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ABSTRACT 

Sustainable Energy through Water Splitting: Electrocatalysis Development and Perspective 

Application. 

Merfat M. Alsabban 

 

Electricity-driven water splitting reaction achieved by electrochemical method to produce 

hydrogen and oxygen is utilized as an energy carrier in the form of highly pure hydrogen gas. 

However, the development of earth-abundant, durable, and highly effective electrocatlyst to 

overcome the high overpotentials of hydrogen, and oxygen evolution reaction (HER, OER) is 

extremely challenging. This dissertation presents firstly the catalytic properties of tungsten 

disulfide (WS2) as highly effective HER catalyst through direct growth of 2H-WS2 layered materials 

on a conductive substrate. Effect of various gaseous atmosphere and temperatures was studied 

and it was found that the amorphous structure of WS2 can be strongly affected under H2S 

environment which leads to the formation of bridging disulfide ligands S2
2- and apical S2- from 

WS3 phase, which is consequently contribute to the catalytic enhancement toward HER with 

extremely low overpotential (η10 = 184 mV).  

On the other hand, OER is the major bottleneck in water splitting reaction due to its poor kinetics 

originated from the complex four electrons transfer process. Chemical vapor deposition strategy 

is used here to enable stoichiometric tuning and phase engineering of CoP2 OER electrocatalyst 

followed by deposition of carbonaceous protection layer to overcome surface oxidation. 
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Electrochemical studies indicate that C@CoP2/CC can achieve a remarkable activity (η10 = 234 

mV), with minor decay from its initial current density after continuous operation of 80 hours. 

Lastly, electrolysis of alkaline water is the most common industrial method to produce H2; 

however, it is a formidable challenging to compete with Pt catalyst in base at industrial scale. For 

that, temperature-dependent phase evolution was studied in details and it is found that 

(Co(OH)2) precursor undergoes phase transition under a unique phosphidation system starting 

with partially phosphatized phase CoP-CoxOy, followed by phosphorus rich phase CoP2, and 

ultimately to pure CoP phase under elevated temperatures. Comprehensive analysis revealed 

that concerted composite CoP-CoxOy is the most active phase to produce H2 electrochemically 

from alkaline water which is contributed to the unique role of integrated phase and its ability to 

overcome the sluggish hydrogen kinetics in base.  
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CHAPTER 1 

Introduction 

1.1. Energy Demand and Renewable Energy Sources 

Sustainable development of human association and economic growth have been significantly 

impacted by two major fateful issues: energy crises and global pollution. In 2019, global power 

consumption rate has reached ∼19.8 terawatt year (TW-year) with majority of eight-six percent 

attained from carbon-based fuels (Figure 1.1).1 Future demand of energy is expected to increase 

considerably to double by 2050 and triple by 2100.1 In principle, energy demand could be met 

relying on traditional hydrocarbon-based energy resources such as coal, natural gas, and 

petroleum; however, fossil fuel consumed by different sectors leads to the formation of 

greenhouse gases (GHGs) in terms of carbon dioxide (CO2) as a main product (Figure 1.2) which 

has associated with a momentous contribution to environmental issues including risks of climate 

change, desertification, air pollution, and ocean acidification.2, 3 Due to fast economic revolution, 

CO2 concentration has elevated from 270 ppm to 400 ppm, and accordingly contributes on the 

global temperature raise by 1 °C.4 In 2016, the Paris agreement intention was to consider the 

climate change as a universal threat and its goal was addressed to limit the global warming to no 

more than 2 °C. The nations of the world have committed to the shared goal, and if there is no 

further progress after 2030, all the pledges will reduce warming from 4.5 °C down to 3.5 °C. The 

business-as-usual case illustrated in Figure 1.3a already includes more than 40% reduction in CO2 

emissions intensity and by following this scenario, no net change in emissions will be effective to 

save the earth. However, 2 °C scenario (Figure 1.3b) can be reached only when an enormous 
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amount of coal, oil, and gas are safely remained in the ground coincides with the existence of 

alternative energy solutions to meet human needs. 

 

Figure 1. 1. Energy consumption by region (in quadrillion British thermal units). Adapted from 

U.S.Energy Information Administration.1  

 

Figure 1. 2. Energy-related CO2 emissions (in billion metric tons) by energy sector. Adapted from 

U.S.Energy Information Administration.1 
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Figure 1. 3. Potential emissions pathways and their long-term impacts in temperature: (a) current 

Intended Nationally Determined Contributions, INDCs (3.5 °C). (b) 2 °C pathway.4 

Conventional fossil fuels will supposedly supply our global demand of energy for decades,2 

however, seeking for alternative efficient, renewable, zero-emissions energy systems is required 

to overcome the issues related to GHGs and consequently meet energy demand in a sustainable 

manner. Natural energy resources such as solar, wind, hydro, geothermal, and bioenergy are 

considered to be ideal candidates to replace the usage of prime energy. However, a major 

drawback of the renewable resources is associated with low energy density (Table 1.1); besides, 

they frequently intermittent due to influences of various areas and seasons.  

Determined goals was set by lawmakers to reduce dependency on prime fuel and nuclear power 

sources. Switzerland for example has four nuclear reactor generators which contribute to 40% of 

its total electricity. In 2011, the federal authorities in Switzerland decided to phase out the usage 

of nuclear power plants gradually by 2034, and it was confirmed later in a 2017 referendum.5 For 
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the last 10 years, stable electricity consumption was recorded through utilization of nuclear 

power sources (Figure 1.4). Nuclear energy usage cutoff was initiated due concerns about 

airborne radioactive contamination, social adversity, and chaos occurred during Three Mile Island 

(Pennsylvania, 1979), Chernobyl (Ukraine, 1986), and the most sever nuclear disaster of 

Fukushima (Japan, 2011). 

Table 1. 1. Energy density.6 

 

Economic prosperity obtained through these natural resources will not be appreciated until an 

integrated energy system is capable to accommodate energy conversion, storage, and 

distribution.7 As an instance, solar cells can be used to transfer solar to electrical energy as a 

powerful technique, but the challenge lies on the applied methods to store excessive amount of 

electricity and accordingly effective energy storage is required to serve this issue.  

Source  Joules per cubic meter 

Solar  0.0000015 

Geothermal 0.05 

Wind at 10 mph (5ms-1) 7 

Tidal water 0.5-50 

Human  1,000 

Oil  45,000,000,000 

Gasoline  10,000,000,000 

Automobile occupied (5800 lbs) 40,000,000 

Automobile unoccupied (5000 lbs) 40,000,000 

Natural gas 40,000,000 

Fat (food) 30,000,000 
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Figure 1. 4. Electricity consumption in Switzerland reliance in nuclear energy sources. Adapted 

from World Nuclear Association.5 

1.2. Energy Storage and Conversion  

Energy storage technologies (ESTs) basically can be described as storing of certain form of energy 

and thereby provide it at a later time as a power generation. Due to continuous rapid energy 

demand and the necessity of consuming energy once it is produced, ESTs is considered as the 

foremost factor in large-scale industrial growth, and any discrepancy in supplying energy with its 

demand will result in loses of either energy or efficiency.8 Indeed, a fraction of energy loss is 

always accompanied with its transmission process or during storage cycle. Annual electricity 

transmission and distribution (T&D) was estimated by the U.S. Energy Information Administration 

(EIA) in December 2019 to be average 5%, and accordingly, a total cost of 150 billion US$ is 

estimated to upgrade and retain U.S. electricity framework.9 

ESTs comprises a range of diverse options and modes including: electrostatic energy (as in 

supercapacitors), electrochemical energy (as in flow cells and batteries), chemical energy (as in 
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hydrogen, methane, coal, and oil), electromagnetic energy (as in superconducting magnetic 

energy), potential energy (as in pumped-storage hydroelectricity) and kinetic energy (as in 

mechanical flywheels). At present, a total capacity of only 170 GW installed storage is available 

around the world, and mostly provided by the mechanical pumped-hydro storage (more than 

96% share of the current energy storage).10, 11 Although pumped-hydro is the only available 

technique to meet the large scale grid storage demand at present, its capacity is still less than 5% 

and consequently not available extensively owing to its site-constrained and bulk approach which 

make it inappropriate for frequency-response demands. Hence, there is an urgent necessity for 

alternative technologies that can completely address the widely needs of global demand 

electrical storage. 

By applying of electrochemical approach, produced electricity can be stored in the form of 

chemical bonding, such as molecular hydrogen, hydrocarbon, and ammonia.12, 13 After energy 

being stored, it can be easily transported among different sites via existing distribution systems. 

Carbon-free hydrogen energy can be produced directly through water splitting reaction and 

further utilized on demand to regenerate electrical energy from sustainable energy resources. 

Additionally, H2 can also be used as a feedstock to produce valuable chemicals, such as synthesis 

of ammonia by Haber-Bosch process, methane production by Sabatier reaction, and light olefins 

formation by Fischer-Tropsch method.14 One of the most common process to form hydrogen 

electrochemically or photo-electrochemically involve splitting of water, which is characterized by 

highly pure hydrogen, (˃99.9%), compared with the one formed by conventional steam reforming 

of methane, ecofriendly, and emits water vapors as a side product.15     
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Figure 1. 5. Energy sources, carriers, and conversion. The diagram is not complete.16 

A diversity of parameters are compared among all the technological viability options of energy 

storage in order to identify appropriate method for specific application in terms of reliability, 

portability, and flexibility such as power density (weight or volume based), energy density, round-

trip efficiency, self-discharging efficiency, or life time 17 Figure 1.5. demonstrates the simplified 

picture of the energy sources, energy carriers, and energy conversion complex network.16 

Electrocatalytic process technologies are mainly contributed on the foundation of highly flexible 

matrix by introducing new routes and efficient solutions. Most importantly, the feasibility of 

these solutions should be carefully analyzed to balance between the total energy outcome and 

consumed costs.   
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1.3. Electrochemistry of Water Electrolysis 

1.3.1. Overview on the electrochemistry on the water splitting reaction 

The unique capability of electrochemical catalysts to dissociate water into molecular hydrogen 

(H2) as a clean fuel carrier was initially proposed in early 1970’s.18 Nowadays, H2 is generated via 

steam reforming process of carbon-based fuels, in which a reaction of steam and hydrocarbons 

are taking place to form H2 and carbon dioxide (CO2) byproduct.16 Continuous emission of CO2 is 

resulting in detrimental and serious environmental risks such as climate change and air 

pollution.2 Seeking for low-carbon with negligible pollution, eco-friendly, potentially wide applied 

source of energy can be achieved through water electrolysis process to form molecular H2 and 

molecular O2.  In 1789, Adriaan Paets van Troostwijk and Jan Rudolph Deiman have examined 

their first experiment on the chemical action of electrical energy on metal oxides known as water 

electrolysis.19  

Electrochemical water splitting reaction comprises of two half-cell reactions: oxygen evolution 

reaction (OER) and hydrogen evolution reaction (HER). In order to facilitate this reaction and 

minimize the difference between the applied potential and the thermodynamic potential; i.e. 

lowering the activation energy; of a specific reaction, a catalyst is needed (Figure 1.6). Practically, 

a highly active electrocatalyst is required for both HER and OER reactions to lower the 

electrochemical overpotential of the overall reaction of water decomposition into its constituent 

components. Currently, state-of-the-art Pt-group noble metals are representing the highly 

efficient electrocatlyst to enhance the production of hydrogen with low overpotential; on the 

other hand, Ir/Ru oxides are able to drive appreciable currents near thermodynamic potential of 

water oxidation reaction. However, these elements are unable of catalyzing the production of 
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global energy needs owing to the elemental lack and high cost; subsequently, limit their 

widespread usage for large-scale commercialization. Hence, the development of an earth-

abundant, effective, and durable materials to heterogeneously catalyze the electrolysis of water 

is crucially important.  

 

Figure 1. 6. Generic potential energy diagram showing the effect of a catalyst in a hypothetical 

endothermic chemical reaction. The presence of the catalyst opens a new reaction pathway 

(shown in red) with a lower activation energy. The final result and the overall thermodynamics 

are the same. 

In ideal electrolysis system, an effective bifunctional catalyst is designed to operate under the 

same conditions of acidity; however, most of the materials activity are limited to work under 

highly acidic or basic electrolyte solutions. As a result, construction of a single bifunctional 
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catalyst with integrating merits of both anode and cathode reactions in electrochemical cell is of 

a great value not only to simplify the overall system, but also to lower the manufacture cost of 

the produced H2.20 Over the past several decades, numerous studies have been accomplished to 

explore highly active earth-abundant transition-metal based (TM) catalysts for water splitting 

process such as TM-phosphides, sulfides, nitrides, oxides, hydroxides, or mix of them. Primarily, 

the effectiveness of theses catalysts are characterized by their active sites in terms of density and 

reactivity, exposed surface area, electron transport, and durability under applied operational 

conditions.  

Figure 1.7 shows the typical water electrolysis cell and displaying its three main components 

involving (i) an aqueous electrolyte, (ii) a cathode, (iii) and an anode. In order to stimulate the 

overall reaction of water splitting process, the hydrogen evolution catalyst (HEC) is applied on 

cathode electrode; whereas, anode side is coated with the oxygen evolution catalyst (OEC). Each 

electrode represents half-cell reaction, water reduction (or hydrogen evolution reaction (HER)) 

and water oxidation (or oxygen evolution reaction (OER)). A direct current (DC) is applied and 

flowing of electrons is developed in the direction from the negative DC terminal to the cathode 

electrode, where electrons are consumed by protons (H+) and result in the formation of H2 gas. 

On the other hand, hydroxide ions (OH-) move toward anode side to keep the electrical charge 

balanced within the electrolyte solution and giving their electrons away. These electrons return 

back to the positive DC source terminal, and as a result, O2 gas bubbles evolve at anode.    



37 
 
 

 

Figure 1. 7. Schematic diagram of an electrolyzer.21 

Electrolyte solutions can be used to describe the chemical behavior of water splitting reaction. 

Based on the pH conditions, the overall reaction will take place differently as shown below:  

Overall reaction: H2O  →  H2 + ½ O2                                                                                               (1)       

In acidic medium 

• Cathode half-cell reaction: 2H3O+ + 2e-  →  H2 + 2H2O, Ec = 0 V                       (2) 

• Anode half-cell reaction: 6H2O  →  O2 + 4H3O+ + 4e-, Ec = 1.23 V                             (3) 

In neutral/alkaline medium 

• Cathode half-cell reaction: 2H2O + 2e-  →  H2 + 2OH-, Ec = 0 V                             (4) 

• Anode half-cell reaction: 4OH-  →  O2 + 2H2O + 4e-, Ec = 1.23 V                                           (5) 
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1.3.2. Theoretical aspects of electrocatalytic water splitting reaction 

1.3.2.1. Thermodynamics  

Water splitting process involves chemical energy transformation into electrical and thermal 

energy. For better interpretations of the experimental observations associated to the overall 

water dissociation reaction, fundamentals of thermodynamics are given here. Water splitting 

reaction is well described in Equation 1 and mainly comprises of two half-cell reactions: HER 

(Equation 2 and 4) and OER (Equation 3 and 5). Per each molecule of water, free energy change 

(ΔG°), enthalpy change (ΔH°), and entropy change (ΔS°) of water electrolysis reaction are given 

as 237.2 KJ mol-1, 286 KJ mol-1 and, 0.1631 KJ mol-1; respectively, under ambient conditions of 

temperature and pressure (STD) and the relationship between these thermodynamic expressions 

is well described in Equation 6.  

ΔH° = ΔG° + TΔS°                                                                                                                                        (6) 

Where ΔH° represents the energy required to dissociate water molecules, ΔG° shows the free 

energy change corresponding to the electrical work, and TΔS° demonstrates the entropy term 

associated to the heat produced through the reaction. Electrochemical cell voltage (E°) can be 

then determined in terms of free energy change as follow:  

ΔG° = nFE°                                                                                                                      (7) 

Where n demonstrates is the required number of electrons needed to dissociate one mole of 

hydrogen (n = 2), F is Faraday’s constant (96,485 C/mol), and E° shows the standard cell voltage. 
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The minimum required voltage to thermodynamically dissociate water molecule into its 

constituent components is considered based on Equation (7) to be 1.23 V. In this case, heat is 

considered to be initiated only from the electrochemical cell surroundings known as reversible 

voltage (E°rev) which is well defined with Equation (8). In an ideal system; however, an additional 

heat (TΔS°) originated from the electricity results in what it is called the thermo-neutral voltage 

(E°tn) which gives a minimum voltage of 1.48 V as described in Equation (9). 

E°rev = ΔG°/nF                                                                                                              (8) 

E°tn = ΔH°/nF                                                                                                                 (9) 

Water electrolysis reaction is a nonspontaneous endothermic process (ΔG°, ΔH° ˃  0); as a result, 

generation of chemical energy stored in molecular hydrogen can be achieved spontaneously 

from the reverse exothermic reaction (ΔG°, ΔH° ˂ 0), the applied concept on the electricity-

driven fuel cells at which hydrogen oxidation reaction (HOR) and oxygen reduction reaction (ORR) 

will take place. 

As described earlier, decomposition of water comprises of two half-cell reactions, HER and OER 

(Equation 2-5), and the thermodynamics for each cathodic and anodic half-reactions should be 

investigated individually. Thus, the electrochemical reaction on each electrode can be directed 

by studying its standard redox equilibrium potential (E°).  

Generally, a typical half-reaction can be expressed as follow: 

                                                                                                                                  (10) 
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And the actual free energy change (ΔG) is related to the standard free energy change (ΔG°) by 

the following relationship:  

ΔG = ΔG° + RT ln Qr                                                                                          (11) 

Equation 12 defines the standard potential relationship to its standard Gibbs energy of formation 

(Δf G°). For example, the standard potential of Equation 2 can be expressed as: 

Δf G° (H+) + 2FE° (H+/H2) = Δf G° (H2)                                                                     (12) 

Equation 11 is then rationalized and lead to the Nernst equation (Equation 13): 

Eeq = E° – (RT/nF) ln Qr = E°– (RT/nF) ln (aRed/aOx)                                                   (13) 

Where Eeq is the equilibrium potential, R is the universal gas constant (R = 8.314 J K−1 mol−1), T 

is the temperature in kelvins, and Qr is the reaction quotient, aRed and aOx represent the chemical 

activities of the reduced and oxidized species, respectively. 

Under slandered conditions, equilibrium potentials for the cathode and anode reaction can be 

achieved on the standard hydrogen electrode (SHE) scale as: 

Eeq = -0.059 X pH (cathodic reaction, HER)                                                                 (14) 

Eeq = -0.059 X pH + 1.23 (anodic reaction, OER)                                                             (15) 
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Figure 1. 8. Thermodynamic water splitting oxidation and reduction potentials as a function of 

pH at STP.22 

Since the chemical activity of proton (H+), and the partial pressure of (H2) are unity, this will bring 

a zero standard potential E° (H+/H2) vs. SHE for Equation 2. On the other hand, the standard 

potential of Equation 3 (E° (H2O/O2)) is 1.23 V vs. SHE at which Δf G° (H2O) is -237 KJ mol-1. As 

shown in Equation 14 and 15, the equilibrium potentials of HER and OER are pH-dependent based 

on the SHE scale. However, they become 0 and 1.23 V, respectively, on the reversible hydrogen 

electrode (RHE) scale at variable pH values since the equilibrium potentials needed for splitting 

of water at any pH level is relative to the solution acidity (H3O+ activity). The Nernstian relation 

shown in Equation 13 bring a well-known relation between potentials at different pH solutions 

with a slop of 59 mV/pH shift of HER and OER as illustrated in a Pourbaix diagram in Figure 1.8.      
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2 2 

1.3.2.2. Electrode Overpotential and Electrical circuit analogy  

Even if water splitting process is theoretically initiated and the thermodynamic voltage of 1.23 V 

(25 °C and 1 atm) is approached, as a matter of fact, the overall practical reaction with 

appreciable current can proceed only when kinetic overpotential (η) is overcome. This extra 

potential must be sufficient to overcome kinetic barriers imposed by the inherent activation 

hindrances present on both cathode (ηc) and anode (ηa) electrodes, besides other resistances 

(ηΩ) as shown in Equation (16). These resistances are buildup from the external electrical circuit, 

oxygen evolution on the surface of anode, hydrogen evolution on the surface of cathode, partial 

coverage of anode and cathode by oxygen and hydrogen bubbles; respectively, besides the 

resistance comes from electrolyte and membrane.23 Total resistance can be expressed in 

Equation (17) and displayed in Figure 1.9. 

Vop = 1.23 V + │ηc│+ ηa + ηΩ                                                                                                (16) 

RTotal = R1 + Ranode + Rbubble,O + Rions + Rmembrane + Rbubble,H + Rcathde + R’
1                      (17) 

     

Figure 1. 9. An electrical circuit analogy of resistances in the water electrolysis system.23 

Various resistances present in a typical water electrolysis system are categorized based on its 

origin into three different classes, electrochemical reaction, electrical, and transport resistance. 

