
 

 

 

 

 

 

Carbon Electrode for the Oxygen 

Reduction Reaction 

 

 

Jingyu Feng 

 

 

 

Imperial College London 

Department of Chemical Engineering 

 

 

 

 

 

A thesis submitted for the degree of Doctor of Philosophy



 

 

i 

 

DECLARATION OF ORIGINALITY 
I, Jingyu Feng, confirm that the research included within this thesis is my work or that where 

it has been carried out in collaboration with or supported by others, this is duly acknowledged 

and my contribution indicated. Parts of this work have been published in peer-reviewed 

journals, as stated in the List of Publications. 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 



 

 

ii 

 

COPYRIGHT DECLARATION 
The copyright of this thesis rests with the author. Unless otherwise indicated, its contents are 

licensed under a Creative Commons Attribution-Non-Commercial-No Derivatives 4.0 

International Licence (CC BY-NC-ND). Under this licence, you may copy and redistribute the 

material in any medium or format on the condition that; you credit the author, do not use it for 

commercial purposes and do not distribute modified versions of the work. When reusing or 

sharing this work, ensure you make the licence terms clear to others by naming the licence and 

linking to the licence text. Please seek permission from the copyright holder for uses of this 

work that are not included in this licence or permitted under UK Copyright Law. 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 



 

 

iii 

 

ACKNOWLEDGEMENT 
This thesis is submitted in partial fulfilment of the PhD degree requirements from the Imperial 

College London. The work presented here was performed at the Department of Chemical 

Engineering, Imperial College London (ICL) and School of Engineering and Materials Science, 

Queen Mary University of London (QMUL). The project was performed under the supervision 

of Professor Magda Titirici. The scholarship was awarded from China Scholarship Council 

(CSC), ICL and QMUL, which enable me to pursue my PhD. 

Firstly, I want to thank my supervisor, Professor Maria-Magdalena Titirici, for her guidance 

and provided me with immeasurable opportunities for collaborations, research facilities, and 

career developments. I could not have hope for a more inspiring, creative, and supportive work 

environment. Also, I want to thank Professor Qiang Zhang and the students from his group Dr 

Tang Cheng, Dr Haofan Wang, Xiaoru Chen, Changxin Zhao, Zhihe Zhang, Jiaxing Li, and 

Pengyu Chen, it was great to work and chatted with you, which inspired my initial PhD works. 

I also want to thank Dr Min Yu, Wei Xiong, Man Zhang, Dr Haixue Yan, Dr Haixue Yan, Dr 

Han Zhang, Dr Jian Yao, Dr Yi Liu, Dr Ana Jorge and her group from QMUL for their 

collaborations, discussions, and support. Moreover, I want to thank Dr Xiaoqiang Liang for the 

discussions from the chemistry aspect. I want to thank Dr Bhoopesh, Luke Higgins from the 

University of Leeds, to support the XAS characterizations. Furthermore, I would like to thank 

Prof Sarah Haigh and Dr Rongsheng Cai from the University of Manchester to support the 

STEM characterizations. Meanwhile, I want to thank Emanuele Magliocca, Zahra Rana, Dr 

Rhod Jervis, Dr Thomas Miller, Prof Dan Brett from University College London for testing 

alkaline electrolyte membrane fuel cell, performing computer tomography, and many fruitful 

discussions. I want to thank Dr Andi Di and Zhenyu Guo for the SAXS test and data analysis. 

Dr Yuanhao Wu from the University of Nottingham for the collaboration and discussion on 

self-assembly. Dr Barun Chakrabarti from the University of Warick to collaborate on the redox 



 

 

iv 

 

flow cells project. Dr Arun Periasamy from the University of Surrey for sharing his knowledge 

and providing guidance. I want to thank Gang Cheng and Prof Cecilia Mattevi from ICL to 

support XPS measurements. Miralem Salihovic for providing me with hollow carbon spheres. 

Dr Sivaprakash Sengodan and Tse-Wei Chen for sharing perovskite knowledge. Moreover, I 

want to thank master and undergraduate students I supervised, Giulio Romario, India Wild, 

Temiloluwa Majekodunmi, Luye Hou, and many other lovely tutees. 

Most importantly, I want to thank my group colleagues, Dr Hui Luo, Dr Kathrin Preuss, Dr 

Servann Herou, Dr Fei Xie, Dr Philipp Schlee, Dr Alain Li, Dr Heather Au, Dr Saurav Sarma, 

Dr Maria Crespo, Ruixuan Chen, Zhen Xu, Sabina Nicolae, Pierpaolo Modugno, Mengnan 

Wang, Angus Pedersen, Simon Kellner, Silvia Favero, Yue Xu, Qian Guo, Richard Lobo, Dr 

Jesus Barrio, and Yan Yang. My Doctoral journey would not have been the same without the 

support and companionship of all my friends and colleagues. Lastly, I want to thank my parents 

and families for their endless support and encouragement.  

 

 

 

 

 

 

 

 

 

 

 

 



 

 

v 

 

ABSTRACT 
This PhD thesis presents work on developing freestanding carbon electrodes for the oxygen 

reduction reaction application cost-effectively and sustainably. Within different alternatives to 

the high-cost Pt catalysts, heteroatoms and transitional metals modified carbon electrocatalysts 

have shown great promise to reduce the use of Pt. Meanwhile, synthesising freestanding 

catalysts has drawn interest due to the advantages of being binder-free, fewer manufacturing 

steps, and high recyclability. The first part of this thesis focuses on synthesising a freestanding 

carbon electrode with a hierarchical porosity and abundant nitrogen-doped sites. The carbon 

electrodes were synthesised through hydrothermal carbonization, followed by a pelleting 

process and further carbonization. Uniformly dispersed nitrogen sites and high specific surface 

area were obtained for the carbon electrodes. The electrochemical activity showed high 

stability in the freestanding configuration, and I found only the surface of electrode was 

reducing oxygen. The second part focuses on improving the carbon electrode's catalytic 

performance via post functionalization of the as-obtained nitrogen-doped carbon electrodes. 

Functionalization was carried out by immersing the carbon electrode into Fe solutions and 

followed by carbonization. The Fe was found to exist mainly as single sites. The 

electrochemical performance showed doubled current density compared to without Fe, and 

100,000 s (27.77 h) stability was observed at 0.5 V. Through ex-situ X-ray absorption 

spectroscopy and electron paramagnetic resonance studies, Fe sites were found responsible for 

reducing oxygen. The third part focuses on the scalable synthesis of a low-cost iron, nitrogen 

co-doped carbon. Powdered iron, nitrogen co-doped carbon catalysts was prepared by 

hydrothermal carbonization and high-temperature post carbonization. FeN4 was found to be 

the main iron existing form in the obtained catalysts. Two different precursors containing Fe2+ 

and Fe3+ are compared. Both chemical and structural differences have been observed in 
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catalysts starting from Fe2+ and Fe3+ precursors. Furthermore, this catalyst is studied in an anion 

exchange membrane fuel cell. 
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Chapter 1  

INTRODUCTION 

1.1 THE NEED FOR RENEWABLE ENERGY 

Fossil fuels have dominated recent energy generation and the petrochemical industry to satisfy 

our daily demands since the first industrial revolution. Most of the technologies developed 

from then heavily depend on the energy exploitation of fossil fuel, resulting in an increasing 

demand for fossil fuel and excessive emissions of CO2. International Energy Agency (IEA) 

recorded that the global annual energy consumption and CO2 emission have increased 

approximately 59 % and 62 % over the last 30 years1. With this increasing amount of CO2 

released into the atmosphere, heat caused by infrared radiation has been trapped by the CO2, 

and excessive CO2 starts dissolving into the ocean, abetting global warming2 and ocean 

acidification3. If the carbon dioxide emission stays on the current status without change, the 

global annual energy consumption and CO2 emissions will reach around 14.5 TWy and 35.1 

Gt in 20301 (Figure 1.1a). As projected by International Panel on Climate Change (IPCC), 

global warming is likely to reach a 1.5 °C increase between 2030 and 2052 compared to the 

pre-industrial level4. Besides, the average pH of the ocean surface will decline to 7.949 in 2050, 

which means a 69.8 % increase of H+ concentration relative to the pre-industrial pH level5 

(Figure 1.1b). These will significantly impact rainfall patterns, coastal erosion, endanger the 

ocean creatures, and alter the ranges of some infectious diseases, some of which are already 

happening worldwide.6-8 Facing all these evidences, decarbonising the global economy via the 

implementation of sustainable and environmentally benign technologies across all sectors has 

become a must-do now for the benefit of future generations who should be inspired to carry on.  
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Figure 1.1 (a) Worldwide total energy consumption and CO2 emissions from 1990 to 2020 and 

projected total energy consumption/CO2 emission in 2030; (b) global temperature change relative to the 

pre-industrial level and ocean surface pH value since over the last 30 years. Data source: IEA1, NASA, 

IPCC4, Dore et al.9, and Orr et al.5 

To prevent catastrophic scenarios caused by the increasing CO2 level, most countries have 

made pledges, and some of the significant economies have taken actions to limit the rise of 

CO2 emissions (Figure 1.2a).10 Significantly, Paris Agreement has united 196 countries set a 

global warming goal to keep the global average temperature below 1.5 °C (preferable) or 2 °C 

compared to the pre-industrial level.11 However, it is frustrating to see the average CO2 

emissions still reached 414.24 ppm with an increasing growth rate of 2 - 3 ppm per year (Figure 

1.2b). In addition, the CO2 emission from most sectors also showed a steadily increasing rate 

over the last decades, in which electricity and heat producers account for the major CO2 

emission sources (Figure 1.2c). To reach the net-zero goal, CO2 emissions from all sectors 

need to be reduced dramatically from current status to lower than 2 Tton carbon emission by 

2050 (Figure 1.3a). The CO2 emission from electricity and heat sectors accounts for the most 

significant CO2 emission, need to be reduced ~ 60% by 2030 compared with 2019, and 

followed by full decarbonisation by 2040.1  
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Figure 1.2 (a) The timeline of international actions for carbon neutrality. (b) Average CO2 

concentration and its growth rate record from 1990 to 2020, measured at Mauna Loa Observatory, 

Hawaii. Data were taken from ref12 (gml.noaa.gov/ccgg/trends/mlo.html). (c) Worldwide CO2 emission 

from the different sectors in 1990 to 2019, data taken from IEA1. 

To fulfil the decarbonization goals, the energy supply sources need to be shifted to renewable 

energy (Figure 1.3b), such as solar, wind, modern solid bioenergy, nuclear energy.13 Solar and 

wind energy account for the top two renewable energy sources due to their abundant 

availability, where a total of 122,000 TWy energy hit on the earth from the sun14 and 71.5 TWy 

energy from the wind15. However, like tide and wave, they are known as variable renewable 

energy. The supply patterns are not aligned with variations in demand regarding location and 

time of supply, which could cause both time and geographical mismatches to the energy 

demands.16 Converting and storing energy via energy conversion/storage devices such as 
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hydrogen-based fuel and batteries has provided a fascinating solution to tackle this problem.17, 

18 

 
Figure 1.3 (a) Worldwide CO2 emission in the net-zero scenario from the different sectors in the 

duration of 2019 to 2050. (b) Total energy supply in the net-zero scenario from 2000 - 2050. Data were 

taken from IEA1. 

Both batteries and hydrogen-based fuel could store excessive electricity as chemical energy 

and further use when and where needed, which unlocked the restrictions of the variable 

renewable energy.19 Batteries store the electrical energy into chemical energy and discharge 

through a reverse process to release the chemical energy into electricity. However, it suffers 

from a trade-off between energy capacity and weight. Besides, the long charging time of 

batteries also hinders its application. Hydrogen has become one of the most promising zero-

emission fuels and chemical precursors for the net-zero future due to its high specific energy19 

and its wide range of implantations. IEA proposed a future low carbon society based on 

hydrogen in 2015 (Figure 1.4c), where hydrogen serves as interlayers to link energy resources 

and our daily life together.16 Notably, finding a greener way to produce and utilize hydrogen is 

challenging hydrogen production currently accompanied by high carbon emissions. 20 With an 

efficient converting system of hydrogen and electricity/chemicals, hydrogen could play an 

important role in our daily life.16  
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Figure 1.4 (a) IEA proposed a future economy where hydrogen is linked to energy, industries, 

transportation, and building sectors. Figure adapted from Ref16. (b) Ragone plot of energy storage 

domains for fuel cells, batteries, supercapacitors, combustion engines, and gas turbines. Figure adapted 

from Ref21. (c) Comparison of efficiency and power output of fuel cells, the internal combustion engine 

and high-temperature fuel cells. Data were taken from IEA16.  

1.2 ELECTROCHEMICAL ENERGY CONVERSION - FUEL CELLS TECHNOLOGY 

Hydrogen fuel cells could continuously produce electricity via electrochemical reactions with 

continuous fuel input (hydrogen), which plays an essential role in utilising hydrogen.16, 19 Fuel 

cells concept was first demonstrated in 1838 where it was described as ‘gas voltaic battery’ to 

recompose water by combining electrodes in a series circuit.22, 23 Since then, there have been 

efforts to understand the mechanism, reduce cost, and improve the performance of the fuel 

cells. After over a century, in 1932, the first commercial hydrogen fuel cell was invented, and 
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in the 1960s, the alkaline fuel cells (AFC) were applied on space shuttle (Gemini earth-orbiting 

mission, 1962-1965) for its high electrical efficiency and less weight24. Besides, fuel cells show 

higher efficiency than conventional combustion engines with fewer energy converting steps, 

which are not limited by the ‘Carnot cycle’.  

Different fuel cells have been developed to fit different working conditions and requirements, 

where alkaline electrolyte membrane fuel cells (AEMFC) and proton-exchange membrane fuel 

cells (PEMFC) are the most developed ones. The solid electrolyte membrane was applied in 

AFC to reduce the influence from the CO2 (CO2 + 2KOH → K2CO3 + H2O), where K+ is limited 

when transfer in solid membrane.25, 26 Compared with PEMFC, AEMFC shows less corrosive 

in alkaline conditions than in acidic conditions.27, 28 Since the PEMFC has been developed and 

invested decades ahead than AEMFC, the challenges for AEMFC remains to compete with 

PEMFC, such as cost and durability.28  

In recent decades, fuel cells have been applied in cars, buses29, residential energy supply30, 

light-duty fleet31, portable devices32, wastewater treatment 33, and stationary power supply34. 

Fuel cells have been projected to play an essential role in decarbonization in the transportation 

sector with high specific energy density35, fast charging speed (3 - 5 mins to refill the hydrogen), 

reliable safety, and power grid compatibility19. The basic working principles for fuel cells are 

simple: oxygen reduction reaction (ORR) at cathode and hydrogen oxidation reaction (HOR) 

at anodes. At the anode, hydrogen loses one electron and turns into H+, while at the cathode, 

oxygen is reduced and gains two electrons to become O2-. The extra electron loss in oxygen 

could lead to side reactions such formation of H2O2 and, therefore, flawed the whole process 

(a more detailed mechanism could be found in Chapter 2). Typical polarization curves of 

PEMFC (Figure 1.5) revealed that the applied overpotential for HOR catalysts are much 

smaller than ORR catalysts, where the HOR reaction is controlled primarily by the mass 

transport of H2. Therefore, more catalyst is needed on the cathode to catalyze the ORR reaction 
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than HOR. 36 

Figure 1.5 Theoretical polarization curves of typical PEMFC and Electrolyzer. Figure adapted from 

Ref36. 

So far, Pt-based catalysts perform best in fuel cells and are the materials that have been widely 

applied commercially. However, they suffer from scarcity and high cost, while further stability 

improvements are also required.37 Predicted scenarios show that over 8 million fuel cell electric 

vehicles will be deployed globally by 2030 to fulfil the net-zero goal, which will require 420 

(or 75 tonnes of the optimised Pt loading) tonnes of Pt-based catalysts in the vehicles section 

only and thus resulting in the shortage of Pt (global Pt production in 2019 is 180 tonnes).1, 38 

Pt nanoparticles supported on carbon (Pt/C) are the only commercially available catalyst for 

fuel cell catalysts. The high loading of Pt group catalysts is identified as the most significant 

barrier to reducing cost.39 Pt also suffers from CO poisoning, methanol crossover, and long-

term instability due to particle growth and dissolution.40 Therefore, to achieve widespread and 

sustainable commercialization of fuel cells, durability and low cost are two essential factors 

when designing electrocatalysts for fuel cells. U.S. Department of Energy has set the key goal 

for electrocatalysts which include increasing durability and decreasing cost (US DOE 2025 

targets: 5000 hours lifetime and $ 40/kWnet at 500,000 systems/year).41, 42  
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1.3 THESIS OBJECTIVES AND OUTLINE 

This research aims to synthesise freestanding electrodes that could be applied in fuel cells in a 

sustainable and low-cost way. The following objectives achieved this aim: 

i) Design and synthesis of biomass-derived carbon electrodes and catalysts for the 

oxygen reduction reaction. 

ii) Characterized the obtained electrode and catalysts with multiple advanced 

techniques to reveal the performance. These include electrochemical as well as 

physical-chemical characterization methods.  

iii) Specifically, biomass-derived mono sugars such as glucose and xylose were used 

as precursors to prepare electrocatalysts for the oxygen reduction reaction. HTC 

process was first applied to convert glucose and xylose into oxygenated nanocarbon 

spheres, contributing to further functionalization.  

iv) Furthermore, the freestanding nitrogen-doped carbon electrodes were made by 

mixing and pelleting the HTC carbon with nitrogen dopants. This approach gives 

rise to a new class of electrodes with a unique, highly porous micro-morphology 

and scalability.  

v) Engineering FeNx sites on the electrodes performed further functionalization of 

nitrogen-doped carbon electrodes. To date, freestanding electrodes are not used in 

commercially available energy conversion devices, where this work paves a road 

for the application of miniaturized fuel cells. 

Chapter 1 briefly introduces the motivation for a net-zero goal and a brief introduction to the 

fuel cells. 

Chapter 2 introduces various electrochemical aspects regarding the oxygen reduction reaction 

and a brief introduction to the use of biomass and hydrothermal carbonization. 
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Chapter 3 explores the synthesis of freestanding nitrogen-doped carbon electrodes, followed 

by materials characterizations and electrochemical characterizations. Moreover, optimization 

of the synthesis of the freestanding electrode was carried on, which studied the thickness, 

carbonization temperature influence on the carbon electrode. Rhod Jervis performed CT 

experiments and analysis at UCL, XPS was performed with the help of Gang Cheng, SAXS 

experiment and data fitting were done by Andi Di and Zhenyu Guo. I performed the rest 

materials measurements and all electrochemical measurements and analyzed the results. 

Chapter 4 introduced iron into the framework and engineered FeNx sites on the carbon 

electrode, followed by materials and electrochemical characterizations. Rongsheng Cai 

performed STEM at Manchester, EPR was performed by Angus Pederson, XPS was performed 

with the help of Gang Cheng, Zhenyu Guo fitted SAXS data. I performed the rest materials 

characterizations, XAS experiments and structure fitting, and all electrochemical 

measurements and analyzed the results. 

Chapter 5 reports the synthesis of the Fe-N-C catalysts from HTC biomass on a gram scale 

and explores the iron precursors influence on the final electrocatalysts. This work was trigged 

by a master project I co-supervised, in which Giulio and India Wild explored materials 

synthesis. Rongsheng Cai and Hui Luo performed STEM and TEM, EPR was performed by 

Angus Pederson, Zhenyu Guo fitted SAXS data. I performed the rest of the materials 

characterizations, XAS experiments and structure fitting (collaborate with Bhoopesh at the 

University of Leeds), and all electrochemical measurements and analyzed the results.  

Chapter 6 gives a brief introduction and working principle of the characterization techniques. 

Chapter 7 summarizes this PhD work's main conclusions and concludes this thesis with an 

outlook for possible future work. 
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Chapter 2  

ELECTROCATALYSIS – LITERATURE REVIEW FOR OXYGEN 

REDUCTION REACTION 

This chapter will briefly introduce the oxygen reduction reaction, the current catalysts for ORR 

focusing on carbon-based catalysts, and strategies to improve the catalysts’ performance. We 

will also discuss the limitation of existing approaches and the strategies for designing desired 

catalysts. Moreover, we will focus on non-precious group metal (PGM) catalysts tested in 

alkaline conditions to serve the contents in the following chapters.  

2.1 ELECTROCATALYSTS FOR ORR 
Electroreduction of oxygen is the critical reaction that happens at the cathode of the fuel cell. 

During the oxygen reduction, catalyst sites could bond with oxygen and reduce it into 

intermediates, resulting in an overall lower energy barrier than without using catalysts. It 

involves a multi-step electron transfer process which can be divided into two main mechanisms, 

where ‘four-electron’ mechanism generates OH- in alkaline solutions and ‘two-electron’ 

mechanism generates H2O2.
43 An efficient ORR electrocatalyst should drive the reaction 

towards four-electron pathways to provide high current efficiency and operating potential since 

the H2O2 reduces the overall efficiency and degrade the membrane in between.44 Besides, 

compared to acidic media, ORR in alkaline media lower the electrode potential, which reduces 

the adsorption energy of ORR intermediates, which means more materials will have a high 

enough O2 adsorption free energy to bind the surface and allow the ORR to occur.45  

The ORR reaction in alkaline conditions can be written as follows: 

𝑂2 + ∗ → 𝑂2
∗ 

𝑂2
∗ +  2𝐻2𝑂 + 4ⅇ− → 𝑂𝑂𝐻∗ + 𝑂𝐻− + 𝐻2𝑂 + 3ⅇ− 
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    𝑂𝑂𝐻∗ + 𝑂𝐻− + 𝐻2𝑂 + 3ⅇ− → 𝑂∗ + 2𝑂𝐻− + 𝐻2𝑂 + 2ⅇ− 

𝑂∗ + 2𝑂𝐻− + 𝐻2𝑂 + 2ⅇ− → 𝑂𝐻∗ + 3𝑂𝐻− + ⅇ− 

𝑂𝐻∗ + 3𝑂𝐻− + ⅇ− → 4𝑂𝐻−+ * 

Where * represent adsorbed surface sites, O2*, OOH*, O*, and OH* represent intermediates 

adsorbed on the active sites during the oxygen reduction, where each step requires specific free 

energy to cross the energy barrier.46 Moreover, the reaction starts when all the free energy 

shows a downhill trend from oxygen adsorbed to OH- desorbed on the active sites. Besides, the 

free energy for each step is directly related to the intermediate adsorbing behaviour. Therefore, 

modulating the electronic structure of the active sites to redistribute charge density around the 

active sites could lead to improved kinetics activity of ORR. Strategies such as heteroatom 

doping, introducing transitional metals or defects have been widely reported.47-49 

Using DFT to study the intermediates pathway and their free energies have become popular to 

screen the catalysts.50 Various active sites and their intermediate pathways have been 

calculated.48-50 At U = 1.23 V, the energy barrier for Pt(111) is uphill (yellow line in Figure 

2.1a). 51 When U = 0.75 V (blue line in Figure 2.1a), it reaches a downhill trend where the 

oxygen reduction starts.51 For transitional metal-based catalysts(Figure 2.1b), the starting 

potential has been reported at U = 1.09 V for CoN3-C catalysts47, U = 0.44 V for Co 

nanoparticles47, and U = 0.84 V for FeN4-OH-C catalysts49. As for carbon and heteroatom 

doped carbon (Figure 2.1c), higher energy is required to reduce oxygen. Besides, each 

intermediate (OOH*, O*, OH*) binds to the active sites via an oxygen atom, leading to a linear 

relation to each of the adsorption free energies (Figure 2.2). The slope of ΔGO is 2, while ΔGOH 

and ΔGOOH are 1. This could be considered two chemical bonds formed between O* and active 

sites, while only one bond formed between OH*/OOH* and active sites.52  
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Furthermore, based on the scaling relationships, the Volcano plot was used to describe the 

relation of catalytic activity and free energies. As shown in Figure 2.1a-c, the ΔG is related to 

the equilibrium potential, thus relating to the catalytic activity. For example, the free energies 

change from O* to OH* is ΔGO-OH  = ΔGO - ΔGOH, and based on scaling relationship, ΔGO could 

be written in the function of ΔGOH. Hence, ΔGO-OH could be written into the function of ΔGOH. 

By plotting ΔGO-OH (represent one unique catalyst) against the activity (the catalytic 

performance), the Volcano plot is obtained. Based on these Volcano plots (Figure 2.1 d-f), we 

could see the catalytic performance from all PGM based, non-PGM based, and metal-free 

catalysts could be tuned by introducing new structures, ligands, and heteroatoms.46, 48, 49 

 
Figure 2.1 (a) Free energy diagrams for dissociative oxygen reduction on Pt (111), the three panel 

shows the free energy diagram for U = 0 V, U = 0.75 V and U = 1.23 V51. (b)free energy diagrams for 

associative oxygen reduction on FeN4-C (U = 0.53V), FeN4-OH-C49, CoN3-C (U = 1.09 V), Co NPs (U 

= 0.44 V)47. (c) free energy diagrams for graphitic N doped graphene (N-Gr, U = 0.799 V), graphitic 

boron-doped graphene (B-Gr, U = 0.805 V), and carbon on graphene edge (Gr-Edge, U = 0.625 V)48. 

(d) Volcano-like relationships between the catalytic properties and electronic structure of d) Pt3M (M 
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= Fe, Co, Ni, V) alloys46, (e) between ∆GOH* and ORR potential for Fe-N4C structures49, (f) between 

∆GOOH* and activity for heteroatom doped graphene48. 

Figure 2.2 Theoretical plot of ORR free energies for adsorbed intermediates and their scaling 

relationship (Pt-based catalysts). The figure is taken from Ref53. 

Furthermore, oxygen reduction happens at the three-phase boundary of the catalysts, 

electrolytes, and gas, which means the mass transfer to active sites also plays an essential role 

in catalytic performance.54 Besides, good electronic conductivity is also needed for electron 

transport from active sites to substrate. In terms of mass transfer, porous structure, suitable 

wettability, and exposed active sites could facilitate catalytic performance. In terms of the 

electron transfer, the substrate itself should be conductive to minimize the resistance (Figure 

2.3). 

Figure 2.3 Illustration of structure, morphology, and electrode interface with active sites. Figure 

adapted from Ref54. 



 

 

14 

 

2.2 CARBON-BASED ELECTROCATALYSTS FOR ORR 

State of the art Pt-based catalysts such as Pt nanowires55, Pt3Ni nanoframe56, Pt single atoms57, 

and Pt-Co catalysts58 have already reached extraordinary high mass activity selectivity. 

However, their scarcity and high cost limit the broader applications. Competing with these 

catalysts in both cost and catalytic activity will require more effort to optimise synthesis routes 

and engineering catalytic sites. So far, carbon-based catalysts and transitional metal-based 

catalysts have been two widely studied catalysts. This section presents a brief overview of the 

carbon and non-PGM based catalysts for ORR. 

2.2.1 Metal-free catalysts 

2.2.1.1 Dopant free carbon-based catalysts 

Without introducing heteroatoms, the electronic structure of carbon atoms could be tuned by 

introducing defects. The edge of graphite has been demonstrated to be more electroactive for 

ORR than the basal plane due to the charge polarization of edge carbon atoms; dopant-free and 

edge-rich carbon materials have been found to show electrocatalytic activity59-66. Moreover, 

the point defects and line defects are also positive for the electrocatalytic performance67, 68. The 

ORR activity introduced by defects was attributed to the redistribution of charge on the surface 

of catalysts65. 

By carefully engineering the nanostructure of carbon materials, exposed edges and defects 

could be obtained. Jiang et al. reported defective carbon nanocages (Figure 2.4)69. Samples 

with different concentrations of defects have been synthesised, denoted as CNC700, CNC800 

and CNC900 (CNC700 showed the highest defect concentration). As shown in Figure 2.4c, 

the onset potential for CNC700 is 0.11 VNHE, and the half-wave potential is 0.05VNHE, which 

indicated higher ORR activities. The DFT method has been used to investigate the influence 

of different defective configurations on the ORR process (different defect models can be seen 

in Figure 2.4b). Besides, pentagon and zigzag defects are considered as active sites which 
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contribute to oxygen reduction. Specifically, the zigzag edge contains a portion of active 

unpaired π electrons located at the edge carbon atom, whereas unpaired π electrons are paired 

up to form a stable covalent bond for armchair defects. Subsequently, the free π electron in the 

zigzag edge facilitates electron transfer to O2, forming OOH* with less energy required, 

whereas more energy is required in the armchair sites.  

