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Abstract 
Hydrogen is considered a promising energy source with zero emission of CO2; 

it can provide higher energy density compared to other sources of energy. The 

amount at which H2 is produced, and the method of production need further 

improvement for the advancement of hydrogen energy technologies. Water 

electrolysis using renewable energy sources such as electrical, solar, and wind 

energy is one of the alternative technologies that can produce pure H2. 

However, water electrolysis itself is not an easy process, it requires a highly active 

catalyst capable of converting water into hydrogen, and oxygen. 

This Ph.D. dissertation mainly focuses on developing efficient, robust, and low-

cost catalysts for hydrogen evolution reaction (HER), oxygen evolution reaction 

(OER), and oxygen reduction reaction (ORR). The work describes different 

strategies for improving the performance of the catalyst, such as creating 

nanocomposite, noble metal decoration, core-shell structures, hierarchical 

nanostructure, and cocatalyst and protective layers, which are vital for improving 

the efficiency of the catalyst. Consequently : 

Nanocomposites composed of Ag2S nanoparticle, MoS2, and reduced graphene 

oxide (RGO) flake, with a 0D/2D/2D interface were synthesized. Ag2S 

nanoparticles were homogeneously distributed and embedded in a layer of semi-

crystalline MoS2 nanosheets. The ternary catalyst results in a superior 

performance due to the intimate contact created by the 2D-2D interface 

(MoS2/RGO) and due to the uniformly grown Ag2S nanoparticles, which 

provides the ease of hydrogen adsorption by modulating the electronic 

properties, and exposure of highly rich active sites. 

Noble metal decorated (Ag-decorated) vertically aligned MoS2 nanoflakes were 

developed and investigated for OER and ORR. Results of this work revealed 

that, due to the presence of silver, the catalyst shows more than 1.5 times an 

increase in the roughness-normalized rate of OER. Based on the rate constant 

values obtained during the ORR test, Ag-MoS2 proceeds through a mixed 4 

electron and a 2 + 2 serial route reduction mechanism. The presence of Ag 

decreases the electron transfer number and increases the peroxide yield of MoS2.  

A core-shell structure of hydrous NiMoO4 micro rods conformally covered by 

Co3O4 nanoparticles was developed and employed as an OER catalyst. The 

core-shell structure shows a remarkable catalytic activity towards OER with a 

record low overpotential of 120 mV at 10 mA/cm2. Here, the strong interactions 
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between core (hydrated NiMoO4) and shell (Co3O4) help to tune the electronic 

properties by modifying the active sites densities of the surface. 

A hierarchical nanostructure composed of NiMoO4 nanorods and MoS2 

nanosheets was synthesized on interconnected nickel foam substrates. The as-

prepared hierarchical structure exhibits excellent OER performance due to its 

numerous exposed active sites for adsorbing oxygen intermediates which are 

beneficial for promoting the enhancement of the OER catalytic performance. 

Particularly, the hierarchical nanostructure exhibits excellent OER performance 

at a current density of 10 mA/cm2 which requires an overpotential of 90 mV, 

compared to NiMoO4  which needs 220 mV to reach a similar current density. 

Cu2O photocathode protected by a very thin layer of TiO2, and an amorphous 

VOx was synthesized and used for HER, with the aim of improving the stability 

of Cu2O. Photooxidation of Cu2O nanowires is minimized by growing TiO2 

protective layer and an amorphous VOx cocatalyst. After optimization of the 

overlayer and the cocatalyst, the photoelectrode exhibits a stable photocurrent 

density for an extended illumination time.  

Lastly, advanced characterization tools were used for tracking ORR reaction 

intermediates and OER active sites. Rotating ring disk electrode (RRDE), 

Operando Raman, and synchrotron-based photoemission spectroscopy analysis 

were utilized together with post-OER characterization tools to elucidate the 

mechanisms behind the higher catalytic activity of the catalyst.  

In summary, the presented outcomes can significantly contribute to the 

fundamental insight towards improving the efficiency of HER, OER, and ORR 

catalyst, by offering a clear and in-depth understanding of the preparation and 

characterization of cheap and efficient catalysts.  
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CHAPTER 1 

1 Introduction  

1.1 Energy resources and related issues  

Due to the rapid growth of industrialization and human population, world 

energy consumption is growing enormously. More than 70% of this energy 

demand has been fulfilled by generating energy from fossil fuels. Even though 

fossil fuels are the primary energy resource, they also emit a huge amount of 

CO2 to the atmosphere. According to worldwide data, the electricity, heat, and 

transportation sectors are the major sources of CO2 emissions, and it is expected 

to continue increasing in the future (Figure 1). Such continuous increase in 

energy requirements also increases emissions and adds an extra burden on the 

environment. It is undeniable that nowadays the demand and the search for 

renewable energies is growing faster. Searching for clean and renewable energy 

resources that can be used in the electricity and transportation sectors could be 

an effective strategy to decrease carbon emissions. Thus, switching to a CO2-

neutral energy carrier could greatly reduce CO2-related emissions.  

 
Figure 1. Worldwide distribution of CO2 emissions by different sectors.[1] 

Among various alternatives, hydrogen fuel (H2) can be used both in electricity 

and in transportation sectors and offers the highest benefits in terms of low 
emissions of CO2. 
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1.2 Hydrogen as green fuel  

Hydrogen fuel has been considered the most promising alternative for replacing 

fossil fuel energy resources. Its excellent properties such as lightweight (with a 

density lighter than air), and high-energy-density make it the ultimate candidate 

for future energy resources. Due to its highest energy content per mass unit, it 

is around three times more energetic than gasoline [2,3]. Even though H2 is an 

earth-abundant element in the universe, it is not available in its pure form. 

Furthermore, the production processes produce undesirable by-products such as 

CO2. For instance, 96% of H2 is produced from fossil fuels, which emits a large 

amount of CO2 [4]. Worldwide H2 demand stood at 90 Mt in 2020 produced 

entirely from fossil fuels, causing around 900 Mt of CO2 emissions [1]. Hydrogen 

as an energy resource has several advantages: It can be produced using simple 

methods, like electrolysis; it is a green energy resource if it is produced using 

renewable energy sources; it can be used as fuel in both fuel cell and 

transportation sectors [5].  

An alternative and environment-friendly method for the production of H2 is to 

use energy generated by hydropower, wind energy, solar energy, and earth-

abundant water as feedstock. If the oxygen impurities are removed, the water 

electrolysis process using electrical energy produces H2 that is highly pure (99.99 

%) compared to other methods. The basic problem related to renewable energy 

resources is their failure to reach the energy demand for water electrolysis, and 

their seasonal supply often mismatching the power needed by the grids. 

However, with proper and efficient storage devices such as batteries and 

supercapacitors, it is possible to provide enough energy to electrolyzers for 

producing hydrogen [6]. Water electrolysis plays a crucial role for sustainability 

by storing energy in the form of hydrogen through the conversion of electrical 

energy to chemical energy[5–7]. The produced hydrogen gas can be either stored 

and used in industry or can be used for electricity generation (through fuel cells 

or internal combustion engines) with zero CO2 emission. Moreover, highly pure 

oxygen can be obtained from water electrolysis for different applications such as 

for health care centers and the chemical industry.  

1.3 Water electrolyzer technologies 

An electrolyzer is a system that uses external energy to split water molecules into 

hydrogen and oxygen at cathode and anode, respectively. The complete 

electrolyzer system can contain storage, pressure regulator pumps, power 

sources, and many more components. Based on the electrolyte they used and 
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operational temperature, some of the most technologies of water electrolysis are 

alkaline water electrolyzer (AWE), proton exchange membrane electrolysis 

(PEM), and solid oxide electrolyzer (SOE). Among the electrolyzer technologies 

available today, polymeric electrolyzers are limited to powers of the order of 

kilowatts (kWs) to hundreds of kWs, whereas alkaline electrolyzers produce up 

to several megawatts’ ranges [7].  

1.3.1 Alkaline water electrolyzer (AWE) 

An AWE is composed of two electrodes, a porous separator membrane, and a 

liquid electrolyte (30% wt potassium hydroxide or 25% wt sodium hydroxide 

gives the maximum ionic conductivity), with working temperature, maintained 

below 100°C [8,9]. In an alkaline cell, at the cathode side, electron reduces water 

to hydrogen and hydroxides, while at the anode, the hydroxide is oxidized into 

oxygen and H2O by releasing electrons. AWE provides the opportunity to use 

earth-abundant metals, with electrodes lasting for many years. Raney-Ni, and 

Ni or Cu coated with metal oxides are the most used cathode and anode 

materials, respectively. Because of the ease of its engineering techniques, 

assembly, and long-term stability this technology is considered an 

environmentally sustainable method of hydrogen evolution.  

 
Figure 2. Major electrolysis techniques; alkaline electrolysis, Proton exchange 

membrane electrolysis, and solid oxide electrolyzer.  

As shown in Figure 2, when sufficient energy is supplied, the water molecule 

takes electrons which create OH⁻ ions and H2 molecules at the cathode. The 

diaphragm membrane is permeable for OH⁻ ions that loses its electron to 

generate water and O2 gas at the anode [10]. The half-reaction on the anode and 

cathode as well as the overall reaction formula is given in Figure 2. AWE is the 

only mature technology that is commercialized. The durability of an AWE is 
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several tens of thousands of hours with continuous operation. For instance, the 

global capacity of electrolyzers, which are needed to produce hydrogen from 

electricity, doubled over the last five years to reach just over hundreds of 

Megawatts by 2021[1]. 

1.3.2 Proton exchange membrane electrolysis (PEM) 

PEM electrolysis is commonly used in fuel cells to produce electricity and in 

electrolyzers to produce hydrogen. PEM uses ion conductive polysulfonated 

membranes (Nafion®) as a proton-conducting electrolyte, and it operates ar 

around 60-100°C. When voltage is applied between two electrodes, water will 

be oxidized at the anode with releasing O2 gas through a gas diffusion layer as 

shown in Figure 2. However, through the solid electrolyte membrane, the 

protons are conducted to reach the cathode where H+ reduction occurs, which 

finally produces H2 gas (see the half-reactions and the overall reaction formula, 

Figure 2). The major advantage of PEM electrolyzers is their ability to operate 

at relatively higher voltage and current densities. For instance, at a maximum 

Ecell = 2.0 V, PEM produces with 2000 mAcm-2, nearly 5 times higher current 

density compared to traditional AWE using the Zirfon membrane. However, 

the high price of the catalyst and membranes as well as the average durability of 

the cell are the downsides of the PEM electrolyzer. Furthermore, compared to 

AWE, the price of a stacked electrolyzer is much higher for PEM electrolyzer 
[11,12].  

1.3.3 Solid oxide electrolysis (SOE) 

SOE converts electrical energy into chemical energy along with producing pure 

H2 efficiently. It contains anode and cathode separated by an O2− conducting 

electrolyte (Figure 2). The main characteristic of SOE is the operating pressure 

and the temperature is very high (i.e., 500 - 900oC), because,  the O2− 

conductivity of common electrolytes is not adequate at low temperatures. IN 

SOE water is fed in the form of steam and reduced at the cathode at high 

temperatures. So that H2 gas is released with 100 % Faraday efficiency[13,14], and 

the remaining superoxide ion O2- diffuses through a solid oxide electrolyte to 

the anode where the O2- is oxidized to molecular oxygen (see the half-reactions 

and the overall equation under SOE Figure 2). The high-efficiency results from 

the improved reaction kinetics due to the higher temperatures, and the 

conversion of steam. Even though the high-temperature operation is beneficial, 

it also affects materials stability, which is a challenge for the practical 

commercialization of solid oxide electrolyzers.
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CHAPTER 2 

2 Scope and outlines of the thesis 

Globally, the energy demand is rising very rapidly. Also, research in the energy 

sector is increasing to meet this gigantic energy demand. The big question is 

how to fulfill the energy demand without risking the environment. This reflects 

the need for renewable energy resources that can produce energy without 

emitting CO2. If the energy needed to undergo electrolysis is supplied by 

renewable energy resources, then water electrolysis would be a promising 

technology that can fulfill the requirements.  

This thesis aims to meet its objective by developing various nanostructured 

materials for HER, OER, and ORR from water electrolysis. Special emphasis 

is given on how the performance of the anode and cathode parts of the 

electrolyzer is optimized for better performance. Various state-of-the-art 

characterization tools are employed to draw structure-activity correlations for 

the as-synthesized catalysts.  

Furthermore, this dissertation started by introducing the available energy 

resources and their related problems (Chapter 1), focusing on environmental 

issues, and describing the world energy demand for hydrogen fuel. It also 

summarizes water electrolyzers technologies including AWE, PEM, and SOE, 

and their need for fulfilling the hydrogen demand sustainably. In Chapter 3, the 

thermodynamics and principle of electrocatalytic and photoelectrochemical WS 

are discussed. The kinetic parameters (overpotential, Tafel slope, ECSA, and iR 

drop) for HER, OER, and ORR as well as their reaction mechanisms are briefly 

discussed. Chapter 4 focuses on the criteria of materials selection for WS 

application. The criteria for selecting photoactive materials regarding light 

absorption and the criteria for selecting electrocatalyst regarding maximum 

actives sites densities are discussed. Chapter 5(result and discussion) presents 

strategies used in all the appended papers in the thesis to improve the catalyst 

performance towards HER, OER, and ORR. Some parts of the results are used 

for discussion in connection with the strategies. Furthermore, advanced methods 

are used to track reaction intermediates of ORR and active sites of OER catalyst, 

mainly for catalysts employed in papers II and III. Chapter 6 summarizes and 

concludes the result obtained from all the appended papers. 



 

 Chapter 2: Scope and outlines of the study  

6 

 

In addition, the main body of the result and discussion is obtained from the 

appended paper provided at the end of the dissertation. Each paper is described 

in brief as follows: 

• Paper-I presents a nanocomposite composed of Ag2S, and 2D MoS2 

grown on 2D RGO support for HER activity. The role of each catalyst 

in the ternary system is systematically studied. RGO works as a support 

for the growth of MoS2 nanosheets and offers a more rapid electron 

transport across the 2D layer and reduces the aggregation of MoS2 

nanosheets. The growth of MoS2 nanosheets on RGO sheets improves 

the number of exposed edges sites of MoS2. 

• Paper-II deals with the noble metal decoration of catalysts for 

improving performance and inducing the bifunctional catalyst properties 

towards OER and ORR activity. Vertically aligned MoS2 nanoflakes 

were synthesized using magnetron co-sputtering and simultaneously 

decorated with silver nanoparticles to investigate their OER and ORR 

activity.   