According to the Joul’s law and transport phenomena,24 generation of heat is accompanied with 
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different resistances which result in a significant loss of energy (Ohmic loss) and affect 

effectiveness of the overall electrochemical system. 

1.3.2.2.1. Electrochemical reaction resistances (overpotentials) 

The electrochemical reaction resistances (denoted as Rcathde and Ranode) are caused by the 

additional potentials added to the water splitting system to overcome the intrinsic activation 

barriers of hydrogen and oxygen generation on both cathode and anode surfaces, respectively. 

The overpotentials of any electrochemical cell is a characteristic parameter depending on the 

effectiveness of both HEC and OEC, and control the kinetics of the overall electrochemical 

reaction.  

1.3.2.2.2. Electrical resistances 

The electrical resistances are generated from wiring and connections in the electrochemical cell 

(denoted as R1 and R’
1). These resistances can be calculated by applying Ohm’s law (Equation 

18). 

R = V/I                                                                                                                             (18) 

Where R is the electrical resistance, V is applied voltage at the circuit, and I is the amount of 

electrical current through the conductors. 

Electrical resistances can be also calculated by the physics equation derived from Fourier's Law 

(Equation 19). 

R = Δx/A X k                                                                                             (19) 
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Where R is the electrical resistance, Δx is the thickness of the sample, A is the cross-sectional 

area, and k is its specific conductivity. 

1.3.2.2.3. Transport resistances 

In a typical water electrolysis system, a phenomena such as electrode surface coverage by H2 and 

O2 gas bubbles, gas separation by a membrane, and ionic transfer within the electrolyte solution 

are the dominant sources of the physical resistances or transport-related resistances (denoted 

as Rbubble,H , Rbubble,O , Rmembrane).    

1.3.2.3. The Electrochemical double layer and reaction mechanism   

Immersion of a solid electrode into a solution could result on a charged surface in multiple 

different ways, involving dissociation of atoms or molecules, adsorption of solution ions at the 

surface, defects on the crystal lattice, or solid surface ionization.25 Electrode reaction rate is 

mainly depends on two factors: electrode material nature, and electrolyte solution composition. 

A transfer of charges between electrode and electrolyte solution takes place in which electrode 

charge is balanced with the counter-charge in the solution due to coulombic interaction. A well-

ordered layer of electrolyte molecules is formed along with the electrode side and identified as 

inner Helmholtz layer (IHL), followed by less-ordered layer of mobile electrolyte particles which 

is identified as outer Helmholtz layer (OHL). This phenomena is known as electrochemical double 

layer at which electrode electrical potential arise due to accumulation of charge density on the 

electrode surface side at electrode/electrolyte interface. Later layer then leads to smooth 

transition on the way to the least-ordered bulk solution molecules, or diffuse layer.  
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Figure 1. 10. (a) A schematic presentation of electrical double layer of water structure at 

electrode/electrolyte interface. (b) Potential distribution near an electrode surface (IHL and OHL) 

and diffusion layer of electrochemical double layer.  

Figure 1.9 demonstrates schematic picture of potential distribution as a function of distance from 

electrode surface, and the resulting interfacial potential difference can be described as follow: 

ΔE = Eelectrode - Eelectrolyte                                                                                                             (20) 

In principle, ΔE is a non-measurable parameter; however, measuring electrode potential versus 

reference electrode potential is a simple and accurate method to indirectly measure any change 

in ΔE.     
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1.3.2.3.1. Hydrogen Evolution Reaction 

To date, extensive studies have been made for nearly all transition metals HER electrocatalyst.21 

In general, HER at the cathode proceeds via a multi-step process with two possible mechanism 

and one catalytic intermediate where the transfer of electrons take place at cathode catalyst 

surface (Figure 1.11).  

 

Figure 1. 11. Two mechanisms of hydrogen evolution on the surface of catalyst in acidic 

electrolytes: (a) Volmer-Heyrovsky mechanism (b) Volmer-Tafel mechanism.  

The reaction of hydrogen production can be described either by hydronium ion reduction (acidic 

solutions), or water molecule reduction (basic and neutral solutions) depending on the 

electrolyte environment used during HER process (Equation 2 and 4). These steps can be 

summarized as follow: 
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Step I: proton discharge-adsorption step, Volmer reaction 

H3O+ + e- + *  →  H* + H2O, (acidic medium)                                                                     (21) 

H2O + e- + *  →  H* + OH-, (basic medium)                                                                                (22) 

Where * stands for active site on electrode surface and H* represent the adsorbed hydrogen 

intermediate. Due to the increase of charge density at the cathode side, protons from hydronium 

ions (acidic electrolyte) or water molecules (neutral/or alkaline electrolyte) are being affected by 

accumulated electrons at the electrode surface, where adsorbed hydrogen atoms intermediates 

(H*) start to be generated on the active sites of the electrocatalyst. In order to release those 

intermediates, two different routes are suggested based on H* coverage. At low H* surface 

coverage on active sites, intermediates tend to couple with another electron and proton (H3O+ 

at acidic solution or H2O at basic solution) simultaneously to discharge hydrogen gas (Equation 

23 and 24).    

Step II: electrochemical hydrogen desorption, Heyrovsky reaction 

H* + H3O+ + e-  →  H2 + H2, (acidic medium)                                                         (23) 

H* + H2O + e-  →  H2 + OH-, (basic medium)                                                           (24) 

On the other hand, high surface coverage lead to recombination of adjacent H* intermediates 

where desorption reaction take place (Equation 23).   

Step III: chemical desorption, Tafel reaction 

H* + H*  → H2                                                                                                                (23) 
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According to the previous discussion, and regardless of the different routes through which the 

production of hydrogen carry on, H* intermediates are always involved at all the reaction steps. 

Thus, the overall turnover rate depends on the free energy of adsorbed hydrogen intermediates 

(ΔGH*) and it is widely accepted to be a descriptor for the HER electrocatalytic materials. In 

general, small ΔGH* indicates that poor bonding strength between adsorbed protons and 

electrode surface are taking place leading to slow discharging step in Volmer reaction. However, 

too strong adsorption of H* on active sites leads to difficulty of breaking the bonds between H* 

and catalyst surface which would significantly inhibits the subsequent desorption process in 

Heyrovsky or Tafel reactions. In another word, H*-electrode surface interaction of an optimum 

catalyst must be neither too weak to initiate the HER process, nor too strong to discharge 

molecular H2.  

 

Figure 1. 12. Volcano curve for the HER on metal electrodes in acidic media.26 
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In fact, ΔGH* interaction plays a significant role on determining the activities of various HER 

catalytic material. The HER effectiveness of different metals can be described by a Volcano-

shaped relationship in which the logarithm of exchange current density (log jo) is plotted against 

their corresponding theoretically calculated ΔGH* in acidic medium (Figure 1.12).27 Metals with 

weak surface-H*interactions (large and positive ΔGH*) are positioned at the left side of Volcano 

diagram, where the right side of the plot involves metals with strong surface-H* interactions 

(large and negative ΔGH*). An efficient catalyst with close to zero ΔGH* are those metals nearby 

the summit of volcano plot. This can bring an intuitive way to optimize the design and synthesis 

of HER electrocatalyst. 

1.3.2.3.2. Oxygen Evolution Reaction 

In the contrary to the cathodic hydrogen generation, more complex OER takes place at anode 

with four proton-coupled electron transfer (PCET) process. Based on the proposed theoretical 

model on water oxidation, the following pathways express the catalytic reaction in different 

electrolyte environments. 

OER mechanistic steps under acidic conditions: 

H2O + *  →  OH* + H+ + e-                                                                                                                       (24) 

OH*  →  O* + H+ + e-                                                                                                     (25) 

O* + H2O  →  OOH* + H+ + e-                                                                                                (26) 

OOH*  →  O2 + * + H+ + e-                                                                                                            (27) 

OER mechanistic steps under alkaline conditions: 
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OH- + *  →  OH* + e-                                                                                                     (28) 

OH* + OH-  →  O* + H2O + e-                                                                                         (29) 

O* + H2O  →  OOH* + H+ + e-                                                                                                (30) 

OOH* + OH-  →  O2 + * H2O + e-                                                                                                                 (31) 

 

Figure 1. 13. The OER mechanism in acidic (green line) and alkaline (blue line) electrolyte 

solutions. Gray line represent a possible direct pathway for the reaction of two adjacent O* 

intermediates to form molecular oxygen.   

Figure 1.13. demonstrates the mechanistic routs at which OER goes through based on the 

different electrolyte solutions applied. While the oxidation of water in acidic environment results 

in the formation of molecular oxygen and proton (Figure 1.13a), the process of hydroxyl ion 
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oxidation in basic medium (Figure 1.13c) brings on the production of oxygen and water molecule. 

Furthermore, oxygen molecule could also be generated through direct reaction of two nearby O* 

intermediates (Figure 1.13b and  d). Regardless of the reaction conditions, all the proposed OER 

mechanisms comprises the formation of three possible intermediates at the catalytic active sites 

involving OH*, O*, and OOH*.     

1.3.4. Criteria for Catalyst Evaluation 

The catalytic activity of an electrocatlyst can be elucidated by several parameters involving Tafel 

slope and exchange current density, durability, Faradic efficiency, total electrode activity, and 

turnover frequency.  

1.3.4.1. Tafel Slope and exchange current density 

Tafel slopes are wildly being used to deduce the kinetics of an electrochemical process in terms 

of reaction rate to its overpotential. It can be derived directly from the linear sweep voltammetry 

(LSV) curve as a plot of log(j) versus overpotential as shown in Equation (32). Tafel slope is 

calculated based on the fitting of linear part in Tafel plot and smaller values refers to fast charge 

transfer kinetic. 

η = b log(j)                                                                                                                        (32) 

Where η stands for overpotential, b denotes to Tafel slope, and j represent the current density. 

The activity of an electrocatalyst can be quantified by its exchange current density factor which 

is directly related the onset overpotential.   

1.3.4.2. Stability  
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Catalyst stability is another crucial index utilized to assess the material ability for possible large-

scale applications. The elctrocatalytic stability of a catalyst can be characterized by two 

electrochemical methods. Firstly, through galvanostatic or potentiostatic electrolysis, by 

measuring the variation of potential (i.e. E-t curve) or current density (i.e. I-t curve) as a function 

of time. Another technique involves material recycling by applying cyclic voltammetry (CV) or 

linear sweep voltammetry (LSV). A catalyst with excellent stability must sustain more than 10 mA 

cm-2 current density for more than 10 h or 5000 cycles.  

1.3.4.3. Faradic Efficiency  

One important parameter to evaluate catalyst selectivity and activity toward HER/OER, is its 

faradic efficiency (FE). Within an electrochemical system, FE can be defined as the efficiency of 

electrons provided by the external circuit to initiate a desired electrochemical reaction. It is also 

can be described as a ratio of the experimental to the theoretical H2 amount, by which it can be 

obtained from the current density based on 100% faradic yield.  

1.3.4.4. Turnover frequency  

Turnover frequency (TOF) can be described as the number of converted species into a desired 

product per available active site per unit of time. in general, TOF can be calculated as follows: 

TOF = (jA) / (αFn)                (33) 

Where j is the current density (mA cm-2), A shows the electrode surface area, α denotes to the 

number of electrons per mole, F stands for the Faraday constant (96,485.3 C mol-1).  And n is the 
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number of moles. In heterogeneous catalytic systems, TOF with precise values is challenging and 

not easy to obtain, and reasonable approach must be taken carefully.    

Generally, an effective bifunctional electrocalyst for water splitting reaction should possess 

several characteristic features of low-priced, efficient, and durable; simultaneously. That is to 

say, a good catalyst is the one with: (1) high current density delivered at low overpotential; (2) 

small Tafel slope; (3) large exchange current density; (4) excellent long-term stability; (5) facial 

synthesis procedure from cheap and earth-abundant materials; (6) applicable at wide pH range.    

1.4. STATE-OF-THE-ART 

Various number of non-precious, and earth-abundant transition metals (TMs) compounds have 

been in the scientific researchers scope owing to their effectiveness as a bifunctional materials 

for electrochemical water splitting. According to their physical and chemical properties, these 

metals can be fallen into two groups: (i) noble-based metals, involving Pt, Ru, and Ir; (ii) noble 

metal-free elements, including Fe, Co, Ni, Cu, Mo, and W. These bifunctional electrocatalysts can 

be exhibited in different forms by interacting with non-metals to form a variety of borides, 

carbides, nitrides, phosphides, sulphides, and selenides. Figure 1.14. summarizes an overall vision 

of highly effective HER/OER electrocalytic candidates.  

To date, noble-based metals have been applied as state-of-the-art electrocataysts. However, 

their scarcity and high-cost limit their utilizations in large-scale applications. Figure 1.15 shows 

selected TMs abundances in weight percentage. To make the hydrogen generation through water 

splitting economically applicable, the development of efficient, highly abundant, non-precious 

catalysts are highly demanded. 
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Figure 1. 14. Periodic table of elements with highlighted candidates for electrochemical water 

electrolysis catalysts.  

 

Figure 1. 15. The crustal abundance of TMs-based electrocatalysts. 
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1.4.1 Two-Dimensional transition Metal Sulfide-based Electrocatalyst 

Two-dimensional transition metal sulfides (2D-TMSs) have been extensively studied and applied 

as a typical non-noble metal electrocatalyst for full water electrolysis due to their unique layered 

structure and relatively narrow band gap. These sandwich structures are characterized by 

strongly bonded TMSs sheets, (i.e., Mo/W), packed between two hexagonal planes of chalcogens, 

(i.e., S/Se), along with a weak van der Walls (vdW) interaction between consecutive layers.28 

Although the class of layered 2D-TMSs shows an activity to form hydrogen electrochemically, its 

catalytic performance remain relatively low owing to the limited number of exposed active 

sites.29 In general, the total catalytic activity of these materials is mainly ascribed to the active 

sites of 2D-TMSs edges instead of inert basal planes.30 Among all the TMSs catalysts, WS2 

demonstrated an enhanced HER effectiveness during water splitting reaction as a result of the 

W-5d electrons activity for hydrogen adsorption, and small H-adsorption energy,  ΔGH, at the 

edge sites.31 Due to the limitation in the accessible active sites, large bandgap, and poor electrical 

conductivity in WS2, enormous efforts have been dedicated to control its properties, such as 

introducing S vacancies,32, 33 strain engineering,34, 35 metallic properties,36 coupling effect,37 

doping,30, 38 intercalation,39 and controlling number of layers,40 which assist in increasing of the 

exposed surface area, and thereby contributes to the HER activity enhancement. To date, many 

research groups have been devoted to engineer 2D-TMSs compounds for electrochemical 

hydrogen production. A. Bol et al. proposed a facial technique to synthesize edge-enriched WS2 

catalyst-template system with improved HER performance.41 The approach involves the 

formation of WS2 framework by applying of plasma-enhanced atomic layer deposition (PEALD) 
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which act as a template to support WS2 catalyst film. Based on their studies, combined catalyst 

and framework configuration result in an improved HER performance than the individual 

components. Moreover, this activity is found to be further enhanced by increasing the number 

of WS2 layers. A current density of 10 mA cm-2 is reached at overpotential of 365 mV.  

Coupling of electrocatalyst with conductive supporting substrate has shown several advantages, 

which involves lowering of contact resistance, reduce the adsorption energy of hydrogen 

adsorption, and increase the kinetics of charge transfer. From this respect, ultrathin WS2 

nanosheets was nucleated and vertically grown on TiO2 nanobelts to form TiO2@WS2 hybrid HER 

electrocatalyst with remarkable activity and enhanced electrical conductivity compared to both 

pristine WS2 and TiO2.42 In alkaline water, TiO2@WS2 required an overpotential of only 142 mV 

to deliver a current density of 10 mA cm-2, together with a Tafel slope of 120 mV dec-1 and 

excellent stability (˂13%). 

The metallic properties of 1T phase can also play a significant role in enhancing the charge 

transfer and electrical conductivity owing to the intrinsic metallic characteristics of 2D-TMSs. A 

uniform wafer-scale 1T-WS2 film was synthesized by Kim’s group,43 through applying of plasma-

enhanced chemical vapor deposition (PE-CVD) system. Electrochemical studies demonstrated 

the effectiveness of nanocrystalline 1T-WS2 catalyst in 0.5 M H2SO4 electrolyte solution, which is 

similar to most of the untreated and planer 1T-WS2 films. Moreover, the metastable 1T phase 

didn’t show any transformation into stable 2H phase even after 700 h of continuous operation. 

The strategy of doping non-metals into 2D-TMSs has been utilized to efficiently improve the 

hydrogen formation by modifying the d-band electronic properties and reducing the value of free 
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Gibbs energy, ΔGH. As an example, Liying Ma et al. reported their strategy on band gap 

modulation of WS2 nanosheets via Te doping.44 Due to the great difference in the 

electronegativity between Te and S, Te has the ability in tuning the bandgap with a wide range. 

The method results in minimizing the H-adsorption energy and narrowing the bandgap of WS2. 

This electrocatalyst exhibited an excellent HER performance with only 213 mV overpoential 

needed to drive a current density of 10 mA cm-2 and a small Tafel slope of 4 mV dec-1 in acidic 

solution.   

Several heterostructures have been explored to take advantage of their electronic modulation, 

in terms of activating and optimizing their intrinsic activities, while addressing their poor 

electrical conductivity. In this regard, Pan’s group proposed a facial fabrication system to 

assemble a unique self-supported heterogeneous WS2/CoS2 nanosheet arrays on carbon cloth 

substrates (WS2/CoS2/CC).45 Such a synergistic effect was established int his system and could 

deliver a multiple advantages by providing good electrical conductivity, sufficient active sites, and 

modulated coordination and electronic properties. This result in highly active WS2/CoS2/CC 

electrocatalyst (η10=146acid, 175neutral, 122base mV) which possess superior stability in a wide pH 

range.  In another study, the effect of nitrogen doping was studied through one-step facial and 

selective solvothermal method to synthesize WS2 (cysteine 1:4). N-doped WS2 demonstrated an 

excellent activity and good stability for acidic HER owing to incorporation of N dopant.46 An 

overpotential of 130 mV was only needed to deliver a current density of 10 mA cm-2 which is 

comparable to Pt/C (η10=80 mV). Likewise, several researches, such as those in WS2-GeC,47 MoS2-

WS2/graphene,48 atomically curved 2H-WS2 nanosheets,49  WP nanorods@WS2/C,50 W2C@WS2,51 
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carbon encapsulated WS2,52 and ZnO/WS2,53 involved strain induced band modulation, 

providing/increasing number of active sites, improving electrical conductivity, tuning of vacancies 

and number of layers, and enhancing intrinsic activity to improve the ability of splitting water 

electrochemically.   

1.4.2 Transition Metal Phosphide-based and Heterogeneous Structures 

Electrocatalyst  

Metal phosphides are another attractive group of materials used for catalyzing the overall water-

splitting process. The physical and chemical properties of these compounds, including high 

mechanical strength, electrical conductivity, rich chemical states, proper d-electron 

configuration, and their chemical stability, all facilitate their effectiveness toward HER/OER 

reactions. in addition, due to large radius of elemental phosphorus, the crystal structure of MPs 

is based on trigonal prisms with isotropic structure, which might contributes to their intrinsic 

catalytic properties. Interestingly, it has been found that both TM and P in TMPs participate as 

proton, hydride-acceptor, respectively. The in situ formation of metal oxy-hydroxides (M-OOH) 

and phosphates is mainly contribute to their highly catalytic activity. Furthermore, because of 

the excellent electrical conductivity of phosphides, these compounds are able to facilitate the 

charge transfer during the catalytic process. In brief, TMPs show many advantages over their 

corresponding borides, carbides, nitrides, phosphides, sulphides, and selenides counterparts. 

Although extensive efforts have been made in acidic water electrolysis,  the splitting of water in 

alkaline solution is still limited.54, 55, 56 Several strategies have been developed to design active 
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electrocatalysts for alkaline water splitting, including interfaces,57 chemical compositions,58 

doping,59 and defects.60 For example, Heterostructured compounds have found to possess a 

boosted electrocatalytic activity owing to the existing of various oxidation states which facilitate 

the variation of electronic structure, and enhance the charge transfer. A novel bimetallic-

structured phosphide, NiCo2Px, has been reported by Hu et al., which represented an impressive 

pH-universal HER activity owing to the synergistic effect established in the catalytic system.61 

Systematic studies in the effectiveness and morphological microstructure displayed a good 

performance and provided long-term stability at all pH conditions. The electrochemical activity 

can also be influenced by the chemical compositions of the catalyst. Taking Co-P system as an 

example, CoP with 1:1 elemental ratio is found to possess a higher catalytic activity in comparison 

with least phosphorous content, Co2P.62 In addition, the bimetallic-structured NiCo2Px 

electrocatalyst has demonstrated a well-preserved activity and material structures after  long-

term stability at all the conditions. In another study, an efficient self-supported sandwich-like 

CoP/Ni5P4/CoP microsheets arrays HER catalyst is developed through a facial synthetic approach 

with comparable results to state-of-the-art Pt catalysts.63 This material require an overpotential 

of only 33 mV to reach 10 mA cm-2 current density in acidic electrolyte, while 71 mV is needed to 

achieve a benchmark of 10 mA cm-2 in base with excellent operational stability at large current 

density of 1 A cm-2. 

