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ABSTRACT 

Hydrogen (H2) is an abundant and renewable clean fuel that is regarded as 

a promising energy carrier to replace fossil fuels in the future. Electrocatalytic 

water splitting to produce H2 seems to be one of the cleanest and most 

sustainable methods for large-scale H2 production. The catalysts are of extreme 

significance for the electrochemical performances of water splitting.  

The composite of layered MoS2 nanosheets supported on a 3D graphene 

aerogel network (GA-MoS2) has been synthesized by two-step hydrothermal 

method. The flexible graphene sheets partially overlap in 3D space to form an 

interconnected porous microstructure, which greatly prevents serious restacking 

of graphene, and further provides large surface area for growing MoS2 

nanosheets. GA-MoS2 maintains an excellent porous structure and assembles 

with MoS2 nanosheets around the edge of the pores, providing relatively large 

amounts of exposed edge sites for hydrogen evolution. The 3D structure of the 

catalyst can also supply efficient conducting network for rapid electronic 

transport during the electrocatalytic process, offsetting the poor intrinsic 

conductivity of MoS2, facilitating fast electron transfer. Therefore, GA-MoS2 

exhibits high catalytic performance and strong stability for electrocatalytic HER 

application. 

Graphene-Co3O4 composite with a unique sandwich-architecture is 

successfully synthesized and applies as an efficient electrocatalyst towards 

OER. The graphene nanosheets act as a binder to link neighboring Co3O4 

particles together and Co3O4 nanocrystals are homogeneously attached on both 

sides of graphene nanosheets. The existence of graphene highly increases the 

conductivity of the composite. The obtained composite shows enhanced 
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catalytic activities in both alkaline and neutral electrolytes. The current density 

of 10 mA cm-2 has been achieved at the overpotential of 313 mV in 1 M KOH 

and 498 mV in phosphate buffer solution, respectively. Furthermore, there is no 

obvious current density decay after the stability test. 

An active catalyst composed of porous graphene and cobalt oxide (PGE–

CoO) has been synthesized, demonstrating high porosity, large specific surface 

area and fast charge transport kinetics. The catalyst also exhibits excellent 

electrochemical performance towards OER with a low onset potential (504 mV 

vs. Ag/AgCl) and high catalytic current density (overpotential of 348 mV for 10 

mA cm-2). The enhanced catalytic activity could be ascribed to porous structure, 

high electroactive surface area and strong chemical coupling between graphene 

and CoO nanoparticles. Moreover, CoO nanoparticles are wrapped by the 

porous graphene, inhibiting the corrosion phenomenon, thus this OER catalyst 

also shows good stability in the alkaline solution. The high performance and 

strong durability suggest that the porous structured composite is favorable and 

promising for water splitting. 

We develop ultrathin CoMn2O4 nanosheets with abundant oxygen 

vacancies vertically aligned on cobalt and nitrogen co-functionalized carbon 

nanofibers (CoMn2O4-CoNC) as an efficient OER catalyst by a facial 

spontaneous redox reaction. The inner CoNC serves as sacrificed template and 

high conductive substrate to provide fast electronic transportation, and the 

aligned ultrathin nanosheets rich in oxygen vacancies act as active sites. 

Benefiting from the collaborative advantages of high effective surface areas, 

fast charge transfer kinetics and strong synergistic coupled effect, CoMn2O4-

CoNC composite exhibits excellent catalytic activity and good durability for 



 
 

 
XXXI 

water oxidation, reaching 10 mA cm-2 at an overpotential of 307 mV.  

Fe3C nanoparticles encapsulated at the tip of nitrogen-enriched carbon 

nanotubes (NCNTs) is investigated as catalyst for OER, which are aligned on 

one dimensional (1D) nitrogen doped carbon nanofibers (Fe3C@NCNTs-

NCNFs) by a scalable electrospinning technique, as a high performance OER 

catalyst. The unique 3D hierarchical architecture of Fe3C@NCNTs-NCNFs 

leads to highly exposed active sites, enhanced electron transfer properties and 

strong synergistic coupled effects. Fe3C@NCNTs-NCNFs exhibits outstanding 

catalytic performance with a high current density (10 mA cm-2 at an 

overpotential of 284 mV), a low Tafel slope (56 mV dec-1), a low charge 

transfer resistance and strong durability in 1 M KOH solution.  

We report the successful synthesis of cobalt nanoparticle embedded porous 

nitrogen doped carbon nanofibers (Co-PNCNFs) by a facile and scalable 

electrospinning technology. The electrospun Co-PNCNF composite exhibits a 

low onset potential of 1.45 V (vs. RHE) along with high current density 

(overpotential of 285 mV for 10 mA cm-2) towards OER. The exceptional 

performance could be ascribed to the bi-functionalized CNFs with nitrogen 

doping and cobalt encapsulation, which can convert the inert carbon into active 

sites. Moreover, the porous structure and synergistic effect further provide a 

highly effective surface area and facilitate a fast electron transfer pathway for 

the OER process. Interestingly, the Co-PNCNF composite also displays the 

capability for the hydrogen evolution reaction (HER) in alkaline solution. A 

water electrolyzer cell fabricated by applying Co-PNCNFs as both anode and 

cathode electrocatalysts in alkaline solution can achieve a high current density 

of 10 mA cm-2 at a voltage of 1.66 V.  
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INTRODUCTION 

The rapid development of global economy has led to serious energy and 

environmental problems. With increasing demand for renewable energy, there 

are intense efforts to develop various types of energy storage and conversion 

systems. Hydrogen is considered to be one of the most promising new energy. 

The efficient electrochemical and photo/photoelectrochemical conversion of 

water to hydrogen by catalysts offers an attractive way to store energy. The 

water splitting reaction can be divided into two half-reactions: the hydrogen 

evolution reaction (HER) and oxygen evolution reaction (OER). Water splitting 

is mainly hindered by the oxidation process, due to its sluggish kinetics derived 

from a multistep proton-coupled electron transfer process. Currently, typical 

catalysts used for HER and OER in electrolysis cells are still precious metal-

based materials (Pt, RuO2, and IrO2). However, their scarcity and high cost are 

the major barriers for the global-scale applications. Therefore, replacing noble 

metal-based electrocatalysts with highly efficient and inexpensive non-noble 

metal-based hydrogen and oxygen electrocatalysts is critical for the practical 

applications of these technologies. Although significant progress has been 

achieved in the past few years, there are lots of challenges still to overcome. 

The purpose of this doctoral work is to design different materials as 

catalysts to improve the efficiency of water splitting and to provide possible 

opportunities for future research directions. A series of nanostructure materials 

were successfully prepared, such as one-dimensional nanofibers, two 

dimensional nanosheets and three dimensional porous structures. Several 

approaches are used to fabricate the above materials, including hydrothermal 

method, hard template method, wet-chemical synthesis and electrospinning 
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technique. The morphology and composition of the materials were characterized 

by Scanning electron microscopy, Transmission electron microscopy, X-ray 

diffraction and X-ray photoelectron spectroscopy. The electrochemical 

performance towards water splitting of the as-prepared materials was evaluated 

by various electrochemical measurements.  

In this thesis, we have summarized the catalysts used for the 

electrocatalytic hydrogen and oxygen evolution reaction. We have designed the 

MoS2 based materials as the catalysts for facilitating the electrocatalytic 

hydrogen evolution. We studied transition metal oxides and transition metal 

carbides, especially cobalt-based oxides and iron carbide, as catalysts to reduce 

the OER energy barrier and to further accelerate the overall water splitting 

process. Additionally, carbon based material have been reported as a 

bifunctional catalyst to simultaneously generate H2 and O2 in alkaline solution. 

An outline of the content is briefly presented as follows: 

1. A literature review of water splitting, including HER and OER, is 

presented in Chapter 1. In this chapter, the basic concepts and principles 

of water splitting are described. This chapter reviews the importance and 

history of renewable energy, especially hydrogen as the clean energy. 

The basic parameters for characterizing the catalytic performance of 

water splitting are also presented. Recent achievements, including the 

catalysts for HER and OER and the performance they achieved, for water 

splitting are shown in this chapter. 

2. Experimental section, including material preparation, material 

characterization and electrochemical performance measurements, is 

presented in Chapter 2. We have introduced five different synthesis 
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approaches for synthesizing the catalysts.  A variety of characterization 

methods to identify the morphology and composition of the as prepared 

catalysts. Finally, different measurement approaches are used to evaluate 

the electrochemical performance of these as prepared catalysts towards 

water splitting.  

3. In chapter 3, we have prepared an active catalyst composed of MoS2 

nanosheets and 3D architectural graphene aerogel (GA-MoS2) by two-

step hydrothermal method. GA with 3D network, highly porous structure 

provides a stable skeleton and large specific surface area for loading 

layer MoS2 nanosheets around the edge of the pores, which maximizes 

exposing the active sites of MoS2 nanosheets. The macropores in this 

nanoarchitecture provide easy access to the electrolyte for the catalysts, 

enhancing the communication between the electrolyte and the catalysts 

and further accelerating the HER reaction. 

4. In chapter 4, we report a simple method to prepare a unique sandwich-

architectured catalyst composed of graphene and Co3O4 (G-Co3O4).  

Co3O4 is a typical spinel oxide, is an attractive oxygen evolution catalyst. 

The unique sandwich-architecture of G-Co3O4 composite leads to large 

amount loading of the active Co3O4 nanocrystals on both sides of 

graphene sheets. Moreover, the strong bond between graphene and Co3O4 

nanoparticles highly enhances the electron transfer kinetics during the 

OER process. These merits ensure the excellent electrochemical 

performance of G-Co3O4 as an OER catalyst. 

5. Porous graphene with controlled porous textures have garnered more 

interests compared to the nonporous graphene because of their attractive 
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properties such as ordered pores, large pore volume and good 

conductivity. In this chapter, we developed an active catalyst, CoO 

nanoparticles wrapped by porous graphene sheets (PEG-CoO). When 

PEG-CoO is applied as catalyst for OER, the highly porous structure and 

the excellent chemical and electronic coupling between the composite 

material lead to the superior OER activity with a low overpotential and 

high catalytic current density. 

6. Recently, considerable attention has been drawn to the discovery of the 

ternary hybrid catalysts due to their unique structural property and 

excellent catalytic performance. In this chapter, we discuss a ternary 

hybrid catalysts based on transition metal oxides. A high active OER 

catalyst has been obtained by simply in situ growing ultrathin CoMn2O4 

nanosheets with abundant oxygen vacancies vertically aligned on 

cobalt/nitrogen co-functionalized CNFs (CoMn2O4-CoNC) by a facile 

spontaneous redox reaction between CoNC and KMnO4 solution. The 

resultant CoMn2O4-CoNC composite manifests high catalytic activity 

and an excellent stability during the OER process in an alkaline medium. 

7. The transition metal oxides have shown excellent OER catalytic 

performance, besides, transition metal carbides, e.g. Fe3C, have been 

reported to have the ability for water oxidation. We developed a facile, 

scalable method to synthesize the catalyst composed of Fe3C 

encapsulated in nitrogen-enriched CNTs aligned on nitrogen doped CNFs 

(Fe3C@NCNTs-NCNFs) by the electrospinning technique. The as-

prepared Fe3C@NCNTs-NCNFs composite exhibits outstanding 

electrocatalytic activity and excellent stability. 
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8. In chapter 8, we have developed a bifunctional catalyst that is able to 

catalyze hydrogen and oxygen evolution simultaneously. We design a 

facile, scalable method to synthesize cobalt nanoparticles embedded in 

porous nitrogen doped CNFs (Co-PNCNFs) by electrospinning 

technique. The unique encapsulated structure could efficiently avoid the 

metal nanoparticles directly contact with the harsh environmental, 

protecting the metal nanoparticles from corrosion and aggregation during 

the catalytic process. Benefiting from its high exposed effective surface 

area, improved electronic conductivity, intimate interaction and 

synergetic effect, Co-PNCNFs can serve as active electrocatalyst for both 

OER and HER with an outstanding performance and excellent stability. 
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Chapter 1: Literature review 

1.1 Introduction 

With the rapid development of modern society, the increasing demand of fossil 

fuels (coal, oil, natural gas, etc) has caused serious energy issues worldwide.1, 2  

Meanwhile, the unavoidable release of toxic gases and the generation of solid wastes 

along with the combustion of fossil fuels have been also major severe environmental 

problems. Therefore, the strong dependence on fossil fuels and the corresponding 

increasing detrimental effects on environment have stimulated extensive efforts to 

develop clean, renewable alternatives. Hydrogen has been identified as one of the most 

promising energy carriers due to its environmental friendliness and recyclability. To this 

end, effective production of hydrogen is key element of the hydrogen economy.3, 4 

Hydrogen is supposed to be a major energy carrier, which could provide high 

combustion heat. Hydrogen is not only an environmentally benign fuel for power 

generation, but also a versatile reagent for chemical synthesis. Today, the industrial 

production of hydrogen is achieved by steam reforming of methane and water, in which 

the accompanying product is carbon dioxide.5 However, methane is not a renewable 

energy source and the CO2 released may cause new problems. Reduction of water for 

H2 production offers an alternative strategy, which is a potential replacement of 

methane reforming.6-8 Importantly, the abundant water on earth provides an ideal 

resource for hydrogen production in a cheap and reliable way. The possible energy 

strategy, water splitting, has attracted much attention in the past few decades.  

Although electrolysis of water to produce H2 is a facile method, the high cost of the 

consumed electrical power prevents its wide application. Therefore, producing H2 in an 

economic and green way is highly desirable and becomes a scientific challenge. In the 

many studies reported so far, Pt-based materials were found to be well-performing 
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catalysts, and they are used not only for electrochemical water reduction, but also for 

photoelectrochemical water splitting. The high activity of Pt-based catalysts toward 

water reduction indicates that the surface of Pt-based catalysts provides efficient active 

sites for catalytic H2 evolution. However, the large-scale application of Pt-based 

catalysts has been limited by their low natural abundance and high cost. In recent years, 

extensive efforts have been devoted to looking for alternative catalysts containing only 

non-precious elements. 

Water splitting can be divided into two reactions: hydrogen evolution reaction 

(HER) and oxygen evolution reaction (OER), which is mainly hindered by the sluggish 

kinetics of OER (four-electron transfer).9, 10 The major challenge for OER is also to 

develop catalysts with high efficiency, low overpotential, as well as long-term stability. 

At present, precious metal oxides or complexes of ruthenium (Ru) and iridium (Ir) are 

the most active catalysts towards OER, achieving high electrochemical performance.11, 

12 However, the scarcity and prohibitive cost of these noble metals impede them to be 

used on a large scale. Therefore, it is important to develop new highly active catalysts 

for oxygen evolution, especially those composed of earth-abundant and inexpensive 

materials. 

1.2 Electrochemistry of water splitting  

1.2.1 The mechanism of electrochemical water splitting 

As shown in Figure 1-1, an electrolyzer has three component parts: an electrolyte, 

a cathode, and an anode. To accelerate the water splitting reaction process, the hydrogen 

evolution catalyst and oxygen evolution catalyst are coated on the cathode and anode, 

respectively. When given an external voltage to the electrodes, water molecules are 

decomposed into hydrogen and oxygen. The hydrogen can be stored for fuel and the 
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oxygen is released into the atmosphere. Therefore, the water splitting process can be 

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

evolution reaction (OER).  

 

Figure 1-1 Schematic diagram of an electrolyzer. 

According to different media in which water splitting occurs, the water splitting 

can be expressed chemically in different ways. 

Total reaction:  

In acidic solution :  

Cathode:  

Anode:   

In neutral and alkaline solution:  

Cathode:  

Anode:   

Regardless of the media in which water splitting takes place, the thermodynamic 

voltage of water splitting is 1.23 V at 25  and 1 atm. However, we generally must 

apply a higher potential to expedite the electrochemical water splitting, thus resulting in 

the consumption of excess energy and decreasing the conversion efficiency. The excess 
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potential (overpotential, η) is mainly caused by intrinsic reaction activation barriers and 

some other resistances, such as solution resistance and contact resistance.7 Therefore, 

much research has been devoted to developing efficient electrocatalysts for water 

splitting with lower overpotential.  

1.2.2 Electrochemical parameters for the evaluation of HER and OER catalytic 

activity 

1.2.2.1 Onset potential and overpotential 

The overpotential is an important criteria to drive a reaction at a certain rate, 

denoted as η. The electrode activity and overpotential is generally estimated by cyclic 

voltammetry (CV) or linear sweep voltammetry (LSV). In order to determine the 

catalytic activity of the material, we usually compare two representative overpotentials: 

onset potential and overpotential. The onset potential is the applied potential with 

apparent currents (cathodic or anodic). However, the onset potential is actually a poorly-

defined value. Usually, the onset overpotential is defined as the suitable current density 

of 0.5-2 mA cm-2. The other relevant overpotential is that the overpotential to reach a 

current density of 10 mA cm-2, which is the current density expected for a 12.3% 

efficient solar water splitting device. Generally, an ideal material could generate high 

current density with lower overpotential. 

1.2.2.2 Tafel slope and exchange current density 

The reaction kinetics of water reduction and oxidation can be revealed by Tafel 

slopes.13 Tafel plots can be derived from the Linear sweep voltammetry (LSV) by fitting 

the linear regions to the Tafel equation (η = b log(j/j0), where η is the overpotential, b is 

the Tafel slope, j is the current density, and j0 is the exchange current density), which is 

usually used to evaluate the efficiency of the catalytic reaction. Tafel slope varies in a 
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complex manner depending on many factors (reaction pathway, catalyst preparation, 

catalyst categories, adsorption conditions of the active site, electrode modification 

procedure, etc.) In principle, a lower Tafel slope means a catalyst requires a lower 

applied overpotential to generate a required current. Exchange current density (j0) is 

obtained when η is assumed to be zero, indicating the intrinsic catalytic activity of the 

material under equilibrium conditions. The exchange current density is a measure of the 

electron transfer rate of the catalyst, which is related to the electrode materials, 

electrode surface state, electrolyte composition and experimental temperature. The Tafel 

slope and exchange current density are two important parameters to indicate the 

catalytic activity. A good catalyst should have a high exchange current density and low 

Tafel slope.    

1.2.2.3 Stability 

Good structure and long-term stability of the catalysts towards water splitting is 

one of the most important parameters for the potential application of a material. 

Generally, there are two methods to assess the stability of a catalyst, namely, CV and 

chronoamperometry (potential-time) or chronopotentiometry (current-time). For the CV 

test, the stability is usually evaluated by comparing the polarization curves before and 

after the cycling test, normally more than 5000 cycles. If the polarization curve is 

identical to the initial one, which suggests the catalyst have good endurance in the 

electrolyte. Moreover, chronoamperometry or chronopotentiometry test is to measure 

the potential or current varies with time. For this measurement, normally, 10 hours is 

regard as a benchmark for comparison and the potential is usually related to 10 mA cm-2. 

The structure stability could be further investigated by the SEM images of the catalyst 

after the electrochemical stability test, which could signify the catalyst have a good 

tolerance for the water splitting process. 
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1.2.2.4 Electrochemical impedance (EIS) analysis 

The EIS analysis conducted at the open-circuit or various overpotentials is used to 

gain insight into the interface reaction and electrode kinetics of the catalysts for the 

HER or OER process. The charge transfer resistance (Rct) is related to the interface 

charge-transfer process of the electrode, which could be obtained from the diameter of 

the semicircles in the high frequency zone, whereas the adsorption resistance (Rad) 

associated to the adsorption of oxidized species on the electrode surface obtained from 

the low frequency zone. The EIS usually conducts under the open circuit voltage, 

therefore, the open circuit should be tested. Moreover, the EIS could be also measured 

under various overpotential. Generally, similar trend of EIS indicates the similar mass 

transport properties and reaction mechanism, and lower impedance contributes to better 

catalytic activity. 

1.2.2.5 Electrochemical active surface area (ECSA) 

The ECSA of the catalysts towards HER or OER could be estimated from the 

electrochemical double-layer capacitance of the catalytic surface. The electrochemical 

capacitance was determined by measuring the non-Faradaic capacitive current 

associated with the double-layer charging. To measure double-layer charging via CV, a 

potential range with no apparent Faradaic process occur was determined form static 

CV.14 The potential range is usually a 0.1 V potential window centered at the open 

circuit potential of the system and all measured current in this potential range is 

assumed to be duo to double-layer charging. The charging current is then measured 

from CVs at multiple scan rates. The large double-layer charging demonstrates more 

exposed surface reactive sites and much higher current density.  
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1.2.2.6 Turnover Frequency (TOF) 

TOF is another crucial detector to evaluate the catalytic activity. TOF is defined as 

the number of reactant that a catalyst convert to a desired product per catalytic site in 

unit time. Generally, TOF could be calculated by two steps: (1) calculation of active 

sites, (2) calculation of TOF values. However, the active sites are very difficult to 

identify. Therefore, assuming that all deposited materials were involved in the 

electrochemical reaction, the lower limits for turnover frequency (TOF) can be derived 

from the catalytic current. The high TOF value shows the outstanding catalytic activity 

of the catalysts towards HER or OER. 

1.2.3 Evaluation criteria of HER and OER catalysts 

Nowadays, the evaluation criteria of HER and OER mainly includes: (1) the 

specific surface area and pore size distribution of the catalysts, which is related to the 

mass transportation and the contact between electrolyte and catalysts; (2) conductivity, 

higher conductivity could efficiently accelerate the electron transfer; (3) active sites, the 

hydrogen and oxygen evolution mainly occur on the active sites of the catalysts, 

therefore more exposed active sites could generate enhanced catalytic activity; (4) 

chemical and structural stability, stability is an important factor of the catalyst in the 

practical application; (5) cost, one of the major challenge of the HER and OER catalysts 

for the practical production is the development and utilization of the materials with low 

price and abundant distribution. 

1.3 Electrochemical hydrogen evolution reaction 
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1.3.1 Mechanism of electrochemical hydrogen evolution reaction 

 

Figure 1-2 The mechanism of hydrogen evolution on the surface of an electrode in 

acidic solutions. 

HER is a multi-step process taking place on the surface of an electrode. Typically, 

three elementary reactions were involved in the HER process, as shown in Figure 1-2. 

In first step, an electron and a proton adsorbed on active sites of the catalyst, forming 

the adsorbed H, namely Volmer or discharge reaction. In acidic electrolytes the proton 

source is the hydronium cation (H3O+) whereas water molecule (H2O) in alkaline 

solutions. After that, the adsorbed H tends to form H2 via the Heyrovsky or Tafel route, 

and sequentially releases to air. In Heyrovsky route, the generated absorbed H combined 

with another proton from the solution and then receives an electron to evolve H2. In 

contrast, two absorbed H directly combine on the surface of the electrode to generate H2 

(Tafel route). 
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As mentioned in 1.2.2.2, Tafel slope are commonly used to discern the 

predominant HER mechanism.15 For HER process, if the discharge step is slow, then 

Tafel slope should be 4.6RT/F, that is, 116 mV dec-1 at 25 .Generally, the initial 

discharge step to form adsorbed hydrogen is considered to be fast, while the following 

hydrogen desorption step is typically rate-limiting. Therefore, if H2 is evolved via 

Heyrovsky route, the Tafel slope is 4.6RT/3F (38 mV dec-1 at 25 ). In contrast, if H2 

is evolved via Tafel route, the Tafel slope should be 2.3RT/2F (29 mV dec-1 at 25 ). 

1.3.2 Catalysts for HER 

 

Figure 1-3 Elements that are used for constructing HER electrocatalysts. 

Figure 1-3 shows the main elements that are used for constructing HER catalysts. 

According to their general physical and chemical properties, these elements can be 

divided into three groups: 1) noble metal, for example platinum; 2) transition metals, 

such as iron (Fe), cobalt (Co), nickel (Ni), copper (Cu), molybdenum (Mo), and 

tungsten (W); 3) non-metals, including boron (B), carbon (C), nitrogen (N), phosphorus 
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(P), sulfur (S), and selenium (Se). Generally, the catalysts used for the hydrogen 

evolution are all fabricated based on the above elements.  

 

Figure 1-4 A volcano plot of experimentally measured exchange current density as a 

function of the DFT-calculated Gibbs free energy of adsorbed atomic hydrogen. 

HER catalysts exhibit different catalytic efficiency during the hydrogen evolution 

process, which could be explained by the Gibbs free energy for hydrogen adsorption 

(DGH*) on a metal.16-18 Figure 1-4 shows the exchange current densities vs DGH* has a 

volcano shape. Among all the metals, noble metals, such as Pt, are at the summit of the 

volcano, possessing close to zero hydrogen absorption energy, thus show the highest 

catalytic activity towards HER. The other metals distribute to both side of the noble 

metal. Ni, Mo, W, Co etc. on the left side, bind to hydrogen atoms too strongly, while 

Cu, Ag, Au etc. on the right side, binds hydrogen too weakly. Therefore, it is desirable 

to synthesize suitable catalysts for HER. 

1.3.2.1 Noble metal (Pt) catalyst  

The most well-known efficient electrocatalysts for HER are Pt and Pt-group metals 

with nearly zero overpotential. The state of art HER catalyst, Pt, has an exchange 

current density in the order of 10-3 A cm-2 and a Tafel slope of 30 mV dec-1. Moreover, 
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Pt shows outstanding catalytic activity and stability towards HER in both of the acidic 

and alkaline solution.19 However, these noble metal catalysts are unfortunately limited 

by their scarcity and accompanying expensive price. Nowadays, the researchers make 

efforts to develop of non-noble, abundance metal electrocatalysts for HER. There are 

enormous efforts being carried out in the exploration of non-noble metal sulfides, 

phosphides, selenides, nitrides, and carbides in virtue of their excellent 

electroconductivity and corrosion resistance. 

1.3.2.2 Metal sulfides 

Metal sulfides, such as MoS2, WS2, FeS2, NiS2 and CoS2, show excellent catalytic 

activity towards HER.  

 

Figure 1-5 Structure and characterization of atomically thin MoS2. (a) Three-

dimensional schematic of the atomic structure of MoS2. (b) AFM height profile of 

monolayer MoS2; inset is the corresponding AFM image. 

MoS2 is a promising catalyst for the electrocatalytic HER. The structural unit of a 

MoS2 crystal is composed of a Mo-layer sandwiched between two S-layers through 

covalent S-Mo-S bonding, and van der Waals forces then hold the repeating units 

together with a layer-to-layer distance of about 0.62 nm (Figure 1-5).20-22 Recently, both 

density functional theory (DFT) calculations and experimental results have 

demonstrated that the electrocatalytic HER activity of crystalline MoS2 catalysts 

(b)
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originates from the unsaturated Mo-S sites along the edges.22-24 Inspired by this 

fundamental understanding, extensive efforts have been dedicated to increasing the 

number of exposed active sites on MoS2 catalysts by engineering the nanostructures, 

vertically aligned MoS2 films, defect-rich MoS2 nanosheets, MoS2 nanowire, MoS2 

nanorods and so on.23, 25-31 For example, Jaramillo et.al reported that vertically oriented 

core-shell nanowires (NWs) produced by low-temperature sulfidization of MoO3 

nanowires have high activity for HER. A current density of 10 mA cm-2 requires an 

overpotential of 250 mV and a low Tafel slope (50-60 mV dec-1) has been achieved.28  

Another example is the defect-rich MoS2 ultrathin nanosheet displays a density of active 

sites that is 13 times higher than that of bulk MoS2.25 Current densities as high as 13 

mA cm-2 are obtained at overpotential of 200 mV and a Tafel slope of 50 mV dec-1. 

Moreover, chemical exfoliation of the bulk MoS2 by the lithium intercalation method is 

widely used to obtain single- or few-layered MoS2. Interestingly, chemically-exfoliated 

MoS2 nanosheets exhibit an unexpected phase transformation from the 

thermodynamically favored 2H phase to the metastable 1T polymorph partially.32 The 

metallic 1T polymorph is described by a single S Mo S layer composed of edge-

sharing MoS6 octahedra, and it is not naturally found in bulk. Jin’s group and 

Chhowalla’s group demonstrate that 1T polymorph of MoS2 had higher metallic 

character and more competitive HER activities than the 2H phase, ascribing to both the 

increase of active sites and the improvement of conductivity.23, 24 

WS2 has the similar structure and electronic properties to MoS2, therefore, 

researchers pay substantial attention to WS2 in recent years.33-37 One of the most 

interesting researches for WS2 is in which the electrical properties can vary from 

metallic and semiconducting via adjusting the crystal structure and the number of 

layers.33, 38 As shown in Figure 1-6, Chhowalla’s group reported the synthesis of mono-
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layered nanosheets of chemically exfoliated WS2 by the lithium intercalation method in 

2013.38 The as-exfoliated nanosheets had a high concentration of the strained metallic 

1T phase, which was proven to be an important factor in enhancing the catalytic activity 

of WS2 nanosheets. In addition, the strain induced local lattice distortion was also 

believed to facilitate HER. 

 

Figure 1-6 Typical AFM image of exfoliated nanosheets of WS2. Scale bar, 500 nm. (b) 

High-resolution STEM images of an as-exfoliated WS2 monolayer showing regions 

exhibiting the 1T superlattice. Scale bar, 1 nm. 

 

Figure 1-7 Electrochemical measurements of transition metal dichalcogenide films 

grown on glassy carbon electrodes. (a) Polarization curves of transition metal disulfides, 

(b) the corresponding Tafel plots. 
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Within the family of metal sulfide, first-row transition metal dichalcogenides, FeS2, 

CoS2 and NiS2 are common and well-studied HER catalysts.39 FeS2, CoS2 and NiS2 

share the pyrite or related marcasite structure, in which the metal atoms are octahedrally 

bonded to adjacent sulfur atoms. As a common structural feature, metal cations on the 

low-index surfaces of these dichalcogenides tend to exhibit a reduced coordination 

number.40 Previous research demonstrated that both FeS2 and NiS2 had a comparable 

catalytic activity towards HER, and FeS2 had a higher stability than NiS2 in acidic 

solution.39, 41 Yi Cui’s group (Figure 1-7) developed a facile process to grow 

polycrystalline dichalcogenide films on diverse substrates, such as FeS2, CoS2 and NiS2, 

and they all showed excellent activity towards HER, achieving a cathodic current 

density of 4 mA cm-2 that ranges from 190 mV to 270 mV.41 In their study, the best 

activity among the metal dichalcogenides is achieved using using CoSe2 and 

Fe0.43Co0.57S2 as catalysts, and their superior catalytic activity is likely linked with their 

unique electronic structure.  

