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Abstract 

The key renewable-energy technologies, such as fuel cells, metal-air batteries, and water 

electrolysers, provide sustainable solution to the aggravating energy and environment issues. 

They can convert chemical energy to electricity or fuel directly with high efficiency and low 

even zero greenhouse gas emission. However, the commercial success of these techniques has 

been greatly hampered by the prohibitive cost, low abundance, and limited stability of the state-

of-the-art noble-metal electrocatalysts (Pt, IrO2 or RuO2) at the anodes and/or cathodes. 

Therefore, the development of cost-effective, highly active, and durable electrocatalysts is highly 

desirable for these techniques. This thesis aims to design and fabricate a series of advanced 

electrocatalysts for oxygen reduction reaction (ORR), hydrogen evolution reaction (HER), and 

oxygen evolution reaction (OER) which are the cathodic or anodic reactions of fuel cells, metal-

air batteries and water electrolysers. 

The first part of the thesis focuses on ORR to fabricate a number of low cost transition metal 

oxides and carbon materials as the alternative to commercial Pt/C. Non-precious metal oxides 

such as Mn3O4 have been studied as Pt substitute due to their earth abundance and environmental 

compatibility. In addition, heteroatom-doped graphene which combines excellent electrical 

conductivity, high surface area, and rich active sites, displays good electrocatalytic performance. 

As a consequence, a hybrid material composed of Mn3O4 nanoparticles on nitrogen-doped 

graphene was firstly synthesized for ORR catalysis. Further, the shape effect of metal oxide 

nanoparticles (Mn3O4) on ORR activity has been examined, based on the fact that the 

heterogeneous ORR process involving the adsorption of reactants and desorption of products on 

the exposed facets of nanocrystals.  

The second part of thesis is to study HER which is the primary step of sustainable H2 production 

from electrochemical water splitting. Other than tuning the chemical composition and 

nanostructure of electrocatalysts, the HER performance can also be optimized through the 

manipulation of the electrode architectures. Heteroatom-doped graphene has been investigated as 

the HER catalyst, but its performance is limited due to the small amount of accessible active sites. 

In response, we hybridizes heteroatom-doped graphene with a highly active HER catalyst 

(porous C3N4 and 1T-WS2) into three dimensional flexible hybrid film, which can be directly 

utilized as HER catalyst electrodes without substrates or binders. This new category of 

electrocatalysts can combine the facile HER kinetics and high HER activity. This work offers the 

possibility to tackle the bottleneck of HER electrocatalyst by tailoring the electrocatalytic 

performance at atomic scale.  
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The third part of thesis aims to design a bifunctional electrocatalyst for both HER and OER. The 

cobalt oxides are known as an efficient OER electrocatalyst, while cobalt phosphides are active 

HER electrocatalysts. Through adjusting the anion percentage of P and O elements in cobalt 

phosphoric oxides, we can obtain the optimized bifunctional catalyst for both HER and OER for 

overall water electrolysis. Moreover, the cation in cobalt phosphoric oxide is modulated by 

doping different amount of Fe, which can improve its water splitting ability further. As expected, 

the obtained catalyst electrode has displayed a superior water electrolysis performance, 

exhibiting the low driving potential and facile reaction kinetics, which might be associated with 

the three-dimensional conductive network beneficial for the electron and charge transportation, 

high accessibility of active sites, and the optimum cation and anion percentages. 
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Chapter 1: Introduction 

1.1 Significance of the project 

Many advanced technologies for clean and sustainable energy conversion, for example fuel cells, 

metal-air batteries and water electrolyzers, are the subjects of extensive studies because they can 

convert chemical energy to electricity or fuel directly with high efficiency and low even zero 

pollution.1-4 However, their sluggish electrode reactions such as oxygen reduction reaction 

