
Vanadium oxides based composites for energy storage 

applications 

by 

Ndeye Maty Ndiaye 

A thesis submitted in partial fulfilment of the requirements for the degree of 

DOCTOR OF PHILOSOPHY (PhD.) IN PHYSICS 

Faculty of Natural and Agricultural Sciences 

University of Pretoria 

Hatfield Pretoria 

July 2019 

Supervisor/promoter: Prof. N. I. Manyala 

  Co-Supervisor/promoter: Prof. B. D. Ngom



I 
 

Declaration 

 

 

I, Ndeye Maty Ndiaye declare that the thesis entitled “Vanadium oxides based composites 

for energy storage applications” which I hereby submit for the degree Doctor of Philosophy 

(PhD), is the result of investigation carried out by me under the supervisor of Prof N. I. 

Manyala and co-supervisor Prof B. D. Ngom, in the physics Department at the University of 

Pretoria, South Africa and has not been previously submitted by me for a degree at this or any 

other tertiary institution. 

 

Signature:.............................    Date:......................................... 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 
 

 

 



II 
 

Dedication 

 

 

 

 

 

With everlasting love: ELhadji Alioune Fall 

My parents: Pape Ndiaye, Fallou Fall,  

Fambaye Mane and Amy Cisse 

My Co-supervisor: Prof Balla Diop Ngom 

They are the reason of what I have become today. 

 

 

 

 

 

 

 

 

 

 

 

 

 



III 
 

Acknowledgments 

 

Firstly and most importantly, I would like to start by thanking the Almighty Allah for giving 

me life, good health and the ability to help me achieve this great milestone in my life. 

I would like to thank Professor N. Manyala for supervision of this work and for allowing me 

to become part of his very vibrant and dynamic research group. I have learnt a lot from him in 

the last couple of years. I give him my gratitude for inspiring me to carry out this research 

work in a field, which I was extremely interested. He has been not only guiding and assisting 

me but also helping me to grow in the scientific field. I also thank him for his patience, 

availability for discussions, immeasurable support and understanding throughout the whole 

doctoral research period. 

I also owe my deep appreciation to Professor Balla Diop Ngom, who is a brother, a friend for 

co-promoting/supervising, this work, believing and trusting in my ability. I can honestly say I 

would not have had this amazing research opportunity, and for that, I will be forever grateful. 

He has been supportive throughout the years as a supervisor, not only has he taught me a lot, 

but his knowledge, patience his availability in all circumstances, his spirit of sharing have 

been unending. In brief, I want to use this medium to appreciate him for everything he did for 

me. 

I am specially grateful to the head of the Department of Physics, Professor Chris Theron for 

accepting me as a graduate student in the department which allowed me to access resources 

within the University of Pretoria. My sincere appreciation goes to other staff members of the 

Physics Department; Mrs Elfrieda Meyburgh and Mrs Suzette Seymore, for their immense 

contribution and assistance. I would like to acknowledge Dr. Andre Botha, Dr. Eudri Venter, 

Dr. Chantelle Venter, Mrs Irene Makhanya, Edna, Antoinette in the Microscopy Unit for their 



IV 
 

technical assistance and training which helped me analyse my samples for my research work. 

I will also like to thank Mrs Wiebke Grote for helping with the XRD measurements as well as 

Dr. Mbuso Mlambo for his assistance with running Raman measurements.  

I would like also to thank the examiners for their precious time, recommendation and 

suggestions which led to the refined and final version of this research study.  

My exceptional gratitude and appreciation go to Dr. Julien K. Dangbegnon, Dr. Abdulhakeem 

Bello, Dr. Damilola. Y. Momodu, Dr. Bridget Mutuma, Dr. Tshifhiwa. M. Masikhwa, Dr. 

Jack Madito, Dr. Farshad Barzegar, Dr. Abubakar Khaleed, Dr. Faith. O. Ejeh, Dr. Kabir 

Oyeniran and Dr. O. Olaniyan for giving me their precious time for discussions and exchange 

of ideas.  

My heartfelt gratitude goes to the rest of my colleagues in the Carbon and Advanced 

Nanomaterials group; Ndeye. F. Sylla, Abdulmajid Mirghni, Belinda Moyo, Samba Sarr, 

Tjatji Tjebane, Oladepo Fasakin, Badr Mohammed, Amanda Bubu, Abigail Phori, 

Phathutshedzo Murovhi, Nkiyase Rantho, Gift Rutavi, Khavharendwe Rambau, Nicholas 

Musyoka, Vusani Muswa Maphiri, Itumeleng Ramatlhape, Khule Dlamini and Vianney 

Kitenge for their reliable assistance when required and keeping a pleasant working 

environment. 

I want to express my special appreciation to Professor Aboubaker Chédikh Béye, Professor 

Sossé Ndiaye, Professor Kharouna Talla, Professor Allé Dioum, Professor Dramé, Professor 

Oumar Sakho, Professor Papa Douta Tall and all the member and friends of Laboratoire de 

Photonique Quantique d’Energie et de NanoFabrication, Department of Physics, at the 

Universite Cheikh Anta Diop. 

A special thanks to my daughter, sister, twin and longtime friend, Ms Ndeye Fatou Sylla. 



V 
 

I don’t have the words to thank you enough. I also acknowledge my friend and brother Samba 

Sarr. You both made my life interesting and wonderful while studying in Pretoria.  

I would like to give my endless gratitude to my both adorable family and friends for their 

constant prayers and encouragement throughout my life.  

I will specially like to mention my life, my heart, my energy, my other half, my source of 

happiness, my dear husband, Elhadji Alioune Fall. I can only say Thank You for your endless 

love, patience, prayers and support through thick and thin.  

Lastly, I thank the Organization for Women in Science for the Developing World (OWSD) 

and Swedish International Development Cooperation Agency (SIDA), National Research 

Foundation through the SARChI in Carbon Technology and Advanced Materials for financial 

support. The various funding tools helped me in my scientific research activities and also to 

complete my doctoral project without financial struggle.  

 



VI 
 

Abstract 

 

In this thesis, different vanadium-based materials and vanadium/carbon composites were 

synthesized and explored as active electrode materials for supercapacitor application.  

The major goal of this study was to incorporate carbon-based materials such as graphene 

foam and activated expanded graphite into the vanadium-based (oxides and oxynitride) 

materials to explore their outstanding properties. The as-synthesized vanadium-based 

materials exhibited high charge storage capacities due to the large stable oxidation states and 

their layered structures while carbon-based materials presented the much needed specific 

surface area and good electronic conductivity. The combination of these materials led to the 

modification of the surface and physical properties of the constituent materials as well as the 

enhancement of the electrochemical performance for supercapacitor applications.  

For example, a novel web-like carbon-vanadium oxynitride (C-V2NO) material exhibiting the 

most unique textural and morphological features generated using the facile synthesis route. 

The diversity in the structural, morphological, porosity and compositional properties for the 

vanadium-based materials and vanadium/carbon composites were evaluated by using X-ray 

powder diffraction (XRD), Raman spectroscopy, field-emission scanning electron microscopy 

(FE-SEM), transmission electron microscopy (TEM), Brunauer-Emmett-Teller (BET) 

analysis and X-ray photoelectron spectroscopy (XPS). 

The electrochemical properties were evaluated through cyclic voltammetry (CV), 

galvanostatic charge-discharge (GCD), electrochemical impedance spectroscopy (EIS) and 

stability (cycling and floating) tests in both three (3) - and two (2) electrode configurations 

using an aqueous electrolyte. 
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The composite electrode materials containing carbon incorporated into the pristine vanadium-

based material portrayed superior electrochemical properties. Specifically, the asymmetric 

device of VO2/AEG//C-V2NO where the composite electrode has been adopted as a positive 

electrode and C-V2NO as a negative electrode, demonstrated a 41.6 Wh kg-1 specific energy 

and specific power of 904 W kg-1 at a specific current of 1 A g-1. This was the highest device 

metrics recorded in this study for all vanadium-based devices tested.  

Thus, the results obtained from this study have clearly established the capability of carefully 

tuning the synthesis conditions for obtaining electrochemically active nanostructured 

electrode materials such as web-like carbon-vanadium oxynitride (C-V2NO) materials as 

promising candidates for supercapacitor applications. 



VIII 

Table of contents 

Declaration ................................................................................................................................. I 

Dedication ................................................................................................................................ II 

Acknowledgments ...................................................................................................................III 

Abstract ................................................................................................................................... VI 

Table of contents .................................................................................................................. VIII 

List of figures ....................................................................................................................... XIII 

List of equations ....................................................................................................................XV 

Chapter 1 ................................................................................................................................... 1 

1.0 Introduction .......................................................................................................................... 1 

1.1 Background and General Motivation ................................................................................... 1 

1.2 Aims and Objectives ............................................................................................................ 7 

1.3 Structure of the thesis ........................................................................................................... 8 

Bibliography ............................................................................................................................... 9 

Chapter 2 ................................................................................................................................. 14 

2.0 Literature Review ............................................................................................................... 14 

2.1 Energy Storage Systems ..................................................................................................... 14 

2.2 Evaluating the performance of supercapacitors ................................................................. 17 

List of table....................................................................................................................... .....XIV 



IX 

2.3 Classification of Supercapacitors ....................................................................................... 18 

2.4 Energy storage mechanism of supercapacitor .................................................................... 19 

2.4.1 Electric double-layer capacitance (EDLC) .................................................................. 19 

2.4.2 Faradaic capacitors ...................................................................................................... 22 

2.4.3 Hybrid materials and hybrid capacitors ....................................................................... 24 

2.4.3.1.Hybrid materials (HMs) ........................................................................................ 24 

2.4.3.2 Hybrid capacitors (HCs) ....................................................................................... 25 

2.5 Electrodes materials for supercapacitor ............................................................................. 27 

2.5.1 Electrodes materials for electric double layer capacitors ............................................ 27 

2.5.2 Materials for Faradaic capacitors ................................................................................ 34 

2.5.2.1 Transition metal oxides/hydroxide ....................................................................... 34 

2.5.2.2 Metal nitride/oxynitride ........................................................................................ 40 

2.5.2.3 Conducting polymers ............................................................................................ 43 

2.6 Electrolytes ......................................................................................................................... 44 

2.6.1 Aqueous electrolyte ..................................................................................................... 45 

2.6.2 Ionic liquids ................................................................................................................. 46 

2.6.3 Organic electrolytes ..................................................................................................... 48 

2.7 Electrode fabrication, testing and performance evaluation of electrode materials ............ 50 

2.7.1 Electrode fabrication of ECs ........................................................................................ 50 

2.7.2 Electrochemical evaluation configurations for SC electrode materials ....................... 51 



X 

2.7.3 Electrochemical techniques adopted in testing electrode material performance ......... 55 

2.7.4 Stability test ................................................................................................................. 59 

Bibliography ............................................................................................................................. 61 

Chapter 3 ................................................................................................................................. 92 

3.0 Synthesis procedure and characterisation techniques ........................................................ 92 

3.1. Experimental techniques ................................................................................................... 92 

3.1.1 Hydrothermal and Solvothermal methods ................................................................... 92 

3.1.2 Freeze-drying method .................................................................................................. 93 

3.1.3 Atmospheric Pressure Chemical Vapour Deposition technique (APCVD) ................ 95 

3.2 Physical Characterization techniques ................................................................................. 99 

3.2.1 X-ray diffraction .......................................................................................................... 99 

3.2.2 Raman Spectroscopy ................................................................................................. 100 

3.2.3 Scanning electron microscopy (SEM) ....................................................................... 101 

3.2.4 Transmission electron microscopy (TEM) ................................................................ 102 

3.2.5 N2 gas-adsorption-desorption measurement .............................................................. 103 

3.2.6 X-ray photoelectron spectroscopy (XPS) .................................................................. 104 

3.2.7 Electrochemical characterization ............................................................................... 105 

Bibliography ............................................................................................................................107

Chapter 4 ............................................................................................................................... 112 

4.0 Results and discussion ...................................................................................................... 112 



XI 

4.1 Three dimensional vanadium pentoxide/graphene foam composite as positive electrode 

for high performance asymmetric electrochemical supercapacitor ........................................ 112 

4.1.1 Introduction ............................................................................................................... 112 

4.1.2 Results and discussion ............................................................................................... 113 

4.1.3 Concluding Remarks ................................................................................................. 125 

4.2 Effect of growth time on solvothermal synthesis of vanadium dioxide for electrochemical 

supercapacitor application ...................................................................................................... 126 

4.2.1 Introduction ............................................................................................................... 126 

4.2.2 Result and discussion................................................................................................. 126 

4.2.3 Conclusion Remarks .................................................................................................. 135 

4.3 High-performance asymmetric supercapacitor based on vanadium dioxide and carbonized 

iron-polyaniline electrodes ..................................................................................................... 136 

4.3.1 Introduction ............................................................................................................... 136 

4.3.2 Result and discussion................................................................................................. 136 

4.3.3 Concluding Remarks ................................................................................................. 140 

4.4 Generation of a mesoporous web-like carbon-vanadium oxynitride as an electrode 

material for symmetric supercapacitors ................................................................................. 148 

4.4.1 Introduction ............................................................................................................... 148 

4.4.2 Result and discussion................................................................................................. 148 

4.4.3 Concluding Remarks ................................................................................................. 179 



XII 

4.5 High-performance asymmetric supercapacitor based on vanadium dioxide/activated 

expanded graphite composite and carbon-vanadium oxynitride nanostructures ................... 180 

4.5.1 Introduction ............................................................................................................... 180 

4.5.2 Result and discussion................................................................................................. 180 

4.5.3. Conclusion Remarks ................................................................................................. 194 

Bibliography ........................................................................................................................... 195 

Chapter 5 ............................................................................................................................... 198 

5.0 Conclusions and future work ............................................................................................ 198 



XIII 

List of figures 

Figure 2.1: Ragone plot for different electrochemical energy storage devices ….. ................. 16 

Figure 2.2: Classification of supercapacitors: EDLC, faradaic and their combination to form 

hybrid capacitors. ..................................................................................................................... 19 

Figure 2.3: Different models of the EDLC at a positively charged surface: (a) the Helmholtz 

model, (b) the Gouy–Chapman model, and (c) the Stern model …... ...................................... 20 

Figure 2. 4: Different types of reversible redox mechanisms in faradaic capacitors …… ...... 23 

Figure 2.5: SWCNT showing the armchair, zigzag, and chiral configurations. ...................... 29 

Figure 2.6: Schematic structure of a graphene sheet. ............................................................... 29 

Figure 2.7: An illustration of adsorption in porous activated carbon. ...................................... 33 

Figure 2.8: Illustration of general techniques to synthesize the metal nitride/oxynitride 

nanostructures. .......................................................................................................................... 40 

Figure 2.9: The specific capacitance of porous carbon, conducting polymers and faradaic 

materials (example RuO2) ........................................................................................................ 44 

Figure 2.10: Effect of the electrolyte on the supercapacitors performance. ............................ 49 

Figure 2.11: An illustration of a half-cell configuration set-up ………….... .......................... 51 

Figure 2.12: An illustration of a full-cell configuration set-up. ............................................... 52 

Figure 2.13: Cyclic voltammograms presenting the features for an (a) EDLC system, and (b) 

overlaid reduction and oxidation peaks for a faradaic system. ................................................ 56 

Figure 2.14: GCD plot of (a) an EDLC (the figure inset illustrates the IR drop) and (b) a redox 

active pseudocapacitor or faradaic. .......................................................................................... 57 



XIV 

Figure 2.15: Nyquist plot with RCT and RΩ. ............................................................................. 58 

Figure 2.16: Scheme of the voltage holding test. ..................................................................... 60 

Figure 3.1: Hydrothermal and solvothermal device used for heating. ..................................... 93 

Figure 3.2: Schematic of the synthesis process of 3D V2O5. ................................................... 94 

Figure 3.3: Synthesis procedure of the vanadium dioxide (VO2(M)). ..................................... 95 

Figure 3.4: Some of different CVD methods on the top, atmospheric pressure chemical 

vapour deposition technique system. ....................................................................................... 97 

Figure 3.5: Diagram illustration of the preparation method of C-V2NO sample at a nitridation 

temperature of 700 C. ............................................................................................................. 98 

Figure 3.6: Schematic of the synthesis route of VO2/AEG composites. .................................. 98 

Figure 3.7: WITec confocal Raman microscope (WITec alpha300 R, Ulm Germany). ........ 101 

Figure 3.8: High-resolution Zeiss Ultra, Plus 55 instrument. ................................................ 102 

Figure 3.9: Transmission electron microscopy instrument (HR-TEM-JEOL 2100F). .......... 103 

Figure 3.10: Bio Logic VMP300 workstation (Knoxville TN 37,930, USA) controlled by the 

EC-Lab® V1.40 software....................................................................................................... 106 

Figure 5.1: Ragone plot of vanadium-based devices for a symmetric and asymmetric devices.

 ................................................................................................................................................ 199 

 List of Table 

Table 2. 1: Comparison between supercapacitor and batteries devices. .................................. 15 



XV 

List of equations 

2

2

1
VCsp  (1)…………..…………………………………….... 18 

 mR

V
P

4

2

max   (2)…………...............…………………………….... 18 

d

A
C or   (3)………………..………………………………… 20 

DiffHS CCC

111
 (4)……………………...…………………………... 21 

BAT CCC

111
  (5)…………..………………......………………….. 21 

VM

tI
CC Tsp






4
4  (6)…………..………...….………………………… 53 

 QQ (7)…………..….…...……………………...……….. 53 

VmCQ sp  (8)…………..……………………..……………….. 54 














VC

VC

m

m

sp

sp
 (9)…………..……………………………………… 54 

6.3
)gh (mA 1-






m

tI
Q D

  (10)…………..……………...……………..……….. 54 







 
)(

)(

D

D

It

It

m

m
  (11)…………….…………………………..……….. 54 

 dttV
I

kghWE d
d )(

6.3
)( 1     (12)…………………………...…..…………………. 54 

D

d
d

t

E
kgWP 3600)( 1       (13)…………..……………..…………….………..... 54 

)sin(0 tVVV   (14)…………..…………………….……….……….. 58 

  )sin(0   tVItI     (15)…………..………………………..……..……… 58 

100
C

D
t

t

t
  (16)…………..…………………..……....………….. 59 

100
C

D
E

E

E
 (17)…………..…………….……………….………. 59 



1 

 Chapter 1 

_______________________________________________________________ 

1.0 Introduction 

1.1 Background and General Motivation 

The rapid economic development, the increasing world population and an ever-increasing 

human reliance on energy-consuming appliances have led to the increased need for access to 

robust and reliable energy. Globally, energy is crucial to any economy’s growth, societal 

activities and general way of life. Thus, energy has become a primary focus of the entire 

scientific community and has prompted numerous initiatives into examining the future of 

global energy in relation to the increasing world population and continued economic growth. 

Researchers have estimated that in the year 2020, the world will need 50% more energy than 

is required today [1]. This explosive demand for energy has resulted in an increasing mining 

cost and exhaustion of the limited fossil fuel resources. In addition, the rising heavy emission 

of greenhouse gas on the global scale, poses serious health risks (lung cancer) and 

environmental degradation (global warming, air and soil pollution) which is detrimental to the 

survival of humankind. Therefore, it is of paramount importance to find alternative sources of 

energy that are renewable (wind, solar, geothermal, hydrothermal, biomass etc.), 

environmentally friendly and sustainable [2] especially on the African continent and in other 

less developed countries around the world. 

Wind and solar power are currently the leading alternative and renewable energy sources [3]. 

Renewable energy (also referred to as “green energy”), is easily restored from an unending 

natural source. Green energy research has grown rapidly due to the clean and safe production 

of the energy conversion system [4]. In some cases, it can also be used to generate electricity 

remotely to areas where the infrastructural cost of extending the existing grid is exorbitant [5].
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However, the major drawback to the extensive adoption of the renewable energy technologies 

(particularly wind and solar) is attributed to its intermittent availability over time due to its 

dependence on climate changes and sunlight. Consequently, this does not provide a sufficient 

solution to dealing with the increasing demand for global energy [6].  

Hence, the development of large-scale energy storage systems is crucially important to store 

the excess generated energy from these renewable energy sources for use in a specific 

application when needed. Among the current efficient energy storage devices, batteries and 

conventional capacitors provide low specific power and low specific energy, respectively. 

Thus, a necessity to use another energy storage device by associating both properties of 

batteries and conventional capacitor to yield a system with high performance, 

environmentally friendly and low cost (as compared to batteries) 

Supercapacitor (SCs), Electrochemical capacitors (ECs) or Ultracapacitors (UCs) have drawn 

wide interest from both the research and industry experts ever since they were initially 

considered to be a complement and eventually an alternative to batteries in electric energy and 

conversion systems [7]. Supercapacitors are able to deliver a considerable amount of specific 

energy in short time (high specific power) coupled with a long cycle life in a wide operating 

temperature range. SCs provide higher specific power than batteries while their corresponding 

specific energy is superior to conventional capacitors.  

The US Department of Energy (DoE) has regarded SCs as an important as other storage 

devices like the much commonly used batteries based on the demonstrated potential [8]. 

These promising properties make them hopeful candidates for various emerging applications 

such as in smart grid systems, hybrid electric vehicles etc. [9]. 

Nevertheless, SCs are still plagued with the challenge of low specific energy as compared to 

batteries and this has delayed its use as a primary power source of energy storage in 
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applications requiring high energy as well as high power. Enormous efforts are being pooled 

together by scientists to increase their specific energies in a bid to increase their large-scale 

industrialization. Supercapacitors can be divided into three types based on the energy storage 

mechanism namely; (a) Electric double-layer capacitors (EDLCs), (b) Pseudocapacitors (PCs) 

and (c) Hybrid capacitors (HyCs). 

