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ABSTRACT 

Hydrogen energy is attracting attention not only due to its various applications but also 

because it is a green and sustainable energy source. Water splitting is an efficient method for 

producing hydrogen. Therefore, identifying suitable electrocatalysts for both the hydrogen 

evolution reaction (HER) and the oxygen evolution reaction (OER) in the water splitting 

process is essential. Despite the effectiveness of noble metal-based electrocatalysts, their high 

cost and scarcity pose significant challenges. Hence, there is a critical need for active, stable, 

and cost-effective electrocatalysts for water splitting.  

Driven by this challenge, this study focused on improving transition metal-based 

electrocatalysts for water splitting applications, with a particular emphasis on reducing costs and 

enhancing sustainability compared to noble metal-based electrocatalysts. Through various 

methodologies, including the optimization of activity and stability in both the hydrogen 

evolution reaction (HER) and oxygen evolution reaction (OER), significant progress was made. 

We synthesized heterostructure catalysts, combining multiple components to leverage 

synergistic effects and overcome individual limitations. Furthermore, we explored depositing 

active component catalysts onto supported two-dimensional (2D) materials to enhance catalytic 

activity, stability, and mass transport properties. Additionally, modulation of electronic 

structures was investigated by introducing rare element-based materials as promoter 

components to enhance electrocatalyst activity and stability. Moreover, we investigated the 

benefits of atomic geometries of the compounds containing anion phosphate group and cation 

transition metals. The flexible coordination of this anion and the various oxidation states of 

transition metal can stabilize the intermediates in water splitting reactions, facilitating favorable 

adsorption and oxidation of water molecules. 

These findings collectively demonstrate promising advancements in transition metal-

based electrocatalysts for water splitting, highlighting their potential for widespread adoption in 

green hydrogen technologies. Through cost-effective and sustainable approaches, this research 

contributes to the advancement of efficient and scalable methods for hydrogen production. 
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Part 1. Overview of dissertation 

Chapter 1. Introduction 

1.1. Overview 

1.1.1. Energy demand 

Over the years, the energy demand has increased alongside population growth, 

industrial expansion, and technological advancements. It can be seen in Figure 1.1 that the total 

primary energy demand was forecasted to increase by 40% over the outlook period to reach 

more than 16,950 Mtoe in 2035 [1]. Predominantly sourced from fossil fuels such as coal, oil, 

and natural gas. These energy sources are used for many sectors including 

residential/commercial, electricity generation, transportation, and industries. Their prevalence 

owes to their accessibility, affordability, and the existing infrastructure supporting their 

utilization [2]. Despite various benefits, the use of fossil fuels confronts significant 

environmental and social drawbacks, energy source depletion, air and water pollution, 

greenhouse gas emissions, climate change, and health impacts. Figure 1.2 exhibited a 

substantial rise in CO2 emissions between 1971 and 2019 attributed to fossil fuel usage. 

Consequently, the exploration of alternative energy sources to alter fossil fuel becomes 

imperative. 
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Figure 1.1: World primary energy demand by fuel (Source: IEA, WEO-2011) 

 

 

Figure 1.2: World CO2 emissions from fuel combustion by fuel, 1971-2019 (Mt of CO2)  

(Source: IEA, CO₂ Emissions from Fuel Combustion, 2021) 
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1.1.2. Hydrogen energy 

Nowadays, renewable energy (RE) has been drawing attention for its sustainability, 

environmental friendliness, contribution to climate change mitigation, and potential to reduce 

reliance on fossil fuels. There are seven types of RE [3] encompassing: solar energy, wind 

energy, hydropower, tidal energy, bioenergy, geothermal energy, and hydrogen energy 

Hydrogen emerges as a promising energy carrier, boasting high energy efficiency, 

emission-free attributes, and minimal environmental impact. The energy density of hydrogen is 

relatively high compared to other conventional fuels. Hydrogen has nearly three times the 

energy content of gasoline—120 MJ/kg for hydrogen versus 44 MJ/kg for gasoline [4]. 

Moreover, hydrogen can be stored in various forms including compressed gas, liquefied 

hydrogen, and chemical compounds like metal hydrides and ammonia, facilitating flexibility in 

storage method with suitable application [5]. Notably, its production can stem from both 

renewable and non-renewable energy sources, rendering it adaptable for various applications 

across diverse sectors, as demonstrated in Figure 1.3 [6] [7].  

Based on the method of production, hydrogen is categorized into three types [8] as 

shown in Figure 1.4 [9]:  

▪ Grey/Black Hydrogen: This type of hydrogen is primarily produced from fossil fuels, 

predominantly through processes like steam-methane reforming or methane reforming. 

A significant byproduct of this process is carbon dioxide (CO2). 

▪ Blue Hydrogen: Similar to grey hydrogen, blue hydrogen is also derived from fossil 

fuel feedstocks. However, the key distinction lies in the mitigation of CO2 emissions 

through capture and underground storage. 

Green Hydrogen: This form of hydrogen is generated using electricity from renewable 

sources such as solar or wind energy to conduct electrolysis. Unlike grey and blue hydrogen, 

green hydrogen production results in zero emissions. Currently, the majority of hydrogen 

production is the grey hydrogen [8]. To advance towards sustainable, environmentally friendly, 

and efficient energy practices, there is a pressing need to prioritize the investigation and 

development of green hydrogen technologies.  
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Figure 1.3: Hydrogen energy applications 

(Source: Office of energy efficiency & renewable energy) 

 

 

Figure 1.4: Grey, blue and green hydrogen production (Source: energy education) 
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1.1.3. Water splitting 

Water splitting, also known as water electrolysis, is a method that employs electricity to 

divide water into hydrogen (H2) and oxygen (O2) gases as reaction (1). This process involves an 

electrolysis cell containing electrodes, an electrolyte, and an electric current. Within the cell, 

reduction reactions occur at the cathode, where H2 gas is produced by gaining electrons, while 

oxidation reactions occur at the anode, leading to the production of O2 gas through the loss of 

electrons. 

H2O (l) → H2 (g)+ 1/2 O2 (g) (1), ΔG° = +237.2 kJ mol−1, ΔE° = 1.23 V vs normal 

hydrogen electrode (NHE). 

Hydrogen produced by electrolysis of water is of relatively high quality, as no carbon, 

sulfur, or nitrogenous compounds are generated in the process. Water is the most promising 

candidate for hydrogen resource because it contains more hydrogen (111 kg/m3) 

The electrolyte in water splitting can be acid, alkaline or neutral media. In acidic media, 

hydrogen evolution benefits from the presence of H+ ions readily available, while in alkaline 

media, water needs to undergo dissociation to generate H+ ions for hydrogen formation [10]. 

Given this disadvantage, the focus of this thesis will be on investigating water electrolysis in 

alkaline environments.  

Hydrogen evolution reaction 

The hydrogen evolution reaction (HER) entails a two-electron transfer process and the 

standard electrode potential E0 = 0.00 V [11]. In alkaline media, the mechanism of HER 

comprises the initial Volmer reaction, followed by either the Tafel or Heyrovsky reaction, as the 

following reactions and depicted in Figure 1.5: 

Volmer step: H2O + M + e‒ → M-H* + OH‒  (2) 

Tafel step: 2M-H* → H2 + 2M  (3)  

Heyrovsky step: M-H* + H2O + e‒ → H2 + OH‒ + M  (4) 

Where M is electrocatalyst surface, H* is the adsorbed hydrogen atom. 
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The determination of the rate-determining step (RDS) of the hydrogen evolution 

reaction (HER) can be made based on the value of the Tafel slope (b). If the Volmer step 

(discharge reaction) is sluggish, the Tafel slope is expected to be around 120 mV/dec. 

Conversely, if the Tafel step, also referred to as the chemical desorption or combination reaction, 

is the limiting factor, the Tafel slope is typically lower, around 29 mV/dec. Alternatively, if the 

electrochemical desorption, often associated with the Heyrovsky reaction, governs the rate, the 

Tafel slope is expected to be around 39 mV/dec [11]. 

The key factor of HER is the free energy of hydrogen adsorption and desorption (ΔGH*). 

The hydrogen adsorption ability should not be too weak or too strong. According to the Sabatier 

principle, excessively strong binding between H* and the electrocatalyst stabilizes H*, 

hindering subsequent elemental steps. Conversely, if the binding is too weak, the Volmer step 

becomes RDS. The ideal ΔGH* should be zero with the highest HER j0 as the top of the volcano, 

as shown in Figure 1.6(a) [12]. Based on Figure 1.6(b), the Pt is near the peak of the volcano, 

and it is the benchmark material for the HER currently. 
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Figure 1.5: HER mechanism in alkaline media (Source: reference [13]) 

 

Figure 1.6: (a) Relationship between j0 and ΔGH* under the assumption of a Langmuir 

adsorption model (Source: reference [12]), and (b) Volcano plot for HER in alkaline medium 

for various metals (Source: reference [14]) 
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Oxygen evolution reaction 

As mentioned OER is the half reaction in water splitting process at the anode, involving 

four-electron transfer reaction. With the E0 = 1.23 V, OER requires a remarkably high 

overpotential compared to HER. The adsorbate evolution mechanism (AEM) has conventionally 

been used to describe the various reactions in the previous studies [15-17]. The reaction 

pathway of alkaline OER includes the following steps (5)-(8):  

M + OH‒ → M‒OH* + e‒ (5) 

M‒OH* + OH‒ → M‒O* + H2O + e‒ (6) 

M‒O* + OH‒ → MOOH* + e‒ (7)  

MOOH* + OH‒ → M + O2 + H2O + e‒ (8) 

In the AEM, the OER involves the intermediates of M‒OH*, M‒O*, and M‒OOH*. 

The minimum theoretical overpotential for the investigated catalysts based on AEM is predicted 

to be ~ 0.37 V resulting from a linear scaling relation between the adsorption energies of *OH 

and *OOH intermediates (ΔGM-OOH* = ΔGM-OH* + 3.2 eV) [18]. However, this scaling relation 

cannot explain some reported catalysts with lower overpotentials. Therefore, researchers have 

proposed an alternative mechanism known as the lattice oxygen oxidation mechanism (LOM), 

in which the oxygen sites serve as the redox center for reactions, (as depicted in Figure 

1.7(a,b)). Specifically, the adsorbed OH− undergoes deprotonation to form O2−, and electrons 

from the oxygen orbital of O2− are transferred to the external circuit, forming radical O− 

species, eventually form (O–O)2p bands. This alternative mechanism aims to address the 

limitations of the AEM. Nevertheless, whether the oxygen redox reaction is reversible or 

irreversible, the LOM mechanism indicates instability in the electrocatalyst due to changes in 

the catalyst surface and disruption of crystal structure. Therefore, the true advantages of LOM 

may not be realized [18].  

The density functional theory (DFT) calculations allow the prediction of the trend of 

OER catalytic activity. The activity of RuO2 is theoretically anticipated based on the binding 

energy of the chemical intermediate and the catalyst, and it is near the top of the volcano 

(Figure 1.8) [19]. 
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Figure 1.7: (a) AEM, and (LOM) mechanism (Source: reference [13]) 

 

Figure 1.8: Volcano-shaped activity plot of the OER for oxides (Source: reference [19]) 
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1.1.4. Electrocatalyst 

1.1.4.1. Evaluation of an electrocatalyst 

Overpotential (η) 

The difference between the Nernst potential and the required potential to drive reactions 

at a certain rate defines the corresponding overpotential (η) (mV) of the catalyst, known as 

polarization or voltage loss. Specifically, for the HER, the Nernst potential is zero (EHER = 0 V) 

with respect to the reversible hydrogen electrode (RHE). In this case, the η is equal to the 

difference between the applied potential (E) and the Nernst potential (0 V), thus η = E. In 

contrast, for the OER, the Nernst potential is 1.23 V (EOER = 1.23 V) vs RHE, thus η = E - 1.23. 

Usually, two specific overpotentials are often considered to compare the activities of 

different catalysts: η1, known as the onset potential, and η10, which represents the overpotential 

required to achieve a current density of 10 mA/cm2. The η1 marks the point at which the 

reaction begins to occur, while η10 is equivalent to corresponding to a 10% solar energy 

conversion efficiency [20], so the overpotential needed for this current density can provide a 

means for comparison. 
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Figure 1.9: the polarization curves of OER (right) /HER (left). Inset is the Tafel plot obtained 

from the corresponding polarization curve (Source: reference [21]) 
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Tafel slope (b) 

This is a parameter to evaluate the intrinsic activity of an electrocatalyst and understand 

reaction mechanisms. It is denoted by “b” (mV/dec) and describes how the reaction rate changes 

with changes in η. Tafel slope was determined as the slope of the linear fitting of the potential 

vs. RHE against log (j), utilizing the Tafel equation η = b × log(j/j0), where j and j0 are the 

current density and exchange current density, respectively. The j0 can be determined by the 

Tafel equation when η is equal to zero. A material characterized by low b and high j0 exhibits a 

high electrocatalyst performance.  

Electrochemical Impedance Spectroscopy (EIS) 

As far as we know, applying a constant voltage V across a resistance R induces a 

constant current I according to Ohm’s law. In a similar way, application of a sinusoidally 

varying potential across an electrochemical cell induces an alternating current (AC) (as Figure 

1.10(a)). The AC analogue of Ohm’s law is given by the following: V̅ = I̅Z, where Z is 

impedance, V̅, I̅ denote the time-dependent voltage and current, respectively. Z is a resistance 

that varies in a cyclical manner, and therefore, Z has the units of ohms (Ω) [22]. 

The symbol Z* is the overall impedance. In fact, Z*comprises two components, which 

are real (Z′) and imaginary (Z″). Z*= Z′ − j × Z″, where j = √-1 

An electrochemical cell is constructed, and its impedance Z* determined as a function 

of frequency. From these impedance values, the Z’ and Z” are computed and hence a Nyquist 

plot is drawn which is a plot of Z″ (as ‘y’) against Z′ (as ‘x’), as shown in Figure 1.10(b).  

From the Nyquist plot, an equivalent circuit of electrochemical cell can be determined. 

Figure 1.11 shows the convention of an equivalent circuit is determined by Nyquist plot [23]. 

This plot is constructed with Ru (electrolyte resistance) and RCW element (Rct-interface charge-

transfer resistance, Cdl-double layer capacitance, and Zw-diffusion resistance) in a series. EIS is 

helpful for kinetic studies, a smaller Rct value suggests a faster reaction rate, leading to a smaller 

overpotential. 
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Figure 1.10: (a) a time-dependent potential creates an alternating current, and (b) Nyquist plot 

(Source: reference [22]) 

 

Figure 1.11: Randles equivalent electrical circuit over a wide frequency range 

(Source: reference [23]) 
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Stability 

Besides activity performance, stability is another crucial parameter for evaluating an 

electrocatalyst. One common method to assess stability is by conducting repeated cyclic 

voltammetry (e.g., over 5000 or 10000 cycles) within the range of the onset potential. A stable 

electrocatalyst typically exhibits minimal change in η over these cycles. Additionally, 

chronoamperometry (CA) and chronopotentiometry (CP) are other techniques used to evaluate 

the stability of electrocatalysts. In CA, a constant potential is applied to the electrochemical cell, 

with the resulting current measured over time at the working electrode. Conversely, in CP, the 

current is held constant while the potential of the working electrode is monitored. 

Turnover Frequency (TOF) 

TOF is the ratio of product formed per unit time and the amount of catalyst used [24]. 

While accurately calculating TOF remains challenging, researchers have found it to be a 

valuable means of comparing the intrinsic activity of electrocatalysts within similar systems. 

The formula for calculating TOF is as follows: 

TOF = j/(x × n × F) (s-1) 

Where j denotes the current density (mA/cm2), x represents the number of active sites 

calculated using the electrochemically active surface area (ECSA) of the catalyst, n signifies the 

number of electrons transferred (with n=2 for HER, n=4 for OER), F is the faraday constant 

(96,485 C/mol).  

Faradaic Efficiency 

Faradaic efficiency describes the efficiency with which charge (electrons) is transferred 

in a system facilitating an electrochemical reaction. Faradaic efficiency (%) is defined as the 

ratio of the experimental to theoretical amount of hydrogen in HER and oxygen in OER 

generation using the formular:  

Faradaic efficiency= 
experimental μmol of H2(O2)gas

theoretical μmol of H2(O2) gas
×100 

The theoretical amount of H2(O2) gas was calculated from Faraday’s law: 

n= 
I × t

z × F
 

Where n is the number of mol, I is the current (A), t is the time (s), z is the transfer of 

electrons (for HER z = 2, OER z = 4), and F is Faraday constant (96,485 C/mol) 
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1.1.4.2. Fabrication of electrocatalysts 

Hydrothermal/solvothermal 

Hydrothermal and solvothermal synthesis methods are techniques used to fabricate 

electrocatalysts by employing high-temperature and high-pressure conditions in an aqueous or 

organic solvent environment, respectively.  

