hydrogen (H2) is often regarded as the best means by which to store chemical 

energy.[1] It is fascinating to use H2 as an energy carrier since it is the molecule with the 

highest gravimetric energy density, and it produces only water when combusted. 

Therefore, the production and storage of hydrogen are two essential challenges to the 

hydrogen economy.[2] Though hydrogen is one of the most abundant elements on Earth, 

hydrogen gas is scarce in Earth’s atmosphere. Unlike fossil fuels which are primary 

energy sources and can be easily mined, hydrogen needs to be generated first for further 

usage/storage. Currently, large-scale H2 production strongly depends on steam reforming 

of fossil fuels, which will produce CO2 as a by-product.[3] One promising approach to 

accomplish clean and sustainable hydrogen production is water splitting, in which water 

molecules are split into hydrogen and oxygen molecules. In this regard, water electrolysis 

driven by sustainable resource-produced electricity, such as wind power and solar energy, 

is a promising strategy for hydrogen production.[4-5] However, the practical applications 

of water electrolysis are greatly hindered by the large overpotential of the hydrogen 

evolution reaction (HER). 
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Implementation of efficient electrocatalysts for HER is an effective strategy to lower 

the large HER overpotential. Ideal HER electrocatalysts should not only be highly active 

with low overpotential to achieve large current density, but also present remarkable long-

term stability. Currently, electrocatalysts based on platinum (Pt) are normally regarded as 

robust electrocatalysts for HER.[5] However, the scarcity and high cost of these noble 

metals greatly limit their application in water electrolysis. Design and preparation of 

highly active and stable noble metal-free electrocatalysts for efficient hydrogen 

production play a vital role in utilizing hydrogen as a promising energy carrier. 

In summary, the preparation of noble metal-free electrocatalysts with high 

electrocatalytic activity towards HER and excellent long-term stability performance is 

critical to realizing the low-cost production of H2 from the water. 
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1.2 Aims of the Project 

The objectives of this project are to explore new strategies to fabricate highly active 

and stable electrocatalysts based on transition metal compounds. This project 

systematically focuses on several key issues in HER: 

1) Design a series of efficient anion doped transition metal (hydro)oxides for efficient 

HER in alkaline media (Chapter 2-4); 

2) Explore the facile H2S vapor phase hydrothermal method to fabricate HER 

electrocatalysts with high performance and good stability (Chapter 2-3); 

3) Investigate the impact of sulfur anions on the morphology and surface electronic 

structure change during HER and understand the role of sulfur species in improving 

catalytic activity towards HER (Chapter 2-5) 

4) Develop a facile anion substitutions method to fabricate sulfur and selenium co-doped 

transition metal oxide and investigate the influence of anion species doping on the 

electronic structure under HER condition (Chapter 4); 

5) Prepare Mo-doped amorphous cobalt hydroxide as highly efficient and stable HER 

electrocatalysts and understand the role of cation doping in improving the sluggish 

HER kinetics (Chapter 5). 

 

1.3 Hydrogen Energy 

With industrial development and population growth, the world’s energy consumption 

has increased remarkably since the last century. Specifically, it is predicted that energy 

consumption will be tripled in the next thirty years. However, the energy used today is 

primarily satisfied by the combustion of fossil fuels, reportedly 80% of the global energy 

use nowadays is met by the combustion of fossil fuels, which will be completely used up 
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in the future.[6] Burning these fossil fuels also leads to the emission of a large amount of 

greenhouse gases. In this regard, developing clean and renewable alternative energy 

sources and carriers is becoming urgent. Among the various alternatives, hydrogen has 

been regarded as a promising energy carrier to fulfill the future energy demand. The wide 

application of H2 as an energy carrier is very attractive since it is the molecule with the 

highest energy density per unit mass. [7] In addition, H2 will produce only water as the 

final products when combusted, while carbon-based fuels produce water and CO2. The 

hydrogen economy is expected to be realized by storing and transporting hydrogen 

chemical energy. There are three major processes for the hydrogen energy cycle including 

renewable energy harvesting (e.g., from solar energy or wind power), hydrogen 

production through renewable energy and the conversion to usable energy by the reaction 

of H2 and O2. Accordingly, exploring an efficient and sustainable strategy to obtain high-

quality H2 at the large-scale plays a vital role in fulfilling the future use of hydrogen 

energy. 

1.3.1 Technologies for Hydrogen Production 

Even though hydrogen is the most abundant element on earth, the application of the 

hydrogen economy has been greatly limited by the fact that hydrogen does not exist in 

molecular structure in nature. Thus, it is vital to develop efficient and sustainable H2 

production technologies. Most of the hydrogen is produced to fulfill the industrial 

demand, such as refining petroleum and producing ammonia and other chemicals. To 

date, hydrogen can be produced through water electrolysis, steam methane reforming, 

and coal gasification strategies.[8] Nowadays, hydrogen is mainly generated by steam 

reforming of natural gas or other fossil fuels, which produce more than 95% of all the 

hydrogen.[9] This is accomplished in a device called a reformer in which the water vapor 

reacts with a fossil fuel in the presence of a metal-based catalyst at high temperature.[10] 
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The product stream needs to be separated into its components and the hydrogen is then 

dried, purified and compressed in vessels for transportation. Nevertheless, this strategy 

always produces low purity hydrogen with a large number of carbonaceous species such 

as carbon monoxide. Even though steam methane reforming and coal gasification render 

95% of the whole hydrogen, the primary hydrogen production based on fossil fuels will 

simultaneously generate carbon dioxide as a greenhouse gas, which will exacerbate air 

pollution and global warming.[9]  

H2 can be produced by renewable solar energy in several pathways as shown in 

Figure 1.1.[1] Thermolysis, which directly split water at high temperatures, suffers from 

the fast back reaction of H2 and O2 at the high temperatures, hindering the approach from 

being widely used. The conversion of biomass to H2 is a straightforward method but 

suffers from the low conversion efficiency from sunlight to H2.
[1] Water electrolysis, 

however, is an effective process to produce high-quality hydrogen through the 

electrochemical conversion of water to hydrogen and oxygen. [11] The electrochemical 

water splitting provides a clean and sustainable way to generate high purity hydrogen 

because its feedstock is water, which is an abundant and renewable hydrogen source.[12] 

 

Figure 1.1 Renewable paths for hydrogen production.[1] 
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1.3.2 Water Electrolysis 

Water electrolysis is the process of using an electric current to break down water into 

gaseous hydrogen and oxygen. In 1789, Jan Rudolph Deiman and Adriaan Paets van 

Troostwijk used an electrostatic machine to generate electricity, and the gold electrode 

electrodes in water were discharged. The gases generated through water electrolysis were 

demonstrated to be hydrogen and oxygen for the first time by William Nicolson and 

Anthony Carlisle in 1800. From then on, water electrolysis as a potential strategy to 

produce hydrogen became gradually more attractive. In 1888, the industrial production 

of hydrogen and oxygen was firstly realized by Dmitry Lachinov. After that, numerous 

different electrolyzer designs were fabricated in the 1920s and 1930s. The oil crisis in the 

1970s further boosted the research interest in the hydrogen energy produced through 

water electrolysis to solve the energy crisis and associated environmental problems.[13] 

An electrolyzer has three component parts: an electrolyte, a cathode and an anode as 

shown in Figure 1.2. When a potential is applied to the electrodes, water molecules are 

decomposed into hydrogen and oxygen. Therefore, the water-splitting reaction can be 

divided into two half-reactions: oxygen evolution reaction (OER) and hydrogen evolution 

reaction (HER). 
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Figure 1.2 Schematic diagram of an electrolyzer.[11] 

According to the different electrolyte where water splitting takes place, the water 

splitting reaction can be expressed in different ways 

Total reaction: H2O → H2 + 1/2 O2 Equation 1.1 

In acidic solution: 

Cathode: 2 H+ + 2 e- → H2 Equation 1.2 

Anode: H2O → 2 H+ + 1/2 O2 + 2 e- Equation 1.3 

In neutral and alkaline solutions 

Cathode: 2 H2O + 2 e- → H2 + 2 OH- Equation 1.4 

Anode: 2 OH- → H2O + 1/2 O2 + 2 e- Equation 1.5 

The Gibbs free energy change (∆G0) for water splitting reaction is 237.2 kJ/mol per 

molecule of H2O under standard conditions (T = 298 K, PH2 = 1 atm), and the amount of 
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electricity needed to perform the reaction is equal to the change of Gibbs free energy. 

Therefore, the thermodynamic voltage of water splitting is 1.23 V under standard 

conditions regardless of the water media. It should be noted that the thermodynamic 

voltage is temperature-dependent and decreases with the increase in temperature. To 

achieve electrochemical water splitting, the applied voltages must be higher than the 

thermodynamic potential value. The overpotential (η) is primarily applied to overcome 

the intrinsic activation barriers on both anode (ηa) and cathode (ηc) and some other 

resistances (ηother). Therefore, the practical operational voltage (Eop) for water splitting 

can be described as:[14] 

𝐸𝑜𝑝 = 1.23 𝑉 + 𝜂𝑎 + 𝜂𝑏 + 𝜂𝑜𝑡ℎ𝑒𝑟 Equation 1.6 

It is can be seen from the equation that the reduction of the overpotentials plays a 

vital role in making the water splitting reaction energy-efficient. ηother can be purposely 

reduced by the rationally designed electrolytic cell, while ηa and ηb can be optimized by 

applying highly active oxygen evolution and hydrogen evolution catalysts. In these 

regards, several water electrolysis technologies, such as alkaline water electrolysis, acidic 

proton exchange membrane (PEM) electrolysis, and high-temperature solid oxide 

electrolysis, have been developed to ultimately improve the overall cell efficiency and 

stability.[15] 

1. Alkaline water electrolysis (WAE) 

The electrolysis phenomenon was firstly discovered by Troostkwijk and Diemann in 

1789, now alkaline electrolysis is a well-developed technology to produce high-quality 

hydrogen at a commercial level worldwide.[13] The electrolyte consists of aqueous 

potassium hydroxide with a concentration of 20-40wt% KOH. The electrodes are 

perforated steel coated with catalysts based on nickel, cobalt or iron.  
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There are three main circumstances for alkaline electrolyzers, which are low partial 

load range, limited current density, and low operating pressure. The diaphragm cannot 

completely prevent the product gases from cross-diffusing through it. Thus, extensive 

mixing should be avoided to maintain the efficiency as well as safety. Furthermore, the 

low maximum current density results from the high ohmic losses across the liquid 

electrolyte and diaphragm. In addition, the liquid electrolyte makes it difficult to operate 

at high pressure or in a bulky stack design configuration. 

2. PEM water electrolysis 

The strategy to overcome the drawbacks of alkaline electrolyzers was proposed by 

General Electric in the 1960s, which was based on a solid polymer electrolyte concept.[10, 

15] This concept is also regarded as a proton exchange membrane or polymer electrolyte 

membrane water electrolysis. PEM electrolyzer can operate at higher current densities 

and are capable of reaching 2 A/cm2, which will reduce the operational costs. Moreover, 

the gas crossover rate of the polymer electrolyte membrane is low, which makes PEM 

electrolyzers work under a wide range of power input. However, the corrosive acidic 

regime requires the use of distinct materials, which not only resist the harsh corrosive 

condition, but also are stable at the high applied potential. Thus, the high cost of the 

selected electrocatalysts greatly limit its wide application. 

3. Solid oxide electrolysis (SOEC) 

The first results about the solid oxide electrolyzer was published by Donitz and Erdle 

in the 1980s.[16] Since then, SOECs have attracted intensive interest due to its high 

electrical energy conversion efficiency. However, these promising studies are still 

preliminary lab-scale studies, which mainly concentrate on the development of novel, 

improved, low cost and stable materials for SOECs. The SOECs technology has a great 
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potential for the mass production of hydrogen, and understanding of the electrochemistry 

of the materials will play a key role to solve the drawbacks. 

Table 1.1 Advantages and disadvantage of different water electrolyzers.[10] 

 

 Advantages Disadvantages 

AWE Well established technology, 

Non-noble catalysts 

Long-term stability 

Relative low cost 

Low current densities 

Crossover of gases 

Low partial load range 

Low dynamics  

Corrosive liquid electrolyte 

PEM electrolysis High current densities 

High voltage efficiency 

Good partial load range 

Rapid system response  

Compact system design 

High gas purity 

High cost of components 

Acid corrosive environment 

Stacks below MW range 

SOEC electrolysis Efficiency up to 100% 

Non-noble catalysts 

High-pressure operation 

Laboratory stage 

Bulk system design 

Durability 

No dependable cost 

information 

 

Hydrogen obtained through water electrolysis need an input of electricity. The 

majority of electricity used for water electrolysis comes from fossil fuels, which hinders 

the advantages of water electrolysis as a clean and sustainable hydrogen production 



11 

strategy. Nevertheless, with the development of solar energy and wind power, water 

electrolysis driven by solar-, wind- and other renewable resources derived electricity will 

potentially bring it to the forefront as a potential option. As illustrated in Figure 1.3, the 

important components of clean energy solution with zero emission in the future are water 

electrolysis and renewable resources.[13] 

 

Figure 1.3 The overall concept of a hydrogen renewable energy system.[13] 

 

1.4 Electrocatalytic Hydrogen Evolution Reaction 

The HER is the cathodic half reaction of water splitting. It is a vital reaction for 

several energy conversion systems, such as water electrolyzers and photochemical water 

splitting systems. HER proceeds by the reduction of protons or water molecules followed 

by the evolution of gaseous hydrogen as presented by the equations. 

In acidic media: 

2𝐻+ + 2𝑒− → 𝐻2 Equation 1.7 

In alkaline media: 
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2𝐻2𝑂 + 2𝑒− → 𝐻2 + 2𝑂𝐻− Equation 1.8 

The Nernstian potential for the HER referred to a normal hydrogen electrode (NHE) 

under the standard conditions (T = 298 K, PH2 = 1 atm), can be described by equation 1-

9. 

𝐸𝐻𝐸𝑅 = 𝐸
(
𝐻2

𝐻+⁄ )

0 − 𝑅𝑇
𝐹⁄ × ln (

𝑎𝐻+

𝑝𝐻2

1
2⁄⁄ ) = −0.059 × (𝑝𝐻) 𝑉 𝑣𝑠. 𝑁𝐻𝐸

 Equation 1.9 

Where R is the ideal gas constant, and T is the temperature, and F is the Faraday 

constant. Accordingly, it is pH-dependent and shifts linearly by -59 mV with the increase 

of each pH unit and the theoretical voltage for HER at 298 K is 0 V versus an NHE at 

pH=0. 

However, similar to the many other chemical reactions, the extra potential is essential 

to surmount the energy barrier overpotential to start the initial reaction. To effectively 

enhance the energy efficiency of water splitting, it is becoming vital to explore novel 

strategies to reduce the overpotential. 

1.4.1 Fundamentals of HER 

As schematically illustrated in Figure 1.4 (A), most electrochemical process must 

surpass a certain amount of activation energy barrier. Thus, the height of the energy 

barrier is dependent on the nature of the interface where the reaction takes place. 

Similarly, the HER is rarely initiated at the equilibrium potential in practice and generally 

occurs until enough cathodic potential is applied to overcome the reaction overpotentials 

as shown in Figure 1.4 (B). Overall, the potential to constantly drive the HER is described 

as: 

Ei = EHER + iR + η Equation 1.10 
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Where iR is the ohmic potential decrease resulting from the flow of current in ionic 

electrolytes and η is the reaction overpotential. Normally, sufficiently large potentials are 

needed to drive the transfer process at determined rates and to surpass the kinetic barriers. 

Moreover, smaller onset overpotential (ηⅠ) indicates that the HER starts at a lower 

cathodic potential and higher energy efficiency to catalyse HER. 

 

Figure 1.4 (A) Schematic illustration of the HER energetics. (B) HER polarization 

curves on the electrocatalysts with their onset overpotentials.[17] 

HER is a multi-step electrochemical process occurring on the surface of an electrode 

where the hydrogen is generated.[5] The widely accepted reaction mechanisms in acid and 

alkaline solutions are: 

1) Electrochemical adsorption (Volmer or discharge reaction) 

H+ + M + e- ↔M-H* (acid solution)  Equation 1.11 

H2O + M + e- ↔ M-H* + OH- (alkaline solution)  Equation 1.12 

Followed by  

2) electrochemical desorption (Heyrovsky or ion + atom reaction) 

M-H* + H+ + e- ↔ M + H2 (acid solution)  Equation 1.13 
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M-H* + H2O + e- ↔ M + OH- + H2 (alkaline solution)  Equation 1.14 

 Or  

3) chemical desorption (Tafel or combination reaction) 

2 M-H* ↔ 2 M + H2 (both acid and alkaline solutions) Equation 1.15 

Where H* stands for a hydrogen atom chemically adsorbed on an active site of the 

electrode surface (M). The schematic mechanism of hydrogen evolution is depicted in 

Figure 1.5. 

 

Figure 1.5 The mechanism of hydrogen evolution on the surface of an electrode.[18] 

These pathways are strongly correlated with the inherent electrochemical and 

electronic properties of the electrode surface.[18-19] Moreover, the mechanisms of the HER 

is complex and the reaction kinetics strongly depends on the electrochemical potential, 

which can be described by the Butler-Volmer equation.[20] When the overpotential is 

small, the equation can be simplified as: 
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𝜂 = (
𝑅𝑇

𝑛𝐹𝑗0
) 𝑗 Equation 1.16 

Where j is the current density, j0 is the exchange current density, n=1 is the number 

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

temperature. According to the equation 1-4, the overpotential is linearly correlated to the 

current density in a small potential range near equilibrium potential. Furthermore, at 

higher overpotential (η>0.05 V), the Butler-Volmer equation can be described to be the 

Tafel equation: 

𝜂 = 𝑎 + 𝑏𝑙𝑜𝑔𝑗 =
−2.3𝑅𝑇

𝛼𝑛𝐹
𝑙𝑜𝑔 𝑗0 +

2.3𝑅𝑇

𝛼𝑛𝐹
𝑙𝑜𝑔 𝑗 Equation 1.17 

The equation 1-5 implies the linear relationship between the overpotential and log j, 

and the slope 𝑏 =
2.3𝑅𝑇

𝛼𝑛𝐹
 are defined as the Tafel slope. Tafel slopes, which imply the 

potential difference increasing or decreasing the current density by 10-fold, are generally 

used to determine the predominant HER mechanism. Derived from the Butler-Volmer 

equation, the Tafel slopes can be divided into three limiting cases. If the discharge is fast, 

while H2 is generated by a rate-determining combination reaction, a slope of 2.3RT/2F 

will be 29 mV/dec at 25 °C. If the discharge reaction is fast, while H2 is generated by a 

rate-determining Heyrovsky reaction, the Tafel slope should be 4.6RT/3F, which is 38 

mV/dec at 25 °C. If the discharge reaction is slow, the Tafel slope should be 4.6RT/F, 

which will be 116 mV/dec at 25 °C. 

The link between intrinsic properties of a surface or electrochemical interface and 

the final electrocatalytic activity is not easy to establish since the reactions on the 

electrode/electrolyte interference is a very complex multi-parametric system. Chemical 

adsorption and desorption of H atoms on an electrode surface are competitive reactions. 

Based on the Sabatier principle, for a good catalyst, the surface should be able to allow 

an interaction strong enough to sufficiently absorb the H* to facilitate the proton-electron-
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transfer process, while also weak enough to promote the bond break and gaseous H2 

release.[21] Nevertheless, it is difficult to establish the quantitative relationship between 

the energetics of the H* intermediate and the reaction rate. From the perspective of the 

physical chemistry, the free energy change for H* adsorption on a catalyst surface (∆GH*) 

is a widely accepted descriptor for the catalysts. According to the Sabatier principle, if 

∆GH* is zero, the overall reaction has the maximum rate. Furthermore, the relationship 

between the experimental exchange current density (j0) and the quantum chemistry-

derived ∆GH* is proposed to be in the form of a “Volcano curve” for a wide range of 

electrode surfaces. Following this trend, the relationship between the intrinsic 

electrochemical nature and HER kinetics can be built. Pt-based metals are at the summit 

of the volcano, which means they have the best activity and the hydrogen adsorption 

energy is close to zero. Furthermore, the metals to the left of Pt have a strong adsorption 

to the hydrogen atoms, which blocks the active site and hinders the production of 

hydrogen. On the other hand, metals to the right of Pt weakly adsorb the hydrogen, which 

will not effectively stabilize the intermediate state and hinder the following reaction from 

occurring.[21-22] 
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Figure 1.6 A volcano plot of experimentally measured exchange current density as 

a function of the calculated Gibbs free energy of adsorbed hydrogen atom.[22] 

Even though the trends in activity for the HER in alkaline media have never been 

established independently from those results for the HER in acidic media, there are 

differences between alkaline and acid HER catalysis. In acid solutions, the reaction is 

mainly controlled by the hydrogen recombination (the Tafel step). In contrast, the kinetics 

are determined by the balance between the water dissociation (Volmer step) and the 

interaction of water dissociation product on the catalysts.[23-25] In this regard, except for 

the optimal ∆GH*, the nature of the sites required for dissociation of water on catalysts 

should be further optimized to explore the highly active catalysts in alkaline media. 

Markovic et al., established the relationship overall catalytic activities for HER in alkaline 

media as a function of OH-M2+δ bond strength using 3d-M hydro(oxy)oxides and 

determined that the activity for the established systems follows the order 

Ni>Co>Fe>Mn.[24] These results provided the foundation for rational design of catalysts 

for practical alkaline HER. 
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1.4.2 Electrocatalysts for the HER 

Electrocatalysts can be divided into two categories i.e. homogeneous and 

heterogeneous catalysts.[26] Normally, homogeneous catalysts are water-soluble 

molecules and enzymatic electrocatalysts including hydrogenase.[27] On the other hand, 

heterogeneous electrocatalysts are the water-insoluble solids, which can be coated on the 

working electrode. The use of heterogeneous HER electrocatalysts has a long history from 

the discovery of water electrolysis, introduced by Nicholson and Carlisle in 1800.[13] 

Platinum wires were firstly used as working electrodes, and platinum and platinum group 

metals are still the most active HER electrocatalysts providing significant current density 

close to the thermodynamic potential. Over the past decades, extensive efforts have been 

made to explore other efficient heterogeneous electrocatalysts. The elements that are 

widely used for constructing HER electrocatalysts are presented in Figure 1.7. The 

elements can be roughly divided into three groups based on the physical and chemical 

properties: 1) precious metals, 2) transition metals and 3) non-metals. 

 

Figure 1.7 Elements that are commonly used to fabricate the HER catalysts.[11] 
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1.4.2.1 Precious Metal Based Electrocatalysts 

Platinum groups metals (including Pt, Ru, Rh, Ir, and Pd) are the state-of-art HER 

electrocatalysts, located close to the summit of the volcano plot. Pt is frequently used as 

the benchmark to evaluate the activity of other HER electrocatalysts. [28-30] Nevertheless, 

the widespread applications of these metals are hindered by their high cost and scarcity. 

Generally, two methods have been used to tackle the problem. Firstly, 

microstructured or nanostructured electrocatalysts with large surface area were 

proposed.[31] These electrolytes efficiently utilize the active surface catalytic atoms and 

the demand for catalyst loading can be reduced.[32-33] Over the past decade, with advances 

in nanoscience and nanotechnology, various nanostructured materials with controllable 

sizes and shapes have been developed.[34-35] Nanostructured Pt supported on low-cost 

materials was proposed to be an effective strategy to lower the metal loading without 

compromising electrolysis efficiency. Accordingly, transition metal carbides, which have 

similar bulk electronic and catalytic properties to Pt based on the density functional theory 

calculations, were fabricated as the support to the Pt monolayer.[36-38] The catalytic result 

indicated comparable activity to that of pure Pt, while greatly reducing the loading 

amount of the Pt. Secondly, the precious metals alloyed with other non-noble metals were 

demonstrated to increase the site-specific activity and thus lower the amount of the 

precious metals.[28-29, 39] Alloys typically possess distinct chemical and physical properties 

to pure metals. Norskov applied a high-throughput computational screening strategy 

according to the DFT to evaluate more than 700 binary alloys.[22] The result suggested 

that ∆GH* for BiPt was about 0.04 V, which is close to that of Pt. The authors then 

prepared the BiPt alloy, and it showed about 50% higher HER current density than the Pt 

film which agreed well with the computational predictions. Later, many studies have been 

conducted to fabricate various metal alloys, which also showed promising HER activity. 
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On the other hand, new morphology and crystal phases is an efficient strategy to tailor 

the atomic arrangement and electronic structures of allomorphs and thus provides a 

reliable way to obtain electrocatalysts with high performance.[28, 40] Specifically, creation 

of porous structure is an effective strategy to enhance the electrocatalytic performance by 

facilitating the mass and electron transport.[41] So far, Zheng et al. successfully 

synthesized hexagonal closed packed Pt-Ni alloy nano-multipods (Figure 1.8).[42] The 

formation of the unique polyhedral morphology was carefully investigated and can be 

attributed to the fact that the Pt atoms prefer to be deposited on the edge of the solid 

branch of Pt-Ni alloy and face-sited Ni atoms will then diffuse to the edges. The highly 

catalytic HER activity can be achieved by benefiting from the unique crystal structure 

and the excavated polyhedral morphology. This paper highlighted a promising approach 

for developing noble metal-based nanomaterials with significantly improved HER 

activity. 