EDLCs are the most common types of SCs which have been extensively studied and are 

based on the development of a capacitive charge (in the order of 106 F) at the 

electrode/electrolyte interface [10]. Generally, carbon based materials range from three 

dimensional (3D) carbons to two dimensional (2D) graphene materials, one dimensional (1D) 

carbon nanotubes (CNTs) and zero dimensional (0D) carbon nano-onions. They are the most 

common electrode materials used in EDLC due to their unique physical and chemical 

properties. Carbon-based materials display high conductivity, relatively low cost, good 

corrosion resistance, high specific surface area and a proper pore size control [11]. Although, 

some porous carbon based materials have been known to possess a lower conductivity which 

restrict their application in high power density supercapacitors [12,13]. 

Graphene has a unique morphology composed of a single-layered 2D lattice structure of 

carbon atoms. Graphene is revealed as a promising carbon material for designing and 

fabricating high-performance supercapacitors due to its unique structure and high theoretical 

specific surface area [14]. Graphene combines its chemical stability, good mechanical 

strength and high electrical conductivity similar to the CNTs.  

In comparison, graphene has been reported to provide a higher electrochemical performance 

(in terms of the specific energy) than CNTs of up to 85.6 Wh kg-1 [14]. Graphene presents a 

diverse variety based on the different chemical structures and morphologies. 2D carbons also 

exist as graphite and one way to prepare it is by expansion using microwave to increase its 

surface area.  
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For instance, the expanded graphite (EG) synthesized generally by microwave technique have 

been also examined as a suitable electrode materials for SCs. The activation of the EG leads 

to the creation of a large fraction of micro - and mesopores which can improve the specific 

capacitance in aqueous, organic and ionic liquid electrolytes by presenting better and 

accessible surface area for charge accommodation [15,16].  

Faradaic materials are based on redox reactions on the material surface area which governs 

the nature of charge storage. The Faradaic electrochemical processes arise both on the surface 

and in the bulk near the surface of the electrode [17]. Thus, Faradaic materials displayed a 

crucial role in simultaneously delivering high specific capacity and energy which is the 

setback in energy storage devices [18]. Pseudocapacitors are very much different from 

EDLCs in their nature of charge storage in that they are governed by a chain of Faradaic 

reactions [19] and store energy through fast redox reaction [20]. Although the nature of 

charge storage is seen electrochemically to be similar to pure double layer capacitance which 

gives it the name “pseudo”. The reversible redox reaction at the surface of the electrode 

contributes more storage charge to supply a higher capacitance than the EDLC materials.  

Transition metal oxides, transition metal hydroxides (TMOs/TM-OHs) and conducting 

polymers are considered as the common examples of faradaic and pseudocapacitive materials. 

Transition metal oxides have proved to exhibit stable nanostructure, low preparation cost and 

high theoretical capacity as compared to carbon-based materials [21] due to their ability to 

exist in variable oxidation states [22].  

In comparison with TM-OHs, the transition metal oxide exhibited higher specific capacity 

than transition hydroxides due to their low specific surface area and their poor electrical 

conductivity [23]. The transition metal oxides have also a specific capacity superior to 

conducting polymers [24]. Examples of pseudocapacitive and faradaic are RuO2 [25], MnO2 

[26], CoOx [27], NiO [28], V2O5 [29], VO2 [30] among others. 
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Numerous efforts have been developed to find lower cost metal oxides due to the relatively 

high cost of ruthenium (RuO2) [29]. Amongst the numerous transition metal oxides, vanadium 

oxides have been reported as a potential low cost materials for device electrodes [31]. 

Vanadium oxide (VxOy) has received massive interest among researchers as supercapacitor 

electrodes due to its multiple oxidation states (from V2+ to V5+). Among the various vanadium 

oxides, vanadium pentoxide (V2O5) and vanadium dioxide (VO2) are mostly adopted in SCs 

due to their unique physical and chemical properties suitable for energy storage [32–34].  

However, these transition metal oxide such as vanadium oxide present a poor conductivity 

and cycle life [16,23], while carbon based materials still suffer from low specific energy 

typically 3 - 5 Wh kg-1 [20] due to their relatively low specific capacitance as compared to 

faradaic-type materials. Faradaic type-materials materials on the other hand have low 

conductivities and poor cyclic stability which limits their application as suitable 

supercapacitor electrodes. Thus, attempts are made to incorporate different carbon based 

materials into the faradaic materials to form composite materials in a hybrid capacitor 

configuration.  

Hybrid capacitors (HyCs) are structured by combining two different electrodes materials such 

as EDLC and faradic materials to function as a better unit. When the faradaic material are 

generally used as a positive electrode and the EDLC material as a negative electrode, a 

subclass called an asymmetric device is formed. HCs have been developed to solve the 

limitations of both EDLCs and Faradaic materials in order to improve the specific energy, 

extend the cell voltage, cycling stability of the cell among others. 

On the other hand, the low specific capacitance of the carbon based materials could affect the 

device performance for asymmetric capacitors when adopted as a negative electrode material. 

The investigation of novel and electrochemically enhanced negative materials to design better 
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performing hybrid supercapacitors has become a recent research hot topic. Some metal oxides 

such as molybdenum oxide (MoO3−x) and iron oxide (FexOy) are used as a negative electrode in 

SCs and are reported to deliver a specific energy higher than carbon based materials, 

however, their disadvantages such as low conductivities and poor cyclic stability can limit 

their applications [35].  

Vanadium nitrides (VNs) are promising candidates for the negative electrode in SCs due to 

their unique physico-chemical properties [36]. VN exhibits a good electronic conductivity, 

chemical stability and a large operating window in the negative potential. However, the use of 

VN material as a supercapacitor device electrode is limited due to its poor rate performance 

and cycling life [37,38].  

Vanadium oxynitride has been established to solve the issues of VNs to make them suitable 

for high-performance SC devices. Recently, Shu et al. [39] reported the adoption of vanadium 

oxynitride incorporated with carbon and has been demonstrated to display an even better 

electrochemical performance than vanadium oxynitride [39]. 
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1.2 Aims and Objectives 

The aim of this research study is to synthesize vanadium oxide-based composites with 

different nanostructures and evaluate their potential applications as supercapacitor electrode 

materials.  

The research objectives are as follows: 

 Synthesis of graphene foam (GF) via chemical vapor deposition technique (CVD) 

 

 Preparation of V2O5 and V2O5/GF composites using hydrothermal and freeze-drying 

techniques 

 Study of the effect of growth time on solvothermal method of VO2 monoclinic with  

time-dependent morphological evolution  

 Synthesis of carbonized iron-polyaniline (C-FP) via CVD technique 

 

 Evaluation of the VO2//C-FP device as a high specific energy asymmetric 

supercapacitor  

 Synthesis of porous web-like carbon-vanadium oxynitride (C-V2NO) using CVD 

method  

 Investigation of the C-V2NO//C-V2NO device as a high specific energy symmetric 

supercapacitor  

 Preparation of VO2 and VO2/AEG composite via CVD method 

 Evaluation of the VO2/AEG//C-V2NO for high performance asymmetric 

supercapacitor 
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1.3 Structure of the thesis 

The thesis is divided into five chapters: 

Chapter 1 presents a general background introduction and motivation of this research study, 

aim and objectives with a brief structural layout of the thesis 

Chapter 2 presents a literature review on for electrochemical capacitors. 

Chapter 3 describes the details of the synthesis procedures and characterization techniques 

used in this work. 

Chapter 4 presents the research results obtained accompanied with a summary of the 

conclusion from each results. 

4.1 Three dimensional vanadium pentoxide/graphene foam composite as positive electrode 

for high performance asymmetric electrochemical supercapacitor. 

4.2 Effect of growth time on solvothermal synthesis of vanadium dioxide for electrochemical 

supercapacitor application. 

4.3 High-performance asymmetric supercapacitor based on vanadium dioxide and carbonized 

iron-polyaniline electrodes 

4.4 Generation of a mesoporous web-like carbon-vanadium oxynitride as a novel electrode 

material for symmetric supercapacitors 

4.5 High-performance asymmetric supercapacitor based on vanadium dioxide/activated 

extended graphite composite and carbon-vanadium oxynitride nanostructures. 

Chapter 5 presents the general conclusion drawn from the PhD study and the proposed future 

research work to be performed. 
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            Chapter 2 

________________________________________________________________________________ 

2.0 Literature Review 

2.1 Energy Storage Systems 

Energy storage systems such as lead–acid batteries, nickel–metal hydride batteries, lithium-

ion batteries (LiBs) and supercapacitors (SCs) have attracted global consideration [1]. 

LiBs and SCs are the most commonly used energy storage systems and are composed of an 

assembly of two electrodes in contact with an electrolyte solution which allows for ionic 

conduction [2]. Some fundamental parameters used to determine the performance and 

relevance of these two energy storage devices for a specific application is the specific energy 

(Ed), specific power (Pd), charge- and discharge time and cycle life [3].  

Lithium-ion batteries are considered the mobile power sources for portable electronic devices, 

exclusively used in cell phones and laptop computers [4]. They are constructed with a porous 

material as an anode (source of lithium ions) and a metal oxide as a cathode (sink for the 

lithium ions) with an electrolyte which provide the internal ionic transport between the 

electrodes. There are generally two mechanisms for active Li-ion storage: storage of Li ions in 

the bulk (volume) of the material through intercalation or insertion reactions and storage of Li 

ions at the intercalated material surface [4–6]. However, LiBs have the potential to store high 

specific energy  and their biggest disadvantage are their low specific power and poor charge-

discharge cycles [7,8]. 

Supercapacitors also called electrochemical supercapacitors (ESs) or electrochemical 

capacitors (ECs) have the ability to deliver high specific power with a charge-discharge 

capability ranging up to a millions times [9].  
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However, ESs provide lower specific energy than LiBs and higher than conventional 

capacitors [10]. Table 2.1 outlines a comparison of the two energy storage technologies based 

on vital parameters which define the type of application they can be used for. Supercapacitors 

have the capability to deliver a higher specific power, fast charge-discharge within seconds 

and a long lifetime and life span than lithium-ion batteries [11]. SCs also are environmental 

friendly, low-cost and great operating temperature range as compared to LiBs [12,13].  

Table 2. 1: Comparison between supercapacitor and batteries devices [14–18]. 

Parameters 

Supercapacitors 

 

lithium-ion Batteries 

 

Charge time 1 - 30 seconds 

 

1 - 5 hours 

 

Discharging time 1-30 seconds 

 

0.3 hour 

 

Lifetime  

(charge-discharge cycles) 
1 million 

 

1000 

 

Specific energy (Wh kg-1) 1-10 

 

10 - 100 

 

Specific power (W kg-1) 10 000 

 

< 1000 

 

Safety Safe 

 

Less safe 

 

Lifespan 10 - 20 years 

 

~ 5 years 

 

 

Operating temperature 

range 

 

~ - 40 to + 65 °C                ~ 0 to + 40 °C 

The merits make supercapacitors garner great potential as a suitable energy storage device. 

However, the major hurdle of SCs is still related to their lower specific energy values [19]. 
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Figure 2.1: Ragone plot for different electrochemical energy storage devices [20]. 

Figure 2.1 displays the comparison of the specific energy versus the specific power for 

different energy storage devices in a format called a “Ragone plot”. It is clearly evident that 

capacitors are incapable of delivering a high specific energy due to the electrostatic charge 

storage mechanism while batteries and fuel cells exhibit a low specific power owing to the 

chemical/ionic nature of their charge storage mechanisms [21]. Supercapacitors are seen to 

bridge the gap between conventional capacitors and batteries by incorporating elements of 

both storage technologies [22]. Thus, recent interests by numerous materials researchers have 

been focused on improving the energy storage capacity through the re-design of 

supercapacitors (materials, electrolytes) to simultaneously deliver both a high power and 

energy [19,23]. Several method or techniques have been used to enhance the specific energy 

of SCs by focusing on the new electrode design or the electrolyte, and great progress has 

made in this field [21,24,25]. The capacitor system has been known for many years and was 

initially developed by Becker in 1957 where the first electrochemical capacitor was fabricated 

using carbon as an electrode material and a sulphuric acid electrolyte to establish the charge 

storage [26].  
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This technology was commercialized in 1969 by the company (known as SOHIO) for 

manufacturing power saving units in electronics [27]. However, the term “supercapacitors” 

was coined from the first company which commercialized a SuperCapacitorTM device in 

1971. Their most popular success was reported in 1990 with the aid of US government funded 

programs. The aim of the project was to incorporate SCs into hybrid vehicle systems for 

delivering a power sufficient for acceleration [28,29]. Studies have shown that the use of 

supercapacitors can lead to a potential decreased fuel consumption of up to 15% - 20% in 

automobile applications [14].Recently, the SC-technology has been extensively exploited to 

meet the ever-increasing demand of modern applications requiring an instant specific power 

supply [1] and peak power saving [30].  

SCs have been successfully integrated into different areas of the manufacturing industry such 

as in portable electronic devices [31], aviation industry [32], medical industry [33], military 

applications [34], transport services (for hybrid electric vehicles, trains, buses, light rail 

systems, trams, aerial lifts, forklifts, and even motor-racing cars) [35–38], energy recovery 

and renewable energy technologies [39]. The notable and most recent supercapacitor 

application was reported for the emergency doors on the Airbus A380, highlighting their safe 

and reliable performance [40]. Other areas include the digital camera [41], UPS [42], robotic 

[43] and windmill [44] where supercapacitors play also the role to store the energy for braking 

or to power the starter motor on engine start-up [43,45]. 

2.2 Evaluating the performance of supercapacitors 

The performance of supercapacitors are mainly dependent on various electrochemical 

parameters such as the specific capacitance (which can be normalized by the mass, area or 

volume of the active material electrode), the rate capability at high specific current values and 

the stability of the electrode over cycling or potentiostatic floating tests [46]. 
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The two primordial characteristics of any energy storage device are the specific energy and 

specific power. The specific energy defines the amount of energy (per unit mass, area or 

volume) that can be stored while the specific power describes how quickly the device can 

deliver that specific energy. The specific energy in terms of the mass (E in W h kg-1) and the 

maximum specific power (Pmax in W kg-1) in SCs are obtained by using the equations 1 – 2 as: 

2

2

1
VCsp            (1) 

 mR

V
P

4

2

max             (2) 

where Csp (in F g-1) is the total specific capacitance for a constant applied current, V (in V) is 

the operating device potential, m is the total mass of the two electrodes and Rs (in Ω) is the 

equivalent series resistance (ESR) of the cell which is the total resistance of the electrode 

resistance, electrolyte resistance and the resistance of the diffusion of the ion in the electrode 

pores. To obtain a good electrochemical performance in a supercapacitor, an enhanced 

specific energy and specific power is required. It is preferable to improve the specific 

capacitance, maximize the cell voltage and also to control the ESR value to a minimum value 

possible [47,48].  

2.3 Classification of Supercapacitors 

Supercapacitors are divided into mainly three types based on their energy storage mechanism 

namely; 

 Electric double-layer capacitors (EDLC) arising from the accumulation of charges at 

the electrode/electrolyte interface and 

 Faradaic capacitors and/or pseudocapacitors which is related to the storage from fast 

redox reactions 
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 Hybrid capacitors are the combination of the individual characteristic of both 

EDLC and faradaic electrodes and can be structured in different architectures to 

form other subgroups. 

The performance of Supercapacitors are largely controlled by the energy storage mechanism, 

the electrode material used, the electrolyte and device assembly [49,50]. A plot illustrating the 

types of supercapacitors is shown in Figure 2.2 and will be discussed separately in this 

section.  

 

Figure 2.2: Classification of supercapacitors: EDLC, faradaic and their combination to form 

hybrid capacitors. 

2.4 Energy storage mechanism of supercapacitor 

2.4.1 Electric double-layer capacitance (EDLC) 

Electric double-layer (EDL) capacitors usually store their energy by means of an electrical 

double layer. This electrical phenomenon appears at the interface between a conductive 

electrode and an adjacent liquid electrolyte if a voltage is applied. For instance in EDLC 

capacitors, two layers of ions of opposite polarity are aligned at the surface of the electrode in 

the electrolyte. This dual surface layer of ions is separated by a single layer of solvent 

molecules that adhere to the surface of the electrode so that a net charge separation can be 

maintained.  
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The concept of EDLC was discovered by von Helmholtz in the 19th century and is well-

known as the “Helmholtz double layer” model [48,51]. 

The Helmholtz double layer model describes the existence of two layers of opposite charge 

form which condense at the electrode/electrolyte interface and are separated by an atomic 

distance as shown in Figure 2.3 (a). This structure is similar to the conventional dielectric 

capacitors with two planar electrodes separated by a small distance [52]. The capacitance 

estimation for an EDLC is generally calculated using equation 3; 

d

A
C or
            (3) 

where 𝜀𝑟 is the electrolyte permittivity, 𝜀o is the dielectric constant or permittivity of vacuum, 

A is the active material surface area, and d is the distance of the charge separation or effective 

thickness of the double-layer. 

This model was thereafter modified by Gouy and Chapman (in Figure 2.3 (b)) with the 

consideration of a diffusion layer due to the continuous distribution of electrolyte ion (both 

cations and anions) in the electrolyte determined by thermal motion [53].  

 

Figure 2.3: Different models of the EDLC at a positively charged surface: (a) the Helmholtz 

model, (b) the Gouy–Chapman model, and (c) the Stern model [54]. 
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Unfortunately, the Gouy and Chapman model leads to an overestimation of the EDL 

capacitance and was improved in 1924 with the Stern model  which was developed by Otto 

Stern [55].  

The Stern models (in Figure 2.3 (c)) combines the Helmholtz models with the Gouy-Chapman 

model by distinguishing two regions of ion distribution; the outer region identified as the 

Gouy-Chapman diffuse layer (OHP) and an inner region (IHP) referred to as the compact 

layer or Stern layer. The total capacitance in the EDLC (CS) can be considered as a union of 

the capacitances from these two regions, the Stern type of compact double layer capacitance 

(CH) and the diffusion region capacitance (CDiff) and is expressed as [55]; 

DiffHS CCC

111


           (4) 

For example, an EDLC device with two electrodes, A and B. The total capacitance can be 

evaluated as two capacitors in series with a combined capacitance. The total capacitance CT of 

this device is calculated as: 

BAT CCC

111
            (5) 

where, AiSA ACC ,  and BiSB ACC , , with Ai, is the surface area of the porous electrodes 

(A or B) 

 
BA CC  , for two identical electrodes and the total capacitance is equal to CA /2. 

 
BA CC  , hybrid devices with a pseudocapacitive electrode and the total capacitance is 

given by
TA CC  . 

Typical examples of EDLC-type materials are carbon-based materials like carbon spheres 

carbon nanotubes, carbon aerogels, activated carbons, graphite, carbon nanofibers, etc.  

These materials provide large-surface area with good chemical stability and thin electrolytic 

dielectrics to achieve a reasonable capacitance. The electrochemical performance of EDLC-
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type material can be improved by maximizing the total capacitance (CT) using electrically 

conducting electrodes and by increasing the working potential (ΔV) of the electrodes [52].  

This improvement is greatly influenced by the nature of the active material electrodes and 

operating electrolytes. Generally, the electrode material and the electrolyte are the key 

determinants to attain high performance EDL-capacitors.  

2.4.2 Faradaic capacitors 

Faradaic capacitors have been described as a particularly unique form of energy storage 

concept. This type of supercapacitor has a special class called pseudocapacitance (PC) by 

some scholars which is governed by a chain of Faradaic (redox) reactions and their behavior 

of the charge-discharge curve are near to that of EDLC electrode material surface [56–58]. 

The charge transfer process is characterized with a fast and reversible redox reaction at the 

surface of the active materials due to the interaction between the electrode and the electrolyte. 

They are very much different from the electrostatic type of charge storage in EDL systems. 

However, the faradaic processes present here has been described by applying the band modes 

for semiconductors to evaluate the origin of pseudocapacitors [59]. Currently, some transition 

metals oxides/hydroxides and conducting polymers are known to exhibit pseudocapacitive 

behaviour [60,61]. In particular, for some transition metal oxides, the advantage of possessing 

multiple oxidation states aids in increasing the specific capacities [39,62]. Therefore, these 

materials have the capacity to store a charge of the order of ten to hundred times as compared 

to carbon-based EDL-capacitors [56]. 

Charge storage in faradaic capacitors consists of three different mechanisms namely: 

(a) underpotential deposition, 

(b) redox reactions of transition metal oxides (for instance RuO2 and Nb2O5 electrodes),  

(c) intercalation (see Figure 2.4). 
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a) Underpotential Deposition 

As indicated by the name, “underpotential deposition” corresponds to the electrodeposition of 

adsorbed monolayer(s) from metal ions present in an electrolyte onto the electrode surface of 

other metals (such as Au, Pt, Ag etc.) that are less electronegative as compared to the metal 

being deposited. A pictorial illustration is as shown in Figure 2.4 (a).  

 

Figure 2. 4: Different types of reversible redox mechanisms in faradaic capacitors [63]. 

The active relationship adsorbed atom/substrate bonding between these two metals (atoms 

and substrates) could control the growth behavior and the resulting structures.  

Thus, the reaction rates and the study of the surface coverage such as the nature of the metal 

layer and its electronic properties are crucial in this deposition [58,64].  

b)  Redox reactions 

The charge transfer mechanism in redox reaction results in reduction-oxidation reactions of a 

faradaic nature. This redox reaction occurs between the electrode and electrolyte changing the 

oxidation state of the metal. For instance, the redox reaction of RuO2 is the acceptance 

(reduction) and release (oxidation) of the protons in the electrolyte.  