Moreover, modelled catalysts such as highly oriented pyrolytic graphite (HOPG) were applied 

to further study the defect's influence. Shuangyin et al. presented a model to correlate the 

promotion of surface charge with the electrocatalytic reaction by using plasma-treated HOPG 

(Figure 2.4d)68. The HOPG was treated by plasma at different times to obtain different 

concentrations of defects. As shown in Figure 2.4d, HOPG treated with plasma showed 

improved ORR activity, in which HOPG exhibited 0.745VRHE onset potential with 1 min 

plasma treatment while 0.171 VRHE onset potential without plasma treatment. This suggests 

that defects play a critical role in ORR. To further investigate the role of defects, the HOPG 

with 5 min plasma treatment (P-HOPG-800) was repaired by annealing at 800°C in Ar 

atmosphere. As shown in Figure 2.4f, the obtained sample (P-HOPG-800) showed a decreased 

ORR activity. 
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Figure 2.4 (a) schematic structural of carbon nanocages with the locations of different types of defects; 

(b) different defects model for the pentagon, hole, Zigzag edge, Armchair edge, where grey atoms are 

carbon while white atoms are hydrogen; (c) LSV curves of carbon nanocages at 10 mV s-1 scan rate in 

0.1 M KOH under O2 saturated condition. Figure a-c was taken from Ref69 (d) schematic of plasma-

treated HOPG; (e) LSV curves of HOPG with different plasma treat times in 0.1 M KOH; (f) LSV 

curves of plasma-treated HOPG before/after annealing at 800 °C in Ar atmosphere. Figure d-f was taken 

from Ref68. 

2.2.1.2 Heteroatom doped carbon materials 

Nitrogen-doped carbon has been the most reported heteroatom doped carbon, and many studies 

and theoretical studies have shown the increased oxygen reduction activity with nitrogen 

doping compared without nitrogen doping. Introducing nitrogen modulates the electronic 

structure of neighbouring carbon atoms, changes the adsorption of ORR intermediates on 

carbon, and thus lead to better catalytic performance.70 

In 2009, Dai et al. reported nitrogen-doped vertically aligned carbon nanotubes (VA-CNTs) 

with excellent ORR performance in alkaline condition70. As shown in Figures 2.5a-b, they 

found that the induced nitrogen shows a high positive charge density on adjacent carbon atoms, 

which facilitates the chemisorption of O2 and electron transfer for the ORR70. Subsequently, 

their group synthesised the nitrogen-doped graphene, which also showed considerable ORR 
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performance71. The improvement of ORR performance by N-doping cause the charge 

redistribution, which converts the chemisorption model of O2 from the end-on adsorption at 

the nitrogen-free CNT surface to side-on adsorption at the N-doped CNT surface. The parallel 

diatomic adsorption could effectively weaken the O-O bonding and hence facilitating the 

reduction of O2
70.  

Figure 2.5 (a) calculation of charge-density distribution for N-doped carbon nanotube; (b) schematic 

of adsorption modes of N-free carbon nanotubes (top) and N-doped carbon nanotubes (bottom). Figure 

a-b was taken from Ref70 (c) Different types of doped nitrogen in carbon materials. Figure c was taken 

from Ref72. 

Different types of N exist inside the N-doped carbon materials, including graphitic, pyrrolic, 

oxidized and pyridinic N (Figure 2.5c). Furthermore, different nitrogen heteroatoms could give 

rise to different catalytic activities. Lai et al. investigated active sites for N-doped carbon and 

reported that the graphitic N determined the limiting current density while the pyridinic N will 

improve the onset potential73. Using HOPG as a carbon substrate, Guo et al. exhibited the atoms 

next to pyridinic N is the active sites for ORR74. As shown in Figure 2.6c, HOPG with pyridinic 

N showed higher electrocatalytic activity than with graphitic N. The obtained result suggested 

the significant role of pyridinic N is responsible for the high catalytic activity site for ORR. 74 

The mechanism of ORR for the N-doped carbon materials was also proposed in their work 

(Figure 2.6a). O2 is first absorbed onto carbon atoms near the pyridinic N, followed by proton-

electron pair transfers to the oxygen. Then, it involves two possible pathways. First is the four-
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electron pathway, where 2-proton coupled 2-electron transfer to the site and break the OOH 

bond to form a water molecule. Subsequently, another pair of proton and electron transfers to 

the site breaks the bond between OH and carbon to form a water molecule. Another pathway 

is a two-electron pathway, where one proton-electron pair transfers to the OOH* sites to form 

H2O2, and reabsorption or reduction of H2O2 is followed. Fewer electrons were transferred in 

the two-electron pathways, making it less efficient than the four-electron pathway. Therefore, 

controlling and investigating nitrogen types and nitrogen amount in the nitrogen-doped carbon 

is essential for this catalyst.  

 

Figure 2.6 (a) Schematic pathway for oxygen reduction reaction on nitrogen-doped carbon materials; 

(b) XPS spectra of modified HOPG catalysts; (c) LSV curves for modified HOPG catalysts in 0.1M 

H2SO4 at O2 saturated conditions. Figures are taken from Ref74.  

Furthermore, investigations on non-N heteroatoms doped carbon have been carried out. Such 

as B-doped CNTs, S-doped graphene, P-doped graphite, I-doped graphene and edge-

halogenated graphene nanoplatelets75-79. Co-doped carbon-based materials have also been 

reported and seem to be the more effective strategies to improve the performance of carbon-

based materials due to the synergistic effects of synergistic electronic interactions between the 

different doping heteroatoms and surrounding carbon atoms80-82. 
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Besides, biomass has been reported as precursors for electrocatalyst due to its natural 3D 

hierarchical structure after heat treatment, which facilitates mass and electron transport. By 

conducting certain post-treatments, structural defects and heteroatom doping could be easily 

introduced83, 84. Chunyi et al. reported a N, S co-doped wood-derived carbon materials for ORR 

application due to its multichannel mesoporous framework83.  The wood slices were first 

delignified to create and open the inner pores. After that, it was treated with dopants and then 

carbonized, followed by NH3 activation (the obtained samples were denoted as TARC-N). 

TARC-N showed superior ORR activity with halfwave potential E1/2 = 0.86 VRHE, while 

halfwave potential for Pt/C is 0.85 VRHE. The excellent ORR activity was attributed to the rich 

N, S co-doped active sites, synergistic ORR activity, and the hierarchical structure.83  

2.2.2 PGM-free catalysts 

Transitional metals have been considered as convenient alternatives to replace Pt. So far, the 

most widespread and studied PGM-free catalysts are metal, nitrogen co-doped carbon (M-N-

C, M = Fe, Co, Ni, Mn) catalysts.85, 86 The main influential active sites in M-N-C catalysts are 

the metal centre in M-N4 sites.86, 87 Catalytic properties of M-N sites in carbon matrix are 

dominated by the centre metal, first shell atoms, and second shell atoms.88 Furthermore, the 

matrix structure (includes the degree of graphitization, matrix surface area, defects and nitrogen 

atoms) also influence the catalytic performance of the catalysts.89-91 

In 1964, the first M-N4 (Co-N4) macrocyclic compound was first presented as an ORR 

catalyst.92 After that, researchers found that M-N4 suffered from poor thermal and chemical 

stability and electronic conductivity. Pyrolysis of M-N4 at over 800°C to form M-Nx/C hybrids 

with strong covalent metal-nitrogen bonds can significantly enhance their stability and 

activity93, 94. Non-precious metals and nitrogen co-doped carbon have been studied, showing 

improved durability and high ORR activity. Fe, Co-N doped carbon is the most reported ORR 

catalysts with effective catalytic activity.95, 96 Different Fe, Co species and their kinetic 
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activities have been investigated for oxygen reduction (Figure 2.1b). Ramaswamy et al. 

reported that the pyrolysis step relocates the Fe-N4 active site from a πelectron-rich macrocyclic 

ligand environment to a relatively πelectron-deficient graphitic carbon environment due to the 

incorporation of vacant defects and edge-plane sites (Figure 2.7a).97  

Not only the metal centre could influence the catalytic properties of M-N-C, but also the first 

coordination shell and the second coordination shell could also influence the catalytic activity 

(Figure 2.7b).88, 98, 99 Theoretical calculations for the overpotential of the ORR were carried 

out on 11 different Fe-Nx structures with different locations, different coordination numbers 

and different ligands (Figure 2.8a).99 Where edge FeN4-C with an OH ligand bonded on the 

iron centre showed the lowest ORR overpotential within these structures (Figure 2.8b). 

Furthermore, the catalytic pathways could also be altered if the first shell coordinated atoms 

change. Tang et al. reported that FeC2N2 showed a two-electron pathway while FeN4 showed 

a four-electron pathway (Figure 2.8c-e), which dramatically influenced electrocatalytic 

performance.88 Therefore, considering the local environments M-N sites is necessary for 

understanding the catalysts’ catalytic mechanism. 

Figure 2.7 (a) Proposed ORR mechanism in an alkaline medium for FeN4-C structure97. Figure a is 

taken from Ref97. (b) Schematic drawing for M-N-C structures (metal atom: yellow; nitrogen atom: 
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blue, carbon atom: grey. Central metal atom: red dash circle; first coordination shell: red; second 

coordination shell: green dash circle). 

Figure 2.8 (a) schematic structure of different Fe-N sites, edge-FeN4OH in a red circle has the lowest 

overpotential from theoretical calculation, (b) comparison of ORR overpotential for different types of 

Fe-N sites. Figure a-b was taken from Ref99. (c) HAADF-STEM image for the CoNOC sample, (d) Co 
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K-edge EXAFS fittings for CoNOC in R space, (e) LSV curves of ORR obtained in O2-saturated 0.10 

M HClO4 for CoNC, CoOC, and CoNOC samples. Figure e was taken from Ref88. 

Furthermore, anchoring the M-N4 structure into a carbon matrix usually involves thermal 

treatment to hybridize them together, forming inactive metal species such as metal particles. 

Therefore, studying the evolutionary pathways of M-N4 structures is essential to link the metal 

precursors to final M-N4 sites and minimize the formation of unwanted species. Jingkun et al. 

studied the iron precursors to Fe-N4 sites via operando XAS study.100 They revealed that iron 

could evolve to single free Fe atoms at around 600 °C. From then, nanoparticles will form if 

there is no presence of nitrogen-doped carbon, resulting from the competition of Fe-O4 with 

Fe-N4 (Figure 2.9).89 

Figure 2.9 (a) Fe-K edge EXAFS fittings of FeCl2 and SiO2 mixture from room temperature to 1000 °C, 

and (b) the cooling down process from 1000 °C to room temperature, (c) proposed evolution pathway 

of iron precursors to final FeN4 sites carbon. Figure a-c was taken from Ref100. 
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Moreover, the structure of the carbon matrix could also influence the performance.89, 101-111 Li 

et al. developed N-doped carbon hollow spheres with isolated single Co atomic sites (ISAS-

Co/HNCS) (Figure 2.10a) by using the template-assisted pyrolysis (TAP) method108. As can 

be found in Figure 2.10b, ISAS-Co/HNCS showed excellent ORR performance in acidic 

medium (0.5 M H2SO4), even comparable with commercial Pt/C catalysts where halfwave 

potential of ISAS-Co/HNCS is E1/2 = 0.773 VRHE while halfwave potential of Pt/C is E1/2 = 0.79 

VRHE under acidic conditions. By conducting experimental work and DFT calculations, its 

excellent ORR performance was attributed to its well-dispersed Co atomic sites and hollow 

spherical structure. Instead of using a spherical structure, a cubic carbon framework with high 

packing density, a large interior surface and a rigid carbon wall network has also been reported. 

With the self-assembly nature of cubic Fe3O4 particles, a high packing density of nanoparticles 

could be achieved, leading to an optimized interior surface area112. Angang et al. reported cubic 

carbon frameworks with Fe single atoms anchored on cubic N-doped carbon framework 

(Figure 2.10c) by hard template method which etching the Fe3O4 nanocube superlattices away 

followed by ammonia activation113. As shown in Figure 2.10d, the obtained well atomic iron 

dispersed, N doped cubic carbon framework shows remarkable ORR performance in alkaline 

media with a halfwave potential of 0.883 VRHE. Randomly packed Fe3O4 nanocubes were also 

prepared (Fe-N-DCFs). It showed a lower surface than ordered Fe3O4 nanocubes (756 m2 g-1 

vs 1180 m2 g-1) and inferior ORR performance than ordered Fe3O4 nanocubes. MOF derived 

porous carbon has also been a popular catalytic catalyst due to its uniform and easily tuneable 

morphology106, 107, 114. Jianglan et al. reported a concave-shaped MOF derived porous carbon 

structure with efficient mass transport performance and dense Fe-N-C active sites through SiO2 

coating and preheating treatments for ZIF-8 (Figure 2.10e)115. The obtained structure gave 

many mesopores and exhibited a three-fold higher external surface area than the non-concave 

control sample (650 m2 g-1 vs 215 m2 g-1). It shows superior ORR performance under acid 
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conditions. The half-wave potential for concave structure is 12mV higher than the non-concave 

structure in 0.5 M H2SO4 (0.823 VRHE vs 0.811 VRHE), boosted in the fuel cell application 

because its ten times higher catalysts loading. The role of the active site has also been studied. 

Meanwhile, the large external surface area and mesoporosity play crucial roles in maximizing 

active sites density through exposing the initially inaccessible Fe-N4 moieties and thus 

enhancing the mass transport in the tri-phase point. Therefore, local coordination structures, 

synthesis steps, and carbon matrix structure are all crucial for a catalysts with high performance. 

It’s essential to consider all these factors when designing a powerful M-N-C catalysts. 

Figure 2.10 (a) TEM images of isolated single Co atomic sites (ISAS-Co/HNCS). (b) Linear sweep 

voltammetry (LSV) using rotating disk electrode (RDE) technique in O2-saturated 0.5 M H2SO4 at 1600 

rpm rotation rate. Figure taken from Ref108. (c) TEM of the Fe-N-SCCFs. (d) RRDE polarization curves 

of Fe-N-SCCFs and Pt/C at a scan rate of 10 mV s-1 and a rotation speed of 1600 rpm under O2 saturated 

0.1 M KOH electrolyte. Figure taken from Ref113. (e) TEM images and cartoons of single-particle 

concave (left) and nonconcave (right) structures. (f) LSV curves of TPI@Z8(SiO2)-650-C, TPI@Z8-

650-C, Z8/TPI-C and Pt/C at a scan rate of 10 mV s-1 and a rotation speed of 1600 rpm in O2 saturated 

0.5 M H2SO4 (0.1 M HClO4 for Pt/C). Figure taken from Ref115. 

Besides, biomass itself has a low content of heteroatoms to chelate the metal ion to form smaller 

metal nanoparticles in the catalysts, suggesting the introduction of dopants. CNT tube 

structures116 were also likely to be formed with iron’s presence, resulting in an improved 
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electronic structure favouring four-electron pathways. However, it’s challenging to synthesise 

the M-N4 into the carbon matrix as the metal tends to aggregate to the particles, reducing the 

total activity.117 Low-cost sustainable carbohydrates, such as glucose, gelatin, and chitosan, do 

not require complex synthesis processes and pre-treatment, which would be ideal materials to 

obtain single atom M–N–C catalysts on a large scale. Plant biomass118 and animal biomass119 

have also been shown to obtain M-N4 sites with a proper pre-treatment to generate pores. The 

strategies to synthesise single atomic Fe-N4 sites could be summarised as the 1) Chelating 

effect to protection metal ion at low temperature (lower than 600 °C).87 2) protection of metal 

ion over 600 °C, introducing the nitrogen source will help transfer Fe into Fe-N4 instead of iron 

particles or iron oxides.98 3) carbon substrate with high oxygen content and a high surface could 

also contribute to the high loading of metal sites.117 

2.3 BIOMASS-DERIVED ELECTROCATALYSTS 
Biomass represents the most abundant resource on the planet, a promising source for the future 

production of fuels, chemicals and materials and could help shift our society from a fossil-

based economy to a bio-based economy with immediate significant reductions in CO2 

emissions. With suitable post-treatment methods, various biomass types, which are not in 

competition with the food supply chain, have been applied to synthesise ORR electrocatalysts 

(Figure 2.11).120, 121 Biomass is made of mainly cellulose, hemicellulose and lignin. Sometimes 

there are other carbohydrates which include the monosaccharides (glucose, fructose, galactose), 

disaccharides (maltose, sucrose, lactose), and polysaccharides (starch, chitin, chitosan, 

cellulose).  

Among many of the example electrocatalysts, biomass is widely applied as carbon support for 

active sites, which provides surface area, conductivity, and durability in alkaline conditions. 

Graphene, carbon nanotubes have been popular in carbon materials that could provide high 

surface area and conductivity and contribute to catalytic activity. Introducing the graphene and 
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carbon nanotube like structures into the catalysts could boost the catalytic performance and 

increase the active site’s density. Biomass-derived carbohydrates provide building blocks for 

catalysts. By choosing proper synthesis routes, surface area could reach as high as 2588 m2 g-

1 for glucose122, 1716 m2 g-1 for chitosan123, and 1209 m2 g-1 for lignin124, 2091 m2 g-1 for 

pomelo peels125, and 1814 m2 g-1 for human hair126. In addition, selecting a proper synthesis 

route to meet the high catalytic catalysts with high reproducibility and scalability is essential 

for the next step. Also, the carbon surface functional groups can increase active sites loading 

by anchoring the precursors. An oxygen-rich surface could help separate and protect the active 

sites during the carbonisation.127  

However, challenges for biomass-derived carbon remain: biomass alone does not have the right 

heteroatoms and templating agents to generate enough active sites, resulting in low current 

density, and it requires pre-treatment to open up the carbon structure’s hidden pores. For 

example, the metal types and amounts may vary with time and places, significantly reducing 

the catalysts’ reproducibility from biomass.121 Converting the biomass into carbohydrates and 

designing the catalysts from these building blocks will significantly improve reproducibility.127  

 
Figure 2.11 Schematic of biomass types and the active sites in the fuel cell cathode side. 
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2.4 HYDROTHERMAL CARBONIZATION 
The hydrothermal carbonization (HTC) process mimics the coal formation process from nature, 

where it applies temperature and self-generated pressure to convert biomass into coal-like 

materials. Meanwhile, the duration of the HTC process is only a few hours instead of millions 

of years as nature does.128 Hydrothermal carbonization was firstly described by Friedrich 

Bergius in 1913.129, 128 Since then, numerous discoveries have been conducted with various 

biomass resources, temperatures applied, and pH influences on the final produces.130, 131 During 

the last decade, hydrothermal carbonization has been used to convert biomass into functional 

carbonaceous and carbon materials (the carbonaceous material refers to a material with over 

60 wt% carbon content and carbon material refers to a material with over 90 wt% carbon 

content). In this thesis, we will denote the solid carbon materials obtained from HTC as HTC 

carbon. 

Series of work on HTC process and HTC carbon have been reported.130, 132-135 HTC process 

includes a series of dehydration, polymerisation and aromatisation reactions which result in a 

structure of condensed furanic system bridged by aliphatic regions and terminal hydroxyl and 

carbonyl functional groups (Figure 2.12a). Specifically, the HTC product is formed after the 

dehydration of hexoses to hydroxymethylfurfural (HMF). A complex chemical cascade occurs 

after forming these intermediates, which involves a simultaneous combination of ring-opening 

reactions to produce diketones followed by aldol-type condensations with furanic, whilst Diels-

Alder reactions may lead to more aromatised structures, with concurrent polycondensation 

reactions. At the initial stage of polymerization of HMF or furfural, nucleation occurs, and 

particles grow due to the incorporation of HMF derived monomers and thus resulting in 

spherical carbonaceous particles.130 Besides, the structure of the carbonaceous product136 and 

its chemical structure evolution pathway during pyrolysis137 were also studied (Figure 2.12 b-

d). A core-shell structure was observed for HTC carbon obtained from glucose solution where 

the core showed condensed aryl-linked furan subunits and shell showed an enriched range of 
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carboxyl and aldehyde functionalities. 

Figure 2.12 (a) Converts cellulose into Hydrothermal Carbon: rout A: via HMF resulting in a furan-

rich aromatic network and route B: direct aromatization. Figure adapted from Ref130. (b) Schematic of 

the chemical structure of HTC glucose. Figure adapted from ref136. 

The morphology of the HTC carbons could be controlled to get spherical particles, nanosheets, 

nanofibers (Figure 1.9).130 The surface chemistry of the resulting materials can be controlled 

while maintaining the morphology and porosity. Other inorganic components/functional 
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agents/templates can be quickly introduced during the HTC process to obtain desired chemical 

and physical structures. Moreover, oxygenated groups located at the surface of resulting 

particles confer polarity to the resulting materials while simultaneously being removed via 

post-treatments. Besides, in terms of the green chemistry aspect, the HTC process shows an 

efficient way of taking CO2 out of the carbon cycle to reduce the CO2 present in the atmosphere 

by converting biomass to solids and thus capturing CO2, which helps to close the ‘carbon 

cycle’.138 By incorporating different templates and surfactants in the HTC process, different 

morphology of HTC products could be obtained,135 such as hollow nanofibers139, hollow 

carbon spheres140, mesoporous carbon spheres141, nanosheets142. The HTC method of 

converting biomass and biomass-derived precursors into electrocatalysts was also widely 

studied in recent years.120, 143 Followed by post carbonization or activation, high yield, high 

surface area, higher graphitization, and high performance could be achieved. Some of them are 

comparable with the commercial Pt/C catalysts for ORR application.120 121, 143. However, a 

large scale HTC synthesised will also need to consider the solution properties as the 

temperature gradient between the HTC reactor wall and inner solutions could cause convection 

and lead to an inhomogeneous product.144 
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Figure 2.13 (a) SEM images of mesoporous carbon via templating tri-block copolymer Pluronic F127, 

the size of nanospheres can be varied from 20-120nm by changing the concentration of reagents. Figure 

adapted from Ref141. (b) TEM image of HTC carbon-coated nanofibers, followed by removing Te metal 

inner to obtain hollow nanofibers. By adjusting the HTC conditions, the growth of carbonaceous 

nanofibers can be optimized. Figure adapted from Ref139. (c) TEM images of hollow spheres from 

templating HTC carbon on Latex spheres. Figure adapted from Ref140. (d) SEM image of vanadium 

oxides nanosheets obtained via the self-assembling. Figure adapted from Ref142. 

2.5 FREESTANDING ELECTRODE 
Tremendous progress has been made to develop powder formed catalysts with excellent ORR 

performance.45, 145, 146 Conventional catalyst layers were prepared by mixing powder catalysts 

with binder and drop cast on the electrode, facilitating mass transfer due to its single-layer 

configuration.147 However, transferring lab-made catalysts to large scale applications without 

losing their activity and stability are still challenging (Figure 2.14a).148 Moreover, the lack of 

intermediate testing technologies149, 150, design catalysts with mass transport features146, and 

design effective catalysts layers151-153 have also been major obstacles for effective catalysts 

electrode in practical devices. Floating cells154 and gas diffusion electrode155 have been 
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reported as intermediate testing methods by providing closer real fuel cell testing conditions. 

Furthermore, modifying carbon-based supports to increase hydrophilicity and interaction with 

active sites156, tuning pore structures of catalysts for better mass transport157, and modifying 

surface for faster mass transfer158 have been proposed as strategies to improve the oxygen 

diffusion of catalysts. Particularly, developing binder-free, freestanding electrodes is interested 

in practical energy devices.159, 160 

Figure 2.14 (a) Comparison the activity of Pt-based catalysts in RDE and MEA configuration. (b) 

rotating disk electrode (RDE) configuration. (c) Top: floating electrode configuration154, bottom: half 
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cell GDE (gas diffusion electrode) configuration155. (d) fuel cell configuration. Figure a-b and d was 

taken from Ref148. 

So far, carbon fibre mats, metal meshes, freestanding hydrogels, and freestanding metal alloys 

networks have been reported as binder-free freestanding electrodes, where fibrous are the most 

popular structures due to their flexibility and simplicity of functionalization.161-163 To be noted, 

there have also been alternative names in the literature such as monolith (graphene oxide, 

hydrogel), self-support electrode (modified carbon fibre paper), and paper electrode (carbon 

fibre-based electrode). Besides, different fabrication strategies for transition metal-doped 

carbon have been exhibited, including growing catalysts on carbon fibers164, catalysts self-

assembly and using sacrificial templates such as metal mesh165. Liu et al. have reported a free-

standing nitrogen-doped carbon nanofiber (N-CNF) based on polyacrylonitrile (PAN), by 

glueing the fibre mat on RDE to perform ORR.166 The fibre mat was synthesized via 

electrospinning using PAN as a precursor and following a 900 °C thermal treatment at N2 

atmosphere with two combustion boats to dope nitrogen by self-generated NH3 (Figure 2.15a). 

This work sticking N-CNF onto RDE to perform greatly benefits the gas transport during ORR 

testing (Figure 2.15a). Specifically, N-CNF was cut into a 5 mm piece in diameter and then 

stuck onto RDE with 5 µl 0.5 wt% Nafion solution, which can apply to rotate during the ORR 

test and thus accelerates the oxygen transport into a freestanding structure. The ORR onset 

potential and half-wave potentials are -0.034 VAg/AgCl and -0.182 VAg/AgCl, where the onset 

potential was about 45 mV more negative than commercial Pt/C catalysts (Figure 2.15b). N-

CNF exhibits 6.6 % drop in current density after 10,000 s (2.77 h) continuous operation while 

Pt/C exhibits 16.3 % (Figure 2.15c). The comparable onset potential of N-CNF originated 

from the N-induced charge redistribution and the hydrophilicity of N-CNF, while the stability 

of N-CNF could be attributed to its free-standing structure.  



 

 

33 

 

To improve the catalytic performance, transitional metals are usually efficient dopants for 

either post-treatment of the freestanding electrode or in-situ doping on the electrode.160 Cai et 

al. reported N-doped vertically aligned carbon nanotubes on graphene foam (N-VA-

CNTs/GF).165 The electrocatalytic activity was tested by adhering to a piece of N-VA-

CNTs/GF film on RDE.167 Chemical vapour deposition (CVD) was first applied to form 

graphene foam (GF) on Ni mesh, followed by impregnation with catalysts and growth of 

vertically aligned carbon nanotubes (VA-CNTs) (Figure 2.12d). The Ni mesh was removed 

by an etching process followed by coating with PANI to produce N-VA-CNTs/GF. To further 

test the ORR performance of obtained catalysts, electrochemical testing was conducted by 

cutting N-VA-CNTs/GF films into 1mm diameter pieces and sticking them on the glassy 

carbon surface with a 1 µL 0.5 wt% of Nafion solution. VA-CNTs/GF annealing at 800 °C has 

comparable limiting current density to commercial 40 % Pt/C catalysts. Notably, the thickness 

of VA-CNTs/GF film is much higher than Pt/C catalysts. The durability is illustrated in Figure 

2.12f, where VA-CNTs/GF shows an 11 % drop after 10,000 s (2.77 h) operation while Pt/C 

shows a 50 % drop after 20,000 s (5.55 h) operation. As the thickness of GF film is higher than 

power catalysts, ORR testing may not provide a sufficient evaluation for analysing GF films' 

activity, but it is still a convenient way to compare different catalysts under the same testing 

environment. 

Moreover, carbon fibres modified by transitional metals have been reported.164 A hierarchically 

porous structure of metal atom anchored N-doped carbon flakes supported carbon nanofibers 

core fabricated through impregnation, carbonization, and acidification. Polyacrylonitrile (PAN) 

nanofibers were electrospun first and then immersed into a solution containing 2-

methylimidazole and cobalt nitrate to form the leaf-like flake on nanofibers. After that, the 

pyrolysis process was conducted to generate a Co-N site and the acid leaching process to 

remove the metal clusters. The obtained catalysts (Co SA@NCF/CNF) exhibit fascinating 
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ORR performance in a 0.1M KOH electrolyte with a halfwave potential E1/2 = 0.88 VRHE (E1/2 

= 0.84 VRHE Pt/C). By conducting experiments and DFT calculations, its superior ORR 

electrocatalytic performance was attributed to its well dispersed active sites, hierarchical 

porous structure, conductive nanofiber backbone, and binder-free design. 

Notably, a popular method of enlarging the three-phase boundary in fuel cell cathodes is 

applying a thin and highly hydrophobic micro-porous layer on the substrate material, reducing 

the liquid saturation in the catalyst layer.168 The method was first used on noble metal 

electrocatalysts by applying poly(tetrafluoroethylene) (PTFE) hydrophobic agents onto Teflon 

treated carbon fibre papers loaded Pt/C catalyst, boosting oxygen diffusion through the cathode. 

Lu et al. illustrated a ‘superaerophilic’ free-standing structure by growing porous cobalt-

incorporated nitrogen-doped carbon nanotube (CoNCNTs) arrays on carbon fibre paper (CFP) 

with PTFE post-treatment (Figure 2.15i)169. Compared to commercial Pt/C loaded carbon fibre 

paper, CoNCNTs possessed abundant three-phase contact point obtained through this 

‘superaerophilic’ construction (Figure 2.15h) and significantly increased the utilization of 

electrocatalysts and catalytic efficiency. The electrochemical performance of this free-standing 

electrode was measured in a three-electrode glass cell with O2 bubbled through the electrolyte. 

CoNCNTs showed a lower onset potential than Pt/C catalyst on PTFE coated Teflon treated 

carbon fibre paper due to the intrinsic catalytic properties and higher current density as its 

‘superaerophilic’ architecture (Figure 2.15i). Notable ORR performance was obtained in a 

wide pH window (both in acid and base media). Subsequently, PTFE treated CoNCNT carbon 

fibre paper showed superior stability at high current density, attributed to the high surface area 

afforded by the morphology and excellent connectivity between the CoNCNT and carbon fibre 

substrate.  