(ORR), hydrogen evolution reaction (HER) and oxygen evolution reaction (OER) currently 

require large overpotential and great amount of precious electrocatalysts.5-7 The state-of-the-art 

electrocatalysts for these electrocatalytic processes are usually precious metals (Pt for ORR and 

HER, IrO2 or RuO2 for OER), which are with high cost (for example, ~$40/g for Pt), low 

abundance (<10-6 % for Pt, Ir and Ru in earth crust) and environmental vulnerability and thus 

greatly limit the commercial success of the clean technologies.8-10 For these reasons, it is 

momentous but challenging to develop cost-effective, highly active, durable and environmental 

friendly electrocatalysts as noble metal alternatives to promote the sustainable energy 

technologies.  

1.2 Research objectives 

The major goals of this thesis are to gain insights to the reaction mechanisms of the key 

electrocatalytic processes (ORR, HER and OER) in the renewable fuel cells, metal-air batteries 

and water electrolyzers, and thus fabricate low-cost, active and durable electrocatalysts to 

substitute precious metal materials though facile synthesis. Specifically, the objectives of this 

thesis are: 

x Investigating the heteroatom-doping effect of graphene on ORR performance and 

developing facile doping method to synthesize heteroatom-doped graphene with high doping 

amount; 

x Understanding the reaction mechanisms of ORR promoted by hybrids of transition metal 

oxides (Mn3O4) on a conductive supporter like heteroatom-doped graphene; 

x Revealing the shape dependence of ORR activity on transition metal oxides, and thus 

providing a new pathway to improve the ORR performance; 

x Understanding the reaction mechanisms of HER in water electrolysis and optimizing the 

HER performance not only by tuning the chemical composition and nanostructure of 

catalysts but also by designing the electrode architecture.  

x Tuning the catalyst’s chemical composition by integrating active C3N4 nanolayers into N-

doped graphene films, and modifying its nanostructure by introducing macropores (120 nm) 
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onto the two-dimensional C3N4 nanolayers, to design a three-dimensional film electrode 

(C3N4@N-graphene film) which are highly facile for the HER kinetics. 

x Combining high HER activity and facile HER kinetics to develop advanced HER catalyst 

electrodes by inducing highly active 1T-WS2 nanolayers into P-doped graphene films. 

x Modulating the anion and cation in metal oxides to fabricate a bifunctional catalyst 

electrode for HER and OER, to promote the overall water splitting. The optimum water 

splitting activity can be obtained by adjusting the percentages of P anion doping and Fe 

cation doping in cobalt oxide, displaying very low overpotential and facile reaction kinetics.  

1.3 Thesis outline 

This thesis is the outcomes of my PhD research presented in the form of journal publications. 

The chapters in this thesis are presented in the following sequence: 

x Chapter 1 introduces the significance of the thesis and outlines the objectives and key 

contributions to the field of research. 

x Chapter 2 reviews the literatures covering the recent advance of electrocatalysts synthesis, 

characterization, and their applications to key energy conversion reactions-ORR, HER and 

OER. 

x Chapter 3 presents a mesoporous hybrid material composed of Mn3O4 nanoparticles on 

nitrogen-doped graphene for highly efficient ORR. 

x Chapter 4 investigates shape control of Mn3O4 nanoparticles on nitrogen-doped graphene 

for enhanced oxygen reduction activity. 

x Chapter 5 designs and fabricates porous C3N4 nanolayers@N-graphene films as catalyst 

electrodes for highly efficient hydrogen evolution. 

x Chapter 6 develops 3D WS2 nanolayers@heteroatom-doped graphene films as hydrogen 

evolution electrodes. 

x Chapter 7 devotes to atomic modulation in metal phosphoric oxides for a bifunctional 

overall water splitting electrocatalyst. 

x Chapter 8 presents conclusions and perspectives for future work on non-precious 

electrocatalysts synthesis, applications and mechanisms of the electrocatalytic reactions. 

1.4 References 

1 Debe, M. K. Electrocatalyst approaches and challenges for automotive fuel cells. Nature 

2012, 486, 43−51. 

