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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.

Vi



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-V>NO as a negative electrode, demonstrated a 41.6 Wh kg™ specific energy
and specific power of 904 W kg™ at a specific current of 1 A g*. 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.
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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].



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



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 10° 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 (CNTSs) and zero dimensional (OD) 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 CNTSs.

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™ [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.



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 RuO- [25], MnO-

[26], CoOx [27], NiO [28], V205 [29], VO [30] among others.



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 V°*). Among the various vanadium
oxides, vanadium pentoxide (V20s) and vanadium dioxide (VO) 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 [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



performing hybrid supercapacitors has become a recent research hot topic. Some metal oxides
such as molybdenum oxide (M0oOs-) 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].



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 V205 and V20s/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 VO.//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-V:NO for high performance asymmetric

supercapacitor



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

(Eq), specific power (Pq), 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].

Supercapacitors lithium-ion Batteries
Parameters ‘.—,“ -
Charge time 1 - 30 seconds 1 -5 hours
Discharging time 1-30 seconds 0.3 hour
(charge-cli_igcertlianr]gee cycles) e 1000
Specific energy (Wh kg?) 1-10 10-100
Specific power (W kg?) 10 000 <1000
Safety Safe Less safe
Lifespan 10 - 20 years ~ 5 years
Operating temperature 4010 + 65 °C ~0to + 40 °C

range

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 SuperCapacitor™ 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?) and the

maximum specific power (Pmax in W kg1) in SCs are obtained by using the equations 1 — 2 as:

E= %cspv ? (1)
V 2
P = (4mR) @)

where Csp, (in F g1) 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 Q) 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;

e Electric double-layer capacitors (EDLC) arising from the accumulation of charges at
the electrode/electrolyte interface and
e Faradaic capacitors and/or pseudocapacitors which is related to the storage from fast

redox reactions
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e 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.

| Faradsic. . < >)EDL... |

Hybrid
Capacitors

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 19" 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;

C: r-o (3)

where & is the electrolyte permittivity, & 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].

<>
Diffuse layer

(d - double layer distance
by Helmholtz model ) Stern layer

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

(Cn) and the diffusion region capacitance (Cpitf) and is expressed as [55];

(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 Cr of
this device is calculated as:

111 )

where, C, =Cyx A , and C; =C4 x A 5, with Aj is the surface area of the porous electrodes

(AorB)

e C, =C,, fortwo identical electrodes and the total capacitance is equal to Ca/2.

® C,{{Cg, hybrid devices with a pseudocapacitive electrode and the total capacitance is
givenbyC, =C;.
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 (AV) 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 Nb.Os 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).

a) Underpotential b) Redox c) Intercalation
Deposition

Au + xPb?* + 2xe” = AuxPb,4|RUO,(OH) +6H*+ Se” € RuO, 4(OH),,s|Nb,O¢ + xLi* + xe" > Li,Nb,0Os

5 .
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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 RuO; 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
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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 m? g1), 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 m? g*), 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 (CNTSs) 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). SWCNTSs present a single graphene sheet wrapped into a cylindrical tube while
MWCNTSs 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 sp? 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?, a theoretical SSA of ~ 2600 m? g%, a high intrinsic strength of ~ 130 GPa, a

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

Carbon atom

"

Figure 2.6: Schematic structure of a graphene sheet.

Maolecular bond
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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 (~cm?) 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 Q 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 ® — ® 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, MnO, 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, K.COsz, H3POs, and ZnCl, 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].
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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™?
) 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)> 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 RuO and IrO; and the
base transition metal oxides including MnO2, V203, C0304, NiC0204, VO2, V20s, ZnV20a4,
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", V# and V°*) 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 (H2VOs or HVO4?) 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 V20s. After the oxidation process, they obtained a vanadium oxide material with
the presence of V3*, V#*, and V°' [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].
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Vanadium pentoxide (V20s) and vanadium dioxide (VOy) are also two commonly studied
transition metal oxides adopted as electrodes material in SCs. Several synthesis methods have
been developed to prepare V20s or VO, such as hydrothermal synthesis [186], melt
quenching method [187], solvothermal process [188], sol-gel method [189], pulsed-laser

193

deposition ***, chemical vapor deposition [192].

a) Vanadium pentoxide (V20s)
Vanadium pentoxide (V20Os) 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*, V** and V°*) 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 V20Os 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 V2Os nanoporous network using a
simple capping-agent-assisted precipitation technique at different temperatures. The
electrochemical performance of the V20s 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
!, The interconnected nanoporous network of the V.Os 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].
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Qu et al. [180] synthesized a composite material which comprised of a polypyrrole (PPy) core
shell grown on V205 nanoribbons by using dodecylbenzenesulfonate (DBS") as a surfactant.
They further fabricated an asymmetric device with activated carbon used as a cathode
electrode and PPy@V-.0s as an anode electrode using 0.5 M K2SO4 as the electrolyte in an
operating voltage of 1.8 V. The Ppy@V:0s//AC supercapacitor displayed a 42 W h kg
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 V20s, an improved charge-transfer and polymeric coating effect of Ppy [180]. Similarly,
Chen et al. [23] fabricated a composite material comprised of CNT and V:0s by
hydrothermal method. In their study, they assembled an asymmetric device with a thick-film
CNT/V.0s 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? with a
specific power of 210 W kg 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/V>Os xerogels nanocomposites from a commercial
graphene using a hydrothermal method. The specific surface areas of the graphene/V20s
xerogels nanocomposites and V20s xerogels were about 7.65 and 3.99 m? g respectively
showing the effect of incorporating graphene into the main vanadium-based material. The
specific capacitance of the nanocomposite (195.4 F g) was higher than that of the pristine

V,0s xerogels (127.7 Fgt)at 1 A gtin 0.5 M K2SO4 [196].

b) Vanadium dioxide (VO3)
Very recently, vanadium dioxides have attracted increasing attention as an electrode material

in supercapacitors. Vanadium oxide displays a rich polymorphic stable and metastable forms.

37



Generally, vanadium dioxide (VO.) has several polymorphs such as VO2 (A), VO2 (M), VO2
(R), VO2 (B), VO (T) and VO (bcc) [178,197].

However, VO2 (A), VO2 (R), VO2 (M) and VO (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)—VO02(A) —VO2(R) by
using hydrothermal method. In addition, VO (M) possesses an exciting phase change from
monoclinic (at a temperature about 68 °C) to VO (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]. VO exhibits a stable
pseudocapacitive behaviour with a high specific capacity and reactivity [202]. Specifically,
VO: (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 at a specific current of 0.5 A g* and a good cycling
stability in 1 M NaxSOs. The VO (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 CNTSs as a core and
the VO2(B) as the shell [189]. Pan et al. [204] reported on the reduction of the resistance of
VO powder film by ~ 3 orders of magnitude using a Hz treatment technique. The symmetric

device delivered a 300 F g specific capacitance with a specific energy of 17 W h kg* at a
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specific current of 1 A g tested in 1 M Na,SOa. The cycling stability of the Ho-treated VO

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

Ma et al. [205] reported the first negative electrode material of 3D irregular ellipsoidal VO in a
CVD system at high temperatures (900 °C) by using a NH4VOs precursor. In a three-electrode
configuration, the VO 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 NaSO4 electrolyte. In the
two-electrode configuration, the VO.//\VO. symmetric capacitor exhibited a specific capacitance of
60 F g at a specific current of 0.25 A g*. The specific energy and the specific power values of the
symmetric device were 21.3 W h kg™ and 207.2 W kg, respectively. They concluded that VO,
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 + VO/HMB as the
positive electrode and a commercial activated carbon (AC) as the negative electrode tested ina 1
M K3SO;4 electrolyte. The asymmetric device delivered a 14.5 W h kg specific energy density and
an associated specific power of 0.72 kW kg*. 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
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Figure 2.8: lllustration 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 NisN, 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 NHz 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 (opux = 1.67 x 106 Q™ m™) [217]

and a high molar density (= 6.0 g cm™®) [169].

The VN adopted in supercapacitors, have produced an excellent specific capacitance of up to
1340 F gt at 2 mV st and 554 F g? at a scan rate of 100 mV s 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
VO from the commercial V20s in a N2 gas flow. The VOxNy electrode displayed a specific
capacitance of 80 F g* 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 m? g1) [213].

Several other reports on vanadium nitride and oxynitride materials entail the use of vanadium
oxide precursors such as VO2 or V20s 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 NHs reduction of V20s/PVP xerogel by a sol-gel method. They demonstrated that
the VOxN,-C electrode (specific capacitance of 271 F g!) 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 m? g) as compared to the VOxNy (28.8 m? g1) 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 m-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 ¢ = 3 to 1000 S
cm™), polyaniline (PANI, with ¢ = 0.01 to 5 S cm™), and polypyrrole (PPy, with 6 = 0.3 S
cm™ to 100 S cmt) [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 (RuOy).
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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
RuO- 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 H20 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 (H2SOs 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™) and low cost [82].

45



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 (V20s)
nanowires to obtain a nanocomposite synthesized via a simple in-situ hydrothermal process.
In the study, they assembled an asymmetric supercapacitor using the V20s/CNTs
nanocomposite electrode (with 33 wt% CNTSs) as the negative electrode and MnO2/carbon

composite as the positive electrode in 1 M NazSOa.

The asymmetric device based on these nanocomposites delivered a specific energy of 16 W h
kg with an associated specific power of 75 W kg™ at 0.64 mA cm™ in a 1.6 V cell voltage
[234]. Deng et al. [235] synthesized graphene/VO. (RG/VO.) hybrid materials by a
hydrothermal technique. They fabricated an asymmetric device with the graphene/VO;
(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 and a specific power of 425 W kgt at 0.25 A g1 [235]. Therefore, the hybrid capacitor

have the power to boost the voltage of the aqueous electrolyte.

2.6.2 lonic liquids
lonic 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]. lonic 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(CF3:SO2).]) [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™) 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*
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 H2S0s). 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™) 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 (EtsN*), with tetrafluoroborate (BF4’), or hexafluorophospate (PFe’)
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

liqguid—molecular solvent (acetonitrile or y-butyrolactone ).

Room temperature ionic liquids (RTILs) were added either to ACN or y-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, EsN*BF4", in the standard electrolyte for the safety of the supercapacitor
device [249]. Foo et al. [250] synthesized a vanadium pentoxide-reduced graphene oxide
(V205-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 LiClOg4 in propylene carbonate as an organic electrolyte. They presented an asymmetric

flexible device based on RGO/V20s-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 Q 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.
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Figure 2.10: Effect of the electrolyte on the supercapacitors performance [247].
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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

RE: Reference electrode
WE: Working electrode
CE: Counter electrode

Electrolyte

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.

o 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.

o 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.

o 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).

- » Positive case
~ > Positive electrode
» Separator
» Negative electrode
— » Spacer
Supercapacitor ‘ .
| Spring
A » Negative case
—

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

Y

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.
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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 = Cg. The total capacitance is thus half the capacitance of the single electrode
(Ct = Cal2). The specific capacitance of the single electrode (Csp) is related to the specific
capacitance of the full-cell by:

_4IAt

o =4 T av

sp

(6)

where | is the specific current (in A), 4z is the discharge time from the slope of the
galvanostatic charge/discharge curve, AV 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 Cg). 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;
Q=Q ()
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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o In the case where the positive and the negative electrodes are EDLC materials,
equations (8) and (9) are applied as follows;

Q=C,, xmx AV (8)
given that,

I <ty

T mMx AV

where Csp is the specific capacitance of the electrode (F g1), to is the discharge time (s), Ip is
the gravimetric applied current (A g1), 4V is the working potential (V) and m is the mass (g)

of the active material.

Thus, the mass balancing equation is applied as follows:

m+ Cg, XV
m— C..xV

sp+ +

9)

o 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 g1) is then calculated according to equation 10 [76] expressed as:

| xt
mAhg')=——-2t
QA 9°) mx3.6 (10)

and the mass balance between the positive and the negative electrodes is given by:

m+ _ (ItD)—
m (), (1)

The general expression of the specific energy (Eq in Wh kg?) from equation (1) and the

specific power (Pq in W kg™) are calculated using equations (12) and (13) [253-255].

-1 —_ Id
E W hkg)=-% [NIOL: (12)
Ed
Py (W kg*) =3600-= (13)

D
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where lq is the specific current in A g2, tp 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! 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.

56



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.

(a) (b)

Potential (V)
Potential (V)

Time (s) Time (s)
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 (@ = 24f ) 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]:

V =V, +AV sin(at) (14)
1(t)= I, + AV sin(at - ) (15)
where Vo and lo are the initial state potential (V) and current (1), in this thesis Vo is the open
circuit potential of the material, Vo and lo are 0, w is the pulsation (where f is the signal
frequency) and 4V and 47 are the amplitudes of the signal (V), ¢ 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 Z"), 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 (Rq called equivalent series resistance (ESR)) of the three and two electrodes

configurations [261].

_IJ.F'

Rg Rp® Ry i'
Figure 2.15: Nyquist plot with Rct and Re.

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 Rq 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 (> 10* 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 (et), capacitance/capacity retention
(specific capacitance/capacity) and the energy efficiency (ne) are determined from the charge-
discharge curves. The coulombic efficiency and energy efficiency can be calculated using the
following equations [263]:

¢ = 2 %100 (16)

Cc

where tp and tc are the discharge and charge time, respectively.

E
N = E—D x100 (17)

(o

where Ep 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

S
M

critical for the capacitor’s stability [266].

-

floating floating

Cell voltage (V)

Time (h)

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.

CARBOLITE
YOEROKL: -

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 V20s) and vanadium

pentoxide/graphene foam (V20s/GF) composites

The pristine 3D V205 was synthesized by mixing 0.36 g of bulk V2Os (analytical grade) and 5
mL of 30% H20, 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 V20s sample. Figure 3.2

displays the synthesis route used to prepare the pristine 3D V20s.

r \ ( \ Hydrothermal
190°C@ 20 h
H,0, V,05
Freeze drylng
/’ H,0 \ After vigorous A

stirring Autoclave

Figure 3.2: Schematic of the synthesis process of 3D V20s.

The same procedure described for the synthesis of pristine V20s was repeated for the
synthesis of the V2Os/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 V20s/GF-50 mg, V20s/GF-100 mg, V20s/GF-150 mg and

V>05/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 VO
sample at various growth times (2.5, 4, 6 and 12 h) as shown in Figure 2.2. Initially, bulk
V205 powder (1.2 g) and H2C204-2H20 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 VOC,034 solution

(0.33 M) was formed.

Then 6 mL of the obtained precursor VOC,04 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 VO (A) and VO (B) materials.

Vanadlum leXIde

V205
lH20204'2H20 VOC.0 6 mL+V00204
2V4
solution 80 MLIsopropanol  p5ciave
%y 5 —
) k ) k Yoy il ;
o ,) O _p || -
—
After stirring Stlrrlng for # time: 2.5h, RGMN’U“
for3h@80°C 20min@ 80 °C 4h, 6h
and 12 h

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 (NHsVOs, 99%) and 5 g of melamine (CsHeNs, 99%) in an
agate mortar with a few drops of ethanol (CH3CH>OH, 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 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-V.NO@700 °C. This process was repeated at
different growth temperatures of 800 °C and 900 °C to form C-V>NO@800 °C and C-
V>NO@900 °C.
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NH,VO,

web-like
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-V>NO 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 NH4VOz 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™! 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 VO./AEG composites.

98



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:

nA=2dsiné (1)
where n is an integer value (1,2,3...), A is the wavelength of the incident x-ray, d is the spacing
between the diffracting planes and 0 is the incident angle. The angle between the projection of

the X-ray source and the detector is 26.

Consequently, the X-ray diffraction pattern constitute a‘uniqueé 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 6/20 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, UIm 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 x 2028 pixels and

operated at 200 kV as shown in Figure in 3.9.

_
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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 Il

3020 (version 2.00) for all the vanadium-based materials. This Micromeritics TriStar Il
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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/PO (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-
Ka or Mg-Ka) 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°° 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 pm monochromatic Al-Ka 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/AgClI (3 M KCI) 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 (V20s) is a promising applicant for ultracapacitors electrodes.

V205 presents the advantage of unique layered structures, high specific capacity and its wide
operating potential window arising due to the mixed oxidation states (V2*, V¥*, V#* and V**)

[4,5]. Unfortunately, V20s exhibits poor electrical conductivity and cyclic stability [6,7].

As a result, numerous V20s-based composites with carbon (V20s/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 V.Os 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
V,0s/reduced graphene oxide nanocomposites recorded an improved performance as
compared to the V205 alone [5]. Recently, Hoa et al. [17] reported on the controlled growth of
flower-like V20s onto the graphene@nickel foam. In their study, an in situ growth of V205
was used to synthesis the NF/G/V20s composite by hydrothermal method. The NF/G/V20s

composite exhibited an excellent electrode performance [17].

In this work, we report on the synthesis of V20s and V.Os/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 V20s/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-a-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 V.05 and the V20s/GF

composites with varying mass of GF (50 — 200 mg) is detailed in the following paper:
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1. Introduction

A lot of proficient high energy storage technologies have been
developed due to the increasing demand for conversion of renew-
able energy resources {such as wind, solar, geothermal, and bio-
mass etc.) into usable energy to efficiently deal with the
generated energy for productive use [1-4]. Actually, supercapaci-
tors and batteries are the most common devices for electrical
energy storage [S]. Supercapacitors (SCs) or ultracapacitors
referred to in some instances as electrochemical capacitors {ECs)
are extensively studied mainly due to their high power density
[6,7] and their reversible energy storage capability as compared
with other energy storage devices such as dielectric capacitors, sec-
ondary cells, fuel cells, and lithium-ion batteries [8].

Ultracapacitors could be used concurrently to complement bat-
teries or as complete alternative to batteries. In addition to their
high power density, ultracapacitors also exhibit a long cycle life
[9,10], high energy efficiency [11,12] among other properties.
However, most ultracapacitors possess a low energy density, as
compared to batteries/fuel cells and this has aroused researchers
to improve their energy density [13,14].

Ultracapacitors are divided into three types in relation to their
energy storage mechanism: {1) Electric double-layer capacitors
{EDLC), which arises from the accumulation of charges at the elec-
trodejelectrolyte interface and the commonly used materials in
EDLCs are carbon-based, (2) Faradaic supercapacitors in which
the storage results from the fast redox reactions and common
materials adopted in this type of capacitors are transition metal
oxide and hydroxides (TMOs/TM-OHs), redex polymers and (3)
Hybrid capacitors which utilize materials of both EDLC and Fara-
daic nature [15]. A common subclass of hybrid capacitors is the
asymmetric ultracapacitors which are obtained by assembling
two dissimilar materials as the positive and negative electrode
components of the full device. The positive electrodes are mostly
metal oxides [ 16-21], conductive polymers [22], metal hydroxides
[23] and their composites with carbon materials, while the nega-
tive electrodes are generally carbon-based materials [17,24-28].

The hybrid capacitor design has been developed and postulated
to solve the limitations of both EDLCs and Faradaic-type ultraca-
pacitors via the low specific capacitance from activated carbons
and the low conductivity and poor cycleability problems associ-
ated with metal oxides/hydroxides [29].

Transition metal oxide-based ECs exhibit much higher specific
capacity as compared to carbon-based ECs [ 15] due to their ability
to exist in variable oxidation states [30]. Efforts have been devel-
oped to find low-cost metal oxides due to the high cost of
ruthenium (Ru0;) which limits its applications | 20]. Amongst the
low-cost metal oxides, vanadium pentoxide {V,0s) is a promising
candidate material for ultracapacitors electrodes.