Controlling the chemical compositions and material engineering is another strategy to design 

highly active catalysts, which can efficiently contribute to the enhancement of active sites 

density, intrinsic properties, and electrical conductivity. Recently, Wang and coworkers reported 
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a facial and scalable synthesis method that can address these issues.64 Co nanoparticles was 

successfully formed in situ on the surface of Co2Mo3O8, which worked in concert to deliver highly 

accessible active sites for alkaline water electrolysis. This non-precious catalyst was found to 

deliver a current density of 10 mA cm-2 at one of the lowest overpotential of 25 mV that ever 

reported, which is comparable to that of Pt/C, and moreover, among the top earth-abundant 

HER electrocatalyst. 

To date, many approaches have been made to boost the activity of Co-P based materials, 

involving doping effect which could improve the electronic structure and facilitate the H 

adsorption on the catalyst surface.65, 66 As an instance, Li and co-workers successfully decreased 

the kinetic energy barrier of hydrogen intermediates adsorption on CoP surface through doping 

of Cu. To achieve these results, they turned Cu and Co LDH on CC substrate into its corresponding 

self-supported nonporous phosphide phase, (Cu-CoP NRAs/CC), via simple low-temperature 

phosphidation process. With regard to Cu-CoP NRAs/CC HER performance in basic solution, an 

overpotential of 137 mV was attained to bring 10 mA cm-2 current density. It also maintained its 

catalytic activity with minor degradation for 40 h of continuous operation. They further correlate 

the catalytic activity to the strong heteroatomic interactions which result in lattice distortion and 

defects, and therefore, increasing of the effective HER active sites. Additionally, the fast electron 

transport on the rod-like nanostructured material resulted from Cu doping, could also be 

contributed to its activity. Recently, new insights were attained regarding Co-P/C based 

electrocatalyst by which defects strategy was applied.67 Chen et al. demonstrated their method 

to synthesize CoP nanoparticles on defective reduced graphene oxide (rGO). This nanocomposite 
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material was found to achieve a remarkable HER activity (η10=36.6 mV), low Tafel slope (43.1 mV 

dec-1), besides outstanding stability during alkaline water electrolysis. The enhanced catalytic 

performance is mainly attributed to: i) synergistic effect of CoP nanoparticles and defective rGO, 

ii) charge redistribution on CoP and altering the local charge in P around the defects led to an 

optimized H adsorption on the active sites. In addition, other Co-P based electrocatalysts were 

further synthesized, such as references. All of them demonstrated highly effective materials for 

alkaline water-splitting. 

Most of the TMPs are declared to be stable after been subjected to long-term stability test. In 

fact, post-catalytic investigations demonstrated a significant changes in terms of chemical 

composition, structure, and surface morphology.68 To this regard, Hofmann and coworkers have 

elucidated the decomposition mechanism during the electrochemical stability test of Co2P as a 

model material under both acidic and alkaline HER conditios.69 Electrochemical studies, along 

with detailed spectroscopic characterizations was evaluated for Co2P, formed by thermal 

phosphidization,  before and after stability test. Degradation mechanism was found to follow two 

different routes based on the pH condition. Both of Co and P tend to dissolve stoichiometrically 

in acidic solutions, while the superficial remaining material is still acting to catalyze the formation 

of hydrogen process. However, under basic conditions, P is preferentially dissolve in the 

electrolyte solution, and the formation of cobalt hydroxides on the surface takes place, which 

contribute accordingly to the catalyst stability and HER activity minimization. Postcatalytic 

structural and compositional analysis of the electrode materials and electrolyte solutions could 

reflect catalyst intrinsic stability and dissolution mechanism of TMPs electrocatalysts. 
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On the other hand, a highly efficient OER catalyst must process the ability to promote the 

complicated kinetic process (involving water adsorption/dissociation, H adsorption/desorption, 

OH- desorption), accelerate the rate of the reaction, and reduce the required overpotential to 

initiate the overall water elctrolysis. Many approaches have been applied to improve the TMPs 

electrocatalysts for the OER performance, such as incorporation of foreign metal sites. The 

development of interface engineering of hybrid materials contribute to the formation of catalysts 

with combined features of various functional constituents, which could lead further to alter the 

reaction pathway or even adjust the intermediates structures. Fu and his group reported an 

interface engineering of a novel CoP/CeO2 heterostructure with abundant oxygen vacancies and 

interfaces between CoP nanosheets and CeO2 nanoparticles for oxygen formation.70 An 

extremely low overpotential was recorded for this hybrid material (η10=224 mV), which is 

comparable to its constituent components CoP (η10=380 mV) and CeO2 (η10=628 mV). In addition, 

the CoP/CeO2 + Pt/C based battery delivered  an impressive long-life cycling stability (over 500 

cycles). The enhanced activity and long-term durability of CoP/CeO2 heterostructure is originated 

of multiple advantages as follow: i) CeO2 nanoparticles can alter the electronic structure of Co in 

terms of Co2+/Co3+ ratio, which contributes to the enhanced OER activity, ii) the porous structure 

of CoP nanosheets can offer more accessible active sites, iii) the dispersion of in situ formed CeO2 

nanoparticles on the CoP nanosheets inhibit the loss and aggregation of CeO2 nanoparticles. In 

another study, a unique nanostructure of porous hollow nanocage TiOx and CoP nanoparticles 

was fabricated by Zou and co-workers as an efficient OER electrocatalyst. utilization of TiOx can 

not only promote the electron transfer between the interfaces, but furthermore facilitate the 

mass transport. Moreover, the high stability of TiOx conductive substrate could lead to a steady 
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OER Faradic efficiency at high positive potentials. As a result, the CoP-TiOx hybride material 

showed an OER activity and good stability in alkaline solution. A current density of 10 mA cm-2 

can be reached an overpotential pf 337 mV, along with a Tafel slope of 72.1 mV dec-1. A similar 

phenomenon was also observed in Fe-Co-P based materials. Lou et al., for example, was able to 

develop a facial self-templating approach to construct porous iron cobalt (oxy)phosphide, (Fe-

Co-P), nanoboxes for enhanced OER activity.71 It was shown that Fe-Co-P can deliver a low 

overpotential of 269 mV at a current density of 10 mA cm-2, as well as small Tafel slope of 31 mV 

dec-1. Both experimental and computational studies were conducted to provide insights into the 

fundamental understanding of the mechanism. It was also confirmed that O atoms can partially 

replace the P bridge during the oxidation process, which result in the formation of intramolecular 

charge transfer between Co and Fe atoms through P/O bridges, and hence improve the 

electrocatalytic OER performance. Similarly, metal doping is considered to be a crucial technique 

to stimulate the synergistic effect among different ions and consequently regulate the electron 

distribution of the material during the oxygen formation process. In this regard, Dong and co-

workers, summarized their recent synthesis, structure, characterizations, and electrocatalysis 

performances of Fe-doped CoP core-shell structure with open cages for OER in alkaline solution.59 

Electrocatalytic studies revealed that Fe-CoP cage-4 can reach a current density of 10 mA cm-2 

under a low overpotential of 300 mV along with small Tafel slope of 42.9 mV dec-1 and long-term 

stability evaluated by 1000 cycles in 1 M KOH(aq). The high activity of the catalyst could be 

ascribed to both of Fe doping and the unique structure of open-cage-core-shell which more active 

sites exposure. Many other studies have also demonstrated the effective functionality of 
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bimetallic-phosphides, including Ni-Co-P,72 Ag-Co-P,73 with enhanced performances in 

comparison to their individual constituents, owing to the high redox reaction sites.74  

1.5. Scope of the Dissertation 

Seeking energy from renewable resources is one of the main challenges facing humanity in its 

quest for prosperity and equality. Employing electrochemical energy, which can be achieved by 

electrochemical water splitting, is a promising future option for clean fuel production. The ability 

to split water electrochemically can be reached at low overpotentials and high current densities 

using noble metals electrodes such as Pt for HER and Ir/Ru oxides for OER. However, the high 

cost, elemental scarcity, and poor stability of these materials limit their potential applications. To 

this end, much attention has been paid to the development of earth-abundant and competitive 

electrocatalysts with high stability and efficiency as a replacement of these noble elements. This 

dissertation proposes a simple CVD technique to synthesize various materials with highly efficient 

and durable HER/OER electrocatalysts. It also demonstrates the effect of different material 

phases on the enhancement of the overall catalytic activity on a specific electrolyte medium. 

Chapter 2 involves a systematic study on transition metal dichalcogenides electrocatalyst, WS2, 

for hydrogen production in an acidic medium. The influence of several gaseous environments on 

the enhancement of the HER activity is examined during the growth of layered WS2. H2S 

environment leads to the formation of bridging disulfide ligands S2
2- and apical S2- from WS3, 

which mainly results in boosted electrocatalytic performance toward the formation of hydrogen. 

In chapter 3, a facial synthesis of C@CoP2/CC core-shell nanostructures is proposed as 

catalytically active, operationally durable, low-cost, and earth-abundant OER electrocatalyst. The 
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uniqueness of this core-shell nanostructure offers the advantage of: (1) the formation of 

electrocatalytically active CoP2 core, and (2) providing excellent stability over a long and 

continuous operation explained by the function of chemically inert carbon shell.  

Extending the knowledge on various phase formation of Co-P based material from chapter 3, 

stoichiometric ratios of Co and P modulation is studied in details. Additionally, the mechanistic 

hurdles to activate the formation of hydrogen in alkaline media is successfully overcome by 

introducing a heterostructure catalytic system. This allows us to unambiguously conclude that: 

C@CoP2/CC core-shell nanostructure is the active phase toward OER, while HER catalytic activity 

is mainly associated with heterostructured composite CoP-CoxOy/CC phase in alkaline solutions.  

The systematic control of morphologies, compositions, and phase engineering of electrocatalysts 

through employing of potentially scalable CVD strategy is stated in this dissertation. Correlation 

between materials structure, electronic properties, and electrocatalytic effectiveness is found 

further explaining the reasons for the improved efficiency, stability, and durability toward the 

urgent needs of adopting new materials for clean and reliable alternative fuel sources. The 

approaches studied here will lead to the development of electrochemical catalysts with a unique 

functionality toward several electrochemical applications, such as electrochemical N2 reduction 

reaction (NRR), CO2 reduction reaction (CO2RR), and large-scale photocatalytic water splitting. 

 



CHAPTER 2: Growth of Layered WS2 Electrocatalysts for Highly Efficient 

Hydrogen Production Reaction 

"Reproduction in part with permission from ECS Journal of Solid State Science and 

Technology, 2016. 5(11): p. Q3067-Q307. Copyright © 2016, The Electrochemical 

Society. All rights reserved " 
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CHAPTER 2 

2.1 Introduction 

The future economy requires the production of clean energy to replace fossil fuels. Hydrogen is 

considered as one of the promising future options as a pollution-free energy carrier. Practically, 

electrocatalytic water splitting has gained attention for sustainable hydrogen production.75 

Accordingly, scientists are eagerly seeking for an electrocatalyst that could act as an alternative 

to the most electrochemically active but expensive platinum metal.76, 77, 78 Tungsten disulfide, 

WS2, a member of the semiconducting transition metal dichalcogenide family, has drawn 

considerable attention due to its semiconducting nature and electrocatalytic activities.79, 80, 81, 82 

Nevertheless, very few studies have been conducted on WS2 regarding to HER up to date.79, 83, 84, 

85 The systematic studies of layered WS2 materials for HER are still not available.75 Herein, we 

report our preparation of layered WS2 electrocatalysts for highly efficient hydrogen production 

reaction.  

We have performed the growth of WS2 by the thermolysis of ammonium tetrathiotungstate 

(NH4)2WS4 on conducting carbon cloth (CC) substrates under different gaseous environments. As 

CC is conducting with a high surface area, it is an ideal substrate for loading the WS2 materials.75 

The influence of environmental gas on the electrochemical activity of the obtained WS2 catalysts 

were studied. H2S was found to give the WS2 electrocatalysts with superior performance for the 

hydrogen production with a current density of 10 mA cm-2 at a low overpotential of 184 mV. 
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Scheme 2. 1. Schematic representation of the growth of WS2 on CC.  The (NH4)2WS4 solution was 

drop-casted on CC, followed by drying on a hot-plate. The loaded carbon cloth was fed into tube 

furnace for thermolysis process at various temperatures and gaseous environments. 

2.2 Results and discussion  

2.2.1 Characterization  

Spectroscopic Characterizations of WS2. The microstructure of the electrocatalysts was examined 

using scanning electron microscopy (SEM). Figure 2.1 shows the surface morphology of WS2/CC 

after calcination to 400 °C in a H2S/Ar environment. It is clearly shown that WS2 forms a uniform 

thin layer on the fibers of carbon cloth. 
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To gain a better insight into the composition and crystalline structure of our materials, alongside 

with confirmation of the identity of the final product, X-ray diffraction (XRD) analysis was 

performed. Figure 2.2a displays the XRD patterns of the WS2/CC annealed at 400 °C and acquired 

under different gaseous environments, H2S, H2, and Ar. The peaks at 2θ = 26.1°, 53.8o and 43.3° 

from carbon cloth are marked as “C”. Regardless of various annealing environments, two obvious 

reflection peaks at 14.3° and 59.4°, assigned to  (002) and (110) crystalline orientations of WS2, 

can always be observed.   

 

Figure 2. 1. SEM images of carbon cloth loaded with WS2 at 400 °C - 10% H2S/90%Ar environment.  

The Raman spectra in Figure 2.2b also indicate that there is no pronounced difference in their 

vibration modes  E1g, E12g, and A1g detected at 294.6 cm-1, 351.2 cm-1, and 416.3 cm-1, 

respectively. These results suggest that the crystal structures of WS2 formulated by thermolysis 

of (NH4)2WS4 are similar in spite of the different gas environments.  Unexpectedly, and in spite 

of pumping the furnace tube to remove the oxygen species, WO3 peak at 2θ was still detected at 
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33.5°. These oxides are formed due to the presence of unavoidable trace amount of oxygen in 

the system, which may react with (NH4)2WS4 precursor and yield WO3. 

 

Figure 2. 2. (a) XRD patterns (b-d) the enlarged (110) peaks of WS2 (e) Raman spectra for the 

samples obtained at different gaseous environments. Peaks marked in yellow (C) are from the 

carbon cloth substrate.    

Since the catalytic reactions are known to occur on the surface of the catalysts, it is more 

informative to probe the surface bonding structures. In this respect, XPS study is a better 

methodology. We first studied the W 4f and S 2p core levels of the WS2 annealed at different 

temperatures 200 C, 400 C and 800 C in the presence of H2S gas (Figures 2.3a and 2.3b). The 

W 4f region was decomposed into three doublets (W 4f7/2 – W 4f5/2) with a fixed area ratio equal 

to 4:3 and doublet separation of 2.14 eV and a singlet W 4p5/2. The binding energies of W 4f7/2 

for the three components are 32.7 eV, 33.5 eV, and 36.1 eV. While binding energy of the singlet 

W 4p5/2 is at 38.5 eV. The W 4f7/2 component at 32.7 eV is attributed to prismatic 2H-WS2, whereas 
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the W 4f7/2 component at 36.1 eV corresponds to WO3.
75, 86, 87, 88, 89, 90, 91

 The W 4f7/2 component 

at 33.5 eV is attributed to oxy-sulfide intermediate phase denoted WOxSy.88, 90, 91 The most 

probable oxy-sulfide intermediate phase is WOS2.92 The S 2p level was fitted with four spin-orbit 

doublets (S 2p3/2–S 2p1/2) with fixed area ratio equal to 2:1 and doublet separation at 1.18 eV. 

The S 2p3/2 components were located at the binding energy values of 161.1, 162.3, 163.5-163.7 

and 168-169 eV, respectively. The dominant S 2p3/2 component centered at 162.3 eV corresponds 

to sulfur S2- in 2H-WS2.75, 87, 88, 89, 90 The component at 163.5-163.7 eV is attributed to disulfide 

pairs S2
2- in a mixed oxygen-sulfur environment 88 and/or to bridging disulfide ligands S2

2- and 

apical S2- from WS3 phase.75, 93, 94 Both WS2 and WS3 contain W4+ and S2− species; however, only 

WS3 possess the S2
2- ligand 92, with a formal charge state of [W4+(S2

2-)(S2-)].95 The component at 

161.1 eV is attributed to sulfur ions of S2- type with more negative real charge.88 The component 

located at 168-169 eV is assigned oxidized sulfur species .96 

Increasing the temperature from 200 C to 800 C leads to the decrease in the intensity of the 

two W 4f7/2 components at 33.5 eV and 36.1 eV corresponding to WSxOy and WO3, respectively, 

indicative of the conversion of tungsten oxy-sulfides and tungsten oxides to tungsten sulfides. 

The effect of annealing was confirmed from the S 2p core level spectra where the intensity of S 

2p3/2 component at 163.5-163.7 eV attributed to the combination of disulfide pairs S2
2- in WSxOy 

and and/or to bridging disulfide ligands S2
2- and apical S2- from WS3 decreases as function of the 

temperature. However, at 400 C the W 4f core level shows the removal of most of WSxOy. In 

contrast, the intensity of S 2p3/2 component at 163.5-163.7 eV is still pronounced. We conclude 

that the S 2p3/2 component at 163.5-163.7 eV at 400 C is mainly due to the bridging disulfide 
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ligands S2
2- and apical S2- from WS3. The S/W atomic ratio was further estimated from the 

integrated S 2p and W 4f core level peak area divided by their appropriate relative sensitivity 

factors. The S/W atomic ratio was equal to 2.06, 2.24 and 2.00 at 200 C, 400 C, and 800 C, 

respectively. 

We notice that at 400 C, the sample was determined to possess composition of WS2.24 indicating 

that the surface of the sample became sulfur rich and confirmed the formation of WS3 phase. 

The sample surface structure at 400 C resembles chain-like assemblies of W atoms 

interconnected by S2
2- or S2- ligands with weak van der Waals interactions between W and S of 

adjacent chains.94 From 400 C to 800 C, decomposition of WS3 occurred and crystalline WS2 

was formed. This was confirmed by the removal of almost all bridging disulfide ligands S2
2- and 

apical S2- observed at 163.5-163.7 eV and by the S/W atomic ratio which became equal to 2.00.  

Moreover, high resolution XPS spectra for the WS2 samples annealed at 400 C in the presence 

of different gases Ar, H2 and H2S were obtained (Figures 2.3c and 2.3d). The same deconvolution 

parameters were applied. One can notice that in the Ar environment, the presence of strong WO3 

phase (W 4f7/2 component at 36.1 eV) indicates that the sample was oxidized. In the H2 

environment, however, the sample presents less oxide phase but with the absence of bridging 

disulfide ligands S2
2- and apical S2- observed at 163.5-163.7 eV for S 2p3/2. In the H2S environment 

at 400 C, the sample is the least oxidized and shows the strongest signal attributed to the 

bridging disulfide ligands S2
2- and apical S2- from WS3. It is concluded that the absence of oxide 

phase and the presence of bridging disulfide ligands S2
2- and apical S2- from WS3 with a formal 

charge state of [W4+(S2
2-)( S2-)] leads to the best HER performance. 
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Figure 2. 3. XPS analysis of W 4f and S 2p core levels. (a, b) for samples annealed at different 

temperatures 200 C, 400 C and 800 C in the presence of H2S gas. (c, d) for samples annealed 

at 400 C in the presence of different gases H2S, H2 and Ar.  

2.2.2 Electrocatalytic performance for HER 

Figures 2.4a and c demonstrate the linear sweep voltammetry (LSV) curves of WS2 on carbon 

cloth annealed at different thermolysis temperatures and various gas environments with a fixed 

loading amount of (NH4)2WS4 precursor (1 mg cm-2). The HER current density was standardized 

by the projected area of the carbon cloth, and the potential was measured after correction of 

internal resistance. We observed that starting from 400 °C, the HER performance of annealed 
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WS2 on carbon cloth is decreasing dramatically as the temperature increases, suggesting that the 

crystallinity of WS2 is not playing the key role for HER efficiency. 

Figure 2.4a displays the effect of dihydrogen sulfide gas on the annealed WS2/CC samples. It is 

clearly shown that in a variety of some selected temperatures ranging between 200 °C - 1000 °C, 

the effectiveness of hydrogen evolution increases rapidly from 200 °C to 400 °C, then decreases 

in a consistent trend as the temperature goes beyond 400 °C. The effect of hydrogen, and argon 

gases were also examined in this study (Figures 4c and 4d).  