2 Turner, J. A. Sustainable hydrogen production. Science 2004, 305, 972−974. 
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Chapter 2: Literature Review 

2.1 Introduction 

This chapter gives a concise appraisal on the latest development of electrocatalysts for 

electrocatalytic ORR, HER and OER, including the facile experimental strategies, 

electrochemical reaction mechanisms and performance. Especially, the conductive heteroatom-

doped graphene have been reviewed in detail, both as an electrocatalyst and the support to 

electrocatalysts.  

2.2 Heteroatom-Doped Graphene-Based Materials for Energy-Relevant Electrocatalytic 
Processes 

This section is included as it appears as a journal paper published by Jingjing Duan, Sheng 

Chen, Mietek Jaroniec, and Shi Zhang Qiao, Heteroatom-Doped Graphene-Based Materials for 

Energy-Relevant Electrocatalytic Processes, ACS Catalysis, 2015, 9, 5207-5234. It provides an 

overview of recent advances in non-precious electrocatalysts as precious metal alternatives for 

key electrocatalytic processes. The reaction mechanisms have been investigated, which provides 

guidance for the design and fabrication of advanced electrocatalysts.





 
 
 
 
Duan, J., Chen, S., Jaroniec, M. & Qiao, S.Z. (2015). Heteroatom-Doped Graphene-
Based Materials for Energy-Relevant Electrocatalytic Processes. 
ACS Catalysis, 5(9), 5207-5234. 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 

 
NOTE:   

This publication is included on pages 10 - 37 in the print 
copy of the thesis held in the University of Adelaide Library. 

 
It is also available online to authorised users at: 

 
http://dx.doi.org/10.1021/acscatal.5b00991 
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Chapter 3: Mesoporous Hybrid Material Composed of Mn3O4 Nanoparticles on             
Nitrogen-Doped Graphene for Highly Efficient Oxygen Reduction Reaction 

3.1 Introduction and Significance 

The commercial development of fuel cells and lithium-air batteries has been constrained by the 

scarcity and high cost of Pt/C used as the cathodic ORR catalysts. Therefore, new ORR catalysts 

with competitive ORR activity, durability and low cost are highly demanded to replace Pt/C. In 

this chapter, we prepared a new type of mesoporous hybrid material, composed of Mn3O4 

nanoparticles and nitrogen-doped graphene, and investigated its ORR performance. It was found 

that this new type non-precious metal catalyst had high catalytic activity, excellent durability and 

completely tolerance to methanol. The highlights in this work include: 

1. We have firstly synthesized a new type hybrid material of Mn3O4 nanoparticles on N-doped 

graphene using a solvothermal process. The liquid phase method to dope nitrogen onto graphene 

is more facile, less energy-cost and non-hazardous as compared with the widely used vapour-

assisted approach. 

2. We have for the first time investigated this hybrid material as non-precious ORR catalysts, 

which exhibited high ORR activity, excellent durability and completely tolerance to methanol. 

The mesoporous architecture resulted from nanoparticle assembly in the hybrid could boost the 

oxygen absorption and molecular transport during the catalytic process. 

3. We have demonstrated an obvious synergetic effect between Mn3O4 nanoparticles and N-

doped graphene, through an enhanced ORR activity of this hybrid compared to that of their 

physical mixture. The synergetic effect could be attributed to the covalently bonding between 

metal and graphene. Specifically, the newly formed metal-N-C and metal-O-C bonds could 

provide strong coupling between metal and graphene, which would introduce efficient charge 

transfer between them and improve the electroconductivity.  