V,05 presents the advantage of unique layered structures, high
specific capacity and its wide operating potential window arising
due to the mixed oxidation states {V**, V¥, V!* and V**) [31-33].
Unfortunately, V;05 exhibits a poor electrical conductivity and cyc-
lic stability [34.35]. As a result, numerous V;0s-based composites
with carbon (V,0sfcarbon) have been studied to improve the con-
ductivity issues related to its adoption as supercapacitor material
[35-41].

Recently, graphene-based materials have also been considered
as an ideal candidate for energy storage because of their outstand-
ing properties such as the good electrical conductivity, high theo-
retical surface area ~2600 m* g" and thermal stability [42]. The
combination of the metal oxide with graphene-based materials
serves generally to improve the electrochemical performance of
as-prepared composite electrode due to the excellent conductivity
of the graphene coupled with the high specific capacity of the
metal oxide [32,43].

Li et al. [33] studied nanocrystals of V,0s integrated onto
reduced graphene oxide sheet. In their work, a solvothermal tech-
nique was used to synthesize the composite material followed by a
subsequent annealing step for device applications. They used gra-
phene oxide sheets as a template to synthesis V,0, nanoparticles.
The V,0s/reduced graphene oxide nanocomposites recorded an
improved performance as compared to the V05 alone [33)].
Recently, Hoa et al [44] reported flower-likes of V,05 onto the gra-
phene@nickel foam. In their study, an in situ growth of V205 was
used to synthesise the NF{G/V20s composite by hydrothermal
method. The NF/G{V20s composite exhibited an excellent electrode
performance [44].

Herein, we report on the electrochemical performance of as-
synthesized orthorhombic V;0; nanosheets and its composites
with graphene foam, by hydrothermal method and a freeze-
drying process. The electrochemical performance of the as-
synthesized V505 and V,05/GF composites were analyzed in half-
cell configuration using 6 MKOH aqueous electrolyte. Further-
more, we evaluate V,05 nanosheets with 150 mg of GF {V,05/GF-
150 mg) composite which was found to be the best performing
composite, as a positive electrode in a two-electrode asymmetric
cell device with a carbon-based negative electrode at a high oper-
ating cell voltage of 1.6V in 6 M KOH electrolyte. The full cell
device delivered energy and power densities of 39 Whkg~! and
947 W kg respectively at a specific current of 1 Ag~! with excel-
lent stability demonstrated through 74% capacity retention up to
10,000 cycles and voltage holding up to 130 h techniques.

2. Experimental section
2.1. Materials

Vanadium pentoxide {V,0s, purity >98%), Hydrogen peroxide
solution (H20,) 30%, aniline hydrochloride (CsHsNH,-HCI, purity
99%), ammenium persulphate ({NH,);S;05, purity _99%) and iron
nitrate nonahydrate {Fe{NO;);-9H,0, purity _99.95%) were pur-
chased from Sigma-Aldrich. Nickel foam (NF) substrate {420 g m®
areal density) was obtained from Alantum {Germany) while Potas-
sium hydroxide (KOH, min 85%) pellet was purchased from Merck
(South Africa).

2.2. Synthesis of graphene foam (GF)

The graphene foam (GF) synthesis by chemical vapor deposition
(CVD) method was achieved by using a pre-cleaned polycrystalline
nickel foam (NF) as a growth template. The NF was placed at the
center of a CVD quartz tube. It was annealed under an argon,
methane and hydrogen gas mixture at 1000 °C. After cooling down,
the graphene/nickel foam was dipped ina 3 M HCl sclution at 80 °C
to ensure complete etching of the nickel scaffold. Finally, the recov-
ered GF was washed several times with deionized water {DI) and
dried at 60 °C [45].

2.3. Synthesis of V»05/GF composites

Firstly, pristine V205 nanosheets were synthesized by mixing
0.36 ¢ of bulk V405 (analytical grade) and 5ml of 30% H,0, 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 50ml 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 [51] to obtain the final product V,05 sam-
ple. The same procedure described for the synthesis of pristine
V505 was repeated for the synthesis of the V,05/GF composites
with GF being introduced along with the precursors. Simply, a
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Scheme 1. Schematic of the synthesis process of V.05/GF compasite.

varying mass content of GF (50-200 mg) was added to 30 ml of DI
before adding the precursors and the process is demonstrated in
Scheme 1 below

2.4, Pyrolysis of Fe-cation adsorbed onto polyaniline (C-Fe/PANI)
adopted as an anode

Briefly, polyaniline (PANI) was originally synthesized by mixing
50 ml of 0.2 M aniline hydrochloride (CgHsNH-HCl) solution and
50 ml of 0.25 M ammonium peroxydisulfate (NH4)»5,0g) solution
with a measured volume of 1.0 M HCl. The detailed description
of C-Fe/PANI from PANI is described by Rantho et al [46].

2.5. Structural and morphological characterization

X-ray diffraction (XRD) spectra of as-synthesized orthorhombic
V305 nanosheets and the V,05/GF composite were collected using
a diffractometer {Brucker D8 Advance) with theta/2theta geome-
try, operating with a Cu X-ray source at 26 values ranging from
15° to 60° with a step size of 0.04°. Raman spectroscopy measure-
ments were obtained using a WiTec confocal Raman microscope
(WITec alpha300 R, Ulm Germany) with a 532 nm laser wave-
length and spectral acquisition time of 60 s. The specific surface
area (SSA) of the samples was obtained by the Brunauer-Emmet
t-Teller (BET) method in the relative pressure range (P(Py) of
0.01-1.0. The pore size distribution obtained from the desorption
branch of the isotherm using the Barrett-Joyner-Halenda (BJH)
method and density functional theory (DFT) pore size distribution
data. The morphology of the V,0s, graphene foam (GF) and V,05/
GF composites was obtained from a high-resolution Zeiss Ultra
plus 55 field emission scanning electron microscope {FE-SEM),
operated at a working voltage of 2.0kV. Transmission electron
microscopy (TEM) analysis was done with a JEOL JEM-2100F
microscope operated at 200 kV {Akishima-shi, Japan). X-ray photo-
electron spectroscopy (XPS, K-alpha, Thermo Fisher) with a
monochromatic Al Ko radiation as the X-ray source was used to
irradiate the sample surface in order to determine the surface
chemistry of the samples.

2.6. Electrodes preparation and electrochemical characterization

The electrochemical properties of the V,0s, V,05/GF and C-Fef
PANI electrodes were analyzed in a three and two electrode config-
uration using a Bio-Logic VMP-300 (Knoxville TN 37,930, USA)
potentiostat to obtain the material's energy storage behavior at
various scan rates and specific currents, In the half-cell configura-
tion, a glassy carbon counter electrode and Saturated calomel elec-
trode (SCE) reference electrode were used with the active materials
as a working electrode to complete the testing circuit in a 6 M KOH
aqueous electrolyte. The half-cell electrochemical characterization
was performed to determine the electrode performance for opti-
mization of V,05/GF composites as a positive electrode and the
C-Fe/P as a negative electrode for asymmetric device fabrication.
The V505 and V,05/GF electrodes were fabricated by mixing

weighed amounts of V,05 and V,05/GF with carbon black conduct-
ing additive and polyvinylidene difluoride (PVDF) binder in a mass
ratio of 80:10:10. A few drops of N-methylpyrrolidone (NMP) was
dispersed in the mixture to form a slurry in an agate mortar. This
was pasted onto a pre-annealed nickel foam (NF) substrate with
an area of 1 x 1 em?. The coated NF electrodes were dried at 60
°C in an electric oven for 12 h in order for the NMP to completely
evaporate. The masses of the V505, V205/GF composites electrode
with different GF mass loading were approximately kept at 2.0
mg for comparison sake. The electrochemical performance of the
V,05/GF electrode was also evaluated in a two-electrode cell. The
asymmetric device was carried out using V,05/GF-150 mg as a pos-
itive electrode due to its superior electrochemical performances as
compared to other composites and C-Fe/PANI as negative electrode
assembled in a coin cell (thickness =0.2 mm and diameter = 16
mm) with glass microfibre filter paper used as a separator in 6 M
KOH aqueous electrolyte. The masses per unit area of the V,05f
GF and C-FP electrodes were within 2-3 mgem 2 and 2.6-3.9
mg cm 2, respectively.

3. Results and discussions

X-ray diffraction {XRD) analysis results of V505, GF and V,05/GF
composites are presented in Fig. 1. Fig, 1a displays the XRD spectra
of the as-prepared V,0s5, The diffraction peaks of the as-prepared
V,05 located at 20 =22.9, 30.8 and 38.5° correspond to the Miller
indices of (003), (004) and (005) of an orthorhombic V205
(JCPDS Card No. 40-1296) [47,48]. Analysis of the spectra for the
as-prepared pristine V,05 reveals a preferred (00 1) direction ori-
ented growth for the sample. In Fig. 1b, a typical (0 0 2) distinctive
peak is observed which is located at an angle of 26 = 26° (JCPDS
Card No. 75-1621) [49] value which confirms the successful syn-
thesis of a graphitic material.

Fig. 1c displays the diffraction pattern for the V,05/GF compos-
ites for different GF mass loading. From the spectra, the character-
istic diffraction peaks of the V,0s and GF are recorded, confirming
the successful incorporation and presence of GF in the V,05/GF
composites [50,51]. Fig. 1d shows the XRD pattern of the freestand-
ing C-Fe[PANI powder sample without the Ni foam template, The
diffraction peaks for C-Fe/PANI material is linked to an orthorhom-
bic Fe;C structure (1CSD card no. 16593). Other forms of Fe-based
compounds were also recorded in the XRD spectra such as
arthorhombic FeS (ICSD card no. 35008) and metallic Fe recorded
at a 20 value of 52° [46). Detailed elucidation of the origin of these
peaks has been discussed in Ref. [46].

Raman spectroscopy was further used to study the phase struc-
ture and identify different phases of the as-prepared materials at
the molecular level. The Raman spectroscopy analysis of the GF,
V505 and V,05/GF composites are shown in Fig. 2a. The Raman
spectrum of graphene foam contains two peaks at ~1570 and
2700 cm™! corresponding to the characteristic G and 2D band of
graphene as shown in Fig. 2a. The G and 2D peaks positions
observed are related to the vibration mode of carbon sp? and dou-
ble resonance process, respectively 49,52
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These two peaks G and 2D of the graphene foam are also
observed in the V,05/GF composites which are located at ~1572
and 2702 cm™!, respectively. It also shows that the 2D-to-G peaks
intensities ratio (Ipflg) of the graphene in the composites is <0.58
and the 2D peak full width at half maximum (FWHM) is in the
range of 70-80 cm ™' which confirms the few-layer graphene into
the V,05 matrix. As observed in Fig. 2a, the I,p/l; ratio decrease sig-
nificantly as the GF mass loading is increased. Since 2D peak is very
susceptible to the impurities its reduction is an indication of more
interaction of graphene with V,0s5. The Raman band at 95.3, 142,
283, 405, 518, 693, 993 cm™' are seen in V05, and the V,05/GF
composite and are associated with the orthorhombic V05
nanosheets stretching mode [33,53]. The low intensity at 95.3
cm™' is related to the bending vibration (A,) which can be
described in terms of external modes of V505 units [54]. The high
intensity peak at 142 cm™! wavenumbers is linked to the bending
vibration (Bs; species) associated with the layered structure
|55,56]. The Raman band located at 283, 405, 540, 693 cm ™' are
due to the bending vibrations of O—V—0 bond (B;; mode) and
asymmetric stretching of the V—0—V bond (A; mode). The band
at 993 cm ™~ is attributed to the stretching of the V=0 arising from
of the typical bands of V,05 crystallites [53,57]. Fig. 2a shows also
the Raman spectrum of as-synthesized graphene foam.

Fig. 2b shows the Raman data of as-grown graphene foam taken
from different spots of the same sample. From the figure, it is clear
that GF consists of different thicknesses throughout the sample
ranging from monolayers, bilayers and a few layers. The layer dis-
tribution can be crudely determined by using lpflg and FWHM of
2D peak where for instance, L/l >3 and the 2D peak with the
FWHM in the range of 28-38 cm ™! demonstrate the characteristics
of a monolayer graphene. The lup/lg ratio of ~1 and the 2D peak
with FWHM in the range of 40-65 cm ™! demonstrates characteris-
tics of bilayer graphene and the Iyp/l; ratio <0.6 and the FWHM
approximately >70cm™! are features of few-layer graphene.
Moreover, the absence of the D-band (at ~1350 cm™ ') in the spec-
tra shows high-quality of as-grown graphene foam since its pres-
ence demonstrates defects in the translational symmetry of the
carbon lattice. The values obtained from the lypflg ratio and the
2D peaks FWHM in Fig. 2a can confirm the incorporation of gra-
phene into the V,0s.

Fig. 3 displays the results from the BET analysis with the N,
adsorption-desorption isotherms for the V.05 and V,05/GF
composite with different GF mass loading. A type Ill isotherm with
an H3 hysteresis loop was recorded for the V,05, V,05/GF-150 mg
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Fig. 3. N2 absorption/desorption isotherms of V,05 and V,04/GF composites.

and V,05/GF-200 mg while a type Il isotherm with an H3 hystere-
sis loop was depicted for the V,05/GF-50 mg and V,05/GF-100 mg
samples. These H3 hystereses for the V405 and V,05/GF composites
with different GF mass loading indicate the presence of non-rigid
aggregates of plate-like particles [58].

The noticeable difference in the N, adsorption-desorption iso-
therms (type 11 and III) of the V,05/GF composites could be due
to different integration to the varying amount of GF in the V205
network which could influence the specific processes of structure
evolution during the crystallization; nucleation, island growth,
coalescence of islands, formation of polycrystalline islands and
channels. The specific surface areas (SSAs) calculated for GF, V,05
and V,05/GF composites with different GF mass loading are sum-
marized in Table 1. As observed, the specific surface area increases
with increasing amount of GF added up to 150 mg. Then, it
decreases with an increase in the mass of GF at 200 mg.

The BET analysis revealed that the V,05/GF-150 mg has higher
SSA than all other composites. This is due to the fact that initial
incorporation of GF into the pristine material framework is still
too little for enhancement of pore development. Sufficient
amounts of GF incorporated into the pristine V,05 framework yield
the V,05/GF-150 material which demonstrates a high specific sur-
face area coupled with an optimized pore network which could
contribute to an excellent transport of electrons and ions in device
energy storage applications.

The results from the morphological analysis of the V05, gra-
phene foam and V,05/GF nanosheet-like composite samples are
presented in Fig. 4. The SEM micrograph of the V,05 sample
(Fig. 4a) is composed of a nanosheet-like structure with very
thin-flakes. The interconnected V,05 sheets are built from numer-
ous nanosheets randomly merged into three-dimensional (3D)
architectures.

Fig. 4b shows the SEM image of the graphene foam showing a
sheet-like morphology [45] which are connected by weak van
der Waals interactions [59]. Fig. 4c-f show the SEM image of as-
synthesized V,05/GF composites for varying the mass content of
GF present (50-200 mg). Fig. 4c, d and f show a partial integration
of the GF on the surface of the V.05 and could negatively affect the
electrochemical performance of these composites because of the
composites not being able to take advantage of each material’s
properties. However, a complete and efficient integration of the
GFis seen in Fig. 4e when 150 mg of the graphene is added. A good
interaction between the GF sheets and the V,0s nanosheets is
exhibited which could provide efficient channels for charge and
ionic transport within the composite when adopted as electro-
chemical device electrodes because of the good electrical conduc-
tivity, high specific surface area and stability provided by GF.

Based on the results obtained from the BET and SEM analysis in
Figs. 3 and 4 respectively, further analysis of the V,05 and V,05/
GF-150 mg composite was done using TEM and X-ray photoelec-
tron spectroscopy (XPS). The TEM images were further used to
investigate the morphology of the V,0; and V,05/GF-150 mg as
shown in Fig. 5. The TEM micrograph revealed the presence of
thin-sheets of flake-like vanadium pentoxide architectures shown
in Fig. 5a. In Fig. 5b, the V,05/GF-150 mg composite material
clearly exhibits an overlapping of the GF and V,0; nanosheets. It
confirms the complete integration of the GF into the V505 matrix
without an alteration of morphologies of both materials.

X-ray photoelectron spectroscopy (XPS) was used to study the
chemical/oxidations states of GF, V,05 and V,05/GF-150 mg com-
posite. Fig. 6{a) shows the wide scan XPS spectra of the GF, as-
synthesized V,05 nanosheets and V,05/GF-150mg composite.

The wide scan XPS spectrum of the GF shows mostly C 1s peak with

no traces of nickel suggesting that nickel template was successfully
etched away, while the observed O1s peak could be due to han-
dling of sample in the air. The wide scan XPS spectra of the as-
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Table 1

A summary of specific surface area for the V,05, GF and V,05/GF with different GF mass loading.
Material V,05 GF V;05/GF-50 mg V,05/GF-100 mg V,05/GF-150 mg V,05/GF-200 mg
SSA (m*[g) 49 208.8 5.1 8.0 95 6.2

Fig. 4. SEM image of (a) as synthesized V,05 (b) graphene foam (GF), (¢) V205/GF-50 mg composite, (d) V»05/GF-100 mg composite, (e) V,05/GF-150 mg composite and (f)

V,05/GF-200 mg composite at high magnification.

Fig. 5. TEM images of as-synthesized (a) V,0; nanosheets and (b) V,05/GF-150 mg composite, of the V,05 into the composite.

synthesized V,05 and V,05/GF-150 mg composite display the main
elements of the composition of the samples. The same element
composition is expected for other compositions and hence it is
not necessary to include them in the manuscript. Fig. 6(b) shows
the fitted core level spectrum of Cls of a GF. The fitted binding
energy peaks, i.e. sp’ C=C (284.4eV), C—0—C (285.0eV), (=0
(286.4 eV), 0—C=0 (288.4 eV) and -7 (291.2 eV) [60-62], reveal
the sp? hybridization component of GF, traces of oxide components
and the 77 electrons transition [61-63). It is worth mentioning
that the fitted core level spectrum of C1s of a GF shows a form of
high-quality graphene. In the V,05/GF-150 mg composite (Fig. 6
(c)), it shows a broad and asymmetric core level spectrum of C1s
compared to GF which is due to an increase in the oxide compo-
nents of the GF confirming an interaction between V,05 and GF
in the composite, In fact, due to unpaired m-electron in C (GF)
and high electronegativity of oxygen, a chemical interaction

between GF and V,0s in the composite has occurred during
synthesis.

In Fig. 6d, two peaks (2ps), and 2p, ) are shown from the core
level spectrum of V2p of as-synthesized V,0s.

The core level spectrum of V2p reveals the binding energy peaks
at 517.1 and 524.6 eV which correspond to the V2p;p, and V2p,
respectively [64-G6|. The V2p core level spectrum suggests a vana-
dium oxidation state of 5* which confirms the formation of V,05
[67,68]. The core level spectrum of V2p from both as-synthesized
V,05 nanosheets and the V,05/GF-150 mg composite is the same,
as shown in Fig. 6(e), confirming the same chemical/oxidation state
of the vanadium in both samples. Furthermore, as shown in Fig. 6
(f), the core level spectra of O1s from both as-synthesized V,05
nanosheets and the V,05/GF-150 mg composite is broad and asym-
metric, which indicate the existence of different oxygen compo-
nents with predominant component assigned to oxygen in V,0s.
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Fig. 6. (a) The wide scan XPS spectra of the GF, as-synthesized V,05 nanosheets and V,05/GF-150 mg composite. (b) The fitted core level spectrum of C1s of a GF. (¢) The core
level spectra of C1s from GF and V,05/GF-150 mg composite. (d) The fitted core level spectrum of V2p of V205 nanosheets. (e) The core level spectrum of V2p from both as-
synthesized V,05 nanosheets and V,05/GF-150 mg composite. (f) The core level spectra of O 1s from both as-synthesized V,05 nanosheets and V,05/GF composite.