 

Figure 1.8 The schematic illustration for the formation of Pt-Ni excavated nano-

multipods.[42] 
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1.4.2.2 Non-precious Metals and Their Alloys 

As mentioned above, Ni-based electrodes are the most widely used cathodes to 

produce hydrogen in industrial alkaline electrolyzers due to their low cost and corrosion 

resistance at high pH values. However, Ni normally experiences significant 

electrocatalytic activity decrease during the continuous alkaline electrolysis resulting 

from the reversible formation of nickel hydride species.[17] Intensive efforts have been 

devoted to fabricating Ni-based alloys to enhance activity and durability. Varsu et al. 

prepared Ni-Mo, Ni-Zn, Ni-Co and Ni-Cr alloys on steel strips by the electrodeposition 

method.[43] By assessing their HER activities, it was highlighted that Ni-Mo alloy was the 

most active stable electrocatalyst towards HER with an overpotential of ~180 mV at 300 

mA cm-2 in 6 M KOH at 80 °C. The remarkable HER performance resulted from the 

hyper-d-electronic interactive effect in Brewer-type intermetallic systems, which shows 

a good synergism in electrocatalytic activity for HER. 

Recently, Gary et al. fabricated unsupported Ni-Mo nanopowders which can be well 

suspended in common solvents and cast onto the arbitrary substrates, as efficient HER 

electrocatalyst under alkaline solution at room temperature (Figure 1.9).[44] Huang et al. 

prepared NiMoZn ternary alloy electrocatalysts and investigated the essential role of Zn 

for improving the intrinsic electrolytic performance.[45] According to the results, low 

concentration of Zn facilitates the proton adsorption on the surface of electrocatalysts, 

while massive Zn will result in the strong inhibition of proton adsorption. In addition, it 

was also demonstrated that tailoring the [Ni] in the alloy has a very negligible effect on 

the oxidation states of the other components, nevertheless, Zn can effectively convert 

metallic Ni and Mo to high valence states. 
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Figure 1.9 (A) Synthesis process of Ni-Mo nanopowders. (B) SEM image of Ni-Mo 

nanopowders. (C) HER activity of the fabricated electrodes tested in 1 M NaOH.[44] 

Furthermore, some unique nanostructured morphologies are proved to facilitate the 

catalytic performance of the metal electrocatalysts.[46-47] Ma’s group reported a facile 

synthetic strategy for cobalt nanocrystal assembled hollow nanoparticles (Co-HNP).[47] 

When serving as the electrocatalysts for HER in neutral media, it presented a low 

overpotential of -85 mV and -237 mV to reach a current density of 10 and 100 mA/cm2, 

respectively. The well-designed hollow nanostructure with increased specific surface area 

and quantum size effect was demonstrated to enhance the catalytic activity by comparing 

the electrocatalytic performance of the Co-nanocrystal-assembled solid nanoparticles. 

In addition, the metal nanoparticles alone always experience severe agglomeration 

and collapse of the structures during the HER test, which leads to poor stability. 

Nevertheless, fabricating metal nanoparticles/carbon hybrid can prevent metal 

nanoparticles from further growing or aggregating.[48-50] Thus, various hybrid materials 

have been rationally prepared, including the carbon shells encapsulated metal 
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nanoparticles.[51-52] Li’s group fabricated cobalt nanoparticle-rich carbon nanofibers 

(Co@CNF) via simple carbonization of the cobalt-based metal-organic complexes.[53] 

The as-obtained Co@CNF presented superior HER activity with a low overpotential of 

196 mV to reach a current density of 10 mA/cm2 in 1M KOH. 

1.4.2.3 Transition Metal (Hydro)oxide 

Transition metal hydro(oxide) have been demonstrated to have excellent 

electrocatalytically active for OER, however these materials are rarely reported to have 

excellent HER activity. To date, nanostructured transition metal (hydro)oxide with high 

surface area which lead to abundant active sites and enhanced mass transport, have been 

demonstrated as promising electrocatalysts for the HER reactions.[54-55] However, the 

electrocatalytic performance of transition metal (hydro)oxide are also hindered by the 

intrinsic poor electronic conducting nature and limited accessible active site. Herein, 

creation of oxygen vacancies highlights a novel strategy to enhance the electrocatalytic 

activity. The introduced oxygen vacancies can not only tailor the local atomic structure 

of metal atoms and facilitate charge transfer, but also serve as favour the adsorption of 

water molecules (or H3O
+). Thus, the favourable surface energetics for Hads and 

introduced catalytic active sites are demonstrated to further facilitate the hydrogen 

evolution reaction mechanism and enhance the HER activity. In this regard, Molybdenum 

oxide, Tungsten oxide and Titanium oxide[56-58] with the oxygen-deficient structure in the 

lattice were reported to show excellent HER activity either in acidic solution or in alkaline 

solution. 

Perovskite oxides, with a formula of ABO3, where A is a rare-earth or an alkali and 

B is a transition metal, were also investigate as candidates for HER catalysis in alkaline 

media. Xu et al. explored the HER activity of Praseodymium doped 

Ba0.5Sr0.5Co0.8Fe0.2O3-δ (Pr0.5BSCF).[59] With the doping of the Pr cations to BSCF, more 
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active sites towards HER were introduced. Therefore, Pr0.5BSCF shows enhanced 

catalytic activity with a low overpotential of 237 mV to rich 10 mA/cm2 and a small Tafel 

slope of 45 mV/dec. 

Integrating the metal (hydro)oxide with conductive materials have also been 

recognised as an effective strategy to fabricate high activity HER electrocatalysts. Feng 

et al. prepared Co(OH)2@PANI hybrid nanosheet supported on nickel foam as shown in 

Figure 1.10.[60] The strong synergistic coupling between Co(OH)2 and PANI significantly 

lowers the H and water adsorption energies and will accelerate the HER. Attributed to the 

novel hybrid structure, experimental results demonstrated that the hybrid showed high 

activity and stability towards HER with a low onset potential and remarkable activity 

retention under various overpotentials. 

 

Figure 1.10 The fabrication process of the Co(OH)2@PANI HNSs/NF 

electrocatalysts.[60] 

1.4.2.4 Transition Metal Chalcogenides (TMC) 

The existence of nitrogenase and hydrogenase, which resembles HER in nature, has 

inspired the development of the efficient catalysts. The elegant biocatalysts present 

remarkable catalytic selectivity and performance in the natural environment but rapidly 
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lose their ability in extreme conditions.[61-62] Thus, researchers have fabricated a series of 

metal sulfides with high HER performance. 

1) Molybdenum or/and tungsten-based dichalcogenides 

MoS2 and WS2 have long been recognized as efficient catalysts for 

hydrodesulfurization (HDS).[63-64] Recently, nanostructured MoS2 and WS2 have shown 

promising performance for HER though the bulk materials are poor electrocatalysts.[65-68] 

The initial works done by Hinnemann et al. in 2005 demonstrate that the edge of MoS2 

have a remarkable HER activity (Figure 1.11).[63] The Mo-edge sites were indicated as 

active sites for HER, and the calculated theoretical free energy of adsorption of hydrogen 

demonstrated that the metallic edge is similar to Pt and the active site of hydrogenases 

while the basal planes are catalytically inert.[69] Therefore, some studies have been 

conducted to control the size and morphology of the fabricated MoS2, and the results 

implied that the exchange current density of MoS2 nanocrystals is related to the length of 

edge sites, instead of the basal areas of MoS2 hexagons. Recently, various MoS2 with 

different morphologies and crystal structure have been reported for high performance 

HER electrocatalysts.[70] There are several effective strategies to promote the activity of 

W/Mo dichalcogenide based catalysts, such as increasing the surface area, increasing the 

number of active sites, improving the electrical contact, exfoliation of ultrathin layered 

MoS2 and WS2 and modification.[71] These approaches are targeted to improve intrinsic 

free energy of adsorption of hydrogen, the number electronically connected active sites 

and exchange current density.[72-74] 
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Figure 1.11 Calculated free energy diagram for hydrogen evaluation relative to the 

standard hydrogen electrode at pH=0.[63] 

Furthermore, amorphous materials were confirmed to be excellent catalysts towards 

HER in 2011.[75] Merki et al. synthesized amorphous molybdenum sulfide films by the 

electrochemically-deposited method, which implied efficient HER performance for the 

first time. The high geometric current densities (15 mA/cm2 at η=200 mV) together with 

facile and scale preparation method opened up a new avenue to achieve efficient hydrogen 

production. However, because of the uncertain structure and atomic-scale heterogeneity, 

the actual catalytic active sites on amorphous molybdenum sulfide are difficult to 

identify. The unsaturated S atoms were normally regarded as the catalytically active sites, 

which are often identified as terminal S2
2- and S2-. In addition, the unsaturated S atoms in 

amorphous MoSx are similar to the edge sites of crystalline MoS2 in terms of the catalytic 

function.[76-79] While MoS2 nanocrystals could be prepared at high temperatures, 

amorphous MoSx can be obtained at low temperature by electrodeposition and wet 

chemical synthesis.[80-81] Furthermore, doping with heteroatoms can improve the catalytic 

activity of amorphous MoSx. Merki et al. fabricated the first-row transition metal ions 
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(Mn, Fe, Ni, Co, Cu, and Zn) doped amorphous MoSx, and evaluated the promotion effect 

of these metal atoms.[82] Due to the amorphous nature, the films exhibit higher activity 

than crystalline nanoparticles. For instance, the Co-MoS2 nanoparticles can reach a 

current density of 1 mA/cm2 at an overpotential of 300 mV in acidic media. In 2015, 

Jirkovsky et al carefully investigated the intimate role of transition metal cations (TMn+) 

and sulfur ligands and identified the relationship between the activity and stability of 

TMSx
 (Figure 1.12). It was proposed that the TMn+ cations play a decisive role in 

facilitating the Volmer step. By combining higher activity of CoSx building blocks with 

the higher stability of MoSx units into a compact and robust CoMoSx chalcogen, a low-

cost alternative catalyst can be designed for efficient electrocatalytic production of 

hydrogen.[23] 

 

Figure 1.12 Activity-stability relationship of TMSx for the HER in acid and alkaline 

environments.[23] 

In addition, selenium (Se) and sulfur (S) are group VIA elements in the periodic table, 

where Se and S are in the fourth and third period, respectively. Therefore, these two 

elements have some similar properties, for example, they both have 6 electrons in the 
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outermost shell and similar oxidation numbers. Thus, intensive investigations have been 

made on the HER catalytic performance of metal selenide materials. In addition, the 

hybrid materials might show unique properties since there are some differences between 

S and Se.[83] Fu et al. reported several layered alloy materials of WS2(1-x)Se2x through the 

chemical vapor deposition method. The results demonstrated that the electrocatalytic 

performance could be controlled by changing the composition of the target materials.[84] 

Xu et al. also reported the synthesis of S-doped MoSe2 nanosheets, in which the surface 

energy of edge sites decreased, and the incorporation of S created extra defects on the 

basal plane.[85] Therefore, research on other S and Se incorporated metal dichalcogenides 

will be attractive in the future since the ratio of S and Se in the compounds can be 

purposely tailored to prepare the best catalysts for HER. 

2) Fe, Co, Ni sulfides/selenide 

As mentioned above, hydrogenases are a category of bioenzymes that can catalyse 

protons and electrons to molecular hydrogen at low overpotential. Metal atoms within the 

active sites are only Fe and/or Ni, regardless of the types of hydrogenase. The active sites 

of [NiFe] and [FeFe] hydrogenases bioenzymes are typically made of metal-sulfur 

clusters which are buried in proteins. Inspired by the hydrogenases, nickel and iron-based 

composites are intensively investigated as hydrogen evolution catalysts.[11] 

Kong et al. studied FeS2 and NiS2 as electrochemical hydrogen evolution catalysts in 

an acidic medium.[86] Since the ligand number and symmetry of under-coordinated 

surface cations are found to be similar to the active sites of hydrogenase, these sulfides 

are proposed to be promising candidate catalysts for HER. The results further suggested 

that FeS2 had a comparable catalytic activity towards HER as NiS2, but was more stable 

than NiS2. In addition, iron-nickel bimetal sulfide prepared by topotactic conversion from 

a metal layered double hydroxide (LDH) precursor was evaluated to have an even lower 
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overpotential of 105 mV at 10 mA/cm2 and small Tafel slope of 40 mV/dec.[87] The 

ultrathin nanosheet nature which provided the rich and accessible catalytic active sites, 

the optimized electronic environment of the bitransition metal system, together with the 

intrinsic metallic character played a vital role in the superior HER catalytic performance. 

In the last few years, various Fe and Ni-based sulfide catalysts with different crystal 

structures and morphologies have been synthesised and demonstrated to have 

significantly low overpotential.[88-89] 

Cobalt sulfides have also drawn researcher’s interest as high performance HER 

catalysts, since the element cobalt shows similar chemical and physical characteristics to 

iron and nickel. Cheng et al. and Wang et al. demonstrated the chalcogenide atoms at the 

edges of CoX2 catalysts are HER active sites like the MoS2-type materials.[32, 90] In 2013, 

Yang’s group prepared amorphous cobalt disulfide (CoSx) catalyst through 

electrodeposition method, and then carefully investigated the structure and function of 

the amorphous CoSx through Raman spectroscopy and X-ray absorption spectroscopy 

(XAS) (Figure 1.13).[91-92] The results demonstrated that the catalysts contain abundant 

small clusters in which the cobalt atoms are surrounded by both sulfur and oxygen atoms. 

The operando experiment results also suggested that the CoSx catalysts transformed into 

CoS2-like molecular clusters. The authors proposed that the high HER activity originated 

from the presence of a high density of accessible active sulfur sites along the cluster 

periphery. 
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Figure 1.13 Atomic model of CoSx catalyst derived from Raman and XAS data.[91] 

Improving the electrical conductivity is an effective strategy to promote the 

electrochemical performance of catalysts. Therefore, carbon-based materials with good 

electrical conductivity are used as the support materials to the electrocatalysts.[93-94] Peng 

et al. developed a cobalt sulfide/reduced graphene oxide/carbon nanotube (CoS2/RGO-

CNT) nanocomposites through two-step fabrication process.[93] The CNT matrices with 

high conductivity could offer a porous structure and benefit electronic and ionic transport. 

Furthermore, the interfacial contact between the RGO and CoS2 could alleviate the 

composition aggregation and render more exposed active sites for HER. In addition, this 

free-standing film without the addition of any polymer binders yielded a three-

dimensional conductive network, which ensured the high performance at high 

overpotential. With the synergistic effect of CoS2, graphene, and CNTs, the obtained 

catalysts showed high stability and HER activity which reached a current density of 10 

mA/cm2 at around 142 mV. 

On the other hand, Se shows more metallic properties than S, which means the 

selenide-based compounds are better electronic conductors. Furthermore, the radius of Se 

is larger than that of S and the ionization energy for Se is relatively smaller than that of 

S. In these regards, the metal selenides might render unique properties that favour the 

HER process compared to the metal sulfides.[95-97] Kong et al. synthesised CoSe2 

nanoparticles on carbon by selenization of CoO nanoparticles (Figure 1.14).[96] The 
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fabricated CoSe2/CC electrode presented excellent catalytic activity with an overpotential 

of 180 mV to reach 100 mA/cm2 and good stability in acidic media. Wang et al. further 

explored the relationship between the anion sites and the enhanced hydrogen evolution 

activity through theoretical and experimental studies.[98] The results confirmed that 

excessive selenium on the NiSe2 nanosheets can accelerate the charge transport and 

conversion efficiency of H* into H2 during HER since selenium atoms can optimize the 

intrinsic catalytic activity and promote H2 production. Notably, the electrode exhibited a 

small overpotential of 117 mV at 10 mA/cm2 and a low Tafel slope of 32 mV/dec. 

 

Figure 1.14 (a) crystal structure of CoSe2 in the cubic pyrite-type (left) and 

orthorhombic macarsite-type phase. Photograph (b) and SEM images (c, d) of the 

prepared CoSe2 catalysts on carbon fibre paper.[96] 

Furthermore, a variety of compound with different transition metals and chalcogens 

can be fabricated. For example, bimetallic metal sulfide or selenide is demonstrated to 

render additional active sites and low kinetic energy barrier for H-H formation compared 
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to the single metal sulfide or selenide.[32, 90] The incorporation of Ni into CoSe2 will lower 

the free energy for atomic hydrogen adsorption on edge Se sites of CoSe2 indicated by 

the DFT calculation. Moreover, the introduction of Ni atoms will further increase its 

electrical conductivity, as well as the edge active site concentration on the surface. In 

addition, the heterogeneous spin states of Ni heteroatoms will induce subtle distortion in 

the lattice.[99-100] In these regards, Xia et al. prepared Ni0.33Co0.37Se2 nanosheet with a 

large number of exposed edge sites using a facile in situ selenization process.[100] 

Metallic-like electrical conductivity and lower free energy for atomic hydrogen 

adsorption identified by theoretical calculation also greatly benefited the hydrogen 

evolution kinetics, leading to a low overpotential of 65 mV to reach -10 mV/cm2 and 

small Tafel slope of 35 mV/dec. 

Table 1.2 A partial literature summary of the HER performances of transition metal 

chalcogenides in 1 M KOH. 

Catalyst Onset 

potential 

(mV) 

η@10 

mA/cm2 

(mV) 

Tafel slope 

(mV/dec) 

Substrate Ref 

CoSe2 - 190 85 Carbon cloth [95] 

Zn0.30Co2.70S4 - 85 - Glass carbon [99] 

Co-S - 190 131 Carbon paper [94] 

NiS - ~130 83 Nickel foam [89] 

Ni-MoS2 45 98 60 Carbon cloth [101] 

N-Ni3S2 - 110 - Nickel foam [102] 

Cu/Ni3S2 ~60 128 ~76.2 Carbon paper [103] 

Se-(NiCo)Sx/(OH)x  103 ~33.9 Nickel foam [104] 

Cu@CoSx - 134 - Copper foam [105] 

N-NiCo2S4 - 41 37 Nickel foam [106] 

NiCo-LDH/Co9S8 47 142 62 Nickel foam [107] 

MoS2/Ni3S2 ~50 110 83.1 Nickel foam [35] 
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1.4.2.5 Transition Metal Phosphides (TMP) 

Transition metal phosphides have long been used for metallurgy, 

hydrodesulfurization (HDS), hydroprocessing (HPC), hydrodenitrogenation (HDN), 

pesticides, and photocatalytic degradation.[108] Later, researchers found that the 

amorphous transition metal phosphorous alloy film electrode can be prepared by 

electrodeposition at room temperature and shows high activity towards HER. In 2005, 

Liu et al. found that the Ni2P (001) shows similarity to [NiFe] hydrogenase based on 

density functional theory calculations, and Ni2P is expected to be a highly active HER 

catalyst.[108] The Ni2P with remarkably high HDS conversion was selected as the research 

model due to the similar mechanism between HDS and HER, both of which experience 

the reversibly adsorbing and desorbing hydrogen atom during the process. Accordingly, 

the P atoms in the TMPs play crucial roles in HER, in which P atoms with 

electronegativity will draw electrons from metal atoms. Thus, the negatively charged P 

atoms will work as the base to adsorb positively charged proton during HER. In 2013, the 

first experimental report about the transition metal phosphide for high-performance 

electrochemical HER was reported by Pupczun et al. (Figure 1.15).[109] The fabricated 

Ni2P hollow nanoparticles show high electrocatalytic activity toward HER with low 

overpotential and small Tafel slope. In addition, the fabricated Ni2P nanoparticles with a 

high density of exposed (001) facets facilitate the HER kinetics according to theoretical 

prediction. This report inspired further study of transition metal phosphides as highly 

active HER electrocatalyst. Until now, various strategies (solution-phase reaction, gas-

solid reaction and electrodeposition) have been utilized to fabricate transition metal 

phosphide with different structures and morphologies, and the catalysts exhibit 

remarkable HER activity in alkaline media, neutral or acid media.[110-115] 



34 

 

Figure 1.15 (A, B, C), the crystal structure of the prepared nickel phosphides. (D) 

the TEM images of nickel phosphides nanoparticle. (E) Polarization curves of the 

prepared Ni2P electrodes in 0.5 M H2SO4.
[109] 

The phosphorus atoms doping into metal crystal lattices play a vital role for HER 

since P atoms with more electronegativity can attract electrons from metal atoms and 

facilitate the HER process. Thus, fine-tuning of the P content should be addressed to 

obtain optimized catalytic performance.[116-117] In this regard, Shaak et al. prepared CoP 

and Co2P nanoparticles with a similar hollow, multifaceted morphology.[114] The catalytic 

performance test indicated that Co2P presented high HER activity, but was slightly 

inferior to that of CoP, which suggested that the larger Co-P character of CoP may render 

a higher density of active sites. Anchoring the metal phosphide with carbon materials also 

provides a feasible strategy to improve the electrocatalytic performance, especially the 

durability in extreme environments.[110, 118-119] Luo’s group developed a strategy to 

prepare well-distributed dicobalt phosphide encapsulated in N, P-doped graphene 

(Co2P@NPG) as highly efficient electrocatalysts towards HER.[118] The graphene layers 

can effectively protect the Co2P nanoparticles from degrading and provide conductive 

support for electron transport. In addition, N and P doped graphene with abundant defects 

also renders additional catalytic active sites. HER evaluations confirmed the excellent 

catalytic performance, with a small overpotential of -45 mV at 1 mA/cm2 and a Tafel 

slope of 58 mV/dec in 0.5 M H2SO4. 
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1.4.2.6 Other Transition Metal Compounds 

Early transition metal carbides (Group IV-VI), especially tungsten or molybdenum 

carbides, have long been regarded as low-cost alternatives for HER according to DFT 

calculations. DFT calculations demonstrated that the metal carbides have characteristics 

resembling those of Pt metal because of the high electron density of states at the Fermi 

level and a broad unoccupied d-band.[37-38, 120] In addition, early transition metal carbides 

imply Pt-like electrocatalytic activity not only for HER but for the oxidation of small 

molecules such as methanol and formic acid.[121-122] 

Liu’s group demonstrated the excellent HER performance of prepared highly 

dispersed Mo2C nanowire with uniform Mo2C nanocrystalline structure in 2013 (Figure 

1.15).[123] However, for Mo2C, the negative hydrogen-binding energy (∆GH*) resulting 

from the large-density unoccupied d orbitals of Mo implies the Mo-H bond is too strong. 

Therefore, Hads desorption in HER kinetics is greatly hindered. To optimize the HER 

activity, doping with group VIII metals is an effective strategy, which can modulate the 

unoccupied d orbitals of Mo.[47, 124] Thus, foreign metal doped in Mo2C have been 

explored and have high activity in HER. In 2016, Gao et al prepared Co-doped Mo2C 

nanowires by annealing the Co-modified MoOx-amine precursors.[47] According to the 

DFT calculation, the Co-doping could effectively increase the electron density around the 

Fermi level of Mo2C, thus the strength of Mo-H is reduced to facilitate the HER kinetics. 

When used as the electrocatalysts for HER in acidic and alkaline media, the Co-Mo2C 

nanowires present a low overpotential and onset overpotential. 
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Figure 1.16 (A) SEM image and (B and C) TEM images of the prepared Mo2C 

nanowires. (D) Polarization curve of the Mo2C nanowires in 0.5 M H2SO4. (E) Stability 

test results of Mo2C nanowires.[123] 

Transition metal nitrides (TMNs) have unique physical and chemical properties since 

the nitrogen atoms can modify the nature of the d-band of the metals and result in a 

contraction of the metal d-band. Thus, as metal carbides, the electronic structure of TMNs 

are similar to noble metals.[125-127] Furthermore, due to the small atomic radius, nitrogen 

atoms can nest in the interstices of the lattices, which makes TMNs electronically 

conductive. One significant study was done by Cao et al. in 2013.[128] Cobalt molybdenum 

nitride (Co0.6Mo1.4N2) was successfully synthesised by annealing the Co3Mo3N precursor 

in NH3 atmosphere at 400 °C. The obtained bimetallic nitride possessed a four-layered 

stacking sequence of octahedral sites and trigonal prismatic sites. In this crystal structure, 

Mo ions preferred to locate at the trigonal prismatic sites, a Co-Mo mixture possessed the 

octahedral site, while N ions were in close-packed layers with a repeating AABB stacking 

sequence. Thus, electronic states of molybdenum at the surface is expected to be tailored 

by the 3d transition metal, which served as the alternative substitution on octahedral sites. 
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The HER measurement results confirmed the prediction. The catalyst exhibited an 

excellent catalytic performance with a current density of 10 mA/cm2 at the overpotential 

of -0.20 V. 

1.4.2.7 Heteroatom-doped Nanocarbons 

As illustrated in the above sections, nanostructured carbon-based materials are 

usually used as the support to promote the catalytic performances towards HER. Though 

they can provide sufficient structural support and electrical effects, most of these carbon 

materials are HER-inert intrinsically. Therefore, heteroatoms doped carbon materials 

were rationally designed with significantly enhanced HER activity compared to their 

pristine counterpart.[129-131] The obvious difference between these carbon materials and 

the conventional metal-based catalysts is that the catalytically active sites do not involve 

the metal ions. 