Typically, a precursor containing metal salts or metal-containing compounds was 

dissolved in aqueous solution or organic solvent, then it is sealed in a reaction vessel and heated 

under autogenous pressure in an oven or autoclave at certain temperature. Commonly used 

metal salt precursors include nitrates, chlorides, and acetates, while organic solvents such as 

ethanol, ethylene glycol, isopropanol, PEG, tertiary butanol, and dimethylformamide (DMF) are 

often employed. 

Hydrothermal/solvothermal synthesis method is widely used to prepare a variety of 

electrocatalysts including oxides, nanosized spinels, perovskites, etc. due to its good chemical 

homogeneity, high purity, and controlled nanostructure [25]. Sanka et al. successfully 

synthesized nanocomposite rGO-CoS2 applying for HER by the one-step facile hydrothermal 

method [26]. By using DMF as organic solvent to prepare Fe3O4@Co9S8/rGO, Jing et al. 

revealed that DMF reduced partially Fe3+ to Fe2+, which induced the formation of pure phase 

Co9S8 and highly improves the catalytic activity for OER [27]. 

Precipitation 

Precipitation method is a convenient method for preparing various electrocatalysts, 

including metal oxides, metal sulfides, and metal nanoparticles etc. This method does not 

require any complicated process, hard precipitation conditions, or any special instruments [25]. 

In precipitation process, electrocatalysts are formed through the precipitation of metal 

ions or compounds from a solution containing their precursor salts. This precipitation is induced 

by the addition of a precipitating agent or by altering the solution conditions, such as pH or 

temperature. Common precipitants include hydroxides (such as NaOH, KOH, NH4OH), sodium 

carbonate (Na2CO3), sodium bicarbonate (NaHCO3), ammonium carbonate ((NH4)2CO3), 

ammonium bicarbonate (NH4HCO3), tetramethylammonium hydroxide, urea (CO(NH2)2) etc. 

He et al. used a co-precipitation method to prepare Mn-doped CuCo2O4 electrocatalyst. The 
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resulting CuMn0.5Co2O4 catalyst had a high OER performance, with a low overpotential of 340 

mV at a current density of 10 mA/cm2 and a smaller Tafel slope of 69.8 mV/dec [28]. Cui et al. 

synthesized core-ring NiCo2O4 nanoplatelets using the coprecipitation decomposition method 

with sodium hydroxide as the precipitant, resulting in the highest electrocatalytic properties for 

OER in alkaline water electrolysis [29]. 

1.1.4.3. Material classification 

Both HER and OER need an electrocatalyst to lower the activation energy required for 

the reactions, reducing the overpotential, thereby improving the efficiency hydrogen production. 

These electrocatalysts can be based on various materials.  

Noble metal-based electrocatalyst 

These materials include the platinum group metals (PGMs), which include Pt, Pd, Ru, 

Rh, Ir, and Os, and their derivatives. As illustrated in Figures 1.8 and 1.6(b), the ΔG values of 

Pt and RuO2 are located near the peak the volcano curve, leading to Pt and RuO2 as benchmark 

materials for HER and OER, respectively. These materials are usually utilized in various 

nanoparticle forms to maximize their surface area and their defect-rich surfaces. The surface 

properties are well known to strongly influence the overall catalytic performance of noble metal 

nanoparticles. 

Regardless of high activity, noble metals face challenges due to their scarcity and high 

cost, rendering them economically unfeasible. Furthermore, noble metal-based electrocatalyst 

suffered from a severe stability issue. The Pt nanocrystals exhibit limited shape variations 

owing to high internal strain energies and susceptibility to oxidative etching. Additionally, the 

small nanocrystal are prone to sintering or aggregation during the catalytic reaction [30]. On the 

other hand, as a benchmark for OER, RuO2 demonstrates extreme instability due to dissolution 

from excessive oxidation at high overpotential of above 1.4 V during the OER process [31]. 

Consequently, noble metal-based electrocatalysts are considered less promising for industrial 

applications, which typically require excellent activity, chemical and electrochemical stability, 

and cost-effectiveness. 

Transition metal-based electrocatalyst 

These materials encompass transition metal and their compound including transition 

metal oxides (TMOs), transition metal nitrides (TMNs), transition metal carbides (TMCs), 
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transition metal dichalcogenides (TMDs), transition metal phosphides (TMPs), and transition 

metal borides (TMBs). These materials have been drawing attention due to their low toxicity, 

earth abundance, cost-effective, and environmental friendliness, which make them a potential 

candidate electrode for energy conversion systems [32]. Particularly, the TMOs have diversity 

in morphology, and they are easy to synthesize, enabling their scalability, rendering them 

commonly utilized as electrocatalysts for water splitting. 

Cobalt oxide includes two easily obtained cationic oxidation states: Co2+ and Co3+, 

which are mainly divided into CoO, Co2O3, and Co3O4. Their high redox potential and thermal 

stability render cobalt oxide a promising candidate for electrocatalysis. However, cobalt oxide 

suffers from low conductivity. To address this limitation, particle size, morphology, crystallinity, 

and dispersion of these materials are regulated to optimize active site distribution and exposure. 

Han et al. studied different morphology of Co3O4 nanocrystals anchored on nitrogen-doped 

reduced graphene oxide (N-rGO) including nanocube (NC), nanotruncated octahedron (NTO), 

and nanopolyhedron (NP). The exposed lattices of different morphology on the N-rGO were 

different. Electrochemical results indicate that the unusual (112) plane enclosed Co3O4 NP on 

rGO with abundant Co3+ sites exhibit superior bifunctional activity for oxygen reduction and 

evolution reactions [33]. Li et al. demonstrated that driving urchin-like Co3O4 spheres onto 

conductive nickel foam enhanced electrocatalytic activity by providing more active sites, 

facilitating electrolyte transfer, reducing contact resistance, and accelerating charge 

transportation [34]. Defect engineering is another efficient approach to modify the 

electrochemical activity of cobalt oxide including heteroatom substitution, vacancy and 

interstitial atoms [35]. Du et al. proved that oxygen vacancies enriched Co3O4 nanoflowers with 

single layer porous structures displays superior water splitting performances, maintaining 

activity for at least 9 days without significant decay [36]. Combining oxygen vacancies and 

heteroatom doping in Co3O4, Yan et al. found that oxygen vacancies significantly enhanced 

OER activity, while Co−C bond formation delivered ideal HER activity [35]. 

Nickel oxide (NiO) is characterized as a p-type semiconductor with a band gap width of 

4 eV, presenting traits of low toxicity, environmental friendliness, abundance in nature, and 

cost-effectiveness. It has gained considerable attention due to its flexibility in tailoring the 

crystalline phases, i.e., cubic, monoclinic, rhombohedral, and hexagonal, and the chemical 

composition, i.e., NiO, Ni2O, and Ni2O3 for multifunctional applications. In the past few years, 

numerous reports on enhancing the catalytic performance of nickel oxide by means of 
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morphology control and optimization of the chemical structures, along with external excitation 

using strain, magnetism, and an electric field, have been documented. Manjunath et al. 

investigated the 0D nanoparticles and 2D porous nanoplates of NiO for bifunctional water 

splitting applications. The 0D nanoparticles, offering a larger surface area and active sites, 

demonstrated overpotentials of 373 mV and 268 mV for OER and HER activities, respectively, 

outperforming the 2D porous NiO nanoplates [37]. Cation doping serves as another strategy to 

enhance the catalytic performance of nickel oxide. For example, Fominykh et al. reported that 

Fe0.1Ni0.9O exhibited superior electrocatalytic water oxidation activity in basic media [38]. 

Among the transition metal oxides, Fe based oxide is considered as a valuable substitute 

for OER electrocatalysts because of its abundant resources and easy preparation. Similar to Ni, 

Co-based oxide, there are many approaches to boost the electrocatalyst activity of Fe-based 

oxide, by providing more active sites with large surface area, like incorporation of foreign 

elements or doping, defect engineering, designing hybrid materials. Samanta et al. reported the 

preparation of iron oxide (Fe2O3), Ni-doped iron oxide (Ni- Fe2O3), Co-doped iron oxide (Co- 

Fe2O3), and Mn-doped iron oxide (Mn- Fe2O3) nanostructures. Ni- Fe2O3 exhibits the highest 

catalytic activity and stability in an alkaline medium with the resultant doped structures offer an 

enhanced conductivity and better charge transfer behavior toward OER and thus boost the 

electrocatalysis [39]. By using the structure-direct agent and varying the temperature, Xu et al. 

synthesized the γ- Fe2O3 and α- Fe2O3 microspheres. The result showed that α- Fe2O3 yolk-shell 

microspheres with higher exposure of Fe active sites exhibit more excellent OER kinetics [40]. 

1.1.5. Motivation 

As the world shifts towards renewable energy sources to mitigate climate change, 

hydrogen has emerged as a promising clean energy carrier. Water splitting is an efficient 

method to produce green hydrogen, providing a sustainable way to meet energy demands. 

Therefore, identifying a suitable electrocatalyst with high activity, cost-effectiveness, and 

abundant availability to enhance both the HER and OER in the water-splitting process is 

essential. Transition metal-based electrocatalysts have the potential to drive the efficient and 

scalable production of hydrogen via water splitting. By the unique properties of transition 

metals, these catalysts have the potential to be applied in hydrogen generation technologies. 

This thesis aims to provide the frontier of knowledge electrocatalysis, contributing to future 

developments in hydrogen production technologies. 
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1.1.6. Research objectives 

This research investigated cost-effective and sustainable electrocatalysts for HER and 

OER, thereby decreasing the dependence on the precious metal-based electrocatalyst. 

Improving the transition metal-based electrocatalysts by:  

▪ Modifying the physicochemical properties of transition metal-based electrocatalysts 

to create heterostructure catalyst materials with appropriate composition, 

morphology, and electronic structure to determine the most effective configuration 

for enhancing HER and OER performance. 

▪ Investigating the stability and durability of the selected electrocatalysts under 

prolonged electrolysis conditions to evaluate their long-term viability for practical 

applications. 

▪ Assessing the catalytic activity of various transition metal-based electrocatalysts for 

both the HER and OER in water splitting processes. Comparing them to benchmark 

catalysts such as noble metal-based catalysts, to evaluate their competitiveness and 

potential for practical implementation. 

1.2. Outline of dissertation 

The structure of this dissertation includes four parts as following:  

Part I: Overview of dissertation 

Chapter 1 provides an introduction to the dissertation, discussing energy demand, the 

role of hydrogen as an energy carrier, the importance of electrocatalysts in water splitting, and 

various approaches for their classification, fabrication, and evaluation. The chapter also outlines 

the motivation and objectives of the thesis. 

Part II: Depositing the active component on the two-dimensional materials 

Chapter 2 presents the investigation of improving HER activity and stability of 

bimetallic oxide (NiO/Co3O4) by depositing them on the supporting siloxene. The chapter 

highlights the multifunctional role of siloxene as a reducing agent, surfactant, and support for 

bimetallic oxides, along with proposing mechanisms to explain the material's performance. 

Chapter 3 explores the modification of CoMoO4 through the incorporation of sulfur and 

oxygen into the lattice structure, supported by 2D materials such as reduced graphene oxide 
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(rGO), graphitic carbon nitride (gC3N4), and siloxene (SiSh). The resulting CMSO@2D 

material is investigated for its potential in the OER.  

Part III: Modulating the electronic structure 

Chapter 4 investigates the influence of rare earth oxide (Er2O3) on transition metal 

oxides (NiO, Co3O4, and Fe2O3) for OER applications. The chapter elucidates the role of Er2O3 

in modifying the physicochemical properties of transition metal oxides to enhance their OER 

performance.  

Part IV: Modifying atomic geometries by phosphate group 

Chapter 5 studies the compounds containing phosphates exhibit various atomic 

geometries. Their flexible coordination can stabilize the active oxidation state of transition 

metals, facilitating favorable adsorption and oxidation of water molecules. 

 

Figure 1.12: the structure of dissertation 
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Part 2. Depositing the active component on the 2D materials  

Chapter 2. 2D Siloxene supported NiO/Co3O4 electrocatalyst for the 

stable and efficient hydrogen evolution reaction 

2.1. Introduction 

Water splitting is a sustainable method for generating hydrogen gas due to the 

abundance of water and the near-zero emission of byproducts during splitting [41, 42]. The 

process is associated with the cathodic hydrogen evolution reaction (HER) and anodic oxygen 

evolution reaction (OER). Thermodynamically, the dissociation of water is not favorable, and a 

catalyst is needed to lower the activation energy [43]. Previously, platinum or platinum-based 

materials have been used as the electrocatalyst for the HER [44]. On the other hand, their 

scarcity and high price limit their wide range of applications. Under this context, developing 

non-precious metal-based efficient and stable catalysts for facile water splitting has become an 

important research topic.  

Hetero-structured materials, which are combinations of multi-components, have several 

heterojunctions acting as active sites [45]. A recent investigation reported the utilization of non-

noble metal composites along with nonmetal carbon-based composite materials [46-49]. Among 

other transitional metals, Ni-Co chalcogenides (oxides, sulfides, and selenides) have emerged as 

efficient alternatives to traditional precious metal electrocatalysts with high activity and stability 

in alkaline medium [50-54]. In addition, Ni and Co are cheap and abundant. Moreover, their 

functionalities are easy to synthesize, and they have structural diversity, making them attractive 

as electrocatalysts. Abdul et al. studied a Co3O4/NiO composite that showed an overpotential of 

−0.65 V vs. RHE at 10 mA/cm2 [52]. The hybrid Co3O4-NiO exhibited a good activity for 

bifunctional water splitting with an overpotential of 203 and 378 mV for the OER and HER, 

respectively, at 10 mA/cm2 [51]. Wei et al. synthesized a carbon-incorporated NiO/Co3O4, 

which produced a low overpotential of 169.5 mV and 290 mV at 10 mA/cm2 for the HER and 

OER, respectively [55]. Although the NiO/Co3O4 composite was investigated widely, their 

stabilities are sometimes unsatisfactory. Hence, researchers have attempted to support the 

bimetallic system with carbon and metal layers at different dimensions. In this regard, the 2D 

nonmetal support other than conventional graphene, carbon dot, and carbon nanotubes are yet to 
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be explored. On the other hand, it is difficult to control the content and states of the hetero-

atoms carbon matrix during composite formation, and the connecting atom present in 2D carbon 

sometimes limits the overall catalyst activity [56, 57]. Here, 2D siloxene might act as an 

alternative support. Wӧhler first synthesized siloxene in 1863. Zintl silicide, CaSi2 was reacted 

with HCl, and the sandwiched Ca2+ ions between the silicon sheets were then deintercalated 

according to the following reaction [58]:  

CaSi2 + 6HCl +3H2O → Si6H3(OH)3 + 3CaCl2 + 3H2 

Weiss [59] and Kautsky [60] proposed two common structures of siloxene. The former 

siloxene structure has the silicon planar, while the latter has the incorporation of oxygen in the 

planar silicon. Siloxene is an exciting material because it has a high specific surface area, and its 

surface is functionalized with hydrogen and hydroxyl groups [61]. Furthermore, Si is the second 

most abundant element on Earth and is less expensive. Previously, siloxene was investigated for 

supercapacitor [62], photocatalyst [63], and Li-ion battery [64] applications. Regarding the 

electrocatalytic activity, Qi et al. examined a composite of iridium nanoparticles on a siloxene 

sheet that exhibited the great activity in the HER with an overpotential of 31 mV at 10 mA/cm2 

[65].  

This study examined the role of siloxene as a support for NiO/Co3O4 composites. A 

hetero-structured NiO/Co3O4@Siloxene composite material was synthesized for the HER. 

Structural characterization revealed an ordered morphology and an increase in the electroactive 

surface area of the NiO/Co3O4 composite in the presence of siloxene. The presence of large 

numbers of active sites and the high velocity of electrons and mass transfer that facilitate the 

release of H2 in an alkaline medium was assumed to contribute to its high efficiency towards the 

HER. NiO/Co3O4@Siloxene exhibited a low overpotential 110 mV at 10 mA/cm2, Tafel slope 

of 102 mV/dec, and stability of more than 20 h in 1 M KOH. 