3.1. Electrochemical performance of electrodes

The electrochemical measurements of the V,05 and V,05/GF
composites with varying mass of GF (50-200 mg) in three elec-
trode configuration in 6 M KOH electrolytes are shown in Fig. 7.

Fig. 7a shows the cyclic voltammogram (CV) plots for the V,05
and the V,05/GF composites with varying mass of GF (50-200 mg)
at 50 mV s ', Fig. 7b and ¢ show the specific capacity Qs calculated
using Eq. (1) as a function of GF mass loading at 1 Ag~" and speci-
fic current respectively:

Igxtp

&="3%

(1)

where Iy is the gravimetric specific current in Ag™', tp is the dis-
charge time (s) and Qs is the specific capacity (mAhg™").

Fig. 7a-c clearly shows that V,05/GF-150 mg composite dis-
played the highest current response, specific capacity as a function
of GF mass loading and the specific capacity for all specific currents
considered. Fig. 7d also shows that V,05/GF-150 mg has displays
better stability in terms of both Columbic efficiency (99%) and
capacity retention (95%) as compared to the pristine sample with
98% Columbic efficiency and 93% capacity retention respectively
over 5000 cycles. It is therefore clear that V,05/GF-150 mg sample
presents the best electrochemical performance as compared to
other composites due to the successful interaction of the V,05
nanosheets with the GF,
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Fig. 7. The comparison of V,05 and V,05/GF composites (a) the CV curves at 50mVs ™", (b) the specific capacity of 1 A g~ as a function of GF mass loading, (c) the specific
capacity as function of specific current and (d) Coulombic efficiency and capacity retention as a function of cycle number at a specific current of 10 A g™ V>05 and V,05/GF-

150 mg samples.

Because of the excellent electrochemical performance that is
displayed by V,05/GF-150 mg, further electrochemical measure-
ments will be done on it including the asymmetric device where
it will be used as a cathode electrode. Fig. 8a shows the CV curves
of the V,05/GF-150 mg composite electrode at different scan rates
from 5 to 100 mV s~' within an operating potential range of 0.0~
0.5V. The CV curves shows reduction and oxidation peaks linked
to the electrochemical redox reactions at the electrode/electrolyte
interface, indicating the conventional behaviour of a battery-type
electrode. The CV curve at a scan rate of 50 mV s~ show a pair
of redox peaks corresponding to the anodic peak at ~0.15V and
cathodic peak at ~0.30 V. The results suggest that the CV curves
are mainly based on a redox mechanism.

Fig. 8b shows the corresponding galvanostatic charge-discharge
(GCD) curves at different specific currents within the same operat-
ing potential range as in CV tests. Each GCD plot displays a non-
linear charge-discharge pattern, confirming the existence of a Far-
adaic behavior as seen earlier in the CV plots for the pristine V,05
and the V,05/GF-150 mg composite.

Fig. 8c shows the Nyquist plot of the V,05/GF-150 mg compos-
ite, recorded in the frequency range of 100 kHz-10 mHz. The
equivalent series resistance (ESR) value of the V,05/GF-150 mg
composite was 0.44 © which indicates good interaction of mate-
rial/electrolyte and also current collector/material interaction.

Upon evaluation of the optimal performance of the V,05/GF-
150 mg electrode and C-Fe/PANI electrodes extensively, an asym-
metric cell was assembled using V,05/GF-150 mg as a positive
electrode and C-Fe/PANI as a negative electrode in 6 M KOH. To
account for charge balance in the asymmetric cell, the masses of
both electrodes were calculated by adopting the following Egs.
(2) and (3):

(2)

QV;O;;GF—]SOmg = QCJ“(‘;’P

My,05/GF-150mg _ (1 p)c_pespant

Me_pe/pant (1) y,0, /Gr-150mg @
where myp, and mc_ g pan are mass loading of the V,05 and C-Fe/
PANI electrodes and Qy,o, j¢r-150mg and Qg are the total charge
on the V,05 electrode and C-Fe/PANI electrodes respectively, I the
current and tp is the discharge time.

Fig. 9a shows the superposition of the individual CV profiles for
the V,05/GF-150 mg and C-Fe/PANI electrodes measured in their
respective stable working potential windows of —1.2 to 0.0V and
0.0 to 0.5V at a scan rate of 50 mV' s

Fig. 9b shows the calculated specific capacities of both elec-
trodes at different specific currents of 1-10Ag'. This clearly
shows the range of specific capacity of both electrodes which
clearly gives an idea of the variance of the specific capacity over
a wide gravimetric specific current. These two materials have
specific capacities values of 72 and 79mAhg ' respectively
recorded for both electrodes materials at 1 Ag~" which are quite
close to each other and hence this should lead to similar masses
from Eq. (3).

Fig. 9c shows the CV curves of the V,05/GF-150 mg//C-Fe/PANI
asymmetric device at different scan rates from 5 to 100 mVs™'
within the large combined stable operating voltage of 1.6 V. The
nature of the CV plots indicates a combination of both EDLC and
Faradaic charge storage mechanisms confirming the existence of
a hybrid-type device with an extended operating voltage in aque-
ous electrolyte,

Fig. 9d shows the related galvanostatic charge-discharge (GCD)
curves of the V,05/GF-150 mg//C-Fe/PANI hybrid device at differ-
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Fig. 8. (a) CV curves at different scan rates, (b) GCD curves at different specific currents and (c) Nyquist plot (the inset to (c) is the magnified plot showing) of the V,05/GF-

150 mg composite.

ent specific currents of 1-10 Ag ™" in a similar operating voltage of
0.0-1.6 V. From the GCD curves, the specific capacity Q (mAhg™")
of the V,05/GF-150 mg//C-Fe/PANI device was calculated using Eq.
(1). The plot of the specific capacity as a function of the specific
current is shown in Fig. 9e. A specific capacity of 41 mAhg™'
was calculated for the asymmetric V,05/GF-150 mg//C-Fe/PANI
device at a gravimetric specific current of 1Ag™".

A decrease in specific capacity with increasing specific current
is linked to the inability of ions to adequately access porous sites
with higher charge kinetics. Fig. 9f shows the plot of the power
density as a function of energy density for the asymmetric V,0s/
GF-150 mg//C-Fe/PANI at different specific currents. The energy
density (E4), power density (P4) and the maximum power density
of the asymmetric device were calculated using Egs. (4) and (5):

E4(Whkg") :%/V(t)dt (4)

PyWkg 1) = 36005—: 5)
1 v
Prax(W kg ') = IxmxF (6)

where Iy is the specific current in Ag ™", t is the discharge time (s),
and Vis the potential window (V), m is the total mass (mg) of anode
and cathode and R; is the solution resistance (£2) (obtained from the
Nyquist plot) of the V,05/GF-150 mg//C-Fe/PANI.

The energy density of 39 W h kg ™' was recorded for the V,05/
GF-150 mg//C-Fe/PANI hybrid device with a corresponding power
density of 947 W kg ! at a specific current of 1 Ag". The energy
and power densities are higher than those reported in the litera-
ture. Kim et al. synthesized V,0s/carbon nanofiber composites

(CNFCs) electrode by electrospinning method in 6 M KOH for
supercapacitor application. They then produced symmetric device
with energy and power densities of 18.8 Wh kg ™' and 400 W kg™
respectively [68]. Bonso et al. reported the exfoliated graphite
nanoplatelet (xGnP) and V,05 nanotube (VNT) composite elec-
trodes by ultrasonication and a sol-gel method in 1 M LiTFSI. They
fabricated an asymmetric device using activated carbon (AC) cloth
as the positive electrode and XGnP-VNT composite as the negative
electrode. The energy and power densities were 28 Whkg™' and
303 W kg, respectively, at 250 mA g~' [69].

Qian et al. prepared the V,05/PPy core/shell by a “seeding
approach” with a Ni substrate and a double hydrolysis for solid-
state supercapacitors in LiNO3/PVA (polyvinyl alcohol) gel elec-
trolyte. The symmetric device of V,05/PPy displayed an energy
density of 142 W h kg at a power density of 250 W kg™" at 0.5
A g '|70]. Chen et al. synthesized the carbon nanotubes and vana-
dium pentoxide (V,0s) electrodes by in situ hydrothermal pro-
cesses for supercapacitor composite in 1M Na,SO;. The
asymmetric devices of the V,0s//CNT exhibited an energy density
of 16 Whkg "' at a power density of 75Wkg ' at 0.25Ag !
[71]. The maximum power density of the asymmetric device was
also calculated to be 7.75 kW kg~! using the Rs value of 1.18 Q
from Eq. (6). This high energy and power densities recorded for
the asymmetric V,05/GF-150 mg//C-Fe/PANI device is due to the
reasonable specific capacity and large working potential window,
fast charge/discharge process kinetics |[72].

Fig. 10a shows the initial stability tests carried out on the asym-
metric V,05/GF-150 mg//C-Fe/PANI cell in order to evaluate the
cyclic performance of the device. The hybrid device was subjected
to continuous charge-discharge cycling for up to 10,000 cycles at
the high 10A g™ specific current. An excellent coulombic effi-
ciency of 99% and a good capacity retention of 74.5% were obtained
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Fig. 9. (a) CV curves of V,05/GF and C-Fe/PANI electrodes at 50 mV s ' showing both negative and positive potential windows, (b) specific capacities as a function of specific
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asymmetric cell device and (f) Ragone plot for the V,05/GF-150 mg//C-Fe/PANI.

which is an indication of the excellent electrochemical stability of
the device. The stability of the asymmetric V,05/GF-150 mg//C-Fe/
PANI device also showed the considerable increase in the coulom-
bic efficiency after the first 4000 cycles and maintained 99%
throughout the cycling of up to 10,000 cycles which could be due
to phase activation of the active materials.

The floating test or voltage holding test was also used to
assess further the stability of the V,05/GF-150 mg//C-Fe/PANL
During the floating test, each 10 h potential holding step is fol-
lowed by three galvanostatic charge-discharge cycles and calcu-
lated the specific capacity from the third discharge for up to
130 h. Fig. 10b exhibits the stability of specific capacity with a
rapid increase after 30 h of floating test before reaching a pla-
teau. This increase in specific capacity value after the first 30 h
could be due to the increase in accessible redox sites during
the aging time.

Fig. 10c shows the Nyquist plots of the asymmetric device
before stability, after 10,000 cycling and after voltage holding car-
ried out in the frequency range of 100 kHz to 10 mHz. R values of
1.18 Q before cycling tests, 1.19Q after cycling and 1.20Q after
voltage holding were recorded for the hybrid device which is quite
close to each other. The high maximum power density for the
V,05/GF-150 mg//C-Fe/PANI hybrid device can also be due to the
low equivalent series resistance (ESR) value recorded which sug-
gests a good electrical conductivity in the asymmetric cell. The
Nyquist plot after 10,000 cycling as shows a small deviation to
the initial curve. However, the diffusion length before stability is
shorter than others but diffusion length after voltage holding
shows the ideal electrochemical feature with respect to the vertical
axis which has shifted slightly more towards the imaginary impe-
dance (Z) axis compared to the one before stability and after 10,000
cycling.
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Fig. 10. (a) Cycle stability and capacity retention for up to 10,000 cycles at specific current of 10A g™, (b) plot of specific capacity at maximum operating voltage for up to
130 hat 10 A g~', (c) Nyquist plot before stability, after 10,000 cycling and after voltage holding at a specific current of 10 A g~' (the inset to (c} is the magnified plot showing)
and (d) plot of energy density at maximum operating voltage as function of floating time up to 130 h at 10 Ag~" of the asymmetric device.

In addition, the energy density as a function of voltage holding
time up to 130 h is shown in Fig. 10d. It shows that the energy den-
sity increases by 55% after the first 30 h of floating test which is
consistent with the similar increase in specific capacity. The excel-
lent cycling test of the V,05/GF-150 mg//C-Fe[PANI device showed
that this asymmetric device presents a long-term stability with a
small degree of degradation.

4, Conclusion

We have successfully synthesized 3D V,05/GF compasites by
hydrothermal method and freeze drying process. The optimized
incorporation of GF inte 3D V305 matrix was found to correspond
to 150 mg GF mass loading as evidenced by the best specific sur-
face area, CV current response, specific capacity and stability.

An asymmetric device assembled with the optimized V,05/GF-
150 mg and the pyrolysis of Fe cation absorbed onto polyaniline
(C-Fe/PANI) exhibited an energy density of 39 Wh kg with a cor-
responding power density of 947 W kg™ ! at a specific current of
1 Ag'in a wide operating voltage of 1.6 V which are higher than
those reported in the literature for the similar materials and
device. The hybrid supercapacitor also showed an excellent cycling
stability with 99% coulombic efficiency and 74% capacity retention
up to 10,000 charge-discharge cycles at a specific current of 10 A
¢!, Additionally, an excellent stability was displayed from the
voltage holding tests done for over 130 h showing much improved
specific capacity and energy density after 30 h as an indication that
the electrodes materials became better after voltage holding mea-
surements, These results clearly make these materials suitable for
high-performance electrode materials for supercapacitor applica-
tions. The good electrochemical performance of the V,05/GF-150
mg//C-Fe/[PANI can be improved by using an ionic liquid as an elec-

trolyte to increase the potential window and hence the energy
density without compromising its power density.
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We have successfully synthesized 3D V20s/GF composites by hydrothermal and freeze-
drying processes. The optimized incorporation of GF into the 3D V.05 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
V20s/GF-150 mg and the pyrolysis of Fe cation adsorbed onto polyaniline (C-Fe/PANI)
exhibited a specific energy of 39 W h kg™t with a corresponding 947 W kg specific power at
a specific current of 1 A gt 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*. 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 VO, with

various morphology such us nanobelts, nanoflowers, nanowires and microspheres.

Recently, Y. Zhang et al. [20] proposed a novel synthesis method of V203 solid microspheres
structures by a hydrothermal route. The morphology of the V203 can be controlled by the
decomposition of VOC204, CO and CO» gas with oxalic acid serving as a soft template to
control the structure of the V203. 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 VO (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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1. Introduction

The energy storage has become a key technological challenge
due to the energy crisis and greenhouse effect in the past few de-
cades [1,2]. The global scientific community has not only been
developing strategies and rules for efficient energy generation and
use, but has also been developing cutting-edge storage technolo-
gies to complement the energy production [3-5]. Supercapacitors
(SCs), also called ultracapacitors or electrochemical capacitors (ECs)
have been extensively explored in the field of energy storage
compared with other storage devices such as dielectric capacitors,
secondary cells and fuel cells. They exhibit higher power density
and a broader range of working temperature compared to batteries,
for example [6,7]. Moreover, SCs also exhibit longer cycling life and
an enhanced efficiency for energy utilization hence they can store
energy from various renewable energy sources such as solar energy,
wind power and fast delivery on demand [8,9]. However, SCs suffer
from low energy density [10], hence an improvement of their en-
ergy density will definitely increase their large-scale industriali-
zation. In view of the energy storage mechanism, SCs can be divided
into two types of capacitors, namely, electric double layer capaci-
tors (EDLCs) that stores energy based on the electrostatic charge
accumulation on the surface between the electrode and electrolyte
and faradaic supercapacitors mostly depend on fast and reversible
faradic reactions to store energy [6]. Generally, the capacitive
property and performance of 5Cs are influenced by both the elec-
trolyte and electrode material [3,11,12]. In this work, our focus will
be on designing better active faradic material for SCs.

The most common electrodes used for SCs are based on carbon
materials. Although, such electrodes can deliver high power density
with high cycling stability, most of their energy densities are still
less than 10W hkg ! and this is related to the limitation of the
charge storage mechanism involved for carbonaceous materials
[13]. In other words, pure non-faradaic charge separation in an
electric field gives rise to EDLC which is influenced by the active
surface area of the material and its pore size distribution. The bulk
of the carbon material is not involved in the charge storage and the
charge stored on the surface could be drawn out rapidly, explaining
the high power and low energy densities. Metal oxides have also
been explored, especially on the sub-bulk where electrochemical
redox or faradaic reactions occur. However, in contrast to carbon
materials, in metal oxides a faradaic reaction involves to some
extend the bulk (sub-bulk) of the material in charge storage. As a
result, metal oxide electrode materials exhibit higher capacity, but
at a slower discharge rate compared to carbon electrode materials.
Therefore, by tuning the structural properties of the metal oxides,
for instance, the morphelogy of the materials, the electrochemical
performance could be enhanced. In view of this, vanadium oxides
which have high faradaic activity, adopt different structures (VO,
V03, Va0s, VO3, V305, V407) due to their variable oxidation states
and can easily be engineered to a two-dimensional structure are
quite interesting to be investigated as electrodes for energy storage
applications.

Currently, vanadium oxides have been widely investigated as
electrode materials for supercapacitors. They can be modified with
reduced graphene oxides [10], CNTs [14,15], conducting polymers
[16]. It is worth mentioning that for one-electron redox reaction for
V0, the theoretical specific capacity value is as high as
323mAhg '[17] Thus, this material can be an excellent candidate
for energy storage application.

Furthermore, Deng et al. reported the graphene/VQ; (RG/VO;)
hybrid material for high-performance electrochemical capacitor by
hydrothermal reduction technology and the material exhibited a
specific capacitance of 225Fg ! at a current densityof 025A g Vin
0.5MK>S04 aqueous solution [10]. Wang et al. prepared 3D

graphene/VO; nanobelt for high-performance supercapacitors by
hydrothermal strategy which exhibited a specific capacitance of
191Fg ! at a current density of 1Ag ! in 0.5 MK;50, aqueous
solution [1]. Rakhi et al. reported VO, nanosheets electrodes in
organic gel electrolyte for supercapacitor applications by hydro-
thermal method and the electrodes exhibited a specific capacitance
of 405Fg ' at a current density of 1 Ag™" [18]. Xiao et al. reported
the composite of metastable vanadium dioxide [VO,(B)] nanobelts
on reduced graphene oxide (RGO) layers by one-step hydrothermal
process which exhibited a specific capacitance of 290.4Fg ' at a
current density of 0.2Ag ! in 1M Na,S0, aqueous solution [19],
Liming et al. prepared VO,/ordered mesoporous carbon (CMK-3)
composites for hybrid capacitors by solid-state reaction process
which exhibited a specific capacitance of 131Fg ! in 1M KNO;
aqueous solution [20]. In brief, previously reported VO; based
electrodes are mainly composites which exhibited specific capaci-
tance values in the range of about 130-430Fg ! [10,14,18,20,21],
and were not evaluated in 6 M KOH as the electrolyte. In fact, to the
best of our knowledge, no report exist on the electrochemical
performance of VO, electrode in 6 M KOH aqueous electrolyte until
the present. Usually, a choice of KOH is motivated by its high ionic
conductivity (i.e. with 73.5 and 1985 cm?mol ! for K* and OH ,
respectively [22]) as compared to other neutral electrolytes [23,24].

Herein, we report the time-dependent morphological evolution
of the as-prepared monoclinic YO,(M} by a solvothermal method
for supercapacitor applications. The synthetic route in this work for
the synthesis of the VO, microspheres is similar to a novel route for
synthesis and growth formation of metal oxides microspheres
proposed by Y. Zhang et al. [25]. However, compared to the syn-
thetic route proposed by Y. Zhang et al. [25] which uses the hy-
drothermal; our approach uses the solvothermal method at
different growth times and temperatures. Different morphologies
of VO3 (ie., microspheres and nanosheets) were successfully syn-
thesised and the electrochemical performance of the samples were
analysed in a three-electrode cell configuration using 6 M KOH
aqueous electrolyte as a function of growth time. The as-prepared
6h grown VO; nanosheets showed a significant improvement in
the porous nature and exhibited enhanced electrochemical per-
formance compared to VO, microspheres obtained from other
growth times. The VO, nanosheets show a considerable potential as
an electrode material for supercapacitor applications.