The introduction of heteroatoms is essential to promote the inactive pristine 

nanocarbon to highly electrocatalytic activity. Thus, the physical and chemical properties 

of nanocarbon are modulated by the creation of the defect sites, and the active sites are 

created to facilitate hydrogen evolution.[132] Recently, Chen et al. reported a nitrogen and 

sulfur co-doped nanoporous graphene with a significantly improved activity for HER.[129] 

The catalysts were prepared by doping defective graphene with nitrogen and sulfur atoms 

using pyridine and thiophene as the dopant sources. The fabricated catalysts exhibited a 

significantly lower overpotential than the undoped counterpart. Zheng et al. later explored 

the effects of various dopants (N, B, O, S, P, F) in graphene towards HER by studying 

the electronic properties of different doped graphene models through DFT calculations 

(Figure 1.17).[131] The DFT calculations demonstrated that the N and O acted as electron 

acceptors for the adjacent C, while F, S, B, and P acted as electron donors. Thus, among 

these doped graphene models, N and P codoped graphene favours the H* adsorption-
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desorption process and presents the best HER catalytic activity. Inspired by the theoretical 

predictions, the N, P-codoped graphene was prepared and its HER activity was further 

evaluated, presenting a much lower HER overpotential than the pure and single atom 

doped graphene samples. Furthermore, Duan et al. found that coupling graphitic carbon 

nitride (g-C3N4) with graphene also resulted in high HER activity.[133-134] The 

significantly high catalytic performance was proposed to originate from the synergistic 

effect of g-C3N4 and N-doped graphene, in which g-C3N4 acted as active hydrogen 

adsorption sites, while graphene favoured the electron-transfer process for proton 

reduction. Based on ∆GH* and j0, adsorption of hydrogen on the hybrid’s surface was 

close to that of Pt and favourable HER activity was achieved. In addition to the graphene-

based composites, heteroatom-doped carbon nanotubes and porous carbonaceous 

electrodes have also demonstrated high HER activity.[135-137]  

 

Figure 1.17 (a) NBO population analysis of six different non-metallic heteroatoms 

in a graphene matrix. (b) the calculated free energy (∆GH*) diagram for HER at the 

equilibrium potential for N- and/or P-doped graphene models. (c) the relationship 

between ∆GH* and Ediff for various models.[134] 
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1.5 Emerging Strategies for Enhancing the HER Activity 

The major obstacle in clean and sustainable hydrogen production through water 

electrolysis is the development of highly efficient, low cost and stable electrocatalysts. 

The performance of the heterogeneous catalysts is still limited by the density and 

reactivity of active sites. In addition, poor electron transport and low surface area hinder 

the improvement of catalytic activity. The improvement of the catalyst’s activity relies 

on the fundamental understanding of the reactions on the electrodes. Understanding the 

correlations between the material’s surface chemical properties and the electrocatalytic 

activity can accelerate the search for highly efficient catalysts. 

During the last decade, significant improvements in the efficiency of the obtained 

catalysts have been achieved. Various appealing strategies such as heteroatom doping, bi-

metallic alloying and heterostructure nanocomposites, have been widely applied to 

develop highly efficient HER electrocatalysts. Some effective strategies focus on 

electronic structure engineering of the catalysts to optimize performance. Other strategies 

are conducted to improve the electronically connection of the exposed active reaction 

sites to the back-contact electrode. 

1.5.1 Nanostructure Engineering 

The performance of the heterogeneous electrocatalysts is still limited by the density 

and reactivity of active sites.[18] Compared with the bulk materials, nanostructured 

materials normally have specific surface areas and thus provides a higher density of 

surface active sites. Recently, significant improvements have been achieved by designing 

nanostructures catalysts with abundant exposed active reaction sites, or good 

electronically connection of these sites to the back-contact electrode, or both. 
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Ultrathin nanosheets are one typical example of nanostructured materials with higher 

HER activity.[138-140] The bulk MoS2 is a poor HER catalyst, and the number of edge sites 

determines the HER activity according to experimental and computational studies.[63, 141] 

Thus, designing nanostructures with more edge sites is an effective strategy to achieve 

high HER performance. Nowadays, chemical exfoliation of bulk MoS2 by the lithium 

intercalation method is applied to obtain single- or few-layered MoS2 nanosheet.[140] The 

obtained MoS2 nanosheets have significantly improved catalytic activity because of the 

increased active sites and the improved conductivity. Xie et al. reported a scalable 

solvothermal method to obtain the MoS2 nanosheets with controllable defects and 

abundant exposed active edge sites (Figure 1.18).[142] Excessive thiourea was employed 

leading to the formation of a defect-rich structure of MoS2 nanosheets. Due to the 

introduction of the additional defects, the material exhibited a significantly enhanced 

catalytic activity with a small onset potential of 120 mV and small Tafel slope of 50 

mV/dec. Long et al. reported the synthesis of iron-nickel sulfide (INS) ultrathin 

nanosheets by topotactic conversion of a hydroxide precursor.[87] The obtained ultrathin 

nanosheets presented high HER activity in strong acidic solutions with a low 

overpotential of 105 mV at 10 mA/cm2 and a smaller Tafel slope of 40 mV/dec. The 

excellent HER activity has been attributed to the rich and accessible catalytic active sites 

on the ultrathin nanosheet catalysts. Yu et al. recently prepared holey Ni-Co-A (A=P, Se, 

O) nanosheets by anion substitution using graphene oxide nanosheet as a template. The 

fabricated mixed-transition-metal (MTM)-based electrocatalysts presented high intrinsic 

electrocatalytic properties.[143] Specifically, the Ni-Co-P holey nanosheet has an ultralow 

onset overpotential of nearly zero, an overpotential of 58 mV at 10 mA/cm2 and excellent 

overall water splitting performance. The excellent performance can be partly attributed 

to the ultrathin two-dimensional holey architecture, which could facilitate electrolyte 

diffusion and enhance the contact between reactants and active sites. In addition, the 
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unique structure facilitated a facile release of the generated H2 bubbles and enhanced the 

stability of the electrocatalysts. Thus, the Ni-Co-P holey nanosheets are suggested to be 

one of the best electrocatalysts for hydrogen generation and overall water splitting among 

the Ni/Co-based phosphides. 

 

Figure 1.18 (a) structural models of defect-free and defect-rich structures. (b) The 

synthetic pathways to obtain the above two structures.[142] 

Furthermore, certain morphologies would be favoured not only to gain more exposed 

active sites but also to benefit the release of the evolved gas bubbles from the electrode 

surface. Kibsgaard et al. enhanced the catalytic activity by fabricating the contiguous 

large-area thin films of highly ordered double-gyroid MoS2 networks with nanoscale 

pores.[74] The surface structure at the atomic scale provided highly exposed edge sites and 

large surface area, finally leading to excellent activity for catalytic hydrogen evolution. 

In 2014, Sun et al. prepared cobalt sulfide (Co-S) film on conductive substrates through 

electrodeposition method.[92] The prepared film presents large current density at low 

overpotentials and robust activity in alkaline solutions. More recently, the controlled 
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synthesis method was conducted to fabricate CoS2 in microwire and nanowire 

morphology (Figure 1.19).[144] The prepared pyrite-phase CoS2 in three different 

morphologies: nanowires, microwires, and film presented very different catalytic 

activities. The increased effective surface areas for CoS2 nanowires and microwires 

substantially enhanced the HER catalytic performance. Specifically, CoS2 nanowires can 

reach significantly large cathodic current densities of -10 mA/cm2 at an overpotential of 

-145 mV and maintain its performance in the long-term test. The result suggested that the 

microwires could facilitate burst and release of the gas bubble from the electrode surface, 

thus decreasing the physical loss of CoS2 caused by the H2 bubble. 

 

Figure 1.19 The SEM images of the fabricated CoS2 film (a), CoS2 microwire array 

(b) and CoS2 nanowire array (c). Comparison of the polarization curves (d) and stability 

performance(e) of these three catalysts. Scheme illustrating enhanced hydrogen gas 

bubble release from CoS2 nano- and microstructures (f).[144] 
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1.5.2 Heteroatom Doping 

The intrinsic HER activity is determined by the intrinsic electronic structures, which 

can be effectively tuned by chemical modifications, such as doping. Most dopants are 

trapped in the structure and not exposed to the place where the catalytic reaction occurs. 

With the development of nanostructure engineering strategies in recent decades, the 

doping method is becoming significantly effective in boosting the catalysis reactions. For 

instance, doping nitrogen, boron, sulfur and phosphorus atoms into the carbon lattice of 

graphene can significantly improve the catalytic properties.[102, 131] This section only 

focuses on foreign atoms doped onto metal-based compounds, and the possible benefits 

to the catalytic performance. Depending on the type of foreign atoms, the doping method 

can be divided into cation atoms doping, anion atoms doping, and cation and anion co-

doping. When metal compounds are doped with foreign ions, these foreign atoms are 

injected into the lattice and interacted with metal compound. Thus, the strong interaction 

between these dopants and the metal compound matrix will significantly modify the 

electronic structure of the compounds, which will also greatly influence the 

electrocatalytic performance. From the preliminary investigations, it has been 

demonstrated that selective foreign atom doping is comparatively effective to promote 

the electrocatalytic activity of the metal compounds. 

1.5.2.1 Cation Atoms Doping 

Doping catalysts with additional cation atoms is a vital strategy to improve the 

activity of electrocatalysts. Recently, platinum metal alloyed with transition metals has 

been thoroughly investigated and proven to be an efficient method to enhance the intrinsic 

HER activity. For HER, the catalytic performance strongly depends on the hydrogen 

adsorption energy on the surface of catalysts and a kinetic energy barrier of hydrogen 

evolution pathways. Thus, the atom or crystal structure exposed on the surface of catalysts 
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determines the intrinsic HER activity. In this regard, with moderate foreign atoms doping, 

the electrocatalytic performance of the catalysts can be further enhanced.[59, 101, 145-146] 

Experimental and theoretical work has demonstrated that the hydrogen adsorption 

kinetic energy barrier could be tuned by the electronic structure through the doping of 

foreign atoms. Wang et al. carefully investigated the mechanism of improved activity by 

Co incorporation to FeS2.
[90] The DFT calculation indicated that the longer bond length 

of H-S on Fe0.9Co0.1S2-CNT could weaken the sulfur-hydrogen bonds on catalysts, and 

the hydrogen atom could approach the active site to form H-H bond more effectively. 

Therefore, Co doping could effectively lower the kinetic energy barrier on two adjacently 

adsorbed Hads. Tang et al. presented the relationship between the free energy of hydrogen 

adsorption (∆GH*) and the substitution ratio of foreign metal atoms.[146] For CoP, 

hydrogen atoms would prefer to adsorb on the Co site. Fe has slightly lower electron-

negativity than Co. Therefore, with proper Fe doping of the catalysts, the binding energy 

of hydrogen on Co sites can be weakened, and the ∆GH* will be optimized to be close to 

the ideal value of zero. Together with the lowered hydrogen coverage result from Fe 

doping, FexCo1-xP nanowire array presented a superior catalytic performance for HER in 

acidic media. 

Furthermore, heterogeneous spin state, which is foreign metal atoms with similar 

atomic radius and electron configuration in the crystal lattice, could generate a local 

lopsided coulomb force. Thus, the subtle distortion of the atomic arrangement resulting 

from the emergent micromechanically derived disturbance would render additional 

exposed edge sites of transition metal dichalcogenides for the HER. Cheng et al. prepared 

metallic Mn-doped pyrite CoSe2, which exhibited a low overpotential of 174 mV and 

small Tafel slope of 36 mV/dec (Figure 1.20).[32] By carefully controlling the content of 

doped Mn, the distortion degree and electronic structure could be expediently tuned to 
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generate more edge active sites. The DFT calculation confirmed that Mn incorporation 

can further lower the kinetic energy barrier by facilitating H-H bond formation on two 

neighbouring adsorbed Hads. 

 

Figure 1.20 (a) The TEM image of Mn0.05Co0.95Se2, (b) The kinetic energy barrier 

profiled of the hydrogen evolution reaction on the edge sites of Mn0.05Co0.95Se2 (c) 

Polarization curves.[32] 

Furthermore, cation atoms doping can efficiently lower the kinetic energy barrier of 

the water dissociation step and desorption of the formed OH- from the surface of the 

surface. Zhang et al. reported a promising HER electrocatalyst in alkaline solutions by 

doping Ni atoms into MoS2 nanosheets, with an extremely low overpotential of ~98 mV 

to reach 10 mA/cm2 (Figure 1.21).[101] MoS2 presents high HER catalytic activity in acidic 

media, but has poor HER performance in alkaline solution due to the slow water 

dissociation process. With the doping of Ni atoms, the kinetic energy barriers of the initial 

water dissociation step (∆G(H2O)), and Gibs free energy of adsorbed OH- (∆G(OH-)) 

dramatically decreases according to the DFT calculation. The research presented a novel 

strategy to explore robust and efficient water splitting catalysts in alkaline media.  
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Figure 1.21 The results of the DFT calculations and the corresponding mechanisms 

of the electrocatalytic HER on the surface of catalysts in alkaline media.[101] 

1.5.2.2 Anion Atoms Doping 

Since the electronic and chemical properties can be purposely tuned by introducing 

foreign atoms, ternary or more complex metal compounds, especially those with different 

non-metal elements, have been intensively investigated. In particular, the anion doping 

method has been regarded as an efficient methodology to fabricate highly efficient HER 

catalysts.[106, 147-150] Furthermore, various strategies including chemical vapor deposition, 

solvothermal method, and gas-solid reaction have been utilized to prepare numerous 

anion doped metal-based compounds. 

For instance the d electronic orbital of Mo in MoS2(1-x)Se2x can be purposely tailored 

by changing the Se:S ratio, and catalysts with higher HER activity could be obtained.[83] 

Furthermore, foreign atoms doping can not only introduce a more disordered structure, 

which provides additional active sites towards HER, but also reduce the bandgap of 

certain metal compounds and improve the intrinsic conductivity. Recently, controllable 

oxygen doping in MoS2 ultrathin nanosheets was conducted by Xie et al.[151] The 
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synergistic structural and electronic regulations by oxygen doping in MoS2 lead to 

significantly enhanced HER activity. 

Furthermore, metal compounds can be efficiently doped by the elements in different 

groups while retaining the original crystal structure. For example, P, which has fewer 

valence electrons than chalcogens, was introduced to the metal chalcogenide counterpart 

and can strengthen the metal-ligand bonding. Recently, Caban-Acevedo et al. predicted 

that by tailoring the atomic components of the X2
2- dumbbells hydrogen adsorption free 

energy can be efficiently facilitated (Figure 1.22).[148] The authors then fabricated ternary 

pyrite-type diphosphides under ambient conditions by introducing phosphorus. The 

theoretical study suggested the ∆GH for hydrogen adsorption at the Co sites of CoPS is 

more favourable than for CoS2. Moreover, after spontaneous hydrogen absorbed at the 

open P sites, the ∆GH* at the adjacent Co sites will be almost thermoneutral, leading to a 

∆GH* comparable to that of platinum. Indeed, the novel pyrite-type ternary materials 

showed robust catalytic performance. In addition, Ye et al. prepared a series of MoS2(1-

x)Px (x=0 to 1) and compared the HER activity.[150] The fabricated MoS0.94P0.53 exhibited 

the best HER performance due to the enhanced H adsorption on the MoS2 surface induced 

by P-alloying, which is similar to the result of the study of cobalt phosphosulphide. It 

should be noted that the MoS2 can be fully converted into MoP by annealing MoS2 with 

the red phosphorus. 
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Figure 1.22 Design of the ternary pyrite CoPS catalyst and the results from DFT 

calculations.[148] 

Chen et al. prepared nitrogen doped metallic CoS2 porous nanowires (NW) using a 

nitrogen-anion decorated strategy.[149] The fabricated catalysts exhibited significantly 

enhanced HER performance with a low overpotential of 152 mV to achieve the current 

density of 50 mA/cm2 and small Tafel slope of 58 mV/dec in acidic media. The DFT 

calculation further confirmed the intrinsic metallic character of N-CoS2 after the 

incorporation of N atoms, and the more optimal free energy of hydrogen adsorption for 

either S or Co active sites. The introduced nitrogen anion can modify the morphology and 

improve the electrical conductivity according to the X-ray absorption near-edge structure 

of Co L-edge spectra. 

1.5.2.3 Anion and Cation Atoms Co-doping  

As depicted above, doping of the foreign anion or cation into the nanostructured 

catalysts can effectively promote the catalytic performance of the counterpart. Therefore, 
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anion and cation modulation in metal compounds was proposed to optimize the 

electrocatalytic activity. Recently, Duan et al. fabricated Fe- and O-doped Co2P on nickel 

foam, which exhibited excellent HER and OER performances with high activity and 

outstanding stability.[152] The doping percentages of both anions and cations were 

carefully controlled by adjusting the amount of metal salt and the annealing process with 

the P source. By comparing the catalytic activity of the series of foreign atom doped 

catalysts, atomic modulation is demonstrated as an effective strategy to optimize the water 

splitting activity. 

1.5.3 Single Atom Catalysts (SACs) 

The recent growth in research on catalysis by supported single metal atoms indicated 

the research interest in the heterogeneous catalysis. A supported single atom catalyst 

(SAC) is the isolated individual atoms anchored on or coordinated with the surface atoms 

of a proper support.[153] SACs can provide an alternative strategy to maximize the atom 

efficiency of metals and tune the activity of the catalytic reaction. 

Qiu et al. fabricated single-atom Ni dopants anchored to nanoporous graphene (np-

G).[154] The obtained Ni-doped graphene exhibited high performance with an 

overpotential of 50 mV to reach 10 mA/cm2 and Tafel slope of 45 mV/dec. According to 

the DFT calculation, an empty C-Ni hybrid orbital close to Fermi level, formed by the sp-

d orbital-charge transfer between the Ni and C atoms, leads to the formation of the active 

site. Additionally, Fei et al. synthesised a single-atom catalyst (Co-NG) based on atomic 

cobalt anchored on N-doped graphene.[155] It presents highly active performance toward 

HER in both acidic and alkaline solutions. Furthermore, Klaus et al. created a novel type 

of cobalt-nitrogen/carbon catalyst (CoNx/C) for high performance HER catalysts in a 

wide pH range.[156] The real active sites were demonstrated to be the acid-resistant CoNx 

center instead of the metallic cobalt according to the experimental results. In addition to 
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the graphene-based SACs, carbon fiber foam was also applied to support the catalysts. 

Wang el al. prepared self-supported, 3D porous Co-C-N complexes by the carbonization 

of cobalt ion absorbed polyaniline (PANI) precursor.[157] This new class of catalysts with 

a small amount of cobalt (0.22 at%) presented a low overpotential of 212 mV at 100 

mA/cm2 and excellent long-term stability. 

In addition to the carbon-based support, many other metal-based materials have been 

utilized as the support of the atomically dispersed catalysts. Ouyang et al. synthesised 

atomically dispersed Ni active species in the porous structure of β-Mo2C for highly 

efficient HER catalyst (Figure 1.23).[158] The prepared compounds presented low 

overpotential of 155 mV at 100 mA/cm2 and small Tafel slope of 69 mV/dec in 0.5 M 

H2SO4. The high catalytic performance can be attributed to the synergistic effect between 

atomically dispersed Ni species and β-Mo2C, in which atomically dispersed Ni species 

with enriched electrons act as the electron donor while Mo atoms with the empty d-

orbitals serve as the electron acceptor. Thus, the Ni species can efficiently increase the 

electronic density of β-Mo2C, leading to the weakened Mo-H bond strength and enhance 

Hads desorption. Chao et al. designed copper-platinum (Cu-Pt) dual sites alloyed with 

palladium nanorings (Pd NRs) for excellent HER properties in acidic solution.[159] The 

experimental results present much-improved performance than Pt/C with an overpotential 

of 22.8 mV to reach a current density of 10 mA/cm2. Theoretical results further confirmed 

Pd/Cu-Pt NRs have a ∆GH* of -0.08 eV, which even closer to zero than that on Pt (111). 

Thus, Pd/Cu-Pt NRs facilitate the adsorption and desorption of hydrogen atoms. Overall, 

the rationally designed strategy to fabricate Pt-based catalysts at an atomic level opens a 

new avenue to prepare various efficient catalysts. 
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Figure 1.23 (a) LSV curves and (b) Tafel plots in 0.5 M H2SO4, (c) Nyquist plots 

and (d) Cdl for mixed-Ni/Mo2C and Ni/Mo2C, (e) Schematic illustration of HER process 

in 0.5 M H2SO4.
[158] 

1.5.4 Composites Structures 

Recently, the controllable integration of catalysts into a single nanostructure with the 

expected synergistic effect has become a fascinating research topic. The strong coupling 

interactions and interface reconstruction between the composites contribute to enhanced 

HER activity according to the experiment and theoretical studies.[160] Specifically, the 

electronic structures of each composite are efficiently modulated, thus the intrinsic HER 

kinetic process is tuned and facilitated. Furthermore, the combination of the individual 

advantage of the composite has been proved to contribute to the excellent performance of 



52 

the heterostructure. In addition, the support materials, especially the ones with high 

conductivity, can mediate the growth of loaded catalytically active materials and hinder 

agglomerations of the nanostructured catalysts.[161-163] Therefore, catalysts with abundant 

accessible active sites are rationally obtained. Overall, the strategy of fabricating the 

rationally designed heterostructures can be adopted to prepare catalysts with excellent 

performance.[103, 160, 164-168] But in-depth mechanistic investigation on an atomic level is 

required. An integration of the theoretical calculation and in situ characterization 

techniques is required to determine the catalytic mechanism. 

1.5.4.1 Metal-Based Heterostructures 

In alkaline solution, H2O is the reacting species for HER. Thus, the Volmer step, 

which is the cleavage of O-H bonds of H2O to form H atoms is crucial. Accordingly, the 

catalysts for HER in alkaline solution should be efficient not only to activate and cleave 

O-H bonds of water molecules but also facilitate the adsorption and desorption of the 

formed H atoms.[25, 163, 165, 167, 169-171] In these regards, the novel concept of composite 

materials to facilitate different parts of HER process in alkaline solution was reported, in 

which an oxide acts as the active sites for dissociation of water, and a metal facilitates 

adsorption and desorption of hydrogen atoms. Subbaraman et al. prepared nanometre-

scale Ni(OH)2 clusters with high water dissociation properties, on platinum electrode 

surfaces (Figure 1.24).[25] In a bifunctional effect, the edges of the Ni(OH)2 clusters 

facilitated the dissociation of water, and the produced hydrogen intermediates then 

adsorbed on the nearby Pt surfaces and recombined into molecular hydrogen. 

Furthermore, Pt metal with the various metal hydroxide system was fabricated and 

evaluated for HER activity.[24, 172] Later, this strategy was applied to prepare noble-metal-

free composites, in which other transition metals acted as the active sites for the 

adsorption and recombination of the hydrogen intermediates.[105, 169] The report about the 
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metal hydroxide-modified “metal” surface that can provide high HER activity in alkaline 

solutions highlighted a novel strategy to fabricate noble metal-free catalysts. 

 

Figure 1.24 Schematic representation of water dissociation, the formation of M-Hads 

intermediates, and subsequent formation of H2 as well as OH- desorption from Ni(OH)2 

domains.[25] 

Recently, Feng et al. prepared low cost transition-metal sulfide-based composites 

which also worked in a bifunctional mode of action (Figure 1.25).[103] Metal sulfide, 

especially Ni3S2, has been intensively studied as a low cost but efficient HER 

electrocatalyst. The S-Hads bonds are easily formed on the surface of the metal sulfides 

and are favourable for H adsorption, but S-Hads bond is too strong making the Hads transfer 

to H2 difficult. In addition, the coordination state of metal sulfides will become saturated 

and it will be difficult to absorb the water molecules with the evolution of HER. To 

overcome the above defects, the authors rationally designed the metal sulfides/metal 

composites, whose electron transfer from metal to metal sulfide will not only promoted 

water adsorption and activation, but also favoured the adsorption and desorption of 

hydrogen atoms. The prepared Cu nanodots (NDs) decorated Ni3S2 nanotubes achieved a 

state-of-art nonprecious metal electrocatalyst for HER in alkaline solution. The electronic 
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interactions between Cu nanodots and Ni3S2 make Cu positively charged which will 

enhance water adsorption and activation, whilst the negatively charged Ni3S2 will weaken 

S-Hads bonds and facilitate H adsorption and desorption on the surface of the metal sulfide. 

This work provides a new strategy to fulfill the bifunctional mode for hydrogen evolution 

in alkaline media based on non-noble metal sulfides. 

 

Figure 1.25 Schematic illustration of the microstructure and hydrogen evolution 

processes of Cu ND/Ni3S2 NTs-CFs.[103] 

In addition, the heterostructures can be rationally obtained by directly treating metals 

or their compounds.[165, 170, 173] Kuang et al. prepared Ni/NiO nanosheet by the partial 

oxidization of Ni nanosheet under low-pressure air conditions.[173] The obtained 

electrocatalysts showed much-improved performance compared to pure Ni nanosheets 

with an onset potential of -34 mV in 0.1 M KOH and high electrocatalytic stability. In 

addition, Jin et al. fabricated cobalt-cobalt oxide/N-doped carbon hybrids by a simple 

one-pot thermal treatment method.[167] Thus, the synergistic effect of metallic cobalt and 

cobalt oxide played a vital role in the excellent performance toward HER. 

1.5.4.2 Transition Metal Compounds based Heterostructures 

The synergistic effects between different components of the hybrid electrocatalysts 

have been demonstrated to contribute to the enhanced catalytic activity towards HER. 
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The heterostructures maximized the number of active edge sites and modulate the 

electronic structure of the hybrids for better catalytic activity.[35, 166, 174-175] 

Zhou et al. fabricated MoS2-NiSe hybrid with high-quality heterostructures which 

can give rise to the electron transfer between different compounds and achieve electronic 

modulation of the hybrids for high catalytic activity.[174] Benefitting from the synergistic 

effect between two compounds, the hybrids exhibit excellent HER activity with a low 

onset potential of -150 mV and an overpotential of 210 mV to achieve 10 mA/cm2. In 

2016, Zhang et al. prepared MoS2/Ni3S2 heterostructures for highly efficient HER in 

alkaline media.[35] The novel heterostructures on nickel foam, with MoS2 nanosheets 

decorating the surface of the inner Ni3S2 generated abundant interfaces. Through DFT 

calculations, the constructed interfaces were demonstrated to synergistically facilitate the 

chemisorption of hydrogen intermediates and accelerate HER kinetics. Gao et al. reported 

a robust catalyst for HER by in situ growing the molybdenum disulfide on the surface of 

cobalt diselenide.[160] The obtained composites exhibited a low onset potential of -11 mV 

and small Tafel slope of 36 mV/dec. It has been confirmed that first-row transition metal 

ions, such as cobalt, can enhance the activity of MoS2 by coupling with S-edges to lower 

the ∆GH* for a faster proton adsorption kinetics. Also, for the MoS2/CoSe2 hybrid, the 

authors proposed that the quasi-amorphous MoS2 on the CoSe2 will provide more active 

edge sites. Moreover, the CoSe2 nanobelts can not only chemically integrate with MoS2 

to promote HER activity, but also provide an effective support for mediating the growth 

of MoS2 with more terminal S2
2- and S2-. 