1.3.2.3 Metal carbide  

Metal carbides have been under investigation for decades in the fields of catalysis 

in view of their high analogy to platinum group metals with their d-band electronic 

structures and catalytic properties, possessing high electrical conductivity and optimal 

hydrogen-adsorption properties.42 Among the metal carbide, Mo2C and WC, had long 

been expected to be effective non-Pt electrocatalysts for HER.43-49 Additionally, they 

have been used as stable supports for precious metals over different ranges of pH. In 

2012, Hu’s group made the first observation of the commercial Mo2C showing high 

activity towards HER in both acidic and alkaline solution.50 Since then, fine structural 

optimization of molybdenum carbide catalysts at the nanoscale has been actively 

pursued, and recent efforts have begun to bear more fruits. Liao et al. developed a 
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highly active and stable electrochemical catalyst of nanoporous molybdenum carbide 

nanowires (np-Mo2C NWs) for HER.43 The np-Mo2C NWs were synthesized simply by 

pyrolysis of a MoOx/amine hybrid precursor with sub-nanosized periodic structure 

under an inert atmosphere. The Mo2C nanowires were composed of nanocrystallites of 

about 10-15 nm in size, and had a large surface area of 63.9 m2 g-1. The excellent 

catalytic activity of this nanowire material was attributed to its large surface areas, 

nanosized crystallites and porous structure. Asefa group synthesized a novel Mo-based 

composite (Mo2C@NC) by one-step facile thermal treatment of ammonium molybdate 

and DCDA.51 Mo2C@NC is composed of ultrasmall molybdenum carbide (Mo2C) 

nanoparticles embedded within nitrogen rich carbon (NC) nanolayers. The Mo2C@NC 

hybrid nanoelectrocatalyst shows remarkable catalytic activity, has great durability, and 

gives about 100% Faradaic yield toward the hydrogen-evolution reaction (HER) over a 

wide pH range (pH 0-14). Combined with the DFT results, Mo2C@NC gave a small ΔG 

(≈ 0 eV) because of the doped N atoms, creating super active non-metallic catalytic sites. 

WC was the first found to have Pt-like catalytic activity by R. B. Levy and M. 

Boudart in 1973.42 WC exhibits high corrosion resistance and superior electronic 

conductivity, which makes it a suitable candidate to replace Pt group metals. There are 

several methods to prepare WC, including heating the fully mixed WO3 (or W metal) 

and carbon powder a high temperature (1400-1600 oC), ball milling, microwave heating, 

and plasma processing technique.52-56 All of these methods could obtain nanoscale WC.  

Burstein and co-workers compared the HER activity of WC particles prepared by 

microwave carburisation and by furnace heating.57 The microwave synthesis produced 

particles with a finer grain size which were better catalysts. As shown in Figure 1-8, Xia 

Guo group WC fabricated nanocrystals grown on vertically aligned carbon nanotubes 

with a hot filament chemical vapor deposition (HF-CVD) method through the directly 



 
 

 
16 

reaction of tungsten metal with carbon source.58 WC-CNTs material exhibited an 

excellent catalytic activity for HER with the overpotential for 10 mA cm-2 of 145 mV, 

attributing to the high crystallinity, small size, and uniform distribution of WC particles 

on the carbon support. 

 

Figure 1-8 (a) Scheme of the process of WCNCs grown on the tips of VA-CNTs. (b) 

TEM images of an individual NCs, (c) HER voltammograms of WC-CNTs synthesized 

at different temperatures in 0.5 M H2SO4 (pH = 0). 

1.3.2.4 Metal nitride 

Transition-metal nitrides, referred as interstitial alloys, have attracted much 

attention in electrocatalysis due to their unique physical and chemical properties, 

including their superior corrosion stability, low electrical resistance and high stability.59, 

60 The introduction of nitrogen atoms modifies the nature of the d-band of the parent 

metals, which makes the electronic structure of transition-metal nitrides similar to group 

VIII noble metals.61 The catalytic and electronic properties of transition-metal nitrides 

are highly dependent on their morphology and surface structure.62-65 Xie et.al prepared 

atomically-thin MoN nanosheets by liquid exfoliation of the bulk material in N-methyl-
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2-pyrrolidone (NMP).63 The metallic behavior of the novel catalyst guarantees fast 

electron transport during the electrocatalytic process, thus enriching the electrically 

connected active sites. The atomically-thin MoN nanosheets exhibited a remarkably low 

onset overpotential of 100 mV and the cathodic current density reaches 38.5 mA cm-2 at 

the overpotential of 300 mV. Even though it has been proven that MoN exhibits HER 

activity in acidic solution, it is far lower than those of ternary metal nitride, such as Ni-

Mo-N or Co-Mo-N, by introducing in Ni or Co into Mo-N. Hong Jin Fan group 

synthesized 3D porous hierarchical nickel–molybdenum nitrides by RF Plasma 

treatment at a relatively low reaction temperature (450 oC) and shorter duration (15 min). 

The obtained bimetallic nitrides exhibit outstanding HER performance with a small 

overpotential of around 109 mV to acquire the current density of 10 mA cm-2 with an 

outstanding durability at different current densities.66 

1.3.2.5 Metal phosphide 

Transition metal phosphides have been widely explored as hydrodesulfurization 

(HDS) catalysts due to their high catalytic ability, and can also be considered as HER 

catalysts.67 The previous theoretical and experimental studies have demonstrated that 

the catalytic activity of the transition metal phosphide for HER arises from metal sites 

located on the surface.68-71 Transition metal phosphide can be viewed as doping P atoms 

into crystal lattices of transition metal. Until now, only six different transition metals 

(Fe, Co, Ni, Cu, Mo and W) are found to form TMPs as efficient HER catalysts. Metal 

phosphides tend to form a more isotropic crystal structure instead of a layered structure 

that is observed in metal sulfides.72 There are a few synthetic strategies for fabricating 

the transition metal phosphide, including solution-phase reaction, gas-solid reaction, 

cathodic electrodeposition, hydrothermal reaction.73-77 Popczun et al. reported Ni2P and 

CoP nanoparticles (10-20 nm) for the first time as highly efficient HER catalysts, 
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showing small Tafel slopes of 46 and 50 mV dec-1, respectively.78  Xin Wang group 

prepared molybdenum phosphide (MoP) as a highly efficient catalyst for HER. MoP is 

synthesized though a facile method by sintering of molybdenum and phosphorus 

precursors assisted by citric acid.68 MoP shows a low onset potential for HER at around 

50 mV vs. RHE and the current density reaches 30 mA cm-2 at a potential of 0.18 V vs. 

RHE in acid solution.  

 

Figure 1-9 (a) SEM image of Mo-WP/CC, (b) Polarization data for Mo-W-P/CC in 

0.50 M H2SO4 electrolyte, along with plots of MoP/CC, WP2/CC and Pt/C/CC for 

comparison. 

Metal transition phosphides have similar properties to ordinary metallic 

compounds, such as carbides and nitrides. The incorporation of foreign metal atoms 

with similar electron configuration into the crystal lattice can dramatically enhance the 

electrocatalytic activities of transition metal phosphide.79-82 Dai-Bin Kuang group 

reported a novel excellent porous molybdenum tungsten phosphide (Mo-W-P) hybrid 

nanosheet catalyst for hydrogen evolution (Figure 1-9).83 The obtained Mo-W-P hybrid 

nanosheets exhibit impressively high catalytic activity with a low overpotential of 138 

mV to reach 100 mA cm-2 and a small Tafel slope of 52 mV dec-1 in 0.5 M H2SO4, 

which are significantly higher than those of single MoP nanosheets and WP2 nanorods. 

(a) (b)
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1.3.2.6 Heteroatom-doped carbon materials 

 

Figure 1-10 (a) Preparation process of MPSA/GO-1000 via cooperative assembly and 

pyrolysis, (b) Polarization curves of various samples for hydrogen evolution in 0.5 M 

H2SO4. 

Metal-free catalysts, such as graphene, carbon nanotube, are often as supports for 

these poorly-conducting catalysts to provide good electron transfer, leading to synergic 

effects to enhance the HER performance. Generally, carbons could provide either 

favorable structural supports (e.g., large surface area), cooperative electrical effects (e.g., 

enhanced electron transfer and transport) or strong tolerance to acid/alkaline 

environments. Therefore, it is desirable to understand the intrinsic roles of carbons in 

these carbon-supported metal-based HER catalysts and their carbon-based metal-free 

counterparts. The pure carbon materials are HER inert intrinsically, but the heteroatom-

doped carbons (N, B, P, S, Co, Ni, Fe) could turn the inert carbon into active sites for 

HER. The introduction of heteroatom might lead to the creation of defect sites that can 

modulate the physical and chemical properties of carbon materials.84-90 The fundamental 

difference between heteroatom-doped carbon catalysts and conventional metal-based 

catalysts (metal sulfide, metal carbide, metal nitride, metal phosphide) is that the active 

sites of the carbons do not involve metal ions.87, 89 Even though the metal heteroatoms, 

such as Co, Ni, Fe, the metals are well encapsulated by the carbon, thus the active sites 

(a) (b)
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come from carbon materials. Liming Dai group developed a simple template-free 

approach to fabricate 3D porous carbon networks co-doped with nitrogen and 

phosphorus by pyrolysis of a supermolecular aggregate of self-assembled melamine, 

phytic acid, and graphene oxide.91 The generated catalysts exhibited high catalytic 

activity towards HER with a low overpotential of 0.06 V and achieving the current 

density of 30 mA cm-2 at the overpotential around 210 mV. As shown in Figure 1-10, 

Qiao’s group explore the effects of various dopants (N, B, O, S, P, F) in graphene 

toward HER activity by using DTF calculations and experimental method.85 The results 

proved that N and O acted as electron acceptors for the adjacent C, while F, S, B, and P 

served as electron donors and N and P co-doped graphene showed the most favorable 

H* adsorption-desorption property among several doped graphene models, indicating 

the best HER catalytic activity. Moreover, the metal encapsulated catalysts also 

displayed outstanding HER catalytic activity. Tewodros Asefa group reported the 

synthesis of cobalt-embedded nitrogen-rich CNTs (Co-NRCNTs) that can serve as 

highly active electrocatalyst for HER under acidic, neutral or basic media alike.87 

Junhong Chen et. al. prepared a novel hybrid electrocatalyst consisting of nitrogen-

doped graphene/cobaltembedded porous carbon polyhedron (N/Co-doped PCP//NRGO) 

through simple pyrolysis of graphene oxide-supported cobalt-based zeolitic imidazolate-

frameworks.92 The obtained hybrid exhibited superior performance towards HER, 

offering a low onset overpotential of 58 mV and a stable current density of 10 mA cm-2 

at 229 mV in acid media. 

1.4 Electrochemical oxygen evolution reaction 

1.4.1 Mechanism of electrochemical oxygen evolution reaction 

Table 1-1 Overall reaction pathway for OER in acidic and alkaline solutions 
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As we aforementioned, the water splitting reaction can be classified into two half 

reactions: HER and OER, both of which are vital for the overall efficiency of water 

splitting. We have discussed HER catalysts in part of 1.3, and in this section, we will 

introduce the OER catalysts. Compared to HER, the OER is inherently more complex 

and has sluggish oxygen evolution kinetics, since it involves a four-electron transfer 

process with the removal of four protons from water molecules to generate one oxygen 

molecule, thus leading to a large overpotential to facilitate the reaction efficiently.93, 94 

In acid solution, water is oxidized into oxygen and hydrogen ions, whereas in neutral 

and alkaline solutions, the hydroxyl ion is oxidized into water and oxygen. The 

mechanism of OER is very sensitive to the structure of electrode surface; different 

materials or one material with different facets can exhibit various reaction mechanisms. 

Therefore, appropriate catalysts are in need of settling OER kinetically slow process, 

thus enhancing the overall water splitting process.  

1.4.2 Catalysts for OER 

1.4.2.1 Precious metals based catalysts 

To date, the precious metals and their oxides, such as Ru, Ir, RuO2, and IrO2, are 

recognized to be the best OER electrocatalysts in aqueous acidic and alkaline solutions 
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because of their lowest overpotential for the OER at practical current densities.11, 12 

Additionally, Ru–Ir alloys and oxides have been studied as OER electrocatalysts with 

enhanced electrochemical activity and thermodynamic stability.95 However, the scarcity 

and high cost of the precious metals are the major barriers for the global-scale 

applications. For this reason, effective low-cost electrocatalysts are urgently needed to 

expedite the OER reaction, reduce the overpotential, and thus enhance the energy 

conversion efficiency.  

1.4.2.2 Transition metals oxides 

Generally, transition metal oxides, such as Ni, Co, Mn and Fe, are popular OER 

catalysts in alkaline electrolytes owing to their environmental friendliness, abundant 

reserves, thermal stability, and low cost. Hence, synthesis and fine structural 

optimization of transition metal oxide-based catalysts and a deep understanding of their 

structure-property relationships in the OER have been actively pursued.  

 

Figure 1-11 (a) Synthetic route for the γ-CoOOH nanosheets. (b) TEM image and (c) 

AFM image for the γ-CoOOH nanosheets. The inset in (b) shows the HRTEM image for 
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the γ-CoOOH nanosheets. (d) XRD pattern for the γ-CoOOH nanosheets. The patterns 

of bulk g-CoOOH and bulk and nanosheet α-Co(OH)2 are also displayed for comparison. 

Co3O4 is a typical electrocatalyst with many applications, which has been used as a 

catalyst for electrochemical water splitting since the 1970s.96 Almost all kinds of cobalt 

oxide (Co3O4, CoO, CoOOH), regardless of their preparation methods and the nature of 

the supports, give approximately the similar Tafel slope of around 60 mV dec-1, 

illustrating the catalytic mechanism is similar for the cobalt oxides.96-100 Increasing the 

surface area and engineering the surface active sites are the important strategies to lower 

the overpotential and further enhance the catalytic activity. Many efforts have been 

devoted to synthesizing nanostructures or mesoporous frameworks of cobalt oxide. As 

shown in Figure 1-11, Gengfeng Zheng group developed a facile solution reduction 

method to synthesize the mesoporous Co3O4 nanowires with the treatment of NaBH4.101 

Compared to the pristine Co3O4 NWs, the reduced mesoporous Co3O4 NWs show a 

seven-fold enhancement of water oxidation catalytic activity with a lower onset 

potential of 1.52 V vs. RHE and a large current density of 13.1 mA cm-2 at 1.65 V vs. 

RHE. The atomically thin cobalt oxyhydroxide (r-CoOOH) nanosheet as an efficient 

electrocatalyst for water oxidation has been reported by Shiqiang Wei.99 They design a 

two-step chemistry route of “atomic-scale phase transformation process” to synthesize 

the 1.4 nm r-CoOOH nanosheets, including the liquid exfoliation and NaClO oxidation 

process. The obtained ultrathin r-CoOOH nanosheets can effectively oxidize water with 

an extremely large mass activity of 66.6 A g-1 at a quite small overpotential of 300 mV, 

20 times higher than that of g-CoOOH bulk and 2.4 times higher than that of the 

benchmarking IrO2 electrocatalyst. In addition, enhanced performance can be obtained 

by the incorporation of additional metal ions (including Fe, Ni, Cu, Li and Zn) into 

cobalt oxide. For example, Yu-Zhi Su group developed ZnCo2O4 quantum dots on 
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nitrogen doped carbon nanotubes (ZnCo2O4/N-CNT) as catalyst towards OER.102 The 

replacement of Co2+ by Zn2+ at the tetrahedral sites provided an enhanced utilization 

rate for the highly active Co3+ species that occupy the octahedral sites, thus ZnCo2O4/N-

CNT delivered high catalytic activity and outstanding stability during the OER test 

compare to the Co3O4. Also, Maiyalagan et al. reported that lithiated spinel-type 

LiCoO2, prepared at 400 oC, exhibited superior OER performance over Co3O4.103 

 Nickel oxides were discovered to exhibit electro-catalytic activity towards OER in 

alkaline solution in the early last century. Many researchers have paid much attention on 

the fabrication of nanostructure of NiO. For example, Xile Hu group prepared small 

nanoparticles of nickel as catalyst for OER in alkaline solutions.102 These nanoparticles 

showed excellent catalytic activity, giving a current density of 10 mA cm-2 at 

overpotential of 330 mV for NiOx. 

One of the most interesting discoveries was that as nickel was always found in 

combination with iron (Fe) on earth and Fe impurities in the nickel hydroxide (Ni(OH)2) 

electrodes can cause detrimental effects on Ni-based alkaline batteries by greatly 

lowering the OER overpotential.104-107 The discovery had inspired many scientists to 

study the phenomenon, optimizing Fe content and synthesizing various NiFe mixed 

compounds for obtaining better OER electrocatalyts. The first investigation of the effect 

of Fe on nickel oxide electrodes towards OER was found by Corrigan.107 By adjusting 

Fe content, a composite NiFe hydrous oxide with >10% Fe showed intriguing activities 

toward OER electrocatalysis with ~200-250 mV overpotential at a current density of 10 

mA cm-2 and a low Tafel slope of 20-25 mV decade-1. The NiFe alloy, NiFe oxide and 

NiFe layered double hydroxide have been fabricated since then as high efficient 

electrocatalysts towards OER.108-117 For example, Louie et al. studied NiFe thin films 

obtained by electrodeposition technique, by optimizing Ni/Fe ratio and the NiFe catalyst 
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containing 40% Fe exhibited the highest activity among the catalyst.117 Qiang Zhang 

et.al designed a novel composite based on NiFe LDHs and graphene, which was 

synthesized by means of defect-anchored nucleation and spatially confined growth of 

nanometer-sized NiFe LDHs into a three-dimensional graphene framework (Figure 1-

12).118 The obtained NiFe LDH/graphene hybrid shows high OER performance, with a 

remarkably low Tafel slope (45 mV dec-1), a substantially decreased overpotential (337 

mV required for 10 mA cm-2), and enhanced durability.  

 

Figure 1-12 (a) Schematic of the spatially confined hybrids and crosssectional TEM 

image of a sheet of nNiFe LDH/NGF electrocatalyst. (b, c) polarization curves and 

Tafel slope of nNiFe LDH/NGF and other samples for comparison. (d) Figures of merit 

with respect to both kinetics (Tafel slope) and activity (the overpotential required to 

achieve 10 mA cm-2), with references all measured in 0.1 M KOH electrolyte. 

(a)

(b) (c)

(d)
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Figure 1-13 polarization curves of Mn-based catalysts towards OER. 

Oxygenic photosystem II (PS-II) with Mn4O4Ca as the core of its catalytic center 

surrounded by ample proteins inspired the investigation of manganese oxides (Mn2O3 

and rutile MnO2) as the electrocatalysts towards OER.119-122 Manganese oxides have 

more than 20 polymorphs, which make them more complicated than simple oxides. The 

catalytic activities of manganese oxides rely heavily on their chemical compositions and 

crystallographic structures, as well as morphologies and pore structures.123-128 Alejandra 

Ramírez evaluated the electrochemical catalytic performance of MnOx, Mn2O3 and 

Mn3O4 electrodeposited films towards OER.129 Compared to Mn3O4, crystalline α-

Mn2O3 and MnOx-573 K are the most efficient catalyst for water oxidation in the 

manganese oxygen system (Figure 1-13). Their results show that structural changes, 

oxidation of Mn II and Mn III toward Mn IV under oxygen evolving conditions, played 

an important role in the catalytic activity of the manganese oxides.  

1.4.2.3 Perovskite oxides 

Perovskites with structure of ABO3 is another class of OER catalysts that has been 

intensively investigated.130-135 Compared to other type of oxides, a major advantage of 

perovskite oxides is the flexibility of tuning their physical-chemical and catalytic 
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properties of the ABO3 formulation (Figure 1-14 (a)), where A sites are rare earth or 

alkali metal ions and B sites are transition metal ions. The physico-chemical and 

catalytic properties of perovskites oxide can be modified by substituting ions of the 

same or different oxidation states in the A and/or B sites.136, 137  

 

Figure 1-14 (a) A unit cell in perovskite showing relative positions of different ions, (b) 

The relation between the OER catalytic activity, defined by the overpotentials at 50 mA 

cm-2ox of the OER current, and the occupancy of the eg-symmetry electron of the 

transition metal (B in ABO3).  

There are varieties of synthesis routes for perovskites oxide, including solid-state 

route, co-precipitation method, reverse micelle synthesis, sol-gel method, hydrothermal 

process.138-144 Currently, the most popular perovskites oxides are LaCoO3, LaNiO3, 

SrCoO3 and LaMnO3. Due to their high versatility in the electronic structure and choice 

of metal cations, advanced perovskites have been progressively developed and modified 

to yield a typical structure in order to achieve desired properties. The substitution of the 

A-site and B-site metal cations and generation of oxygen deficiency/vacancy have large 

characteristic effects on their OER performance.130, 136, 137, 145 Suntivich et al. proposed 

that the eg filling of surface transition metal cations can significantly influence the 

binding between the OER intermediates and perovskites surface, which results in 

different OER activity.146 The highest OER activity among all oxides studied as 
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predicted by the eg activity descriptor is Ba0.5Sr0.5Co0.8Fe0.2O3-x (BSCF), and as shown 

in Figure 1-14 (b) the intrinsic OER activities of perovskites exhibit a volcano-shaped 

dependence on the occupancy of the 3d electron with an eg symmetry of surface 

transition metal cations in an oxide. 

1.4.2.4 Metal complexes 

In recent years, molecular catalysts for water oxidation, mainly composed of 

transition-metal complexes, have gained considerable attention.147-149 Metal complexes 

supported with organic ligands might act as homogeneous catalysts or serve only as 

precursors of more active heterogeneous catalysts towards OER. Molecular metal 

complexes as catalysts are either homogeneous or heterogeneous during water oxidation 

depending on the sort of metals, pH, oxidants, and supporting ligands.150-156 Therefore, 

it is very important to carefully characterize the active species before, during, and after 

water oxidation catalysis. There are some efficient OER catalysts based on earth-

abundant metals, such as cobalt, nickel, iron, copper and manganese, and all of them 

could be used as homogeneous or heterogeneous catalysts towards OER. 

 

Figure 1-15 (a) Molecular cobalt complexes, (b) CV of 5 recorded in phosphate buffer 

solution (0.1 mM, pH 9.2) with a scan rate of 50 mV s-1 (red), and a blank scan without 

5 under the same conditions (black).  

(a) (b)
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A mono-cobalt aqua complex, 5 (Figure 1-15), with an oxidative stable 

pentadentate Py5 ligand, [Co(Py5)OH2)](ClO4)2 [Py5 = 2,6-(bis(bis-2-pyridyl)methoxy-

methane)-pyridine], acted as an efficient homogeneous OER catalysts in alkaline 

media.157 The water oxidation catalysis started at the potential >+1.2 V vs. RHE, which 

is attributed to the Co(III)/Co(II) proton-coupled electron transfer step within the pH 

range of 7.6-10.3 .  

 

Figure 1-16 Structures of nicke(II) complexes used as precatalysts. 

Tai-Chu Lau and coworkers developed a series of NiII complexes 62-65 as shown 

in Figure 16.158  These NiII complexes bear multidentate N-donor ligands that serve as 

precatalysts and convert into Ni oxide nanoparticles during the electrochemical test. 

These nanoparticles serve as the true catalyst towards OER. Complexes 63-65 yielded a 

greater amount of O2 in borate buffer at pH 8.0, with turnover numbers (TONs) and 

turnover frequencies (TOFs) that ranged from 31-54 and 0.19-0.42 s-1, respectively. 

1.4.2.5 Heteroatom-doped carbon materials 

Nowadays, the electrocatalysts towards OER so far are mainly based on transition-

metal based materials, or the transition-metal based materials supported by carbon 

materials to facilitate fast electron transfer. Although there are some reports of metal-

free catalysts towards HER, however, only a few reports discussed direct use of carbon 

materials as catalysts towards OER. Very recently, N(5)-ethyl-flavinium ions were 

found to work as organic metal-free catalysts towards OER N(5)-ethyl-flavinium ions 
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were found.159 Even though the catalytic activity is lower than those of existing 

transition metal-based catalysts (0.73 V vs. RHE, pH 2), it has opened up a new strategy 

for designing OER catalysts.  

 

Figure 1-17 (a-c) SEM and TEM images of the N/C, (d) Oxygen evolution activities of 

the N/C, N/C-NiOx, IrO2/C (20 wt%) and Pt/C (20 wt%) electrodes with KOH 

electrolyte (pH 13). 

Nowadays, metal-free carbonaceous materials doped with heteroatoms (e.g., N, P, 

B, S, or I) have been the focus of oxygen electrocatalysis. The electronic and catalytic 

property modulation are mostly achieved by extrinsic doping of heteroatoms.160-164 As 

shown in Figure 1-17 Zhao et. al report that the nitrogen-doped carbon materials act as 

the efficient OER electrocatalysts.165 The catalyst achieved a current density of 10 mA 

cm-2 at the overpotential of 0.38 V in alkaline solution, values that are comparable to 

those of iridium and cobalt oxide catalysts. Shizhang Qiao’s group design the metal-free 

d
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OER catalyst composed of graphitic carbon nitride nanosheets and carbon nanotubes (g-

C3N4 NS-CNT), which was fabricated by self-assembly strategy with π-π stacking and 

electrostatic interactions.166 The g-C3N4 NS-CNT composite displayed higher current 

density than that of IrO2-CNT at potentials higher than 1.62 V. 

1.5 Bifunctional catalysts for HER and OER 

Nowadays, the electrochemical catalytic activity of HER in acidic media and OER 

in alkaline media has achieved great progress, such as MoS2, Co/Ni-WSx, FeS, Ni3S2, 

MoC, MoP, CoP and Ni2P for HER and oxides/hydroxides of cobalt, nickel, manganese, 

iron, and copper for OER. However, there are very few catalysts that are able to 

catalyze both HER and OER in the same electrolyte. Generally, the catalysts show good 

catalytic performance in acidic media often tend to be inactive or even unstable in basic 

media, and the same phenomenon could be found for the catalysts which work better in 

basic media.167, 168 If we only integrate two types of catalysts that are specially suitable 

for the HER and OER, respectively, it is usually incompatible and thus results in a poor 

overall performance. Moreover, the theoretical minimum value of water splitting is 1.23 

V, however, the commercial water electrolyzers generally operate at a larger voltage of 

1.8-2.0 V, which is related to the energy consumption and electrical efficiency. 

Therefore, designing a new type of bifunctional materials that work as both HER and 

OER catalysts in the same electrolyte is of prime importance for overall water splitting, 

which remains a significant challenge.92, 169-171  

As shown in Figure 1-18 Lifeng Liu group prepared carbon fiber paper (CP) 

integrated with bifunctional nickel phosphide (Ni-P) electrocatalysts (CP@Ni-P) by 

electrodeposition of Ni on functionalized CP, followed by a convenient one-step 

phosphorization treatment in phosphorus vapor at 500 °C.172 The obtained CP@Ni-P 
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exhibited excellent electrocatalytic performance towards HER and OER, achieving 100 

mA cm-2 at the overpotential of 250 mV for HER and  50.4 mA cm-2 at an overpotential 

of  300 mV for OER in alkaline solution, respectively. As CP@Ni-P show well-defined 

bifunctionality, a full alkaline electrolyzer is constructed using two identical CP@Ni-P 

electrodes as cathode and anode, respectively, which can realize overall water splitting 

with efficiency as high as 91.0% at 10 mA cm-2 for 100 h.  

 

Figure 1-18 (a) Polarization curve showing the bifunctionality of CP@Ni-P toward 

both HER and OER. (b) Polarization curve in a two-electrode configuration. (c) 

Chronopotentiometric curve of water electrolysis at several different current densities. 

(d) Energy efficiency of the CP@Ni-P electrolyzer as a function of current density. e) 

Long-term durability tests made at 10 and 20 mA cm-2. (f) A digital photograph 

showing the evolution of H2 and O2 gas from the electrodes at 20 mA cm-2.  
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Xinliang Feng group constructed the catalyst composed of cobalt selenide 

(Co0.85Se) nanosheets vertically oriented on electrochemically exfoliated graphene foil, 

with subsequent deposition of NiFe layered double-hydroxide by a hydrothermal 

treatment (EG/Co0.85Se/NiFe-LDH).173 EG/Co0.85Se/NiFe-LDH nanosheets show 

bifunctional property towards HER and OER, which only requires overpotentials of 

0.26 V to attain current density of 10 mA cm-2 towards HER and 1.50 V to reach current 

densities of 150 mA cm-2 towards OER. It is remarkable that an efficient water 

electrolyzer constructed by using EG/Co0.85Se/NiFe-LDH nanosheets as both anode and 

cathode, achieving 20 mA cm-2 at 1.71 V. 
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Chapter 2 experimental method and characterization 

2.1 Overview 

The overall research procedures for designing different nanostructure materials and 

their following applications are shown in Figure 2-1. The research work mainly includes 

three parts: the preparation of materials; characterization of the obtained materials; the 

application of the materials as catalysts towards water splitting.  

 

Figure 2-1 Schematic illustration for materials preparations, characterizations and 

applications. 

A list of the names of materials and chemicals involved in the thesis, along with their 

formula, purity and supplier, is shown below in Table 2-1. 