Therefore, a freestanding electrode with high stability and catalytic performance could be 

obtained by carefully selecting precursors and designing the synthesis method. The micro 
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structure and macro structure of the freestanding electrode can influence the mass transfer and 

therefore need to consider when designing a freestanding electrode as catalysts for ORR. 

Figure 2.15 (a) Photograph of free-standing films and disk-shaped N-CNF for the electrode 

modification. (b) LSV of ORR N-CNF and Pt/C in O2-saturated 0.1M KOH solution at 10 mVs-1 scan 

rate at 1600 rpm. (c) Chronoamperometric response of N-CNF and Pt/C at -0.26 V in O2-saturated 0.1M 

KOH at 1600rpm rotation rate. Figure a-c was taken from Ref166. (d) synthesis route of N-VA-CNTs/GF, 

(e) LSV curves of different VA-CNTs/GF in 0.1 M KOH, (f) Durability evaluation of the N8-VA-

CNTs/GF and 40% Pt/C for 20,000 s (5.55 h). Figure d-f was taken from Ref170. (h) Schematic 

illustration of the superaerophilic structured electrode by direct growing CoNCNTs on CFP, both 

electron transport and oxygen-diffusion processes are accelerated, (g) SEM images of the CoNCNTs 

arrays on carbon fibre paper, the scale bar is 2 µm, (i) LSV curves of the T-CoNCNT-CFP. Figure h-i 

was taken from Ref169. 
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Chapter 3  

FREESTANDING CARBON ELECTRODES FOR THE OXYGEN 

REDUCTION REACTION 

3.1 INTRODUCTION 
Freestanding electrodes provide advantages such as fewer components in a system, better 

integration, minimising the manufacturing steps and facilitating recyclability.  In addition, 

freestanding electrodes can be prepared with mechanical strength and made portable & smaller 

in size. The advantages of binder-free, metallic current collector-free and inactive conductive 

additive-free made freestanding electrodes highly desirable in electrochemical devices.171 

However, challenges such as high mass transfer barrier, upscale synthesis, and testing 

configuration remain. 

A cost-effective and scalable way to synthesise effective catalysts and supports is necessary to 

support the commercial uptake of the fuel cell technology. Hydrothermal carbonisation is a 

green process whereby a biopolymer (cellulose, glucose) is decomposed under hot, compressed 

water and autogenerated pressure to repolymerise into a more condensed version furan-like 

carbonaceous material with oxygenated surface groups (Figure 2.21). The advantage of this 

method is the possibility of modulating the morphology and pore structure and hybridising 

either heteroatoms or inorganics within the structure of the hydrothermal carbons.  

This chapter synthesised a nitrogen-doped three-dimensional hierarchical and interconnected 

carbon network via an easy, cost-effective, and scalable hydrothermal carbonisation method. 

This carbon electrode will be used as a freestanding, binder-free electrode for the oxygen 

reduction reaction. We have developed a new way of supporting the freestanding electrode-

electrocatalysts to be tested in rotating disk configuration. The synthesised freestanding 

electrodes were tested using a freestanding electrode tip, which screws the electrodes onto RDE. 
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Linear sweep voltammetry and chronoamperometry tests show that the pellet catalysts or 

supports show superior stability (no noticeable current loss after 40,000 s (11.11 h) test). 

Furthermore, the degradation of the carbon electrode was studied and revealed that only the 

top layers of the carbon electrode were degraded with an increasing amount of oxygen content.  

A primary Zn air battery was assembled to demonstrate the ability of our freestanding 

electrodes-catalysts pellet to be used directly in electrochemical devices.  The pellet's 

microstructure and chemical structure were optimised by varying the carbonisation temperature 

and pellet thickness. The higher the pellet’s thickness, the higher the diffusion transfer. 

However, a better understanding of the type and distribution of active sites is still needed to 

impart an improved performance to the pellet.  

3.2 SAMPLE PREPARATION 

Reagents and solutions. All chemicals were used without further purifications. D –(+) 

Glucose (Sigma-Aldrich, BioReagent, ≥ 99.5 %), melamine (99%, Sigma Aldrich), potassium 

hydroxide hydrate (99.995%) Suprapur, deionised water (DI) (18.2 MΩ cm), absolute ethanol 

(≥ 99.9%, Fisher Scientific). 

Synthesis of HTC carbon spheres. Glucose, a readily available monosaccharide, was used as 

an eco-friendly precursor and a source of carbon framework for doping nitrogen atoms. 

Hydrothermal carbonisation (HTC) of this six-carbon sugar yielded spherical particles with an 

average diameter of 340 nm. For each sample, 14 g of solid glucose dissolved in 140 ml DI 

water in a glass beaker, then stirred for 1 hour. The next stage of the synthesis was the HTC of 

the glucose solution. The prepared solutions were transferred to a 200 ml hydrothermal reactor 

(Kemi, Anhui, China), with the reactor then placed in a pressurised furnace (Memmert, 

Germany) at 200 °C for 12 hours. The obtained solid sample was further filter-washed with 

500 mL water to remove any unreacted substances. After that, the obtained samples were 
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vacuum dried at 120 °C for 24 hours to remove any remaining moisture, producing dehydrated 

samples fit for milling. Milling was carried out using a pestle and mortar for around 20 mins 

to yield a fine powder of hydrothermal carbon spheres. 

Synthesis of nitrogen-doped carbon spheres (NC700_0, NC800_0, NC900_0, NC1000_0). 

Melamine was chosen as the nitrogen precursor due to its rich N content and wide availability. 

Melamine was first mixed with HTC powder by a 1:1 mass ratio, and then milling was carried 

out for around 20 mins using a pestle and mortar to yield a well homogeneous fine powder. 

The carbonisation was then carried out in a tubular furnace by one-step carbonisation under N2 

atmosphere (gas flow rate: 0.5 L min-1). The temperature was ramped up to T °C (T = 700, 800, 

900, 1000) for 2 hours with a heating rate of 5 °C min-1. The obtained samples were denoted 

as NC700_0, NC800_0, NC900_0, and NC1000_0, respectively. 

Synthesis of nitrogen-doped carbon pellets (NC700_25, NC700_50, NC700_75, NC800_25, 

NC800_50, NC800_75, NC900_25, NC900_50, NC900_75, NC1000_25, NC1000_50, 

NC1000_75). Similar to the preparation of nitrogen-doped carbon spheres, melamine was first 

mixed with HTC powder by a 1:1 mass ratio, and then milling was carried out for around 20 

mins using a pestle and mortar to yield a well homogeneous fine powder. To form a pellet 

shape sample, 25 mg of the obtained mixture was loaded into an 8 mm die, followed by a 780 

MPa (4 tonnes) pressure applied on the mixture samples using a manual hydraulic press 

(Specac). The equation to calculate the pressure: 

𝑃𝑟ⅇ𝑠𝑠𝑢𝑟ⅇ =
𝐹𝑜𝑟𝑐ⅇ

𝐴𝑟ⅇ𝑎
=

𝑚𝑔

𝜋𝑟2
=

4000 × 9.8

3.14 × 0.0042
 𝑃𝑎 ≈ 780 𝑀𝑃𝑎 

The obtained brownish pellets were placed in the middle of a rectangular crucible, and the 

carbonisation was then carried out in a tubular furnace by one-step carbonisation under N2 

atmosphere (gas flow rate: 0.5 L min-1). The temperature was ramped up to T °C (T = 700, 800, 
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900, 1000) for 2 hours with a heating rate of 5 °C min-1. The obtained samples were denoted 

as NC700_25, NC800_25, NC900_25, and NC1000_25, respectively. 

To investigate the thickness influence, pellets with different thicknesses were also prepared 

similarly. By loading different melamine/HTC mixture amounts, we can vary the thickness 

within a controllable range. Instead of 25 mg loading amount, pellet with 50 mg and 75 mg 

loading amount was also prepared, the obtained samples were denoted as NC700_50, 

NC700_75, NC800_50, NC800_75, NC900_50, NC900_75, NC1000_50, NC1000_75, 

respectively. 

The equation to calculate the obtained density of pellet samples: 

𝜌 =
𝑚𝑎𝑠𝑠

𝑉𝑜𝑙𝑢𝑚ⅇ
=

𝑚

𝑇ℎ𝑖𝑐𝑘𝑛ⅇ𝑠𝑠 × 𝜋 × (
𝐷
2)

2  

The Thickness value is the average of three measurements, D is the diameter of the pellet (the 

value is the average of the three measurements), and m is the mass of the pellet (the unit for 

density is g cm-3). 

3.3 RESULTS AND DISCUSSION 
Nitrogen-doped pellets were denoted NCT_X, where T is the carbonisation temperature, and  

X is the pallet’s thickness. The synthetic strategy is illustrated in Figure 3.1. Firstly, 

hydrothermal carbon spheres with abundant oxygen functionalities were prepared by 

hydrothermal carbonisation of the glucose. The obtained hydrothermal carbon spheres were 

mixed with nitrogen (melamine) with a 1:1 weight ratio, followed by a pelleting process where 

the mixture of the melamine and carbon was loaded into a die. The obtained brownish pellets 

were then carbonised under N2 atmosphere. During the carbonization, melamine melted and 

decomposed into NH3 to introduce the nitrogen into carbon substrate, and a hierarchical porous 

structure was generated; the obtained sample was noted as NC900_25. By varying the thickness 
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and carbonization temperatures, both physical and chemical structures were controlled. The 

final pellet samples were denoted as NCT_X, where T represents the carbonisation temperature, 

and X represents the input carbon mixture weight related to pellet's thickness. E.g. NC900_0, 

NC900_25, NC900_50, and NC900_75, represent samples carbonized at 900 °C with thickness 

of 0 (powder without pelleting), 25 (~ 0.35 mm), 50 (~ 0.75 mm), 75 (~ 1.05 mm).  

 
Figure 3.1 Scheme illustration for the synthesis of nitrogen-doped pellet. 

After the carbonisation process, the NC800_25 pellet shrinks by ~ 20 % in diameter and ~ 1-

3 % in thickness. The obtained NC900_25 is ~ 40 % weight compared to the prior pellet 

carbonisation. The small differences in the size of the pellet before and after carbonisation 

cumulated with a significantly reduced pellet weight suggests that abundant pores are formed 

during the carbonisation process, accompanied by the melting and decomposition of 

melamine.172, 173 A pellet with many nanopores will facilitate electrolyte and ion transport 

contact when used as a fuel cell electrode.174 Furthermore, pellets with different thicknesses 

and diameters can be easily fabricated by changing the die diameter.  
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Figure 3.2 Image of a mixture of melamine and HTC spheres (a) before and (b) after carbonisation 

(NC900_0), (c) SEM image of NC900_0 (insert: zoom in SEM image of NC900_0). (d) Image of 

carbonised pellet sample, (e) top view and cross-section view of the pellet sample, (f) top-view SEM 

images of the carbonised sample (NC900_25), and (g) cross-section view SEM images of NC900_25 

(insert: zoom in SEM images of NC900_25). (h) TEM images and (i-j) high-resolution TEM images of 

NC900_25. (k) HAADF-STEM image of NC900_25 and the EDS mapping results of NC900_25. 

3.3.1 Morphology and structure characterisations 

As shown in Figure 3.2c-g, NC900_25 consists of peanut shape spheres with a diameter of 

492 nm, 50 nm smaller than NC900_0 (powder sample instead of pressed into pellet).  The 

NC900_25 carbon spheres are compact and provide an inter-connected structure. The thickness 

of the electrode is ~ 0.34 mm as measured from both the cross-section scanning electron 

microscopy (SEM) image and calliper (measured three times and average the value). The 

microstructure of NC900_50 was investigated by transmission electron microscopy (TEM). 

The high-resolution TEM (HRTEM) confirms that the pellet consists of a highly amorphous 

microporous structure (Figure 3.2i-j). To further investigate the atom distributions in the pellet, 

the high-angle annular dark-field (HAADF) image and the elemental mappings of the carbon 

spheres are also obtained. The elemental mappings of carbon, nitrogen and oxygen in a single 

carbon sphere (Figure 3.2 g-m) reveal a uniform carbon, nitrogen, and oxygen distribution in 
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the NC900_25 pellet sample. The above results suggest that nitrogen is doped into the carbon 

substrate by the decomposition of melamine. The nitrogen doping in carbon nanomaterials 

would further modify the chemical and electronic properties of the carbon host and then 

enhance the oxygen adsorption compared with non-doped carbon materials.74  

  

Figure 3.3 (a) Segmentations from reconstructed NC900_25 CT scan of carbon phase on the top and 

pore phase on the bottom, (b) 3D segment of NC900_25 on the top and isolated pores on the bottom, 

(c) 2D CT image of NC900_25 (grey represent carbon, blue represent pores connect to air and red 

represents isolated pores which are inaccessible to air). (d) N2 adsorption isothermal curves of NC900_0 

and NC900_25, (e) calculated pore size distribution from isothermal curves of NC900_0 and NC900_25, 

(f) comparison of the pore size distribution of NC900_0 and NC900_25. Fitted SAXS patterns of (g) 
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NC900_25 and (h) NC900_0, (i) comparison of average pore diameter, relative surface area (A value) 

and relative amount of pores (B2 value) fitted from SAXS spectrums of NC900_0 and NC900_25. 

Systematic characterisations were conducted to get insights into the porous structure from the 

nanoscale to the macroscale of the obtained pellet, which includes computed tomography (CT), 

physical adsorption, and small-angle X-ray scattering (SAXS). Nano X-ray computed 

tomography was carried out to visualise the carbonised pellet in 3D. The reconstruction of the 

image and segmentation process allowed us to calculate the porosity of pellet samples (Figure 

3.3a-c). The irreversible isotherm might be the high amount of micropores that prevent the 

nitrogen molecules from getting out from the samples. Possible solutions such as increasing 

heating time and temperature can be applied in outgas step to get reversible isotherms. The lab 

CT systems produced a pixel resolution of 63.15 nm providing clear images and good contrast 

for the NC900_25 pellets. As shown in Figure 3.3a, NC900_25 presents a highly porous 

carbon network where 40 % of the volume could be assigned to the air, providing good 

accessibility of the electrolyte to the active sites if used as a freestanding electrode. 

In contrast, the non-accessible isolated pore volume is only 2.8 % (Figure 3.3c). As shown in 

Figure 3.3d, N2 physical adsorption was performed, and the BET method was used to 

determine the specific surface area and the pore size distribution of NC900_25. NC900_25 

showed a specific surface area of 381 m2 g-1, while the obtained NC900_0 has a low specific 

surface area with around only 13 m2 g-1. From the pore size distribution in Figure 3e,f, we 

could see that NC900_0 consists of a combination of micropore (< 2 nm) and mesopore (2-50 

nm), where micropores contribute most of the pore volume.  

SAXS pattern covers a wide length scale, and morphological information can be extracted from 

most possible microstructural features. The A slop value in q-4 at a low angle corresponding to 

the Porod’s law of scattering by sharp interfaces could be ascribed to the macroscopic surface 

area.175 The B2 value in q-6 just after the Porod region corresponding to Guinier’s law of 
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scattering by microporosity could be ascribed to the relative amount of pores.175 Fitted SAXS 

results showed the average pore diameters for NC900_25 (1.72 nm) is bigger than NC900_0 

(1.62 nm). Fitted A and B2 values proportional to the total surface area and the total number of 

pores, respectively, were also fitted (Figure 3.3h).176 Whereas NC900_25 showed 236 % total 

surface area and 223 % relative number of pores compared to NCS900_0.  

The crystal structure and phase compositions of the NC900_25 were revealed by X-ray 

diffraction (XRD) (Figure 3.4a). The diffraction peak at 24.3 ° is indexed to the (002) graphite 

plane, a typical characteristic peak of graphitic carbon with a low degree of graphitisation. The 

Raman spectra of the NC900_25 display two peaks at 1349 cm-1 (D-band) and 1570 cm-1 (G-

band) (Figure 3.4b). The ID/IG value of NC900_25 is calculated to be 1.17, slightly lower than 

NC900_0 (1.27), suggesting NC900_25 possesses a higher graphitization degree. These ID/IG 

values are signatures of low crystallinity carbon with disordered orientations. 

Figure 3.4 (a) XRD patterns of NC900_25 and NC900_0, (b) Raman spectra of NC900_25 and 

NC900_0. 

3.3.2 Chemical characterisation 

The surface chemical state of the NC900_25 and NC900_0 was characterised by X-ray 

photoelectron spectroscopy (XPS) in Figure 3.5. Both survey spectrums showed a pronounced 
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XPS C1s peak at 285 eV, a much weaker N1s peak at 400 eV and an O1s peak at 533 eV 

(Figure 3.5a). The atomic percentages were extracted from the survey spectrums, where 

NC900_25 shows 83.7 at%, 6.7 at%, and 9.6 at% for carbon, nitrogen, and oxygen, respectively, 

while NC900_0 shows 76.4 at%, 12.2 at%, and 11.4 at%. Elemental analysis was also 

performed to investigate the carbon and nitrogen content in NC900_25 and NC900_0, where 

NC900_25 and NC900_0 showed 5.8 wt% and 7.4 wt% nitrogen content, respectively. High-

resolution XPS spectrums were conducted to get more insights into the chemical structures of 

the obtained nitrogen-doped carbon. As shown in Figure 3.5 d-f, the high-resolution XPS 

spectrums were deconvoluted (see above experimental method).177 C1s spectrum of NC900_25 

(Figure 3.5d) could be deconvoluted into six types where graphitic carbon and carbon in more 

than six-member ring (C-Chigh) / carbon bonded to N (Csp2-N) account for 56 % and 22 % of 

the total carbon content, respectively. N1s spectrum of NC900_25 can be deconvoluted into 

five types of nitrogen bonds, where pyridinic nitrogen and pyrrolic nitrogen accounts for 41.8 % 

and 31.0 % of the total nitrogen content. The contribution of nitrogen types to electrocatalytic 

activity is still under debate. However, a recent report showed that combining all three types 

of nitrogen could contribute to catalytic performance.178  

Besides, inductively coupled plasma mass spectrometry (ICP-MS) was performed on both 

NC900_0 and NC900_25, and the Fe concentrations were lower than the detectable range (less 

than 2 ppb). 
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Figure 3.5 XPS survey spectrums of (a) NC900_25 and (b) NC900_0, (c) comparison of C, N, O atomic 

percentage of NC900_25 and NC900_0. Deconvoluted high-resolution spectrums of (d) C1s, (e) N1s, 

and (f) O1s for NC900_25. Deconvoluted high-resolution spectrums of (g) C1s, (h) N1s, and (i) O1s 

for NC900_0. 
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Moreover, it requires further investigation into how these increased oxygen functional groups 

could influence catalytic activity. Fourier transform infrared spectroscopy (FTIR) was 

performed to investigate the influence of the pelleting process on the chemical bonds of 

uncarbonized NC900_25 pellet and NC900_0 powder. It could be seen that both samples 

showed characteristic peaks belonging to melamine and HTC carbon (Figure 3.6). Compared 

to uncarbonized NC900_0, a stronger C=O bonding at 1702 cm-1 and a weaker O-H binding at 

3117 cm-1 could be seen in uncarbonised NC900_25.  

Figure 3.6 FTIR spectrum of HTC carbon, melamine, uncarbonized NC900_25, and uncarbonized 

NC900_0. 

To conclude, NC900_25 has shown an interconnected porous carbon network with 

homogeneous nitrogen-doped in both macro and micro scales, facilitating the electrolyte mass 

transfer. Besides, NC900_25 showed a superior high surface area and abundant nitrogen. 

Which might be suitable for post-treatment to form isolated active sites.127 Further, the 

electrochemical characterisations were performed to investigate the catalytic performance of 

these catalysts. 
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3.3.3 Electrochemical analysis in RDE 

To investigate the kinetic performance of the obtained samples, a rotating disk electrode (RDE) 

was applied. In Figure 3.7a, the ORR catalytic performance of NC900_25, NC900_0, and 

commercial Pt/C (55-58 wt%) were evaluated by cyclic voltammetry (CV) under alkaline 

conditions (0.1 M KOH oxygen/nitrogen saturated). While in the absence of oxygen (Nitrogen 

saturated), a featureless CV was recorded, in the presence of oxygen, a clear peak appeared 

corresponding to the oxygen reduction reaction between 0.6 to 0.5V (vs RHE) for both samples 

(Figure 3.7 b-c). The peak was slightly more positive oxygen reduction peak and onset 

potential than those of NC900_0. LSV was carried out to evaluate the oxygen reduction kinetic 

activity (Figure 3.7d-f). The onset potential for both NC900_25 and NC900_0 is around 0.76 

V. NC900_25, displaying a half-wave potential of 0.61 V (@ 1.5 mA cm-2), which is 30 mV 

positive than NC900_0 (E1/2 = 0.58 V). At the end of the sweeping potential, the limiting 

current density of NC900_25 achieved -2.92 mA cm-2, whereas NC900_0 is -2.68 mA cm-2. 

With the same amount of catalysts loading, limiting current density suggests a similar amount 

of accessible active sites, which suggests NC900_25 possesses a similar amount of active sites 

to NC900_0. Nevertheless, the catalytic nitrogen-doped carbon is hard to compare with 

commercial Pt/C catalysts (Eonset = 1.04 V, E1/2 = 0.89 V, and limiting current density @0.2V 

is -4.76 mA cm-2). Further, chronoamperometry (CA) testing was performed to check the 

stability of NC900_25 in Figure 3.7g. After holding 10,000 s (2.77 h) at 0.63 VRHE, 60 % of 

the current was retained for NC900_25, whereas Pt/C showed 76 % current retention. LSV 

before and after the CA was also recorded (Figure 3.7h). After 10,000 s (2.77 h) at 0.63 VRHE, 

the potential negatively shifted 69 mV for NC900_25 samples. Overall, NC900_25 provides 

similar electrochemical performance to the powder samples. However, as testing in the three-
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electrode set-up sacrifices the macro 3D structure merits, a  freestanding electrode mimicking 

the RDE was introduced to test the pellet samples.  

Figure 3.7 (a) CV curves at 0rpm, 100 mV s-1 scan rate for NC900_25, NC900_0, and Pt/C. CV curves 

for (b) NC900_25 and (c) NC900_0 recorded in oxygen/nitrogen saturated 0.1 M KOH conditions. (d) 

LSV curves at 1600 rpm, 10 mV s-1 scan rate for NC900_25, NC900_0, and Pt/C. LSV curves for (e) 

NC900_25 and (f) NC900_0 recorded in oxygen/nitrogen saturated 0.1 M KOH conditions. (g) 

Chronoamperometric responses of NC900_25 at 0.63 VRHE and 1600 rpm. (h) LSV curves recorded 

before and after 10,000 s (2.77 h) CA test at 0.63 VRHE. (Catalyst loading: 0.28 mg cm-2, Pt loading 

0.021 mg cm-2) 

3.3.4 Testing freestanding electrode 

To test the freestanding electrode without breaking it into powder, a special freestanding RDE 

tip was applied. The configuration of the freestanding RDE tip is shown in Figure 3.8a. Like 
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the conventional RDE electrode, it replaced the drop-casting catalyst layer to the pellet, 

NC900_25, in this case. Most freestanding/self-supported electrodes are limited by the high 

mass transfer barriers caused by their thickness. Freestanding tip offers rotation conditions for 

the pellet samples while testing to facilitate the mass transfer.  

CV was performed to investigate the catalytic activity of NC900_25 under oxygen and nitrogen. 

Samples were rotating in the electrode and activated for 1500 seconds at 0.5 V (RHE) before 

starting the test. The commercial 40 wt % Pt/C carbon fibre paper was also tested for 

comparison. As depicted in Figure 3.8b, no ORR catalytic activity was observed under the 

bubbling of N2. However, a significant reduction peak could be observed under the O2 

condition. Notably, the oxygen reduction peaks were only prominent under a slow scan rate for 

the pellet sample, suggesting high mass transfer barriers (Figure 3.8c). The onset potential of 

Pt/C paper for ORR in the 0.1 M KOH was around 1.05 V. It was more positive than that of 

NC900_25 (0.83 V). The ORR reduction peak current density for NC900_25 was 0.7 V. More 

importantly, previous studies had indicated that the area of the CV loop under N2 rich 

electrolyte was regarded as a benchmark to appraise the electrochemically active surface area, 

which could significantly affect the ORR performance of catalysts. Figure 3.8b and Figure 

3.11a shows that the voltammogram area follows the order of NC900_25 > Pt/C, implying that 

the NC900_25 electrodes had a great potential in catalysing ORR and further enhancing the 

performance of doping transitional metals such as Fe.  

LSV was carried out to evaluate the oxygen reduction characteristics of NC900_25 and was 

shown in Figure 3.8d-e. The onset potentials determined from LSV curves of Pt/C and 

NC900_25 were 1.05 V and 0.89 V, respectively, which agreed with the CV results. As shown 

from Figure 3.8e, a significant fraction of current for NC900_25 was capacitive current (under 

N2) instead of the faradic current, while Pt/C carbon paper primarily shows faradic current. 

After extracting the current under N2 conditions, the LSV curve of NC900_25 showed a similar 
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trend as NC900_25 tested in RDE but higher onset potential and higher limiting current density 

at 0.4 V, which was caused by different loading of the catalysts. With 3D structures, NC900_25 

in pellet form provides more exposure of the sufficient electrochemically active are, and high 

conductivity substantially increase the chances of as-prepared electrode contact with the 

electrons and further accelerate the ORR process. Long-term stability was also an important 

indicator to evaluate the performance of the electrode. The NC900_25 was continuously run 

under 0.5 V for 40,000 s (11.11 h) under 0.1 M KOH with 1600 rpm rotation. As shown in 

Figure 3.8g, no noticeable current loss could be seen while the Pt/C paper suffers a 40 % 

current loss. This is different from the RDE test where NC900_25 powder loss nearly 40% 

current after 10,000 s (2.77 h), and which is probably due to the corrosion of the pellet continues 

to happen, but the inaccessible part of the pellet gain access to the electrolyte after the top layer 

is corroded and thus gives this long term stability. NC900_25 pellet was assembled into solid 

primary Zn-air batteries to demonstrate further its ability to be an actual device (Figure 3.8i). 

NC900_25 was used as an air cathode directly, the solid electrolyte was fabricated in the lab, 

and a polished Zn foil was used as the anode. The open-circuit voltage reached nearly 1.6 V, 

close to the theoretical value (1.65 V), and the current density reached 24 mA cm-2. Thus, 

compared to the NC900_25 in powder form, the NC900_25 pellet showed higher onset 
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potential, higher limiting current, and much higher stability, all of which are likely to originate 

from the 3D carbon framework.  

Figure 3.8 (a) Scheme of freestanding tip (1: PTFE, 2: silicon rubber, 3: pellet samples, 4: stainless 

steel, 5: PTFE holder), and a photo under testing conditions. (b) CV curves recorded under 1600 rpm 

in oxygen and nitrogen saturated 0.1 M KOH and a 0.1 mV s-1 scan rate for NC900_25. (c) CV curves 

at 1600 rpm in oxygen saturated 0.1 M KOH, 1-100 mV s-1 scan rates for NC900_25. (d) LSV curves 

recorded at 1600 rpm in oxygen saturated 0.1 M KOH, 1 mV s-1 scan rates for NC900_25 and Pt/C 

paper (background current extracted), LSV curves recorded at 1600 rpm in oxygen, nitrogen saturated, 

0.1 M KOH, 1 mV s-1 scan rates for (e) NC900_25 and (f) Pt/C paper. (g) Chronoamperometric 

responses of NC900_25 and Pt/C paper at 0.477 VRHE under 0.1 M oxygen saturated KOH with 1600 

rpm rotation rate. (h) Schematic of working principle of Zn-air battery. (i) Discharge curve of the 

NC900_25 pellet. 
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The stability of the pellet was also investigated before and after the CA test. As shown in 

Figure 3.9a, no noticeable change could be seen in CV curves before/after the CA test. XPS 

was performed before and after cycling the pellet, a more prominent oxygen peak could be 

seen in XPS surveys, and the total amount of oxygen increased from 7.89 at% to 21.05 at%, 

suggesting the pellet surface might be oxidised during the oxygen reduction reaction. From the 

high-resolution XPS spectrums, no noticeable change or peak shift could be observed. The 

optical image of the NC900_25 pellet shows that more holes were generated on the pellet 

surface after the CA test. 

Moreover, from the corresponding SEM images, it could be observed that the surface of the 

NC900_25 was corroded. However, it seems that the middle inside the NC900_@25 pellet was 

not affected, which suggest the surface of the pellet was reacting during the oxygen reduction 

reaction, and the inner pellet was not reacting much might due to the limited mass transfer of 

oxygen to the active sites. Additionally, more research efforts are needed to investigate the 

mass transfer limitations throughout the pellet and the degradation mechanism of the pellet 

during the oxygen reduction reaction.  
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Figure 3.9 (a) CV curves before and after the 50,000 s (13.89 h) CA test at 0.5 V under oxygen saturated 

0.1 M KOH, 0.1 mV/s scan rate. (b) XPS survey spectrums of NC900_25 and after CA test, (c) 

comparison of surface elements changes before and after CA. High-resolution spectrums of (d) C1s, (e) 

N1s, and (f) O1s before and after the CA test (Intensity after normalised).  