However, the oxidation reaction modifies the oxidation state of the RuO2 from +4 to +3 due to 

the absorption of the ion onto the surface of the material. The low temperature of the 

synthesis of this material makes the oxidation of the support and possible processes of inter-
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diffusion at the solid interface negligible [65,66]. Figure 2.4 (b) shows the illustration of the 

chemical process and the reaction of the metal oxide.  

c) Intercalation  

This mechanism is the insertion of an ion into the bulk lattice of the redox active material 

associated with a faradaic charge transfer as shown in Figure 2.4 (c). To maintain the 

electrical neutrality of the electrode, a number of electrons should be transferred to the host 

during insertion. A suitable reducing agent, the presence of Van der Waals gaps (unpopulated 

spaces), the conservation of the orientation of the elements in the lattice and the existence of 

the low lying bands in the host facilitate the process of insertion/removal of the intercalation 

mechanism [66]. 

2.4.3 Hybrid materials and hybrid capacitors  

2.4.3.1 Hybrid materials (HMs) 

The electrode materials in supercapacitors play a vital role in determining its performance. 

The favourable characteristics when using electrochemically active material in the form of a 

composite design has been considered as a promising solution to provide the desired high 

specific energy. Hybrid architectures in the form of composite materials have been developed 

to efficiently merge the two main charge storage mechanisms to coexist as a single unit at the 

materials level. Most composite materials are comprised of an EDLC and a faradaic nature in 

a single electrode. HMs have the capacity to offer a broad range of merits for preeminent 

supercapacitor systems by providing significant improvements in the morphological, textural 

and electrochemical properties.  

In hybrid materials, carbon-based materials have the power to increase the electrical 

conductivity, thermal conductivity, SSA, pore size distribution and impact strength while the 

faradaic materials play the role to improve the surface reactivity thereby enhancing the 

specific capacity of the materials [67–69].  
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Thus the as-synthesized composite has a synergetic combination of individual properties from 

the different materials with an increase contact between the electrode and the electrolyte for a 

good performance in supercapacitors [70]. The carbon-based EDLC materials used for 

composite electrode are generally carbon nano-onion [71], carbon nanotubes [72], activated 

carbon [73], graphene [74] and other carbon forms [75]. The composite materials can 

simultaneously have a high specific energy and high specific power from the faradaic 

materials and the carbon-based materials respectively [50].  

However, an optimized mass ratio of the EDLC materials is required to maximize the 

performance and the synergistic properties of the nano-carbon/metal oxide composite [76,77]. 

2.4.3.2 Hybrid capacitors (HCs) 

Recently, hybrid capacitor (HCs) are the subject of intense research in energy storage system. 

HCs have been considered as a novel concept for considering workable configurations which 

involves combining a faradaic electrode with a non-faradaic material electrode (usually 

electric double layer type) in the same cell. The research focus on this class of energy storage 

devices is geared to enhance the electrochemical performance of the supercapacitor by 

tapping into the merits of both charge storage mechanisms. As a result, the limitations 

encountered individually in both EDLCs and faradaic materials will be solved leading to high 

performance supercapacitors [78]. Based on the electrode structure, HCs can be classified into 

two different types: asymmetric and battery-like hybrids:  

a) Asymmetric supercapacitor 

The low specific energy in supercapacitors is known to be the drawback limiting its suitability 

for potential applications in high-energy storage systems. To improve this energy without 

sacrificing the specific power and cycle life is deeply desirable for device performance. An 

asymmetric supercapacitor has been demonstrated to be a promising approach to increase the 

specific energy [79], high specific power and good cycling stability [50]. The configuration of 



 

26 
 

an asymmetric device comprises of two different types of electrodes: faradaic and EDLC 

material electrodes. These different electrodes work in the same electrolyte with different 

electrochemical potential window ranges that could combine the intrinsic properties of each 

material to extend the device voltage in order to increase the specific energy of the 

supercapacitors. In asymmetric supercapacitors, EDLC-type (mainly carbon-based) materials 

are generally used as the negative electrodes and faradaic-type (mainly metal oxides and 

conducting polymers) materials as the positive electrodes. The EDLC materials are 

characterized with a high surface area, good electronic conductivity and good chemical/cyclic 

stability [51,80]. On the other hand, Faradaic materials have fast reversible redox reactions 

which aids in efficient power delivery [50]. The asymmetric device could provide a large 

specific energy with a high specific power for stable supercapacitors. 

b) Rechargeable battery-type capacitors 

This subclass of hybrid capacitors are quite different in operation characteristics from the 

asymmetric capacitors. The rechargeable battery-type devices entails the incorporation of an 

EDLC electrode with a battery-type material. The full-cell in this device is comprised of a Li-

ion-active material as a positive electrode and an electrochemical double layer capacitance 

(EDLC) material as a negative electrode. The hybridization of the battery and supercapacitor 

electrodes leads to the steady redox reaction potential of the battery.  

A large surface area, good charge transfer properties associated with a high electrical 

conductivity and short ion diffusion length is achievable for the hybrid device. The charge 

and discharge process of the rechargeable battery is governed by faradaic and EDLC 

mechanisms as a step process. Thus, the amount of the energy stored could be increased with 

a high rate [81] which requires a good electrode material capacity compatibility [50].  
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2.5 Electrodes materials for supercapacitor 

Among the component of the full supercapacitors system, the electrodes have the main role 

which can influence the charge storage of the supercapacitor. The electrode material’s 

properties in supercapacitors arise from a combination of chemical and physical properties 

such as large specific surface area (1 to > 2000 m2 g-1), high conductivity, high-temperature 

stability, good corrosion resistance, controlled pore structure, process ability, compatibility as 

well as low cost are strongly desired [50,82]. The suitable electrodes materials used in 

supercapacitors are carbon-based materials, conducting polymer and transition metal oxide 

and metal hydroxide [83,84]. 

2.5.1 Electrodes materials for electric double layer capacitors 

Carbon-based electric double layer capacitor materials continues to be at the forefront of 

nanoscience and nanotechnology due to their different physical and chemical properties 

including electrical transport, chemical reactivity, optical and thermal properties depending on 

their unique structures [85]. 

Carbon materials have been extensively explored in supercapacitor applications at the 

laboratory scale and industrially due to their low cost, nontoxicity, and easy availability [86]. 

The key parameters which govern their adoption in electrochemical energy storage are the 

pore-size distribution, specific surface area (up to 3000 m2 g-1), electrical conductivity and 

surface functionality [87].  

Carbon onion, carbon nanotubes, graphene, activated carbons, and expanded graphite are the 

commonly used EDLC electrode materials in supercapacitors.  

a. Carbon nano-onions 

Carbon nano-onions (CNOs) are zero-dimensional and belong to the fullerene family, which 

consist of concentric fullerene-like shells that range from double- and triple-shelled to multi-

layered shells forming encapsulated structures [88,89]. Recently carbon nano-onions have 
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been demonstrated to be a potential material of interest for a variety of applications [90,91] 

including fuel cells [92], catalysis [93], electro-optical [94], solar cell [95] and energy storage 

devices [89,96] due to their unusual structure and special physical and chemical properties. In 

supercapacitors, CNOs are used as promising materials to achieve long cyclic stability and 

high specific power owing the layered and interconnected shell structure which are easily 

accessible to electrolyte ions [97]. This unique design of the CNOs however, limits the 

specific energy. Recently, Gao et al. [71] were successful to overcome this drawback by 

introducing porosity to the outer shells by chemical activation method. An improved specific 

energy was achieved by increasing the specific surface area of the carbon nano-onions [71]. 

b. Carbon nanotubes 

Carbon nanotubes (CNTs) are considered as tubular carbon materials [98] with a graphitic 

structure which have unique features associated with important properties such as electronic, 

mechanical, optical, and chemical properties [51,98]. CNTs materials are divided into a two-

class of materials which are single-walled (SWCNTs) and multi-walled nanotubes 

(MWCNTs). SWCNTs present a single graphene sheet wrapped into a cylindrical tube while 

MWCNTs show several arrays of nanotubes which are concentrically nested. They are one-

dimensional materials with a mesoporous texture (i.e. the pore size distribution is between 2–

50 nm) which promotes an easy ion diffusion when used in electrochemical devices [99].  

CNTs can exhibit either a metallic or a semiconductor property depending on the orientation 

of the two-dimensional sheets of graphene rolled to form the tubular structure which lead to 

different configurations: armchair, zigzag, and chiral [100] as shown in Figure 2.5. CNTs 

possess high electrical conductivity, good chemical, and mechanical stability [101,102].  
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Figure 2.5: SWCNT showing the armchair, zigzag, and chiral configurations [100]. 

c. Graphene 

Graphene is considered an emerging material of interest with fascinating properties relevant 

to the scientific and technological industry due to their unique physicochemical properties 

(physical, chemical, and electrochemical properties) [103–106]. Graphene is a single atomic 

thick two-dimensional (2-D) material composed of sp2 hybridized carbons bonded in a 

hexagonal lattice [51,105]. Graphene has a high electrical conductivity combined with a high 

theoretical specific surface area (SSA) [107,108].  

For instance, a monolayer graphene is semi-metallic with a thermal conductivity of ~ 3000 W 

mK-1, a theoretical SSA of ~ 2600 m2 g−1, a high intrinsic strength of ~ 130 GPa, a 

transmittance of ~97.7%, and a high resistance to gas permeation. [103,109–114].  

 

Figure 2.6: Schematic structure of a graphene sheet. 
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These properties make graphene suitable for many applications including and not limited to 

supercapacitors [115], batteries [116], fuel cells [117], solar cells [118], sensors [119], 

photonic devices [120], bioscience/biotechnologies [121,122] and electronics [123]. Several 

synthesis method of graphene has been largely proposed in the literature [103] with the first 

method developed by Novoselov et. al. [124] in 2004 which involved using a simple 

mechanical exfoliation technique also known as the scotch-tape method [124]. This 

preparation method is still widely used in many laboratories to produce few layer(s) of 

graphene to study their fundamental properties [125]. However, this method lacks the option 

for large scale [104,125]. Similarly, another synthesis route named the “mild exfoliation 

method” has also been used to prepare defect-free and high quality graphene [126,127] but 

also suffer for a low yield of graphene [128]. In order to deal with the yield problem 

associated with the exfoliation technique, Graphene has also been synthesized by using the 

chemical vapor deposition (CVD) method using gaseous hydrocarbon sources and a growth 

template such as ruthenium (Ru), nickel (Ni) and copper (Cu) [129]. Currently, the CVD 

technique is known to be the most efficient route to grow a large-area of single-layer 30 inch 

graphene [125].  

For instance, Reina et al. [130] reported the preparation of large area films (∼cm2) with 1 to 

12 layers using an ambient-pressure chemical vapor deposition (APCVD) method on 

polycrystalline Ni films. The graphene layer had good electrical and optical properties [130]. 

Similarly, Qin et al. [131] have successfully synthesized a large-area graphene film on Cu-

substrates using the CVD growth method. The graphene film growth had a low carbon 

solubility in copper and a poor carbon saturation in nickel [131]. Kim et al. [132] synthesized 

a large-scale graphene films by using CVD method on Ni substrat. Their graphene film 

showed a sheet resistance of 280 Ω per square, with ∼80 per cent optical transparency [132]. 
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Unfortunately, graphene materials presents two main limitations: the re-stacking of sheets 

which decreases the available surface for reactions and the low density from the 2-D structure 

of the material [133,134]. These problems are linked to the π – π bond interaction between 

adjacent graphene sheets that reduces the specific surface area of the 2-D material. 

Consequently, pure graphene used as electrode materials in supercapacitors could display low 

specific capacitance values [135,136]. To avoid this drawback, other material have been 

incorporated into the graphene framework or gowned functional groups on the surface of the 

graphene to form composite materials with EDLC and faradaic materials for improving their 

surface reactivity in supercapacitor applications [137–140].  

Other 2D nanomaterials have been discovered namely ‟MXenes’’ which are a novel family of 

2D transition metal carbides, nitrides and carbonitrides. MXenes are synthesized by 

selectively etching the A element layer of the MAX phase materials with Mn+1AXn 

chemistries, where “M” is an early transition metal, “A'' is a group of IIIA and IVA elements, 

“X” is carbon or nitrogen, and n = 1, 2, or 3 [141]. MXenes have proven to be promising 

candidates for supercapacitors due to their high volumetric capacitance and good electrical 

conductivity with tunable transition metal oxide-like surface termination that can undergo 

redox reactions [142,143]. Similar to graphene, MXenes.nanosheets suffer from aggregation 

and face-to-face self-restacking during drying and electrode preparation processes owing to 

the strong van der Waals interaction between adjacent nanosheets.  

In order to overcome this drawback, nickel–aluminum-layered double hydroxides, MnO2 and 

carbon nanotubes (CNTs) have been introduced to form a hybrid materilas with MXenes 

[142]. 
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d. Activated carbon 

Activated carbons (ACs) are three-dimensional materials with a high specific surface area 

(SSA) and cost-effective synthesis procedure [144,145]. As such, they are widely applied as 

suitable electrode materials for EDL capacitors for both research and commercial purposes. 

Activated carbon can be generated from natural precursors such as wood, coal, plants or 

agricultural residues or from synthetic precursors such as polymers and phenolic resins. 

Typically, the high-cost of synthetic precursors make them less adopted with natural 

precursors more widely used due to their easy availability at a low cost for producing ACs 

[83,146–148]. Activated carbon can be prepared by either a physical activation (CO2/steam) 

or a chemical activation process (KOH, K2CO3, H3PO4, and ZnCl2 etc.) at different 

temperatures.  

The pores created during the activation process aid in the storage of charges in 

electrochemical device applications. The evaluation of the pores size have shown that the 

development of smaller pores relative to the electrolyte ions could yield a poor contribution to 

the charge storage. Likewise, the large sizes of pores relative to the electrolyte ions can also 

lead to poor entrapment of electrolyte ions which can also be a limitation to the specific 

capacitance and the maximum specific power. Therefore, an optimum distribution of varying 

pore sizes is to provide the necessary pores suitable for efficient charge transport and storage. 

The large pore size including macropores (> 50 nm) and mesopores (2 - 50 nm) are more 

suitable for ion buffering and diffusion respectively while the micropores (< 2 nm) contribute 

to the charge adsorption and storage [149].  

The diffusion phenomenon inside the pores of activated carbons could be associated with 

three diffusion mechanisms: (a) transportation of adsorbate molecules to the external AC 

surface, (b) diffusion of adsorbate molecules from the macropores to the mesopores and the 
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micropores and (c) adherence of the adsorbate molecules to the pore surface by weak van der 

Waals interactions.  

The summarized illustration of these processes is presented in Figure 2.7. The diffusion 

process largely depends on the molecule size and the pore structure of the ACs [150]. 

 

 

Figure 2.7: An illustration of adsorption in porous activated carbon [150]. 

e. Expanded graphite 

Expanded graphite (EG) has been found to be an appropriate and interesting material for 

supercapacitors due to its excellent electrical conductivity, high SSA coupled with enhanced 

porosity and good chemical stability [151]. The expanded graphite are composed of 

nanosheet- structures which present a large interlayer spacing as compared to the natural 

graphite flakes [152,153]. These layers display excellent electrical conductivity (~ 290 S cm-1 

) as well as good thermal and mechanical properties [154,155]. The EG materials have been 

demonstrated as a high potential candidate to improve the electrochemical performance of 

metal oxides [156]. For instance, Xu et al. [151] prepared a nickel oxide/expanded graphite 

(NiO/EG) nanocomposites by using chemical deposition of Ni(OH)2 on the EG surface 

followed by thermal annealing. The NiO/EG composite electrode presented a good 

electrochemical performance in 6 M KOH as an electrolyte [151].  
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Recently, expanded graphite sheets were activated to increase its SSA and specific 

capacitance as suitable supercapacitor material electrodes [156–160]. 

2.5.2 Materials for Faradaic capacitors 

Faradaic materials started to play a crucial role in supercapacitors ever since Brian Evan 

Conway conducted a large number of experiments using ruthenium oxide (RuO2) as an 

electrode materials in 1971 [161,162]. Ruthenium oxide was the first metal oxide to exhibit 

pseudocapacitive behavior with a high electrochemical performance in water-based 

electrolyte associated to its change in oxidation state at 1.4 V [63,65,163]. However, the high 

cost of this metal oxide (currently at ∼2000 USD per kg) is an obstacle for large-scale 

exploration of the material and many efforts have been developed to find other lower cost 

transition metal oxides [63,163]. Faradaic materials such as transition metal oxides, transition 

metal hydroxides and conducting polymers are commonly used to achieve similar 

electrochemical performance. 

2.5.2.1 Transition metal oxides/hydroxide 

One of the most common family of materials used as supercapacitor electrode materials are 

the transition metal oxides/hydroxides (TMOs/TM-OHs) which store the charge by a 

reversible redox reactions [164]. In the design of supercapacitor electrodes, transition metal 

oxides [165,166], hydroxides [167,168], nitride [169,170], carbides [171,172]and oxynitride 

[173,174] have received great attention due to the mechanical, structural, and/or electronic 

properties [175]. These materials have the capability to offer high specific capacities owing to 

their multiple oxidation states. For example, metal hydroxides have shown high theoretical 

specific capacity and low cost [175,176]. However, their application suffers a low measured 

specific capacity and poor cycle stability which can be associated with their low specific 

surface area and poor electrical conductivity [175].  
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Transition metal oxides have received great attention as electrode materials and can be 

categorized into two types: the noble transition metal oxides such as RuO2 and IrO2 and the 

base transition metal oxides including MnO2, V2O3, Co3O4, NiCo2O4, VO2, V2O5, ZnV2O4, 

and so on. [49,177]. The noble metal oxides (specifically RuO2) show an excellent 

electrochemical performance associated with a high specific capacity value although are 

limited by cost [1]. The base transition metal oxides are substantially cheaper and more 

environmental friendly than noble transition metals and are thus, considered to be the new 

research hotspot [177].  

Amongst the low-cost metal oxides, vanadium oxides have received recent attention in 

supercapacitor applications as well as other large range of applications in the field of batteries, 

electronics, memory devices, electro-chromic and thermo-chromic applications and field 

emission displays [178,179]. Vanadium oxides exhibit higher charge storage capacity than 

most of the other transition metal oxides due to their earth abundance, the large stable 

oxidation states (V2+, V3+, V4+ and V5+) and their layered structures [115,180]. Unfortunately, 

vanadium oxides still suffer from poor electrical conductivity and cyclic stability [181] in 

aqueous electrolytes when used as supercapacitor electrode materials [182]. This drawback is 

linked to the formation of the soluble species (H2VO4
- or HVO4

2-) and the structural 

degradation induced by repeated ion intercalation/de-intercalation. For example, Yu et al. 

[183] managed to successfully improve the cyclic stability behaviour of the vanadium oxide 

by tuning the oxidation state of vanadium. They used an electrochemical oxidation method to 

modify the V2O3. After the oxidation process, they obtained a vanadium oxide material with 

the presence of V3+, V4+, and V5+ [183]. With the advancement in research studies, recent 

reports have demonstrated that the electrochemical performance of the vanadium oxides 

depend strongly on the synthesis method, its morphology [62] and also the aqueous 

electrolyte used [184,185].  



 

36 
 

Vanadium pentoxide (V2O5) and vanadium dioxide (VO2) are also two commonly studied 

transition metal oxides adopted as electrodes material in SCs. Several synthesis methods have 

been developed to prepare V2O5 or VO2, such as hydrothermal synthesis [186], melt 

quenching method [187], solvothermal process [188], sol–gel method [189], pulsed-laser 

deposition 193, chemical vapor deposition [192]. 

a) Vanadium pentoxide (V2O5) 

Vanadium pentoxide (V2O5) is the most promising vanadium-oxide based material reported as 

a supercapacitor electrode material in aqueous and organic electrolyte [82]. This is associated 

with the unique layered structures which promotes easy access of the ions and its wide 

operating potential window arising from the mixed oxidation states. The equivalent molecular 

weight of this vanadium oxide is smaller than ruthenium and also the large difference between 

the oxidization states (V2+, V3+, V4+ and V5+) involves a higher charge storage capability than 

ruthenium oxides [184].  

Consequently, vanadium pentoxide is proposed to have a higher theoretical specific 

capacitance than ruthenium oxide [193]. In addition, vanadium pentoxide material has the 

merit of a facile synthesis method and being less toxic [194]. The electrochemical 

performance of V2O5 materials can be enhanced by varying its morphology, designing hybrid 

materials or capacitors as well as changing the electrolyte used. For instance, Saravanakumar 

et al. [195] reported the synthesis of an interconnected V2O5 nanoporous network using a 

simple capping-agent-assisted precipitation technique at different temperatures. The 

electrochemical performance of the V2O5 in K2SO4 aqueous electrolyte showed an increase in 

the ion diffusion to the electrode material which resulted in a specific capacitance of 316 F g-

1. The interconnected nanoporous network of the V2O5 material created nanochannels for ion 

diffusion and enabled the easy accessibility of ions. After 600 charge-discharge cycles, the 

material presented a capacity retention of 76% [195].  

https://www.sciencedirect.com/topics/materials-science/quenching
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Qu et al. [180] synthesized a composite material which comprised of a polypyrrole (PPy) core 

shell grown on V2O5 nanoribbons by using dodecylbenzenesulfonate (DBS-) as a surfactant. 

They further fabricated an asymmetric device with activated carbon used as a cathode 

electrode and PPy@V2O5 as an anode electrode using 0.5 M K2SO4 as the electrolyte in an 

operating voltage of 1.8 V. The Ppy@V2O5//AC supercapacitor displayed a 42 W h kg-1 

specific energy and a good stability for up to 10,000 cycles. They explained that the 

asymmetric device performance was due to the benefit of the nanoribbon morphology from 

the V2O5, an improved charge-transfer and polymeric coating effect of Ppy [180]. Similarly, 

Chen et al. [23] fabricated a composite material comprised of CNT and V2O5 by 

hydrothermal method. In their study, they assembled an asymmetric device with a thick-film 

CNT/V2O5 nanowire composite as a positive electrode and a commercial AC-based as a 

negative evaluated in an organic electrolyte such as 1 M LiClO4 in propylene carbonate (PC) 

solution. The asymmetric supercapacitor showed a specific energy of 40 W h kg-1 with a 

specific power of 210 W kg-1 at 2.7 V. They concluded that the overall energy and power 

performance is higher than the current electric double-layer capacitors technology [23].  