Recently, Hou et al. also developed a highly active electrocatalyst constructed by 

coupling Co9S8 nanosheets onto the surface of Ni3Se2 nanosheets on graphene foil 

(EG/Ni3Se2/Co9S8) (Figure 1.26).[166] The obtained hybrid presented high catalytic 

activity and excellent stability towards HER in alkaline media resulting from the 



56 

synergistic effects between Ni3Se2 and Co9S8. Theoretical calculation further 

demonstrated that the strong interactions and interface reconstruction through Ni-S 

bonding contribute to the catalytic activity of the hybrid. 

 

Figure 1.26 Electrocatalytic performance and mechanistic study of 

EG/Ni2Se2/Co9S8.
[166] 

1.5.4.3 Carbon-based Composites 

Electrocatalysis is a process that relies on electricity to drive reactions. Thus, fast-

electronic transfer will be beneficial to electrocatalytic performance. However, most 

electrocatalysts are not good electrical conductors. Mixing the catalysts with certain 

conductive additives is a simple way to alleviate the problem, but the catalytic 

performance will inevitably be negatively influenced. In these regards, integrating 

electrocatalysts with conductive carbon matrices such as carbon nanotubes, graphene, and 

porous carbon materials is a feasible strategy.[48, 168, 176-177] With robust conjunction with 

carbon supports, HER catalysts can be enhanced not only by the improved electrical 

conductivity but also an increased amount of active phases.[178-181] 
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For example, Li et al. prepared MoS2 nanoparticles on graphene with high HER 

activity through a facile solvothermal method.[139] Both computational and experimental 

results have demonstrated that the HER activity sites are the sulfur edges of MoS2 plates, 

while the basal planes were catalytically inert. Therefore, nanostructured MoS2 with 

abundant exposed edges would be favoured to render high HER performance. 

Nevertheless, the prepared nanoparticles generally are pro to aggregate and will result in 

poor activity and stability. In these regards, graphene oxide nanosheets were selected as 

a support for the nucleation and growth of MoS2.
[182-185] The fabricated hybrids exhibited 

remarkable HER activity with a small overpotential of ~0.1V and large cathodic currents. 

The excellent performance towards HER of the fabricated MoS2/RGO composites can 

result from the strong chemical and electronic coupling between nanosized MoS2 and the 

graphene substrate. Specifically, the high dispersed MoS2 provided an abundance of 

accessible edges, which would act as the active sites for HER, while the conductive 

graphene not only affords rapid electron transport from the less-conducting MoS2 to the 

electrodes but also serves as a robust substrate to prevent the MoS2 nanoparticles from 

aggregating. Overall, the robust conjugation of carbon supports and transition metals not 

only improves the electric conductivity but also increases the dispersion of the active 

catalysts.[110, 168, 178, 186] 

Apart from the enhanced electronic conductivity, integrating the HER active 

catalysts with carbon-based materials can favour the HER kinetics and dramatically boost 

HER activity through tailoring the absorption energy of H atom on catalysts.[51, 164, 187] 

Liu et al. designed composites consisting of metallic 1T-MoS2 nanopatches grown on 

single-walled carbon nanotube (1T-MoS2/SWNT) films (Figure 1.27).[187] It was 

demonstrated that the adsorption energy of the H atom on 1T-MoS2 will be weakened 

since 0.934 electrons will be transferred from SWNT to 1T-MoS2 according to the 

simulated deformation charge density of the interface. Hence, the electron doping effect 



58 

via interface engineering provides outstanding HER performance with an initial 

overpotential of 40 mV, a low Tafel slope of 36 mV/dec and excellent stability. Deng et 

al. also fabricated CoNi alloy compounds encapsulated within controllable carbon 

layers.[51] The ultrathin graphene shells can not only prevent the corrosion and oxidation 

of metal core, but also enhance electron penetration from the CoNi core to the graphene 

shell. Additionally, DFT calculations suggested that the graphene shells not only decrease 

the ∆GH* value but also facilitate the stabilization of H* species during the HER process. 

 

Figure 1.27 Theoretical simulation of electron transfer across the interface and the 

electrocatalytic hydrogen evolution of different catalysts.[187] 

1.5.5 Self-supported Electrocatalysts 

The electrical conductivity of the catalyst also plays a key role in improving the 

catalytic performance. Though ∆GH* is applied as a reliable parameter for the HER 

properties, it only provides a partial picture of the HER process on the surface of the 

electrocatalysts. Furthermore, another essential parameter, the exchange current density 

does not take into account the effect of the substrate. Typically, electrical conductivity is 

another important parameter that determines the HER activity at large overpotentials.[188] 

However, for powdered electrocatalysts, polymer binders should be used to fix the 
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powders on the conductive support. These binders, however, are always nonconductive 

and expensive. Thus, to ensure good electrical contact between the support electrode and 

electrocatalysts, conductive electrodes are highly desirable. 

Self-supported electrocatalysts are generally fabricating by electrodeposition 

method, hydrothermal method, chemical vapor deposition method or pyrolysis approach 

at low temperature. Various complex nanostructures of the self-supported catalysts with 

open spaces can facilitate electrolyte penetration, emission of reaction production and ion 

diffusion to the electroactive sites, consequently facilitate the reaction kinetics. In these 

regards, the self-supported electrocatalysts with convenient preparation procedure and 

remarkable activity and stability have drawn researcher’s attention for application in 

HER.[93-94, 189-190] 

Metal foils, metal foams, carbon cloths and carbon fibre papers are the most 

commonly used conductive substrates to support electrocatalysts.[191-194] For instance, 

flexible self-supported electrocatalysts of Co(OH)2@PANI hybrid nanosheets were 

fabricated on the nickel foam.[60] The nickel foams act as highly conductive support, 

which can work under bending conditions. The results confirmed the retention of the 

excellent electroactivity at different bending states. It should be noted that the substrates 

are also reported to influence the energy of hydrogen adsorption. Tsai et al. calculated the 

free energy of hydrogen adsorption for MoS2 on various substrates, such as graphene, 

gold, and MoS2.
[195] ∆GH* for the Mo edge on graphene or gold is much higher in 

comparison to the free-standing Mo-edge. Furthermore, the exchange current density (j0) 

of unsupported MoS2 is also higher than the experimental values calculated from MoS2 

grown on Au (111). Therefore, proper substrates should be well designed to facilitated 

∆GH* to a thermo-neutral value. 
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Table 1.3 A partial literature summary of the HER performances of transition metal 

based catalysts in 1.0 M KOH. 

Catalysts Onset 

potential 

(mV) 

η@10 

mA/cm2 

(mV) 

Tafel slope 

(mA/dec) 

Substrate Ref 

Co(OH)2@PANI ~50 ~70 91.6 Nickel foam [60] 

Ni-Co-P ~0 58 57 Nickel foam [143] 

TiO2 NDs/Co 

NSNTs 

40 ~100 62 Carbon fiber 

paper 

[162] 

Ni@NiO/Cr2O3 ~0 ~20 - Nickel foam [163] 

NiO/Ni-CNT ~0 <100 82 Nickel foam [165] 

Ni3FeN - 158 42 Glassy carbon [127] 

CoOx@CN 85 235 115 Nickel Foam [167] 

Ni5P4 - 49 98 Glassy carbon [117] 

Ni5P4 - 90 53 Nickel foil [190] 

CoMnO@CN - ~50  152 Nickel foam [179] 

Ni/Mo2C 43 157 61 Glassy carbon [158] 

FeP2 - 189 67 Fe foil [116] 

CoP/CC 115 209 129 Carbon cloth [115] 

NiFeOx 40 88 150 Carbon fiber 

paper 

[170] 

MoxC-Ni@NCV - 126 93 Glassy carbon [196] 

Ni-Mo-N - ~30 40 Glassy carbon [197] 

P-Co3O4 - 97 - Nickel foam [198] 

P-Co3O4 ~50 120 52 Glassy carbon [199] 

Pt-Co(OH)2 ~0 32 70 Carbon cloth [171] 

Co2P - 160 61.1 Carbon cloth [200] 

CoP@NC - 129 58 Glassy carbon [168] 

Co@BCN - 187 73.2 Glassy carbon [180] 
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1.6 Methodologies for Synthesis 

1.6.1 Vapor Phase Hydrothermal 

Vapor phase hydrothermal (VPH) method has been applied to prepare TiO2 and ZnO 

nanostructures which differ from the ones fabricated by traditional liquid phase 

hydrothermal method (LPH).[201-203] A VPH method is defined as an in situ chemical 

reaction of the precursor on a substrate in the presence of the reactant air in a closed 

autoclave.[204-205] Thus, the reaction environment under VPH conditions is significantly 

different from that under tradition LPH conditions. Under VPH conditions, the reactions 

take place within a thin liquid layer formed on the surface of the substrate (the reaction 

zone) and the dissolved products could be rapidly supersaturated in the reaction zone. 

Thus, the dissolution and structure formation is localized during the reaction. Recently, 

VPH method was used as a novel strategy to fabricate new forms of crystal structure, such 

as nanotubules by Liu et al (Figure 1.28). The fabricated vertically aligned titanate 

nanotubes with large and tuneable diameters on titanium foil were formed through a 

unique nanosheet rolled-up mechanism. A series of unique surface exposed 

nanostructured materials have since been prepared by this facile VPH method. 
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Figure 1.28 (a) Schematic illustration of morphology evolution, (b-e) SEM images 

of turning a nanosheet into a nanotube, (f) side-view and (g) magnified TEM images of 

TiO2 nanotube prepared by a vapor-phase hydrothermal method.[203] 

In 2015, Tan et al. explored a facile H2S vapor phase hydrothermal method (H2S-

VPH) to selectively dope exterior anion elements on the surface of metal oxides (Figure 

1.29).[206] Sulfur and spinel-type cobalt oxide were used as the anion dopant and the metal 

oxide. The facile anion doping strategy not only achieved high doping level of sulfur, but 

the type of the coordinated sulfur ligands was also controlled. Thus, the fabricated 

electrocatalyst exhibited superior electrocatalytic activity for I3- reduction, which is 

comparable to the commercial Pt catalyst. In this thesis, a facile one-step VPH method 

was employed to directly dope the sulfur ligands on the surface of metal (hydro)oxides. 
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Later, the doped metal (hydro)oxides were tested as the electrocatalysts for 

electrocatalytic hydrogen evolution reactions. 

 

Figure 1.29 Schematic illustration of the atomic arrangements of the clean and I 

adsorbed S-doped Co3O4 (111) surface.[206] 

1.6.2 Electrodeposition Method to Prepare the Electrocatalysts 

Self-supported electrocatalysts directly fabricated on the conductive substrate have 

drawn researcher’s attention due to their excellent performance for electrocatalytic 

processes in comparison to their powdery counterparts. Among the various synthesis 

processes, the electrochemical method has been applied to synthesize a variety of 

nanostructured materials, such as metal nanoparticles, nanowires, and nanofilms. The in 

situ growth of the electrocatalysts will lead to direct contact of the electroactive species 

with the conductive substrate.[188] Therefore, good electrical conductivity and high 

mechanical stability of catalysts can ensure enhanced catalytic performance and long-

term stability. 

The electrodeposition technique consists of an electrochemical cell and accessories 

for conducting a controlled current at a certain potential (Figure 1.30). The cell normally 

contains a reference electrode, a working electrode, and a counter electrode. Using the 
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surface of the cathode as a template, different nanostructures or morphologies can be 

obtained. 

 

Figure 1.30 Schematic diagram for the electrodeposition process.[207] 

1.6.2.1 Cathodic Electrodeposition to Synthesise Metal Hydroxide 

Electrodeposition of metal composites on the conductive substrate is generally 

implemented in the electrolyte containing metal nitrates, and the deposition potential is 

controlled to a certain voltage to reduce NO3- ions at the electrode surface to form 

hydroxide ions. Metal ions can then react with generated hydroxide ions to form metal 

hydroxide deposits on the surface of electrodes as shown in the equations below:[208-209] 

𝑁𝑂3
− + 𝐻2𝑂 + 2𝑒− → 𝑁𝑂2

− + 2𝑂𝐻− Equation 1.18 

𝑀2+ + 2𝑂𝐻− → 𝑀(𝑂𝐻)2 Equation 1.19 
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The electrodeposition process leads to the formation of films with certain thickness 

when the electrodeposition duration is carefully controlled. Therefore, the catalysts can 

be efficiently deposited onto the conductive substrate with high catalysts loadings and 

large amounts of accessible active sites. Recently, pulsed electrodeposition is used to 

prepare Ni(Fe)OOH for high catalytic performance towards oxygen evolution 

reactions.[210] It should be noted that the samples prepared from the same precursor 

solution by pulsed electrodeposition method showed better OER performance than the 

one prepared by continuous electrodeposition method. 

1.6.2.2 Anodically Electrodeposition Method 

In 2015, Morales-Guio et al. designed a facile anodically electrodeposition method 

to prepare active NiFeOx catalysts on hematite for photoelectrochemical water 

splitting.[211] It has been reported that hematite dissolves at low pH in the potentials 

required for cathodic deposition of NiFeOx catalysts. The deposition of NiFeOx catalyst 

under anodic current flow where the photoanode is stable is highly attractive. The authors 

carefully investigated the deposition process of various metal (oxy)hydroxides as OER 

catalysts.[209] The reaction potentials increase in the order H+/H2 (0.0 V) < Fe3+/Fe2+ (0.77 

V) < O2/H2O (1.23 V) < Mn3+/Mn2+ (1.5 V) < Co3+/Co2+ (1.82 V). Therefore, the unary 

iron oxide will be deposited on the substrate first. The electrodeposition mechanism for 

the oxidative electrodeposition of CoFeOx films is presented in Figure 1.31. The divalent 

metal ion is oxidized at the working electrode while Fe3+ is reduced in the counter 

electrode to Fe2+ during the first linear sweeps. The electrodeposition of CoFeOx begins 

when Fe2+ ions diffuse from the counter electrode to the working electrode. When a 

certain amount of catalyst is deposited on the working electrode, the local pH decreases 

with the oxidation of water. Thus, the deposition is balanced by its dissolution. This novel 
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electrochemical method provides a new strategy to fabricate thin-film transition metal 

(oxy)-hydroxides. 

 

Figure 1.31 Proposed Mechanism for the electrodeposition of CoFeOx.
[209] 

 

1.7 Characterization Techniques 

1.7.1 Material Characterizations 

The rationally fabricated samples need to be carefully analysed through structural 

characterization and chemical property investigations. Various instrumental techniques 

were employed to gain an in-depth investigation of the fabricated materials. The required 

characterizations conducted include X-ray diffraction (XRD), electron microscopy (SEM 

and TEM) and Raman spectroscopy. Detailed instrumental information is discussed 

briefly in separate sections below. 

1. XRD 

XRD is generally used to determine the crystalline structure of the prepared material. 

According to Bragg’s law, when an X-ray strikes a crystal at an angel, it diffracts into 

many specific directions. The identification of the crystalline phase is determined by 

comparing the pairs (di, Ii), which are the interplanar distances (in Å) and the relative 

intensity (from 1 to 100) of each peak from the XRD patterns. Furthermore, the crystal 
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unit cell (lattice) and the size can be calculated by the interplanar spacing. In this work, a 

Bruker D8 advance diffractometer equipped with graphite monochromator was used to 

characterise the crystallographic structure with a Cu Kα radiation (λ=1.5418 Å) operated 

at 40 kV and 25 mA. All measurements were conducted at room temperature. 

2. Raman spectroscopy 

Raman spectroscopy is a spectroscopic method conducted to study the vibrational, 

rotational and other low-frequency modes in the materials. The Raman spectra of all 

materials were collected using a Renishaw 100 system Raman spectrometer (632.r nm 

He-Ne laser) with a spectral resolution of 2 cm-1. 

3. Electron Microscopy 

SEM and TEM are applied to observe the morphology of the obtained materials.  

SEM is a constantly used instrument for obtaining information about morphology, 

topography and composition information of materials by collecting the signals produced 

from the secondary electrons emitted by atoms excited by the electron beam. Normally, 

the sample is evaluated in the ultrahigh vacuum condition, while advanced SEM has been 

applied to observe samples in low vacuum and wet conditions. 

TEM is an imaging technique that uses a beam of electrons to scan the surface of the 

specimen to obtain the image information. It operates on the same basic principles as 

other light microscopes but applies electrons instead of light. Thus, the size, shape and 

arrangement of the particles of the specimen can be determined by TEM. In addition, the 

crystallinity of the materials can further be identified by measuring the interspacing of 

the specific planes in high-resolution transition electron microscopy (HRTEM) and the 

electron diffraction plane obtained from selected area electron diffraction analysis 

(SAED). 
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In this study, the SEM measurements of the fabricated materials were conducted by 

JSM-7100F under the electron beam voltage and current of 15 kV and 20 mA, 

respectively. Energy-dispersed X-ray spectroscopy (EDS) was also measured using JSM-

7100F. The TEM observations were conducted using Philips Tecnai F20 with the 

scanning transmission electron microscopy-energy dispersive X-ray spectroscopic 

(STEM-EDS) and EDS solid-state X-ray detector under the accelerating voltage of 200 

kV. 

4. X-ray Photoelectron Spectroscopy 

The surface composition and element valence status of the obtained materials were 

analysed by X-ray Photoelectron Spectroscopy (XPS) technique. XPS is a surface-

sensitive quantitative spectroscopic technique which uses a beam of X-rays to irradiate 

the surface of material. Typically, peak identification and fitting need to be applied to 

analyse the obtained XPS data. Sophisticated and professional knowledge of the sample 

is essential for suitable peak fitting. All the binding energies were aligned by reference to 

the C 1s peak (284.6 eV). 

5. X-ray absorption spectroscopy 

XAS is a technique used to determine the local geometric and/or electronic structure 

of the material. The experiment is usually conducted at synchrotron radiation facilities. 

XAS technology can be divided into four experimental categories that provide 

complementary results to each other: metal K-edge, metal L-edge, ligand K-edge, and 

EXAFS. The XAS measurements were conducted at the National Synchrotron Radiation 

Research Center (NSRRC) in Hsinchu, Taiwan. 
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1.7.2 Evaluation Approaches of HER Electrocatalysts 

To evaluate the catalytic activity of the fabricated HER catalyst, some essential 

parameters need to be measured or calculated carefully. The following parameters are 

normally applied to evaluate and compare the catalytic activity of catalysts. 

1.7.2.1 Total Electrode Activity  

The total electrode activity is generally evaluated by conducting cyclic voltammetry 

(CV) or linear sweep voltammetry (LSV). Since a certain portion of the total current may 

be accounted for by the non-Faradaic capacitive current, only preliminary assessment of 

the electrocatalytic activity can be obtained by the CV or LSV results. To further 

determine the exact catalytic activity of catalysts, steady-state currents at various applied 

voltages should be collected. The obtained currents are usually normalized to the 

geometric electrode area or the sample quality. Accordingly, two special overpotentials 

are often listed to compare the electrocatalytic activity. One is onset overpotential, which 

is a poorly defined term. The other is the overpotential to reach a current density of 10 

mA/cm2, which is the current density expected for a 12.3% efficient solar water splitting 

device. An ideal catalyst can reach high current density with relatively low overpotential. 

1.7.2.2 Tafel Plot and Exchange Current Density 

Tafel plot (b) implies the dependence of steady-state current densities on different 

overpotentials and is relevant to the catalytic mechanism of the electrode reaction. A 

smaller Tafel slope indicates achieving the same current density needs a smaller 

overpotential and implies a faster charge transfer kinetic. 

Exchange current density (j0) is another essential parameter to characterize the 

intrinsic activity of the electrode reaction, which is defined as the rate at which reaction 

proceeds at the equilibrium (zero net current) potential on the catalysts. It is only 
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dependent on the catalysts, electrolyte, and temperature. The electrode reaction with large 

exchange current density requires less driving force to conduct the reaction. Thus, an ideal 

catalyst should have low Tafel slopes and high exchange current densities. 

1.7.2.3 Stability 

In practice, structural and activity stability of a HER catalyst is another vital 

performance descriptor. Stability is an important parameter since the HER catalysts 

always work in strong acid or alkaline conditions (pH = 0 or 14). Generally, there are two 

ways to characterize the electrocatalytic stability of a catalyst. One is to measure the 

current or potential change with the reaction time (i-t, or V-t curve). Another method is 

to perform the recycling experiment by performing CV or LSV. In general, more than 

5000 cycles should be conducted to elucidate the stability of the catalysts. During the 

long-term stability evaluation, along with the H2 bubbles from accumulation to release, 

the obtained chronoamperometric curves will present a typical serrated shape. Moreover, 

the H2 bubbles not only cover the active sites for hydrogen evolution but lead to the 

electrocatalysts falling off from the electrode when the bubbles release. Thus, mild 

stirring is needed to weaken the negative influence of H2 bubbles. 

1.7.2.4 Faradic Efficiency 

One of the crucially important descriptors for HER is the efficiency with which 

electrons participate in the desired reaction. In this regard, Faradic efficiency for 

electrochemical HER is defined as the ratio of the produced H2 amount to the theoretical 

H2 amount, which can be calculated from the current density. For most HER and OER 

catalysts, the Faraday efficiency can reach 100%. Hence, Faraday efficiency is not 

generally used to compare the performance of different catalysts. 
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1.7.2.5 Electrochemical Active Surface Area (ECSA) 

The electrochemical double-layer capacitance (Cdl) is measured to evaluate the 

ECSA. The capacitance of the double layer at the solid-liquid interface is an efficient way 

to evaluate the Cdl. CV is constantly conducted to determine the capacitance of the double 

layer in a certain potential window without the Faradaic processes. Firstly, the CV 

experiment is performed at various sweep speeds (10-200 mV/s). With the increase of the 

scanning speed, the resulting CV curves will deviate from the rectangle. A suitable 

scanning speed is selected to ensure the linear relationship of the data. Secondly, the 

differences in current density variation (∆J = Ja - Jc) at a certain overpotential are plotted 

against the scan rate. Finally, the plotted lines will be fitted by linear regression, and the 

slope is twice Cdl. Herein, larger Cdl always suggests more exposed active sites towards 

electrolysis. It should be noted that, for carbon-based materials, the Cdl mainly results 

from the carbon support and is not accurate in assessing the activity of the material. 

1.7.2.6 Turnover Frequency (TOF) 

In addition to the comparison of the overpotentials under the same current density, 

which are always influenced by the electrocatalysts loading mass, turnover frequency 

(TOF) is becoming a vital descriptor to evaluate the catalytic ability. TOF is defined as 

the number of reactant molecules that a catalyst can convert to the desired product per 

active site in unit time. Typically, high TOF value means good catalytic activity. There is 

a generally used method to determine the TOF value based on two steps: calculation of 

active sites and calculation of TOF values. Firstly, the number of active sites can be 

rationally determined by CV data. Then, the voltametric charges (cathodic and anodic) 

during the single blank measurement are added. The upper limit of n can be determined 

according to the equation 1-3 when the one-electron process for both reduction and 

oxidation is assumed: 
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𝑛 =
𝑄

(2𝐹)
 Equation 1.20 

TOF (s-1) value can be further obtained with the equation 1-4: 

𝑇𝑂𝐹 =
1

(2𝐹𝑛)
 Equation 1.21 

Where Q is the voltametric charge, I is the current density during the linear sweep 

measurement, F is the Faraday constant (96485 C/mol) and n is the number of active sites 

(mol). 

However, the TOFs can be grossly underestimated compared with the real TOF 

values, because of the difficulty in having all atoms in catalysts being accessible 

catalytical active sites. However, TOF results can still be reliable descriptor when similar 

catalysts are compared. 

 

1.7.3 Electrochemical Characterizations 

1. Hydrogen evolution reaction (HER) test 

Electrochemical measurements were carried out in a typical three-electrode system 

with an electrochemical station (CHI 660D) at room temperature. The obtained samples 

fabricated on the carbon cloth (CC) were directly used as the working electrode, and a 

graphite rod and Hg/HgO electrode served as the counter electrode and the reference 

electrode respectively. All measurements were performed in 1 M KOH aqueous solution 

at room temperature. Commercial Pt/C loaded on CC were fabricated for comparison. 

Pt/C powder (20 mg) was dispersed into 980 µL of water/ethanol (v/v=1:2) solvent, then 

20 µL of 5wt% Nafion was added. After sonicating for 30 min, 100 µL of the Pt/C ink 

was loaded on CC (1 cm2) for activity test. Linear sweep voltammetry (LSV) curves were 
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conducted with a scan rate of 1 mV s-1 from 0.2 to -0.5 V vs. reversible hydrogen 

electrode (RHE). The long-term durability tests were performed using 

chronopotentiometry measurements at room temperature. The accelerated stability tests 

were also conducted by potential cycling for certain cycles. At the end of cycling, the 

working electrode was again subjected to polarization measurement. 