Figure 3.10 Optical microscopy images (a-b) before and (e-f) after CA test of NC900_25. SEM images 

of (c) top view and (d) inner pellet before CA test of NC900_25. SEM images of (g) top view and (h) 

inner pellet after CA test of NC900_25.  
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The freestanding tip method, CV, and LSV curves of Pt/C paper have been recorded (Figure 

3.11). Similar to NC900_25 pellet sample, Pt/C paper also showed current density is 

proportional to the scan rate but more pronounced oxygen reducing peak at around 0.9 VRHE. 

The thickness of the carbon fibre paper is 0.03 mm, which is almost ten times thinner than 

NC900_25 (0.2 - 0.3 mm), which indicate the thicker electrode gives more barrier for mass 

transfer. CV in Figure 3.11b showed oxygen reduction peaks starting at 1.05 V, more positive 

than Pt/C powder tested in RDE, which is caused by the higher amount of Pt. The rotation 

speed influence of the freestanding tip was also investigated (Figure 3.11c), where a clear 

difference could be seen after adding rotation to the freestanding electrode. This suggests that 

mass transfer plays an essential role in the freestanding electrode. Also, the mass transport issue 

might be tackled with proper testing configuration by adding pressurised oxygen.  

To sum up, in the electrochemical characterisations, we have demonstrated the difference 

between testing powder and testing freestanding pellet. When testing in the three-electrode 

systems, similar electrochemical performance could be found in NC900_0 and NC900_25. 

However, when testing pelleting in freestanding electrode tip, a higher onset potential, higher 

current density, and higher stability with no obvious current loss after 40,000 s (11.11 h) were 

observed, which suggesting the contributions from the 3D structure of the pelleting, such as 

higher loading amount, interconnected hierarchical pore structures and abundant active sites.  

Figure 3.11 (a) CV curves recorded under 1600 rpm in oxygen and nitrogen saturated 0.1 M KOH, 

100-1 mV s-1 scan rates for Pt/C paper. (b) CV curves at 1600 rpm in oxygen saturated 0.1 M KOH, 1 
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mV s-1 scan rate for Pt/C paper. (c) Comparing LSV curves of NC900_25 and Pt/C paper, with and 

without rotation, tested in O2 saturated 0.1 M KOH with a 1 mV/s scan rate. 

3.4 CONCLUSION 

In conclusion, we have reported a facile, cost-effective, and scalable method for fabricating 

nitrogen-doped freestanding porous 3Dcarbon networks from biomass-derived sugar glucose. 

Multi-scale characterisation methods were performed to study both physical and chemical 

structures from nm to mm scale. A freestanding electrode test method was also proposed. The 

pellet showed superior stability and kinetic activity than powder samples because of its 3D 

tortuous structure with voids between particles. A primary solid Zn-air battery was assembled 

directly using the obtained pellet samples, which revealed its potential to serve as an air 

electrode. Besides, via post functionalisation and increasing the conductivity of pellet samples, 

pellet samples with more efficient electrochemical performance could be synthesised and thus 

pave a way to use them as air electrodes in energy conversion applications. Future work could 

focus on CT models to understand the tortuosity and design electrodes with better mass transfer. 

Some preliminary trails have been made to find optimized pellet thickness and carbonisation 

temperature conditions in the appendix. Moreover, computer modelling could speed up the 

process. Further applying the carbon electrode into a real gas diffusion layer will be desirable 

to understand its structure-performance relationship. 
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Chapter 4  

ENGINEERING FENX ACTIVE SITES ON FREESTANDING 3D 

CARBON ELECTRODES FOR THE OXYGEN REDUCTION 

REACTION 

4.1 INTRODUCTION 
Transition metals (such as Fe, Co, Ni) with 3d unoccupied orbitals can accept additional 

electrons, consequently reducing the bonding strength between *OOH and *O/*OH 

intermediates, allowing them to catalyse the O2 reduction process.179 They have been 

considered low-cost alternatives to the commercial Pt/C catalysts. However, the ORR activity 

of conventional transition metal nanoparticles is lower than that of Pt/C counterparts by almost 

one order of magnitude, preventing their commercialisation and wide range implementation as 

eligible ORR catalysts.180, 181 Strategies such as regulating the morphology and electronic 

structure have been applied to transition metal catalysts to improve their ORR activity. 

Nevertheless, reports achieving comparable activity and durability to Pt/C are scarce due to 

their low intrinsic activity.44, 182, 183 Progress on non-noble catalysts has been made by designing 

atomically dispersed transition single atoms coordinated to nitrogen atoms doped within the 

carbon materials. These catalysts maximise their active sites utilisation and become the most 

promising earth-abundant catalysts that could replace the Pt/C catalysts in future fuel cells.146   

In the last chapter, I have presented the synthesis of freestanding pellets with abundant nitrogen 

sites and high surface area. These abundant nitrogen dopants will serve as anchoring sites for 

single transition metal atoms on the respective freestanding carbon pellets. This chapter 

synthesised a freestanding pellet with atomically dispersed FeN4 with improved catalytic 

activity than without Fe doping. STEM, SAXS/WAXS, XPS, EPR XAS, and RDE/RRDE were 

used to study the structure, catalytic performance, durability, and the type of active site of these 

catalysts. 
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The STEM and TEM measurements were performed by Rongsheng Cai (University of 

Manchester) and Hui Luo (Imperial College London). SAXS/WAXS were performed in 

Diamond Light Source in session SM27900, and the data were fitted by Zhenyu Guo (Imperial 

College London). EPR was performed and fitted by Angus Pedersen (Imperial College 

London). I planned the experiments, synthesised the materials, performed the remaining 

measurements and analysed the data. 

4.2 SAMPLE PREPARATION 
Reagents and solutions. All chemicals were used without further purifications. D –(+) 

Glucose (Sigma-Aldrich, BioReagent, ≥ 99.5 %), melamine (99 %, Sigma Aldrich), iron (III) 

chloride hexahydrate (Sigma Aldrich), potassium hydroxide hydrate (99.995 %) Suprapur, 

deionised water (DI) (18.2 MΩ cm-1), absolute ethanol (≥ 99.9 %, Fisher Scientific). 

Synthesis of HTC carbon spheres. Glucose, a readily available monosaccharide, was used as 

a sustainable bio-precursor and a carbon framework source for doping nitrogen atoms. The 

hydrothermal carbonisation (HTC) of this six-carbon sugar yielded spherical particles with an 

average diameter of 340 nm. For each sample, 14 g of solid glucose was dissolved in 140 ml 

DI water in glass beakers, then stirred for 1 hour. The next stage of the synthesis was HTC of 

the glucose solution. The prepared solutions were transferred to a 200 ml hydrothermal reactor 

(Kemi, Anhui, China), with the reactor then placed in a pressurised furnace (Memmert, 

Germany) at 200 °C for 12 hours. The obtained sample was further filter-washed with 500 mL 

water. After that, the obtained samples were vacuum dried at 120 °C for 24 hours to remove 

any remaining moisture, producing dehydrated samples fit for milling. Milling was carried out 

using a pestle and mortar for around 15 mins to yield a fine powder of hydrothermal carbon 

spheres. 
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Synthesis of nitrogen-doped carbon pellets (NC800_50). Melamine was first mixed with 

HTC powder by a 1:1 mass ratio, and then milling was carried out for around 20 mins using a 

pestle and mortar to yield a well homogeneous fine powder. Further, 50 mg of the obtained 

mixture was loaded into an 8 mm die, followed by a 780 MPa (4 tonnes) pressure applied on 

the mixture samples using a manual hydraulic press (Specac). The obtained brownish pellets 

were placed in the middle of a crucible, and the carbonisation was then carried out in a tubular 

furnace by one-step carbonisation under N2 atmosphere (gas flow rate: 0.5 L min-1). The 

temperature was ramped up to 800 °C for 2 hours with a heating rate of 5 °C min-1. The obtained 

samples were denoted as NC800_50. 

Synthesis of Fe, N codoped carbon pellet (Fe@900_50). FeCl3 6H2O was used as the iron 

precursor, the amount of iron added was calculated as 3wt% of the NC800_50 pellet. The FeCl3

⋅6H2O was then fully dissolved into the 5 ml absolute ethanol under 10 mins ice bath sonication 

to form FeCl3 solution. NC800_50 was immersed into the FeCl3 solution and sonicated for 10 

mins in an ice bath, after which it was kept under nitrogen bubbling for 6 hours. The ethanol 

was evaporated overnight to let NC800_50 adsorb Fe3+ ions into the carbon framework. The 

obtained iron-loaded NC800_50 was then dried in a vacuum oven for 6 hours to 80 °C. The 

obtained pellet was then placed in the middle of a rectangular crucible, and the carbonisation 

was carried out in a tubular furnace under an N2 atmosphere (gas flow rate: 0.5 L min-1). The 

temperature was ramped up to 900 °C for 1 hour with a heating rate of 5 °C min-1. After 

carbonisation, to remove the unstable iron species, the carbonised pellet was further treated 

with 1 M HCl for 6 hours on an agitation platform. Then, the pellet was vacuum dried at 80 °C 

for 6 hours. The obtained samples were denoted as Fe@NC900_50. To compare, the non-Fe 

doped NC800_50 was also carbonised again to 900 °C under the same conditions and 

equivalent post-treatment. 
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4.3 RESULTS AND DISCUSSION 
The primary synthetic strategy is illustrated in Figure 4.1. Firstly, the nitrogen-doped porous 

carbon pellet was used as a framework to incorporate Fe into the substrate. Based on the 

optimizations presented in Appendix, a nitrogen-doped carbon pellet synthesised at 800 °C 

with a thickness of (~ 0.65 mm) was used (NC800_50, 50 represent the initial precursor 

loading). The NC800_50 was firstly impregnated with Fe precursors (FeCl3), and the solvent 

was evaporated to allow the adsorption of Fe ions into the NC800_50. Then carbonisation 

(800 °C) was performed under inert N2 gas (see sample preparation), during which the Fe ions 

were hybridised into the carbon support. The pellet sample was then treated with 1M HCl to 

remove any free metallic Fe species formed on the surface, allowing only Fe-Nx complexes to 

remain. The obtained sample was then denoted as Fe@NC900_50. The density of the 

Fe@NC900_50 is ~ 0.62 g cm-3. For comparison, NC800_50 without Fe doping was 

carbonized directly at 900°C, denoted as NC900_50 in this chapter. 

Figure 4.1 Schematic illustration for the synthesis of Fe@NC900_50 and the microstructure evolution 

in different scales (large yellow circles represent Fe particles; blue, grey and yellow atoms represent 

nitrogen, carbon, and Fe, respectively). 

4.3.1 Morphology and structure characterisations 

Scanning electron microscopy (SEM) images in Figure 4.2 show that Fe@NC900_50 

possesses a hierarchical macroporous structure with pores ranging from 10 to 100 micrometres. 

Such large pores/channels will facilitate the electrolyte transfer, while the interconnected 
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structure ensures the excellent mechanical property and stability of the pellet during 

electrochemical processes. The average particle size for Fe@NC900_50 is 333 nm which is 

similar to NC900_50 (324 nm). The thickness of the Fe@NC900_50 is 0.52 mm measured 

from SEM, while NC900 is 0.54 mm. Besides, no obvious Fe particles could be observed both 

on the surface of the pellet and inside the Fe@NC900_50 pellet. From the transmission electron 

microscopy (TEM) in Figure 4.2c and Figure 4.2f, no metal clusters or metallic oxides 

particles are observed, indicating that the aggregation of Fe atoms was prevented during the 

carbonizations attributed to the high nitrogen ligands and the high surface area of the carbon 

support. Also, more graphitized features could be observed in Fe@NC900_50, while 

NC900_50 showed mostly amorphous carbon features. 

Figure 4.2 SEM images of Fe@NC900_50 from (a) top view and (b) cross-section. (c) TEM image of 

the Fe@NC900_50. (d) SEM images of NC900_50 from (d) top view and (e) cross-section. (f) TEM 

image of the NC900_50. 

To further analyse the materials, high-resolution, high angle annular dark-field scanning 

transmission electron microscopy (HAADF-STEM) was employed. To gain better resolution, 

Fe@NC900_50 was milled in liquid nitrogen before preparing the TEM samples. Figure 4.3a-
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b presents an overview of the morphology of Fe@NCS900_50. No noticeable Fe particles 

could be HAADF-STEM images of the Fe@NC900_50, which lies with the precious 

observation. Two distinguished structures were observed, which include carbon spheres and 

flakes. Energy-dispersive X-ray spectroscopy (EDS) was performed to map the presence of Fe 

species in the Fe@NC900_50. As can be seen in Figure 4.3c-d, the Fe signal is well distributed, 

suggesting that Fe may exist in the form of isolated sites. In the high-resolution HAADF-STEM 

images in Figure 4.3d-e, the isolated Fe single atoms are homogeneously dispersed on the N-

C supports, as exhibited by the bright spots highlighted by yellow circles.  

Further, to determine the Fe content in Fe@NC900_50, thermogravimetric analysis (TGA), 

Inductively coupled plasma mass spectrometry (ICP-MS), TEM-EDS and XPS were 

performed. The Fe content determined from ICP-MS, TGA, TEM-EDS, and XPS is 1.10 wt%, 

1.13 wt%, 0.90 wt%, and 1.46 wt%, respectively. The original Fe input was 3 wt% of the whole 

pellet mass during the Fe doping process, which suggests nearly >50 wt% Fe was lost during 

the acid leaching. 
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Figure 4.3 (a)-(b) HAADF images of Fe@NC900_50, (c)-(d) EDS mapping results of Fe@NC900_50, 
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(e)-(f) High-resolution HAADF STEM images of the single Fe sites. (g)-(h) comparison of Fe contents 

in Fe@NC900_50 between different characterization techniques. 

 

 

Figure 4.4 (a) N2 isothermal adsorption curves of Fe@NC900_50 and NC900_50. (b) pore size 

distributions of Fe@NC900_50 and NC900_50, which was calculated from the NLDFT SD3 model. (c) 

Fitted SAXS pattern of Fe@NC900_50. (d) Comparison of the pore volume of Fe@NC900_50 and 

NC900_50. 

Microstructures were studied by performing N2 physical adsorption and small-angle X-ray 

scattering (SAXS). As shown in Figure 4.4a, the Brunauer-Emmett-Teller (BET) method was 

used to determine the specific surface area and the pore size distribution of Fe@NC900_50 and 

NC900_50. Fe@NC900_50 showed a specific surface area of 207 m2 g-1, while the NC900_50 

showed a specific surface area of 451 m2 g-1. From the pore size distribution in Figure 4.4b, 
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Fe@NC900_50 showed a pore size at ~1.1 nm, while NC900_50 showed a pore size at 0.6 nm. 

Pore volume was compared in Figure 4.4d, where NC900_50 showed 90% micropores, and 

Fe@NC900_50 showed 50% micropores and 50% mesopores. SAXS pattern of 

Fe@NC900_50 was shown in Figure 4.4c. The average pore diameter calculated from SAXS 

is 2.7 nm. Fe@NC900_50 showed increased average pore size and increased mesopore volume 

compared to NC900_50, suggesting incorporating Fe-tuned the pore structure to have more 

mesopores.  

To get more insights on the graphitization degree of the Fe@NC900_50, X-ray diffraction 

(XRD), Raman spectroscopy, wide-angle X-ray scattering (WAXS) were performed. From 

XRD patterns (Figure 4.5a), two broad peaks corresponding to carbon (001) and (200) could 

be seen in both Fe@NC900_50 and NC900_50. Positively shifted in the peaks of 

Fe@NC900_50 could be seen, which suggest a shorter carbon interlayer distance. From the 

WAXS spectrum of Fe@NC900_50 in Figure 4.5c, two sharp peaks corresponding to carbon 

(001) and (200) could also be observed. No metallic Fe peak could be seen in both XRD and 

WAXS patterns, suggesting a well-dispersed Fe species without agglomeration. The Raman 

spectra of the Fe@NC900_50 and NC@900_50 display two peaks at 1325 cm-1 (D-band) and 

1580 cm-1 (G-band) (Figure 4.5b). The ID/IG value for Fe@NC900_50 is calculated to be 0.96, 

which is smaller than NC900_50 (ID/IG = 1.36). A noticeable 2D band (2750 cm-1) could be 

observed in Fe@NC900_50, suggesting the number of graphene domains in the sample in 

Fe@NC900_50 increased.184 The crystallite sizes (La) calculated for Fe@NC900_50 and 

NC900_50 were 4.54 nm and 3.21 nm, respectively. Therefore, we could conclude that Fe 

catalysed the formation of graphene domains and resulted in a higher graphitization degree in 

Fe@NC900_50, consistent with TEM results.  
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Figure 4.5 (a) XRD patterns of Fe@NC800_50 and NC800_50. (b) Ramen spectrums of 

Fe@NC800_50 and NC900_50. (c) WAXS spectrum of Fe@NC900_50. (d) TGA of Fe@NC900_50 

and NC900. 

4.3.2 Chemical structure characterization 

To reveal the elemental composition of the catalysts, X-ray photoelectron spectroscopy (XPS) 

was performed. In Figure 4.6a, the XPS survey spectrum of Fe@NC900_50 shows the 

chemical composition of C (84.46 wt%), N (7.63 wt%), O (13.33 wt%), and Fe (1.46 wt%), 

while NC900_50 shows the chemical composition of C (70.67 wt%), N (12.61 wt%), and O 

(16.7 wt%). The deconvoluted N1s spectra revealed the presence of pyridinic nitrogen (398.2 

eV), pyrrolic nitrogen (400.8 eV), graphitic nitrogen (401.6 eV), FeNx (399.6 eV), and oxidized 
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nitrogen (403.2 eV) for Fe@NC900_50 in Figure 4.6b. Compared with N1s in NC900_50, 

Fe@NC900_50 showed less pyridinic nitrogen, suggesting pyridinic N reacts with Fe atoms to 

form FeNx species. Besides, deconvoluted Fe2p spectra in Figure 4.7a showed that Fe exists 

as a mixture of 2+ and 3+ oxidation in Fe@NC900_50. 

 

Figure 4.6 XPS survey spectrum for (a) Fe@NC900_50 and (c) NC900_50. Deconvoluted XPS N1s 

spectrums for (b) Fe@NC900_50, (d) NC900_50. 

To further reveal the Fe species nature in Fe@NC900_50, X-ray absorption near-edge 

spectroscopy (XANES) and electron paramagnetic resonance (EPR) measurements were 

performed. From the Fe K-edge XANES in Figure 4.7b, it can be seen that the white lines of 

Fe@NC900_50 are in between reference Fe2O3 and FeO spectrums, indicating the Fe oxidation 
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state is in between 2+ and 3+, as consistent with XPS. Besides, Fe@NC900_50 showed a similar 

pre-edge feature compared with Fe phthalocyanine (FePc), which has well defined Fe-N4 

coordinated sites. Electron paramagnetic resonance (EPR) was performed to investigate the 

coordination of Fe3+ in Fe@NC900_50. EPR results shown in Figure 4.7c revealed that the 

rhombic symmetry systems with Fe3+ high spin (S = 5/2) could be determined, with g ≈ 6 and 

g ≈ 2 assigned to Fe3+ with square pyramidal coordination. Meanwhile, g ≈ 4.3 originates from 

the Fe3+ with a rhombic ligand field.185 So far, together with the morphology and chemical 

characterizations, we can conclude that the Fe exist as single FeNx sites in the Fe@NC900_50. 

No obvious unstable species/clusters (iron oxides, iron carbides, and Fe) could be observed. 

To further understand the local structure of Fe sites, X-ray absorption fine structure (EXAFS) 

fitting will be presented in the next section.  

 
Figure 4.7 (a) High-resolution Fe2p spectrum of Fe@NC900_50. (b) Fe K edge XANES spectrums of 

Fe@NC900_50, reference Fe(III)Pc reference Fe2O3 and FeO. (c) X-band EPR of Fe@NC900_50 and 

empty EPR tube. 

4.3.3 Atomic structure characterizations 

Wavelet transform (WT) can provide both radial distance resolution and k space resolution, a 

powerful method for distinguishing the backscattering atom.89, 186 As shown in Figure 4.8a-c, 

WT analysis of Fe@NC900_50 show only one intensity maximum at about ~ 4.2 Å-1, which is 

approximately equal to that in the reference FePc (~ 4.2 Å-1), but distinct from the feature of 

Fe2O3 (~ 7 Å-1). The magnitude of the extended X-ray absorption fine structure (EXAFS) 
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Fourier Transforms (FTs) of Fe@NC900_50 and Fe reference samples are displayed in Figure 

4.8d. The magnitude of the FT has a strong single peak centred around 1.6 Å-1 (phase 

uncorrected) for Fe@NC900_50, distinct from those of the Fe2O3 and metallic Fe references 

but similar to the reference FePc, which confirmed the absence of Fe-oxides and metallic Fe. 

Together with STEM results, we can conclude that most of the Fe species in Fe@NC900_50 

are Fe-N single sites.  

As several different Fe-Nx structures have been reported, and each can result in different 

catalytic performances, it is essential to determine the local structure of the Fe-Nx structures.99 

Building optimized structure and simulating the XANES signal via density functional theory 

(DFT) calculations have become a powerful way to reveal the local structure of the single Fe 

sites.89, 98, 187 Herein, reported theoretical XANES spectrums were used to compare with 

Fe@NC900_50 experimental data (Figure 4.8e-f).187 Two possible matched structures FeN4 

and FeN4-O2, represent FeN4 without oxygen ligand and one oxygen ligand attached to the 

centre Fe. By comparing these two different structures, the FeN4 structure simulation (without 

O2 ligand attached on the Fe) most closely matches the experimental result of Fe@NC900_50. 
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Figure 4.8 Wavelet transform of the k2 weighted EXAFS data of (a) Fe@NC900_50, (b) Fe2O3, and (c) 

FePc. (d) Fourier transform of Fe K-edge EXAFS spectra for Fe@NC900_50 and references sample 

(Fe2O3, FePc, and Fe). Fe@NC900_50 experimental data compared with simulated (e) planar FeN4 

structure, (f) planer FeN4 with on oxygen ligand bonding (FeN4-O2). 

To shed light on chemical configuration of Fe-N single sites, FT EXAFS fittings were 

performed for Fe@NC900_50 using iFEFFIT programme.188 All fittings are in good 

consistency with experimental data. The best fit values for EXAFS modelling of 

Fe@NC900_50 give a coordination number of 4.5 ± 0.2 for Fe-N at 2.06 ± 0.01 Å and 1.8 ± 

0.4 for Fe-C/O at 1.88 ± 0.01 Å. In addition, coordination number 0.9 ± 0.2 for Fe-Fe at 2.56 

± 0.01 Å was required for fitting Fe@NC900_50. The presence of Fe-C and Fe-Fe signals 

suggests the existence of Fe carbides in the Fe@NC900_50, which are embedded in the carbon 

and survived from acid washing. Therefore, we propose that the Fe existed stoichiometrically 

as FeN4.5 on the carbon substrate for Fe@NC900_50.   
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Figure 4.9 (a) The magnitude of EXAFS FT k2-weight Fe K-edge spectra and fitting curve of 

Fe@NC900_50 in R space. (b) The magnitude FT k2-weighted Fe K-edge EXAFS spectra of 

Fe@NC900_50, and Fe-N, Fe-C, and Fe-Fe paths. The magnitude of EXAFS FT k2-weight Fe K-edge 

spectra and fitting curve of Fe@NC900_50 in (c) k space and (d) q space. 

Table 4.1 EXAFS fitting parameters for Fe@NC900_50 

Sample 
Scattering 

pair 
CN 

R 

(Å) 

ΔE0 

(eV) 

σ2 

(10-3Å2) 

R 

factor 

Fe@NC900_50 
Fe-N 

4.5 2.06 

0.73 

±1.86 

0.005 

0.0149 ±0.2 
 ± 

0.01 
 Fixed 

Fe-C/O 1.8 1.88 0.005 
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±0.4 
 ± 

0.01 

same as 

σ2 (Fe-

N) 

Fe-Fe 

0.9 2.56 0.01 

±0.2 
± 

0.01 

2*σ2 (Fe-

N) 

S0
2 is the amplitude reduction factor (S0

2 = 1), CN is the coordination number; R is the interatomic 

distance (the bond length between central atoms and surrounding coordination atoms); σ2 is Debye-
Waller factor (a measure of thermal and static disorder in absorber-scatterer distances); ΔE0 is an edge-

energy shift (the difference between the zero kinetic energy value of the sample and that of the 

theoretical model). R factor is used to value the goodness of the fitting. 

To conclude, the above characterizations have shown we have successfully synthesised mostly 

single Fe sites on the nitrogen-doped carbon via post functionalization of the nitrogen-doped 

pellet. The abundant surface area heritage from NC800 provides anchor points for the Fe and 

the nitrogen sites, which assist the formation of single sites Fe-Nx-C. Besides, the incorporation 

of Fe catalysed the graphitization of carbon and tuned the pore structure towards meso pores. 

All these advantages suggest a higher electrocatalytic performance of the Fe@NC900_50. 

4.3.4 Electrochemical characterizations in RDE 

To investigate the kinetic performance of the obtained samples, a standard one-compartment 

three-electrode setup was used with rotating disk electrode, Ag/AgCl and Pt rod as working, 

reference, and counter electrodes, respectively. In Figure 4.10, the ORR catalytic performance 

of Fe@NC900_50, NC900_50, and commercial Pt/C (HISPEC 9100, Johnson Matthey, 55-58 

wt% Pt) were evaluated by cyclic voltammetry (CV) under alkaline conditions and linear sweep 

voltammetry (LSV) under alkaline conditions (0.1 M KOH oxygen saturated) using a rotating 

disk electrode. From the CV curves in Figure 4.10a, one could observe that with FeN4 sites, 

the oxygen reduction peak shift positively compared to NC900_50. From the LSV curves in 

Figure 4.10b, Fe@NC900_50 shows onset potential (0.89 VRHE) and half-wave potential (0.76 

VRHE) potential, which is more positive than NC900_50 (Eonset = 0.752 VRHE and E1/2 = 0.578 

VRHE). The electron transfer number was studied using a rotating ring disk electrode (RRDE) 
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during the oxygen reduction process. As shown in Figure 4.10d, Fe@NC900_50 showed over 

average 3.5 electron process while NC900_50 showed an average 2.7 electron process, 

suggesting the incorporation of Fe in the Fe@NC900_50 dramatically increase the kinetics 

from two-electron to four-electron process. Further, chronoamperometry testing was 

performed to check the stability of Fe@NC900_50 (Figure 4.10e). After 10,000 s (2.77 h) at 

0.6VRHE, nearly 94% current was retained for Fe@NC900_50. We have shown that the 

incorporation of Fe improved electron kinetic activity and stability. Together with the 

characterizations, we could attribute the improved catalytic performance to the formation of 

Fe-N4 sites, higher graphitization degree, and better pore structure in Fe@NC900_50. 

  

 
Figure 4.10 (a) CV curves of Fe@NC900_50, NC900_50, and Pt/C, tested in oxygen saturated 0.1 M 

KOH, with 0 rpm rotation and 100 mV s-1 scan rate. (b) LSV curves of Fe@NC900_50, NC900_50, 

and Pt/C, tested in oxygen saturated 0.1 M KOH, with 1600 rpm rotation and 10 mV s-1 scan rate. (c) 

Comparison of onset potential, halfwave potential (at 1.5 mA cm-2), and limiting current (at 0.2 VRHE). 

(d) Electron transfer number and H2O2 production rate of Fe@NC900_50, NC900_50, Pt/C. (e) 

Chronoamperometric responses of Fe@NC900_50 at 0.7 VRHE with 1600 rpm. 



 

 

74 

 

So far, an iron, nitrogen co-doped freestanding electrode has been constructed with an 

improved catalytic performance by introducing Fe-Nx active sites. Ideally, the freestanding 

electrode is tested for electrochemical activity without breaking its structure (required during 

standard RDE testing to form a homogeneous ink slurry for drop-casting). Therefore, we 

carried out freestanding electrode electrochemical characterisation using the same methods as 

mentioned in the previous section, instead with the freestanding tip attached directly by 

screwing it onto the freestanding electrode to study the catalytic ability of Fe@NC900_50. 

Further advanced characterisation on the freestanding electrode was also carried out. 