Materials and chemicals Formula Purity Supplier 

Carbon black C 99% Lexel 

Materials preparation

hydrothermal method; wet-chemical synthesis; Chemical redox reaction; 

hard template method and electrospinning technique

Materials characterization

X-ray diffraction analysis (XRD);       Scanning electron microscopy (SEM) 

Transmission electron microscopy (TEM);                    Raman spectroscopy

Brunauer Emmer Teller (BET);              Thermogravimetric analysis (TGA) 

X-ray photoelectron spectroscopy (XPS)

Electrochemical performance characterization

Linear sweep votammograms (LSV); Cyclic voltammetry (CV)

Electrochemical impedance spectroscopy (EIS); Stability

Turnover Frequency (TOF) 
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Cobalt(II) nitrate hexahydrate Co(NO3)2·6H2O 98% Sigma-Aldrich 

Nickel(II) nitrate hexahydrate Ni(NO3)2·6H2O 98% Sigma-Aldrich 

Ethanol CH3CH2OH 99.5% Sigma-Aldrich 

Iron(II) acetate Fe(NO3)3 99.99% Sigma-Aldrich 

Graphite (natural flakes) C 75% Sigma-Aldrich 

Hydrazine hydrate NH2NH2·xH2O 50–60% Sigma-Aldrich 

Hydrochloric acid HCl 37% Sigma-Aldrich 

Hydrogen peroxide solution H2O2 30–32% Sigma-Aldrich 

Potassium hydroxide KOH 90% Sigma-Aldrich 

Potassium permanganate KMnO4 99% Sigma-Aldrich 

Sodium borohydride NaBH4 99.99% Sigma-Aldrich 

Sulfuric acid H2SO4 95–98% Sigma-Aldrich 

polyacrylonitrile (C3H3N)n 95% Sigma-Aldrich 

N,N-dimethylformamide C3H7NO 99% Chem-supply 

Ammonium Heptamolybdate (NH4)6Mo7O24 99% Sigma-Aldrich 

Oleic acid C18H34O2 99% Sigma-Aldrich 

Nafion Nafion 5% Sigma-Aldrich 

Hexadecyltrimethylammonium 
bromide 

C19H42BrN 99% Sigma-Aldrich 

2.2 Material preparation 

In this thesis, several approaches are used to fabricate the materials for water 

splitting (HER and OER), including hydrothermal method; wet-chemical synthesis; 

Chemical redox reaction; hard template method and electrospinning technique. 
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2.2.1 Hydrothermal method 

The hydrothermal method is a synthetic method with an accurate control of 

temperature and pressure by using the autoclave, preparing the graphene hydrogel and 

MoS2 nanosheets. The hydrothermal method is widely used method to synthesize the 

nanostructure materials. The synthesis conditions can highly affect the final properties 

(composition, morphology, and crystal structure) of the obtained materials, including 

temperature, kinds of the solvent, the volume of the solvent and concentration of the 

precursors. The disadvantage of this technique is that the in-situ monitoring of crystal 

growth is impossible. The details for synthesizing each material will be specifically 

described in the particular chapters (Chapter 3).    

 

Figure 2-2 Autoclaves for hydrothermal synthesis. 

2.2.2 Wet-chemical synthesis 

Wet-chemical synthesis is a method for preparing nanostructure materials in 

solvent, and the morphologies are controlled by adding different 

hydrophobic/hydrophilic solvent agents, such as CTAB. After the reaction, the materials 

further treated in a Muffle furnace. 
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2.2.3 Chemical redox reaction 

A chemical redox reaction was used to synthesize of graphene nanosheets. 

Graphene oxide (GO) was synthesized by a modified Hummers method.174 In a typical 

synthetic process, graphite flakes (0.5 g, Sigma-Aldrich), NaNO3 (0.5 g), and H2SO4 (23 

mL) were stirred together in an ice bath. KMnO4 (3 g) was added slowly to the above 

solution. After stirring for 30 min, the suspension was transferred to a 35 ˚C water bath 

and stirred for about 1 h. H2O (40 mL) was added and the mixture was stirred for 

another 30 min, while the temperature was raised to 90 ˚C. Finally, H2O (100 mL) was 

added, followed by the slow addition of H2O2 (3 ml, 30%). The final suspension was 

then filtered and washed with water to obtain graphite oxide. The as-synthesized 

graphite oxide was dispersed into distilled water and sonicated for 2 h to form a 

homogeneous suspension of GO/H2O (2.0 mg ml-1). 

2.2.4 Hard template method 

The hard template method is an effective method to obtain the three-dimensional 

(3D) porous graphene. The materials which could be used as the hard templates usually 

possess well-defined void in the form of channels, pores or connected hollow spaces. 

The porous graphene could be prepared by hard template methods by assembling 

graphene oxide (GO) with pre-formed solid templates, such as metal oxides particles 

(SiO2), polymer spheres (PS, PMMA), Nickel foam and coagulated aqueous solutions 

(hydrogel and freeze-drying). The final porous graphene can be obtained after the 

removal of the hard template by etching with HF or NaOH. The details for synthesizing 

porous graphene are described in the particular chapters (Chapter 5). 
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2.2.5 Electrospinning technique 

Electrospinning technique is unique method to obtain the ultra-fine fibers with 

diameters in the micrometre to nanometre range, starting from molten polymers or 

polymers in solution. The conventional electrospinning facility consists of three major 

parts: a high voltage (kV) power supply, a spinneret (a syringe or pipette tip) and a 

grounded collector (typically a metal plate or a rotating mandrel). The obtained 

electrospun nanofibres usually show specific properties, including high surface/volume, 

porous structure, flexible. The advantages of electrospinning technique are simplicity, 

efficiency, low cost, high yield and high degree of reproducibility of the obtained 

materials.  

 

Figure 2-3 The electrospinning instrument for the experiment. 

2.3 Materials characterization 

2.3.1 X-ray diffraction analysis (XRD) 

X-ray diffraction (XRD) is a characterization method to obtain the crystallographic 

structure of a wide range of materials, including atomic arrangement, crystal size, and 

imperfections, which is non-destructive and versatile. The samples can be collected for 

other test after the XRD measurement. 
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Figure 2-4 The Bruker D8 Discover XRD instrument. 

 

The X-ray diffractometer generates an X-ray beam hitting a sample as a function of 

incident and scattered angle, polarization, and wavelength or energy. Each crystal has 

its unique characteristic X-ray diffraction pattern based on Bragg’s law (Equation -1).  

        2dsin θ = nλ                              Equation 2-1 

In the above equation, d is the interplanar spacing, θ represents the incident angle, 

n is any integer, and λ is the wavelength of the X-ray beam. The collected XRD data of 

particular samples can be identified by using the standard database (JCPDS cards). 
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In this work, a Bruker D8 Discover XRD (Figure 2-1) was used to obtain the X-ray 

powder diffraction pattern of the as-synthesized materials. X-ray diffraction (XRD) 

measurements were carried out by employing a scanning step of 0.04° per second in the 

2 θ range from 10 to 80°.  

2.3.2 Scanning electron microscopy (SEM) 

 

Figure 2-5 The field emission scanning electron microscopy in a mode of Supera 55 VP 

produced by Zeiss and equipped with EDS detector. 

SEM is an important technique to characterize the morphology and size of the 

prepared materials by scanning it with a beam of electrons. The electron beam emitted 

by the electron gun at the accelerating voltage interacts with the sample, producing 

signals that form the images. At present, SEM can not only characterize the 

morphology of the sample, but also can be combined with X-ray energy scatterometer 

(EDX) to analyze the composition of the sample and the distribution of elements.  

In this work, field-emission electron microscopy (FESEM, Zeiss Supra 55VP) 

and element mapping and electron energy dispersive spectroscopy (Zeiss Evo SEM) 

were conducted to characterize the morphology and surface structure of as-prepared 
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materials.  

2.3.3 Transmission electron microscopy (TEM) 

TEM is a microscopy technique to observe the morphology, crystal structure and 

electronic structure of as-prepared samples. The beam of electrons is transmitted 

through an ultra-thin specimen, interacting with the samples as it passes through, and 

then the image is formed. The resolution of TEM images is much higher compared to 

that of SEM images. The lattice shown in the TEM images was indexed by matching 

the calculated d, the inter-planer spacing, which is consistent with the XRD results.  

In this work, the morphology and chemical composition of the as-prepared 

samples were observed by transmission electron microscopy (TEM, Model JEM-

2010, JEOL) with a normal operation accelerating voltage of 200 kV. The TEM 

Samples were prepared by depositing the as-prepared materials onto a holey carbon 

support film on a copper grid. 

 

Figure 2-6  Transmission electron microscopy (TEM, Model JEM-2011, JEOL). 
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2.3.4 Raman spectroscopy 

Raman spectroscopy is a spectroscopic technique used to study the molecular 

vibrations at the atomic scale in inorganic and organic compounds, which provides 

sufficient information to identify a specific molecular. Ramen experiments usually 

perform without sample preparation, directly loading the powder on the surface of a 

silicon wafer or mica and this technique is non-destructive, providing an option of 

continued examination of the samples. In my thesis, Raman spectroscopy is mainly 

used to analyse the graphitic and defected carbon in graphene. 

In this work, Raman spectra were collected on an inVia Renishaw Raman 

spectrometer system (HR Micro Raman spectrometer, Horiba JOBIN YVON US/ 

HR800 UV) using a 632.8 nm wavelength laser. 

 

Figure 2-7 The  Renishaw  inVia  Raman  microscope  equipped  with  a  Leica  DMLB 

microscope (Wetzlar, Germany) and a 17 mW at 633 nm Renishaw helium neon laser. 

2.3.5 Brunauer Emmer Teller (BET) 

Brunauer Emmer Teller (BET) is a useful technique served to analyze the surface 

area, pore size distribution and pore volume of the as-prepared materials. The theory of 
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BET is using the nitrogen adsorption and desorption techniques at ultra-low temperature 

conditions (liquid nitrogen) before the materials are completely dried with heat and 

vacuum to measure the properties of the materials.  

The instrument used in this doctoral work, shown in Figure 2-8, is a 3 Flex surface 

characterization analyser produced by Micromeritics with three available ports, using a 

Quadrasorb SI analyser at 77 K. Brunauer–Emmett–Teller (BET) surface area of the 

obtained materials was achieved by using experimental points at a relative pressure of 

P/P0 = 0.05–0.25. 

 

Figure 2-8 The 3 Flex surface characterization analyser instrument produced by 

Micromeritics. 

2.3.6 Thermogravimetric analysis (TGA) 

Thermogravimetric analysis is a type of testing for continuous recording of the 

mass changes of the materials with the increase of temperature, which is useful 

technique to determine the physical and chemical properties of certain material based on 

the temperature. The gas we usually used in TGA test is air or high purity Argon.  

In this work, the TGA was used to determine the carbon content in the carbon-
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based materials. TGA was carried out by simultaneous TG-DTA (SDT 2960) with a 

heating rate of 5 °C min-1 from room temperature to 800 ºC in air. 

2.3.7 X-ray photoelectron spectroscopy (XPS) 

X-ray photoelectron spectroscopy (XPS) is a surface-sensitive quantitative 

spectroscopic technique that measures the surface elemental composition and the 

electronic environment. XPS spectra are obtained by irradiating a material with a beam 

of X-rays while simultaneously measuring the kinetic energy and number of electrons 

that escape from the top 0 to 10 nm of the material being analyzed.   

In this work, X-ray photoelectron spectroscopy (XPS) measurement was 

performed on an ESCALAB250Xi (Thermo Scientific, UK) equipped with mono-

chromated Al K alpha (energy 1486.68 eV). 

2.4 Electrode preparation 

2.4.1 Glassy carbon electrode 

 

Figure 2-9 The three-electrode system. 
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The HER and OER performance of the catalysts was measured on an 

electrochemical workstation (CHI 660E, CH Instrument) by using a three-electrode 

configuration with platinum wire and Ag/AgCl as the counter and reference electrodes, 

respectively. The reference electrode, Ag/AgCl (saturated KCl solution), was 

calibrated with the respect to the reversible hydrogen electrode (RHE), ERHE = EAg/AgCl 

+ 0.059×pH + 0.1971. The working electrode was glassy carbon (GC) electrode with a 

diameter of 3 mm. To prepared the electrode slurry, 4 mg of catalyst, 80 μl of Nafion 

(5 wt %) and 1 ml solvent (1:1 v/v water/isopropanol) mixed together and then 

sonicated for 30 min to form a dispersion. 10 μl of the dispersion was dropped onto 

the GC electrode (loading amount 0.56 mg cm-2), followed by drying at room 

temperature. 

2.4.2 Rotating ring-disk electrode 

 

Figure 2-10 The Pine rotating ring-disk electrode (RRDE) instrument. 

For the rotating ring-disk electrode (RRDE) measurement, a rotating ring disk 

electrode with a glassy carbon disk (5 mm in diameter) and a Pt ring were used (Pine 

Research Instrumentation, USA). The as-prepared catalyst was loaded onto the disk 

electrode by using the above mentioned method. A rotating speed of the RRDE was 
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held at 1600 rpm for the test. To ensure the oxidation current originated from the 

oxygen evolution, the ring potential was held constantly at 0.45 V vs. RHE to reduce 

the formed O2 from the catalyst on the disk (disk potential fixed at 1.48 V vs. RHE) in 

N2-saturated 1 M KOH solution. A continuous OER (disk electrode)  ORR (ring 

electrode) process occurred on the RRDE. The Faradaic efficiency was calculated as 

follows: ε = Ir/(IdN), where Id is the disk current, Ir is the ring current, and N 

represents the current collection efficiency of the RRDE (N = 0.2). on the other hand, 

to detect the content of the formed hydrogen peroxide ( ) intermediates, the ring 

potential was held constantly at 1.50 V vs. RHE in O2-saturated 1 M KOH solution 

and recorded the data at a scan rate of 5 mV s-1. 

2.5 Electrochemical performance characterization 

The electrochemical performances of water splitting (HER and OER) with 

different kinds of nanostructured materials are mainly evaluated by using five types of 

measurement approaches: linear sweep votammograms (LSV), cyclic voltammetry 

(CV), electrochemical impedance spectra (EIS), stability and turnover frequency 

(TOF). 

2.5.1 Linear sweep votammograms (LSV) 

Two important factors to evaluate the performances of the catalysts for HER or 

OER are overpotential and current density, which can be measured by the linear 

sweep votammograms (LSV). The working electrode is the one at which the water 

oxidation/reduction reactions occur, and after the water molecules on the surface of 

the working electrode are reacted, the new molecules comes into contact with the 

surface of working electrode. LSV is a voltammetric method to measure the current 

density at a working electrode based on the overpotential. 
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The polarization curves were obtained in 1 M KOH solution with a scan rate of 5 

mV s-1, which were all corrected for the iR contribution within the cell. 

2.5.2 Cyclic voltammetry (CV) 

Cyclic voltammetry (CV) is used to measure double-layer charging in this work. 

There is a linear property between double-layer charging and electrochemical active 

surface areas, which mean electrochemical active surface areas of the as prepared 

materials could be estimated from the electrochemical double-layer capacitance of the 

catalytic surface. The potential of CV should be in the range with no apparent 

Faradaic processes occur. This range is typically a 0.1 V potential window centered at 

the open-circuit potential (OCP) of the system. All measured current in this non-

Faradaic potential region is assumed to be due to double-layer charging. The charging 

current, is then measured from CVs at multiple scan rates. 

In this work, CV was conducted centered at open circuit potential at scan rates 

ranging from 10 to 100 mV s-1. 

2.5.3 Electrochemical impedance spectroscopy (EIS) 

Electrochemical impedance spectroscopy (EIS), is an effective experimental 

method to characterize electrochemical behaviors, especially for the conductivity. The 

impedance of a system measured using this technique usually reveals the presence of 

two time constants: high-frequency time constant and low-frequency time constant, 

which is often expressed graphically as a Nyquist and Bode plots. The EIS result 

provides the information of the interface reaction and electrode kinetics towards HER 

or OER. 

In this work, the EIS were recorded with a frequency ranging from 106 to 0.01 

Hz and an amplitude of 5 mV at the open circuit potential or a certain constant 
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overpotential. 

2.5.4 Stability 

Stability of the as prepared materials towards HER or OER is also important for 

energy conversion system. The cycling performance of catalysts based electrode was 

operated by repeating linear sweep votammograms (LSV) running for more than 1000 

cycles or the current–time plots were obtained at a static overpotential. 

2.5.5 Turnover Frequency (TOF) 

TOF is another crucial detector to evaluate the catalytic activity, which could be 

derived from the mass content of the active catalysts in the composite calculated from 

the TGA test and assuming that all deposited materials were involved in the 

electrochemical reaction, the lower limits for turnover frequency (TOF) can be 

derived from the catalytic current.  
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Chapter 3 MoS2 nanosheets supported on 3D graphene aerogel as a 

highly efficient catalyst for hydrogen evolution 

3.1 Introduction 

The advent of graphene has intrigued tremendous studies in two-dimensional 

materials, which could be applied in electrocatalysis, photocatalysis, sensors, 

supercapacitors and lithium/sodium ion batteries due to their unique physical and 

chemical properties.33, 62, 175-179 These two-dimensional materials, including transition-

metal dichalcogenides, have a layered structure, and consist of covalently bonded 

monolayers brought together via weal van der waals interactions. Among them, MoS2 

with vertically stacked S Mo S interlayer, has garnered intensive interest as a potential 

catalyst for the electrochemical and photocatalytic hydrogen evolution.20, 180-184 The 

study of MoS2 towards hydrogen evolution reaction (HER) can be traced to 1970s, 

which demonstrated that the bulk MoS2 has no catalytic activity for HER.185 MoS2 has 

not been considered as a promising HER catalysts before Hinnemann found (1010) Mo-

edge structure had a close resemblance to the active site of nitrogenase in 2005.17 In 

addition, they claimed the free energy of atomic hydrogen bonding to MoS2 was close 

to that of Pt by using the theoretical calculation, which confirmed the possibility by 

using MoS2 as a promising catalyst towards HER. In their study, they also synthesized 

the composite of MoS2 and graphite, further verifying the catalytic activity of MoS2 for 

HER experimentally. Since then, much more efforts have been devoted to the 

investigation of MoS2 towards HER. In order to further improve the catalytic activity, 

the researchers identify the active sites of MoS2 in the HER process by using the 

theoretical and experimental studies, indicating that the edges of MoS2 are catalytically 

active while the basal plane remains inert.  
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The catalytic activity of MoS2 towards HER are related to the density and 

reactivity of the active sites and the electrical transport. However, the intrinsic stacking 

and aggregation properties among the MoS2 catalyst seriously reduce the number of 

exposed active sites. Moreover, the inherent semiconductor properties with an 

observable anisotropic behaviour in conductivity of MoS2 further hinders its application 

as an efficient HER catalyst. Maximizing the exposed edge sites and enhancing the 

electrical transport of MoS2 are the key issues for improving its catalytic performance.23, 

32, 186 Fabricating nanostructured dichalcogenides or hybridizing MoS2 with gold, 

graphene or other materials are considered as high performance catalysts towards HER 

compared with the bulk one.26, 187-189 Cao’s group demonstrated that the layer-dependent 

electrocatalysis of MoS2 materials towards HER decreased by a factor of 4.47 for 

every additional layer, which suggests that the exposed edge sites are catalytically 

active.22 Liu and co-workers developed MoS2 nanoparticles grown on mesoporous 

graphene, exhibiting excellent electrocatalytic activity and rapid charge transfer 

kinetics.188 

Graphene aerogel (GA) represents a new class of porous carbon materials with 

macroscopic pores and high specific surface areas.190-192 GA has received enormous 

interest towards energy storage and conversion applications, adsorption, and catalysis. 

More importantly, GA consists of three-dimensional (3D) porous networks that not only 

could efficiently improve the electrolyte diffusion, facilitating catalyst utilization, but 

also supply multidimensional electron transport pathways for enhancing the electronic 

conductivity.193, 194 These properties strongly suggest that GA is an ideal scaffold for 

improving the catalytic activity of supported materials. 

Herein, we demonstrate an active catalyst composed of MoS2 nanosheets and 3D 

architectural GA. The flexible graphene sheets partially overlap in 3D space to form an 
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interconnected porous microstructure, which greatly prevents serious restacking of 

graphene, and further provides large surface area for growing MoS2 nanosheets. The 

resultant MoS2 supported on 3D GA (GA-MoS2) composite possesses uniform 

deposition of MoS2 nanosheets and fast electronic properties, exhibiting high catalytic 

performance and strong stability for electrocatalytic HER application. 

3.2 Experimental 

3.2.1 Synthesis of graphene hydrogel 

Graphene oxide (GO) was synthesized by natural graphite flakes via the modified 

Hummers method. Then, aqueous suspension of GO at a concentration of 2 mg mL-1 

was prepared by ultrasonication (~ 30 min). Graphene hydrogel was obtained by 

hydrothermal assembly of GO. Typically, graphene oxide (20 ml) was sealed in a 

Teflon-lined stainless steel autoclave and heated at 150  for 12 h. After cooling 

naturally, graphene hydrogel was obtained and dialyzed in water for 24 h. 

3.2.2 Synthesis of graphene hydrogel-MoS2 

Graphene hydrogel-MoS2 nanocomposite was prepared by a hydrothermal method. 

Ammonium heptamolybdate ((NH4)6Mo7O24, 100 mg) and thiourea (CH4N2S, 1g) were 

dispersed in 20 ml deionized water containing graphene hydrogel obtained in the 

previous procedure. Then the mixture was transferred into a 25 ml autoclave and heated 

in an oven at 180  for 24 h. After the autoclave cooled to room temperature, product 

was dialyzed in water for another 24 h to remove impurities. The resultant material 

(GA-MoS2) was obtained after freeze-drying.  
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3.2.3 Synthesis of the comparison materials 

MoS2 formed on graphene was synthesized by the same process as GA-MoS2 by simply 

replacing graphene hydrogel with graphene oxide. The pure MoS2 was prepared without 

graphene oxide or graphene hydrogel.  

3.2.4 Structural Characterization 

The morphology analysis was conducted using field emission scanning electron 

microscopy (FESEM, Zeiss Supra 55VP) and transmission electron microscopy (TEM, 

JEOL 2010). Element mapping was performed with Zeiss Evo SEM. X-ray diffraction 

(XRD) of the samples was characterized by Siemens D5000 using Cu Kα radiation with 

a scanning step of 0.02° per second. Raman spectra were recorded on an inVia 

Renishaw Raman spectrometer system (HR Micro Raman spectrometer, Horiba JOBIN 

YVON US/ HR800 UV) equipped with a 632.8 nm wavelength laser. Surface oxidation 

state of GA-MoS2 was investigated by X-Ray Photoelectron Spectroscopy (XPS, 

ESCALAB250Xi (Thermo Scientific, UK) equipped with mono-chromated Al K alpha 

(energy 1486.68 eV)). Brunauer–Emmett–Teller (BET) surface area of GA was 

calculated by experimental points at a relative pressure of P/P0 = 0.05–0.25. The 

percentage of MoS2 in the composite was determined by a TGA/differential thermal 

analysis (DTA) analyzer (TA Instruments, SDT 2960 module, New Castle, DE, USA) at 

a heating rate of 3 °C min-1 from room temperature to 650 ºC in air atmosphere.  

3.2.5 Electrochemical Measurements 

Electrochemical measurements were performed in 0.5 M H2SO4 solution using a three 

electrode system on an electrochemical workstation (CHI 660E). The platinum wire and 

Ag/AgCl (1 M KCl) work as the counter and reference electrodes (ESHE = EAg/AgCl + 

0.059×pH + 0.2224), respectively. The working electrode was prepared by depositing 
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the target materials on the glassy carbon (GC) electrode with a diameter of 3 mm. First, 

4 mg of catalyst and 80 μl of Nafion (5 wt %) were mixed in 1 ml solvent (1:1 v/v 

water/isopropanol) by sonication for more than 30 min to obtain a  homogeneous ink. 

Then, catalyst ink (10 μl) was drop-cast onto the GC electrode and followed by drying 

at room temperature. Linear sweep voltammetry (LSV) was conducted at a scan rate of 

5 mV s-1. Electrical impedance spectroscopy (EIS) was carried out at selected 

overpotential from 106 to 0.01 Hz with ac voltage amplitude 5 mV. Cyclic voltammetry 

measurements were conducted without faradaic processes at different scan rates (10, 30, 

50, 70 and 100 mV s-1). 

3.3 Results and Discussion 

3.3.1 The characterization of the catalysts 

 

Figure 3-1 Schematic illustration for the synthesis procedure of GA-MoS2 composite. 
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GA-MoS2 was prepared in solution by two steps. Figure 3-1 displays the schematic 

illustration for the synthesis route of GA-MoS2 hybrid. Graphene hydrogel could be 

easily prepared by one-step chemical reduction of graphene oxide dispersion.195 The 

final product, GA-MoS2, was obtained by hydrothermal route of ammonium 

heptamolybdate ((NH3)4Mo7O24) with thiourea (CH4N2S) in water solution containing 

graphene hydrogel as the matrix at 180 °C followed by freeze drying. The optical image 

displayed in Figure 3-1  shows that GA-MoS2 is a self-supported macroscopic cylinder. 

 

Figure 3-2 Electron microscope characterization of GA and GA-MoS2: a, b) low and 

high magnification SEM images of GA, c, d) low and high magnification SEM images 

of GA-MoS2, e, f) low and high magnification TEM images of GA-MoS2. 
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Figure 3-3 SEM image and EDS elemental mappings of GA-MoS2, (a) SEM image of 

GA-MoS2, (b) EDS profile, (c) element of O, (d) element of S, (e) element of Mo, (f) 

element of C. 

The morphology of the as-prepared GA and GA-MoS2 was investigated by SEM 

and TEM. SEM images in Figure 3-2 (a and b) show an interconnected, porous 3D 

graphene framework with continuous pores. The highly porous property of GA 

contributes to large specific surface area. Similar morphology and network structure 

could be found for GA-MoS2 hybrid as shown in Figure 3-2 (c). GA-MoS2 maintained 

an excellent porous structure and assembled with MoS2 nanosheets around the edge of 

the pores (Figure 3-2 (d)), providing relatively large amounts of exposed edge sites for 
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hydrogen evolution. The morphology and composition of GA-MoS2 hybrid were further 

examined by TEM and high-resolution TEM (HRTEM). TEM characterization (Figure 

3-2 (e and f)) validated the ultrathin MoS2 nanosheets supported by GA with highly 

porous network. HRTEM revealed typical lamellar MoS2 nanosheets property with 

interlayer spacing of 0.61 nm. 

The uniform distribution of MoS2 nanosheets supported by GA could be further 

confirmed by element mapping (Figure 3-3), which shows homogeneous distribution of 

C, Mo, S and O elements inside GA-MoS2 composite. 

 

Figure 3-4 (a) XRD patterns and (b) Raman spectra of GA and GA-MoS2. 

Additional structural characterizations are acquired by X-ray diffraction (XRD) 

and Raman spectroscopy. As shown in Figure 3-4 (a), an obvious evolution of XRD 

patterns can be revealed. The diffraction peak around 24o could be assigned to graphene 

(002) for GA. XRD pattern of GA-MoS2 reveals the prominent peaks match well with 

the hexagonal structure of MoS2 (JCPDS 37-1492). The broad peaks of the XRD pattern 

indicate low crystallinity of the material.196 Figure 3-4 (b) displays Raman spectra of 

GA and GA-MoS2, and the characteristic peaks of graphene are revealed. Both GA and 

GA-MoS2 show two dominant Raman peaks at 1328 and 1598 cm-1, which can be 

assigned to D and G bands of graphene, respectively. D band occurs because of the A1g 
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mode (owing to defects); therefore, the increased D band to G band intensity ratio (ID/IG) 

is an indication of more defects in the carbon lattice. The ID/IG value for GA-MoS2 

hybrid (1.22) is higher than pure GA (1.16), demonstrating that the introduction of 

MoS2 nanosheets has made a contribution to the carbon defects.197 Furthermore, the 

emergence of new Raman peaks for GA-MoS2 at 371 and 400 cm-1 associated with the 

in-plane  and out-of-plane A1g vibrational modes of hexagonal MoS2, respectively, 

which is consistent with the results of XRD and TEM. However, GA-MoS2 also shows 

the characteristic Raman bands of MoO3. The Raman bands at 994 and 820 cm-1 match 

with the stretching vibration of the terminal Mo=O bonds along the a- and b-axes.198 

The existence of MoO3 may be ascribed to the partial oxidation of the MoS2 surface in 

air or exposer to the laser.  

Figure 3-5 (a) XPS survey spectrum of GA-MoS2 composite, high-resolution XPS 

spectra of GA-MoS2 c) Mo 3d, d) S 2p. (d) thermogravimetric analysis in air of GA-

MoS2 and MoS2 in air, used for calculating the content of MoS2 in GA-MoS2 composite. 

(a) (b)

(c) (d)
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X-Ray Photoelectron Spectroscopy (XPS) survey scans were used to further 

confirm the surface electronic state and composition of GA-MoS2. The survey spectrum 

suggests that GA-MoS2 is composed of C, Mo, S and O elements (Figure 3-5 (a)). The 

high resolution XPS of the composite in Figure 3-5 (b) shows two characteristic peaks 

located at 229.2 and 232.4 eV, attributing to Mo 3d5/2 and Mo 3d3/2 orbitals, whereas the 

peaks at 162.7 and 163.8 eV are corresponding to S 2p3/2 and S 2p1/2 (Figure 3-5 (c)) , 

which further signifies the formation of MoS2 in the composite. The thermogravimetric 

analysis (TGA) curve of GA-MoS2 is presented in Figure 3-5 (d), from which the 

content of MoS2 can be determined to be 38.2 wt %. 

 

Figure 3-6 SEM images of (a) G-MoS2 and (b) pure MoS2. 

In order to further investigate the importance by using GA as the substrate,  the 

comparison materials, graphene-MoS2 (G-MoS2) and pure MoS2, were also synthesized 



 
 

 
59 

by a similar procedure. The SEM images in Figure 3-6 displayed the highly aggregated 

morphology of G-MoS2 and MoS2 without the 3D graphene framework as the scaffold.  

The results of nitrogen sorption isotherm of GA, GA-MoS2, G-MoS2 and MoS2 are 

shown in Figure 3-7, which reveals that GA has a surface area of 294 m2 g-1 and GA-

MoS2 hybrid shows a little lower surface area of 62 m2 g-1, whereas G-MoS2 and MoS2 

shows even lower surface area, 49 m2 g-1 and 17 m2 g-1, respectively. Therefore, GA-

MoS2 shows a slightly larger surface area, which is benefited to the interaction of the 

electrolyte/catalyst.