3.2 Mesoporous Hybrid Material Composed of Mn3O4 Nanoparticles on Nitrogen-Doped 
Graphene for Highly Efficient Oxygen Reduction Reaction 

This chapter is included as it appears as a journal paper published by Jingjing Duan, Yao Zheng, 

Sheng Chen, Youhong Tang, Mietek Jaroniec and Shizhang Qiao, Mesoporous Hybrid Material 

composed of Mn3O4 Nanoparticles on Nitrogen-doped Graphene for Highly Efficient Oxygen 

Reduction Reaction, Chemical Communications, 2013, 49, 7705-7707. 

 







 
 
 
 
Duan, J., Zheng, Y., Chen, S., Tang, Y., Jaroniec, M. & Qiao, S.Z. (2013). 
Mesoporous Hybrid Material composed of Mn3O4 Nanoparticles on Nitrogen-doped 
Graphene for Highly Efficient Oxygen Reduction Reaction.  
Chemical Communications, 49(70), 7705-7707. 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 

 
NOTE:   

This publication is included on pages 41 - 53 in the print 
copy of the thesis held in the University of Adelaide Library. 

 
It is also available online to authorised users at: 

 
http://dx.doi.org/10.1039/c3cc43338b 
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Chapter 4: Shape Control of Mn3O4 Nanoparticles on Nitrogen-Doped Graphene for 
Enhanced Oxygen Reduction Activity 

4.1 Introduction and Significance 

Hybrid materials of non-precious transition metal oxide and nitrogen-doped graphene have 

displayed good ORR performance, making them potential substitutes of expensive Pt/C 

electrocatalyst which is widely used in fuel cells and metal-air batteries. Heterogeneous catalytic 

reactions such as ORR usually involve the adsorption of reactants and desorption of products on 

the surface of solid catalysts. The catalytic activity can be optimized by selectively exposing 

active crystal surface through anisotropic shape control of catalysts, which can be termed as 

shape-dependent catalysis. In this chapter, we have synthesized Mn3O4 nanocrystals with three 

different shapes (spheres, cubes and ellipsoids) on nitrogen-doped graphene and investigated 

their ORR performance. This new kind of non-noble electrocatalysts exhibits excellent ORR 

performance, and the hybrid with ellipsoidal Mn3O4 has shown the highest ORR activity among 

the three samples. The highlights in this work include: 

1. We have for the first time prepared sphere, cube and ellipsoid-like Mn3O4 nanocrystals on 

nitrogen-doped graphene by simply adjusting the reaction conditions (temperature, duration and 

solvent). The liquid process to dope nitrogen onto graphene sheets is much more facile, lower 

energy-cost and less-hazardous than the vapour-assisted approach which is currently used for 

nitrogen doping. 

2. These hybrid materials display excellent ORR performance. The electron transfer numbers are 

above 3.6, which can be assigned to the four-electron pathway. The durability is very good and 

about 80% of initial current can be retained even after 100 hour running. Significantly, the 

mesoporous architecture induced by freeze-drying can boost the oxygen absorption and 

molecular transport during ORR process. The effective nitrogen doping results in strong 

coupling between doped graphene and metal species, facilitating the electron transfer which 

favours the ORR process. 

3. We have for the first time built the correlation between the shapes of transition metal oxide on 

nitrogen-doped graphene and their ORR performance. The hybrid with ellipsoidal Mn3O4 

exhibits the highest ORR activity among three different shaped samples, with a high kinetic 

limiting current density of 11.69 mA cm-2 at -0.60 V and an electron transfer number of 3.81. 

Based on the results, we have proposed that the different ORR activity is relevant to the different 

exposed facets of sphere, cube and ellipsoid-like Mn3O4 nanocrystals. The Mn2O4 terminated 

(001) facet of Mn3O4 is the most stable facet due to its lowest surface energy among all facets, 
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and may provide more ORR active sites because of its facile O2 adsorption capacity and the high 

oxidation valence of Mn4+. 