To unify the standard of the test, the potentials here are finally converted to the 

potentials versus the RHE according to the following calculation: 

𝐸(𝑣𝑠 𝑅𝐻𝐸) = 𝐸(𝑣𝑠 𝐻𝑔 𝐻𝑔𝑂⁄ ) + 𝐸𝐻𝑔/𝐻𝑔𝑂
0 + 0.0592 𝑝𝐻  ( 𝐸𝑆𝐶𝐸

0 = 0.098 𝑉)

 Equation 1.22 

𝐸(𝑣𝑠 𝑅𝐻𝐸) = 𝐸(𝑣𝑠 𝐴𝑔/𝐴𝑔𝐶𝑙) + 𝐸𝐴𝑔/𝐴𝑔𝐶𝑙
0 + 0.0592 𝑝𝐻  ( 𝐸𝐴𝑔/𝐴𝑔𝐶𝑙

0 = 0.197 𝑉 )

 Equation 1.23 

The polarization curves can be replotted as overpotential (η) vs log current (log j) to 

get Tafel plots to evaluate the HER kinetics of the catalysts. The Tafel slopes were 

calculated according to the Tafel equation: 

𝜂 = 𝑏𝑙𝑜𝑔 (
𝑗

𝑗0
) Equation 1.24 

Where, η is the overpotential, b, j and j0 defines the Tafel slope, current density and 

exchange current density, respectively. the overpotential is calculated using the following 

equation: 

𝜂 = −𝐸𝑅𝐻𝐸. Equation 1.25 

2. Oxygen Evolution Reaction (OER) Test 
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The OER test was also conducted in a standard three-electrode system as the HER 

test, except that the LSVs were measured from 1.0 V to 1.6 V vs. RHE. The overpotential 

for OER is calculated by the following equation: 

𝜂 = 𝐸𝑅𝐻𝐸 − 1.23𝑉. Equation 1.26 

3. Overall water splitting 

The overall water splitting (both HER and OER) tests were measured in 1 M KOH 

using a two-electrode system, in which the obtained working electrodes were used as both 

anode and cathode. The potential scan range was set from 1.0 to 2.0 V. 

 

1.8 Content and Structure of the Thesis 

This thesis contains six chapters: a general introduction and background (Chapter 1), 

four experimental data chapters (Chapter 2-5) and conclusions and future work (Chapter 

6). This thesis has been prepared in accordance with the Griffith University policy on 

preparing a PhD thesis as a series of published and unpublished papers (see the policy in 

the section of “All papers included are co-authored”). As a result, there are some 

unavoidable repetitions among the results chapters, including the section descriptions of 

the studies and reference lists. 

 

1.9 Scope of the Thesis 

The thesis focuses on rationally designing foreign anion or/and cation doped 

transitional metal (hydro)oxides for efficient electrocatalysts toward HER in alkaline 

media as schematically illustrated in Figure 1.32. 
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Figure 1.32 Schematic illustration of the thesis structure. 

In Chapter 1, the introduction and general background of the PhD thesis project are 

described based on the available literature. The technologies to generate hydrogen, the 

fundamentals of HER, the electrocatalysts for water electrolysis, and the strategies to 

accelerate the sluggish HER kinetics are summarised. Based on the literature review of 

the reported electrocatalysts for HER and the intensively applied strategies to improve 

the catalytic activities, several research interests were highlighted to investigate in this 

thesis. 

In Chapter 2, sulfur-doped Co3O4 nanosheet (S-Co3O4) with excellent HER catalytic 

activity was fabricated via VPH method. Specifically, the S-Co3O4 nanosheet exhibited a 

low overpotential of 119 mV at 10 mA/cm2 and excellent durability. The surface 

electronic structure and morphology change induced by the sulfur species were further 

investigated. 
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In Chapter 3, the electrocatalytic performance of different sulfur-doped Fe-Ni(OH)2 

(S-Fe/Ni) was carefully evaluated. The original transition metal hydroxide and the 

prepared metal sulfide were also tested to explore the active sites of the sulfur-doped 

transition metal hydroxide. The synergistic effect between transition metal hydroxide and 

doped sulfur species was further confirmed. 

In Chapter 4, facile anion substitution method was applied to fabricate S/Se-Co3O4, 

which exhibited enhanced HER activity compared to the Co3O4. It was demonstrated that 

the doping level and the doping species can be rationally controlled. Thus, more precise 

modulation of the surface electronic structure and favourable HER kinetics on catalysts 

can be achieved. 

In Chapter 5, cation ion (Molybdenum) doped amorphous cobalt hydroxide was 

obtained by in situ electrochemical processes. The influence of the doping atoms on the 

catalytic performance was carefully investigated. Furthermore, the morphology and 

electronic structure change induced by the doping species during HER processes were 

explored to confirm the active sites. 

In Chapter 6, a general conclusion, the possible research pathways, and further in-

depth investigations are outlined. 
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2.1 Introduction 

Hydrogen (H2) has long been considered as a promising alternative clean energy 

carrier to conventional fossil fuels.[1-2] Today, steam methane reforming, partial 

oxidation, and coal gasification—which are the most common methods for industrial 

hydrogen productions—suffer from large energy consumption and heavy carbon dioxide 

emissions. In contrast, driven by electricity generated from renewable energy sources, 

alkaline water electrolysis is a promising method for clean and sustainable hydrogen 

production.[3] However, high-performance electrocatalysts for the hydrogen evolution 

reaction (HER) are required to lower the overpotentials (η) and achieve efficient hydrogen 

evolution. Currently, platinum (Pt) is the state-of-art electrocatalyst for HER, but the 

high-cost and scarcity of Pt impede its practical application.[4-5] Therefore, there is an 

urgent need to develop efficient and stable electrocatalysts with low cost and earth-

abundant materials.[6-10] 

In alkaline media, the mechanism of the HER is typically summarized to proceed 

initially by Volmer step, namely water dissociation and formation of hydrogen 

intermediates Hads (2 H2O + M + 2 e- → 2 M-Hads + 2 OH-). Then this is followed by 

either the Heyrovsky step (H2O + Hads-M + e- → M + H2 + OH-) or the Tafel step (2 M-

Hads → 2 M + H2).
[11-12] An ideal electrocatalyst for the multistep HER process should not 

only be efficient in the first step of activating and cleaving the HO-H bonds of water 

molecule to form H atoms, but also be effective for the adsorption and recombination of 

the reactive hydrogen intermediates.[13-18] 

Based on the understanding of the reaction pathways, Ni(OH)2/Pt catalysts were 

initially designed to facilitate the multistep HER process in alkaline media.[11] In this 

bifunctional mechanism, the edge of metal hydroxide clusters promote the process of 

water dissociation and the formation of the hydrogen intermediates that are subsequently 
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immobilized on the nearby Pt sites and combined to form molecular hydrogen.[11, 19-20] 

Recent important studies about Pt/metal hydroxide hybrids further demonstrate the 

usefulness of this strategy to construct high efficiency HER electrocatalysts.[21-23] 

However, these electrocatalysts involved the use of metal platinum, which hinders their 

wide application. Recently, metal sulfide/selenide have been intensively studied as 

efficient HER electrocatalysts. S/Se-Hads bonds are prone to generation on the S/Se site 

and H-H bonds are further formed on two adjacently adsorbed Hads.
[24-28] Hence, partial 

oxygen substitution of metal (hydro)oxide with sulfur atoms would be an effective 

strategy to promote the two-step HER process— the metal hydroxide can activate water 

molecule and cleave water effectively, and the sulfur ligands will facilitate H adsorption 

and desorption. Under these considerations, sulfur-doped metal (hydro)oxide was 

investigated to determine its efficiency as HER electrocatalyst in alkaline solutions. 

Herein, we rationally fabricated sulfur-doped cobalt oxide nanosheets supported on 

carbon cloth (S-Co3O4) for efficient HER in alkaline solution. The prepared S-Co3O4 

were thoroughly converted to cobalt hydroxide with the oxygen partially substituted by 

sulfur under alkaline HER conditions. The resultant sulfur-doped cobalt hydroxide 

provides a large number of structural defects which will facilitate water dissociation, 

while the sulfur ligands tend to promote hydrogen adsorption and desorption. Thus, the 

electrocatalyst manifests high activity and stability for HER in alkaline solution. This 

work demonstrates a new pathway of obtaining highly active and stable HER 

electrocatalysts through anion incorporation. 
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2.2 Experimental Section 

2.2.1 Materials Synthesis 

1. Chemicals: 

Cobalt (II) nitrate hexahydrate (98%, Sigma-Aldrich), aluminium sulfide (99%, 

Sigma-Aldrich), potassium hydroxide and sodium nitrate were purchased from Chem-

Supply. Carbon cloth (CC, WOS 1002) was purchased from Ce-Tech Co. Ltd, China. 

Pt/C (20 wt% Pt on Vulcan XC-72R) and Nafion (5 wt%) were purchased from Sigma-

Aldrich. All chemicals were used as received without further purification. The water used 

was purified through a Millipore system. 

2. Preparation of sulfur-doped Co3O4 (S-Co3O4): 

The Co(OH)2 nanosheets were firstly electrodeposited on carbon cloth with a 

Ag/AgCl electrode as the reference electrode and a Pt mesh as the counter electrode in an 

aqueous electrolyte containing 1.0 M Co(NO3)2 and 0.1 M NaNO3 at a constant current 

of 10 mA/cm2 in potential range of -0.2 to -0.9 V. The electrodeposited Co(OH)2 was 

then calcined at 300 °C for 30 min in air to convert to Co3O4. The S-Co3O4 were prepared 

by the following H2S vapor phase solvothermal procedure according to a previous study 

with a minor modification.[29] Typically, the prepared Co3O4 nanosheets were placed in a 

closed Teflon-lined autoclave with a certain amount of Al2S3 and water located at the 

bottom. The autoclave was then maintained at an elevated temperature from 100 °C to 

140 °C for 2 h. The samples were collected after a careful rinse with carbon sulfide 

followed by ethanol. 

2.2.2 Characterization and Electrochemical Tests 

The crystal structures of the samples were investigated using X-ray diffraction (XRD, 

Bruker). The X-ray photoelectron spectroscopy (XPS) data were collected with a Kratos 
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Analytical Axis Ultra X-ray photoelectron spectrometer with an Al X-ray source (1.487 

KeV). Room-temperature Raman spectra were collected on a Renishaw 100 system using 

632 nm laser. The morphology and microstructure were characterized by scanning 

electron microscope (SEM) and field-emission transmission electron microscopy (FE-

TEM, Tecnai F20). 

Electrochemical Measurements: 

Electrochemical measurements were carried out in a typical three-electrode system 

with an electrochemical station (CHI 660D) at room temperature. The obtained samples 

were directly used as the working electrode, while a graphite rod and Hg/HgO electrode 

served as the counter electrode and the reference electrode respectively. All the potentials 

were calibrated to a reversible hydrogen electrode (RHE) and all data underwent iR 

correction. All measurements were performed in 1 M KOH aqueous solution at room 

temperature. Commercial Pt/C loaded on CC were fabricated for comparison. Pt/C 

powder (20 mg) was dispersed into 980 µL of water/ethanol (v/v=1:2) solvent, then 20 

µL of 5wt% Nafion was added. After sonicating for 30 min, 100 µL of the Pt/C ink was 

loaded on CC (1 cm2) for activity tests. LSV curves were conducted with a scan rate of 1 

mV/s. The long-term durability tests were performed using chronopotentiometry 

measurements. 

The overall splitting was conducted in 1.0 M KOH in a two-electrode system, in 

which the fabricated S-Fe/Ni electrode served as the negative electrode and another S-

Fe/Ni electrode worked as the positive electrode. The catalytic stability of the system was 

performed at an applied potential to accomplish an initial catalytic current density of 10 

mA/cm2. 
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2.3 Results and Discussion 

The Sulfur doped Co3O4 nanosheets (S-Co3O4) were fabricated via H2S vapor phase 

hydrothermal (H2S-VPH) method developed by Tan et al.[29] The carbon cloth (CC) was 

used as low-cost, flexible and three-dimensional conductive support that has negligible 

HER activity. The detailed experimental procedures are described in the Experimental 

Section. Typically, the Co(OH)2 nanosheets were firstly grown vertically on CC by 

electrodeposition method. After annealing in air at 300 °C, the as-prepared Co3O4 

nanosheets were subsequently treated through H2S-VPH method to obtain the final S-

Co3O4. In this study, the electrocatalytic HER activity of S-Co3O4 was investigated with 

a three-electrode system in alkaline solution (1 M KOH), and the S-Co3O4 nanosheets 

after long-term HER is denoted as S-Co3O4-HER. 

2.3.1 Characterizations 

The scanning electron microscopy (SEM) was first carried out to investigate the 

morphology change after H2S-VPH treatment and HER. Figures 2.1 (a) and 2.2 (a) shows 

the SEM image of the prepared Co3O4, indicating that the nanosheets vertically on CC 

have uniform morphology with a thickness of around 20 nm. This open nanosheet 

structure provides a platform with abundant exposed surface atoms to facilitate the 

subsequent sulfur incorporation reaction. After the H2S-VPH treatment, the morphology 

of the nanosheet was well preserved as shown in Figures 2.1 (b) and 2.2 (b). Herein, the 

sulfur incorporation reaction occurs only on the Co3O4 nanosheets. However, after long-

term HER, S-Co3O4 experienced a significant morphology change. As indicated in 

Figures 2.1 (c) and 2.2 (c), S-Co3O4-HER shows much coarser plane surfaces, and the 

original vertical nanosheets become nanosized thin nanosheets grown on carbon cloth. 
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Figure 2.1 SEM images of Co3O4 (a), S-Co3O4 (b) and S-Co3O4-HER (c). TEM of 

Co3O4 (d), S-Co3O4 (e), and S-Co3O4-HER (f). 

Transition electron microscopy (TEM) was further employed to compare the detailed 

morphologies and crystal structure of Co3O4, S-Co3O4, and S-Co3O4-HER. The TEM 

image of the Co3O4 nanosheets shown in Figure 2.1 (d) indicates the nanosheets are 

composed of small nanoparticles. Furthermore, these nanoparticles, with a size of around 

15 nm, have a polycrystalline structure as shown in High-resolution TEM (HRTEM) 

presented in Figure 2.2 (d). While the TEM and HRTEM images of S-Co3O4 shown in 

Figures 2.1 (e) and 2.2 (e) demonstrate that the nanosheet-like morphology composed of 

small nanoparticles remains unchanged after the H2S-VPH reaction. Moreover, the 

interplanar spacing of 0.464 nm corresponding to the (111) lattice spacing of spinel Co3O4 

further confirms the preservation of the crystal structure. Compared to the Co3O4 and S-

Co3O4, which are composed of well crystallized Co3O4 nanocrystals, the S-Co3O4-HER 

presents a very faint but homogeneous contrast as shown in Figure 2.1 (f), indicating thin 

nanosheets with uniform thickness. In addition, the HRTEM image in Figure 2.2 (f) 

suggests a remarkable change after HER—the resulted nanosheets consist of lots of 
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isolated nanocrystals, and a large amount of structural defects, which is not observed in 

the HRTEM images of the Co3O4 or S-Co3O4 samples. The interplanar spacings were 

0.237 nm, which corresponds well to (100) lattice spacings of Co(OH)2, and this crystal 

structure change was also confirmed by selected-area electron diffraction (SAED). The 

SAED patterns inserted in Figure 2.2 (d) and 2.2 (e) also prove that the polycrystal 

structure of Co3O4 after H2S treatment was retained according to the same diffraction 

rings corresponding to (111), (220), (311), (400), (422) (511) and (440) planes of Co3O4. 

After HER, the SAED pattern shown in Figure 2.2 (f) exhibits an obvious difference to 

Co3O4, where some of the characteristic diffraction points of Co(OH)2 (100), (010) and 

(110) can be clearly observed. All the above evidence indicates that the original nanosheet 

composed of well crystallized Co3O4 nanocrystals was retained after H2S-VPH treatment, 

while transformed into one of packed Co(OH)2 nanocrystals with abundant structural 

defects after HER in alkaline solutions. The above results suggest that the sulfur 

incorporation into Co(OH)2 induce an abundance of structural defects in nanosheets after 

HER, which should enhance the catalytic performance with the more exposed active sites. 

 

 



101 

 

Figure 2.2 HR-SEM images of Co3O4 (a), S-Co3O4 (b) and S-Co3O4-HER (c). d-f) 

HR-TEM and the SAED patterns (inset) of Co3O4 (d), S-Co3O4 (e), and S-Co3O4-HER 

(f). 

XRD patterns were then conducted to study the crystal structure change after H2S 

treatment and long-term HER. As shown in Figure 2.3 (a), for the prepared Co3O4 and S-

Co3O4, all the diffraction peaks can be assigned to the Co3O4 (JSPDS no. 43-1003), with 

no sign of any other cobalt sulfide, demonstrating that crystal structure of Co3O4 was well 

preserved after H2S-VPH. However, after electrochemical activation, the distinguished 

diffraction peaks of S-Co3O4-HER are indexed to β-Co(OH)2 (JSPDS no. 30-0443). 

According to the differences in the XRD patterns, the S-Co3O4 which retained the original 

Co3O4 crystal structure, changed into Co(OH)2 after HER. It should be noted that this 

crystal structure change can only be observed for the S-Co3O4, while the crystal structure 

was retained even after hours of HER in the pristine Co3O4. Therefore, sulfur 

incorporation to Co3O4 plays a key role in crystal transformation and induces structural 

defects. 
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Figure 2.3 XRD patterns (a) and Raman spectra (b) of Co3O4, S-Co3O4, and S-Co3O4-

HER. 

Moreover, to further demonstrate the influence of the sulfur doping on the chemical 

bonding of the samples, the Co3O4 were treated by the H2S-VPH method at elevated 

temperatures of 100 °C, 120 °C and 140 °C followed by Raman spectroscopy. As shown 

in Figure 2.4, all the observed peaks for these samples can be well indexed to spinel Co3O4 

crystals, implying the preservation of Co3O4 structure after H2S-VPH treatment. 

Compared to the pristine Co3O4, the position of all the peaks shifted slightly to a lower 

frequency, which can further confirm the doping of sulfur. It should be noted that with 

the increase of the reaction temperature, the peaks shift gradually to a lower frequency. 

This phenomenon was also observed for the Se-doped MoS2, for which the S-Mo and Se-

Mo related vibrations would shift to a lower frequency with increasing Se molar fraction. 

Therefore, more sulfur can be doped into the lattice of Co3O4 at the higher reaction 

temperature.[30-31] Therefore, the sulfur atoms successfully substitutes for the oxygen 

atoms in the Co3O4, without transforming into other crystal structures even at 140 °C. In 

addition, as shown in Figure 2.3 (b), an obvious change occurred after HER, with the 

main vibrations observed at 502 cm-1 and 633 cm-1 for S-Co3O4-HER. Compared with S-

Co3O4, the observed peaks for the S-Co3O4-HER can be attributed to the vibration mode 

of Co(OH)2 and there are no Raman peaks associated with the Co-S vibration.[26, 32-33] 
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This is further evidence that the S-Co3O4 experienced crystal structure change to Co(OH)2 

after HER. Overall, these results further confirm the crystal structure was retained after 

H2S VPH treatment, with obvious structural and compositional change after HER. 

 

Figure 2.4 Raman spectra of S-Co3O4 nanosheets prepared at different temperatures. 

XPS spectra were acquired to characterize the change of electronic structure and 

valence statements of Co3O4, S-Co3O4, and S-Co3O4-HER. The survey spectra in Figure 

2.5 indicates a dramatic change in the elemental content. 
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Figure 2.5 XPS survey of Co3O4, S-Co3O4, and S-Co3O4-HER. 

Moreover, for the high-resolution Co 2p spectrum shown in Figure 2.6 (a), the 

binding energy of Co 2p3/2 and Co 2p1/2 in Co3O4 are 780.1 eV and 795.1 eV, respectively. 

After H2S VPH treatment, the binding energy of Co 2p3/2 and Co2p1/2 shift to 779.4 and 

794.3 eV, this peak position shift is also observed in our previous study.[29] After 

electrochemical activation, the peaks for Co 2p3/2 and Co 2p1/2 are 780.8 eV and 796.7 

eV, respectively. These observed peaks at higher BE compared to those of Co3O4 can be 

considered evidence of the resulting Co(OH)2.
[32, 34] All these results verified that 

transformation to Co(OH)2 after HER, and this is in good accordance with the previous 

XRD and Raman result. In addition to the change in the oxidation state of Co, the binding 

energy of oxygen also exhibits remarkable change. For the O1s spectra in Figure 2.6 (b), 

the main peak at 530.2 eV observed for the Co3O4 can be well indexed to lattice oxygen 

and the others are assigned to the absorbed non-stoichiometric oxygen. After the H2S 

VPH reaction, the peaks assigned to lattice oxygen almost disappear, and main peaks shift 

to higher BE. Thus, this result confirms sulfur incorporation into the Co3O4 nanosheets. 

Furthermore, after HER, the main peak observed at 531.4 eV is associated with the 
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hydroxide ions (OH-) found in Co(OH)2.
[32, 35] This result further implies the 

transformation from Co3O4 to Co(OH)2 after HER. The oxygen replaced by sulfur after 

H2S VPH was also confirmed by detailed sulfur peaks. As illustrated in Figure 2.6 (c), 

the observed main S 2p3/2 peak centered at 162.6 eV and 163.5 eV for S-Co3O4 can be 

assigned to the S2- and Sn
2- species, respectively. It should be noted that the most sulfur 

atoms were removed after HER. These XPS data demonstrate sulfur incorporation into 

Co3O4 structure and substitution of oxygen atoms after H2S VPH. By contrast, only trace 

amount of sulfur remained on the resultant Co(OH)2 after HER. The elemental mapping 

images presented in Figure 2.6 (d) indicate the homogeneous distribution of sulfur on the 

surface of nanosheet. The results further confirm that the surface oxygen was partially 

substituted by S2-. Additionally, the sulfur content decreased dramatically after long-term 

electrochemical activation from the EDS results, which corresponded to the XPS survey 

results. In addition, the elemental mapping of S-Co3O4-HER in Figure 2.6 (e) gives 

evidence that the sulfur was homogeneously doped on Co3O4 after long-term HER. 

 

Figure 2.6 High-resolution X-ray photoelectron spectroscopy (XPS) of Co 2p (a), O 

1s (b) and S 2p (c). Elemental mapping images of S-Co3O4 (d) and S-Co3O4-HER (e). 
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2.3.2 Electrocatalytic Performance 

The electrocatalytic HER activities of the S-Co3O4 were evaluated using a standard 

three-electrode system in alkaline solution (1.0 M KOH solution, pH=14). Bare CC, 

commercial Pt/C, and Co3O4 were also tested for comparison as shown in Figure 2.7 (a). 

The CC itself shows negligible activity towards HER over the tested potential range, 

verifying its electrochemically inert property. Pristine Co3O4 does not present any HER 

activity until at high overpotentials and needs 290 mV to deliver a current density of 10 

mA cm-2. The LSV curve for S-Co3O4 shows an overpotential of 126 mV is required to 

reach a current density of 10 mA cm-2, which is much smaller than pristine Co3O4. The 

excellent HER performance reported for S-Co3O4 is also better than that of metal oxide, 

metal/metal oxide, and transition metal sulfide.[15, 36-37] The Tafel slope is frequently 

employed as another important parameter to reveal the catalytic mechanism of HER. 

Figure 2.7 (b) exhibits the corresponding Tafel plots. The values of the Tafel slope for 

commercial Pt/C, S-Co3O4 and Co3O4 are 28, 48 and 55 mV dec-1, respectively. The 

decreased Tafel slopes confirmed that the intrinsic HER activity was enhanced by doping 

the sulfur into Co3O4.
[38-39] 

Additionally, the durability and long-term stability, especially at high current density 

are an essential concern for all advanced electrocatalysts. The stability of S-Co3O4 was 

firstly evaluated by continuous electrolysis for 20 h at the different static overpotentials 

of 119 mV, 158 mV, and 172 mV. As shown in Figure 2.7 (c), even at a high overpotential 

of 172 mV, the current density did not show an obvious decrease during testing, indicating 

high stability of catalytic activity of S-Co3O4. Furthermore, the stability of S-Co3O4 was 

tested by cyclic voltammetry scan between 0.20 and -0.20 V vs RHE at a scan rate of 100 

mV/s. After fast cycling for 2000 cycles, the polarization curves show almost no change, 

and the overpotential needed to deliver the current density of 100 mA cm-2 only increased 
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from 172 mV to 181mV, indicating the S-Co3O4 presents excellent stability in alkaline 

solutions. 

 

Figure 2.7 (a) Polarization curves of S-Co3O4, Co3O4, Pt/C and bare carbon cloth 

(CC) and (b) corresponding Tafel plots after iR correction. (c) Time dependence of 

current density during electrolysis under different static overpotential. (d) Stability of the 

S-Co3O4 with initial polarization curve and after 2000 cycles in 1 M KOH. 

The OER electrocatalytic properties of the fabricated S-Co3O4 were further explored 

in alkaline media. As shown by the polarization curve in Figure 2.8 (a), S-Co3O4 achieves 

10 mA/cm2 at an overpotential of 320 mV. Inspired by the remarkable catalytic activity 

for both HER and the demonstrated high OER performance of cobalt oxide, an overall 

water splitting device in 1.0 M KOH solution was assembled with the obtained S-Fe/Ni 

as both the positive and negative electrodes. As exhibited in Figure 2.8 (b), the 

constructed electrolyzer can deliver a current density of 10 mA/cm2 at a low potential of 
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1.63 V. A long-term stability test of the constructed electrolyzer was also performed. As 

presented in Figure 2.8 (c), the catalytic current density of ~10 mA cm/cm2 at ~1.63 V 

show no obvious decrease in current density after the long-term test according to the i-t 

curve. These results indicate the fabricated catalyst is a promising replacement for 

precious metal catalysts to produce clean hydrogen. 

 

Figure 2.8. (a) OER linear sweeping voltammetry curves of S-Co3O4 (b) Linear 

sweeping voltammetry curve of S-Co3O4 as OER and HER bifunctional catalyst for 

overall water splitting. (c) The chronopotentiometric curve of water electrolysis for S-

Co3O4 in a two-electrode configuration with a constant current density of 10 mA/cm2. 