Xu et al. [196] prepared a graphene/V2O5 xerogels nanocomposites from a commercial 

graphene using a hydrothermal method. The specific surface areas of the graphene/V2O5 

xerogels nanocomposites and V2O5 xerogels were about 7.65 and 3.99 m2 g-1 respectively 

showing the effect of incorporating graphene into the main vanadium-based material. The 

specific capacitance of the nanocomposite (195.4 F g-1) was higher than that of the pristine 

V2O5 xerogels (127.7 F g-1) at 1 A g-1 in 0.5 M K2SO4 [196]. 

b) Vanadium dioxide (VO2) 

Very recently, vanadium dioxides have attracted increasing attention as an electrode material 

in supercapacitors. Vanadium oxide displays a rich polymorphic stable and metastable forms. 
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Generally, vanadium dioxide (VO2) has several polymorphs such as VO2 (A), VO2 (M), VO2 

(R), VO2 (B), VO2 (T) and VO2 (bcc) [178,197].  

However, VO2 (A), VO2 (R), VO2 (M) and VO2 (B) are the most attractive as they can be 

easy synthesized and with tuneable properties [178,198]. For instance, Theobald et al. [199] 

have successfully reported the sequence of the synthesis VO2(B)→VO2(A) →VO2(R) by 

using hydrothermal method. In addition, VO2 (M) possesses an exciting phase change from 

monoclinic (at a temperature about 68 °C) to VO2 (R) tetragonal structure (at temperatures 

higher than the 68 ̊C) and can undergo semiconductor-to-metal transition [200] with its 

resistivity changing by 4 - 5 orders of magnitude [201]. VO2 exhibits a stable 

pseudocapacitive behaviour with a high specific capacity and reactivity [202]. Specifically, 

VO2 (B) with a metastable monoclinic structure is a potential electrode material for both 

organic and aqueous electrolyte [203].  

Several routes have been investigated to improve the supercapacitor performance by 

synthesizing a new composite design or using different preparation parameters of the pristine 

material. For instance, Liang et al. [189] presented a coaxial-structured hybrid material 

composed of vanadium dioxide (VO2 (B)) and multi-walled carbon nanotubes (MWCNTs) 

prepared by a facile sol-gel method followed by a freeze-drying process. The composite 

showed a specific capacity of 250 F g-1 at a specific current of 0.5 A g-1 and a good cycling 

stability in 1 M Na2SO4. The VO2 (B)/CNTs composite demonstrated better specific 

capacitance and superior rate capability than the pristine materials. The improvement of the 

composite material is governed by the unique coaxial-structure with the CNTs as a core and 

the VO2(B) as the shell [189]. Pan et al. [204] reported on the reduction of the resistance of 

VO2 powder film by ~ 3 orders of magnitude using a H2 treatment technique. The symmetric 

device delivered a 300 F g-1 specific capacitance with a specific energy of 17 W h kg−1 at a 

https://www.sciencedirect.com/topics/materials-science/vanadium
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specific current of 1 A g-1 tested in 1 M Na2SO4. The cycling stability of the H2-treated VO2 

was 4 times higher than the untreated samples [204].  

Ma et al. [205] reported the first negative electrode material of 3D irregular ellipsoidal VO2 in a 

CVD system at high temperatures (900 °C) by using a NH4VO3 precursor. In a three-electrode 

configuration, the VO2 electrode presented a good electrochemical performance at a potential 

window of −1.0 V to 1.0 V due to the reversible redox response in 1 M Na2SO4 electrolyte. In the 

two-electrode configuration, the VO2//VO2 symmetric capacitor exhibited a specific capacitance of 

60 F g-1 at a specific current of 0.25 A g-1. The specific energy and the specific power values of the 

symmetric device were 21.3 W h kg-1 and 207.2 W kg-1, respectively. They concluded that VO2 

electrode is suitable for use as both positive or negative electrodes in SCs [205]. Moreover, the 

performance of the vanadium dioxide can also be enhanced by fabricating a hybrid device. 

Recently, Xia et al. [206] synthesized the hydrogen molybdenum bronze (HMB) electrochemically 

deposited as a homogeneous shell on VO2 nanoflakes which were grown on graphene foam (GF), 

forming a GF + VO2/HMB. They fabricated an asymmetric device with the GF + VO2/HMB as the 

positive electrode and a commercial activated carbon (AC) as the negative electrode tested in a 1 

M K2SO4 electrolyte. The asymmetric device delivered a 14.5 W h kg-1 specific energy density and 

an associated specific power of 0.72 kW kg-1. This good performance was linked to the unique 

composition and integrated conductive architecture [206].  
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2.5.2.2 Metal nitride/oxynitride 

 

Figure 2.8: Illustration of general techniques to synthesize the metal nitride/oxynitride 

nanostructures [56]. 

Metal nitrides/oxynitride have also attracted a recent interest as a hopeful replacement to the 

less conductive TMOs/TM-OHs due to their unique physico-chemical properties including 

their metallic conductivity, high temperature strength and corrosion resistance [207–209]. 

Metal nitrides/oxynitride such as titanium nitride TiN, gallium nitride GaN, vanadium nitride 

VN, iron nitride Fe2N, nickel nitride Ni3N, and molybdenum nitride MoxN have been 

investigated as promising electrode materials in SCs. Generally in the literature, numerous 

synthesis methods have been adopted in producing metal nitrides/oxynitride nanostructures. 

The chemical vapor deposition method and the routine metal oxide preparation coupled with 

nitration techniques, have been most commonly used to successfully synthesize metal 

nitrides/oxynitride materials. A summary of these techniques with the steps involved for 

synthesis is shown in Figure 2.8.  

Metal nitrides/oxynitride can also be synthesized by using a conventional nitridation or 

ammonolysis method using an organic precursors (cyanamide, polyvinylpyrrolidone, urea or 

melamine) as the nitrogen and or carbon sources for converting the metal oxides to metal 

nitride and /or metal oxynitride at high temperatures [210–213].  
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However, the NH3 gas used is not as safe as N2 gas, which has the capability to provide a 

lower conversion percentage of the metal oxide to metal nitride/oxynitride with a better 

charge storage behavior [56,214]. 

a) Vanadium nitride  

Among the great successes in metal nitride materials, vanadium nitrides (VN) are considered 

to be excellent candidates because of their environmental safety, low cost [215], excellent 

chemical stability [174] and large operation range in the negative potential window [216]. 

This material has also a good bulk electronic conductivity (σbulk = 1.67 × 106 Ω−1 m−1) [217] 

and a high molar density (≈ 6.0 g cm-3) [169].  

The VN adopted in supercapacitors, have produced an excellent specific capacitance of up to 

1340 F g-1 at 2 mV s-1 and 554 F g-1 at a scan rate of 100 mV s-1 in a three-electrode 

configuration [169]. However, the metal nitride suffers from poor rate performance and 

cycling life [56] because the VN powder can easily dissolve in the electrolyte [216,218]. 

Several approaches have been employed to overcome the drawbacks of the metal nitride by 

controlling the surface composition, dependence on the range of potential window and the gas 

used during the synthesis.  

Other important parameters are the electrolyte used to evaluate the electrode material and the 

range of the potential window which influence the capacity retention [56]. On the other hand, 

the electrochemical performance of the vanadium nitrides can be enhanced by oxidizing its 

active surface [219]. 

b) Vanadium oxynitride 

The existence of an “oxy”-functional group on the surface of the VN material could alter its 

electrochemical performance. Vanadium oxynitride displays a good redox reaction as 

compared to VN [220] due to the higher wettability of the former electrode material as 
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compared to the latter [221]. This main advantage (wettability) with a hydrophilic nature is 

strongly desired and makes this material interesting and attractive as a potential electrode for 

supercapacitor application [56]. Porto et al. [213] reported the growth of vanadium oxynitride 

VOxNy rather than vanadium nitride by a conventional nitridation method using as-prepared 

VO2 from the commercial V2O5 in a N2 gas flow. The VOxNy electrode displayed a specific 

capacitance of 80 F g-1 in an aqueous 1 M KOH electrolyte. In their report, they concluded 

that the low specific capacitance obtained with the VOxNy electrodes was highly influenced 

by the low specific surface area of the as-synthesized material (~29 m2 g-1) [213]. 

Several other reports on vanadium nitride and oxynitride materials entail the use of vanadium 

oxide precursors such as VO2 or V2O5 resulting in the generation of aggregated VN and 

VOxNy particles owing to the low melting point of the vanadium oxides [222]. This 

consequently limits the electrochemical performance of these agglomerated materials due to 

their low specific surface areas [213,222]. 

To overcome this drawback a different synthesis approach of remodelling the vanadium 

oxynitride materials have been proposed. For example, Shu and co-workers reported on a 

porous structured VOxNy-C nano-material using polyvinylpyrrolidone (PVP) as a template 

followed by NH3 reduction of V2O5/PVP xerogel by a sol-gel method. They demonstrated that 

the VOxNy-C electrode (specific capacitance of 271 F g-1) exhibited higher electrochemical 

performance than the VOxNy electrode (specific capacitance of 143 F g -1) in 1 M KOH 

aqueous electrolyte. The good performance of the VOxNy-C was ascribed to their superior 

specific surface area (40.8 m2 g-1) as compared to the VOxNy (28.8 m2 g-1) which improved 

the electrochemical capability [174]. The presence of carbon in the vanadium oxynitride 

matrix can greatly influence the specific surface area, structure and morphology of the VOxNy 

and as a result, improve their electrochemical performance [174]. 
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2.5.2.3 Conducting polymers 

The third group of faradaic-type supercapacitor materials is the conducting polymers with a 

rich presence of π-conjugated polymeric chains [223]. This offers fast charge-discharge 

kinetics, suitable surface morphology, fast doping and undoping processes which yields 

unique properties, such as large surface areas and shortened pathways for charge/mass 

transport etc. [99,224,225]. Their successful adoption in supercapacitors results from their 

good electrical conductivity, high specific capacity, large pseudo-capacitance [163] and low 

equivalent series resistance (ESR) [99] that are desirable for efficient electrochemical energy 

storage. 

The commonly used polymeric materials include polyacetylene (PA, with σ = 3 to 1000 S 

cm−1), polyaniline (PANI, with σ = 0.01 to 5 S cm-1), and polypyrrole (PPy, with σ = 0.3 S 

cm-1 to 100 S cm-1) [226]. However, the main drawback in the use of the conducting polymers 

as supercapacitor electrodes is the low mechanical stability threshold from the mechanical 

stress induced from repeated intercalation and depletion of ions during the 

charging/discharging process [163]. Their combination with other carbon-based material 

boosts the stability of the conducting polymer electrode [225]. Numerous studies have 

demonstrated that the inclusion of foreign materials into conducting polymers to produce 

composite materials can overcome the problem of the low mechanical stability [138,224,227].  

Figure 2.9 demonstrates the comparison of the specific capacitance as a function of operating 

potential in half-cell configurations for material electrodes tested in aqueous electrolytes for 

porous carbons, conducting polymers and faradaic materials (RuO2). 
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Figure 2.9: The specific capacitance of porous carbon, conducting polymers and faradaic 

materials (example RuO2) [163]. 

The conducting polymers display a specific capacitance higher than porous carbons while 

RuO2 shows the highest value. However, carbons display a relatively larger potential window 

range as compared to the others. For example, porous carbon electrodes are seen to operate 

more in the negative potential range with an equally large positive working potential. The 

combination of carbon as an EDLC electrode with other faradaic material (conducting 

polymer or metal oxides) in supercapacitors could yield to a synergy of numerous individual 

merits linked to both materials. This is ideal for scientific and commercial purposes due to the 

benefit achievable from both materials [163].  

2.6 Electrolytes  

As discussed in section 2.5, the electrode materials play an important role to reach high 

capacitance, specific high surface area and good electrical conductivity to yield high-

performance supercapacitors. However, the electrolyte is also an equally key determinant of 

the supercapacitor performance due to dependence on the operating voltage (i.e. Equations 1 

& 2). On the other hand, even with the high specific surface area and electrical conductivity 

of any electrode material, the size of the electrolyte ions could also affect ion dynamics which 

is directly linked to the performance of the supercapacitor [228,229].  
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For instance, Chmiola et al. [228] successfully evaluated the effective electrolyte pore size 

required to achieve a good performance in supercapacitor for carbide derived carbon. They 

concluded that the electrochemical performance of the electrode is higher for pore sizes of 

less than 1 nm as compared to those greater than 1 nm. This is related to the ability of the ions 

to adequately access porous sites with higher migration rate [228]. Similarly, in another 

report, Largeot et al. [229] demonstrated that the pore size of the electrode material should be 

very close to the size of the electrolyte ions for efficient electrochemical performance [229]. 

Electrolytes used for supercapacitor applications could be gel- type or liquid in nature [230].  

In this thesis, we concentrate on liquid electrolytes which are mostly suitable for 

supercapacitor applications. Liquid electrolytes are generally classified into three subclasses: 

aqueous electrode, ionic liquids, and organic electrolytes. 

2.6.1 Aqueous electrolyte 

Acidic, alkaline and neutral electrolytes are water-based electrolytes used in supercapacitors 

due to their high ionic conductivity which can provide high capacitance. The aqueous 

electrolytes are greatly used in supercapacitors because of their low viscosity, low cost and 

easy preparation as compared to ionic liquid/organic electrolytes that need a dry room with a 

low H2O content (< 1.0 ppm) [82]. The ionic conductivity of aqueous electrolytes is higher 

than organic electrolytes and ionic liquid by up one order of magnitude. For instance, 

Lewandowski and co-workers [231] compared the performance of the activated carbon cloth 

in three type of electrolytes: aqueous (H2SO4 and KOH), organic and ionic liquids. They 

concluded that the aqueous electrolytes have higher specific conductivity and lower series 

resistances than the organic electrode and the ionic liquid [231]. Among the aqueous 

electrolyte, potassium hydroxide (KOH) and sulfuric acid (H2SO4) are mostly adopted in 

supercapacitors due to their high ionic conductivity (up to 1 S cm-1) and low cost [82]. 
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However, the drawback of the aqueous electrolyte is the water electrolysis limitation to 1.23 

V. This reduces the working potential and consequently, decreases the specific energy and the 

specific power [232,233]. With the progress in supercapacitors, hybrid capacitors have been 

considered to avoid this difficulty in order to add or to combine the potential window of the 

two different electrodes materials. The combination of the potential windows gain an increase 

of the cell voltage and high specific capacitance which results in a high specific energy 

device. Zheng et al. [234] reported interpenetrating CNTs with vanadium pentoxide (V2O5) 

nanowires to obtain a nanocomposite synthesized via a simple in-situ hydrothermal process. 

In the study, they assembled an asymmetric supercapacitor using the V2O5/CNTs 

nanocomposite electrode (with 33 wt% CNTs) as the negative electrode and MnO2/carbon 

composite as the positive electrode in 1 M Na2SO4. 

The asymmetric device based on these nanocomposites delivered a specific energy of 16 W h 

kg-1 with an associated specific power of 75 W kg-1 at 0.64 mA cm-2 in a 1.6 V cell voltage 

[234]. Deng et al. [235] synthesized graphene/VO2 (RG/VO2) hybrid materials by a 

hydrothermal technique. They fabricated an asymmetric device with the graphene/VO2 

(RG/VO2) composite as a positive and RG as a negative electrode operated at a cell voltage of 

1.7 V in 0.5 M K2SO4. The RG/VO2//RG hybrid device delivered a specific energy of 22.8 W 

h kg−1 and a specific power of 425 W kg−1 at 0.25 A g−1 [235]. Therefore, the hybrid capacitor 

have the power to boost the voltage of the aqueous electrolyte.  

 2.6.2 Ionic liquids 

Ionic liquids (ILs) have become an attractive electrolyte for supercapacitor applications due to 

their unique physicochemical properties such as high thermal stability and negligible vapor 

pressure [236].  
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ILs have a large electrochemical potential window that influence the specific energy and the 

maximum power obtainable (see Equations 1 and 2) [237]. Ionic liquids are considered to be 

molten salts with their melting points below room temperature [230,238].  

They are non-volatile and non-flammable and are composed of an organic cation and a 

counter anion [239–241]. ILs have the ability to be modified for a specific purpose by 

combining specific anions and cations, or by adding different functional groups to acquire 

certain properties [230]. Mostly, the ions used in these electrolytes for supercapacitor 

applications are alkyl-substituted imidazolium, pyridinium, halogenated aluminate, cuprate 

anions and bis(trifluoromethanesulfonimide) ([N(CF3SO2)2]) [242]. However, they have 

limitations such as a high viscosity which decreases the mobility of these ionic species [237], 

high cost [243] and low electrical conductivities (~ mS cm-1) compared to aqueous electrolyte 

[231,244]. The high viscosity limits the wettability, charge transportation and the ease of ions 

accessibility to the pores on the electrode surface with a lower dielectric constant than other 

supercapacitor electrolytes.  

The current aim by most researchers working with ionic liquid electrolytes is to improve on 

the low conductivity and reduce its viscosity. For instance, Frackowiak et al. [236] were able 

to decrease the viscosity of ILs by adding a small amount of acetonitrile (ca. 25 wt%). 

Activated carbons was used as the device electrodes with two phosphonium salts containing 

trifluoromethylsulfonyl-imide and dicyanamide anions. A specific energy of ~ 40 Wh  kg-1 

was recorded for the electrode with a good stability [236]. Recently, Djire et al. [245] 

compared the electrochemical performance of the vanadium and titanium nitrides electrodes 

in the protic ionic liquid (2-methylpyridine and trifluoroacetic acid) and aqueous electrolyte 

(0.1 M H2SO4). The VN electrodes gave higher specific capacitance and better cyclic stability 

than the TiN in both electrolytes [245]. 
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2.6.3 Organic electrolytes 

Organic electrolytes have the ability to offer large operating voltage windows of 2.8 V which 

is the reason for their wide application in commercial-based supercapacitors [246].  

The electrical conductivity and specific capacitance of the organic electrolyte are lower (~100 

mS cm-1) than that of aqueous systems and can affect the equivalent series resistance (ESR) 

and charge transfer (RCT) resistance [247]. The organic solvents commonly used in 

supercapacitors are tetraalkylammonium cations, such as tetramethylammonium (Me4N+), 

and tetraethylammonium (Et4N
+), with tetrafluoroborate (BF4

-), or hexafluorophospate (PF6
-) 

anions dissolved in acetonitrile (ACN) or propylene carbonate (PC) solvents [248]. ACN 

provides a higher conductivity due to its low viscosity but its high volatility and toxicity is 

still a safety-limiting factor when compared to aqueous electrolytes. Propylene carbonate 

displays a higher viscosity than acetonitrile and thus exhibits lower conductivities as 

compared to the acetonitrile mixtures [231,242]. For instance, Abdallah et al. [249] in their 

research study were able to reduce both the flammability and the volatility mixture of ionic 

liquid–molecular solvent (acetonitrile or γ-butyrolactone ).  

Room temperature ionic liquids (RTILs) were added either to ACN or γ-butyrolactone (GBL) 

which is another typical solvent for the electrochemical devices. Their study concluded that 

the RTILs is a promising candidate, (especially TMPA–TFSI), for substitution of the 

ammonium salt, Et4N
+BF4

−, in the standard electrolyte for the safety of the supercapacitor 

device [249]. Foo et al. [250] synthesized a vanadium pentoxide-reduced graphene oxide 

(V2O5-rGO) free-standing electrodes for supercapacitor application. Their results showed an 

elimination of the need for current collectors or additives and reducing resistance by using 1 

M LiClO4 in propylene carbonate as an organic electrolyte. They presented an asymmetric 

flexible device based on RGO/V2O5-rGO (VGO) and considered VGO as the negative 
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electrode and rGO as the positive electrode. The VGO displayed an equivalent series 

resistance value of 3.36 Ω and an excellent cycling stability up to 8000 cycles [250].  

In summary, electrodes materials and the operating electrolytes are equally important in the 

design or assembly of supercapacitors. The effect of the electrode and electrolyte on the 

electrochemical performance is summarized in the Figure 2.10 below [247].  

The chart is composed of three concentric circles: cycle 1 is the electrolyte with the 

electrochemical supercapacitors (ESs), cycle 2 presents the parameters that defines the 

performance of ESs and cycle 3 display the factor of the electrolyte which affect the 

parameters in cycle 2 [246]. A direct link between the Supercapacitor (main core) and the 

device parameters (intermediate cycle) is demonstrated. The detailed electrolyte determinants 

are further elucidated in the outermost cycle of the chart giving a total description of key 

factors to be considered to obtain good performance metrics.  

 

Figure 2.10: Effect of the electrolyte on the supercapacitors performance [247]. 

 

 



 

50 
 

2.7 Electrode fabrication, testing and performance evaluation of electrode materials  

2.7.1 Electrode fabrication of ECs 

The selection of electrochemically-active electrode materials is considered to be key to 

designing a high-performance supercapacitor. Therefore, having selected the right material, 

the electrode preparation methodology also constitutes an important step to offering a good 

interaction between the active material and electrolyte while retaining its original properties 

(i.e. the electrical conductivity, structure and morphology). Generally, in supercapacitors, the 

electrodes are prepared from a mixture of an active material with/without a conductive 

additive and a binding material.  