4.2 Shape Control of Mn3O4 Nanoparticles on Nitrogen-Doped Graphene for Enhanced 
Oxygen Reduction Activity 

This chapter is included as it appears as a journal paper published by Jingjing Duan, Sheng 

Chen, Sheng Dai, and Shi Zhang Qiao, Shape Control of Mn3O4 Nanoparticles on Nitrogen-

doped Graphene for Enhanced Oxygen Reduction Activity, Advanced Functional Materials, 

2014, 24, 2072–2078. 

 
 
  





 
 
 
 
Duan, J., Chen, S., Dai, S. & Qiao, S.Z. (2014). Shape Control of Mn3O4 
Nanoparticles on Nitrogen-doped Graphene for Enhanced Oxygen Reduction 
Activity. 
Advanced Functional Materials, 24(14), 2072–2078. 
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This publication is included on pages 57 - 76 in the print 
copy of the thesis held in the University of Adelaide Library. 

 
It is also available online to authorised users at: 

 
http://dx.doi.org/10.1002/adfm.201302940 
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Chapter 5: Porous C3N4 Nanolayers@N-graphene Films as Catalyst Electrodes for Highly 
Efficient Hydrogen Evolution 

5.1 Introduction and Significance 

Pt electrocatalyst for HER is very expensive, which has been the main obstacle in the 

commercial success of hydrogen economy. In this chapter, we develop a flexible film by 

integrating macroporous C3N4 (PCN) nanolayers with N-doped graphene sheets, which has 

displayed an unbeatable HER activity and an excellent durability. Furthermore, this self-

supported three-dimensional film can be directly used as catalyst electrodes without substrates or 

binders, which may shed light on many other electrocatalytic processes such as ORR, OER and 

carbon dioxide reduction. This catalyst electrode is cheap, highly efficient and durable, providing 

new possibilities to promote the hydrogen economy. The highlights in this work include: 

1. New material. The heterostructured film derived from PCN and N-graphene sheets has been 

obtained for the first time, which combines rich active sites and high electron conductivity. 

Also this is the first time to introduce pores into two-dimensional C3N4 nanolayers, which 

could greatly enlarge the surface area and maximize the active sites thus optimizing the 

catalytic activity. 

2. Unbeatable HER performance. The flexible three-dimensional film has displayed 

extraordinary HER activity, facile kinetics and great durability. Especially, the exchange 

current density has been one of the highest values in the reported literatures. 

3. Fascinating structure. The hierarchical porous structure in the film provides a high-accessible 

surface area and multidimensional mass-transport pathways; the strong coupling facilitates 

the electron transfer between graphene sheets and PCN nanolayers. Importantly, the self-

supported film can be directly utilized as a HER catalyst electrode without supports, which 

could greatly improve catalyst/electrolyte contact area, avoid powder-catalyst agglomeration 

and peeling off from substrates during H2-venting, guaranteeing a superior activity and an 

outstanding durability. 

4. Interesting catalytic mechanism. There is a change of rate-determination-step during the 

HER process (Volmer to Heyrovsky step) because of the improved contact and electron 

transfer at the catalyst/electrolyte interface after some cyclic voltammetry cycles. 

5.2 Porous C3N4 Nanolayers@N-graphene Films as Catalyst Electrodes for Highly Efficient 
Hydrogen Evolution 



78 
 

This chapter is included as it appears as a journal paper published by Jingjing Duan, Sheng 

Chen, Mietek Jaroniec, and Shi Zhang Qiao, Porous C3N4 Nanolayers@N-graphene Films as 

Catalyst Electrodes for Highly Efficient Hydrogen Evolution, ACS Nano, 2015, 9, 931-940. 