• Paper-III reveals NiMoO4@Co3O4 core-shell structure, which is a 

unique OER-active catalyst, showing a remarkable catalytic activity 

towards OER with a record low overpotential of 120 mV to produce a 

current density of 10 mA/cm2. The strong interactions between core 

(hydrated NiMoO4) and shell (Co3O4) help to tune the electronic 

properties by modifying the active sites densities of the surface. In-situ 

surface reconstruction of the heterostructure to NiOOH was observed, 

which provides an additional active site that improves the overall 

catalytic activity. 

• Paper-IV describes a highly active hierarchical nanostructure composed 

of NiMoO4 nanorods and MoS2 nanosheets. The as-prepared 

hierarchical structure exhibits excellent OER performance due to its 

numerous exposed active surface areas because of the formation of a 

hierarchical nanostructure. 

• Paper-V describes the methods to prevent the photooxidation of Cu2O 

nanowires by coating the nanowire with TiO2 overlayers and 

amorphous VOx cocatalysts using advanced techniques such as 

magnetron sputtering and atomic layer deposition, respectively. The 

protected Cu2O layer was successfully employed as a photocathode for 

the HER. The presence of this protective layer and optimized cocatalyst 

produced a significant increase in photocurrent density of the modified 

Cu2O photoelectrode.
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CHAPTER 3 

3 Fundamentals of water splitting  

WS is thermodynamically an uphill reaction that needs an extra potential 

to produce hydrogen and oxygen. The change in Gibbs free energy (ΔG) 

for the conversion of water into H2 and 1/2 O2 under standard conditions 

is 237.2 kJ/mol. The Gibbs free energy represents the minimum energy 

required for the reaction to happen, suggesting the reaction cannot 

proceed spontaneously unless additional heat energy is applied. The 

standard cell potential (E°) of any reaction can be related to the Gibbs free 

energy by the following expression 

∆G° = −nF × E°                                           ( 1) 

where n is the number of electrons transferred, and F is the Faraday 

constant (96,485 C/mol). Therefore, a potential corresponding to ΔE° = 

1.23 V per electron is required to split water into its component at 

25°C[15],[16]. This energy can be supplied by different energy sources, such 

as light energy (photocatalytic and photoelectrochemical WS), electrical 

energy (electrocatalytic and electrochemical WS), thermal energy 

(thermal and thermochemical WS). All techniques for WS have their 

advantages and limitations. For instance, electrocatalytic WS does not 

produce greenhouse gases, if the source of electricity is supplied from 

renewable energy, such as solar and wind energy. Conversely, WS via 

direct light energy is the best path to be chosen due to its eco-friendliness. 

Unfortunately, this approach features low efficiencies, hindering an actual 

advancement in the field. 
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3.1 The photoelectrochemical and 

photocatalytic WS 

One of the most interesting approaches to WS is exploiting solar light as 

an energy source to induce the breaking of the molecules, which is 

thermodynamically unfavored. Photoelectrochemical (PEC) WS has been 

the most promising integrated devices strategies to produce hydrogen fuel 

by splitting water using sunlight as a means of energy. However, 

absorbing sunlight and utilizing it as an energy source has its bottleneck 

due to the need for efficient light-harvesting materials that can absorb in 

the visible region of the solar spectrum and have a suitable band edge 

position relative to the redox potential of water. Furthermore, even if the 

applied energy for creating H2 and O2 gases is enough, the surface of the 

catalyst should be favorable for the catalytic process, which is normally 

governed by the number of accessible active sites on the surface of the 

catalyst. Presently, the difficulty for the commercialization of solar WS 

systems relies on the requirement to produce hydrogen at a higher rate 

and affordable cost.[17],[18]  

PEC WS envisages the use of electrode materials, where the cathode 

oversees producing hydrogen, and the anode is responsible for oxygen 

generation. Both anode and cathode electrodes should possess an active 

site, capable to adsorb and desorb the water intermediate byproducts. For 

photocatalytic and PEC systems, in addition to active sites, the catalyst 

should absorb in the visible region of the solar spectrum and have a 

suitable band edge position [19]. Two different SCs (n-type and p-type) 

can be combined to create a heterojunction for overcoming, at least 

partly, the limitation of a single SC. In both PEC and photocatalytic WS 

(sketched in Figure 3 a and b, respectively), the photogenerated electron-

hole pairs close to the surface undergo very fast recombination, due to 

their short diffusion length paths, abundant surface trapping sites, and 

limited driving force for charge separation.[20] Surface recombination at 

the interface might be minimized by creating a heterojunction interface 

through the decoration with noble metals, which forms Schottky barriers 



 

 Chapter 3: Fundamentals of water splitting  

9 

 

minimizing fast recombination.[21–23] A hole capturing agent, or the 

presence of scavengers, is also needed to reduce the rate of recombination 

after gas evolution (Figure 3b).  

 

Figure 3. Principle of a) photoelectrochemical b) photocatalytic WS showing 

light absorption and electron excitation, charge separation, recombination, and 

catalytical conversion processes. 

To efficiently split water, the photocatalyst must have a suitable energy 

band position compared to hydrogen and oxygen reduction potential. For 

the reduction of water, the conduction band (CB) should be at a potential 

less than 0 V vs. NHE (H+/H2), while the energy of the valence band 

(VB) needs to be higher than 1.23 V[24] (in Figure 4 a list of bandgap 

energies of SCs is reported for the reader’s convenience). SCs showed in 

Figure 4 (green) features a band position capable of both reducing and 

oxidizing water from the band edge position point of view. 

Unfortunately, their application is limited due to their failure to absorb 

the visible region of the solar spectrum. A catalyst with a band position 

displayed in Figure 4 (purple) can reduce H+ to H2 gas but is unable to 

oxidize O* intermediates. SCs shown in Figure 4 (blue) can oxidize O* 

but cannot reduce H+. Therefore, the nonideal alignment of the band 

structure can affect the performance of the photoelectrode. Furthermore, 

the surface morphology of the photocatalyst should be designed to capture 

the maximum amount of incident photons. Surface defects and rough 

surfaces are advantageous to trap light through light scattering.  

 
    

    

  

  
    

      

  
  

  
    

   
    

    

  

  

   

  

 
 
  

  

    

   

      

              

               



 

 Chapter 3: Fundamentals of water splitting  

10 

 

 

Figure 4. Band positions of some semiconductors at pH = 0 relative to NHE, 

and relative to the redox potential of water for H2 and O2 generation[25–34] 

3.2  Electrocatalytic WS  

Electrocatalytic WS can be conducted in a cell containing two different 

electrodes (Figure 5) under different electrocatalytic conditions, mostly under 

basic and acidic conditions. The reaction mechanisms in acidic and basic 

solutions are different and described in the following chemical equation 

 

Anode (oxidation):     −    + →  2    2         E
0 = − . 3V           ( 2) 

Cathode (Reduction);    2    
− →  2     

−   E0 = 0.00 V              ( 3) 

Overall reaction    2    
−   + →  2   2         E

0 = − . 3 V           ( 4)  

To drive WS a minimum thermodynamic potential of 1.23 V is needed (as 

described above). This potential is the difference in potentials of the two half-

cell reactions occurring at the cathode and anode called HER and OER, 

respectively. However, because of the sluggish kinetics at the electrode 

interfaces, both HER and OER process requires an extra-large potential to drive 
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WS, hence requiring an efficient catalyst capable of decreasing the extra potential 
[35].  

 
Figure 5. A schematic of electrocatalytic WS 

3.3 Kinetics parameters of electrocatalytic WS  

3.3.1 Overpotential and Tafel analysis  

An additional potential higher than 1.23 V is needed to split water into its 

components. This extra potential beyond the thermodynamical limit is called 

overpotential (η). The mass transfer effect and the ohmic losses across the 

electrolyte are the main reason for the extra energy. The oxygen evolution 

reaction needs four electrons for the oxidation of water at the anode and hence 

requires an extra overpotential than the hydrogen evolution that requires 2 

electron transfer in water reduction. For the latter part, the overpotential needed 

to undergo the hydrogen evolution is close to zero, on platinum or platinum 

alloys catalysts. A very small overpotential is one of the criteria for comparing 

catalyst performances. For the reaction to proceed, intermediate species such as 

H+, O2- are required to move from the bulk solution to the electrode surface. 

Mass transfer of such intermediates from the electrolyte solution towards the 

interface could limit the rate of the reaction. Ohmic losses across the electrolyte, 

as well as the kinetic barriers on the anode and cathode side, are some of the 

processes that require an extra amount of energy to get the reaction started. 

Therefore, the final potential needed to undergo WS is described in equation 5, 

where ηa  and ηc is the overpotential needed to overcome the kinetic barriers 

at the anode and cathode such as due to mass transfer and electron transfer rate, 

and ηΩ is the overpotential due to ohmic losses across the electrolyte[36].  
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E =  . 3 V  ηa  ηc  ηΩ                               ( 5) 

The current-overpotential curve for any type of heterogeneous reaction is used 

as a remarkable characterization tool for evaluating the catalytic performance. 

The kinetic currents are experimentally measured by applying an external 

potential to the electrodes. The observed kinetic current is proportional to the 

amount of gas (H2, O2, etc.) generated and whose reaction rate constantly 

depends on the applied potential. Thus, the rate of the electrode reaction can be 

controlled by the potential. The equation that governs the current-overpotential 

curve is given by Butler–Volmer equation (Eqn. 6), which describes how the 

electrical current through an electrode depends on the potential difference 

between the electrode and the bulk electrolyte, considering that both a cathodic 

and an anodic reaction occur on the same electrode. 

 

𝑗 = 𝑗0 [𝑒
−𝛼𝑎

𝑛𝐹

𝑅𝑇
𝜂 − 𝑒(1−𝛼𝑐)

𝑛𝐹

𝑅𝑇
𝜂]                 ( 6) 

Where, j, jo, and ƞ are the current density, exchange current density, and 

overpotential, respectively. n, F, R, T, αa αc are the number of electrons 

involved, Faraday constant, the universal gas constant, temperature, 

anodic charge transfer coefficient, and cathodic charge transfer coefficient, 

respectively. This expression is the sum of cathodic and anodic current densities. 

When the overpotential is extremely negative, cathodic current density increases 

while the anodic part becomes negligible. For this condition, the Butler-Volmer 

equation is simplified into the Tafel equation, and, solving for the overpotential, 

results in equation 7. 

𝜂 =
2.3𝑅𝑇

𝛼𝑛𝐹
𝑙𝑜𝑔 𝑖0  −

2.3𝑅𝑇

𝛼𝑛𝐹
log 𝑖             ( 7) 

The intercept from the plot of the η vs. log j can provide information about the 

exchange current density. From the slope of η vs. log j plot, the Tafel slope can 

be obtained, which provides insight into the reaction mechanism. The values of 

the Tafel slope can be used to address the elementary reaction steps as well as the 

rate-determining steps. [37,38]. The overpotential at a current density of 10 mA 

cm-2 is typically used as a figure of merit for comparing electrocatalysts because 

it corresponds to the cost-competitive photoelectrochemical WS devices with 

an efficiency of 12.3%. 
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3.3.2 Electrochemical surface area (ECSA) 

One of the methods to compare catalysts is to measure their electrochemical 

active surface area (ECSA). It is an important parameter when investigating the 

surface properties of a catalyst. ECSA can be estimated by measuring double-

layer capacitance (Cdl) using cyclic voltammetry and impedance spectroscopy. 

However, the most known method especially for powder catalysts is Brunauer–

Emmett–Teller (BET) method by measuring the gas adsorption on the catalyst 

surface. The BET method needs a large area of the powder/catalyst to achieve a 

significant signal and is not applicable for low surface area catalysts. Also, double-

layer capacitance (Cdl) using cyclic voltammetry is mostly employed to probe the 

 CSA’s of different catal sts [39,40]. The ECSA of a catalyst was estimated by 

determining the double-layer capacitance of the system from cyclic voltammetry 

(CV) as follows; first, a CV should be performed in a non-Faradaic potential 

region. The current within the non-Faradaic region is a charging current (ic) 

which exists because of the double layer charging phenomena and is proportional 

to the scan rate (v). Therefore, by plotting the charging current vs scan rate it is 

possible to determine double-layer capacitance (Cdl). 

𝑖𝑐 = 𝑣Cdl                       ( 8) 

The electrochemically active surface area (ECSA) of the catalyst can be 

calculated using equation 9. 

ECSA =
Cdl

Cs
                       ( 9) 

Here, the specific capacitance Cs of an electrode (metal, nonmetal, and 

semiconductors) in different electrolytes are different, typically varying from Cs 

= 0.015 to 0.130 mFcm-2. Therefore, considering the constant values Cs, it is 

possible to compare electrocatalysts with their electrochemical double-layer 

capacitance (Cdl), because it has a direct relationship with ECSA[40,41]. 

3.3.3 Ohmic losses (iR correction) 

Ohmic losses or ohmic polarization are related to the potential drop across the 

electrolyte medium due to the resistance of the solution. It is directly related to 

the rate of charged ion flow between the working and the reference electrodes. 

If the resistance is present, it can be due to the poor conductivity of the medium 
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or due to the large distance between the reference electrode and the working 

electrode surfaces. When potential is applied to an electrochemical cell, there 

will be a voltage drop across the interface, solution, and reference electrode. For 

an ideal electrochemical cell, the reference electrode is designed to have zero 

voltage drop. The drop across the solution can be reduced by reducing the 

solution resistance, adding a high concentration of salts, as well as solution string, 

which accelerates the reaction rate. However, if the ohmic drop is very high a 

nonlinear Tafel slope will be obtained. For this case, manual iR correction or 

the current interpret method (during measurement) must be used to correct the 

ohmic drop. For manual iR correction, the resistance of the cell/solution can be 

measured using impedance analysis, then the Ohmic resistance is corrected 

according to equation 10. 

𝐸 = 𝐸𝑀 − 𝑖𝑅           ( 10) 

where E is the iR-corrected potential, EM is the measured potential, i is the 

measured current, and R is the resistance measured by electrochemical 

impedance spectroscopy (EIS)[42]. 