2.2. Experimental details 

2.2.1. Material 

Calcium silicide (CaSi2), Pt/C 20 % on carbon black, and Nafion 5 % were obtained 

from Sigma–Aldrich. Hydrochloric acid (HCl) 36.5 % was purchased from Alfa Aesar. Cobalt 

(II) nitrate hexahydrate (Co(NO3)2.6H2O), nickel (II) nitrate hexahydrate (Ni(NO3)2.6H2O), 
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isopropanol (C3H7OH), acetone ((CH3)2CO), and ethanol 99.9 % (C2H5OH) were supplied by 

Daejung Chemicals. De-ionized (DI) water was used for all syntheses. 

2.2.2. Instrumental analysis 

Raman measurements were carried out using a DXR Raman microscope 

(Thermo Scientific), the samples were put on the microscope glass and pretreated, then 

the spectra were collected from 100 to 1200 cm-1 with a 532 nm monochromatic 

excitation source. The homogeneous mixture of 0.2 wt.% samples and KBr were 

pressed for making the pellets before doing Fourier transform infrared (FTIR) under the 

range of 4000-400 cm-1 by using Thermo Scientific Nicolet 200 FTIR spectrometer 

(USA). A Rigaku X-ray diffractometer (D/MAZX 2500V/PC, Japan) with Cu Kα 

radiation (0.154 nm) was used to measure the X-ray diffraction (XRD) pattern of all the 

powder samples with scan range 10-90 o
 and scan rate was 2 degrees per minute. The 

powder form of material was taken in form of pallet to measure the X-ray photoelectron 

spectroscopy (XPS) in thermo ESCALAB 250 Xi, Thermo Fished Scientific of the USA, 

with Al Kα X-ray radiation (1486.6 eV). The board range spectra were obtained to 

ensure the elements and the narrow range XPS spectra for each element over the 

permissible range was obtained to reduce the individual bonds. A field emission 

scanning electron microscopy (FESEM, JEOL JSM-6500 F, Japan) was employed to 

explore the morphology of samples which were coated with Pt. The samples were 

degassed for 24 h to remove the adsorbed species before doing nitrogen adsorption-

desorption to determine the surface area of the samples by a Quantachrome Quadrasorb 

SI automated surface area and pore size analyzer. 

2.2.3. Preparation of working electrode and electrochemical measurements 

To prepare the working electrode (WE), 3 mg of sample was mixed with 0.5 mL 

propanol and 20 μL of Nafion 5 %wt, followed by sonicating for 2h to form the 

homogenous slurry. The obtained slurry was coated on nickel form (1 cm x 1 cm) by 
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micropipette which was cleaned by HCl 1M, acetone and water. The WE was ready to 

use after drying at 60 oC for 2 h.  

All electrochemical performances of catalysts were evaluated by using a three-

electrode system (BioLogic, Science Instruments) taking the nickel foam coated with 

the as-prepared electrocatalyst, a graphite rod, and saturated calomel electrode (SCE) as 

the working, counter, and reference electrode, respectively. The electrolyte 1 M KOH 

was saturated N2 to remove the dissolved O2 before using. The catalytic performances 

by the materials were measured in terms of linear sweep voltammetry (LSV), cyclic 

voltammetry (CV) and electrochemical impedance spectroscopy (EIS). CV and LSV 

were performed within a potential range from -1.07 to -2.07 V vs SCE with the scan 

rate of 40 and 2 mV/s, respectively. The potential was converted to the potential versus 

the reversible hydrogen potential by the Nernst equation: ERHE = ESCE + 0.059pH + 

0.244, where ESCE is the potential versus SCE electrode, 0.244 is the standard potential 

of SCE versus standard hydrogen electrode at 25 ℃, and pH is the pH value of 

electrolyte. The EIS tests were carried out within the frequency ranges 100 MHz to 1 

Hz at an overpotential of 100 mV. 

2.2.4. Synthesis of Siloxene  

The procedure. 1 g of CaSi2 was added slowly to 100 mL HCl 36.5 % in a round-

bottomed flask. The mixture was stirred vigorously for 6 h at room temperature. The black color 

of CaSi2 was turned gradually to yellow green color of siloxene. The solid product was collected 

by centrifugation and washed many times with acetone and DI water to remove the remaining 

HCl. Subsequently, the obtained sluggish was dispersed in 100 mL of C2H5OH and sonicated 

for 2 h. Finally, the siloxene was dried in a vacuum oven for 12 h at 60 ℃. 

2.2.5. Synthesis of NiO/Co3O4@Siloxene 

0.08 g siloxene was dispersed and sonicated in 50 mL of DI water for 1 h. Subsequently, 

0.04 g Ni(NO3)2.6H2O and 0.04 g Co(NO3)2.6H2O were added to the prepared siloxene 

(siloxene/Ni(NO3)2.6H2O/Co(NO3)2.6H2O in the weight ratio of 2:1:1), then stirred for 10 h at 
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room temperature. The solid product was collected by centrifuging and washing with DI water, 

followed by drying at 60 ℃ overnight. Next, the obtained powder was heated in air from room 

temperature to 500 ℃ with a heating rate of 10 ℃/min and kept at this temperature for 3 h. 

NiO/Co3O4 was synthesized following the same procedure, in which 

urea/Ni(NO3)2.6H2O/Co(NO3)2.6H2O (the weight ratio of 2:1:1) was dissolved in 50 mL of DI 

water, then sonicated for 1 h. The material was then centrifuged and dried at 60 ℃ overnight 

after being stirred for 10 h at room temperature. Finally, the solid sample was calcined with the 

same heating procedure of NiO/Co3O4@Siloxene. The final product was used for catalytic 

application. 

2.3. Results and discussion 

2.3.1. Characterization of Siloxene, NiO/Co3O4, and NiO/Co3O4@Siloxene 

In this work, NiO/Co3O4 was synthesized using siloxene as a support and a structure-

directing agent. The structure and electronic state of the as-synthesized materials were examined 

by Fourier transform infrared (FT-IR) spectroscopy, Raman spectroscopy, X-ray diffraction 

(XRD), X-ray photoelectron spectroscopy (XPS), and field emission scanning electron 

microscopy (FESEM). Figure 2.1(a) presents the FT-IR spectra of siloxene, NiO/Co3O4, and 

NiO/Co3O4@Siloxene. Siloxene showed the following peaks: –OH stretching (3300 cm−1); –OH 

bending vibration along the Si–OH bond (1636 cm−1); Si2O≡Si-H stretching (2128 cm−1) and 

O3≡Si-H stretching (2251 cm−1); Si–O–Si stretching (1059 cm−1); Si–H2 scissor mode (879 

cm−1); Si–Si in planar (445 cm−1) [61, 66]. This indicates that oxidation and hydroxylation 

occurred during the topochemical reaction, and a Kautsky-type siloxene sheet was formed [61]. 

In the case of NiO/Co3O4, the FT-IR spectrum exhibited the peaks at 552 cm−1 and 661 cm−1, 

which corresponded to Co–O and Ni–O vibrations [67]. Although the NiO/Co3O4@Siloxene 

showed a similar FTIR spectrum to siloxene, the peaks at 3300 cm-1, 1636 cm-1, 2128 cm-1, and 

2251 cm-1, which were the specific peaks for –OH, Si–OH and Si–H vibrations in siloxene, 

were not presented in the FT-IR spectrum of NiO/Co3O4@Siloxene. This suggests that the 

NiO/Co3O4 was deposited on the siloxene surface with the aid of Si–OH and Si–H functional 

groups. This was further confirmed by Raman spectroscopy (Figure 2.1(b)). The peaks at 639 

cm−1 and 729 cm−1, corresponded to the Si-H vibrations of siloxene, which vanished in the 

Raman spectrum of NiO/Co3O4@Siloxene. In addition, there were new peaks at wavenumbers 
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smaller than 300 cm−1 and 700 cm−1, which correspond to the vibration of the metal–ligand 

bond [68] and Si–O–Si bond [69]. On the other hand, the Raman spectrum of NiO/Co3O4 

without siloxene support showed the peaks of Co3O4 at 161 cm–1, 443 cm–1, and 641 cm–1 [70] 

and NiO at 500 cm–1 and 1033 cm–1 [71]. The crystallinity of siloxene, NiO/Co3O4, and 

NiO/Co3O4@Siloxene was examined by XRD in Figure 2.1(c). XRD pattern of siloxene 

showed broad peaks at 14° and 23°, which were assigned to the (001) and (100) planes of the 

2D siloxene sheet, respectively [61]. The peaks at 28.47°, 37.56°, 47.45°, and 56.10° were 

assigned to the crystalline Si (111), (210), (220), and (331) planes, respectively [72]. In addition 

to the peaks characteristic of siloxene, the XRD pattern of NiO/Co3O4@Siloxene had a few 

more peaks at 37.24°, 43.27°, 62.92°,75.55°, and 79.35°, corresponding to the (111), (200), 

(220), (311), and (222) planes of the cubic NiO crystal structure (JCPDS no. 47-1049) [73] and 

36.98°, 45.17°, 59.96°, and 74.67° matched well with (311), (400), (511), and (620) planes of 

Co3O4 (JCPDS no. 42-1467) [74]. For NiO/Co3O4, the peaks for NiO (36.65°, 43.37°, 62.96°, 

and 76.57°) and Co3O4 (18.82°, 31.08°, 36.65°, 44.49°, 55.39°, 59.03°, 64.80°, and 76.57°) were 

matched to JCPDS no. 00-044-1159 and JCPDS no. 00-080-1534, respectively. The results 

demonstrated that siloxene had a substantial effect on the crystallization of NiO/Co3O4. 

Brunauer–Emmett–Teller (BET) analysis [75] in Figure 2.1(d) shows that 

NiO/Co3O4@Siloxene and siloxene had the same isotherm. The inflection point of completing 

N2 uptake of the monolayer was observed, and the adsorption also increased at high pressure, 

which corresponded to the type IV isotherm and hysteresis loop H3, according to the IUPAC 

classification [76]. The higher surface area of NiO/Co3O4@Siloxene (185.42 m2/g) compared to 

NiO/Co3O4 (51.68 m2/g) suggested that siloxene enhanced the surface area of the oxide 

composite. The 188.60 m2/g surface area of individual siloxene implied a good dispersion of 

oxide particles without any pore-blocking on the siloxene surface in the NiO/Co3O4@Siloxene 

system [77]. Table 2.1 lists the pore volume and pore size of the prepared materials.  

Table 2.1: The pore volume and pore size of prepared materials calculated by using non-local 

density functional theory method (NLDFT) 

Material Pore volume (cc/g) Pore size (nm) 

Siloxene 0.138 4 

NiO/Co3O4 0.087 2 

NiO/Co3O4@Siloxene 0.132 2 
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Figure 2.1: a) FT-IR spectra, (b) Raman spectra, (c) XRD pattern, and (d) N2 adsorption–

desorption isotherms of as-prepared samples 
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The morphology of the as-synthesized materials was examined by FESEM. The 

siloxene was crumbled and had a sheet-like structure (Figure 2.2(a)). In the case of 

NiO/Co3O4@Siloxene (Figure 2.2(c)), the flake-like structure of NiO/Co3O4 was deposited on 

the multi-sheet of siloxene. The heterostructure with multi-sheets helps prevent the active site of 

the catalyst from being confined within the limited interfaces, resulting in an improvement of 

the catalyst activity [78]. The HRTEM (Figure 2.3) of NiO/Co3O4@Siloxene reveals the 

incorporation of siloxene and NiO/Co3O4. The lattice fringes of 0.21 nm, 0.32 nm can be 

assigned to the NiO (200) [79], and Si (111) [80], respectively. According to XRD of NiO 

(JCPDS 47-1049) and Co3O4 (JCPDS 42-1467), NiO (111) and Co3O4 (311) have similar d-

value [79, 81], making them difficult to distinguish from HRTEM. Thus, the lattice value of 

0.25 nm can be assigned to the NiO (111) or Co3O4 (311) planes. Similarly, the d-value of 0.15 

nm can be corresponded to NiO (220) or Co3O4 (511). On the other hand, when using urea as 

reducing agent instead of the as-synthesized siloxene, NiO/Co3O4 showed an aggregated flower-

like structure (Figure 2.2(b)). Siloxene possessed a large number of functional groups on the 

surface which not only made the reductivity of siloxene but serve as the anchoring site to 

control the nucleation and growth of metal oxide [65, 82]. Thus, the smaller size of metal oxides 

was formed without aggregation as in SEM results. Moreover, the growing of metal oxide 

without additional capping agents which may limit their chemical activities [83]. Consequently, 

NiO/Co3O4@Siloxene had more active size than NiO/Co3O4. Element mapping showed that Co 

and Ni were distributed homogeneously over Si–O sheet in the NiO/Co3O4@Siloxene 

composite (Figure 2.2(d-g)).  
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Figure 2.2: FESEM images of (a) Siloxene, (b) NiO/Co3O4, (c) NiO/Co3O4@Siloxene, and (d-g) 

element mapping of NiO/Co3O4@Siloxene 

 

Figure 2.3: HRTEM lattice-fringe image of NiO/Co3O4@Siloxene 

  



 

30 

 

The oxidation states of the elements present in the composite were analyzed by XPS 

(Figure 2.4). As observed in Figure 2.4(a), Si 2p in siloxene was composed of three peaks. The 

peak at 99.29 eV was assigned to the Si0 in the siloxene sheet, the dominant peak at 102.04 eV 

was from silicon suboxide SiOx, and the last peak at 103.50 eV was characteristic of silicon 

dioxide (Si4+) [64]. The deconvolution of the O 1s peak of siloxene in Figure 2.4(b) shows two 

peaks at 531.12 and 532.46 eV, corresponding to the oxygen core level in SiOx and silicon 

dioxide, respectively [84]. A decrease in the peak intensity of Si0 at 99.29 eV was observed, and 

a new peak appeared at 529.11 eV, corresponding to metal oxide in O 1s [85] in XPS of 

NiO/Co3O4@Siloxene. In particular, the peak for Si 2p and O 1s of NiO/Co3O4@Siloxene 

shifted to a lower binding energy (Figure 2.5(a, b)), which was attributed to the replacement of 

H in Si–OH and Si–H by metals that were less electronegative than H, increasing the outer 

electron density of O and Si, and resulting in a decrease in the binding energy of Si 2p and O 1s 

in NiO/Co3O4@Siloxene [86]. The broad range XPS spectra of NiO/Co3O4@Siloxene (Figure 

2.6) revealed the presence of Ni 2p and Co 2p. The intensity of Ni 2p and Co 2p were weak 

owing to their low contents in the composite (Table 2.2). The deconvoluted spectra of Ni 2p 

(Figure 2.4(c)) exhibited two dominant peaks at 853.4 and 870.8 eV, corresponding to Ni 2p3/2 

and Ni 2p1/2, respectively [87]. Figure 2.4(d) shows two main peaks at 779.2 and 794.6 eV 

corresponding to Co 2p3/2 and Co 2p1/2, respectively [88, 89]. On the other hand, for NiO/Co3O4, 

the dominant peaks of Ni 2p3/2 and Ni 2p1/2 were observed at 855.1 eV (the satellite peak of 

860.7 eV) [90] and 872.6 eV (the satellite peak of 879.1 eV) [91], and the peaks of Co 2p3/2 and 

Co2p1/2 appeared at 779.4 eV and 795.0 eV, respectively [92, 93]. These results suggest that the 

interaction between NiO/Co3O4 and siloxene caused the inconsistency in the binding energy of 

Ni 2p and Co 2p in NiO/Co3O4 and that in NiO/Co3O4@Siloxene. 

Table 2.2 ; composition of O, Si, Co, and Ni (At. %) elements present in NiO/Co3O4@Siloxene 

as recorded by XPS analysis 

Element At. % 

O1s 60.40 

Si2p 32.88 

Co2p 0.64 

Ni2p 1.19 
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Figure 2.4: XPS spectra of (a) Si 2p, (b) O 1s, (c) Ni 2p, and (d) Co 2p of prepared materials 

 

Figure 2.5: XPS spectra of (a) Si 2p, and (b) O 1s of NiO/Co3O4@Siloxene 
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Figure 2.6: Broad range XPS spectra of prepared materials 

 

  



 

33 

 

 

2.3.2. Electrochemical activity of NiO/Co3O4@Siloxene towards hydrogen evolution 

reaction 

The electrocatalytic activities of the as-synthesized materials were tested for the HER in 

an alkaline medium. For comparison, the activity of commercial Pt/C 20% was also measured 

under the same experimental conditions. Figure 2.7(a) shows the resulting polarization curves 

which was a plot of current density (per geometric surface area of 1 cm2) versus potential. 