 

Figure 3-7 Nitrogen adsorption/desorption isotherm of (a) GA, (b) GA-MoS2, (c) G-

MoS2,(d) pure MoS2. 

3.3.2 The electrochemical performance test of the catalysts 

Electrochemical results were acquired in a standard three-electrode glass cell with 

platinum wire as counter electrode and Ag/AgCl as reference electrode in 0.5 M H2SO4 
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solution. Comparative studies were performed on G-MoS2, MoS2 and GA with the same 

loading. 

 
Figure 3-8 Electrochemical performance of the HER catalysts in 0.5 M H2SO4: a) 

polarization curves for GA-MoS2, G-MoS2, MoS2 and GA loaded onto GC electrodes; b) 

Tafel curves of GA-MoS2, G-MoS2 and MoS2. 

As shown in Figure 3-8 (a), GA-MoS2 showed highest catalytic activity towards 

HER compared with the other samples, benefiting from its unique 3D network structure. 

GA-MoS2 exhibited the onset potential near 100 mV (vs. SHE), which is lower than the 

comparison materials. More importantly, the cathodic current of GA-MoS2 increased 

rapidly at more negative potentials, exhibiting a current density of 95 mA cm-2 at the 

overpotential of 200 mV. In contrast, G-MoS2 and MoS2 displayed much less HER 

activity with current densities of 27 and 8 mA cm-2 at the same overpotential, 

respectively. GA displays negligible activity towards HER, confirming that the high 

performance of GA-MoS2 composite is mainly attributed to the ultrathin MoS2 

nanosheets with large exposed active sites. The electrochemical activity of GA-MoS2 is 

even better than that of the oxygen–incorporated MoS2 nanosheets, spaced confined 

MoS2 nanosheets with graphite, and is even comparable with the performance of 

metallic MoS2 nanosheets.24, 189, 199  To further demonstrate the high performance of the 

catalysts, Tafel plots were derived from the Linear sweep voltammetry (LSV) by fitting 
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the linear regions to the Tafel equation (η = b log(j/j0), where η is the overpotential, b is 

the Tafel slope, j is the current density, and j0 is the exchange current density), which is 

usually used to evaluate the efficiency of the catalytic reaction. The Tafel slope of 41 

mV dec-1 for GA-MoS2 (Figure 3-8 (b)) is smaller than that of pure MoS2, but similar to 

those of G-MoS2 and other MoS2-based on carbon materials, suggesting a similar 

surface chemistry towards HER for MoS2 supported on carbon materials.  

 

Figure 3-9 Electrochemical capacitance measurements: Cyclic voltammograms are 

performed in 0.5 M H2SO4 solution in a potential window without faradaic processes 

and the scan rate from 10 to 100 mV s-1, (a) GA-MoS2, (b) G-MoS2, (c) MoS2. (d) scan 

rate dependence of the average capacitive current densities at open circuit potential for 

GA-MoS2, G-MoS2 and MoS2. 

The high performance of GA-MoS2 demonstrates the advantage of the 3D 

framework of GA and thin MoS2 nanosheets, which results in much more active edge 

sites for hydrogen evolution. This speculation is further confirmed by the measurement 
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of electrochemical double-layer capacitance, an alternative approach to estimate the 

electrochemically active surface areas.200, 201 Cyclic voltammetry (CV) measurements 

were conducted in a potential range with no apparent faradaic processes occurrence, 

where the currents are mainly attributed to the charging of double layer. Representative 

plots for the determination of GA-MoS2, G-MoS2 and MoS2 active surface areas are 

shown in Figure 3-9. The capacitance of GA-MoS2 is 24.4 mF cm-2, while G-MoS2, 

MoS2 are 4.0 and 2.8 mF cm-2, respectively. The electrochemical active surface area 

was increased by 6~8 times by introducing GA as the matrix, further resulting in high 

catalytic performance. 

Electrical impedance spectroscopy (EIS) at various overpotentials was employed to 

further gain more insight into the interface reaction and electrode kinetics of GA-MoS2 

hybrid towards HER. The representative Nyquist and Bode plots are presented in Figure 

3-10 (a-d), which fit well with the typical two time constants model (high-frequency 

time constant and low-frequency time constant).43, 202 The charge transfer resistance 

(Rct), related to kinetics of electrocatalysis, was determined from the semicircle in the 

low-frequency range (Figure 3-10 (e, f)). In the reaction process, Rct of GA-MoS2 

decreased from 211.6 Ω at overpotential of 100 mV to 15.6 Ω at 180 mV, which is 

lower than those of G-MoS2 in the same region (797.5 Ω to 27.0 Ω). The lower charge 

transfer resistance of GA-MoS2 during the test is mainly attributed to the 

multidimensional electron transport pathways of the 3D network structure, and the fast 

charge transfer between the electrode and active sites of MoS2 nanosheets, which 

further leads to the high electrocatalytic performance towards HER. 
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Figure 3-10 (a) Nyquist and (b) Bode plots for GA-MoS2 hybrid modified GC electrode 

recorded at various HER overpotentials in 0.5 M H2SO4; (c) Nyquist and (d) Bode plots 

for G-MoS2 hybrid. (e) Equivalent electrical circuit used to model the HER process on 

GA-MoS2 and G-MoS2 modified GC electrodes at various overpotentials, (f) the square 

symbols are experimental data and the red solid line are modelled by (e). 

Besides high catalytic activities, good stability towards HER is also a critical 

aspect for an energy conversion system. To investigate the durability in an acidic 

environment, long-term potential cycling of GA-MoS2 modified GC electrode was 

performed by taking continuous LSV at an accelerated scanning rate of 100 mV s-1 for 

2000 cycles. As shown in Figure 3-11 (a), GA-MoS2 composite shows excellent 

(e) (f)
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stability in 0.5 M acid solution. Even after the cycles, the GA-MoS2 electrocatalyst still 

remained in a similar polarization curve to the initial one, which demonstrates the 

highly stable property even in an accelerated degradation. It is consistent with the 

results obtained under different scan rates (Figure 3-11 (b)). The catalytic currents of 

GA-MoS2 are much less affected by scan rates, with similar polarization curves at the 

scan rate from 10 to 100 mV s-1. These properties highly illustrate the importance of the 

3D network structure for the efficient mass and charge transport in the HER process.  

 

Figure 3-11 (a) stability test of GA-MoS2 through potential cycling, polarization curves 

before and after 2000 potential cycles, (b) polarization curves of GA-MoS2 at different 

scan rates, and the inset of d) shows the corresponding data of the current density (at -

0.2 V vs SHE) vs scan rate. 

The high catalytic activity and durability indicate that GA-MoS2 is an efficient 

HER catalyst. GA with 3D network, highly porous structure provides a stable skeleton 

and large specific surface area for loading layer MoS2 nanosheets around the edge of the 

pores. 3D structure of the catalyst could also supply efficient conducting network for 

rapid electronic transport during the electrocatalytic process, offsetting the poor intrinsic 

conductivity of MoS2 because of a large bandgap. Furthermore, low crystallinity of 

MoS2 and more defects in the carbon lattice also proved to be advantage for 

contributing to the high performance. Layer MoS2 nanosheets further provide large 

(a) (b)
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electrocatalytic surface areas for hydrogen evolution. Finally, the macropores provide 

easy access to the electrolyte for the catalysts based on the electrode, enhancing the 

communication between the electrolyte and the catalysts and further accelerating the 

reaction. 

3.4 Conclusion   

In summary, 3D network GA supported MoS2 nanosheets have been successfully 

synthesized and demonstrated as a highly active and stable catalyst towards HER. The 

resultant material displays a well-organized structure with layer MoS2 nanosheets 

uniformly distributed around the pores of GA. The unique 3D architecture and large 

active surface areas lead to superior HER activity with low overpotential and high 

catalytic current density. Moreover, GA-MoS2 also exhibited good stability in acid 

solution, indicating the importance of the stable framework provided by 3D GA. The 

excellent electrochemical performance of GA-MoS2 makes it a promising material for 

hydrogen evolution. 
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Chapter 4 Graphene-Co3O4 nanocomposite as electrocatalyst with high 

performance for oxygen evolution reaction 

4.1 Introduction 

Transition metal oxides, such as cobalt oxide, nickel oxide and manganese oxide, 

are promising electrochemical water oxidation catalysts.98, 101, 107, 119, 120, 129, 203 Among 

these catalysts, cobalt oxide, has attracted extensive attentions owing to their high 

activity and superior stability. F. W. Skirrow synthesized CoOx by electrochemical 

deposition method in a buffered solution over a century ago. CoOx has commonly been 

used as a cathode for electrochemical water splitting since the 1970s.204 The preparation 

technique of CoOx has a great influence on the morphology and electrochemical 

performance, therefore, the researchers focused on developing new method to 

synthesize different morphology of CoOx, such as nanowire, nanotube, nanocages, 

nanosphere et.al.205-207 CoOx shows better catalytic performance in the alkaline solution, 

whereas the performance decreases in the neutral solution. Consequently, it is very 

urgent for the researchers to fabricate multi-functional CoOx catalyst for electrocatalytic 

oxygen evolution reaction. 

Co3O4, a typical spinel oxide, is an attractive oxygen evolution catalyst. The 

unique structure of Co3O4 leads to the high catalytic activity and stability in the oxygen 

evolution reaction.208-210  Increasing surface area and engineering surface active sites of 

Co3O4 are effective way to enhance the catalytic performance.211-213 Many efforts have 

been devoted to synthesizing porous frameworks or small size of Co3O4 by various 

preparation methods. For example, mesoporous Co3O4 has been reported as the OER 

catalyst with current densities of 27.2 mA cm-2 at 1 V (vs. Ag/AgCl) and the crystalline 

Co3O4 showed a relatively small Tafel slope (49 mV dec-1).211, 214 In addition, Co3O4 
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could also be utilized in photocatalytic system. Jiao et al. reported the photocatalytic 

properties of the mesoporous Co3O4 combined with the [Ru(bpy)3]2+ with a high 

turnover frequency (TOF) of ~2.2×10-3 s-1 per Co atom.213 However, the strong 

causticity of alkaline solution and the intrinsically low conductivity of Co3O4 have 

impeded the further development of Co3O4 as OER catalyst.  

Combining Co3O4 nanoparticles with conductive substrates can efficiently enhance 

the conductivity of the catalyst and significantly affect its catalytic activity and stability. 

Carbon materials, such as carbon nanotube (CNT), graphene (G) and mesoporous 

carbon, have been widely employed as the supporting substrates owing to their high 

conductivity and large specific surface area.215-217 Recently, Dai’s group synthesized 

Co3O4 nanocrystals supported on graphene by hydrothermal reaction and demonstrated 

high electrocatalytic performance.218 Zhao and coworkers reported OER catalysts of 

Co3O4 nanoparticle/graphene composites, fabricated by the layer-by-layer assembly.219 

Co3O4/CNT (single-walled or multi-walled) materials were also prepared as high 

performance catalysts towards oxygen evolution. 220, 221 

Herein, we report a simple method to prepare a unique sandwich-architectured 

catalyst composed of graphene and Co3O4 (G-Co3O4). Ultrafine Co3O4 particles 

uniformly anchor onto both sides of graphene sheets. The unique sandwich-architecture 

leads to large amount loading of the active Co3O4 nanocrystals and enhances electron 

transfer kinetics between the materials. Therefore, the catalytic activity and stability of 

the catalyst have been substantially promoted. G-Co3O4 composite catalyst shows low 

overpotentials of 313 mV and 498 mV to achieve the current density of 10 mA/cm2 in 

the alkaline and neutral conditions, respectively. Furthermore, there is no obvious 

current density decay after the stability test. 
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4.2 Experimental  

4.2.1 The preparation of G-Co3O4 

Graphene oxide (GO) was prepared by the oxidation and exfoliation of the graphite 

according to the previously reported procedure. Sandwich-like G-Co3O4 was 

synthesized via an oleic acid assisted method followed by thermal treatment.222 In a 

typical synthesis process, 0.68 g oleic acid was mixed with 40 ml dry xylene under 

vigorous magnetic stirring. Then, 0.5 g cobalt acetate tetrahydrate (Co(AC)2, Aldrich) 

was introduced into the mixture and sonicated for 1 min. After that, the mixture was 

mixed with 40 ml GO solution (2 mg ml-1) by vigorous stirring and reacted in a pre-

heated oil bath under refluxing for 4 h at 105 C. Then, 10 ml (5 mg/ml) NaBH4 was 

added to the reaction mixture and kept stirring for another 10 min. The precipitation was 

collected by filtration and annealed at 300 C for 3 h in argon atmosphere. The final 

product was obtained after annealing at 400 C for another 2 h in air.  

4.2.2 The preparation of Co3O4 

The pristine Co3O4 was synthesized by similar method without the addition of GO 

solution.  

4.2.3 The preparation of Ru/C 

The comparision sample of ruthenium nanocrystals supported on carbon black (Ru/C) 

was synthesized by using hydrophilic and hydrophobic tri-block copolymer F127 as a 

soft template, followed by low temperature heat treatment.223  

4.2.4 Structural Characterization 

The morphology of the obtained materials was characterized by field emission scanning 

electron microscopy (FESEM, Zeiss Supra 55VP) and transmission electron microscopy 
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(TEM, Model JEM-2011, JEOL). X-ray diffraction (XRD) patterns were collected on 

Siemens D5000 diffractometer using Cu Kα radiation with a scanning step of 0.02° per 

second. Raman spectra were recorded with an inVia Renishaw Raman spectrometer 

system (HR Micro Raman spectrometer, Horiba JOBIN YVON US/ HR800 UV) 

equipped with a 632.8 nm wavelength laser. Thermal gravimetric analysis (TGA) of G-

Co3O4 composite were performed using a TGA/differential thermal analysis (DTA) 

analyzer (TA Instruments, SDT 2960 module, New Castle, DE, USA) at a heating rate 

of 10 °C min-1 in air from room temperature to 700 ºC.  

4.2.5 Electrochemical Measurements 

Electrocatalytic activity measurements were carried out on an electrochemical 

workstation (CHI 660E) in a three-electrode glass cell system. A glass carbon (GC) 

electrode coated with as-prepared materials was used as the working electrode. A 

platinum wire was used as the counter electrode (CE). The potential was recorded using 

an Ag/AgCl (1 M KCl) reference electrode, which was converted to the reversible 

hydrogen electrode (RHE) according to Nernst equation ERHE = EAg/AgCl +0.059×pH + 

0.2224. The working electrode was prepared as follows: 4 mg sample was dispersed in 1 

ml of 1:1 v/v water/isopropanol by ultrasonification. Then 80 μl Nafion (5 wt %) was 

added to the solution to obtain a homogeneous ink. The catalyst ink (10 μl) was loaded 

onto the GC electrode with a diameter of 5 mm. Linear sweep voltammetry (LSV) was 

conducted in KOH solution (0.1 M, 1 M) and phosphate buffer solution (PBS, 0.1 M) at 

a scan rate of 2 mV s-1. The polarization curves were all corrected by 95% iR 

compensation and our typical electrochemical cell had Ru = 8 Ω in 1 M KOH, Ru = 

20 Ω in 0.1 M KOH and Ru = ~26 Ω in 0.1 M PBS. TOFs were calculated according 

to the equation of TOF=nO2/nCo=(Q/4F)/nCo (F is the faraday constant, 96485 C/mol). 
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Stability was carried out for 10 h at 0.50 V (vs. Ag/AgCl) in 1 M KOH and 0.60 V (vs. 

Ag/AgCl) in 0.1 M KOH solution. Electrical impedance spectroscopy (EIS) was 

recorded under the following condition: ac voltage amplitude 5 mV, frequency ranges 

from 106 to 0.1 Hz, and open circuit. Cyclic voltammograms (CV) of G-Co3O4 and 

G+Co3O4 measured in 1 M KOH solution in a potential window (-0.16 V to -0.08 V (vs. 

Ag/AgCl)) without faradaic processes with scan rates of 10, 30, 50, 70, 90 mV/s. 

4.3 Results and discussion 

4.3.1 The characterization of the catalysts 

 

Figure 4-1 A schematic illustration for preparing G-Co3O4 nanocomposite with a 

sandwich-architecture. 
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The synthesis of the sandwich-architectured composite is illustrated in Figure 4-1. 

Cobalt (II) acetate was added into the xylene and oleic acid mixed solution. The oleic 

acid in the mixture acted as a capping agent in order to control the particle growth and 

prevent colloidal particles from aggregation. Then, the as-prepared GO solution was 

introduced into the above solution under vigorous stirring. CoII cations attached on both 

sides of the GO nanosheets by electrostatic interaction.224 During the following 

refluxing process and the reducing process by adding NaBH4, Co nanoparticles were 

loaded on the surface of rGO nanosheets. The final product of G-Co3O4 with unique 

sandwich-architecture was obtained after calcination. 

 

Figure 4-2 Microscope observation of the G-Co3O4 composite. (a) Low and high 

magnification SEM images of G-Co3O4. (b) Low magnification TEM image of G-Co3O4. 

(c) High resolution TEM (HRTEM) image of G-Co3O4, showing a sandwich-like 

microstructure. (d) HRTEM image of Co3O4 nanocrystals and SAED pattern of G- 

Co3O4. 



 
 

 
72 

The morphology of the synthesized G-Co3O4 composite was investigated by SEM. 

The low magnification image in Figure 4-2 (a) clearly shows that the obtained G-Co3O4 

composite displayed layer structure. The high magnification in the inset of Figure 4-2 (a) 

shows two layers of Co3O4 particles homogeneously distributed. From the layer 

structure and the homogeneous distribution of the Co3O4 particles, we infer that the 

Co3O4 particles attached on both sides of the graphene nanosheets, which could form a 

unique sandwich-architecture. The TEM image in Figure 4-2 (b) further demonstrates 

the homogeneous distribution of Co3O4 nanoparticles on graphene substrate. High 

resolution TEM (HRTEM) in Figure 4-2 (c) clearly confirmed the sandwich-

architecture. The graphene was definitely imbedded between the parallel layers of 

Co3O4 particles even after a strong sonication, suggesting a relatively strong interaction 

between graphene and Co3O4 particles. The graphene nanosheets acted as a binder to 

link neighboring Co3O4 particles together and also increased the conductivity of the 

composite. They can further prevent the aggregation of the Co3O4 nanoparticles during 

thermal treatment. Furthermore, as shown in Figure 4-2 (d), the lattice fringes in 

HRTEM image and the selected area electron diffraction (SAED) pattern further 

confirmed the formation of crystalline Co3O4. 

 

Figure 4-3 The SEM image of pristine Co3O4. 

100 nm
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We also synthesized pristine Co3O4 through similar process without adding 

graphene oxide. The SEM image in Figure 4-3 shows that the Co3O4 nanoparticles 

seriously aggregated together with larger particle size of 30-40 nm. The larger particle 

size and aggregated phenomenon of bare Co3O4 nanoparticles reduced the surface area 

and active sites, which will result in decreased catalytic performance. By comparing the 

morphology of Co3O4 and G-Co3O4 composite, we notice that the introduction of 

graphene in G-Co3O4 composite leads to the formation of small particle, homogenous 

distribution and unique sandwich-structure.  

 

Figure 4-4 The characterization of the G-Co3O4 composite: (a) XRD patterns of Co3O4 

and G-Co3O4 composite. (b) Raman spectra of Co3O4 and G-Co3O4 composite catalyst. 

The crystal structure of the obtained G-Co3O4 composite and pristine Co3O4 

nanoparticles was determined by X-ray diffraction (XRD) method as shown in Figure 4-

4 (a). The prominent peaks at 31.2, 37.1, 45.1, 59.7, 65.6° of G-Co3O4 and pristine 

Co3O4 can be indexed to face-centered cubic phase (Fd3m, JCPDS card No. 76-1802). 

The broad diffraction peak appeared at around 24.8° in the G-Co3O4 composite is 

attributed to the (002) direction of graphene. Raman spectra of the G-Co3O4 composite 

and pristine Co3O4 are shown in Figure 4-4 (b). Two peaks at ca. 470 and 671 cm-1 can 

be assigned to Co3O4. Moreover, G-Co3O4 also displays another two obvious peaks at 

1327 and 1584 cm–1, which can be indexed to the peaks of graphene.225, 226 The XRD 
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and Raman spectra further confirm the successful synthesis of G-Co3O4 composite 

catalyst.  

4.3.2 The electrochemical performance test of the catalysts 

 

Figure 4-5 Electrochemical performance: (a) Polarization curves of G-Co3O4 and Ru/C 

catalysts on GC electrodes in 0.1 and 1 M KOH. (b) The Tafel curves of G-Co3O4 in 0.1 

and 1 M KOH. (c, d) Chronoamperometric responses (percentage of current retained 

versus operation time) of G-Co3O4 and Ru/C catalysts in 1 M and 0.1 M KOH 

electrolytes. 

Based on the mass content of the Co3O4 in the composite calculated from the TGA 

test and assuming that all deposited materials were involved in the electrochemical 

reaction, the lower limits for turnover frequency (TOF) can be derived from the 

catalytic current. We calculated a high TOF of 0.45 s-1 referring to per Co atom for G-

Co3O4 catalyst at the overpotential of 350 mV in 1 M KOH and 0.194 s-1 at the 
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overpotential of 400 mV in 0.1 M KOH, which are higher than those of previous reports 

about Co based materials (Co3O4, 0.08 s-1 at overpotential of 507 mV in 1 M KOH and 

mesoporous Co3O4, 3.16×10-3 s-1 at 400 mV in 0.1M KOH). 211, 227 

 Tafel plot is applied to evaluate the efficiency of the catalytic reaction in alkaline 

solutions (0.1 and 1 M KOH), which is derived from the polarization curves using the 

Tafel equation η = b log(j/j0), where η is the overpotential, b is the Tafel slope, j is the 

current density, and j0 is the exchange current density. The G-Co3O4 catalyst exhibits 

Tafel slopes of b = 56 mV/decade in 1 M KOH and b = 67 mV/decade in 0.1 M KOH 

(Figure 4-5 (b)), which are lower than previously reported Co3O4/Graphene (67 

mV/decade in 1 M KOH) and graphene/NiCo2O4 hybrid paper (156 mV/decade in 0.1 

M KOH). The observed Tafel slope value suggests the favorable OER kinetics over G-

Co3O4 catalyst and also the good chemical and electronic coupling between the Co3O4 

nanoparticles and graphene nanosheets. 

The G-Co3O4 catalyst also exhibits good stability in the alkaline solutions, which is 

another important factor for energy conversion systems. In 1 M KOH solution, the G-

Co3O4 electrode shows excellent durability with no obvious activity decay compared 

with the initial value, while the Ru/C catalyst electrode degrades by 25.8 % of the initial 

value (Figure 4-5 (c)). A similar trend is also observed in 0.1 M KOH (Figure 4-5 (d)). 

The result of repeating potential cycling for 1000 cycles also confirmed the good 

stability of the material. Furthermore, no obvious morphology change is observed in the 

SEM image of G-Co3O4 after long-term stability testing, suggesting that G-Co3O4 

catalyst can tolerate long-term corrosion and possess robust mechanical properties. 

The G-Co3O4 composite has shown high catalytic activity and good stability 

towards OER in alkaline solution. On the other hand, the enhanced catalytic activities in 
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neutral solution are more desirable owing to the benign nature and weak causticity. The 

catalytic activity of Co3O4 towards OER is sensitive to a low pH value, especially for 

the neutral solution according to the previous investigation.228 Therefore, it is necessary 

to evaluate the electrochemical performance of G-Co3O4 catalyst in neutral solution.  

 

Figure 4-6 Electrochemical performance of G-Co3O4 composite OER catalyst: (a) LSV 

and Tafel slope of G-Co3O4 in neutral solution, (b) OER stability test of G-Co3O4, the 

initial and 1000th polarization curves in neutral solution. 

The G-Co3O4 electrode with the same mass loading was tested in 0.1 M phosphate 

buffer solution (PBS) at pH 7. The LSV curve of G-Co3O4 catalyst and the 

corresponding Tafel plot obtained in the neutral solution are presented in Figure 4-6 (a). 

In the neutral condition, G-Co3O4 catalyst shows an onset potential at 0.858 V (vs. 

Ag/AgCl) and achieves a current density of j=10 mA/cm2 at the overpotential of 498 

mV, which exhibit better performance than those of the previous report (810 mV).220 

Moreover, G-Co3O4 catalyst exhibits a little smaller Tafel plot of 98 mV/decade 

compared to others (104 mV/decade or 110 mV/decade).220, 229 The decreased Tafel 

slope value can be ascribed to the synergistic coupling and the fast charge transport of 

the materials. Furthermore, the stability of G-Co3O4 is assessed by repeated potential 

cycling for 1000 cycles, as shown in Figure 4-6 (b). Only a slight decay of the activity 

(< 10%) was observed referred to the polarization curves after the long-term test. 
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The excellent electrochemical performance of G-Co3O4 catalyst suggests its 

promising application towards OER both in alkaline and neutral solution. The high 

activity and excellent durability of G-Co3O4 towards OER are mainly attributed to the 

unique sandwich-architecture of the materials. A series of controlled experiments, 

shown in Figure 4-7, have demonstrated that the obtained G-Co3O4 catalyst displayed 

better OER activity than those of the simple physical mixture of Co3O4 and graphene 

(G+Co3O4), pure Co3O4 and graphene in 1 M and 0.1 M KOH conditions. The activity 

order is G-Co3O4 > G+Co3O4 > pure Co3O4 > graphene. The strong interaction of Co3O4 

nanoparticles with graphene nanosheets and the unique sandwich-architecture have 

strong effect on the catalytic property of the composite. Simple physical mixing cannot 

create effective interfacial contacts between the Co3O4 nanoparticles and graphene 

nanosheets, resulting in lower catalytic performance.  

 

Figure 4-7 Electrochemical performance: Polarization curves of G-Co3O4, G+Co3O4, 

the pristine Co3O4 and graphene in (a) 1 M and (b) 0.1 M KOH solutions. 

The Nyquist plots of G-Co3O4, G+Co3O4 and Co3O4 are shown in Figure 4-8, 

which show that the OER charge resistance of the G-Co3O4 catalyst is the smallest 

among the other samples (G+Co3O4, Co3O4). This further illustrates that the strong 

chemical coupling and good interaction between the Co3O4 and graphene can 

significantly improve the electron transport and reaction kinetics during the OER.  
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Figure 4-8 Nyquist plots of the G-Co3O4, the G+Co3O4 and the pristine Co3O4 modified 

electrodes in 1 M KOH solution. 

 

Figure 4-9 (a, c) Electrochemical capacitance measurements: typical Cyclic 

voltammograms (CV) of G-Co3O4 and G+Co3O4 measured in 1 M KOH solution in a 

potential window without faradaic processes (scan rate: 10, 30, 50, 70, 90 mV/s); (b, d) 

Average capacitive current obtained from center of potential window (-0.12 V vs 

Ag/AgCl) as a function of scan rate for G-Co3O4 and G+Co3O4 electrodes. 
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In order to further investigate the high performance of G-Co3O4, the effective 

surface areas were estimated, which was determined by electrochemical capacitance 

measurements from static cyclic voltammetry (Figure 4-9).200, 201 The capacitance for G-

Co3O4 composite is 12.4 mF cm-2, which is much higher than G+Co3O4 (2.8 mF cm-2). 

Therefore, the high performance could be also associated with the high electroactive 

surface area.  

The observed enhanced activity of the G-Co3O4 catalyst indicates that the 

sandwich-architecture is favorable for the oxygen evolution, in which the graphene 

nanosheets provide large specific surface area and good conductivity. This specific 

structure also leads to large amount loading and much small particle size of the Co3O4 

anchored on both sides of the graphene sheets, which provides much more electroactive 

surface area for the oxygen evolution. In addition, the unique and intimate contact 

between the graphene and Co3O4 afforded by one-step facile mechanism contributes to 

the superior catalytic activity. 

4.4 Conclusion  

   In conclusion, sandwich-architectured G-Co3O4 composite was successfully 

synthesized exhibiting good interaction between Co3O4 nanoparticles and graphene 

nanosheets. G-Co3O4 catalyst exhibits enhanced catalytic performances with high 

catalytic activities, good stability and favorable reaction kinetics in both the alkaline and 

neutral solutions, as catalyst for water oxidation. The enhanced catalytic performance 

demonstrates large electroactive surface area, fast electron transfer rate and superior 

electrical and chemical coupling of the composite. The unique morphology and 

excellent electrochemical performance of G-Co3O4 catalyst render this material a 

promising noble metal free catalyst towards the oxygen evolution reaction. 
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Chapter 5 Porous graphene wrapped CoO nanoparticles for highly 

efficient oxygen evolution 

5.1 Introduction 

In Chapter 4, we have studied the composite of metal cobalt oxide (Co3O4) and 

graphene with improved electron transport and strong interaction, resulting in enhanced 

catalytic performance towards OER. Porous graphene with controlled porous textures 

have garnered more interests compared to the nonporous graphene because of their 

attractive properties such as ordered pores, large pore volume and good conductivity.2, 

230-232 Templates play pivotal roles in the pore generating process. Based on their 

physical properties, templates can be generally classified into two groups: rigid 

nanostructure solids (hard templates) and supramolecular aggregates (soft templates). 