2. Experimental
2.1, Materials

Vanadium (V} oxide (V;0s, purity > 98%), oxalic acid dehydrate
{CoH204+2H20 purity 99%) and propan-2-ol (CH;CHOHCH3) were
purchased from Sigma- Aldrich. Polycrystalline Mickel (Ni) foam
(3D scaffold template with an areal density of 420 gm? and thick-
ness of 1.6 mm was purchased from Alantum (Munich, Germany)).
Potassium hydroxide (KOH, min 85%) was purchased from Merck
{South Africa).

2.2, Synthesis of VO; microspheres and nanosheets using
solvothermal method

Scheme 1 shows the schematic view of the procedure used in
the preparation of VO; sample for 2 h 30 min growth time of which
the similar procedure was repeated for other different growth
times of 4, 6 and 12 h. Initially, bulk V,05 powder {1.2g) and
HC304-2H30 in a molar ratio of 1:3 were dissolved in 40mL of
deionized water under vigorous stirring at 80 °C for 3 h until a clear
blue VOG;04 solution {0.33 M) was formed. Then 6 mL of the ob-
tained precursor VOC;04 was added to 60 mL of isopropanol under
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Scheme 1. Preparation procedure of vanadium dioxide.

vigorous stirring for 20 min at 80 °C. The final homogeneous solu-
tion 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 tem-
perature, the black powder was centrifuged, washed several times
with deionized water and ethanol and dried at 60 °C for 6 h. The
final product has different morphologies depending on the growth
time as illustrate by SEM micrograph as the last image in Scheme 1.
Generally, the reactions to obtain VO3 can be expressed as follows:

V205 + 3H2C204 =3, 2VOC204 -+ 2C02 + 3H20 (1)

VOC,04 VO, + CO, + CO (2)

3. Structural, morphological and composition
characterization

X-ray diffraction (XRD) spectra of the as-prepared VO; sample
were collected using an XPERT-PRO diffractometer (PANalytical BV,
Netherlands) with theta/2theta geometry, operating at 50 kV and
30 mA and reflection geometry at 26 values ranging from 10 to 80°
with a step size of 0.01°. Raman spectroscopy measurements were
obtained using a T64000 micro-Raman spectrometer (HORIBA
Scientific, Jobin Yvon Technology) with a 514 nm laser wavelength
and spectral acquisition time of 120 s was used to characterize the
as-prepared vanadium oxide samples. The morphology of the as-
prepared VO, samples was studied using a high-resolution Zeiss
Ultra Plus 55 field emission scanning electron microscope (FE-SEM)
operated at a voltage of 2.0kV. T High resolution transmission
electron microscopy (HRTEM) micro-images was carried out with a
JEOL JEM-2100F microscope operated at 200 kV (Akishima-shi,
Japan). X-ray photoelectron spectroscopy (XPS, K-alpha, Thermo
Fisher) with monochromatic Al Ko radiation as the X-ray source
was used to irradiate the sample surface and determine the
chemistry of the samples. Nitrogen adsorption—desorption iso-
therms were measured at —196°C using a Micromeritics ASAP
2020. All the samples were degassed at 180 °C for more than 12 h
under vacuum conditions. The surface area was calculated by the
Brunauer—Emmett—Teller (BET) method from the adsorption
branch in the relative pressure range (P/Pg) of 0.01-1.0.

4. Electrochemical characterization

The electrochemical properties were studied using a Bio-Logic
VMP-300 potentiostat in a three-electrode configuration
controlled by the EC-Lab® V10.37 software. The vanadium dioxide
material served as the working electrode, glassy carbon plate as the
counter electrode and Ag/AgCl (3 M KCl) as the reference electrode
in 6 M KOH electrolyte. The vanadium dioxide electrode was pre-
pared according to the following steps: 85 wt% of vanadium dioxide
was mixed with 10 wt% carbon black as conducting additive and

5 wt% polyvinylidene difluoride (PVdF) binder in an agate mortar.
The mixture was then dissolved with 1-methyl-2-pyrrolidinone
(NMP) to form slurry. The slurry was then uniformly pasted on a
nickel foam current collector and dried at 60 °Cin an electrical oven
for 8 h to ensure complete evaporation of the NMP. The masses of
the materials pasted on the current collector were approximately
2 mg, for comparison sake. The cyclic voltammetry tests were car-
ried out in the potential range of 0—0.5 V (vs. Ag/AgCl) at different
scan rates ranging from 5 to 100mVs ' The galvanostatic
charge—discharge measurements were also carried out at different
current densities from 0.5 to 10Ag ™' and the electrochemical
impedance spectroscopy (EIS) measurements were done in the
frequency range of 100 kHz—10 mHz in open circuit voltage. All the
electrochemical tests were performed at room temperature.

5. Results and discussion
5.1. Structural, morphological, and composition characterization

Fig. 1(a) shows the XRD patterns of the as-prepared vanadium
dioxide samples grown at 200°C for 2h 30 min, 4 h, 6h and 12h,
respectively. The XRD patterns of the as-prepared samples display
diffraction peaks confirming the samples crystallinity. In Fig. 1(a), it
can be seen that for a growth times of 2 h 30 min, and 12 h, the XRD
patterns are similar, while samples for a growth timesof 4hand 6 h
show similar XRD patterns as well. Although, the XRD patterns for
the growth times of 4 h and 6 h appear noticeably different from
those of 2 h 30 min and 12 h, one is looking at the same material.
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Fig. 1. () The XRD pattems of the as-prepared vanadium dioxide samples grown at
200°C for 2h 30 min, 4, 6 and 12h. The XRD patterns for samples grown at (b) 2h
30min and 12 h (c) 4h and 6 h(d) The Raman spectra of the samples synthesised at
growth times shown in the figure, and (e) a comparison of the intensity of the
prominent Raman band at the different growth times.
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Furthermore, the XRD patterns of the as-prepared vanadium di-
oxide samples grown for 2 h 30 min, 4 h, 6 h and 12 h were indexed
to a monoclinic structure with different phases.

The XRD patterns of the vanadium dioxide samples grown for
2h 30 minand 12 h can be indexed as VOz (A) monoclinic structure
with a space group P 12/m 1 and lattice parameters of a = 9.0600 A,
b=5.8000A, c=4.5217A, p=9185" using the best matching
inorganic crystal structure database (ICSD) card #1503 for VOy, as
shown in Fig. 1{b). The XRD patterns for growth timesof4hand 6 h
were indexed as VO3 (B) monoclinic structure with a space group of
C12/m 1, lattice parameters of a = 12.03A, b=3693A, c= 642 A,
A=106.1° using the best matching inorganic crystal structure
database (ICSD) card #199, as shown in Fig. 1(c).

The noticeable difference in the crystallographic phases in the
monoclinic structure of the grown vanadium dioxide samples,
could be ascribed to preferential crystallographic growth orienta-
tion, influenced by the specific processes of structure evolution
during the crystallization; nucleation, island growth, coalescence of
islands, formation of polycrystalline islands and channels, devel-
opment of a continuous structure, and grains growth. The evolution
of the structure in polycrystalline structure is a very complex
phenomenon and exhibits different features at different stages
during the grains growth.

A comprehensive description of the formation of these peculiar
structural features is possible using the structure-forming phe-
nomena mentioned above as a basis (nucleation, crystal growth,
grain growth). These phenomena are composed of elementary
atomic processes as reported by Ngom et al. [26], which can ac-
count for their global effects on the structure evolution. It is
important to note that not only the temperature controls the
atomic processes, but also the structural conditions characteristic of
the actual growth stage.

To further confirm the phase of the as-prepared vanadium di-
oxide, the Raman spectra of the samples were obtained as shown in
Fig. 1(d). For vanadium oxides, the Raman bands exist within the
wavenumber range of ~100—400 cm™’, ~400 - 800cm ™' and 800 -
1100cm™'  attributable to V-0-V bending modes, V-0-V
stretching modes and V=0 stretching modes respectively [27.28].
In addition, VO, monoclinic (VO3 (M)) has prominent Raman band
at approximately 145 cm ' (V-0-V bending mode) [29,30]. As
shown in Fig. 1(d), the Raman bands of as-prepared vanadium di-
oxide were mainly observed for V—-0-V bending modes and V=0
stretching mode suggesting that these modes are dominant in the
prepared VOs, and the prominent Raman band at ~145 cm ™~ further
suggests that the samples are predominantly VO3(M) as expected.
At low-frequency vibrations (wavenumber of ~100cm™'), the
Raman bands typically originate from large-scale vibrations, such
as the whole crystal lattice vibrating hence could be useful in dis-
tinguishing between amorphous and crystalline material or even
between different crystalline forms (polymorphs). Of course,
Raman scattering is sensitive to the degree of crystallinity in a
sample [31]. Fig. 1{e) shows a comparison of the intensity of the
prominent Raman band at ~145 cm ™! as a function of growth time.
It can be seen that as growth time increases from2 h30minto 6 h
the Raman intensity increases significantly suggesting an
enhancement in the crystallinity of the samples. The high-
frequency Raman located ~1000cm™' is attributed to the termi-
nal oxygen which results from an unshared oxygen. Prolonged
growth time decreases the Raman intensity, as illustrated by the
Raman spectrum of the sample prepared for 12 h. This could mean
that the sample obtained for 4h and 6h growth times have a
different crystallinity compared to others samples prepared for 2 h
30min and 12 h. This observation confirms our XRD findings on the
different VO, monoclinic phases for the prepared samples. So one
could suggest that the changes on the Raman intensity from 2 h

30min to 4h and from Gh to 12 h are due to the changes in the
monoclinic phases from VO2(A) to VO3(B) and vice versa.

Fig. 2(a)—(d) show SEM micrographs (low and high magnifica-
tions) of the samples grown at 200°C for 2h 30 min, 4h, 6h and
12 h, respectively. It can be seen that all the samples are composed
of microspheres (see the insert figures), but the sample grown for
4 h is showing nanoflakes-like structure on the surface of the mi-
crospheres as compared to closed distinct microsphere surface
morphology for the 2 h 30min grown sample which is composed of
nanorods-like structure. In other words, for a growth time of 2h
30min the surfaces of the microspheres show relatively shorter
nanorods which are flat and more compact on the surfaces of the
microspheres, while, for a growth time of 4h the surface of the
microspheres shows nanoflakes which are relatively perpendicular
to the surfaces. It is worth mentioning that at this growth time of
4 h the nanosheets-like structure starts developing and become
noticeable at a longer growth time of 6h which clearly shows
nanosheets-like morphology on the surface of the microspheres.
However, for a longer growth time of 12 h the material shows mi-
crospheres surface morphology similar to that of 2 h 30min growth
time but the nanorods are relatively perpendicular to the surface of
the microspheres.

The morphology of the samples was further confirmed by TEM
asshownin Fig. 2 (e) to 2 (h). TEM micrographs for a growth time of
2h 30min (Fig. 2(e)) and 4 h (Fig. 2(f)) clearly show the micro-
spheres with distinct microsphere surface morphology. In this

Fig. 2. The SEM images of the as-prepared vanadium dioxide samples grown at 200°C
for (a) 2h 30min, (b) 4h, (<) 6h and (d) 12h. The insert figures show the corre-
sponding low magnification micrographs. The corresponding TEM micrographs for
growth time of (e) 2 h 30 min, () 4 h. (g} 6h and (h) 12 h. The insert figure in (g) shows
the high magnification micrograph.
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regards the surface of the microsphere for 4 h growth time shows
nanoflakes in accordance with SEM results.

In Fig. 2(e), the interior structure of the microspheres reveals the
yolk-shelled sphere-like with a gap distance of approximately
73 nm between the core and the shell, and for 4 h the interior
structure of the microsphere reveals the double-shelled micro-
sphere. For further prolongation of the growth time, i.e. 6 h, the
nanosheets evolved, as shown in Fig. 2(g) and the formation of
these nanosheets could be viewed as a coalescence from the
nanoflakes observed on the surface of the microsphere for 4h
growth time which confirms the time-dependence grown from 4 h
to 6 h with a noticeable change of the interior of the microsphere
with time. In fact, the growth of the outer part of the microsphere
consumes the inner substances (the core). The red arrow in Fig. 2(g)
shows the core which has been consumed in the transformation of
the interior of the microsphere to nanosheets. Furthermore, based
on the morphology and the XRD results analysis a correlation could
be made between these two findings. The obtained morphology
could be correlated to the observed different VO, monoclinic
phases. The 2 h 30min and 12 h growth times corresponding to the
VO, monoclinic phase A give the same morphology with almost no
time dependence effect, while the 4h and 6 h growth times cor-
responding to the VO, monoclinic B phase show different
morphology but with a time-dependence resulting from the coa-
lescence of the nanoflakes seen on the sample prepared for 4 h that
gives the nanosheets seen on the sample grown for 6 h. The dif-
ference on the morphology for the two different phases could be
explained as result of the influence of the crystal growth on the
final grains growth. It is well known that, crystals growing from the
nuclei are randomly oriented due to the random orientation of the
nuclei themselves. The complete coalescence of the crystals
touching each other constitutes grain coarsening, which also re-
sults in the development of discrete single crystals and is connected
to some changes in the orientation controlled mainly by the
minimization of the crystals interface energy. But, the observed
morphology evolution of the as-prepared vanadium dioxide sam-
ples for 4 h and 6 h is well-thought-out to emerge from the inside-
out Ostwald ripening process as depicted in Scheme 2. Firstly, va-
nadium dioxide nanoparticles are formed and aggregated to form
solid (core) microsphere which undergoes the inside-out Ostwald-
ripening process and transform to the yolk-shelled microsphere.
Upon further prolongation of the growth time, the secondary
Ostwald-ripening process takes place on the initial solid core,
resulting in the formation of the double-shelled microsphere with
nanoflakes on the surface. The nanoflakes on the microsphere
surface evolved into nanosheets upon longer growth time by
consuming the inner core through coalescence. In fact, under hy-
drothermal conditions, the particles on the outer surface grow
relatively easy because the recrystallization preferentially occurs at
the solid—liquid interface [32].

The vanadium oxidation state of the as-prepared vanadium di-
oxide was analysed by XPS, since the binding energy of the V 2p3,
is dependent on the vanadium cationic oxidation state [33]. Fig. 3(c)
shows the wide scan XPS spectrum of the as-received (i.e., without
sputter cleaning) vanadium dioxide grown for 6 h. Similar to EDS,
the wide scan XPS spectrum displays the main elements, V
(23.48 at%) and O (49.51 at%) of the sample, and the observed C
(27.01 at%) may be due to contamination from the precursor and/or
the surface-adsorbed CO, and O,. The core level spectrum of V 2p
reveals the binding energy peaks at 524eV and 516eV which
correspond to the V 2p1j2 and V 2psp; core levels, respectively, as
shown in Fig. 3(d) [33]. The core level spectrum of V 2p suggests
that the oxidation state of the as-prepared vanadium dioxide is
predominantly V4*,

The surface area and the pore size distribution of the as-
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Scheme 2. Schematic illustration of the growth time-dependent morphological evo-
lution of the as-prepared vanadium dioxide.

prepared vanadium dioxide were analysed by BET. Fig. 3(e) and
(f) show the N; gas isotherms and pore size distribution obtained
using Barrett-Joyner-Halenda (BJH) method, respectively for the as-
prepared vanadium dioxide samples. The nitrogen adsorption-
desorption isotherm of the vanadium dioxide shows a type III
isotherm with H3 hysteresis, indicating a weak interaction between
the N, adsorbent and the material and the hysteresis indicating
non-rigid aggregates of plate-like particles or assemblages of slit-
shaped pores. From Fig. 3(e) the specific surface area (SSA) was
calculated as 16.0, 23.82, 34.14 and 25.12m?g ! for vanadium di-
oxide samples grown for 2 h 30 min, 4, 6 and 12 h, respectively.
Fig. 3(f) shows a concentration of pore volume ranging from ~5 to
20 nm, signifying that the pores which exist in these materials are
predominantly meso-pores. Consequently, the BET results reveal
that the sample grown for 6 h has larger SSA and high pore volume
which would provide the probability of efficient transport of elec-
trons and ions facilitating the electrolyte ion diffusion and deliver
more electroactive sites for fast energy storage through redox re-
action, contributing to higher electrochemical capacity.

5.2. Electrochemical performances of vanadium oxide

To evaluate the supercapacitive performance of the as-prepared
vanadium dioxide samples we performed the cyclic voltammo-
grams (CVs), galvanostatic charge-discharge (GCD) and electro-
chemical impedance spectroscopy (EIS) in a three-electrode half-
cell configuration using 6M KOH aqueous electrolyte. Fig. 4(a)
shows the CV curves acquired at a scan rate of 50 mV's ™' within a
potential range of 0.0-0.5V for all electrode materials. These CV
curves show a pair of redox peaks corresponding to the anodic peak
at ~0.15V and cathodic peak ~0.35V, indicating the conventional
behaviour of a battery-type electrode. The results suggest that the
CV curves are mainly based on a redox mechanism of V4* to V>*
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which takes place at the surface of the VO, material according to
the following reaction [22].

VO, + OH™ «>VO0,(0H) + e 3)

It can also be clearly seen that the electrode made of the sample
grown for 6 h exhibits better current response as compared to the
other electrode materials grown at different times. This could be
related to the higher degree of crystallinity of this sample which
could enhance its electrical conductivity, but also to its higher SSA
providing more sites for the redox reaction to occur.

Fig. 4(b) shows the overlaid GCD curves acquired at a current
density of 0.5 Ag™! for all vanadium dioxide electrodes. Beside the
typical non-linear charge-discharge curves observed for faradaic
capacitors, the discharge time for the electrode material grown for
6h is significantly longer than the other electrode materials,
signifying better rate of discharge. This is in good agreement with
the CV curves in Fig. 4(a) and could be related to the same reasons
for the high current response of the CV. This electrode was further
characterized to understand its electrochemical performance. In
other words, detailed CV and GCD measurements of this electrode
were carried out at scan rates ranging from 5 to 100mVs~' and
current densities ranging from 0.5 to 10 Ag™, respectively. Fig. 4(c)
shows the CV of this electrode at scan rate range of 5-100 mV's ™.

It can be seen that the CV curves maintain a similar shape even
at a high sweep rate, demonstrating the excellent reversible pro-
cess and fast diffusion of electrolyte ions into the vanadium
nanosheets. This also signifies that the kinetics of the interfacial
faradic reactions and the rate of electronic transport are fast enough
at these scan rates [34]. Fig. 4(d) shows the charge-discharge curves
at different current densities in the potential window of 0.0-0.5V
for the electrode material grown for 6 h, which shows the same
faradaic charge-discharge behaviour for different current densities.
Typical reduction in discharge time with increasing current density
is also observed, which is related to the limited access to the
electrolyte ions to the surface of the electrode material at high
current density.

Based on the CV and GCD curves, the specific capacitance, Cs (F
¢! and the specific capacity qs (mA h g~ ') were calculated using
the following equation (4) for CV curves and (5) for CD curves,
respectively [35,36]:

vy
1
CG=—7— [ IV)dV 4
WW-@{() (4)
It
qs = 36m (5)

where Vs the potential window, v is the scan rate (Vs '), Vrand V;
are the integration potential limits of the CV curve, I is the discharge
current (A), m is the active mass of the electrode material (g) and t is
the discharge time (s).