 
 
Figure 2. 4. Polarization Curves at a scan rate of 5 mV s-1 in 0.5 M H2SO4 electrolyte for WS2 on 

carbon clothe annealed at different thermolysis temperature. The current was normalized by the 

geometrical area of the carbon cloth substrate, and the potential was measured after internal 
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resistance correction. (a) 10% H2S / 90% Ar (c) 10% H2 / 90% Ar (d) 100% Ar (b) Tafel Slopes 

extracted from the polarization curves in (a).  

Comparing three different gaseous environments and various thermolysis temperatures, 

annealed sample at 400 °C in the hydrogen disulfide gas has been determined as the best 

performing catalyst with overpotential (vs. RHE) of η10 = 184 mV, because of the sulfur rich 

surfaces generated from the bridging disulfide ligands S2
2- and apical S2- from WS3 as discovered 

by XPS analysis. As above-mentioned, the thermolysis process was carried out at the atmospheric 

pressure (AP) in a tube furnace, after being pumped and purged with Ar gas aiming to exclude 

the oxygen species and to minimize the formation of tungsten oxide (WO3) nanoparticles on the 

surface of the electrode. As has been reported previously, the HER efficiency of WO3 is lower 

than WS2 structure and it is not the dominating species for HER.75 

Although the sample which was treated at 200 °C could be recorded as the best performance 

rather than others due to the high intensity of the combination of disulfide pairs in WSxOy and 

bridging disulfide ligands S2
2- and apical S2- from WS3, a significant intensity related to WO3 can 

interpret the poor hydrogen evolution performance.  

Unexpectedly, a change on the trend can be obviously seen on the annealed sample at 1000 °C. 

The highly crystalline structure is behaving similarly in H2S and H2 environment; however, it 

deviates in case of Ar atmosphere and was competed with the amorphous sample annealed at 

200 °C. This can be explained due to the high intensity of the two W 4f7/2 components at 33.5 eV, 

and 36.1 eV corresponding to WSxOy and WO3 which can easily inhibit the HER efficiency.   
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Tafel slopes were extracted from the polarization curves of the catalyst annealed at five different 

temperatures and saturated with dihydrogen sulfide (Figure 2.4b). Primarily, as the overpotential 

increases, a relative small Tafel slope points to a faster hydrogen evolution rate.97 The Tafel slope 

of pristine carbon cloth substrate is 185 mV dec-1. When loaded with (NH4)2WS4 precursor and 

annealed at atmospheric pressure, lower Tafel slopes can be observed. In the case of hydrogen 

disulfide environment, the Tafel slopes of 114 mV dec-1, 79 mV dec-1, 94 mV dec-1, 116 mV dec-1, 

and 85 mV dec-1 were explored for different calcination temperatures of 200 °C, 400 °C, 600 °C, 

800 °C and 1000 °C, respectively. The Tafel slope of WS2/CC annealed at 400 °C in H2S 

environment showed the highest performance for the hydrogen evolution.   

2.3 Conclusion  

In summary, tungsten disulfide (WS2) was successfully prepared by one-step thermolysis process, 

and the effect of gaseous environments at different temperatures was studied in details. It is 

found that H2S gas can strongly affect the amorphous structure of WS2 and enhance the 

electrocatalytic performances toward HER behavior. We believe this is an efficient and simple 

route to obtain highly efficient and cheap electrocatalysts for HER. 
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CHAPTER 3: Design and Mechanistic Study of Highly-durable Carbon Coated 

Cobalt Diphosphide Core-shell Nanostructure Electrocatalyst for the Efficient and 

Stable Oxygen Evolution Reaction 

"Reproduction in part with permission from ACS Applied Materials & Interfaces, 2019. 11(23): 

p. 20752-20761. Copyright © 2019, American Chemical Society"
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CHAPTER 3 

3.1 Introduction 

Fossil fuels have underpinned the ever-increasing development of global economic infrastructure 

for centuries, but a new wave of renewable energy strategies is being strongly driven by 

mitigating climate change, growing environmental conscience, and advancing technological 

forefronts.98, 99 A myriad of “lighthouse strategies”, including photovoltaics, wind turbine, and 

hydrogen fuels, seem poised to potentially enable the transition to renewable and low carbon 

energy resources in a foreseeable future.100, 101, 102 Specifically, hydrogen is considered a versatile 

and clean energy carrier,103 and can be electrochemically produced with a low carbon footprint 

water splitting.104 The need to ensure efficient and economic overall water splitting has 

motivated the immense research interests in synthesizing highly efficient, electrochemically 

robust, and earth abundant non-precious metal electrochemical catalysts for driving the cathodic 

hydrogen evolution reaction (HER) and oxygen evolution reaction (OER).105 Relevant to HER, a 

classic two-electron reduction reaction,106 OER is far more complex and challenging as the 

process involves four sequential proton-coupled electron transfer steps in conjunction with 

formation of oxygen-oxygen bonding.107 

Transition metal oxides or hydroxides are the current benchmarks for OER in base, with overall 

performance on a par with or even surpassing the commercial standard, IrO2.108, 109, 110 

Alternatively, cobalt phosphides (CoPx) has emerged as a promising candidate and is found to be 

bifunctional for driving both HER and OER.111, 112 Wang et al. demonstrated a nanostructuring 

strategy that capitalizes on the three-dimensional (3D) and high aspect ratio design of arrays of 
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CoP nanoneedles supported on CC via a low temperature, hydrothermal phosphidation, 113 

delivering an intriguing bifunctionality of driving both OER and HER at overpotentials of 281 mV 

and -95 mV, respectively.  The advantageous design of nanostructuring was further extended by 

Yu and co-workers through synthesizing the hybrid electrochemical catalyst made of hollow CoP 

nanoparticles and N-doped graphene.114 The synergy between N-doping graphene and hollow 

architecture of CoP results in substantially improved HER and OER metrics in alkaline solution 

with stability. An overpotential of 1.58 V was achieved and was found to remain stable beyond 

65 hours of continuous operations. Recently, Saadi and co-workers prepared CoP films by 

cathodic deposition of Co2+ and H2PO2
– on copper substrates.115 The surface orthophosphate 

species were subsequently eliminated upon initial HER cycle in an acidic medium, thus yielding 

an optimized stoichiometric ratio of Co:P to 1:1. The as-prepared CoP catalyst showed an 

overpotential of only -85 mV for driving HER at a current density of 10 mA cm–2 but increased to 

-100 mV after 24 hours of continuous operations. Meanwhile, without altering the chemical 

makeups, nanostructured CoP via hydrothermal routes was found to deliver efficient OER 

characteristics.116 Specifically, an overpotential of 320 mV was achieved in 1 M KOH(aq) for OER in 

conjunction with a steady electrochemical output stability up to 12 hours. These excellent OER 

metrics are comparable to the current commercial standard of IrO2 and are attributed to the 

formation of an ultrafine and highly crystallized cobalt oxide (Co2O3) layer that acts as a 

protection layer for underlying CoP catalysts.  

The bold conceptual design of implementing nanostructured CoP as the efficient bifunctional 

catalysts for driving both HER and OER, while promising, also raises considerable concerns from 
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the mechanistic perspectives.115, 117 First and foremost, such a bifunctional catalyst often requires 

a pre-activation process, i.e., a few cycles of electrochemical scans before arriving at steady and 

optimized OER metrics. Second, it is known that metal phosphides are susceptible to oxidation, 

especially under oxidizing potentials, leading to the formation of core-shell structures where 

spatially distributed and catalytically more active surface oxides overshadow the underlying 

phosphides. The undefined role of true catalytic species within these binary composites also 

makes future refinements in terms of OER metrics extremely difficult. Finally, to have widespread 

impact, the synthetic process should be high throughput and industrially scalable without the 

need for specialized processing equipment.111 Herein, we address these limitations through the 

use of a potentially scalable CVD strategy to systematically control the sequential formation of 

ternary composites made of CoP2 and a thin carbonaceous protection layer on highly conductive 

CC substrates, termed as C@CoP2/CC. The premise for our design is to employ the CVD strategy 

to enable the stoichiometric tuning and phase engineering of CoP2 OER catalyst in an epitaxial 

fashion, followed by subsequent deposition of carbonaceous protection layers to generate an 

unique core-shell architecture with well-defined interfaces to suppress the random surface 

oxidation of CoP2 during OER in base while enhancing the electrochemical durability and 

operational stability.118 This allows us to unambiguously determine the role of each component 

during OER through detailed morphological analyses in tandem with the surface-sensitive 

structural characterizations, including X-ray photoelectron spectroscopy (XPS) and Raman 

spectroscopy.106 We demonstrate here that C@CoP2/CC system exhibits an excellent activity and 

long-term durability, at which a catalytic current density of 10 mA cm-2 can be achieved at an 

overpotential of only 234 mV in 1M KOH(aq), and a minor degradation from its initial current 
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density over a prolonged period of continuous operation, tested for up an 80 hours. Furthermore, 

the unique core-shell architecture with well-defined interfaces between CoP2 and C, in contrast 

to that previously reported where CoP2 and C randomly tile or intersperse to form alloy-like 

interfaces, gave OER rate with a small Tafel slope of 63.8 mV dec-1. These results clearly indicate 

that core-shell structured C@CoP2/CC rivals or even surpasses most of the OER electrocatalyst, 

including CoP/C,116 CoP/rGO-400,68 and CoPh/NG,114 when measured in base. The morphologies 

and compositions of the catalysts vary with synthesis temperature and correlation between 

materials structures, electronic properties and electrocatalytic activities forms the basis 

accounted for the enhanced OER activity, durability, and stability. 

3.2 Results and Discussion 

3.2.1 Catalyst synthesis and characterizations 

The nanostructured C@CoP2/CC were synthesized through a three-step process. First, 

Co(NO3)2(aq) solution precursor was used to electrochemically deposit Co-species on CC 

supporting substrate at -10 mA cm-2 for 20 min. Next, vapor phase phosphidation of Co(OH)2/CC 

was carried out in vacuum  within a modified CVD chamber using elemental red phosphorous as 

illustrated in Figure 3.1a.  Prior to phosphidation process, furnace tube was purged with a mixture 

of Ar(g) (60 sccm) and H2(g) (20 sccm) for 30 min. Effect of phosphidation temperatures were 

examined in terms of various formed phases. It is found that phosphidation process starts at 

450 °C with CoP phase formation. However, elevating the temperatures to 550 °C and 650 °C 

results in the formation of highly phosphorus cobalt phosphide phase, CoP2. Annealing 
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temperatures were progressively elevated beyond 550 °C to ensure the formation of CoP2/CC. 

Importantly, the complete transformation of CoP2 provides a chemically-defined and 

stoichiometrically controlled phase and thus enables the otherwise impossible mechanistic study 

of the roles of each component in driving OER. Lastly, the as-synthesized CoP2/CC was 

conformally coated with an ultra-thin layer of carbonaceous shell (~2.2 nm) to afford a core 

(CoP2/CC)-shell (C) architecture, thus further improving their stability against both harsh working 

environment and prolonged operation.  

 

Figure 3. 1. a) Schematic illustration depicts the synthesis of CoP2 through: (i) electrochemical 

deposition of Co-species on CC, (ii) followed by reacting of Co(OH)2 with elemental red P powders 

along with a summary of different phases formed as a function of phosphidation temperature. 

(b) Temperature-dependent XRD characterizations suggest the incremental conversion of 
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Co(OH)2/CC to CoO/CC at 350 °C, followed by gradual transformation to CoP/CC at 450 °C, and 

final formation of CoP2/CC beyond 550 °C. (c) A computer generated model shows the monoclinic 

CoP2 crystal structure. (d) Dimensions of CoP2 crystallite size increase monotonically after 

transformation reaction initiates at 450˚C. Inset shows a series of TEM images of CoPx crystallites 

formed at different phosphidation temperatures. 

X-ray diffraction (XRD) analysis was carried out to analyze phase composition, crystallinity, and 

particle size at various stages of annealing temperatures, as suggested in Figure 3.1b. A series of 

characteristic peaks from CC substrate, located at 2θ = 25.8°, 43.5° and 52.3°, can be assigned 

and are used as the reference for the following determination of each phase. On the basis of 

characteristic XRD patterns (line in black), we identified and assigned electrochemically 

deposited Co on CC to Co(OH)2/CC relative to the CoO/CC and CoPx which are formed at higher 

annealing temperatures (see Table 3.1 for details). In general, increasing in phosphidation 

temperatures results in well-defined and sharp peaks, characteristics of increasing degree of 

crystallinity driven by interfacial surface energy minimization. Next, when annealed at 350 °C 

(line in red), Co(OH)2 is further oxidized to form CoO whereas at 450 °C (line in blue), we began 

to observe the partial conversion of CoO into CoP. When the annealing temperature was further 

elevated to beyond 450 °C (line in pink for 550 °C and in green for 650 °C, respectively), pure 

phase and phosphorous-rich CoP2 was formed and arranged in a monoclinic lattice arrangement 

as suggested in the computer-generated model (Figure 3.1c).  
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Table 3. 1. Detailed characterization of Co(OH)2, CoO, and CoPx nanoparticles according to XRD 

analysis   

 

Meanwhile, the average crystallite size as a function of the phosphidation temperatures was 

calculated using Scherrer equation (see Table 3.2 for details). Crystallite size evolution (τ) of as-

prepared CoPx formed at different temperatures is presented in Figure 3.1d. The empirical 

calculation meshes well with the experimental observation. As shown in the series of high-

resolution transmission electron microscopy (HRTEM), the domain size of CoPx crystallites 

formed at various stages of phosphidation temperatures was found to follow the similar trend, 

as higher phosphidation temperature leads to the growth of larger crystallites. (inset of Figure 

3.1d). Initially, the domain size of CoP crystallite was found to be around 17 nm when reacted 

with phosphorus precursor at 450 °C and then continued to grow around 40 nm as the 

The compounds 
Crystal 
system 

Unit cell parameters 
JCPDS card 

no. Name Chemical formula a b c 

Cobalt 
hydroxide 

Co(OH)2 Hexagonal 3.190 3.190 4.660 01-072-
1474 

Cobalt 
oxide 

CoO (350 °C) Face-
centered 

cubic 

4.261 4.261 4.254 00-051-
1731 

Cobalt 
phosphide 

CoP (450 °C) Orthorhombic 5.077 3.281 5.587 01-089-
4862 

Cobalt 
diphosphide 

CoP2 (550, 650  
°C) 

Monoclinic 5.551 5.549 5.614 01-077-
0263 
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phosphidation temperature further increases to 650 °C. At 750 °C, saturated crystallite size is 

reached with no obvious changes are detected afterward.  

Table 3. 2. Crystalline transformations of electrodeposited cobalt on carbon cloth as function of 

temperature in the presence of red phosphorous. 

Treatment temperature 

(°C) 

Electrocatalyst Material Crystal structure Particle size (nm) 

450 CoP Orthorhombic 16.7 

550 CoP2 Monoclinic 28.53 

650 CoP2 Monoclinic 39.32 

 

Figure 3. 2. (a) Representative SEM images show different stages of temperature-dependent 

phase evolution, ranging from pristine CC, Co(OH)2/CC, CoO/CC, CoP/CC and finally CoP2/CC 
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during phosphidation process. (b) SEM image and the corresponding EDX elemental mapping of 

CoP2/CC after phosphidation at 650 °C, including Co (color in blue), and P (color in green), reveal 

the complete coverage and uniformity in conjunction with spatial homogeneity of each element.  

 

Figure 3. 3. STEM-EDX elemental composition of CoP2/CC after phosphidation at 650 °C. Inset 

STEM image of CoP2/CC after phosphidation at 650 °C. 

In addition to the well-defined phase and crystallinity, morphological evolution, uniformity and 

coverage of the electrocatalysts was systematically explored through the use of scanning 

electron microscopy (SEM). Figure 3.2a first reveals the morphological evolution of pristine CC, 

electrodeposited Co(OH)2/CC, and CoO/CC in tandem with CoP/CC and ultimately CoP2/CC 

electrocatalyst prepared through phosphidation at different temperatures, ranging from 350 °C 

to 650 °C. After 20 minutes of electrochemical deposition in Co(NO3)2(aq) solution, the initially 

smooth surface of pristine CC substrate is found to be fully covered with rugged-like structures 

of Co(OH)2.117 Next, dehydration of Co(OH)2 after phosphidation at 350 °C results in the direct 
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conversion to CoO while the rugged morphology remains intact. It is noted that Co(OH)2 

precursors seemed to strongly bind to the CC substrate fibers and no detachment was observed 

even after the phosphidation process which was held at 650 °C for hours. The inception of nano-

sized particles began to appear on the catalyst surface at 550 °C (highlighted in white dotted 

circles) and later merged into meandering ridges with neighboring rugs after phosphidation 

process was completed at 650 °C. In parallel, corresponding energy-dispersive X-ray (EDX) 

mapping of relevant elements, including Co in blue and P in green, closely resembling the spatially 

percolating ridges as demonstrated in Figure 3.2b. A closer look into the surface structure and 

morphology of CoP2/CC (650 °C) is shown in inset of Figure 3.3 which was carried by transmission 

electron microscopy (TEM). Additionally, the corresponding EDX elemental composition of the 

electrocatalyst was detected at different spots of a selected area and reveals the approximated 

chemical composition of Co/P ratio to be 1:2 (see Figure 3.3 for details). 
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Figure 3. 4. XPS Survey of Co(OH)2/CC, CoPx/CC, C@CoP2 (650 °C) formed at different 

temperatures.  

XPS of the electrochemically deposited Co(OH)2/CC and CoPx/CC phases obtained at different 

phosphidation temperatures were collected and analyzed. For all samples, Co 2p, P 2p, O 1s, and 

C 1s were further analyzed with narrow scans after the survey mode (see Figure 3.4 for details). 

XPS of Co 2p is complex due to multiple chemical states, particle size effect, satellites, shell 

effects, energy loss, and overlap with its own Auger lines.119, 120 In brief, the Co 2p of metallic Co 

is characterized by a doublet at 778 and 793 (with a split of 15 eV). That of Co2+ has binding energy 

positions at 780 and 795.5 eV and satellites at about 6 eV above each split and spin orbit splitting 

of 15.5 eV. The Co3+ binding energy position is at slightly lower binding energy position than that 

of Co2+ (by less than 1 eV) and has very weak satellites. XPS of Co cations in Co(OH)2 are at a 

slightly higher binding energy position than that of CoO because of ligand effect. XPS of Co cations 

of Co3O4 is composed of signal for both Co2+ and Co3+ in a 1:2 ratio. With these in mind, the 

following data interpretation is given. In the case of Co(OH)2/CC (see Figure 3.5a for details), the 

Co 2p core level spectrum displays two main peaks located at 781.4 eV and 797.3 eV 

corresponding to Co 2p3/2 and Co 2p1/2 doublet and their satellite peaks at 787.0 eV and 802.9 eV 

of Co2+ cations, respectively. At 450 °C (see Figure 3.5b for details), Co 2p spectrum shows four 

main peaks located at 778.8 eV, 781.8 eV, 793.8 eV and 798.2 eV along with broad satellite 

structures around ~ 786.6 eV and 803.2 eV. The sharp peaks at 778.8 eV and 793.8 eV correspond 

to Co 2p3/2 and Co 2p1/2 of metallic-like environment and is therefore attributed to Co atoms in 
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CoP. The peaks at 781.8 eV, 798.2 eV, and their satellites around ~ 786.6 eV and 803.2 eV can be 

attributed to Co2+ cations of CoO and probably Co(OH)2.121 

 

 

Figure 3. 5. Narrow scan XPS spectra for Co 2p of: (a) Co(OH)2/CC. (b) CoP/CC synthesized at 450 

°C.  
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Figures 3.6 present the XPS analysis of catalysts prepared at 550 °C and 650 °C phosphidation 

temperatures. The Co 2p3/2 peaks at 779.4 and P 2p3/2 at 129.2 eV become the dominant ones. 

There is no reference for XPS Co 2p of a well-defined CoP2. Recent Bader charge analysis using 

DFT-GGA (as well as hybrid B3LYP method) indicated an almost pure covalent bond between Co 

and P with no local charge on each atom. Based on XRD and TEM analysis, where a pure CoP2 

phase is seen, it is highly likely that this splitting contains a contribution from Co cations of CoP2. 

The P 2p core level is fitted using one doublet positioned at 129.2 eV and 130.0 eV attributed to 

P ions in CoP2, along with one broad peak centered at 134.8 eV corresponding to a more oxidized 

form of phosphorus (most likely PO4
3-).122  

 

Figure 3. 6. Narrow scan XPS spectra for: (d) Co 2p and (e) P 2p of CoP2/CC formed at 550 °C and 

650 °C. 