Hard templates, such as Ni foam, silica spheres, polymer particles and coagulated 

solvents (freeze-drying), are usually employed to synthesize porous graphene with 

different pore sizes and morphologies.190, 233-242 For example, Wang’s group report the 

synthesis of porous graphene with different pore size architectures by using different 

size and morphology of silica as hard templates.243 Porous graphene materials exhibited 

significantly higher discharge capacities than that of nonporous graphene. Furthermore, 

porous graphene with pore diameter around 250 nm showed the highest discharge 

capacity among the porous graphene with the small pores (about 60 nm) and large pores 

(about 400 nm). Soft template, usually take emulsions and micelles as the templates.244-

246 Soft template method has some advantages, such as easy processing, high efficiency 

and low-cost, however, the pore size control capability of that soft template method is 

not satisfactory. Huang et.al developed F127 micelles and n-hexadecane as soft 

templates to synthesize porous graphene, respectively, which exhibited better 

performance in lithium-O2 battery and hydrogen evolution reaction.247, 248 
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 Herein, we developed an active catalyst, CoO nanoparticles wrapped by porous 

graphene sheets. The porous graphene was prepared by using 1D silica nanorods as the 

template. The results indicate that ultrafine CoO nanoparticles were uniformly dispersed 

and wrapped by porous graphene, which could efficiently avoid the corrosion during 

electrochemical test. The homogenous distribution of particles and porous structure of 

graphene enable the efficient utilization of catalysts, which could be used as an active 

non-precious metal material for oxygen evolution. 

5.2 Experimental 

5.2.1 Synthesis of porous graphene catalysts (PGE) 

1D silica nanorods were used as the template to synthesize PGE. The 1D silica nanorods 

were prepared according to a previous literature, using F127 and CTAB (hexadecyl 

trimethyl ammonium bromide) as binary templates in alkaline aqueous solutions at 

room temperature.38 Typically, a solution formed by F127 (0.123 g), H2O (3.5 ml), 

CTAB (12.5 ml, 0.04 M), and aqueous ammonia solution (15 ml, 2.5 wt %) and then 

TEOS (tetraethyl orthosilicate, 0.6 ml) was added under stirring. After stirring for 2 

mins, the mixture was kept for 3 h at room temperature, resulting in the formation of a 

white suspension. After that, the resultant suspension (~ 20 ml) was dialyzed for 48 h 

and then diluted to 40 ml with deionized water. Concentrated HCl (10 ml, 10 M), 

DMDMS (dimethoxydimethylsilane, 0.5 ml) and Pluronic F108 (0.50 g) were added 

into the diluted suspension. The reaction was allowed to continue for another 48 h and 

then neutralized by the ammonium hydroxide solution (25 wt %). Graphene oxide (GO, 

obtained by oxidation and exfoliation of the natrual graphite) suspension (120 ml, 1.0 

mg ml-1) was mixed with the neutralized solution and the mixture was left to stir for 12 

h at room temperature. Then, the solid precipitate was obtained by centrifugation at 
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4500 r min-1 and dried at 50 °C in vaccum oven. The dried precipitate was calcined at 

900 °C for 5 h under the inert atmosphere. The final product (PGE) was achieved by 

washing with NaOH solution (2 M) twice to remove the template. 

5.2.2 Synthesis of PGE-CoO catalyst 

An ethanolic solution (20 mL) of cobalt nitrate (Co(NO3)2·6H2O, 40 mg) was constantly 

stirred for 24 h at room temperature with 30 mg of PGE.39 The resultant product was 

separated by filtration and dried at room temperature. The dried sample was then heat 

treated at 600 °C for 2 h in inert atmosphere to obtain the final product, PGE-CoO.  

5.2.3 Synthesis of the comparision catalysts 

Non-porous graphene-CoO (GE-CoO) was synthesized by the same method by 

replacing PGE with GE and the pure CoO was prepared without PGE. 

5.2.4 Structural Characterization 

The morphology of the as prepared materials was characterized by field emission 

scanning electron microscopy (FESEM, Zeiss Supra 55VP) and transmission electron 

microscopy (TEM, Model JEM-2011, JEOL). Element mapping was performed with 

Zeiss Evo SEM. X-ray diffraction (XRD) patterns were recorded by Siemens D5000 

using Cu Kα radiation with a scanning step of 0.02° per second. X-Ray Photoelectron 

Spectroscopy (XPS) was performed on ESCALAB250Xi (Thermo Scientific, UK) 

equipped with mono-chromated Al K alpha (energy 1486.68 eV). The Brunauer–

Emmett–Teller (BET) surface area of the obtained materials was calculated by 

experimental points at a relative pressure of P/P0 = 0.05–0.25. The percentage of CoO 

nanoparticles in PGE-CoO composite was analyzed using a TGA/differential thermal 



 
 

 
83 

analysis (DTA) analyzer (TA Instruments, SDT 2960 module, New Castle, DE, USA) at 

a heating rate of 10 °C min-1 from room temperature to 800 ºC in air atmosphere. 

5.2.5 Electrochemical Measurements 

All electrochemical measurements were performed in a standard three electrode glass 

cell on an electrochemical workstation (CHI 660E) with platinum wire as the counter 

electrode and Ag/AgCl (1 M KCl) as the reference electrode. The potentials reported 

here were quoted against the reversible hydrogen electrode (RHE) according to Nernst 

equation ERHE = EAg/AgCl + 0.059×pH + 0.2224. The working electrode was prepared by 

depositing the target materials on the glassy carbon (GC) electrode with a diameter of 3 

mm. 4 mg of the material was dispersed in 1 ml solvent (1:1 v/v water/isopropanol) by 

ultrasonication, followed by 80 μl Nafion (5 wt %) was added to obtain a homogeneous 

ink. The catalyst ink (10 μl) was loaded onto the GC electrode and then dried at room 

temperature. Linear sweep voltammetry (LSV) was conducted in KOH solution 

(selected concentration) at a scan rate of 10 mV s-1. The polarization curves were all 

corrected by 95% iR compensation and turnover frequency (TOF) was calculated by the 

equation of TOF=nO2/nCo=(Q/4F)/nCo (F is the faraday constant, 96485 C mol-1). 

Electrical impedance spectroscopy (EIS) was recorded under the following condition: ac 

voltage amplitude 5 mV, frequency ranges from 106 to 0.01 Hz, and open circuit or 

selected overpotential. Cyclic voltammetry measurements were conducted from -0.12 to 

-0.04 V (vs. Ag/AgCl) without faradaic processes at different scan rates (1 to 20 mV s-1). 

5.3 Results and discussion 
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5.3.1 The characterization of the catalysts 

 

Figure 5-1 SEM image of silica nanorod templates for the synthesis of PGE. 

The silica nanorods were first prepared by the well-known Stöber method. The 

SEM image in Figure 5-1 shows that the 1D silica nanorods with a size about 200 nm 

wide and 400 nm long.  

 

Figure 5-2 Schematic illustration for the synthesis procedure of PGE-CoO materials. 

Graphene with highly porous structure was synthesized by a hard template method, 

which is effective for achieving porous graphene with controlled pore size. Figure 5-2 

1 μm
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displays the schematic illustration for the synthesis route of the PGE-CoO hybrid. The 

1D silica nanorods functionalized with surface methyl groups as the hard template. 

Subsequently, GO/silica composites were formed by mixing silica nanorods and GO 

nanosheet suspension together. The as-prepared composites were then calcinated in the 

inert atmosphere to reduce GO into PGE. The final products PGE-CoO were obtained 

by heating the mixture of PGE and cobalt precursor. 

The SEM image of PGE in Figure 5-3(b) depicts the highly porous architecture 

with nanorod-shape pores. The structure and size of the pore are consistent with the 

particle shape of the silica nanorod templates. The BET results in Figure 5-3(a) reveal 

that PGE has a surface area of 417 m2 g-1 and a large pore volume of 1.69 cm3 g-1.  

 

Figure 5-3 (a) Nitrogen adsorption/desorption isotherm of PGE, (b) SEM image of PGE. 

The low magnification SEM image of PGE-CoO composite in Figure 5-4(a) shows 

that the material maintains the structure of porous graphene, which is beneficial to the 

effective contact of electrolyte/catalysts. Moreover, particles could not be observed in 

the low magnification SEM image. Figure 5-4(b) shows the high magnification SEM 

image of PGE-CoO composite. PGE and CoO particles are co-assembled into a well-

organized hybrid. Moreover, highly distributed and ultrafine CoO nanoparticles were 

wrapped by porous graphene, which could efficiently avoid aggregation and corrosion 

(b)
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of CoO particles. TEM images in Figure 5-4(c, d) not only show the uniform 

distribution and good crystalline structure of CoO nanoparticles with the particle size 

less than 20 nm, but also confirm the wrapped structure, which is in consistent with the 

SEM result. 

 

Figure 5-4 The characterization of PGE-CoO hybrid: (a, b) low and high magnification 

SEM images of PGE-CoO, (c, d) TEM images of PGE-CoO. 

The pure CoO and GE-CoO are synthesized by using the similar method to PGE-

CoO as the comparison materials. The SEM images of pure CoO and GE-CoO are 

shown in Figure 5-5(a, b). The pure CoO particles highly aggregated together, while 

GE-CoO displayed a relatively uniform distribution of CoO particles on graphene 

surface. However, no porous and wrapped structure could be found for CoO and GE-

CoO, which illustrates that PGE as the substrate could not only provide large surface 

(b)

20 nm

(c)

50 nm

(d)

10 nm

400 nm

(a)



 
 

 
87 

area for the CoO growth, but also effectively prevent the aggregation and corrosion 

phenomenon. The nitrogen sorption isotherm of PGE-CoO hybrid shows a surface area 

of 254 m2 g-1 and a pore volume of 1.35 cm3 g-1, which are much higher than those of 

GE-CoO (32 m2 g-1, 0.14 cm3 g-1) (Figure 5-5(c, d)). 

 

Figure 5-5 (a, b) SEM images of pure CoO and GE-CoO, (c, d) Nitrogen 

adsorption/desorption isotherm of  PGE-CoO and  GE-CoO. 

  Figure 5-6(a) shows the wide-angle XRD patterns of the PGE and PGE-CoO 

composite. The diffraction peak around 25o could be assigned to graphene (002) for 

both PGE and PGE-CoO. After loading CoO nanoparticles into PGE, two broad weak 

diffraction peaks appeared in the XRD pattern, which can be indexed to the (111) and 

(200) crystal planes of the cubic CoO (PDF No. 43-1004). XPS measurements were 

carried out on PGE-CoO to further investigate the composition and determine the 

surface electronic state. The high-resolution Co 2p spectrum exhibits two prominent 

peaks at 797.6 and 781.4 eV, corresponding to the Co 2p1/2 and Co 2p3/2 spin-orbit 
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peaks of CoO (Figure 5-6(b)). The peak O at 531.5 eV corresponds to the dominant O 

1s feature in CoO (Figure 5-6(c)).203, 249 The TGA curve of PGE-CoO is presented in 

Figure 5-6(d), from which the content of CoO can be determined to be 16.8 wt %. 

 

Figure 5-6 (a) XRD patterns of PGE-CoO and PGE, high-resolution spectra XPS (b) 

Co 2p, (c) O 1s, (d) thermogravimetric analysis in air of PGE-CoO. 

5.3.2 The electrochemical performance test of the catalysts 

The OER catalytic properties were investigated in a three-electrode system in 0.1 

M KOH solution by LSVs. Comparative studies were performed on GE-CoO, CoO and 

PGE with the same loading. The PGE-CoO hybrid shows a high activity with a small 

onset potential of 504 mV (vs. Ag/AgCl, determined by Chen’s method, Figure 5-7(a)), 

which is more negative than that of other samples, GE-CoO (560 mV) and CoO (570 

mV). Moreover, the high activities can also be derived by the comparison of current 

density of the samples, especially for the current density of 10 mA cm-2. The PGE-CoO 
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composite achieved a current density of j=10 mA cm-2 at the overpotential of 348 mV, 

which is even comparable to that of previously reported noble metal catalysts, and 

higher than many other Co-based materials (366 mV for NG-CoSe2 and 390 mV for 

Co3O4/CNT) at the same conditions.221, 225 On the contrary, both CoO (510 mV) and 

GE-CoO (438 mV) exhibit much lower OER activities in terms of the same current 

density. 

TOF could be calculated by the proportion of the CoO in the hybrid obtained from 

the TGA result and the current density. We achieved a high TOF of 1.37 s-1 referring to 

per Co atom for PGE-CoO hybrid at the overpotential of 400 mV (GE-CoO 0.38 s-1 and 

CoO 0.045 s-1) in 0.1 M KOH. This value is the lower limits for turnover frequency, 

assuming that deposited materials were all involved in the electrochemical reaction. The 

TOF of PGE-CoO is also much higher than that of other previously reported Co based 

materials.211, 212  

The Tafel plots were derived from the LSVs, which are usually used to evaluate 

the efficiency of the catalytic reaction. The linear regions were fitted to the Tafel 

equation (η = b log(j/j0), where η is the overpotential, b is the Tafel slope, j is the current 

density, and j0 is the exchange current density). The PGE-CoO composite exhibits a 

Tafel slope of 79 mV dec-1 (Figure 5-7(b)), which is much smaller than that of GE-CoO 

(192 mV dec-1) and CoO (354 mV dec-1). The small Tafel slope and high current density 

of PGE-CoO catalyst could be ascribed to the fast charge transport kinetics of the 

porous graphene and the strong interaction between PGE and CoO particles. This theory 

can also be confirmed by the EIS results under the condition of open circuit (Figure 5-

7(c)). The samples displayed the similar trend with both of the semi-circles and the 

slopes. This indicated the similar mass transport properties and the reaction mechanism. 
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However, PGE-CoO hybrid shows much lower impedance compared to GE-CoO and 

CoO, which contributes to the high catalytic activities. 

 
Figure 5-7 Electrochemical performance of the OER catalysts: (a) polarization curves 

for PGE-CoO, GE-CoO, CoO and PGE on GC electrodes in 0.1 M KOH. (b) Tafel 

curves of PGE-CoO, GE-CoO and CoO in 0.1 M KOH. (c) Nyquist plots of the PGE-

CoO, GE-CoO and CoO modified electrodes in 0.1 M KOH solution. (d, e) 

electrochemical capacitance measurements: cyclic voltammograms (CV) were 

performed in 0.1 M KOH solution in a potential window without faradaic processes. (f) 

scan rate dependence of the average capacitive currents at -0.08 V vs Ag/AgCl for PGE-

CoO and GE-CoO. 

The electrochemically active surface areas for PGE-CoO and GE-CoO were 

estimated from the electrochemical double-layer capacitance of the catalytic surface.200, 
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201 Representative plots for the determination of PGE-CoO and GE-CoO surface areas 

are shown in Figure 5-7(d-f), respectively. Cyclic voltammetry measurements were 

conducted in a region of -0.12 ~ -0.04 V (vs. Ag/AgCl), where the currents are mainly 

attributed to the charging of the double layer. The capacitance of PGE-CoO is 14.29 mF 

cm-2, while the capacitance of GE-CoO is only 1.62 mF cm-2. The measured active 

surface areas is not an absolute value, however, it could serve as a guide for the 

comparison of surface roughness for the similar materials. The results are in good 

agreement with that of the BET results (PGE-CoO, 254 m2 g-1 and GE-CoO, 32 m2 g-1). 

The larger specific surface areas and active surface areas play an important role on the 

high performance of PGE-CoO towards OER.  

 

Figure 5-8 (a) Nyquist and (b) Bode plots for the PGE-CoO hybrid modified GC 

electrode recorded at various OER overpotentials in 0.1 M KOH, (c) the square symbols 

are experimental data and the red solid line are modelled by the Equivalent electrical 

circuit shown in the inset, (d) the low-frequency charge transfer resistance (Rct) and 

((
c))
(c) (d)
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constant phase element (Cdl) as a function of the OER overpotentials for PGE-CoO-

modified GC electrode in 0.1 M KOH. 

EIS at various overpotentials was measured to further investigate the interface 

reaction and electrode kinetics of PGE-CoO hybrid towards OER in 0.1 M KOH 

solution. The representative Nyquist and Bode plots are presented in Figure 5-8(a, b). 

The analogous plot profiles at different overpotentials suggest the similar 

electrochemical mechanism towards OER. The PGE-CoO hybrid electrode displays two 

semicircles in the Nyquist plots at the selected overpotentials, which reveals the 

presence of two time constants: high-frequency time constant and low-frequency time 

constant.43, 202 The semicircle at high-frequency is attributed to the porous structure of 

the modified electrode and it displays constant properties over the different 

overpotentials; while the other one at low-frequency is related to process of 

electrochemical reaction at the interface. The Bode plots also display the same trend of 

two time constants. The superior electrocatalytic performance of PGE-CoO hybrid 

could be explained by the observation of the lower charge transfer resistance (Rct) and 

higher interfacial capacitances during the reaction process (derived from the fitted data 

of low frequency) (Figure 5-8(c)). Rct is related to the kinetics of electrocatalysis, and a 

lower value represents a fast reaction rate, which is strongly reliant on the overpotential. 

In this system, Rct decreased from 1145 Ω at 500 mV (vs. Ag/AgCl) to 54.7 Ω at 600 

mV. Furthermore, PGE-CoO displayed high constant phase element (CPE) during the 

test, varying from 13.25 mF cm-2 to 6.97 mF cm-2 and the decreased value of CPE may 

be ascribed to the bubbles blocking the active sites of the electrode materials during the 

test. The low charge transfer resistance and high interfacial capacitances during the test 

are mainly attributed to the superior conductivity of porous graphene and large specific 
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surface area, which further illustrated the high electrocatalytic performance of PGE-

CoO hybrid towards OER. 

 

Figure 5-9 (a) The stability of PGE-CoO and GE-CoO modified electrodes before and 

after LSV testing for 1000 cycles, (b, c) SEM images of PGE-CoO and GE-CoO after 

stability test. 

Besides the high catalytic activities, the good stability towards OER is also 

important for energy conversion system. The stability of the materials was measured for 

1000 cycles. The PGE-CoO hybrid showed excellent durability in 0.1 M alkaline 

solution. Even after long time cycles, PGE-CoO electrocatalyst still remained a similar 

polarization curve to that in the initial cycle (Figure 5-9(a)), which should be ascribed to 

the unique wrapped structure and synergistic effects between CoO and flexible porous 

graphene. However, the stability of GE-CoO modified GC electrode was not as good as 

that of the PGE-CoO. After 1000 cycles, the anodic current density of the GE-CoO 
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electrode was reduced by about 20% (from 21.3 mA cm-2 to 16.9 mA cm-2 at 0.8 V, vs. 

Ag/AgCl). In addition, the ex-situ SEM also confirmed that the morphology of PGE-

CoO is well maintained, however, the particles of GE-CoO all aggregated together after 

the stability test (Figure 5-9(b, c)). This further demonstrates the advantage of the 

wrapped structure of PGE-CoO composite, in which CoO particles are well confined by 

the porous graphene, which could not only prevent aggregation, but also protect CoO 

particles from corrosion, and therefore enhance the stability. 

The excellent catalytic activity and durability indicate that PGE-CoO is an efficient 

OER catalyst, which could be attributed to the porous, wrapped structure and the strong 

chemical and electronic coupling between graphene and CoO. Normally, there are three 

intermediate steps in the oxygen evolution process. These include the adsorption of 

water onto electrode surface, splitting water into molecular oxygen and oxygen 

evolution. The porous structure of graphene can provide large specific surface areas for 

water adsorption and also play an important role for cobalt precursor to form the 

deposition of the active center (CoO particles). The porous structure could efficiently 

suppress the agglomeration of CoO particles and further expose much more active sites 

to oxidise OH- to oxygen, which could accelerate the reaction process. 
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Figure 5-10 (a) Polarization curves for PGE-CoO in various KOH concentrations. (b) 

current densities at 0.7 V vs. Ag/AgCl for PGE-CoO in solutions with various KOH 

concentrations. 

This study also illustrates that electrolyte concentration (OH-) is also an important 

parameter for electrochemical reactions. Electrochemical catalysis using PGE-CoO 

catalyst was conducted in a series of KOH solutions with different pH. The results are 

presented in Figure 5-10. It was found that the oxidative catalytic activity gradually 

decreases with the lowering of alkaline concentration (from pH = 14, 224.89 mA cm-2 

to pH = 12, 14.89 mA cm-2 at 0.7 V, vs. Ag/AgCl). Moreover, the high conductivity of 

graphene can offer fast charge transport between the material and the electrode. The 

porous structure plays an important role of access by water to “inner” catalytic layers in 

electrocatalytic reaction. The fast diffusional mass transport to the particles further 

confirms the efficient utilization of the catalyst. The wrapped structure is also attractive 

because it could not only enhance their interface contact, but also efficiently avoid the 

corrosion of CoO particles during the test and further enhance the stability. Finally, the 

synergetic effect between PGE and CoO is also an important factor for the enhanced 

catalytic activity and high durability. 

5.4 Conclusions 
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In conclusion, we devised a noble-metal free electrocatalytic material for efficient 

oxygen evolution. The material consists of a well-organized structure, in which the CoO 

nanoparticles are well wrapped by porous graphene. The highly porous structure and the 

excellent chemical and electronic coupling between the composite material lead to the 

superior OER activity with a low overpotential and high catalytic current density. 

Furthermore, PGE-CoO also exhibited good stability in alkaline solution, indicating the 

wrapped structure could efficiently prevent the corrosion of CoO nanoparticles. PGE-

CoO could be a promising electrocatalyst for oxygen evolution reaction. 
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Chapter 6: Ultrathin CoMn2O4 nanosheets with abundant Oxygen 

Vacancies vertically aligned on Functionalized Carbon Nanofibers as 

High-Performance Catalyst for Oxygen Evolution 

6.1 Introduction 

In chapter 4 and 5, we have investigated that transition metal oxide, cobalt oxide, 

as catalysts towards water oxidation, displaying excellent catalytic activity and stability. 

Recently, considerable attention has been drawn to the discovery of the ternary hybrid 

catalysts due to their unique structural property and excellent catalytic performance.250, 

251 Several hybrid catalysts have been developed, such as Mo-W-P, Co-Mo-N, Ni-Co-O, 

Mn-Ru-O, exhibiting higher catalytic performance compared to the single ones.83, 252-254 

Motivated by this strategy, the ternary compounds, by incorporating other cations, e.g. 

Mn, into the material of Co3O4, possess the mixed valence state and isostructural nature, 

thus their electrocatalytic activities towards OER suppose to be enhanced. Cobalt based 

ternary structure have a range of versatile properties, including abundance distribution, 

multiple valence and prominent Jahn-Teller effect.125 These properties are highly 

sensitive to their chemical composition, crystallographic structures, and oxidation state 

of the cations, which depend strongly on the synthesis conditions. Therefore, it is 

urgently desirable to develop a simple, novel strategy to fabricate the efficient, high 

performance catalysts based on ternary composite for OER. 

Apart from the compositions, the active sites also play an important role in the 

OER process, therefore, increasing their corresponding number and reactivity is an 

effective way to further enhance the catalytic performance. Ultrathin nanosheets, as a 

promising structural motif, possess the maximum number of active sites, which 

effectively enhances the activity of various kinds of metal oxides.122, 255, 256 Furthermore, 

oxygen vacancies in metal oxide have been reported to increase the catalytic 
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performance, as oxygen vacancies could not only directly serve as the active sites, but 

also change the geometric and electronic structures as well as the chemical properties of 

metal oxides.257-260 Consequently, the design of ultrathin nanosheets containing 

abundant oxygen vacancies seems to be an effective strategy to provide sufficient active 

sites for the electrochemical process. 

As desired, a high active OER catalyst has been obtained by simply in situ growing 

ultrathin CoMn2O4 nanosheets with abundant oxygen vacancies vertically aligned on 

cobalt/nitrogen co-functionalized CNFs (CoMn2O4-CoNC) by a facile spontaneous 

redox reaction between CoNC and KMnO4 solution. Different from the previous study 

(carbon and KMnO4),261-263 this is the first time we introduce in metallic cobalt as the 

co-reducing agent in the redox reaction and the ternary structure formed by the 

substitution of Mn with Co. The well aligned architecture, coexistence of Mn and Co 

cations, abundant oxygen vacancies, and strong synergetic interaction are responsible 

for the outstanding electrochemical catalytic performance. The resultant CoMn2O4-

CoNC composite manifests high catalytic activity (307 mV for 10 mA cm-2) and an 

excellent stability during the OER process in an alkaline medium. This work paves the 

path for easy preparation of ternary structure catalysts to replace the benchmarking 

precious Ir/Ru OER catalysts. 

6.2 Experimental 

6.2.1 Synthesis of Nitrogen-doped CNFs (NC) 

NC was prepared by using an electrospinning method with a subsequent heat treatment. 

Briefly, 600 mg of polyacrylonitrile (PAN, Mw = 150,000 g mol-1) were dissolved in 6 

ml N,N-dimethylformamide (DMF). The above solution was left at 50 oC under 

vigorous stirring overnight and then transferred to a 10 ml plastic syringe with a 20-
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gauge blunt tip needle. A high voltage of 18 kV was applied in the electrospinning 

process with a flow rate of 14.8 μl min-1. The distance between the needle and rotating 

grounded collector was around 15 cm. The as-collected electrospun fibers carbonized in 

an Ar flow at 800 oC for 6 h to obtain NC. The heating rate was kept at 1 ˚C min-1. 

6.2.2 Synthesis of Cobalt/Nitrogen doped CNFs (CoNC) 

CoNC was also fabricated by electrospinning method followed by high temperature 

treatment. Briefly, 320 mg of cobalt nitrate (Co(NO3)2·6H2O) and 600 mg of PAN were 

dissolved in 6 ml DMF. The above solution was left at 50 oC under vigorous stirring 

overnight and then transferred to a 10 ml plastic syringe with a 20-gauge blunt tip 

needle. The electrospinning process was same to that of NC. The as-collected 

electrospun fibers underwent the calcination process by heat treatment at 700 oC for 6 h 

in an H2 (H2 : Ar = 5 : 95 vol%) atmosphere. The heating rate was kept at 1 ˚C min-1. 

6.2.3 Synthesis of CoMn2O4 nanosheets on CoNC (CoMn2O4-CoNC) 

CoMn2O4-CoNC was prepared by a facile spontaneous redox reaction between CoNC 

and KMnO4 solution. Typically, 2 mg of KMnO4 dissolved in 10 ml deionized water in 

a sealed glass bottle, followed by heating to 100 oC. The as prepared CoNC (3 mg) was 

added into the solution and maintained for different time (20 min, 1 h, 4 h, 8 h and 15 h). 

After the reaction, the samples were taken out and cleaned with water by filtration 

before being fully dried at 80 oC overnight under vacuum. 

6.2.4 Synthesis of MnO2 nanosheets on NCNFs (MnO2-NC) 

MnO2-NC was fabricated by the similar procedure to that of CoMn2O4-CoNC. Briefly, 

2 mg of KMnO4 dissolved in 10 ml deionized water in a sealed glass bottle, followed by 

heating to 100 oC. The as prepared NC (3 mg) was added into the solution and 
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maintained for 8 h. After the reaction, the samples were taken out and cleaned with 

water by filtration before being fully dried at 80 oC overnight under vacuum. 

6.2.5 Synthesis of Co3O4 nanoparticles on CoNC (Co3O4-CoNC) 

Co3O4-CoNC was synthesized by simply sintering CoNC in air at 450 oC for 2 h with a 

heating rate of 2 ˚C min-1. 

6.2.6 Characterization 

The morphology and chemical composition of the as-prepared samples were observed 

by field emission scanning electron microscopy (FESEM, Zeiss Supra 55VP), element 

mapping and electron energy dispersive spectroscopy (Zeiss Evo SEM), transmission 

electron microscopy (TEM, Model JEM-2010, JEOL) and scanning transmission 

electron microscopy (STEM, JEOL JEM-ARM200F). X-ray diffraction (XRD) 

measurements were carried out by employing a scanning step of 0.04° per second in the 

2 θ range from 10 to 80° (Bruker D8 Discover XRD). Raman spectra were collected on 

an inVia Renishaw Raman spectrometer system (HR Micro Raman spectrometer, 

Horiba JOBIN YVON US/ HR800 UV) using a 632.8 nm wavelength laser. X-ray 

photoelectron spectroscopy (XPS) measurement was performed on an ESCALAB250Xi 

(Thermo Scientific, UK) equipped with mono-chromated Al K alpha (energy 1486.68 

eV). Brunauer–Emmett–Teller (BET) surface area of the obtained materials was 

achieved by using experimental points at a relative pressure of P/P0 = 0.05–0.25. 

Thermogravimetric analysis (TGA) was carried out by simultaneous TG-DTA (SDT 

2960) with a heating rate of 5 °C min-1 from room temperature to 800 ºC in air. 
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6.2.7 Electrochemical Measurements 

The OER performance of the catalysts was measured on an electrochemical workstation 

(CHI 660E, CH Instrument) by using a three-electrode configuration with platinum wire 

and Ag/AgCl as the counter and reference electrodes, respectively. The reference 

electrode, Ag/AgCl (saturated KCl solution), was calibrated with the respect to the 

reversible hydrogen electrode (RHE), ERHE = EAg/AgCl + 0.059×pH + 0.1971. The 

working electrode was glassy carbon (GC) electrode with a diameter of 3 mm. To 

prepared the electrode slurry, 4 mg of catalyst, 80 μl of Nafion (5 wt %) and 1 ml 

solvent (1:1 v/v water/isopropanol) mixed together and then sonicated for 30 min to 

form a dispersion. 10 μl of the dispersion was dropped onto the GC electrode (loading 

amount 0.56 mg cm-2), followed by drying at room temperature. The polarization curves 

were obtained in 1 M KOH solution with a scan rate of 5 mV s-1, which were all 

corrected for the iR contribution within the cell. The cycling performance of CoMn2O4-

CoNC based electrode was operated by repeating linear sweep votammograms (LSV) 

running for 5000 cycles and the current–time plots were obtained at a static 

overpotential. The electrochemical impedance spectra (EIS) were recorded with a 

frequency ranging from 106 to 0.01 Hz and an amplitude of 5 mV at a constant 

overpotential of 250 mV. To measure the electrochemical capacitance of the catalysts, 

cyclic voltammetry (CV) was conducted centered at open circuit potential at scan rates 

ranging from 10 to 100 mV s-1. 