NiO/Co3O4@Siloxene showed a lower overpotential to achieve higher current densities 

compared to other materials. The overpotential at the current density of 10 mA/cm2 for 

NiO/Co3O4@Siloxene was 110 mV, which was lower than that of NiO/Co3O4 (247 mV) and 

siloxene (315 mV). As mentioned, the siloxene support had a profound effect on the size and 

morphology of the catalyst. The smaller size of NiO/Co3O4 on the siloxene with heterojunctions 

and the synergy of metal oxides enhanced the electrocatalyst performance. The kinetics of the 

electrochemical reaction can be understood further by the Tafel slope, which can be calculated 

from a linear fit of the potential against the logarithm of current density. The mechanism of the 

HER in an alkaline environment follows the reaction step [(1), (2), and (3)] as mentioned below, 

where X is the catalyst, and H* is adsorbed hydrogen atom [94]: 

Adsorption: H2O + X + e → X-H* + OH- (Volmer reaction) (1) 

Desorption: H2O + X-H* + e → H2 + X + OH- (Heyrovsky reaction) (2) 

  2X-H* → H2 + 2X (Tafel reaction)  (3) 

If the Tafel slope is ~120, ~40, and ~30 mV/dec, the rate-determining step (RDS) 

should be the Volmer reaction (1), Heyrovsky reaction (2), or Tafel reaction (3), respectively 

[95]. Figure 2.7(b) shows that the Tafel slopes of NiO/Co3O4@Siloxene, NiO/Co3O4, and 

siloxene were 102, 122, and 127 mV/dec, respectively. Hence, the adsorption of hydrogen 

would determine the rate of the overall reaction. NiO/Co3O4@Siloxene had the closest Tafel 

slope value to the benchmark material Pt/C 20 % (99 mV/dec), suggesting faster electron-

transfer kinetics. The impedance studies provided additional information on the kinetic process 

on the electrode surface. As shown in Figure 2.7(c), the Nyquist plot exhibited a semicircular 
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curve for siloxene, NiO/Co3O4, and NiO/Co3O4@Siloxene. An equivalent circuit was 

constructed with Rs (electrolyte resistance) and RC element (RCT-interface charge-transfer 

resistance and Cdl-double layer capacitance) in a series. The RCT value increased in the order of 

NiO/Co3O4@Siloxene (2.36 Ω) < NiO/Co3O4 (10.09 Ω) < siloxene (11.05 Ω), suggesting that 

NiO/Co3O4@Siloxene had the faster reaction rate, leading to a smaller overpotential. Table 2.3 

summarizes the results. 

Table 2.3: Activities of the as-synthesized materials toward the HER 

Material 

Overpotential 

(10)  

(mV) 

Tafel slope 

(b) 

(mV/dec) 

Exchange 

current density 

(Jo) 

(mA/cm2) 

Interface 

charge-transfer 

resistance (RCT)  

(Ω) 

Siloxene 315 127 0.031 11.05 

NiO/Co3O4 245 122 0.113 10.09 

NiO/Co3O4@Siloxene 110 102 0.995 2.36 

Pt/C 3 99 10.438 0.40 

These results were consistent with the electrochemically active surface area (ECSA). 

The ECSA of a catalyst can be estimated by cyclic voltammetry [20] according to the formula 

ECSA=Cdl/Cs, where, Cdl is the double layer capacitance and Cs is the specific capacitance. By 

plotting the difference in current density between the anode and cathode (ΔJ/2) at different scan 

rates, a straight line would be obtained whose slope would yield the Cdl value. As shown in 

Figure 2.7(d), the Cdl of NiO/Co3O4@Siloxene was 21.02 μF/cm2, which was higher than that 

of NiO/Co3O4 (2.43 μF/cm2) and siloxene (1.51 μF/cm2). It can be seen that the ECSA values 

did not comply with the BET surface area values and the experimental results suggest that the 

electrochemically active sites have a profound effect on the activities as shown in Figure 2.8. 

Furthermore, the 2D-siloxene facilitated charge and mass transfer and improved the dispersion 

of metal oxides, increasing the active site of catalyst, thereby enhancing the electrochemical 

performance of the catalyst. The high turnover frequency (TOF) value (Figure 2.9) of 

NiO/Co3O4@Siloxene also indicated efficient catalysis.  
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Figure 2.7: (a) LSV curves, (b) Tafel slopes, (c) Nyquist plots, and (d) Linear fit of the current 

density as a function of the scan rates 

 

Figure 2.8: Corresponding Jgeo, JECSA, and JBET at -0.5 V vs. RHE of synthesized materials 
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Figure 2.9: TOF values at the overpotential of -0.1 V, at scan rate 50 mV/s by using the 

methods reported previously [47] 
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It can be seen that neither siloxene nor NiO/Co3O4 showed good activity in HER, but 

the combination of NiO/Co3O4 with siloxene improved the activity toward to HER. Thus, the 

boosting HER performance of this composite can be attributed to the synergistic effect in 

NiO/Co3O4@Siloxene system. It was reported that for HER in the alkaline medium the reaction 

process involves adsorbing and reducing H2O into OH− and H+. Water dissociation is one of the 

sluggish steps of HER in the alkaline electrolyte [96]. Metal oxides are effective for the 

dissociation of water [97, 98]. Additionally, when NiO and Co3O4 were contacted closely as in 

HRTEM (Figure 2.3), the charge carrier at the interface will move until the Fermi level can be 

equal, then modify the charge accumulation on NiO and Co3O4, and may optimize the 

adsorption energy of reaction intermediates [51, 99, 100]. Besides, Zhu et al. proved that there 

was the migration of adsorbed hydrogen of active component to the Si support at their interface 

in the Si-based catalyst and owing to the weakly adsorbing surface of Si allowing faster 

hydrogen evolution [101], as was also observed by Sheng et al. [102]. Considering those 

phenomena, the mechanism can propose to explain the synergy of both metal oxides and 

siloxene as follow (i) reduction of H2O at the active site Ni2+ and Co2+ to form adsorbed 

hydrogen; (ii) migration of the adsorbed H+ to siloxene surface; (iii) formation of hydrogen in 

gas phase. 

Furthermore, the stability of NiO/Co3O4@Siloxene was monitored through the 

chronopotentiometry (CP) at a constant current density of 10 mA/cm2 and was compared with 

that of NiO/Co3O4. Figure 2.10(a) presents the stability of NiO/Co3O4@Siloxene and 

NiO/Co3O4 after 20 h. There was a small increase in the potential of NiO/Co3O4@Siloxene (V0 

= 110 mV, V20 = 141 mV) over that of NiO/Co3O4 (V0 = 247 mV, V20 = 295 mV) after 20 h, 

indicating that the presence of siloxene provided better stability to the NiO/Co3O4 composite 

(Figure 2.10(b)). The effects of long-term scanning were assessed by SEM, XRD, XPS and 

Raman. XRD (Figure 2.10(c)) indicated that the planes of NiO and Co3O4 in the composite 

were preserved. There were only slight changes in the peak intensity of NiO (at 43.27°, 62.92°, 

and 79.35°) and Co3O4 (at 59.36°). SEM (Figure 2.10(d)) showed that NiO/Co3O4@Siloxene 

retained its morphology even after the 20 h CP test. On the other hand, Figure 2.11(a, b) 

exhibited the XPS of Ni 2p and Co 2p after HER process. It was obvious that the peaks of Ni 2p 

and Co 2p after reaction were shifted to the higher binding energy. The peaks 855.0 eV, 872.7 

eV of Ni 2p and 781.0 eV, 796.9 eV of Co 2p were characteristic of Ni(OH)2 [103, 104] and 

Co(OH)2 [105, 106]. This can be attributed to the interaction between Ni2+ and Co2+ and OH− to 
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form these metal hydroxides during the reaction. This was consistent with Raman (Figure 

2.11(c)) results in which was similar to that of the pre-stability test except for the decrease in 

peak intensity of NiO (at 280 cm−1 and 1000 cm−1 [107]) and Co3O4 (196 cm−1 [108]). Table 2.4 

compares the HER activity of NiO/Co3O4@Siloxene with other metal-oxide-based 

electrocatalysts to indicate the significance of the as-designed electrocatalyst. The results 

indicate that the NiO/Co3O4@Siloxene has significant activity towards the HER and can be used 

for further energy-related experiments. 

Table 2.4: Comparison of HER activity in 1 M KOH of different electrocatalyst 

Catalyst 

Overpotential at 

10 mA/cm2 

(mV) 

Tafel slope 

(mV/dec) 
Reference 

NiO 424 105 [109] 

Co3O4/NiO -0.65 vs RHE 61 [52] 

Co3O4-NiO 378 90 [51] 

NixCo3−xO4 215 42 [110] 

NiCo-NiCoO2@Cu2O@CF 133 119 [53] 

Carbon-incorporated 

NiO/Co3O4 
165.9 119 [55] 

NiO/MoS2 121 99 [111] 

A-NiO NPs/rGO 201 100 [112] 

Co3O4-NCTs 358 32.3 [113] 

Fe-O-P/NF 166 - [114] 

Ni/Co-MOF@CoO/NF 139 96 [115] 

MoS2/Ni9S8 122 - [116] 

NiO/Co3O4@Siloxene 110 102 This work 
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Figure 2.10: (a) Chronopotentiometry at 10 mA/cm2, (b) LSV curve before and after the 

stability test (c) XRD pattern, and (d) FESEM image of NiO/Co3O4@Siloxene after stability test 

 

Figure 2.11: XPS spectra of (a) Ni 2p, (b) Co 2p, and (c) Raman spectra of 

NiO/Co3O4@Siloxene after stability test 
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2.4. Conclusion 

A hetero-structured siloxene-supported transition metal oxide composite was 

synthesized by depositing NiO/Co3O4 on a 2D siloxene multi-sheet, and its catalytic activity was 

examined. The low overpotential of 110 mV at 10 mA/cm2 and good stability for the HER of 

NiO/Co3O4@Siloxene was attributed to the 2D-siloxene facilitating charge and mass transfer 

and the synergy within metal oxides. Furthermore, the siloxene-directed smaller size of the 

metal oxides improved the surface area. The hierarchical structure, with multiple 

heterojunctions, allowed the maximal interaction with the electrolyte. Overall, 

NiO/Co3O4@Siloxene is a promising electrocatalyst for the HER in the future because of the 

simple synthesis procedure, low cost, and Earth earth-abundant material. 
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Chapter 3. Exploring the Effects of Various Two-Dimensional 

Supporting Materials on the Water Electrolysis of Co-Mo 

Sulfide /Oxide Heterostructure 

3.1. Introduction 

Hydrogen produced by electrolysis is one of the sustainable and promising energies to 

alter the energy from fossil fuels because of several factors, including the abundance of water as 

a feedstock, free of carbon dioxide emissions, and its wide range of applications [117]. However, 

the efficiency and utilization of water electrolysis are hindered by the low kinetics of the oxygen 

evolution reaction (OER) [118], which is the half-reaction of the water splitting reaction. 

The heterostructure material, which is composed of two or more components, possesses 

the synergistic effect of all components to overcome the disadvantages of individual ones. 

Additionally, the contact of the crystal components might change the electronic structure and 

strain the material, rendering it appropriate for OER [45, 119, 120]. As a result, various 

transition metals have been integrated in heterogeneous manners [121-123] to replace the scarce 

and expensive benchmark precious metal-based electrocatalysts such as RuO2 or IrO2 in the 

OER process [124]. Among the transition metals, cobalt (Co) and molybdenum (Mo) are 

considered to be the most promising candidates because of their earth abundance and cost-

effectiveness, as well as the excellent redox behavior of Co and high electrical conductivity of 

Mo [125-128].  

Recently, several studies revealed that the introduction of a sulfur anion into Co is 

favorable for driving water oxidation. Wang et al. confirmed that the moderate replacement of 

oxygen with sulfur could modify the electronic structure of the composite to achieve optimal 

intrinsic OER activity [16]. Fei et al. reported that the co-substitution of Fe and S in CoMoO4 

increased the charge-transfer ability and decreased the energy barrier of the rate-determining 

step during OER [17]. Hu et al. confirmed that compared to a pure oxide surface, a lattice 

oxygen–sulfur co-existing shell surface of (NiCo)OxS1.33−x lowered the applied potential for 

surface reconstruction [129].  

Employing a two-dimensional (2D) material as a supporting material for 

electrocatalysts can be an efficient strategy to increase the number of active sites and improve 
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long-term stability [130]. Reduced graphene oxide (rGO) has been widely used as a supporting 

material owing to its high specific surface area, high conductivity, and excellent mechanical 

strength [131]. As another carbon-based 2D material, graphitic carbon nitride (gC3N4) also can 

be used as a support because of its facile availability, simple production route, cost-

effectiveness, and excellent chemical and thermal robustness [132, 133]. Additionally, as a 

hexagonal 2D material composed of six-membered rings of silicon separated from each other by 

Si–O–Si bridges, siloxene (SiSh) also exhibits excellent properties when used as a support [65, 

134] owing to the high specific surface area and the presence of hydroxyl groups on the 

siloxene sheet [61]. 

Therefore, the heterogeneous structure of an oxide–sulfide composite of 

CoMoO4/CoS/MoS2 (CMSO) combined with the 2D material (CMSO@2D) is thought to be a 

good candidate of high-performance anode materials for the water splitting reaction. This study 

aimed to explore the potential of 2D materials, including rGO, gC3N4, and SiSh, as supporting 

materials for CMSO to enhance the electrochemical activity and stability during the OER 

process. By conducting instrumental analysis and electrochemical characterization, rGO was 

found to be the best support for CMSO, and CMSO@rGO exhibited a low OER overpotential 

and a Tafel slope of 259 mV (10 mA/cm2) and 85 mV/dec, respectively, which were 

comparable to those of RuO2. In addition, a clear current drop was not observed even after 40 h 

of continuous operation. 

3.2. Experimental details 

3.2.1. Material 

Cobalt acetate (Co(CH3COO)2.4H2O), glycerol (C3H8O3), isopropanol (C3H8O), ethanol 

(C2H6O), hydrazine monohydrate (N2H4.H2O) were purchased from Daejung chemicals. 

Thioacetamide (TAA) (C2H5NS), Ammonium molybdate tetrahydrate ((NH4)6Mo7O24.4H2O), 

melamine (C3H6N6), Nafion 5%, ruthenium oxide (RuO2), Pt/C 20%, and potassium hydroxide 

(KOH) were bought from Sigma-Aldrich. All of the chemicals were used without any 

purification after purchasing. Deionized water (DI) was used for all reactions. 
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3.2.2. Instrumental analysis 

A DXR Raman microscope (Thermo Scientific) was employed to get the Raman spectra 

for all samples, the range collected from 100 to 1700 cm-1 with a 532 nm monochromatic 

excitation source. The X-ray diffraction (XRD) patterns were conducted by A Rigaku X-ray 

diffractometer (D/MAZX 2500V/PC, Japan) with Cu Kα radiation (0.154 nm) and scan range of 

10-90o. The X-ray photoelectron spectroscopy (XPS) was performed on thermo ESCALAB 250 

Xi, Thermo Fisher Scientific of the USA, with Al Kα X-ray radiation (1486.6 eV). The 

morphology of materials was observed by a field emission scanning electron microscopy 

(FESEM, Hitachi High-Tech Corporation, SU7000, Japan). The degas and nitrogen adsorption-

desorption revealed the surface area and pore size of the samples, which was performed by a 

Quantachrome Quadrasorb SI automated surface area and pore size analyzer. 