 
 
  





 
 
 
 
Duan, J., Chen, S., Jaroniec, M. & Qiao, S.Z. (2015). Porous C3N4 Nanolayers@N-
graphene Films as Catalyst Electrodes for Highly Efficient Hydrogen Evolution,  
ACS Nano, 9(1), 931-940. 
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This publication is included on pages 80 - 105 in the print 
copy of the thesis held in the University of Adelaide Library. 
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http://dx.doi.org/10.1021/nn506701x 
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Chapter 6: 3D WS2 Nanolayers@Heteroatom-Doped Graphene Films as Hydrogen 
Evolution Catalyst Electrodes 

6.1 Introduction and Significance 

The state-of-the-art Pt catalyst for electrocatalytic hydrogen evolution reaction (HER) is with 

high-cost and limited durability, which has greatly hampered the hydrogen economy 

development. Herein, we fabricate a three-dimensional (3D) self-supported HER catalyst 

electrode, by assembling two-dimensional (2D) WS2 nanolayers and P, N, O-doped graphene 

sheets layer-by-layer into a hybridized film. This novel structure can be considered as the 3D van 

der Walls (vdW) heterostructure, which is a newly emerged paradigm in material science. The 

3D vdW heterostructure as catalyst electrodes has exhibited superior HER performance, which 

may shed light on many other electrocatalytic processes such as oxygen reduction/evolution 

reaction and carbon dioxide reduction. The highlights in this work include: 

1. A new HER catalyst electrode. The 3D vdW heterostructure derived from WS2 nanolayers and 

P, N, O-doped graphene has been utilized as HER catalyst electrodes for the first time. 

Significantly, the self-supported heterostructured film can be directly utilized as HER catalyst 

electrodes without any binders, which could greatly improve catalyst/electrolyte contact area, 

and avoid active specie peeling off from substrates, guaranteeing a superior activity and 

durability. 

2. Advantageous structure. The hierarchical pores in the film provide a high surface area and 

multi-dimensional mass-transport pathways, thus a minimal diffusion resistance. The 2D 

nanolayers of WS2 after exfoliation have almost 100% exposure of surface atoms, increased 

surface area and utmost exposure active sites; the coupling between the two kinds of 2D 

materials facilitates the electron transfer during HER.  

3. Extraordinary HER performance. The catalyst has displayed extraordinary HER activity (low 

overpotential of 125 mV vs RHE, to achieve a current density of 10 mA cm-2), facile kinetics 

(Tafel slope of 52.7 mV dec-1), a high catalytic efficiency (a high exchange current density of 

0.131 mA cm-2) and robust durability (less than 20% current degradation after operation for 20 

hours). 

4. Dual-active-site catalytic mechanism. The first kind of active sites originates form heteroatom 

doping. On the one hand, heteroatom doping improves the electroconductivity and thus HER 

kinetics; on the other hand, adjacent C atoms can be co-activated by heteroatoms as HER active 

sites through redistributing their charge and spin density, where the Gibbs free energy of proton 

absorption-desorption is lowered and gives rise to a synergistically enhanced HER activity. The 

second kind of active sites are from the 1T-WS2 nanolayers due to the high concentration of the 
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strained metallic edges, which are also the main active sites. 

6.2 3D WS2 Nanolayers@Heteroatom-Doped Graphene Films as Hydrogen Evolution 
Catalyst Electrodes 

This chapter is included in this thesis as it appears as a research paper published by Jingjing 
Duan, Sheng Chen, Benjamin A. Chambers, Gunther G. Andersson, and Shi Zhang Qiao, 3D 

WS2 Nanolayers@Heteroatom-doped Graphene Films as Hydrogen Evolution Catalyst 

Electrodes, Advanced Materials, 2015, 27, 4234-4241. 
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Chapter 7: Atomic Modulation in Metal Phosphoric Oxides for a Bifunctional Overall 
Water Splitting Electrocatalyst 