For the rotating ring-disk electrode (RRDE) measurement, a rotating ring disk electrode 

with a glassy carbon disk (5 mm in diameter) and a Pt ring were used (Pine Research 

Instrumentation, USA). The as-prepared CoMn2O4-CoNC catalyst was loaded onto the 

disk electrode by using the above mentioned method. A rotating speed of the RRDE 

was held at 1600 rpm for the test. To ensure the oxidation current originated from the 
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oxygen evolution, the ring potential was held constantly at 0.45 V vs. RHE to reduce the 

formed O2 from the catalyst on the disk (disk potential fixed at 1.48 V vs. RHE) in N2-

saturated 1 M KOH solution. A continuous OER (disk electrode)  ORR (ring 

electrode) process occurred on the RRDE. The Faradaic efficiency was calculated as 

follows: ε = Ir/(IdN), where Id is the disk current, Ir is the ring current, and N represents 

the current collection efficiency of the RRDE (N = 0.2). on the other hand, to detect the 

content of the formed hydrogen peroxide ( ) intermediates, the ring potential was 

held constantly at 1.50 V vs. RHE in O2-saturated 1 M KOH solution and recorded the 

data at a scan rate of 5 mV s-1. 

6.3 Results and discussion 

6.3.1 The characterization of the catalysts 

 

Figure 6-1 schematic illustration for the fabrication process of CoMn2O4-CoNC. 

CoMn2O4-CoNC is facilely fabricated by two steps as shown in Figure 6-1. In the 

first step, the as-electrospun cobalt nitrate/PAN composite was obtained, followed by 

reduction and carbonization to achieve cobalt nanoparticles and nitrogen co-

functionalized carbon nanofibers (CoNC). CoMn2O4-CoNC catalyst was produced 

through a spontaneous redox reaction by using metallic cobalt and carbon as the co-

reducing agents and KMnO4 as the oxidizing agent. 

The morphology of CoNC precursor is first investigated by SEM. The 

representative SEM image in Figure 6-2(a) reveals CoNC possesses a well-organized 1-

CoNC CoMn2O4-CoNC

Reduction 
Carbonization Redox reaction
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D cylindrical morphology and form continuous carbon fiber networks. The average 

diameter of the electrospun nanofibers is around 500 nm and cobalt nanoparticles 

uniformly distribute on the surface of CNFs. The embedded cobalt nanoparticles of 

CoNC are elucidated by the TEM image (Figure 6-2(b)). The XRD spectrum of CoNC 

precursor in Figure 6-2(c) shows the typical peaks of metallic cobalt and graphitic 

carbon.  

 

Figure 6-2 (a, b) SEM and TEM images of CoNC; (c) XRD pattern of CoNC. 

 

Figure 6-3 (a, b) the low and high magnification SEM images of CoMn2O4-CoNC. 

After redox reaction between CoNC and KMnO4, the hybrid catalyst well 

preserves the 1D structure of these carbon fibers, while the average diameter of the 

fibers increases to more than 2 μm (Figure 6-3). The entire surface of CoNC is 

uniformly covered with CoMn2O4 nanosheets. The densely packed nanosheets are 

vertically aligned on each individual nanofiber. Moreover, the hierarchical CoMn2O4 

10 20 30 40 50 60 70 80

Co (220)Co (200)

Co (111)

In
te

ns
ity

 (a
.u

.)

2 Thate (degree)

C (002)

50 nm1 μmμ

(a) (b) (c)

(a)

2 μm 500 nm

(b)

μ



 
 

 
104 

arrays possess abundant empty space among adjacent nanosheets, providing large area 

and easy way for electrode/reactant interaction.  

 

Figure 6-4 (a-c) low and high magnification TEM images of CoMn2O4-CoNC; STEM 

element mapping of CoMn2O4-CoNC: (d) high angle annular dark field (HAADF) 

image showing the area of mapping, (e-g) element mapping in STEM mode for Mn, Co 

and O elements. 

The TEM image in Figure 6-4(a) further confirms the formation of the nanosheets 

on CoNC surface, where nanosheets with length of about 800 nm can be clearly 

observed. The interfacial profiles between CoMn2O4 nanosheets and CoNC could be 

well distinguished, showing their strong bond and intimate connection, which is in 

favour of electron transfer and structure stability. The remained embedded cobalt 

nanoparticles are inaccessible with the electrolyte and also beneficial to the electron 

transfer in the electrochemical process. The high transparency of CoMn2O4 nanosheets 

under the electron beam demonstrates their ultrathin nature (Figure 6-4(b)). The 

HRTEM image of a selected area of the CoMn2O4 nanosheets does not show any clear 

lattice fringe spacing, indicating their poor crystallinity (Figure 6-4(c)). STEM 

technology was used to investigate the microstructure of CoMn2O4 nanosheets. The 
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elemental mapping results prove the existence of cobalt, manganese and oxygen 

elements (Figure 6-4(d-f)), demonstrating the homogeneous distribution of the above 

mentioned three elements in the nanosheets. 

 

Figure 6-5 (a, b) XRD and Raman spectra of CoMn2O4-CoNC. 

The structure information of CoMn2O4-CoNC is investigated by XRD. As shown 

in Figure 6-5(a), the diffraction peak of carbon in CoMn2O4-CoNC composite appears 

at around 25.9 o, referring to the partially graphitized carbon species, which formed with 

the assistance of cobalt nanoparticles as catalyst during high temperature process. The 

predominated peaks at around 44.4, 51.7 and 76.1o are attributed to the encapsulated 

metallic cobalt, indexing to the (111), (200) and (220) crystal planes of the cobalt (PDF 

No. 15-0806). The rest low intensity peaks located between 34 and 42o, such as 34.3, 

37.0, 37.9, 39.8, 41.9o can be indexed to CoMn2O4, indicating the successful formation 

of CoMn2O4 during the redox reaction. The low intensity XRD peaks of CoMn2O4 are 

ascribed to low crystallinity property, in accordance with the HRTEM result. The 

Raman spectrum of CoMn2O4-CoNC composite reveals the existence of D-band 

(1335.6 cm-1) and G-band (1589.8 cm-1) for CNFs (Figure 6-5(b)). Apart from the peaks 

of carbon in Raman spectrum, there are two more peaks could be observed at 473 and 
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639 cm-1, associated with M–O stretching vibrations (M = Mn, Co), further suggesting 

the successful preparation of CoMn2O4.264  

 

Figure 6-6  (a) XPS survey spectra of CoMn2O4-CoNC, high resolution XPS spectra of 

CoMn2O4-CoNC, (b) N 1s, (c) Mn 2p, (d) Co 2p, (e) O 1s. 

The chemical composition of CoMn2O4-CoNC is further investigated by XPS. 

Figure 6-6(a) shows the XPS survey spectrum of CoMn2O4-CoNC composite, and only 

C, O, Mn, Co elements could be observed. No distinguishable signal for N in the survey 

spectrum because of the core-shell structure with long CoMn2O4 nanosheets aligned on 
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CoNC. The high-resolution N 1s spectrum in Figure 6-6(b) reveals the presence of 

pyrrolic N and C-N-C. The high resolution spectra of Mn and Co display the co-

existence of +2 and +3 in manganese and cobalt species with the atomic ratio of 2.4/1 

(Mn/Co) (Figure 6-6(c, d)). Three peaks can be identified from the O 1s spectrum 

centred at 529.6, 531.3, 532.9 eV to reflect three different oxygen environments (Figure 

6-6(e)). The band at 529.6 eV corresponds to lattice oxygen atoms bound to metals in a 

fully coordinated environment, whereas 532.9 eV is attributed to the surface adsorbed 

species (M-OH). Moreover, the band at 531.3 is deemed as the oxygen atoms in the 

vicinity of an oxygen vacancy.  

 

Figure 6-7 (a) Nitrogen adsorption/desorption isotherm and (b) pore size distribution of 

CoMn2O4-CoNC. 

The surface area and pore size distribution are investigated by N2 sorption 

measurements. The N2 sorption isotherms of CoMn2O4-CoNC can be identified as type-

IV isotherms, with a pronounced hysteresis loop (uptakes at a relative pressure ranging 
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from 0.4 to 0.9), suggesting the existence of a mesoporous structure. CoMn2O4-CoNC 

shows a relatively broad pore size distribution (mainly centered at 3-9 nm) and large 

specific surface area of 360.7 m2 g-1 (Figure 6-7). 

 

Figure 6-8 (a) SEM image of pure NCNFs, (b) SEM image, (c) XRD spectrum, (d) 

XPS survey spectrum of MnO2-NC. 

It is noteworthy that the presence of metallic cobalt plays a critical role in the 

formation of long, ultrathin CoMn2O4 nanosheets during the redox reaction. The 

metallic cobalt can work as cobalt source and reducing agent (together with carbon), 

while KMnO4 acts as manganese source and oxidizing agent, and both of them 

contribute to the eventual formation of CoMn2O4 nanosheets. In contrast, only 

interconnected MnO2 nanosheets could be observed in the absence of cobalt 

nanoparticles in CNFs, which is similar to the previous reports of MnO2 nanosheets 
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derived from the redox reaction between carbon and KMnO4 (SEM, XRD and XPS 

shown in Figure 6-8). 261-263  

 

Figure 6-9 Typical SEM images of the products after reaction for (a, e) 20 min, (b, f) 1 

h, (c, g) 4 h and (d, h) 8 h. (i) Schematic illustration of the formation procedure of 

CoMn2O4-CoNC composite. 

To better understand the function of cobalt in the synthesis process, time course 

study was carried out on CoMn2O4-CoNC. As shown in Figure 6-9, after 20 min 

reaction, particles on the surface of CoNC still could be observed, besides, decorated by 

many tiny nanosheets, attributing to the redox reaction between Co/C and KMnO4. The 

lateral dimension of the nanosheets increases after 1 h reaction, accompanied by the 

gradual disappearance of the nanoparticles. With the reaction proceeding, obviously, the 

nanosheets (CoMn2O4) achieved based on cobalt nanoparticles are much longer and 

thinner than the products derived from carbon, which suggests that metallic cobalt 

nanoparticles possess better catalytic ability during the redox reaction. After 4 h 

reaction, long CoMn2O4 nanosheets surrounding little amount MnO2 are observed on 
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CoNC. It is worth noting that long and ultrathin CoMn2O4 nanosheets vertically aligned 

on CoNC are obtained after 8 h redox reaction.  

 

Figure 6-10 (a, b) SEM images of CoMn2O4-CoNC obtained after 15 h reaction. 

We try to further prolong time, the framework of CoNC is destroyed (Figure 6-10, 

15 h reaction), maybe ascribed to the complete consume of Co/C or the involvement of 

long nanosheets, therefore, we mainly focus on the first four stages in the following 

characterizations.  

The XRD of the products during the redox reaction process are presented in Figure 

6-11(a). The XRD result in Figure S8a suggests the co-existence of CoMn2O4 (37.0, 

39.8o) and MnO2 (42.5, 61.4º) in the products after 20 min and 1 h reactions. The 

corresponding peaks for MnO2 disappear after 4 h reaction, and more XRD peaks for 

CoMn2O4 (between 34 and 42o) emerge (after 8 h reaction), reversely. The Raman 
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spectra show the enhanced vibration of M-O (M=Mn, Co) and reduced peaks for carbon 

with the reaction proceeding Figure 6-11(b).  

 

Figure 6-11 (a) XRD and (b) Raman spectra of CoMn2O4-CoNC obtained at different 

time.  

The XPS analysis (survey spectra, Figure 6-12(a)) reveals that the products we 

obtained at different stage show similar elemental composition (C, O, Mn, Co). The 

high resolution spectrum of Co 2p shows similar peak position (Figure 6-12(b)), while 

the position of Mn 2p slightly shifts to the lower binding energy (Figure 6-12(c)), which 

signifies the decrease of Mn valent state along with the reaction time. The ratio between 

manganese and cobalt (Mn/Co) decreases during the redox reaction process from 12.89 

to 2.47, further reconfirming the embedded cobalt nanoparticles participated in the 
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redox reaction. In the O 1s core level spectra, three peaks can be clearly identified for 

the samples obtained at different time. The major O 1s peak for the samples shifts to a 

lower level with the reaction process (Figure 6-12(d)), which indicates a change in the 

coordination configuration of M-O (M=Mn, Co). More importantly, the area of the peak 

at around 531.3 eV increases along with the reaction time and CoMn2O4-CoNC after 8 h 

reaction shows the largest area, suggesting more oxygen vacancies introducing into the 

CoMn2O4 nanosheets during the redox reaction. 

 

Figure 6-12 (a) XPS survey spectra, high resolution XPS spectra of (b) Co 2p, (c) Mn 

2p, (d) O 1s of CoMn2O4-CoNC obtained at different time.  

The results of SEM, XRD, Raman and XPS analysis of the products collected 

during the reaction process suggest that the metallic cobalt nanoparticles contribute to 

the formation of long, ultrathin nanosheets, rich in oxygen vacancies. During the redox 

reaction, the embedded cobalt nanoparticles are gradually released to participate in the 
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redox reaction as the co-reducing agents. Given the mechanistic insight into the 

transformation from CoNC to ultrathin CoMn2O4 nanosheets, we speculate that the 

actual process is dependent on the following three equations: 

 

 

 

The transformation mechanism first involves the initially redox reaction between 

the reducing agents, including surface cobalt nanoparticles and carbon, and oxidizing 

agent, KMnO4. During the following reaction, more embedded cobalt nanoparticles are 

exposed, because of the continuously expending of carbon and cobalt in the redox 

reaction. At this stage, the as-formed MnO2 nanosheets as well as KMnO4 take part in 

the redox reaction reacting with the exposed cobalt nanoparticles. The metal and carbon 

act as co-reducing agents contributing to the unique morphology.  

 

Figure 6-13 Low and high SEM images of NiMn2O4-NiNC. 

This strategy should be suitable for synthesizing other mixed transition metal oxide 

with the similar structure. When nickel/nitrogen bi-functionalized CNFs (NiNC) is 

adopted as the reducing agents, the spontaneous redox reaction between NiNC and 

KMnO4 is able to produce ultrathin NiMn2O4 nanosheets vertically aligned on NiNC 

(Figure 6-13). 
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6.3.2 The electrochemical performance test of the catalysts 

 

Figure 6-14 (a) polarization curves and (b) corresponding Tafel plots of CoMn2O4-

CoNC, MnO2-NC, Co3O4-CoNC, NC and RuO2. 

We then investigated the electrochemical performance of CoMn2O4-CoNC as 

catalyst towards OER using a three-electrode electrochemical configuration in 1 M 

KOH solution. For comparison, the corresponding single metal oxides, MnO2-NC and 

Co3O4-CoNC, were also measured using the similar approach. The activity of a RuO2 

based electrode was tested as reference. The polarization curves after iR correction are 

shown in Figure 6-14(a). CoMn2O4-CoNC exhibits an earlier onset of catalytic current 

and superior current density with respect to the comparison materials. CoMn2O4-CoNC 

requires an overpotential of only 307 mV to reach 10 mA cm-2, which is found to be 319, 

337 and 432 mV for RuO2, Co3O4-CoNC and MnO2-NC, respectively. It is worth noting 

that the excellent OER activity of CoMn2O4-CoNC is comparable to the high 

performance catalysts, such as FeNi@NC, γ-CoOOH and superior to CP/CTs/Co-S, 

ultrathin NiCo2O4 nanosheets.9, 99, 265, 266 To gain additional insights into the OER 

process, Tafel slopes are acquired from the polarization curves by the equation (η = b 

log(j/j0), where η is the overpotential, b is the Tafel slope, j is the current density, and j0 

is the exchange current density). As shown in Figure 6-14(b), the lower Tafel slope 

value for CoMn2O4-CoNC (75 mV dec-1), indicates its more favourable kinetics relative 
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to those of Co3O4-CoNC (110 mV dec-1) and MnO2-NC (198 mV dec-1), suggesting that 

more rapid OER rates can be achieved in practical applications by using CoMn2O4-

CoNC as electrocatalyst. 

 

Figure 6-15 Cyclic voltammograms (CV) of (a) CoMn2O4-CoNC, (b) Co3O4-CoNC and 

(c) MnO2-NC, in 1 M KOH solution in a potential window without faradaic processes. 

(c) Scan rate dependence of the average capacitive current densities at open circuit 

potential for CoMn2O4-CoNC, Co3O4-CoNC and MnO2-NC. 

Conclusively, these findings (low onset overpotential, high current density and low 

Tafel slope value), demonstrate the superior electrocatalytic activity of CoMn2O4-CoNC 

towards OER compared to any single one, Co3O4-CoNC or MnO2-NC, which mainly 

originates from the unique architecture, ternary properties and abundant oxygen 

vacancies. First, the vertically aligned ultrathin nanosheets and abundant oxygen 

vacancies could provide more active sites, which can be evaluated approximately by 

using the electrochemical double-layer capacitance (Cdl).267, 268 CoMn2O4-CoNC (15.9 
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mF cm-2) exhibits a 1.8 and 26.5-times Cdl than those of Co3O4-CoNC (9.0 mF cm-2) 

and MnO2-NC (0.6 mF cm-2), respectively (Figure 6-15). Generally, the higher effective 

surface area contributes to higher electrochemical catalytic activity. As a result, 

CoMn2O4-CoNC exhibits improved catalytic performance compared to the single metal 

based materials.  

 

Figure 6-16 Nyquist plots of the as-prepared samples modified electrodes recorded at a 

constant overpotential of 250 mV.   

Second, the unique 3D interconnected and vertically aligned structure provide 

efficient pathway for electron transport, and thus facilitates favourable reaction kinetics. 

This viewpoint is confirmed by the electrochemical impedance spectroscopy. As shown 

in Figure 6-16, the Nyquist plots reveal that the charge transfer resistance of CoMn2O4-

CoNC is smaller than those of Co3O4-CoNC and MnO2-NC. This result demonstrates 

the vertically aligned ultrathin ternary nanosheets with abundant oxygen vacancies 

formed with the assistance of metallic Co nanoparticles lead to fast charge transfer 

during the OER process, which affords markedly electrocatalytic performance. 

Both of the long-term LSV cycling and time-dependent current density test were 

carried out in alkaline solution to evaluate the catalyst’s stability. Figure 6-17 shows the 
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polarization curves recorded before and after 5000 potential cycles with negligible 

decrease of the current density. The current-time plots of CoMn2O4-CoNC based 

electrode was obtained by electrolysis at a static potential. The inset of Figure 5d shows 

the current density could stabilize at this potential during the following 12 h. These 

results provide sufficient evidence for the good stability of CoMn2O4-CoNC catalyst 

towards OER in alkaline solution. 

 

Figure 6-17 Stability test of CoMn2O4-CoNC through potential cycling, the inset shows 

the time dependence of catalytic current density during electrolysis at a static potential. 

To verify the rapid increase of current density in Figure 6-14(a) originates from 

water oxidation rather than other side reactions and further calculate the Faradaic 

efficiency, RRDE apparatus was applied in N2-saturated 1 M KOH solution, rendering a 

continuous OER (disk electrode)-ORR (ring electrode) process.146, 201 As shown in 

Figure 6-18(a), with the disk potential holds constant at 1.48 V vs. RHE (obtained 

current at around 164.5 μA), O2 molecules generates from CoMn2O4-CoNC surface on 

the disk electrode and then the formed O2 molecules are further reduced by sweeping 

across the surrounding Pt ring electrode with an ORR potential of 0.45 V vs. RHE. A 
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ring current of approximately 32.3 μA is collected, corresponding to a Faradaic 

efficiency of 98.2% (see calculation details in the Experimental part). Furthermore, we 

also analyze the content of by-product (peroxide intermediates) that formed at the 

surface of CoMn2O4-CoNC catalyst during the OER process to further understand the 

reaction mechanism. Figure 6-18(b) shows a relatively low ring current (peroxide 

intermediates) compared to the disk current. Additionally, with the increasing of disk 

current, the ring current gradually decreases, which means that the rapid increase of the 

current could suppress the formation of peroxide intermediates, leading to a desirable 

four-electron transfer pathway to form O2 molecules. 

 

Figure 6-18 (a) Evidence of O2 generated from CoMn2O4-CoNC catalyst using RRDE 

measurements (1600 rpm) (disk potential: 1.48 V, ring potential: 0.45 V vs. RHE), with 

inset showing the continuous OER → ORR process initiated on the RRDE. (b) Disk and 

ring current of CoMn2O4-CoNC catalyst on an RRDE (1600 rpm) with a ring potential 

of 1.5 V (vs. RHE). 

The above mentioned results demonstrate that CoMn2O4-CoNC composite exhibits 

excellent electrocatalytic performance towards OER, which is associated with its 

remarkable structural properties and synergistic effect. First, the mixed-valence state of 

CoMn2O4 nanosheets is favourable to the water oxidation process, providing donor-

acceptor chemisorption sites for the reversible adsorption of reactant. Moreover, the as-

formed ultrathin nanosheets rich in oxygen vacancies provide a unique means for 
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enhancing the electrochemical oxygen evolution. Second, 1D CoNC acts as an 

interconnected conducting substrate associated with stable architecture and high 

electrical conductivity. Nitrogen doping and cobalt encapsulation further enhance the 

electron transfer, expediting the OER kinetics processes. Third, CoMn2O4-CoNC with 

3D architecture achieved by vertically growing the ultrathin CoMn2O4 nanosheets on 

1D CoNC, which could not only shorten the ion diffusion paths, further accelerating the 

charge transfer, but also generate the flexible structure, leading to a highly stable 

performance. Lastly, the intimate interaction between CoMn2O4 nanosheets and CoNC 

affords by a facile redox reaction between CoNC and KMnO4, forming strong 

synergistic coupled effect, and thus leading to the enhanced OER catalytic activity. 

Therefore, these collaborative advantages enable CoMn2O4-CoNC as OER catalyst with 

superior performance. 

6.4 Conclusion 

In conclusion, we have successfully fabricated a novel structure composite, 

CoMn2O4-CoNC, with ultrathin nanosheets vertically aligned on 1D CoNC substrate by 

a facile spontaneous redox reaction. CoMn2O4-CoNC performs as a cost-effective OER 

catalyst, exhibiting superior performance with high current density, low transfer 

resistance and long-time durability. The attractive performance of CoMn2O4-CoNC are 

originated from its unique structure with  ultrathin CoMn2O4 nanosheets (abundant 

oxygen vacancies) as the catalysts, 1D CoNC as conductive substrate as well as the 

strong synergistic effect and intimate contact between the nanosheets and substrate, 

which contributes to exposing more active sites, facilitating high charge transfer and 

therefore improving the OER kinetics. This simple strategy can be easily adapted to 



 
 

 
120 

prepare other ultrathin ternary metal oxide, which could not only apply for water 

splitting, but also for other key energy conversion and storage technologies. 
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Chapter 7: Facile Synthesis and Evaluation of Hierarchical Fe3C based 

Catalyst for High Efficient Oxygen Evolution Reaction 

7.1 Introduction 

Transition metal oxide (Co3O4, CoO, CoMn2O4) based catalysts have been well 

developed and studied for OER in Chapter 4-6. Recently, the other kinds of catalysts 

based on transition metal carbides, chalcogenides and phosphides, featuring metals such 

as Fe, Co, Ni, Mn have garnered attention because of their abundance and capability for 

water oxidation.82, 103, 269-274 For example, Xie et al. investigated metallic Co4N porous 

nanowire arrays, Nath et al. reported Ni3Se2 and Yan et al. developed Au@Co3O4 core-

shell nanocrystals.98, 275, 276 These catalysts have exhibited good catalytic activity and 

long-term structural stability during OER test. However, these catalysts usually suffer 

from the complicated synthesis procedure, which is time consuming. Therefore, finding 

an effective technique, which is simple and can be scaled up, still remains a huge 

challenge. 

Transition metal carbides, e.g. Fe3C, are the robust candidates for wide use in 

hydrogen evolution reactions and oxygen reduction reactions (HER and ORR), 

exhibiting a catalytic activity similar to Pt-based electrochemical catalysts.277-280 

Recently, Fe3C has been also reported to have the ability for water oxidation.281, 282 

Plenty of studies (HER, ORR, OER) have shown that the structure and morphology of 

materials greatly influence the activity of the catalysts. Fe3C incorporated into 

microporous carbon can deliver an even higher electronic conductivity and catalytic 

performance. Specifically, well-aligned structures on conductive substrates are 

extremely interesting and represent a prime example of hybrid electrocatalysts. Recent 

researches, such as carbon paper/carbon nanotubes/Co-S, Sn@CNT-carbon paper and 
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FeOOH/CeO2 with aligned structure, have been reported.9, 283, 284 Carbon nanofibers 

(CNFs), possess intrinsic properties, which include high surface area, fast electrical 

conductivity, and easy preparation procedure, making them as ideal supports for 

heterogeneous catalysts.285, 286 Meanwhile, nitrogen-doping can further improve the 

catalytic activity of Fe3C based materials, attributed to the formation of nitrogen-

containing active sites (C−N or Fe−N).287 Hence, at this point, there is a need for 

controllable synthesis of the material with uniquely aligned structures composed of 

Fe3C and CNFs as a catalyst for water oxidation. 

To achieve this important goal, we developed a facile, scalable method to 

synthesize the catalyst composed of Fe3C encapsulated in nitrogen-enriched CNTs 

aligned on nitrogen doped CNFs (Fe3C@NCNTs-NCNFs) by the electrospinning 

technique. The as-prepared Fe3C@NCNTs-NCNFs composite displays uniquely aligned 

arrays and 3D hierarchical architecture, which exposes sufficient active sites and 

facilitates fast reaction kinetics towards OER. When tested as a catalyst for water 

oxidation, it exhibits outstanding electrocatalytic activity, including a low onset 

potential (1.39 V vs. RHE), a high current density (10 mA cm-2 at the overpotential of 

284 mV) and excellent stability, making Fe3C@NCNTs-NCNFs an efficient 

nonprecious metal catalyst for water oxidation. 

7.2 Experimental 

7.2.1 Synthesis of Nitrogen-doped CNFs (NCNFs) 

NCNFs were prepared by using an electrospinning method with a subsequent heat 

treatment. Briefly, 600 mg of polyacrylonitrile (PAN, Mw = 150,000 g mol-1) was 

dissolved in 6 ml N,N-dimethylformamide (DMF) and the solution was kept at 50 oC 

under vigorous stirring overnight. Then the above solution was transferred to a 10 ml 
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plastic syringe with a 20-gauge blunt tip needle. For the electrospinning process, a 

voltage of 18 kV and a flow rate of 14.8 μl min-1 were applied. The distance between 

the needle and rotating grounded collector was 15 cm. The as-collected electrospun 

fibers were firstly stabilized by heating to 280 oC for 6 h in air, and then the stabilized 

fibers were carbonized in an Ar flow at 800 oC for 6 h to obtain NCNFs. The ramping 

rate was kept at 1 ˚C min-1.  

7.2.2 Synthesis of Fe3C@NCNTs-NCNFs 

Fe3C@NCNTs-NCNFs composite was also fabricated by an electrospinning method 

followed by high temperature treatment. Briefly, 320 mg of 

Tris(acetylacetonate)iron(III) (Fe(acac)3) and 600 mg of polyacrylonitrile (PAN, Mw = 

150,000 g mol-1) were dissolved in 6 ml N,N-dimethylformamide (DMF) and the 

solution was kept at 50 oC under vigorous stirring overnight. Then the above solution 

was transferred to a 10 ml plastic syringe with a 20-gauge blunt tip needle. The 

electrospinning and stabilizing processes were the same as those of NCNFs. Then the 

stabilized fibers underwent a calcination process by heat treatment at 800 oC for 6 h in 

the presence of melamine in the upper site (10 cm to the stabilized fibers, the weight 

ratio between melamine and stabilized fibers was 1:20) with an Ar flow. The ramping 

rate was kept at 1 ˚C min-1. The comparison material, Fe3C embedded in NCNFs (Fe3C-

NCNFs) was obtained by heat treatment of the stabilized fibers in the absence of 

melamine. 

7.2.3 Characterization  

Scanning electron microscopy (SEM) images and electron energy dispersive 

spectroscopy images were obtained on Zeiss Supra 55VP and Zeiss Evo SEM, 

respectively. Transmission electron microscopy (TEM) and high resolution TEM 
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images were recorded on a JEOL JEM-2010 and scanning transmission electron 

microscopy (STEM, JEOL JEM-ARM200F, at an accelerating voltage of 220 kV). X-

ray diffraction (XRD) patterns were collected on a Bruker D8 Discover XRD with a 

scanning step of 0.02° per second in the 2θ range from 10 to 80°. Raman spectra were 

obtained on an inVia Renishaw Raman spectrometer system (HR Micro Raman 

spectrometer, Horiba JOBIN YVON US/ HR800 UV) using a 632.8 nm wavelength 

laser. X-ray photoelectron spectroscopy (XPS) was performed by a Thermo Scientific, 

UK ESCALAB250Xi system. Surface area was obtained by the Brunauer–Emmett–

Teller (BET) technique at a relative pressure of P/P0 = 0.05–0.25. TGA/differential 

thermal analysis (DTA) was employed by using a TA Instruments, SDT 2960 module, 

New Castle, DE, USA at a heating rate of 5 °C min-1 from room temperature to 800 ºC 

in an air atmosphere.  

7.2.4 Electrochemical Measurements 

Electrochemical tests were performed on an electrochemical workstation (CHI 660E, 

CH Instrument) by using a three-electrode configuration. Platinum wire, a Glassy 

carbon (GC) electrode (diameter of 3 mm) and Ag/AgCl were used as the counter, 

working and reference electrodes, respectively and the reference electrode, (Ag/AgCl 

with saturated KCl solution), was calibrated with the respect to the reversible hydrogen 

electrode (RHE), ERHE = EAg/AgCl + 0.059×pH + 0.1971. The fabrication process for the 

working electrode was as follows: 4 mg of catalyst was dispersed in solvent containing 

0.5 ml water, 0.5 ml isopropanol and 80 μl of Nafion (5 wt %). After thorough 

sonication, 10 μl of the formed catalyst dispersion was dropped onto the GC electrode to 

afford a mass loading of 0.04 mg cm-2, followed by drying at room temperature. Linear 

sweep voltammetry (LSV) tests were conducted in 1 M KOH solution with a scan rate 

of 5 mV s-1, and was all corrected for the iR contribution within the cell. The 
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electrochemical capacitance of the catalysts was measured by cyclic voltammetry (CV), 

which was conducted with amplitude 0.1 V with scan rates ranging from 10 to 100 mV 

s-1. The electrochemical impedance spectra (EIS) were measured with a frequency range 

of 106-0.01 Hz and an amplitude of 5 mV at a constant overpotential of 250 mV. The 

cycling performance of Fe3C@NCNTs-NCNFs based electrode was measured by 

repeating linear sweep voltammograms (LSV) running for 5000 cycles and the current-

time plots were obtained with a static overpotential of 284 mV.  