As demonstrated above, the composition and morphology of S-Co3O4 experience a 

remarkable change after HER. Therefore, to investigate how the HER activity improved, 

the composition and morphology of S-Co3O4 collected at different activation periods 

under a constant potential at η of -150 mV were carefully characterized. Raman 

spectroscopy is a key tool in materials characterization and was performed to observe 

structural changes that may occur during HER reaction conditions. As shown in Figure 

2.9 (a), the Raman peaks for the catalysts show a significant change with increasing 

activation time. After electrochemical HER for 500s, new broad peak in the Raman 

spectrum appears at 330 cm-1, which can be tentatively assigned to a Co-S vibration.[26] 

While the peaks previously attributed to Co3O4 remain constant but shifted to higher 

frequencies compared to S-Co3O4. As the reaction time increased to 1000 s, the Co-S 

vibration band disappears and a new peak at 502 cm-1 is present indicating the remarkable 
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decrease of the sulfur content and the formation of Co(OH)2 in the activated sample.[32, 

40] The other peaks assigned to Co3O4 observed a gradual shift to higher frequencies, 

suggesting the amount of sulfur atom doping is decreasing during HER.[30, 41] With the 

increase of reaction time, the observed vibration bands can be assigned to Co(OH)2, with 

no peaks attributed to Co3O4. The above results further suggest the gradual decrease of 

sulfur content and the transformation to Co(OH)2 with the existence of sulfur. The 

morphology of S-Co3O4 at different activation periods was then characterized by SEM. 

As shown in Figure 2.9 (b-d), the S-Co3O4 experienced a significant morphology change 

during the electrochemical activation. The smooth surface of the original S-Co3O4 

crimped soon after the HER in alkaline solution. With the increase of the electrochemical 

activation time, the secondary tiny nanosheets appear upon the surface of the original 

nanosheets. While the secondary nanosheets kept growing by a dissolution-

recrystallization process, the original vertically distributed nanosheets structure 

collapsed, finally leaving a disorderly distributed nanosheet structure on carbon cloth. In 

the case of pure Co3O4, the Co3O4 nanosheet shows no obvious morphology change 

during long-term HER. Thus, the doped sulfur atoms played a critical role in the 

formation of the final disorder nanosheet structure, which would promote the atomic 

reorganization from Co3O4 to Co(OH)2. Based on the Raman spectra and the SEM 

images, the crystal structure reconstruction is presumably accompanied by doping S into 

the Co(OH)2 lattice. 
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Figure 2.9 (a) Raman spectra of S-Co3O4 during different stage of activation. (b-d) 

corresponding SEM images. 

Here the small amount of sulfur ligands on the resultant cobalt hydroxide plays a key 

role in the efficient HER performance of S-Co3O4-HER. It has been generally reported 

that there are two fundamental steps involved in the typical process of HER in alkaline 

solution on the electrocatalysts, which are the Volmer process (M + H2O
+ + e- → M-Hads 

+ OH-), where M refers to catalysts, followed by the Heyrovsky process (H2O + M-Hads 

+ e-→H2 + M + OH-). As mentioned above, the S-Co3O4 will transform into Co(OH)2 

with a trace amount of sulfur during electrochemical activation. Attributed to strong 

electrostatic affinity to the highly positive-charged Co2+ species and more unfilled d 

orbitals in Co2+, the OH- decomposed from water splitting could preferentially attach to 

the Co(OH)2 site.[19, 42] Thus, the resultant Co(OH)2 nanosheet with an abundance of 

defects will facilitate H2O adsorption and activation. Moreover, the trace amount of sulfur 



111 

atom will improve the Heyrovsky step by forming S-Hads bonds on the surface and 

optimizing H desorption.[22, 43-45] Thus, t impressively improved HER activity originates 

from the synergetic effect of the cobalt hydroxide with abundant structural defects and 

the remaining sulfur atoms. 

 

2.4 Conclusion 

In summary, we designed an efficient HER electrocatalyst in alkaline media by 

incorporating sulfur atoms into cobalt (hydro)oxide crystal structure. The resultant cobalt 

hydroxide with an abundance of a structural defects will benefit water adsorption and 

cleavage during HER reactions, while the negatively charged sulfur ligands will facilitate 

H adsorption and desorption on the surface of electrocatalysts, thus the Volmer and 

Heyrovsky steps for HER are greatly promoted. Herein, the catalyst exhibits remarkable 

enhance HER activity and durability with a low overpotential of 119 mV at 10 mA/cm2 

and excellent durability. The present work not only provides an effective approach to 

fabrication of the sulfur-doped metal hydro(oxide) but a new strategy for obtaining highly 

active and stable electrocatalysts.  
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3.1 Introduction 

Hydrogen (H2) is one of the most promising clean and renewable energy resource in 

terms of the current energy crisis and environment impacts due to fossil fuel usage.[1-4] 

Electrocatalytic water splitting in alkaline media in particular provides a promising 

strategy to produce high-purity hydrogen.[5-9] However, the inevitable dynamic 

overpotential in the hydrogen evolution reaction (HER) and oxygen evolution reaction 

(OER) during electrocatalytic water splitting severely hinders the electrocatalysis 

efficiency.[10-15] In practice, the reaction overpotential can be reduced with the use of 

electrocatalysts. So far, precious Pt-based materials and RuO2/IrO2 are regarded as the 

most efficient HER and OER electrocatalysts, respectively.[6, 16-17] Nevertheless, the 

commercial scale applications of these noble-metal-based catalysts is largely limited by 

their scarcity and high cost.[18-23] In addition, highly efficient bifunctional electrocatalysts 

which can simultaneously accelerate the sluggish HER and OER kinetic processes have 

the advantage of improving overall water splitting efficiency, simplifying the system and 

speeding up the commercialization of alkaline water splitting.[8, 24-25] Therefore, 

fabricating noble-metal-free electrocatalysts which exhibit excellent catalytic activity 

towards OER and HER will greatly promote their application in overall water splitting. 

Noticeably, it has been intensively reported that oxides and hydroxides of earth-abundant 

late first-row transition metals (Mn, Fe, Co, Ni) exhibit high performance towards OER 

in alkaline solution but show poor HER catalytic performance.[26-32] Thus, developing 

high-performance HER electrocatalysts based on these transition metal (hydro)oxides is 

highly desirable to lower the overpotentials for overall water splitting. 

HER in alkaline solution proceeds in two steps, the Volmer step, followed by either 

the Heyrovsky step or the Tafel step: 

M + H2O + e- → M-Hads + OH- (Volmer step) Equation 3.1 
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M-Hads + H2O + e- →M + H2 +OH- (Heyrovsky step) Equation 3.2 

2 M-Hads → 2 M + H2 (Tafel step) Equation 3.3 

In these equations, M refers to the active site and Hads is a hydrogen atom absorbed 

at the active site of the catalyst.[33-35] Generally, a promising catalyst for HER in alkaline 

solution would have a fast water dissociation process and an optimal hydrogen adsorption 

free energy. Inspired by this, many rational designs have been proposed and proved to be 

effective in the last few years.[36-42] In particular, geometric construction and electronic 

regulation substantially promote the catalytic performance. Among various morphology 

design of bulk and surface phases, two dimensional (2D) nanosheets have shown promise 

for improving electrocatalytic activities owing to their highly exposed surface areas and 

easily accessible active sites to mediate the catalytic process.[43-45] On the other hand, 

atomic doping is known to optimize the hydrogen adsorption states on the electrocatalysts 

and charge transfer properties, thus eventually enhancing the intrinsic electrocatalytic 

activity.[46-48] For instance, oxygen incorporated Co2P has been recently demonstrated to 

be an effective strategy to promote HER catalytic activity.[47] The much-improved 

electrochemical performance results from the regulated water dissociation process and 

the optimized hydrogen adsorption free energy in Co2P. Furthermore, Gong et al. reported 

that the introduction of Se to (NiCo)S/OH catalysts will promote both the OER and HER 

performance due to the enlarged active surface areas and the accelerated charge transfer 

property.[49] Therefore, anion doped 2D transition metal (hydro)oxides will be an 

effective strategy to improve their HER performance in alkaline solutions, and thus 

fabricate efficient bifunctional water splitting electrocatalysts. 

Herein we demonstrate the feasibility of tailoring transition metal hydroxide to the 

sulfur-doped material by facile H2S-vapor phase hydrothermal (H2S-VPH). The 

incorporated sulfur atoms and the preserved transition metal hydroxide host will 
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synergistically optimize the hydrogen adsorption free energy and promote the water 

dissociation step. Thus, the fabricated electrocatalysts present efficient HER catalytic 

activity with an overpotential of 104 mV to achieve a current density of 10 mA/cm2. 

Together with the robust OER performance of the NiFe based composites, the fabricated 

catalysts can function efficiently as both anode and cathode in alkaline media. Notably, 

the constructed two-electrode electrolyzer with the catalyst shows a low potential of 1.59 

V to accomplish 10 mA/cm2 and excellent long-term stability. Furthermore, sulfur atom 

doped metal (hydro)oxide highlight a new strategy for designing efficient electrocatalysts 

for energy conversion. 

 

3.2 Experimental Section 

3.2.1 Materials Synthesis 

1. Chemicals: 

Nickel nitrate hexahydrate (Ni(NO3)2 6H2O), iron nitrate nonahydrate (Fe(NO3)2 

9H2O) aluminium sulfide (Al2S3), urea, potassium hydroxide (KOH) and ammonium 

fluoride (NH4F) were purchased from Sigma-Aldrich. Carbon cloth (CC, WOS 1002) was 

purchased from Ce-Tech Co. Ltd, China. Pt/C (20 wt% Pt on Vulcan XC-72R) and Nafion 

(5 wt%) were purchased from Sigma-Aldrich. All the chemical reagents utilized in this 

study were analytical grade and directly used without any further purification. Millipore 

deionized water (18.2 MΩ cm) was used to prepare all the solutions. 

2. Synthesis of Fe-Ni(OH)2: 

Carbon cloth was firstly washed in acetone, ethanol and deionized water to ensure 

the surface is well cleaned. In a typical synthesis of the Fe-Ni(OH)2, 0.750 g Ni(NO3)2 
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6H2O, 0.116 g Fe(NO3)2 9H2O, 0.72 g urea and 0.274 g NH4F were dissolved into 48 mL 

water under mild stirring to form a clear solution. Then a piece of carbon cloth was put 

into the solution and transferred into a 60 mL Teflon-lined stainless-steel autoclave. The 

autoclave was subsequently sealed and maintained at 120 °C for 6 h. Finally, the Fe-Ni 

was collected and washed with water and ethanol several times and then dried at 60 °C 

for further use. 

3. Synthesis of S-Fe/Ni: 

The H2S vapor phase hydrothermal (H2S-VPH) treatment in a closed Teflon-lined 

autoclave was subsequently accomplished at different reaction temperatures for 2 h. A 

certain amount of Al2S3 and water were separately located at the bottom of the autoclave 

to provide the H2S source. The fabricated Fe-Ni(OH)2 nanosheet was about 10 cm above 

the Al2S3 and water. After the H2S-VPH treatment, the S-Fe/Ni nanosheets were rinsed 

in carbon sulfide and ethanol. 

3.2.2 Characterization and Electrochemical Tests 

Powder X-ray diffraction (XRD) patterns were conducted with Cu Kα radiation (λ = 

1.5418 Å). X-ray photoelectron spectroscopy (XPS) was recorded on the XPS instrument 

using Mg as the excitation source. Scanning electron microscopy (SEM) images were on 

a Hitachi field-emission SEM. Raman spectra were measured with a Renishaw system 

Raman spectrometer (632.8 nm He-Ne laser) with a spectral resolution of 2 cm-1 

(calibrated using the 520 cm-1 silicon band). The TEM observations were conducted using 

Philips Tecnai F20 with the scanning transmission electron microscopy-energy dispersive 

X-ray spectroscopic (STEM-EDS) and EDS solid-state X-ray detector under the 

accelerating voltage of 200 kV. 

All the electrochemical measurements were implemented in a typical three-electrode 

system controlled by a CHI 660E electrochemical workstation (CH Instruments, Inc., 
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Shanghai). The fabricated electrode was used as the working electrode directly. A 

Hg/HgO electrode and a carbon rod were utilized as the reference and counter electrodes, 

respectively. The Pt/C sample was prepared by drop-coating Pt/C ink on carbon cloth. 

The Pt/C catalyst ink was prepared by dispersing 20 mg Pt/C (20wt%) and 20 µl of 5wt% 

Nafion solution in 980 µl water/ethanol (1:1 v/v) solution. The potentials measured versus 

Hg/HgO were converted to the reversible hydrogen electrode (RHE) according to E (vs. 

RHE) = E (vs. Hg/HgO) + 0.924 V in 1.0 M KOH. The overpotential (η) of HER and 

OER were obtained from ηHER=-E(RHE), ηOER=E(RHE)-1.23 V. The linear sweep 

voltammetry was performed at a scan rate of 5 mV/s, and the Tafel curves were recorded 

at a scan rate of 1 mV/s. 

The overall splitting was conducted in 1.0 M KOH in a two-electrode system, in 

which the fabricated S-Fe/Ni electrode served as the negative electrode and another S-

Fe/Ni electrode worked as the positive electrode. The catalytic stability of the system was 

performed at an applied potential to accomplish an initial catalytic current density of 10 

mA/cm2. 

 

3.3 Results and Discussion  

In this work, we present a rational and facile methodology to fabricate sulfur-doped 

metal hydroxide for efficient bifunctional electrocatalytic HER and OER in alkaline 

solution. Carbon cloth was used as a support and current collector due to good 

conductivity and inertness towards HER or OER. Fe-Ni(OH)2 nanosheets were firstly 

grown on the carbon cloth by solvothermal method (detailed experimental procedure 

presented in the experimental section). Then, the sulfur-doped Fe-Ni(OH)2 (S-Fe/Ni) was 

prepared by the facile H2S vapor phase hydrothermal method (H2S-VPH) at 100 °C, 

which was developed by Tan et al.[50] 
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3.3.1 Characterizations 

The scanning electron microscopy (SEM) images of the Fe-Ni(OH)2 shown in Figure 

3.1 (a) and (b), suggest uniform and homogeneous coating of the aligned metal hydroxide 

nanosheets on carbon cloth. The nanosheet morphology of Fe-Ni(OH)2 was retained after 

H2S-VPH as indicated by the SEM images of S-Fe/Ni in Figure 3.1.(c) and (d). 

Furthermore, the open-structured nanosheets were interconnected with each other, 

providing abundant accessible active sites and consequently expected to show remarkable 

electrocatalytic performance. 

 

Figure 3.1 (a) and (b) SEM images of Fe-Ni(OH)2 at different magnifications. (c) 

and (d) SEM images of S-Fe/Ni at different magnifications. 

The transmission electron microscopy (TEM) images (Figure 3.2 (a) and (c)) were 

further utilized to explore the morphology of Fe-Ni(OH)2 and S-Fe/Ni in more detail. 
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Both exhibited thin nature according to the low-resolution TEM images. As revealed in 

Figure 3.2 (b), the individual lattice fringes indicate the single crystal structure, and the 

spacing of the lattice fringes was 0.27 nm, which is consistent with (100) lattice of the 

Ni(OH)2 sample. Moreover, the lattice fringes are more clearly visible after H2S-VPH, 

demonstrating the better crystalline structure resulting from high-temperature H2S-VPH 

reactions. Furthermore, the corresponding selected area electron diffraction (SAED) 

patterns for Ni(OH)2 and S-Fe/Ni all showed a single crystal structure, and the perfect 

rhombus diffraction spots can be assigned to the (hk0) planes of Ni(OH)2. The TEM and 

SAED analyses of the nanosheets confirmed the single crystal structure with preferential 

growth in the [001] direction and no crystal structure change after H2S-VPH. 

 

Figure 3.2 (a) and (b) TEM and HR-TEM image of Fe-Ni(OH)2. (c) and (d) TEM 

and HR-TEM image of S-Fe/Ni. Inset of panels (b) and (d) are the corresponding SAED 

patterns. 
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X-Ray diffraction (XRD) and Raman spectroscopy were used to characterize the 

crystal structure change before and after the H2S-VPH reaction. XRD patterns of the Fe-

Ni(OH)2 precursor and S-Fe/Ni are exhibited in Figure 3.3 (a). The observed diffraction 

peaks at 19.2°, 33.0°, 38.5°, 52.1° and 59.0° for Ni(OH)2 can be well indexed to the 

hexagonal β-Ni(OH)2 (a=0.3126 nm, c=0.6405 nm, JCPDS file No. 14-0117), and the 

broad peaks around 23° and 43° are attributed to the carbon cloth substrate. Furthermore, 

after H2S-VPH at 100 °C for 2 h, the diffraction peaks for the Ni(OH)2 remained and no 

new peaks appeared, indicating preservation of the original crystal structure. The XRD 

of the samples prepared at higher H2S-VPH temperature were recorded to investigate the 

crystal structure change. As seen in Figure 3.3, when the H2S-VPH reaction temperature 

increased to 180 °C, the observed XRD peaks exhibit remarkable difference to Ni(OH)2 

and can be indexed to the pyrite-structure NiS2. These results indicate the crystal structure 

was maintained after H2S-VPH at a lower temperature, and fully converted to well-

crystallized NiS2 at the higher reaction temperature. Raman spectroscopy determined the 

atomic structure of the S-Fe/Ni. As exhibited in Figure 3.3 (b), the Raman peak of the S-

Fe/Ni corresponds well with that of the Fe-Ni(OH)2, and no other peaks can be observed, 

demonstrating the retained crystal structure. Taken together, the proposed sulfur 

incorporation into Fe-Ni(OH)2 nanosheets was successfully fabricated by carefully 

controlling the H2S-VPH temperature with the preservation of the original crystal 

structure. 
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Figure 3.3 XRD patterns of the fabricated Fe-Ni(OH)2, S-Fe/Ni and Fe-NiS2 (a) and 

Raman spectra Fe-Ni(OH)2 and S-Fe/Ni (b). 

The surface chemical state information of Fe-Ni(OH)2 and S-Ni/Fe(OH)2 were 

further investigated by X-ray photoelectron spectroscopy (XPS). The survey XPS spectra 

of Fe-Ni(OH)2 and S-Fe/Ni in Figure 3.4 (a) firstly demonstrate the incorporated sulfur 

atoms on the surface of the nanosheets. As depicted in the figure, the atomic Fe-Ni ratio 

is about 1:5, which is also same as the solution used to prepare the Fe-Ni(OH)2. 

Additionally, the surface atom ratio between sulfur and nickel can reach 72.7:27.3 for S-

Fe/Ni, implying many sulfur atoms were successfully incorporated into Fe-Ni(OH)2 by 

the facile method. As shown in Figure 3.4 (b), the high-resolution XPS spectrum of Ni 

2p for Fe-Ni(OH)2 shows two main peaks centered at 855.8 and 873.5 eV, which can be 

assigned to Ni 2p3/2 and Ni 2p1/2, respectively. The energy separation between Ni 2p3/2 

and Ni 2p1/2, which is about 17.7 eV, together with the two satellite peaks observed at 

861.5 and 879.6 eV, indicate the existence of the Ni(OH)2 phase.[37, 51-52] Meanwhile, 

there is an obvious change after the H2S-VPH treatment at 100 °C. Specifically, the peaks 

ascribed to Ni 2p3/2 and Ni 2p1/2 shifted to higher binding energy compared to the Fe-

Ni(OH)2, manifesting the strong electron interactions involving the ions. The modified 

electron interactions will modulate the electron states of nickel atoms and accordingly 

will improve the HER activity.[53-55] Furthermore, one more peak appearing at 853.7 eV 



127 

in the Ni 2p1/2 region can be assigned to the Ni-S bonding, which further confirmed the 

successful incorporation of the sulfur atoms into Fe-Ni(OH)2.
[56-58] The O 1s peaks also 

experienced enormous change after H2S-VPH as depicted by the high-resolution XPS 

spectrum of O 1s in Figure 3.4 (c). There are two main peaks centred at 528.6 eV and 

530.8 eV, which can be ascribed to the O2- ions and OH- ions. After the H2S-VPH, the 

main O 1s peak position shift to higher binding energy at around 532 eV, which is 

intensively ascribed to the O- ions.[59] These results demonstrated that the lower 

coordinated oxygen ions on the surface in the S-Fe/Ni(OH)2 comparing to Fe/Ni(OH)2 

resulting from the in situ sulfur doping. Moreover, Figure 3.4 (d) shows the detailed 

analysis of sulfur for S-Fe/Ni(OH)2. The binding energy located at 162.5 and 163.9 eV 

can be assigned to the S2- and the bridging Sn
2-, respectively, which are slightly lower 

than that of elemental S, suggesting the existence of the unsaturated S atoms on Ni-S 

sites. In this case, the sulfur atoms can act as the proton-acceptor centre during the HER 

process in alkaline media.[41, 60] The peak at 168 eV can be ascribed to the residual SO4
2- 

species, possibly resulting from the partial oxidation of surface S after air exposure. 

Therefore, partial sulfur atom incorporation into the Ni(OH)2 nanosheet structure was 

successfully realized by the H2S-VPH method at the low reaction temperature. The 

incorporation of sulfur atoms tends to form active Ni-S dangling bonding and will 

strengthen H3O
+ adsorption, thus facilitating HER kinetics. The modulated electronic 

structure of the metal centers resulting from the sulfur incorporation will positively 

impact the HER catalysis. 
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Figure 3.4 XPS data: (a) survey spectra, (b) Ni 2p and (c) O 1s spectra of Fe-Ni(OH)2 

and S-Fe/Ni. (d) S 2p spectrum of the S-Fe/Ni. 

In addition, Fe-NiS2 acquired at 180 °C were further characterized to compare 

surface compositions. As indicated in Figure 3.5 (a), the two main peaks located at 854 

eV and 871 eV in the Ni 2p region, which can be ascribed Ni 2P3/2 and Ni 2p1/2, 

respectively, indicate the existence of the pure Ni-S bond. Meanwhile, Figure 3.5 (b) 

shows the two strong peaks at 162 and 163.3 in the S 2p region, which can mainly be 

assigned to S 2p3/2 and S 2p1/2 for S2- in NiS2, respectively. This result further confirmed 

the resultant NiS2 at 180 °C, which is in good accordance with the previous XRD result, 

thus the fabricated products were denoted as Fe-NiS2. It should also be noted that surface 

sulfur content incorporated into metal hydroxide can be selectively controlled by different 

H2S-VPH reaction temperatures. As demonstrated by the survey XPS spectra of the 

samples prepared in different temperatures in Figure 3.5 (d), the surface-doped sulfur 



129 

content experienced a gradual increase with the increase in reaction temperature. Based 

on the above discussion, the sulfur-doped Ni(OH)2 has been successfully fabricated on 

the carbon cloth substrate. The surface doped sulfur quantity can be efficiently modulated 

by tuning the reaction temperature, while the pristine lattice structure of the Fe-Ni(OH)2 

is well retained. 

 

Figure 3.5 (a) Ni 2p and (b) O 1s spectra of Fe-NiS2. (c) Fe 2p spectrum of the Fe-

Ni(OH)2, S-Fe/Ni and Fe-NiS2. (d) XPS survey of Fe-Ni(OH)2, Fe-NiS2 and S-Fe/Ni 

prepared at different temperatures. 

3.3.2 Electrocatalytic Performance 

The HER performance of the obtained S-Fe-Ni(OH)2 was further evaluated in the 

electrolytes of 1 M KOH solution using a typical three-electrode system in which the S-

Fe-Ni(OH)2 was directly used as the working electrode (see detailed experiment section). 

As the amount of surface doped sulfur can be controlled by tuning the H2S-VPH 
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temperature according to the XPS results, the catalytic activity towards HER of the S-

Fe/Ni prepared in different H2S-VPH temperatures were evaluated and the corresponding 

polarization curves are shown in Figure 3.6. Results suggest the quantity of surface sulfur 

atoms has a great influence on the HER performance, and indicates the samples prepared 

at 100 °C have optimal catalytic activity towards HER. Therefore, the surface 

incorporated sulfur atoms were further confirmed to play a vital role in improving the 

HER activity and the sulfur doped Fe-Ni(OH)2 were then all treated at 100 °C. 

 

Figure 3.6 Polarization curves of S-Fe/Ni prepared at different temperatures. 

For comparison, Fe-Ni(OH)2, Fe-NiS2 and Pt/C (20%) were also measured. 

According to the polarization curves in Figure 3.7 (a), the pristine Fe-Ni(OH)2 exhibits 

poor HER performance with an onset potential of 260 mV and an overpotential of 420 

mV to reach a current density of 10 mA/cm2. In comparison, S-Fe/Ni shows much 

improved catalytic activity with a low onset potential of 50 mV and an overpotential of 

104 mV to achieve 10 mA/cm2. In addition, the Fe-NiS2 exhibits enhanced HER catalytic 

performance compared to the Fe-Ni(OH)2 but still is inferior to that of S-Fe/Ni, with an 

onset potential of 108 mV and an overpotential of 182 mV to accomplish 10 mA/cm2. S-
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Fe/Ni also provides much higher current densities than Fe-NiS2 at the same 

overpotentials, further implying S-Fe/Ni is substantially more active towards HER than 

Fe-NiS2. Here, for the metal sulfides, S-Hads bonds are easily produced on the surface and 

beneficial for H adsorption. However, due to the coordination state of metal sulfide, the 

water molecules adsorption and activation will be difficult on the catalyst and the HER 

process will be sluggish. Herein, the HER performance of Fe-NiS2 is inferior to the S-

Fe/Ni since the retained metal hydroxide host for S-Fe/Ni will effectively facilitate the 

initial water activation process. Overall, it was demonstrated that the synergistic effect 

between the incorporated sulfur atoms and the preserved transition metal hydroxide host 

might be able to regulate the water dissociation step and optimize the hydrogen adsorption 

free energy towards promoting the HER catalytic performance. 