4.3.5 Electrochemical characterizations in freestanding electrode 

As shown in Figure 4.11, the Fe@NC900_50 was tested as a freestanding electrode in the 

rotating electrode. The same configuration in Figure 3.8a was applied. CV and LSV were 

performed to investigate the catalytic activity of Fe@NC900_50. Under oxygen and nitrogen, 

samples were rotated and pre-conditioned for 1500 s at 0.5 VRHE before starting the test. As 

depicted in Figure 4.11a, a reduction peak could be observed under the O2 condition. LSV was 

carried out to evaluate the oxygen reduction characteristics of Fe@NC900_50 (Figure 4.11b), 

the N2 current was extracted to exclude the capacitive current. The onset potentials determined 

from LSV curves were 0.89 VRHE, more positive than NC900_50 (0.83 VRHE), which agreed 

with the CV results. Besides, Fe@NC900_50 also showed a 116 mV positive half-wave 

potential than NC900_50 (0.74 VRHE vs 0.624 VRHE). A nearly 2.5 times higher current density 

could be observed at 0.2 VRHE for Fe@NC900_50 than NC900_50. As shown in Figure 4.11c, 

long-term stability was also performed via the chronoamperometry test. The Fe@NC900_50 

was continuously run under 0.5 VRHE for 100,000 s (27.78 h) in 0.1 M KOH with 1600 rpm 

rotation. No significant current loss could be observed for both the Fe@NC900_50 and 

NC900_50. Compared with the NC900_50, Fe@NC900_50 showed a higher current density, 

almost double that of the NC900_50 (3 mA cm-2 vs 1.7 mA cm-2). Therefore, Fe@NC900_50 
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presented both improved catalytic performances compared to NC900_50 as well as high 

stability. Specifically, the tuned pore structure, Fe-N4 sites, and graphitization induced by the 

Fe contribute to the high catalytic performance. Meanwhile, the 3D structure contributes to the 

higher stability where no noticeable current loss could be observed after the 100,000 s (27.78 

h) chronoamperometry test. 

To further study the stability of the active site, ex-situ XAS and EPR were performed on 

Fe@NC900_50 before (BOL), and after (EOL) cycling in the 0.1 M KOH. 900 CV cycles was 

carried out in 0.1 M KOH, cycled Fe@NC900_50 was sealed directly after taking out from the 

electrolyte to minimize the influence during sample transport. As shown in Figure 4.11d, 

similar XANES spectra could be observed for both BOL and EOL, indicating no noticeable 

change of the FeN4 sites. EXAFS fitting (Figure 4.11e) was carried out to obtain insights on 

the stability of the Fe@NC900_50. Interestingly, no change in the apparent Fe-N coordination 

number could be found before and after the test (CNBOL = 4.5 vs CNEOL = 4.5), confirming the 

stability of Fe-N sites. As shown in Figure 4.11f, no additional impurities could be seen in 

EOL Fe@NC900_50 spectra, suggesting the Fe species in EOL Fe@NC900_50 still exist as 

the Fe-N4 structure. In addition, EOL Fe@NC900_50 sample exhibited a much sharper signal 

at g ≈ 4.3, while the peak signal at g ≈ 6 in EOL almost disappeared, suggesting ligands covered 

the Fe3+-N4 sites in EOL. Hence, the ex-situ post-mortem XAS and EPR have suggested the 

Fe-N4 sites are stable on Fe@NC900_50, and no impurities could be found after 900 cycles. 
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Figure 4.11 (a) CV curves for Fe@NC900_50 and NC900_50, recorded under 1600 rpm in oxygen 

saturated 0.1 M KOH with a 0.1 mV s-1 scan rate. (b) LSV curves for Fe@NC900_50 and NC900_50, 

recorded under 1600 rpm in oxygen and nitrogen saturated 0.1 M KOH with a 0.1 mV s-1 scan rate. (c) 

Chronoamperometric response of Fe@NC900_50 and NC900_50 at 0.5 VRHE under 0.1 M oxygen 

saturated KOH with 1600 rpm. (d) XANES spectra of Fe@NC900_50 before (BOL) and after (EOL) 

cycled in 0.1 M KOH electrolyte, 900 CV cycles were performed with a 5 mV s-1 scan rate. (e) Fe-K 

edge R-space k2 weight curves of Fe@NC900_50 before and after cycled (Inserted, comparison of 

coordination number of Fe-N before and after cycles). (f) X-band EPR spectra of Fe@NC900_50 before 

and after cycling. 
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4.3.6 Ex-situ XAS study to determine the active site and its behaviour during the 

oxygen reduction reaction 

 

Figure 4.12 Ex-situ XAS study of the Fe@NC900_50. (a) Fe-K edge R-space k2 weight curves of 

Fe@NC900_50 at different voltages. (b) Fe-K edge k-space k2 weight curves of Fe@NC900_50 at 

different voltages. (c) Comparison of coordination number of Fe-N and Fe-C/O in the function of 

voltages. (d) Comparison of bond length of Fe-N and Fe-C/O in the function of voltages. 

Ex-situ XAS as a function of potential was performed to help understand the ORR mechanism 

of Fe@NC900_50. Ex-situ samples were prepared by holding the Fe@NC900_50 samples at 

a different potential. To minimise the possible contamination, samples were sealed after taking 

them out from the electrolyte. EXAFS fittings were performed, and all fittings are in good 

consistency with experimental data (Figure 4.12a-b). As shown in Figure 4.12c, the 
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coordination number of Fe-N and Fe-O is shown as the function of potential. No obvious trend 

could be found in Fe-N, suggesting no noticeable loss of the Fe-N4 sites. Interestingly, the 

coordination number for Fe-C/O is decreasing from 2.28 (0.8 VRHE) to 1.6 (0.4 VRHE), 

suggesting that the oxygen was first bonded on the Fe site and then detached. In addition, the 

total coordination number for both Fe-C/O and Fe-N also showed a decrease from 6.34 (0.8 

VRHE) to 5.9 (0.4 VRHE), where the main drop is at 0.8 V to 0.6 V, suggesting one oxygen 

detached at this potential. As the binding and oxygen reduction on the Fe-N4 sites could induce 

a change in the bond length, the bond length change of Fe-N and Fe-C/O were compared in the 

function of potential (Figure 4.12d). However, no noticeable bond length change could 

observe, which could cause by the low resolution/high noise from the ex-situ test.  

Hence, the ex-situ XAS suggests the Fe in Fe-N4 sites are responsible for reducing the oxygen. 

The oxygen is first bonded on the Fe and then be further reduced in lower potential. However, 

in-situ experiments are required to get precise bond changes to build an oxygen reduction 

mechanism model. 

4.4 CONCLUSION 
In this chapter, a freestanding electrode with FeN4 sites has been successfully synthesised via 

post-treatment of an N-doped freestanding electrode. The abundant micropore and nitrogen 

sites on the N doped pellet have provided sites for Fe ions, leading to the formation of 

atomically dispersed Fe-N4 sites. The incorporation of Fe also increased the graphitisation 

degree and tuned the pore structure, resulting in improved catalytic performance in 

Fe@NC900_50 compared with no Fe doping (NC900_50). Fe-N4 sites in Fe@NC900_50 

improved catalytic activity and stability, resulting in a high current density in Fe@NC900_50 

in the freestanding chronoamperometry test (current density nearly two times higher than 

NC900_50). Through ex-situ XAS and EPR study, the Fe-N4 were maintained stably without 

new phase forming after 900 cycles. Besides, ex-situ XAS also suggests that Fe-N4 is the active 
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centre responsible for oxygen binding and reduction. In addition, we have shown that the 

nitrogen-doped freestanding pellet could be further tuned by combining the high stability from 

the 3D structure and improved catalytic activity from Fe doping forming single-atom sites. 

With a suitable post-treatment method, the electrocatalytic performance of the freestanding 

pellet could be tuned and extended to different electrocatalytic applications with fewer 

fabrication steps, which move closer to the industrial application. Compared with reduced 

graphene oxide films, modified carbon fibre paper, and metal mesh templated carbon films, 

pellet samples reported in this work are still inferior in the catalytic activities due to the mass 

transfer barriers in the thick pellet. Structural engineering could be the next step to improve the 

mass transfer inside pellet samples to address these issues. 
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Chapter 5  
IRON, NITROGEN CO-DOPED CARBON SPHERES AS LOW COST, 

SCALABLE ELECTROCATALYSTS FOR THE OXYGEN 

REDUCTION REACTION 

5.1 INTRODUCTION 
Hydrogen and fuel cells play a key role towards reaching 2050 net-zero carbon emissions 

targets for generating CO2 free electricity and transportation.189 A key challenge in their 

development is that the oxygen reduction reaction (ORR) kinetics occurring at the fuel cell 

cathode is slow, restricting energy conversion efficiencies.190 Pt-based catalysts perform best 

and are the materials that have been widely applied commercially. However, they suffer from 

scarcity and high cost, while further stability improvements are also required.37 To achieve 

widespread and sustainable commercialization of fuel cells, the key goals are increasing their 

durability and decreasing their cost (US DOE 2025 targets: 5000 hours lifetime and $ 40 / kWnet 

at 500,000 systems/year).41, 42 

Great progress has been made to date in designing non-precious metal-based catalysts 

for fuel cells, including developing Fe, Co, Mn-based catalysts to have activities 

comparable to the noble-metal catalysts.190-196 The M-N-C catalysts (where M is a 

transition metal) are among the most promising electrocatalysts.197, 198 The key 

characteristic of these catalysts is the presence of M-Nx, which have shown high stability 

and high catalytic activity.89 Of these materials, Fe-N-C catalysts have shown superior 

performance, which has attracted considerable recent attention from the research 

community.100, 199-203 Various aspects, including the local structure of the Fe-N sites, 

synergetic performance of different iron species, stability of the Fe-N coordination 

structures, active sites evolution from raw precursors into the final carbon materials 

carbonization, and the oxygen reduction reaction pathways have been investigated.99 
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Although great progress has been made, there are still challenges in establishing the 

exact structure-to-property correlation in such catalysts, which is essential for the 

rational design and synthesis of new catalysts with tailored activities for wide ranges of 

electrocatalytic processes.89 

Also, looking for a cost-effective and scalable way to synthesize effective catalysts and 

supports is necessary to support commercial uptake of the technology.204 Hydrothermal 

carbonization converts biomass or biomass-derived precursors into oxygenated 

hydrothermal carbons, yield advantageous stable and conductive porous structures and 

superior catalytic activity by additional carbonization or hybridization with active 

carbonisation transitional metal and nitrogen sources.205, 206 

Herein, a facile route is presented to construct scalable, low-cost iron nitrogen-doped 

carbon spheres (Fe@NCS) as high-performance ORR catalysts. The primary synthetic 

strategy is illustrated in Figure 5.1. Firstly, hydrothermal carbon spheres with abundant 

oxygen functionalities were prepared by hydrothermal carbonization (HTC) of 

xylose.207 The obtained hydrothermal carbon spheres were then impregnated with iron 

precursors (FeCl2 or FeCl3) and nitrogen precursor (melamine), followed by two-step 

carbonization under inert N2 gas (see experimental methods).100 During the 

carbonization process, iron and nitrogen were hybridized into the carbon support, thus 

forming Fe@NCS. Fe@NCS powder was treated with 0.1 M HCl to remove any free 

metallic iron species formed on the surface, allowing only Fe-Nx complexes to remain 

(Fe@NCS-A, where A represents acid). Samples impregnated with FeCl2 or FeCl3 are 

denoted as Fe2+@NCS-A and Fe3+@NCS-A, respectively, where A refers to acid wash. 

1.8 g of Fe@NCS catalyst (~ 51% yield) can be easily obtained in a one-batch, 

demonstrating the scalability of this reaction (Figure S1). For comparison, carbon 

spheres (CS) and nitrogen-doped carbon spheres (NCS) were also prepared. 
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Figure 5.1 Schematic illustration for the synthesis of Fe@NCS-A. 

In this chapter, iron, nitrogen co-doped carbon spheres (Fe@NCS) have been prepared by 

hydrothermal carbonisation and high-temperature post carbonisation. We have determined that 

FeN4 is the main form of iron existing in the obtained Fe@NCS. Two different precursors 

containing Fe2+ and Fe3+ were compared. Fe2+@NCS-A (Fe2+ precursor) shows better catalytic 

activity for the oxygen reduction reaction. This catalyst was studied in an anion exchange 

membrane fuel cell (AEMFC). A high open-circuit voltage was demonstrating the 

potential approach for developing high-performance, low-cost fuel cell catalysts. 

The STEM and TEM measurements were performed by Rongsheng Cai (University of 

Manchester) and Hui Luo (Imperial College London). SAXS/WAXS were performed 

in Diamond Light Source in session SM27900, and the data were fitted by Zhenyu Guo 

(Imperial College London). AEMFC was assembled and tested by Emanuele Magliocca 

(University College London). EPR was performed and fitted by Angus Pederson 

(Imperial College London). I planned the experiments, synthesised the materials, 

performed the rest measurements and analysed the data. 

5.2 SAMPLE PREPARATION 
Reagents and solutions. All chemicals were used without further purifications. D-(+)-Xylose 

(≥ 99%, 150.13 g mol-1, Sigma Aldrich), iron (II) chloride tetrahydrate (99.99 %, 198.81 g mol-

1, Sigma Aldrich), iron (III) chloride hexahydrate (≥ 99 %, 270.30 g mol-1, Sigma Aldrich), 

melamine (99%, Sigma Aldrich), absolute ethanol (≥ 99.9%, Fisher Scientific), deionized 
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water (18.2 MΩ cm), nitric acid (70 %, Sigma Aldrich), and hydrochloride acid (37 % ACS 

reagent, Sigma Aldrich). 

Synthesis of HTC Carbon Spheres (CS). Xylose, a readily available monosaccharide, was used 

as an eco-friendly precursor and the source of carbon framework for doping metal atoms. The 

hydrothermal carbonization (HTC) of this five-carbon sugar yielded monodispersed spherical 

particles with an average diameter of 320 nm (Figure 5.2). For each of the samples, 7 g of solid 

xylose was dissolved in 70 ml DI water in glass beakers which were then placed in a sonication 

bath for 5 minutes and stirred for 2 hours. The next stage of the synthesis was HTC of the 

xylose solution, whereby xylose solutions were transferred to a 100 ml hydrothermal reactor 

(Kemi, Anhui, China), with the reactor then placed in a pressurized furnace (Memmert, 

Germany) at 200 °C for 12 hours. The obtained sample was further filter-washed with 500 mL 

water, and the inhomogeneous impurities were removed. After that, the obtained brownish 

powder (hydro-char) was washed with centrifugation (Thermo Scientific, Heraeus Multifuge 

X1R, USA) for 10 minutes at 12,000 rpm. The recovered hydro-char was vacuum dried at 

105 °C for 24 hours to remove any remaining moisture, producing dehydrated samples fit for 

milling. Milling was carried out using a pestle and mortar to yield a fine powder of 

hydrothermal carbon spheres.  

Synthesis of Nitrogen-doped Carbon Nanospheres (NCS). Melamine was chosen as the 

nitrogen precursor due to its rich N content and wide availability. 500 mg melamine was first 

dissolved in 50 mL of absolute EtOH via bath sonication for 10 minutes. Then, 500 mg of 

obtained brownish CS powder was added into the melamine solution and stirred for 2 hours at 

300 rpm. The final solution was then rotatory dried (Scilogex RE100-S, USA) at 55 °C, and 

then moved to an 80 °C vacuum oven for an additional 12 hours. The obtained sample was 

milled using a pestle and mortar for 15 minutes to achieve a fine powder. The carbonization 

was then carried out in a tubular furnace (Carbolite S.T.F., UK) by a two-step process under 
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N2 atmosphere (gas flow rate: 0.5 L min-1); first, the furnace was heated at 600 °C for 2 hours 

with a heating rate of 5 °C min-1, and then the temperature was ramped up again to 900 °C for 

another 2 hours with a heating rate of 5 °C min-1. 

Synthesis of Iron, Nitrogen co-doped Nanospheres (Fe2+@NCS, and Fe3+@NCS). To obtain 

Fe2+@NCS, and Fe3+@NCS, 39.73 mg iron (II) chloride tetrahydrate (0.2 mol Fe) or 56.44 mg 

iron (III) chloride hexahydrate (0.208 mol Fe) was first dissolved into 50 mL of absolute EtOH 

via bath sonication for 10 minutes. The same synthesis process for the NCS was then carried 

out as presented above. The obtained samples were denoted as Fe2+@NCS, and Fe3+@NCS, 

where Fe2+/Fe3+ represents the precursor's oxidation state. 

Synthesis of Fe2+@NCS-A, Fe3+@NCS-A. The obtained Fe@NCS catalysts were further 

treated with 1M HCl for 12 hours at room temperature at 250 rpm on an agitation platform to 

remove free metal ions and unwanted impurities. Then, the resulting solutions containing 

Fe@NCS were centrifuged for 10 minutes at 12000 rpm to separate the catalyst from the acid. 

The wet catalyst was then vacuum dried at 105 °C for 12 hours. The obtained samples were 

denoted as Fe2+@NCS-A, and Fe3+@NCS-A, where A represents the HCl acid treatment. The 

chemical reactions involved in this process are shown in the following equations: 

𝐹ⅇ + 2𝐻𝐶𝑙 → 𝐹ⅇ𝐶𝑙2 + 𝐻2      

𝐹ⅇ𝑂 + 2𝐻𝐶𝑙 → 𝐹ⅇ𝐶𝑙2 + 𝐻2𝑂     



 

 

85 

 

  

Figure 5.2 Schematic route shows mass changes of biomass derived catalysts at a different step in lab-

scale with 'gram-production' ability. 

5.3 RESULTS AND DISCUSSION 

5.3.1 Morphology characterization 

Scanning electron microscopy (SEM) images in Figure 5.3 show that all samples present a 

well-defined spherical morphology, with diameters around 300-500 nm. Compared to the 

smooth surface of CS and NCS, Fe2+@NCS-A displays a much rougher surface, likely due to 

the Fe assisting the graphitization of amorphous carbon.208-210 A few smaller high-intensity 

nanoparticles (NPs) can also be seen in the SEM images of the Fe@NCS samples (Figure 5.3c-

d), which are mostly removed by the HCl wash (Figure 5.3e-f). To further analyze the 

materials, high-resolution high-angle annular dark-field scanning transmission electron 

microscopy (HAADF-STEM) was employed. 
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Figure 5.3 SEM images of (a) CS, (b) NCS, (c) Fe2+@NCS, (d) Fe3+@NCS, (e) Fe2+@NCS-A, and (f) 

Fe3+@NCS-A. 

The overview of the morphology of the Fe2+@NCS-A and Fe3+@NCS-A was showed in 

HAADF-STEM images (Figure 5.4a-b). The carbon spheres in both Fe2+@NCS-A and 

Fe3+@NCS-A are in the range of 200 nm – 500 nm. After acid wash, the surface of most carbon 

spheres has uniform intensity with only a small portion of the carbon spheres showing the 

presence of the NPs (Figure 5.5 and Figure 5.6). Energy-dispersive X-ray spectroscopy (EDS) 

was performed to map the presence of Fe species in the Fe2+@NCS-A and Fe3+@NCS-A 

samples. As can be seen in Figure 5.4a-b, for the carbon spheres where no NPs are visible, the 
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Fe signal is well-distributed, suggesting that Fe may exist in the form of isolated sites. The 

formation of the well-distributed sites has been reported elsewhere which could be attributed 

to several facts, such as 1) oxygen group-rich precursors, 2) low iron content, 3) high nitrogen 

content, 4) high surface area carbon support, etc.127 The aim is to protect and prevent the Fe 

sites from agglomerating into particles. So far, no noticeable differences in morphology could 

be seen in both Fe2+@NCS-A and Fe3+@NCS-A. 

 
Figure 5.4 (a) top HAADF-STEM image of Fe2+@NCS-A, bottom EDS mapping results of Fe2+@NCS-

A, (b) top HAADF-STEM image of Fe3+@NCS-A, bottom EDS mapping results of Fe3+@NCS-A, (c) 

XPS survey of Fe2+@NCS-A and Fe3+@NCS-A, and (d) the iron content of Fe2+@NCS-A and 

Fe3+@NCS-A from ICP-MS, XPS, and TEM-EDS. 
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Figure 5.5 (a)-(b) HAADF images of Fe2+@NCS-A, (c) EDS mapping results of Fe2+@NCS-A, (d)-(e) 

High-resolution HAADF STEM images of the Fe nanoparticles and (f) their corresponding FFT images. 

The size of the carbon spheres is in the range of 200 nm - 500 nm, and the size of associated particles 

is in the range of 10 nm - 30 nm. Interplanar spacings measured from the FFT image are around 0.20, 

0.23 and 0.40 nm, which correspond to the (002), (1̅1̅2) and (1̅1̅0) of reflections for Fe3C (PDF card 

No.: 00-003-0989). EDS results show that the particles mainly consisted of Fe. 
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Figure 5.6 (a)-(b) HAADF images of Fe3+@NCS-A, (c) EDS mapping results of Fe3+@NCS-A, (d)-(e) 

High-resolution HAADF STEM images of the Fe nanoparticles and (f) their corresponding FFT images. 

Similar to Fe2+@NCS, the size of the carbon spheres is in the range of 200 nm - 500 nm, and the size 

of associated bright particles is in the range of 10 nm - 30 nm. Interplanar spacings measured from the 

FT image in (f) are 0.19, 0.18 and 0.24nm, which correspond to (03̅1̅), (22̅1̅) and (210) of reflections 

for Fe3C (PDF card No.:00-003-0989). EDS results show that the particles mainly consisted of Fe. 

To get a complete picture of the obtained catalysts, the carbon spheres showing the 

presence of the NPs were also investigated. EDS was conducted (Figure 5.5c and 

Figure 5.6c), one could see the associated particles mainly consisted of Fe. From the 

high-resolution HAADF STEM images and their fast Fourier transform (FFT) images 

(Figure 5.5d-f and Figure 5.6d-f), it could be observed that the size of the associated 

particles in both samples are in the range of 10 - 30 nm. For Fe2+@NCS-A, interplanar 

spacings measured from the FFT image are around 0.20, 0.23 and 0.40 nm, which 

correspond to the (002), (1̅1̅2) and (1̅1̅0) of reflections for Fe3C (PDF#00-003-0989). 

As for Fe3+@NCS-A, interplanar spacings measured from the FFT image are 0.19, 0.18 

and 0.24nm, which correspond to (0 3̅1̅ ), (22̅1̅ ) and (210) of reflections for Fe3C 
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(PDF#00-003-0989). These findings agree with the crystal structure suggested by XRD 

(Figure 5.7). The Fe3C in some of the Fe2+@NCS-A and Fe3+@NCS-A samples might 

be due to the particles being embedded deep inside the carbon spheres (Figure S5.8), 

and therefore inaccessible to the HCl wash.  

Figure 5.7 (a) XRD pattern and (c) SEM image of Fe2+@NCS, (b) XRD pattern of Fe2+@NCS-A (d) 

SEM image of Fe2+@NCS-A. The powder X-ray diffraction (XRD) patterns of Fe2+@NCS-A present 

two broad diffraction peaks centred at around 25. 7◦ and 43.3◦ of 2θ, corresponding to the (002) and 

(101) reflections of graphitised carbon. Correlating with the TEM images and powder diffraction file 

database, the peak at 43.3◦ also suggests the existence of iron nitride (PDF#00-003-1174), and FeC3 

(PDF#00-003-0989). 
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Figure 5.8 (a)TEM images of Fe3C nanoparticles in Fe2+@NCS-A, (b) TEM images of Fe2+@NCS-A 

5.3.2 Chemical structure characterizations 

Carbon spheres with well-dispersed Fe sites are compared with carbon spheres fully 

loaded with Fe particles in Figure 5.9. From EDS mapping, both carbon spheres have 

nearly the same carbon signal intensity. The carbon spheres with only isolated Fe sites 

show a stronger N signal (~ 6 wt%), around three times more N signal intensity than the 

carbon spheres loaded with Fe NPs (~ 2wt%). This confirms that the N content plays a 

significant role in preventing Fe agglomeration. This inhomogeneous dispersion of N is 

most likely originated during catalysts preparation steps. However, further experiments 

are required to reveal the mechanism.  

To reveal the elemental composition of the catalysts, X-ray photoelectron spectroscopy (XPS) 

was performed. In Figure 5.4c, the XPS survey spectrum of Fe2+@NCS-A shows the chemical 

composition of C (84.2 wt%), N (5.77 wt%), O (8.15 wt%), and Fe (1.88 wt%) while 

Fe3+@NCS-A shows the chemical composition of C (82.12 wt%), N (8.82 wt%) O (8.82 wt%) 

and Fe (1.82 wt%). Inductively coupled plasma mass spectrometry (ICP-MS) were also used 

to analyze the iron content of Fe2+@NCS-A and Fe3+@NCS-A. With XPS surveys and TEM-

EDS (Figure 5.4d), iron content in Fe2+@NCS-A is higher than that in Fe3+@NCS-A. 
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Fe2+@NCS showed 2.74 wt%, 1.88 wt%, and 3.84 wt% of iron content from ICP-MS, XPS, 

and TEM-EDS, respectively, while Fe3+@NCS-A showed 2.22 wt%, 1.82 wt%, and 2.7 wt%, 

respectively. As ICP-MS is a bulk elemental analysis and XPS is more focused on the surface 

of catalysts, this suggests both Fe2+@NCS-A and Fe3+@NCS-A have similar Fe sites on the 

surface while Fe2+@NCS-A has more Fe in bulk. 

 
Figure 5.9 STEM EDS mapping results of (a) Fe2+@NCS-A, (b) Fe3+@NCS-A. (c) elemental content 

obtained from integrated EDS results (inserted frames 1 and 2 represent where the element signals were 

integrated). Fe signals are localised on the brighter nanoparticles, indicating the nanoparticles mainly 

consist of Fe. We cannot confirm whether C or N exist in the nanoparticles, since both C and N signals 

disperse homogeneously in the entire carbon spheres. However, one noticeable difference is that the N 

signal from iron nanoparticle spheres is much weaker than homogeneously dispersed carbon spheres. 

This indicates that higher nitrogen content might help the dispersion of Fe, while in the low nitrogen 

content, iron tends to form iron particles.  
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5.3.3 Atomic structure characterizations 

To gain insights about the local structure of the Fe sites in Fe2+@NCS-A, Fe3+@NCS-A, and 

to confirm that Fe exists in atomic form, element-selective X-ray absorption fine structure 

spectroscopy experiments were conducted at the Fe K-edge. The magnitude of the extended X-

ray absorption fine structure (EXAFS) Fourier Transforms (FTs) of Fe2+@NCS-A and 

Fe3+@NCS-A are displayed in Figure 5.10a. The magnitude of the FT has a strong single peak 

centred around 1.6 Å (phase uncorrected) for both Fe2+@NCS-A and Fe3+@NCS-A, distinct 

from those of the Fe2O3, and metallic Fe references, but similar to the reference iron 

phthalocyanine (FePc), which has well-defined Fe-N4 coordinated sites. This result confirmed 

the absence of Fe-oxides and metallic Fe. Further, Fe EXAFS suggests the formation of Fe-N 

sites.  

Wavelet transform (WT) can provide both radial distance resolution and k space resolution, 

which is a powerful method for distinguishing the backscattering atom.211 As shown in Figure 

5.10b, WT analysis of Fe2+@NCS-A and Fe3+@NCS-A both show only one intensity 

maximum at about ~ 4.2 Å-1, which is very close to that in the reference FePc (~ 4.2 Å-1), but 

distinct from the feature of Fe2O3 (~7 Å-1). Therefore, the EXAFS and STEM data converge to 

the conclusion that the majority of the Fe species in Fe2+@NCS-A, Fe3+@NCS-A are Fe-N 

single sites, with a tiny amount of Fe3C embedded in the carbon spheres where they are 

inaccessible to the HCl wash. 
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Figure 5.10 (a) Fourier transform of Fe K-edge EXAFS spectra, (b) wavelet transform of the k2 

weighted EXAFS data of Fe2+@NCS-A, Fe3+@NCS-A, Fe(III)Pc, and Fe2O3, (c) comparison between 

the K-edge XANES experimental spectrum of Fe2+@NCS-A, and Fe3+@NCS-A to the theoretical 

spectrums FeN4, FeN4-O2, FeN4-2O2. The theoretical XANES spectrums were taken and reproduced 

with permission from ref 187. Copyright 2015, Springer. (insert: theoretical Fe-N structures where red 

spheres are oxygen, yellow spheres are iron, grey spheres are carbon, and blue spheres are nitrogen) 

As up to several different Fe-Nx structures have been reported, and each can result in 

different catalytic performances, it is essential to determine the local structure of the Fe-

Nx structures.99 Building optimized structure and simulating the X-ray absorption near 

edge structure (XANES) signal via density functional theory (DFT) calculations have 

become a powerful way to reveal the local structure of the single Fe sites.89, 98, 187 Herein, 

reported theoretical XANES spectrums were used to compare with Fe2+@NCS-A and 

Fe3+@NCS-A experimental data (Figure 5.10c).187 Only three possible matched 

structures FeN4, FeN4-O2, FeN4-2O2 represent FeN4 without oxygen ligand, one oxygen 

ligand, or two oxygen ligands attached to the centre Fe, respectively. By comparing 
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these three structures, FeN4 without ligand attached to Fe is the best-matched structure 

for Fe2+@NCS-A and Fe3+@NCS-A. 