3.2.3. Preparation of working electrode and electrochemical measurements 

All electrochemical experiments were performed in an alkaline medium (1 M KOH) 

using a three-electrode system (BioLogic, Science Instruments) at room temperature. The 

system included a reference electrode (RE), a counter electrode (CE), and a working electrode 

(WE). In there, RE was a Hg/HgO electrode, CE was a graphite rod, and carbon paper (CC) was 

WE which was washed with ethanol and DI before use. To prepare the WE, 3mg of catalyst was 

added in 490 µL of ethanol and 10 µL of Nafion 5%, then this mixture was sonicated for 30 

minutes to get the homogeneous solution. Finally, 200 µL of prepared solution was dropped on 

CC (1x1 cm2), the mass loading catalyst on CC was 1.2 mg/ cm2. The RE was calibrated with 

respect to reversible hydrogen electrode (RHE) in the system of Pt as WE and 1 M KOH 

saturated hydrogen. The electrode potential of Hg/HgO was 0.92 V at current of 0 mA as shown 

in Figure 3.1. As a result, the formula to convert potential of RE (Hg/HgO) to RHE was given 

by ERHE=EHg/HgO+0.92 (V). The linear sweep voltammetry (LSV) was carried out at 5 mV/s in 

the potential range of 1-1.72 V versus RHE. The electrochemical impedance spectroscopy (EIS) 

was obtained over frequency range of 100 kHz to 0.1 Hz at 1.50 V vs RHE. The interface 

charge-transfer resistance (Rct) is equal to the diameter of the semicircle in the Nyquist plot. The 

cyclic voltammetry (CV) was run at 20, 40, 60, 80, and 100 mV/s in the range of 1.07-1.17 V to 

acquire the electrochemical double layer capacitance (Cdl), which was the linear slope of the Δj 

= (ja - jc)/2 at 1.12 V versus different scan rates. The electrochemical surface area (ECSA) of 

catalysts was determined by ECSA = Cdl/Cs, where specific capacitance Cs was 40 μF/cm2 [20]. 

Chronoamperometric (CA) and Chronopotentiometry (CP) were conducted at 10 mA/cm2.  
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Figure 3.1:  Calibration of Hg/HgO electrode 
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3.2.4. Synthesis of Co-glycerate precursor 

Co-glycerate precursor: In a typical synthesis, 0.104 g of Co(CH3COO)2.4H2O and 8 ml 

of glycerol were dissolved into 40 mL of C3H8O to form a transparent dark green solution. The 

solution was then transferred to a Teflon-lined stainless-steel autoclave and kept at 180 °C for 

6 h. After cooling to room temperature naturally, the purple precipitate was separated by 

filtration, washed several times with ethanol, and dried in an oven at 70 °C 

3.2.5. Synthesis of two-dimensional (2D) materials 

Graphene oxide was prepared by the modified Hummer’s method as reported 

previously [135] and subsequently reduced using hydrazine monohydrate (N2H4·H2O) to obtain 

rGO nanosheets. SiSh was synthesized using the procedure described previously [134]. To 

prepare gC3N4, 10 g of melamine was added into a porcelain crucible and heated at 600 °C for 4 

h. Then, the resulting yellow powder was mixed with 100 mL of deionized (DI) water and 

subjected to sonication. The final product was obtained after centrifugation and subsequent 

drying overnight at 100 °C in air. 

3.2.6. Synthesis of CMSO@2D 

The CMSO@2D materials (viz. rGO, gC3N4, and SiSh) were fabricated by a two-step 

method of solvothermal synthesis and vacuum annealing, respectively. In the solvothermal step, 

thioacetamide (TAA) was added as a sulfur source of CMSO. Co-glycerate and ammonium 

molybdate tetrahydrate ((NH4)6Mo7O244H2O) were used as the precursors for Co2+ and Mo6+, 

respectively, which reacted with TAA to form Co/Mo sulfide. The used 2D material served as a 

support and template for the anchoring sites of Co/Mo sulfide. During the vacuum annealing 

process, the materials were partially oxidized, resulting in the formation of 

CoMoO4/CoS/MoS2@2D (CMSO@2D, Scheme 3.1).  

Typically, mixture A was prepared by dissolving 20 mg of the Co-glycerate precursor, 

10 mg of (NH4)6Mo7O244H2O, and 50 mg of TAA in 20 mL of ethanol. Simultaneously, 

mixture B was formed by sonicating 20 mg of gC3N4 in 20 mL of ethanol. Then, mixture A was 
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slowly added to mixture B and stirred for 1 h. The resulting mixture was transferred into a 

Teflon-lined autoclave and heated, and the temperature was maintained at 200 °C for 6 h. After 

centrifugation and washing with ethanol and DI water, the product was dried in a vacuum oven 

at 60 °C for 12 h. Subsequently, the product was annealed at 500 °C under vacuum for 2 h. A 

similar procedure was followed for the reactions of the other 2D materials, with gC3N4 

substituted by SiSh and rGO. In the case of rGO, 0.1 mL of N2H4·H2O was added to mixture B. 

CMSO spheres were synthesized using a process similar to that of CMSO@2D except 

for the addition of the 2D materials. 

 

Scheme 3.1: Schematic of CMSO and various CMSO@2D materials (2D materials: rGO, 

gC3N4, and SiSh) 

  



 

47 

 

3.3. Results and discussion 

3.3.1. Characterization of prepared materials 

The crystal structure and phase composition of all materials were analyzed by XRD, as 

shown in Figure 3.2(a). The XRD patterns of CMSO@rGO, CMSO@gC3N4, and 

CMSO@SiSh were similar to that of CMSO, indicating that a structural change did not occur 

during the deposition of CMSO on 2D materials and that all samples exhibited distinct MoS2, 

CoMoO4, and CoS phases. The diffraction peaks at 14.4° and 29.2° corresponded to the (002) 

and (004) planes of MoS2, respectively (JCPDS No. 037-1492) [136]. The diffraction peaks at 

26.5°, 36.5°, 42.4°, 53.5°, 61.5°, 73.7°, and 77.5° were characteristic of the (220), (400), (123), 

(333), (061), (622), and (350) planes of CoMoO4 (JCPDS No. 04-017-6377), respectively [137]. 

The peaks observed at 34.4° and 47.1° were ascribed to the (101) and (102) planes of hexagonal 

CoS, respectively (JCPDS No. 65–3418) [138].  

Additionally, in the XRD pattern of CMSO@SiSh, the characteristic peaks of SiSh 

were observed at 14.1°, 28.5°, and 56.1°, corresponding to the (001), (111), and (311) planes of 

siloxene, respectively. The peak located at 27.5° in the XRD pattern of CMSO@gC3N4 was 

attributed to gC3N4 (JCPDS No. 87-1526). Because the specific peak of rGO at 26.8 ° (JCPDS 

No. 89-8487) was overlapped with those of MoS2 at 28.5° and CoMoO4 at 26.5°, distinguishing 

the rGO-related peaks in the XRD pattern of CMSO@rGO was difficult. The Raman spectra of 

the prepared materials are shown in Figure 3.2(b). In the Raman spectrum of CMSO, 

characteristic peaks for the bonding vibrations of Co–O–Mo at 808, 865, and 925 cm−1; MoO4 at 

328 and 352 cm−1 [139]; CoS at 511 and 676 cm−1[138], and MoS2 at 280 cm−1 were observed 

[140]. In the Raman spectrum of CMSO@rGO, two additional peaks were observed at 1351 

cm−1 and 1596 cm−1. These peaks were assigned to the D band and G band of rGO, respectively. 

The integrated area ratio of the D and G bands of pristine rGO (Figure 3.3(a)) was 1.27, while 

that of CMSO@rGO increased to 1.46, indicating that after the anchoring of CMSO, the defect 

density of the rGO surface increased. In the Raman spectrum of CMSO@gC3N4, a broad peak 

was observed at approximately 1600 cm−1, which was similar to that of bulk gC3N4 (Figure 

3.3(b)). In the Raman spectrum of CMSO@SiSh, an intense peak at 513 cm−1 corresponding to 

the Si–Si vibration of SiSh was observed, which was same as that of SiSh shown in Figure 

3.3(c).  
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Figure 3.2: (a) XRD patterns and (b) Raman spectra of various materials 

 

Figure 3.3: Raman spectrum of (a) rGO, (b) gC3N4, and (c) SiSh 
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Figure 3.4(a) shows the Brunauer–Emmett–Teller (BET) analysis of all materials. This 

result revealed that the material exhibited a type IV isotherm according to the IUPAC 

classification [75], indicative of the presence of a mesoporous structure with a pore size ranging 

from 2 to 50 nm. Notably, CMSO@rGO exhibited a significantly higher nitrogen adsorption 

amount, leading to the highest surface area among all of the materials. According to Figure 

3.4(b) and Table 3.1 the average pore radii of CMSO, CMSO@rGO, CMSO@gC3N4, and 

CMSO@SiSh were approximately distributed at 3.9, 1.6, 1.6, and 2.0 nm, respectively, which 

corresponding to the pore volume of 0.320, 1.154, 0.463, and 0.398 cm3/g. The specific surface 

area increased in the order of CMSO (116 m2/g) < CMSO@gC3N4 (156 m2/g) < CMSO@SiSh 

(201 m2/g) < CMSO@rGO (1392 m2/g), indicating that the modification of CMSO with 2D 

materials led to an increase in the specific surface area. Notably, the introduction of rGO 

substantially increased the specific surface area of the composite. 

Table 3.1: Specific surface area, pore volume, and pore radius of various materials 

Materials 

Specific surface 

area 

(m2/g) 

Pore volume 

(cm3/g) 

Pore radius 

(nm) 

CMSO 116 0.320 3.9 

CMSO@rGO 1392 1.154 1.6 

CMSO@gC3N4 156 0.463 1.6 

CMSO@SiSh 201 0.398 2.0 
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Figure 3.4: (a) N2 adsorption–desorption isotherms of various materials, and (b) Pore size 

distribution by density functional theory method of various materials 
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To investigate the morphology of the as-prepared materials, field-emission scanning 

electron microscopy (FESEM) was conducted. The FESEM images are shown in Figure 3.5. 

CMSO exhibited highly agglomerated nanosphere particles, resulting in the formation of large 

clusters (Figure 3.5(a)). In contrast, when CMSO was supported on 2D materials, especially 

rGO (Figure 3.5(b)) and gC3N4 (Figure 3.5(c)), the interparticle voids were increased, which 

could provide additional pathways and spaces for the electrolytic ions to access the active sites. 

CMSO on SiSh (Figure 3.5(d)) exhibited a non-uniform morphology and a high degree of 

agglomeration, which could be attributed to a low number of functional groups that could 

anchor CMSO nanoparticles. 

 

Figure 3.5: FESEM images of (a) CMSO, (b) CMSO@rGO, (c) CMSO@ gC3N4, and (d) 

CMSO@SiSh 
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The elemental electronic states were investigated by X-ray photoelectron spectroscopy 

(XPS). In the deconvoluted Mo 3d spectra of CMSO (Figure 3.6(a)), dominant peaks observed 

at 235.4 and 232.3 eV corresponded to 3d3/2 and 3d5/2 of Mo6+, respectively, and those at 234.7 

and 231.2 eV corresponded to 3d3/2 and 3d5/2 of Mo4+, respectively [141]. The weak peak 

located at approximately 228 eV associated with S 2s [142]. After the addition of 2D materials, 

these peaks were positively shifted relative to bare CMSO. In the deconvoluted Co 2p spectrum 

of CMSO (Figure 3.6(b)), two peaks located at 780.9 and 796.3 eV, accompanied by two 

satellite peaks indicated by asterisks, attributed to Co 2p3/2 and Co 2p1/2 of Co2+, respectively 

[143]. An additional peak at 779.8 eV was attributed to Co–S bonding [138]. Interestingly, the 

position of Co 2p peaks in CMSO@rGO, CMSO@gC3N4, and CMSO@SiSh shifted to higher 

binding energies compared with that of pristine CMSO, indicative of the loss of electrons in Co 

[97]. The deconvoluted S 2p spectrum (Figure 3.6(c)) revealed four peaks. The peaks observed 

at 162.6 and 161.3 eV corresponded to S2− of Co–S and Mo–S, respectively [144, 145]. Two 

additional peaks at 169 and 167.7 eV corresponded to oxidized sulfur [142]. The high-resolution 

O 1s XPS spectra (Figure 3.6(d)) showed a major peak at 530.2 eV, corresponding to O in 

CoMoO4 [146]. After modification with 2D materials, the S 2p peaks exhibited a negative shift, 

and the O 1s peaks exhibited a positive shift, indicative of the electronic interaction between 

CMSO and 2D materials [97]. Such charge transfer between CMSO and supporting materials 

could induce adjustments in the energy-band alignment, which might thermodynamically 

facilitate the OER process [147]. 
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Figure 3.6: Deconvoluted high-resolution XPS spectra of (a) Mo 3d, (b) Co 2p, (c) S 2p, and (d) 

O 1s of various materials 
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3.3.2. Electrochemical activity of CMSO@2D towards oxygen evolution reaction 

To evaluate the effect of 2D supporting materials on the activity of CMSO in the OER 

process, the electrocatalytic properties of CMSO, CMSO@rGO, CMSO@gC3N4, and 

CMSO@SiSh were investigated and compared with those of RuO2, which was widely 

recognized as a benchmark material for OER. The OER overpotentials of 2D material-supported 

CMSO such as CMSO@rGO (259 mV 10 mA/cm2), CMSO@gC3N4 (270 mV), CMSO@SiSh 

(287 mV) were less than that of CMSO (384 mV), which indicated the improved OER 

properties of CMSO by the 2D supporting materials (Figure 3.7(a, b)). In addition, the 

overpotential of CMSO@rGO was less than that of RuO2 (315 mV). To gain insights into the 

OER kinetics, the Tafel slope was calculated based on overpotential and the logarithm of 

current density data (Figure 3.7(c)). Same as the OER overpotential, the Tafel slopes of 

CMSO@rGO (85 mV/dec), CMSO@gC3N4 (109 mV/dec), and CMSO@SiSh (86 mV/dec) 

were lower than that of CMSO (141 mV/dec), which indicated the faster OER kinetics of 2D 

material-supported CMSO. Among the other material-supported CMSO, CMSO@rGO 

exhibited the lowest Tafel slope, which was less than that of RuO2 (136 mV/dec). 

The electrochemically active surface area (ECSA) and electrochemical impedance 

spectroscopy (EIS) were measured to obtain better understanding of the improved OER activity 

of CMSO rendered by the 2D supporting materials. The double layer capacitance (Cdl), which 

was directly proportional to the ECSA value, of each material was measured from the cyclic 

voltammetry curves shown in Figure 3.8. The Cdl of CMSO was 2.9 mF/cm2, and it was 

increased to 11.0 mF/cm2 (CMSO@SiSh), 16.2 mF/cm2 (CMSO@gC3N4), and 35.2 

mF/cm2(CMSO@rGO) (Figure 3.7(d)), which clearly indicated the effects of 2D materials on 

the Cdl value. The highest Cdl of CMSO@rGO could be strongly related to its highest BET 

surface area as shown in Figure 3.9.  

The Nyquist plots obtained from the EIS of all materials exhibited a semicircle (Figure 

3.7(e)). Notably, the charge transfer resistance (Rct) of CMSO@rGO was measured to be 3.9 Ω, 

which was significantly lower than those obtained from other materials as summarized in Table 

3.2. This result implied that CMSO@rGO exhibited a higher electron and charge transfer 

velocity than those of the other samples. The lower Rct value of CMSO@rGO was consistent 

with its superior electrocatalytic activity, including lower overpotential, smaller Tafel slope, and 

higher ECSA. The electrochemical performances of the investigated materials are summarized 

in Table 3.2.   
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Figure 3.7: (a) LSV curves, (b) Comparison of the overpotential at 10 mA/ cm2, (c) Tafel slope, 

(d) Linear fitting of the current density against scan rates, (e) Nyquist plots of various materials. 

(f) Comparison of the overpotential and Tafel slope of CMSO@rGO with [148-159] in OER. 

 

Figure 3.8: Cyclic voltammetry curves at scan rates from 20 to 100 mV/s of prepared materials 
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Figure 3.9: Comparison of BET and ECSA of synthesized materials 

Table 3.2: OER properties and interfacial charge transfer resistance of various materials 

Material 
Overpotential at 

10 mA/cm2 (mV) 

Tafel slope 

(mV/dec) 

Interface charge-

transfer resistance (Rct) 

(Ω) 

CMSO 384 141 56.5 

CMSO@rGO 259 85 3.9 

CMSO@gC3N4 270 109 17.5 

CMSO@SiSh 287 86 23.1 

RuO2 315 136 51.3 
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The role of 2D materials as templates for anchoring CMSO not only exposed more 

active sites to the electrolyte but also facilitated electron and charge transfer processes. The 

combination of the high surface area and superior conductivity of rGO might enable 

CMSO@rGO to achieve the fastest reaction rate compared to the other materials [160]. The 

observed overpotential and kinetics of CMSO@rGO fabricated herein were comparable to those 

of previously reported cobalt-based electrocatalysts (Table 3.3 and Figure 3.7(f)), revealing the 

high potential of CMSO@rGO as a promising electrocatalyst for OER in water electrolysis. 