3.4  Reaction mechanisms for electrocatalytic 

WS 

3.4.1 Hydrogen evolution reaction (HER) 

Hydrogen evolution reaction is the cathodic half-reaction of WS, and it is the 

easiest half-reaction of WS. Figure 6 shows the reaction pathways for HER 

under acidic and alkaline conditions. In the initial step under acidic conditions, 

a proton(H3O+) reacts with an electron to generate adsorbed hydrogen atom 

(H*) on the S surface (Eqn.11). Similarly, for alkaline media, water molecule 

reacts with electron to form adsorbed H* intermediates, this process is called the 

Volmer reaction step. Then two possible reaction mechanisms for H2 production 

can be followed through the path I or II in Figure 6b. The reaction path through 

I is called the Volmer-Heyrovsky reaction, and the path through path II is the 

Volmer-Tafel reaction. In the Heyrovsky step, the proton directly interacts with 

adsorbed H* and with electrons to produce H2 with being adsorbed on the 

surface. However, for the case Tafel mechanism, two adsorbed hydrogen 

intermediates species (H*) combines after they get adsorbed on the catalyst 

surface, and finally create hydrogen gas.  



 

 Chapter 3: Fundamentals of water splitting  

15 

 

A similar phenomenon is taking place for the alkaline HER mechanism, with 

the exception that H2O is used instead of a proton, H3O+[43,44]. The Tafel slope 

is one of the parameters to evaluate the kinetics of the HER catalytic activity. If 

the measured Tafel parameters show a Tafel behavior, then the HER on the 

catalyst is a purely facial and kinetically controlled reaction, which can be 

described by the Tafel equation (Eqn.12):[45–47]. Based on the above discussion 

by analyzing the Tafel slope (b), it is possible to understand the main mechanisms 

involved in the formation of molecular hydrogen. 

 

Figure 6. Possible catalytic reaction pathways for HER under a) Acidic 

condition, and b) alkaline condition.  

Accordingly, there are three possible HER reaction mechanisms in acidic 

electrolyte conditions;[48] 

 

 3 
+   ̅  →   ∗   2      →  Volm r st p              ( 11) 

 b =
2.34RT

αF
≅   0 mV/d c                                 

Followed by a combination of adsorbed species to form H2 gas: 

 ∗   ∗  →  2    →   Taf l st p                              ( 12) 

b =
2.34RT

(1+α)F
≅ 30 mV/d c                                   

Or the desorption step, which is characterized by: 
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 ∗   +   −  →  2      →    yrovsky st p                (13) 

                                    b =
2.34RT

2F
≅  0 mV/d c                                

The above characteristic slope is an indication of the kinetics of HER on a 

platinum surface. From the above three heterogeneous reactions, which occur 

on the electrode surface, the reaction mechanism has a characteristic slope, 

which can help to compare the activity of the electrocatalysts. Therefore, a 

combination of possible reaction steps (Eqn. 11 and 12, or 11 and 13) can lead 

to the generation of H2 molecules. Under a restricted set of conditions, if the 

Volmer step is the rate-determining step (RDS) a slope of 120 mV/dec can be 

obtained, while, if the RDS is the Heyrovsky or Tafel step, slopes between 30-

40 mV/dec are observed.  

3.4.2 Oxygen evolution reaction (OER) 

The OER is a multistep reaction that involves different reaction intermediates. 

Because it requires a four-electron transfer process, it is considered as a sluggish 

half-reaction of WS. In an alkaline solution, the OER process commonly starts 

with the adsorption of hydroxides, which further induces surface intermediate 

reactions, such as peroxide and superoxide species. One of the simplified reaction 

pathways for OER under alkaline electrolyte conditions, suggested by Song and 

his workers, [44] is illustrated in Figure 7. As shown, in the first step the active 

metal sites (M) adsorbs the hydroxyl radical from the electrolyte and create a 

metal-hydroxide (M-OH, Eqn.14) bond through one-electron oxidation of 

hydroxide anions followed by proton and electron removals from M-OH to 

give M-O (Eqn.15). Then, OH- attacks the M-O bond and creates one electron 

and intermediate M-OOH (Eqn.16). Further interaction of OH- with M-OOH 

yields O2, H2O, and an electron (Eqn.17). A possible mechanism is also displayed 

by the combination of two M−O species to provide directly O2 and M 

(Eqn.18)[44,49–51]. The OER mechanism under acidic conditions is also described 

in Figure 7 and Eqn.19-23. 
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Figure 7. Simplified reaction pathways for OER under alkaline conditions (red 

line) and acidic conditions (blue line). The active metal site on the anode is 

represented b  “M’’. Reproduced with permission from ref. [44] 

Alkaline media:  

M     −  → M                                                          ( 14) 

M       − →  M    2                                           ( 15) 

M      −  →  M      −                                          ( 16) 

M        − →   M   2    2                                 ( 17) 

 M  →   M    2                                                          ( 18) 

 

Acidic media:  

M    2  → M    
+   −                               ( 19) 

M       − →  M    2    
−                         ( 20) 

 M  →   M   2(g)                                              ( 21) 

M    2  →   M      
+   −                         ( 22) 

M      2  →  M    2(g)     
+   −              ( 23)                     

The OER has been studied on a variety of materials such as transition noble 

metals ( Pt, Ir, Ru, and Pd ), transition metal oxides (IrO2), Metal sulfides (NiS, 

MoS2), metal-organic framework (MOF), layered structures M(OH)2, MOOH, 

and LiMO2; where M = Mn, Fe, Co, and Ni) have been tested and improved 

catalytical activities are obtained [44,49–51].  
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3.4.3 Oxygen reduction reaction (ORR) 

The oxygen reduction reaction (ORR) is a key reaction in the energy 

conversion process such as in fuel cells. In aqueous solutions, Oxygen can be 

directly converted into water or hydroxide by a direct 4-electron reduction 

pathway (Eqn.24) or it can be converted to HO2
-
 via a 2-electron (Eqn.25)  

reduction pathway [39]. In alkaline conditions, the serial route can be followed 

for which the ionized hydrogen peroxide is formed as a mobile intermediate 

(Eqn.25). Then, hydrogen peroxide intermediates are further converted by a 

hydrogen peroxide reduction reaction (Eqn.26). In PEM fuel cells ORR is a 

sluggish part of the reaction, which requires an overall 4 electron transfer to 

directly reduce O2 to H2O or OH-.  

 2   2     
− →    −                                   ( 24) 

 2   2     
− →    2

−    −                       ( 25) 

  2
−   2       →  3  

−                              ( 26) 

The ORR catalysis can be studied by the polarization curve, Tafel slope, rotating 

disk electrode (RDE), and rotating ring disk electrode (RRDE). The kinetics 

parameters are calculated using the following K-L equation:  

1

𝐽
=

1

𝐽𝑘
 

1

𝐽𝑑
=

1

𝐽𝑘
 

1

𝐵𝜔1/2
                                      ( 27) 

where 𝐵 = 0.6 𝑛𝐹𝐶𝑜(𝐷0)
2/3𝑣−1/6, and 𝐽𝑘 = 𝑛𝐹𝑘𝐶𝑜 J is the total measured 

current density near to the electrode surface, Jk and Jd are the kinetic and 

diffusion-limiting current densities, ω is the angular velocity of the RDE, n is 

the overall number of electrons transferred during the ORR process, F is the 

Faraday constant (F = 96485 x103 mA mol-1), C0 is the bulk concentration of 

O2, ν is the viscosity of the electrolyte, and k is the electron transfer rate constant. 

For ORR performed in 0.1 M KOH the Co, Do and v have values: 1.2 × 10-6 

mol cm-3, 1.9 × 10-5 cm2 s-1, and 0.01 cm2 s-1 respectively. 

Platinum (Pt)-based catalysts are generally considered as the most efficient 

catalysts for the ORR in PEM fuel cells. However, the cost of such noble metal 

catalysts is expensive, as a result, cheap and efficient catalysts are needed for 

practical use.   
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CHAPTER 4 

4 Catalysts for WS applications 

4.1 Criteria for selecting electrocatalysts 

The chemistry on the surface of an electrocatalyst is a complex reaction governed 

by different conditions such as stability of the surface, applied potential, and 

electrolyte conditions. As a result, different multistep reactions or side reactions 

can happen before obtaining the desired product. Furthermore, if the catalyst is 

not stable or undergoes surface dissociation, then understanding the reaction 

mechanism will be difficult. In general, the electrocatalyst used for HER, OER, 

and ORR should fulfill various requirements, some of which are listed as 

follows. 

• Chemically stable: The stability of the catalyst under aqueous 

conditions is one of the main concerns for electrocatalysts. Catalyst 

dissociation while in contact with the electrolyte media or/and 

transformation of surfaces, due to unwanted side reaction with 

electrolyte, will finally result in inaccurate analysis and conclusion. 

• Abundant active sites: The catalyst should possess more accessible 

active sites to effectively adsorb reaction intermediates. This means the 

number of active sites at the catalyst surface can control the overall 

catalytic performance of the electrocatalyst. Various methods are used to 

improve the number of active sites on the surface, such as alloying, 

doping, creating hierarchical structure, metal decoration, 

heterostructure, and creating surface defects.  

• Stable redox potential: It is highly recommended to perform 

repeatable potential cycling and double-check the catalyst stability in 

acidic and alkaline conditions. Furthermore, the potential used for H2 

and O2 evolution as well as O2 reduction is somehow very high. If the 

catalyst undergoes a redox reaction within the applied potential 

windows, then measured performance under such conditions, will not 

be due to the intrinsic properties of the catalyst. Usually, if such a process 

happens during the experiment, the polarization curve will vary with 

time, and some redox peaks will exist.  
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• Favorable adsorption energy on the surface: The catalyst surface 

must provide favorable conditions for reaction intermediates to be 

adsorbed. One of these conditions is the adsorption energy or the 

binding energy between the catalyst surface and the reaction 

intermediates should be neither too strong nor too weak. Hence, 

catalysts at the top of the Volcano plot are very good electrocatalysts.  

4.2 Criteria for selecting photoactive materials 

Nowadays various photoactive semiconductors have been employed and used as 

a photocathode and photoanode, which undergo a redox reaction with the help 

of photo-generated electron-hole pairs. Thus, light absorption and utilization of 

maximum solar energy inputs are one of the major criteria for photoelectrodes. 

Furthermore, the following requirements must be satisfied as well:  

• The bandgap of the photoactive material should harvest the visible part of 

the sunlight.  

• For the photocathode to drive HER the photoactive materials conduction 

band must lie at a more negative potential than the H+/H2 reduction 

potential (0.00V vs NHE). For the photoanode to drive OER, its valence 

band must lie at a more positive potential than the O2/H2O potential 

(higher than 1.23 V vs NHE). Both conditions should be satisfied for a 

single photoactive material to drive overall WS.  

• Very fast charge transfer kinetics are necessary at the photoactive material 

surface, thus both photogenerated electrons and holes should not 

participate in decomposing the semiconductors through photo corrosion.  

• Semiconductors used as a photoactive material must be stable under an 

aqueous medium used as an electrolyte.  

• The photoactive materials should be abundant, nontoxic, and cheap. 

The above criteria focus only on materials/semiconductors that can be used as a 

photoanode or photocathode for HER and OER applications. However, for 

photocatalyst, for which redox reaction of water happens on the same catalyst 

surface, additional criteria should be satisfied, for instance, to avoid 

recombination, a special hole scavenger should be added.  
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CHAPTER 5 

5 Materials and Methods  

5.1 Material synthesis:   

For paper I, MoS2 nanosheet was synthesized by hydrothermal method; 

ammonium heptamolybdate tetrahydrate and L-cysteine mixed in distilled water 

and ethylene glycol. After 30min stirring the solution was transferred to a 

Teflon-lined autoclave reactor and heated at 1800C for 24 hrs. For, 

Ag2S/MoS2/RGO nanocomposites, commercially obtained reduced graphene 

oxide (RGO) dispersed in ethylene glycol (used as dispersing agent). After 

ultrasonic stirring for 30 min, ammonium heptamolybdate tetrahydrate, and L-

cysteine were added and stirred further for 30 min. Finally, silver nitrate was 

added and sonicated further for 30 min in distilled water, then transferred to a 

Teflon line autoclave reactor and heated at 1800C for 24 hours. The black 

precipitates were washed with distilled water and vacuum filtered. Finally, the 

obtained powders were dried in a vacuum oven at 600C for 3h. 

For Paper II, MoS2 and Ag-MoS2 were directly grown on Nickel foam (NF), 

silicon wafer, and fluorine-doped tin oxide (FTO) conductive glass using 

magnetron sputtering, and magnetron co-sputtering for 30 min. To enhance the 

homogeneity of the deposited films the samples were constantly rotating (5 rpm). 

For the co-deposition, both Ag and MoS2 targets sputtering rates were controlled 

through the applied power. The substrates were heated at 200 °C during the 

deposition. 

For paper III, NiMoO4 synthesis: one-piece of NF (4 × 6 cm2) were placed 

inside a hydrothermal reaction vessel containing Ni(NO3)2·6H2O and 

(NH4)6Mo7O24 ·4H2O (with a Ni/Mo molar ratio equal to 2 ) and distilled water. 

Finally, the vessels were sealed and maintained at 140 °C for 6 hr. Then the 

product was washed with ethanol and distilled water to remove aggregates and 

dried at 60 degrees overnight. The as-synthesized nanorod on NF was used as a 

substrate, and cobalt oxide thin films were deposited by ALD using Co(iPr-

MeAMD)2  precursors and ultra-pure H2O at 150 °C. The combined core-shell 

structure was annealed at 300 °C for 3 h in the box furnace.  

For paper IV (NiMoO4/MoS2 synthesis), first, NiMoO4 was synthesized 

similarly as in paper III. Then MoS2 was deposited on NiMoO4 nanorods using 
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magnetron sputtering. The deposition is performed for 30 min, with a rate 

around 0.5 nm/s, calculated by combining the deposition duration. 

For paper V (Cu2O/TiO2/VOx synthesis): Pure Cu film was deposited on FTO 

substrates by magnetron sputtering from the Copper target. Cu (OH)2 nanowires 

were prepared by galvanostatic anodization of the as-synthesized Cu film. 

Conversion of Cu (OH)2 into Cu2O nanowires was performed by heat treatment 

at 500°C in an argon atmosphere for 4 hours. TiO2 was deposited using 

magnetron sputtering from a titanium target (purity 99.99 %) and 5 % O2. 

cocatalyst VOx film was deposited using ALD techniques. An amorphous film 

of 500, 700, and 1000 ALD cycles of VOx was grown and used as a cocatalyst 

on the top of Cu2O/TiO2 heterojunction. 