To shed light on chemical configuration of Fe-N single sites, FT EXAFS fittings were 

performed for Fe2+@NCS-A, Fe3+@NCS-A using iFEFFIT (Figure 5.11a-b, d-e, Figure 5.12-

13).188 All fittings are in good consistency with experimental data. The best fit values (Table 

S1) for EXAFS modelling of Fe2+@NCS-A give an average coordination number of 4.0 ± 0.4 

for Fe-N at 2.10 ± 0.01 Ȧ and 2.4 ± 0.4 Fe-C at 1.92 ± 0.01 Ȧ. Meanwhile, the average 

coordination numbers for Fe3+@NCS-A are 3.4 ± 0.1 Fe-N at 2.08 ± 0.01 Ȧ and 1.2 ± 0.3 Fe-

C at 1.90 ± 0.01 Ȧ. In addition, 0.5 ± 0.1 Fe-Fe was required for fitting Fe3+@NCS-A (Table 

5.2).194, 212 The Fe-C signal is expected due to the presence of Fe3C in these samples, as 

confirmed by STEM and EDS analyses. The absence of Fe-Fe signal in Fe2+@NCS could be 

either due to minimal Fe3C content or a much smaller average particle size of Fe3C. Therefore, 

we propose that the iron existed primarily as Fe-Nx on the carbon substrate for both Fe2+@NCS-

A and Fe3+@NCS-A, with Fe2+@NCS-A being a fully stoichiometric Fe-N4 species. 
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Figure 5.11 The magnitude of EXAFS FT k2-weight Fe K-edge spectra and fitting curve of (a) 

Fe2+@NCS-A, (b) Fe3+@NCS-A, (c) high resolution of N 1s XPS spectrum of Fe2+@NCS-A and 

Fe3+@NCS-A, (d) the magnitude FT k2-weighted Fe K-edge EXAFS spectra of Fe2+@NCS-A and Fe-

N, Fe-C, and Fe-C2nd paths, (e) the magnitude FT k2-weighted Fe K-edge EXAFS spectra of Fe3+@NCS-

A and Fe-N path, Fe-C path, and Fe-Fe path iron carbide,  (f) X-band EPR of Fe3+@NCS-A and 

Fe2+@NCS-A.   

 
Figure 5.12 X-ray absorption analysis of Fe K-edge (a) R-space k2 weight curves of Fe2+@NCS-A and 

references samples Fe2O3, Fe(III)Pc, and iron foil, (b) Magnitude of Fourier Transform k2-weighted Fe 

K-edge EXAFS spectra and fitting curve of Fe2+@NCS-A, (c) q space fitting curve of Fe2+@NCS-A. 

 
Figure 5.13 X-ray absorption analysis of Fe K-edge (a) R-space k2 weight curves of Fe3+@NCS-A and 

references samples Fe2O3, Fe(III)Pc, and iron foil, (b) Magnitude of Fourier Transform k2-weighted Fe 

K-edge EXAFS spectra and fitting curve of Fe3+@NCS-A, (d) q space fitting curve of Fe3+@NCS-A. 

5.3.4 Oxidation state characterizations 

XPS supports the speciation of Fe obtained by EXAFS. The deconvoluted N1s spectra 

in Figure 5.11c show four types of nitrogen species for both samples, in which the peak 

at 399.9 eV can be assigned to FeNx complexes (Table 5.1).213-216 Besides, 

deconvoluted Fe2p spectra (Figure 5.14a) showed that Fe exist as a mixture of 2+ and 
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3+ oxidation in both Fe2+@NCS-A and Fe3+@NCS-A with more Fe2+ state in 

Fe2+@NCS-A. Also, no noticeable presence of metallic Fe can be found in Fe2p spectra. 

Further, the oxidation states of the Fe in Fe2+@NCS-A and Fe3+@NCS-A were 

investigated using XANES and electron paramagnetic resonance (EPR). From the Fe 

K-edge XANES (Figure 5.14b) spectra, it can be seen that the white lines of 

Fe2+@NCS-A and Fe3+@NCS-A catalysts are in between the FeO and Fe2O3 references, 

indicating they have oxidation states in between 2+ and 3+ which more closed to 3+. 

However, the XANES region could be influenced by the local coordination structure. It 

might be inaccurate to compare the oxidation state directly from XANES. Therefore, 

EPR was performed to investigate the electronic structure of Fe3+@NCS-A and 

Fe2+@NCS-A. EPR results shown in Figure 5.11f reveal that Fe3+@NCS-A has a 

stronger response than Fe2+@NCS-A, suggesting greater Fe3+ content in Fe3+@NCS-A. 

From the EPR signals, rhombic symmetry systems with Fe3+ high spin (S = 5/2) can be 

determined, with g ≈ 6 and g ≈ 2 assigned to Fe3+ with square pyramidal coordination. 

Meanwhile, g ≈ 4.3 originates from Fe3+ with a rhombic ligand field.185 As stated in 

Figure 5.4d, iron content in Fe2+@NCS-A is higher than that in Fe3+@NCS-A. Thus 

the missing Fe signal in EPR suggests a higher Fe2+ content in the Fe2+@NCS-A than 

Fe3+@NCS-A. This difference in iron oxidation states might stem from the iron 

precursors that could be further responsible for a different catalytic activity.  

Table 5.1 Elemental content determined from XPS 

wt% C N O Fe 
Pyridinic 

N 
FeNx 

Pyrrolic 

N 

Graphitic 

N 

Fe2+@NCS-

A 
84.2 5.9 8.1 1.8 2.1 1.3 2.2 0.3 

Fe3+@NCS-

A 
82.1 7.6 8.8 1.8 3.4 1.7 2.3 0.2 
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Figure 5.14 XPS high-resolution Fe2p spectrum of (a) Fe2+@NCS-A and Fe3+@NCS-A, (b) XANES 

spectra of Fe3+@NCS-A, Fe2+@NCS-A, Fe(II)Pc, Fe(III)Pc, and Iron, (c) comparison of Fe peak 

changes before/after CV 300 cycles in oxygen saturated 0.1M KOH, catalysts were loaded on carbon 

felt to perform the CV cycling. XPS reveals the elemental composition and chemical states of Fe 

in the catalysts. No obvious presence of metallic Fe can be found. No obvious shift could be 

found in the Fe peak by examining the Fe spectrums before and after CV cycling. The relatively 

low signal-to-noise ratios are caused by the low absolute Fe contents of the catalysts. 

5.3.5 Physical structure characterizations 

Besides Fe active sites, it has also been reported that the structure of the carbon support, 

such as surface area, pore size and graphitization contents, also plays a critical role. 

Therefore, to get more insights into the structural information from the obtained 

catalysts, wide angle X-ray scattering (WAXS), small angle X-ray scattering (SAXS), 

and nitrogen physical adsorption analyses were performed. Compared with NCS and 

CS, Fe2+@NCS-A and Fe3+@NCS-A show more pronounced graphitic features because 

the incorporation of iron can catalyze the graphitization of carbon substrate during 

carbonization (Figure 5.8b), which favours electron transfer based on the increased 

conductivity. Higher graphitization could also be seen in XRD and WAXS spectrums 

in Figure 5.15, where sharper and right-shifted (002) peaks are presented in Fe2+@NCS-

A and Fe3+@NCS-A. No metallic iron peak and Fe3C could be seen in the WAXS 

spectrum, suggesting the well-dispersed Fe without agglomeration. Besides, no 

noticeable difference could be seen from the XRD spectra of Fe2+@NCS-A and 

Fe3+@NCS-A.  
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Figure 5.15 XRD patterns of (a)Fe2+@NCS-A, NCS, and CS, (b) Fe2+@NCS-A, Fe2+@NCS, 

Fe3+@NCS-A, and Fe3+@NCS, (c) WAXS pattern of Fe2+@NCS-A, Fe3+@NCS-A, and NCS, (d) 

SAXS pattern of Fe2+@NCS-A, Fe3+@NCS-A, and NCS. Fitted SAXS pattern of (e) Fe3+@NCS-A, (f) 

Fe2+@NCS-A, and (g) NCS, (h) comparision of average pre diameter, and B values fitted from SAXS, 

the detailed fitting methods could be found in experimental part. 

Furthermore, specific surfaces area of these samples were determined by using 

Brunauer-Emmett-Teller (BET) via N2 physical adsorption (Figure 5.16). The 

Fe2+@NCS-A, Fe3+@NCS-A, and NCS showed a specific surface area of 70 m2 g-1, 42 

m2 g-1, and 138 m2 g-1, respectively (Figure 5.16c). Fe doping reduced the surface area 

suggests that Fe species were adsorbed on the surface and encapsulated in cavities 

during the synthesis of Fe@NCS. Pore size distribution (Figure 5.16g-i) shows that 

NCS has pores at around 1 nm, where Fe2+@NCS-A has pores at 1.2 nm, and 

Fe3+@NCS-A has pores at both 1 nm and 1.2 nm, which showed that more micropores 

(pore width smaller than 2 nm) were blocked in Fe2+@NCS-A. Besides, fitted SAXS 

results showed the average pore diameters for Fe2+@NCS-A (1.91 nm) was smaller than 

Fe3+@NCS-A (2.18 nm), and NCS (2.22 nm). B values represent the relative number of 

pores were also fitted, and the Fe2+@NCS-A showed 510 % relative number of pores 

compare to NCS (100%), while Fe3+@NCS-A showed 322 %. This increased the 
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relative number of pores due to the formation of closed pores invisible in BET. Together 

with BET, we could speculate that more Fe2+ adsorbed into bulk and that is why smaller 

closed pores were generated.  

 
Figure 5.16 (a) N2 adsorption isotherms of NCS, Fe2+@NCS, and Fe3+@NCS, (b) N2 adsorption 

isotherms of NCS-A, Fe2+@NCS-A, and Fe3+@NCS-A, (c) Specific surface area obtained from nitrogen 

physical adsorption of NCS, Fe2+@NCS, and Fe3+@NCS after pyrolysis and after acid treatment., pore 

size distribution of (d) NCS, (e) Fe2+@NCS, (f) Fe3+@NCS-, (g) NCS-A, (h) Fe2+@NCS-A, and (i) 

Fe3+@NCS-A calculated based on HS-2D-NLDFT_Carbon_N2_77 model. 

To conclude, Fe2+@NCS-A has shown higher Fe2+ content, fully stoichiometric Fe-N4 sites, 

and relatively low surface area but higher than Fe3+@NCS-A. These factors have shown the 

chemical and structural differences caused by these two precursors with different oxidation 

states. Further, the electrochemical characterizations were performed to investigate the 

catalytic performance of these catalysts. 



 

 

101 

 

5.3.6 Electrochemical characterizations 

 

Figure 5.17 (a) CV curves at 0 rpm, 100 mV s-1 scan rate, (b) LSV curves at 1600 rpm, 10 mV s-1 scan 

rate, (c) electron transfer number and H2O2 production rate of Fe2+@NCS-A, Fe3+@NCS-A, Pt/C and 

NCS, (d) Tafel plots of Fe2+@NCS-A, Fe3+@NCS-A, NCS, and Pt/C, (e) chronoamperometric 

responses of Fe2+@NCS-A and Pt/C at 0.7 V and 1600 rpm. All RDE/RRDE tests were performed in 

O2-saturated 0.1 M KOH, background N2 current was extracted. Reference electrode: Hg/HgO, counter 

electrode: graphite rod. Catalyst loading: 0.28 mg cm-2, Pt loading 0.021 mg cm-2. (f) AEMFC 

performance of Fe2+@NCS-A cathode. Polarization curve and power density plotted as a function of 

current density. H2‐O2 gases were fed at 0.3 L min−1 with no back-pressurization; cathode: 2.0 mg cm−2 

of Fe2+@NCS-A; anode: 0.70 mg cm−2 of PtRu; Tcell = 60 °C (RH 100 %). The membrane used in this 

work was low-density polyethylene-based (LDPE) anion exchange membrane and the ionomer was 

ETFE-benzyltrimethylammonium (BTMA) powder. 

The ORR catalytic performance of NCS, Fe2+@NCS-A, Fe3+@NCS-A, and commercial 

Pt/C (55-58 wt%) were evaluated by cyclic voltammetry (CV) and linear sweep 

voltammetry (LSV) under alkaline conditions (0.1 M KOH oxygen saturated) using a 

rotating disk electrode (RDE). Among all the as-prepared catalysts, the Fe2+@NCS-A 

shows the most promising ORR activity due to its higher amount of electroactive iron 

species. The CV (Figure 5.17a) curves of all samples show oxygen reduction peaks. 
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LSV (Figure 5.17b) curves of Fe2+@NCS-A show an obvious positive oxygen 

reduction peak and onset potential (the potential where reaches - 0.1 mA cm-2) at 0.94 

V, more positive than those of NCS (0.81 V), and Fe3+@NCS-A (0.91 V), 100 mV 

negative of Pt/C (1.04 V).  Fe2+@NCS-A also displays a half-wave potential of 0.79 V, 

which is 30 mV more positive than Fe3+@NCS-A (0.76 V), suggesting a better catalytic 

activity in Fe2+@NCS-A. (Figure 5.17b). The limiting current density of Fe2+@NCS-

A is higher than Fe3+@NCS-A, suggesting more 4 electron pathway occurs in 

Fe2+@NCS-A.  As illustrated in Figure 5.17d, Fe2+@NCS-A presents a Tafel slope 

value of 84.5 mV dec-1, slightly smaller than Fe3+@NCS-A (87.8 mV dec-1), and NCS 

(87.3 mV dec-1). Rotating ring disk electrode (RRDE) tests show an electron transfer 

number from 3.7 to 3.95 for both Fe2+@NCS-A and Fe3+@NCS-A. The decreasing trend 

of electron transfer number suggests 2-electron process increase at lower potential. H2O2 

production showed an increasing trend from high potential to low potential (from 2 % - 

18 %). 

 
Figure 5.18 (a) The iron content of catalysts determined by ICP as a function of carbonisation 

temperature. Interestingly, at the same carbonisation temperatures, the iron content in Fe2+@NCS-A is 

higher than Fe3+@NCS-A. Moreover, the samples carbonised at higher temperature showed higher Fe 

contents than those carbonised at lower temperature, even after HCl washing, suggesting more Fe-N 

site formation at higher temperature. (b) LSV curves of Fe2+@NCS and Fe2+@NCS-A, Fe3+@NCS and 

Fe3+@NCS-A, (c) LSV curves of Fe2+@NCS-A-900 and Fe3+@NCS-A-900, Fe2+@NCS-A-700 and 

Fe3+@NCS-A-700. 
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Thus, the higher onset potential, higher half-wave potential, smaller Tafel slope value, 

and higher electron transfer number of Fe2+@NCS-A are likely to originate from the 

different local coordination environments and the oxidation states of the Fe site as 

Fe2+@NCS-A has a higher amount of Fe-N4 sites and higher overall iron content in Fe2+. 

However, more experiments are needed to reveal the detailed mechanism of whether 

and how Fe oxidation state influence the electrocatalysis steps. It should be mentioned 

here that the Fe3C content in the two samples are minimal and embedded inside the 

carbon sphere structure, as demonstrated by our STEM, EXAFS, XPS, and WAXS data. 

Thus, the contribution from Fe3C towards the ORR performance should be negligible.217  

Furthermore, chronoamperometry testing was performed to check the stability of 

Fe2+@NCS-A. After 10,000 s (2.77 h) at 0.7 V, due to the Fe-N singles sites, nearly 85 

% of the current was retained for Fe2+@NCS-A, whilst Pt/C only showed 76 % current 

retention (Figure 5.17e). Ex-situ XPS was performed before and after the CV cycling 

(Figure 5.14c) to investigate the active site change. No noticeable changes in the peak 

shape and the decreased peak intensity might be caused by the sample peeling off during 

the CV cycling, resulting in a lower intensity than before. To further explore the 

performance of Fe2+@NCS-A in real operating devices, the electrochemical 

performance in anion exchange membrane fuel cells (AEMFCs) was also tested.218 The 

operating AEMFCs were fed with H2 and O2 gases. The Fe2+@NCS-catalyst achieved 

high open-circuit potentials at 0.96 V in the operating AEMFC compared to other 

comparable M-N-C catalysts (Table 5.3). Although it is still lower than Pt-based 

catalysts tested under similar conditions, it shows great potential after further electrode 

optimization.219 The current density and power density demonstrating the promising 

approach for developing low-cost AEMFCs. 
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Table 5.2 EXAFS fitting parameters. 

Sample Scattering 

pair 

CN R 

(Å) 

ΔE0 

(eV) 

σ2 

(10-3Å2) 

R factor 

Fe2+@NCS-A Fe-N 4.0 2.10 3.01 

+/- 

1.65 

0.005 0.0044 

+/- 0.4  ± 0.01  Fixed 

Fe-C 2.4 1.92 0.005 

+/- 0.4  ± 0.01 +/- 

1.65 

same as σ2 

(Fe-N) 

Fe-C2 2.1 3.03 0.005 

+/-0.6 ± 0.01 2 x σ2 (Fe-N) 

Fe3+@NCS-A Fe-N 3.4 2.08 2.21 0.005 0.00362 

+/-0.1  ± 0.01  Fixed 

Fe-C 1.2 1.90 same as σ2 

(Fe-N) 

+/-0.3  ± 0.01 +/-

1.25 

 Fixed 

Fe-Fe 0.5 2.59 0.010 

+/-0.1 ± 0.01 2 x σ2 (Fe-N) 

S0
2 is the amplitude reduction factor (S0

2 = 0.85) 

Table 5.3 Summary of ORR activity of Fe@NCS with previously reported Fe-Based catalysts (* 

represents the values taken approximately from graph) 

Catalysts E1/2 (V) vs. 

RHE 

(0.1 M KOH) 

Tafel plot 

value 

(mV dec-1) 

Onset 

potential 

(-0.1 mA cm-2) 

Ref 

Fe/N/CNT/PCF 0.78* 65.8 0.95 220 

Fe/N-CNFs 0.78 - 0.94 221 

Fe/N-NGA 0.79 52 0.97 222 

Fe@C-FeNC-2 0.89 68 0.98 223 

Fe N/C 0.88 68 0.98 224 

Fe SAs N/C-20 0.91 - 0.98 225 

C-Fe-Z8-Ar 0.82 70 0.94 226 

Fe-CZIF-800-10 0.83 - 0.96 227 

Ag/Graphene 0.72* - 0.83 228 

Fe-NC SAC 0.90* 48 0.97 127 

3DOM Fe-N-C-900 0.87* 49 0.96 229 
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Co/N/C 0.79* - 0.84 230 

FeN/CNT 0.87* - 0.95 231 

FeN/CNT 0.87* 61.9 0.98 232 

Fe-S-Phen/CNT 0.90* 52 0.99 233 

Fe, Cu/N/C 0.92* 59.3 1.04 234 

Fe/S, N/C 0.77* - 0.93 235 

Fe@NCS 0.79 84.5 0.94 This work 

 
Table 5.4 Summary of Fuel cell performance of Fe@NCS with previously reported M-N-C catalysts 

(* represents the values taken approximately from graph) 

Catalysts Open 

circuit 

potential 

(V) 

Current density @ 

0.6 V 

(mA cm-2) 

Pmax 

(mW cm-2) 

Ref 

Fe-N-CC 0.96 135 123 219 

N-CNT 0.87 52* 62 236 

FePc/MWCNT 0.96* 70* 135 237 

NpGr 0.82 30 26 238 

Co-Fe3O4/C 0.85 135* 175 239 

NPOMC-L2 0.89* 125* 
70 240 

FePc/C-900 0.94* 200* 
122 241 

Fe-M-La/C-700 0.94 180* 
135 242 

Fe-S-Phen/CNT 0.98* 446* 
630* 233 

FeN/CNT 0.97* 556* 
379* 231 

Fe/N/CDC 1.01* 138 
178* 243 

Fe-N-comp 0.98* 205* 
120* 196 

Fe-N-Gra 1.05* 332* 
243* 195 

SiCDC/CNT(1:3)/FePc 0.98* 170* 
182 193 

Fe-N-CDC/CNT 0.97* 1108* 
872* 192 

Fe-N-C 1.02* 366* 
219* 244 

Fe/IL-PAN-A1000 1.02* 427* 
290* 245 

SHUb-Fe/N-A 0.96* 288* 
234* 246 

FeCoNC-at 1.02* 646* 
415* 247 

Fe@NCS 0.96V 125 108 This 

work 
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5.4 CONCLUSION 
In summary, Fe, N co-doped carbon sphere electrocatalysts (Fe@NCS-A) were 

synthesized via a facile, green, and scalable method. The majority of Fe species were 

found to exist in Fe-N4 sites, with a minimal amount aggregated into Fe3C nanoparticles 

and embedded inside the carbon sphere structure. The optimized Fe-N4 sites have been 

successfully obtained by starting with different Fe precursors, with Fe2+@NCS-A 

showing a better ORR and AEMFC activity and durability. For the formation 

mechanism of Fe-N4 sites, we propose that the N content is key for preventing Fe 

aggregation. At the same time, the starting precursor and carbonization conditions are 

essential for determining the final configuration of the Fe-N4 sites. We have proved that 

iron precursors with different oxidation states can lead to variants in iron species, iron 

sites' coordination numbers, and oxidation states in the final product, consequently 

influencing the final catalytic performance. However, future efforts are needed to unveil 

the interactions of dopants and carbon support during the carbonization process and 

correlate these structural features with their electrocatalytic activity. Considering these 

catalysts' relatively low surface area, the next step could improve the surface area to 

unlock the full catalytic potential. This work addresses the factors that consider the 

oxidation states influence of precursors in the electrocatalyst design. It provides a new 

perspective on understanding the catalytic active sites. 
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Chapter 6  

MATERIALS CHARACTERISATION 
This chapter will introduce the working principles of characterizations techniques applied in 

this thesis. 

6.1 SCANNING ELECTRON MICROSCOPE (SEM) 
Scanning electron microscopy (SEM) relies on measuring the secondary or backscattered 

electrons emitted from samples (Figure 6.1a). During the operation, an electron beam (beam 

accelerated at 1 - 30 kV ) is emitted and accelerated to pass through the condenser lens, aperture, 

deflector coils, and objective lens and finally hit the samples’ surface.248 Then, secondary and 

backscattered electrons emitted from samples will be captured by the detector, followed by a 

reconstruction of signals to obtain the topographic and composition of the samples. The 

magnifications that SEM could offer could reach 1 - 2 million times. SEM characterization was 

conducted on Zeiss Leo Gemini 1525. Pellet samples were cut into pieces to measure the cross-

section and top morphology and attached on the conductive tape. For all samples, 10 nm gold 

coating was also applied to obtain a better resolution.  
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Figure 6.1 Schematic working principles of (a) SEM (b)TEM, and (c) STEM. 

6.2 TRANSMISSION ELECTRON MICROSCOPE (TEM) 
A transmission electron microscope (TEM) collects high energy electrons to gain a 2D image 

of the samples (Figure 6.1b). The beam from TEM could be accelerated at 60 – 300 kV,249, 

giving users more than 50 million times magnification. To reveal the atomic structure, high-

resolution transmission electron microscopy (HRTEM) could be applied. The high resolution 

of HRTEM is based on the phase shift of the atoms. Scanning transmission electron microscopy 

(STEM) encodes the spatial information which could get atomic-scale properties. The detection 

(Figure 6.1c) could be divided into bright field (BF), annular dark field (ADF), and high-angle 

annular dark-field (HAADF), where HAADF is the most common technique. The image 

contrast in HAADF is mainly from incoherent elastically scattered electrons.248, 250 

HRTEM was conducted on all the electrode samples at an operating voltage of 300 kV.  The 

samples were dispersed in ethanol and sonicated for 10 minutes, then cast onto lacey carbon 

mesh copper grids (Agar Scientific, Lacey carbon film 400 Cu). The grids were then placed in 
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a vacuum desiccator to assist the solvent's evaporation overnight before loading onto the TEM 

sample holder. The HAADF STEM imaging and EDS elemental mapping were performed 

using a Thermo Fisher Titan STEM (G2 80-200) equipped with a Cs probe corrector (CEOS), 

a ChemiSTEM Super-X E.D.X. detector and a HAADF detector operating with an inner angle 

of 55 mrad at 200 kV. The incident electron beam convergence angle was 21 mrad. 

6.3 X-RAY ABSORPTION SPECTROSCOPY (XAS) 

Studying nanostructure or even atomic structure is the key to understanding the catalytic 

process. X-ray absorption spectroscopy (XAS) has been a powerful tool to characterize 

catalysts to give nanoscale. An accelerated high energy X-rays shoot directly to the samples, 

and some X-rays are absorbed by the atoms in the sample, causing the excitation or ejection of 

a core electron. The energy edge we usually described formed at specific energy to excite an 

electron in the atoms. For example, ~ 7112 eV to excite an electron in the 1 s orbital of iron 

caused an edge form due to the sudden energy change. XAS contains two main segments – X-

ray absorption near edge structure (XANES) gives geometry and oxidation state information 

of the catalysts (Figure 6.2b) and extended. X-ray absorption fine structure (EXAFS) gives 

neighbouring atoms information (Figure 6.2c). 
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Figure 6.2 (a) schematic of beam going through samples with input intensity I0, and output intensity I1. 

(b) XANES region of the XAS, information such as different species and oxidation states could be 

obtained. (c) Schematic of the scattering between the centre atom and neighbour atoms. 

EXAFS could provide the local coordination environments originating from the scattering 

between the central atom and the neighbour atoms. The absorption coefficient μ(E), can be 

obtained the intensity of the beam before (I0) and after (I1) transmitting the samples: 

μ(E) =  ln (𝐼0/𝐼1)  

Caused by the scattering between atoms, oscillations of the energy to the energy of the 

absorption edge could be obtained. 

χ(E) = (μ(E) − μ0(E))/μ0(E)  

Herein, a wavenumber k is defined as: 

𝑘 =
1

ℏ
√2𝑚𝑒(𝐸 − 𝐸0)  
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Where me is the mass of an electron, ℏ is plank constant, E is the energy of the incident photon, 

E0 is the energy of the absorption edge. k (𝑘 =
2𝜋

𝜆
) could be derived from by substituting the 

wavelength (𝜆 =
ℏ

𝑝
, where p is the momentum of the electron; 𝑇 =

𝑝2

2𝑚𝑒
, where T is the kinetic 

energy of the photoelectron; besides 𝑇 = 𝐸 − 𝐸0 ) into the wavenumber. Furthermore, the 

probability of absorption 𝜒 ∝ cos (2𝜋
2𝐷

𝜆
) where D is the distance from the absorbing atom to 

the scattering atom, taking k and scattering properties of the neighbouring atoms, we could 

obtain251: 

𝜒(𝑘) = f(𝑘) cos (2𝜋
2𝐷

𝜆
) 

However, several factors need to be added to make 𝜒(𝑘) represent the scattering probability 

better, such as multiple neighbouring atoms, phase shift, spherical waves, inelastic scattering, 

in which the absorbing atom is not the same as the initial state. Therefore, the following 

equation was obtained to describe 𝜒(𝑘):251 

χ(𝑘) = 𝑆0
2 ∑ 𝑁𝑖

𝑓𝑖 (𝑘)

𝑘𝐷𝑖2
ⅇ−

2𝐷𝑖
𝜆𝑘 ⅇ−2𝑘2𝜎2

𝑠𝑖𝑛(2𝑘𝐷𝑖 + 𝛿𝑖(𝑘))

𝑖

 

Where 𝑆0
2  D is the amplitude reduction factor, D is the absorber-scatter distance (half path 

length), N is degeneracy (coordination number), and 𝜎2  is the mean square relative 

displacement (Debye-Waller factor).251 

XAS sample preparation: To obtain a good XAS signal, 15 - 20mg samples (85 - 90 wt%) 

were well mixed with 1.5 - 3 mg (10-15 wt%) cellulose and pressed into 5 mm pellet with a 

thickness of 0.5 – 1 mm, 5 microliters of DI water was added into the mixture before pelleting 

to help maintain the pellet structure. XAS analysis: XAS measurements were performed at 

beamline B18 of Diamond Light Source in transmission and fluorescence mode using Stern-
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Heald geometry using ion chambers. Transmission mode data were used due to their superior 

quality. The data were normalised to the incoming incident energy and processed with the 

Athena software. An E0 value of 7112.0 eV was used to calibrate all data to the first inflexion 

point of the absorption K-edge of an Fe foil. EXAFS curve fitting was performed with Artemis. 

Fe-N4-C structure was built, and geometry optimised using Dmol3. The optimised structures 

were calculated through FEFF 8 to obtain the paths.  

The EXAFS spectra were obtained by subtracting pre-edge and post-edge background from the 

overall absorption and then normalising to the edge step. Subsequently, the χ(k) data of 3.0 to 

10 A-1 was used for Fourier transformed to real R space using a Hanning window (dk = 1.0 Å 

-1) to separate the EXAFS contributions from different coordination shells. To obtain the 

quantitative structural parameters around central atoms, least-squares curve parameter fitting 

was performed using the ARTEMIS module of IFEFFIT software packages. The addition of a 

shell in EXAFS modelling was justified by significantly lowering the reduced chi-square value. 