The plot of the specific capacitance and specific capacity as a
function of growth time is shown in Fig. 5(a), respectively, for all
electrodes. Overall, the specific capacity increasing with increasing
growth time from 2 h 30 min to 6 h, thereafter decrease with in-
crease growth time (to 12 h) showing that 6 h growth time is op-
timum growth time. In other words, in both measurements, the
electrode grown for 6 h exhibits higher specific capacitance and
capacity values as compared to the other electrodes. A decrease in
these values for the electrode grown for 12 h confirms that 6 h is
indeed the optimum growth time. In brief, the sample grown for 6 h
shows better capacitive performance, due to a more diffuse struc-
ture and large SSA of the nanosheets which can provide large
electrochemical active sites and easy access for the electrolyte ions.
However, for prolonged growth time (i.e., 12 h), the specific ca-
pacity and capacitance decrease because of the microsphere
structure of the electrode which has reduced SSA limiting the OH™
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main figure,

ion diffusion into the electrode surface. In Fig. 5(b) and (c), the
specific capacitance and capacity gradually decrease with
increasing current density and scan rate, due to the decrease of
effective interaction between the ions and the electrode at higher
current density and sweep rate [37]. To further evaluate the con-
ductivity of the electrode materials, the electrochemical impedance
spectroscopic (EIS) measurement was carried out at an open po-
tential and within a frequency range of 100 kHz - 10 mHz (Fig. 5(d)).
At high frequency, the intercept with the Z' represents the equiv-
alent series resistance (Rs) attributed to the diffusion of ions to/
from the interface between the electrode and electrolyte [38]. As
shown in Fig. 5(d), the electrode material grown for 6 h exhibits the
shorter diffusion length as well as smaller Rs value of 0.42Q
(Fig. 5(e)) due to the easiness of the movement of ions and the
charge transfer towards the electrode/electrolyte interface.

Table 1 presents a summary of the pore size distribution, specific
capacitance, specific capacity and the solution resistance for the as-
prepared vanadium dioxide electrode materials grown at 200°C
with different growth times. It can be seen in Table 1 that there is a
clear correlation among different parameters such as SSA, micro-
pore volume, Rs, Cs, and qs that 6 h samples is always showing the
best results. In other words this a clear evidence that the sample
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grown for 6h is the best performing samples which makes this
growth time to be optimum for producing VO, electrode material
with the excellent physical and electrochemical properties.

Furthermore, the cycling performance is an important factor in
determining the supercapacitor electrodes for practical applica-
tions. To evaluate the cycle behaviour of the vanadium dioxide
nanosheets structure (i.e. a sample grown for 6 h), the sample was
subjected to 5000 cycles at current density of 10Ag ", as shown in
Fig. 6(a). It can be seen that the sample shows good cycle stability
with 99.4% coulombic efficiency up to 5000 charge-discharge cy-
cles, signifying good electrochemical stability of the active material.
Furthermore, an increase in the capacity retention with cycle
number is also observed. This means that more accessible sites
were made available during cycling without significant deteriora-
tion of the electrode material. Fig. 6(b) shows the Nyquist plots of
the sample grown for 6 h, before and after the last cycle recorded in
the frequency range of 100 kHz to10 mHz. Both plots show similar
curves with similar Rs values of 0.42 and 0.45Q before and after
cycling, respectively and much shorter diffusion length after cycling
which the indication that the electrode has been somehow
improved after cycling. To further asses the cycle of the electrode
material, the CV curves at a scan rate of 50mV's ™' were obtained
before and after cycling, as shown in Fig. 6(c). A shift in the redox
peak current is observed after stability. This is tentatively related to
a variation of the pH of the electrolyte due to the consumption of
the OH™ or deposition of KOH during the stability test. This could
decrease the pH of the solution, engendering the shift observed
here [39]. This shift is followed by an increase in current response
suggesting excellent cycling stability and highly reversible redox
reaction of the vanadium dioxide, confirming results obtained in
Fig. 6(a).

Our results were also compared with other vanadium dioxide
electrode materials in Table 2. This work shows significant
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Table 1
A summary SSA, micropore volume, Ry, C, and g for all electrode materials.
Growth time SAMA(m?*g") Micropore volume (em’g ") Rs () Cs(Fg ')at05Ag™" qs (mAhg™")
2h 30min 16.00 0.14 0.52 471.30 4142
4h 2382 0.11 0.72 518.92 3524
6h 3414 0.19 042 663.22 49.28
12h 25.12 0.16 0.50 659.31 45.55
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Table 2
A comparison of specific capacitance obtained in this work and other previously published reports.
Electrodes Methods Electrolytes  Specific capacitance (Fg ') Capacitance retentions References
RG (1.O}VO, One-step simultaneous hydrothermal reduction 05MEKS0; 25@025Ag ! 65% after 1000 cycles @5Ag ' [10]
Vo, technology 136@025Ag ! 47% after 1000 cycles @ 5Ag !
GrjV0, One-step hydrothermal strategy 05MKS0, 426@1Ag’ 92% after 5000 cycles @ 10Ag * [1]
V03 nanobells 2i@1Ag’ 59% after 5000 cycles @ 10A g *
V0; nanosheets  Hydrothermal Gel 405@1Ag " 82% after 6000 cycles @ [18]
electrolyte 10Ag 1
VO4(B)RG One step hydrothermal 1M Na,S0, 2904 @02Ag ' 823% ;mer 1000 cycles @ [19]
2Ag
V0, - 37.9% after 1000 cycles @
2Ag !
VO,/CMK-3 Solid-state reaction 1M KMO; 131 (current density not - [20]
given)
VO5(B)WCNTs Sol-gel methed assisted with freeze-drying 1M Na;50, 250@05Ag " 71% after 200 cycles @ 10Ag ' [14]
VOx @ carbon One-step method using phenolic 1M KNO; 171 @ 100mAg ? - [21]
VOx 88 @100 mAg !
V056 h Solvothermal 6M KOH BEI@5mVs ! 99.4% after 5000 cycles @ 10 Ag” This work
nanosheets !

improvement on the specific capacitance of vanadium dioxide
electrode compared with the vanadium dioxide-based electrode
materials listed in Table 2. However, it is worth mentioning that all
the previous works were done in neutral electrolytes, which
generally give a pseudocapacitor behaviour with extended voltage
windows. In fact, different redox reactions may occur when
changing from a neutral electrolyte to a more alkaline electrolyte
which could narrow the voltage window. But the low ionic con-
ductivity of these neutral electrolytes hampers the specific capac-
itance value, as shown in this table.

6. Conclusions

In this work, the time-dependent morphological evolution of
the as-prepared monoclinic VO,(M}) through solvothermal method
with growth time varied from 2 h 30 min to 12 h had been studied.
In addition, the electrochemical performance of the as-prepared
monoclinic VO, for supercapacitor applications was evaluated in
a three-electrode cell configuration using 6 M KOH aqueous elec-
trolyte. The VO3 sample grown for 6h displayed nanosheets-like
morphology compared te other VO; samples grown for 2h
30 min, 4 and 12 h which revealed microsphere-like morphology.
Furthermore, the 6 h sample showed the best results for all mea-
surements carried out. This sample showed best specific surface
area and pore volume, enhanced electrochemical performance with
highest specific discharge capacity of 49.28mAhg ! at current
density of 0.5A g ! and the corresponding specific capacitance of
663Fg 'atascanrateof 5mVs ! The samples also showed 99.4%
coulombic efficiency up to 5000 charge-discharge cycles at current
density of 10Ag 1 Accordingly, the VO, nanosheets {6 h sample)
show a considerable potential as an electrode material for super-
capacitor applications.
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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
VO, sample grown for 6 h displayed a nanosheets-like morphology compared to other VO
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 at a current density of 0.5 A g

This electrode also displayed a 99.4% coulombic efficiency of up to 5000 charge-discharge
cycles at a current density of 10 A g*. According to the results obtained, the electrochemical
performance of the monoclinic VO, 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 (VO (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 VO.//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™ and 713 W kg
respectively at 1 A gL. In addition, the VO.//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*.

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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ABSTRACT

Vanadium dioxide (VO2) monoclinic nanosheets were synthesized by a solvothermal method and carbonized iron-polyaniline (C-FP)
nanograins were prepared by pyrolysis of iron-polyaniline (PANI) mixture under nitrogen ambient. An asymmetric device (VO,//C-FP)
was evaluated with VO, and C-FP as positive and negative material electrodes in aqueous 6 M KOH electrolyte respectively. The asymmetric
supercapacitor (VO,//C-FP) exhibited a 47 mA h g specific capacity and a specific energy of 30 W h kg " with an associated specific power
of 713 W kg ™" at a gravimetric current of 1 A g~ in a potential window of 1.6 V. It also displayed an 89% energy efficiency after 10000
galvanostatic charge-discharge cycles with a large improvement after ageing test at a gravimetric current of 10 A g

© 2019 Author(s). All article content, except where otherwise noted, is licensed under a Creative Commons Attribution (CC BY) license
(http://creativecommons.org/licenses/by/4.0/). https://doi.org/10.1063/1.5091799

I. INTRODUCTION

Supercapacitors (SCs), also called electrochemical capacitors
(ECs) have been on the forefront of research owing to their rela-
tively high power density (15 kW kg'), low specific energy (<10
W hkg') and a long lifetime. * To date, the scientific community
is working towards increasing the specific energy of SCs by using
ingenious device design.” SCs can be classified into three types of
capacitors based on their charge storage mechanism: (i) The elec-
trical double-layer capacitors (EDLCs), where charge build-up at
the boundary between the electrode and the electrolyte is respon-
sible for the energy storage and the common materials used are
carbon-based materials.”" (ii) The faradaic capacitor which as their
names suggest, involve redox or faradaic reaction and is mainly dis-
played in transition metal oxides, metal hydroxides, metal sulfides
and conducting polymers.” " (iii) The hybrid capacitors which are
the combination of both EDLC and faradaic materials. A subclass
of hybrid capacitors is the asymmetric supercapacitor (ASC) which
are composed of a positive and a negative electrodes with dissimi-
lar charge storage mechanisms. Generally, the positive electrodes are

the faradaic materials' *" while the negative electrodes are mostly
made of carbon-based materials.” ** The Hybrid capacitors have
been proposed and considered as a promising solution to improve
the low specific capacitance from carbon-based materials and the
low conductivity and poor cycle stability of the transition metal
oxides/hydroxides.

Carbon-based materials such as activated carbon,” carbon
nanotube” and graphene™ have been demonstrated to be a good
electrode materials in supercapacitor due to their excellent conduc-
tivity combined with their good stability.

The transition metal oxide used as supercapacitor electrode
materials exhibit a high specific capacity as compared to carbon-
based materials owing to its multiple oxidations states.

Amongst the low-cost metal oxides, vanadium oxides (e.g. VO3,
V,0s5, V505, and V;,05) have received recent attention” ' which
is linked to their abundant sources, and ability to exist in variable
oxidation states."

Vanadium dioxide (VO;) has an exciting phase with a rich
polymorphic stable and metastable forms included VO, (A), VO,
(M), VO, (R), VO, (B), VO, (T) and VO, (bec)."" VO, (A),

AIP Advances 9, 055309 (2019); doi: 10.1063/1.5091799 9, 0553001
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VO, (M) and VO, (B) are the most attractive due to their tune-
ableand the relatively easy synthesis process.””** The VO, materials
change from monoclinic (at a temperature about 68°C) to tetrago-
nal structure reversibly (at a temperatures higher than the 68 °C) and
can undergo semiconductor-to-metal transition.” " VO, (B) elec-
trodes with a metastable monodinic structure is a potential electrode
material in st.lpercap:«lc'1t0r.51

As compared to vanadium pentoxide (V,0s), there are few
report on vanadium dioxide for asymmetric supercapacitor. For
instance, Wang et al. synthesized a graphene/VO; composite mate-
rial for a positive and a negative electrodes. They assembled a sym-
metric supercapacitor (graphene/VO,//graphene/VO,) using 0.5 M
Na; SO, as an aqueous electrolyte. The graphene/VO,//graphene/VO,
symmetric device showed a specific energy of 21.3 W h kg™ at
1Ag". The graphene/VO; composite showed a cycling stability with
92% after 5000th cycles at 10 A g™, Similarly Ma et al.”” prepared
a vanadium dioxide electrode using for a symmetric supercapacitor
in 1 M Na;SO4. The VO,//VO, symmetric device exhibited a spe-
cific energy of 21.3 W h kg™" corresponding to a specific power of
207.2 W kg™ at a gravimetric current of 0.25 A g™". They reported
a cycl'mg1 efficiency of 78.7% after 5.000 cycles at a specific current of
05Ag "

In our previous study, we synthesized the vanadium dioxide
monoclinic (VO, (B)) through a solvothermal method. In a three
electrode configuration the VO, (B) displayed a specific capacity of
4928 mAh g at current density of 0.5 A g in aqueous electrolyte
(6 MKOH).”

The present work reports the fabrication of a novel asymmet-
ric supercapacitor (ASC) based on VO, (B) monoclinic as a positive
electrode and carbonized iron-polyaniline (C-FP) as a negative elec-
trode. The VO,//C-FP ASC tested in aqueous electrolyte (6 M KOH)
was able to reach a potential window of 1.6 V. The asymmetric device
exhibited a specific energy and power of 30 W h kg™ and 713 W
kg™ respectively at 1 A g%, In addition, the ASC showed an 89%
energy efficiency after 10000 galvanostatic charge-discharge cycles
with a large improvement after ageing test at a gravimetric current
of l0Ag".

Il. EXPERIMENTAL
A. Chemicals

Vanadium (V) oxide (V,0s, purity >98%), oxalic acid dehy-
drate (C,H,04-2H,0 purity 99%), iron (I1I) nitrate (Fe(NO3 )3-9H, O
purity 99-100%), ammonium peroxydisulfate (NHy),S,0¢) purity
98%), aniline hydrochloride (C¢HsNH,-HCL purity >99%) and
propan-2-ol (CH;CHOHCH; purity 99.5%) were purchased from
Sigma-Aldrich. Potassium hydroxide (KOH) and ethanol (C,HsO
purity 99%) were purchased from Merck (South Africa). Poly-
crystalline nickel foam (thickness of 1.6 mm) was obtained from
Alantum (Munich, Germany).

B. Synthesis technique

1. Preparation of vanadium dioxide (VO;)

The synthesis of the VO, material was carried out using
solvothermal method. Initially, 1.2 g of V,O5 powder and 2.49 g
of H,C;042H,;0 was added to 40 mL of deionized water and
stirred for 3 h, thereafter, a 6 mL of the homogeneous solution

scitation.org/journal/adv

was added to 60 mL of isopropanol under continuous stirring for
20 min.

The solution was transferred into a Teflon-lined stainless steel
autoclave and kept at 200 °C for 6 h. The recovered powder was
washed several times with deionized water followed by ethanol and
dried at 60 °C in an electric oven.”

2. Synthesis of polyaniline (PANI)

0.2 M aniline hydrochloride (CsHsNH,-HCI) (2.59 g dissolved
in 50 mL deionized water) was added to 0.25 M ammonium peroxy-
disulfate (NH4),S,0s) (5.71 g in 50 mL deionized water) and mixed
overnight.

3. Preparation of carbonized iron-PANI (C-FP)

Briefly, 0.2 g of Fe(NO3)3-9H,0 and 0.0125 g of PANI were
dissolved in 50 ml of ethanol and sonicated in the ultra-sonication
bath.

After ethanol was almost completely evaporated, the mixture
was coated on a nickel (Ni) foam acting as a current collector
and pyrolyzed for 2 h under the N, atmosphere at 850 °C. The
full detailed description of the C-FP can be found in our previous

paper.”*

C. Structural characterization

The structural properties of the samples were analysed by
X-ray diffraction (XRD) powder using an XPERT-PRO diffractome-
ter (PANalytical BV, The Netherlands) with theta/2theta configura-
tion. The morphology of the materials synthesized was characterized
by a high-resolution Zeiss Ultra plus 55 field emission scanning elec-
tron microscope (FE-SEM), operated at a voltage of 2.0 kV and
a JEOL JEM-2100F transmission electron microscope (TEM). The
selected area electron diffraction (SAED) pattern were taken with
a JEOL JEM-2100F transmission electron microscope (TEM) and
were used to evaluate the elemental composition of the produced
materials. The X-ray photoelectron spectroscopy (XPS, K-alpha,
Thermo Fisher) was used to analyse the elemental composition of
the materials with a monochromatic Al-Ka radiation.

D. Electrodes preparation and characterization
of supercapacitors

Three - and two electrode configurations were adopted to study
the electrochemical properties of the VO, and C-FP electrodes.

The electrochemical characterizations were carried out usinga
Bio-Logic VMP-300 (Knoxville TN 37,930, USA) potentiostat mon-
itored by the EC-Lab® V10.37 software. In the three-electrode con-
figuration, Ag/AgCl (KCl saturated) served as the reference elec-
trode, a glassy carbon plate as the counter electrode and 6 M KOH as
the electrolyte. The VO, electrode was prepared as follows: 85wt% of
the active material was added to 10 wt% of carbon black as conduct-
ing additive and 5 wt% of polyvinylidene difluoride (PVDF) binder
in an agate mortar. Few drops of 1-methyl-2-pyrrolidinone (NMP)
were added to the mixture to form a slurry, which was pasted on
nickel foam (NiF) acting as a current collector and dried at 60 °C in
the electric oven for overnight.

Thereafter, the asymmetric supercapacitor consisting of VO,
positive electrode and C-FP negative electrode was coupled in a coin
cell with glass micro-fiber filter paper was used as a separator.

AIP Advances 9, 055309 (2019); doi: 10.1063/1.5091799
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Ill. RESULTS AND DISCUSSION
A. Structural characterizations

I'igure 1 display the X-ray diffraction patterns of VO, and C-
FP materials. The diffraction peaks of the VO, materials are indexed
as VO,(B) monoclinic structure as shown in I'ig. 1(a). It also shows
that vanadium dioxide synthesized at 200 “C has a space group of
C12/m 1.7 XRD pattern of C-FP powder material without past-
ing on the substrate (Ni foam) is shown in Fig. 1(b). The diffraction
peaks of C-FP material are indexed to orthorhombic structures of
Fe;C and FeS with a space group of P nma.™"

Iigure 2 present the SEM micrographs of the as-prepared VO,
and C-FP materials at low and high magnifications.

Figure 2(a) shows the SEM micrographs of the VO, which
reveals the nanosheets-like structure on the microspheres surface. In
Fig. (2b), the micrographs of VO, exhibits a vertically grown sheet-
like structure. Figure 2(c~d) shows SEM micrographs of the C-FP
which unveiled agglomerated nanograin morphology. The micro-
graphs of the C-FP materials were showed lattice fringes attributed
to the Fe cations on PANI and have been discussed in References 51
and 54,

ARTICLE scitation.org/journal/adv

The morphologies and the elemental composition of VO,
materials were further studied with transmission electron micro-
scope (TEM) and the selected area electron diffraction (SAED)
analysis.

Figure 3(a) displays the TEM micrograph of VO, at high
magnification which reveals clearly the nanosheets structure as
shown in I'ig. 2(b). The SAED pattern of the VO,(B) nanosheets in
Fig. 3(b) exhibits the presence of well-defined rings, indicates the
poly-crystallinity of the VO, monoclinic.

To further evaluate the surface characterization of VO, mate-
rial, the X-ray photoelectron spectroscopy (XPS) was used to deter-
mine the chemistry of the material. The core level spectrum of
V2p reveals two chemical states of vanadium which are related
to excitations of electrons from the V2py2 and V2py» core levels,
respectively, as shown in Fig. 4(a).

The predominant peak located at 516.5 eV in the V2p3/> bind-
ing energy suggests a vanadium oxidation state of 4" which con-
firms the formation of VO,." Futhermore, as presented in Fig. 4(b),
the core level spectrum of O1s displayed the main peak located at
529.7 eV which is ascribed to the component associated to oxygen in
VO,.

(a) (b)

- VO, (B)

Intensity (a.u.)

Intensity (a.u.)

FIG. 1. The XRD patterns of (a) vana-
dium dioxide (VO,) and (b) carbonized
iron-polyaniline (C-FP).