5.2 Methods of characterizations  

The as-synthesized materials were characterized using various advanced 

characterization techniques. The morphologies of as-synthesized samples were 

characterized by field emission scanning electron microscopy (FESEM), and 

transmission electron microscopy (TEM). Elemental analysis was done using 

energy-dispersive x-ray spectroscopy (EDX) equipped with FESEM. Raman 

spectra were recorded on Raman spectrometry (Bruker). Rutherford 

backscattering spectrometry (RBS) analysis was done using a 2.0 MeV 4He+ 

beam, at a scattering angle 𝜃=160 and in IBM geometry to determine the 

atomic percentage and film thickness. RUMP code simulation was used to 

simulate the experimental spectra. Chemical information was obtained from X-

ray photoelectron spectra, recorded by using a PerkinElmer PHI 5600 ci 

spectrometer with a standard Al−Kα source (1486.6 eV) working at 250 W. 

Furthermore, XPS measurements were performed at the VUV photoemission 

beamline (Elettra Synchrotron, Trieste) using a Scienta R-4000 electron 

spectrometer. 

Operando Raman spectra were collected using a WITec CRM-200 

fluorescence/Raman confocal imaging microscope coupled to a Princeton 

Instruments IsoPlane spectrometer, with a 633 nm excitation laser. ModulabXM 

electrochemical workstation (Solartron Analytical and a Magnetic mount 

Raman electrochemical flow cell were used. Electrochemical and 

photoelectrochemical properties were measured using the same potentiostat 

from Solartron Analytical in a three electrodes configuration.  
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CHAPTER 6 

6 Results and discussion 

6.1 Strategies to improve catalysts performance 

In this chapter, the result obtained from all the appended papers will be discussed 

in detail. The results are grouped according to the strategies that are used for 

improving the performance of the water-splitting catalysts. Nanocomposite 

formation (Paper-I), noble metal decoration (Paper-II), core-shell structure 

(Paper-III), hierarchical nanostructure (Paper-IV), protective layers with 

cocatalyst (Paper-V) will be discussed in separate subsections as follows. 

6.1.1 Nanocomposites catalyst for HER  

Intimate interface formation through heterostructures can result in an improved 

charge transfer rate at the semiconductor junction interfaces. Two-dimensional 

(2D) materials such as MoS2, graphene, and RGO can form an efficient 

heterojunction by creating intimate contacts between them and other 

nanomaterials, such as point contact (0D-2D), line contact (1D -2D), and parallel 

contact (2D-2D) (Figure 8a). Particularly, when the supporting material is a 2D 

structure, in addition to the interface, it provides a suitable platform for easily 

growing nanomaterials. 2D MoS2 is one of the most promising catalysts for HER 

since its catalytic properties can be further tuned by different methods. Its lower 

electronic conductivity can be enhanced by the introduction of conductive 

supports such as RGO. Growing MoS2 on the surfaces of 2D RGO and graphitic 

carbon nitrides could induce a synergetic effect, because of their high intrinsic 

charge transfer properties. So far, various composites have been employed and 

reported as HER electrocatalysts, including Mn/MoS2/RGO,[52] 

CoS2@MoS2/RGO[53], with improved catalytic performance, compared to their 

binary counterpart.  

MoS2 is one of the most actively studied catalysts for HER. However, its HER 

activity is still limited due to the poor conductivity of the dominant basal planes. 

Heterostructure formation with other transition metal compounds is considered 

another strategy to enhance the electrocatalytic performance of MoS2. For 

instance, a fast charge transfer and maximum exposure of active sites were 

recently evidenced on Ru doped MoS2 supported on carbon nanotubes. It has 
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been noted that the incorporation of Ru will trigger the enhanced activity on 

the basal plane of MoS2, which is otherwise known to be a poor catalytic site 
[54]. In other work, cobalt sulfide nanoparticles incorporated on the MoS2 surface 

confirm that Co alters the electron density of Mo atoms of the MoS2 basal plane 

and activates it to have a higher HER performance [55].  

In this part of the thesis, new nanocomposites composed of Ag2S, and 2D MoS2 

grown on 2D RGO support are presented. Here, the covalent coupling of MoS2 

with Ag2S can modify the electronic properties and improve the HER activity 

more effectively than simple non-covalent interactions. This work demonstrates 

the successful growth of Ag2S nanoparticles on the MoS2 with the possibility of 

activating the inert basal plane of MoS2. The growth of MoS2 nanosheets on 

RGO assists the 2D growth of MoS2 that ultimately maximizes the number of 

exposed edges sites. Here, RGO works as a support for the growth of MoS2 

nanosheets and offers a more rapid electron transport across the 2D layer and 

reduces the agglomeration of MoS2 nanosheets.  

The powder x-ray diffraction (XRD) patterns of the catalysts are presented in 

Figure 8b. MoS2 and MoS2/RGO exhibit a diffraction peak at around 14.1, 

32.6 32.6, and 57.4 correspond to the (002), (100), (103) and (110) planes of 

hexagonal MoS2 (JCPDS card no. 96-101-1287), respectively. An additional 

peak with very low intensity at around 25.5 can be for the MoS2/RGO sample, 

which can be attributed to RGO (JCPDS card no. 96-120-0018)[56]. In general, 

the two peaks in MoS2 and MoS2/RGO are broad and weak, which indicates 

poor crystallization, caused by the hydrothermal synthesis method. The ternary 

composite sample Ag2S/MoS2 on RGO exhibits a diffraction peak typical of 

Ag2S nanoparticles, well-matched with JCPDS card no. 96-901-1415. In 

addition, a very small amount of cubic silver (Ag) was found (JCPDS card no. 

96-901-1608). The crystallization of Ag2S is more effective evidenced by the 

dominant detectable phase. A similar phenomenon was reported by Kim et al 

for Co incorporated MoS2 which creates Co9S8. The MoS2 XRD peak in the 

heterostructure decreases due to the in-situ formed H2S gas reacting with cobalt 

precursors during the synthesis process [57]. Therefore, for our catalyst, the 

presence of sulfur sources and in-situ generated H2S gas is responsible for the 

formation of active Ag2S. Furthermore, the surface composition of the 

nanocomposite was analyzed using XPS (Figure 8c). The Mo 3d peak of 

bare MoS2 can be fitted with 3 doublets at 229.1, 230.4, and 232.8 eV 

(refers to the 3d5/2 component of the doublet) corresponding to MoS2, 

MoOx, and MoO3, respectively. The oxide is mainly due to surface 
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oxidation. In particular, the doublet at lower binding energies agrees with 

Mo (IV) in 2H-MoS2 
[58]. 

 

Figure 8. a) Schematics of different interface formation, b) XRD patterns MoS2, 

MoS2/RGO, Ag2S/MoS2/RGO, c) Mo 3d XPS peaks of MoS2, MoS2/RGO, 

and Ag2S/MoS2/RGO. 

In bare MoS2 the amount of Mo as MoS2 is 65 % with respect to the total amount 

of Mo but is reduced to 54 % and 32 % in MoS2/RGO and Ag2S/MoS2/RGO, 

respectively. The peak positions observed for the S 2p peak in bare MoS2 and 

MoS2/RGO, agree with the presence of sulfur in MoS2 (162.0 eV, the binding 

energy (BE) value is the one corresponding to the 2p3/2 component)[59]. A slight 

shift of the S 2p peak towards lower BEs in Ag2S/MoS2/RGO could be 

explained by the presence of Ag2S since S 2p3/2 in Ag2S falls at lower BEs. 

Compared to pristine MoS2, the Mo-S BE peak shifts from 229.1/162.0 to 

228.7/161.6 for Ag2S/MoS2/RGO sample. However, such BE energy shifts are 

not observed for MoS2 and MoS2/RGO. This means that in Ag2S/MoS2/RGO 

the shift of the contribution at lower BEs is observed suggesting a quite strong 

interaction with Ag2S (which will be further confirmed by TEM analysis). The 

XPS quantitative analysis gives Ag: Mo atomic ratio equal to 0.5:1.0. The atomic 

ratio was also compared with RBS values (Ag: Mo=0.8:1.0) with a small 
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difference in atomic ratio compared to XPS results. As shown in Figure 9a 

(inset), HR-TEM characterization of the MoS2 sample characterized by the 0.61 

nm interplanar spacing, as expected for crystalline molybdenite [54]. Several areas 

of Figure 9a  (HR-TEM of MoS2/RGO) reveal the typical graphene pattern, 

with 0.34 nm d-spacing, and some larger wrinkles (0.61nm), corresponding to 

MoS2 grown on the surface of RGO. For Ag2S/MoS2/RGO nanocomposite 

(Figure 9 b, c), the HR-TEM images display some Ag2S nanoparticles 

surrounded by 2D nanosheets, whose d-spacing is compatible with MoS2. EDS 

mapping (Figure 9c) on the nanocomposite highlight a homogeneous 

distribution of Mo, Ag, and S atoms.  

 

Figure 9. HR-TEM micrographs a) MoS2/RGO and MoS2(inset), b) 

Ag2S/MoS2/RGO nanocomposite, displaying the interplanar d spacing of MoS2, 

RGO, and Ag2S,  and c) EDS conducted on Ag2S/MoS2/RGO sample (top left) 

and corresponding elemental mapping for S, Ag, and Mo. 

The crystalline nanoparticles are compatible with the acanthite Ag2S phase. 

Again, these nanoparticles are surrounded by a layer of semi-crystalline MoS2, 

suggesting a strong interaction between the two sulfides. The interface between 

the nanoparticle and the overlaying MoS2 sheet is perfectly matching, proving 

that the MoS2 layer is growing directly on the surface of RGO. This suggests 

that the unique 2D nanostructure of RGO serves as excellent support for the 

growth of Ag2S/MoS2. Anchoring Ag2S/MoS2 structure on RGO provides 

0D/2D interface that provides a maximum exposure area for the catalysis 

process, beneficial for a high catalytic activity towards HER. 
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The HER activities were measured using voltammetry techniques (Figure 10 ). 

The nanocomposite shows superior electrochemical activity towards HER, 

evidenced by the positively shifted (-190 mV vs RHE) overpotential at a current 

density of -10 mA/cm2, and a small Tafel slope (56 mV/dec) compared to the 

bare and binary system (Figure 10a,b). The polarization curve (Figure 10a) shows 

the potential needed to produce a current density of -50 and -10 mA/cm-2 (the 

so-called η50 and η10 parameters). The ternary composites (Ag2S/MoS2/RGO) 

can efficiently reduce H+ (proton) as evidenced by a small overpotential of -300 

mV (-190 mV) to produce a current density of -50 (-10) mA/cm 2. MoS2 and 

its binary composites (MoS2/RGO) exhibit overpotentials of -460 mV and -400 

mV at a current density of -50 mA/cm-2 respectively. The stability tests were 

carried out at an overpotential of -224 mV for 17 hours. The catalyst is stable 

and provides a constant current density of ~ −17 mA/cm2, with no significant 

change in the polarization curve after 17 hours of the stability test (Figure 10 c, 

inset). The ECSA was estimated by measuring Cdl values by plotting (Ja-Jc)/2 at 

-0.18V vs RHE against the scan rate (v) from the CV curve (Figure 10 d). The 

Cdl was calculated to 23.7 mF/cm2, 16 mF/cm2, 8.9 mF/cm2 for 

Ag2S/MoS2/RGO, MoS2/RGO, and MoS2 catalyst, respectively. This suggests 

an increased active surface sites for the ternary system.  

To provide further insights on the intrinsic activities of the catalyst, the number 

of active sites (n), turnover frequencies (TOFs), and the equilibrium current 

density were measured. The number of active sites was determined using cyclic 

voltammetry collected from −0.4 to +0.4 V vs RHE in a phosphate buffer 

solution (PBS, PH = 7) with a scan rate of 50 mV/s. The net voltammetry 

charges (Q) of the catalysts were determined by subtracting charges resulting 

from the glassy carbon electrode. At an overpotential of -200 mV (vs RHE), the 

TOF for Ag2S/MoS2/RGO is 0.38 s−1, for MoS2/RGO it is 0.25 s−1, and for 

MoS2 it is 0.1 s-1. This confirms that the total number of H2 produced by 1 mol 

of the active site per unit time is higher for theAg2S/MoS2/RGO ternary 

catalyst. 

In summary, this work has demonstrated a nanocomposite with an improved 

interface charge transfer rate due to the formation of a 2D/2D interface 

(MoS2/RGO) and the strong interaction of Ag2S with MoS2/RGO surfaces. 

This significantly improves HER kinetics and provides a higher ECSA due to a 

large number of accessible active sites on the surface of the catalyst. The 

composites offer a very fast charge transfer process evidenced by the small charge 

transfer resistance, suggesting that the 0D/2D interface assists the electron 

transfer rate at the solution electrode interfaces. 
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Figure 10. Electrochemical characterization; a) Polarization curves of HER for 

various catalysts up to -50 mA/cm2. b)Tafel plots of the corresponding 

electrocatalyst, and c) chronoamperometry for stability test of Ag2S/MoS2/ 

RGO. The inset in c) compares the polarization curves before (solid line) and 

after (dotted line) the stability test. d) Cyclic voltammetry of Ag2S/MoS2/RGO 

conducted for obtaining Cdl.  

6.1.2 Noble metal decoration  of OER catalysts 

Various noble metals, including Pt, Ru, Pd, and Ag can be used to modulate the 

electronic properties of a catalyst. In the field of photocatalysis and 

electrocatalysis, such metal decorations of semiconductors can lower the 

overpotential needed for catalytic reactions. It is also the most proven way to 

improve the performance of SCs for these purposes. Adding noble metals on 

semiconductors tend to facilitate the redox reaction at the respective half-

reaction, which is an established technique to improve the H2 or O2 

production[60]. For instance, dual-noble metals composed of Pt (as a reduction 

cocatalyst) and Pd (as an oxidation cocatalyst) supported on CdS photocatalyst 

can remarkably increase the photocatalytic activity by more than 300 times 

compared with the individual cocatalyst[60]. Here, the dual loading of catalyst 

helps to efficiently separate the photogenerated electrons and holes pairs. In 

0.0

0.1

0.2

0.3

0.4

0.5

-3.5 -3.0 -2.5 -2.0

-0.6 -0.4 -0.2 0.0

-100

-50

0

-0.8 -0.6 -0.4 -0.2 0.0
-50

-40

-30

-20

-10

0
b)

(d)(c)

J
 (

m
A

/c
m

2
)

Potential (V vs RHE)

 Glassy Carbon

 RGO

 MoS2

 MoS2/RGO

 Ag2S/MoS2/RGO

 pt foil

h
10

(a)

38 mV/dec

56 mV/dec

71 mV/dec
 MoS2

 MoS2/RGO

 Ag2S/MoS2/RGO

 Pt foil

log (|J(A/cm2)|)

P
o

te
n

ti
a

l 
(V

 v
s
 R

H
E

)

90 mV/dec

0 3 6 8 11 14 17
-50

-40

-30

-20

-10

-224 mV 

J
 (

m
A

/c
m

2
)

Time (hrs)
0.15 0.18 0.21 0.24

-6

-4

-2

0

2

4

Scan rate(mV/s)

J
 (
m

A
/c

m
2

)

Potential (V vs RHE)

 20
 40 
 60
 80
 100
 120
 140
 160
 180
 200

J
 (

m
A

/c
m

2
)

Potential (V vs RHE)



 

Chapter 6: Results and discussion 

29 

 

another work, loading Pt/Ru cocatalyst on LaTaON2 resulted in a superior H2 

evolution rate due to the enhanced electron transfer rate of the loaded noble 

metal[61].  