S02 = 0.85 ± 0.03 was obtained by fixing the coordination number of powdered Fe standards 

to their known crystallographic structure. 

6.4 X-RAY PHOTOELECTRON SPECTROSCOPY (XPS) 
X-ray photoelectron spectroscopy (XPS) is the most popular characterization to study the 

surface chemistry of materials. Monoenergetic X-rays are used to irradiate the materials. The 

incoming photon reacts with the materials, followed by the emitting of photoelectrons from the 

materials. A detector is applied to measure the kinetic energies of the emitted photoelectrons. 

Based on the kinetic energies of the emitted photoelectrons, both the type and the amount of 

the surface element could be determined. The energy loss is enormous during photoelectron 

transfer to the material's surface, and only near-surface photoelectrons can be detected. 

Therefore, the XPS has high surface sensitivity, where the characterized depth could be 5-10 

nm).252, 253 
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XPS analysis was performed using a Thermo Scientific Nexsa XPS system with a 

monochromatic Al Ka X-ray source. Samples were placed on the copper tape and vacuumed 

overnight before performing in the machine. The data was analysed using Thermo Avantage 

software, and deconvolution of the spectrums were conducted. Specifically, C1s spectrums 

could be deconvoluted into graphitic carbon (C-Cprimary), defective carbons in five-member 

rings (C-Clow), carbon in more than six-member ring (C-Chigh)/carbon bonded to N in pyridinic, 

pyrrolic in both defect and defect-free regions (Csp2-N), ether ground found in esters and 

lactone (C-O)/graphitic nitrogen in aromatics (Csp3-N) / nitrogen oxides (C-N=O), pyridine, 

amide/carbonyl groups (C=O/N-(Csp2=O)/N-C(O)-C). N1s spectrums could be deconvoluted 

into the pyridinic group in aromatics (C=N-C), pyrrolic group in aromatics (C-(NH)-C), 

graphitic nitrogen in aromatics (C-(NC)-C), nitrogen oxides (O=N-C), and pyridone 

(O=CNC)/amine group (H-N-H). O1s spectrums could be deconvoluted into C=O, O-C 

aliphatic, O-C aromatics N, oxygen bonded to nitrogen, and water due to the moisture content. 

6.5 GAS SORPTION MEASUREMENT 
Nitrogen physical adsorption is applied to determine the specific surface area and pore size 

distribution of the materials. The test performs at 77 K for the physical nitrogen adsorption, 

and the whole testing tube is under pressure. At the lowest pressure, nitrogen is first adsorbed 

into the microstructures in the materials and forms a single layer of nitrogen molecules on the 

surface of the nanostructures. As the pressure increases, multiple layers form, and bigger pores 

of the materials will also be filled. Based on the Brunauer-Emmett and Teller theory (BET), 

the specific surface area could be calculated.254 The pore size distribution could also be 

obtained via non-local density functional theory (NLDFT), which assumes that all pores and 

surfaces are homogeneous.255 

Nitrogen physical adsorptions were conducted at −196 °C in the Micromeritics 3Flex system. 

Powder samples were wrapped into aluminium foil. Pellet samples were analysed without 



 

 

114 

 

aluminium foil. All samples were degassed under 200 °C for 17 hours to remove all residue 

moisture, and samples mass were weighed by microbalance. The BET surface area was 

deduced from an isotherm analysis in the relative pressure range of 0.0002−0.02. The total pore 

volume was calculated from the amount of nitrogen adsorbed at a relative pressure of 0.98. The 

pore size distribution was calculated by the HS-2D-NLDFT_Carbon_N2_77 method using 

adsorption and desorption parts of the isothermal data. 

6.6 X-RAY DIFFRACTOMETER (XRD) 
X-ray diffraction (XRD) was used to study the crystalline structure of materials. Based on the 

constructive interference of monochromatic X-rays and the crystallinity structure of the 

samples, crystallinity information of the samples could be obtained.256  

XRD patterns of obtained samples were measured with a powder X-ray diffractometer (XRD 

PANanalytical's X'PERTPRO) with Ni-filters Cu Ka radiation (λ1 = 1.5406 Å and λ2 = 1.5444 

Å) and an X’Celerator multistrip detector). The scanned two theta ranges from 10° to 85° at 3° 

min-1. Powder/pellet samples were placed on a sample holder while analysing. To reduce the 

noise in the final signal, the sample holder was rotating at 90° per second. 

6.7 SMALL ANGLE X-RAY SCATTERING (SAXS) 
Samples in Chapter 3 was performed on a SAXSpoint 2.0 instrument, using Cu-Kα radiation 

with a wavelength of 1.541 Å. Samples were loaded to powder sample holders with a Kapton 

window for beam transmission. Scattered X-rays were detected by a 2D areal detector (Eiger 

R 1M, Dectris, Baden, Switzerland) with a nominal sample-to-detector distance of 561 mm. 

Data was collected as a stack of 3 * 5min frames and averaged. The 2D patterns were reduced 

using SAXSanalysis software. The 1D SAXS profiles, as obtained upon azimuthal averaging 

of the 2D SAXS patterns, were used for analysis.  
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Samples in Chapter 4 and 5 were performed in I22, Diamond. Samples were loaded on to 

samples holder, and the samples test was performed in beamline I22, Diamond Light Source, 

UK. Beam energy was 12.4 keV with a wavelength of 1 A. The SAXS sample-detector distance 

was 5719.2 mm, and the WAXS sample-detector distance: 166.32 mm. Data was collected as 

a stack of 100 * 0.1 s frames and averaged. 

A Porod method proposed by Stevens and Dahn257 were employed to small-angle X-ray 

scattering (SAXS) data to probe the pore size of the carbon samples. The equation proposed by 

Stevens and Dahn is as follows: 

𝐼(𝑞) =
𝐴

𝑞𝑎
+

𝐵1𝑎1
4

(1 + 𝑎1
2𝑞2)2

+ 𝐷 

Where I(q) is the scattered intensity as a function of q, A is a scale factor for the surface 

scattering at low q, proportional to the total surface area. B1 is a scale factor for the pore 

scattering, proportional to the micropore surface area. D is a constant background, and a1 is the 

characteristic length and associated with the radius of a spherical pore, by 𝑅 = 𝑎1 × √10. 

Further, this equation can be modified so that B2 becomes proportional to the number of pores 

by adding an a1
2 term: 

𝐼(𝑞) =
𝐴

𝑞𝑎
+

𝐵2𝑎1
6

(1 + 𝑎1
2𝑞2)2

+ 𝐷 

The A value and B2 values fitted from the SAXS data represent the relative total surface area 

and relative amount of pores, respectively. 

Furthermore, an additional term can be added with a different characteristic length a2 if pores 

of an intermediate size are present, so the SAXS intensity can therefore be expressed by 

𝐼(𝑞) =
𝐴′

𝑞𝑎′ +
𝐵3𝑎3

6

(1 + 𝑎3
2𝑞2)2

+
𝐶

(1 + 𝑎4
2𝑞2)2

+ 𝐷 
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Where B3 is now proportional to the total number of nanopores, and a3 represent the size of 

nanopores. The C is proportional to the total surface area of the intermediate size pores, and a4 

represent the characteristic length of the intermediate size pore. 

6.8 RAMAN SPECTROSCOPY 
Raman spectroscopy was performed on a 514 mm wavelength using a Senterra II spectrometer. 

When analysing, samples were placed on a glass slide, and the Raman spectra were collected 

between 500 cm-1 and 3000m-1. The peak positions and the intensities were determined by the 

combination of Gaussian−Lorentzian line shapes in OriginPro 2020. The crystallite sizes (La) 

were calculated from the ID/IG via the following equation: 

𝐿𝑎 = 𝐶𝜆 ⋅
𝐼𝐺

𝐼𝐷
 

The Cλ value was calculated from Matthews et al.258, 259, where Cλ = 4.36 for λ = 514 nm. 

6.9 FOURIER TRANSFORM INFRARED (FTIR) SPECTROSCOPY 
Fourier transform infrared (FTIR) spectroscopy was conducted on a Cary 630 FTIR 

spectrometer. The background signal was extracted before each sample scan, and the obtained 

spectrum was averaged over 16 scans between 700 cm-1 and 4000 cm-1.  

6.10 THERMOGRAVIMETRIC ANALYSIS (TGA) 
Thermogravimetric analysis (TGA) was performed on TGA from TA instrument. 5-10 mg of 

samples were loaded for each run. Samples were heated to 1000 °C with 10 °C  min-1 under air 

condition. 

6.11 INDUCTIVELY COUPLED PLASMA MASS SPECTROMETRY (ICP-MS) 
Inductively coupled plasma mass spectrometry (ICP-MS) is a powerful technique with high 

sensitivity to detect as low as parts-per-trillion level elements. Sample solutions were ionised 

into atomic and polyatomic ions by inductively coupled plasma, which was further sorted by 
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the mass-to-charge ratio (m/z) by mass spectrophotometer and detected by the ion detector. 

Standards with different ion concentrations of the targeted metals were used to calibrate the  

ICP-MS characterizations were conducted by A Nu Instruments Nu Plasma multiple collectors 

inductively coupled plasma mass spectrometer. Before analysing, the carbon samples were 

carefully weighed and digested by aqua regia using a MARS 6 microwave at 1500 W for 20 

min. The solutions were further filtered and diluted with 2 % HNO3 and 1 % HCl to achieve a 

Fe < 500 ppb concentration. Standards iron solutions (10 ppb to 500 ppb) were tested to 

calibrate the ion concentration. For each sample, two duplicates were prepared for accuracy. 

6.12 COMPUTED TOMOGRAPHY (CT) 
Computed tomography (CT) was performed for one pellet sample in Electrochemical 

Innovation Lab, University College London. 3D images acquired were used to examine pore 

size distribution and the accessible pre to air. All X-ray imaging was conducted ex-situ on 

pellet samples directly using a ZEISS Xradia 520 Versa (Carl Zeiss Microscopy Inc., 

Pleasanton, USA) micro-CT system. X-ray CT scans were carried out with an X-ray source 

tube voltage of 60 kV− with an exposure time of 50 s per projection image, and a total of 1028 

projection images were collected per scan using 40× magnification. Reconstruction of the 

radiographic data was achieved using a cone-beam filtered back-projection algorithm 

implemented in Zeiss Scout and Scan software resulting in a reconstructed voxel size (μm) of 

0.203 × 0.203 × 0.203. 

6.13 ELECTRON PARAMAGNETIC RESONANCE (EPR) 
Electron paramagnetic resonance (EPR) measurements were performed at Imperial College 

London. Ca. 3-10 mg of sample was filled into a capillary with an inner diameter of 3 mm 

Wilmad® quartz (CFQ) EPR tubes (Sigma-Aldrich) that were weighed before and after filling 

to determine the precise mass of each sample. Continuous-wave (CW) EPR spectra were 
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recorded on an X-band CW ELEXSYS E500 EPR spectrometer (Bruker, Germany) equipped 

with a cryogen-free variable temperature cryostat (Oxford Instruments, Oxfordshire, UK). EPR 

spectra were recorded at ≈ 9.7 GHz under non-saturating Fe(III) conditions, corresponding to 

an incident microwave power of 2 mW (at 5 K). A magnetic field frequency of 100 kHz, 

modulation amplitude of 1 G, power attenuation of 20 dB and receiver gain 75 dB were used 

with the external magnetic field sweeping in 1190 steps from 5 to 600 mT. For non-Lorentzian 

lines observed in the EPR spectra, one should use the turning point to evaluate the effective g 

values.  

6.14 ELECTROCHEMICAL CHARACTERIZATIONS 
Rotating disk electrode (RDE) test. Inks containing the different catalysts were prepared for 

RDE testing to evaluate their performance for oxygen reduction reaction (ORR) catalysis. 8 

mg of catalyst powder (pellet samples were ground into the powder by pestle and motor) was 

weighed and mixed with 1400 µl of deionised (DI) water, 528 µl of EtOH and 72 µl of 5 wt% 

Nafion©D-521 dispersion in water and 1-propanol (Alfa Aesar). The Nafion© dispersion was 

used as a binder for the components of the ink.  The inks were then placed in a bath sonicator 

for 10 minutes before undergoing ultrasonic liquid processing in a probe sonicator (Fisherbrand 

model 705, U.S.A.) for 10 minutes per sample, under a 5 seconds on and 5 seconds off regime. 

The working electrodes were then prepared by pipetting 5 µl of the inks onto a polished glassy 

carbon electrode of diameter 3 mm, resulting in a catalyst loading of 0.28 mg cm-2. The catalyst 

modified electrodes were left rotating at 700 rpm for 1 hour to dry at room temperature before 

electrochemical testing. A commercial 60 wt% Pt/C (JM HiSPEC 9100) working electrode was 

prepared in the same way, using 1 mg of Pt/C instead of 8 mg, which resulted in a Pt loading 

of 0.021 mg cm-2. Electrochemical tests were conducted in alkaline (50 ml 0.1 M KOH, 99.995% 

suprapur) conditions for comparison purposes in a three-electrode system, with the continuous 

bubbling of oxygen (N5.8) through the electrolytes. The electrochemical data was gathered at 



 

 

119 

 

room temperature and ambient pressure on an RDE system using an AUTOLAB PGSTAT 101 

and a MULTI AUTOLAB M101. The configuration included a three-electrode system formed 

of a glassy carbon 3 mm diameter RDE working electrode, a platinum rod as the counter 

electrode, and the 3 M Saturated KCl Ag/AgCl electrode (Ag/AgCl) as the reference electrode. 

Cyclic voltammetry (CV) curves were acquired by cycling the potential after purging O2 for 

30 minutes. Linear sweep voltammograms (LSV) were acquired at an electrode rotation speed 

of 1600 rpm with a scan rate of 10 mV s-1 in an O2-saturated solution unless stated otherwise. 

The potentials recorded against Ag/AgCl in these experiments were converted to the potential 

vs reference hydrogen electrode (RHE) by using the following derivative of the Nernst equation:  

𝐸𝑅𝐻𝐸 =  𝐸𝐴𝑔/𝐴𝑔𝐶𝑙 + 0.059𝑝𝐻 +  𝐸𝐴𝑔/𝐴𝑔𝐶𝑙
°    

𝐸𝐴𝑔/𝐴𝑔𝐶𝑙  was the potential measured with respect to Ag/AgCl and 𝐸𝐴𝑔/𝐴𝑔𝐶𝑙
°  is 0.21 V at 

20 °C. 

For chapter 5: The configuration included a three-electrode system formed of a glassy carbon 

5 mm diameter RDE working electrode, a graphite rod as the counter electrode, and the 

Hg/HgO as the reference electrode. Cyclic voltammetry (CV) curves were acquired by cycling 

the potential after purging O2 for 30 minutes. Linear sweep voltammograms (LSV) were 

acquired at an electrode rotation speed of 1600 rpm with a scan rate of 10 mV s-1 in an O2-

saturated solution unless stated otherwise. The potentials have been converted to a reversible 

hydrogen electrode (RHE) by following a calibration method reported.260 

For the ring rotating disk electrode (RRDE) tests, the same method and ink preparation as RDE 

was applied. The working electrode was 5 mm GC disk with a Pt ring electrode at 375 µm gap. 

14 µL of the slurry was deposited onto the GC disk of RRDE to make the same mass loading 

per unit area as RDE. The electron transfer number n and H2O2 yield were calculated via the 

following equation： 
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𝑛 =
4𝐼𝐷

𝐼𝐷 + (𝐼𝑅 ∕ 𝑁)
 

𝐻2𝑂2% = 100 ×
2𝐼𝑅 ∕ 𝑁

𝐼𝐷 + (𝐼𝑅 ∕ 𝑁)
 

Where ID represents the current collected from the disk, IR represents the current collected from 

the Pt ring, N represents the collect efficiency determined by the structure of RRDE (N = 0.249, 

was provided by the manufacturer). 

Freestanding electrode characterisations. To test the freestanding electrode without breaking it 

into the powder and keep the macro hierarchical porous structure, the pellet samples were tested 

in a freestanding electrode that mimics the rotating disk electrode. It was loaded onto the 

freestanding tip directly by screwing it onto the electrode, as shown in the scheme below. The 

freestanding tip consists of PEEK outer shell, stainless steel (ORR non-active, LSV curves 

could be found in Figure) was applied as a current collector.  

Solid-state Zn-air batteries were assembly and characterised. A polished zinc foil (0.10 mm 

thickness) was used as the anode. The gel polymer electrolyte was prepared as follows: 1.0 g 

polyvinyl alcohol (PVA) powder (MW 19500, Aladdin) was dissolved in 10.0 mL deionised 

water at 95 oC under magnetic stirring for 2.0 h. Then, the 1.0 mL of 18.0 M KOH filled with 

0.10 M ZnCl2 (dissolved in KOH to form zincate, Zn(OH)4
2-) was added electrolyte solution 

was kept stirring at 95 oC for 40 min. Then the solution was a freeze at -5 oC over 12 h and 

then thawed at room temperature. The procedure was repeated twice to gelate the PVA robustly. 

The primary solid-state Zn-air battery was then assembled with an air electrode and zinc foil 

placed on the two sides of PVA gel. 
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6.15 GDE FABRICATION AND ANION EXCHANGE MEMBRANE FUEL CELLS 

(AEMFC) 
For the anode gas diffusion electrode (GDE), a PtRu/C (Alfa Aesar, Johnson Matthey HiSpec 

12100, 50 wt% Pt and 25 wt% Ru) catalyst and the ETFE-g-poly (VBTMAC) ionomer powder 

(IEC = 1.24 ± 0.06 mmol/g), 20 wt% of the total solid mass, were mixed using H2O: IPA (1:1) 

as solvent. This catalyst ink was homogenised with ultrasound for 30 min, then sprayed onto a 

Freudenberg H23C8 carbon paper gas diffusion substrate with a microporous layer using an 

ultrasonic automatised coated system (ExactaCoat, Sono-Tek). For the cathode G.D.E., 

Fe2+@NCS-A was used as a catalyst instead. The geometric surface areas of all GDEs were 

5.0 cm2, the loading for the anode was 0.70 mgPtRu cm−2 and 2.0 mgcat cm−2 for the cathode. 

The Anion Exchange Membrane (AEM) used in this work was a radiation-grafted low-density 

polyethylene (LDPE) film (25 μm, IEC = 2.87 ± 0.05 mmol g-1) with covalently-bound cationic 

headgroups.218, 261 

Both the anode, cathode GDEs and membrane were hydrated in DI water for 20 min and then 

soaked two times in aqueous 1.0 M KOH to remove impurities and ion exchange the quaternary 

ammonium hydroxide groups before cell assembly. AEMFCs with 5 cm2 active area were 

assembled in single-cell hardware with a single channel serpentine flow field, using 4.5 N m 

torque (5 cm2 fuel cell fixture supplied by Scribner, U.S.A.). The pitch was kept around 25 % 

of the total GDE thickness using Teflon gaskets. No prior hot-pressing of the membrane 

electrode assembly (MEA) was used. 

An 850e fuel cell test station (Scribner Associates, U.S.A.) was used for testing. The fuel cell 

temperature was controlled at 60 °C. H2 and O2 gas feeds were supplied to the anode and 

cathode, respectively, with flow rates of 0.3 L min−1 (SLPM) with no back-pressurisation (RH 

= 100 %). The MEA was activated by discharging the cell at a constant voltage of 0.5 V during 

cell heating, retaining this cell voltage until a steady current density was observed. Beginning-
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of-life AEMFC performance data were collected under controlled galvanostatic discharge steps 

where data (at each current density) was only recorded once the potentials had stabilised. The 

internal ohmic resistance was estimated using the 850e instrument's internal current interrupt 

method. 
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Chapter 7  

CONCLUSION AND OUTLOOK 

7.1 CONCLUSION REMARKS 
 

The oxygen reduction reaction is the limiting step to convert hydrogen into electricity in the 

fuel cell, hindering its further application into the market. The design and synthesis of new 

electrocatalysts for the oxygen reduction reaction could accelerate the application of fuel cells. 

This research aims to synthesize freestanding electrodes that could be applied in fuel cells in a 

sustainable and low-cost way. A freestanding carbon electrode was proposed, and its active 

sites modulation was successfully carried out to improve its electrocatalytic performance. 

Besides, the influence of different iron precursors on the final catalysts was studied. 

The main conclusions in this thesis include:  

1. A facile, cost-effective, and scalable method was proposed to fabricate nitrogen-doped 

freestanding porous 3D carbon electrodes from glucose. The as-obtained carbon 

electrode showed superior stability and similar kinetic activity compared with powder 

samples. A primary solid Zn-air battery was assembled using the obtained pellet 

samples, which revealed its potential to serve as an air electrode. 

2. The influence of carbonisation temperatures and pellet thickness were further studied 

Appendix 9.1). We concluded that the electrochemical performance of the carbon 

electrode was dominated by competition between the active sites and the total length of 

the electron transfer path. We have identified the case of NC800_50 as showing the 

lowest onset potential and highest limiting current. This is due to its high N content, 

high surface area, high graphitisation level and relatively thin thickness (less resistance). 
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These studies could help us control the pellet structures to meet the requirements of 

target applications, which could be suitable for broader applications.  

3. The freestanding electrode with FeN4 sites has been successfully synthesised via post-

treatment of an N-doped freestanding electrode. The abundant micropore and nitrogen 

sites on the N doped pellet have provided sites for iron ions, leading to the formation 

of atomically dispersed Fe-N4 sites. The incorporation of iron also increased the 

graphitisation degree and tuned the pore structure, resulting in improved catalytic 

performance in Fe@NC900_50 compared with no iron doping (NC900_50). Moreover, 

incorporating Fe sites in Fe@NC900_50 also improved the catalytic activity and 

stability, resulting in a high current density in Fe@NC900_50 in the freestanding CA 

test (current density nearly two times higher than NC900_50). Through ex-situ XAS in 

chapter 4, a decrease of the Fe-C/O coordination number could be seen with the 

potential decrease, which suggests that Fe is the active centre and is responsible for 

oxygen binding and reduction. Our results confirm that Fe-N sites are important for 

ORR activity.  

4. Fe, N co-doped carbon sphere powder electrocatalysts (Fe@NCS-A) were synthesized 

via a facile, green, and scalable method. The majority of Fe species were found to exist 

in Fe-N4 sites, with a minimal amount aggregated into Fe3C nanoparticles and 

embedded inside the carbon sphere structure. The optimized Fe-N4 sites have been 

successfully obtained by starting with different Fe precursors, with Fe2+@NCS-A 

showing a better ORR and AEMFC activity and durability. For the formation 

mechanism of Fe-N4 sites, we propose that the N content is key for preventing Fe 

aggregation. At the same time, the starting precursor and carbonization conditions are 

essential for determining the final configuration of the Fe-N4 sites. We have shown that 

iron precursors with different oxidation states can lead to variants in iron species, iron 
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sites' coordination numbers, and oxidation states in the final product, consequently 

influencing the final catalytic performance. However, future efforts are needed to unveil 

the interactions of dopants and carbon support during the carbonization process and 

correlate these structural features with their electrocatalytic activity.  

The main novelties in this thesis include: 

1. To address the low conductivity and stability issues, a scalable freestanding carbon 

electrode was proposed. The pressing of nitrogen precursors and hydrothermal carbon 

provides abundant active sites, porosity, and conductivity. 

2. The nitrogen-doped carbon pellet could serve as a versatile air electrode modified to fit 

targeted applications. This provides new perspectives for designing electrocatalysts 

based on carbon electrodes.  

3. The special configuration of the carbon electrode makes it suitable for in-situ 

measurements, which provides new ways to study the reaction mechanism. 

4. Comparing the oxidation states of iron precursors help us understand the formation 

mechanism of the Fe-N-C catalysts, which provides a new perspective on designing the 

active catalytic sites 

7.2 OUTLOOK 
For oxygen reduction reactions, the primary goals are to increase stability, improve 

performance, and reduce cost. The future works could carry on from the following sections: 

1. Optimizing the structure of the freestanding electrode to increase the mass transfer. 

2. Maximum the iron loading for the pellet via either increasing the nitrogen amount or 

modifying the heat treatment procedure seems to be efficient ways to increasing the 

catalytic activity.  
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3. Validate the carbon electrode in a mini fuel cell could be its first step towards 

application. However, it is challenging to design the mini cell configuration to fit the 

electrode. 

4. To further check the difference of the active sites from different iron precursors, 

Mossbauer or in-situ XAS during samples pyrolysis could be applied to understand the 

evolution of the iron sites.  
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Chapter 9  

APPENDIX 

9.1 INVESTIGATION OF THE CARBONIZATION TEMPERATURE AND PELLET 

THICKNESS INFLUENCE (APPENDIX FOR CHAPTER 3) 
Pellets with different thicknesses were controlled by adding a certain amount of 

HTC/melamine mixture. Thus, pellets before carbonisation have 25 mg, 50 mg, and 75 mg of 

weight, respectively, were synthesised. After carbonisation at different temperatures (700 – 

1000 ℃), the as-prepared pellet samples were denoted as NCT_X. The influences of 

carbonisation temperatures and the pellet thickness will be explored in the following sections 

to get more insights into the N-doped porous pellet formation mechanism. 

9.1.1 Control the morphology 

As shown in Figure 9.1a and b, the thickness could be controlled by the input weight of the 

glucose/melamine mixture, where 25mg, 50mg, and 75mg were used to synthesise pellets with 

different thicknesses. After carbonization, the obtained pellet weight was  ~ 8-9 mg for NC_25 

pellet, ~ 18-25 mg for NC_50 pelleting, and ~ 26-32 mg for NC_75 pelleting, respectively. 

Approximately 60% in weight loss could be seen in most pellets samples, which contains 

decomposition of melamine and escaping of the oxygen functional groups. Shrinkage in the 

pellet diameter could be seen with the increase of carbonisation temperature in Figure 9.1c. 

The density for the as-prepared pellets was calculated by using their weight to divide into the 

total volume. We could observe that the pelleting process altered the thermo stability of the 

pellet, suggesting that the pelleting process increases the adhesion between individual HTC 

particles.  

As high pressure pelleting may change/create new between each HTC carbon particle, FTIR 

was conducted on uncarbonized pellets of different thickness to investigate the influence of the 

pelleting process on the interactions between each particle (Figure 9.2). Data was normalized 
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between each sample. With increased thickness, a slightly increased peaks at 3117 cm-1 (O-

H), 1702 cm-1 (C=O) and 1650 cm-1 (C=N) could be seen, suggesting the formation of C=O, 

O-H and C=N bonds during the pelleting process. 

 

Figure 9.1 Carbonization temperatures and pellet thickness comparison of as-obtained pellet 

samples in (a) weight (b) thickness, (c) diameter, (d) weight retention after carbonization, (e) 

density. (Darker colour means higher value) 
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Figure 9.2 FTIR spectrums of uncarbonized NC25, NC_50, and NC_75. 

Further, the SEM was performed to study the morphology of the samples. As shown in Figure 

9.3-9.6, all pellet samples offered a porous interconnected structure both inside and on the 

carbon pellet's surface. The particles size for all samples was measured by ImageJ software. 

30-50 particles were selected for each sample. The particle size for powder samples (NC700-

1000_0) is ~ 500 - 600 nm. As for pellet samples, distorted particles could be found on the 

surface of the pellet, which gives a slightly higher average size (500 – 600 nm) than inner 

particles (450 - 550 nm in diameter). As shown in Figure 9.4e-f, all pellet samples showed an 

average particle size of around 450 - 550 nm. A broader particle size distribution could also be 

seen. As shown in Figure 9.7, no noticeable particle size trend changes on the temperature and 

pellet thickness. The small size variation might cause by the HTC process. 

With the above physical measurements, we could speculate that after pelleting the 

HTC/melamine mixture, oxygen functional groups on the HTC surface were bonded together, 

which might influence the thermo stability of the pellet and thus lead to different yields at 

different thicknesses. With the increase of pellet thickness, the yield increased, which might be 
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caused by the trapping of melamine residue or caused by increased oxygen bonding stability. 

However, from the XPS analysis in Section 3.3.2, no high nitrogen content could be seen in 

NC900_25 while only an increased oxygen content could be seen, which requires more 

investigations. During the carbonisation, the HTC/melamine pellet will suffer the most weight 

loss before 600 C, where melamine decomposes happens, and most oxygen functional groups 

will be removed to expose the high surface area. The pellet will also shrink horizontally where 

particles become compact. The density of the pellet almost keeps the same at a different 

temperature, suggesting oxygen functional groups were further removed. However, no 

significant particle size decrease could be seen, which suggests the changes are too small. 
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Figure 9.3 SEM images of (a) NC700_0, (b) NC800_0, (c) NC900_0, and (d) NC1000_0. (e) 

Particle size distribution of NC700_0, NC_800_0, NC900_0, and NC1000_0. 
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Figure 9.4 SEM images of (a) NC700_25, (b) NC800_25, (c) NC900_25, and (d) NC1000_25. 