Table 3.3: Comparison of OER activity in 1 M KOH of different electrocatalyst 

Materials 

Overpotential 

At 10 mA/cm2 

(mV) 

Tafel 

slope 

(mV/dec) 

Stability 

(hour) 
Reference 

CoS2-MoS2 hollow spheres 288 62.1 10 [161] 

CoS2–MoS2 nanosheet 266 - 24 [162] 

Cobalt Covalent Doping in 

MoS2 
260 85 11 [163] 

Co-Mo-S-2/NF 294 65.85 120 [164] 

MoS2–CoS2@PCMT 215 93 20 [165] 

N-CoS2/Graphene 260 56.3 8 [166] 

MoS2/NiCo2O4 322 113 12 [167] 

CMSO@rGO 259 85 40 This work 

Stability is another key parameter to evaluate electrochemical catalysts. 

Chronoamperometry (CA) measurements at a constant current density were conducted to 

evaluate the stability of the investigated materials. The results are shown in Figure 3.10(a). For 

CMSO, CMSO@rGO, CMSO@gC3N4, and CMSO@SiSh, the potentials applied to achieve a 

current density of ~10 mA/cm2 were 1.60 V, 1.49 V, 1.50 V, and 1.52 V, respectively. The 

current density of CMSO, CMSO@gC3N4, and CMSO@SiSh started to decrease after 10 h of 

continuous operation. However, the current density of CMSO@rGO decreased negligibly, 

almost similar to that observed for the OER LSV curves (Figure 3.10(b)) and the unchanged 

morphology (Figure 3.11) even after 40 h of continuous operation, indicative of the superior 

long-term stability of as-prepared CMSO@rGO. The strong interaction between rGO sheets and 

CMSO might prevent the change in the morphology. Instead, a new peak was observed at 504 

cm−1 in the Raman spectrum of CMSO@rGO after 40 h of the OER process (Figure 3.12(a)), 

which could be attributed to the presence of CoOOH [168]. Similarly, in the XRD pattern of 
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CMSO@rGO after the stability test (Figure 3.12(b)), a new peak was observed at 20.2°, 

corresponding to the (003) plane of CoOOH (JCPDS No. 01-073-0497). The XPS deconvoluted 

spectrum of Co 2p after the stability test (Figure 3.12(c)) exhibited a positive shift, and two 

new peaks appeared at 780 and 795 eV, respectively, originating from the Co3+ species in 

CoOOH [169]. These results revealed that the active site CMSO on the rGO sheet was partially 

converted into CoOOH, corresponding to the reconstruction phenomenon that occurred 

typically on the surface of transition metal-based electrocatalysts in the water oxidation process 

[168, 170]. This result suggested that the Co sites in CMSO@rGO served as favorable catalytic 

reaction sites for OER. The presence of a highly active CoOOH surface possibly impeded the 

further oxidation of the core electrocatalyst, and the interaction between the in situ 

oxyhydroxide and the original catalyst might be favorable in driving water oxidation. Thus, the 

stability of the electrocatalyst was maintained during the OER process [17, 170]. The 

mechanism was described in the following reaction steps (* corresponds to an active site): 

* + OH− → *OH− + e− (1) 

*OH− + OH− → *O + H2O + e− (2) 

*O + OH− → *OOH + e− (3) 

*OOH + OH− → * + O2 + H2O + e− (4) 
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Figure 3.10: (a) Chronoamperometry curves of CMSO (at 1.60 V), CMSO@rGO (at 1.49 V), 

CMSO@ gC3N4 (at 1.50 V), and CMSO@SiSh (at 1.52 V). (b) LSV curves of CMSO@rGO 

before and after a 40-h stability test. 

 

Figure 3.11: FESEM of CMSO@rGO at different magnification after OER 

 

Figure 3.12: Comparison of (a) Raman spectrum, (b) XRD pattern, and (c) XPS of Co 2p of 

CMSO@rGO before and after OER  
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A two-electrode system with CMSO@rGO as the anode and Pt/C (20%) as the cathode 

was designed for overall water splitting to ensure stability and scalability in large-scale 

industrial applications. The LSV curve (Figure 3.13(a)) of this system indicated that the 

potential of the cell was reached 10 mA/cm2 at 1.54 V, while that of the RuO2//Pt/C system was 

greater by 60 mV. Even after a 40-h stability test, the chronopotentiometry curve of 

CMSO@rGO//Pt/C in Figure 3.13(b) exhibited excellent activity retention of 94.8%. 

Particularly, the potential slightly increased from 1.54 V to 1.62 V. This result indicated that 

CMSO@rGO demonstrated excellent long-term stability even for the overall water splitting 

reaction.  

 

Figure 3.13: (a) LSV curves of two-electrode systems, (b) Chronopotentiometry curve for the 

overall water splitting reaction at 10 mA/ cm2 (inset photograph: 

CMSO@rGO(anode)//Pt/C(cathode); the overall water splitting system) 

  



 

61 

 

3.4. Conclusion 

In this study, Co and Mo bimetallic oxide/sulfide hybrid structures supported on various 

2D materials such as rGO, gC3N4, and SiSh were successfully synthesized. Among these 

materials, CMSO@rGO exhibited the highest electrochemical activity, with a low overpotential 

and a Tafel slope of 259 mV at 10 mA/cm2 and 85 mV/dec, respectively. Owing to the strong 

interaction between rGO and CMSO, the electronic structure of the composite system was 

modulated, promoting the formation of oxyhydroxide surfaces and optimizing the performance 

of the electrocatalyst in driving water oxidation. Furthermore, the current density of 

CMSO@rGO changed negligibly even after a 40 h long-term stability test with no clear 

physical and electronic deformation, which was attributed to the high number of functional 

groups and high surface area of rGO. 
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Part 3. Modulating the electronic structure 

Chapter 4. Influence of Er2O3 on Transition Metal Oxides in Water 

oxidation application 

4.1. Introduction 

The generation of green hydrogen via water electrolysis is hindered by the oxygen 

evolution reaction (OER) half-reaction. Unlike its counterpart, the hydrogen evolution reaction 

(HER), which involves only two electron transfer steps, the OER process is more complicated, 

comprising four electron transfer steps [171]. Consequently, identifying an effective 

electrocatalyst for this process is paramount. Noble materials such as RuO2 and IrO2 serve as 

benchmarks for OER electrocatalysts. However, their widespread adoption is hindered by 

scarcity, high cost, and low stability [172]. Thus, a concerted effort exists to explore efficient 

nonmetal or non-noble metal electrocatalysts as substitutes for noble counterparts. 

Among non-noble metal electrocatalysts, transition metal oxides (TMOs) like NiO, 

Co3O4, and Fe2O3 have garnered attention for their notable attributes, including high stability in 

alkaline environments, abundance in the Earth’s crust, cost-effectiveness, nontoxicity and high 

redox potential [134, 173-177]. However, pristine TMOs are hindered by low electrical 

conductivity [178]. To overcome this drawback, various strategies such as doping, support 

modification, defect engineering, and hybridization with other materials have been explored to 

tailor the chemical and physical properties of TMOs, rendering them more suitable for water 

electrolysis applications [39, 179]. Notably, defect engineering, particularly oxygen vacancy, 

stands out owing to its low formation energy in TMOs and its significant benefits for the OER 

[180].  

Besides, the hybridization of TMOs with rare earth-based materials to form 

heterostructure electrocatalysts has proven effective. The large spatial population of the 

electronic wave function of 4f orbital can facilitate the strong coupling between d and f orbital, 

forming the d-f electronic ladder, thereby modifying the electronic structure of the 

electrocatalysts [181, 182]. Furthermore, rare earth-oxide materials exhibit favorable protective 

behaviors, exceptional thermal stabilities, and robust mechanical strengths, contributing to the 

overall stability enhancement of the electrocatalyst [182]. 
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Based on the abovementioned information, incorporating rare earth oxide into TMOs 

holds promise for enhancing TMOs’ OER performance. Thus, in this study, we hybridize Er2O3 

with MxOy (M = Ni, Co, Fe) to form ErNiO, ErCoO, and ErFeO, respectively, to examine the 

influence of Er2O3 on the physicochemical properties of commonly utilized TMOs in water 

oxidation applications. 

4.2. Experimental details 

4.2.1. Material 

Cobalt (II) nitrate hexahydrate (Co(NO3)2.6H2O), Nickel (II) nitrate hexahydrate 

(Ni(NO3)2.6H2O), ethanol (C2H6O), were purchased from Daejung chemicals. Erbium (III) 

nitrate pentahydrate (Er(NO3)3.6H2O), Iron (III) nitrate nonahydrate (Fe(NO3)3.9H2O), Urea 

(CO(NH2)2), Nafion 5%, ruthenium oxide (RuO2), Pt/C 20%, and potassium hydroxide (KOH) 

were bought from Sigma-Aldrich. All of the chemicals were used without any purification after 

purchasing. Deionized water (DI) was used for all reactions. 

4.2.2. Instrumental analysis 

A DXR Raman microscope (Thermo Scientific) was employed to obtain the Raman 

spectra for all samples within the range collected from 100 to 2000 cm-1 using a 532 nm 

monochromatic excitation source. A homogeneous mixture of 1 wt.% sample and KBr was 

pressed to form a pellet, and the Fourier transform infrared (FTIR) analysis was obtained using 

Thermo Scientific Nicolet 200 FTIR spectrometer (USA) in the range of 4000-400 cm-1. High 

resolution XRD patterns were conducted by A Bruker D8 Discover X-ray diffractometer 

employing Cu Kα radiation (1.540593 Å) and scan range of 10-90°. The X-ray photoelectron 

spectroscopy (XPS) was carried out on thermo ESCALAB 250 Xi, Thermo Fisher Scientific of 

the USA, with Al Kα X-ray radiation (1486.6 eV). Field emission scanning electron microscopy 

(FESEM) using a Hitachi High-Tech Corporation SU8200 instrument from Japan was utilized 

to observe the morphology of the materials. High resolution transmission electron microscopy 

(HR-TEM) was conducted by JEOL JEM 2100F. The degas and nitrogen adsorption-desorption 

isotherms were measured by a Quantachrome Quadrasorb SI automated surface area/pore size 

analyzer to reveal the surface area and pore size of the samples. The electron paramagnetic 
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resonance (EPR) was conducted by Bruker (EMXplus-9.5/2.7) instrument at frequency of 9.430 

GHz. 

4.2.3. Preparation of working electrode and electrochemical measurements 

All electrochemical experiments were performed at room temperature in an alkaline 

medium (1 M KOH) using a three-electrode system (BioLogic, Science Instruments). The setup 

comprised a reference electrode (RE), a counter electrode (CE), and a working electrode (WE). 

Specifically, the RE was a Hg/HgO electrode, the CE was a graphite rod, and nickel foam (NF) 

served as the WE. To prepare the WE, 3 mg of catalyst was combined with 300 µL of DI, 190 

µL of ethanol, and 10 µL of Nafion 5%, followed by 30 min of sonication to produce a 

homogeneous solution. Subsequently, 200 µL of the resulting solution was dropped on NF 

substrate, resulting in a catalyst mass loading of 1.2 mg/cm2. Before utilization, NF was cut into 

1 × 1 cm2 pieces and then sequentially treated with 1 M hydrochloric acid (HCl), ethanol, and 

DI water for 30 min at each step, followed by 12 h of drying in an oven at 60 °C. The 

commercial RuO2 underwent the same preparation procedure. 

The RE was calibrated according to previously established procedures [15]. The 

potential obtained from the RE (Hg/HgO) was then converted to the standard reversible 

hydrogen electrode (RHE) using the Nernst equation: ERHE = EHg/HgO + 0.92 (V). Linear sweep 

voltammetry (LSV) was performed at a scan rate of 5 mV/s in the potential range of 1–1.72 V 

versus RHE. Overpotential (η) was calculated using the formula η = ERHE − 1.23 (V). Tafel 

slope (b) was determined as the slope of the linear fitting of the potential vs. RHE against log (j), 

utilizing the Tafel equation η = b × log(j/j0), where j represents the current density and j0 

denotes the exchange current density. Electrochemical impedance spectroscopy (EIS) was 

recorded over a frequency range of 105 to 10−2 Hz at 1.54 V vs. RHE. The electrochemical 

active surface area (ECSA) of the catalysts was calculated as ECSA = Cdl/Cs, where the specific 

capacitance Cs is 40 μF/cm2 [20] and the electrochemical double layer capacitance Cdl is 

determined as the slope of a straight line obtained from a plot of double layer charging current (i) 

as a function of scan rate (ν), expressed by i = ν × Cdl [20]. Chronopotentiometry (CP) 

experiments were conducted at a specific potential, resulting in a 10 mA/cm2 current density. 



 

65 

 

4.2.4. Synthesis of ErMO (M=Ni, Co, Fe) 

ErNiO, ErCoO, and ErFeO were synthesized using a combination of hydrothermal and 

vacuum annealing processes. In the hydrothermal step, the reaction between Er3+ and Mn+ (M 

representing Ni, Co, or Fe) with urea led to the formation of Er(OH)3 and M(OH)n, as illustrated 

in reactions (1–4) [183]. Following this, the precursor M(OH)n/Er(OH)3 was converted into the 

respective oxide phase during the vacuum annealing process. 

CO(NH2)2 + H2O → NH3 + CO2 (1) 

NH3+ + H2O → NH4+ + OH‒ (2) 

Er3+ + OH‒ → Er(OH)3 (3) 

Mn+ + OH‒ → M(OH)n (4) 

The procedure is outlined in Scheme 4.1. Initially, 0.125 mL of 1 M Er(NO3)3 and 1 mL 

of 1 M Fe(NO3)3 were dissolved in 5 mL of deionized water (DI) and stirred for 10 min to form 

solution A. Concurrently, solution B was prepared by dissolving 0.3 g of urea in 10 mL of DI 

water under magnetic stirring for 10 min. The mole ratio of reactants (Er3+: Fe3+: urea) was 

maintained at 1:8:30. Subsequently, solution A was slowly added dropwise to solution B. The 

resulting mixture was stirred for 30 min and then transferred to a 100-mL Teflon-lined stainless-

steel autoclave, where it was maintained at 140 °C for 12 h. The powder was collected after 

centrifugation with DI water and ethanol, followed by vacuum drying at 70 °C for 12 h. Finally, 

the product, denoted as ErFeO, was annealed at 550 °C for 4 h under vacuum. 

The same procedure was employed to synthesize ErCoO and ErNiO, with the 

substitution of 1 M Fe(NO3)3 with 1 M Co(NO3)2 and 1 M Ni(NO3)2, respectively. 

TMOs (Co3O4, Fe2O3, NiO) were prepared using a similar method, excluding adding 

erbium nitrate to solution A. 
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4.3. Results and discussion 

4.3.1. Characterization of ErMO (M=Ni, Co, Fe) 

The composition and crystalline phases of the materials are depicted in Figure 4.1(a). 

The X-ray diffraction (XRD) pattern of NiO exhibited five distinct peaks at 37.23°, 43.25°, 

62.82°, 75.35°, and 79.34°, corresponding to the planes (003), (012), (104), (021), and (006) of 

the trigonal crystal NiO (JCPDS No. 01-078-4359). The diffraction peaks of Co3O4 confirmed 

the formation of a cubic phase consistent with JCPDS No. 00-043-1003. For Fe2O3, the XRD 

pattern closely matched the trigonal crystal structure as per JCPDS No. 00-033-0664. Notably, 

the XRD patterns of NiO, Co3O4, and Fe2O3 exhibited well-defined sharp peaks, indicating their 

high crystallinity. Upon modification by Er2O3, new peaks emerged at around 29° and 48° in the 

XRD patterns of ErNiO, ErCoO, and ErFeO, distinctly attributable to the presence of planes 

(222) and (440) of the cubic crystal Er2O3 (JCPDS No. 01-077-0461). These additional peaks 

highlighted the existence of Er2O3 and its influence on modifying the crystalline structure of the 

pristine oxides. 