MoS2 is one of the typical catalysts with a relatively high active site density on 

the edge rather than on the basal plane [62]. Several efforts have been made to 

increase the number of exposed active sites of MoS2. One example is heteroatom 

doping and formation of heterostructures, which result in an improved catalytic 

performance [63–65]. In recent works, 2D MoS2 nanosheets doped by transition 

metals have been proposed as an effective and low-cost electrocatalyst for ORR 

due to their high density of reactive sites [64,66]. The main challenge of ORR in 

low-temperature fuel cells under alkaline media is the requirement of the direct 

4 electron transfer process. Platinum group catalysts can provide 4 electrons [67]. 

Silver is also another possible catalyst capable of reducing molecular oxygen into 

water (4-electron transfer) or peroxide (2-electron transfer). Due to this ability, 

silver has been actively employed for ORR[68–72]. Also, recent studies showed 

that silver can be used as a dopant to improve the OER activity of catalysts [73]. 

Chang-soo et al [74] demonstrated that a homogeneously distributed Ag dopant 

enhances the stability and the catalytic efficiency of CoOOH towards OER by 

forcing Co to have a higher oxidation state. 

This part of the thesis explores noble metal decorated 2D materials. For this 

purpose, Ag decorated vertically aligned MoS2 nanoflakes were synthesized using 

magnetron co-sputtering for investigating their OER and ORR activity. The 

magnetron co-sputtering is a valuable method to effectively decorate the MoS2 

surface with metal atoms without affecting its structure during the crystal growth 

process. Also, co-sputtering can help in controlling the unwanted side reaction 

of the dopant with the main catalyst (MoS2), which usually happens in a 

hydrothermal synthesis and thus makes it difficult to understand the role of noble 

metal [41]. Vertically aligned MoS2 flakes (Figure 11a)  can possess maximum 

exposed sites for catalytic activity. Furthermore, doping and/or decorating MoS2 

surfaces with transition metals are effective ways to generate high oxidation states 

of the metal catalyst and thus improve the performance of the catalyst [73]. Since 

metal sites with a higher oxidation state are very active towards OER [75,76], the 

presence of silver can produce a synergistic effect on the catalytic activity of the 

decorated MoS2 by modulating the Mo oxidation state. It also helps to stabilize 

and improve the poor stability of the sulfide under alkaline conditions. 

Compared to MoS2, the Ag-MoS2 nanoflakes grown by co-sputtering are 

denser, forming randomly oriented bundles on the surface(Figure 11b). Hence, 

exposing more active surface sites for electrochemical reactions. 
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Figure 11. a,b) FE-SEM images of MoS2, Ag-MoS2 c,d), XRD, and Raman 

spectra of Ag-MoS2 (blue) and MoS2 (Red), respectively. e) RBS spectra of Ag-

MoS2 and MoS2 with associated x-RUMP code simulations. 

XRD, Raman, and RBS (Figure 11 c-e) provide information about the crystal 

structure and chemical composition. Broad XRD reflections were observed at 

13.2°, 33.8°, and 61.6°, associated with the (002), (100), and (110) crystal planes 

of MoS2, respectively. The MoS2 nanoflakes in each sample confirm the presence 

of the hexagonal MoS2 (PDF Code #27-0319). The reflections at 2θ = 26.5°, 

33.8°, 37.8°, 51.6°, and 65.6° are due to the substrate FTO (PDF #46-1088). 

The very small contributions at 12.5°, 25° are associated with the formation of 

Ag2MoO4 as confirmed by PDF #72-1689. Raman spectra of Ag-MoS2 and 

MoS2 excited displays two characteristic Raman bands (∼378 cm−1 and ∼408 

cm−1) associated with E1
2g and A1g vibration modes of MoS2, respectively (Figure 

11 d) [77]. RBS spectra (Figure 11 e) revealed the presence of Mo and S in the 

MoS2 sample and Mo, S, and Ag in the Ag-MoS2 samples, with a homogeneous 

in-depth distribution of all the detected elements. The increased yield of the 
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high-energy signal (channel region 550-700) and the small shift of the surface 

edge (channel 680-690, toward higher energies)  confirm the presence of  Ag. 

Using  RUMP code simulations, the atomic ratio for Mo:S is calculated as 1:1.5 

and for Mo:S: Ag is 1:1.5:0.14. Furthermore, a slight amount of Ag2MoO4 phase 

was created for the Ag-MoS2 sample, confirmed by the XRD and XPS analysis.  

The main reasons for the presence of this phase are attributed to the sulfur 

deficiency, which could be due to the re-sputtering process after deposition, 

and/or due to the scattering of sulfur by the inert gas. Hence, unreacted Mo 

could react with Ag and form a trace of Ag2MoO4.  

 

Figure 12. a, b) AFM images of MoS2 and Ag-MoS2, c, d) high magnification 

HR-TEM micrograph of MoS2 and Ag-MoS2, respectively. e) STEM-HAADF 

micrograph of an Ag-MoS2 nanoflake and distribution of Ag and Mo content 

on the same flake (right), displayed as the intensity map of the related X-ray K 

peaks. 

The catalyst surface was further characterized by AFM imaging (Figure 12a). 

The height of the MoS2 nanoflakes was measured to 60-80 nm, while the height 
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of the Ag-MoS2 flakes was lower, around 40-60 nm, as shown by high-

resolution 3D AFM images (Figure 12b). The diameter of the tubular structure 

(nanoflakes) was found to be around 23 nm for MoS2. Ag decoration changes 

the surface morphology evidenced by the increased film thickness for Ag-MoS2 

compared to bare MoS2. Such phenomena are also observed in Fe doped MoS2 

nanosheets [78], where Fe is segregated on the very small crumpled nanosheet. 

The crystal properties of the samples were further studied by HR-TEM (Figure 

12c,d). The samples display a typical MoS2 crumpled structure with high 

magnification micrographs display a lattice spacing of 0.63 nm, corresponding to 

the (002) plane of the hexagonal MoS2
[65]. The composition of the Ag-MoS2 was 

analyzed by STEM-EDS mapping (Figure 12e), suggesting 15 to 18% at. of Ag 

content homogeneously distributed with respect to Mo. 

Linear sweep voltammetry (LSV), and EIS were used to access the electrocatalyst 

performance of the catalyst in a typical three-electrode cell under ambient 

conditions (Figure 13 a, b). Both MoS2 and Ag-MoS2 electrodes show a 

substantial increase of the current density after Ni2+/Ni3+ redox potential, which 

are associated with the onset of the OER process. The catalyst surface 

modification is evidenced by the decrease of overpotential needed to reach a 

current density of 100 mA/cm2 (Figure 13 a). Surprisingly, Ag-MoS2 requires 

an overpotential of 370 mV to reach a current density of 100 mA/cm2, which is 

much lower than that of MoS2 (500 mV).  

 
Figure 13. The OER performance of the as-prepared catalyst; a) polarization 

curve and b) Nyquist plot for Ag-MoS2 and MoS2. 

The presence of silver reduces the overpotential further by 130 mV, 

demonstrating the improved electrocatalytic phenomena behind the decorating 

of MoS2 by silver metal. Furthermore, Tafel plots extracted from the 

corresponding LSV curve (86 mV dec-1 for MoS2  to 58.6 mV dec-1 for Ag-

MoS2) suggest the presence of interim steps between the formation of the radical 

adsorbate and the rate-determining step. Silver metals prefers the adsorption of 
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hydroxyl radical (OH)[79], which might be the reason for the lowering of the 

Tafel slope. The change of the reaction mechanism by the integration of silver 

accelerates the reaction kinetics towards producing O2 gas. The kinetic and 

electrocapacitive properties of the catalyst were accessed using EIS measurement 

at a1.5 V, (Figure 13 b). Analysis of the EIS results suggests that the presence of 

silver decreases the RCT by more than 20% and exhibiting an increase in the 

overall rate of the reaction. Furthermore, the apparent exchange current density 

of 3.3 mA cm-2 for Ag-MoS2 and 2.5 mA cm-2 for MoS2 (more than 20% lower 

value) was obtained.  

Bifunctional catalysts have received attention as they effectively catalyze both 

OER and ORR. Ag-MoS2 can meet the opportunities of acting as bifunctional 

catalysts. Silver can satisfy the need of 4 electrons like a platinum group catalyst 

under the ORR process. For this reason, silver has been actively employed for 

oxygen reduction reaction (ORR).  

 
Figure 14. Rotating-disk voltammograms of the nanocomposites in O2 saturated 

0.1 M KOH at room temperature with a sweep rate of 20 mV s-1 at different 

rotating rates from 0 to 2500 rpm for a) Ag-MoS2 and c) MoS2, and 

corresponding K-L plots of J-1 vs. ω-1/2 at 0.4, 0.45, 0.5, 0.55, and 0.60 V vs. 

RHE and associated linear fit for calculating the electron number for b) Ag-

MoS2 and d) MoS2. 
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The electrochemical performance of the ORR catalyst was measured by CV 

and LSV using the rotating disk electrode (RDE) and rotating ring disk electrode 

(RRDE) methods. The polarization curve (Figure 14a) of Ag-MoS2 was 

recorded at different electrode rotation rates.  Compared to bare MoS2, the 

polarization curve of Ag-MoS2 is closer to the sigmoidal shape, suggesting that 

the ORR activity is enhanced due to the metal decoration. Comparison of the 

two catalysts (Figure 14a,b), it is evident that the presence of silver improves the 

ORR activity by facilitating the electron transfer kinetics near the electrode 

surface. The polarization curves were subsequently analyzed using Koutecky-

Levich (K-L) plots form which the electron transfer number (n) per O2 

molecules were calculated (Figure 14b,d ). For Ag-MoS2 catalyst (Figure 14a,b), 

the number of electron transfers per O2 molecule was nearly 4, confirming a 

four-electron transfer reaction mechanism per O2 molecule. This is in agreement 

with a reported catalyst: Ag-MoS2 hybrid [80], and Pt-based catalyst [81–83]. For 

MoS2, a potential-dependent intercept and slope were observed, suggesting a 

different electron transfer number within a given potential range. From 0.75 to 

0.35 V, the n values range from 2 to 4  (Figure 14c,d). In general, this work 

reports a bifunctional electrocatalyst with remarkable performance towards OER 

and ORR activities. Furthermore, detection of ORR reaction intermediates 

was performed using RRDE techniques, equipped with an independent 

platinum ring electrode which will be discussed in section 6.2.1. 

6.1.3 Core-shell nanocatalysts for OER  

Core-shell metal oxides have shown an enhanced electrical conductivity due to 

the interactions of the metal cations available in the core and shell. Such strong 

chemical interactions between the core and the shell structure can tune the 

electronic properties and modifying the active sites densities and the atomic 

bonding. Thus, creating a favorable condition for the adsorption/desorption of 

reaction intermediates. Furthermore, chemically stable shells can protect the core 

from direct contact with an electrolyte solution. This is beneficial for nonstable 

electrocatalysts in order to improve their electrochemical performance. 

However, if the shell is thick enough and not active towards the catalysis process, 

then it can decrease the overall performance of the structure. The core-shell 

structure of metal oxides with nickel molybdate (NiMoO4) has been used for 

catalytic activities due to high surface area, and ease of synthesis methods [84]. For 

instance, core-shell structures including NiO@NiMoO4 
[85], 

NiCo2O4@NiMoO4 
[86], CoMoS@CoMoO4

[87], etc., containing nickel 

molybdate shell and different cores have been reported to have improved 

catalytic activity towards OER and HER activities. 



 

Chapter 6: Results and discussion 

35 

 

In this part of the thesis, a core-shell structure of NiMoO4@Co3O4 is presented. 

This was obtained by first synthesizing NiMoO4 (hydrothermally) followed by a 

thin layer of Co3O4 deposition(atomic layer deposition techniques (ALD)) 

(Figure 15a). The as-synthesized NiMoO4 nanorods have a high aspect ratio, 

beneficial for increasing the exposed surface area of the nanorods, which can 

enhance the catalytic efficiency of OER. Incorporating stable and high 

electrically conductive shells (Co3O4) benefits for improving the electron 

conductivity at the surface. Furthermore, the Co3O4 shell further improves the 

stability of the nanorods. Conformal covering by ALD deposition for producing 

a core-shell structure is an established technique, which helps to control and 

engineer different surface properties of the depositing materials.  

 

Figure 15. a) Schematic illustration of the synthesis methods for 

NiMoO4@Co3O4 core-shell structure, b) corresponding low and high 

magnifications FESEM images NiMoO4@Co3O4,  c) HR-TEM micrographs 

for hydrated NiMoO4, and d) HR-TEM micrographs for  NiMoO4@Co3O4 

core-shell, with FFT in the inset relative to nanoparticle crystal pattern.  

The core-shell structure (NiMoO4@Co3O4) displays particles of rough and 

different sizes (easily visible in FE- SEM images (Figure 15 b)), which provides 

the possibility of facilitating electrolyte penetration into and out of the core. The 

rough nature of the core-shell structure is beneficial for improving the charge 

transfer efficiency and mass transport during the catalysis process. HR-TEM 

analysis was performed to further study the samples before and after cobalt oxide 

deposition. HR micrographs of both samples display a crystalline character of 
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both NiMoO4 and NiMoO4@Co3O4 nanowires (Figure 15c&d). The 

micrographs often display a set of planes parallel to the lateral edge of the 

nanowire, with a d-spacing compatible either with (010) axis (6.5 Å) or (100) 

axis (8.9 Å), suggesting the main grown axis is (100), being orthogonal to both 

sets of planes. The reflection pattern for the nanoparticles is compatible with the 

Co3O4 phase (Figure 15d) and the nanoparticles are almost homogeneously 

coating the surface of the nanowires. No crystal properties or morphologies was 

found to change due to Co3O4 addition via ALD.  