(e) Pellet surface particle size distribution of NC700_0, NC_800_0, NC900_0, and NC1000_0, 

(f) Pellet inner particle size distribution of NC700_0, NC_800_0, NC900_0, and NC1000_0. 
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Figure 9.5 SEM images of (a) NC700_50, (b) NC800_50, (c) NC900_50, and (d) NC1000_50. 

(e) Pellet surface particle size distribution of NC700_0, NC_800_0, NC900_0, and NC1000_0, 

(f) pellet inner particle size distribution of NC700_0, NC_800_0, NC900_0, and NC1000_0. 
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Figure 9.6 SEM images of (a) NC700_75, (b) NC800_75, (c) NC900_75, and (d) NC1000_75. 

(e) Pellet surface particle size distribution of NC700_0, NC_800_0, NC900_0, and NC1000_0, 

(f) pellet inner particle size distribution of NC700_0, NC_800_0, NC900_0, and NC1000_0. 
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Figure 9.7 Average inner particle size of as-prepared pellet samples. (Darker colour means 

larger particle size) 

9.1.2 Control the microstructure 

Physical adsorption and SAXS characterisations were performed to obtain pore structural 

information to study the micro pore formation mechanism. From the N2 adsorption isotherms 

(Figure 9.8a-c), one could see that both carbonisation temperatures and pellet thickness could 

significantly influence the specific surface area of the as-prepared samples. Specifically, with 

an increased carbonisation temperature, a reduced surface area could be seen (Figure 9.8d) 

and pore volume in Figure 9.8e. Both pellet specific surface area and pore volume increase 

with the pellet thickness. Pore size distributions were determined from the NLDFT model 

(Figure 9.9). Pellet samples have smaller pores (~ 0.6 nm) than powder samples (~ 0.8 nm), 

suggesting the pelleting process might distort the pore structures. It is important to mention 

that the pellets were directly tested without breaking as freestanding carbon electrodes. As 

melamine can decompose within the carbonisation pellet and generate gas, there might be 

structural pores between the particles caused by this process. Therefore, pellets were grounded 
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into powder using pestle and mortar and N2 physical adsorption performed on the powdered 

samples for comparison. As shown in Figure 9.10, similar isothermal curves, specific surface 

area, and pore volume could be observed, suggesting the surface area was contributed from 

carbon particles. 

Figure 9.8 N2 adsorption isotherms for (a) NC700-1000_25, (b) NC700-1000_50, and (c) 

NC700-1000_75. Comparison of (d) specific surface area and (e) pore volume. 

 
Figure 9.9 Pore size distribution for (a) NC700-1000_25, (b) NC700-1000_50, and (c) NC700-

1000_75. (Darker colour means higher specific surface area and pore volume, respectively) 
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Figure 9.10 (a) Specific surface area of crashed NC700-1000_50. (b) The pore volume of 

crashed NC700-1000_50. (c) Isothermal curves of crashed NC700-1000_50. (d) Pore size 

distribution of crashed NC700-1000_50. 

Fitted SAXS results showed that carbonisation temperatures and pellet thickness could 

influence the average pore diameter and relative amount of pores (B2 value). As can be seen in 

Figure 9.11d-e, pore diameter increased with an increasing temperature from 700 °C to 900 °C 

and followed by a decreasing pore diameter from 900 °C to 1000 °C, reaching the highest value 

in NC900_75 (2.22 nm) and lowest value in NC700_25 (1.31 nm). On the contrary, NC900_75 

(23.9 %) gives the lowest amount of the pore while NC700_25 (100%) gives the highest. This 

suggests that small pores tend to aggregate into bigger pores. Thus the amount of pore decreases. 

Besides, a bigger pore diameter could be observed in a thicker pellet. Raman spectroscopy was 

performed to get graphitisation information, and the fitted Id/Ig values were in Figure 9.12b. 

The decreasing of the Id/Ig values could be seen in decreasing the pellet thickness and 

increasing the carbonization temperature, suggesting a higher graphitized structure in higher 

temperatures.  
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The specific surface area, pore-volume, average pore diameter, total amount of pores, and 

graphitization degrees of the as-obtained samples were characterised. The results showed that 

both carbonization temperature and pellet thickness could influence all these microstructures, 

allowing us to tune these parameters to the desired applications. Specifically, the highest 

surface area is 600 m2 g-1, generated before 600 °C and is likely heritage from the HTC carbon 

spheres. The surface area and graphitization decreased with the temperature, while the thicker 

pellet preserves the higher surface area and increases the graphitization degree. This suggests 

the higher kinetics and better electrocatalytic performance in the pellet samples as the larger 

surface area could contribute to more active sites while a higher graphitization degree facilitates 

the electron transfer. 

 
Figure 9.11 SAXS spectrums of (a) NC700-1000_25, (b) NC700-1000_50, (c) NC700-

1000_75. Comparison of (d) average pore diameter and (e) relative amount of pores. (Darker 

colour means larger pore diameter and high relative amount of pores, respectively) 
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Figure 9.12 (a) Raman spectrums of as-prepared pellet samples. (b) Comparison of Id/Ig value. 

(Darker colour means higher Id/Ig value) 

9.1.3 Control the chemical structure  

As shown in XPS survey spectrums in Figure 9.13, all samples showed a pronounced C (285 

eV), much weaker N (400 eV) and O (533 eV) peaks. By comparing the atomic percentages of 

each sample via XPS (Figure 9.14a), we could see carbon content located mostly at 73.5 – 

83.7 at%. Nitrogen content (Figure 9.14b) can vary from  5.26 – 15.8 at%, and a decrease of 

nitrogen content with the carbonisation temperatures could be observed, which could be 

ascribed to the unstable, weak bonding between nitrogen and carbon atoms at high 

temperature262, 263. When comparing nitrogen content in the same thickness, the nitrogen 

content in all samples suffers from a dramatic decrease at different temperatures from over 12.3 

at% to 7.5 at% (NC_75), 10.9 at to 5.26 at%(NC_50), and 13.9 to 6.63 at% (NC_25), 

suggesting the thermal stability of bonds have been changed in different pellet thickness where 

NC_50 reached the higher thermal stability of nitrogen. Besides, at the same carbonization 

temperature, an increasing nitrogen content could be observed. Also, oxygen content could be 

seen in Figure 9.14c, and no significant trend could be found in the functional of the 

carbonization temperature and pellet thickness.264  
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Figure 9.13 XPS surveys of (a) NC700-1000_25, (b) NC700-1000_50, and (c) NC700-

1000_75. 

 
Figure 9.14 Elemental comparison of the as-prepared pellet samples. (a) Carbon content, (b) 

nitrogen content, and (c) oxygen content. (Darker colour means higher element content) 

High-resolution spectrums of C1s, N1s, O1s were fitted to get more insights into the evolution 

of the pellet samples. No noticeable carbon composition differences could be found in carbon 

type shifts (Figure 9.15). N1s in Figure 9.16 showed a trend changing with the increased 

carbonization temperature, where the intensity of pyridinic nitrogen peak decrease while the 

intensity of graphitic nitrogen increase. Nitrogen sites, especially pyridinic nitrogen and 

graphitic nitrogen, have been considered to contribute to the electrocatalytic activity.74, 178 Thus, 

comparing pyridinic nitrogen and graphitic nitrogen has been made in Figure 2.27b-c. Overall, 

a decreasing trend of pyridinic nitrogen content could be observed with an increasing 

carbonization temperature. A similar sudden to overall nitrogen content could be seen in the 

pyridinic nitrogen, where 50 thickness gives higher pyridinic nitrogen preserves at high 
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temperature. No noticeable trend could be found in the pyridinic nitrogen content with pellet 

thickness. In terms of the graphitic nitrogen in Figure 9.16c, NC700_75 shows the highest 

amount of graphitic nitrogen, and NC800_50 showed the second high amount of graphitic. 

Besides, fitted O1s high-resolution spectrums could be seen in Figure 9.17, and one main peak 

centre locate at 532.5 eV suggests corresponding to aliphatic C-O bond.  

To sum up, the chemical structures of the obtained samples have been revealed. By correlating 

carbon, nitrogen, and oxygen contents in the function of both carbonization temperature and 

pellet thickness, we have shown that carbonization temperatures and pellet thickness could 

influence the chemical structures of the obtained samples. In specific, pellet thickness at 50 

could preserve more pyridinic and graphitic nitrogen at high temperatures.  
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Figure 9.15 XPS high-resolution C1s spectrums evolution in the function of carbonization 

temperatures (from bottom to top: 700 °C to 1000 °C) and the thickness (from left to right: 

NC_25 to NC_75).  
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Figure 9.16 (a) XPS high-resolution N1s spectrums evolution in the function of carbonization 

temperatures (from bottom to top: 700 °C to 1000 °C) and the function of the thickness (from 

left to right: NC_25 to NC_75). (b) Pyridinic nitrogen content comparison of as-prepared pellet 
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samples. (c) Graphitic nitrogen content comparison for the as-prepared pellet samples. (Darker 

colour means higher nitrogen contents) 

  
Figure 9.17 XPS high-resolution O1s spectrums evolution in the function of carbonization 

temperatures (from bottom to top: 700 °C to 1000 °C) and the thickness (from left to right: 

NC_25 to NC_75).  

9.1.4 Electrochemical performance in RDE 

To study how the structures could influence the final catalytic properties. RDE tests were 

carried on for the as-prepared samples. CV, LSV, and EIS were performed in both oxygen and 

nitrogen saturated 0.1 M KOH electrolyte. The onset potential, halfwave potential, and limiting 

current density were compared in Figure 9.18. As shown in Figure 9.18, carbonization 

temperature and pellet thickness could influence the onset potential, halfwave potential and 

limit current density. In terms of the influence of the carbonization temperature on the onset 

potential (Figure 9.18a), a decreasing onset potential with increasing carbonization 

temperature could be seen in thick pellets (NC_50 and NC_75 series), while no apparent trends 

could be found in NC_25 and NC_0 series. In terms of the pellet thickness influence to the 
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onset potential, an increasing onset potential with increasing pellet thickness could be seen in 

all samples. With the microstructure and chemical structure analysis, nitrogen contents, 

especially pyridinic nitrogen and graphitic nitrogen content, and specific surface area could be 

the main factors for the higher onset potential. Halfwave represents a mixture region of both 

mass transfer and kinetics, and it is also compared in Figure 9.18b. Both pellet thickness and 

carbonization have shown a correlation to the halfwave potential, where it decreases with the 

decrease of carbonization temperature and increase with the increase of pellet thickness. At the 

mass transfer control region (Figure 9.18c), the activity most relates to accessible active sites 

and the graphitization degree, increasing the total oxygen reduction current and decreasing the 

current loss during transport. The limiting current reached a high value in NC1000_50 and a 

second high value in NC700_75, attributed to the higher graphitization degree and higher 

nitrogen amount, respectively.  

 

Figure 9.18 RDE three-electrode test, (a) Onset potential comparison. (b) Halfwave potential 

@ 1.5mA comparison. (c) Limiting current comparison at 0.2 V vs RHE. All pellet samples 

were crashed into power and tested in the RDE system. (Darker colour means higher E and 

limiting current values, respectively) 

To sum up, together with the physical and chemical structures of the obtained pellet samples. 

A correlation has been set up on the microstructures and chemical structures, where the 

pyridinic, graphitic surface area could contribute to the onset potential. Besides, in the mass 

transfer region where all accessible active sites are utilized, higher graphitization degree and 
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surface area contribute to the limiting current. Therefore, by varying the carbonization 

temperature and pellet thickness, pellet samples with different structures could be obtained 

directly influencing their kinetic activities.  

9.1.5 Electrochemical performance in freestanding electrode tip 

To get more insights into the electrochemical performance without breaking pellet into powder, 

pellet samples were tested in the freestanding electrode. The onset potential and limiting 

current were compared in Figure 9.19. Both pellet thickness and carbonization temperature 

showed an influence on the catalytic activities. With an increasing carbonization temperature, 

a slightly increase onset potential could be found, but all in a similar range (0.84 to 0.86 V). 

On the contrary, relative high onset potentials could be observed in 50 thickness. In terms of 

the limiting current, the highest value could be found in NC800_50. A thicker pellet offers less 

current, which might cause by the higher resistance in the thicker pellet. These results suggest 

the thickness of the pellet plays an essential role in pellet form, which could relate to the length 

of the electron transfer route, whereas the thicker the pellet, the longer the transfer route and 

higher current loss. However, this requires more experiments and ideally modelling based on 

the CT scan to get more insights. 

Similarly, increasing the carbonization temperature will result in a higher graphitization degree 

and decrease the current loss and results. Besides, a thicker pellet offers more active sites, as 

mentioned in the previous section. Therefore, the competition between active sites and 

conductivity dominates the final electrochemical performance in the pellet form, where 

NC800-900_50 provides an optimized electrochemical performance. 
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Figure 9.19 Freestanding electrode test. (a) Onset potential comparison for the as-prepared 

pellet samples. (b) Limiting current @ 0.2 VRHE comparisons for the as-prepared pellet samples. 

(Darker colour means higher E values and limiting current, respectively) 

To sum up, in this appendix section, we studied the influence of carbonisation temperatures 

and pellet thickness. We controlled the morphology, microstructure and chemical structure via 

different carbonisation temperatures and pellet thickness. We concluded that the pellet's 

electrochemical performance was dominated by competition between the active sites and the 

total length of the electron transfer path. We have identified the case of NC800_50  as showing 

the lowest onset potential and highest limiting current. This is due to the combination of high 

N content, nitrogen type, high surface area, high graphitisation level, and relatively thin 

thickness. These studies could help us identifying the optimised methods to control pellet 

structures to meet the requirements of target applications.  
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9.2 XAS FITTING PARAMETERS FOR CHAPTER 4 
 

Table 9.1 XAS fitting parameters of Fe@NC900_50 

Sample 

Scattering 

pair 

CN 

R 

(Å) 

ΔE0 

(eV) 

σ2 

(10-3Å2) 

R 

factor 

Fe@NC900

_50 

Fe-N 

4.5 2.06 

0.73 

+/- 1.86 

0.005 

0.01

49 

+/- 0.2  ± 0.01  Fixed 

Fe-C 

1.8 1.88 0.005 

+/- 0.4  ± 0.01 same as σ2 (Fe-N) 

Fe-Fe 

0.9 2.56 0.01 

+/-0.2 ± 0.01 2*σ2 (Fe-N) 

 

Table 9.2 XAS fitting parameters of Fe@NC900_50_900 cycles 

Sample 

Scattering 

pair 

CN 

R 

(Å) 

ΔE0 

(eV) 

σ2 

(10-3Å2) 

R factor 

Fe@NC900_50_900 

cycles 

Fe-N 

4.5 2.01 

-5.34 

+/- 

2.55 

0.005 

0.01129 

+/- 

0.4 

 ± 

0.01 

 Fixed 

Fe-C 

2.1 1.84 0.005 

+/- 

0.6 

 ± 

0.01 

same as σ2 

(Fe-N) 

Fe-Fe 0.3 2.50 0.01 



 

 

172 

 

+/-

0.2 

± 

0.01 

2*σ2 (Fe-N) 

 

Table 9.3 XAS fitting parameters of Fe@NC900_50_0.8VRHE 

Sample 

Scattering 

pair 

CN 

R 

(Å) 

ΔE0 

(eV) 

σ2 

(10-

3Å2) 

R factor 

Fe@NC900_50_0.8VRHE 

Fe-N 

4.06 2.03 

-4.96 

+/- 

2.49 

0.005 

0.0096 

+/- 

0.5 

 ± 

0.01 

 Fixed 

Fe-C 

2.28 1.85 0.005 

+/- 

0.5 

 ± 

0.01 

same as 

σ2 (Fe-

N) 

Fe-Fe 

0.3 2.51 0.01 

+/-

0.2 

± 

0.01 

2*σ2 

(Fe-N) 

 

Table 9.4 XAS fitting parameters of Fe@NC900_50_0.7VRHE 

Sample 

Scattering 

pair 

CN 

R 

(Å) 

ΔE0 

(eV) 

σ2 

(10-

3Å2) 

R factor 

Fe@NC900_50_0.7VRHE Fe-N 4.4 2.03 -3.53 0.005 0.0038 
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+/- 

0.2 

 ± 

0.01 

+/- 

1.11 

 Fixed 

Fe-C 

1.9 1.86 0.005 

+/- 

0.3 

 ± 

0.01 

same 

as σ2 

(Fe-N) 

Fe-Fe 

0.09 2.52 0.01 

+/-

0.1 

± 

0.01 

2*σ2 

(Fe-N) 

 

 

Table 9.5 XAS fitting parameters of Fe@NC900_50_0.6VRHE 

Sample 

Scattering 

pair 

CN 

R 

(Å) 

ΔE0 

(eV) 

σ2 

(10-

3Å2) 

R factor 

Fe@NC900_50_0.6VRHE 

Fe-N 

4 2.02 

-3.83 

+/- 

2.11 

0.005 

0.0090 

+/- 

0.3 

 ± 

0.01 

 Fixed 

Fe-C 

1.9 1.85 0.005 

+/- 

0.5 

 ± 

0.01 

same as 

σ2 (Fe-

N) 

Fe-Fe 0.3 2.51 0.01 
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+/-

0.2 

± 

0.01 

2*σ2 

(Fe-N) 

 

 

Table 9.6 XAS fitting parameters of Fe@NC900_50_0.5VRHE 

Sample 

Scattering 

pair 

CN 

R 

(Å) 

ΔE0 

(eV) 

σ2 

(10-3Å2) 

R factor 

Fe@NC900_50_0.5VRHE 

Fe-N 

3.4 2.05 

-1.90 

+/- 

2.54 

0.005 

0.0073 

+/- 

0.4 

 ± 

0.01 

 Fixed 

Fe-C 

1.9 1.87 0.005 

+/- 

0.5 

 ± 

0.01 

same as 

σ2 (Fe-

N) 

Fe-Fe 

1.24 2.52 0.01 

+/-

0.2 

± 

0.01 

2*σ2 

(Fe-N) 

 

Table 9.7 XAS fitting parameters of Fe@NC900_50_0.4VRHE 

Sample 

Scattering 

pair 

CN 

R 

(Å) 

ΔE0 

(eV) 

σ2 

(10-3Å2) 

R factor 

Fe@NC900_50_0.4VRHE Fe-N 4.3 2.03 -3.08 0.005 0.0062 
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+/- 

0.2 

 ± 

0.01 

+/- 

1.75 

 Fixed 

Fe-C 

1.6 1.85 0.005 

+/- 

0.4 

 ± 

0.01 

same as 

σ2 (Fe-

N) 

Fe-Fe 

0.74 2.52 0.01 

+/-

0.2 

± 

0.01 

2*σ2 

(Fe-N) 

 

9.3 CIF FILE FOR OPTIMIZED ARTEMIS FITTING STRUCTURE 
Optimized Fe-N4 structure 

FeN4 structure 

x y z 

C 0.19755 0.32979 0.31221 

C 0.26539 0.33134 0.34716 

N 0.29741 0.23659 0.3472 

N 0.17137 0.23374 0.28148 

N 0.17873 0.02603 0.24033 

C 0.11273 0.03148 0.20537 

C 0.07597 0.12769 0.20831 

C 0.10578 0.2257 0.24421 

C 0.07844 -0.06167 0.16352 

C 0.01098 -0.0589 0.12919 

C -0.02628 0.03255 0.13187 

C 0.00663 0.12631 0.17079 

C 0.21158 -0.06793 0.23406 

C 0.18043 -0.16126 0.19301 

C 0.1136 -0.15657 0.15832 

N 0.30469 0.02885 0.30664 

C 0.27933 -0.06642 0.26964 

C 0.22011 -0.25377 0.19021 

C 0.28614 -0.25218 0.22413 

C 0.31827 -0.15803 0.26515 

C 0.15977 0.42258 0.30796 

C 0.09333 0.41504 0.27156 

C 0.06489 0.31793 0.23942 
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C -0.03294 0.2186 0.16963 

C -0.00232 0.31207 0.20388 

C 0.29793 0.42595 0.37748 

C 0.25921 0.51943 0.37305 

C 0.19304 0.5178 0.34038 

C 0.36382 0.23158 0.37908 

C 0.39922 0.32574 0.41257 

C 0.36505 0.42158 0.40982 

C 0.40012 0.13491 0.37963 

C 0.37056 0.03716 0.3418 

C 0.41229 -0.05427 0.34034 

C 0.38481 -0.1504 0.30085 

C 0.46644 0.32277 0.44873 

C 0.50277 0.23048 0.45287 

C 0.46953 0.13638 0.41649 

C 0.47915 -0.04874 0.37847 

C 0.50912 0.04412 0.41756 

C -0.10135 0.21534 0.13324 

C -0.09473 0.03303 0.09589 

C -0.13196 0.12344 0.09686 

C 0.57097 0.22977 0.49079 

C 0.57725 0.04712 0.45604 

C 0.6078 0.13898 0.49276 

Fe 0.236 0.1293 0.3097 

H -0.01363 -0.13061 0.09942 

H 0.08679 -0.22585 0.12664 

H 0.19598 -0.32551 0.15926 

H 0.31617 -0.32257 0.22093 

H 0.06169 0.48367 0.26639 

H -0.03201 0.38288 0.20224 

H 0.28444 0.59198 0.3965 

H 0.16388 0.58904 0.3367 

H 0.39284 0.49173 0.43408 

H 0.41727 -0.21819 0.29955 

H 0.49159 0.39494 0.47467 

H 0.50915 -0.11926 0.3778 

H -0.12969 0.2874 0.13382 

H -0.11788 -0.03993 0.06688 

H -0.18477 0.12236 0.06837 

H 0.59434 0.30293 0.5182 

H 0.60553 -0.02499 0.45592 

H 0.66042 0.13989 0.52263 

 

FeN4-O  

 x y z 

C 0.08335 0 0.22667 

C 0.04167 0.125 0.22667 

C 0.1667 0 0.22667 

C 0.2081 0.12459 0.22648 

C 0.33335 0 0.22667 
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C 0.2916 0.12336 0.22617 

C 0.4167 0 0.22667 

C 0.45844 0.12337 0.22617 

C 0.58335 0 0.22667 

C 0.54195 0.12459 0.22647 

C 0.6667 0 0.22667 

C 0.70837 0.125 0.22667 

C 0.08335 0.25 0.22667 

C 0.04167 0.375 0.22667 

C 0.16802 0.25048 0.2268 

C 0.2125 0.37392 0.22931 

C 0.33289 0.24642 0.22712 

N 0.29455 0.36835 0.23089 

C 0.41715 0.24643 0.22708 

N 0.45548 0.3684 0.23061 

C 0.58203 0.25048 0.2268 

C 0.53755 0.37392 0.22924 

C 0.6667 0.25 0.22667 

C 0.70837 0.375 0.22667 

C 0.08335 0.5 0.22667 

C 0.04167 0.625 0.22667 

C 0.17044 0.5 0.22932 

C 0.21249 0.62608 0.22934 

N 0.29456 0.63163 0.23087 

N 0.4555 0.63164 0.23073 

C 0.57961 0.5 0.22925 

C 0.53756 0.62609 0.22929 

C 0.6667 0.5 0.22667 

C 0.70837 0.625 0.22667 

C 0.08335 0.75 0.22667 

C 0.04167 0.875 0.22667 

C 0.16802 0.74952 0.22683 

C 0.2081 0.87541 0.22649 

C 0.3329 0.75357 0.22709 

C 0.29161 0.87663 0.22616 

C 0.41716 0.75356 0.22706 

C 0.45844 0.87664 0.22615 

C 0.58204 0.74953 0.22682 

C 0.54195 0.87542 0.22648 

C 0.6667 0.75 0.22667 

C 0.70837 0.875 0.22667 

Fe 0.37504 0.49995 0.25815 

H -0.02523 0.125 0.22667 

H 0.77528 0.125 0.22667 

H -0.02523 0.375 0.22667 

H 0.77528 0.375 0.22667 

H -0.02523 0.625 0.22667 

H 0.77528 0.625 0.22667 

H -0.02523 0.875 0.22667 

H 0.77528 0.875 0.22667 
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O 0.3753 0.50003 0.36754 

 

FeN4-O2 

 x y z 

C 0.08335 0 0.22667 

C 0.04167 0.125 0.22667 

C 0.1667 0 0.22667 

C 0.20809 0.12457 0.22614 

C 0.33335 0 0.22667 

C 0.29157 0.12316 0.22582 

C 0.4167 0 0.22667 

C 0.45848 0.12316 0.22587 

C 0.58335 0 0.22667 

C 0.54195 0.12457 0.2262 

C 0.6667 0 0.22667 

C 0.70837 0.125 0.22667 

C 0.08335 0.25 0.22667 

C 0.04167 0.375 0.22667 

C 0.16802 0.25036 0.22636 

C 0.21258 0.37368 0.22851 

C 0.33286 0.24604 0.22648 

N 0.29443 0.36806 0.22923 

C 0.4172 0.24605 0.22657 

N 0.45562 0.36805 0.22945 

C 0.58203 0.25036 0.22641 

C 0.53746 0.37368 0.22863 

C 0.6667 0.25 0.22667 

C 0.70837 0.375 0.22667 

C 0.08335 0.5 0.22667 

C 0.04167 0.625 0.22667 

C 0.17043 0.50012 0.22945 

C 0.21248 0.62636 0.23051 

N 0.2945 0.63166 0.23406 

N 0.45557 0.63169 0.23413 

C 0.57961 0.50012 0.22948 

C 0.53757 0.62636 0.23049 

C 0.6667 0.5 0.22667 

C 0.70837 0.625 0.22667 

C 0.08335 0.75 0.22667 

C 0.04167 0.875 0.22667 

C 0.16801 0.74964 0.22742 

C 0.20808 0.87551 0.22709 

C 0.33289 0.7539 0.22956 

C 0.29161 0.87664 0.2272 

C 0.41717 0.75389 0.22957 

C 0.45844 0.87665 0.2272 

C 0.58204 0.74964 0.2274 

C 0.54197 0.87551 0.22708 

C 0.6667 0.75 0.22667 

C 0.70837 0.875 0.22667 
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Fe 0.37493 0.49836 0.25264 

H -0.02523 0.125 0.22667 

H 0.77528 0.125 0.22667 

H -0.02523 0.375 0.22667 

H 0.77528 0.375 0.22667 

H -0.02523 0.625 0.22667 

H 0.77528 0.625 0.22667 

H -0.02523 0.875 0.22667 

H 0.77528 0.875 0.22667 

O 0.37485 0.48256 0.36891 

O 0.37491 0.36447 0.40664 

 

FeN4-2O2 

 x y z 

C 0.08335 0 0.22667 

C 0.04167 0.125 0.22667 

C 0.1667 0 0.22667 

C 0.20809 0.12457 0.22614 

C 0.33335 0 0.22667 

C 0.29157 0.12316 0.22582 

C 0.4167 0 0.22667 

C 0.45848 0.12316 0.22587 

C 0.58335 0 0.22667 

C 0.54195 0.12457 0.2262 

C 0.6667 0 0.22667 

C 0.70837 0.125 0.22667 

C 0.08335 0.25 0.22667 

C 0.04167 0.375 0.22667 

C 0.16802 0.25036 0.22636 

C 0.21258 0.37368 0.22851 

C 0.33286 0.24604 0.22648 

N 0.29443 0.36806 0.22923 

C 0.4172 0.24605 0.22657 

N 0.45562 0.36805 0.22945 

C 0.58203 0.25036 0.22641 

C 0.53746 0.37368 0.22863 

C 0.6667 0.25 0.22667 

C 0.70837 0.375 0.22667 

C 0.08335 0.5 0.22667 

C 0.04167 0.625 0.22667 

C 0.17043 0.50012 0.22945 

C 0.21248 0.62636 0.23051 

N 0.2945 0.63166 0.23406 

N 0.45557 0.63169 0.23413 

C 0.57961 0.50012 0.22948 

C 0.53757 0.62636 0.23049 

C 0.6667 0.5 0.22667 

C 0.70837 0.625 0.22667 

C 0.08335 0.75 0.22667 

C 0.04167 0.875 0.22667 
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C 0.16801 0.74964 0.22742 

C 0.20808 0.87551 0.22709 

C 0.33289 0.7539 0.22956 

C 0.29161 0.87664 0.2272 

C 0.41717 0.75389 0.22957 

C 0.45844 0.87665 0.2272 

C 0.58204 0.74964 0.2274 

C 0.54197 0.87551 0.22708 

C 0.6667 0.75 0.22667 

C 0.70837 0.875 0.22667 

Fe 0.37505 0.49977 0.23169 

H -0.02523 0.125 0.22667 

H 0.77528 0.125 0.22667 

H -0.02523 0.375 0.22667 

H 0.77528 0.375 0.22667 

H -0.02523 0.625 0.22667 

H 0.77528 0.625 0.22667 

H -0.02523 0.875 0.22667 

H 0.77528 0.875 0.22667 

O 0.375 0.49354 0.37802 

O 0.37479 0.35048 0.40845 

O 0.37499 0.50623 0.08537 

O 0.31204 0.59876 0.05451 