20 30 40

5 60 70 80
2 theta (degree)

FIG. 2. The SEM images of the as-prepared (a-b) VO, and
(c-d) C-FP at low and high magnifications.
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B. Electrochemical performances of VO,//C-FP

To construct the asymmetric hybrid supercapacitor of VO,//C-
FP, we, firstly, evaluated the electrochemical performance of the pos-
itive VO; and negative C-FP electrodes in a three-clectrode system
using 6 M KOH electrolyte with Ni foam and Ag/AgCl (KCl satu-
rated) as a current collector and reference electrode, respectively.

Figure 5(a) shows the cyclic voltammogram (CV) profile of the
VO, electrode at different sweep rates (from 5 to 100 mV ") within
a potential window range of 0.0 - 0.5 V. The appearance of a pair of
redox peaks associated with an anodic peak at ~0.13 V and cathodic
peak ~0.23 V at 5mV s reveal a faradaic material. As observed in
Fig. 5(a), these peaks are broader compared to those exhibited by
battery-like material which is typically narrower and indicative of
the occurrence of a redox reaction at a constant potential.”

The broadness of the peak in faradaic materials is expected as a
result of the presence of non-standard sites and defects in the poly-
crystalline structure. This agrees with the low crystallinity of the VO,
as recorded from XRD diffraction pattern.”

Figure 5(b) shows the charge-discharge (CD) of the vanadium
dioxide curve at different specific currents. Each discharge curve dis-
plays a non-linear curve confirming the faradaic behavior of this
electrode material.

Moreover, even at a low specific current of 1 A g, the dis-
charge profile does not show an extended plateau as is the case for
batteries. Figure 5(c) shows the CV curve of the C-FP electrode at
different sweep rates from 5 to 100 mV s in a negative potential
window range of -1.2- 0.0 V.

These CV curves show non-rectangular shapes with no appar-
ent redox peaks. However, I'ig. 5(d) which shows the charge-
discharge curves at different specific currents in the voltage window

scitation.org/journal/adv

FIG. 3. (a) TEM at high magnification micrograph and (b)
selected area electron diffraction (SAED) pattern of the VO,
nanosheets.

0f-1.2t0 0.0 V of the C-FP electrode, depicting a non-linear charge-
discharge, suggesting a pseudocapacitive activity in this electrode
material.

From the chronopotentiometry profile of the VO, and C-FP
electrodes, the specific capacity, Q (measured in mA h g') of the
VO, and C-FP electrodes was determined using:

_Lixtp
T 36

where I is defined as the specific current measured in A g and fp
is the time in second (s) for a complete discharge cycle.

Figure 5(c) depicts the values of the specific capacity for the
VO, and C-FP electrodes as a function of increasing specific cur-
rent. The specific capacity values of 49.3 and 107 mA h g were
recorded for the VO, and C-FP material electrodes respectively, at
a gravimetric current of 0.5 A g, This can be related to the thin
nanosheets structure of VO3, which will ensure faster ion and elec-
tron transport. Also, the high capacitive characteristic observed in
the C-FP can be attributed to the conductive framework, which
allows an excellent electric contact and consequently enhances the
capacitance performance. Additionally, it can be observed that these
two materials (VO; and C-FP) are stable in each of its potential
windows.

With the aim of optimizing the performance of ASC, the
device was assembled using VO; as positive and C-FP as negative
electrodes, respectively, in 6 M KOH.

The charge equilibrium (Qyo, () = Qc—rp) was used to balance
the masses of both electrodes in the asymmetric cell. This generates
equation 2 and 3 which were used to balance the masses:

QvoJ (8) = Qe-rp (2)

(1

(a) v2p | |(b) 01s

) 0

g 8

z z FIG. 4. (a) V2p binding energy region
£ a and (b) O1s binding energy regions of
g g the VO, nanosheets.
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where myo, gy, me-rp, Qvo, (), Qe-rp describes the mass loading
and total charge of the VO, and C-FP electrodes, I is given as the
applied current and fp is the time of discharge to 0 V. The mass
ratio of the VO, to C-FP was adopted as 2:1 and the mass loading
per unit area of the VO, and C-FP electrodes was recorded as 2.24
and 1.12 mg em 2, respectively) According to the charge balance, the
mass loading of active VO, and C-FP on the current collector were
measured as 4 and 2 mg, respectively in line with equation 3 above.

Figure 6(a) shows the CV curves of VO, and C-FP measured in
the stable working potential window at a sweep rate of 50 mV s™,
a working potential window of 1.7 V could be predicted for the
asymmetric device.

ligure 6(b) shows the CV graphs of the VO,//C-FP asymmetric
device at different sweep rates (5t0 200 mV s 1. However, the maxi-
mum working potential limit of the VO,//C-FP device was recorded
tobe1.6V.

potential window of 1.6 V, suggesting the stability of the device
within this potential window. The CD curves of VO,//C-F at dif-
ferent specific currents (1 to 10 Ag™) are shown in Fig. 6(c). The
CD curves exhibit faradaic behavior owing to the high redox activ-
ity observed from the CV curves of the asymmetric device. The
specific capacity of the VO,//C-FP device was calculated using
equation (1) and is shown in Fig. 6(d) as a function of specific
current.

The specific capacity of the VO,//C-FP device reaches a value
of 47 mA h g' at a gravimetric current of 1 A g". This value is
well positioned between those obtained for VO, and C-FP electrodes
from the three electrode measurements, at the same specific current.
In other words, the specific capacity value of the hybrid device is
much higher than that of VO, (43.4mA h g") and lower than that of
C-FP (79 mA h g") calculated in the three-electrode configuration
at a gravimetric current of 1 A g, This shows a good synergistic
improvement by combining these two materials to form a hybrid
device.
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Figure 6(e) displays the Ragone plot presenting the specific
power versus the specific energy of the asymmetric device obtained
at different specific currents. The specific energy and the specific
power of the device were obtained using equations (1) and (5)
respectively.”

Ed(thg"):%/V(t)dt )

Pi(Wkg') =3600%

(5)
where Eg (W hkg') and Py (W kg) are the total specific energy and
specific power respectively. I is the specific current in A g, £ is the
discharge time (s) and V is the working potential window (V) of the
V02//C-FP device.

The maximum specific energy value of 30 Wh kg' was
recorded for the VO,//C-FP device with an associated specific power
value of 713 W kg at a 1 A g specific current. This is maintained
at 9.1 W h kg™' for a specific power of 7.9 kW kg " at 10 A g The

high specific energy and specific power of the ASC are attributed
to a high specific capacity and device wide operating voltage. This
is also related to the good stability, fast kinetics of charge/discharge
process’ and the high ionic conductivity of the electrolyte ions, ie.,
73.5 and 198 Scm? mol ! for K' and OH", respectively.”

In order to study the stability of the device, it was subjected
to 10000 cycles at the high gravimetric current of 10 A g and the
results are shown in Fig. 7(a).

An energy efficiency of the device was calculated using equa-
tion (6)

E
e = —El x 100 (6)
C

where #g, Eq and E. are energy efficiency, discharge energy and
charge energy from the charge-discharge curve of the VO,//C-FP
device respectively.

The energy efficiency of 89% is obtained with good capacity
retention of 78.5% at the 10 000th constant charge-discharge cycle,
signifying good electrochemical stability of the device. The further
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additional stability test was performed after cycling measurement on
the cell using the voltage holding test (also called floating test).” It
has the ability to determine a direct insight into the possible effect
and degradation phenomena which might occur during the electro-
chemical process.” The voltage holding test was designed to analyse
the device specific capacity at each 10 h period of the potential hold-
ing step for up to 70 h. This is following by three GCD to exhibit any
change in the cell device with floating over a time of 70 h. The spe-
cific capacity as a function of floating time is presented in I'ig. 7(b)
for70hat10A g".

It exhibits an increase in the specific capacity value for up to
30 h period of voltage holding time before becoming constant. The
increase in the specific capacity could be linked to the evolution of
accessible redox sites during the ageing experiment.

This improvement is even more striking when the specific
energy was calculated after each voltage holding as shown in
Iig. 7(c). Within the first 10 h of voltage holding, the specific
energy increases by 32% to finally stabilize after 30 h of floating
test, at 15 W h kg, corresponding to an impressive increase of
65% from the original 9.1 W h kg™’ at 10 A g, It shows that the
cell voltage (1.6 V) is stable using 6 M KOH. As compared to other
hybrid devices our group has reported this increase is better than
that of Co3(POy4)2-4H, O/GF//C-FP (2.2% from the original value of
9.1 Wh Kg')"" as carlier reported for hybrid asymmetric capaci-
tors. Thus, the floating test should be considered as a viable option
for optimizing the properties of this cell.

The electrochemical impedance spectroscopic (EIS) measure-
ment of the device was performed in an open voltage from 0.01 Hz
to 100 kHz frequencies. The Nyquist plot of the asymmetric device
(VO,/IC-FP), before stability, after the 10.000 constant galvanos-
tatic cycles and after voltage holding are shown in I'ig. 7(d). The
equivalent series resistance (ESR) value of the asymmetric device

Z' (ohm)

(VO,//C-FP) was 1.55 Q before and after 10000th cycles. However,
after voltage holding, the ESR decreased to 1 € followed by a shorter
diffusion length of the electrolyte ions. This low value of ESR con-
firm the good contact between the electrolyte and the surface of
the electrode materials. Thus, any degradation of the cell has been
not observed after the voltage holding. More explicitly, no change
in the equivalent series resistance was noticed after stability. Two
main changes in the impedance could explain the electrochemical
improvement of the cell after voltage holding. However, the diffu-
sion was reduced after the stability test. Upon voltage holding, the
diffusion length is markedly reduced followed by reduction of the
solution resistance. These reductions can significantly enhance the
performance of the cell by a fast collection of charges.

I'able I compares the asymmetric VO,//C-FP device with some
others devices reported in the literature. The cell shows higher

TABLE |I. Comparison of electrochemical properties of VO,//C-FP with previous
supercapacitors comprised of VO,.

Specific  Specific  Specific

current  energy power
Materials (A/g) (Wh/Kg)  (W/Kg)  References
GF0.1)/VOL//GE 0.5 2.8 425 |
VO,//IVO, 0.25 21.3 207.2 48
Graphene/VO,// 1 2123 . 5
graphene/VO,
GF+VO,//HMB 2 14.5 720 65

1 30 713
\ 1D i

VO,//C-FF 2 25 1806 This work
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values when compared with other devices. "~ This demonstrates
the excellent choice of tandem materials for this asymmetric device.

IV. CONCLUSIONS

We have successfully synthesized VO,(B) nanosheets by a
solvothermal method and C-FP material by pyrolysis of an iron-
PANI mixture under nitrogen atmosphere. An ASC cell was
fabricated from VO, adopted as positive and C-FP as the nega-
tive electrodes operated with an aqueous 6 M KOH electrolyte. The
asymmetrical device exhibited a specific capacity of 47 mA h g™ with
a high specific energy of 30 W h kg and the corresponding spe-
cific power of 713 W kg at 1 A g with 1.6 cell potential. These
values are far better as compared to those studies previously pub-
lished for related devices as indicated in Table | above. The excellent
stability performance of the VO,//C-FP device was demonstrated
up to 10000 cycles at a specific current of 10 A g”. In addition,
the voltage holding data obtained after testing for a period of 70 h
shows a significant improvement in device specific capacity and
energy after a period of 10 h at 10 A g, This result confirms that
the performance of the VO,//C-FP device increase after the volt-
age holding test. This asymmetric supercapacitor from VO,//C-FP
exhibits impressive electrochemical performance and hence making
the device excellent for energy storage applications.
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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
VO,//C-FP device exhibited a high specific energy of 30 W h kg with a corresponding
specific power of 713 W kgt at 1 A g* 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%,

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*. 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
(NHsVO3) and melamine (C3HsNs) 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-VoNO@800 °C as positive and negative
electrodes in the cell potential of 0 — 1.8 V. The C-V.NO@800 °C//C-V2NO@800 °C device
delivered a specific energy of 38 Wh kg with corresponding a specific power of 735 W kg*
at a specific current of 1 A g, with 84.7% capacity retention at 10 000" 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 (NHsVOz) and melamine (CsHsNe) 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 m? g!) 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-Vo2NO@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-V:NO displayed a specific capacity of
58 mA h g with a specific energy of 38 Wh kg and a corresponding specific power of 735
W kg? at a specific current of 1 A g*. These results make this simply synthesized material to

be a potential candidate for supercapacitor application.
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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 FesN [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?),
excellent chemical resistance [20] and its good electronic conductivity (cpuk = 1.67 x 10° Q1
m™1) [21] leading to an excellent specific capacitance of 1340 Fg™at a scan rate of 2 mV s 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 V20s. The specific capacitance of the VOxNy powders was found to be 80 Fg2. 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 m? g%

[26].

However, most reports on vanadium nitride and oxynitride materials entail the use of
vanadium oxide precursors such as VO or V20s 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 (NH4VOs) 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
VN1.02001 material by calcining a mixture of melamine and V20s 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 was reported for

the VN1.02001 material at a scan rate of 30 mV s ina 1 M KOH [27]. The deposited carbons
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prevented aggregation of the VN particles and improved the pseudocapacitive properties of
the VN1.0200.1 material. Similarly, Shu et al. [29] synthesized the VN materials from the

melamine and V205 xerogel at 800 °C under a N2 atmosphere.

The specific capacitance of VN electrode was 413 F g at a specific current of 1 A g*. 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 NHs reduction of V20s/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 m? g*) as compared to the
VOxNy (28.8 m? g) 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 V205 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 (C3HsNeg) 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-Vo.NO@800 °C as positive and
negative electrodes in the cell potential of 0 — 1.8 V. The C-V2NO@800 °C//C-V2.NO@800
°C delivered high specific energy and specific power of 38 Wh kg™ and 764 W kgt at 1 A g7,
respectively with 84.7% capacity retention at 10 000" 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-
V>NO 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 (NHsVO3, 99%) and 5 g of melamine (CsHgNs, 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 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-Vo.NO@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-V>NO was studied using a XPERT-PRO
diffractometer (PANalytical BV, Netherlands) using a cobalt X-ray source at 50 mA and 35
kV with 0 /20 geometryin the range from 10°-90° 26. 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-Ka 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/m?, 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/AgClI
(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-V.NO@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?) of the electrodes was calculated using Eqgn. (1) as a

function of the specific current:

> 1)

where |q is defined as the specific current measured in A g and tp is the time in second (s) for a

complete discharge cycle.

The specific energy Eq (W h kg?) and specific power Pg (W kg™) of the C-V2NO//C-V2NO

device were calculated using Eqgn. (2) and (3) at different specific currents:

E,(Wh kg’l):%IV(t)dt (2
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P, (W kg™) = 36005—'3 3)

where lq4 is the specific current in A g, tp 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-V>NO 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 26 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-VoNO cubic structure
exhibited a Fm-3m space group with lattice parameters of: a = 4.1313(1) A 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-Vo.NO@800 °C and C-V.NO@900 °C were narrower

and much pronounced than the ones for C-V2aNO@700 °C.

Also, the peak intensity of the peak of C-VoNO 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-V>NO at different nitridation
temperatures. The Raman spectra for the C-V2NO materials also displayed Raman bands at
wavenumbers of 145 cm™®, 192 cm®, 285 cm™, 479.1 cm™, 520.7 cm™®, 693 cm?, 822 cm™,
873 cm, and 995 cm™ 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™) as indicated in Table 1 and is associated

to the disorders present in the carbon lattice structure [30,31].
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Fig. 1: (a) the XRD patterns and (b) the Raman spectra of the C-V2.NO 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 sp? 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 Ip/lg ratio of the C-V2NO samples

Material D peak position | G peak position D' peak In/lG ratio
(cm™) (cm™) position
(cm™)

C- 1349 1585 1611 0.47
VoNO@700°C

C- 1373 1593 1621 0.84
V>NO@800°C

C- 1346 1588 1618 0.56
V>NO@900°C
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The high Ip/lg ratio of the C-V.NO@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, ¢ and €). 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-V.NO@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-V>NO obtained at other

temperatures.
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Fig. 2: The SEM images of the as synthesized C-V>NO samples at low and high
magnification (a-b) C-V.NO@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].

160



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 N 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 m? g%, 121.6 m? g** and 113 m? g™ 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-V>NO material. It shows
clearly that the pore diameter of the C-V>NO material decrease with increasing the nitridation
temperature. The C-Vo2NO@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-Vo.NO@700 °C and C-V.NO@900 °C with a small pore
diameter of 2 nm. This mesoporous structure of the C-V.NO@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.
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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-VoNO@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-VoNO@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-
V>NO@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.

163



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 V2ps2 and V2py12 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 Vv* and V®°* 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 sp? C=C bond which further confirms the predominant
content of graphitic carbon sp? in the material [40,41]. The peaks located at 286.1 eV and
288.2 eV are attributed to the sp® 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=0
and O-C=0/N-C=0, respectively [46] and the peak at 532.2 eV is attributed to the V-O/V=0

[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 —CH», -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 NHs 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 NHs, 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* scan rate.

As observed in these figures, the CV plots of C-VoaNO@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-VoNO@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 °C 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.
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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, (b) the CV curve of the C-V2NO electrodes in a potential window range of -1.2
to 0.0V at 50 mV s? (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* 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-V.NO@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-VoNO@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-VoNO@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*. 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 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 0.0t0 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 Agto 10 A g™.
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The specific capacities of the C-V.NO@800°C were found to be 55 and 67 mA h g in the

positive and in the negative potential window, respectively, at a specific current of 1 A g*.
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Fig. 7: The electrochemical measurements of C-Vo2NO@800 °C: (a) CV curves at different
scan rates, (b) GCD curves at different specific currents in a potential window of 0.0 to 0.4V,
(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-VoaNO@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,
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, The CV curve at 1.8 V shows the highest current response and good
contribution of the two behaviours of C-VoNO@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 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
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-
V,NO@800°C electrode at 50 mV s?, (b) CV at 1.6 V, 1.7 V and 1.8 V at 30 mV s, (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-V>NO symmetric device at different specific
currents of 1 — 10 A g 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 Q 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 of the symmetric device was recorded at a specific current of 1 A g%,
This was retained at 18.7 mA h g* as the specific current was increased to 10 A g*. 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*. The specific
energy of the C-V,NO//C-V2NO was 38 W h kg* with an associated specific power of 764 W
kg™ at a specific current of 1 A g*. At 10 Ag* the specific energy was 12.4 W h kg™t with an
equivalent specific power of 6.6 kW kg. 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™t 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™. 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™ 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 kg7,
corresponding to an increase of 14% from the original value of 12.4 W h kg. 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-Vo.NO mesoporous web-like structure were synthesized at different
nitridation temperatures of 700 °C, 800 °C and 900 °C using the NH4VO3 and C3HsNe 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 m? g*') 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™ with an associated specific power value of 764 W kg* at a
specific current of 1 A g 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*.
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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-VoNO mesoporous web-like structure was successfully synthesized at different
nitridation temperatures of 700 °C, 800 °C and 900 °C using the NH4VO3 and C3HsNe as

precursors by a facile hydrothermal method, as a novel supercapacitor material.