The core-shell structure is further characterized by the XRD  and Raman 

spectroscopy (Figure 16 a and b). The strong XRD diffraction peaks at 2θ = 

44.4º, 51.8º, and 76.3º correspond to crystalline planes of metallic nickel, with 

the remaining peaks, perfectly matching the diffraction pattern of nickel 

molybdate hexahydrate (NiMoO4.xH2O), referenced by PDF# 04-017-

0338)[88]. After coating with Co3O4 via ALD, the XRD pattern presents 

additional peaks corresponding to the spinel Co3O4 [89,90] and the rock-salt CoO 
[90].  

 

Figure 16. a) X-ray diffraction spectra of NiMoO4@Co3O4 (cyan) and hydrated 

NiMoO4 (yellow). Bottom line: expected reflections from hydrated NiMoO4 

(yellow), nickel substrate (blue), Co3O4 (purple), and CoO (black), b) Raman 

spectra of NiMoO4 (yellow) and NiMoO4@Co3O4 (green). The inset shows the 

resolution of the Raman peak of Co3O4. 

The Raman spectra of hydrous NiMoO4 and NiMoO4@Co3O4 display intense 

peaks at 948 cm-1, 870 cm-1, and 830 cm-1, with a broad peak at 358 cm-1. The 
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Raman band located at 948 cm−1 for both samples are correlated with the 

symmetric stretching mode of molybdenum and oxygen linkage. The bands at 

870 cm−1 are assigned to the asymmetric stretching modes of the oxygen in the 

O-Mo-O bond, consistent with reported literature [91,92]. Co3O4 displays Raman 

signal at 193, 476, and 674 cm-1 (labeled by *). The peak positions are in 

agreement with the expected Raman signature of Co3O4, associated with F2g, 

Eg, F2g, and A1g vibrational modes of spinel-type Co3O4
 [93,94]. 

The OER performance of the catalyst was accessed and compared with each 

other based on polarization curve, overpotential, Tafel slope, ECSA, and EIS. 

NiMoO4@Co3O4 shows a very low overpotential of 120 mV at a current density 

of 10 mA/cm2 and thus maintaining a remarkable performance at a constant 

current density of 10, 50, and 100 mA/cm2 (Figure 17 a). Hydrous NiMoO4 

possesses an overpotential of 220 mV at a current density of 10 mA/cm2. The 

polarization curve for both catalysts was measured after 5 successive scans from 

which the first two scans are not stable and show an increase in OER 

performance.  

 
Figure 17. The OER performance characterizations; a) polarization curves for 

NiMoO4@Co3O4, NiMoO4, and NF, b) corresponding Tafel slope for 

NiMoO4@Co3O4, c) overpotential at different current densities, and d) 

chronoamperometry (stability test) for NiMoO4@Co3O4 at different potential 

associated with a current density of 10, 50, 100 mA/cm2. 
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The  OER activity of NiMoO4@Co3O4 is promising and exceeds the activity of 

the most efficient catalysts recently published (Ni–Fe oxy hydroxide@NiFe [95], 

Ni-Fe oxyhydroxide [96], NiMoOx/NiMoS [97] ) in terms of onset potential, and 

overpotential needed to produce a current density of 10 mA/cm2.To gain further 

insight into the OER kinetics, the Tafel slopes (after manual iR-corrections) 

were analyzed. As shown in Figure 17 b, a Tafel slope of 56 mV dec-1 and 78 

mV dec-1 were obtained for NiMoO4@Co3O4 and hydrous NiMoO4, 

respectively. NiMoO4@Co3O4 results in a lower Tafel slope as compared to the 

hydrous NiMoO4. The improved performance of the core-shell structure is 

evidenced by its higher current density observed in the polarization curve and 

by its lower Tafel slope (56 mV dec-1). The core-shell structure is further 

compared using overpotentials at different current densities (Figure 17c). 

NiMoO4@Co3O4 retains its highest catalytic activity at different current 

densities (10, 50 100, and 200 mA/cm2 ) showing an overpotential of 120, 200, 

282, and 430 mV, respectively. To produce a similar current density, the hydrous 

bare NiMoO4 requires 216, 294, 384, and 651 mV overpotentials. The 

electrocatalytic stability of the catalyst was examined by a chronoamperometry 

test at different potential (Figure 17 d at 1.35, 1.45, and 1.50 V vs. RHE)) by 

continuously stepping the potential, which should produce a current density of 

10, 50, and 100 mA/cm2, respectively. Surprisingly, the stability test for 

NiMoO4@Co3O4 maintains an equivalent current density observed in the 

polarization curve for 8 h of continuous operations, without any significant 

degradation of catalyst performance. 

In summary, this work highlights the effectiveness of the conformal coating for 

creating an active core-shell structure for OER applications. The 3D core-shell 

nanostructures provide large surface areas (large ECSA) with increased exposure 

of active sites and efficient electron transport from NiMoO4 (low charge transfer 

resistance) to the core Co3O4. The low-temperature ALD deposition of Co3O4 

resulted in oxygen vacancies (Evidenced by the RBS results). Such oxygen 

vacancies can create a reaction site for the intermediates (OH, OOH) thus 

facilitating the OER process by improving electron mobility and conductivity. 

Furthermore, post-OER characterization and operando Raman reveals that the 

higher  OER activity is due to the hydrous nature of the core NiMoO4 structure  

that initiates the leaching out of Mo, and the high electrical conductivity of 

Co3O4, , possibly resulting in abundant active sites (further discussion will be 

provided in Section 6.2 ). 
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6.1.4 Hierarchical nanostructures for OER 

The hierarchical structures are typically similar to trees with branches. It has 

attracted considerable research attention due to its applications in the catalysis 

field. The structures can effectively increase the surface area by providing more 

exposed active sites due to their branched network. The ease of the electrolyte 

penetration as well as the accelerated bubble release rate through the porous 

structure is beneficial for OER activity.  

In this part of the thesis, a hierarchical nanostructure are explored for OER 

activities. Owing to the above-mentioned benefits, a hierarchical nanostructure 

was formed by wrapping the hydrated NiMoO4 nanorods with two-dimensional 

MoS2 nanosheets. This part of the work is a continuation of the reported 

nanorods in paper III that creates an efficient OER catalyst. Motivated by that 

result, the work was extended by creating a hierarchical structure using hydrated 

NiMoO4 nanorods and 2D MoS2 nanosheets. The presence of MoS2 enhanced 

the surface properties of the nanorods due to its numerous active sites. As a result, 

the hierarchical structure (NiMoO4/MoS2) possesses a dramatic improvement in 

electrocatalyst's performance towards OER.  

 

Figure 18. Morphological characterization: Low and high resolution of SEM 

images for a,b), NiMoO4 and c,d)NiMoO4/MoS2. 

The NiMoO4/MoS2 hierarchical nanostructure was fabricated by first 

synthesizing NiMoO4 hydrothermally followed by a subsequent magnetron 

sputtering process. The High-magnification FESEM image (Figure 18 a-d) 
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shows that the micro rods grown on a nickel foam substrate are smooth and 

vertically oriented. Thanks to the nondestructive synthesis methods of 

magnetron sputtering, the morphology of NiMoO4 nanorods was preserved. 

Numerous MoS2 nanosheets were grown surrounding NiMoO4 nanorods and 

thus increasing the porosity of the nanostructure. Specifically, such rational 

designing of the catalyst can elevate the electron transfer efficiency, reaction 

kinetics, exposure of active sites, and thus have a dramatic impact on catalytic 

performance towards OER. 

 
Figure 19. a) Low magnification HR-TEM micrograph for the MoS2 decorated 

NiMoO4 sample displaying the anisotropic deposition of MoS2. b,c) High-

resolution micrograph of selected areas of the same nanowire displayed in figure 

a) with FFT in the inset, representing the typical lattice observed on the 

nanowire core and the decorating nanoflakes, respectively. d) STEM-HAADF 

micrograph of MoS2 decorated NiMoO4 nanowire with e) relative distribution 

of EDS Ka peaks for Ni, Mo, O, and S, confirming the core-shell structure. 

The crystal structure and chemical compositions were further analyzed by XRD, 

XPS, RBS, Raman, and EDS confirming that the phases and the chemical 
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compositions are as expected. Furthermore, MoS2 sputtering deposition results 

in an anisotropic coating of pristine NiMoO4, as highlighted by HR-TEM low 

magnification micrographs (Figure 19 a). The nanowire coating degree depends 

on the relative nanowire orientation during the sputtering process and the 

portion of nanowire considered for the analysis, ranging from almost pristine 

NiMoO4 NWs to fully covered ones. The hydrated nanowires NiMoO4 crystal 

phase was confirmed by high magnification micrographs, as well as MoS2 one 

(Figure 19b,c), whose crystallinity degree varies on different areas of the sample. 

The high magnification micrographs (Figure 19e-f ) display a lattice spacing of 

0.63 nm, corresponding to the (002) plane of the hexagonal MoS2, which is 

consistent with the interlayer spacing between the (100) planes for the hexagonal 

2H-MoS2 
[39]

. STEM-EDS mapping of a fully coated NW displays the selective 

concentration of Ni-Ka signal in the hierarchical nanowire. It is found that Mo, 

S have homogeneously distributed overall the heterostructure, confirming the 

hierarchical nanostructure (Figure 19d, e).  

The OER catalytic performances of the NiMoO4 / MoS2, and the bare NiMoO4 

were accessed using LSV, Tafel slope, overpotential, and long-term stability 

using a three-electrode system as shown in Figure 20a-d. Both NiMoO4 and 

NiMoO4 / MoS2 catalyst shows a dramatic increase in the current density after 

the onset potential as shown in Figure 20a. The presence of interconnected 

network nanosheets in the NiMoO4/MoS2 displays a dramatic shift of the onset 

potential to lower values (lower overpotential). In particular, hierarchical 

nanostructure results in a current density of 10 mA/cm2 which requires an 

overpotential of 90 mV. NiMoO4 needs 220 mV to reach a similar current 

density. 90 mV is one of the minimum overpotential reported for such 

nanostructure. The onset potential is remarkably low compared to NiMoO4 and 

NF. The Tafel plot derived from the polarization curve (Figure 20b) provides 

additional information on the kinetics of the OER process on the catalyst 

surfaces. NiMoO4/MoS2 possesses a Tafel slope of 76 mV dec-1 which is very 

small compared to NiMoO4 (103 mV dec-1) thus suggesting that NiMoO4/MoS2 

catalyst has fast kinetics during the OER process.  

The overpotential at different current densities was computed for both catalysts 

and displayed in Figure 20c. In addition to 10 mA/cm2, NiMoO4 / MoS2 

provides 155, 255 and 764 mV at current density of 50, 100, and 200 mA/cm2. 

Similarly, NiMoO4 provides 290, 380, and 970 mV at a similar current density. 

The long-term stability test is evaluated using chronoamperometry measurement 

at a potential of 1.40 V vs RHE by producing a constant current density of 60 

mA/cm2. Only a minor decrease is observed for LSV measured after the stability 

test (Figure 20d, inset). The decrease in the charge-transfer resistance for 
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NiMoO4/MoS2 (10.9Ω) compared to pure NiMoO4 (14.4Ω) indicates that the 

hierarchical heterostructure has a much faster electron transfer during the 

electrochemical reaction. This is a result of the existence of NiMoO4 and MoS2 

phases. Also, this is consistent with its lower Tafel slope which corresponds with 

the improved electrocatalytic performance. 

 
Figure 20. The OER performance of the catalyst. a) Polarization curves of 

NiMoO4/MoS2, NiMoO4, and Nickel foam. b) Corresponding Tafel plots of 

the catalysts (NiMoO4/MoS2, NiMoO4). c) Overpotentail at different current 

densities. d) Stability for NiMoO4/MoS2, and NiMoO4  (inset showing the LSV 

after the stability test). 

The ECSA was evaluated by measuring the double-layer capacitance (Cdl) using 

CV recorded from 1.1-1.22 V vs RHE. The double-layer capacitance derived 

from the CV provides an estimation about the ECSA of NiMoO4/MoS2 (1.9 

mF cm-2 ) and for NiMoO4 (1.7 mF cm-2 ). These suggested that there is only a 

minor increase of ECSA for the heterostructure. Both catalysts provide nearly 

similar accessible sites in non-faradic region. The enhanced catalytic activity 

observed in the case of the hierarchical structure can, therefore, be attributed to 

the altered intrinsic activity. In summary, this work described an easy and scalable 

method to develop efficient electrocatalysts for OER by creating 

NiMoO4/MoS2 hierarchical nanostructures. NiMoO4/MoS2  also works as a 

super-efficient pseudo capacitor with very high specific capacitance and a long 
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life cycle (the supercapacitor part is ongoing and not included in this 

dissertations).  

6.1.5  Cocatalysts and protective layers for PEC HER 

Photoelectrochemical WS is an attractive method to generate H2 green fuel. 

However, visible-light-absorbing semiconductors, absorbing a large portion of 

the solar radiation as well as materials capable of catalyzing the HER are needed. 

So far, it is very difficult to find a single photocathode that satisfies both 

requirements. As a result, different surface and chemical modifications have been 

tried inorder to produce an efficient catalyst for PEC WS. Cuprous oxide 

(Cu2O) is an earth-abundant semiconductor that can be used as a photocathode 

for PEC WS. Its favorable band edges make Cu2O an ideal candidate for PEC 

applications. The main challenges that hinder its application are its poor 

photostability, due to its oxidation into CuO by photoexcited holes. Various 

types of cocatalysts such as ruthenium oxide, iridium oxide, platinum have been 

used to alter the chemical and electronic properties of Cu2O, and as a protective 

layer such as TiO2, ZnO, Al2O3/ZnO, NiOx.  

In this part of the thesis, Cu2O is employed as a photocathode for PEC 

hydrogen evolution and the above limitations are systematically minimized 

through different techniques. In various works, TiO2 film was used as a 

protective layer to avoid the photo-oxidation Cu2O[98–102]. Mostly, atomic layer 

deposition was used for depositing TiO2 overlayer[99–102]. However, the oxidizing 

agent for depositing TiO2 (water or ozone) can also oxidize Cu2O to CuO. The 

Cu2O nanowires undergo in-situ oxidation before it is covered by the protective 

layer resulting in a black CuO film. Due to this reason magnetron sputtering was 

chosen to deposit pure TiO2 in ultra-high vacuum conditions. Next, we use 

ALD to conformally cover the nanowires by amorphous VOx. The presence of 

VOx improves PEC activity by improving the surface-active site density and acts 

as a cocatalyst. The presence of n-type semiconductors (TiO2) forms a p-n 

junction as well as acts as a protective layer for Cu2O (See the scheme in Figure 

21).  