For the rotating ring-disk electrode (RRDE) measurement, a GC disk electrode and a Pt 

ring electrode were used (Pine Research Instrumentation, USA). The as-prepared 

Fe3C@NCNTs-NCNFs catalyst was loaded onto the disk electrode (diameter of 5 mm) 

by using the above mentioned method. The rotation speed of the RRDE was held at 

1600 rpm for the test. To detect the content of the formed hydrogen peroxide ( ) 

intermediates, the ring potential was held constantly at 1.50 V vs. RHE in N2-saturated 1 

M KOH solution. The scan rate was kept at 5 mV s-1. On the other hand, the Faradaic 

efficiency was calculated as follows: ε = Ir/(IdN), where Id is the disk current, Ir is the 

ring current, and N represents the current collection efficiency of the RRDE (N = 0.2). 

A continuous OER (disk electrode)  ORR (ring electrode) process occurred on the 

RRDE. The ring potential was held constantly at 0.45 V vs. RHE to reduce the formed 

O2 from the catalyst on the disk (disk potential fixed at 1.48 V vs. RHE) in N2-saturated 

1 M KOH solution. 

7.3 Result and discussion 
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7.3.1 The characterization of the catalysts 

 

Figure 7-1 (a) Schematic illustration for the fabrication process of Fe3C@NCNTs-

NCNFs. (b) low and (c, d) high magnification SEM images of Fe3C@NCNTs-NCNFs. 

The fabrication process of Fe3C@NCNTs-NCNFs is shown in Figure 7-1(a). 

(Fe(acac)3)/PAN composite was obtained by using a facile electrospinning technique, 

followed by stabilized process and carbonization in the presence of the melamine to 

achieve the aligned structure. The low magnification SEM image of Fe3C@NCNTs-

NCNFs in Figure 7-1(b) shows the continuous and interconnected nanofibers forming a 

hierarchical 3D architecture. Many tiny nanotubes can be observed on the rough CNFs’ 

surface, which is preferred for the interaction of the electrode/solution and the release of 

molecular oxygen. The average diameter of the electrospun fibers is around 500 nm. 

The enlarged SEM images in Figure 7-1(c, d) show that each individual CNF is covered 

by the nanotube structure of Fe3C@NCNTs arrays, which are nearly perpendicular to 

CNF with an average length around 150-200 nm. The Fe3C@NCNTs arrays are well 

dispersed on the CNF substrate, generating a loose porous structure with abundant open 

voids. 
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Figure 7-2 (a) TEM image of a single fibrous Fe3C@NCNTs-NCNF. (b) HRTEM 

image of Fe3C@NCNTs aligned on NCNF. (c) high resolution TEM image of a single 

Fe3C@NCNT. (d) a Fe3C nanoparticle wrapped by multilayered graphitic carbon, the 

enlarged area as denoted in the white box, displaying an interplanar spacing of 0.239 nm. 

(e-i) STEM elemental mapping of Fe3C@NCNTs-NCNFs. (j-l) two different phases of 

Fe3C@NCNTs-NCNFs, (k) C, (l) Fe3C. 
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Figure 7-2(a) shows a TEM image of a single fibrous Fe3C@NCNTs-NCNF, 

verifying the uniformly aligned arrays on the surface of CNF. The TEM image also 

reveals some Fe3C nanoparticles encapsulated in the CNF substrate, which could highly 

enhance the conductivity of the composite. The high resolution image in Figure 7-2(b) 

clearly shows the strong bond and intimate connection between CNT and CNF, and the 

CNT functions as an efficient conductor between the substrate (CNF) and Fe3C 

nanoparticles, benefiting to the electron transfer and structure stability. The closer TEM 

images in Figure 7-2(c, d) reveal the graphitic structure of CNT and the presence of 

Fe3C nanoparticles encapsulated in the multilayered carbon shell, especially at the tip of 

CNT. The encapsulated structure should efficiently prevent the corrosion of metal 

particles from a harsh environment and simultaneously promote the catalytic reaction on 

a carbon surface due to the electron transfer from encapsulated particles. The thickness 

of carbon layer is around 4 nm and these multiwalled CNTs are crystalline and display 

an interplanar spacing of 0.325 nm correspond to the C (002) plane. The inset of Figure 

7-2(d) represents the enlarged area as denoted in white box and the lattice fringes with a 

d-spacing of 0.239 nm, which is well-matched with the interplanar plane of Fe3C. 

STEM technology was used to investigate the microstructure of a single fibrous 

Fe3C@NCNTs-NCNF. The elemental mapping results prove the existence of C, O, N 

and Fe elements (Figure 7-2(e-i)), indicating the homogeneous distribution of the above 

mentioned four elements. Nitrogen element distributes both on the substrate and 

nanotube structured arrays. Moreover, the STEM images in Figure 7-2(j-l) reveal the 

presence of two main phases in Fe3C@NCNTs-NCNFs composite, carbon and Fe3C.  
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Figure 7-3 (a,b) SEM and (c,d) TEM images of NCNFs. 

 

Figure 7-4 (a) SEM and (b-d) TEM images of Fe3C-NCNFs. 
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NCNFs and Fe3C-NCNFs are synthesized as the comparison materials. As shown 

in Figure 7-3, no nanoparticles and graphitic structure could be observed for pure 

NCNFs. Furthermore, without the additional carbon source, Fe3C nanoparticles are 

randomly encapsulated by CNFs and no tube structure could be observed on the surface 

(Figure 7-4). Thus, it confirms that melamine is indispensable for forming the nanotube 

structured Fe3C@NCNTs arrays upon pyrolysis. It is obviously observed that Fe 

nanoparticles catalyse CNT growth with the melamine serving as a carbon source 

during the carbonization process, ending with Fe3C nanoparticles wrapped by graphitic 

carbon at the tip area of the nanotubes. This unique structure is beneficial to catalysis, 

providing sufficient active sites and better communication between the 

catalyst/electrolyte for the oxygen evolution. 

 

Figure 7-5 (a, b) XRD pattern of Fe3C@NCNTs-NCNFs and Fe3C-NCNFs. 

The XRD pattern in Figure 7-5(a) indicates the existence of Fe3C and graphitic 

carbon in Fe3C@NCNTs-NCNFs composite. A peak at 26.5o is observed, 

corresponding to (002) plane of graphitic carbon, suggesting a partially graphitic 

structure. XRD analyse demonstrates the existence of Fe3C, according to the diffraction 

data of Fe3C (JCPDS, No. 89-2867) and small amount of metallic Fe (JCPDS No.87-

0722). In contrast, Fe3C-NCNFs shows more characterization peaks for metallic Fe and 
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much lower overall peak intensity (Figure 7-5(b)), suggesting the additional carbon 

source introduced in the carbonization process leads to the formation of Fe3C and 

enhancement of the particles’ crystallinity properties.  

 

Figure 7-6 Raman spectra of Fe3C@NCNTs-NCNFs, Fe3C-NCNFs and pure NCNFs. 

The partial graphitic structure of Fe3C@NCNTs-NCNFs can be further confirmed 

by Raman spectra. Fe3C@NCNTs-NCNFs, Fe3C-NCNFs and pure NCNFs display two 

typical peaks, corresponding to the defect induced D-band and graphitic G-band, 

respectively (Figure 7-6). The intensity ratio of D/G (ID/IG) value for Fe3C@NCNTs-

NCNFs hybrid (1.04) is slightly lower than those of Fe3C-NCNFs (1.06) and NCNFs 

(1.08), indicating a higher graphitic degree of Fe3C@NCNTs-NCNFs. These graphitic 

carbon structures formed during the carbonization process (graphitic carbon wrapped 

Fe3C and the as-formed CNTs) can significantly enhance the electric conductivity and 

corrosion resistance, thus lead to high catalytic efficiency.  

The surveyed XPS spectrum in Figure 7-7(a) reveals that Fe3C@NCNTs-NCNFs 

composite is composed of C, N, O, Fe and no other impurity is observed, which is 

consistent with the results of XRD and STEM mapping. 
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Figure 7-7 (a) XPS survey spectrum of Fe3C@NCNTs-NCNFs. high resolution XPS 

spectra of (b) C 1s, (c) Fe 2p and (d) N 1s of Fe3C@NCNTs-NCNFs composite.  

The high resolution C 1s spectrum (Figure 7-7(b)) is decomposed into four 

components, corresponding to sp2 C at 284.5 eV, C-N at 285.6 eV, C=O/C=N at 286.9 

eV and O-C=O at 289.1 eV. The high-resolution spectrum of Fe 2p in Figure 7-7(c) 

displays that  Fe 2p signal can be deconvoluted into two pairs of peaks for Fe3+ (713.1 

and 726.5 eV) and Fe2+ (710.8 and 724.3 eV). The signal of Fe0 at 719.7 and 707.4 eV 

is far lower than that of Fe3C, suggesting the main composition of the nanoparticles in 

the composite is Fe3C after pyrolysis at 800 oC, whereas Fe3C-NCNFs show much 

higher peak intensity of Fe0 (Figure S6b, consistent with the XRD result). The reduced 

amount of metallic Fe can be attributed to the relatively high carbonization degree for 

Fe3C@NCNTs-NCNFs composite with the additional carbon source. The high 

resolution N 1s spectrum is deconvoluted into four peaks, corresponding to graphitic N 

(402.5 eV), pyrrolic N (401.1 eV), Fe-N (400.1 eV) and pyridinic N (398.4 eV) (Figure 
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7-7(d)). The total N content is found to be 5.6 at% in Fe3C@NCNTs-NCNFs composite, 

indicating the successful doping of nitrogen, which is induced by the N-rich precursor 

PAN and melamine. The existence of N dopant (C-N, C=N and Fe-N) in 

Fe3C@NCNTs-NCNFs composite plays an important role in the OER process by 

inherently increasing the ability to interact with reactants (H2O) and rendering 

asymmetrical charge distributions on the adjacent carbon atoms.102, 171  

 

Figure 7-8 (a) Nitrogen sorption isotherm Fe3C@NCNTs-NCNFs. (b) 

Thermogravimetric analysis of Fe3C@NCNTs-NCNFs in air. 

The BET surface area of Fe3C@NCNTs-NCNFs is measured to be 356.6 m2 g-1 

(Figure 7-8(a)) and this high surface area should be attributed to the unique 1D 

Fe3C@NCNTs arrays aligned on 1D CNFs. The percentage of Fe3C in Fe3C@NCNTs-

NCNFs composite is around 20.02 wt% based on the TGA result in Figure 7-8(b). 
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7.3.2 The electrochemical performance test of the catalysts  

 

Figure 7-9 (a) polarization curves and (b) corresponding Tafel plots of Fe3C@NCNTs-

NCNFs, Fe3C-NCNFs,  NCNFs and RuO2. 

The catalytic performance of the as-prepared samples is investigated using a three-

electrode system in 1 M KOH solution. The activity of a commercial RuO2 catalyst 

based electrode is tested as reference to accurately evaluate their OER activities. The 

polarization curves after iR correction are shown in Figure 7-9(a). The pure NCNFs 

exhibit very poor OER activity. Fe3C-NCNFs afford a low OER onset potential (1.46 V 

vs. RHE). Remarkably, Fe3C@NCNTs-NCNFs show an improved performance with the 

onset potential shifting to as low as 1.39 V vs. RHE. To achieve a current density of 10 

mA cm-2, Fe3C@NCNTs-NCNFs require a much lower overpotential (284 mV) towards 

water oxidation, whereas a higher overpotential of 314 mV and 341 mV is required for 

RuO2 and Fe3C-NCNFs catalysts, respectively. Compared with the other non-precious 

metal-based OER catalysts in the same condition (1 M KOH, overpotential towards 10 

mA cm-2), such as Ni-P (300 mV), Fe3O4@Co9S8/rGO (320 mV), NiCo2O4 ultrathin 

nanosheets (320 mV), Co3O4/N-doped graphene (310 mV).218, 266, 271, 288 Fe3C@NCNTs-

NCNFs show much enhanced catalytic activity. The kinetic activities of the as-prepared 

materials are estimated by their corresponding Tafel slope. The Tafel slope of 

Fe3C@NCNTs-NCNFs is measured to be 56 mV dec-1, smaller than those of Fe3C-
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NCNFs sample (63 mV dec-1), RuO2 (80 mV dec-1) and NCNFs (425 mV dec-1), 

indicating that a more rapid OER rate can be achieved by using Fe3C@NCNTs-NCNFs 

as a catalyst in practical application (Figure 7-9(b)).  

 

Figure 7-10 Cyclic voltammograms (CV) of (a) Fe3C@NCNTs-NCNFs, (b) Fe3C-

NCNFs, (c) NCNFs, both in 1 M KOH solution in a potential window without faradaic 

processes. (d) Scan rate dependence of the average capacitive current densities at open 

circuit potential for Fe3C@NCNTs-NCNFs, Fe3C-NCNFs and NCNFs. 

To better understand the kinetics during the OER process, cyclic voltammetry (CV) 

and electrochemical impedance spectroscopy (EIS) were performed. CV was conducted 

in the potential region with no apparent Faradaic process occurrence. The 

electrochemical double-layer capacitance (Cdl) was measured to investigate the effective 

surface area.200, 268 The Cdl of Fe3C@NCNTs-NCNFs is 28.2 mF cm-2, exhibiting a 1.8 

and 20-times Cdl to those of Fe3C-NCNFs (15.9 mF cm-2) and NCNFs (1.4 mF cm-2), 

respectively (Figure 7-10).  
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Figure 7-11 EIS spectra of Fe3C@NCNTs-NCNFs, Fe3C-NCNFs and NCNFs modified 

electrodes with an overpotential of 250 mV. 

As shown in Figure 7-11, the charge transfer resistance of Fe3C@NCNTs-NCNFs 

is slightly lower than that of Fe3C-NCNFs, which is obviously much lower than that of 

pure NCNFs. Therefore, the high effective surface area and low charge resistance 

suggest that Fe3C@NCNTs-NCNFs composite can provide more active sites and 

facilitate fast charge transfer during the OER process, leading to its superior catalytic 

performance. 

 

Figure 7-12 Stability test of Fe3C@NCNTs-NCNFs (a) through potential cycling. (b) 

time dependence of catalytic current density during electrolysis at a static overpotential.  
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Figure 7-12(a) presents the durability of Fe3C@NCNTs-NCNFs composite by 

recording continuous LSVs for 5000 cycles at an accelerated scan rate of 100 mV s-1. 

The polarization curve of Fe3C@NCNTs-NCNFs after cycling is almost exactly the 

same as the initial test. Figure 7-12(b) demonstrates the stability of Fe3C@NCNTs-

NCNFs assessed by electrolysis at a static overpotential. Time dependence for the 

current density of Fe3C@NCNTs-NCNFs shows only a little degradation after 15 h test 

(degradation of 4.4%). Such stable characteristic can be ascribed to the stable 1 D CNFs 

substrate, graphitic structure and the unique encapsulated structure. 

 

Figure 7-13 (a) Disk and ring current of Fe3C@NCNTs-NCNFs catalyst on an RRDE 

(1600 rpm) with a ring potential of 1.50 V (vs. RHE). (b) Evidence of O2 generated 

from Fe3C@NCNTs-NCNFs catalyst using RRDE measurements (1600 rpm) (disk 

potential: 1.48 V, ring potential: 0.45 V vs. RHE), with inset showing the continuous 

OER → ORR process initiated on the RRDE. 

Figure 7-13(a) reveals the reaction mechanism of Fe3C@NCNTs-NCNFs during 

the OER process, applying the rotating ring-disk electrode (RRDE) apparatus in N2-

saturated 1 M KOH solution, to analyze the contents of by-products (peroxide 

intermediates) formed on the surface of the Fe3C@NCNTs-NCNFs catalyst. A 

relatively low ring current (from peroxide intermediates) is observed (the ring potential 

was held at 1.50 V vs. RHE), which is far lower than that of the disk current, indicating 

negligible hydrogen peroxide formation and the existence of a desirable four-electron 
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transfer pathway during the OER process.146 Furthermore, Faradaic efficiency was 

calculated during a continuous OER (disk electrode)-ORR (ring electrode) process. The 

disk potential holds constant at 1.48 V vs. RHE to generate O2 molecules from 

Fe3C@NCNTs-NCNFs, and then the as-formed O2 molecules are further reduced by 

sweeping across the surrounding Pt ring electrode with an ORR potential of 0.45 V vs. 

RHE. A ring current of approximately 73 μA was collected along with the obtained disk 

current of 373 μA (Figure 7-13(b)), corresponding to a Faradaic efficiency of 97.8% 

(see calculation details in the Experimental section).10  

The superior electrocatalytic activity of Fe3C@NCNTs-NCNFs can mainly be 

attributed to the chemical composition and aligned structure with Fe3C@NCNTs arrays 

on 1D CNFs as well as the multiple synergistic effects between Fe3C, NCNTs and 

NCNFs. First, the aligned graphitic CNTs provide an open architecture for sufficient 

reactant/catalyst contact. The Fe3C nanocrystals are encapsulated at the tips of CNTs, 

enabling the full utilization of active sites of the catalyst and resulting in greatly 

facilitated surface reactions. Second, the 1D nanostructure (CNFs) provides a stable, 

continuous and conductive network, expediting electron transfer during the 

electrochemical reaction process. Third, nitrogen doping (C-N, C=N, Fe-N) can induce 

asymmetrical charge distributions on the adjacent carbon atoms and decrease the energy 

required for the adsorption of the reactants on electrocatalyst, and thus lead to an 

improved catalytic performance. Last, the intimate interaction and strong coupling 

effects between Fe3C, NCNTs and NCNFs, assist in providing additional active sites 

and facilitating fast charge transfer, further improving the OER kinetics. Therefore, 

these collaborative properties enable Fe3C@NCNTs-NCNFs composite to be an 

excellent OER catalyst.   
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7.4 Conclusion 

In conclusion, we have revealed a novel structure with Fe3C@NCNTs aligned on 

CNFs through a facile, scalable electrospinning technique, followed by a carbonization 

route with the addition of melamine. The Fe3C@NCNTs-NCNFs composite is 

demonstrated as a high performance OER catalyst, delivering a low onset potential 

(1.39 V vs. RHE), a high current density (10 mA cm-2 at the overpotential of 284 mV), a 

low charge transfer resistance and excellent durability in 1 M KOH solution. The 

exceptional electrocatalytic performance of Fe3C@NCNTs-NCNFs may be associated 

with synergistic effects from the chemical compositions and the robust 3D 

interconnected structure composed of Fe3C@NCNTs arrays and CNFs substrate. This 

study should provide a guideline for the further design of favourable structures for water 

splitting and other energy applications. 
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Chapter 8 Electrospun Cobalt Embedded in Porous Nitrogen Doped 

Carbon Nanofibers as an Efficient Catalyst for Water Splitting 

8.1 Introduction 

In the previous Chapters, we have synthesized different kinds of catalysts and 

investigated their catalytic activity towards HER and OER. These catalysts, such as 

MoS2-GA, G-Co3O4, PGE-CoO, CoMn2O4-CoNC, Fe3C-NCNTs@NCNFs, displayed 

good catalytic activity and stability towards HER and OER, respectively. 

Notwithstanding significant progress, there are very few catalysts that are able to 

catalyze both HER and OER in the same electrolyte. The HER catalysts usually show 

good performance in acidic solution, whereas OER catalysts exhibit better performance 

in alkaline solution. Previously, Pt-free bifunctional electrocatalysts show the ability for 

the oxygen reduction reaction and OER, simultaneously. Therefore, developing a 

bifunctional catalyst that is able to catalyze both HER and OER, two half reactions 

occurring in the same electrochemical device (i.e., electrolyzer) will be very attractive, 

because this can potentially simplify the fabrication procedure of electrolyzers and 

substantially make the water splitting for large scale application. 

Recently, a variety of cost-effective materials have been tested for catalyzing the 

electrochemical hydrogen evolution, including transition-metal chalcogenides, carbides, 

and complexes.22, 289-292 Furthermore, OER with more sluggish kinetics also requires 

efficient catalysts (cobalt oxides (CoO, Co3O4), substituted cobaltites MxCoyO4 (M = Ni, 

Fe) to reduce the energy barrier and further accelerate the overall water splitting 

process.293-295 Nitrogen/transition metal (Co, Ni, Fe) functionalized carbon materials 

have been developed as the most promising candidates for HER and OER, due to their 

high catalytic performances.296, 297 The morphology, structure and electronic 
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conductivity are the key factors influencing their electrocatalytic efficiency.162 However, 

the corrosion property and poor stability of the transition metals may result in poor 

performances during the test. Recently, in order to further enhance the catalytic activity 

and stability, there are a few works reported based on the encapsulated structure, such as 

Co, Fe or FeCo, NiCo alloy nanoparticles embedded in nitrogen–doped carbon 

materials (carbon nanotubes or graphene), and these catalysts delivered high 

performance towards OER, HER or ORR.79, 87, 92, 298 The confinement of these 

composites not only provides an easy way to restrict the size of the encapsulated 

particles down to the nanometer scale, but also creates unique structural features with 

well-developed interactions between the encapsulated metal particles and the carbon 

materials. However, it is still a great challenge to create an effective way to disperse 

metal particles uniformly encapsulated by the carbon materials. Thus, developing a 

simple and scalable technique (e.g. electrospinning) to produce high performance 

electrocatalysts with the unique encapsulated structure is highly desirable, especially as 

catalysts towards overall water splitting. 

Carbon nanofibers (CNFs), a popular one dimensional carbon material, have 

already garnered extensive interests due to their attractive properties of high electronic 

conductivity and good electrochemical stability, which can be synthesized by a facile 

electrospinning technique.197, 299-301 To date, only a few studies have been investigated 

by using electrospun materials as the catalysts.285, 302 Generally, CNFs merely work as 

matrix for providing large specific surface area and enhancing conductivity for the 

catalysts. The contribution for the catalytic performance directly from carbon is usually 

ignored. As above mentioned, functionalized carbon (CNTs or graphene) with transition 

metal or nitrogen element could efficiently convert the inert carbon into active sites as 
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electrocatalysts.303, 304 Therefore, it is significant to design novel functionalized CNF-

based catalysts by electrospinning technique for water splitting.  

Herein, we developed a facile, scalable method to synthesize cobalt nanoparticles 

embedded in porous nitrogen doped CNFs (Co-PNCNFs) by electrospinning technique. 

The Co-PNCNFs composite displays a well-defined 3D networks associated with 

encapsulated and porous structure. The unique encapsulated structure could efficiently 

avoid the metal nanoparticles directly contact with the harsh environmental, protecting 

the metal nanoparticles from corrosion and aggregation during the catalytic process. The 

porous structure could provide more active sites for oxygen evolution and facilitate fast 

and versatile transport pathways for the electrolyte diffusion. Benefiting from its high 

exposed effective surface area, improved electronic conductivity, intimate interaction 

and synergetic effect, Co-PNCNFs can serve as active electrocatalyst for both OER and 

HER with an outstanding performance and excellent stability. 

8.2 Experimental  

8.2.1 Synthesis of Co-PNCNFs 

Co-PNCNFs were prepared using an electrospinning method with a subsequent heat 

treatment. 320 mg of cobalt nitrate (Co(NO3)2•6H2O, >98%, Sigma-Aldrich) and 600 

mg of polyacrylonitrile (PAN, Mw = 150000 g mol-1, Sigma-Aldrich) were dissolved in 

6 ml N,N-dimethylformamide (DMF, Chem-supply). The above solution was left at 50 

˚C under vigorous stirring overnight and then transferred to a 10 ml plastic syringe with 

a 20-gauge blunt tip needle. For the electrospinning, a high voltage of 18 kV and flow 

rate of 14.8 μl min-1 were applied, with a distance of 15 cm between the needle and 

rotating grounded collector. The as-collected electrospun fibers first underwent heat 

treatment at 450 ˚C for 2 h in an H2 (H2 : Ar = 5 : 95 vol%) atmosphere and then 800 ˚C 
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for 6 h in Ar atmosphere to obtain the composite (Co-NCNFs). The heating rate was 

kept at 1 ˚C min-1. Cobalt nanoparticles loaded on the surface of CNFs were removed by 

washing in 0.5 M H2SO4 solution for 24 h to achieve the porous structure composite 

(Co-PNCNFs). 

8.2.2 Synthesis of NCNFs 

The preparation process of the pure N-doped CNFs (NCNFs) was the same as the 

method used for Co-PNCNFs, but without the addition of cobalt nitrate in the 

electrospinning solution.  

8.2.3 Synthesis of the comparison materials 

Nickel or iron embedded in porous nitrogen doped CNFs (Ni-PNCNFs, Fe-PNCNFs) 

were prepared by replacing cobalt nitrate with nickel nitrate or iron nitrate. Cobalt 

embedded in carbon nanofibers (Co-PCNFs) were fabricated by using 

polyvinylpyrrolidone (PVP Mw = 360000 g mol-1) to replace PAN.  

8.2.4 Characterization 

The morphology and particle size of the samples were acquired with field emission 

scanning electron microscopy (FESEM, Zeiss Supra 55VP), element mapping and 

electron energy dispersive spectroscopy (Zeiss Evo SEM), and transmission electron 

microscopy (TEM, Model JEM-2011, JEOL). X-ray diffraction (XRD) of the samples 

was characterized by employing a scanning step of 0.02˚ per second in the 2 θ range 

from 10 to 80˚ (Siemens D5000 using Cu Kα radiation). Raman spectra were obtained 

on an inVia Renishaw Raman spectrometer system (HR Micro Raman spectrometer, 

Horiba JOBIN YVON US/ HR800 UV) using a 632.8 nm wavelength laser. X-ray 

photoelectron spectroscopy (XPS) was collected on an ESCALAB250Xi (Thermo 
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Scientific, UK) equipped with mono-chromated Al K alpha (energy 1486.68 eV). 

Brunauer–Emmett–Teller (BET) surface area of the obtained materials was achieved by 

using experimental points at a relative pressure of P/P0 = 0.05–0.25. Thermogravimetric 

analysis (TGA) was performed by simultaneous TG-DTA (SDT 2960) at a heating rate 

of 5 ˚C min-1 from room temperature to 800 ˚C in air atmosphere. 

8.2.5 Electrochemical Measurements 

The electrocatalytic experiments were carried out on an electrochemical workstation 

(CHI 660E). Data were collected in a standard three-electrode glass cell, with platinum 

wire and Ag/AgCl (saturated KCl) working as the counter and reference electrodes 

(ERHE = EAg/AgCl + 0.059×pH + 0.1971), respectively. OER and HER performance were 

tested by using materials on GC as working electrodes. The working electrode was 

fabricated as follows: the catalyst slurry was prepared by mixing 4 mg of catalyst, 80 μl 

of Nafion (5 wt %) and 1 ml solvent (1:1 v/v water/isopropanol) and then sonicated for 

30 min to form a dispersion. 10 μl of the dispersion was dropped onto the glassy carbon 

(GC) electrode with the mass loading of 0.56 mg cm-2 (diameter of 3 mm), followed by 

drying at room temperature. Water electrolyzer tests were performed by using Co-

PNCNFs on the Ni foam for water splitting. To prepare Co-PNCNFs on the Ni foam, 16 

mg catalyst were dispersed in 2 ml solvent (1:1 v/v water/isopropanol, 200 μl of Nafion). 

After sonication, 1 ml of the suspension was dropped onto 1 × 1 cm Ni foam (8 mg cm-2) 

and then dried in the vacuum oven at 80 ˚C. OER or HER activities of the catalysts were 

evaluated by linear sweep voltammetry (LSV) in 1 M KOH solution at a scan rate of 5 

mV s-1. The polarization curves were all corrected for the iR contribution within the cell. 

The electrochemical impedance spectra were obtained by applying an amplitude of 5 

mV within a frequency ranges from 106 to 0.01 Hz under open circuit. The effective 

surface area of Co-PNCNFs and NCNFs were evaluated by cyclic voltammetry (CV), 
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conducted in a potential range in which no apparent Faradaic processes occur at 

different scan rates (10 to 100 mV s-1). The cycling performance of Co-PNCNFs based 

electrode was operated by repeating LSV running for 5000 cycles with the potential 

range from 1.20 to 1.70 V vs. RHE and the current–time plots were performed with the 

applied potentials at 1.52 or 1.54 V (vs. RHE). 

The rotating ring-disk electrode (RRDE) voltammograms were carried out based on an 

RRDE configuration (Pine Research Instrumentation, USA) with a GC disk and Pt ring 

electrode. The as-prepared Co-PNCNFs catalyst was coated onto the disk electrode by 

using the above mentioned method. A rotating speed of the RRDE was held at 1600 rpm 

for the test. To ensure the oxidation current originated from oxygen evolution, the ring 

potential was held constantly at 0.45 V vs. RHE (disk current fixed at 250 μA) to reduce 

the formed O2 from the catalyst on the disk in N2-saturated 1 M KOH solution. A 

continuous OER (disk electrode)  ORR (ring electrode) process occurred on the 

RRDE. The Faradaic efficiency was calculated as follows: ε = Ir/(IdN), where Id is the 

disk current, Ir is the ring current, and N represents the current collection efficiency of 

the RRDE (N = 0.2). On the other hand, to detect the hydrogen peroxide ( ) 

formation, the ring potential was held constantly at 1.50 V vs. RHE for oxidizing  

intermediate in O2-saturated 1 M KOH (the disk potential was held constantly at 1.55 V 

vs. RHE). 

8.3 Results and discussion 

8.3.1 The characterization of the catalysts 

Figure 8-1 illustrates the preparation of Co-PNCNFs nanofibers by electrospinning. 