The N2 physisorption data of the C-V>NO materials displayed a high specific surface area

(SSA) (from 91.6 to 121.6 m? g') 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 with an associated 764 W kg specific power value
at a specific current of 1 A g in a wide cell voltage of 1.8 V. The C-V2NO//C-V,NO
exhibited a good cycling stability with 84.7% capacity retention up to 10,000 cycles at 10 A g
!, 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 (VO3) 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 VO_ 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-V.NO@800°C (C-V2NO)
as a negative. The device displayed high specific energy of 41.6 W h kg™ associated with a
specific power of 904 W kg at a specific current of 1 A g* 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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ARTICLE INFO ABSTRACT

Article Mstory: The vanadium dioxide/activated expanded graphite (VO/AEG) composite and carbon-vanadium oxy-
ml : 7 March 2019 nitride (C-VaNO) porous web-like structures were successfully synthesized by chemical vapor deposition
26 Aoril 3,, - (CVD) method. The Xeray diffraction analysis of the VO,/AEG composite revealed the diffraction peaks of
m::«, 20 May 2019 the monoclinic VO3 and hexagonal AEG structures respectively while for the C-VyNO material, a cubic

crystal structure was obscrved. The Raman spectroscopy analysis of VO,/AEG composite and C-V3NO
depicted vibration brands linked to vanadium dioxide with the distinct D, G, and D' peaks confirming the
presence of disordered carbon into the main vanadium-based matrix. The electrochemical performance
of the electrode material (VO/AEG//C-V3NO) was evaluated in a two-clectrode asymmetric device with
the VO,/AEG composite as the positive electrode and C-VaNO as the negative electrode operating ina6M
KOH electrolyte. The asymmetric device exhibited a specific energy of 41.6 Wh kg ' with a corresponding
specific power of 904 W kg ' ata 1 Ag ! specific current in a large operating voltage of 1.8 V. The specific
energy was still retained at 9 Wh kg ' at an amplified specific current of 20 Ag ' with a specific power of
18 kW kg . The supercapacitor showed a 93% capacity retention for up to 10,000 constant gravimetric
current cydic stability test at a specific current of 10A g " with a good rate capability. A notable device
stability was maintained without any failure via voltage floating tests for up to 100 h.

© 2019 Elsevier Ltd. All rights reserved.
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1. Introduction

Supercapacitors also known as electrochemical capacitors (ECs)
have been known to be great candidates for the future generation of
energy storage | 1-3). ECs are high power devices which can store
and deliver energy relatively faster than batteries | 4]. Currently, the
spotlight is on these devices due to their application merits which
include their high power density, long cycle life and safety [5).
Although supercapacitors still suffer low energy density as
compared to batteries |6], they have higher energy density than
conventional capacitors | 7-9].

Generally, supercapacitors are mainly classified into three

* Correspondng author.
E-mail address: nchobumanyala®up acza (N Mamyala ).

https://dolorg/10.1016) clectacta 201905103
0013-4686/0 2019 Elsevier Ltd All rights reserved.

classes based on their energy storage mechanism; the Electro-
chemical Double Layer Capacitors (EDLCs) are the first class which
arise from the accumulation of charges at the electrode/electrolyte
interface [G]. EDLC storage behavior is mainly exhibited in carbon-
based materials. The pseudocapacitors and faradaic capacitors are
next class which are governed by a chain of Faradaic reactions
which store the charges via redox reactions. Common materials in
this class of supercapacitors include transition metal oxides, hy-
droxides (TMOs/TM-OHs) and redox polymers. Lastly, the hybrid
capacitors that are considered as a combination of both EDLC and
Faradaic materials [10]. In this storage category, the materials
usually exist combined mechanisms as cither a composite material
or separate individual electrodes in non-symmetric device archi-
tecture. The positive electrode is composed of metal oxides/hy-
droxide [11-14] and conductive polymers [15,16] that give higher
specific capacity [8,10] than the negative electrode which is usually
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made up of EDLC consisting of carbon-based materials. Activated
carbon (AC) [17,18], carbon nanotubes (CNT) [19], graphene [20,21]
and carbon nitridefoxynitride-based nanostructures are examples
of materials which have been successfully used in these devices
[22-24]. These carbon nanomaterials possess high specific surface
area, good electronic conductivity, and long cycle stability [25-27]
as compared to faradaic materials.

Asymmetric capacitors (AsyCs) are considered as a subclass of
hybrid capacitors obtained by combining two different materials as
a positive and an negative electrodes in the same cell. AsyCs are
considered as a promising candidate and reliable approach to
maximizing the specific capacitance and to extend the cell potential
in order to improve the energy density [28].

Among all transition metal oxides, vanadium oxides family such
as vanadium dioxide (VO3) vanadium pentoxide (V,0s) and diva-
nadium trioxide V,03 have received great consideration in energy
storage devices [29-38] due to their multiple oxidation states, low
cost and non-toxic chemical properties [39,40). In addition Vana-
dium dioxide (VO;) has been largely studied as a potential electrode
material in ECs due to its structural stability [39] and excellent
reactivity [41]. However, as all metal oxides, VO, also displays a
poor electrical conductivity and cyclic stability as compared to
carbon-based materials [42). Numerous scholars have studied
different methods with an aim to improve the electrochemical
performance of the VO, materials. For instance, the synthesis of
carbon/VO, composite materials such as graphene/VO, [39), VO,/
CNTs [40] and VO,@PANi [43] have been recently explored as an
electredes for electrochemical capacitors. Carbon/VO, composites
have been demonstrated as suitable electrode materials to enhance
the electrochemical properties of supercapacitors owing to their
synergistic properties but most studies focus on either the positive
electrode or negative electrode alone. For instance, Chen et al. [44]
assembled an asymmetric supercapacitors by considering a CNT/
V205 nanowire composite as a negative electrode and AC as a
positive electrode in an organic electrolyte, The asymmetric
capacitor showed a specific energy of

40Whkg ' at a power density of 210Wkg ' at 0.5mAcm 2
[44]. Recently, Zhou et al. [45] fabricated an asymmetric device
where a bamboo-like V,0s/polyindole@activated carbon cloth
(V,05/PIN@ACC) was used as a positive electrode whereas a
reduced graphene oxide@activated carbon cloth (rGO@ACC) was
employed as a negative electrode.

The asymmetric capacitor displayed a specific energy of
38.7Whkg ' at the power density of S00W kg ' by using a spe-
cific current of 1Ag ! [45]. Fleischmann et al. [46] successfully
fabricated an asymmetric capacitor by using an AC as a positive
electrede and vanadium oxide/carbon onion (VO,/OLC) composite
as a negative electrode with 1 M LiClO4 in acetonitrile (ACN) elec-
trolyte. The asymmetric device exhibited a specific energy of
45Whkg ' and a specific power of 58 kWkg 'at 0.05Ag ' [46).
Similarly, Hosseini et al. [47] assembled an asymmetric device by
adopting a VO; nanosheet array grown on porous carbon nano-
fibers (VO,@PCNFs) as a positive electrode and a porous carbon
nanofibers (PCNFs) as a negative electrode in Na;SO4poly(vinyl
alcohol) (Na;S04/PVA) gel electrolyte. The asymmetric capacitor
displayed a specific energy of 75.06 Whkg ' and a specific power
of 1275 kWkg ! at a specific current of 1 Ag<superscript>-1</su-
perscript> [47]. No studies have considered the use of vanadium
oxides/carbon composites in both electrodes for an asymmetric
design with the idea of hamessing both the porosity and conduc-
tivity known to carbon-based materials.

In this paper, we report a novel design of a vanadium dioxide/
activated expanded graphite composite (VO2/AEG) and carbon-
vanadium oxynitride (C-V2NO) porous web-like structures pro-
duced by the CVD method. The outstanding electrochemical

performance of porous AEG reported in our previous work [48]
inspired its introduction into the VO, main frame to create a good
interaction between VO, and AEG using a facile method.

On the other hand, the C-V,;NO displayed a specific surface area
value of 121.6m?g ' and a unique morphology with irregular
porous cavities which could deliver a good electrochemical per-
formance in supercapacitors. An AsyC was assembled by combining
the merits of both materials based on VO,/AEG composite as a
positive electrode and C-V;NO as a negative. The device displayed
high specific energy of 41.6Whkg ' associated with a specific
power of 904 Wkg ! at a specific current of 1Ag ! and capacity
retention of 93% up to 10,000 cycles.

2. Experimental

Ammonium metavanadate (NH4VO3, purity 99%), Melamine
(CsHgNs, purity 99%), Hydrochloric acid (HCI, 37% AR grade) and
10 wt Polyvinylpyrrolidone (PVP) were purchased from Sigma-
Aldrich and used without further purification. Polycrystalline
Nickel foam (NiF) (3D scaffold template with an areal density of
420gm 2 and a thickness of 1.6 mm was purchased from Alantum
(Munich, Germany). Potassium hydroxide (KOH, min 85%) was
purchased from Merck (South Africa). Graphite grade ES 250 B5 was
obtained from Qingdao Kropfmuehl Graphite of 10 wt&.

2.1. Synthesis technique

2.1.1. Synthesis of AEG and VO, materials

Activated expanded graphite (AEG) was prepared from the
expanded graphite (EG) using a microwave-assisted method. The
EG was carbonized by using a CVD method at 800°C under argon
and hydrogen for 2h to obtain the final product. The detailed
description of AEG is previously reported by Barzegar et. al [48). The
vanadium dioxide (VO;) was synthesized by a temperature CVD-
assisted route at 900°C for 2 h under nitrogen (N;) atmosphere.
The detailed description of VO, is presented in the report by Ma
et al. [49].

2.1.2. Synthesis of VO2/AEG composite

The VO,/AEG composite was prepared by simply mixing 1.8 g of
NH4VO; and 90mg 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 ' and kept at that temperature for 2h
under nitrogen (N;) 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.

2.1.3. Synthesis of C-V2NO nanostructures

The C-V,NO was synthesized following a similar process as that
of the VO2/AEG composite as follows: 0.5 g of NHsVO3 and 5 g of
C3HgNg were mixed in an agate mortar with a few drops of ethanol
to make a homogeneous slurry. The slurry was subsequently
calcined in a tube furnace from room temperature to 800°C at a
heating rate of 18 °Cmin ' and left to dwell at this temperature for
2 h under nitrogen (N3} atmosphere. After naturally cooling down,
the final carbon-vanadium oxynitride product was obtained.

2.2. Structural and morphological characterization

The X-ray diffraction (XRD) patterns for the VO,/AEG composite
and the C-V,NO materials were recorded using a XPERT-PRO
diffractometer ~ (PANalytical BV,  Netherlands,  CoKu«
(A=0.178,901 nm) radiation) with 20 values ranging from 10°~90°,
The Raman spectroscopy measurements of the materials were
studied using a WITec confocal Raman microscope (WITec
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alpha300 R, Ulm Germany) with a 532 nm laser wavelength and a
spectral acquisition time of 60s. The Raman system laser power
was set as low as 5mW in order to minimize heating effects. The
porosimetry test of the materials was evaluated with a nitrogen
adsorption—desorption isotherms at —196 °C using a Micromeritics
ASAP 2020. The specific surface area of the materials were evalu-
ated by the Brunauer—Emmett—Teller (BET) analysis from the
adsorption branch in the relative pressure range (P/P0) of 0.01-1.0.
The morphology and the element distribution mapping of the
composite and the carbon-vanadium oxynitride were characterized
using a high-resolution Zeiss Ultra plus 55 field emission scanning
electron microscope (FE-SEM), operated at a voltage of 2.0kV and a
JEOL JEM-2100F high resolution transition electron microscope
(HRTEM) at 200 kV. The X-ray photoelectron spectroscopy (XPS, K-
alpha, Thermo Fisher) was used to analyse the elemental compo-
sition of the materials with a monochromatic Al-Ke: radiation.

2.3. Electrodes preparation and electrochemical characterization

The VO,, VO,/AEG composite and carbon-vanadium oxynitride
electrodes were prepared by mixing 80 wt% of the active material
with 10 wt% of carbon black (as conducting additive) and 10 wt% of
polyvinylidene difluoride (PVDF) binder in an agate mortar. The
mixture was then dissolved with a few drops of 1-methyl-2-
pyrrolidinone (NMP) to form a slurry which was coated onto NiF
current collectors with an area of 1 x 1cm? The electrodes were
dried at 60°C for 12 h to ensure complete evaporation of the NMP.

The electrochemical properties of the VO,, VO,/AEG composite
and C-V,NO electrodes were evaluated using a Bio-Logic VMP-300
(Knoxville TN 37,930, USA) controlled by the EC-lab V 11.40 soft-
ware in a three (half-cell) electrode configuration. Ag/AgCl (KCl
saturated) as reference electrode, a glassy carbon plate as counter
electrode and VO3/AEG composite and C-V2NO electrodes as
working electrodes were used to investigate the electrochemical
measurements in a 6 M KOH aqueous electrolyte.

The asymmetric device was fabricated using VO2/AEG com-
posite as a positive and C-V,NO as a negative electrodes respec-
tively in 6 M KOH electrolyte. The VO,/AEG//C-V,NO was assembled
in a Swagelok cell with a microfiber filter paper as a separator.

The cyclic voltammetry (CV) measurements were carried out to
determine the behavior of the VO/AEG and C-V,NO electrodes and
their ideal working potential in three- and -two configurations cell.
The galvanostatic charge-discharge (GCD) measurements aid to
obtain the specific capacity and the stability test of the VO,/AEG
and C-V,NO electrodes.

The electrochemical impedance test was used to investigate the

VO,/AEG
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capacitive properties and conductivity of the VO,/AEG and C-V,NO
electrodes in the frequency range of 100 kHz—10 mHz in open
circuit voltage. All the electrochemical tests were performed at
room temperature,

2.3.1. Structural and morphological properties

X-ray diffraction (XRD) analysis results of VO/AEG composite
and C-V,NO materials are presented in Fig. 1. The XRD patterns of
VO,/AEG composite (Fig. 1(a)) showed diffraction peaks of the VO,
and AEG materials confirming a stable composite of AEG with the
VO, material.

The XRD patterns of the VO, material can be indexed to a VO,
monoclinic structure (black indices in the Fig. 1(a)) with a P1 2/
c(14) space group and lattice parameters; a=>5.3532A,
b=45380A, ¢=53830A, and B=115.2° using the matching
inorganic crystal structure database (ICSD) card #4033. However,
Fig. 1(a) also shows a satellite peaks located at 17.6 and 20.5 which
correspond to trace amounts of V013 [48]. The diffraction peaks of
the AEG in Fig. 1(a) exhibited a hexagonal structure which can be
indexed to the (002), (100), (101), (102), (004) and (103) planes of
the graphite labelled blue in the figure, with a P63/mmc space
group. The lattice parameters in this case were given as
a=24704A, b=24704A, c=6.7244A, a=120.0° using the
matching inorganic crystal structure database (ICSD) card #1487.

In Fig. 1(b), the XRD patterns of C-V,NO were indexed to a cubic
structure with a single phase with the diffraction peaks corre-
sponding to (111), (200) and (220). An Fm-3m(225) space group
with lattice parameters a=4.1313(1) A, a/b = 1.0000, b/c = 1.0000
and ¢/a = 1.0000 was obtained with the matching inorganic crystal
structure Database (ICSD) card # 43,182.

The Raman spectroscopy of the VO,/AEG composite and C-V,NO
materials were used to identify different phases at the molecular
level.

The Raman vibrational modes of the VO, material are located at
139, 194, 287,410, 527, 688 and 1000 cm ! wavenumbers as shown
in Fig. 2(a). At wavenumber ranging from 100 to 400 cm ', the
V—0-V bending modes are observed. At 400-800cm ™' wave-
number range, the bands recorded are attributed to the V-0-V
stretching modes. The Raman bands located at 800—1100cm ™, are
attributed to the V=0 stretching modes which are linked to the
monoclinic VO, (M) [50-52]. The Raman vibrational modes of the
VO, material have been assigned to well-known vibrational modes
of the material except for the 527 cm™' (Bg species) as shown in
Table 1 [53]. The band at 1000 cm ™! is attributed to the stretching
of the V==0 arising from the typical bands of V;,0s. This revealed the
presence of the V,05 in the composite material [54].

b
C-VoNO
200
(111)( )
(220)
ICSD #43182
10 20 30 40 50 60 70 80 90

20 (degree)

Fig. 1. The XRD patterns of (a) VO2/AEG composite (with black and blue indexes for VO, and AEG (carbon peaks) respectively) and (b) C-V2NO nanostructures.
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Fig. 2. The Raman spectra of the (a) VO,/AEG composite and (b) C-V,NO nanostructures.

Table 1
Raman modes of VO, [53].

Vibration
assignment

Raman
frequency (cm™')

139
194
287
410
527
688

SESETS S

Fig. 2(a) also shows three peaks at 1349, 1583 and 2710 cm ™!
which are attributed to the D-band (linked to defects or the dis-
orders present in the carbon lattice structure [55,56]), G-band
(carbon-carbon vibration mode [55,57]) and the 2D-band (origi-
nating from the double resonance process) band of AEG, respec-
tively [48]. All these confirm the presence of both AEG and VO,
materials in the composite.

In Fig. 2(b), the Raman bands indicated that different vanadium
species are formed during the growth of the carbon-vanadium
oxynitride materials. For instance, the Raman bands at 145, 285
and 479 cm ™! confirm the existence of V,05 and VO, respectively,
in the metal oxynitride—carbon. The high-intensity peak at
142 cm ! wavenumbers is linked to the bending vibration (Bsg
species) associated with the layered structure [58). The Raman
band located at 285 cm ™ is due to the bending vibrations of 0-V-0
bond (By; mode) while for the 479 cm ™! is attributed to the

035

&
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" 0251
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80415

2
3010
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stretching of the V-0-V (Bg) [59—61]. In addition, these two high
intensities peaks at 145cm ™' and 285cm ™ could be associated
with the cubic symmetry of the vanadium oxynitride [62].

However, it also showed a D peak at 1373cm ™, G peak at
1593 cm™! and D'-peak at 1621 cm ™, The D'-peak observed near
the G peak showed that the carbon present in the C-V;NO is a
graphene-like carbon. The D’ peak is attributed to the lattice vi-
bration of the G band but mainly due to the graphene layers at the
surface of the carbon material present in the material [48,63].

The presence of the three peaks (D, G, and D’) confirmed the
presence of the carbon element in the as-prepared carbon-vana-
dium oxynitride.

The specific surface area of the VO, VO2/AEG composite and the
C-V,NO materials were determined by the BET method. Fig. 3 and
Fig. S1 display the nitrogen adsorption-desorption isotherm of the
materials.

In Fig. 3(a) and Fig.S1, a type Ill isotherm with an H3 hysteresis
loop was depicted for the VO, and VO,/AEG composite which
indicated a weak interaction between the N, adsorbent and the
material. The C-V,NO in Fig. 3(b) shows a type IV isotherm with H3
hysteresis which is indicative of a mesoporous structure. These
hysteresis behavior of the materials indicated non-rigid aggregates
of plate-like particles or assemblages of slit-shaped pores [64]. The
specific surface areas (SSA) recorded for VO,, VO,/AEG composite
and the C-V,;NO materials were 15m’g~’, 46m’g' and
1216 m?g "', respectively.

As compared to VO,, the high SSA of VO,/AEG composite can be

—a-C-VoNO

8 g 8

Quantity Adsorbed (cm3/g STP) _,
=

0,0 0,2 04 0,6 08 1,0
Relative Pressure (P/Pq)

Fig. 3. The N; absorption/desorption isotherms of (a) VO,/AEG composite and (b) C-V2NO nanostructures.
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attributed to the presence of AEG in the network VO, which could
facilitate the formation of polycrystalline islands and channels. For
the C-V,NO material, the value of the SSA is higher as compared to
other vanadium-based oxynitride materials [65,66] which could be
associated to the mesoporous structure,

The morphology analysis of the VO,/AEG composite and C-V2NO
materials is presented in Fig. 4 by scanning electron microscopy
(SEM). The SEM micrograph of the pristine VO, sample revealed a
rod morphology with an agglomerated particles (Fig. 52).

Fig. 4(a) shows the network of an interconnected sheet-like
structure of the AEG [48] and the structure of VO, respectively.
Fig. 4(b) presents the SEM morphology of the VO,/AEG composite
which displays clearly the VO, rods grown on the surface of the
activated expanded graphite (AEG) sheet-like structure. The VO,
rods on the surface of the AEG showed a non-uniform structure
with an agglomerated rods. The distribution of the VO, rods on the
AEG surface leads to an enhanced interaction which maximizes the
electrochemically accessible area that yields a good electro-
chemical performance in supercapacitors by providing efficient
channels for charge and ionic transport.