In this method, the conductive additive (such as carbon acetylene black (CB)) is used to 

slightly increase the conductivity of the electrode materials without contributing to the 

electrochemical storing capability, the binder (such as polytetrafluoroethylene (PTFE) or 

polyvinylidene fluoride (PVDF)) is added to prevent the dissolution of the active material on 

the electrode while immersed in the electrolyte.  

Recently, Arunkumar et al. [251] proposed an optimization of electrode preparation 

methodologies for high performance supercapacitors. They used an oxygen-functionalized 

few-layer graphene as the active material, Nafion, polyvinylidene fluoride and 

polytetrafluoroethylene were used as binders dissolved in ethylene glycol and N-methyl-2-

pyrrolidone (NMP) solvents for active material dispersion. They concluded that the electrodes 

prepared with the PVDF binder and the NMP solvent presented the best electrochemical 

performance due to the low viscosity of the solvent and better solubility of the binder in the 

chosen solvent [251].  
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2.7.2 Electrochemical evaluation configurations for SC electrode materials 

 

Figure 2.11: An illustration of a half-cell configuration set-up [252]. 

The evaluation of electrochemical measurements is achieved by initially using a half-cell 

testing set-up (also known as three electrode or single electrode) configuration and/or 

subsequently a two-electrode (full-cell/device) configuration.  

 The half-cell configuration is generally used to determine the electrode properties 

including the behaviour of the electrode material, specific capacitance/capacity, working 

potential, equivalent series resistance and cycling stability in a suitable electrolyte. The set up 

comprises of a working electrode, a counter electrode, a reference electrode and an operating 

electrolyte compatible with the set of electrodes as shown in Figure 2.11.  

 The working electrode (WE) is the electrode under study to determine its 

electrochemical properties. The reference electrode (RE) plays the role of measuring and 

controlling the potential of the working electrode in the half-cell configuration without 

allowing current to pass through it. The counter electrode (CE, also called auxiliary electrode) 

is used to close the current circuit in the electrochemical cell. The CE acts to keep the circuit 

balanced by adjusting to the current produced by the working electrode through a variation of 

its potential. The high surface area of the counter electrode as compared to the working 

electrode facilitates the electrochemical kinetics.  
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The materials used for counter electrodes should be conductive and chemically inert (for e.g. 

platinum (Pt), gold (Au), graphite rods, glassy carbon discs are the commonly used materials).  

Generally, the reference electrodes such as saturated calomel electrode (SCE), silver/silver 

chloride electrode (Ag/AgCl) and mercury/mercury oxide (Hg/HgO) are mostly used in 

supercapacitors. The selection of the reference electrode and the counter electrodes are 

slightly governed by the pH-value of the electrolyte used for a specific electrochemical 

measurement. 

 The full-cell configuration (also called two electrode configuration) is characterized by 

a positive and negative electrode with a separator in-between them in an electrolyte as 

displayed in Figure 2.12. The two working electrodes in the two-electrode configuration can 

be similar (symmetric) or dissimilar (asymmetric). The full-cell configuration are generally 

evaluated using a coin cell or Swagelok with the associated components (e.g. positive case, 

spacer, spring and negative case).  

 

 

Figure 2.12: An illustration of a full-cell configuration set-up. 

Other testing fixtures used to evaluate cell performance in a full-cell configuration include the 

Swagelok and the T-Cell testing fixtures. This configuration includes both negative and 

positive working potentials of the electrodes and the evaluation of specific energy, specific 

power, cycling stability and voltage holding.  



 

53 
 

These parameters depend widely to the individual electrochemical performance of both 

electrodes and the electrolyte used to evaluate the full cell. 

a) Symmetric device 

In this symmetric device, the two working electrodes are identical. For instance, if the active 

electrodes are EDLC-type materials: the capacitance of the positive and negative electrodes 

are equal as CA = CB. The total capacitance is thus half the capacitance of the single electrode 

(CT = CA/2). The specific capacitance of the single electrode (Csp) is related to the specific 

capacitance of the full-cell by: 

VM

tI
CC Tsp






4
4           (6) 

where I is the specific current (in A), Δt is the discharge time from the slope of the 

galvanostatic charge/discharge curve, ΔV is the cell voltage (V) and M is the total mass (g) of 

the active material on positive and negative electrodes. In this case, M = 2 m where m is the 

mass of single electrode. 

b)  Asymmetric device 

The asymmetric device is composed of different positive and negative electrode with 

dissimilar electrochemical performance (i.e. CA is most likely not equal to CB). The charge 

equilibrium (Q+ = Q-) is used to balance the masses of both electrodes in the asymmetric cell. 

This generates equations (8) – (9) which are used to balance the masses; 

  QQ               (7) 

where Q+ and Q- are the total charge at the positive electrode and negative electrode obtained 

from the half–cell measurements, respectively. 
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 In the case where the positive and the negative electrodes are EDLC materials, 

equations (8) and (9) are applied as follows; 

VmCQ sp            (8) 

given that, 

Vm

tI
C D

sp



  

where Csp is the specific capacitance of the electrode (F g-1), tD is the discharge time (s), ID is 

the gravimetric applied current (A g-1), ΔV is the working potential (V) and m is the mass (g) 

of the active material. 

Thus, the mass balancing equation is applied as follows: 














VC

VC

m

m

sp

sp           (9) 

 If the device shows the faradaic behavior, the appropriate name is the “specific 

capacity” due to the current which is not constant in this device. The specific capacity Q (mA 

h g-1) is then calculated according to equation 10 [76] expressed as: 

6.3
)gh (mA 1-






m

tI
Q D

         (10) 

and the mass balance between the positive and the negative electrodes is given by: 







 
)(

)(

D

D

It

It

m

m            (11) 

The general expression of the specific energy (Ed in Wh kg-1) from equation (1) and the 

specific power (Pd in W kg-1) are calculated using equations (12) and (13) [253–255]. 

 dttV
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d )(

6.3
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D

d
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t

E
kgWP 3600)( 1           (13) 
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where Id is the specific current in A g-1, tD is the discharge time (s), and V is the working 

potential window. 

2.7.3 Electrochemical techniques adopted in testing electrode material 

performance 

The electrochemical performance of the active electrode is mostly investigated using the 

cyclic voltammetry (CV), galvanostatic charge-discharge (GCD), electrochemical impedance 

spectroscopy (EIS) and stability (cycling stability and voltage holding) tests.  

a)  Cyclic voltammetry (CV)  

The cyclic voltammetry (CV) test is largely used as an electrochemical technique to determine 

the ideal working potential for supercapacitor both in half and full cell configurations. It is 

considered as a potentio-dynamic electrochemical investigative technique. The CV test 

measures the output current with an input voltage sweep over a certain potential range [256]. 

This technique has the possibility to interpret and to determine the electrochemical behaviour 

of the working electrode in the electrolyte.  

In addition, the CV is used as a simple, fast technique employed to identify the reversibility of 

an electrochemical system. The process of CV is obtained by determining the current at the 

electrode during the potential scan. The electrochemical mechanism occurs on the surface of 

the active material [242,257]. The graph obtained is called a “cyclic voltammogram” which is 

the plot of the current as a function of the voltage generated. The current response of the CV 

curve is an important parameter and is largely dependent on the interaction between the 

electrode and electrolyte.  
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Figure 2.13: Cyclic voltammograms presenting the features for an (a) EDLC system, and (b) 

overlaid reduction and oxidation peaks for a faradaic system. 

In Figure 2.13 (a), the rectangular plot is referred to an EDLC curve which confirms a typical 

reversible capacitive behavior of the material while the shape with redox peaks in Figure 2.13 

(b), is related to the faradaic-type material. This faradaic process presents reversible oxidation 

and reduction peaks.  

The potential difference between these two peaks anodic and cathodic peaks is usually ~ 59 

mV n-1 with “n” being the number of electrons. The potential window and the potential peak 

position applied do not affect the oxidation and reduction peak. 

b)  Galvanostatic charge - discharge (GCD)  

Galvanostatic charge-discharge (GCD) or Chronopotientiometry (CP) test is obtained by 

monitoring the voltage for an applied current between the working and counter electrodes as a 

function of time.  

The GCD curves aid in obtaining the specific capacitance or capacity, specific energy, 

specific power, rate capability, and cycling stability of a material. The GCD plot is obtained 

by measuring the generated voltage (V) as a function of discharge time (s). The voltage limit 

is retained throughout the procedure. The applied current increases with time and is reversed 

after attained the set potential.  
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The potential increases to reach the maximum potential, with a current reversal occurring to 

decrease the potential to the lower present value. The figure 2.14 shows a typical GCD curve 

for EDLC and faradaic electrode materials. The GCD curve of the EDLC material in figure 

2.14 (a) shows a linear or a triangular charge - discharge behavior with a constant IR drop 

(responsible for the negative resistive ohmic loss which is associated with the resistance of the 

active material). The specific capacitance is basically unchanged over the entire potential 

range.  

 

Figure 2.14: GCD plot of (a) an EDLC (the figure inset illustrates the IR drop) and (b) a 

redox active pseudocapacitor or faradaic. 

The GCD plot of a faradaic material in Figure 2.14 (b) is completely different as compared to 

that EDLC curve. For faradaic, the curve displays a non - linear plot due to the presence of 

redox reactions occurring during the charge and discharge test. 

c)  Electrochemical Impedance spectroscopy (EIS) 

The electrochemical impedance spectroscopy (EIS) is a powerful and important technique 

used to evaluate the electrochemical behavior and to establish a hypothesis using equivalent 

circuit models of an electrode material. A sinusoidal voltage fluctuation of low amplitude 

(typically ± 5 mV) is superimposed with frequency f ( f 2 ) to a bias voltage (stationary-

state). 
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 Electrochemical impedance spectroscopy is generally recorded in the frequency range of 100 

kHz - 10 mHz [258,259]. The applied voltage (V) and the response in current are sinusoidal 

and are obtained by using equations below [260]: 

)sin(0 tVVV            (14) 

  )sin(0   tVItI          (15) 

where V0 and I0 are the initial state potential (V) and current (I), in this thesis V0 is the open 

circuit potential of the material, V0 and I0 are 0, ω is the pulsation (where f is the signal 

frequency) and ΔV and ΔI  are the amplitudes of the signal (V), φ of phase is the shifted angle 

and t is the time [260]. 

The EIS variation is obtained by the imaginary part of impedance – Im (Z) (or Z˝) as a 

function of the real part Re (Z) (or Zˊ), generally represented in term of Nyquist plot.  

EIS is also used to determine the specific capacitance by investigating the charge transfer 

(RCT) and the total resistances at the electrolyte-electrode-current collector interface know as 

solution (RΩ called equivalent series resistance (ESR)) of the three and two electrodes 

configurations [261]. 

 

Figure 2.15: Nyquist plot with RCT and RΩ. 

This ESR is also an important parameter to determine the maximum power (as per equation 

16) which is the total resistance from the contribution of different resistances. 
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The conductivity at the interface between the active material and the electrolyte, the thickness 

of the active material and the porous morphology could influence the value of the RΩ while 

RCT shows a faradaic nature which is attributed to the porous electrode [262]. 

Generally, the EIS curve constitutes two different parts; a semi- circular loop at high 

frequency (> 104 Hz) and a linear part at low frequency due to the different electrochemical 

phenomena occurring during the electrochemical measurement as shown in figure 2.15. At 

low frequency (< 1 Hz), the Nyquist plot has a pure capacitive behavior which should be a 

straight line parallel to the y - axis (Z’’-axis) and this ideal behavior is usually different to the 

experimental result. 

2.7.4 Stability test  

a) Cycle life 

As mentioned in Table 2.1, supercapacitors have a large lifetime (~ 1 million cycles). The 

cycle life is an important parameter used to evaluate the stability of the supercapacitors.  

The procedure depends on the specific current, the working potential used and the 

temperature at which the test is carried out. The GCD profile plays a key role in this case to 

evaluate the stability metrics of the electrode by repeated charge-discharge cycles.  

Generally in supercapacitors, the coulombic efficiency (ɛt), capacitance/capacity retention 

(specific capacitance/capacity) and the energy efficiency (ƞE) are determined from the charge- 

discharge curves. The coulombic efficiency and energy efficiency can be calculated using the 

following equations [263]: 

100
C

D
t

t

t
           (16) 

where tD and tC are the discharge and charge time, respectively. 

100
C

D
E

E

E
           (17) 

where ED and EC are the discharge and charge energy, respectively [263]. 
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b) Voltage holding test 

The voltage holding (or “potentiostatic floating”) test is an additional stability test recently 

agreed upon by researchers as an idea tool to accurately ascertain the stability of a SC device.  

The floating test determines the specific capacitance/capacity as a function of time by 

occasional charge/discharge cycles while keeping the cell under test at a constant maximum 

operating voltage. (Figure 2.16). The voltage holding test has the ability to gives a direct 

insight into the possible effect and degradation phenomena which might occur during the 

electrochemical process [264]. The significant difference between cycle life and voltage 

holding is that a “constant” voltage is applied to the capacitor increasing the measured life 

time [265]. Some researchers have confirmed that voltage holding tests are more demanding 

than respective cycling tests with identical upper voltage limits [266].  

During the cycling test, most of the time is consumed at capacitor voltages, which are not 

critical for the capacitor’s stability [266]. 

 

Figure 2.16: Scheme of the voltage holding test [262]. 
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            Chapter 3 

_______________________________________________________________ 

3.0 Synthesis procedure and characterisation techniques  

The structural, morphological and textural characterization techniques play importance role in 

the conception of nanostructures materials. These techniques are crucial in the scientific field 

to enable the researchers to characterize the synthesized materials. Hydrothermal, freeze-

drying and CVD techniques were used in this thesis to synthesize the materials. The 

techniques adopted to characterize the materials were X-ray diffraction (XRD), Raman 

spectroscopy, physisorption analysis, scanning electron microscope (SEM), transmission 

electron microscope (TEM), Brunauer-Emmett-Teller (BET) analysis and X-ray 

photoelectron spectroscopy (XPS). The electrochemical analysis was carried out to evaluate 

the electrochemical performance of the electrode materials in supercapacitors through cyclic 

voltammetry (CV), galvanostatic charge-discharge (GCD), electrochemical impedance 

spectroscopy (EIS) and stability test. 

3.1. Experimental techniques 

3.1.1 Hydrothermal and Solvothermal methods 

The hydrothermal technique has been widely adopted for synthesizing single crystals such as 

quartz, metal oxides, semiconductor powders and composite materials [1,2]. The 

hydrothermal method is a simple technique that takes place in closed system conditions 

leading to the decomposition or chemical reactions between precursors in the presence of a 

solvent at a high-temperature. The nanoparticle growth process involves crystal nucleation 

followed by growth of crystallites as a function of the synthesis temperature, pH value, 

reaction time, type of solvent and the total autoclave volume. The reaction in the 

hydrothermal technique is carried out in an apparatus named Teflon lined autoclave.  
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The hydrothermal process has the capability to control the crystal size, shape distribution as 

well as the crystallinity of the metal oxide and composites nanostructures [3,4]. The 

hydrothermal route is similar to the solvothermal process with different solvent used in the 

reaction. The hydrothermal method commonly uses water as a solvent while for solvothermal 

method, isopropanol, methanol, acetonitrile dimethyl sulfoxide solutions can be generally 

used as the solvent at the temperature superior to their boiling point [5]. The homogeneous 

and heterogeneous nucleation process can also be controlled in a solvothermal method by 

using inorganic additives [1]. Figure 3.1 shows the hydrothermal and the solvothermal device 

used in this research. 

 

Figure 3.1: Hydrothermal and solvothermal device used for heating. 

 

3.1.2 Freeze-drying method 

The freeze-drying also termed as lyophilisation entails the removal of residual water by 

cooling a solution in liquid nitrogen under vacuum. Generally, the freeze-dryer is constituted 

of a drying chamber with temperature controlled shelves which are linked to a condenser 
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chamber. This method is operated at a very low temperature that is maintained by the series of 

plates or coils in the condenser chamber.  

This process has been reported for various types of electrochemically active materials 

including carbon [6] and various metal oxides materials [7–9]. The freeze-drying process has 

also been used successfully for the growth of vanadium oxides and composite materials 

comprising of different nano-architectures such as nanowire [9], nanosheets [10] and aerogels 

[11,12] among others  

a) Synthesis of three dimensional vanadium pentoxide (3D V2O5) and vanadium 

pentoxide/graphene foam (V2O5/GF) composites 

The pristine 3D V2O5 was synthesized by mixing 0.36 g of bulk V2O5 (analytical grade) and 5 

mL of 30% H2O2 to 30 mL of deionized water (DI) under vigorous stirring to obtain a red 

solution. A 30 mL portion of the red solution was transferred into a sealed 50 mL teflon-lined 

autoclave and kept at a 190 °C temperature for a period of 20 h to generate a gel. 

Consequently, the gel was freeze-dried to obtain the final product V2O5 sample. Figure 3.2 

displays the synthesis route used to prepare the pristine 3D V2O5. 

 

Figure 3.2: Schematic of the synthesis process of 3D V2O5. 

 

The same procedure described for the synthesis of pristine V2O5 was repeated for the 

synthesis of the V2O5/GF composites with GF being introduced along with the precursors. 

Simply, varying mass contents of GF (50 – 200 mg) was added to the 30 mL of DI before 
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adding the precursors to obtain V2O5/GF-50 mg, V2O5/GF-100 mg, V2O5/GF-150 mg and 

V2O5/GF-200 mg composites.  

b) Preparation of monoclinic vanadium dioxide VO2(M) 

Figure 3.3 shows the schematic diagram of the synthesis used in the preparation of VO2 

sample at various growth times (2.5, 4, 6 and 12 h) as shown in Figure 2.2. Initially, bulk 

V2O5 powder (1.2 g) and H2C2O4∙2H2O in a molar ratio of 1:3 were dissolved in 40 mL of 

deionized water under vigorous stirring at 80 °C for 3 h until a clear blue VOC2O4 solution 

(0.33 M) was formed.  

Then 6 mL of the obtained precursor VOC2O4 was added to 60 mL of isopropanol under 

vigorous stirring for 20 min at 80 °C. The final homogeneous solution was transferred into a 

sealed Teflon-lined stainless-steel autoclave and kept at a temperature of 200 °C for different 

growth time varying from 2 h 30 min to 12 h. After cooling to room temperature, the black 

powder was centrifuged, washed several times with deionized water and ethanol and dried at 

60 °C for 6 h to form the VO2 (A) and VO2 (B) materials. 

 

 

 

 

Figure 3.3: Synthesis procedure of the vanadium dioxide (VO2(M)). 

 

3.1.3 Atmospheric Pressure Chemical Vapour Deposition technique (APCVD) 

CVD technique includes photochemical vapor deposition, atmospheric pressure chemical 

vapor deposition (APCVD), photon (laser) chemical vapor deposition (PHCVD), metal-
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organic chemical vapor deposition (MOCVD), chemical beam epitaxy, low pressure chemical 

vapor deposition (LPCVD), chemical vapor infiltration, plasma-enhanced chemical vapor 

deposition (PECVD) and plasma-assisted chemical vapor deposition as presented in Figure 

3.4. The chemical vapour deposition technique (CVD) is the condensation of a compound or 

compounds from the gas phase on to a substrate where reaction occurs to produce a solid 

deposit. The substrate used in CVD method is exposed to numerous volatile precursors which 

react and/or decompose on the substrate surface to synthesize the intended deposit [13]. The 

CVD technique is efficient and very popular method due to their ability to grow high quality, 

large-scale, multiple formats (single layer, multi-layer, composite), uniform layer deposition 

materials and to control dimensions and structures at reasonably low temperatures [14,15]. 

The growth route have the ability to grow different form including thin films, powders and 

single crystals of various materials such as oxides, carbon, nitride, oxynitride and carbides 

[16–20].  

Additionally, the CVD technique is commonly used for the synthesis of the amorphous 

materials [21]. The CVD process of the materials are primarily controlled by the deposition 

temperature, reaction time, gas phase reaction, reactant transport to the surface, the chemical 

reaction on the surface, the desorption of reaction products from the surface and the total 

pressure gas flows [22]. These numerous variation parameters involve a wide range of 

different physical and chemical properties of the materials.  

However, the APCVD is a preferred fabrication technique for an easy transition into 

industries due to their lower operating cost, fewer resources, fast growth and generally 

simpler in design [23]. In this work, the APCVD in Figure 3.4 was used to prepare the 

vanadium-based materials.  
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Figure 3.4: Some of different CVD methods on the top, atmospheric pressure chemical 

vapour deposition technique system. 

c) Preparation of Carbon-vanadium oxynitride (C-V2NO) materials 

Figure 3.5 presents the diagram illustrating the procedure used to synthesize the C-V2NO 

sample at a nitridation temperature of 700 C with the same procedure used for other 

temperatures. The C-V2NO materials were synthesized by mixing analytical grade chemicals: 

0.5 g of ammonium metavanadate (NH4VO3, 99%) and 5 g of melamine (C3H6N6, 99%) in an 

agate mortar with a few drops of ethanol (CH3CH2OH, 99%) to make a homogeneous slurry. 

This was inserted into a quartz tube furnace and heated to 700 C at a heating rate of 18 °C 

min-1 with the nitrogen (N2) flow rate of 200 standard cubic centimeter per minute (sccm) 

before being kept at that temperature for 2 h. After cooling down to room temperature, the 

final product was obtained and labelled as C-V2NO@700 °C. This process was repeated at 

different growth temperatures of 800 °C and 900 °C to form C-V2NO@800 °C and C-

V2NO@900 °C. 
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Figure 3.5: Diagram illustration of the preparation method of C-V2NO sample at a nitridation 

temperature of 700 C. 

d) Synthesis of vanadium dioxide/activated extended graphite composite (VO2/AEG) 

Figure 3.6 presents the schematic diagram used to synthesize the C-V2NO sample at a 

nitridation temperature of 700 C. The same procedure were used for other temperatures (800 

C and 900 C). The C-V2NO materials were synthesized by mixing 1.8 g of NH4VO3 and 90 

mg of AEG in an agate mortar. The mixture was inserted into a quartz tube furnace and 

heated to 900 C at a heating rate of 2 °C min-1 and kept at that temperature for 2 h under 

nitrogen (N2) atmosphere. After cooling down to room temperature under a flow of nitrogen. 