The electrospun nanofibers were collected on the substrate, followed by the reduction in 

H2/Ar and carbonization in Ar atmosphere. The nitrogen-rich PAN provides a good 
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strategy to form N-doped carbon materials, which is an efficient approach to improve 

the catalytic activity of carbon-based materials. The final material of Co-PNCNFs was 

obtained by acid treatment to remove the cobalt nanoparticles on the surface of CNFs. 

 

 

Figure 8-1 Schematic illustration for the preparation of Co-PNCNFs nanofibers by 

electrospinning. 

 

Figure 8-2 SEM image of Co-NCNFs (before acid treatment), showing the cobalt 

nanoparticles on the surface of CNFs. 
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The precursor we collected after high temperature carbonization is denoted as Co-

NCNFs. The SEM image of Co-NCNFs in Figure 8-2 shows that Co-NCNFs display a 

well-organized 1-D cylindrical morphology, forming continuous carbon fiber networks. 

The average diameter of Co-NCNFs is around 400-500 nm. The cobalt nanoparticles 

uniformly distributed on the surface of CNFs. 

 

Figure 8-3 Electron microscopy characterization of Co-PNCNFs. (a) low magnification 

and (b) high magnification SEM images of Co-PNCNFs. (c) EDS analysis of Co-

PNCNFs, showing homogenous distribution of C, N, Co elements in fibrous structure. 

(d) TEM image of a single fibrous Co-PNCNF. (e) Enlarged TEM image of a single Co-
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PNCNF, demonstrating the structure of dispersed nanoparticles embedded in porous 

carbon fiber.  (f) HRTEM image of a Co nanoparticle wrapped in carbon. The inset is 

the enlarged area as denoted in the white box, displaying an interplanar spacing of 0.205 

nm. 

Figure 8-3(a, b) show the SEM images of Co-PNCNFs. Co-PNCNFs highly 

maintain the 1-D cylindrical morphology of Co-NCNFs, suggesting the structural 

stability in the acidic solution. The high magnification SEM image of Co-PNCNFs 

(Figure 8-3(b)) reveals that no cobalt nanoparticles could be observed on the surface of 

CNFs. More importantly, the high magnification image indicates that the surface of Co-

PNCNFs is rougher and more porous, owing to the removal of cobalt particles with acid 

treatment. Energy dispersive spectroscopy (EDS) and element mapping confirm that 

Co-PNCNFs are composed of C, N, Co, O elements, with homogenous distribution 

(Figure 8-3(c)). TEM characterization in Figure 8-3(d) further verifies that the particles 

on the surface of CNFs are all removed and only small cobalt nanoparticles (10-20 nm) 

encapsulated in CNFs can be observed. These carbon-encased cobalt nanoparticles are 

not exposed, as they remain embedded in CNFs even after being treated with acidic 

solution. In Figure 8-3(e), the high magnification TEM image clearly shows the porous 

structure formed on the surface of Co-PNCNFs. Figure 8-3(f) displays a single cobalt 

nanoparticle with size of 15 nm embedded in carbon fiber. The formation of a few 

layers onion–like graphitic carbon wrapped around the encapsulated Co nanoparticle 

can be ascribed to the catalytic effect of Co nano-catalyst during the carbonization 

process. The inset of Fig. 2f represents the enlarged area as denoted in white box, 

showing a d-spacing of 0.205 nm for the nanoparticles, which can be indexed to the 

(111) interplanar plane of cobalt.  
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The SEM images of NCNFs are shown in Figure 8-4(a, b), which shows that the 

surface of NCNFs is smooth and no obvious porous structure could be observed on the 

surface. The TEM images in Figure 8-4(c, d) are in consistent with the SEM result, 

moreover, there is no graphitic carbon for NCNFs. The SEM and TEM results suggest 

that the metallic cobalt nanoparticles play important role in the formation of the 

graphitic carbon and porous structure.   

 

Figure 8-4 (a, b) Low and high magnification SEM images of NCNFs, (c, d) Low and 

high magnification TEM images of NCNFs. 

Figure 8-5(a) shows the XRD patterns of the final materials of NCNFs and Co-

PNCNFs. The diffraction peaks around 25.2˚ for NCNFs and Co-PNCNFs are attributed 

to the (002) crystallographic plane of graphite, indicating that the graphitic structure has 

been obtained after carbonization (corresponding to the HRTEM result). The presence 

of metallic cobalt in Co-PNCNFs is manifested by the two peaks around 43.8˚and 51.9˚, 

1 μm 200 nm

(a) (b)

(c) (d)



 
 

 
150 

which can be indexed to the (111) and (200) crystal planes of the cobalt (PDF No. 15-

0806), suggesting the successful reduction of cobalt ions to a metallic state during 

carbonization. And the d-spacing of cobalt (111) calculated from XRD peak by Bragg 

equation (2d sin θ = nλ (n=1, λ=0.154056 nm)) is 0.2065 nm, which is quite close to the 

HR-TEM observation (d=0.205 nm). The low diffraction peaks of Co can be ascribed to 

the small amount of metallic cobalt in the composite (11.4 wt %, TGA).  

 

Figure 8-5 (a) XRD patterns of NCNFs and Co-PNCNFs. (b) Raman spectra of NCNFs 

and Co-PNCNFs. (c) XPS spectrum of Co-PNCNFs composite. High resolution XPS 
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spectra of (d) Co 2p and (e) N 1s. (f) Nitrogen sorption isotherm of Co-PNCNFs, inset 

shows the pore size distribution of Co-PNCNFs. 

Figure 8-5(b) represents the typical Raman spectra of NCNFs and Co-PNCNFs 

that display two typical peaks, corresponding to the defect induced D-band and 

graphitic G-band, respectively.189, 197 The intensity ratio of D/G (ID/IG) value for Co-

PNCNFs hybrid (1.17) is higher than that of pure NCNFs (1.08). The increased ID/IG 

indicates more defects in the carbon lattice of Co-PNCNFs, which may be as a result of 

the removal of cobalt nanoparticles (porous structure) and the defects in the graphitic 

structures. From the XPS survey spectrum of Co-PNCNFs in Figure 8-5(c), only C, N 

and O elements can be clearly observed, and there is no distinguishable signal for Co, 

because of its encapsulation in carbon matrix. The high resolution XPS spectrum in 

Figure 8-5(d) shows the characteristic peak located at 777.6 and 793.3 eV, attributing to 

the property of Co 2p. The high resolution N 1s spectrum (Figure 8-5(e)) could be 

deconvoluted into two peaks, corresponding to the pyridinic (398.4 eV) and pyrrolic N 

(401.2 eV), both of which have been proven to have efficient catalytic activity towards 

OER and HER. Based on the XPS result, the percentage of N in Co-PNCNFs is ~5.44 

wt%. The BET surface area of Co-PNCNFs is 356.6 m2 g-1 (Figure 8-5(f)). This should 

be attributed to the unique porous structure of Co-PNCNFs (Pore size distribution of 

Co-PNCNFs is shown in the inset of Figure 8-5(f), displaying the presence of 

mesopores at 7 nm). The Co-PNCNFs with larger surface area are expected to provide 

more active sites for the water splitting reaction.  

8.3.2 The electrochemical performance test of the catalysts  

The electrocatalytic activities of the catalysts (Co-PNCNFs, NCNFs, RuO2, Pt/C) 

were investigated for OER in 1 M KOH solution by LSV. As shown in Figure 8-6(a), 

Co-PNCNFs exhibit the highest catalytic activity with a low onset potential of 1.45 V 
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(vs. RHE), above which the anodic current rises rapidly. The current density of 10 mA 

cm-2 could be achieved at a low overpotential of 285 mV for Co-PNCNFs. This 

catalytic activity of Co-PNCNFs is superior to the behaviour of non-noble 

electrocatalysts at the same condition for OER, such as the exfoliated NiCo layered 

double hydroxide nanosheets, (367 mV for 10 mA cm-2), Ni–Co double hydroxides 

nanocages (350 mV for 10 mA cm-2) and (CoyFe10-yOx/NPC) nanosheets (328 mV for 

10 mA cm-2).10, 305, 306 Moreover, the catalytic activities of the deposited materials 

(including the commercial standard catalysts) were compared by recording their current 

densities at an overpotential of 400 mV. Co-PNCNFs exhibits the highest catalytic 

current density of 86 mA cm-2 (20 mA cm-2 for RuO2, 2.5 mA cm-2 for Pt/C, 1.3 mA cm-

2 for NCNFs) and no OER catalytic activity for the bare GC electrode. 

 

Figure 8-6 Electrochemical performance of the catalysts towards OER in 1 M KOH 

solution: (a) Polarization curves for Co-PNCNFs, NCNFs, RuO2, Pt/C and pure GC. (b) 

The corresponding Tafel plots of catalysts. 

Tafel slopes are derived from the polarization curves in Figure 8-6(a) to gain 

insight into the OER process. The corresponding Tafel slope of Co-PNCNFs based 

electrode, 73 mV dec-1, is much lower than that of pure NCNFs (425 mV dec-1), 

indicating that the introduction of cobalt can deliver a much more favourable reaction 

kinetics and provide a remarkably increased OER rate with the increase of 
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overpotentials (drive a large catalytic current density at low overpotential). Co-PNCNFs 

deliver outstanding electrocatalytic performance as an efficient OER catalyst, including 

low overpotential, high catalytic current density and small Tafel slope. This 

enhancement can be ascribed to the unique porous 3D network architecture, and bi-

functionalization with cobalt encapsulation and nitrogen doping. 

 

Figure 8-7 Cyclic voltammograms (CV) of (a) Co-PNCNFs, and (b) NCNFs, both in 1 

M KOH solution in a potential window without faradaic processes. (c) Scan rate 

dependence of the average capacitive current densities at open circuit potential for Co-

PNCNFs and NCNFs. (d) Nyquist plots of Co-PNCNFs and NCNFs modified 

electrodes. 

To probe the effect of the structure and component of the catalysts on the OER 

process, effective surface area and electrochemical impedance spectra (EIS) were 

measured for Co-PNCNFs and NCNFs catalysts. Co-PNCNFs can provide a larger 

effective surface area, which can be evaluated approximately by using electrochemical 
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double-layer capacitance (Cdl).201, 307 Co-PNCNFs exhibit an 18.7-times Cdl (26.2 mF 

cm-2) than that of pure NCNFs (1.4 mF cm-2) (Figure 8-7(a-c)). Generally, the higher 

effective surface area is contributed to the higher electrocatalytic activity of the Co-

PNCNFs composite. Figure 8-7(d) shows the EIS results, in which both Co-PNCNFs 

and NCNFs display a semicircle in the high frequency region and a straight-line in low 

frequency region, indicating the similar mass transport properties and reaction kinetics 

for OER process. It should be noted that Co-PNCNFs exhibit much lower impedance 

than that of NCNFs. 

 

Figure 8-8 (a) Stability test of Co-PNCNFs through potential cycling, displaying 

polarization curves of initial one, after 1000 and 5000 potential cycles. Inset shows the 

chronoamperometric stability test over 12 h. (b) SEM image of Co-PNCNFs after 

stability test (60 h), displaying the carbon matrix and porous structure were maintained. 

Besides high catalytic activities, good stability towards water splitting is also a 

critical aspect for an energy conversion system. To assess the stability of the catalyst, 

long-term potential cycling of Co-PNCNFs modified GC electrode was carried out in an 

alkaline solution by recording continuous LSVs for 5000 cycles. As shown in Figure 8-

8(a), the polarization curves of Co-PNCNFs towards OER for the initial, 1000th and 

even 5000th cycles are identical, with negligible decrease of the current density. 

Furthermore, the practical operation of the catalyst is usually examined by electrolysis 
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at the fixed potentials. The current–time plots of the Co-PNCNFs based electrode with 

the applied potentials at 1.54 V (vs. RHE) are presented in the inset of Figure 8-8(a). 

The stable current density for 12 h and 60 h continuous operation suggests that the Co-

PNCNFs electrode has a good durability for water splitting. The ex-situ SEM image 

(Figure 8-8(b)) implies the excellent stability of fibrous Co-PNCNFs towards long term 

testing. Such stable characteristic should originate from the N-doped carbon nanofiber 

matrix and the protected cobalt nanoparticles embedded in CNFs. The durability of the 

Co-PNCNFs catalyst demonstrates the potential for practical applications. 

 

Figure 8-9 (a) The ring current of Co-PNCNFs on a RRDE (1600 rpm) in a N2-

saturated 1 M KOH solution (ring potential: 0.45 V vs. RHE). (b) Disk and ring current 

of Co-PNCNFs on a RRDE (1600 rpm) with a disk potential of 1.55 V (vs. RHE) and 

ring potential of 1.50 V (vs. RHE) in 1 M KOH solution. 

To ensure that the observed oxidation current in Figure 8-6(a) originates from 

oxygen evolution rather than other side reactions and to calculate the Faradaic 

efficiency, RRDE apparatus was applied in N2-saturated 1 M KOH solution, rendering a 

continuous OER (disk electrode)-ORR (ring electrode) process.269, 308 With the disk 

current fixed at 250 μA, O2 molecules generated from the Co-PNCNFs catalyst, and the 

formed O2 molecules were further reduced by sweeping across the surrounding Pt ring 

electrode with an ORR potential of 0.45 V vs. RHE. As shown in Figure 8-9(a), a ring 

0 20 40 0 20 40 60
-60

-40

-20

0

Iring =  48.8 μA

Idisk = 0 μA

I rin
g  

(μ
A

)

Time (s)

Idisk = 250 μA

N2 saturated

0

200

400

600

800

0 20 40 60 80 100 120 140

O2+2H2O+4e-4OH-

Ring current (Pt ring)

C
urrent (μA)C

ur
re

nt
 (μ
A

)

Time (s)

Disk current (Glass carbon electrode)

O2+H2O+2e-2HO2
-

0

10

20

30

40(a) (b)



 
 

 
156 

current of approximately 48.8 μA can be detected (RRDE collection efficiency = 0.2), 

corresponding to a Faradaic efficiency of 97.6% (see calculation details in the 

Experimental part). Furthermore, we have analyzed the content of the  

intermediates formed at the surface of Co-PNCNFs catalyst during the OER process by 

employing Pt ring electrode potential at 1.50 V vs. RHE (disk potential was fixed at 

1.55 V vs. RHE). Figure 8-9(b) shows a relatively low ring current value (~ 3.3 μA) 

compared to that of disk current (~ 740 μA), suggesting that the formation of by-product 

( ) is negligible and the OER reaction occurs via a desirable four-electron pathway 

for water oxidation, i.e. .      

 

Figure 8-10 Catalytic activities of (a) Co-PNCNFs, Ni-PNCNFs, Fe-PNCNFs and pure 

NCNFs, and (b) Co-PNCNFs, Co-PCNFs and NCNFs. All these catalytic activity of 

CNFs based materials towards OER were tested in 1 M KOH solution, showing the 

electrocatalytic improvements promoted by metal or N functionalization. 

The above mentioned results demonstrate that the Co-PNCNFs catalyst exhibits 

excellent electrocatalytic performance towards OER. Based on the aforementioned 

measurements and coupled with recent studies on nitrogen doped carbon materials or 

Co-based electrocatalysts, the following synergistic catalytic factors are proposed to 

elaborate the enhanced OER activity of the Co-PNCNFs catalyst. First, the unique one 

dimensional structure, as well as its porous architecture with high specific surface area, 
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provides high catalyst/electrolyte interfaces for oxygen evolution. Therefore, a large 

amount of active sites are generated, leading to the enhanced catalytic activities. Second, 

the cobalt/CNF core-shell structure benefits for the OER process in many aspects. Even 

though the metals (Co, Ni, Fe; the electrochemical performance of Ni-PNCNFs, Fe-

PNCNFs are presented in Figure 8-10(a)) are not in direct contact with the electrolyte, 

they can influence the property of protective carbon towards catalytic processes. It is 

proposed that the catalytic activity might come from the structural and electronic 

interaction between the encapsulated metal and the protective carbon, and their intimate 

and direct contact further induce a high electronic conductivity, which promotes the 

OER activity.265, 267, 309, 310 Furthermore, the Co-PNCNFs catalyst is structurally stable 

in electrolyte because the metal nanoparticles are efficiently protected by encapsulated 

structure, so that outstanding long term performance can be achieved. Third, the 

positively charged nitrogen dopant in the carbon lattice could not only improve the 

interaction with reactant, but also induce asymmetrical charge distributions on the 

adjacent carbon atoms (facilitate a fast electron transfer for OER), resulting in the 

acceleration of the dynamics of oxygen evolution (the electrochemical performance of 

Co-PCNFs without nitrogen doping is presented in Figure 8-10(b)).165, 171, 311 Lastly, the 

encapsulated metallic cobalt nanoparticles and the nitrogen dopant synergistically affect 

the microstructure of the composite, not only by converting the inert carbon atoms into 

active sites, but also significantly improving the charge transport of electrodes, which 

efficiently reduces the reaction barrier and enhances the catalytic performance.   

Co-PNCNFs have also shown efficient catalytic activity towards hydrogen 

evolution. The electrocatalytic activity of the Co-PNCNFs catalyst for HER was 

examined in 1 M KOH solution. According to the polarization curves (Figure 8-11(a)), 

it is evident that Co-PNCNFs exhibit acceptable catalytic activity towards HER. The 
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catalyst achieved 10 mA cm-2 at an overpotential of 249 mV, which is better than that of 

previously reported Co-NRCNTs (370 mV for 10 mA cm-2) at the same condition.87 

Moreover, Co-PNCNFs displayed a smaller Tafel slope of 92 mV dec-1 (Figure 8-11(b)) 

than that of the pure NCNFs (213 mV dec-1). These findings confirm the good 

electrocatalytic activity of Co-PNCNFs towards HER in alkaline solution. The catalytic 

stability was further evaluated by running continuous LSVs for 1000 cycles. Almost no 

change was observed from the polarization curves (Fig. S13).  

 

Figure 8-11 Electrochemical performance of the catalysts towards HER in 1 M KOH 

solution: (a) polarization curves for Co-PNCNFs, NCNFs, Pt/C and bare GC. (b) The 

corresponding Tafel plots. 

The good catalytic activity and durability for both OER and HER suggest that the 

Co-PNCNFs composite is a highly efficient catalyst for the overall water splitting 

reaction in alkaline media. To test the feasibility, we fabricated the water splitting 

electrolyzer by applying Co-PNCNFs both as the anode and cathode in 1 M KOH 

solution, respectively (Figure 8-12(c), the OER and HER performance of Co-PNCNFs 

deposited on Nickel foam are shown in Figure 8-12(a, b)). We observed water 

electrolysis with a current density of 10 mA cm-2 at 1.66 V at room temperature (Figure 

8-12(d)). The durability of the electrolyzer was tested at 1.66 V in 1 M KOH solution. 

As shown in the inset of Figure 8-12(d), the cell exhibits excellent stability for the 
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overall water splitting. The high performance and long durability of the Co-PNCNFs 

catalyst in the alkaline electrolyzer provides a new strategy for developing non-precious 

efficient catalyst for the overall water splitting.   

 

Figure 8-12 Electrochemical performance test of Co-PNCNFs deposited on nickel foam 

towards (a) OER and (b) HER in 1 M KOH solution. (c) Optical photograph of Co-

PNCNFs based electrolyzer. (d) LSV of water electrolysis using Co-PNCNFs as both 

OER and HER catalysts. The inset shows the stability test at the potential of 1.66 V 

over 10 h. 

8.4 Conclusions 

In summary, the Co-PNCNFs composite with small cobalt nanoparticles embedded 

in N-doped porous carbon nanofibers was prepared by electrospinning and evaluated as 

a catalyst for OER and HER in alkaline solution. The excellent OER performance (high 

catalytic activity and good stability) was obtained, owing to the unique encapsulated 

and porous architecture. The nitrogen and cobalt bi-functionalization CNFs generates 
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active sites, which have a significant synergic effect on enhancing the catalytic activity. 

Moreover, the Co-PNCNFs composite also demonstrates a catalytic effect on the HER 

process in alkaline media. The excellent performance of the Co-PNCNFs composite 

towards both OER and HER makes it as an efficient catalyst for the overall water 

splitting. The alkaline electrolyzer achieves 10 mA cm-2 at a voltage of 1.66 V with a 

long durability. We believe that such transition metal embedded in low dimensional 

carbon matrix materials (e.g. Co-PNCNFs) can be practically applied as high-

performance catalysts for overall water splitting. 
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Chapter 9 CONCLUSIONS 

9.1 General Conclusion 

This doctoral work explored a series of methods to design nanostructure catalysts 

for water splitting, including hydrothermal method; wet-chemical synthesis; chemical 

redox reaction; hard template method and electrospinning technique. We have designed 

MoS2 based materials as the catalysts towards HER. We investigated transition metal 

oxides and transition metal carbides, especially cobalt-based oxides and iron carbide, as 

catalysts to reduce the OER energy barrier and to further accelerate the overall water 

splitting process. Finally, we developed carbon based material as a bifunctional catalyst 

to simultaneously generate H2 and O2 in alkaline solution. These nanostructured 

catalysts all exhibit excellent catalytic activity and stability towards water splitting.  

9.1.1 MoS2 nanosheets based material as a highly efficient catalyst for hydrogen 

evolution 

We have prepared an active catalyst composed of MoS2 nanosheets and 3D 

architectural GA (GA-MoS2) by two-step hydrothermal method. The resultant material 

displays a well-organized structure with layer MoS2 nanosheets uniformly distributed 

around the pores of GA, providing relatively large amounts of exposed edge sites for 

hydrogen evolution. The unique 3D architecture and large active surface areas lead to 

superior HER activity with low overpotential (100 mV) and high catalytic current 

density (95 mA cm-2 at the overpotential of 200 mV). Moreover, GA-MoS2 also 

exhibited good stability in acid solution, indicating the importance of the stable 

framework provided by 3D GA. The excellent electrochemical performance of GA-

MoS2 makes it a promising material for hydrogen evolution. 
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9.1.2 Cobalt oxide based material as a highly efficient catalyst for oxygen evolution 

The unique sandwich-architecture graphene and Co3O4 (G-Co3O4) composite has 

been prepared. The unique sandwich-architecture leads to large amount loading of the 

active Co3O4 nanocrystals, resulting in ultrafine Co3O4 particles uniformly anchor onto 

both sides of graphene sheets. The graphene nanosheets acted as a binder to link 

neighboring Co3O4 particles together and also increased the conductivity of the 

composite. G-Co3O4 exhibited high catalytic activity towards OER both in alkaline 

solution (the current density of j=10 mA cm-2 at the overpotential of 313 mV) and 

neutral solution (a current density of j=10 mA cm-2 at the overpotential of 498 mV). The 

G-Co3O4 catalyst also exhibits good stability in the alkaline and neutral solutions, which 

is another important factor for energy conversion systems. 

The composite, CoO nanoparticles are well wrapped by porous graphene (PGE-

CoO), has been developed as catalyst for oxygen evolution. Graphene with highly 

porous structure was synthesized by a hard template method, and the 1D silica nanorods 

functionalized with surface methyl groups as the hard template. The results indicate that 

ultrafine CoO nanoparticles were uniformly dispersed and wrapped by porous graphene, 

which could efficiently avoid the corrosion during electrochemical test. The 

homogenous distribution of particles and porous structure of graphene enable the 

efficient utilization of catalysts. When tested as catalyst for OER, PGE-CoO showed 

low onset potential (504 mV vs. Ag/AgCl) and high current density (a current density of 

j=10 mA cm-2 at the overpotential of 348 mV). Besides the high catalytic activities, 

PGE-CoO electrocatalyst still remained a similar polarization curve to that in the initial 

cycle after long time cycles. PGE-CoO could be a promising electrocatalyst for oxygen 

evolution reaction. 
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The ultrathin CoMn2O4 nanosheets with abundant oxygen vacancies vertically 

aligned on cobalt/nitrogen co-functionalized CNFs (CoMn2O4-CoNC) has been 

prepared by a facile spontaneous redox reaction between CoNC and KMnO4 solution. 

The well aligned architecture, coexistence of Mn and Co cations, abundant oxygen 

vacancies, and strong synergetic interaction are responsible for the outstanding 

electrochemical catalytic performance. When performed as an OER catalyst, CoMn2O4-

CoNC exhibited superior performance with high current density (an overpotential of 

only 307 mV to reach 10 mA cm-2), low transfer resistance and long-time durability. 

This work paves the path for easy preparation of ternary structure catalysts to replace 

the benchmarking precious Ir/Ru OER catalysts. 

9.1.3 Iron carbide based material as a highly efficient catalyst for oxygen evolution 

Fe3C encapsulated in nitrogen-enriched CNTs aligned on nitrogen doped CNFs 

(Fe3C@NCNTs-NCNFs) had been prepared by the electrospinning technique. The as-

prepared Fe3C@NCNTs-NCNFs composite displays uniquely aligned arrays and 3D 

hierarchical architecture, which exposes sufficient active sites and facilitates fast 

reaction kinetics towards OER. The encapsulated structure highly avoids the corrosion 

phenomenon during electrochemical test. When tested as a catalyst for water oxidation, 

it exhibits outstanding electrocatalytic activity, including a low onset potential (1.39 V 

vs. RHE), a high current density (10 mA cm-2 at the overpotential of 284 mV) and 

excellent stability, making Fe3C@NCNTs-NCNFs an efficient nonprecious metal 

catalyst for water oxidation. 
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9.1.4 Carbon based material as highly efficient bi-functional catalyst for water 

splitting 

Cobalt nanoparticles embedded in porous nitrogen doped CNFs (Co-PNCNFs) has 

been prepared by electrospinning technique. The Co-PNCNFs composite displays a 

well-defined 3D networks associated with encapsulated and porous structure. The 

unique encapsulated structure could efficiently avoid the metal nanoparticles directly 

contact with the harsh environmental, protecting the metal nanoparticles from corrosion 

and aggregation during the catalytic process. The porous structure could provide more 

active sites for oxygen evolution and facilitate fast and versatile transport pathways for 

the electrolyte diffusion. The Co-PNCNFs composite demonstrates a catalytic effect on 

the HER and OER process in alkaline media. The excellent performance of the Co-

PNCNFs composite towards both OER and HER makes it as an efficient catalyst for the 

overall water splitting. The alkaline electrolyzer achieves 10 mA cm-2 at a voltage of 

1.66 V with a long durability. We believe that such transition metal embedded in low 

dimensional carbon matrix materials (e.g. Co-PNCNFs) can be practically applied as 

high-performance catalysts for overall water splitting. 

9.2 Outlook 

This thesis mainly concentrates on the synthesis of deliberately designed 

nanomaterials with novel architectures and their applications for water splitting. The 

preparation techniques presented in this thesis are also applicable to synthesize other 

nanostructure materials. Moreover, the characterization method (SEM, TEM, XRD, 

XPS, TGA, BET) and electrochemical measuring techniques, including linear sweep 

votammograms (LSV), cyclic voltammetry (CV), electrochemical impedance spectra 
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(EIS) and stability test, reported in this thesis have large potentials to characterize and 

evaluate other nanomaterials for water splitting. 

MoS2 with vertically stacked S-Mo-S interlayer, is a typical two-dimensional 

material, which has garnered intensive interest as a potential catalyst for the 

electrochemical and photocatalytic hydrogen evolution. As we mentioned, the catalytic 

activity of MoS2 towards HER are related to the density and reactivity of the active sites 

and the electrical transport. Therefore, by synthesizing single layer or double layer of 

MoS2 can maximum expose the active sites for HER. Our strategy by combing MoS2 

and graphene aerogel efficiently enhanced the electron transportation, which can be 

applied for other carbon materials, such as carbon nanotube, mesoporous carbon sphere. 

Moreover, MoS2 is an efficient catalyst for electrochemical hydrogen evolution, which 

means MoS2 has the potential to act as co-catalyst for photocatalytic hydrogen evolution 

by combining with other semiconductors, such as TiO2, Cu2O, C3N4. We expect that 

MoS2 could not only promote the separation of photoexcited electrons and holes but 

also offer more active sites for H2 generation. 

For the cobalt oxide (Co3O4, CoO), the experiment results have demonstrated that 

they show excellent catalytic performance towards OER when combined with graphene. 

This strategy can be applied to other transition metal oxides or even phosphides, 

sulfides, such as nickel oxide, cobalt phosphide, nickel phosphide. The unique 

sandwich-architectured G-Co3O4 leads to large amount loading of the active Co3O4 

nanocrystals and enhances electron transfer kinetics between the materials; the 

technique for its synthsis can be used to prepare other catalysts with unique sandwich-

architecture by using surfactant. The porous graphene was prepared by using 1D silica 

nanorods as the template, which provides a good way to fabricate the porous structure 

carbon materials. The composite of G-CoO shows that ultrafine CoO nanoparticles were 
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uniformly dispersed and wrapped by porous graphene, which could efficiently avoid the 

corrosion during electrochemical test. This strategy paves a new way for designing 

catalysts with the encapsulated structure to avoid the corrosion phenomenon. Even 

though cobalt oxide and carbon composites have achieved high performance towards 

OER, the performance of pure cobalt oxide is not satisfied. Doping cobalt oxide with 

other elements, such as nitrogen, phosphorus could be a promising strategy for 

enhancing the conductivity of cobalt oxide, and thus improve the catalytic performance. 

The electrospinning technique used in this thesis provides a way to produce 

nanofibers and nanowires on large-scale. The condition we used in our experiment 

could be applied to other materials, such as MoS2-CNFs, WS2-CNFs, CuO-CNFs.  The 

electrospinning technique is undergoing renewed intense interest and current advances 

indicate a high potential of electrospun materials in energy related applications, 

including lithium/sodium ion batteries, supercapacitors, oxygen reduction reaction. 

Several challenges remain to be overcome before large scale usage of electrospun 

materials, and this is partly due to the fact that the process parameters affecting the 

electrospinning technique are still not fully understood. Thus, there are still limitations 

on the types of materials that can be synthesised by electrospinning. We need to explore 

the suitable process parameters for certain materials when we use the electrospinning 

technique. 
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