7.1 Introduction and Significance 

To substitute the precious Pt/C at the cathode and IrO2 at the anode in water electrolytic cells, 

bifunctional electrocatalysts are highly pursued for cathodic HER and anodic OER.  Herein, we 

designed and fabricated a bifunctional catalyst electrode by cation Fe and anion P-doping into 

metal oxides (CoO) on nickel foam substrate. The obtained material can be directly utilized as 

catalyst electrodes without the electrode membrane assembling process and in the absence of any 

binders. The electrode has exhibited superior HER and OER performances with high activity, 

favourable kinetics, and outstanding overall water splitting activity, making itself a strong 

candidate to substitute precious metals. Mechanism study reveals that the atomic modulation of 

cation and anion play important roles to tune the electrocatalytic activity of as-prepared materials, 

and the optimum P and Fe-doping was obtained by simply adjusting the P and Fe sources. This 

work will increase the possibilities for the electrocatalyst design and synthesis to tackle bottle-

neck in electrocatalysis. The highlights in this work include: 

1. The HER activity can be tuned by changing the P and Fe-doping percentages, displaying an 

optimum overpotential as low as 87.5 mV to obtain a current density of 10 mA cm-2 and a small 

Tafel slope of 38.1 mV dec-1 in alkaline, both of them are very close to commercial Pt/C (56.5 

mV and 30.5 mV dec-1).  

2. The OER activity in basic electrolyte can also be optimized by adjusting the P and Fe-doping 

level. The obtained optimum OER activity shows overpotential of 274.5 mV to achieve a current 

density of 10 mA cm-2 and a small Tafel slope of 57.1 mV dec-1, which outperforms the 

benchmark IrO2 catalyst (351.5 mV and 81.8 mV dec-1). 

3. The P-doping can be achieved by simply annealing treatment with P source 

(triphenylphosphine) in N2 at elevated temperature (600 oC); while the Fe-doping can be 

obtained by adding Fe salts (Fe(NO3)3) in the first chemical bath deposition process. 

4. The overall water splitting of P and Fe-doped material is also extraordinary, requiring 

overpotential of 333.5 mV to gain a 10 mA cm-2 current density. The excellent electrocatalytic 

performance including high activity and durable stability can be assigned to the combination of 

abundant active species originated from the cation and anion doping, high accessibility of active 

sites and favorable electron and charge transportation resulted from the three-dimensional 

conductive porous network provided by nickel foam substrate.   
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7.2 Atomic Modulation in Metal Phosphoric Oxides for a Bifunctional Overall Water 
Splitting Electrocatalyst 

This chapter is included in this thesis as it appears as a research paper submitted by Jingjing 
Duan, Sheng Chen, Sheng Dai, and Shi Zhang Qiao, Atomic Modulation in Metal Phosphoric 

Oxides for a Bifunctional Overall Water Splitting Electrocatalyst, to Journal of American 

Chemistry Society. 
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Chapter 8: Conclusions and Perspectives 

8.1 Conclusions 

This thesis is devoted to gain insights into the mechanisms and kinetics of some key 

electrocatalytic processes, such as ORR, HER and OER, and to develop the low cost, active and 

durable electrocatalysts as precious-metal alternatives. Based on the research in this thesis, the 

following conclusions can be drawn: 

(1) The electrocatalytic activity can be effectively improved by doping graphene with 

heteroatoms (N, B, S and/or P), because its adsorption and desorption capability of 

reactants, intermediates and products is modified by introduced charge and spin densities 

on C atoms nearby dopants. In the hybrids consisting of heteroatom-doped graphene and 

transition metal oxides, the doped graphene not only acts as the conductive support for 

anchoring nanoparticles, but also contributes to the catalytic activity by providing 

additional active sites. Therefore, the prepared Mn3O4@N-doped graphene hybrid 

displays high ORR activity, excellent durability, and absolute tolerance to methanol. 

Significantly, the strong coupling effects are present in such hybrids, which not only 

improve the stability of electrocatalysts but also enhance their electrocatalytic activity by 

forming active metal-dopant sites to facilitate the electron transfer between metal and 

doped graphene.  