The resulting black powder was ground in an agate mortar to obtain the final product 

(VO2/AEG composite). 

 

Figure 3.6: Schematic of the synthesis route of VO2/AEG composites. 
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3.2 Physical Characterization techniques 

3.2.1 X-ray diffraction  

The X-ray diffraction (XRD) is used for the fine characterization of massive crystallized 

materials or powders of metals, ceramic minerals, pharmaceutical compounds, organometallic 

complexes and metallo-organic materials. This technique was discovered in 1912 by Max von 

Laue which showed that the manner of the diffraction reveals the structure of the crystal [24]. 

XRD method is developed to investigate the crystallinity, chemical analysis, stress 

measurement, phase equilibria, particle size and orientation of one crystal or ensemble of 

orientations in a polycrystalline aggregate [25].  

The X-ray diffraction is a powerful, versatile, non-destructive analytical technique. The X-ray 

diffraction peaks are generated by constructive interference of monochromatic X-ray beam 

scattered by each set of lattice planes. The Bragg’s law is satisfied at a characteristic specific 

angle on the crystalline material. The Bragg equation [26] is: 

 sin2dn             (1) 

where n is an integer value (1,2,3...), λ is the wavelength of the incident x-ray, d is the spacing 

between the diffracting planes and θ is the incident angle. The angle between the projection of 

the X-ray source and the detector is 2θ. 

Consequently, the X-ray diffraction pattern constitute a ̏unique̋ identity card for each material 

in this study. The XRD pattern of all the as-prepared materials were characterized using an 

XPERT-PRO diffractometer in a θ/2θ configuration, with a cobalt tube at 35 kV and 50 mA 

(PANalytical BV, Netherlands), located at the Department of Geology, University of Pretoria, 

South Africa. 
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3.2.2 Raman Spectroscopy  

Raman technique is a spectroscopic study of molecular vibration, rotational, and other low-

frequency modes in a system. In this context, the Raman spectroscopic has been considered as 

a potential and a very promising instrumental technique applied in materials and biological 

fluids [27]. The technique is also a useful system to have some insight into the chemical 

composition of the materials. The Raman spectroscopy operates on the inelastic scattering 

(Raman scattering) of monochromatic light, usually from a laser in the visible, near infrared, 

or near ultraviolet range [28].  

In this process, the molecule is irradiated by electromagnetic radiation which interacts with 

the bonds or electron cloud of the molecule and emits a scattered light. The interactions of the 

laser light with molecular vibrations, phonons or other excitations in a material result in the 

energy or frequency of the laser photons to be varied up or down with respect to the energy or 

frequency of the original monochromatic light, in a process named Raman Effect [29]. The 

energy or frequency variations supply information on the vibrational modes in a material.  

In this thesis, A WITec confocal Raman microscope (WITec alpha300 R, Ulm Germany) with 

a 532 nm laser wavelength and spectral acquisition time of 120 s was used to characterize the 

materials. The Raman system laser power was set as low as 5 mW in order to minimize 

heating effects. Figure 3.7 presents the WITec confocal Raman microscope used to analysis 

the vanadium-based materials. 
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Figure 3.7: WITec confocal Raman microscope (WITec alpha300 R, Ulm Germany). 

 

3.2.3 Scanning electron microscopy (SEM) 

The scanning electron microscopy (SEM) is a quick, simple and popular analysis of materials 

in the field of material science. The SEM has the potential to provide high-resolution analysis 

and to offer a large variety of analytical modes, which give unique information regarding the 

surface features of a particular specimen [30]. 

Scanning electron microscopy process uses a focused electron beam of high-energy electrons 

to generate a variety of signals at the surface of the solid materials. The different type of 

signals in the process is produced by using secondary electrons, back-scattered electrons, 

characteristic X-ray, light cathode luminescence and specimen current. The secondary 

electron is used for imaging information about the depth and morphology at the material 

surface. The signals result from interactions of the electron beam with atoms at or near the 

surface of the material. These signals that are derived reveal information about the sample 

such as morphology, thickness, porosity and orientation of the microscopic materials that 

make up bulk material. 
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In this thesis, the surface of all the materials were not electrically conductive to prevent the 

accumulation of electrostatic charge on the surface, they were coated with carbon materials by 

using a carbon sputter coating. The microscopic images and elemental compositions for the 

vanadium based material were analyzed by the field emission scanning electron microscopy 

(FESEM) using a high-resolution Zeiss, Ultra Plus 55, (in Figure 3.8) operating at 2.0 kV, 

coupled with integrated energy dispersive X-ray spectrometer (EDX), operating at 20 kV.  

 

Figure 3.8: High-resolution Zeiss Ultra, Plus 55 instrument. 

 

3.2.4 Transmission electron microscopy (TEM) 

Transmission electron microscopy (TEM) is similar to the SEM but it is capable of achieving 

higher resolution and uses transmitted electrons. TEM is a powerful and very important tool 

for structure characterization and it is considered to be unique in revealing and quantifying the 

chemical and lattice parameters of individual nanocrystals [31]. The most important 

application of TEM is the atomic-resolution real-space imaging of nanoparticles [31,32].  

This technique uses a high electron beam to irradiate the specimen area and generates an 

image through the interaction of the transmitted high accelerating electrons and the ultra-slim 

specimen as the electrons are transmitted through the specimen. 
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In this thesis, all the materials were prepared by dissolving the powder of the specimen in an 

ethanol solvent (100%). The solution were sonicated to form a homogeneous mixture and 

subsequent the mixture was drop-coated on a carbon-coated copper grid, dried in air before 

loading onto the analysis chamber. TEM images for the vanadium based material were 

evaluated by using the high-resolution transmission electron microscopy (HR-TEM) JEOL 

2100F equipped with LaB6 filament, a Gartan U1000 camera of 2028 х 2028 pixels and 

operated at 200 kV as shown in Figure in 3.9.  

 

Figure 3.9: Transmission electron microscopy instrument (HR-TEM-JEOL 2100F). 

 

3.2.5 N2 gas-adsorption-desorption measurement 

N2 gas-adsorption-desorption measurement is very important in electrochemical performance. 

This technique has the ability to determine the specific surface area (SSA), porosity, average 

pore volume, and the broad pore size distribution of the powder specimen. Nitrogen 

adsorption–desorption isotherms were measured at -196 °C using a Micromeritics TriStar II 

3020 (version 2.00) for all the vanadium-based materials. This Micromeritics TriStar II 
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system operated in a relative pressure (P/Po) range of 0.01–1.0 to acquire the adsorption-

desorption isotherms.  

The specific surface area of the vanadium-based materials was determined by the Brunauer–

Emmett–Teller (BET) method. The pore size and average pore volume were acquired by 

employing the Barrett–Joyner–Halenda (BJH) models from the desorption branch of the 

corresponding isotherms. All the materials were pre-degassed at 100 °C for 18 h under 

vacuum prior to the measurement in order to remove any residues of moisture in the sample. 

The degassed specimens were then transferred to the analysis chamber for the complete 

analysis using N2 gas at low pressure and 77 K. This is followed by dosing the sample with a 

specific amount of gas which is then evacuated to acquire the amount of gas absorbed by the 

specimens over a relative pressure range, P/P0 (i.e. 0.01˂P/P0˂0.2). The nature of the 

isotherm acquired has the capability to indicate the type of pore size in the specimen.  

3.2.6 X-ray photoelectron spectroscopy (XPS) 

X-ray photoelectron spectroscopy (XPS) is commonly considered as an important and key 

technique for the surface characterization. Generally, XPS is the most quantitative, the most 

readily interpretable, and the most informative with regard to chemical and electronic 

information. XPS method provides a total elemental analysis, except for hydrogen and 

helium.  

XPS spectra are acquired through irradiating the sample surface with a beam of X-rays (Al-

Kα or Mg-Kα) while concurrently measuring the kinetic energy and number of elastically 

scattered electrons (photoelectrons) that break from the top 0 to 10 nm of atomic layers in the 

sample being analysed. This technique requests high vacuum (P ~ 10−8 millibar) or ultra-high 

vacuum (UHV; P <10−9 millibar) conditions. The result of the XPS spectrum is a plot of the 

number of detected electrons (per unit time) as function of the binding energy of detected 
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electrons. All the chemistry element generates a typical set of XPS peaks at specific binding 

energies. The XPS spectrum have the potential to deliver various levels of spectral 

interpretation including the simple elemental analysis; detailed considerations of chemical 

shifts and chemical bonding nature in the surface region; and various loss or relaxation 

structures which provide further information on the chemical nature of the surface. This 

interpretation becomes progressively more challenging as one goes to more complex surfaces, 

such as multi-component and multi-phase materials [33] [34]. 

X-ray photoelectron spectroscopy (XPS) measurements of the vanadium-based materials and 

vanadium/carbon composites in this work were studied using a Physical Electronics 

VersaProbe 5000 spectrometer operating with a 100 μm monochromatic Al-Kα exciting 

source. A 180° hemispherical electron energy analyser collected photoelectrons, with the 

samples been studied at a 45° angle between the sample surface and the path to the analyser. 

Survey spectra were taken at pass energy of 117.5 eV, with a step size of 0.1 eV. 

3.2.7 Electrochemical characterization 

The electrochemical performance of all electrodes coated on nickel foam (NF) as a current 

collector were evaluated with a Bio Logic VMP300 workstation (Knoxville TN 37,930, USA) 

controlled by the EC-Lab® V1.40 software in a three and two electrodes configurations as 

presented in Figure 3.10.  

The electrochemical measurements were performed with a glassy carbon as a counter 

electrode, Ag/AgCl (3 M KCl) as the reference electrode and the vanadium-based materials as 

the working electrodes. The working electrodes were fabricated by mixing 80% of the active 

materials (vanadium-based materials) with 10% of carbon black (as a conducting agent) and 

10% of polyvinylidene difluoride (PVDF) binder in a proportionate weight ratio to make 

slurry. A few drops of N-methylpyrrolidone (NMP) solvent was dispersed in the mixture to 
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form a slurry, which was then coated onto a NF substrate and dried at a particular temperature 

in an electric oven in order for the NMP to completely evaporate. In this study, the 

electrochemical measurements of all the electrode materials were performed in a 6 M KOH 

aqueous electrolyte at room temperature.  

 

Figure 3.10: Bio Logic VMP300 workstation (Knoxville TN 37,930, USA) controlled by the 

EC-Lab® V1.40 software. 
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           Chapter 4 

_______________________________________________________________ 

4.0 Results and discussion 

This chapter describes the results obtained from the material characterization procedure and 

the electrochemical measurements of the as-synthesized vanadium-based samples, which 

were outlined in the chapter 3.  

4.1 Three dimensional vanadium pentoxide/graphene foam composite as positive 

electrode for high performance asymmetric electrochemical supercapacitor 

4.1.1 Introduction 

Transition metal oxide-based electrochemical supercapacitors (ECs) exhibit much higher 

specific capacity as compared to carbon-based ECs [1] due to their ability to exist in various 

oxidation states [2]. Research efforts have been invested to find low-cost metal oxides due to 

the high cost of ruthenium which limits its applications [3]. Amongst the low-cost metal 

oxides, vanadium pentoxide (V2O5) is a promising applicant for ultracapacitors electrodes.  

V2O5  presents the advantage of unique layered structures, high specific capacity and its wide 

operating potential window arising due to the mixed oxidation states (V2+, V3+, V4+ and V5+) 

[4,5]. Unfortunately, V2O5 exhibits poor electrical conductivity and cyclic stability [6,7].  

As a result, numerous V2O5-based composites with carbon (V2O5/carbon) have been studied 

to improve the conductivity issues related to its adoption as supercapacitor materials [7–13]. 

Recently, graphene-based materials have also been considered as an ideal candidate for 

energy storage due to their outstanding properties such as the good electrical conductivity, 

high theoretical surface area and thermal stability [14]. The combination of graphene-based 
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materials with metal oxide results in composite material electrode with improved 

electrochemical performance.  

This is linked to the conductivity of the graphene coupled with the high specific capacity of 

the metal oxide [15,16]. For instance, Li et al. [5] studied nanocrystals of V2O5 integrated onto 

reduced graphene oxide sheet. In their work, a solvothermal technique was used to synthesize 

the composite material followed by a subsequent annealing step for device applications. 

Graphene oxide sheets served as a template to synthesize VxOy nanoparticles. The 

V2O5/reduced graphene oxide nanocomposites recorded an improved performance as 

compared to the V2O5 alone [5]. Recently, Hoa et al. [17] reported on the controlled growth of 

flower-like V2O5 onto the graphene@nickel foam. In their study, an in situ growth of V2O5 

was used to synthesis the NF/G/V2O5 composite by hydrothermal method. The NF/G/V2O5 

composite exhibited an excellent electrode performance [17]. 

In this work, we report on the synthesis of V2O5 and V2O5/GF composites with a varying 

mass of graphene foam (GF) (50 – 200 mg) by hydrothermal method and a freeze-drying 

process. Furthermore, we evaluate the V2O5/GF composites as a positive electrode in a two-

electrode asymmetric device with a pyrolyzed iron-PANI polymer material (C-Fe/PANI or C-

FP) as a negative electrode. This hybrid capacitor design has been developed in a bid to solve 

the limitations exhibited by both EDLCs and faradaic-type supercapacitors vis-à-vis the low 

specific capacitance from the former and the low conductivity coupled with the poor 

cyclability problems associated with metal oxides/hydroxides [18]. 

4.1.2 Results and discussion 

The characterization and electrochemical results obtained from both V2O5 and the V2O5/GF 

composites with varying mass of GF (50 – 200 mg) is detailed in the following paper: 
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4.1.3 Concluding Remarks 

We have successfully synthesized 3D V2O5/GF composites by hydrothermal and freeze-

drying processes. The optimized incorporation of GF into the 3D V2O5 matrix was found to 

correspond to a 150 mg GF mass loading as shown from the SEM, the BET and 

electrochemical measurements. An asymmetric device assembled with the optimized 

V2O5/GF-150 mg and the pyrolysis of Fe cation adsorbed onto polyaniline (C-Fe/PANI) 

exhibited a specific energy of 39 W h kg−1 with a corresponding 947 W kg−1 specific power at 

a specific current of 1 A g−1 in a wide operating potential of 1.6 V. The hybrid supercapacitor 

also showed an excellent cycling stability with a 99% coulombic efficiency and 74% capacity 

retention for up to 10,000 charge–discharge cycles at a specific current of 10 A g-1. These 

results clearly make these materials suitable high performance electrode materials for 

supercapacitor applications. 
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4.2 Effect of growth time on solvothermal synthesis of vanadium dioxide for 

electrochemical supercapacitor application 

4.2.1 Introduction  

The vanadium dioxide (VO2) is an interesting electrode material for supercapacitor 

applications which is a low band-gap semiconductor with relatively high conductivity among 

the transition metal oxides [19]. Different methods have been used to synthesize the VO2 with 

various morphology such us nanobelts, nanoflowers, nanowires and microspheres.  

Recently, Y. Zhang et al. [20] proposed a novel synthesis method of V2O3 solid microspheres 

structures by a hydrothermal route. The morphology of the V2O3 can be controlled by the 

decomposition of VOC2O4, CO and CO2 gas with oxalic acid serving as a soft template to 

control the structure of the V2O3. They concluded that this process could be successfully 

explored as a standard methodology in preparing different metal oxides microspheres using 

the oxalic acid template approach within the hydrothermal method [20]. 

In this work, we then considered the time-dependent morphological evolution of the as-

prepared monoclinic VO2(M) by a solvothermal method for supercapacitor applications. 

Compared to the synthetic route proposed by Y. Zhang et al. [20] which uses the 

hydrothermal; our approach uses the solvothermal method at different growth times and 

temperatures. Different morphologies of VO2 (i.e., microspheres and nanosheets) were 

successfully synthesised and the electrochemical performance of the samples was analysed in 

a three-electrode cell configuration using 6 M KOH aqueous electrolyte as a function of 

growth time.  

4.2.2 Result and discussion 

The detailed results of the study is presented in the paper below: 
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4.2.3 Conclusion Remarks  

The time-dependent morphological evolution of the monoclinic VO2(M) through the 

solvothermal method with growth time varied from 2 h 30 min to 12 h has been studied. The 

VO2 sample grown for 6 h displayed a nanosheets-like morphology compared to other VO2 

samples grown for 2 h 30 min, 4 and 12 h which revealed a microspheric morphology. 

Furthermore, the as-prepared 6 h sample showed the highest specific surface area with an 

associated pore volume and a remarkable electrochemical performance with a specific 

discharge capacity of 49.28 mA h g-1 at a current density of 0.5 A g-1.  

This electrode also displayed a 99.4% coulombic efficiency of up to 5000 charge-discharge 

cycles at a current density of 10 A g-1. According to the results obtained, the electrochemical 

performance of the monoclinic VO2 could be improved by varying the growth time via the 

solvothermal technique. 
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4.3 High-performance asymmetric supercapacitor based on vanadium dioxide and 

carbonized iron-polyaniline electrodes 

4.3.1 Introduction 

In the section 4.2, we synthesized the vanadium dioxide monoclinic (VO2 (B)) through a 

solvothermal method at different growth time frames. In the three electrode configuration, the 

VO2(B) material grown for 6 h displayed the highest electrochemical performance as 

compared to other growth times in 6 M KOH. To further investigate the electrochemical 

performance of this electrode material, an asymmetric supercapacitor was assembled in an 

attempt to further extend the device operating voltage to achieve a higher energy density. 

The fabrication of a novel asymmetric supercapacitor based on the VO2 (B) monoclinic 

material as a positive electrode and carbonized iron-polyaniline (C-FP) as a negative electrode 

was undertaken. The VO2//C-FP asymmetric device was able to operate a voltage window of 

1.6 V with high a specific energy and power densities of 30 W h kg−1 and 713 W kg−1 

respectively at 1 A g−1. In addition, the VO2//C-FP exhibited an 89% energy efficiency after 

10,000 galvanostatic charge-discharge cycles with a large improvement in device specific 

capacity and specific energy after an ageing test at a gravimetric current of 10 A g-1.  

4.3.2 Result and discussion 

The detailed results of the asymmetric device assembled using VO2(B) and C-FP electrodes is 

presented in the paper below: 
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4.3.3 Concluding Remarks 

We have successfully fabricated an asymmetric device from VO2(B) nanosheets adopted as a 

positive electrode and C-FP as the negative electrode using 6 M KOH electrolyte. The 

VO2//C-FP device exhibited a high specific energy of 30 W h kg-1 with a corresponding 

specific power of 713 W kg-1 at 1 A g-1 with a 1.6 V operating cell voltage. The excellent 

stability performance of the VO2//C-FP device was demonstrated for up to 10000 cycles at a 

specific current of 10 A g-1. 

In addition, the voltage holding data obtained after subjecting the hybrid device to floating 

tests for a period of 70 h showed a significant improvement in device specific capacity and 

specific energy at 10 A g-1. This was due to the evolution of accessible redox sites during the 

ageing experiment. 

In summary, the asymmetric supercapacitor from VO2//C-FP exhibits good electrochemical 

performance and hence making the device excellent for energy storage applications. 
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4.4 Generation of a mesoporous web-like carbon-vanadium oxynitride as an 

electrode material for symmetric supercapacitors 

4.4.1 Introduction  

Due to the high faradaic activity and the variable oxidation states, metal oxides have been 

widely used for energy storage applications [21,22]. However, metal oxides suffer low 

conductivity and poor cyclic stability. This drawback has hinted the need to synthesize new 

electrode materials applicable in faradaic capacitors. Recently, metal nitrides/oxynitrides have 

been demonstrated to exhibit high theoretical capacity, high specific surface area, excellent 

electrical conductivity and good thermal stability suitable for supercapacitors.  

In this study, we synthesized a unique design and facile hydrothermal synthesis method of 

mesoporous web-like carbon-vanadium oxynitride (C-V2NO) nanostructures at different 

nitridation temperature of 700 °C, 800 °C and 900 °C using ammonium metavanadate 

(NH4VO3) and melamine (C3H6N6) as precursors. The as-prepared C-V2NO was extensively 

characterized by using different techniques. In a three-electrode configuration, the 

electrochemical measurements of the C-V2NO@800°C depicted a superior electrochemical 

performance as compared to others.  

A symmetric capacitor was assembled with C-V2NO@800 °C as positive and negative 

electrodes in the cell potential of 0 – 1.8 V. The C-V2NO@800 °C//C-V2NO@800 °C device 

delivered a specific energy of 38 Wh kg-1 with corresponding a specific power of 735 W kg-1 

at a specific current of 1 A g-1, with 84.7% capacity retention at 10 000th cycles and excellent 

voltage holding stability up to 100 h at a high specific current. 