 

Figure 3.7 (a) Polarization curves Fe-Ni(OH)2, S-Fe/Ni-100, Fe-NiS2 and Pt/C for 

HER. (b) Corresponding Tafel plots. (c) Chronoamperometry measurements of S-Fe/Ni-

100 at various overpotentials. (d) Polarization curves of S-Fe/Ni-100 before and after 

1000 cycles. 
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Furthermore, the corresponding Tafel plots (η vs log (j)) were calculated to 

investigate the HER kinetic process of the fabricated electrocatalysts. As illustrated in 

Figure 3.7 (b), the Tafel slope of the S-Fe/Ni is 51 mV/dec, while the pristine Ni(OH)2 

and Fe-NiS2 are 94 mV/dec and 76 mV/dec, respectively. The smallest Tafel slope of the 

fabricated S-Fe/Ni demonstrates a fast HER rate with applied overpotentials and 

corresponds to the high HER activity shown in the LSV curves. In addition, if the rate-

determining step is the Volmer process, the corresponding Tafel slope will be 118 

mV/dec, and if the rate-determining step shifted from the Volmer step to the Heyrovsky 

or Tafel step, the Tafel slop will be decreased to 30 mV/dec or 40 mV/dec.[33-35] Although 

the reaction pathways are similar, most catalysts in alkaline solution show lower HER 

activity than in acid solutions because of the kinetic energy barrier of the initial water-

dissociation step. The Volmer step is kinetically sluggish and the rate-determining step 

in alkaline solutions. Though the Tafel slope alone is inadequate to confirm the specific 

reaction mechanism, for the S-Fe/Ni catalyst, the much smaller Tafel slope compared to 

Fe-Ni(OH)2 and Fe-NiS2 manifests in the promoted water dissociation step in HER 

kinetics.[40-41, 44] It has been demonstrated that the sulfur atoms incorporation will enhance 

binding with the H atom. In this case, the water dissociation step for transition metal ions 

and the recombination of Hads on sulfur ligands will be promoted, and accordingly, the 

HER kinetics will be further optimized. 

To further evaluate the long-term stability of electrocatalysts, prolonged HER 

processes were conducted at an overpotential of 105 mV and 143 mV (Figure 3.7 (c)). 

Steady HER activity was maintained and no obvious decrease in current density was 

observed over 12 h. Furthermore, accelerated cyclic voltammetry (CV) was conducted 

for 1000 cycles. As demonstrated in Figure 3.7 (d), the catalysts show similar polarization 

curves, and the overpotential required for a current density of 100 mA/cm2 increased by 
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only 9 mV. Therefore, continuous operations for hydrogen evolution in alkaline media 

imply good stability of the fabricated electrode. 

The OER electrocatalytic properties of the fabricated S-Fe/Ni were further explored 

in alkaline media. As shown by the polarization curve in Figure 3.8 (a), S-Fe/Ni 

accomplishes 10 mA/cm2 at a low overpotential of 238 mV. A peak at 1.43 V can be 

assigned to a redox feature of Ni3+/Ni2+, which is constantly observed in other nickel-

based electrocatalysts. To assess the OER stability of S-Fe/Ni, potentiostatic OER was 

carried out. As shown in Figure 3.8 (b), there is no obvious current density decrease 

during the test, demonstrating good catalytic stability. Inspired by the remarkable 

catalytic activity for both HER and OER, an overall water splitting device in 1.0 M KOH 

solution was assembled with the obtained S-Fe/Ni as both the positive and negative 

electrodes. As exhibited in Figure 3.8 (c), the constructed electrolyzer can deliver a 

current density of 10 mA/cm2 at a low potential of 1.59 V, which is close to that of the 

Pt/RuO2 system (1.57 V) and much smaller than those of the bifunctional noble-free metal 

compounds (NiFe 10.1002/adfm.201601420). Additionally, the long-term stability test of 

the constructed electrolyzer was performed at the catalytic current density of ~10 mA 

cm/cm2 at ~1.59 V show no obvious degradation of current density after the long testing 

period according to the i-t curve in Figure 3.8 (d). The above results indicate the fabricated 

S-Fe/Ni is a promising candidate to replace precious metal catalysts to produce clean 

hydrogen. 
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Figure 3.8 (a) OER linear sweeping voltammetry curves of S-Fe/Ni. (b) 

Chronoamperometry measurements of S-Fe/Ni at various overpotentials. (c) Linear 

sweeping voltammetry curve of S-Fe/Ni as OER and HER bifunctional catalyst for 

overall water splitting. (d) The chronopotentiometric curve of water electrolysis for S-

Fe/Ni in a two-electrode configuration with a constant current density of 10 mA/cm2. 

 

3.4 Conclusion 

In conclusion, the sulfur incorporated into the mixed transition metal hydroxide was 

rationally fabricated and presented remarkable electrocatalytic activity towards HER in 

alkaline solution. The significantly improved catalytic activity towards HER compared to 

the pristine Fe-Ni(OH)2 and Fe-NiS2 demonstrated the synergistic effect between the 

retained metal hydroxide host and the incorporated sulfur atoms. Specifically, the retained 
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metal hydroxide can aid in the water cleavage and effectively promote the Volmer steps 

of HER, while the incorporated sulfur atoms will modulate the electronic structure of 

metal ions and optimize H adsorption by forming S-Hads. Furthermore, the fabricated full 

water splitting electrolyzer exhibited remarkable overall water splitting performance 

comparable to the Pt/RuO2 system. Our work presents a rational strategy to promote the 

sluggish HER kinetics of electrocatalysts in alkaline media and to develop efficient 

bifunctional electrocatalysts for overall water splitting system.  
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4.1 Introduction 

There has been an intensive search for economically viable clean energy conversion 

pathway to replace the current carbon-intensive fossil-fuel-based energy consumption 

aiming to cope with the rapid depletion of fossil fuels as well as the serious associated 

environmental impacts. Hydrogen (H2) has emerged as an attractive clean and sustainable 

alternative energy carrier for future energy supply.[1-3] Alkaline water electrolysis is an 

economical and effective strategy for large-scale production of pure hydrogen. However, 

the electrolysis efficiency in the hydrogen evolution reaction (HER) must be guaranteed 

by the utilization of high-active electrocatalysts.[4-6] Currently, platinum (Pt) and Pt-based 

noble metals are the state-of-art electrocatalysts for HER, but their scarcity and high cost 

greatly limit their practical applications.[7-8] Thus, enhancing the sluggish kinetics of the 

electrocatalytic HER using alternative noble-metal-free catalysts is essential for large-

scale and efficient hydrogen production.[9-12] 

To date, various electrocatalysts based on earth-abundant transition metals, such as 

metal sulfides, phosphides, nitrides, and carbides have been explored as attractive 

alternatives to metal Pt.[11, 13-15] Among these, much attention has been paid to cobalt-

based electrocatalysts, regarding preparation processes, catalytic performance, and 

strategies for activity improvement.[16-17] Specifically, cobalt (hydro)oxide-based 

materials have been intensively investigated and proven to be highly efficient for HER in 

alkaline media.[18-21] Furthermore, it has been demonstrated that the overall rate of the 

HER may be accelerated by facilitating the initial water dissociation process and the 

hydrogen adsorption energetics.[9, 19, 22-24] In this regard, as cobalt (hydro)oxides are well-

acknowledged materials with relatively low activation barriers for water dissociation, 

optimizing their hydrogen adsorption and desorption energy is an effective strategy to 

boost the HER activity of cobalt (hydro)oxide.[19, 25] In addition, manipulating the nature 
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of anions in cobalt (hydro)oxide materials effectively accelerates the electron transfer, 

and tune the electronic structure for superior hydrogen adsorption and desorption 

processes. Recently, Fe- and O-doped Co2P and P-doped Co3O4 nanowire array 

nanosheets with improved HER performance have been reported.[10, 26] The accelerated 

water dissociation process and the optimized hydrogen adsorption free energy played a 

vital role in the highly active HER performance. The chalcogen ligands were also 

demonstrated to facilitate H adsorption and desorption on the surfaces of catalysts for 

metal sulfide/selenide, which was intensively explored as efficient HER 

electrocatalysts.[22, 27-29] Therefore, chalcogen anion doped transition metal oxide will 

present significantly improved HER performance in alkaline solutions. 

Despite intensive study on the sulfur atom doping electrocatalysts, it is still essential 

to explore facile and effectual preparation strategies. In most cases of preparing the sulfur 

incorporated metal (hydro)oxide, high temperature processing, such as, solvothermal 

method and chemical vapor deposition process is needed. Furthermore, some preparation 

strategy will result to the agglomeration of the precursors, which will probably worsen 

the activity of the electrocatalysts. In addition, some environmentally friendly sulphides 

such as thiourea and thioacetamide were utilized as the sulfur sources. In these regards, a 

mild and facile approach to obtain sulfur doped metal (hydro)oxide with high 

electrocatalytic activity is strongly considered. 

Herein, S/Se co-doped Co3O4 nanosheets (S/Se-Co3O4) on carbon cloth (CC) were 

rationally fabricated to obtain a remarkable noble metal-free electrocatalyst for HER in 

alkaline solution. The Co3O4 surface can be effectively doped with the chalcogen atoms 

through the facile method. Benefiting from the synergetic effect between the metal oxide 

counterpart and doped chalcogenide atoms, S/Se-Co3O4 presented high electrocatalytic 
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activity towards HER in alkaline media, which achieved a low overpotential of 119 mV 

at 10 mA/cm2, and a Tafel slope of 57 mV/dec. 

 

4.2 Experimental Section 

4.2.1 Materials Synthesis 

1. Chemicals: 

Cobalt (II) nitrate hexahydrate, sodium sulfide, potassium hydroxide and sodium 

selenide were purchased from Chem-Supply. Carbon cloth (CC, WOS 1002) was 

purchased from Ce-Tech Co. Ltd, China. Pt/C (20 wt% Pt on Vulcan XC-72R) and Nafion 

(5 wt%) were purchased from Sigma-Aldrich. All chemicals were used as received 

without further purification. The water used was purified through a Millipore system. 

2. Preparation of S/Se-Co3O4: 

The Co(OH)2 nanosheets were firstly electrodeposited on carbon cloth with an 

Ag/AgCl electrode as the reference electrode and a Pt mesh as the counter electrode in an 

aqueous electrolyte containing 1.0 M Co(NO3)2 and 0.1 M NaNO3 at a constant current 

of 10 mA/cm2 in potential range of -0.2 to -0.9 V. The electrodeposited Co(OH)2 was 

then calcined at 300 °C for 30 min in air to convert to Co3O4. The S/Se-Co3O4 were 

prepared by room-temperature anion substitution strategy. Typically, the Co3O4 

nanosheets were immersed into 0.1 M Na2Se and Na2S solution for 30 min. The samples 

were finally collected after a careful rinse with ethanol and distilled water. 

4.2.2 Characterization and Electrochemical Tests 

The crystal structures of the samples were investigated using X-ray diffraction (XRD, 

Bruker,) The X-ray photoelectron spectroscopy (XPS) data were collected with a Kratos 
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Analytical Axis Ultra X-ray photoelectron spectrometer with an Al X-ray source (1.487 

KeV). The morphology and microstructure were characterized by scanning electron 

microscope (SEM) and field-emission transmission electron microscopy (FE-TEM, 

Tecnai F20). 

Electrochemical Measurements: 

Electrochemical measurements were carried out in a typical three-electrode system 

with an electrochemical station (CHI 660D) at room temperature. The obtained samples 

were directly used as the working electrode, while a graphite rod and Hg/HgO electrode 

were served as the counter electrode and the reference electrode respectively. All the 

potentials were calibrated to a reversible hydrogen electrode (RHE) and all data were iR 

corrected. All measurements were performed in 1 M KOH aqueous solution at room 

temperature. Commercial Pt/C loaded on CC were fabricated for comparison. Pt/C 

powder (20 mg) was dispersed into 980 µL of water/ethanol (v/v=1:2) solvent, then 20 

µL of 5wt% Nafion was added. After sonicating for 30 min, 100 µL of the Pt/C ink was 

loaded on CC (1 cm2) for activity testing. LSV curves were conducted with a scan rate of 

1 mV/s. The long-term durability tests were performed using chronopotentiometry 

measurements. 

X-ray absorption spectroscopy (XAS): 

XAS measurements were used to investigate the structure-performance. he sulfur-

doped Co3O4 (S-Co3O4) was prepared by the room-temperature anion substitution 

strategy in 0.1 M Na2S. The sulfur-doped Co3O4 nanosheets after HER (Co3O4-A) were 

also characterized to understand the structure of the catalyst under reaction conditions. 

The XAS measurements were conducted at the National Synchrotron Radiation Research 

Center (NSRRC) in Hsinchu, Taiwan. 



147 

 

4.3 Results and Discussion 

Here, Co(OH)2 was firstly prepared on carbon cloth (CC) by a facile cathodic 

electrodeposition method in cobalt nitrate electrolyte. The CC was applied as the 

conductive support since it is low-cost, has excellent conductivity and negligible HER 

activity. Then the Co(OH)2 was annealed at 300 °C for 2 h to fully convert into well-

crystallized Co3O4. Finally, the obtained Co3O4 underwent a room-temperature anion 

doping process, where the cobalt oxides were submerged into a Na2S and Na2Se mixed 

solution at room temperature for a certain time to control the incorporation of the foreign 

anions. It has been reported that the transition hydroxides will continuously convert to 

sulfides in a Na2S solution (2.0 M).[30] Herein for the cobalt oxide, appropriate reaction 

conditions will result in chalcogen atoms doped Co3O4. 

4.3.1 Characterizations 

In the present work, the freshly prepared S/Se-Co3O4 electrocatalyst demonstrated 

increasingly enhanced HER activity after being subjected to 100 cycles of CV scan at 50 

mV/s in 1.0 M KOH (S/Se-Co3O4-A). The structure of S/Se-Co3O4 and S/Se-Co3O4-A 

was firstly investigated by scanning electron microscopy (SEM). As indicated in Figure 

4.1 (a) and (b), the entire surface of the carbon cloth was still uniformly coated with 

nanosheets and there were no nanosheets peeled off from the substrate. The SEM images 

for S/Se-Co3O4 confirmed the retained nanosheet structure of the Co3O4 after the room 

temperature anion substitution. The open-structured nanosheets were interconnected with 

each other, providing abundant accessible active sites for efficient electrocatalytic HER. 

Figure 4.1 (c) and (d) present the SEM images of S/Se-Co3O4-A. The nanosheet structure 

was well preserved after the electrochemical activation, while the smooth surface of the 

nanosheets became wrinkled after electrochemical voltametric scans. 
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Figure 4.1 SEM images of S/Se-Co3O4 (a-b) and S/Se-Co3O4-A (c-d). 

According to the transmission electron microscopy (TEM) images presented in 

Figure 4.2 (a) and (c), S/Se-Co3O4 and S/Se-Co3O4-A have a similar nanosheet 

morphology. As illustrated by the HRTEM in Figure 4.2 (b) and (d), the clear lattice 

fringes can be clearly observed for both samples, illustrating the well-crystallized nature 

of the materials. Herein, the anion incorporation reaction occurs only on the surface of 

Co3O4 nanosheets, and the CV scans did not induce crystal structure change. The selected 

area electron diffraction (SAED) (insets in Figure 4.2 b, d) further confirmed the well-

crystallized phase of Co3O4 and there are no cobalt selenide or cobalt sulfide domains 

formed. 



149 

 

Figure 4.2 TEM images of S/Se-Co3O4 (a-b) and S/Se-Co3O4-A (c-d). 

From the above characterizations, it is demonstrated that the Co3O4 can incorporate 

the foreign anion atoms, and the original nanosheet morphology was maintained after the 

facile immersion treatment. Moreover, after electrochemical activation, the nanosheets 

morphology was retained with slight coarsening on the surface, and no crystal structure 

change was detected. 

Figure 4.3 presents the X-ray diffraction (XRD) patterns of S/Se-Co3O4-A. The 

observed diffraction peaks can be indexed to crystalline Co3O4 (JCPDS 43-1003) and 

carbon cloth substrate (at 25° and 44°). No peaks attributed to the cobalt sulfide or cobalt 
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selenide can be observed.[26, 31] Hence, consistent with the SAED results, the XRD data 

confirmed that no formation of transition metal chalcogenide crystals has been induced 

during the S/Se co-incorporation or the electrochemical activation. 

 

Figure 4.3 XRD patterns of S/Se-Co3O4-A. 

The facile incorporation of the sulfur and selenium atoms was further confirmed by 

the X-ray photoelectron spectroscopy (XPS) analysis. As demonstrated by the survey 

spectra in Figure 4.4 (a), after the room temperature immersion treatment, the S and Se 

content on the surface increased significantly. After completing the CV scan, the amount 

of S and Se content experienced a slight decrease according to the survey spectra, which 

was also observed in previous studies.[32-33] High-resolution XPS of the freshly prepared 

S/Se-Co3O4 and S/Se-Co3O4-A was used to further investigate the surface bonding 

information during electrochemical testing and to identify the active species. As presented 

in Figure 4.4 (b), the two main peaks centered at 781.5 and 786.4 eV corresponding to 

Co 2p3/2 and 2p1/2, respectively, were observed in the Co 2p region for S/Se-Co3O4. In 

addition, the split spin-orbit of 2p is 15 eV, which is consistent with the reported values 

for Co3O4.
[31] It is noteworthy that an additional peak located at 778.9 eV appeared, which 

can be attributed to the formation of Co-S or Co-Se bonds after electrochemical 
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activation.[21, 30, 34] This XPS result clearly indicated that the electrochemical scan induced 

electron interactions  modulate the electron states of cobalt atoms and accordingly lead to 

enhanced HER activity. 

 

Figure 4.4 XPS data: (a) survey spectra, (b) Co 2p, (c) S 2p and (d) Se 3d spectrum 

of S/Se-Co3O4 and S/Se-Co3O4-A. 

The sulfur peak was further resolved into two doublets at around 162.5 eV and 165.6 

eV as depicted in Figure 4.4 (c). The peak with the lower electron BE can be assigned to 

S 2p3/2 (S 2p1/2), while the higher BE can be ascribed to the residual SO4
2- species.[24, 

35-36] Furthermore, the Se 3d peaks at around 55.1 eV can also be indexed to Se 3d3/2 (Se 

3d5/2) of the selenide species, while the peak centered at 59.8 eV corresponded to 

oxidation of the Se species.[32] Obvious decreases in oxidation state features of both S and 

Se species in the S 2p spectrum and Se 3d spectrum of S/Se-Co3O4-A suggested that the 

remaining sulfide/selenide species were essential to the excellent catalytic performance 
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towards HER.[33, 37] To further confirm the elemental composition change during the 

electrochemical activation, the selenium doped Co3O4 was further immersed in a 0.1 M 

Na2Se solution for 6000s, and the as-obtained samples were named Se-Co3O4. The high-

resolution XPS spectra in Figure 4.5 illustrated the peaks of the Co-Se bond appearing 

after electrochemical activation and the decrease of the oxidation state of Se species, 

which was consistent with the results for S/Se-Co3O4. 

 

Figure 4.5 XPS data: (a) Co 2p, (b) Se 3d spectrum of Se-Co3O4 and Se-Co3O4-A. 

4.3.2 Electrochemistry of S/Se-Co3O4 

The HER performance of electrochemically activated S/Se-Co3O4 was evaluated in 

1.0 M KOH. Co3O4 and Pt/C on CC were also tested for comparison. The iR correction 

was applied to all experimental data to eliminate the influence of the solution resistance, 

and all potentials were calibrated to a reversible hydrogen electrode (RHE) unless 

specifically explained. As shown in Figure 4.6 (a), the Pt/C is highly active for the HER 

and need only 44 mV to reach a current density of 10 mA/cm2, while the pristine Co3O4 

presents poor HER performance with a considerably larger overpotential of 270 mV to 

achieve 10 mA/cm2. In comparison, S/Se-Co3O4 shows much improved catalytic activity 

with a low onset potential of 70 mV and an overpotential of 119 mV to achieve 10 

mA/cm2. 
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The corresponding Tafel plots are presented in Figure 4.6 (b) to further investigate 

the HER kinetics. The Tafel plots of S/Se-Co3O4 implies a small Tafel slope (57 mV/dec), 

indicating favourable HER kinetics and a fast HER rate with applied overpotentials. 

Additionally, if the rate-determining step is the Volmer process, the corresponding Tafel 

slope will be 118 mV/dec, and if the rate-determining step shifted from Volmer step to 

the Heyrovsky or Tafel step, the Tafel slop will be decreased to 30 mV/dec or 40 mV/dec. 

Therefore, a Volmer-Heyrovsky mechanism was determined for S/Se-Co3O4, and the 

Heyrovsky step is the rate-determining step for HER.[24-25, 38-39] Though the Tafel slope 

alone is inadequate to confirm the specific reaction mechanism, for the S/Se-Co3O4 

catalyst, the smaller Tafel slope compared to Co3O4 indicated the accelerated water 

dissociation step. Here, the water dissociation step on transition metal ions and the 

recombination of Hads on chalcogen ligands was promoted and the HER kinetics 

optimized. 

 

Figure 4.6 (a) Polarization curves for Co3O4, S/Se-Co3O4 and Pt/C on CC with a 

scan rate of 1 mV/s. (b) corresponding Tafel plots of for Co3O4, S/Se-Co3O4 and Pt/C on 

CC. 

X-ray absorption spectroscopy (XAS) was conducted further to understand the 

structure-performance relationships. The sulfur component in the S-Co3O4 was studied 

with S K-edge XANES. The peak energy is proportional to the sulfur oxidation state for 
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sulfur compounds, ranging from 2742 eV for S2
2- to 2483 for S6+.[40-41] As illustrated in 

Figure 4.7 (b), the S K-edge peak positions (2471.4 and 2481.6 eV) for S-Co3O4 indicate 

the coexistence of S2
2- and S6+, which is consistent with the XPS data. The S K-edge 

spectrum of S-Co3O4 after HER (Figure 4.7 b) exhibits similar peak energy and shape 

compared to that of the prepared S-Co3O4, while a shoulder appears at a lower energy 

(2469.8 eV). This suggests reduction of the sulfur species to S2- after the HER process. 

Thus, the S2- species formed under negative potential are proposed to play a vital role in 

the HER reaction on the surface of catalysts. 

 

Figure 4.7 Sulfur K-edge spectra of S-Co3O4 and S-Co3O4-A. 

 

4.4 Conclusion 

In conclusion, the chalcogen atoms co-doped Co3O4 was fabricated by room-

temperature anion substitution method. By immersing the cobalt oxide precursor into the 

solution with S2- and Se2-, the transition metal oxide converts to anion doped counterparts 
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without morphological changes. By tailoring the anion species, the HER kinetics were 

accelerated with the formation of a large amount of Co-S and Co-Se bonds. Therefore, 

the in situ-generated S/Se co-doped cobalt oxide exhibited improved HER performance 

compared to the original metal oxide with an overpotential of -119 mV to achieve a 

current density of 10 mA/cm2. This work presents a favourable strategy for exploring 

efficient and robust electrocatalysts for HER, which are promising in the application of 

alkaline electrolyzers.  
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5.1 Introduction 

Hydrogen gas has been recognized as a promising energy carrier and is widely used 

in various industrial chemical processes.[1-2] Nowadays, the majority of hydrogen 

production is implemented by the steam-reforming of fossil fuels, which suffer from high 

energy consumption and serious carbon dioxide emissions.[3-4] In strong contrast, water 

electrolysis in alkaline media is a clean and sustainable strategy to produce high-quality 

H2 when driven by the electricity generated from renewable energy sources (e.g. sunlight 

and wind).[5] However, the water electrolysis efficiency is severely hindered by the 

sluggish hydrogen evolution reaction (HER) kinetics. Thus, highly active and stable 

electrocatalysts are essential to lower the HER overpotential.[6-9] Although platinum (Pt)-

based materials are the benchmark HER catalysts with a zero HER overpotential, their 

high cost and scarcity significantly limit their large-scale application.[10-12] Therefore, 

investigating earth-abundant alternatives to Pt-based catalysts with efficient and stable 

HER activity is paramount to the large-scale production of hydrogen.[13-17] 

The typical process of HER in the alkaline environment on the surface of 

electrocatalysts proceeds in two radical steps: the Volmer step (M + H2O + e- → M-Hads 

+ OH-) followed by the Heyrovsky step (M-Hads + H2O + e- → M + H2 +OH-). Therefore, 

the water dissociation to form H atoms adsorbed on the surface of catalysts (Hads) and the 

M-Hads bond strength simultaneously determine the catalytic activity of the HER.[16, 18-19] 

Recently, Markovic et al. reported highly active Ni(OH)2/Pt composites, which in a 

bifunctional mode of action, the Ni(OH)2 enhance the water dissociation and the produced 

Hads intermediates then adsorb on the Pt surface to recombine into H2.
[18, 20] In addition, 

various effective strategies have been developed to promote the catalytic activity towards 

HER in alkaline media by facilitating the activation and cleavage of water molecules or 
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optimizing atomic hydrogen adsorption and desorption on the electrocatalysts, or both.[13-

14, 17, 19, 21] 

Heteroatom doping is known to create additional catalytically active sites and 

manipulate the electronic structure of the catalysts, which can not only facilitate the initial 

water dissociation step but also promote hydrogen adsorption and evolution by lowering 

the hydrogen adsorption kinetic energy barrier.[17, 22-23] Specifically, extensive work on 

Ni-doped MoS2 nanosheets, Mn-doped CoP, and Co-doped Mo2C have indicated that 

cation doping is effective in improving the HER performance,.[17, 24-25] However, the 

reported work mainly focused on the catalysts with optimal adsorption energies, while 

the transition metal (hydro)oxides with a favourable balance between facilitating water 

dissociation and desorption of OHads have been rarely reported.[26-27] Thus, incorporating 

heteroatom atoms with optimal adsorption energy for hydrogen intermediates into 

transition metal (hydro)oxides could benefit the HER kinetics. 