(2) As the heterogeneous ORR process involves the adsorption of reactants and desorption of 

products on the exposed facets of nanocrystals, the dependence of ORR activity on the 

shape of metal oxide nanoparticles has been further studied. Mn3O4 nanoparticles with 

three different shapes (spheres, cubes, and ellipsoids) on nitrogen-doped graphene sheets 

are prepared through a two-step liquid-phase procedure. Among them, the ellipsoidal 

sample exhibits the highest ORR activity with a positive onset-potential of -0.13 V vs 

Ag/AgCl and a high kinetic limiting current density of 11.69 mA cm-2 at -0.60 V vs 

Ag/AgCl. The ORR activity is firstly correlated to the shape of Mn3O4 nanocrystals, and 

specifically to the exposed crystalline facets.  

(3) The mechanism study indicates the HER performance is not only related to the activity 

but also the kinetics regarding the mass transport during electrocatalytic processes. HER 

performance was optimized by tuning the chemical composition, catalyst nanostructure 

and importantly the electrode architecture, by adapting the three dimensional hybridized 

graphene films. Their remarkable structural properties, such as high specific surface areas, 

3D conductive networks, and hierarchical porous structures, can facilitate the electron 

transport and ion diffusion during electrocatalytic processes, greatly facilitating the 
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reaction kinetics. Integrating highly active HER catalysts of porous C3N4 and 1T-WS2 

nanolayers into the 3D heteroatom-doped graphene film combines high activity and facile 

kinetics together which leads to unbeatable HER performance. Moreover,  the 3D free-

standing architectures can be used as working electrodes without membrane electrode 

assembly process, thus avoiding the catalyst agglomeration and peeling off from supports, 

and assuring good activity retention during catalytic processes. 

(4) The overall water splitting process has been studied, and a bifunctional electrocatalyst 

has been designed and fabricated by cation and anion doping of metal oxides. The P 

anion doping into metal oxide was achieved by annealing treatment with P source, and 

the doping content was adjusted by changing the amount of P source, which further can 

be used to optimize the HER and OER activity. The Fe cation doping can be tuned by the 

addition of Fe salts in the precursor preparation, which can improve the electrocatalytic 

activity further. Additionally, the three-dimensional conductive network provided by 

nickel foam substrate is highly facile for the electron and charge transportation, resulting 

favourable reaction kinetics. As a result, superior overall water splitting performance was 

obtained by combining the high activity (rich active species generated by cation and 

anion doping), facile kinetics and high accessibility of active sites (three-dimensional 

conductive porous structure). 

8.2 Perspectives 

Although significant progress for electrocatalytic ORR, HER and OER has been made in this 

thesis, there are still some challenges in the future research. 

(1) Most of the graphene-doping methods require high temperatures and harsh conditions, 

which impede the large-scale production and commercialization of heteroatom-doped 

graphene. It is highly desirable to develop facile and green synthesis of heteroatom-

doped graphene based materials. In addition, there are always several doping structures 

coexisting in the doped graphene sheets. The controlled synthesis of doped graphene 

with single doping configuration is necessary to study the effect of one specific 

configuration on electroactivity, since the different doping configurations are known to 

play diverse roles in electrocatalysis.  

(2) Moreover, despite that the achieved catalytic activity is close to that of noble metals (Pt, 

IrO2 and RuO2), there is still a big challenge to make non-precious-metal materials 

commercially competitive to precious metals especially in terms of the large-scale 

production and operation under harsh electrochemical conditions. Therefore, some new 

metal compounds other than metal oxides may be tried as electrocatalysts, such as metal 
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phosphides, metal carbides, metal nitride and their hybrids, because of their good 

resistivity to acidic or basic conditions and also abundant resource. 

(3) Further, the reaction mechanisms are still inconclusive in many electrochemical systems 

because of the continuous development of new materials. As a result, more theoretical 

study combining experiments and calculations is needed to resolve this fundamental 

problem. 

We believe that further explorations in this exciting electrocatalytic area will contribute to 

green energy systems with all the above problems solved. 
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