4.4.2 Result and discussion 

The detailed results from the symmetric capacitor fabricated using a mesoporous web-like C-

V2NO nanostructures electrode is presented in the paper below which still under review: 
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ABSTRACT 

Unique mesoporous web-like carbon-vanadium oxynitride (C-V2NO) have been synthesized 

at different nitridation temperatures of 700 °C, 800 °C and 900 °C using the ammonium 

metavanadate (NH4VO3) and melamine (C3H6N6) as precursors by a facile chemical vapor 

deposition (CVD) method. The N2 physisorption data of the C-V2NO materials displayed a 

high specific surface area (SSA) (from 91.6 to 121.6 m2 g-1) with a pore diameter ranging 

from ~ 2 to 8 nm. The electrochemical performance of C-V2NO electrodes at different 

temperatures was carried out using a 6 M KOH aqueous electrolyte, with the C-V2NO 

synthesized at 800 °C revealing the highest electrochemical performance compared to other 

temperatures in a three electrode configuration. A symmetric capacitor was assembled using 

the C-V2NO@800 °C as both positive and negative electrodes and evaluated in a wide 

potential window range of 0.0 - 1.8 V. The C-V2NO//C-V2NO displayed a specific capacity of 

58 mA h g-1 with a specific energy of 38 Wh kg-1 and a corresponding specific power of 735 

W kg-1 at a specific current of 1 A g-1. These results make this simply synthesized material to 

be a potential candidate for supercapacitor application.  

mailto:ncholu.manyala@up.ac.za


 

150 
 

Keywords: C-V2NO, Mesoporous web-like structure, Specific surface area, Symmetric, 

Supercapacitors 

1 Introduction 

The growing demand for conversion of renewable energy resources and a foreseeable 

shortage of fossil fuels into usable energy is a major challenge for energy storage. However, 

many high energy storage systems have also been developed to efficiently deal with the 

generated energy for productive use and cost-effectiveness such as in battery and 

supercapacitor devices [1,2]. Supercapacitors (SCs), also named ultracapacitors have been 

largely studied in the field of energy storage. They exhibit a high power density, a longer 

cycling life and safety as compared to batteries [3,4]. However, ultracapacitors possess a low 

energy [5], and their improvement may be achieved by the synthesis of materials that display 

unique morphologies with high performance. 

Typically, SCs can be classified into two types based on their charge storage mechanism: 

Electric Double-Layer Capacitors (EDLCs) and Faradaic capacitors [6,7]. EDLCs can store 

the charge in double layer capacitance. The materials used are carbon-based active materials 

with high specific surface area (SSA), good electronic conductivity, good stability and low 

specific capacitance [6].  

In faradaic capacitors, charge storage mechanism is based on  fast reversible redox reactions 

such as in transition metal oxides, hydroxides (TMOs/TM-OHs) and redox polymers [8,9].  

For decades, metal oxides have been widely used for energy storage applications due to their 

high faradaic activity and their variable oxidation states by adopting different structures [10]. 

Nevertheless, metal oxides suffer low SSA and low conductivity which leads to low specific 

power [11]. Thus, it is necessary to synthesize new electrode materials applicable in faradaic 

capacitors. Recently, several achievements geared at improving the stability of faradaic 
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materials have been reported such as the adoption of transition metal nitride materials: CoN 

[12], CrN [13], TiN [14], VN [15] TiN-VN [16] and Fe3N [17]. The metal nitride have shown 

prominent electrochemical capacitive properties by replacing the oxides/hydroxides 

completely with nitrogen atoms [18]. Among the greatest recent achievements in transition 

metal nitride materials, vanadium nitrides (VN) has been considered to be an excellent 

candidate due to its environmental friendliness, low cost [19], high molar density (≈6 g cm-3), 

excellent chemical resistance [20] and its good electronic conductivity (σbulk = 1.67 × 106 Ω−1 

m−1) [21] leading to an excellent specific capacitance of 1340 Fg-1 at a scan rate of 2 mV s-1 in 

a three-electrode configuration. Although the metal nitride exhibits a high specific capacity. 

They still suffer from poor rate performance and cycling life [22]. However, the 

electrochemical performance of the vanadium nitrides can be investigated on the surface 

functionalization and an introduction of oxygen containing groups (oxidation process) and 

surface [19,23]. The metal oxynitrides displayed a good redox reaction as compared to VN 

[24] due to the wettability of the electrode material which is higher than that of the VN [25]. 

These characteristics make this material interesting as a potential electrode for supercapacitor 

application. Metal nitrides/oxynitrides have been demonstrated to exhibit a high theoretical 

capacity, high specific surface area, excellent electrical conductivity and good thermal 

stability suitable for supercapacitors.  

The main challenge, however lies in the bid to experimentally realize this high capacity, good 

stability and rate performance with the use of a simple synthesis method [22]. In the literature, 

there are few reports related to the use of vanadium oxynitride as an electrode material for 

supercapacitors. For instance, Porto et al. [26] synthesized vanadium oxynitride VOxNy rather 

than vanadium nitride by a conventional nitridation method using as-prepared VO2 from the 

commercial V2O5. The specific capacitance of the VOxNy powders was found to be 80 Fg-1. In 

their report, they concluded that the low specific capacitance observed for the VOxNy 
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electrodes was highly influenced by the low specific surface area of the material (~29 m2 g-1) 

[26].  

However, most reports on vanadium nitride and oxynitride materials entail the use of 

vanadium oxide precursors such as VO2 or V2O5 resulting in the generation of aggregated VN 

and VOxNy particles owing to the low melting point of the vanadium oxides [27]. This 

consequently limits the electrochemical performance of these materials due to their low 

specific surface areas [26,27]. To overcome this drawback, an appropriate and efficient 

vanadium precursor is requisite. Although various researchers have reported on the use of 

vanadium chloride and vanadium oxychloride precursors to obtain well crystalline VN and 

VOxNy nanostructures [20,26], a controlled working environment is required due to the high 

reactivity and toxicity of the chlorides [28].  

Ammonium metavanadate (NH4VO3) is less toxic, less corrosive and safer as compared to the 

chloride-based precursors and thus, a suitable alternative for the preparation of VOxNy 

materials. In addition, a recent approach on the use of organic precursors in the growth of 

vanadium nitride and oxynitride materials has resulted in a controlled particle formation, 

generation of a crystalline structure as well as the ability to tune the specific surface areas of 

the final product [16].  

In this regard, polyvinylpyrrolidone, urea, cyanamide and melamine are commonly used 

organic precursors as they serve as both carbon and nitrogen sources with the melamine 

providing a higher nitrogen and carbon contents. For instance, Cheng et al. [27] studied 

VN1.02O0.1 material by calcining a mixture of melamine and V2O5 xerogel in a furnace at 800 

°C under an N2 atmosphere. They obtained a carbon content of 52.6 % and a nitrogen content 

of 22.6 % after melamine decomposition. A specific capacitance of 273 F g-1 was reported for 

the VN1.02O0.1 material at a scan rate of 30 mV s-1 in a 1 M KOH [27]. The deposited carbons 
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prevented aggregation of the VN particles and improved the pseudocapacitive properties of 

the VN1.02O0.1 material. Similarly, Shu et al. [29] synthesized the VN materials from the 

melamine and V2O5 xerogel at 800 oC under a N2 atmosphere.  

The specific capacitance of VN electrode was 413 F g-1 at a specific current of 1 A g-1. They 

reported that the electrochemical performance of the material was improved by the presence 

of the carbon remains [29]. Recently, a different synthesis approach of remodelling the 

vanadium oxynitride materials with carbon has been proposed to enhance the structural, 

textural and electrochemical properties VOxNy [28]. For example, Shu and co-workers [28] 

reported on a porous structure of VOxNy-C nano-material using polyvinylpyrrolidone (PVP) 

as a template followed by NH3 reduction of V2O5/PVP xerogel by a CVD method. They 

demonstrated that the VOxNy-C electrode exhibited higher electrochemical performance than 

the VOxNy electrode in 1 M KOH aqueous electrolyte. This good performance of the VOxNy-

C can be ascribed to their superior specific surface area (40.8 m2 g-1) as compared to the 

VOxNy (28.8 m2 g-1) which improved the electrochemical capability. The presence of carbon 

in the vanadium oxynitride matrix can greatly influence the specific surface area, structure 

and morphology of the VOxNy and as a result, improve their electrochemical capacitance [28]. 

In this case, the vanadium based active electrode materials were generated by ammonia 

reduction of V2O5 xerogel in the presence of PVP. 

In this study, we report a unique design and facile CVD synthesis method of mesoporous 

web-like carbon-vanadium oxynitride (C-V2NO) nanostructures at different nitridation 

temperature of 700 °C, 800 °C and 900 °C using ammonium metavanadate (NH4VO3) and 

melamine (C3H6N6) as precursors. The C-V2NO was generated by the in-situ decomposition 

of ammonium metavanadate in the presence of melamine precursor. The ammonia gas was 

obtained from ammonium metavanadate and by using melamine precursor, a higher carbon 

content (67 %) was achieved as compared to a soft template such as PVP (~9 %). The high 
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carbon content is beneficial for the growth of a high surface area mesoporous C-V2NO with 

nanometer-sized pores and appropriate pore distribution that is beneficial for enhanced 

electrochemical performance. The electrochemical performance of the cubic C-V2NO was 

evaluated using 6 M KOH aqueous electrolyte in both positive and negative potential 

windows. A symmetric capacitor was assembled with C-V2NO@800 °C as positive and 

negative electrodes in the cell potential of 0 – 1.8 V. The C-V2NO@800 °C//C-V2NO@800 

°C delivered high specific energy and specific power of 38 Wh kg-1 and 764 W kg-1 at 1 A g-1, 

respectively with 84.7% capacity retention at 10 000th cycles and excellent voltage holding 

stability up to 100 h at a high specific current. To our knowledge, this is the first time a 

symmetric device has been fabricated for a C-V2NO electrode material showing the potential 

for applicability of these materials in high-performance supercapacitors. 

2. EXPERIMENTAL 

2.1 Synthesis of C-V2NO by CVD technique  

Scheme 1 presents the diagram illustrating the facile procedure used to synthesize the C-

V2NO sample at a nitridation temperature of 700 C with the same procedure used for other 

temperatures. 

The C-V2NO materials were synthesized by using analytical grade chemicals: 0.5 g of 

ammonium metavanadate (NH4VO3, 99%) and 5 g of melamine (C3H6N6, 99%) were mixed 

in an agate mortar with a few drops of ethanol (CH3CH2OH, 99%) to make a homogeneous 

slurry. This was inserted into a quartz tube furnace and heated to 700 C at a heating rate of 

18 °C min-1 before being kept at that temperature for 2 h under a stream of nitrogen (N2, 99%) 

gas flow. After cooling down to room temperature, the final product was obtained and 

labelled as C-V2NO@700 °C. This process was repeated at different growth temperatures of 

800 °C and 900 °C and labelled accordingly. 
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Scheme. 1: Preparation steps of carbon-vanadium oxynitride. 

2.2 Structure, morphology and composition characterization 

X-ray diffraction (XRD) analysis of as-prepared C-V2NO was studied using a XPERT-PRO 

diffractometer (PANalytical BV, Netherlands) using a cobalt X-ray source at 50 mA and 35 

kV with θ /2θ geometryin the range from 10°–90° 2θ. Raman spectroscopy analysis of the 

materials were achieved using a WITec confocal Raman microscope (WITec alpha300 R, 

Ulm Germany at a laser wavelength of 532 nm.  

The morphology of the C-V2NO was investigated using a resolution Zeiss Ultra plus 55 field 

emission scanning electron microscope (FE-SEM) operated at a voltage of 2.0 kV. 

Transmission electron microscopy (TEM) analysis was carried out at 200 kV on a JEOL 

JEM-2100F microscope (Akishima-shi, Japan). X-ray photoelectron spectroscopy (XPS, K-

alpha, Thermo Fisher) was used to analyse the elemental composition of the materials with a 

monochromatic Al-Kα radiation.  

The porosimetry tests of the C-V2NO materials were evaluated with a nitrogen adsorption–

desorption isotherms at -196°C using a Micromeritics ASAP 2020. The surface area of the 

materials were obtained by the Brunauer–Emmett–Teller (BET) analysis from the adsorption 

branch in the relative pressure range (P/P0) of 0.01–1.0. 
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2.3 Electrochemical characterization of C-V2NO 

The electrochemical measurements of the C-V2NO electrodes were studied using a Bio-Logic 

VMP-300 (Knoxville TN 37,930, USA) potentiostat at room temperature and evaluated in a 

three-and two electrode configurations. The C-V2NO electrodes were prepared by mixing 

weighed amounts of C-V2NO active material, carbon black additive and polyvinylidene 

difluoride (PVDF) binder in a mass ratio of 80:10:10 with a N-methylpyrrolidone (NMP) as a 

solvent. The slurry was applied on a NiF (3D scaffold template with an area density of 420 

g/m2, Merck (South Africa)) as a current collector. The electrodes were kept at 60 °C in an 

electric oven overnight to completely evaporate the NMP. The masses of the C-V2NO 

electrodes fabricated for the different nitridation temperatures were maintained at the same 

value for comparison purposes. The three-electrode configuration was used to evaluate the 

electrochemistry of the electrodes with a glassy carbon plate counter electrode and Ag/AgCl 

(3 M KCl saturated) reference electrode in a 6 M KOH aqueous electrolyte. The two-electrode 

configuration of a symmetric device was studied using the C-V2NO@800 C as both positive 

and negative electrodes. The electrodes were separated by a microfibre glass filter paper with 

a thickness of 0.2 mm in a Swagelok cell. 

The specific capacity, QS (mA h g-1) of the electrodes was calculated using Eqn. (1) as a 

function of the specific current: 

6.3

Dd tI
Q


           (1) 

where Id is defined as the specific current measured in A g-1 and tD is the time in second (s) for a 

complete discharge cycle. 

The specific energy Ed (W h kg-1) and specific power Pd (W kg-1) of the C-V2NO//C-V2NO 

device were calculated using Eqn. (2) and (3) at different specific currents: 
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where Id is the specific current in A g-1, tD is the discharge time (s), and V is the potential 

window (V) of the symmetric capacitor.  

3. Results and discussion 

X-ray diffraction (XRD) analysis results of the carbon-vanadium oxynitride materials 

synthesis  at 700 °C, 800 °C and 900 °C, respectively are presented in Fig. 1(a). The XRD 

patterns of C-V2NO showed three diffraction peaks confirming the crystallinity of the 

material and were indexed to a cubic structure with a single phase. The diffraction peaks are 

located at 2θ value of 44.0 , 51.3  and 75.5  corresponding to the (111), (200) and (220) 

crystallographic planes, respectively. The XRD pattern of the C-V2NO cubic structure 

exhibited a Fm-3m space group with lattice parameters of: a = 4.1313(1) Å a/b = 1.0000, b/c 

= 1.0000 and c/a = 1.0000 using the matching inorganic crystal structure Database (ICSD) 

card # 43182. Indeed, the peaks of C-V2NO@800 °C and C-V2NO@900 °C were narrower 

and much pronounced than the ones for C-V2NO@700 °C.  

Also, the peak intensity of the peak of C-V2NO was found to increase with nitridation 

temperature indicating an increase in crystallinity.  

The presence of the carbon in the as-prepared C-V2NO materials was nonetheless confirmed 

from the Raman spectra at 700 – 900 °C as shown in Fig 1(b) with the characteristic D and G 

bands attributed to carbonaceous material present in the C-V2NO at different nitridation 

temperatures. The Raman spectra for the C-V2NO materials also displayed Raman bands at 

wavenumbers of 145 cm-1, 192 cm-1, 285 cm-1, 479.1 cm-1, 520.7 cm-1, 693 cm-1, 822 cm-1, 

873 cm-1, and 995 cm-1 as seen in Fig. 1(b) which can be associated to the V2NO stretching 

mode in the carbon- metal oxynitride. 
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The three peaks D, G and D' of the C-V2NO materials are also observed in Fig 1(b). The D 

peak positions were observed at (1346 – 1373 cm-1) as indicated in Table 1 and is associated 

to the disorders present in the carbon lattice structure [30,31].  

 

Fig. 1: (a) the XRD patterns and (b) the Raman spectra of the C-V2NO materials grown at 

700 °C, 800 °C and 900 °C. 

The G peak positions observed at (1585 - 1593) is related to the vibration modes of the 

graphitic sp2 carbon present [30,32]. A small shoulder was observed near the G peak 

suggesting a graphene-like carbon present in the C-V2NO material.  

In fact the D' peak is ascribed to the lattice vibration of G band but mainly due to the 

graphene layers at the surface of the carbon material present in the material [33,34]. A similar 

D' peak has also been observed in boron carbon oxynitride films due to lattice distortions [35]. 

Table 1: D, G, D' band positions and ID/IG ratio of the C-V2NO samples  

Material D peak position 

(cm-1) 

G peak position 

(cm-1) 

D' peak 

position 

(cm-1) 

ID/IG ratio 

C-

V2NO@700OC 
1349 1585 1611 0.47 

C-

V2NO@800OC 
1373 1593 1621 0.84 

C-

V2NO@900OC 
1346 1588 1618 0.56 
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The high ID/IG ratio of the C-V2NO@800°C recorded in Table 1 suggests that the presence of 

defects could result from the nitrogen incorporated in the carbon lattice and also the strong 

interaction between the metal oxynitride and the carbon. The highest graphitization among in 

the C-V2NO@800°C can contribute to high electrochemical capacity. 

The morphological analysis of the C-V2NO synthesized at different temperatures is presented 

in Fig. 2. The morphologies of the C-V2NO materials at different temperatures showed a web-

like structure with irregular porous cavities (Fig. 2(a, c and e). At higher magnifications, C-

V2NO@700°C shows densely packed nanoparticles that are non-uniformly distributed (Fig. 

2(b)). In contrast, the surface morphology of the C-V2NO@800°C shows interconnecting 

particles to form a mesoporous web structure (Fig. 2(d)). At 900 °C, a disintegrated network 

of the C-V2NO is observed (Fig. 2(f)).  

In the C-V2NO@ 800°C, it can be seen clearly that the porous cavity can penetrate deep into 

the material with a non-uniform distribution compared to the C-V2NO obtained at other 

temperatures.  
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Fig. 2: The SEM images of the as synthesized C-V2NO samples at low and high 

magnification (a-b) C-V2NO@700 °C, (c-d) C-V2NO@800 °C and (e-f) C-V2NO@900 °C. 

The TEM images of the C-V2NO were also used for further morphological analysis (Fig. 3). 

The micrographs reveals the presence of a mesoporous architecture confirms the web-like 

structure. However, the carbon formed after melamine decomposition leads to the irregular 

behaviour and can prevents the re-crystallization of the C-V2NO nanoparticles [27,29]. 
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Fig. 3: The TEM images of the as synthesized C-V2NO samples: (a) C-V2NO@700 °C, (b) C-

V2NO@800 °C and (c) C-V2NO@900 °C. 

To investigate the porosity properties of the materials, N2 adsorption-desorption measurement 

was carried out on C-V2NO materials at 700 °C, 800 °C and 900 °C, as shown in Fig. (4). 

The N2 isotherm of the C-V2NO materials in Fig. 4(a) is depicted a type IV adsorption–

desorption isotherm with a H3 hysteresis behaviour associated with plate-like particles giving 

rise to slit-shaped pores [36]. The as-obtained specific surface area (SSA) of the different 

carbon-vanadium oxynitride materials was 91.6 m2 g-1, 121.6 m2 g-1 and 113 m2 g-1 at 700 °C, 

800 °C and 900 °C, respectively.  

The synthesis of these mesoporous interconnected web-like structures with controlled growth 

temperature yielded higher values of the specific surface area as compared to those reported 

for TiOxNy [37] , VOxNy and VOxNy-C [28].  
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Fig. 4(b) shows the pore size distribution with a pore diameter ranging from ~ 2 to 8 nm 

which signifies the presence of a predominantly mesoporous C-V2NO material. It shows 

clearly that the pore diameter of the C-V2NO material decrease with increasing the nitridation 

temperature. The C-V2NO@700 °C shows a broad pore size distribution whereas a narrow 

pore size distribution was observed for the C-V2NO materials at 800 °C and 900 °C  

As seen in Fig. 4(a - b), the C-V2NO@800 °C exhibited a higher specific surface area and a 

higher pore volume than the C-V2NO@700 °C and C-V2NO@900 °C with a small pore 

diameter of 2 nm. This mesoporous structure of the C-V2NO@800 °C could greatly increase 

the mass transport of electrolytes ions within the electrodes for fast redox reactions and thus 

further enhance the electrochemical performance.  

 

Fig. 4: (a) N2 absorption/desorption isotherms and (b) pore size distribution of C-V2NO at 

700 - 900 °C nitridation temperature. 

To highlight the merits of the unique and novel design of the C-V2NO@800 °C material, a 

further surface characterization was performed using X-ray photoelectron spectroscopy (XPS) 

as shown in Fig. 5.  

The chemical states of the C-V2NO@800 °C is quantitatively evaluated to determine the 

amount of active vanadium, nitrogen, oxygen and carbon content in the carbon-vanadium 

oxynitride. 
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Fig. 5: (a) The wide scan XPS spectrum of the as- received (i.e., without sputter cleaning) C-

V2NO@800 °C, indicating deconvoluted spectra of (b) V2p binding energy region, (c) C1s 

binding energy region, (d) N1s binding energy region and (e) O1s binding energy regions, 

respectively.  
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The elemental composition (at %) of the C-V2NO was carbon (C) (67 at%), vanadium (V) (10 

at%), oxygen (O) (14 at%) and nitrogen (N) (9 at%) as determined from the integral peak 

areas of the XPS survey spectra (Fig 5a).  

The core level spectrum of V2p reveals two chemical states of  vanadium (V) which are 

related to excitations of electrons from the V2p3/2 and V2p1/2  core levels, respectively, as 

shown in Fig. 5(b).The vanadium-based peaks at binding energies of 513.7 eV, 515.5 eV, 

516.5 eV, 517.7 eV, 521.2 eV and 524.1 eV can be attributed to all the different vanadium 

ions V2+, V3+, V4+ and V5+ respectively [10,38,39].  