Cu2O nanowires were obtained by anodizing the Cu metal film in 3M KOH, 

followed by annealing at high temperatures. The anodization process grows a 

Cu (OH)2 nanowire (Figure 21). After annealing, Cu2O preserves the 

morphology of the nanowire, but the roughness of the surface increases more 

after annealing (Figure 21). The color of the film after successful anodization and 

annealing (conversion to Cu2O) becomes reddish, and the length of nanowires 
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is characterized by the range of 100-400 nm. After the deposition of TiO2 (40 

nm thickness), the morphology does not show any clear change. This means that 

it is not visibly affected by the deposition of the very thin TiO2 layer.  

 

Figure 21. From left to right: The schematic representation of the 

photoelectrode, SEM images of Cu(OH)2 nanowires, and Cu2O nanowires 

converted by heat treatment. 

The XRD pattern of as-deposited  Cu thin film reveals the typical reflections of 

crystalline metallic Cu (PDF# 01-1605). Furthermore, small reflections 

characteristic of the SnO2 from the FTO glass substrate (PDF# 46-1088) was 

observed (Figure 22a). After the anodization, new reflections characteristic of 

Cu(OH)2 with a spertiniite phase (PDF# 00-7850) appear which then converted 

to Cu2O (PDF# 00-0064) after thermal treatment (in agreement with similar 

result [103–105]). The contributions from FTO and, in particular, metallic Cu are 

still evident after the anodization. 

The PEC properties of the photoelectrode were measured using three-electrode 

methods. LSV measurement was carried out on the bare Cu2O, Cu2O/TiO2, 

and Cu2O/TiO2/VOx electrodes (VOx  = 700 ALD cycle). While optimizing 

the protective layer and the cocatalyst, it could be observed that the stability of 

the Cu2O/TiO2/VOx photoelectrode improved compared to bare Cu2O, 

because the protective layer and the cocatalyst protect the Cu2O from oxidation. 

However, after consecutive measurement (LSV scan) the photoresponse 

decreases with time, affecting the photostability. One of the possible reasons for 

the decrease in photocurrent after consecutive LSV measurements is due to the 

direct contact of the TiO2 overlayer with the Cu metal. The presence of the 

TiO2 layer does not only cover the Cu2O nanowires and forms a p-n junction 

but is also in contact with the metal substrate which is not fully anodized during 

the conversion process. The process creates low resistance charge flows and 
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increases the recombination rate; a similar phenomenon is reported in a recent 

work[102]. To minimize these problems and to improve the performance of the 

Cu2O photoelectrode, we decided to cover the Cu2O nanowires with a thin 

layer of electrodeposited Cu2O (Cu2O together with additional electrodeposited 

Cu2O: labeled hereafter as Cu2O*). 

 
Figure 22. a) XRD pattern of the as-prepared photoelectrode: Cu2O, Cu (OH)2, 

and Cu metallic (top to bottom): diffraction pattern from the PDF reference 

code (bottom panel), b) Morphology characterization: low and high 

magnification SEM images for Cu2O*/TiO2/VOx (VOx =700 ALD cycles). 

The morphology of nanowires with electrodeposited Cu2O overlayer, TiO2, and 

VOx (Cu2O*/TiO2/VOx) show an increase in the width of the nanowires 

compared to bare Cu2O nanowires (Figure 21 vs Figure 22 b). The XRD pattern 

and Raman spectra of the Cu2O based photoelectrodes with the electrodeposited 

Cu2O layer (Cu2O*) are similar to the bare Cu2O nanowire and  no other phase 

forms during the electrodeposition process. Furthermore, to better understand 

the effectiveness of the coating layers in preventing the oxidation, cyclic 

voltammograms (CVs) were collected for the bare Cu2O and Cu2O*/TiO2/VOx 

photoelectrodes (Figure 23 a). The bare Cu2O nanowires display a reduction 

peak around 0.52 V vs RHE (Cu2+ reduction), associated with the surface-

oxidized form of Cu2O[106,107]. However, such a reduction peak is not observed 
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when the electrodeposited Cu2O, TiO2 protective layer, and the cocatalyst are 

deposited on the bare Cu2O nanowires. This outcome confirms that the 

electrodeposited Cu2O and coating layers (TiO2/VOx) help to reduce the photo 

corrosion and protect the Cu2O photoelectrode.  

Mott-Schottky (M-S) plots are mostly used for determining the carrier density 

(NA) and flat band potential of semiconductors. M-S equation works for planar 

electrodes but the analysis more complicated for nonplanar photoelectrodes 
[98,99,102,108,109]. Nonetheless, various nanostructure photoelectrodes including 

Cu2O are analyzed using M-S plot [103,106,107].  For  this work, just to compare the 

results with literature values a M-S analysis was perfomed(Figure 23 b). The flat 

band potential was obtained by extrapolating the linear part of 1/ Csc2 to 1/CH
2, 

which is  0.62 V for Cu2O* (in agreement with similar work [110]). Upon 

introducing the TiO2 layer and the VOx, the flat-band potential is found to be 

about 0.58 V vs RHE.  

 
Figure 23. a) and b) Cyclic voltammograms and Mott–Schottky plot Cu2O* 

photocathodes, c) Plots of photocurrent vs. applied potential recorded for 

Cu2O/TiO2 and Cu2O, d) Cu2O*/TiO2/VOX and Cu2O*/TiO2 

photocathodes. 

The presence of the TiO2 layer and the cocatalyst alters the equilibrium of the 

Fermi level, evidenced by the negative shift of the flat band potential from 0.62 

to 0.58 V vs RHE (in agreement with similar work [107,111]). The slope of the 
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linear part of the M-S curve is used to calculate the carrier concentration (NA), 

which results in  . 7 ×  018 cm−3 for Cu2O* photoelectrode.  

The photocurrent measurement was compared using 500, 700, and 1000 ALD 

cycles of VOx cocatalyst, for optimization purposes. Here, only the VOx with 

700 ALD cycle was presented for the photoresponse measurement, for which 

the Cu2O photoelectrode is also covered by a thin layer of electrodeposited 

Cu2O layer (Cu2O*/TiO2/VOx). The photocurrent densities of Cu2O*/TiO2 

at -0.3 V vs RHE is -0.8 mA/cm2 under light, and -0.23 mA/cm2 under dark 

conditions. At the same potential the photocurrent densities of Cu2O*/TiO2 

with 700 ALD cycle of VOx cocatalyst are -2.46 mA/cm2 under light, and -0.12 

mA/cm2 under dark condition (Figure 23d). 

Compared to Cu2O*/TiO2, the performance of the photocathode with VOx 

cocatalyst is improved by more than 3-fold at -0.3V vs RHE (Figure 23d). For 

all the photoelectrodes when the bias voltage increases a clear improvement in 

the photocurrent is observed. However, for pure Cu2O nanowires and 

Cu2O/TiO2 (Figure 23 c), the dark current increase as a function of the potential 

thus indicating poor stability of photoelectrode. The PEC performance for 

Cu2O*/TiO2/VOx and Cu2O*/TiO2 displays an improved and stable 

performance both in stability and performance. Hence, suggesting the 

electrodeposited Cu2O helps to minimize the shunt created between TiO2 and 

Cu metal junction and minimizes the source of dark current. In summary, these 

outcomes suggest that the presence of an electrodeposited Cu2O overlayer helps 

to reduce the recombination rate between the TiO2 layer and Cu metal film. 

Moreover, the amorphous VOx layer further protects Cu2O from oxidation and 

acts as a cocatalyst.  

6.2 Tracking reaction intermediates and active 
sites  

Nowadays, with the development of new experimental and theoretical tools, it 

is possible to track changes on the surface of catalysts using in-situ and ex situ 

characterization. The ex situ characterization helps to understand changes in the 

morphology, compositional and chemical properties. Through tracking 

chemical compositions and structural changes before and after catalysis (ex situ 

characterization), it is possible to understand the stability of the catalyst. The in-

situ (operando) characterization allows users to probe similar properties directly 

on the catalyst under similar operating conditions (in the presence of aqueous 

and applied voltage). Because most catalysts undergo in-situ transformation 
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under alkaline condition, the operando methods usually provide more accurate 

and real-time information about intermediates than ex situ characterizations. 

Synchrotron-based x-ray spectroscopy such as x-ray absorption spectroscopy 

(XAS), vibrational spectroscopy (such as Raman) and Fourier transform infrared 

spectroscopy are some of the techniques used for operando characterizations 
[112,113]. In this section, we focus on the Rotating ring disk electrode (RRDE) 

used for identifying reaction intermediate during ORR activity (for the work 

described in section 6.1.2(Paper-II)). We also focus on in-situ Raman based, 

and UV photoemission spectroscopy-based characterization for identifying 

active sites for OER catalyst (for the work described in section 6.1.3 (Paper-

III)).  

6.2.1  In situ detection of reaction intermediates using 

RRDE 

RRDE is a well-known technique for analyzing the ORR intermediates on the 

electrode surface. In this method, the ring is used as a detector for the reaction 

occurring at the disk electrode, and insight into the mechanism of the reaction 

are studied. In section 6.1.2 (paper II), the ORR characterizations for Ag-

MoS2 and MoS2 catalysts were investigated. Here, RRDE equipped with an 

independent platinum ring electrode was used for in-situ detection of reaction 

intermediates inorder to idenftiy  the reaction pathway of ORR. As described 

before,  Ag-MoS2 catalyst follows a 4-electron transfer per O2 molecule, 

confirmed by the K-L analysis. Oxygen can be directly converted into water( 

via a 4-electron reduction pathway) or hydroxide ( via a 2-electron reduction 

pathway). However, the first path is beneficial because peroxide created due to 

the 2-electron transfer process can harm electrode stability.  

The Tafel slope values; ca. 46 mV dec-1 and ca. 30 mV dec-1 for pristine and 

silver-decorated MoS2  obtained using RRDE. The presence of silver does not 

change the rate-determining step of the reaction. This is illustrated with a minor 

change of the Tafel slopes estimated from the background-subtracted currents in 

the kinetic control region. This suggests a mechanism of ORR on the pristine 

and silver-decorated MoS2 as EEC*, (i.e., the two consecutive single electron 

transfers followed by the chemical step as rate-determining)[114]. Furthermore, 

the total number of electron transfers (n) and the percentage of HO2
- generated 

during the ORR as a function of potential were determined using RRDE 

techniques (Figure 24 a and b). For instance, at a potential of 0.2 V, the values 

of n for Ag-MoS2 are 3.2 (at 𝜔 = 900 rpm), which declines to a minimum of 
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2.7 at a lower potential (0.6 V). For the same rotational rate, the % HO2
- yield 

remains at around 50 % at 0.2 V and 70% at 0.6 V. However, for MoS2, the 

electron transfer number remains nearly constant through the given potential 

range compared to Ag-MoS2. Thus resulting in a lower percentage of peroxide 

yield.  

 
Figure 24. a) calculated electron transfer number (n), and b) %HO2

- yield at a 

selected rotational rate for Ag-MoS2 and MoS2 catalysts using RRDE techniques.  

To get a meaningful insight into the ORR reaction pathways, the reaction 

scheme proposed by Damjanovic et al.[115] and other related works [116,117] were 

utilized for calculating the rate reaction constant (k) and thus an indication of  

the reaction pathways of the catalyst. Based on the rate constants values, there is 

an obvious change in the reaction paths, upon changing applied potential. The 

ORR on MoS2 and AgMoS2  proceed through a mixed 4-electron direct path 

(Eqn. 28) and a 2+2 serial route (Eqn. 29,30).  

 2    2    
− →   2     

−             ( 28) 

The 2+2 serial route can be described by (Eqn.29). The ionized hydrogen 

peroxide (  2
−) is  formed as a mobile intermediate: 

 2   2    
− →   2

−    −                 ( 29) 

The   −converted further through hydrogen peroxide reduction reaction 

(HPRR): 

  2
−   2    

− → 3  −                          ( 30) 

For MoS2, the rate constant k1 is larger than k2, suggesting that there are 4 

electron pathways, for which O2 can be converted into OH- on the MoS2 surface 
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(see scheme,  Figure 25). Therefore, the pristine MoS2 catalyzes the O2 molecule 

mainly via the reaction path described by Eqn.28 evidenced by higher k1 values. 

 

Figure 25. Schematic representation of the proposed reaction mechanism 
pathways for the as-synthesized catalysts ( k1, k2, k3  are rate constant ) 

Based on the rate values, a small difference in the ratio of the rate constants (k1 

to k2) was observed, suggesting a sequential two-electron reduction or a two-

electron reduction with subsequent HO2
- decomposition. Also, the deviation of 

the number of transferred electrons per oxygen molecule from four and the 

visible current of peroxide detection on the ring electrode manifest the presence 

of hydrogen peroxide available for further electrochemical reduction to OH- via 

HPRR (Eqn. 30) or for the desorption followed by convective transport towards 

the detection on the ring electrode. The presence of silver changes the reaction 

pathway as evidenced by larger k2 values compared to k1. As a result, the ORR 

on Ag-MoS2 mainly proceeds via a 2+2 serial route (reaction path (Eqn. 29) and 

(Eqn. 30)). There is also a trace amount of O2 reduced to OH– via the 4-electron 

transfer reaction pathway. This could suggest the presence of active sites on the 

surface which differ from the ones on bare MoS2. Silver decoration of MoS2 

leads to the decrease of the transferred electrons numbers, due to the interplay 

of 2+2 electron reduction with the additional 2-electron process. Comparing k3 

values for Ag-MoS2 and MoS2, a  2.5 - 6 times faster conversion efficiency was 

observed due to the presence of silver, supporting the effective cocatalyst nature 

of silver in speeding up the peroxide reduction to OH– much faster than bare 

MoS2. There is a possibility that the peroxide created as an intermediate product 

on Ag surface can be further reduced on MoS2 by HPRR (Eqn. 30) yielding an 

additional conversion efficiency.  

In summary, the result offers an in-depth characterization of the OER and ORR 

activity of the Ag decorated MoS2 (Ag-MoS2), which can serve as an efficient 
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bifunctional catalyst. This method can be described as an effective way to 
develop an efficient catalyst capable of working for both OER and ORR. 