Next, to make the core-shell nanostructure, CoP2/CC was directly reacted with glucose and then 

annealed at 350 °C within a modified CVD furnace with control over vacuum (˂10 mTorr) at 
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incremental heating steps (2.75 °C min-1). A cross-sectional SEM image featuring a freestanding 

piece of C@CoP2/CC (650 °C) mechanically exfoliated from the supporting CC substrates with an 

overall thickness around 341 nm (see Figure 3.7a for details). Because of the well-defined 

interface between C@CoP2 layers as suggested by a combination of high-resolution cross-

sectional SEM and the corresponding line-scan EDX profile, spatial distribution of each element 

along the exfoliated C@CoP2/CC (650 °C) can be evidentially identified (Figure 3.7 b).  

It is noted that the spatial distribution of C is largely confined in the top layer of the composite 

electrodes. Since the CC supporting substrate was previously removed, the formation of 

conformal carbon coating on the surface of CoP2 must stem from the reaction and subsequent 

transformation from glucose, thus validating our proposed design of core-shell architecture. 

 

Figure 3. 7. (a) Cross-sectional SEM image reveals the uniform thickness of C@CoP2/CC (650 °C) 

and is determined to ~ 341 nm in average. (b) Corresponding cross-sectional EDX line scans for 

C@CoP2/CC (650 °C) further confirms the formation of core-shell nanostructures where spatial 

distribution of C is mostly confined at outer layers. 
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Figure 3. 8. (a) HRTEM image of C@CoP2/CC (phosphatized at 650 °C) reveals the conformal and 

uniform coating of carbon layers with thickness of ~2.2 nm. (b) EELS mapping of C shell of 

C@CoP2/CC (phosphatized at 650 °C) clearly shows the well-defined interface. (c) EIS of 

electrocatalysis cell of pristine CoP2/CC and C@CoP2/CC (650 °C) further demonstrates the 

improved transport characteristics across the core/shell nanoarchitecture. Narrow scan XPS 
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spectra for Co 2p3/2 of (d) pristine CoP2/CC (650 °C), (e) C@CoP2/CC (650 °C) for freshly-prepared 

samples and after being exposed to air.  

As suggested in Figure 3.8a and b, HRTEM analysis in tandem with electron energy loss 

spectroscopy (EELS) is conducted to confirm the thickness and to reveal the spatial distribution 

of carbon coating. Admittedly, it becomes apparent that the coating of carbon layer is 

determined to be ~2.2 nm and is uniformly deposited on CoP2 nanoparticles. To infer the 

transport across the core/shell nanoarchitecture, Figure 3.8c shows the electrochemical 

impedance spectroscopy (EIS) of the electrolysis cells for both pristine CoP2/CC and C@CoP2/CC. 

The intercept on the real axis in the high frequency range is associated with series resistance (Rs) 

of the electrolyte and electrical contacts in electrochemical system. The first semi-circle 

corresponds to the charge-transfer resistance (RCE) at the electrode/electrolyte interface, where 

the second semi-circle is attributed to the charge-transfer resistance (RCT) at the electrodes. It is 

clearly shown that the carbon layer on the CoP2 significantly lower both ohmic resistance (1.5 Ω, 

Rs) and charge transfer resistance (4.7 Ω, RCE+RCT), whereas pristine CoP2 shows higher resistance 

of 2.9 Ω and 5.4 Ω, respectively.  

To put our design of core-shell architecture into a further test, we conducted an XPS study to 

systematically monitor the temporal evolution of surface oxidation on both pristine CoP2/CC and 

C@CoP2/CC. For a fair comparison, both specimens were placed at ambient conditions without 

further protection. Figure 3.8d presents a series of unprotected sample in which the binding 

energy position of Co 2p3/2 of Co0 is given (778.0 eV) as a reference. The experimentally observed 

Co 2p3/2 is about 1 eV above. The spin orbit splitting of the sharp signals of P 2p3/2, 1/2 is found to 
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be of ca. 14.6 eV. Weak structures (arrows indicated on the 0 days spectrum) indicate the 

presence of some satellites contribution. Upon leaving the sample in ambient air, some oxidation 

occurs. This can be seen by the development of a signal at about 781.5 eV (2 days) that further 

broadened with time (8 days and above) in addition to the development of another signal about 

5 eV above. The position of this peak (and that at ca. 798 eV) is similar to that of Co hydroxide 

(spin orbit split of ca. 15.7 eV). The increasing signal of these states, with time, is thus due to 

surface oxidation of the last few layers (the escape depth, λ, of a photoelectron with a kinetic 

energy of ca. 800 eV is about 2 nm). The fact that the signal does not saturate even after 24 days 

is an indication of a slow oxidation process. Figure 3.8e presents the same data analysis for the 

carbon-protected sample. It is obvious that the extent of oxidation is attenuated due to the 

protection of a large fraction of the CoP2 surface, probably because of surface hydroxyls diffusion 

is slowed down. 

 Similar results have been obtained for the P 2p signal where in this case the signal due to highly 

oxidized P ions at 134 – 135 eV is attenuated (see Figures 3.9a and 3.9b for details). To further 

quantify the degree of oxidation in each sample, the relative ratio of oxidation relative to the 

freshly prepared CoP2/CC as a function of duration of exposing to ambient conditions is plotted. 

Whereas the oxidation of CoP2/CC peaks at 80% after 25 days, the thin carbonaceous coating 

effectively constitutes a shielding layer to suppress the further oxidation after its inception 

(Figure 3.10a). 
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Figure 3. 9. Narrow scan XPS spectra for P 2p of (a) pristine CoP2/CC, (b) C@CoP2 for freshly-

prepared samples and after being exposed to air. 

Similar trends are also found in Raman spectroscopy (Figure 3.10b) in which two sharp and 

dominant peaks located at 1350 cm-1 and 1578 cm-1 are attributed to the characteristic D and G 

bands, respectively, and correlated to the carbonaceous species which can be clearly seen with 
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peak position unchanged after 25 days, an indication of its chemical resilience. However, Raman 

spectrum of unprotected electrocatalyst clearly shows CoP2 vibration modes in addition to two 

weak and broad peaks indexed to D and G bands from the carbon substrate. These results present 

the utility of the protective nature which is provided by carbon shield layer into C@CoP2 

composite electrocatalyst which reflects minor air oxidation. Meanwhile, a series new peaks 

emerged in pristine CoP2 after exposing to air for a long period of time, likely due to the formation 

of oxidation species and possible side reactions. Together, the data in Figure 3 confirm that 

formation of chemically resilient carbonaceous layer on top of the catalytically active but 

oxidatively vulnerable CoP2. Below, using C@CoP2 as the OER electrodes, we discuss the OER 

metrics and mechanistic study of the core-shell architectured C@CoP2 catalyst.    

 

Figure 3. 10. (a) Relative degree of oxidation as function of air exposure time of pristine CoP2/CC 

(650 °C) and C@CoP2/CC (650 °C). (b) Raman spectra of pristine CoP2/CC (650 °C) and C@CoP2/CC 

(650 °C).  
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3.2.2 Electrocatalytic activity in OER 

 

Figure 3. 11. (a) Polarization curves for CoPx/CC synthesized at different phosphidation 

temperatures, at a scan rate of 0.05 mV s-1 in 1 M KOH(aq) electrolyte solution. (b) Tafel slopes 

extracted from the polarization curves in (a).  

Electrocatalytic OER activities of CoPx electrocatalyst were examined in base (1M KOH(aq)). Figure 

3.11a displays linear sweep voltammetry (LSV) curves (the current density was normalized to the 

geometrical area of the CC substrate) of various CoPx/CC OER electrodes phosphatized at various 

temperatures. In order to account for the solution resistance, the potential was measured after 

internal resistance (iR) correction. Among all CoPx species formed, CoP2/CC synthesized at 650 °C 

is found to be the most active phase toward OER, delivering overpotentials of 234 mV and 256 

mV at 10 mA cm-2 and 20 mA cm-2, respectively. The observed changes in the electrochemical 

catalytic performance is found to be dependent on the phosphidation temperature which is 

accordingly associated to the crystallinity and size of the particles. Based on the spectroscopic 

characterizations and TEM observations, the inception of the formation of crystallized CoP2/CC 
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only occurs when phosphatized temperature elevates above 450 °C and the growth in crystallite 

dimensions continues until 750 °C. Another important factor arises accompanied with the crystal 

growth is the formation of dense packing of individual crystallites, thus limiting the undesired 

gaps that are known to adversely affect the electrochemical catalyst due to the electrical 

constriction points and inferior crystallinity. Importantly, the substantially improved 

overpotentials measured from CoP2/CC readily surpass the previously reported nanostructuring 

cobalt phosphide as well as those supported on conductive graphitic templates (see Table 3.3 for 

details).  

Table 3. 3. Summary of OER metrics of the CoP2/CC synthesized in this work along with state-of-

art CoPx catalysts reported in literature. 

Catalyst Substrate  η10 (mV) Tafel slope 

(mV/dec) 

Electrolyte Reference 

C@CoP2 CC 234 64 1 M KOH(aq) This work 

CoP NP/C GCE 340 99 1 M KOH(aq) 116 

CoP NR/C GCE 320 71 1 M KOH(aq) 116 

CoP2/rGO GCE 300 96 1 M KOH(aq) 123 

CoP/rGO-400 RDE 340 66 1 M KOH(aq) 68 

CoPh/NG CP 262 54 1 M KOH(aq) 114 

CoP nanoarrays CC 281 119 1 M KOH(aq) 113 

 

Further detailed insights into the OER kinetics in base were obtained through the extrapolation 

of slopes from Tafel plots shown Figure 3.11b. It can be seen that the Tafel slopes of CoP2 attained 
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in a high pH condition remain reasonably low (63.8 mV dec-1), suggesting a fast OER kinetics 

stemmed from the structurally porous morphology of CoP2.  

 

Figure 3. 12. Cyclic voltammograms in the region of -0.925 and -0.725 V vs. Ag/AgCl of CoPx /CC 

at: (a) 650 °C, (b) 550 °C, (c) 450 °C phosphidation temperatures.  
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Indeed, electric double-layer capacitance (EDLC) of CoPx phosphatized at various temperatures 

deduced from the dependence of capacitive currents at different scan rates (see Figure 3.12 for 

details) exhibited the enhanced unit electrode capacitance with the increased phosphatized 

temperatures 124 as shown in Figure 3.13a.  

 

Figure 3. 13. (a) Double-layer capacitance (Cdl) of CoPx/CC synthesized at different phosphidation 

temperatures. (b) Polarization curves for CoP2/CC formed at 650 °C, Co(OH)2/CC, Co3O4/CC, 

calcined CC, and pristine CC at a scan rate of 0.05 mV s-1 in 1 M KOH(aq) electrolyte solution. (c) 

Polarization curves for pristine CoP2/CC and C@CoP2/CC formed at 650 °C with a scan rate of 0.05 

mV s-1 in 1 M KOH(aq) electrolyte solution. (d) Time dependent performance of pristine CoP2/CC 

and C@CoP2/CC formed at 650 °C in 1 M KOH(aq) solution for 80 h at 0.85 V vs. Ag/AgCl.  
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Comparing all CoPx/CC electrocatalysts prepared at different temperatures, CV curves show that 

CoP2/CC prepared at 650 °C gave the highest anodic and cathodic current densities. To further 

verify the catalytic species, a series of Co-based electrocatalysts were prepared and 

systematically examined in base for OER. These electrodes include Co(OH)2/CC, Co3O4/CC, along 

with pristine and calcined CC (Figure 3.13b). Through comparing the LSV, it becomes apparent 

that Co3O4/CC and Co(OH)2/CC, the oxidized products of CoP2, are “OER active” and exhibit 

overpotentials of 322 mV and 293 mV at current densities of 10 mA cm-2, respectively, while 

calcined and bare CC had insignificant activity toward OER. Whereas the exceedingly low 

overpotentials CoP2/CC in base outweigh its oxidized counterparts and lead us to conclude that 

the formation of surface oxide layers, while OER active, will only degrade the overall OER 

performance, ruling out the synergy between CoP2/CC, Co(PO3)2/CC, and Co3O4/CC during the 

OER reaction will require more systematic and comprehensive characterizations and is currently 

underway. Comparable OER metrics were attained for C@CoP2/CC relative to CoP2/CC as shown 

in Figure 3.13c while C@CoP2/CC only exhibited a mild decrease of output current density after 

80 hours of continuous operation in base, an indication of the chemically resilient but electrically 

addressable nature of carbonaceous protection layer. Specifically, after incurring an initial decay 

of 20% of output current densities from the beginning of stability test (the first 20 hours of 

measurement), we only observed a very mild decrease in C@CoP2/CC for the next 60 hours of 

continuous operation (Figure 3.13d).  
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3.2.3 Post-catalytic characterization  

 

Figure 3. 14. (a) Post-catalytic XRD patterns of CoP2/CC (650 °C). (b)  Post-catalytic Co 2p and P 

2p XPS spectra for CoP2/CC (650 °C).  

Figure 3.14a shows the post-catalytic XRD pattern of as-prepared catalyst at 650 °C in which 

cobalt phosphate Co(PO3)2 (JCPDS card no. 01-086-2161) along with the cobalt oxide Co3O4 

(JCPDS card no. 00-043-1003) were observed. Moreover, weak and broad peaks indexed to 

monoclinic CoP2 (JCPDS card no. 01-077-0263) were detected. These results suggest that a very 

limited amount of CoP2 is oxidized and converted to both Co(PO3)2 and Co3O4 during electrolysis 

while the majority of CoP2 remains intact under the protection of chemically resilient and 

electrically addressable carbonaceous coating layers. Further, XPS was used to elucidate the post-

catalytic surface and near surface changes. Co 2p core level spectrum in Figure 3.14b shows two 

main peaks at 780 eV and 795.2 eV along with broad satellites around ~ 789.6 eV and 804.2 eV 

corresponding to Co 2p3/2 and Co 2p1/2 of Co2+ and/or Co3+, respectively.102 Although, the weak 



103 
 
 

satellite contribution may indicate that Co2+ contribution is minor. Consistently, P 2p peak at 

133.1 eV of phosphate was observed indicating the surface oxidation of CoP2 to Co(PO3)2.125 

Survey spectrum of post-catalytic sample shows the existence of Co, O, P, C, and K from KOH(aq) 

electrolyte solution (see Figure 3.15 for details). XRD, and XPS results are found to correlate with 

each other and confirm changes of catalyst surface to form amorphous cobalt oxy-species during 

water oxidation.  

 

Figure 3. 15. Post-catalytic survey spectrum of CoP2/CC (650 °C).  

Because of this transformation, we have tested the performance of Co(PO3)2. Figure 3.16a 

demonstrates a poor performance for Co(PO3)2 that was synthesized in-situ by oxidation of 

CoP2/CC (650 °C). On the other hand, catalytic activity of Co3O4/CC synthesized by thermal 

oxidation process of electrodeposited Co(OH)2/CC was comparable with CoP2/CC (650 °C) (Figure 

3.16b). Again, the catalytic activity of CoP2/CC (650 °C) is higher than that of Co3O4/CC (350 °C). 
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For better understanding of material preservation during water oxidation process, 

microstructures of pristine and shielded catalyst was investigated after prolonged operation in 

base (Figure 3.16c). Obviously, un-protected catalyst suffers material dissolution, while carbon 

coated specimen shows compacted catalyst to carbon fibers even after long continuous 

operation.  

 

Figure 3. 16. (a) Polarization curves before and after oxidation of CoP2/CC formed at 650 °C at a 

scan rate of 0.05 mV s-1 in 1 M KOH(aq) electrolyte solution. (b) Polarization curves for CoP2/CC 

(650 °C) and as prepared Co3O4/CC at a scan rate of 0.05 mV s-1 in 1 M KOH(aq) electrolyte solution. 

(c) SEM images of CoP2/CC (left) and C@CoP2/CC (right) after carrying out stability test for 60 

hours. Specifically, the carbon shell effectively suppresses the dissociation of CoP2 from CC, thus 

preserving the structural integrity and catalytic activity.  
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3.3 Conclusion   

In summary, we report a facile synthesis of C@CoP2/CC core-shell nanostructures with 

electrochemically efficient and operationally durable OER characteristic in base. The formation 

of such core-shell nanostructures offers several important advantages. First, the facile synthesis 

through the use of a modified CVD enables the formation of catalytically active CoP2/CC core and 

chemically inert and electrically addressable C shell to simultaneously circumvent the catalytic, 

kinetic, and dynamic hurdles for driving efficient and stable OER in base. Second, the core-shell 

nanostructures provide a well-defined model system to independently and conclusively infer the 

role of each component during OER through implementing a combination of structural, 

spectroscopic, and electrochemical characterizations. Third, the ease of modulating the 

stoichiometric ratios between Co and P through controlled reaction with red P allows us to 

unambiguously arrive at the conclusion: C@CoP2 is the active species for OER. Electrochemical 

characterizations collectively indicate that C@CoP2/CC outperforms any other non-precious 

metal based OER catalyst in its capability in delivering an overpotential of only 234 mV along with 

an improved Tafel slope of 63.8 mV dec-1
 when measured in base. In parallel, C@CoP2/CC can 

drive OER in an electrochemical stable and consistent fashion over a long and continuous 

operation with a minor decay due to the formation of Co(PO3)2 and Co3O4 during water 

electrolysis process. Given the synthetic scalability, generality, and versatility of our modified 

CVD approach, we envision that a wide array of new OER catalysts with enhanced catalytic 

activity, operational stability and structural functionality can be rationally, rapidly, and readily 

designed. This shall in turn provide exciting opportunities for emerging applications beyond OER.  
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CHAPTER 4: Unusual Activity of Rationally Designed Cobalt Phosphide/Oxide 

Heterostructure Composite for Hydrogen Production in Alkaline Medium 
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CHAPTER 4 

4.1. Introduction 

Storing energy in the form of molecular hydrogen (H2) as a clean energy carrier, holds tantalizing 

prospects to reshape the current energy consumption away from fossil fuels. 7, 126 Electrocatalytic 

water splitting has been attracted as one of the most efficient technologies to produce hydrogen 

as it provides an opportunity to directly integrate with sustainable renewable energy resources 

such as wind and solar power etc.112, 127 In this regard, electrocatalytic hydrogen production 

under alkaline electrolyte has been identified as a viable industrial technology to generate large-

scale high purity hydrogen fuels.128 However, slow cathodic hydrogen evolution reaction (HER) 

kinetics in alkaline solution leads to a low hydrogen production efficiency.129 Thus far, precious 

Pt and Pt-based materials have been widely utilized as state-of-art catalysts for driving HER.130 

However, these noble metals have significantly been suffered towards industrial-scale hydrogen 

production due to their high costs, scarcity, and poor durability.131, 132 To address these issues, it 

is imperative to rationally develop an efficient non-precious metal catalyst with superior HER 

activity and stability under alkaline electrolytes. 

The deployment of non-precious transition metals (TMs), such as Co, Ni, Fe, Mo and W, has 

demonstrated tremendous promises for catalyzing efficient HER and OER.62, 63, 69, 105, 106, 117, 133, 

134, 135, 136 In particular, cobalt phosphides (CoP) has been realized as a promising HER catalyst 

owing to its low cost, efficient catalytic activity and long-term durability under both acidic and 

alkaline medium.61, 137 Nevertheless, the HER activity of Co-P based catalysts need to be further 
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improved to achieve comparable hydrogen formation efficiency to noble metal catalysts. The 

HER activity of CoP has been improved via various strategies including doping second-transition 

metals, surface modification, defect engineering and integration of supporting materials.128, 137, 

138 For instance, Yuan Pan et al., has studied a series of CoP based electrocatalysts with different 

phase structures and supporting materials, by which CoP/NCNTs catalyst achieved an 

overpotential of 99 mV to reach 20 mA cm-2 current density in an acidic medium.62 Likewise, Z-Y. 

Yuan and co-workers have designed CoP mesoporous nanorod array electrocatalyst using 

electrodeposition method. An overpotential of 54 mV was required to attain a current density 10 

mA cm-2 in 1M KOH(aq) electrolyte solution.139 Very recently, Yana Men et al., has modified the 

electronic structure on CoP via doping a series of second transition metals (Fe, Ni, Cu, Mo, Mn, 

V, Cr).128 The Cr-CoP electrocatalyst exhibited an excellent HER performance in 1M KOH(aq) 

electrolyte with an overpotential of 36 mV at a current density of 10 mA cm-2. The reduced 

graphene oxide supported CoP electrocatalyst was reported as a bifunctional catalyst for HER 

and oxygen evolution reaction (OER) in 1M KOH(aq), delivered an HER overpotential of 134 mV at 

10 mA cm-2.138 Nevertheless, in spite of these recent advancements, rational design of multi-

phases in CoP heterostructured electrocatalyst towards HER has been rarely investigated. 