The core level spectrum of C1s exhibited four peaks as shown in Fig. 5(c). The high binding 

energy at 284.6 eV corresponds to the sp2 C=C bond which further confirms the predominant 

content of graphitic carbon sp2 in the material [40,41]. The peaks located at 286.1 eV and 

288.2 eV are attributed to the sp3 C-N/C-V and C-O bonding structures, respectively [42–45].  

In Fig. 5(d), the XPS signal of the N1s can be deconvoluted into a three peak Gaussian 

components. The peak at 397.3 eV binding energy value was attributed to N from vanadium 

oxynitride [21]. The other two peaks at 399.4 eV and 400.5 eV were assigned to the pyrrolic-

N and graphitic-N, respectively [46]. 

Fig. 5(e) shows the core level spectrum of O1s which reveals two peaks located at 530.5 eV, 

531.3 eV and 532.2 eV. The peaks located at 530.5 eV and 531.3 eV were ascribed to C=O 

and O-C=O/N-C=O, respectively [46] and the peak at 532.2 eV is attributed to the V-O/V=O 

[47].  

The formation of mesoporous carbon-vanadium oxynitride can be postulated to result from 

the reaction of vanadium metavanadate and melamine at higher temperatures.  

Typically, at high temperatures (> 220 °C), the melamine decomposes to give –CH2, -C-N 

and nitrogen groups which form the matrix ring (N-C matrix) at higher temperatures [48] and 

the NH4VO3 decomposes at (>300 °C) to yield vanadium oxides, NH3 gas and H2O [49,50]. 
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The NH3 gas can further reduce the vanadium oxides in the presence –CH2 and N-C matrix 

from melamine decomposition leading to the formation of vanadium oxynitride material at 

higher temperatures (500 - 1500 °C) [51]. The presence of the metal oxide and N-C, as well as 

the NH3, favoured the formation of the carbon-vanadium oxynitride at high nitridation 

temperatures.  

At 700 ˚C, small nanoparticles of C-V2NO were formed and connected in a web network with 

a high degree of graphitized carbon. When the temperature was further increased to 800 ˚C, 

the particles is strongly interconnected to form a more mesoporous network (higher surface 

area) that favoured a better interaction of the C-V2NO surface with the electrolyte.  

Consequently, the carbon network became more defective resulting in a lower degree of 

graphitization. At 900 ˚C however, the highly mesoporous network was disintegrated 

resulting in a decreased specific surface area and a moderately graphitized carbon network. 

Thus, nitridation temperature influenced the morphology, structure and surface area of the C-

V2NO. 

3.1 Electrochemical performances  

To evaluate the electrochemical performances of the C-V2NO synthesized at different growth 

temperature, the electrodes were initially tested in a three electrode configuration operated in 

6 M KOH electrolyte (as seen in Fig. 6). Fig. 6(a - b) shows the cyclic voltammogram (CV) 

plots of the different C-V2NO materials in a positive potential window of 0.0 to 0.40 V and a 

negative potential window of -1.20 to 0.0 V at a 50 mV s-1 scan rate.  

As observed in these figures, the CV plots of C-V2NO@800°C exhibits a higher current 

response compared to the other C-V2NO samples prepared at different temperatures in both 

operating potential ranges. Fig. 6(c) shows clearly that the C-V2NO@800°C electrode 

presents the highest specific capacity as function of the nitration temperature in both positive 

and negative potential windows.  
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Fig. 6(d) shows the Nyquist plot and the equivalent serial resistance (ESR) for the C-V2NO 

electrodes carried out in the frequency range of 100 kHz to10 mHz. The Nyquist plot of all C-

V2NO samples shows a slight deviation from the vertical line with 800 0C sample showing a 

shorter diffusion length than others. As observed, the C-V2NO at 800 °C also presents a better 

capacitive response and a smaller ESR (see inset to the figure) than other materials. 

 

Fig. 6: (a) the CV curve of the C-V2NO electrodes in a potential window range of 0.0 to 0.4 V 

at 50 mV s-1, (b) the CV curve of the C-V2NO electrodes in a potential window range of -1.2 

to 0.0 V at 50 mV s-1 (c) the specific capacity of the C-V2NO as positive and negative 

electrodes as function of nitration temperature at a specific current of 1 A g-1 and (d) the 

Nyquist plot (the inset is the ESR at different nitration temperatures) for the C-V2NO 

electrodes material  

In three-electrode configuration, the electrochemical measurements of C-V2NO@800°C 

depicted a superior electrochemical response based on the result in Fig. 6. This is linked to the 

mesoporous web-like morphology of the C-V2NO@800°C coupled with the high SSA and a 
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small pore diameter which provides an efficient contact between the surface of electroactive 

web-like and the 6M KOH even at high rates to build up an good path for fast electron 

transport. From this result, the electrochemical measurements for full cell device is carried out 

using C-V2NO@800°C samples as both negative and positive electrode to produce a 

symmetric device. 

Fig. 7(a - b) shows the CV curves of the C-V2NO@800 °C electrode in a positive and a 

negative potential window range of 0.0 to 0.4 V and -1.2 V to 0.0 V, respectively, at different 

scan rates from 5 to 100 mV s-1. The CV curve depicts a faradaic electrode material in the 

positive potential window as shown in Fig. 7(a). This behaviour was confirmed by the 

presence of a pair of redox peaks at a scan rate of 50 mV s-1 corresponding to the anodic peak 

at ~ 0.12 V and cathodic peak ~ 0.35 V, respectively. Fig. 7(b) shows a pseudocapacitive 

behavior in the negative potential window with two redox peaks during the anodic (-0.80 V, -

0.38 V) and the cathodic ((-0.87 V, -0.53 V. These behaviours in the positive and in the 

negative potential windows are due to the presence of the vanadium oxide in the material 

which indicates a reversible redox reaction of the vanadium. Based in the literature, vanadium 

oxides in the negative potential window may led to a redox reaction, but it is a challenge to 

assign the peak to an individual oxide [19]. 

Fig. 7(c) displays the associated galvanostatic charge-discharge (GCD) curves at different 

specific current values. The existence of a faradaic behaviour is depicted with the non-linear 

discharge profile in the potential window of 0.0 to 0.4 V.  

Fig. 7(d) shows the GCD curves at different specific currents in the potential window of -1.2 

to 0.0 V. It confirmed the existence of a pseudocapacitive behavior as shown in Fig. 7(b).  

Fig. 7(e) shows the specific capacity of the C-V2NO@ 800 °C calculated in the positive and 

the negative potential window at different specific currents from 1 A g-1 to 10 A g-1.  
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The specific capacities of the C-V2NO@800°C were found to be 55 and 67 mA h g-1 in the 

positive and in the negative potential window, respectively, at a specific current of 1 A g-1.  

 

Fig. 7: The electrochemical measurements of C-V2NO@800 °C: (a) CV curves at different 

scan rates, (b) GCD curves at different specific currents in a potential window of 0.0 to 0.4 V, 

(c) CV curves at different scan rates, (d) GCD curves at different specific currents in a 

potential window of -1.2 to 0.0 V and (e) specific capacity of the positive and the negative 

electrodes as a function of the specific current. 
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To further demonstrate the electrochemical performance of the C-V2NO@800°C electrode 

extensively, a symmetric capacitor was assembled using C-V2NO@800°C as a positive and a 

negative electrodes (C-V2NO// C-V2NO) in 6 M KOH.  

Fig. 8(a) shows the CV profiles of the C-V2NO@800°C measured in a stable working 

potential windows of -1.2 to 0.0 V and 0.0 to 0.4 V, respectively at a scan rate of 50 mV s-1, 

an estimation of the working potential window of 1.6 V could be waited for the symmetric 

device. 

Fig. 8(b) presents CV curves at different potentials window such as 1.6 V, 1.7 V and 1.8 V at 

a scan rate of 30 mV s-1. The CV curve at 1.8 V shows the highest current response and good 

contribution of the two behaviours of C-V2NO@800°C in the positive and the negative 

potential windows compared to other potential windows (1.6 V and 1.7 V). Moreover, the 

current leap at large potential window of 1.8 V was not observed, suggesting the stability of 

the symmetric device in this potential window (Fig. 8(b)). It can therefore be concluded that 

the maximum stable working potential of the C-V2NO//C-V2NO symmetric device is 1.8 V. 

Fig. 8(c) shows the CV curves of the C-V2NO//C-V2NO symmetric device at different scan 

rates from 5 - 400 mV s-1 within the large stable operating voltage of 1.8 V. The CV plots 

indicate a combination and the contribution of pseudocapacitive and faradaic charge storage 

mechanisms. As observed, the CV curves present the same behavior from 5 to 500 mV s-1 

scan rates, indicating rapid redox reactions at high scan rates. The specific current increases 

proportionally as a function of increased scan rate indicating the good rate capability of the 

symmetric device.  
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Fig. 8: (a) Combined CV plots from the negative and positive potential window of the C-

V2NO@800°C electrode at 50 mV s-1, (b) CV at 1.6 V, 1.7 V and 1.8 V at 30 mV s-1, (c) CV 

plot at different scan rates for cell potential of 1.8 V, (d) GCD plot of the device at different 

specific currents and (e) EIS plot of the C-V2NO//C-V2NO symmetric device.  

Fig. 8(d) shows the GCD profiles of C-V2NO//C-V2NO symmetric device at different specific 

currents of 1 – 10 A g-1 in the large cell potential of 0.0 - 1.8 V. The GCD curves exhibited 

faradaic behavior for the symmetric device in agreement with CV curves from Fig. 8 (b). Fig. 

8(e) presents the Nyquist plot of the symmetric device, which was carry out in the frequency 
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range of 100 kHz-10 mHz. An equivalent series resistance (ESR) value of 0.88 Ω was 

recorded for the symmetric device.  

Fig. 9(a) shows the profile of the specific capacity as a function of specific current. A specific 

capacity of 58 mA h g-1 of the symmetric device was recorded at a specific current of 1 A g-1. 

This was retained at 18.7 mA h g-1 as the specific current was increased to 10 A g-1.  Fig. 9(b) 

displays the Ragone plot which describes the power density as a function of energy density 

for the symmetric capacitor at different specific currents range of 1- 10 A g-1. The specific 

energy of the C-V2NO//C-V2NO was 38 W h kg-1 with an associated specific power of 764 W 

kg-1 at a specific current of 1 A g-1. At 10 Ag-1 the specific energy was 12.4 W h kg−1 with an 

equivalent specific power of 6.6 kW kg−1.  The high specific energy and high specific power 

observed in our device are both linked to the excellent electrochemical performance of the C-

V2NO@800°C working in a stable cell potential of 1.8 V. 
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Fig. 9: (a) specific capacity, (b) Ragone plot, (c) stability test showing capacity retention for 

up to 10000 cycles, (d) specific capacity and (e) energy density as function of holding time at 

a constant specific current of 10 A g-1 up to 100 h of the symmetric device.  

To evaluate the device stability of the C-V2NO//C-V2NO, constant cycling (charging-

discharging) and voltage holding tests were performed in order to study device degradation 

with varying set parameters. Fig. 9(c) shows the plot of capacity retention of the symmetric 

device as a function of cycle number at a high gravimetric current of 10 Ag-1. The cycling 
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stability presented an excellent capacity retention of 84.7 % up to 10.000 constant charge-

discharge cycles, signifying a good electrochemical stability of the device. 

The floating test was evaluated after 10.000 stability test at 10 Ag-1 with monitoring the 

specific capacity after very 10 h interval for up to 100 h and the result is shown in Fig. 9(d). A 

considerable increase in the specific capacity value after 50 h of floating time was observed 

which was attributed to the increase in accessible redox sites. This appreciable improvement 

can be seen clearly after calculating the energy density for each voltage holding time as 

shown in Fig. 9(e). In the first 10 h of voltage holding, the energy density increases by 22% 

and after 50 h the increase was 23% before stabilizing at a value of 20 W h kg-1, 

corresponding to an increase of 14% from the original value of 12.4 W h kg-1. These cycling 

test of the device indicated that the symmetric device showed a good long-term stability 

without any significant degradation. 

4. Conclusion 

In this work, the C-V2NO mesoporous web-like structure were synthesized at different 

nitridation temperatures of 700 °C, 800 °C and 900 °C using the NH4VO3 and C3H6N6 as 

precursors by a facile CVD method, as a novel supercapacitor material. The N2 physisorption 

data of the C-V2NO materials displayed a high specific surface area (SSA) (from 91.6 to 

121.6 m2 g-1) with a pore diameter ranging from ~ 2 to 8 nm. The electrochemical 

performance of the C-V2NO evaluated confirmed 800 °C as the optimum synthesis 

temperature based on the preliminary results obtained. A symmetric capacitor constructed 

using C-V2NO@800C as both positive and negative electrode in a 6 M KOH revealed an 

specific energy of 38 Wh kg-1 with an associated specific power value of 764 W kg-1 at a 

specific current of 1 A g-1 in a wide cell potential of 1.8 V. The C-V2NO//C-V2NO exhibited a 

good cycling stability with 84.7% capacity retention up to 10,000 cycles at 10 A g-1.  
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This excellent stability performance of the device was also confirmed through floating/aging 

test for up to 100 h exhibiting a further improved device electrochemical performance. The 

results obtained demonstrate the potential of adopting the C-V2NO as a good electrode 

material for supercapacitors operated in aqueous electrolytes.  
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         4.4.3 Concluding Remarks  

The C-V2NO mesoporous web-like structure was successfully synthesized at different 

nitridation temperatures of 700 °C, 800 °C and 900 °C using the NH4VO3 and C3H6N6 as 

precursors by a facile hydrothermal method, as a novel supercapacitor material.  

The N2 physisorption data of the C-V2NO materials displayed a high specific surface area 

(SSA) (from 91.6 to 121.6 m2 g-1) with a pore diameter ranging from ~ 2 to 8 nm.  

The electrochemical performance of the C-V2NO evaluated confirmed 800 °C as the optimum 

synthesis temperature based on the preliminary results obtained. A symmetric capacitor 

constructed using C-V2NO@800C as both positive and negative electrode in a 6 M KOH 

revealed a specific energy of 38 Wh kg-1 with an associated 764 W kg-1 specific power value 

at a specific current of 1 A g-1 in a wide cell voltage of 1.8 V. The C-V2NO//C-V2NO 

exhibited a good cycling stability with 84.7% capacity retention up to 10,000 cycles at 10 A g-

1. The results obtained demonstrate the potential of adopting the C-V2NO as a new good 

electrode material for supercapacitors operated in aqueous electrolytes.  
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4.5 High-performance asymmetric supercapacitor based on vanadium dioxide/activated 

expanded graphite composite and carbon-vanadium oxynitride nanostructures 

4.5.1 Introduction 

In the literature, numerous researchers focus the synthesis of composite materials comprising 

of vanadium dioxide (VO2) with activated carbon, graphene and carbon nanotubes to improve 

the electrochemical performance of the VO2. The use of activated expanded graphite (AEG) 

has been rarely explored for supercapacitor applications.  

In this work, we report on the synthesis of a vanadium dioxide/activated expanded graphite 

composite (VO2/AEG) as an electrode material in supercapacitors. The VO2/AEG materials 

were obtained by a facile CVD process. The distribution of the VO2 rods on the AEG surface 

leads to an enhanced interaction which maximizes the electrochemically accessible area.  

This good integration yields good electrochemical performance by providing efficient 

channels for charge and ionic transport. An asymmetric supercapacitor was assembled by 

combining the VO2/AEG composite as a positive electrode and C-V2NO@800C (C-V2NO) 

as a negative. The device displayed high specific energy of 41.6 W h kg−1 associated with a 

specific power of 904 W kg-1 at a specific current of 1 A g-1 and capacity retention of 93% up 

to 10,000 cycles.  

4.5.2 Result and discussion 

The results obtained of the asymmetric device assembled used VO2/AEG composite and C-

V2NO electrodes are presented in the paper below: 
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4.5.3. Conclusion Remarks 

In this work, the VO2/AEG rod-like composite and porous C-V2NO with a spider web-like 

structure were successfully synthesized by CVD method. The powder X-ray diffraction 

analysis of the VO2/AEG composite exhibited the diffraction peaks of the VO2 and AEG 

while a cubic crystal structure was depicted for the C-V2NO.  

The electrochemical performance of the electrode materials (VO2/AEG// C-V2NO) was 

evaluated in a two-electrode asymmetric device with the VO2/AEG composite adopted as a 

positive electrode and the C-V2NO as a negative electrode in a 6 M KOH.  

The VO2/AEG//C-V2NO exhibited a specific energy of 41.6 Wh kg-1 associated with a 

specific power of 904 W kg-1 at a specific current of 1 A g-1 in an operating voltage of 1.8 V. 

These values supersede the recorded values reported in the literature to the best of our 

knowledge for VO2-based devices. The asymmetric supercapacitor showed an excellent 

capacity retention of 93% for up to 10,000 cycling test at a specific current of 10 A g-1.  

The device also demonstrated a good stability through floating test for a period of 100 h 

retaining a high specific energy which improved during the voltage holding process revealing 

that the electrode material-performance appreciated after voltage holding measurements. 

The results confirmed that the VO2/AEG composite and C-V2NO materials are suitable for 

high performance asymmetric capacitor applications. 
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  Chapter 5 

_______________________________________________________________ 

5.0 Conclusions and future work  

In this PhD project, diverse approaches have been studied to synthesize different vanadium-

based materials for supercapacitor applications. In particular, vanadium pentoxide (V2O5), 

vanadium pentoxide/graphene foam (V2O5/GF) composites, Vanadium dioxide (VO2), 

carbon-vanadium oxynitride (C-V2NO) and vanadium dioxide/activated expanded graphite 

(VO2/AEG) composite materials have been reported and elucidated in details.  

The structural, morphological, porosity and compositional properties of the as-synthesized 

materials were carried out by using X-ray powder diffraction (XRD), Raman spectroscopy, 

field-emission scanning electron microscopy (FE-SEM), transmission electron microscopy 

(TEM), Brunauer-Emmett-Teller (BET) analysis and X-ray photoelectron spectroscopy 

(XPS). For all the materials, electrochemical tests such as cyclic voltammetry (CV), 

galvanostatic charge-discharge (GCD), electrochemical impedance spectroscopy (EIS) and 

stability (floating and cycling) test were evaluated using an aqueous electrolyte.  

Vanadium oxide materials have the potential to improve the reduction-oxidation reactions of 

faradaic nature due to their several oxidation states and their layered structures. As all 

transition metal oxides, VO2 and V2O5 also display low specific surface area and poor 

electrical conductivity as compared to graphene foam and activated expanded graphite.  

These two carbon-based materials were used to prepare V2O5/GF (at different mass loading of 

GF) and VO2/AEG composite materials for supercapacitor application.  

Furthermore, detailed studies with the pristine vanadium oxide-based materials involved 

introducing carbon and nitrogen precursors to form carbon-vanadium oxynitride materials. 
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This incorporation enhanced the SSA and the electrical conductivity of the materials, which 

led to a corresponding improvement in the electrochemical performance.  

 

Figure 5.1: Ragone plot of vanadium-based devices for a symmetric and asymmetric devices. 

Remarkably, a web-like C-V2NO nanostructure was obtained via the variance of the growth 

temperature ranging from 700 °C to 900 °C. The C-V2NO@800 °C material was adopted as 

the optimal temperature to synthesize the most electrochemically active electrode material due 

to the novel web-like morphology, high SSA and the high carbon (66.98 at%) and nitrogen 

(9.38 at%) contents. It also displayed variable oxidation states from V2+ to V5+ which could 

potentially increase the specific capacity of the material. 

The ability to incorporate carbon into this web-like pristine materials and its adoption as an 

electrode material for supercapacitor application has also been proven to be an efficient and 

reliable means of boosting the overall energy storage capability. 

Based on all the vanadium-based device assembled and tested in this study, a Ragone plot is 

presented in Figure 5.1 at different specific currents operated in the same aqueous electrolyte 

(6 M KOH) to compare their individual device performance. From the figure, all vanadium-

based devices exhibited a remarkable specific energy as a function of specific power, which 

make them ideal candidates for supercapacitor applications. These results confirm the 

importance of incorporating carbon nanostructured material in a bid to improve the specific 
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surface area and electrical conductivity of the vanadium based materials, which led to 

improved electrochemical performance.  

Specifically, the symmetric device with C-V2NO electrodes materials had a comparable 

specific energy and specific power metrics as compared to some of the asymmetric devices 

studied. This is linked to the appropriate pore size distribution which is beneficial for 

enhanced electrochemical performance through electrolyte ion dynamics. This inspired the 

adoption of the C-V2NO nanostructure as suitable electrode material in an asymmetric 

supercapacitor. When used as a negative electrode material with a vanadium/carbon–based 

composite materials (VO2/AEG) as the positive electrode, the overall hybrid supercapacitor 

demonstrated the best charge storage properties as observed on the Ragone plot.  

These results therefore demonstrate the potential of the web-like C-V2NO nanostructured 

composite as an ideal energy storage electrode material for high-performance supercapacitors. 

It also opens a new insight into the electrochemical properties of these carbon-vanadium 

oxynitride materials as suitable negative electrode materials in asymmetric devices.  

Further studies in the future will involve studying the electrochemical performance of these 

mesoporous web-like carbon-vanadium oxynitride nanostructures in ionic liquid electrolytes 

to design extended operating voltage devices with higher specific energy without 

compromising on its specific power. The electrochemical performance could be investigated 

and compared in different electrolytes to conclude the best suitable electrolyte for hybrid 

supercapacitor applications. 

Another design consideration worth exploring will involve investigating the synergistic effect 

of introducing faradaic (battery-type) materials for testing in batteries. The incorporation of 

another metal-based material into the mesoporous web-like vanadium oxynitride to form bi-
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metallic oxynitride nanostructures could also be an interesting aspect to study in future 

research projects. 

           

 