The morphology of the C-V,NO in Fig. 3(c and d) showed a web-
like structure with irregular porous cavities. As seen, the surface
morphology of the C-V,NO showed the agglomeration of porous
granular with an interconnected network with cavities to form a
web-like structure which aids electrolyte efficient penetration [67].

Fig. 5 presented the element distribution mapping of the com-
posite and the web-like C-V,NO nanostructures. It displayed the
presence of V, C and O atoms in the VO,/AEG composite while for
the C-V;,NO, shows V, C, O, and N atoms in the materials. The Fig. 5
(a-d)clearly indicates that all the elements in these composites are
uniformly distributed.

The TEM images were further used to study the morphology of
the VO,/AEG composite and C-V,NO materials in Fig. 5. The TEM

micrograph of the VO2/AEG composite in Fig. 5(a) shows an over-
lapping of the AEG sheet-like structure and the rods morphology of
VO2(M). The VO3(M) rods are verified by using high-resolution TEM
(inset to Fig. 5 (a)). The HRTEM revealed the crystallinity structure
of the VOy(M) with clear lattice fringes. The interplanar spacing is
3.3 A which corresponded to the (011) lattice planes, further con-
firming the existence in VO, (M) in the composite material [68].

In Fig. 5(b), the micrograph of the C-VoNO at low and high
magnification (inset to Fig. 5 (b)) showed clearly the presence of the
porous structure which confirms the observations from SEM
analysis.

The surface characterization of both materials was further
investigated by using the X-ray photoelectron spectroscopy (XPS)
as shown in Fig. 6. The chemical states of both materials are
quantitatively evaluated to determine the amount of active vana-
dium, nitrogen, oxygen and carbon content in the materials. Fig. 6
(a) and (b) display the wide scan XPS spectrum of the as-received
VO,/AEG composite and C-V;NO@800 °C materials respectively.

The core level of V2p3; from the VO,/AEG composite exhibited
three peaks as shown in Fig. 6 (c). The high binding energy at
516.5 eV suggests that the oxidation state of the composite is pre-
dominantly V** which confirm the formation of VO, [69]. The other
peaks located at 516.9eV and 517.7eV were attributed to the
mixed-valence of the vanadium ions (V4* and V> respectively) of
the satellite V013 [70,71]. The XPS spectrum clearly shows that the
phase synthesized herein is VO, with a trace presence of VgOi3.

In Fig. S3, the XPS signal of the N1s from the C-V,NO@800°C
was deconvoluted into a three peak Gaussian components. The
peak at 3973 eV binding energy value was attributed to N from
vanadium nitride. The other two peaks at 399.4eV and 400.5eV
were assigned to the pyrrolic-N and graphitic-N, respectively.

The V2p3; binding energies of the C-V;NO@800 °C is presented
in Fig. 6(d). The core level of V2p3/, reveals four peaks located at

Fig. 4. The SEM images of the as-synthesized (a—b) VO,/AEG composite and (c—d) C-V,NO nanostructures.
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Fig. 5. (a) VO/AEG composite elemental mapping, (b) distribution of individual elements in the VO,/AEG composite, (c) C-V,NO elemental mapping and (d) distribution of in-

dividual elements in the C-V;NO.

Fig. 6. The TEM images of the synthesized (a) VO,/AEG composite (the inset is the HRTEM of the composite material) and (c) C-V;NO nanostructures (the inset shows the HRTEM).

513.7eV, 515.5 eV, 516.5 eV and 517.7 eV which are ascribed to the
vanadium ions V2%, V3*, V¥* and V®* respectively [72,73].

Fig. 6 (e) and (f) show the fitted core level spectrum of Cl1s of
both materials. The high binding energy peaks of VO,/AEG com-
posite (at 284.4eV) and C-V,NO@800 °C (at 284.6 eV) correspond
to the sp? C = C bond which confirms the predominant content of
graphitic carbon in the material [74,75]. The peaks located at
285.2 eV for VO,/AEG composite and 285.5 eV for C-V,NO@800 °C
were ascribed to the carbon (C) sp3 linked to the nitrogen (N) or the
vanadium (V) atoms [76,77). The low binding energy peaks of VO,/
AEG composite (at 286.3 eV) and C-V;NO@800 °C (at 288.2 eV) are
attributed to the sp* C-0 bonding structures [78,79].

2.3.2. Electrochemical performances of VO,/AEG//C-V,NO

2.32.1. Electrochemistry of the VO,JAEG and C-V5NO.
Electrochemistry involves charge transfer between two electrodes
(positive and negative electrodes), and an interconnecting elec-
trolyte [80]. The chemical reaction arises at the electrode/electro-
lyte interface which can either be driven by electrical energy or
yield electrical energy. The electrode materials in electrochemistry
must have the ability to possess high electronic conductivity while
the electrolyte should have a low electronic conductivity with high
ionic conductivity [81]. A typical design to realize the electro-
chemical measurements is by using a so-called three (3)-electrode
configuration setup. It is adopted to minimize the energy lost in the

186



N.M. Ndiaye et al. / Electrochimica Acta 316 (2019) 19-32 25

system by reducing the distance between the components [82].
Generally, the operation of electrochemical capacitors is deter-
mined by the type of electrode material used. In this work, faradaic
materials were used and thus, the mode of charge storage was
based on redox reactions. All the electrochemical measurements
were evaluated in 6 M KOH with a high ionic conductivity (i.e. 73.5
and 198 Scm?mol ! for K* and OH", respectively [83]), and VO,
VO,/AEG and C-VoNO were used as electrode materials. The
mechanism reaction of the VO, electrode in 6 M KOH is based on
this equation:

VO, + OH «<V0,(0H) + e (1)
The VO,/AEG and C-V,NO materials have higher electronic
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conductivities than the VO, sample. This is linked to the presence of
carbon in the materials which could increase the specific surface
area enhancing the electrochemical performance of the VO,
materials.

2.3.3. Three (3)-electrode configuration of the VO,/AEG composite
and C-V,NO electrodes

In three electrode configuration, the electrochemical measure-
ments of the VO,/AEG composite and C-V,NO electrodes were
evaluated using 6 M KOH as an aqueous electrolyte.

As seen in Fig. S4 (supporting information), the VO,/AEG com-
posite exhibited higher current response and specific capacity as a
function of the specific current than the pristine material. It also
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(c) VO2/AEG composite and (d) C-V,NO@800 °C. The core level spectra of C1s from (e) VO,/AEG composite and (f) C-V,NO@800°C.
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showed a better coulombic efficiency (99%) as compared to the VO,
electrode with 97% coulombic efficiency up to 5000 cyclesat 10A g
1

Thus, the VO,/AEG composite shows the best electrochemical
performance as compared to the VO, electrode. This is due to the
strong synergy between the two materials where AEG improves
both good electrical conductivity and high specific surface area to
VO3, but has much high specific capacity as being oxide material as
compared AEG carbon material.

Fig. 7 shows the individual electrochemical performance of both
electrode materials. The cyclic voltammograms (CV) curves of the
VO,/AEG composite electrode were shown in Fig. 7(a) at scan rates
ranging from 5 to 100 mVs ! within a potential window range of

s 8 8 8

D
-
o

Specific current (A g")
S o

0,5

s &

0:1 0:2 0:3 04
Potential (V vs Ag/ AgCl)

[3)
o
<
k=)
<
14
>
2
s
-
e
2
0
[
0'0 1 1 1 1 1
0 100 200 300 400 500 600
Time (s)
100
~ |e
O
=80F
<
E
>60F
S
a
w40
Qo
L
520l —a-VO,/AEG
2 =-3-C-VNO
n
0 1 AL A L A
0 6 8 10

2 4
Specific current (A/g)

0.0-0.5V. The curves exhibits reduction and oxidation peaks
related to the electrochemical redox reactions at the electrode/
electrolyte interface. The CV curves reveal the conventional
behavior of a faradaic-type electrode.

The CV curves of the C-V,NO electrode were shown in Fig. 7(b)
at different scan rates from 5 to 100 mVs ' in a negative potential
window range of —1.2V to 0.0V. The CV curve at 50mVs ' dis-
played a two-pairs of redox peaks corresponding to the anodic
peaks at —0.80V and 038V and cathodic peaks at —0.87V
and —0.53 V, respectively. Mostly, two pairs of broad redox peaks in
the CV curve could be related to M—O/M—0—0H, in which M is V in
this work [84].

As observed, the reversibility of these redox reactions confirmed
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the pseudo-capacitive behavior. The high electrochemical property
of the C-V,;NO web-like nanostructure can be ascribed to the
unique porous morphology architecture and the conductivity of the
materials.

In Fig. 7(c), the corresponding galvanostatic charge discharge
(GCD) curves of the electrode at different specific currents in the
potential window of 0.0-0.5 V is displayed for VO,/AEG composite.
Each GCD curve showed a non-linear profile confirming the faradic
behavior of the VO,/AEG composite electrode.

The GCD curves of the C-V,NO electrode shown in Fig. 7(d)
present the existence of a faradaic behavior as seen in the CV plots
for different specific currents.

Based on the GCD curves of VO,/AEG and C-V,NO electrodes, the
specific capacity Q (mA h g ') was calculated using equation (2);

laxtp
Q= 36 (2)

where Iy is the gravimetric specific current in A g, tp is the
discharge time (s), and Q is the specific capacity (mA hg™").

Fig. 7(e) displays the calculated specific capacities of both
electrodes at different specific currents. The specific capacities of
the VO,/AEG composite and C-V;NO electrodes reach 76 and
67mAhg !, respectively at a specific current of 1Ag ™.

These high specific capacity values of the VO,/AEG and C-V,NO
electrodes are linked to the presence of carbon in both oxides
materials, which improves the electrical conductivity of both VO,/
AEG composite and C-V,NO materials.

Fig. 7(f) displayed the Nyquist plot of the VO,/AEG composite
and C-V;NO samples at a frequency ranging from 100kHz to 10

mHz. As seen, the Nyquist plot of the VO,/AEG composite presents a
slight deviation from the vertical line. The equivalent series resis-
tance (ESR) values for the VO,/AEG and the C-V;NO electrodes were
0.42Q and of 0.54 ), respectively. These low ESR values indicate a
good electrolyte/electrode interface interaction and a low contact
resistance between the current collector and the electrodes mate-
rials [85].

2.34. Two (2)-electrode configuration of the asymmetric device

To evaluate entirely the electrochemical performance of the
VO,/AEG composite and C-V,NO electrodes, an asymmetric device
was assembled using VO,/AEG composite as a positive and C-V,NO
as a negative electrodes respectively in 6 M KOH.

Based on the difference in specific capacities of VO,/AEG com-
posite and C-VoNO electrodes in Fig. 6(e), a charge balance
(Quo, /486 = Qn0-¢) is necessary for the asymmetric cell. The
masses of both electrodes were calculated by using the following
equations (3) and (4) with Q being the specific capacity as per
equation (2):

%—Qc- »NO @3)

M& _ (l'tD)cmeO (4)
mc - U2NO (,'tu)gé

where m«, and m, o are the mass loading of the positive and
negative electrodes and OT% and Q,,yo-c are the specific capacities
of VO,/AEG and C-V,NO electrodes respectively and [ is the current
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and tp is the discharge time.
The ratio of discharge time of the VO,/AEG and C-V,NO com-
posite at the same specific current is:

m ;
—m""l""” 0.68 (5)
C-V,NO

From equation (4), the masses loading of VO,/AEG and C-V;NO
electrodes were calculated to be approximatively 2.2 and 3.3 mg
respectively, which indicates a total mass of the asymmetric device
to be 5.5 mg.

Fig. 8(a) shows the CV curves of the VO,/AEG and C-V,NO
electrodes as evaluated in half-cell configuration with working
potential windows of 0.0—0.5V and —1.2 to 0.0 V, respectively at a
scan rate of 50mVs % Fig. 8(b) shows the CV curves of the

asymmetric device at different scan rates from 5 to 500 mV's ™. For
instance, at a scan rate of 50 mVs~’, the CV curve of the device
showed a pair of redox peaks corresponding to the anodic peak at
~0.94V and cathodic peak at ~1.45 V. The CV curves obtained of the
device show faradaic type behavior at different scan rates in the
potential range of 0.0 V—1.8 V. As observed, the CV curves response
have a similar shape with increasing scan rate from 5 to 500 mV's ",
showing good efficient electron transfer in the electrodes and a
superb rate capability.

Fig. 8(b) also exhibits a low positive shift of the anodic peaks
(oxidation) and a low negative shift of the cathodic peaks (reduc-
tion) which indicated a quasi-reversible nature of the redox re-
actions [86].

Fig. 8(c) shows the GCD curves of VO,/AEG//C-V,NO at different
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gravimetric current values of 1-20Ag ' in 2 0.0~18V cell poten-
tial. The GCD curves are clearly non-linear which confirms the
faradic behavior of the asymmetric device.

From the GCD curves, the specific capacity Q(mA h g ') of the
VO,/AEG//C-V,NO was calculated using equation (2). The plot of the
specific capacity as a function of the specific current is shown in
Fig. 8(d). The device specific capacity reached a value of
46mAhg ! at a current density of 1Ag ! and is maintained at
11mAhg 'ata20Ag ' gravimetric current.

The specific energy Eq (W h kg ') and specific power, Pq (W
kg ') of the VO,/AEG]/C-V;NO were also evaluated at different
specific current values using equations (6) and (7) below:

Eo(Whkg) = ;%G]va)dt (6)
Pa(Wkg™) = 3600%’ 0

where Id is the specific current in A g-1, fp is the discharge time (s),
and V is the potential window (V) of the asymmetric device.

The Ragone plot for the asymmetric device at different specific
currents is shown in Fig. 9(a). A specific energy of 41.6 Whkg ' was
recorded for the VO,/AEG//C-V,NO device with a correspondin,
specific power value of 904 Wkg 'ata sPeciﬁc currentof 1Ag .

At a high spedific current of 20Ag ', an 18kWkg ' specific
power was measured for the device with a correspond 9W hkg '
of specific energy. In addition, the specific energy and specific po-
wer values are higher than those reported for most reports on VO,
and other VO3/carbon-based composite materials as shown in the
figure [39,42,87).

For example, Deng et al. [42] synthesized a graphene/VO; (RG/
VO0;) composite by using a hydrothermal method with ammonium
metavanadate (NH4VOs3), formic acid and graphite oxide (GO)
nanosheets as precursors. Asymmetric device assembled using the
RG/VO; as a positive and RG as a negative electrodes respectively in
0.5 M K;S04 electrolyte. The specific energy of the RG/VO,//RG was
22.8Wh kg ' with a specific power of 425Wkg ' at a specific
current of 0.5A ¢ ' [42). Wang and co-authors [39] prepared a 3D
graphene/VO, nanobelt composite hydrogel using a commercial
vanadium pentoxide (V,0s) and graphene oxide as precursors. The
symmetric capacitors delivered a specific energy of 21.3Wh k§ 1
with a specific power ~304W kg ! at a specific currentof 1Ag 'in
0.5MK;S04 [39). Ma and co-workers [87] reported a 3D VO,
irregular ellipsoidal material using a simple CVD method with
ammonium metavanadate (NH;sVO3) as a precursor. The electro-
chemical performance of the symmetric device (VO,//VO;)
exhibited specific energy of 21.3 Whkg ' with a specific power of
207.2Wkg ' ata specific current of 0.25A g ' in 1M NapSO4 [87).
The high specific energy and specific power of the VO,/AEG]/C-
V2NO asymmetric device which are superior to similar devices,
reported in this work are associated with the good electrochemical
performances of both electrodes and the large working potential. It
can also be related to the fast kinetics of charge/discharge process
and the high ionic conductivity of the electrolyte ions [88).

In order to evaluate the stability of the VO,/AEG//C-V,NO, the
asymmetric device was exposed to 10,000 constant charge-
discharge cycles at a specific current of 10Ag ',

Such a test is an essential parameter if the device is to be
considered for practical application in a supercapacitor. The plot of
capacity retention as a function of cycle number at 10Ag ! is
shown in Fig. 9(b) in a wide operating voltage of 1.8 V. An unstable
capacity retention is initially observed for the first 2500 cycles due
to mechanical stress [89] before stabilizing. However, above 2500
cycles, an excellent capacity retention of 93% is obtained up to

10,000% charge-discharge cycle. This indicates an excellent elec-
trochemical stability of the electrode material. The good stability
test is linked to the incorporation of VO rods within the AEG sheet-
like material (positive electrode) as well as the use of a porous web-
like C-V;NO nanostructure (negative electrode).

Actually, high specific energy, high specific power, and good
stability are critical for a good electrochemical capacitor. The
additional stability test was also studied using the floating test (also
called voltage holding) after cycling. The floating test was designed
to analyse the device specific capacity at each 10h period of the
potential holding step for up to 100 h. Fig. 9(c) shows a slow
improvement in the device performance in terms of the specific
capacity value after 30 h of floating before stabilizing at a constant
value of 10Ag . The good stability profile can be confirmed after
evaluating the specific energy for each floating test as shown in
Fig. 9(d) which presents the plot of specific energy as a function of
floating time of 10 h interval. It shows an increase in the specific
energy after 30 h which is in agreement with Fig. 9(c). The specific
energy increased by 13.4% from the original value of 122Whkg '
which stabilizes to the same value up to 100 h (Fig. 9(d)). These
increase in specific capacity and specific energy could be due to the
increase in accessible redox sites during the aging time [59]. It also
confirms that the VO,fAEG[{C-V,NO device is stable with the cell
voltage of 1.8 V by using 6 M KOH.

Fig. 9(e) shows the Nyquist plots of the asymmetric device
before, after 10,000 cycling and after voltage holding carried out in
the frequency range of 100kHz to10 mHz. The ESR value of the
device improved from 0.43 Q before stability tests to 0.23 Q after
cycling test and 037Q after voltage holding respectively. The
Nyquist plot after 10,000 cycling test shows a smaller deviation
from the vertical line and shorter diffusion length as compared to
others. This continuous decrease of the ESR values after stability
and after the maintenance of the voltage confirms the good
accessible redox sites during the stability test.

3. Conclusion

In this work, the VO,/AEG rod-like composite and porous C-
V,NO with a spider web-like structure were successfully synthe-
sized by CVD method. The powder X-ray diffraction analysis of the
VO,/AEG composite showed the diffraction peaks of the VO, and
AEG while for C-V5NO, it shows a cubic crystal structure. The
electrochemical performance of the electrode materials (VO,/AEG//
C-V;NO) was evaluated in a two-electrode asymmetric device with
VO,/AEG composite as a positive and C-V;NO as a negative elec-
trodes respectively in a 6 M KOH. The VO,/AEG/{C-V,NO exhibited a
specific energy of 41.6 Wh kg ' associated with a specific power of
904Wkg ! at a spedific current of 1Ag ' in a large operating
voltage of 1.8 V. These values supersede the recorded values re-
ported in for VO, based devices.

The asymmetric supercapacitor showed an excellent capacity
retention of 93% for up to 10,000 cycling test at a specific current of
10Ag . It also showed good stability through floating test up to
100 h exhibiting a high specific energy which revealed that the
electrode materials showed better-performance after voltage
holding measurements. The results confirmed that the VO,/AEG
composite and C-V,NO materials are suitable for high performance
asymmetric capacitor applications.
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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 associated with a
specific power of 904 W kg* at a specific current of 1 A g* 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 VO.-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*.
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-V>NO 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 (V20s),
vanadium pentoxide/graphene foam (V20s/GF) composites, Vanadium dioxide (VO>),
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 V.Os 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 V.Os/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.
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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-V.NO@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 V°* 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.

201