To boost catalytic activity, electrochemical stability, and utilization efficiency, an ideal HER 

catalyst should have: (a) optimized geometric factors for high electrochemically active surface 

area (EASA) essential for overpotentials (η10), Tafel slopes, exchange current density, and 

efficient charge-transfer across electrolyte/electrode interfaces; (b) an HER-favorable chemical 

environment for intrinsic activity, such as turnover frequency (TOF), and an efficient electronic 
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connection between active sites and current extracting substrates, and (c) a mechanism to 

maintain abovementioned metrics for high tolerance at extreme pH values, for long periods of 

operation, and at elevated temperatures. In addition, before truly appreciating the widespread 

adoption, the manufacturing process should be facile and scalable by eliminating assembly steps 

and bypassing complex post-engineering processes to generate minimal waste. Herein we 

overcome the mechanistic hurdles to catalyze efficient hydrogen production in alkaline media 

through introducing multi-phases in Co-P-O heterostructured composites. An efficient CVD 

approach is applied here to control various stages of the phosphatization process and thermally 

tunes the stoichiometric ratio of Co and P, and thus ruling out the certainty of composition 

variation. Robust yields of different phases of nanostructured cobalt phosphides were 

consistently synthesized through a facial two-steps process. Initially, cobalt hydroxide was 

electrochemically deposited on carbon cloth (CC) substrate, followed by vapor phase 

phosphatization using red phosphorous precursor under progressively elevated phosphatization 

temperatures (450 °C – 850 °C). Distinctively different phases, including CoP-CoxOy/CC, CoP2/CC, 

and CoP/CC were found to spatially tiled with each other and the ratios of each constituent phase 

can be independently modulated through phosphatization temperatures. In particular, 

electrochemical analysis indicated that CoP-CoxOy/CC (450 °C) heterostructured composite is the 

most active phase toward hydrogen formation, to which a current density of 10 mA cm-2 can be 

delivered at a remarkably low overpotential of only -43 mV in 1 M KOH(aq). Moreover, the highly 

active composite was able to retain its initial current density with a nominal decrease for 70 h 

duration (~ 13% decay), along with a high turnover frequency (TOF) of 0.6 H2 s-1 at η = 100 mV 

(vs. RHE). Density functional theory (DFT) calculations are applied here to reveal the motives 
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behind the HER activity in alkaline water. It has been found that the readily available Co2+ cations 

in alkaline water contribute to the formation of Co(OH)2, which stimulates water dissociation, 

while adjacent Co sites in CoP promote the adsorption of hydrogen intermediates followed by 

their re-combination into hydrogen molecules. The morphologies and compositions of different 

phases vary with synthesis temperature, and a correlation between materials structure, 

electronic properties, and electrocatalytic activity is studied further explaining the reasons for 

the efficiency. This work paves the way to clearly provide: (i) insights into phase transition of Co-

P system,140 and (ii) unambiguously understand heterostructured catalytic function for enhancing 

the kinetics of hydrogen production in an alkaline medium. 

4.2 Results and Discussion 

4.2.1 Phase transition of Co-P system upon annealing and phosphatization 

processes 

 

Scheme 4. 1. Schematic representation for the phosphatization process. 
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The CVD strategy used in this study provides systematic control of Co and P stoichiometric ratio, 

which could afford a successive formation of nanostructured CoPx/CC with spatially interspersed 

phases. Figure 4.1 demonstrates the schematic presentation of the set-up of different phases of 

CoPx/CC through the facial two-steps CVD approach. Firstly, Co-oxy species were 

electrodeposited onto CC substrate, followed by gas-phase phosphatization at selected 

temperatures (450 °C to 850 °C) described in our previous report.134  
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Figure 4. 1. XRD patterns of different phases formed at different phosphatization temperatures.  

CoP-CoxOy/CC formed at 450 °C,CoP2/CC formed at 550 °C and 650 °C, CoP/CC formed at 750 °C 

and 850 °C, and CoP-CoP2/CC multiphase formed at 500 °C and 700 °C. 

X-ray diffraction (XRD) patterns of all the obtained phases were analyzed (Figure 4.1), with 

detailed phase composition and crystal structure in Table 4.1 and 4.2. Distinctive peaks at 2θ = 
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25.8°, 43.5°, and 52.3° are corresponding to CC substrate.141 When the starting material 

(Co(OH)2/CC) was phosphatized to 450 °C, partial phosphatization occurred, and a mixture of 

CoP/CC, CoO/CC, and Co3O4/CC are detected, while raising the temperature to 550 °C and 650 °C 

resulted in the formation of monoclinic CoP2/CC without any other detectible phases.  

 

Figure 4. 2. (a) TGA analysis for elemental red phosphorous. (b) XRD spectra of annealed and 

phosphatized CoP2/CC to 850 °C.   

The progressive phase transition upon the phosphatization process corresponds to the complete 

evaporation of red P at ~550 °C, as confirmed by thermogravimetric analysis (TGA) in Figure 4.2a. 
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Thus, further phosphatization at higher temperatures ranging from 750 - 850 °C led to the 

reformation of highly crystalline orthorhombic CoP/CC. At metaphases temperature of 500 °C, 

the sample formed multi-phases composition CoP/CC and CoP2/CC in alignment with those 

formed at 700 °C but with higher crystallinity signified by sharper peaks.  

 

Table 4. 1. Detailed characterization of Co(OH)2, CoxOy, and CoPx nanoparticles according to XRD 

analysis.   

  

Phosphatization 

temperatures (°C) 

The compounds 
JCPDS card no. 

 Name Chemical formula 

23 Cobalt hydroxide Co(OH)2 01-072-1474 

450 

Cobalt oxide CoO 00-043-1004 

Tri-cobalt tetra-oxide Co3O4 01-071-0816 

Cobalt phosphide CoP 03-065-1474 

550, 650 Cobalt di-phosphide CoP2 01-077-0263 

750, 850 Cobalt phosphide CoP 01-089-4862 

500, 700 
Cobalt phosphide CoP 03-065-2593 

Cobalt di-phosphide CoP2 01-077-0263 
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Table 4. 2. Detailed characterization of CoP-CoxOy, CoP2, and CoP formed at different 

phosphidation temperatures according to XRD analysis.   

 

  

CoP-Co3O4-CoO CoP2 CoP 

2θ h k l 2θ h k l 2θ h k l 

23.660 1 0 1 24.805 -1 1 1 48.119 2 1 1 

46.239 1 1 2 32.238 0 2 0 23.660 1 0 1 

48.119 2 1 1 35.165 0 0 2 31.598 0 1 1 

52.280 1 0 3 35.578 2 0 0 32.013 0 0 2 

56.010 0 2 0 37.616 -1 2 1 35.329 2 0 0 

56.798 3 0 1 38.835 0 1 2 36.322 1 1 1 

31.346 2 2 0 39.214 2 1 0 36.689 1 0 2 

36.936 3 1 1 41.704 -2 1 2 45.122 2 1 0 

38.642 2 2 2 46.079 1 0 2 46.239 1 1 2 

55.797 4 2 2 48.764 2 2 0 52.280 1 0 3 

59.510 5 1 1 48.446 0 2 2 56.010 0 2 0 

65.408 4 4 0 51.692 -1 1 3 56.798 0 1 3 

42.402 2 0 0 50.878 -2 2 2 
    

61.521 2 2 0 52.298 -3 1 1 
    

    
53.172 -1 3 1 

    

    
58.516 1 3 1 

    

    
61.543 2 0 2 

    

    
61.925 0 3 2 
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We have found that the phase transition from CoP2/CC (550-650 °C) to CoP/CC (750-850 °C) is 

associated with CoP2/CC decomposition at elevated temperatures. To further confirm the P-

induced phase transition, the as-prepared CoP2/CC (650 °C) specimen was annealed (in the 

absence of red P) and phosphatized (in the presence of red P) to 850 °C. XRD analysis (Figure 

4.2b) shows that annealing the CoP2/CC (650 °C) sample to 850 °C led to an asymmetric 

distribution of stoichiometry with minor CoP/CC content, while the Co2P/CC is overwhelmingly 

abundant.  The discrepancy in stoichiometric distribution, therefore, attests to our assumption 

where decomposition of CoP2/CC at high temperatures is the main driving force of phase 

transformation. In contrast, the phosphatization process resulted in a complete conversion of 

CoP2/CC (650 °C) to CoP/CC nanostructures with high crystallinity. Indeed, these results clarify 

the phenomena of phase evolution-degradation of Co-P based materials in terms of increasing 

temperature as follows: (i) initial phase formation (CoP-CoxOy/CC) occurred at 450 °C as a result 

of a partial phosphatization of Co(OH)2/CC starting precursor due to incomplete degradation of 

red P; (ii) pure CoP2/CC began to form at 550 °C, which can be ascribed to complete evaporation 

of P at a particular temperature as identified in TG profile; (iii) As the phosphatization 

temperatures increase (˃ 720 °C), CoP2/CC started to decompose along with volatilization of  P, 

and re-producing of pure CoP/CC takes place, whereas temperature elevation of annealing 

process results in the formation of a mixture of CoP and Co2P. 
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Figure 4. 3. (a) 1D temperature dependent XRD scans of CoP2/CC (650 °C) upon heating from 650 

°C to 850 °C. (b) Enlarged (020) peak (2θ = 31.8° – 33.0°) and its corresponding 2D XRD pattern 

revealing CoP2 decomposition at high temperatures. (c) Enlarged (211) peak (2θ = 41.5° – 46.0°) 

and its corresponding 2D XRD pattern revealing Co2P formation as temperature elevating. (d) 

Enlarged (301) peak (2θ = 55.0° – 58.0°) and its corresponding 2D XRD pattern revealing CoP 

formation as temperature elevating. 
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Later, the mechanistic insights into the phase transition of CoP2/CC to form CoP/CC and Co2P/CC 

phases were studied. We performed an in-situ temperature-dependent XRD analysis for CoP2/CC 

(650 °C) specimen at annealing temperature from 650 °C to 850 °C. The results presented in the 

2D XRD spectra (Figure 4.3) reveal that the annealing process led to an obvious attenuation of 

CoP2/CC (2θ = 32.46°) and gradual growth of Co2P/CC (2θ = 43.3°) and CoP/CC (2θ = 56.9°) phases. 

Figure 4.4 summarizes the phase transition of CoPx/CC upon the annealing and phosphatization 

process obtained from our results. 

 

Figure 4. 4. CoPx evolution as a function of phosphatization temperature increase accompanied 

with 2D XRD pattern revealing CoP2 decomposition, and formation of Co2P, and CoP as 

temperature elevates. 

Scanning transmission electron microscopy (STEM) analysis shows that CoP/CC particles 

exhibited an irregular structure, while Co2P/CC particles formed a regular morphology and well-

developed crystal facets (Figure 4.5a). Besides, accompanied STEM-EDX elemental composition 

analysis confirms the formation of CoP/CC and Co2P/CC phases, with no detection of oxygen 

contamination. Further, high resolution transmission electron microscopy (HRTEM) imaging in 
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Figure 4.5b displays d-spacing and lattice symmetry of 3.3 Å for (200) and 2.2 Å for (221), which 

are consistent with the orthorhombic phase of Co2P/CC.  

 

Figure 4. 5. (a) STEM image and the corresponding EDX elemental composition of Co2P/CC and 

CoP/CC formed through annealing of CoP2/CC (650 °C) to 850 °C. (b) HRTEM imaging of Co2P/CC 

formed through annealing of CoP2/CC to 850 °C.  
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Microstructure analysis of all the phases was accomplished using field-emission scanning 

electron microscopy (FESEM). Turning into the samples obtained from the phosphatization 

process, Figure 4.6 shows individual nano-sized particles appear on top of material film at 500 °C 

and then start to sinter at higher temperatures up to 850 °C, which is a typical process for thermal 

treatments. However, surface analysis of the samples by high-resolution X-ray photoelectron 

spectroscopy (XPS) in Figure 4.7 and 4.8 show Co/P ratio of 1.00 and 0.34 for those phosphatized 

at 850 C and 650 C, in which the values are comparable to the theoretical Co/P ratio of CoP and 

CoP2, respectively.140 The results further confirm the significance of phosphatization to control 

the phase transition of CoPx upon the thermal treatment.  

 

Figure 4. 6. SEM images of CoPx/CC (5 µm diameter) formed at different temperatures during 

phosphatization process. 
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Figure 4. 7. Survey spectrum of CoP-CoxOy/CC (450 °C) and CoPx/CC formed at different 

phosphidation temperatures. 

The key roles of different phases obtained from the phosphatization process are potentially 

useful for electrocatalytic reactions in different environments. We have previously reported that 

CoP2/CC obtained after phosphatization to 650 °C shows the most active phase toward OER in 

alkaline solutions.134 In the present work, CoP-CoxOy/CC formed at 450 °C shows an unusual 

activity to HER in base compared to the subsequent phases formed at higher phosphatization 

temperatures. The detailed properties of heterostructured CoP-CoxOy/CC composite and their 

relations with the HER performance are studied further in the following section. 
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Figure 4. 8. XPS spectra for: (a,c) Co 2p of CoPx /CC formed at different phosphatization 

temperatures. (b,d) P 2p of CoPx /CC formed at different phosphatization temperatures. 

4.2.2 Catalyst characterizations  

Phase identity and crystalline structure of the catalyst were initially examined by XRD analysis. 

Figure 4.9a demonstrates the XRD pattern of electrodeposited Co-oxy species on CC supporting 

substrate, which is primarily indexed to Co(OH)2/CC (black curve). As previously stated, partial 

phosphatization occurs when the catalyst is phosphatized at 450 °C and a mixture of CoP, CoO, 
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and Co3O4 are detected (red curve). In addition, the thermally robust (300 °C) specimen shows 

identical diffraction peaks and, consequently, confirming similar composition (blue curve). For 

comparison, annealing of Co(OH)2/CC precursor to 450 °C in the absence of red P is well ascribed 

to CoO, and Co3O4 (green curve).  

 

Figure 4. 9. (a)  XRD patterns of Co(OH)2/CC, CoP-CoxOy/CC formed after phosphidation at 450 °C, 

its thermal stability after annealing at 300 °C, and CoxOy/CC formed after annealing at 450 °C. (b) 

SEM images of electrodeposited Co(OH)2/CC, CoP-CoxOy/CC (450 °C), its thermal stability (300 °C), 

and cross-sectional SEM image of CoP-CoxOy/CC (450 °C). (c) SEM image and the corresponding 

EDX elemental mapping of Co, P and O for CoP-CoxOy/CC (450 °C). 
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Figure 4.9b compares surface configuration of Co(OH)2/CC precursor, CoP-CoxOy/CC (450 °C), 

along with its thermal stability carried at 300 °C. A full coverage of sturdily attached rugged-like 

assembly of Co(OH)2 on CC fibers is observed,117 which remains intact after being phosphatized 

to 450 °C and even after being subjected to thermal stability test at 300 °C. The SEM cross-

sectional image of entirely exfoliated CoP-CoxOy film from CC single fiber is examined, and 

catalyst thickness was approximated to be ~ 870 nm. The SEM image of a single carbon fiber 

coated with as-prepared composite is shown in Figure 4.9c. The corresponding energy-dispersive 

X-ray (EDX) elemental mapping of Co (blue), P (yellow), and O (green) further confirm the 

homogenous distribution of constituent elemental components on the CC substrate.  

 

Figure 4. 10. HRTEM image of CoP-CoxOy/CC formed at 450 °C. 

Further investigation of the chemical composition was performed using TEM analysis. Figure 4.10 

demonstrates a high-resolution transmission electron microscopic image (HR-TEM) of a sample 

formed at 450 °C. The HR-TEM images exhibit the typical (111) and (010) lattice sets of CoP with 

d-spacing of 0.25 and 0.50 nm, respectively. Moreover, it reveals a heterogeneous chemical 

composition in terms of CoO and Co3O4 phase distribution, as illustrated by their lattice planes. 
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Surface chemical states and composition of electrodeposited Co-oxy species on CC, and samples 

synthesized after being phosphatized to 350 °C and 450 °C, in addition to annealed sample at 

450 °C were further studied using XPS analysis. The survey scan spectra for each sample shows 

the existence of Co, O, P, and C (Figure 4.11).  

 

Figure 4. 11. Survey spectrum of: Co-species/CC, phosphatized specimens at 350 °C and 450 °C, 

and calcined specimen at 450 °C. 

For all samples, narrow scan XPS spectra for Co 2p and P 2p were obtained (Figure 4.12). In the 

case of Co-oxy species/CC, the Co 2p core-level spectrum shows two main peaks located at 780.6 

eV and 796.5 eV attributed to Co 2p3/2 and Co 2p1/2 doublet accompanied with their satellites at 
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786.3 eV and 802.3 eV, respectively. The different cobalt oxidation states have been identified 

through Co 2p3/2 peak fitting similar to Biesinger et al. approach.142, 143 The Co 2p3/2 spectrum of 

Co-oxy species/CC is well fitted with the following information from standard samples of Co(OH)2 

and Co3O4.142, 144 It is identified that Co(OH)2 is the dominant oxy-species of cobalt oxides with ~ 

72 %, while Co3O4 forms ~ 28 % of the sample surface. The Co-oxy species/CC was then 

phosphatized to 350 °C. Two main peaks centered at 781.9 eV and 798.1 eV corresponding to Co 

2p3/2 and Co 2p1/2 doublet, along with their broad satellites around 786.4 eV and 803.7 eV; 

respectively, are observed in Co 2p core-level spectrum. The position of the peaks is found to be 

at higher binding energy from all reported cobalt oxides.142 The shape of the spectrum and peaks 

positions are similar to those originated from cobalt phosphate; in particular, Co3(PO4)2 

species.100, 145 Besides, P 2p core-level spectrum shows a single broad peak located at 134.4 eV 

ascribed to phosphorus from Co3(PO4)2.100, 145  

When the phosphatization of Co-oxy species/CC carried out at 450 C, two new peaks located at 

778.8 eV, and 793.8 eV are observed which corresponds to Co 2p3/2 and Co 2p1/2 of CoP.63, 116, 117 

Remaining peaks positioned at 781.7 eV and 798.1 eV, accompanied by their satellites around 

786.5 eV and 803.1 eV are corresponding to dominant species of Co3(PO4)2;100, 145 however, the 

contribution of Co-oxides is not excluded. This is further confirmed by the corresponding P 2p 

spectrum where the peaks again appeared at 129.6 eV and 130.4 eV that attributed to P 2p 

doublet from CoP which are not observed at 350 ᵒC 63, 116, 117, along with a broad peak observed 

around ~ 135.2 eV assigned to phosphorus cations in highly oxidized states. For comparison, Co-

oxy species/CC was annealed at 450 C in the absence of elemental red P precursor, two main 
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peaks are observed in Co 2p core-level spectrum at 779.7 eV and 794.8 eV attributed to Co 2p3/2 

and Co 2p1/2 doublet related with their satellites around 789.7 eV and 804.8 eV, respectively. The 

Co 2p3/2 spectrum of CoxOy (450 °C) is well fitted using the information of standard samples of 

CoO and Co3O4.142, 144  Moreover, the Co3O4 form of oxides is found to be the most dominant oxy-

species with ~ 86 %, whereas CoO forms only 14 % of the sample surface. These observations 

demonstrate that the surface chemical composition of the sample calcined at 450 °C in the 

absence of P is different from the one being phosphatized at a similar temperature, and 

consequently, the different surface activity will take place during HER reaction. 

 

Figure 4. 12. Narrow scan XPS spectra for Co 2p and P 2p of Co-oxy species/CC, phosphatized 

specimens at 350 °C and 450 °C, and calcined sample at 450 °C. 
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4.2.3 Electrocatalytic activity for HER 

The electrocatalytic HER performances of various phases formed at different phosphatization 

temperatures (450 °C - 850 °C) were evaluated via their polarization curves. The electrochemical 

reactions were conducted in a standard three-electrode configuration using 1 M KOH(aq) 

electrolyte solution. The current density was normalized by the geometrical area of CC, and the 

potential was measured after internal resistance correction. Remarkably, CoP-CoxOy/CC 

nanoparticles prepared during phosphatization at 450 °C have shown the lowest overpotential 

among the whole series (Figure 4.13).  

 

Figure 4. 13. Polarization Curves at a scan rate of 0.05 mV s-1 in 1 M KOH(aq) electrolyte solution 

for CoP-CoxOy/CC (450 °C) and CoPx/CC formed at different phosphidation temperatures. The 
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current was normalized by the geometrical area of the carbon cloth substrate, and the potential 

was measured after internal resistance correction. 

For comparison, different electrocatalysts were tested for their HER activities including Pt-C/CC, 

CoxOy/CC (450 °C), Co(OH)2/CC, and pristine CC in 1 M KOH(aq) (Figure 4.14a). By comparing the 

voltammetric response of these catalysts, it has been observed that Pt-C/CC yielded the highest 

hydrogen production activity with a close-to-zero overpotential as expected. In contrast, pristine 

CC substrate shows no obvious effectiveness toward HER. The CoxOy/CC prepared through 

annealing process at 450 °C, besides Co(OH)2/CC precursor exhibited an overpotential of 207 mV 

and 220 mV at 10 mA cm-2, respectively. Whereas, CoP-CoxOy/CC formed after phosphatization 

to 450 °C showed an outstanding HER activity with extremely low overpotential of -43 mV in 1 M 

KOH(aq) to reach the current density of 10 mA cm-2 . This is undoubtedly reveal the superior 

activity of CoP-CoxOy/CC composite nanoparticles to most lately reported Co-P based catalysts 

for hydrogen production in alkaline solutions (see Table S3 for details). This excellent HER 

performance is mainly attributed to the synergistic effect of both available Co2+ cations and 

adjacent Co active sites in the dissociation of water and adsorption-desorption of hydrogen, 

respectively. 