Figure 4.1(b) shows the Raman spectra of the synthesized materials. The spectrum of 

Er2O3 exhibited dominant peaks at 259, 749, and 1069 cm−1, consistent with previous studies 

[184]. The Raman spectrum of NiO revealed broad peaks at 1550 and 1059 cm−1 and a 

prominent peak at 510 cm−1, attributed to the two-magnon (2M), two-phonon (2LO), and one-

phonon longitudinal optical (LO) modes, respectively. The presence of the intense LO peak 

indicated surface defects or the presence of Ni3+ in the material [185]. In the case of Co3O4, the 

Raman spectrum displayed peaks at 187, 466, 508, 604, and 672 cm−1, corresponding to F1
2g, Eg, 

F2
2g, F3

2g, and A1g modes, respectively. The F1
2g and A1g peaks were associated with the 

vibration modes of tetrahedral (CoO4) and octahedral (CoO6) configurations, characteristic of 

Co2+ and Co3+ in the material [186]. Meanwhile, the Raman spectrum of Fe2O3 exhibited a peak 

at 217 cm−1 (A1g), along with peaks at 270, 378, and 571 cm−1 (Eg), and a broad peak around 

1300 cm−1, indicative of the pure hematite (α-Fe2O3) phase [187]. Comparatively, the Raman 

spectra of ErNiO, ErCoO, and ErFeO displayed shifts and additional peaks attributed to Er2O3 

compared to the pristine oxides’ spectra. These shifts may arise from interfacial strain or lattice 

distortion induced by strong interactions at the interface of oxides and Er2O3 [186]. 
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Figure 4.1: (a) XRD patterns and (b) Raman spectra of the synthesized materials 
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Additional structural information and chemical composition details of the prepared 

materials were obtained from the Fourier transform infrared spectra (FTIR), presented in Figure 

4.2(a). The FTIR spectrum of Er2O3 displayed peaks at 1407 and 1532 cm−1, corresponding to 

the stretching vibration of the Er‒O bond [188]. In the FTIR spectrum of ErNiO, along with the 

stretching vibration of Er2O3, peaks at 450 and 3445 cm−1 were attributed to the bending of 

Ni‒O and stretching of O‒H, respectively [189]. For ErCoO, prominent vibrational modes were 

observed, including stretching of Co‒O at 561 cm−1, bridging of O‒Co‒O at 664 cm−1 [190], 

stretching of Er‒O at 1394 and 1526 cm−1, and stretching of O‒H at 3389 cm−1. In the case of 

ErFeO, adsorption bands at 483 and 576 cm−1 were assigned to the Fe‒O vibration [191], while 

peaks at 1384 and 1528 cm−1 were attributed to the Er‒O vibration band. The FTIR spectra of 

ErNiO, ErCoO, and ErFeO displayed shifts in the peaks associated with the Er‒O vibration 

mode compared to the pristine Er2O3 FTIR spectrum. These shifts emphasized the interactions 

between the respective oxides and Er2O3. 

The nitrogen adsorption–desorption isotherm curves, obtained through Brunauer–

Emmett–Teller (BET) measurements, are depicted in Figure 4.2(b). All materials exhibited a 

type IV isotherm with a hysteresis loop type H3, in accordance with the IUPAC classification 

[75]. The specific surface areas of ErNiO, NiO, ErCoO, Co3O4, ErFeO, and Fe2O3 were 

determined to be 70.92, 65.71, 27.88, 2.59, 84.21, and 31.58 m2/g, respectively. Notably, the 

modification with Er2O3 positively influenced the specific surface areas of the oxides. The pore 

size distribution plot in Figure 4.3 revealed a mesoporous structure in the materials, rendering 

them promising candidates for electrochemical reactions. Such a structure allows for more 

exposed sites for electrocatalytic reactions and facilitates the easy transportation of 

intermediates [192]. A summary of the specific surface area, pore size, and pore volume is 

provided in Table 4.1. 

Table 4.1: Specific surface area, pore volume, and pore radius of the synthesized materials 

Materials 

Specific surface 

area 

(m2/g) 

Pore volume 

(cc/g) 

Pore radius 

(nm) 

NiO 65.71 0.17 4.46 

ErNiO 70.92 0.18 2.38 

Co3O4 2.59 0.10 10.03 

ErCoO 27.88 0.16 6.39 

Fe2O3 31.58 0.07 5.59 

ErFeO 84.21 0.16 5.59 
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Figure 4.2: (a) FTIR spectra and (b) N2 adsorption–desorption isotherms of the as-prepared 

samples 

 

Figure 4.3: Pore size distribution by density functional theory method of (a) NiO, ErNiO, (b) 

Co3O4, ErCoO, and (c) Fe2O3, ErFeO 

 

  



 

70 

 

The morphology of the prepared samples was examined using field emission scanning 

electron microscopy (FESEM). Er2O3 exhibited a nanoparticle cluster forming a quasi-spherical 

morphology (Figure 4.4). NiO displayed a nanosheet structure (Figure 4.5(a)). After the 

introduction of Er2O3, the shapes of NiO and Er2O3 remained, resulting in the distribution of 

Er2O3 quasi-sphere clusters on NiO nanosheets (Figure 4.5(b)). Similarly, the quasi-sphere 

cluster of Er2O3 nanoparticles and the nanorods of Co3O4 maintained their morphology in 

ErCoO (Figure 4.5(c,d)). However, in the case of ErCoO, the cluster of Er2O3 nanoparticles 

exhibited a smaller size than pristine Er2O3. Conversely, Fe2O3 exhibited nanoparticle 

morphology (Figure 4.4(e)). In ErFeO, the iron oxide nanoparticles were interwoven into the 

quasi-spherical cluster of Er2O3 (Figure 4.5(f)). This interweaving phenomenon suggests that 

Er2O3 may serve as the anchor site for Fe2O3, enhancing stability in the electrochemical process. 

The elemental mapping of ErNiO, ErCoO, and ErFeO in Figure 4.6 revealed the distribution of 

constituent elements. 
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Figure 4.4: FESEM of Er2O3 

 

Figure 4.5: FESEM of (a) NiO, (b) ErNiO; (c) Co3O4, (d) ErCoO; (e) Fe2O3, and (f) ErFeO 

 

Figure 4.6: Elemental mapping of (a-d) ErNiO, (e-h) ErCoO, and (i-l) ErFeO  



 

72 

 

The heterojunctions in the prepared materials were further revealed using high-

resolution transmission electron microscopy (HR-TEM), as shown in Figure 4.7. In the case of 

ErNiO (Figure 4.7(a,b)), distinct d-spacings of 0.305 and 0.240 nm were observed, 

corresponding to the lattice fringes of Er2O3 (222) (JCPDS No. 01-077-0461) and NiO (003) 

(JCPDS No. 01-078-4359), respectively. ErCoO (Figure 4.7(c,d)) exhibited heterojunctions at 

the interfaces of Co3O4 (222) (JCPDS No. 00-043-1003) and Er2O3 (222), (400) (JCPDS No. 

01-077-0461). Notably, in the case of ErFeO (Figure 4.7(e,f)), numerous heterojunctions 

between Er2O3 (JCPDS No. 01-077-0461) and Fe2O3 (JCPDS No. 01-077-0461) were observed, 

including Er2O3 (222) and Fe2O3 (134), Er2O3 (222) with Fe2O3 (113), Er2O3 (420) with Fe2O3 

(113), and Er2O3 (420) and Fe2O3 (024). Furthermore, in Figure 4.7(f), the d-spacings of Fe2O3 

(113), (024), and (134) were found to be smaller than those observed in pristine Fe2O3 (JCPDS 

No. 01-077-0461), measuring 0.219, 0.182, and 0.112 nm, respectively, compared to 0.221, 

0.184, and 0.114 nm. Similarly, the d-spacings of NiO and Co3O4 in ErNiO and ErCoO were 

also smaller than their counterparts in the JCPDS of pristine TMOs. This reduction can be 

attributed to the compressive strain caused by introducing Er2O3 into the TMOs. This aligns 

with the observed blue shift phenomenon in the Raman spectra of ErNiO, ErCoO, and ErFeO. 

The abundance of heterojunctions in ErFeO can facilitate the charge/electron transfer rate in 

electrochemical reactions, suggesting that ErFeO may serve as a promising electrocatalyst 

among the prepared electrocatalysts. 
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Figure 4.7: HRTEM of (a,b) ErNiO, (c,d) ErCoO, and (e,f) ErFeO 

  



 

74 

 

X-ray photoelectron spectroscopy (XPS) was employed to investigate the synthesized 

materials’ elemental composition and oxidation states. The survey XPS spectra of all materials, 

depicted in Figure 4.8, utilized carbon (C) as a reference for binding energy calibration. The 

survey XPS spectrum of ErNiO confirmed the presence of Er, Ni, and O elements in the 

material. In Figure 4.9(a), Ni 2p was deconvoluted into eight peaks with binding energies at 

853.8 eV (2p3/2) and 871.3 eV (2p1/2), assigned to Ni2+, while 855.5 eV (2p3/2) and 872.9 eV 

(2p1/2) corresponded to Ni3+ [193]. The remaining four peaks were attributed to shake-up 

satellite peaks of two different oxidation states of Ni. The coexistence of Ni2+ and Ni3+ was 

consistent with the Raman results. High-resolution O 1s XPS of ErNiO (Figure 4.9(b)) revealed 

three peaks at 529.3, 531.3, and 532.4 eV, representing lattice oxygen (O1), non-stoichiometric 

oxygen (O2), and adsorbed surface water molecules (O3), respectively [194]. 

In the XPS survey spectrum of ErCoO, Er, Co, and O elements were identified. The 

deconvoluted spectrum of Co 2p displayed four strong peaks corresponding to spin-orbit 

splitting of Co 2p3/2 at 779.4 eV (Co3+) and 780.5 eV (Co2+), and Co 2p1/2 at 794.5 eV (Co3+) and 

796.1 eV (Co2+) [195] (Figure 4.9(c)). The deconvoluted spectrum of O 1s (Figure 4.9(d)) 

exhibited the prominent peak of lattice oxygen belonging to Co‒O at 529.9 eV [195]. 

The survey spectrum of ErFeO revealed the presence of Er, Fe, and O elements. In 

Figure 4.9(e), the peaks at 709.5 and 722.9 eV were attributed to Fe2+, while those at 711.1 and 

724.5 eV corresponded to Fe3+ [196]. Similarly, the peak of O 1s in ErFeO was deconvoluted 

into three oxygen types, O1, O2, and O3 (Figure 4.9 (f)). 

Compared to their pristine oxide counterparts, ErNiO, ErCoO, and ErFeO displayed 

higher ratios of Ni2+/Ni3+, Co2+/Co3+, and Fe2+/Fe3+, along with increased O2/O values (Table 

4.2). Furthermore, the peaks observed in the Ni 2p, Co 2p, and Fe 2p spectra exhibited shifts 

toward lower binding energies, while the Er 4d peak shifted toward higher binding energies 

(Figure 4.10). These shifts were attributed to electron transfer from the Er 4d orbitals to the 

transition metal 3d orbitals, facilitated by Er’s relatively lower electronegativity (1.24) 

compared to Ni (1.91), Co (1.88), and Fe (1.83) [197]. Consequently, the electron densities of 

Fe, Ni, and Co increased, leading to changes in the local coordination of oxygen atoms and the 

electronic structure of ErNiO, ErCoO, and ErFeO. These electronic reconstructions can impact 
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the energy barrier and intrinsic activity of the electrocatalyst, resulting in different adsorption 

energies of intermediates and thereby accelerating the whole reaction in the OER process. 

Table 4.2: XPS results of all the materials 

Materials Ni2+/Ni3+ Co2+/Co3+ Fe2+/Fe3+ O2/O 

NiO 0.51 - - 0.28 

ErNiO 0.59 - - 0.47 

Co3O4 - 0.95 - 0.27 

ErCoO - 1.01 - 0.31 

Fe2O3 - - 0.95 0.24 

ErFeO - - 1.21 0.45 
 

 

Figure 4.8: XPS survey spectra of prepared materials 
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Figure 4.9: XPS spectra of (a) Ni 2p, (b) O 1s of NiO and ErNiO; (c) Co 2p; (d) O 1s of Co3O4 

and ErCoO; and (e) Fe 2p, (f) O 1s of Fe2O3 and ErFeO  
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Figure 4.10: XPS spectra of Er 4d of prepared materials 
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The presence of the O2 peak in all materials prompted further investigation into the 

potential presence of oxygen vacancies using electron paramagnetic resonance (EPR). As 

illustrated in Figure 4.11(a,b), the EPR spectrum of Fe2O3 exhibited a weak signal at g = 2.003, 

attributed to the existence of oxygen vacancies [198]. Remarkably, this signal was significantly 

enhanced in the EPR spectrum of ErFeO, attributed to a substantial increase in the Fe2+/Fe3+ 

ratio following the introduction of Er2O3. This rise in ratio can be attributed to the interweaved 

morphology of Fe2O3 and Er2O3, resulting in abundant interfaces between them, thereby 

enhancing electron transfer efficiency, as evidenced by the notable positive shift observed in the 

Er 4d signal in XPS analysis of ErFeO. Consequently, an abundance of oxygen vacancies was 

observed in ErFeO. 

The preceding discussion and analysis confirmed that Er2O3 successfully modified NiO, 

Co3O4, and Fe2O3 to yield ErNiO, ErCoO, and ErFeO. Among these synthesized materials, 

mesoporous ErFeO exhibited the highest specific surface area, abundant oxygen vacancies, and 

the strong interaction at the heterojunction interface, owing to its interwoven structure. 

Consequently, it is anticipated that ErFeO may demonstrate superior electrocatalytic 

performance compared to the other synthesized materials. 

 

Figure 4.11: (a) EPR spectra and (b) g-factor of the synthesized materials 
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4.3.2. Electrochemical activity of ErMO (M=Ni, Co, Fe) towards oxygen evolution 

reaction 

The electrochemical activity of the materials was evaluated through LSV measurements, 

as depicted in Figure 4.12(a). Before LSV, cyclic voltammetry (CV) was performed to ensure 

the stability of the electrocatalyst. The electrocatalyst’s performance was assessed based on the 

η required to achieve a current density of 10 mA/cm2 (η10), corresponding to a 10% solar energy 

conversion efficiency [20]. The η10 values followed the order of NiO < ErNiO < Co3O4 < 

ErCoO < Fe2O3 < RuO2 < ErFeO. The enhanced activity of ErNiO, ErCoO, and ErFeO 

compared to their pristine oxide counterparts indicated a positive influence of Er2O3 on the 

electrochemical activity during the OER. In Figure 4.12(b), a comparison of the onset potential 

and η10 is presented, revealing slight differences in the onset potential and η10 between ErNiO 

and ErCoO compared to NiO and Co3O4, respectively, whereas notable differences were 

observed between ErFeO and Fe2O3, underscoring the significant impact of Er2O3 on the 

activity of ErFeO in the water oxidation process. Despite RuO2 displaying a lower onset 

potential, ErFeO exhibited a smaller η, particularly at 100 mA/cm2. Specifically, the 

overpotential at 100 mA/cm2 (η100) for ErFeO was 360 mV, compared to 430 mV for RuO2. The 

Tafel slope, an essential parameter for evaluating the kinetic properties of an electrocatalyst [25], 

is presented in Figure 4.12(c). The smallest Tafel slope of ErFeO (80 mV/dec) indicates the 

fastest kinetic rates in the OER reactions, attributed to the abundance of oxygen vacancies, 

optimizing the absorption/desorption intermediates ability of ErFeO in the OER reaction [180]. 

EIS was conducted to better understand the material’s kinetic reactions, as depicted in 

Figure 4.12(d). The Nyquist plot revealed that the ErFeO electrode exhibited the smallest 

semicircle diameter, indicating the lowest charge transfer resistance (Rct) and the highest 

electron transfer rate conductivity. This suggests a significant enhancement in reaction kinetics, 

highlighting the role of Er2O3 as a modulator of the electronic structure of TMOs, thereby 

enhancing their conductivity. Furthermore, the heterojunctions formed at the interfaces of the 

materials contributed to enhancing charge/electron transfer, ultimately improving the 

electrocatalytic performance of the OER. ECSA analysis was conducted to evaluate the intrinsic 

activity of the electrocatalyst. The Cdl results were calculated and depicted in Figure 4.12(e), 

derived from CV data recorded in the nonfaradaic range between 1.06 and 1.18 V at various 

scan rates, as illustrated in Figure 4.13(a–f). Because ECSA is directly proportional to Cdl, an 
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increased Cdl indicated an increment in the ECSA value in the order of NiO < ErNiO < Co3O4 < 

ErCoO < Fe2O3 < ErFeO. This suggests that Er2O3 contributes to the increase in active sites. 