In this work, molybdenum doped into cobalt hydroxide (Mo-Co(OH)x) was 

successfully fabricated by facile electrodeposition and a subsequent electrochemical 

activation strategy. Compared to the MoO2 and Co(OH)x, the obtained Mo-Co(OH)x 

presents excellent catalytic reactivity towards HER, requiring only 80 mV and 150 mV 

to achieve a current density of -10 mA/cm2 and -100 mA/cm2 in 1 M KOH, respectively. 

The Mo doping can speed up the sluggish HER kinetics of metal hydroxides by lowering 

the kinetic energy barrier of the water dissociation step and optimizing the hydrogen 

adsorption and desorption on the catalysts. Consequently, all the benefits indicate 

remarkable electrocatalytic performance of Mo-Co(OH)x for HER. 
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5.2 Experimental Section 

5.2.1 Materials Synthesis 

1. Chemicals: 

Sodium acetate (NaOAc, anhydrous), nickel acetate (NiOAc, tetrahydrate, 98%) and 

cobalt chloride (CoCl2, tetrahydrate, 99%) were purchased from Sigma-Aldrich. 

Ammonium heptamolybdate (NH4)6Mo7O24, tetrahydrate, 98%), ammonium chloride 

(NH4Cl), potassium hydroxide (KOH, >85%) and ammonia solution (30%) were 

purchased from Chem-supply. Carbon cloth (CC, WOS 1002) was purchased from Ce-

Tech Co. Ltd, China. Pt/C (20 wt% Pt on Vulcan XC-72R) and Nafion (5 wt%) were 

purchased from Sigma-Aldrich. All the chemical reagents utilized in this study were 

analytical grade and directly used without any further purification. Solution preparation: 

Millipore deionized water (18.2 MΩ cm) was used to prepare all the solutions. 

All the electrochemical experiments were conducted using a CHI 660E 

electrochemical workstation (CH Instruments, Inc., Shanghai) in a three-electrode 

system. Carbon cloth was firstly washed in acetone, ethanol and deionized water to ensure 

the surface is well cleaned. 

2. Electrodeposition of MoO2: 

The MoO2 was electrodeposited followed the previously reported procedures.[28] The 

electrodeposition electrolyte was an aqueous solution with 0.1 M (NH4)6Mo7O24∙4H2O 

and 1 M NH4Cl, and some NH3 was added to adjust the pH value between 8 and 10. The 

electrodeposition was conducted in a three-electrode system with carbon rod, a saturated 

Ag/AgCl electrode and CC as the counter, reference and working electrode, respectively. 

the experiment was performed in the potential of -0.4 V to -0.8 V at the current density 
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of 10 mA/cm2 for different deposition time ranging from 150s to 250s. The obtained 

electrode was then washed with ethanol several times. 

3. Electrodeposition of Co(OH)x: 

The Co(OH)x were anodically electrodeposited on CC according to the previously 

reported procedures with minor modification.[29] All the electrodeposition solutions 

contained 0.1 M NaOAc as a supporting electrolyte. For the electrodeposition of CoOx, 

the concentration of CoCl2 is 16 mM, while the concentrations of CoCl2 and NiOAc are 

all 16 mM for electrodeposition of CoNi(OH)x. The carbon cloth was used as the working 

electrode, a carbon rod and Ag/AgCl/sat. KCl was applied as the counter and reference 

electrode, respectively. The electrodeposition was performed by consecutive linear 

sweeps from 1.7 V to 2.0 V vs. RHE at 10 mV/s. The catalysts were deposited on a carbon 

cloth by 100 consecutive linear sweeps. 

4. Electrodeposition of MoO2/Co(OH)x composites: 

The electrodeposition was performed using the same procedures as the 

electrodeposition of Co(OH)x, except using the electrodeposited MoO2 electrode as the 

working electrode. 

5. Electrochemical activation: 

The freshly fabricated electrode was electrochemically activated by performing 

appropriate CV scans in 1.0 M KOH. Typically, 1,000 cycles of CV scan between +0.1 

and -0.4 V vs. Hg/HgO and a scan rate of 50mV/s were conducted for Mo-Co(OH)x on 

CC. 

5.2.2 Characterization and electrochemical tests 

Powder X-ray diffraction (XRD) patterns were conducted with Cu Kα radiation 

(λ=1.5418 Å). X-ray photoelectron spectroscopy (XPS) was recorded on the XPS 
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instrument using Mg as the excitation source. Scanning electron microscopy (SEM) 

images were taken on a Hitachi field-emission SEM. Raman spectra were measured with 

a Renishaw system Raman spectrometer (632.8 nm He-Ne laser) with a spectral 

resolution of 2 cm-1 (calibrated using the 520 cm-1 silicon band). The TEM observations 

were conducted using Philips Tecnai F20 with the scanning transmission electron 

microscopy-energy dispersive X-ray spectroscopic (STEM-EDS) and EDS solid-state X-

ray detector under the accelerating voltage of 200 kV. 

All the electrochemical measurements were implemented in a typical three-electrode 

system controlled by a CHI 660E electrochemical workstation (CH Instruments, Inc., 

Shanghai). The fabricated electrode was used as the working electrode directly. A 

Hg/HgO electrode and a carbon rod were utilized as the reference and counter electrodes, 

respectively. The sample of Pt/C was prepared by drop-coating Pt/C ink on carbon cloth. 

The Pt/C catalyst ink was prepared by dispersing 20 mg Pt/C (20wt%) and 20 µl of 5wt% 

Nafion solution in 980 µl water/ethanol (1:1 v/v) solution. 

The final HER activity of the prepared catalysts was evaluated after conducting 

electrochemical activation. Typically, Mo-Co(OH)x on CC were subjected to 1,000 cycles 

of CV scan at 50 mV/s in KOH. The potentials measured versus Hg/HgO were converted 

to the reversible hydrogen electrode (RHE) according to E (vs. RHE) = E (vs. Hg/HgO) 

+ 0.924 V in 1.0 M KOH. The overpotentials (η) of HER were obtained from ηHER=-

E(RHE). The linear sweep voltammetry was performed at a scan rate of 5 mV/s, and the 

Tafel curves were recorded at a scan rate of 1 mV/s. 
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5.3 Results and Discussion 

The Molybdenum modulated Co(OH)x (Mo-Co(OH)x)electrocatalysts on carbon 

cloth (CC) were fabricated by a two-step electrodeposition method. Firstly, the MoO2 was 

electrodeposited on the CC by cathodic electrodeposition method. Then, a thin layer of 

Co(OH)x was deposited on the surface by anodically electrodeposition method. 

5.3.1 Characterizations 

To carefully control the amount of the two compounds on the CC in the final 

composites, MoO2 and Co(OH)x were directly electrodeposited on CC separately at first. 

Figure 5.1 (a) and (b) present the typical SEM images of Co(OH)x electrodeposited 

directly on CC. Co(OH)x layers were uniformly coated on the surface of CC with a 

thickness of around 100 nm. It should be noted that the thickness of Co(OH)x deposited 

on CC was limited even though a greater number of deposition cycles were conducted, 

which has been previously demonstrated to result from the balance between the 

deposition of new material and the dissolution.[29] In this regard, 100 consecutive linear 

deposition sweeps for Co(OH)x deposition were performed in all the experiments. Figure 

5.1 (c) and (d) showed the SEM images of the fabricated pure MoO2 with the deposition 

time of 175s, which prese3.nted a uniform and smooth layer coating on CC. It has been 

demonstrated that the thickness of the MoO2 can be tuned between several hundred 

nanometers to several micrometers.[28, 30] Thus, we carefully adjusted the 

electrodeposition of MoO2 to fabricate the final Mo-Co(OH)x with a different atomic ratio 

of Mo: Co. 
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Figure 5.1 (a) and (b) SEM images of Co(OH)x electrodeposited on CC, (c) and (d) 

SEM images of MoO2 electrodeposited on CC. 

The SEM images of the successfully fabricated Mo-Co(OH)x are presented in Figure 

5.2. As indicated in Figure 5.2 (b), the Co(OH)x layers were well coated on the 

electrodeposited MoO2, though some Co(OH)x layers are partly peeled off from the host. 

The corresponding EDS mapping further confirmed the core-shell hierarchical structure 

of the fabricated electrode, in which the element Mo was homogeneously distributed on 

the surface of CC, while Co was mainly observed on the outer layer of Mo. Thus, the 

transition metal (hydro)oxide hybrids were successfully obtained by the two-step 

electrodeposition strategy. 
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Figure 5.2 (a) and (b) SEM images of the electrodeposited Mo-Co(OH)x composites, 

(c-f) the corresponding EDS mapping. 

5.3.2 Electrocatalytic Activity towards HER 

The electrocatalytic activity towards HER of the fabricated Mo-Co(OH)x was further 

evaluated in 1.0 M KOH (pH=14) using a standard three-electrode system. Since the 

amount of Co(OH)x deposited on the carbon cloth is limited, the deposition time of MoO2 

was purposely adjusted to fabricate various Mo-Co(OH)x with different Mo: Co atomic 

ratios. The HER activity in these Mo-Co(OH)x experienced a significant improvement 

with increasing cycling number. The excellent HER performance was achieved and 

retained after hundreds of cycles at a scan rate of 50 mV/s, suggesting the hybrid was 

electrochemically activated during HER. Thus, the final HER activity of the obtained 

catalysts was evaluated after conducting 1,000 cycles of electrochemical activation. 

The polarization curves of Mo-Co(OH)x with different atomic ratios of MoO2 and 

Co(OH)x are presented in Figure 5.3 (a), which suggest 175 s is the optimal 

electrodeposition time for MoO2 to achieve the best HER electrochemical performance. 
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Thus, the electrodeposition time for MoO2 was kept for 175s in all the following 

experiments. The activity of MoO2, Co(OH)x, and Pt/C were also tested for comparison 

in Figure 5.3 (b). The pure MoO2 exhibited negligible HER current density in the tested 

potential range. Nevertheless, the Mo-Co(OH)x presented a low onset overpotential of 

~46 mV, and an overpotential of 80 mV to reach a current density of -10 mA/cm2. 

Co(OH)x needs much higher overpotential of around -300 mV to achieve the same current 

density. Moreover, Mo-Co(OH)x gives much higher current densities than MoO2 and 

Co(OH)x at the same overpotentials, indicating that the Mo-Co(OH)x has the best catalytic 

activity. Tafel plots are another essential parameter to evaluate the HER kinetics of 

catalysts. The Tafel plots curves were plotted according to the equation 𝜂 = 𝑎 + 𝑏𝑙𝑜𝑔(𝑗), 

where a represents the intercept and b is the Tafel slope. Figure 5.3 (c) exhibits the Tafel 

plots of the corresponding polarization curves. Mo-Co(OH)x has a Tafel slope of 46 

mV/dec, which is smaller than that of Co(OH)x (92 mV/dec), indicating the improved 

HER kinetics. Although the Tafel slope alone is insufficient to determine the specific 

mechanism, the obviously smaller Tafel slope of Mo-Co(OH)x compared to that of 

Co(OH)x, indicates the promoted Volmer step in the HER kinetics.[17, 31-32] Long-term 

stability of electrocatalysts is another essential factor for a practical HER electrode and 

was further evaluated—the chronoamperometry experiments of Mo-Co(OH)x were 

conducted at the overpotential of -130 mV for 12 h as presented in Figure 5.3 (d). A 

steady HER activity was maintained and no obvious decrease in current density was 

observed over 12 h. 
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Figure 5.3 (a) Polarization curves of Mo-Co(OH)x with a different electrodeposition 

time of MoO2. (b) Polarization curves and (c) corresponding Tafel slopes of MoO2, Mo-

Co(OH)x, Co(OH)x and Pt/C catalysts. (d) Long-term durability of Mo-Co(OH)x at the 

overpotential of -130 mV in 1.0 M KOH. 

The electrodeposition method was further extended to the deposition of nickel 

oxyhydroxides and binary oxyhydroxides. The catalytic performances were further 

evaluated, and the corresponding polarization curves are presented in Figure 5.4. Notably, 

even though the Ni-MoO2 and NiCo-MoO2 exhibited significantly better catalytic activity 

towards HER than pure MoO2, their performances were still worse than Mo-Co(OH)x. 

Specifically, the Mo-Ni(OH)x and Mo-NiCo(OH)x show overpotentials of 387 mV and 

203 mV, respectively, to reach a current density of 10 mA/cm2. Thus. Mo atoms doping 

in the cobalt hydroxide and nickel hydroxide lead to significant HER activities. In 

addition, Markovic et al. established the relationship between HER activity and the OHads-
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M2+δ energetics using M2+δOδ(OH)2-δ/Pt(111) surfaces. Accordingly, the activity of the 

HER in alkaline media for the 3d-M hydr(oxy)oxide systems follows the order Ni > Co 

> Fe > Mn, when the OHads-M
2+ interaction is the primary descriptor. Specifically, the 

Ni(OH)2/Pt has the most favorable balance between facilitating water dissociation and 

preventing “poisoning” with OHads.
[26] In our case, the Mo-Co(OH)x with better catalytic 

reactivity than Mo-Ni(OH)x demonstrated that the Mo doping is essential not only to the 

activation and cleavage of the O-H bonds of H2O but also to facilitate atomic hydrogen 

adsorption and desorption on the electrocatalysts. 

 

Figure 5.4 Polarization curves of the obtained Mo-Ni(OH)x, Mo-CoNi(OH)x and 

Mo, Co(OH)x. 

5.3.3 Catalytic Active Sites in Activated Catalysts 

To further investigate the changes in the material and identify the active form of the 

catalyst during electrochemical testing, the catalysts were carefully characterized after 

long-term activation. The X-ray diffraction (XRD) patterns investigated the crystalline 

phase change of the fabricated Mo-Co(OH)x during HER (Figure 5.5 (a)). For Mo-
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Co(OH)x, there were no additional observed diffraction peaks besides the ones assigned 

to carbon cloth, revealing the amorphous nature of the composite. While after HER, two 

observed peaks, which can be indexed to the (001) and (101) of β-Co(OH)2, demonstrated 

the formation of poorly crystallized Co(OH)2 after HER.[33] Raman spectra were also used 

to monitor structural evolution during HER. As depicted in Figure 5.5(b), a set of strong 

Raman peaks can be seen at around 900 cm-1, which were consistent with previously 

reported Mo-O vibrations.[34] The other peaks at lower Raman shifts can be assigned to 

the deformation of Mo=O stretching mode.[35] These Raman features indicated the 

existence of MoO2 in the sample.[23, 36] For Mo-Co(OH)x-HER, the Raman spectra 

presented a significant change and three distinguished peaks can be observed. The peaks 

centered around 527 and 580 cm-1 can be assigned to the Co-O stretching vibration of the 

amorphous phase, though they were not consistent with any well-defined forms of cobalt 

(hydro)oxide due to the Mo incorporation.[33] Notably, the obvious peak at 689 cm-1 can 

be attributed to the A1g mode. Compared to the crystalline phase, the bands of the obtained 

products are broadened. The XRD and Raman spectra suggest that the crystalline 

structure experienced a significant change during long-term HER. Specifically, the 

catalysts gradually changed into amorphous cobalt hydroxide with low crystallinity. 

 

Figure 5.5 (a) XRD patterns and (b) Raman spectra of Mo-Co(OH)x before and after 

electrochemical activation. 
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Furthermore, the morphology and composition of Mo-Co(OH)x after HER were 

characterized by SEM and EDS as shown in Figure 5.6. After performing HER, the Mo-

Co(OH)x were crimped and became small interconnected nanosheets, which were 

vertically grown on the CC. Together with the morphology changes, the elements were 

becoming uniformly distributed throughout the product, which is different from the 

original stacking structure as shown in Figure 5.6(c-f). The EDS results further revealed 

that the content of Mo, Co and O were 5%, 12%, and 83%, respectively. All these results 

confirmed the obvious change in both the structure and composition of Mo-Co(OH)x after 

the electrochemical activation. Figure 5.7 presents the transmission electron microscopy 

(TEM) images of the Mo-Co(OH)x and Mo-Co(OH)x-HER. The selected area electron 

diffraction (SAED) patterns further demonstrated the amorphous nature of samples before 

and after electrochemically activation. The results demonstrated that the obtained 

amorphous architecture features with homogeneously dispersed Co and Mo atoms were 

essential to the significantly enhanced catalytic performance. 

 

Figure 5.6 (a) and (b) SEM images of Mo-Co(OH)x after electrochemical activation. 

(c-f) the corresponding EDS mapping images. 
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Figure 5.7 TEM images of Mo-Co(OH)x before (a) and after (b) electrochemical 

activation. 

X-ray photoelectron spectroscopy (XPS) was applied to investigate the changes in 

surface element states in the HER process. The XPS survey was firstly compared as 

shown in Figure 5.8 (a), implying dramatic element content change after electrochemical 

activation. As illustrated, for Mo-Co(OH)x, the original molar ratio of Mo and Co was 

about 58:1 on the surface of samples. After HER, the molar ratio decreased dramatically 

to 0.4:1, which agreed well with the EDS mapping. This result suggests Mo incorporation 

into Co(OH)x after electrochemical activation. As shown in the high-resolution Co 2p 

spectra in Figure 5.8 (b), the Co 2p3/2 and Co 2p1/2 peak centered at 780.4 and 795.5 eV 

which can be attributed to the Co2+ chemical state, was observed for both samples. The 

result suggested the chemical states of Co on the surface did not change during 

electrochemical activation. The change of the chemical state of Mo was also compared to 

investigate the transformation. Figure 5.8 (c) presents the high-resolution XPS spectra of 

the Mo 3d spectra. Two pairs of distinct peaks can be seen in both samples. For Mo-

Co(OH)x, one pair located at 232.6 and 235.7 eV can be attributed to the 3d5/2 and 3d3/2 

of Mo6+, while the other pair located at 231.0 and 234.1 eV are associated with Mo5+ 

species. After HER, all peaks experienced a slight shift towards lower binding energies, 
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suggesting that the electron possibly transferred from Co to Mo and the Mo successfully 

distributed into the host material after HER.[37] Notably, the peaks assigned to Mo5+ 

decreased significantly under the reductive potential applied HER catalysis, which 

demonstrated that no electrochemical reduction of Mo species occurred. In addition, the 

high-resolution O 1s spectra was presented in Figure 5.8 (d). For the freshly prepared 

samples, the peak at 531.1 eV was attributed to the oxygen bond of cobalt hydroxide and 

the peak at 532.1 eV was assigned to the adsorbed H2O molecules. After the 

electrochemical activation, a new peak at a lower binding energy of 530.0 eV appeared, 

which indicated a change in the coordination configuration of Mo or Co with O.[36, 38] 

Therefore, the main component of the Mo-Co(OH)x-HER was the in situ-generated Mo-

doped amorphous cobalt hydroxide. 

 

Figure 5.8 (a) Survey, (b) Co 2p, (c) Mo 3d and (d) O1s XPS spectra of the obtained 

Mo-Co(OH)x and Mo-Co(OH)x after electrochemical activation. 
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5.4 Conclusion 

In summary, the molybdenum doped into 3d transition metal hydroxides significantly 

accelerated the sluggish HER kinetics of metal hydroxides in alkaline media. The 

introduced Mo sites can not only effectively facilitate the water dissociation process and 

the desorption of the OHads intermediates, but also simultaneously optimize the hydrogen 

adsorption free energy. Therefore, the in situ-generated Mo-doped amorphous cobalt 

hydroxide exhibited a remarkable HER performance with a small overpotential of -80 

mV to achieve a current density of 10 mA/cm2. This work presents a favourable strategy 

for exploring efficient and robust electrocatalysts for HER, which are promising in the 

application of alkaline electrolyzers.  
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Chapter 6.  Conclusions and Future Work 

6.1 Conclusions 

Hydrogen (H2) has been regarded as a promising clean and sustainable alternative 

energy carrier to fulfill the rapidly increased world energy demand. Among various 

hydrogen production strategies, water electrolysis in alkaline media is a clean and 

sustainable strategy to produce high-quality H2. Recently, extensive efforts have been 

devoted to the development of highly active catalysts to accelerate the HER kinetics to. 

Thus, the research work in this thesis focuses on the improvement of HER catalytic 

activity of the transition metal (hydro)oxide. Here, heteroatom doping strategy is explored 

to alter the surface electronic structure, and thus to facilitate the hydrogen evolution in 

alkaline solution. 

The research work in Chapter 2 demonstrated the H2S-VPH strategy can be applied 

to fabricate in situ sulfur-doped cobalt oxide. The introduced sulfur ligands act as the 

active site for adsorption and desorption of hydrogen atoms. Notably, the structure and 

morphology experienced a significant change during HER process. Thus, the resulted 

sulfur-doped cobalt hydroxide will benefit water dissociation, while sulfur ligands will 

facilitate the H adsorption/desorption on the surface, thus the Volmer and Heyrovsky 

steps for HER are greatly promoted. Herein, the catalyst exhibits remarkable enhance 

HER activity and durability with a low overpotential of 119 mV at 10 mA/cm2 and 

excellent durability. 

Chapter 3 the sulfur incorporated mixed transition metal hydroxide were fabricated 

to fulfill the overall water splitting in alkaline media. Different from the prepared S-Co3O4 

in chapter 2, the S-Fe-Ni(OH)2 has stable crystal structure and morphology during HER. 

When compared with the original Fe-Ni(OH)2 and Fe-NiS2, Fe-Ni(OH)2 presented 
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significantly improved HER electrocatalytic performance. These results directly 

demonstrated the synergistic effects between the sulfur dopant and the retained metal 

hydroxide, in which the metal hydroxide can effectively promote the Volmer steps, while 

the incorporated sulfur atoms will modulate the electronic structure of metal ions and 

optimize H adsorption by forming S-Hads. In addition, a full water splitting electrolyzer 

equipped with the fabricated bifunctional electrocatalysts as anode and cathode presented 

superior performance comparable to that with benchmarking Pt and RuO2 electrocatalysts. 

The research work in Chapter 4 illustrated a facile anion substitution methodology, 

which involved immersing the metal oxide precursor into chalcogenide solutions. Various 

chalcogenide species doped Co3O4 can be purposely fabricated. The electron structure of 

the active site can be rationally tailored by anion modulation. The best-obtained catalyst, 

S/Se-Co3O4, presented high electrocatalytic activity towards HER with a low 

overpotential of 119 mV at 10 mA/cm2, and a Tafel slope of 57 mV/dec. 

Chapter 5 was about design and fabrication of the molybdenum doped 3d transition 

metal hydroxides through in situ electrochemical processes. The obtained amorphous 

architecture features ensure the homogeneously distributed Co and Mo atoms in catalysts 

without any crystalline phase separation. The introduced Mo atoms were indicated to 

effectively promote the hydrogen adsorption/desorption. Specifically, according to the 

characterizations and electrochemical tests, the Mo sites cannot only effectively facilitate 

the water dissociation process, but also optimize the hydrogen adsorption free energy. 

Therefore, the obtained Mo-doped amorphous cobalt hydroxide exhibited a superior HER 

performance with a small overpotential of -80 mV to achieve a current density of 10 

mA/cm2. 
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6.2 Future Work 

The outcomes of the thesis highlight a promise the heteroatom doping strategy to 

fabricate highly active transition metal (hydro)oxide based catalysts towards hydrogen 

evolution reaction (HER) in alkaline media. However, in-depth understanding on this 

unique structural activation process requests further investigations, a proportion of which 

have been listed as the followings: 

1. For sulfure doped Co3O4 nanosheets, the doped sulfide species plays a vital role 

in the transformation in morphologies and crystal structures. Though some experiments 

have been done, further investigation is needed to explore possible mechanism for the 

transformation. 

2. It has been confirmed that the chalcogen atoms doped metal (hydro)oxide 

presented much enhanced electrocatalytic performance compared to the original metal 

(hydro)oxide and metal chalcogenide. However, the correlation between the sulfide 

species and the electrocatalytic activities should be further explored, and the actual 

electrocatalytic sites on the catalysts are to be identified. 

3. Even though various transition metal (Co, Ni, Fe (hydro)oxide) have been 

explored, there are a number of nanostructured transition metal (hydro)oxide, especially 

the bimetal (hydro)oxide that could be employed as the crystal for modulating the 

electrocatalytic activities for specific chemical reactions. 

4. Room temperature anion atoms doping has been proved to be a facile and effective 

strategy of altering the electronic structure and leading to higher catalytic activity. The 

precise control of the species and doping level of the different doping species may provide 

opportunities to finely tune the catalytic activities. 

5. The cation (e.g., Mo) doping was demonstrated to enhance the catalytic 

performance of the amorphous cobalt hydroxide, however, the natures of the catalytically 
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active sites are still unclear. The application of operando, in situ characterization 

techniques and the electrochemical characterizations will be able to provide a direct 

relationship between the structure and the catalytic performance. 

Overall, this thesis has highlighted facile and effective methods to fabricate transition 

metal-based catalysts with high catalytic performance towards HER in alkaline media. 

These fabricated heteroatoms doped transition metal (hydro)oxide have demonstrated 

efficient and stable electrocatalytical activities towards HER. This thesis presents 

favourable strategies for exploring efficient and robust electrocatalysts with greatly 

promoted HER kinetics. The demonstrated approaches could be extended to the design 

and fabrication of low-cost, efficient electrocatalyst for other energy conversion 

applications. 
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