For a better understanding of cathodic hydrogen production kinetic, an essential determination 

of the reaction mechanism is required by describing the adsorption behavior of intermediate 

species.146 The HER mechanism of CoP-CoxOy/CC (450 °C) electrocatalyst was examined here in 1 

M KOH(aq) using steady-state polarization curves (Tafel) method.147 The schematic representation 
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in Figure 4.14b displays the proposed mechanistic routes at cathodic catalyst surface of CoP-

CoxOy/CC under basic electrolyte solutions.  

 

Figure 4. 14. (a) Polarization curves for 20% Pt-C/CC, CoP-CoxOy/CC (450 °C), CoxOy/CC (450 °C), 

Co(OH)2/CC, and pristine CC at a scan rate of 0.05 mV s-1 in 1 M KOH(aq) electrolyte solution. (b) 

Volmer-Heyrovsky mechanism of hydrogen evolution reaction on the surface of a catalyst in basic 

solution. 
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Table 4. 3. Summary of HER performance for recent reports Co-based electrocatalysts.   

CC: carbon cloth; CP: carbon paper; GCE: glassy carbon electrode; CFP: carbon fiber paper 

In general, the water electrolysis kinetic pathway varies based on the different reaction 

conditions. In an alkaline environment, additional energy is required to break the strong covalent 

H-O-H bond (Equation 1); however, an easily reduced co-ordinate bond in H3O+ can be achieved 

simply in acidic medium (Equation 2).135 The poor reaction kinetic in base was circumvented here 

by introducing of Co(OH)2 to the CoP catalytic system. While Co(OH)2 assists the dissociation of 

water (Equation 3), the nearby CoP electrocatalyst facilitates the adsorption-desorption process 

Catalyst Substrate  η10 (mV) Tafel slope 

(mV/dec) 

Electrolyte Reference 

CoP-CoxOy CC -43 43.0 1 M KOH(aq) This work 

f-CoP/CoP2 Al2O3 -138 73 1 M KOH(aq) 148 

Co2P CP -70 59.7 1 M KOH(aq) 69 

Co2P CP -120 48 0.5 M H2SO4(aq) 69 

CoP2/RGO GCE -88 50 1 M KOH(aq) 123 

CoP CC -48 42.6 1 M KOH(aq) 117 

Co-P Cu foil -94 42 1 M KOH(aq) 149 

Co3O4/MoS2 Ni foam -205 128 1 M KOH(aq) 150 

CoP3 CFP -124 88 1 M KOH(aq) 151 

CoP3 CFP -78 53 0.5 M H2SO4(aq) 151 

Co(OH)x/CoP GCE -100 76 1 M KOH(aq) 137 

Ni/NiCoP Ti plate -90 95 1 M KOH(aq) 152 

Co2P/Co3O4 Ti plate -86 73 1 M KOH(aq) 153 
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of hydrogen intermediates into molecular hydrogen. In our case, Co2+ cations are originated from 

the existing CoO, Co3O4, and Co3(PO4)2 species in the electrocatalytic system.  

H2O + M + e- → M-Had + OH-          (Volmer reaction in base)                                                               (1) 

H3O+ + M + 2e- → M-Had + H2O        (Volmer reaction in acid)                                                              (2) 

Co2+ + 2H2O → Co(OH)2 + 2H+                                                                                                                    (3) 

 

Figure 4. 15. Tafel slopes extracted from the corresponding polarization curves in Figure 4.13.  

Figure 4.15 displays the calculated Tafel slopes extracted from the corresponding polarization 

curves for each sample prepared during the phosphatization process at various temperatures. 

The selected linear curves were fitted by the Tafel equation (Equation 4):  

η = b logj + a                                                                                                                                                  (4) 



132 
 
 

Where η: overpotential, j: current density, b: Tafel slope. Tafel slopes of different samples were 

found to fall within the range of 43.0 to 59.1 mV dec-1 with the smallest measured value for CoP-

CoxOy/CC (450 °C) in base, proposing Volmer-Heyrovsky HER mechanism at which the desorption 

step is the rate-determining step as shown in Equation 5. 

M-Had + H2O + e- → H2 + OH- + M  (Heyrovsky reaction in base)                   (5) 

 

Figure 4. 16. (a) Polarization curves of CoP-CoxOy/CC (450 °C) after CV cycles at a scan rate of 50 

mV s-1 for durability test (inset: time dependent performance of CoP-CoxOy/CC (450 °C) in 1 M 

KOH(aq) solution for 70 hours at -72.7 mV (vs. RHE)). (b) Polarization curves for pristine CoP-

CoxOy/CC (450 °C) and after annealing to 300 °C with a scan rate of 0.05 mV s-1 in 1 M KOH(aq) 

electrolyte solution. 

One more significant criterion of an excellent electrocatalyst can be expressed in terms of its 

durability. That was achieved through employing continuous cycling of CoP-CoxOy/CC (450 °C) at 

a scan rate of 50 mV s-1 for 100 and 1000 cycles. The HER cathodic current demonstrated in Figure 

4.16a displayed an unchanged LSV curve with minor loss of its catalytic activity. In parallel, long-
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standing electrochemical stability of as-prepared electrocatalyst was assessed through 

chronoamperometry (CA) at a constant potential of -72.7 mV (vs. RHE) (inset of Figure 4.16a). 

The results suggested that CoP-CoxOy/CC (450 °C) catalyst can maintain its catalytic activity by 

retaining 87 % of its initial current density for 70 hours of continuous operation. Furthermore, 

the catalytic activity of our catalyst was examined after imperiling to thermal calcination at 300 °C 

under ambient conditions (Figure 4.16b). Once more, the catalytically active CoP-CoxOy/CC 

afforded an analogous i-V curve; consequently, suggesting elctrocatalytic efficiency and 

structural veracity conservation. 

 

Figure 4. 17. Current-voltage (CV) of CoP-CoxOy/CC scanned in different solutions. 

It is well known that electrochemically active sites can play a significant role in HER performances 

of any electrocatalyst. In order to estimate the active site density of our catalyst and compare it 
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with state-of-the-art Pt/C, underpotential deposition (UPD) technique was applied. 

Fundamentally, we assume that active sites responsive for H+ and Cu2+ reduction are the same at 

an underpotential. As a result, the exchange of copper charges during oxidative stripping attained 

in UPD can be used for active site approximation. Figure 4.17 displays the current-voltage (CV) 

scan of CoP-CoxOy/CC in different solutions. The black CV curve was measured in 0.5 M H2SO4(aq) 

solution and considered as a baseline at which no oxidation or reduction peaks were observed. 

However, a single reversible oxidation-reduction peak was detected when the scan was taken in 

a solution of 0.5 M H2SO4(aq) and 20 mM CuSO4(aq) (red curve), which is due to an overlap of copper 

under- and over-potential deposition (OPD). By adding NaCl(aq) to the previously mentioned 

solution, UPD, OPD regions, along with their stripping, were clearly shown as displayed in the 

blue scan. CV scans were also observed for 2 mg cm-2 Pt-C/CC electrocatalyst (Figure 4.18).  

 

Figure 4. 18. CV scan of 2 mg cm-2 Pt-C/CC electrocatalyst in different solutions. 
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Figure 4. 19. (a) LSV curves of stripping Cu deposited at CoP-CoxOy/CC electrocatalyst at different 

overpotentials (-0.12 V – 0.05 V (vs Ag/AgCl)) in 0.5 M H2SO4 + 20 mM CuSO4 + 60 mM NaCl 

solution at scan rate of 2 mV s-1. (b) LSV curves of stripping Cu deposited at 2 mg cm-2 Pt-C/CC 

electrocatalyst at different overpotentials (-0.12 V – 0.05 V (vs Ag/AgCl)) in 0.5 M H2SO4 + 20 mM 

CuSO4 + 60 mM NaCl solution at scan rate of 2 mV s-1.  Inset in (a) and (b) shows typical selection 

for baseline of the LSV curve. 
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Stripping of deposited UPD Cu was carried out at different overpotential ranging from 0.05 V to 

-0.12 V (vs. Ag/AgCl) (see Figures 4.19a and b for details), and the required charges to strip the 

deposited UPD Cu within the same overpotential range was plotted for both CoP-CoxOy/CC and 

Pt-C/CC catalysts (Figure 4.20). Evaluating the charge quantity at the plateau enables us to 

estimate the density of the active site of our catalyst as follows (Equation 6 and 7):  

n = QCu
2+ / 2F                                                                                                                                                 (6) 

N = n NA                                                                                                                                                          (7) 

Where n, QCu
2+, F, N, NA are the number of moles, charge required to strip the UPD Cu, Faraday 

constant (96485.3329 C mol-1), number of active sites, and Avogadro’s number (6.022 X 1023 mol-

1), respectively. 

 

Figure 4. 20. Required charges needed to strip deposited Cu at different underpotentials (-0.06 

to 0.05 V).   
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Figure 4. 21. EELS mapping of Co, P, O, and UPD Cu of CoP-CoxOy/CC electrocatalyst.  

For 1 cm2 electrode surface area, active site density was estimated for both CoP-CoxOy/CC and 

Pt-C/CC as 12.7 X 1017 and 32.4 X 1017 sites cm-2, respectively. Furthermore, UPD Cu elemental 

distribution on CoP-CoxOy/CC and Pt-C/CC was tested using scanning electron microscopy (STEM) 

equipped with electron energy loss spectra (EELS) (see Figures 4.21 and 4.22 for details). For each 

catalyst, it was observed that Cu is homogeneously distributed all over the selected range of 

vision. Afterward, the intrinsic catalytic activity was investigated through TOF quantification at 

an overpotential of 100 mV (vs. RHE). Significantly, the as-prepared CoP-CoxOy/CC HER 

electrocatalyst unveiled a high TOF of about 0.6 H2 s-1, which is comparable to state-of-the-art 

Pt-C/CC (~ 1 H2 s-1) (Figure 4.23). These outstanding features may well play an important role in 

accelerating charge transfer throughout the electrocatalytic reaction, which could be another 

reason for the excellent HER activity compared with other Co-P based electrocatalysts. 

 

Figure 4. 22. EELS mapping of Pt and UPD Cu of 2 mg cm-2 Pt-C/CC electrocatalyst. 
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Figure 4. 23. Turnover frequency (TOF) of Pt-C/CC and CoP-CoxOy/CC as a function of 

overpotential.  

4.2.4. First-principles calculations:  

We analyse the catalytic activities of heterostructures of CoP(110), CoO(110), and Co3O4(110) 

systems as follows: CoP-Co3O4, CoP-CoO, CoP-Co3O4-CoO, and CoP-CoO-Co3O4 (Figure 4.24a (1-

4)). A good electrode material must possess a near-zero Gibbs free energy for the easy release of 

a hydrogen atom. The Gibbs free energy can be defined as: 

∆GH
* = Eads + ∆ZPE - T∆SH                                  (8) 

Where Eads is the adsorption energy of a hydrogen atom, ∆ZPE is the zero-point energy correction, 

T is the temperature in Kelvin, and ∆SH is the entropy of a hydrogen molecule in the gas phase. 
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2 

2 

The value of ∆ZPE + (300 K) × ∆SH can be approximated as 0.24 eV (∆GH
* = Eads + 0.24 eV). Then, 

adsorption energy is defined as: 

Eads = Eheterostructure+H – Eheterostructure – ½ EH  ,                                 (9) 

Where Eheterostructure+H is the total energy of the relaxed heterostructure with the adsorbed 

hydrogen atom, Eheterostructure is the total energy of the relaxed heterostructure, and EH is the total 

energy of an isolated hydrogen molecule in the gas phase. For all the heterostructures, we find 

that a hydrogen atom preferentially adsorbs on top of an oxygen atom. The obtained Gibbs free 

energies of a hydrogen atom adsorbed on the heterostructures are summarized in Figure 4.24b 

and compared to pristine CoP(110). Hence, all heterostructures containing Co3O4(110)  surface 

possess near-zero Gibbs free energy in contrast to both bare CoP(110) and CoP-CoO 

heterostructure. This low value of ∆GH
* agrees with the fact that Co3O4(110) is active for Co 

oxidation.154 The obtained ∆GH
* for the CoP-Co3O4 (-0.05 eV) is lower than the most highly active 

HER electrocatalysts such as Pt (-0.09 eV), MoS2 (0.08 eV), and WS2 (0.22 eV), which is in a good 

agreement with the experimental results.83, 155 

Further, we calculated Bader charge for individual contribution of CoP, CoO, and Co3O4 surfaces 

in their heterostructure models before and after H adsorption (see Table 4.3 for details).156 From 

Table 4.3, the normal and bold numbers describe the Bader charge before and after hydrogen 

adsorption on the different heterostructure. It clearly shows that Co3O4 layer has highly 

interacted with the CoP substrate, and CoP is donating the charge to Co3O4 in the heterostructure 

system. Additionally, we calculated the charge on the top layer atoms for all the heterostructures, 

and it clearly shows that the CoP-Co3O4, CoP-CoO-Co3O4 heterostructures hold the highest 
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negative values of Bader charge than the other cases. The origin of the near-zero Gibbs free 

energy is charge transfer between the heterostructure (surfaces) and hydrogen. Therefore, Co3O4 

enhances the catalytic activity for HER.  

 

Figure 4. 24. (a) Heterostructure model of: (1) CoP-Co3O4, (2) CoP-CoO, (3) CoP -Co3O4-CoO, and 

(4) CoP -CoO-Co3O4. Blue, purple, and red spheres represent Co, P, and O atoms, respectively. (b) 

Gibbs free energy (∆GH) of a hydrogen adsorbed on the CoP, and CoP-CoO, CoP-Co3O4, CoP-

Co3O4-CoO, and CoP-CoO-Co3O4 heterostructures.  

In this study, we tried to make a new descriptor to correlate the binding energy of a water 

molecule with the Gibbs free energy (Figure 4.25). The binding energy (EB.E) is defined as: 
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EB.E = Eheterostructure+H O – Eheterostructure – EH O                                          (10) 

Where Eheterostructure+H O is the total energy of a relaxed heterostructure with the adsorbed water 

molecule, Eheterostructure is the total energy of a relaxed heterostructure, and EH O is the total energy 

of an isolated water molecule. A high water molecule binding energy is not compatible with a 

near-zero Gibbs free energy, and it results in low catalytic activity for hydrogen evolution (see 

Table 4.3).  

 

Figure 4. 25. Charge density differences for water molecule adsorption on the: (a) CoP- Co3O4, 

(b) CoP-CoO, (c) CoP-Co3O4-CoO, and (d) CoP-CoO-Co3O4 heterostructures. Accumulation and 

depletion are denoted as yellow and blue isosurfaces (isovalue 3×10−3 e Bohr−3). 
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Table 4. 4. ∆GH, Bader charge on top of the surface, the binding energy of H2O on CoP-CoO, CoP-

Co3O4, CoP-CoO-Co3O4, CoP-Co3O4-CoO heterostructures. 

 

4.3 Conclusion   

In summary, this study reports a facile method to synthesize highly durable CoP-CoxOy/CC 

heterostructured composite for driving HER in base. The method involves the deposition of Co-

oxy species on CC supporting substrate followed by vapor phase phosphatization carried out in a 

modified CVD system by using elemental red phosphorous precursors. The effect of the 

phosphatization temperatures on the formation of different phases of cobalt phosphide has been 

investigated in detail. Structural and chemical composition analyses after phosphatization reveal 

the formation of CoP-CoxOy heterostructured composite, orthorhombic CoP and monoclinic CoP2 

at different temperatures. Electrochemical tests alongside with detailed study of electrocatalytic 

activities of materials with different known surface compositions indicate that CoP-CoxOy/CC 

electrocatalyst obtained after phosphatization to 450 °C is the most active HER electrocatalyst 

System ∆GH 
Bader charge 

Charge on 

surface 

B.E 

(eV) 
CoP CoO Co3O4 

CoP-CoO -1.20 -0.01/+0.07 +0.01/-0.02 --/-- -1.29 -2.18 

CoP-Co3O4 -0.05 +0.04/+0.08  --/--  -0.04/-0.7 -0.02 -0.98 

CoP-Co3O4-CoO +0.05 +0.45/+0.49 +0.83/+0.39 -1.27/-1.57 -0.97 -1.08 

CoP-CoO-Co3O4 +0.13 +0.02/+0.02 -0.09/-0.09 +0.07/+0.11 -0.39 -0.48 
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among the whole series. It can deliver a catalytic current density of 10 mA cm-2 at one of the 

lowest overpotentials of -43 mV ever reported in alkaline water. Moreover, its initial current 

density was retained for 1000 cycles, with only a minor loss in its catalytic activity alongside with 

high TOF of 0.6 H2 s-1 at overpotential of 100 mV (vs. RHE). DFT calculations revealed that the HER 

catalytic activity is initially originated from the charge transfer during the catalytic reaction. This 

low-cost and highly durable electrocatalyst shows a promising future for larger-scale hydrogen 

production through water electrolysis. 
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CHAPTER 5: Summary and Outlook
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CHAPTER 5 

Renewable energy strategies, based on harnessing the unique capability of electrochemical 

catalysts to dissociate water into hydrogen as a clean fuel, have tantalizing prospects to reshape 

the current energy consumption away from fossil fuels. In particular, exploiting the ability of non-

precious metals, which are earth abundant, electrochemically stable, catalytically functional, 

operationally durable, have emerged to address the elemental scarcity, high cost, and stability 

against long term electrochemical operation of platinum for driving water-splitting reaction. The 

deployment of non-precious metal-based electrochemical catalysts has demonstrated 

tremendous promises for catalyzing efficient HER and OER. However, the current widespread 

adoption of non-precious metal-based electrochemical catalysts has been hindered by the lack 

of high throughput synthesis and the need for increasingly complicated nanostructuring.  

Numerous attempts have been made to control the electrocatalytic properties of layered two-

dimensional transition metal dichalcogenides (TMDs) owing to their unique sandwich-structure. 

Although WS2 has a catalytic activity to generate H2 electrochemically, its HER performance is still 

relatively low due to the active site's limitation on the structure edges. Chapter 2 contributes to 

a systematic study of layered WS2 grown on CC substrate attained by thermolysis of (NH4)2WS4 

precursor. The effect of H2S gas on WS2 growth is found to enhance its catalytic activity through 

introducing of bridging disulfide ligands S2
2- and apical S2- from WS3 with a formal charge state of 

[W4+(S2
2-)( S2-)]. 

Transition metal phosphides (TMPs) have received extensive attention as promising 

electrocatalysts for water electrolysis. Relevant to HER, a classic two-electron reduction reaction, 
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OER is far more complex and challenging as the process involves four sequential proton-coupled 

electron transfer steps in conjunction with formation of oxygen-oxygen bonding. In chapter 3, a 

novel approach to form a highly efficient C@CoP2/CC OER catalyst is described. Different phases 

of nanostructured Co-P were synthesized through a facial two-step synthesis process. As-

synthesized catalyst is conformally coated with a thin layer of carbon to afford a core-shell 

architecture, thus further improving their stability against both harsh working environment and 

prolonged operation. Two distinctively different phases, including CoP and CoP2 were found to 

spatially tiled with each other and can be independently modulated through annealing 

temperatures. Electrochemical studies corroborated the temperature-dependent phase 

evolution, indicating the formation of predominant CoP2 after annealing at 650 °C. 

Next, the Co-P phase transition upon annealing and phosphatization processes is further studied 

in detail. Chapter 3 describes an efficient CVD approach utilized to control various stages of the 

phosphatization process of Co-based electrocatalyst. Structural and chemical composition 

analyses collectively revealed the temperature-dependent phase evolution of partially 

phosphatized phase, CoP-CoxOy/CC, to phosphorus-rich phase, CoP2/CC, and ultimately to pure 

CoP/CC phase under elevated temperatures. The CoP-CoxOy/CC heterostructured composite 

obtained at the early phosphatization stage of 450 °C is found to be the most active HER 

electrocatalyst. Theoretical studies are further explained the superior activity of as-prepared 

catalyst, which is contributed to electron re-distribution at C-P/O interfaces.  

For future research, pure hydrogen can be produced efficiently for large-scale applications 

through water electrolysis process using home-made proton exchange membrane water 



147 
 
 

electrolyser, PEMWE. Renewable, sustainable, and environmentally friendly power sources of 

energy, such as photovolatic generator, would be used rather than the electrical source. 