Table 4.3 summarizes the electrocatalytic performance of various materials, while Table 4.4 

compares ErFeO in this study with recently reported iron-based electrocatalysts used for OER 

applications. 

Table 4.3: The summarized activities of the synthesized materials toward the OER 

Material 
Overpotential 

(10) (mV) 

Tafel slope (b) 

(mV/dec) 

Interface charge 

transfer resistance 

(Rct) (Ω) 

NiO 389 220 20.12 

ErNiO 378 183 20.08 

Co3O4 366 145 9.93 

ErCoO 344 165 9.76 

Fe2O3 304 110 1.46 

ErFeO 250 80 0.42 

RuO2 258 130 1.33 

Table 4.4: Comparison of OER activity in 1 M KOH of different electrocatalyst 

Materials 
Ƞ10 

(mV) 

b 

(mA/dec) 

Stability 

(hour) 
Reference 

Fe0.7Co0.3CeOy 320 98.4 24 [199] 

Fe2O3/Fe0.64Ni0.36@C-800 274 82.98 15 [200] 

NiFe2O4/rGO 327 103 8.33 [201] 

Fe3C/Fe‒N‒C 349 85.3 - [202] 

m-Fe/N-C@CNT 338 104.9 - [203] 

Fe3Ni7N@C 290 40 12 [204] 

NiCo2O4@NiFe-LDH 270 74 25 [205] 

ErFeO 250 80 30 This work 
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Figure 4.12: (a) LSV curves, (b) Comparison of overpotential, (c) Tafel slope, (d) Nyquist plots, 

and (e) Linear fitting of current density against scan rates of the synthesized materials 
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Figure 4.13: the cyclic voltammetry in the non-faradaic region of OER of synthesized 

materials 
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CP was employed to evaluate the stability of the electrocatalyst materials. Following a 

30-h OER operation, the CP curve of ErFeO exhibited a consistent straight line with a minor 

shift in potential. In contrast, the CP curves of other materials displayed fluctuating lines and 

significant potential variations (Figure 4.14(a)). The LSV polarization curves of ErFeO before 

and after the durability test showed minimal differences (Figure 4.14(b)), indicating the long-

term stability of ErFeO during the OER process attributed to the introduction of Er2O3 into 

Fe2O3. The inherently low negative enthalpy formation of Er2O3 imparted anticorrosive 

properties [182], suggesting its potential role as a protective layer, enhancing the stability of 

ErFeO during the water oxidation process. Following stability testing, ErFeO exhibited a 

morphology comparable to its initial state, as depicted in Figure 4.15(a). The XRD pattern in 

Figure 4.15(b) of ErFeO after the 30-h long-term durability test showed consistent peaks with 

those observed before the OER reaction, albeit with slight intensity variations. Notably, a new 

peak at 17.2° emerged, attributed to the (020) plane of FeOOH (JCPDS No. 29-0173), 

suggesting that Fe2O3 acted as the active component in the ErFeO electrocatalyst, with its 

surface partially reconstructed to form the oxyhydroxide. This finding was consistent with the 

high-resolution XPS spectrum of Fe 2p after OER, as shown in Figure 4.15(c), where the ratio 

of Fe2+/Fe3+ decreased compared to that before the OER process. The O 1s spectrum of ErFeO 

post-OER in Figure 4.15(d) was deconvoluted into three peaks, maintaining consistency with 

the pre-OER spectrum. However, analysis of the ratios in Table 4.5 revealed an increase in the 

O3/O ratio and a decrease in the O2/O ratio, suggesting a decrease in partial oxygen vacancies, 

likely attributed to the adsorption of OH− species [199]. 

Table 4.5: XPS results of ErFeO before-after OER process 

Materials Fe2+/Fe3+ O2/O O3/O 

Pre OER 1.21 0.45 0.24 

Post OER 1.17 0.43 0.26 

Based on the abovementioned analysis, the outstanding OER performance of ErFeO can 

be attributed to synergistic effects stemming from the combination of Fe2O3 and Er2O3. The 

OER primarily occurred at the active sites of Fe2O3, with Er2O3 acting as a promoter, 

modulating the electronic structure and enhancing the conductivity of ErFeO. The introduction 

of Er2O3 increased the number of electrochemically active sites and the oxygen vacancies in 

ErFeO, optimizing the binding energies of adsorption/desorption intermediates during the OER 
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process. This optimization likely contributed to increased reactivity of the electrocatalyst, 

thereby enhancing its OER performance. The heterointerface formed between Er2O3 and the 

active component Fe2O3 facilitated charge transfer from Er2O3 to Fe2O3, promoting efficient 

electron transport during the OER. Additionally, Er2O3 served dual roles as an anchoring site 

and a protective layer for the active sites during the OER reaction, thereby enhancing the long-

term stability of ErFeO by preventing degradation and maintaining the integrity of the 

electrocatalyst over extended operational periods. 

Considering the remarkable OER activity and stability, an overall water splitting 

experiment was conducted with Pt/C as the cathode and ErFeO as the anode (ErFeO || Pt/C). 

The polarization curves of overall water splitting, depicted in Figure 4.16(a), revealed that 

ErFeO || Pt/C achieved a cell voltage of 1.54 V at 10 mA/cm², which was lower than that of 

RuO2 || Pt/C (1.56 V). The ErFeO || Pt/C cell demonstrated stability over 30 h of continuous 

OER operation, as evidenced by the CP result in Figure 4.16(b). 
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Figure 4.14: (a) Chronopotentiometry of various materials at 10 mA/cm2, and (b) LSV curve of 

ErFeO before and after 30 h of stability testing 

 

Figure 4.15: (a) FESEM, (b) XRD pattern, and (c) XPS of Fe 2p, and (d) XPS of O 1s of 

ErFeO before and after OER 
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Figure 4.16: (a) LSV curve of two-electrode systems, and (b) CP for overall water splitting at 

10 mA/cm2 of the ErFeO || Pt/C system 
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The OER activities of ErFeO were investigated with varying concentrations of Er3+ 

reactant, denoted by ErFeO (x), where x = 1/1, 1/4, 1/8, 1/12, and 1/16. The η10 reached its 

minimum at ErFeO (1/8), as illustrated in Figure 4.17(a). Furthermore, a higher concentration 

of Er3+ reactant resulted in increased stability during 30 h of OER operation (Figure 4.17(b)). 

As shown in Figure 4.17(c), ErFeO (1/8) displayed only slightly lower activity retention of 

99.92% compared to ErFeO (1/1) (99.97%) and ErFeO (1/4) (99.94%). However, the decreased 

activity of ErFeO (1/12) and (1/16) compared to (1/8) can be attributed to the higher proportion 

of Fe2O3, leading to the agglomeration of active sites, as indicated by their lower values of Cdl 

(Figure 4.18(a–c)). Despite this, their lower Rct enabled them to exhibit higher activity than 

pristine Fe2O3 (Figure 4.18(d)). Considering the compromise between overpotential, stability, 

and the concentration of Er3+ reactant, ErFeO (1/8) is a promising electrocatalyst for OER 

applications. 
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Figure 4.17: (a) LSV curves, (b) Chronopotentiometry at 10 mA/cm2, and (c) 

comparison of activity retention after 30h OER operation and overpotential at 10 

mA/cm2 of ErFeO (x) (x=1/1, 1/4, 1/8, 1/12, and 1/16) 

 

Figure 4.18: (a,b) the cyclic voltammetry in the non-faradaic region of OER, (b) Linear 

fitting of current density against scan rates, and (d) Nyquist plots of ErFeO (1/12) and 

(1/16) 
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4.4. Conclusion 

In summary, we successfully introduced Er2O3 into various TMOs, including NiO, 

Co3O4, and Fe2O3, resulting in heterostructure catalysts ErNiO, ErCoO, and ErFeO, respectively. 

Er2O3 acted as an electronic modulator, modifying the electronic structure and creating the 

heterointerfaces within the heterostructure electrocatalysts. These heterointerfaces functioned as 

efficient charge transfer pathways, leading to increased reaction rates and enhanced OER 

performance compared to pristine TMOs. In the case of ErFeO, Er2O3 served as a promoter and 

anchoring site for Fe2O3. This dual functionality yielded an electrocatalyst with the highest 

specific surface area, characterized by mesoporous structures and abundant oxygen vacancies. 

The interweaving phenomenon in the structure also contributed to a strong interaction at the 

heterojunction interface. Consequently, ErFeO exhibited superior activity in the OER process, 

featuring a low overpotential, a small Tafel slope, a high ECSA, a low Rct, and excellent long-

term stability among the synthesized materials. 
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Part 4. Modifying atomic geometries by phosphate group 

Chapter 5. Iron-Tin phosphate electrocatalyst applied for bifunctional 

water splitting 

5.1. Introduction 

Investigating an effective electrocatalyst based on transition metal-based material for 

bifunctional application in water splitting including HER and OER is essential. Because water 

splitting is an efficient method to produce hydrogen, which is an important energy carrier that 

can drive energy demand to sustainable and non-emission gas resources [200]. Transition metal-

based electrocatalysts offer a promising alternative to noble metal-based materials owing to 

their low cost and earth abundant elements [178]. 

Transition metal phosphates material has been investigated as a new group material for 

electrocatalyst in water splitting [201]. The phosphate group possesses the diversity of atomic 

geometries enabling the distortion and stabilization of the metal's active oxidation state [201]. 

Moreover, the phosphate group acts as a proton acceptor which helps in the self-repair of the 

catalyst and assists in the proton-electron transfer process during metal oxidation [202]. The 

PO4
3− also can stabilize the local pH environment, which is important for OER process [203]. 

Furthermore, transition metal phosphates are more likely to exhibit great HER catalytic activity 

due to their enhanced electrophilicity and can serve as a more powerful electron acceptor during 

electron transfer process [204].  

The compound of tin (Sn) is likely to display an enhanced electrocatalytic activity for 

water splitting due to its morphological diversity [205] and excellent corrosion resistance in 

strong alkaline environments [206]. Notably, the covalent bonds between transition metal and 

Sn result in high electrical conductivity [207]. 

An iron-tin phosphate electrocatalyst is expected to exhibit an enhanced activity, 

stability, and cost-effectiveness for bifunctional water splitting. The synthesized materials will 

be characterized by their features, and their activity for HER and OER will be investigated. The 

results of this research will contribute to the development of sustainable and efficient hydrogen 

production systems. 
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5.2. Objectives 

The primary objective of this research is to develop an electrocatalyst using iron-tin 

phosphate material for bifunctional water splitting with elevated activity, cost-effectiveness, 

abundant resources, and stability. The proposed electrocatalyst will be designed for a simple 

synthesis procedure that can be easily scaled up for industrial applications. The study aims to 

fabricate the electrocatalyst, characterize its features, and investigate its activity for both HER 

and OER. 

5.3. Methodology 

5.3.1. Synthesis of Iron-tin Phosphate-Based Electrocatalyst 

Iron-tin phosphate electrocatalysts will be synthesized using a simple procedure of 

hydrothermal method as described in Scheme 5.1. 
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Scheme 5.1: synthesis procedure of iron-tin phosphate 
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5.3.2. Characterization 

X-ray diffraction (XRD), X-ray photoelectron spectroscopy (XPS), Fourier-transform 

infrared spectroscopy (FTIR), Raman, thermogravimetric analysis (TGA), high-resolution 

transmission electron microscopy (HRTEM), and field-emission scanning electron microscopy 

(FESEM) will be employed to elucidate the physicochemical properties of the synthesized 

materials. 

5.3.3. Electrocatalytic Performance Evaluation 

The electrocatalytic activity of the synthesized materials for both HER and OER will be 

assessed through cyclic voltammetry (CV), linear sweep voltammetry (LSV), electrochemical 

impedance spectroscopy (EIS), determination of Tafel slopes, turnover frequency (TOF) 

calculations, and chronoamperometry (CA) in a three-electrode electrochemical cell setup. 

Additionally, a solar flat plate collector integrated with a two-electrode system of iron-tin 

phosphate will be employed to assess the practical application of this electrocatalyst in water 

splitting. 

5.4. Expected Outcomes 

This research is expected to yield valuable insights into the development of iron-Sn 

phosphate-based electrocatalysts for bifunctional water splitting. The findings will contribute to 

the development of sustainable and efficient hydrogen production systems. 
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Part V: Summary 

In summary, this dissertation aims to enhance transition metal-based electrocatalysts for 

water splitting applications based on the key of:  

▪ Minimize overpotential for water splitting reactions. 

▪ Ensure long-term durability of the electrocatalyst. 

The approach involves designing heterostructure catalysts that combine two or more 

components to leverage synergistic effects and overcome individual disadvantages. Thanks to 

interfaces interaction of the components, electronic structures and strain materials can be 

modified to enhance suitability for water splitting applications. 

Depositing the active component catalyst onto supported two-dimensional (2D) 

materials proves to be an effective strategy for improving activity and stability. While siloxene 

has been predominantly investigated for applications such as supercapacitors, photocatalysts, 

and Li-ion batteries, its application in water splitting is relatively new. When employed as the 

support for NiO/Co3O4, siloxene served as a reducing agent, a surfactant for controlling the size 

of bimetallic oxides, and a support for HER. Notably, there was a migration phenomenon 

observed, wherein absorbed hydrogen from active sites (bimetallic oxides) migrates to the 

support (siloxene), facilitating the easy release of hydrogen gas. Additionally, among three of 

2D support of reduced graphene oxide (rGO), graphitic carbon nitride (gC3N4), and siloxene 

(SiSh), rGO was an effective support for CoMoO4/CoS/MoS2 (CMSO) in OER process. The 

high specific surface area and the abundance functional group of rGO facilitated more active 

sites to expose, increasing electrochemically active surface area of CMSO@rGO. Consequently, 

it exhibited the highest performance in OER among synthesized materials, even the benchmark 

material RuO2.  

Furthermore, the electronic structure of transition metal oxides is significantly 

influenced by the introduction of rare earth element oxides. Incorporating Er2O3 into NiO, 

Co3O4, and Fe2O3 enhances their conductivity and specific surface area, resulting in improved 

OER performance. Particularly, ErFeO exhibits superior activity and stability compared to 

benchmark materials like RuO2. 
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Finally, the dissertation proposes an approach to enhance the activity of transition 

metal-based electrocatalysts by modifying atomic geometries. Compounds containing 

phosphates offer various atomic geometries, allowing for flexible coordination that stabilizes 

the active oxidation state of transition metals and facilitates favorable adsorption and oxidation 

of water molecules. 

This research provides valuable enlightenment for the development of a cost-effective, 

abundant resource, reducing dependence on noble metal-based electrocatalysts, contributes to 

advancing the feasibility and scalability of green hydrogen technologies. 
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Part VI: Recommendations for future work 

Transition metal-based electrocatalyst exhibited the high activity, low cost, earth-

abundance materials in water splitting application. Thus, improving and developing these 

materials to alter noble metal-based materials for water splitting, as well as the hydrogen 

production is necessary in the future. Based on the findings of this dissertation, several 

recommendations for future research can be proposed:  

First, transition metal-based electrocatalysts have demonstrated promising activity in 

basic conditions, but their stability under practical conditions needs improvement. Future 

research should focus on developing strategies to enhance the stability of these materials when 

exposed to acidic or alkaline electrolytes, high temperatures, and high current densities. 

Second, exploring the new support materials beyond those investigated in this 

dissertation. Novel materials with unique properties, such as high surface area, tunable pore 

structure, and enhanced conductivity, could further enhance the performance of transition metal-

based electrocatalysts.. 

Third, utilizing in-situ instrument characterization techniques can provide valuable 

insights into the mechanisms of HER and OER. By elucidating the reaction pathways and 

surface interactions, researchers can identify key factors influencing catalytic activity and 

develop strategies to optimize performance. Integrating advanced characterization techniques 

into future studies will enhance our understanding of transition metal-based electrocatalysts.. 

Fourth, investigating alternative synthesis methods offer opportunities to tailor the 

properties of transition metal-based electrocatalysts, particullarly, the atomic layer depostion is 

one of the promising technique for synthesizing catalyst materials with precise control over 

composition, morphology, and surface structure. 

Finally, integrating water splitting systems with renewable energy sources such as solar 

or wind power. By leveraging renewable energies, hydrogen production processes can become 

more environmentally friendly and economically viable. Investigating novel integration 

strategies and optimizing system design will be essential for advancing the development of 

sustainable hydrogen production technologies.  
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