6.2.2 Operando Raman characterization of OER 

catalyst 

Operando Raman spectroscopy is a powerful technique, that is suitable for 

investigating the heterogeneous catalyst surface in real-time measurements. If the 

investigated materials are Raman active and possess strong signals, it is possible 

to track the phases changes during catalysis under operando conditions. The 

method is a robust technique for tracking in situ generated active sites and 

provides unique means for a deeper understanding of the catalysis process. It is 

also gaining more popularity for electrochemical devices since it can be 

integrated easily with Raman instruments.  

 
Figure 26. Insitu Raman experimental setup for tracking active sites of 
electrocatalysts. 

Even though it is an easy technique when the reaction starts and the perturbation 

potential becomes higher, bubbles can be created which decreases the Raman 

signal of the investigated sample. This of course a limitation of the techniques. 

Here, in-situ Raman spectroscopy was used to track active sites created during 

the reaction process for the work described in section 6.1.3(Paper III). The 
in-situ Raman spectroscopy was conducted using a well-designed 

electrochemical cell (setup and description are illustrated in Figure 26) coupled 

with potentisostat in a 1M KOH electrolyte to reveal/track catalyst phase 

changes during OER activity. 

As depicted in Figure 27, the Raman signal of hydrous NiMoO4 and 

NiMoO4@Co3O4 at different potentials was conducted and the newly generated 
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phase during the OER process could be identified. The results revealed that the 

nanorods undergo reconstruction during the OER process, confirmed by the 

newly evolved Raman signature above 1.4 V. An irreversible catalyst 

reconstruction process was observed for both hydrous NiMoO4 and 

NiMoO4@Co3O4 catalysts. This was confirmed by the absence of the 

characteristics  Raman peak measured at 1.0 V at the end of the measurement. 

The reconstruction process changes the Raman signature of the hydrated 

NiMoO4 and NiMoO4@Co3O4 catalyst.  

 

Figure 27. In-situ Raman characterization at different anodic potential (V) vs 

RHE for a) hydrated NiMoO4, and b) NiMoO4@Co3O4. 

The two well-defined Raman peaks observed around 477 cm−1 and 555 cm−1 

(Figure 27 a) are characteristic of NiOOH species [118,119]. This also  in agreement 

with the XPS measurements of Ni 2p core level thus suggesting the presence of 

Ni hydroxides. The in-situ Raman characterization for NiMoO4@Co3O4 is also 

displayed in Figure 27 b. A similar trend is observed with increasing anodic 

potential. The presence of Co3O4 does not protect the heterostructure from the 

reconstruction. Co3O4 displays weak Raman signal at 193, 476, and 674 cm-1. 

However, these peaks disappear with a further increase of the applied potential. 

The formation of in-situ created NiOOH after the OER process sugest that the 

active sites of the catalyst are not only the in situ-created hydroxide but also the 

as-synthesized catalyst itself. As the potential is raised above 1.2 V (Figure 27 b), 
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the peaks belonging to Co3O4 rapidly attenuate, and the Raman signal at 193 

and 674 cm-1 disappear, consistent with reported literature results [120,121].  

To understand the reason behind the high performance of the catalyst, different 

controlled experiments were performed. The in situ Raman characterization was 

performed for the annealed NiMoO4 sample and bare Co3O4 (Figure 28 a&b) 

inorder  comapre and clarify the effect of each catalyst in the core-shell structure. 

When the anodic potential increased to 2.2 V (Figure 28 a), a different 

pheonomena  compared to hydrated NiMoO4 was observed. The Raman bands 

at 959.5 and 911.5 cm-1, assigned to the Mo=O bond, remain stable with 

increasing anodic potential. However, for the hydrous sample, the peak 

associated with the Mo=O bond disappeared with increasing potential (Figure 

27a). For the annealed NiMoO4, the NiOOH peak starts to appear when the 

anodic potential exceeds 1.6 V vs RHE. Furthemore, the peak at 260 cm-1, 

attributed to the deformation mode of Mo−O−Mo disappeared when the 

NiOOH peak started appread. However, no significant change was observed for 

the peak at 707 cm-1. The peak at 385.5 cm-1 which is associated with the 

bending mode of Mo–O started to attenuate above 1.6 V vs RHE. This analysis 

was helpful to confirm that the hydrous structure can easily reconstruct 

compared to the annealed sample.  

Based on in situ Raman analysis and post-OER characterizations (will be 

discussed in section 6.2.3) important conclusions were drawn. Hydrated 

NiMoO4, reconstructed and transformed in situ into NiOOH species. Both the 

spinel Co3O4 and hydrated NiMoO4 phases were not recovered after the catalysis 

process, rather they are transformed into CoO species and NiOOH, respectively. 

Also, an irreversible transformation into an amorphous phase containing CoO 

species was observed after the stability test, as well as, during the in-situ Raman 

test.  Reconstruction of different catalysts under alkaline conditions was already 

observed and documented in different research works.  For instance, NiO 

displayed in-situ oxidation to NiOOH during OER conditions [122]. In other 

works, oxidation of Co3O4 to CoO(OH) under applied potential was observed 

and due to the presence of CoIV cations, the OER activity was improved  [120]. 

Zhaohui et al., verified the presence of oxygen vacancy in spinel Co3O4 

considerably increase the formation of surface CoOOH, which enhances the 

OER activity [113]. For both reported cases, the reconstruction is irreversible and 

observed under in-situ conditions. Furthermore, Zhu et al demonstrated that Ni 

containing Co3O4 catalyst transformed into NiOOH-CoO species, claiming the 

presence of Ni is vital in initiating the spinel Co3O4 to CoO transformation[123]. 
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The structural conversion observed for our Co3O4 catalyst is similar to the result 

obtained from Zhu et al.  

To clarify further,  the bare Co3O4 catalyst was synthesized under similar 

conditions and examined via operando Raman characterization (Figure 28 b). 

Co3O4 shows a stable Raman signal (typical Raman signature of Co3O4), with a 

stable peak up to 2 V. Only the decrease in the Raman intensity of the phases is 

observed. The Raman peak for Co3O4 is reversible (recovered) evidenced by 

the Raman signal measured by taking out the sample from in situ measurement 

(Figure 2b). Therefore, for NiMoO4@Co3O4 catalyst, the transformation of 

Co3O4 into an amorphous structure is initiated by the presence of Ni and Mo, 

in agreement with very few literature results[124–126]. 

 
Figure 28. In-situ Raman characterization at different anodic potential (V) vs 

RHE for annealed a) NiMoO4 and b) Co3O4. 

6.2.3 Ex situ characterization  for OER catalyst 

Post OER characterization was performed using Synchrotron-based UV 

photoemission spectroscopy. The XPS comparison between before and after 

OER catalysis shows a shift in the BE to lower values for Mo, Ni, and Co atom 

XPS peak. In several works, an increase in oxidation state is observed after 

catalysis, due to the further oxidation of the metal catalyst on the surface by the 
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anodic potential. However, for our cases, lower BE is observed after the OER 

test. This phenomenon is also confirmed by the absence of oxidation peak during 

the LSV measurement for NiMoO4@Co3O4. Therefore, we conclude that the 

metal cation (Ni, Mo, and Co) participates in the electron transfer process on 

the interface during the OER process.  

Furthermore, the use of synchrotron radiation helps to investigate the valence 

band of as-synthesized core-shell structure (Figure 29 a&b). Due to the hydration 

effect associated with crystalline water, NiMoO4 shows insulating properties, 

evidenced by the first peak below the Fermi level located at 3.6 eV with the 

valence band position maximum located at 1.2-1.6 eV below the Fermi level. 

However,  after the OER test, the first peak below the Fermi level shifts to 3.1 

eV, and the valence band maximum rises to 1.0-1.3 eV confirming that the 

NiMoO4 becomes electrically more conductive during the OER process (Figure 

29c), in agreement with improved performance of the catalyst after 

reconstruction. The valence band spectrum of core-shell structure is different 

from the bare in the proximity of the Fermi level, with a prominent feature with 

a maximum at 1.7 eV.  The sharp peak could be assigned to the emission from 

Co 3d states. The difference is visible as shown by the green spectrum in Figure 

29 b, obtained by subtracting the valence band spectrum of NiMoO4 from 

NiMoO4@Co3O4 valence band measurements. Furthermore, its shape and 

energy position suggests the formation of Co3O4 nanoparticles. Moreover, 

Co3O4 has an energy gap of 0.8 eV by extrapolating the linear part of the core-

shell (NiMoO4@Co3O4) spectrum, the valence band maximum obtained was 

0.7 eV (Figure 29 c).  

In general, morphology characterization after the OER test confirms that the 

nanorods structure is preserved after the long-term stability test as shown in 

Figure 29d . This  indicates that their structural stability toward OER, suggesting 

the stability of the catalyst after the OER process. During the in situ 

reconstitution process, the formation of NiOOH suggests that the Mo atom can 

be leached out from the crystal structure. The quantitive analysis of each element 

using EDS and XPS before and after catalysis was compared, with the result 

suggesting that there is a dissolution or leaching out of Mo. However, the 

morphology of the nanorod was not completely lost after the OER test, only 

the randomly oriented. The Mo leaching leaves a defect rich surface resulting 

and maximized active site responsible for the formation of OER intermediates. 

The hydrous sample, which is highly crystalline as a core, and the semicrystalline 

Co3O4 shell result in an efficient catalyst. This is due to the ease of the 
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reconstruction process of the hydrate, which results in very high actives surface 

site density. 

 

Figure 29. a) Valence band spectra for hydrous NiMoO4 (pink solid line I), 

NiMoO4 after OER test (pink dashed II), NiMoO4@Co3O4 (blue solid III), and 

NiMoO4@Co3O4 after OER test (blue dashed IV), b) The green spectrum (IV) 

is obtained as a difference between the blue (II) and the pink spectra (I), c) VB 

band position, d) Post OER characterizations SEM images.  

  

                    

  

      

      

            

      
  

    



 
 

  

57 

 

 CHAPTER 7 

7 Conclusions and challenges 

7.1 Conclusions 

In this dissertation, efficient, stable, and cost-effective electrocatalysts have been 

synthesized and employed for catalyzing hydrogen evolution, oxygen evolution, 

and oxygen reduction reaction. The outcome of the appended papers can be 

summarized as follows: 

Paper-I presented an efficient ternary nanocomposite composed of Ag2S, MoS2, 

and RGO for catalyzing HER. Ag2S nanoparticles with acanthite phase, 

homogeneously distributed and embedded by a layer of semi-crystalline MoS2 

was investgated suggesting a strong interaction between the two sulfides. The 

superior performance is due to the intimate contact created by the 2D-2D 

interface (MoS2/RGO) and due to the uniformly grown Ag2S nanoparticles on 

the surface of the MoS2 nanosheets, which provides the ease of hydrogen 

adsorption by modulating the electronic properties, and exposure of highly rich 

active sites.  

Paper-II presented Ag-decorated nanoflakes of MoS2 (Ag-MoS2) for OER and 

ORR applications. The morphological characterization confirms that MoS2 

nanoflakes grow vertically, and silver is homogeneously decorating the MoS2 

nanosheets. The resulting Ag-MoS2 composite is characterized by efficient 

surface-active sites and considerably higher catalytic performance compared to 

bare MoS2. The best performance of the composite is associated with the 

presence of Ag, which has an important role in modulating the high-valent Mo 

oxidation state. Furthermore, RDE and RRDE analysis show that a high HO2
– 

percentage yield is observed for Ag-MoS2 compared to MoS2 within the 

diffusion-limited potential region. This work offered an insight into the OER 

and ORR activity of the composite (Ag-MoS2), which can serve as an efficient 

bifunctional catalyst.  

Paper III explored NiMoO4@Co3O4 core-shell structure with a unique OER-

active catalyst, showing a remarkable catalytic activity towards OER, with a 

record low overpotential. The work reveals that the catalyst reconstruction 
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process plays an important role in maintaining the highest OER activity. The 

presence of crystalline water which facilitates the leaching out of Mo atoms is 

the main responsible factor for enhancing the abundant surface sites densities.  

Paper IV described a hierarchical nanostructure for OER by creating a highly 

active NiMoO4/MoS2  nanostructure via an easy and scalable method. The 

hierarchical structure is beneficial due to the improved active sites and exposed 

surface area. NiMoO4/MoS2  also works as a super-efficient pseudo capacitor 

with very high specific capacitance and a long life cycle.  

Paper V examined Cu2O nanowires towards PEC HER. The Cu2O bare 

photocathode showed a very poor photostability due to its immediate oxidation 

to CuO during the HER process. By coating the Cu2O nanowire with different 

overlayers and catalysts, the protected Cu2O layer was successfully employed as 

a photocathode for the HER. The presence of these protective layers produced 

a significant increase in the photocurrent density. Furthermore, the stability of 

the photoelectrode improved dramatically and for extended illumination time. 

Furthermore, this study provides detailed insight on possible methods of hetero 

structuring the Cu2O photocathode to avoid or minimize the photooxidation of 

Cu2O. 

Generally, the research findings and the as-synthesized advanced catalysts that 

are presented in this thesis can significantly boost and advance the practical 

exploitation of the water-splitting process. 
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7.2  Challenges 

Nowadays various efficient catalyst has been synthesized and employed in 

devices like electrolyzer and fuel cells. However, there are still possibilities to 

improve the performance of some of the catalysts and push forward the 

industrialization of WS more quickly, in terms of performance and durability. In 

this regard,  the active sites, surface defects, and compositions of electrocatalysts 

should be optimized for better performance. Tracking catalyst surface changes 

during operational conditions is a challenging task but if it is performed it would 

help to identify the main active sites centers of catalyst. Systematically 

understanding the dynamic changes that occur on the surface of the catalyst using 

operando characterization can be a key for optimizing the catalyst performance. 

For instance, in situ TEM for analyzing crystal morphology and structure 

changes, XPS, and XANES for tracking the chemical changes during 

intermediates reaction, etc. can help better to identify the catalyst properties. 

However, the need for complicated and expensive instrumentation for 

Operando techniques is still challenging. 

Electrochemical WS can attract further attention in the future if it can be driven 

by energy obtained renewable energies. However, renewable energies (such as 

photovoltaics and wind) are affected by seasonal fluctuations that hinder the 

integration with WS. Furthermore, cost, power quality, resource locations are 

some of the common challenges facing the renewable energy sector. The 

presented outcomes can significantly contribute to the fundamental insight 

towards improving the efficiency of the catalyst, by offering a clear and in-depth 

understanding of the preparation of robust and efficient catalyst. We believe that 

all challenges can be diminished through research; by developing efficient, 

inexpensive, and earth-abundant materials. 
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