 

Moreover, OER overpotential is still contributing to the major energy loss in water splitting 

reaction. An excellent candidate with good activity and high accessible active sites is formed by 

applying our novel approach to synthesize a numerous transition metal phosphides, TMP.  
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In addition to the electrochemical water splitting, storing hydrogen energy in the form of NH3 

electrochemically nitrogen reduction reaction (NRR) is a subject of interest.  In particular, driving 

N2 to NH3 synthesis by the use of renewable energy under ambient conditions could be an 

efficient alternative method for the Haber−Bosch process. Many reports have been 

demonstrated with various noble metals and non-noble metals based catalysts for 

electrochemical NRR. However, faradaic efficiency and production yield are mostly still far from 

satisfactory and hindered further scale-up of this process due to following issues: (i) poor 

accessibility of N2 molecules on electrocatalyst surface and slow rate of N-N bonds cleavage; (ii) 

ease of hydrogen evolution reaction (HER) tendency by electrocatalyst. Such crucial issues can 

be addressed by rationally design the electrocatalyst towards high accessibility of N2 molecules. 

Applying conventional CVD methods to synthesize an effective NRR catalyst with promising 

results is under study. 
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The electrochemical reduction reaction of the inert CO2 to numerous carbon-containing products 

(such as: HCOOH, CO, CH4, C2H4, and C2H6) has recently attracted researchers attention. 

Optimization of catalyst structure, particle size, surface, morphology, composition, support, 

along with the reaction conditions (electrolyte, pH, and the applied potential), have to be taken 

into account for product selectivity. Cu-based catalysts have been demonstrated as a promising 

candidate to CO2RR. The effect of interplay secondary metal to product highly selective CO gas is 

under investigation.  
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APPENDICES 

CHAPTER 2: Growth of Layered WS2 Electrocatalysts for Highly Efficient Hydrogen 

Production Reaction 

Material and Methods 

Materials 

All chemicals including sulfuric acid (H2SO4) and ammonium tetrathiotungstate (NH4)2WS4 were 

purchased from commercial sources and used without further purification. Water used was 

purified through a Millipore system. 

Preparation of WS2 

The precursor, ammonium tetrathiotungstate solution ((NH4)2WS4 (Alfa Aesa 99.9%) in 5.0 wt% 

in DMF (dimethylformamide)), was casted on CC substrates (W0S1002 from CeTech) with a 

loading amount of 1mg/cm2 (Scheme 2.1).The drop-casted conducting carbon cloth substrate 

was then baked on a hot plate at 160 °C for 20 min. Subsequently, it was fed into the tube furnace 

for thermolysis process under atmospheric pressure (AP) at varied temperatures and in different 

gaseous environments, including H2S and Ar (10 and 90 sccm respectively), H2 and Ar (10 and 90 

sccm respectively), and pure Ar (100 sccm). In order to exclude oxygen species from the system, 

tube furnace was pumped and purged with Ar before switching to different gas. 
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Characterizations 

The surface morphology of the catalysts was observed by field-emission scanning electron 

microscopy (FESEM, FEI Quanta 600). X-ray diffraction (XRD, Bruker D8 Discover diffractometer, 

using Cu Kα radiation, λ = 1.540598 Å) was used to investigate the crystalline structure. XPS 

studies were carried out in a Kratos Axis Ultra DLD spectrometer equipped with a monochromatic 

Al K X-ray source (hν = 1486.6 eV) operating at 150 W, a multi-channel plate and delay line 

detector under 1.0 x10-9 torr vacuum. Measurements were performed in hybrid mode using 

electrostatic and magnetic lenses, and the take-off angle (angle between the sample surface 

normal and the electron optical axis of the spectrometer) was 0°. All spectra were recorded using 

an aperture slot of 300 μm x 700 μm. The survey and high-resolution spectra were collected at 

fixed analyzer pass energies of 160 and 20 eV, respectively. Samples were mounted in floating 

mode in order to avoid differential charging (12). Charge neutralization was required for all 

samples. Binding energies were referenced to the C 1s peak (set at 284.4 eV) of the sp2 hybridized 

(C=C) carbon from the carbon cloth substrate. The data were analyzed with commercially 

available software, CasaXPS. The individual peaks were fitted by a Gaussian (70%)–Lorentzian 

(30%) (GL30) function after linear or Shirley type background subtraction. Raman spectrometer 

LabRAMAramis (HoribaJobinYvon) was used in a range of 100 – 3500 cm-1. The spectra were 

detected by a diode-pumped solid state (DPSS) laser at room temperature with 473 nm 

wavelength acting as the excitation source. Additionally, a microscope (Olympus BX 41) with a 

total of 1006 objective lens was used to focus incident laser beam to a spot of 1 µm diameter. 

And for calibration, Si peak at 521 cm-1 was used.    
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Electrochemical Measurements 

All electrochemical measurements were performed at room temperature in a PGSTAT 302N 

Autolab Potentiostat/Galvanostat (Metrohm). The hydrogen evolution reaction performance of 

WS2 was assessed by measuring polarization curves with linear sweep voltammetry (LSV) with a 

scan rate of 0.5 mVs-1. In the 0.5 M H2SO4 (pH = 0.34) solution, Nernst equation becomes E(RHE) 

= E(Ag/AgCl) + 0.228. A separate RHE calibration in a hydrogen saturated electrolyte has been 

accomplished with 0.225 V offset, which perfectly coincides with 0.228 in the equation. Instead 

of Pt anode, which may dissolve during the reaction into the electrolyte and contaminate our 

catalytic cathode, graphite rod was used as a counter electrode, while Ag/AgCl (in 3 M KCl 

solution) electrode used as a reference electrode. 

  



155 
 
 

CHAPTER 3: Design and Mechanistic Study of Highly-durable Carbon Coated Cobalt 

Diphosphide Core-shell Nanostructure Electrocatalyst for the Efficient and Stable 

Oxygen Evolution Reaction 

Materials and Methods 

Materials 

All chemicals including cobalt (II) nitrate hexahydrate (Co(NO3)2.6H2O, ≥ 96 %), potassium 

hydroxide (KOH(aq), ≥ 85 %), red phosphorus (≥ 99.99 %) and ethanol (≥ 85 %) were purchased 

from Sigma-Aldrich and used without further purification. Water used was purified through a 

Millipore ultrapure water system (18.2 MΩ.cm at 25 °C).  

Characterizations 

The morphology of the catalysts and electron energy loss spectroscopy (EELS) was studied by 

field-emission scanning electron microscopy (FESEM, FEI Quanta 600). X-ray diffraction (XRD, 

Bruker D8 Discover diffractometer, using Cu Kα radiation, λ = 1.54 Å) was used to investigate the 

phase composition. Lattice structure was studied by transmission electron microscopy (FEI Titan 

ST, operated at 300 KV) while electronic structure and surface/near surface composition is 

studied by XPS using a Kratos Axis Ultra DLD spectrometer equipped with a monochromatic Al Kα 

X-ray source (hν = 1486.6 eV) operating at 150 W, a multi-channel plate and delay line detector 

at about 1.0 x10-9 torr background pressure. All data were collected at 0° take-off angle in hybrid 

mode of electrostatic and magnetic lenses with aperture slot of 300 μm x 700 μm for spectra 
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recording. Survey spectra was taken at fixed analyzer path energy of 160 eV, and 20 eV for high 

resolution spectra. C 1s peak sourced by the substrate (at 284.4 eV) of the sp2 hybridized (C=C) 

was used as a binding energy reference. In order to avoid differential charging, all the samples 

were mounted in floating mode. All data was further analyzed by CasaXPS software. After 

excluding linear or Shirley type background, peaks were fitted using Gaussian (70%)–Lorentzian 

(30%) (GL30) function. Employment of Raman spectrometer LabRAMAramis (HoribaJobinYvon) 

was accomplished in the range of 100 – 2500 cm-1 in which an excitation source of a diode-

pumped solid state (DPSS) laser is used with 473 nm wavelength at room temperature. In order 

to focus incident laser beam to a 1 µm spot diameter, a microscope with total of 1006 objective 

lens was used (Olympus BX 41). Si peak at 521 cm-1 was used for calibration. 

Electrochemical Measurements  

Eelectrochemical measurements were accomplished at room temperature on an electrochemical 

work station Biologic VMP3. OER performance was obtained by means of linear sweep 

voltammetry (LSV) at a scan rate of 0.05 mV s-1 in 1 M KOH(aq) (pH = 13.45) solution. RHE 

calibration in a hydrogen saturated electrolyte was accomplished with 1.00533 V offset, which 

perfectly coincides with 0.99324 in Nernst equation (E(RHE) = E(Ag/AgCl) + 0.99324). Graphite 

rod and Ag/AgCl (in 3 M KCl solution) were used as a counter and reference electrodes, 

respectively. 

Electrochemical deposition of Co-species on carbon cloth  

CC with a size of 3 cm × 1.0 cm was used as a conductive substrate. It was washed with ethanol 

and deionized water continually to remove impurities. CC of 2.0 cm2 geometric area was then 
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immersed into 0.1 M Co(NO3)2(aq) solution for electrodeposition process of Co. The Pt foil and 

Ag/AgCl (in 3 M KCl(aq) solution) electrodes were used as counter and reference electrodes, 

respectively. Electrodeposition of Co was performed at constant current of -10 mA cm-2 for 20 

min. In order to promote the vapor phase phosphidation process, as-prepared samples were 

exposed to air to form oxide and hydroxide surface layer with Co loading amount of ~ 2.22 mg 

cm-2 (see Figure 3.17 for details). 

 

 

Figure A1. Electrochemical deposition of Co-species on carbon cloth substrate.  

Synthesis of CoPx by vapor phase phosphidation  

The phosphidation process was performed in a close-ended tube fixed inside the tube furnace 

containing red phosphorus and electrodeposited cobalt on a CC substrate. Prior to the 

phosphidation, tube furnace was pumped and purged with Ar(g) (60 sccm) and H2(g) (20 sccm) for 

30 min (∼ 12 torr) to completely remove oxygen from the system. Lastly, phosphidation process 

was carried out under vacuum. It is found that cobalt phosphide and cobalt diphosphide form on 

CC at different temperatures ranging between 450 °C to 650 °C for 30 min duration and heating 

rate of 15 °C min-1. The loading amount of as-prepared electrocatalyst on CC was determined, 



158 
 
 

after drying in a vacuum oven, to be 5.59 ± 0.9 mg cm-2 by using of a high accuracy weighing 

balance (see Table 3.4 for details). 

Table A1. Loading amount of CoPx/CC formed during phosphidation at various temperatures. 

Mass of 

catalyst (mg) 

CoP 

450°C 

CoP2 

550°C 

CoP2 

650 °C 

CC 

450 °C 

Before phosphidation 21.8 22.5 21.4 23.6 

After phosphidation 33.1 33.4 35.6 23.7 

Loading amount(mg/cm2) 5.65 5.45 5.68 no change 

 

Preparation of carbon coated cobalt phosphide on CC 

The pristine CoP2/CC was immersed in 5 mg mL-1 glucose solution for 8 h, then dried at room 

temperature. The glucose coated cobalt diphosphide was then loaded into a tube furnace and 

pumped under vacuum (˂10 mTorr), followed by calcination at 350 °C for 1 h with heating rate 

of 2.75 °C min-1. 

Preparation of Co3O4 on CC 

Co3O4 nanosheets were synthesized through thermal oxidation process, in which Co(OH)2/CC was 

placed into a tube furnace and calcined at 350 °C for 2 h in air at heating rate of 2.75 °C min-1. 

3.4.8 Reference electrode calibration  
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1M KOH(aq) electrolyte solution was purged with hydrogen gas for 30 min prior the 

measurements. Pt wires, and Ag/AgCl (in 3 M KCl(aq) solution) were used as counter, working, and 

reference electrodes, respectively. Current-voltage (CV) curves were obtained at a scan rate of 5 

mV s-1. Thermodynamic potential of the hydrogen electrode reactions was then taken at the zero 

current crossing the average of the two potentials (see Figure 3.16 for details). The result shows 

that E(Ag/AgCl) is lower than E(RHE) by 1.00533 V. 

 

Figure A2. RHE voltage calibration. The calibration was performed in the high purity hydrogen 

saturated electrolyte with a Pt wire as a working electrode. The current-voltage scans were run 

at a scan rate of 5 mV s-1. The average of the two potentials at which the current crossed zero was 

taken to be the thermodynamic potential for the oxygen electrode reactions. In 1 M KOH(aq) (pH 

= 13.45) solution, Nernst equation becomes E(RHE) = E(Ag/AgCl) + 0.99324. A separate RHE 

calibration in a hydrogen saturated electrolyte has been accomplished with 1.00533 V offset, 

which perfectly coincides with 0.99324 in the equation. 
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CHAPTER 4: Unusual Activity of Rationally Designed Cobalt Phosphide/Oxide 

Heterostructure Composite for Hydrogen Production in Alkaline Medium 

Materials and Methods 

Materials 

All chemicals including cobalt (II) nitrate hexahydrate (Co(NO3)2.6H2O, ≥ 96 %), potassium 

hydroxide (KOH(aq), ≥ 85 %), copper (II) sulfate pentahydrate (CuSO4.5H2O, ≥ 98 %), sodium 

chloride (NaCl, ≥ 99 %), platinum (Pt, nominally 20% on carbon black),  red phosphorus (P, ≥ 99.99 

%), and ethanol (≥ 85 %) were purchased from Sigma-Aldrich and used without further 

purification. Water used was purified through a Millipore ultrapure water system (18.2 MΩ.cm 

at 25 °C). 

Characterizations 

The morphology and electron energy loss spectroscopy (EELS) of the catalysts was studied by 

field-emission scanning electron microscopy (FESEM, FEI Quanta 600). X-ray diffraction (XRD, 

Bruker D8 Discover diffractometer, using Cu Kα radiation, λ = 1.54 Å) was used at 2θ range of 20 

– 80° to investigate the phase composition. Temperature-dependent XRD (Bruker D8 Advance 

non-ambient temperature) was employed for phase identification at various temperatures (650-

850 °C) in a vacuum with a heating rate of 15 °C min-1 and delay time of 3 minutes prior 

measurement for each temperature step. Thermogravimetric (TG) analysis was carried out using 

Simultaneous Thermal Analyzer (STA, STA 449 F1 Netzsch) in the N2(g) atmosphere with a heating 
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rate of 15 °C min-1. Lattice structure was studied by transmission electron microscopy (FEI Titan 

ST, operated at 300 KV) while electronic structure and surface/near-surface composition is 

studied by XPS using a Kratos Axis Ultra DLD spectrometer equipped with a monochromatic Al Kα 

X-ray source (hν = 1486.6 eV) operating at 150 W, a multi-channel plate and delay line detector 

at about 1.0 x10-9 torr background pressure. Measurements were performed at a 0° take-off 

angle (angle between the sample surface normal and the electron optical axis of the 

spectrometer). All spectra were recorded using an aperture slot of 300 μm x 700 μm. The survey 

and high-resolution spectra were collected at fixed analyzer pass energies of 160 eV and 20 eV, 

respectively. Samples were mounted in a floating mode in order to avoid differential charging. 

Charge neutralization was performed for all samples. Binding energies were referenced to the C 

1s peak (set at 284.4 eV) of the sp2 hybridized (C=C) carbon from the carbon cloth substrate. The 

data were analyzed with commercially available CasaXPS software. The individual peaks were 

fitted by a Gaussian (70%)–Lorentzian (30%) (GL30) function after linear or Shirley type 

background subtraction. 

Electrochemical Measurements  

Electrochemical measurements were performed on a Metrohm PGSTAT 302N Autolab 

Potentiostat at room temperature. The hydrogen evolution reaction performance of all catalysts 

was assessed by measuring polarization curves with linear sweep voltammetry (LSV) at a scan 

rate of 0.05 mV/s. In 1 M KOH(aq) (pH = 13.95) solution, Nernst equation becomes E(RHE) = 

E(Ag/AgCl) + 1.04005. In a hydrogen saturated electrolyte, a separate RHE calibration was 

performed with 1.041244 V offset, which perfectly coincides with 1.04005 in the equation. 
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Graphite rod was used as a counter electrode, while Ag/AgCl (in 3 M KCl(aq) solution) electrode 

was used as a reference electrode. 

Cathode preparation  

CC conductive material with a dimension of 1.5 × 1 cm2 was used for the electrochemical 

deposition process. Prior to its use, CC was washed with ethanol and deionized water. Next, a 

geometrical area of 1 cm2 was immersed into 0.1 M Co(NO3)2(aq) solution. Pt foil was utilized as a 

counter electrode in the electrochemical cell, while Ag/AgCl (in 3 M KCl(aq) solution) electrode 

was used as reference electrode. Electrodeposition process was conducted at constant current 

(-10 mA cm-2) for 40 min and left overnight under air exposure. Later, the electrochemically 

deposited electrode was fed into a close-ended tube secured inside a tube furnace along with 

red phosphorus precursor for phosphatization process. The tube furnace was pumped initially 

and purged with Ar (60 sccm) and H2 (20 sccm) for 30 min (∼ 10 torrs) to exclude oxygen and 

humid from the system. Phosphatization reaction was carried out in vacuum for 30 min interval 

of time and with a heating rate of 15 °C min-1 at several temperatures ranging between 450 °C to 

850 °C. The as-prepared catalyst was then rinsed with 0.5 M H2SO4(aq) solution and Milli-Q water 

for impurities removal. The areal density of as-prepared material was determined, after drying 

in a vacuum oven, to be ~ 10 mg cm-2 by using of a high accuracy weighing balance (see table S4 

for details). 
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(1) 

Active site density  

Copper upd experiments were performed in 0.5 M H2SO4(aq), 20 mM CuSO4(aq), and 60 mM NaCl(aq) 

initiated with electrochemical cleaning at 0.5 V (vs. Ag/AgCl) for 100 s. Within the same solution, 

copper deposition was accomplished at different underpotentials (0.05 V to -0.12 V vs. Ag/AgCl) 

for 120 s. followed by linear sweep voltammetry (LSV) with scan speed of 0.002 V s-1. 

4.4.6 Calculation of Turnover Frequency (TOF): 

The HER Turnover Frequency per site for our catalyst was calculated at η = 100 mV by applying 

the following formula:  

 

 

Where the numerator was calculated as follows: 

 

 

And the denominator of equation (1) was obtained from the previously estimated active site 

density. 
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Computational Details:  

Spin-polarized density functional theory is used as implemented in the Vienna ab-initio 

simulation package (projector augmented wave method) with a plane wave energy cutoff of 550 

eV and a 5× 5×1 Monkhorst-Pack k-grid.157, 158 The exchange-correlation potential is treated in 

the Perdew-Burke-Ernzerhof generalized gradient approximation with van der Waals 

corrections.159 The total energy changes and maximum atomic force are converged to 10-5 eV 

and 0.001 eV Å-1, respectively. Following the experimental setup, we model the (110) direction 

of CoP, CoO, and Co3O4. The relaxed lattice parameters of the unit cell of CoP turn out to be a = 

3.226 Å, b = 5.015 Å, c = 5.505 Å, in agreement with previous experimental and theoretical 

studies.160 We extract a monolayer of CoP(110) and obtain relaxed lattice parameters of a = 5.501 

Å and b = 5.879 Å. The relaxed lattice parameters of the primitive cells of CoO and Co3O4 turn out 

to be a = b = c = 2.986 and 5.713 Å, respectively, in agreement with previous experimental and 

theoretical studies.154 We extract a monolayer of Co3O4(100) and obtain relaxed lattice 

parameters of a = 5.629 Å and b = 5.617 Å. To minimize the lattice mismatch, we build a 2×2×1 

supercell of CoO, extract a monolayer and obtain relaxed lattice parameters of a = 5.478 Å and b 

= 5.478 Å.        

Reference electrode calibration  

Prior to the measurements, 1 M KOH(aq) electrolyte solution was purged with hydrogen gas for 

30 min. Pt wires and Ag/AgCl (in 3 M KCl(aq) solution) were used as a counter, working, and 

reference electrodes, respectively. Current-voltage (CV) curves were achieved at a scan rate of 5 
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mV s-1. The thermodynamic potential of the hydrogen electrode reactions was then taken at the 

zero current crossings the average of the two potentials. The result shows that E(Ag/AgCl) is 

lower than E(RHE) by 1.041244 V. 

 

Figure A3. RHE voltage calibration. The calibration was performed in the high purity hydrogen 

saturated electrolyte with a Pt wire as a working electrode. The current-voltage scans were run 

at a scan rate of 10 mV s-1. The average of the two potentials at which the current crossed zero 

was taken to be the thermodynamic potential for the oxygen electrode reactions. In 1 M KOH(aq) 

(pH = 13.95) solution, Nernst equation becomes E(RHE) = E(Ag/AgCl) + 1.04005. A separate RHE 

calibration in a hydrogen saturated electrolyte has been accomplished with 1.041244 V offset, 

which perfectly coincides with 1.04005 in the equation.  
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